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"Science has a way of dictating what you do.
My advice is, don't ignore opportunities.
When someone offers you a seat in a boat,
and hands you a paddle, row, damn it."
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Otherwise, none of these works have been submitted in whole or part for any other

degree or diploma. They are my own works or works to which I have contributed

substantially as member of a research group, as indicated.
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II Abstract

This thesis comprises a series of published works arising out of research on the

regulation of ovarian function undertaken by myself since receiving the degree of

Ph.D. from the University of Wales in 1975. Eighty-three publications are submitted,

reporting work that falls into three interrelated categories, as summarised below.

i Basic Experimental Studies Publications 1-35 deal mainly with the use of

cultured rat and marmoset monkey granulosa cells to study endocrine and paracrine

mechanisms underlying gonadotrophin action on the ovaries. Primary cell cultures

were used to define the roles of FSH and LH in controlling granulosa cell function and

to assess the intrafollicular functions of sex steroids and putative nonsteroidal

regulatory factors, such as inhibin. A particular contribution was the demonstration

that androgens produced by thecal cells exert specific (receptor-mediated) modulation

of granulosa cell differentiation - notably expression of aromatase, the enzyme

uniquely responsible for oestrogen synthesis. Synthesis of inhibin and expression of

messenger RNA species encoding inhibin and activin subunits in granulosa cells were

also shown to be under gonadotrophs control and modulated by sex steroids, leading

to the suggestion that the androgen/oestrogen and inhibin/activin axes of the ovarian

paracrine system are functionally interlinked.

ii Basic Clinical Studies Publications 36-56 are concerned with in vitro

research on 'normal' ovarian tissues obtained from women undergoing elective

surgical procedures. Techniques and experience acquired from experimental work on

animal ovarian tissues were used to study the regulation of steroid hormone synthesis

in human follicular and luteal cells. This work demonstrated that granulosa cells are



primary cellular sites of oestradiol biosynthesis in the human ovary. It also confirmed

the potential that theca-derived androgens have to modulate FSH-induced granulosa

cell function, including aromatase activity and inhibin production. Conversely,

androgen production by thecal cells was shown to be promoted by inhibin. Based on

these findings it is postulated that an intrafollicular positive feedback loop exists

mediated by theca-derived androgen and granulosa-derived inhibin, which may

underpin preovulatory follicular 'selection' and oestrogen synthesis in the human

menstrual cycle.

iii Applied Clinical Studies Papers 57-83 deal with the practical relevance of

ovarian endocrinology to the treatment of human infertility. Protocols for stimulating

ovarian function in infertile women were evaluated, with monitoring based on serial

measurements of ovarian steroids in blood and urine. Oocytes collected from such

women were used for in-vitro fertilisation (IVF) and embryo transfer. Oocytes,

granulosa cells and follicular fluids aspirated from IVF patients were studied to obtain

information on steroid dynamics and other metabolic changes in ovarian follicles in

relation to IVF outcome. Results highlighted the potential that endogenously produced

steroids and exogenously administered steroid analogues have to interfere with human

fertilisation, embryonic development and implantation. Alternative strategies are

proposed for the induction of single or multiple ovulation (superovulation) in infertile

women, based on the selective use of 'pure' FSH and LH to manipulate the ovarian

paracrine system.
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ABSTRACT. Progesterone (P) production by isolated
rat granulosa cells from preantral follicles was en¬
hanced by addition of androgens to the tissue cul¬
ture medium. Testosterone (T) at 10~7, 10~6, and
10™*m as well as 1CL6m dihydrotestosterone (DHT)
increased P production 400 to 700% over paired
control cultures. Human chorionic gonadotropin (100
mlU/ml) and 17/3-estradiol (7.8 x 10~10m) had no ef-

WE HAVE developed a short termculture of granulosa cells from
preantral follicles of estrogen stimulated,
hypophysectomized, immature female rats
(1), allowing for control of the steroid
hormonal milieu of these cells. This model
was used to examine the effect of adding
testosterone, dihydrotestosterone,3 17/3-
estradiol, or human chorionic gonadotropin
to the culture medium on the production
of progesterone and 17/3-estradiol. The
results obtained provide further evidence
for involvement of androgens in granulosa
cell differentiation and steroidogenesis
(2-5).

Materials and Methods

Materials

Twenty-one day old immature female Sprague-
Dawley rats were hypophysectomized by Hor¬
mone Assay Laboratories, Chicago, Illinois, and
arrived in our laboratory at 23 days of age. At

Received June 21, 1976.
1 Present address: Dept. of Pediatrics, Univ. of

Chicago, Chicago, Illinois.
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20014.

feet on P production. P was identified by both a
specific radioimmunoassay and Sephadex LH-20
column chromatography. The stimulatory influence
of T and DHT on these preantral follicular cells
is consistent with a direct role for androgens in
granulosa cell differentiation. (Endocrinology 100:
128, 1977)

the time of hypophysectomy, 10 mm silastic
capsules containing diethylstilbestrol were in¬
serted SC as described previously (1). Ani¬
mals were fed a mixture of dog food, bread,
milk, and water ad libitum. Ovaries were re¬
moved for culture on day 27.
The tissue culture medium used for all ex¬

periments was Ham's F10 (Microbiological As¬
sociates), with 2 mM L-glutamine, 50 U/ml
penicillin, 50 yag/ml streptomycin (GIBCO) and
10% serum obtained at least 5 days after hypo¬
physectomy of 200-300 g male rats. Prior to vise
the serum was filtered through a 0.22 yam Milli-
pore filter and heat inactivated at 56 C for 30 min.
Cells were grown on 60 mm plastic tissue cul¬
ture dishes (Falcon Plastics). "Fluram," for use in
the fluorometric assay of protein, was sup¬

plied by Roche Diagnostics.
Solvents were analytical or reagent grade and

were used without further purification. Petroleum
edier (BP 30-60 C) was supplied by Mal-
linckrodt. [3H]Progesterone ([3H]P), 59Ci/mmol,
and [3H]estradiol ([3H]-E2), 54 Ci/mmol, were

supplied by New England Nuclear and were
98% pure by thin layer chromatography (TLC).
Unlabeled steroids (testosterone [T], 17/3-es-
tradiol [E2], dihydrotestosterone [DHT], and
progesterone [P]) were obtained from Sigma.
They were greater than 99% pure by TLC. Prior
to use in certain indicated experiments, T was

recrystallized four times from aqueous acetone.
Sephadex LH-20 was supplied by Pharmacia,
Ltd. Highly purified human chorionic gonado¬
tropin (hCG) (CR-119) was prepared by Dr.
Robert E. Canfield, College of Physicians and
Surgeons, Columbia University, N.Y. (6). Bi-

128
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ologic specific activity of this preparation was

12,800 IU/mg as determined by ventral prostate
weight assay (7) using the Second International
Standard hCG as the reference preparation.

Methods

Tissue culture. Ovaries were removed aseptically
from 27 day old rats and separated from the sur¬

rounding capsule of connective tissue under a

dissecting microscope. After 3 rinses in phosphate
buffered saline (PBS), pH 7.4, each ovary was

placed in a 60 mm Petri dish with 5 ml of tissue
culture medium which had been pre-warmed to
37 C in an atmosphere of 5% C02, 95% air.
Granulosa cells were released from follicles by
gentle puncture with No. 20 gauge sterile needles
and allowed to settle in clumps in the dish while
the remaining tissue of the ovary was discarded.
The two ovaries of each rat were paired. Cells
from one ovary served as a control for cells from
the contralateral ovary which were grown in
medium containing added hormones. The hor¬
mones tested were T (10"8, 10"7, 10~6 and 10~4m),
DHT (10_lim), hCG (100 mlU/ml), 100 mlU/
ml hCG + 10"6m T, and E2 (7.8 x 10"10m).
At least four pairs of ovaries treated with
10_6m T were used as a positive control in
each set of experiments. The cells were allowed
to attach for 48 h, the medium was replaced,
and 24 h later the monolayers were examined
with an inverted phase contrast microscope and
photographed. The medium from the last 24 h
was then removed from each dish, centrifuged,
and decanted to eliminate cellular debris and
non-attached cells, and either extracted im¬
mediately for steroid radioimmunoassay or frozen
at —20 C. The monolayers were then rinsed 3
times in PBS, incubated for 3 min with 1 ml of
0.25% trypsin at 37 C and the resultant cell sus¬
pension placed in test tubes with siliconized
glass Pasteur pipettes. The cells were centri¬
fuged 3 times in PBS and stored at —20 C in 1 ml
of PBS. Prior to protein analysis by the "Fluram"
(fiuorescamine) method (8), the cells were dis¬
rupted by sonication.
Radioimmunoassays (RIA) for luteinizing hor¬

mone (LH) and follicle stimulating hormone
(FSH) in the hypophysectomized male rat
serum were kindly performed by Drs. Helena
Wachslicht and Richard J. Sherins (9). All sera
were free of measurable gonadotropins except
that used in experiments No. Ill C, VI and VII
where FSH measured 108 ng/ml (limit of detec¬

tion was 20 ng/ml, while normal 35 day male
rat value was 500 ng/ml).

RIA of steroids in tissue culture medium. The P
antibody was generated in rabbits (10) against P
covalently linked to bovine serum albumin (BSA)
at the C-ll position. The cross-reactivities,
with progesterone equal to 100%, were as fol¬
lows: 20 a-hydroxypregn-4-en-3-one, 0.67%; 17-
hydroxyprogesterone, 0.18%; androstenedione,
0.1%; T, 0.047%; Cortisol <0.001%. The E2 anti¬
body has been previously described (11). The
tissue culture medium was extracted with 10
volumes of petroleum ether for the P assay and
10 volumes of diethyl ether for the E2 assay.

Recovery was monitored in each sample by the
addition of authentic [3H] steroid. The RIA was

performed as previously described (12). Calcula¬
tions were performed using the computer pro¬
gram of Faden and Rodbard (13), with the results
expressed as pg P//rg protein/24 h. Statistical
analysis of data, t statistics for the mean of two
samples, was accomplished with the use of the
Hewlett-Packard Model 10, program V-6.
Because of a large blank value in petroleum

ether extracts of tissue culture medium con¬

taining 10 4m T, they were chromatographed over
Sephadex LH-20 columns in the sovlent system
heptane:benzene:methanol (85:10:5, vol/vol/vol)
(14) prior to RIA. Chromatography of extracts
of the other media did not alter the P values ob¬
tained and this step was omitted.

Results

Progesterone production by rat granulosa
cells from preantral follicles cultured for
three days is summarized in Table 1. T at a
concentration of 10"8m had no effect on the
rate of P production (Table 1, Exp. I). At
10~7, 10"6 and 1CL4m T there was a highly
significant increase in P production in every
experiment (Table 1, Exp. II-IV). Ex¬
pressed as the per cent increase in test cul¬
ture over control, there was a 715%, 724%,
and 440% increase in P production in the
presence ofT at concentrations of 10"7, 10~6
and 10~4m, respectively (Fig. 1). This in¬
crease occurred in every pair of ovaries
studied despite variation between indi¬
vidual animals and experiments. T had no ef¬
fect on total monolayer cell protein.
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Table 1. Progesterone (P) production by rat granulosa
cells cultured in the presence of testosterone (T),
dihydrotestosterone (DHT), hCG, hCG + T, and
estradiol (E2)

Treat¬
ment

Hormone in
medium

Progesterone
production1

Signi¬
ficance3

I Control
(B)

10-"m T

29 ± 12

39 ± 10
NS

II Control
(D)

10"7m T2

12 ± 3.4

96 ± 22
P < 0.005

III a Control
(A)

10"6m T

50 ± 16

327 ± 90
P < 0.01

b Control
(B)

10"6m T

21 ± 7.6

116 ± 18
P < 0.005

c Control
(C)

10"6m T

18 ± 4.9

92 ± 22
P ± 0.01

d Control
(D)

10"6M T

18 ± 2.9

195 ± 28
P < 0.005

IV Control
(B)

10"4m T

29 ± 9.6

123 ± 16
P < 0.005

V a Control
(B)

10"6m DHT

8.2 ± 2.8

37 ± 8.2
P < 0.01

b Control
(D)

10"6m DHT

7.0 ± 1.9

19 ± 3.4
P < 0.025

VI Control
(C)

100 miu/
ml hCG

52 ± 15

25 ± 2.5
NS

VII Control
(C)

100 mlU/hCG
+ 10~6m T

20 ± 2.0

83 ± 9.0
P < 0.025

VIII Control
(D)

7.8 x 10"'°M E2

10.2 ± 4.0

4.7 ± 1.7
NS

Progesterone was measured during the last 24 hours
of culture. Four ovary pairs were used in each treat¬
ment group other than Ilia, in which 5 pairs were
used. Capital letters in parentheses indicate individual
experiments. 1 pg P//xg protein/24 h.± 1 SEM. 2T
recrystallized x 4. 3 Student's t test for means of
two samples: NS, P a 0.05.

Experiments were performed to confirm
that a C19 steroid stimulated P produc¬
tion. To eliminate the possibility of C2i
steroid contamination, recrystallized T was
used in two experiments (Table 1, Exp. II
and Illd) which resulted in increased P
production. DHT, a non-aromatizable
androgen, in an equimolar concentration
(10~6m) also produced a significant increase
in P production (Table 1, Exp. V; 320%).
Finally, 7.8 x 10~10 m E2, a concentration
similar to that produced endogenously by
cells grown in 10~6 m T, resulted in a de¬
crease in P production (Table 1, Exp. VIII;
Fig. 1), but the alteration was not statistically
significant.
Incubation of cells with 100 mlU/rnl hCG

(CR119), a concentration similar to that
known to stimulate P production in other
granulosa cell culture systems (15) had no

significant effect on P production and did not
enhance the effect of 10~6 m T (Table 1,
Exp. VI and VII, and Fig. 1).
In order to verify that the P RIA was

measuring authentic P, purification by
column chromatography was combined with
the high specificity of the antibody. The
petroleum ether extract was chromato-
graphed over Sephadex LH-20 columns in
two different solvent systems; heptane:
chloroform:methanol:water (100:100:1; 1,
v/v/v/v) (16) and heptane:benzene:methanol
(85:10:5,v/v/v) (14). The RIA of P in the
column eluates showed patterns identical to
authentic [3H]P in both systems (Fig. 2).
The first system separated P from all likely
cross-reacting steroids except androstene-
dione (A), while the second system sepa¬
rated P and A. Both systems separated P
and T widely.
Figure 3 illustrates the phase contrast

appearance of living cells grown for 3 days
in (a) control and (b) 1(L6M T tissue cul¬
ture medium. There were many more dense
and highly refractile granules in the treated
cells. This increase in the number of
granules was seen only in those experiments
in which progesterone production was sig¬
nificantly increased.
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Fig. 1. Per cent increase in pro¬

gesterone (P) production by rat
granulosa cells cultured for 3
days in the presence of T, DHT,
100 mlU/ml hCG and 7.8
x 10~'°M E2. P was measured
during the last 24 h of culture.
Parentheses indicate the number
of pairs of cultures. hCG and E2
caused non-significant decreases
in P production.
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T at a concentration of 10~8 to 10~6M
had no effect on E2 production by the cul¬
tured cells except in one experiment in
which the tissue culture medium contained
11 ng/ml FSH. The control E2 production
in this experiment was 10 times other control
values (16.1 ± 3.0 vs. 1.6 ± 0.7 pg//ag pro¬
tein/24 h) and rose to 36.5 ± 6.0 pg//ag/24 h
in the presence of 10~6m T (P < 0.025).
(Values are expressed as the mean ± 1 SEM.)
At 10~4M T, in medium without detectable
FHS, there was a significant increase in E2
production (1.7 ± 0.4 to 10.9 ± 1.9 pg//u.g/24
h, P < 0.005).

Discussion

Our data demonstrate that androgens stim¬
ulated progesterone production by granulosa
cells from rat preantral follicles grown in
short term culture. The combination of anti¬
body specificity and column chromatography
separation confirmed the identity of P. Both
T and DHT elicited the stimulatory effect,
demonstrating that a C19 steroid was re¬

sponsible. Use of recrystallized T eliminated
the possibility of contamination with a C2i
steroid, which could merely be an immedi¬
ate precursor of progesterone. Lack of effect
of E2 in concentrations similar to that endog-
enously produced in the presence of T sug¬
gested that E2 was not responsible for the
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Fig. 2. Sephadex LH-20 column elution pattern of a
petroleum ether extract of medium containing 10"6m
T after the 3rd day of granulosa cell culture. Proges¬
terone was measured by RIA as described in text.
The complete elution pattern of tritiated progesterone
(P) is also shown. Arrows show elution position of
various other tritiated steroids: Cortisol (C), preg¬
nenolone (Preg), androstenedione (A), 20u-hydroxy-
pregn-4-en-3-one (20 a-OH-P), dihydrotestosterone
(DHT), 17 hydroxyprogesterone (17 OH-P), dehydro-
epiandrosterone (DHA), testosterone (T). Solvent sys¬
tems used: a, heptane:chloroform:methanol:water (100:
100:1: l,v/v/v/v) (16), b, heptane:benzene:methanol
(85:10:5,v/v/v) (14).
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Fig. 3. Phase contrast photomicrographs of preantral rat granulosa cells cultured for 3 days in (left) control
medium and (right) with 10~6m testosterone added (10_6m T), showing an increase in dense and refractile
granules in the T-treated cells (original x256).

stimulation ofprogesterone. However, since
both T and DHT underwent metabolic
conversions during the incubation it was not
determined which CI9 steroid (or steroids)
directly affected the granulosa cells. The ef¬
fect of T was dose dependent, with no
stimulation at 10~8m T, and maximal
stimulation at 10~7m T. Moreover, the in¬
creased P production was associated with
morphologic changes in the granulosa cells.
Identification of the cytoplasmic granules
awaits the results of ultrastructural and
histochemical studies which are being car¬
ried out presently.
The present results are similar to those re¬

ported by Schomberget al. (17) who showed
an enhancement of P production by T and
DHT by granulosa cells from porcine antral
follicles. Our data differ from two other
granulosa cell culture systems: Erickson and
Ryan found no stimulation of P by andro-

stenedione in rabbit granulosa cells (18);
and Thanki and Channing found that testos¬
terone decreased progesterone production
by granulosa cells from small porcine antral
follicles (19). We suspect that these differ¬
ences depend upon species variation as well
as maturity of the follicle from which the
cells were harvested.
The estrogen-primed immature rat model

provided a population of granulosa cells
minimally contaminated with other cells
from preantral follicles. These cells were
similar to those described in organ cultures
by Dorrington et al. (20) in that they were
able to aromatize T to E2, an effect en¬
hanced by FSH. Inability to produce P in
response to hCG provided additional evi¬
dence for immaturity of these cells.
We wish to emphasize that there was

enough biologic variation among the animals
to warrant using paired controls for each
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experimental point. Also, careful monitoring
of gonadotropin content of the culture
medium was an essential control.
A role for androgens in ovarian follicular

development has been postulated for many
years (2-4). More recently, Louvet et al.
have provided more sophisticated evidence
for this effect (5), and Schreiber et al.
have described cytosol and nuclear receptors
for T in granulosa cells (21,22). Although we
cannot directly relate our in vitro observa¬
tions to a physiologic role for androgens in
the ovary, the stimulation of progesterone
production observed suggests another pos¬
sible role for androgens in granulosa cell
differentiation and steroidogenesis. These
data provide further evidence suggestive of
an intraovarian role of sex steroid hormones
in control of ovarian follicular development.
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Androgenic Stimulation of Progesterone Production by
Granulosa Cells from Preantral Ovarian Follicles:
Further in Vitro Studies Using Replicate
Cell Cultures
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ABSTRACT. The influence of testosterone (T) on

progesterone (P) production by isolated rat ovarian
granulosa cells was studied in vitro using a new
replicate culture technique. Preantral granulosa cells
from ovaries of estrogen-primed hypophysecto-
mized immature female rats were cultured in the
presence of graded concentrations of T, diethyl-
stilbestrol (DES), cyproterone acetate (CPA),
flutamide and the hydroxylated derivative of fluta-
mide, Sch 16423. The accumulation of P in medium
collected from granulosa cell cultures was meas¬
ured by specific radioimmunoassay.
Maximal P production by cultured granulosa cells

was attained during the second day of culture and
declined markedly thereafter. The presence of 1()~9,
10~8 or 10~7m T elicited increases in P production
2.4, 8 and 11 times that of controls, respectively,
during the initial 48 h of culture. Each concentration
of T elicited enhanced P production within the
first 24 h of culture. Granulosa cells cultured in
control medium for 2 days did not respond to 1()~7m

USING cell cultures derived from indi¬vidual rat ovaries it was previously
shown that androgens stimulate proges¬
terone (P) production by preantral granulosa
cells in vitro (1). However, complete char¬
acterization of the response and an appraisal
of its potential physiological importance was

precluded by the high degree of biological
variation encountered, such that valid statis¬
tical assessment of the data derived from the
cultured cells of different animals was not

possible.
In the present study we have overcome

these restrictions by combining a con¬
venientmethod for the isolation of granulosa

Received November 17, 1976.
' Currently, Deputy Director, The Clinical Center,

National Institutes of Health.

Reprint requests to Dr. Griff T. Ross.

T during the subsequent 3 days.
DES at a high concentration in the medium (10~5m)

markedly suppressed the response to 10~9 and l()~am
T. At a lower concentration (10~"m) DES signifi¬
cantly enhanced the stimulatory effect of IOAm
T but did not alter the response to higher concen¬
trations of T. Neither high nor low concentrations of
DES influenced P production in response to 10~7m T.
The stimulatory effects of T on P production were

suppressed in the presence of a 100-fold molar
excess of the anti-androgens, CPA or Sch 16423.
The present data indicate that androgenic stimula¬

tion of P production by preantral granulosa cells is a
specific receptormediated event which is modulated
by the presence of estrogen in vitro. It is sug¬
gested that androgen-responsive P production is a
functional capacity which granulosa cells acquire
at a very early stage of hormonal differentiation
and may be of physiological consequence in the
intraovarian control of follicular maturation in vivo.

(Endocrinology 100: 1539, 1977)

cells from large numbers of hypophysecto-
mized Immature female rat (HIFR) ovaries
with a replicate culture technique. Thereby,
experimental latitude has been greatly im¬
proved and variance in the observations
minimized.
The effect of testosterone (T) on P produc¬

tion by replicate granulosa cell cultures and
the influences of diethylstilbestrol (DES),
cyproterone acetate (CPA), flutamide2 and
the hydroxylated metabolite of flutamide
(Sch I6423)2 on this response have been
examined in detail. The data presented
illustrate both the dose-dependency and
the temporal relationships of the response
to T. They further demonstrate that the

2 Flutamide: a-a-a-trifluoro-2-methyl-4'-nitro-m-
propionotoluidide. Sch 16423: a-a-a-trifluoro-2-
methyl-4'-nitro-m-lactotoluidide.

1539
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response is modulated by estrogen and is
suppressed in the presence of steroidal and
non-steroidal anti-androgens. Thereby,
they are consistent with a direct and specific
role for androgens in the regulation of P
production by preantral granulosa cells in
vitro.

Materials and Methods

Materials

Twenty-one day old female Sprague-Dawley
rats were hypophysectomized by Hormone Assay
Laboratories, Chicago, III., and arrived at our
laboratory at 23 days of age. At the time of
hypophysectomy, 10 mm silastic capsules con¬
taining DES were inserted sc (2). Animals were
fed dog food, milk and water ad libitum.
Tissue culture medium was composed of

Ham's F-10 containing 50 U/ml penicillin and 50
/rg/ml streptomycin (NIH Media Unit), supple¬
mented immediately before use with L-gluta-
mine (2 mM) and hypophysectomized male rat
serum (10%, vol/vol) (1). Residual LH and FSII
titers of each batch of serum were examined
using the corresponding radioimmunoassays as
described previously (3). The values obtained
were consistently less than the minimal detect¬
able dose in each assay (LH 2.2 ng/ml NIAMDD-
rat LH-RP-1; FSH 46.3 ng/ml NIAMDD-rat
FSH-RP-1). Each batch of complete medium
was sterilized before use through a 0.22 /am

Nalgene® filter unit.
Solvents were analytical grade and were used

without further purification. CPA was generously
provided by Schering AG, Berlin; flutamide and
Sch 16423 were obtained from Schering Corp.,
Bloomfield, N.J., courtesy of Dr. R. O. Neri.
Unlabeled steroids were purchased from Sigma
Chemical Co. [3H]Progesterone ([3H]P; 59 Ci/
mmol) was supplied by New England Nuclear
and was 98% pure by thin layer chromatography.
Sephadex LH-20 was purchased from Pharmacia
Fine Chemicals.

Methods

Granulosa cell isolation and culture. Six days
after hypophysectomy and implantation of
IDES capsules animals were sacrificed by cervi¬
cal dislocation. The abdomen was shaved and
the entire animal was immersed in an iodine/
alcohol solution. All subsequent manipulations

were performed in a laminar flow hood employ¬
ing rigid aseptic technique. The ovaries were
excised and placed in 10 ml culture medium.
After one rinse in fresh medium each ovary
was dissected free from the bursa and adjacent
connective tissue and transferred to fresh
medium. When 50-56 ovaries had been col¬
lected they were washed once again before iso¬
lation of granulosa cells by adapting a technique
described previously for the removal of intact
follicles from immature mouse ovaries (4). A
sterile stainless steel grid (900 mesh/in2), pre¬

viously cut and folded into the shape of a cap
with a Hat square bottom (1.5 x 1.5 cm) was
fitted loosely over the opening of a polystyrene
test tube which was supported vertically in a rack.
Ovaries (in groups of 3 or 4) were placed on the
horizontal surface of the grid. By exerting moder¬
ate pressure with the Hat edge of a spatula,
the tissue was compressed into the grid mesh
thereby bursting the follicles and extruding their
contents along with the follicular fluid which
spread over the surface of the grid and was re¬
tained in the interstices of the mesh by surface
tension. The grid was removed from the top of
the tube, inverted and sequentially dipped in
three equal portions of culture medium: follicular
fluid, granulosa cells and oocytes were selec¬
tively dispersed into the medium leaving other¬
wise intact ovarian tissue adhering to the grid.
When each group of ovaries had been processed,
the three washings were combined in a volume
of medium to provide 1 ml/ovary. A series of 35
mm plastic tissue culture dishes (Linbro FB-
6TC) were inoculated with uniform 1 ml aliquots
of the cell suspension kept homogeneous by
bubbling air gently through the suspension be¬
fore withdrawal of each aliquot. Similar aliquots
of the inoculum were occasionally removed
for determination of cell counts, viability or total
protein (5). Steroids were then added to each
dish in 1 ml fresh medium and the contents

evenly distributed by gentle agitation. All cul¬
tures were performed in quadruplicate and in¬
cubations were carried out at 37 C in a humidi¬
fied atmosphere of 5% C02:95% air. Each culture
was examined daily with a phase-contrast micro¬
scope. The medium in each dish was replaced
with 2 ml fresh medium after the first 48 h of
incubation and thereafter at 24 h intervals.
Immediately after collection the samples were

centrifuged and the supernatant stored at —20 C.
Cells were harvested with 0.02% (wt/vol) EDTA
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in 0.15m saline (3x1 ml) and washed with
eentrifugation in saline (2x1 ml) before deter¬
mining total cell protein.

Determination of progesterone in tissue culture
medium and ovarian homogenates. The pro¬

gesterone (P) content of granulosa cell culture
medium was determined by radioimmunoassay
(6). Preliminary extraction of P from the medium
was unnecessary because of the extremely high
specificity of the antiserum for P (1). Non-specific
interference due to unidentified components of
the culture medium was avoided by assaying all
standards in the presence of "blank" culture
medium added in a volume equivalent to that
taken for determinations on unknowns (10-
100 pi). Otherwise, the assay was performed as

previously described (6). P determinations on
ovarian homogenates were performed after ex¬

tracting once with 4 volumes of petroleum ether
(hp 30-60 C) and chromatographic purification of
the steroid on Sephadex LH-20 columns de¬
veloped with the solvent system heptane:
benzene:methanol (85:10:5, v/v/v) (7). Recovery
of P from the homogenates was monitored by
adding [3H]P before extraction.

Statistics. Experimental data are presented as
mean ± se (n = 4). Statistical analyses were

performed using Student's t test.

Results

Isolation of estrogen-primed HIFR ovarian
granulosa cells
The entire cell harvest and culture pro¬

cedure from 50-56 ovaries was completed
within 1 h and provided 50-56 ml cell sus¬
pension containing approximately 106 viable
cells/ml medium. When examined by phase-
contrast microscopy the suspensions were
characterized by dispersed and aggregated
cells and adjacent oocytes. Histological
preparations of whole HIFR ovaries are con¬
trasted with the tissue which remained after
the cell extraction procedure in Fig. 1. In¬
tact ovaries were typified by an abundance
of uniform-sized preantral follicles packed
with granulosa cells surrounded by a slender
thecal layer and minimal amounts of inter¬

stitial tissue (Fig. 1A). After compression on
the wire grid, most of the follicles were
shown to have collapsed and were almost
completely devoid of granulosa cells. The
follicular ghosts were delineated by the
lamina basalis and surrounded by an ap¬

parently intact layer of thecal and inter¬
stitial cells (Fig. IB), suggesting that
granulosa cells which had been removed
from the follicles were only minimally con¬
taminated with other follicular cells.

Replicate granulosa cell culture
Within experiments the inocula were

distributed into culture dishes in a highly
reproducible manner. Viable cell counts
performed on quadruplicate 1 ml inocula
from two experiments were 7.20 ± 0.48
x 105 and 2.67 ± 0.10 x 106 (mean ± SE)
cells/ml medium/culture dish, respectively.
Attachment and growth were apparent in all
cultures within the first 48 h of culture and
reached confluency within 5 days. During
the first 24 h of culture the cells retained
the appearance of typical granulosa cells,
being small and round with little cytoplasm.
After 48 h most cells appeared to be larger
in overall size with relatively greater
amounts of cytoplasm although areas of ap¬
parently unaltered granulosa cells per¬
sisted immediately adjacent to live oocytes.
The dichotomy of cell types noted is
illustrated in Fig. 2 which shows phase-
contrast photomicrographs of granulosa cell
cultures after 5 days of culture in control
medium (Fig. 2A) and in medium containing
10~7M T (Fig. 2B). Typical areas of dense
epithelioid growth around an apparently
healthy oocyte are shown in both cultures.

Progesterone content of estrogen-primed
HIFR ovaries

The tissue P concentration of whole
ovaries at the time of removal for isolation
of granulosa cells was approximately 4
pg/ovary. This estimate was derived from
measurements performed on two homog-
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Fig. 1. Histological preparations from estrogen-primed HIFR ovaries: A. before isolation of granulosa
cells; B. after isolation of granulosa cells. Note collapsed follicles in B delineated by lamina basalis (arrows)
and surrounded by apparently intact thecal and interstitial cell layers. (5 /am sections stained with hematoxylin
and eosin, x 130.)

enates, each of which was prepared with
22 ovaries in 1.5 ml 50 mM Tris-HCl
buffer (pH 7.4). The absolute values ob¬
tained were, respectively (mean of dupli¬
cates), 2.9 and 3.3 pg P/mg homogenate pro¬
tein (average protein content of each ovary
was 1.3 mg).

Progesterone production by granulosa cells
in replicate culture

The daily production of P by isolated
granulosa cells over a 5 day culture period
in control medium and in medium to which
10"7m T was added is shown in Fig. 3. A
portion (500 /u.1) of the medium in each dish
was withdrawn after the first 24 h but was
not replaced; less than 1% of the cells in
each culture was removed with this sample.

The medium was then exchanged with
fresh medium after 48 h and thereafter at

24 h intervals. When the culture was ter¬

minated at the end of the fifth day, cell
protein was the same for control cultures
as for those incubated in T (65.5 ± 5.7 vs.
68.0 ± 2.7 /u,g/dish; P > 0.05). P was already
detectable in medium sampled from control
cultures at 24 h and had increased more

than 7-fold by 48 h. Thereafter, there was a
marked decline in P production that con¬
tinued throughout the remainder of the in¬
cubation. Cultures incubated in medium
containing T produced 3 to 5-fold more P
than controls throughout the entire incuba¬
tion (P < 0.001). When the addition of T
to the cultures was delayed until 48 h after
commencing the incubation, P production
was not increased and did not differ sig-



PROGESTIN PRODUCTION BY GRANULOSA CELLS 1543

Fig. 2. Phase-contrast photomicrographs of granulosa cell monolayers after 5 days of culture: A. cultured in con¬
trol medium; b. cultured in medium containing 10 7m testosterone. Note the well-defined cumulus oophorus
layer and surrounding cells with distinctive granulosa-like morphology immediately adjacent to the oocyte
shown in Both cultures (x200).

nificantly from control values even though
T was present during the subsequent 3 days
of culture.
In order to check that the specificity of

the P radioimmunoassay was not impaired
by performing determinations directly in
unpurified culture medium, media collected
from another series of granulosa cell cul¬
tures after 48 h of incubation in both the

presence and absence of 10~7m T were

assayed following extraction and further
purification by Sephadex LH-20 chromatog¬
raphy (1). The results are compared in Table
1 with the values for P obtained omitting
any form of sample pre-purification. Neither
the extraction step nor subsequent
chromatographic purification of the extract
caused a significant alteration in the values
otherwise obtained using unpurified media
from control cultures or from those incu¬
bated in the presence of T (P > 0.05).

P production by cultured granulosa cells
after 24 and 48 h of incubation in medium
containing 0, 10~9, 10~8, and 10~7M T is
shown in Fig. 4. After 24 h the P concentra¬
tion of medium collected from cultures incu¬
bated in the presence of 10~9m T was almost
twice the value of control cultures (P
< 0.01). Incubation in 10~8 and 10~7m T re¬
sulted in additional significant increases in
P production (P < 0.001). A clear dose
responsive relationship between P produc¬
tion and the concentration of T added to the
culture medium had emerged after 48 h. T
at 10"9m elicited a 2.4-fold increase in P

production as compared to controls (P
< 0.001); at 10"®m T the increase was 8-fold,
and at 10_7m T 11-fold.
The effect of high (10~5m) and low (10~9m)

concentrations of the synthetic estrogen
DES on T-indueed P production by cul¬
tured granulosa cells is shown in Fig. 5.
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Fig. 3. Daily progesterone production by cultured
granulosa cells during a 5 day culture period in con¬
trol medium ( ) and in medium containing 10~7M
testosterone ( ). The data are plotted as mean
± SE (n = 4). Total cell protein at the end of the fifth
day was the same for control cultures as for those incu¬
bated in testosterone.

Cells were cultured for 48 h in media con¬

taining 0, 10 °, 1(F8, and 10~7m T, in the
presence and absence of both concentra¬
tions of DES. Neither the high nor low
concentration ofDES significantly altered P
production by controls cultured in the ab¬
sence of T. The graded increase in P pro¬
duction which occurred in response to in¬
creasing concentration ofT was not dramati¬
cally altered when 10~9M DES was included
in the medium although the response elic¬
ited by 10-9m T was enhanced (P < 0.001).
However, at the high concentration (1()~5m),
DES markedly suppressed the stimulatory
influence of HE9 and 10~8M T on P produc¬
tion (P < 0.001). Neither concentration of
DES significantly altered the high level of
P production induced by 10~7M T. No sig¬
nificant effect of either concentration of

DES on total cell protein could be discerned
when the incubations were terminated
(48 h).
Figure 6 shows P production by cultured

granulosa cells during a 48 h incubation in
medium containing the anti-androgen CPA
(0, 10~7 and 10~5m) in the presence and ab¬
sence of 10"9 and 10~7m T. T alone at 10~9
and 10~7M elicited increases in P produc¬
tion (relative to controls) which were similar
to those observed in the previous experi¬
ments (Figs. 4 and 5). At a concentration of
1(E7m, CPA did not significantly alter P
production otherwise observed for controls
incubated in the absence of T (P > 0.05),
although the higher concentration of CPA
(10~5m) did exert an independent stimula¬
tory effect on P production (P < 0.01). How¬
ever, the elevated level of P production in
response to 10~9m T was significantly
lowered when 10~7 and 10~"5m CPA was

included in the culture medium (P < 0.005
and <0.025, respectively), and although the
lower concentration of CPA did not sig¬
nificantly affect production in response to
10_7m T, 10"5m CPA suppressed this re¬

sponse to levels which could not be dis¬
tinguished (P > 0.05) from those observed
in the presence of 10~5M CPA alone.
The influence ofCPA on T-induced P pro¬

duction by cultured granulosa cells was com¬

pared with that of Hutamide and its hvdroxyl-
ated derivative Sch 16423 (Fig. 7). P pro-

Table 1. Effect ofsample pre-purification on the results
ofprogesterone (P) determinations performed on media
collected from granulosa cell cultures after 48 h of in¬
cubation as controls or in medium containing testos¬
terone (T)

P (ng/culture)1

Extraction and
No purification2 Extraction3 ch romatography4

Control 2.97± 0.40 2.71 ± 0.40 2.83± 0.26
T 21.82± 0.92 18.15± 1.23 19.58± 0.98

1 Mean± SE ofduplicate determinations on media collected from quad¬
ruplicate cultures.

2 Assay performed directly on unpurified medium.
3 Assay performed on petroleum ether extract of medium.
4 Assay performed on petroleum ether extract after Sephadex LH-20

column chromatography, using the solvent system heptane:benzene:
methanol (85:10:5, v/v/v) (7).
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duction during a 48 h culture period in the
presence of 10"7m T was significantly re¬
duced (P < 0.001) when each of these com¬

pounds was included in the culture medium
at a concentration of 1(U5m. Although fluta-
mide suppressed P production in the pres¬
ence of T by only 30%, both CPA and Sell
16423 essentially abolished the response to
T.

Discussion

The present data substantially extend
earlier observations on the stimulatory in¬
fluence of androgens on progestin produc¬
tion by cultured granulosa cells isolated
from estrogen-primed HIFR ovaries (1,8,9).
Using a rapid and efficient method for the
isolation of large numbers of preantral
granulosa cells which were only minimally
contaminated with other follicular cells, we
have established a highly versatile and re¬

producible replicate culture technique
wherein the dose-dependency and the tem¬
poral relationships of the response to T
were fully explored for the first time. The
results of this study have also afforded the
basis for some understanding of the molecu¬
lar mechanisms which mediate the effect of
T on P production.
Armstrong and Dorrington (9) recently re¬

ported that isolated granulosa cells from
estrogen-primed HIFR ovaries produced

o

Q.

=5 300
O!
A

200

o
z>
o
o
tr
Q.
LLI
2
o
tr

e>
o
en
CL

100

24 — 48 Hours

24 Hours

10"1 10" 10-'

TESTOSTERONE (M) ADDED TO MEDIUM

Fig. 4. Progesterone production by cultured granulosa
cells during each of 2 consecutive days of culture in
medium containing graded concentrations of tes¬
tosterone. The data are plotted as mean ± se (n = 4).

"negligible" amounts of P when cultured in
a chemically defined medium which was not
supplemented with serum. Moreover, they
were unable to discern a stimulatory effect
of T on P production when incubations were
performed in the absence of any exogenous

Fig. 5. Progesterone production
by cultured granulosa cells
during a 48 h culture period in
medium containing graded con¬
centrations of testosterone (T)
in the presence and absence of
low (1(L9m) and high (10"5m)
concentrations of diethylstil-
bestrol (DES). The data are

plotted as mean ± se (n = 4).
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Fig. 6. Progesterone production by cultured granulosa
cells during a 48 h culture period in medium con¬

taining low (1()"9m) and high (10~7m) concentrations of
testosterone (T) in the presence and absence of 10~7
and 1()~5m cyproterone acetate (CPA). The data are

plotted as mean ± se (n = 4).

FSH addition to the medium. In the present
investigation, we observed that very low
concentrations of T (10~9m) were sufficientto
stimulate P production by isolated granulosa
cells within only 24 h of culture in medium
supplemented with homologous serum
which was devoid of measurable FSH.

Higher concentrations of T further aug¬
mented P production in a dose-responsive
fashion. Both basal and stimulated levels of
P which accumulated in the culture medium
clearly accrued by way of cle novo syn¬
thesis and/or reduced catabolism of the
steroid since at the time of cell isolation the
P content of whole ovaries was much lower
(4 pg/ovary). The possibility that very low
residual levels of FSH in the hypophysecto-
mized rat serum may have facilitated the ob¬
served stimulatory effects of T cannot be
dismissed and, indeed, could explain the
differences between our data and those of
Armstrong and Dorrington (9).
In addition to dose-dependency, the effect

was shown to be related to the duration of
the culture period and the time at which T

was added to the culture medium. Thus,
maximal production of P, whether in the
presence or absence of exogenous T, was
attained within the first 48 h of culture and
declined rapidly and progressively there¬
after. Furthermore, when the addition of T
to the culture medium was delayed until
48 h after commencing the culture, P pro¬
duction relative to controls was not aug¬
mented during a subsequent 3 day culture
period in the presence of T. Exactly why
the cells lost their capacity to produce sub¬
stantial amounts of P and to respond to T
with enhanced P production within such a
short period of culture cannot be explained.
However, most cells did undergo a degree
of morphological transition during the ini¬
tial period of culture, and after 48 h only
those cells in close proximity to live oocytes
retained a typical granulosa-like appearance
(Fig. 2). Accordingly, it is possible that a

ti10 m):

ANTI-
ANDROGEN: NONE FLUT Sch 16423 CPA

dcr5M) ncrsMi (10"SM)

Fig. 7. Comparison of the effects of cyproterone
acetate (CPA), flutamide (FLUT) and Sch 16423 on

progesterone production by cultured granulosa cells
during a 48 h culture period in the presence and ab¬
sence of 1(D7m testosterone (T). The data are plotted
as mean ± se (n = 4).
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relationship existed between the observed
alterations in appearance and steroidogenic
activity as the cultures proceeded. Since the
oocyte purportedly exerts a controlling in-
Huenee on granulosa cell differentiation
i n vivo (10) and in vitro (11,12), these ob¬
servations may have reflected a diminution
of the regidatory influence of the oocyte
following disruption of the follicles and
placement of the granulosa cells into cul¬
ture. Further exploration of this contention
is clearly indicated but was not within the
scope of the present investigation.
The presence of estrogen in the granulosa

cell culture medium exerted a modulatory
influence on androgen-responsive P produc¬
tion. Whereas high concentrations of the
synthetic estrogen DES (10~5m) markedly
suppressed the response to low concentra¬
tions of T, low concentrations of DES
(10~9m) further enhanced the stimulatory
effect of 10~9m T. On the other hand neither

high nor low concentrations of DES affected
the response to high concentrations of T
(10 7m). While we are unaware of the mech¬
anism^) whereby DES might have exerted
this effect, this finding could be of physio¬
logical significance. Thus, estrogen-primed
HIFR ovarian granulosa cells have been
shown to possess an FSH-sensitive aroma-
tase system which can convert a variety of
androgenic steroids to estrogens (13,14).
Intrafollicular androgen/estrogen ratios are

presumably influenced by temporal altera¬
tions in this activity in the intact animal
and could thereby modulate androgen re¬

sponsive P production by granulosa cells
in vivo.

The present studies have also offered an

insight into the molecular events which
may precede the manifestation of androgen-
stimulated P production by granulosa cell
cultures. Thus, CPA, flutamide and the
hydroxylated derivative of flutamide (Sch
16423) are known to be potent anti-andro-
gens which impede the stimulatory effects
of androgens on a variety of androgen-
sensitive tissues in vivo (15,16). Recent
studies have shown that these compounds

exert their effects by inhibiting the associa¬
tion of androgen with specific receptors in
the cytoplasm of target cells, thereby pre¬
venting nuclear translocation of active
androgen-receptor complexes (17-19). In
vitro studies using cytoplasmic androgen-
receptor preparations have indicated that
flutamide is far less effective than CPA
with respect to its capacity to inhibit the
formation of androgen-receptor complexes
(20), whereas Sch 16423, the major urinary
metabolite of flutamide following its oral
ingestion in humans (21), is more or less
equipotent with CPA in this respect (22).
Accordingly, it has been proposed that the
potent anti-androgenic activity of flutamide
when administered in vivo is manifest via
its hydroxylation to Sch 16423 which then
acts directly upon androgen receptors in the
target tissue (22). In the present study we
observed that both CPA and Sch 16423, at
concentrations 100-fold in excess of T in
the medium, effectively abolished aug¬
mentation of P production which was other¬
wise observed in response to T, whereas
the inhibitory effect of ffutamide was far
less pronounced. It was also noted that CPA
itself when present at a high concentration
(10~5m) exerted an independent stimulatory
effect on P production in the absence of
exogenous T; an observation which was con¬
sistent with other demonstrations that under
certain circumstances CPA evinces a variety
of hormonal activities other than anti-andro-
genicity among which is included andro-
genicity (23). On the other hand, Sch 16423,
which has been shown to be essentially
devoid of hormonal activities other than
anti-androgenieity (16), did not affect P
production in the absence of T. From these
data we infer that the stimulatory influence
of T on P production by granulosa cells
in vitro was mediated via an interaction
with a specific cytoplasmic androgen re¬
ceptor. This contention is further supported
by the recent demonstration of an androgen-
specific receptor in the cytoplasm of
granulosa cells isolated from estrogen-
primed HIFR ovaries with evidence for
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nuclear translocation of T-receptor com¬

plexes (24,25). Other less compelling inter¬
pretations of these results could, however,
include the possibility that T exerted its
effect through a non-receptor mechanism(s)
(e.g., reduced catabolism of P) which was
also blocked in the presence of the anti-
androgens examined.
The hitherto limited accessibility of suit¬

able numbers of granulosa cells from imma¬
ture preantral follicles has restricted the
biochemical characterization of these cells
in vitro. Accordingly, much of our under¬
standing of the functional differentiation
which granulosa cells undergo during the
process of normal follicular maturation is
restricted to the properties ofgranulosa cells
isolated from medium-sized and large
preovulatory antral follicles of intact adult
animals. Granulosa cells obtained at such
advanced stages of maturation in vivo have
been shown to undergo spontaneous mor¬
phological Iuteinization and secrete large
quantities of progestins when placed into
tissue culture (26-3f). These features,
together with the capacity specifically to
bind [I25I]labeled hCG and to respond with
further increases in progestin production via
an adenylyl cyclase-dependent mechanism
which is stimulated in the presence of hCG
or LH are presently regarded as in vitro
characteristics which are unique to lutein¬
ized granulosa cells (31). The estrogen-
primed HIFR model (2) affords an abundant
supply of immature preantral granulosa cells
which have been subjected to only minimal
gonadotropic stimulation in vivo prior to the
time of isolation, and the techniques de¬
scribed herein for their isolation and estab¬
lishment in tissue culture provide an ideal
experimental model in which the biochemi¬
cal characteristics of these cells can be
defined in vitro. In common with the
granulosa cells isolated from mature antral
follicles (32) the preantral cells from estro¬
gen-primed HIFR ovaries are able specifi¬
cally to bind [125I]iodoFSH (33) and to
aromatize various androgenic steroidal
substrates to estrogens when cultured in

the presence of FSH (13,14). On the other
hand, estrogen-primed HIFR ovarian
granulosa cells do not specifically bind
[125I]labeled hCG (unpublished observa¬
tion), and P production by these cells is not
enhanced when they are cultured in the
presence of LH (34) or hCG (1). Thus, in
these respects and inasmuch as they do not
undergo morphological luteinization when
placed into culture, granulosa cells from
immature preantral follicles clearly display
functional characteristics which are at vari¬
ance with those ofcells isolated from mature

antral follicles, and it may reasonably be as¬
sumed that the differences observed result
in part from the limited degree of gonado-
trophic stimulation to which they are ex¬

posed in vivo. However, it has been demon¬
strated that granulosa cells isolated from
more mature antral follicles of pig (35) and
rat (8,9) ovaries also produce elevated
amounts of progestins when cultured in
medium containing androgens. Thus, it
would seem that the capacity to produce
progestins and to respond to androgens with
enhanced progestin production in vitro is
a biochemical characteristic of granulosa
cells which is both acquired early and re¬
tained throughout maturation in vivo.
From the foregoing considerations it is

apparent that progestin production per se
cannot be regarded as a hallmark of the fully
mature, luteinized granulosa cell, but rather
that it should be considered as a functional
capacity under direct and specific andro¬
genic control which granulosa cells acquire
during a very early stage of folliculogenesis
and which is not contingent upon more ad¬
vanced maturational events under the con¬

trol of gonadotropins in vivo.
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ABSTRACT. The relationship between FSH-induced
acquisition of LH/hCG receptors and the steroidogenic
capacity of granulosa cells from estrogen-primed hy-
pophysectomized rat ovaries has been examined. Gran¬
ulosa cells harvested from the immature preantral fol¬
licles of animals not treated with FSH (controls) dis¬
played negligible specific human [125I]iodo-hCG binding
and produced only minimal amounts of progesterone
during 48 h of culture in vitro. Addition of highly
purified hFSH or prostaglandin-Ea (PGEa) to the cul¬
ture medium elicited substantial increases in progester¬
one production which were not accompanied by meas¬
urable increases in [l2r'I]iodo-hCG binding. Treatment
with oFSH in vivo for 24 h led to the initiation of
antrum formation in many follicles and was accompa¬
nied by an 8-10-fold increase in hCG binding by freshly
isolated granulosa cells. Basal, hFSH-, and PGE2-stim-
ulated progesterone production during culture was also
greater than controls. In contrast, cells from animals
receiving oFSH in vivo for only 12 h showed no increase
in hCG binding either before or after culture, yet basal

and stimulated progesterone production in vitro was
significantly greater than controls, indicating that the
initiation of steroidogenesis was antecedent to LH/hCG
receptor induction.

Only those cells obtained after the 24-h in vivo treat¬
ment with oFSH produced elevated amounts of proges¬
terone when incubated in the presence of hCG, thereby
showing that the observed increases in [l25Iliodo-hCG
binding reflected the induction of functionally active
LH/hCG receptors.

Pharmacological stimulation of steroidogenesis by
cell suspensions with N,0'-dibutyryl cAMP resulted in
consistently high levels of progesterone production ir¬
respective of previous treatment with FSH in vivo. This
uniform expression of in vitro steroidogenic capacity
occurred in the complete absence of measurable in¬
creases in LH/hCG receptors, suggesting that these two
fundamental developmental processes are independent
phenomena which may be under separate regulation in
vivo. (Endocrinology 102: 937, 1978)

GRANULOSA cell differentiation occur¬ring during preovulatory follicle matu¬
ration is characterized by an increase in the
number of available cell membrane LH/hCG
receptors (1, 2) and by intracellular modifica¬
tions leading to enhanced capacity to secrete
progestogens (3, 4). The available evidence
indicates that FSH plays a major role in the
expression of each of these features of granu¬
losa cell maturation. Thus, in vivo treatment
with FSH leads to a marked increase in the

ability of granulosa cells to bind radioiodi-
nated hCG (2) and, in vitro, FSH stimulates
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of the Endocrine Society, Chicago, Illinois, June 8-10,
1977 (abstract 376).
t To whom requests for reprints should be addressed,
f Currently, Deputy Director of The Clinical Center,
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progestogen production by granulosa cells iso¬
lated at varying stages of follicular maturity
(5, 6, 7). Although the mechanism whereby
FSH promotes the induction of LH/hCG re¬
ceptors is not understood, the stimulatory in¬
fluence on progestogen production is mediated
via an interaction with specific FSH receptors
in the cell membrane (8, 9), leading to in¬
creased generation of intracellular 3',5'-cAMP
(10, 11) which is thought to stimulate enzymic
conversion of cholesterol to pregnenolone, a

major rate-limiting step in steroidogenesis
(12).
The present study was undertaken in order

to examine the relationship between FSH-in-
duced acquisition of LH/hCG receptors and
the development of steroidogenic capacity by
the granulosa cells of estrogen-primed hy-
pophysectomized immature female rat

937
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(HIFR) ovaries. Granulosa cells have been
harvested from the ovaries of animals receiv¬

ing controlled amounts of oFSH in vivo and
their ability to bind radioiodinated hCG has
been compared at the time of cell harvest and
after incubation in vitro as suspension cul¬
tures in medium supplemented with various
trophic hormones. The accumulation of im-
munoreactive progesterone in culture medium
has been monitored concurrently and used as
an index of steroidogenic potential. Results of
this study indicate that the initiation of ste¬
roidogenesis by FSH in the developing gran¬
ulosa cell is antecedent to LH/hCG receptor
induction. They further show that steroido¬
genic capacity and the induction of LH/hCG
receptors are independent phenomena, sug¬

gesting that each may be under separate reg¬
ulation in vivo.

Materials and Methods

Materials

Twenty-one-day-old female Sprague-Dawley
rats were hypophysectomized by Hormone Assay
Laboratories, Chicago, IL; at the time of hypophy-
sectomy, 10-mm Silastic capsules containing dieth-
ylstilbestrol (DES) (13) were inserted sc. Animals
arrived at these laboratories at 23 days of age and
were fed dog food, milk, and water ad libitum.
Tissue culture medium was composed of Ham's

F-10 supplemented with antibiotics, L-glutamine,
and 10% (vol/vol) hypophysectomized male rat se¬
rum as described previously (14).
Unlabeled progesterone, DES, N,0'-dibutyryl

cAMP (Bu2cAMP), and N,0'-dibutyryl cyclic GMP
(Bu2cGMP) were purchased from Sigma Chemical
Corp., St. Louis, MO; lactoperoxidase (grade B)
from Calbiochem, La Jolla, CA; and hydrogen per¬
oxide (certified A.C.S.) from Fisher Scientific Co.,
Fair Lawn, NJ. Prostaglandin-E2 (PGE2) and pros¬

taglandin^,, (PGF2„) were generous gifts from Dr.
J. E. Pike of the Upjohn Co., Kalamazoo, MI.
Gonadotrophic hormone preparations used in

these studies were as follows: oFSH, LER-1698
(1.12 X NIH-FSH-Sl/mg; 0.002 X NIH-LH-
Sl/mg); hFSH, LER-1801/3 (immunochemical
grade, 4,000 IU FSH/mg) and LER-8/116 (900 IU
FSH/mg; 6 IU LH/mg); and hCG, CR-119 (13,450
IU/mg). Calculations for molar concentrations of
hFSH were made assuming the biological activity
of pure hFSH to be 4,000 IU/mg and the mol wt to
be 35,000.

Carrier-free Nal2r'I and [l,2-:lH(n)]progesterone
(59 Ci/mmol) were obtained from New England
Nuclear, Boston, MA; [8-:iH]cAMP (15 Ci/mmol)
and [a-',2P]ATP (25 Ci/mmol) from ICN Pharma¬
ceuticals, Irvine, CA.

Methods

In vivo treatment with FSH. Treatment of animals
with oFSH (LER-1698) was initiated at 26 days of
age, 5 days after hypophysectomy and insertion of
DES capsules. Animals receiving the 24-h treat¬
ment with FSH were injected sc with 100 fig oFSH
in 100 fil phosphate-buffered saline (PBS), pH 7.4,
containing 0.1% bovine serum albumin (BSA)
(wt/vol) at 24 h and again at 12 h before sacrifice
and excision of ovaries at 27 days of age. Treatment
with FSH for 12 h comprised a single 100 fig injec¬
tion of oFSH at 12 h before sacrifice. Controls
received appropriate injections of vehicle alone.

Granulosa cell isolation and culture. Granulosa
cell suspensions were prepared in culture medium
exactly as described previously (14). The concen¬
tration of cells was adjusted to approximately 106
cells/ml medium and replicate 500-fil aliquots dis¬
tributed among a series of 12 X 75-mm sterile
plastic test tubes (Falcon 2052). Hormones were
then added in a further 500-fil aliquot of fresh
medium and each tube, containing 1 ml total vol¬
ume, was placed in a sterile 16 X 150-mm screw-

capped culture tube (Falcon 3026), gassed with a
95% air:5% C02 mixture, and tightly sealed. Incu¬
bations for up to 48 h were performed in a temper¬
ature-controlled room maintained at 37 C.

Throughout each incubation the tubes were gently
rotated (6 rpm) on the turntable of a multipurpose
rotator (model 150 v, Scientific Industries Inc., Boh¬
emia, NY) which was set at an angle of approxi¬
mately 45° to the horizontal. Upon termination of
the culture, cells were sedimented by centrifugation
(1,500 X g for 5 min at 4 C) and the medium
decanted and stored at —20 C to await determina¬
tion of progesterone content. The cell pellets were
washed twice with 1 ml PBS before measurement
of protein (15) and/or analysis of [125I]iodo-hCG
binding.

lodination ofhCG. Human chorionic gonadotropin
(CR-119) was labeled with Na125I by using a lacto¬
peroxidase reaction (16). Ten micrograms of hCG
dissolved in 20 fd 0.1 m phosphate buffer (pH 7.4)
were added to the reaction vessel followed by 10
/d 0.3 M phosphate buffer (pH 7.4), 5 fil lactoper¬
oxidase, and 4 mCi carrier-free Na125I. Hydrogen
peroxide was added in three separate 5-fd (9-ng)
aliquots at 5-min intervals. The reaction was ter-
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minated by dilution with 150 /d 0.1 M phosphate
buffer. Separation of [125I]iodo-hCG from unreacted
iodide was affected by adsorption onto cellulose
and elution with 5% (wt/vol) BSA in PBS (17).
Purified [l25I]iodo-hCG was stored as multiple ali-
quots at —20 C. The specific activity of this material
was approximately 60 /uCi/^xg.

[vaI]iodo-hCG binding analysis. Washed granu¬
losa cells were resuspended in a total volume of 250
jul PBS (pH 7.4) containing 0.1% (wt/vol) BSA, 4
X 104 cpm (400 pg) [125]iodo-hCG and, when appro¬
priate, a 200-fold molar excess of unlabeled hCG.
Incubations were carried out with periodic agitation
for 3 h at 37 C. The binding reaction was terminated
by the addition of 1 ml ice-cold PBS containing
0.1% BSA and centrifugation for 5 min at 3,000
rpm. The supernatant was decanted and the cell
pellets washed once with 1 ml PBS. The washed
pellets were counted for 10 min on a Nuclear Chi¬
cago Model 1185 y-spectrometer (85% efficiency for
12r,I). Specific [125I]iodo-hCG binding was calculated
from incubations performed in the presence and
absence of a 200-fold molar excess of unlabeled
hCG. The results were expressed as cpm [125I]iodo-
hCG bound/mg cell protein (1 mg cell protein ap¬
proximately equivalent to 8 X 106 cells).
The quality of the [125I]iodo-hCG preparation

was assessed by examining specific binding to in¬
creasing amounts of granulosa cells harvested from
immature rat ovaries 48 h after a single sc injection
of 4 IU PMSG in saline. Maximal specific binding
(52%) was obtained by using 100 mg (wet wt)
cells/250 gl reaction vol under normal assay con¬
ditions. Binding of [12r'I]iodo-hCG to a 3-mg (wet
wt) aliquot of granulosa cells from PMSG-treated
rat ovaries was inhibited by coincubation with un¬
labeled hCG (CR-119) at 2.5-250 ng/ml, oLH (NIH-
LH-S18) at 25-2,500 ng/ml, and oTSH (NIH-TSH-
S8) at 2.5-250 fig/ml, but was not competed for by
either hFSH (LER-1801-3) or oFSH (NIH-FSH-S-
18) at concentrations up to 2.5 jug/ml.

Progesterone radioimmunoassay. The progester¬
one content of medium collected from cell cultures
and of freshly isolated granulosa cells was deter¬
mined by radioimmunoassay (18) incorporating
modifications to the assay which have been de¬
scribed previously (14). Results were expressed as

microgram of progesterone/mg cell protein.

Adenylate cyclase assay. Freshly isolated granu¬
losa cells were homogenized on ice in 5 ml 27%
(wt/vol) sucrose in 1 mM EDTA and 10 mM Tris-
HC1, pH 7.5 (19), employing 4 X 15-sec bursts of a
Polytron (type PT-10-20-350D) at setting number
4. The homogenate was centrifuged for 15 min at

200 X g (4 C) and the supernatant collected and
recentrifuged for a further 30 min at 10,000 X g
(4 C). The resulting pellet, containing crude gran¬
ulosa cell membranes, was resuspended in 100-200
/tl original homogenization medium to give approx¬
imately 50 ng membrane protein (15) per 10 /d
suspension. Ten-microliter aliquots of the mem¬
brane suspension were taken for the determination
of adenylate cyclase activity by using the procedure
of Salomon et al. (20) as described previously (4).
By using this assay, the dependency of rat granu¬
losa cell membrane adenylate cyclase activity on
the amount of membrane used and the concentra¬

tion of Mg++ in the incubate was previously estab¬
lished (4). The present assay procedure was iden¬
tical except that a 10-min reaction sequence was
employed. The time-dependency of basal and FSH-
sensitive adenylate cyclase activities ofmembranes
prepared from DES-primed HIFR granulosa cells
is shown in Fig. 1.

Results

Effect of treatment with oFSH on the follicu¬
lar morphology of estrogen-primed HIFR
ovaries

Histological specimens from the ovaries of

TIME (min)

Fig. 1. Time-dependency of basal and FSH-stimulated
adenylate cyclase activities of crude membranes from
estrogen-primed HIFR granulosa cells. The assay was

performed as described previously (4) in the absence
(closed circles) or presence (open circles) of 700 ng/ml
hFSH LER-8/116 (=4.5 x 10"9 m pure hFSH). Duplicate
determinations are shown at each time-point.
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saline-treated control animals and of those

receiving treatment with oFSH for 24 h before
sacrifice are contrasted in Fig. 2. The ovaries
from control animals were characterized by an
abundance of relatively small follicles devoid
of antra (Fig. 2A). In contrast, treatment with
FSH was associated with both an increase in
follicular size and occasional antrum forma¬

tion, although fully mature Graafian follicles
were not observed (Fig. 2B).

Trophic stimulation ofprogesterone produc¬
tion by granulosa cells isolated from estro¬
gen-primed HIFR ovaries

Progesterone production by granulosa cells
harvested from the immature ovarian follicles
of animals not treated with FSH was stimu¬
lated by trophic hormones in vitro. The dose-
dependency of the response to hFSH (LER-
8/116) (10-1,000 ng/ml), PGE2 (0.5-50 gM),
and (Bu)2cAMP (0.1-5 mM), respectively, is

shown in Fig. 3. The response to (Bu)2cAMP
was particularly noteworthy in the presence
of 1 mM (Bu)2cAMP, progesterone was stim¬
ulated 400-fold (Fig. 3C). This response was
20 times higher than that observed for the
maximal stimulatory concentration of hFSH
(500 ng/ml) (Fig. 3A). Progesterone produc¬
tion in the presence of 5 mM (Bu)2cAMP was

approximately 50% lower than that observed
in the presence of 1 mM (Bu)2cAMP. Human
chorionic gonadotropin (CR-119; 10-1,000
mlU/ml), PGF2„ (5 gM), and (Bu)>cGMP (1
mM) had no discernible effect on progesterone
production by these cells.

Effects of in vivo treatment with oFSH on
human f}2hI]iodo-hCG binding and proges¬
terone production by granulosa cells isolated
from estrogen-primed HIFR ovaries
Differences in [I25I]iodo-hCG binding and

progesterone production by isolated granulosa

PL

«
Fig. 2. Follicular morphology of estrogen-primed HIFR ovaries. A, After 24-h in vivo treatment with saline (control);
B after 24-h in vivo treatment with oFSH. Note the presence of early antrum formation in B (5 (im sections stained
with hematoxylin and eosin, X 70).
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10 100 1000 0.5 5 50 0.1 0.5 1 5

hFSH(ng/ml) PGE 2 I^M) (Bu),cAMP(mM)

Fig. 3. Concentration-dependency of hFSH LER-8/116
(A), PGE2 (B), and (BuhcAMP-stimulated (C) progester¬
one production by granulosa cells isolated from estrogen-
primed HIFR ovaries. The data are plotted as mean ± sf,
(n = 3). Progesterone accumulation in the medium from
control cultures (no exogenous additions to the culture
medium) was 0.03 ± 0.002 pg/mg cell protein/48 h. The
broken horizontal line in C represents the upper value
displayed on the ordinate in A and B.

cells as a function of previous treatment in
vivo with oFSH are displayed in Fig. 4. At the
time of cell harvest (To, Fig. 4A), treatment
with oFSH for 24 h in vivo had resulted in an

8-fold increase in [125I]iodo-hCG binding com¬
pared to cells from saline-treated controls.
This marked increase in hCG binding was
associated with basal (no additions to the me¬

dium), FSH-, and PGEa-stimulated levels of
progesterone production during 48 h of incu¬
bation in vitro, which were also substantially
greater than cells from saline-treated controls
(Fig. 4B). In contrast, cells harvested from
animals which received oFSH only 12 h earlier
showed no measurable increase in [125I]iodo-
hCG binding either before or after culture,
although basal, FSH-, and PGE2-stimulated
progesterone production during the culture
was significantly greater than cells from sa¬
line-treated controls; indicating that the initi¬
ation of steroidogenesis was antecedent to
LH/hCG receptor induction. Irrespective of
treatment with oFSH in vivo, (Bu)2cAMP
elicited uniformly high levels of progesterone
production in vitro. However, these substan¬
tial increases in steroidogenesis were not as¬
sociated with measurable increases in [125I]-
iodo-hCG binding during the same period.
These observations were confirmed and ex¬

tended in subsequent experiments which also

sought to establish temporal aspects of the
steroidogenic response to trophic agents in
vitro. It was also desirable to determine if
increases in [125I]iodo-hCG binding after the
24-h treatment with oFSH in vivo actually
reflected the acquisition of functional
LH/hCG receptors. Fig. 5 contrasts progester¬
one production by granulosa cells isolated
from saline-treated control animals and from
those receiving treatment with oFSH for 24 h,
during incubations of 12-, 24-, and 48-h dura¬
tion in medium containing no additions (con¬
trols) or containing hFSH (LER-9/116; 100
ng/ml), hCG (CR-119; 100 mlU/ml), and
(BuhcAMP (1 mM), respectively. With the
notable exception of incubations in the pres¬
ence of (Bu)2cAMP, absolute levels of basal

Q Saline; 112h FSH;

32

O 24

16

A. 125I-hCG BINDING

[LI

24h FSH

55

_nJ
T0 FSH

M 01
PGE, (Bu),cAMP

PGE, (Bu),cAMP

Fig. 4. Specific [125I]iodo-hCG binding and progesterone
production in vitro by granulosa cells isolated from the
ovaries of estrogen-primed HIFR receiving saline (saline-
treated controls, open bars) or oFSH 12 h or 12 and 24 h
before sacrifice. A, [126I]iodo-hCG binding by freshly har¬
vested cells (To) and after 48 h of incubation in culture
medium containing no additions (control, C), 500 ng/ml
hFSH LER-1801/3 (FSH), 5 /tM PGE2, and 1 mM
(Bu)jcAMP; B, progesterone accumulation in culture me¬
dium during the same 48-h incubation. The data are

plotted as mean ± se (n = 3).
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A. SALINE in vivo: B. 24h FSH in vivo:

12 24 48

0 12 24 0 12 24

Fig. 5. Time-dependency of basal and stimulated proges¬
terone production by granulosa cells isolated from the
ovaries of estrogen-primed HIFR receiving saline (A) or
oFSH (B) for 24 h in vivo before sacrifice. Accumulation
of progesterone in culture medium throughout a 48-h
incubation period is shown in the absence of exogenous
additions to the culture medium (control, •—•), and in
the presence of 100 ng/ml hFSH LER-8/116 (• •),
100 mlU/ml hCG CR-119 (• •), or 1 mM (Bu)2cAMP
(•- - - -•). Values shown at time 0 h reflect the intra¬
cellular progesterone content of freshly isolated cells; note
that the steroid could not be detected in cells harvested
from saline-treated controls. The data are plotted as mean
± se (n = 4). Insets show control and (Bu)2cAMP-stim-
ulated progesterone accumulation by using a logarithmic
scale on the ordinate.

and stimulated progesterone production by
cells from control animals were consistently
lower by at least one order of magnitude than
corresponding values observed for the cells
harvested from oFSH-treated animals. Al¬

though not discernible (from the graphical
display) in Fig. 5A, progesterone production
by control cells was stimulated within 12 h of
incubation in the presence of hFSH or

(Bu)2cAMP. Thus, at 12 h, progesterone pro¬
duction by cells incubated as controls was 1.46
± 0.31 ng/mg cell protein (mean ± se, n = 4)
as compared with 5.31 ± 0.19 and 14.63 ± 2.1
for incubations in the presence of hFSH or
(Bu)2cAMP, respectively. Accumulation of
progesterone in culture medium continued to
increase in the presence of hFSH remaining
three to five times greater than controls
throughout the entire incubation. The re¬

sponse to (Bu)2cAMP also continued, even¬

tually attaining levels which were over 100
times greater than controls. In accordance
with the limited propensity for specific hCG
binding established earlier, hCG had no ap¬

preciable effect on progesterone production by

these cells throughout the entire 48-h incu¬
bation period. In direct contrast, hCG elicited
a striking and rapid increase in progesterone
production by the more mature granulosa cells
harvested from the ovaries of animals receiv¬

ing 24 h of treatment with oFSH in vivo (Fig.
5B): hCG-stimulated levels of progesterone in
the culture medium were eight times greater
than controls within the first 12 h of incuba¬
tion. Maximal levels of basal, hFSH-, and
hCG-stimulated progesterone production had
been attained by 24 h, whereas the response
to (Bu)2cAMP continued to increase through¬
out the entire incubation. At 48 h, progester¬
one production by both groups of cells was
almost identical in the presence of
(Bu)2cAMP. In order to facilitate a direct com¬
parison of basal- and (Bu)2cAMP-stimulated
progesterone production by both groups of
cells the corresponding values are plotted in
the insets shown in Fig. 5 by using a logarith¬
mic scale on the ordinate to display progester¬
one accumulation.

Specific [125I]iodo-hCG binding by both
groups of cells at the time of harvest and upon
termination of in vitro incubations at 12, 24,
and 48 h is shown in Fig. 6. As noted before,
cells harvested from saline-treated controls
bound only negligible amounts of labeled hCG
both before and after culture (Fig. 6A) despite
pronounced increases in progesterone produc¬
tion associated with the incubation in the

presence of (Bu)2cAMP. Once again, although
absolute values differed for unknown reasons,

granulosa cells obtained after the 24-h treat¬
ment with oFSH in vivo (Fig. 6B) bound ap¬
proximately 10 times more [125I]iodo-hCG
than control cells both before and after cul¬
ture. The degree of binding observed after 48
h of incubation was slightly lower than at the
time of cell harvest. Minimal specific [125I]-
iodo-hCG binding was observed after incuba¬
tions in the presence of hCG showing that
access to LH/hCG-binding sites had been ef¬
fectively blocked by the unlabeled gonadotro¬
pin.

Effect ofoFSH treatment in vivo on the FSH-
sensitive adenylate cyclase activity of iso¬
lated granulosa cell membranes
FSH-sensitive adenylate cyclase activities
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of crude membrane preparations from granu¬
losa cells harvested from control animals and
from those receiving the 24-h treatment with
oFSH in vivo are compared in Fig. 7. Both
preparations displayed an exquisite sensitivity
to hFSH at concentrations ranging between
10-11 and 10-9 m. Maximal activity was ob¬
served in the presence of 10~8 m hFSH and
differed only marginally between the two
groups.

Discussion

Treatment of estrogen-primed HIFR with
oFSH afforded a well controlled means for

synchronizing the transition of undifferen¬
tiated granulosa cells in preantral follicles to
more advanced levels of maturity associated
with the formation of follicular antra. In con¬

junction with a simple and effective means for
the harvest of granulosa cells from these ova¬
ries (14), we have established an experimental
model wherein in vitro observations of

LH/hCG binding and the steroidogenic activ¬
ity of isolated granulosa cells may be directly

A. SALINE in vivo: B. 24E FSH in vwv:

Sf SfT

TIME (hi TIME (h)

Fig. 6. Specific [l25I]iodo-hCG binding by granulosa cells
isolated from the ovaries of estrogen-primed HIFR re¬

ceiving saline (A) or oFSH (B) for 24 h in vivo before
sacrifice. Binding of [12r'I]iodo-hCG is shown at the time
of cell harvest (0 h) and throughout a 48-h incubation in
the absence of exogenous additions to the medium (con¬
trol, •—•), and in the presence of 100 ng/ml hFSH
LER-8/116 (•—•), 100 mlU/ml hCG CR-119
(• •), or 1 mM (Bu)acAMP (•- - -•). The data are

plotted as mean ± se (n = 3).

FSH conc. (M)
Fig. 7. FSH-sensitive adenylate cyclase activities of
crude membranes prepared from the ovaries of estrogen-
primed HIFR receiving saline (control, closed circles) or
oFSH (open circles) for 24 h in vivo before sacrifice.
Production of [32P]cAMP is shown in the presence of
increasing concentrations of hFSH LER-8/116. Each
point represents the mean of duplicate determinations.

related to the influence of FSH on folliculo-
genesis in vivo.
Undifferentiated granulosa cells harvested

from the ovaries of animals not receiving
oFSH-treatment in vivo displayed a pro¬
nounced degree of steroidogenic activity in
response to trophic hormone stimulation in
vitro. The ability of isolated cells to respond
to hFSH, but not hCG, with concentration-
and time-dependent increases in progesterone
production confirmed the presence of specific
FSH receptors on the cell membrane (8, 9)
which were functionally linked to a patent
steroidogenic mechanism. Progesterone syn¬
thesis was also stimulated by PGE2 or
(Bu)2cAMP. The stimulatory action of PGE2,
like that of FSH, was ascribed to the activa¬
tion of adenylate cyclase and increased gen¬
eration of intracellular cAMP levels (10, 11);
others have shown that prostaglandins of the
E series can mimic the stimulatory effects of
gonadotropins on both the cAMP content (10)
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and the steroidogenic activities (21, 22) of
granulosa cells isolated from the more mature
follicles of human, monkey, and pig ovaries.
Pharmacological elevation of intracellular
cAMP levels with (Bu)2cAMP had most sub¬
stantial effects on progesterone production by
these cells. Maximal responses (up to 400-fold
stimulation) were observed in the presence of
1 mM (Bu)2cAMP, but were diminished by
50% when the concentration was raised to 5
mM. This latter observation was consistent
with previous demonstrations of the adverse
effect of high concentrations of (Bu)2cAMP
on steroidogenesis by isolated ovarian follicles
in vitro (4, 23).
The progression to more advanced stages of

follicular maturity in vivo was accompanied
by increases in basal, hFSH-, and PGE2-stim-
ulated progesterone production by isolated
granulosa cells which were in proportion to
the duration of oFSH treatment in vivo. These
changes could not be ascribed to an action on
the primary membrane effector system be¬
cause treatment with oFSH in vivo had but
minimal effects on both the sensitivity and
the apparent maximal activity of membrane-
associated FSH-sensitive adenylate cyclase
activity. Treatment with oFSH in vivo did,
however, elicit pronounced differences in the
temporal response to (Bu)2cAMP in vitro.
Thus, during short term incubations (up to 6
h) in the presence of (Bu)2cAMP, progester¬
one production by cells isolated from control
animals was undetectable, whereas cells har¬
vested after treatment with oFSH for 24 h in
vivo responded with striking increases in pro¬

gesterone production within the first 4 h of
incubation (data not shown). Although there
was a pronounced increase in progesterone
production (relative to controls) by cells from
control animals after 12 h in the presence of
(Bu)2cAMP, absolute levels of steroid in the
culture medium remained almost two orders
of magnitude lower than the levels observed
for (Bu)2cAMP-stimulated cells from FSH-
treated animals at this time (insets, Fig. 5).
However, (Bu)2cAMP-stimulated progester¬
one production continued to rise at an expo¬
nential rate thereafter, attaining levels com¬

parable with those of the (Bu)2cAMP-stimu¬

lated cultures from FSH-treated animals after
48 h of incubation. Under the present condi¬
tions, progesterone production reflected the
balance of steroid synthesis and catabolism by
these cells; therefore, we could not determine
if the actual rates of steroid synthesis were
comparable at this time. Nevertheless, these
observations suggest that the action of FSH
on steroidogenesis in vivo was mediated by
the activation or sensitization of one or more

subcellular biochemical steps in the FSH-sen¬
sitive steroidogenic mechanism distal to the
locus of cAMP production, and, moreover,
that this effect could be mimicked in vitro by
chronic stimulation with (Bu)2cAMP.
Whether or not this action was directed at the
level of cAMP-dependent protein kinase activ¬
ity (24) or on a rate-limiting step(s) in ste¬
roidogenesis per se remains to be determined.
In agreement with previous reports (2, 25),

granulosa cells harvested from the immature
follicles of animals not receiving treatment
with FSH bound negligible amounts of [I25I]-
iodo-hCG, and progesterone production by
these cells in vitro was refractory to hCG. In
these experiments, stimulation of hCG binding
after treatment with oFSH for 24 h in vivo is
also in accordance with earlier observations

(2). These data further show that this increase
in hCG binding reflected the acquisition of
functional LH/hCG receptors because it was
accompanied by an ability of these cells to
respond to low concentrations of hCG with
striking increases in progesterone production
in vitro. Treatment with oFSH for only 12 h
before cell harvest had no such effect on

[125I]iodo-hCG binding and progesterone pro¬
duction in vitro was unresponsive to oLH
(data not shown). However, this relatively
brief exposure to oFSH in vivo significantly
enhanced the subsequent steroidogenic re¬
sponse to hFSH and PGE2 in vitro, thereby
showing that the initiation of steroidogenesis
by FSH during granulosa cell maturation is
antecedent to LH/hCG receptor induction in
vivo.
Other in vitro studies of hormonally-me-

diated granulosa cell maturation have exam¬
ined the biochemical characteristics of gran¬
ulosa cells at various stages during the pro-
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gression of small preantral follicles to fully
mature Graafian follicles. Such studies, using
intact experimental animals, have normally
selected follicles for granulosa cell isolation on
the basis of their size and the reproductive
status of the animal (5). Generally, it has been
shown that hCG binding (1, 26, 27) and pro¬

gestogen production (basal and gonadotropin-
stimulated) in vitro (3, 5, 6) increases accord¬
ing to the level of maturity attained by the
follicle from which the cells were acquired.
However, in contrast to the present findings,
Channing (3) reported that progestogen pro¬
duction by immature granulosa cells isolated
from the small preantral follicles of various
mammalian ovaries was not responsive to
FSH in vitro; stimulation by FSH alone was
only observed with cells harvested from more
mature follicles. Others have described a sim¬
ilar lack of responsivity to gonadotropins,
prostaglandins, and (Bu)2cAMP in vitro by
using cells isolated from the small preantral
follicles of adult rabbit ovaries (28). On the
other hand, in agreement with the present
observations, several reports have docu¬
mented stimulatory influences of FSH (6, 7)
and (Bu)2cAMP (6) on progestogen produc¬
tion by cultured granulosa cells from estrogen-
primed HIFR ovaries. It seems unlikely that
these differences reside in interspecies varia¬
tions; more probably they are due to the use
of estrogen-primed animals as the source of
tissue for the latter studies because this treat¬
ment results in the uniform proliferation of
preantral granulosa cells which may be more
amenable to precise characterization in vitro.
Moreover, it is possible that the expression of
enhanced steroidogenesis by preantral granu¬
losa cells in vitro is directly facilitated by prior
exposure to estrogen in vivo. Thus, treatment
with estrogen may lead to increases in the
number and/or functionality of available FSH
receptors on the surface of these cells (9, 29)
or result in a direct action on the steroid

biosynthetic mechanism per se.

Despite the present demonstration that ma¬
jor increases in steroidogenesis could be in¬
duced in vitro upon incubation of immature
granulosa cells in the presence of (Bu)2cAMP,
it was not possible to discern an accompanying

increase in LH/hCG receptors in vitro. In fact,
at no time during these studies did we observe
stimulation of hCG binding in vitro irrespec¬
tive of any addition to the culture medium.
Regarding the more mature cells isolated after
the 24-h treatment of oFSH in vivo, the in¬
creased level of hCG binding observed at the
time of cell harvest was essentially retained
throughout incubations in vitro, although the
absolute level of binding observed was occa¬

sionally lower than that of the freshly har¬
vested cells. Our inability to induce measura¬
ble increases in hCG binding in vitro may
have resided in the culture conditions em¬

ployed. Thus, although a majority of the cells
remained viable (as judged by their ability to
exclude trypan blue) and continued to produce
progesterone for up to 48 h, measurable cell
growth could not be discerned and it is possi¬
ble that active cell division is a prerequisite
for the expression of new LH/hCG receptors.
Alternatively, the culture medium employed
may have been devoid of essential nutrients
or trophic factors which would otherwise be
available within the intact follicle. Other
workers have shown that hCG binding by
granulosa cells isolated from small porcine
follicles is stimulated 2- to 4-fold relative to

controls, after 2 days of culture in vitro in the
presence of FSH (30), and that the cells iso¬
lated from more mature rat follicles also bind
more [125I]iodo-hCG after whole follicle organ
culture in medium containing FSH (31). How¬
ever, the small increases in hCG binding re¬

ported were insignificant compared with the
amount of [125I]iodo-hCG which is bound by
granulosa cells from more mature follicles (1,
26, 27), or the increased binding which ensues
treatment with FSH in vivo (2).
In summary, the present data show that the

acquisition of specific LH/hCG receptors and
the expression of enhanced steroidogenic ac¬

tivity represent major features of granulosa
cell differentiation which are manifest during
the initiation of antrum formation in ovarian
follicles stimulated with FSH in vivo. They
also show that major changes in granulosa cell
steroidogenesis can be evoked in vitro in the
absence of any measurable increase in
LH/hCG receptors. Accordingly, we conclude
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that these two fundamental developmental
processes are not intrinsically related and far¬
ther suggest that they may be under separate
regulation in vivo.
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Effects of Exogenous Testosterone on Ovarian Weight, Follicular
Morphology and Intraovarian Progesterone Concentration in
Estrogen-Primed Hypophysectomized Immature Female Rats
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ABSTRACT

Experiments were designed to examine the effects of exogenous testosterone on preantral
follicles in the ovaries of estrogen-primed, hypophysectomized immature, female rats (HIFR).
Parameters examined included ovarian weight, follicular morphology and intraovarian progesterone
concentrations. Results show dose- and time-related decrements in ovarian weight and stimulation
of follicular atresia during 4 days of treatment with testosterone at doses between 1 ng and 1
mg/day. The relationship between ovarian weight and logarithmic increments in the daily dose of
testosterone was shown to be completely linear (correlation coefficient = -0.999, P<0.001). A
similar relationship prevailed between ovarian weight and duration of testosterone treatment (1
mg/day) (correlation coefficient = -0.998, P< 0.005). Ovarian weight reduction was directly related
to concomitant stimulation of follicular atresia and was apparent within 24—48 h of initiating
treatment with testosterone (1 mg). The effects of androgen on estrogen-primed ovaries were quan¬
titatively and qualitatively reproduced by withdrawal of estrogen (in the absence of androgen)
suggesting an antiestrogenic action of testosterone. Follicular atresia induced by testosterone or by
withdrawal of estrogen was associated with a striking degree of thecal hypertrophy and evidence
for the contribution of the theca of atretic follicles to the ovarian interstitial tissue was adduced.
Since intraovarian concentrations of progesterone were not altered by treatment with exogenous
testosterone, it is concluded that the atretic action of androgen represents its primary action on
estrogen-stimulated preantral follicles in the absence of gonadotropic support.

INTRODUCTION

Androgens produced locally within the
ovary responding to gonadotropic stimulation
play an important role in the regulation of
follicular maturation. Apart from the estab¬
lished requirement for androgen as the enzymic
substrate for estrogen synthesis, androgens
exert direct effects on the maturing follicle.
Studies in these laboratories showed that the
administration of small daily doses of hCG
to estrogen-primed, hypophysectomized, im¬
mature, female rats (HIFR) leads to dose-
related reductions in ovarian weight and stimu¬
lation of follicular atresia (Louvet et al., 1975a).
Coadministration of specific chemical or
biological antagonists of androgen action
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reversed these effects, suggesting a role for
androgen in the initiation of follicular atresia
(Louvet et al., 1975b). More recently, in vitro
studies with granulosa cells isolated from
estrogen-primed HIFR ovaries revealed a
stimulatory effect of androgens on proges¬
terone production by cultured cells (Lucky
et al., 1977) which was also inhibited in the
presence of specific antiandrogens (Hillier
et al., 1977). An interaction of androgen with
specific cytoplasmic receptors with trans¬
location to the nuclei of granulosa cells
(Schreiber and Ross, 1976) could be an early
step in the mechanism whereby androgen
exerts each of these effects.

In the present study we have proceeded
to a direct examination of the effects of exo-

genously administered androgen on ovarian
weight, follicular morphology and intraovarian
progesterone concentrations in estrogen-primed
HIFR. Results show that treatment with
testosterone causes dose- and time-related
decrements in ovarian weight with concomitant
stimulation of follicular atresia. Since intra¬
ovarian concentrations of progesterone are

261
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not altered, it is concluded that the atretic
action of androgen represents its primary
effect on estrogen-stimulated preantral follicles
in the absence of gonadotropic support.

MATERIALS AND METHODS

Treatment of Animals
Twenty-one-day-old female Sprague-Dawley rats

were hypophysectomized by Hormone Assay Lab.,
Chicago, 1L. At the time of hypophysectomy, 10 mm
Silastic capsules containing diethylstilbestro! (DES)
were inserted s.c. (Louvet et al., 1975a). Animals
arrived at these laboratories at 23 days of age and
were fed dog food, milk and water ad libitum.

During most experiments DES capsules were left
in situ until sacrifice 4 days later (27 days of age).
Withdrawal of capsules at any time earlier was per¬
formed aseptically employing forceps through a super¬
ficial cutaneous incision while the animal was res¬

trained (no anesthaesia).
Testosterone and/or additional DES (each pur¬

chased from Sigma Chemical Co.) were administered
as s.c. injections using sesame oibethanol (95:5,
v/v) as the vehicle. Each daily dose comprised 2
separate 200 pi injections administered at 12 h inter¬
vals. Controls were injected with vehicle alone.

Autopsy
Animals were sacrificed by cervical dislocation.

The ovaries were immediately removed, trimmed
free of extraneous tissue and weighed (as a pair)
to the nearest 0.1 mg on a Roller-Smith torsion
balance. The tissue was then either transferred to

fixative for histological studies or placed in ice cold

T
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FIG. 1. Dose-related influence of exogenous
testosterone on ovarian weight of estrogen-primed
IIIFR. Solid bars represent mean ovarian weight
(± SEM) following 4 days) of treatment (s.c. injec¬
tions) with increasing doses of testosterone. Treatment
of animals (at least 5/group) was initiated at 23 days
of age, 2 days after hypophysectomy and s.c. place¬
ment of DES capsule. As an additional control the
hatched bar shows mean ovarian weight in vehicle-
treated hypophysectomized animals which did not
receive a DES capsule.

buffer for homogenization and determination of
progesterone content as described below.

Histology
Ovaries were fixed in Bouin's solution, embedded

in paraffin wax, serially sectioned at 5 jum and stained
with hematoxylin and eosin. All sections were scru¬
tinized for evidence of follicular atresia and represen¬
tative sections taken for photomicrography. Advanced
stages of follicular atresia were defined by nuclear
pyknosis and a loss of homogeneity of the granulosa
cells in conjunction with thecal hypertrophy and
varying degrees of oocyte degeneration.

Intraovarian Progesterone Determination
Ovaries from the individuals in appropriate treat¬

ment groups (22 animals/group) were combined and
divided into two tissue pools each of which was
homogenized in 1.5 ml 50 mM Tris HC1 buffer (pH
7.4). Progesterone determinations on the homogenates
were performed by radioimmunoassay following
extraction and Sephadex LH-20 chromotography as
described previously (Hillier et al., 1977).

RESULTS

Dose-Related Influence of Exogenous Tes¬
tosterone on Ovarian Weight and Follicular
Morphology in Estrogen-Primed HIFR

Commencing on Day 23 of age (2 days
after hypophysectomy and insertion of DES
capsules), groups of animals received daily
doses of testosterone over a range of 100 ng
to 1 mg/day. After 4 days of treatment (27
days of age), all animals were sacrificed and
autopsied. Figure 1 shows ovarian weight as
a function of daily dosage with testosterone.
Salient features of these data are 1) the signi¬
ficant increase in ovarian weight following
treatment with testosterone at a dose of 0.5

/ug/day (P< 0.01) and 2) the linear decline
in ovarian weight which occurred as a function
of logarithmic increments in the daily dose
of testosterone administered beyond the
level of 1 /ug/day (linear regression analysis,
r = -0.999, PcO.OOl).

Low daily doses of testosterone (0.1 — 1.0
/ug/day) had no discernible effect on follicular
morphology as compared with vehicle treated
DES-primed control ovaries (Fig. 2A). How¬
ever, at higher doses clear evidence of folli¬
cular atresia was apparent (Fig. 2B) and became
even more pronounced as the daily dose of
testosterone was raised. A prominent feature
of the morphological changes induced by this
treatment was the pronounced degree of
thecal hypertrophy. Testosterone at a dose
of 1 mg/day led to extensive oocyte depletion
and the disappearance of granulosa cells in
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FIG. 2. Follicular morphology of estrogen-primed HIFR ovaries (5jum sections stained with haematoxylin
and eosin; X220). All animals were hypophysectomized and received a DES capsule placed s.c. at 21 days of age.
Unless stated otherwise the capsule remained in situ throughout the experiment. Exogenous testosterone was
administered as twice daily s.c. injections as described in Materials and Methods. A) 27 days of age (control)
following treatment with vehicle for 4 days. Note minimal evidence of follicular atresia with inconspicuous
theca. B) 27 days of age following treatment with testosterone (50 jig/day) for 4 days. Note follicles in advanced
stages of atresia surrounded by hypertrophied theca. C) 27 days of age following treatment with testosterone (1
mg/day) for 4 days. Note dramatic regression of follicles: follicular lacunae are delineated by a lamina basalis and
surrounded by compact multiple layered theca resembling atrophic interstitial tissue in appearance. D) 25 days
of age (control) following treatment with vehicle for 2 days. Note minimal evidence of follicular atresia with in¬
conspicuous theca. E) 25 days of age following treatment with testosterone (1 mg/day) for 2 days. Note the hy¬
pertrophied theca surrounding follicles in advanced stages of atresia. F) 25 days of age following withdrawal of
DES capsule on Day 23 of age and subsequent treatment with vehicle for 2 days. Note similarity to B and E with
hypertrophied theca surrounding atretic follicles.
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many follicles (Fig. 2C). Follicular remnants,
markedly reduced in size, were clearly delin¬
eated by a lamina basalis and surrounded by
compact multiple layers of thecal cells which
resembled atrophic interstitial tissue in appear¬
ance.

Temporal Alterations in Ovarian Weight and
Follicular Morphology in Estrogen-Primed
HIFR during Treatment with Exogenous
Testosterone

Twenty-three-day-old animals (hypophysec-
tomized and receiving DES implants 2 days
earlier) were divided into two groups which
were treated with vehicle (controls) or with
testosterone at a dose of 1 mg/day. At 24 h
intervals thereafter animals were withdrawn
from each group and sacrificed. The experi¬
ment was concluded after 4 days. Results
shown in Fig. 3 reveal 1) that ovarian weight
in control animals was remarkably stable
over the entire 4 day period; 2) that within
24 h of initiating treatment with testosterone
there was a small albeit insignificant (P<0.2)
decline in ovarian weight and 3) that the
decline in ovarian weight continued as a func¬
tion of the duration of testosterone treatment

with differences (relative to matched controls)
which became progressively more significant
(P<0.05, P<0.01, P<0.005 on Days 2, 3 and
4, respectively). The reciprocal relationship

1^1 Control (vehicle); HH Testosterone (1 mg/day s.c.)

12 3 4

DURATION OF TREATMENT (days]

FIG. 3. Temporal alterations in ovarian weight of
estrogen-primed HIFR during treatment with exo¬
genous testosterone. Mean ovarian weight (± SEM)
is shown following 1 to 4 days of treatment (s.c.
injections) with vehicle (controls, solid bars) or
vehicle containing testosterone (hatched bars) at a
dose of 1 mg/day. Treatment of animals (at least
5/group) was initiated on day 0 (i.e., 2 days following
hypophysectomy and subcutaneous placement of
DES capsule on Day 21 of age).

between ovarian weight and duration of testos¬
terone treatment was shown to be completely
linear (linear regression analysis, r = -0.998,
PC0.005).
After only 24 h of testosterone treatment

it was not possible to distinguish with certainty
between histological specimens obtained from
control and testosterone-treated animals. How¬

ever, following 48 h of treatment, advanced
stages of atresia were evident. Once again a

striking degree of thecal hypertrophy accom¬
panied this effect (compare Figs. 2D and 2E).
By 4 days, follicular integrity had further
deteriorated and could not be distinguished
from that observed following an identical
treatment in the previous experiment (compare
Figs. 2A and 2C).

Relative Effects of Treatment with Exogenous
Testosterone and Withdrawal of Exogenous
Estrogen on Ovarian Weight and Follicular
Morphology in Estrogen-Primed HIFR.

A comparison of testosterone plus estrogen
cotreatment vs estrogen withdrawal was under¬
taken 2 days after initiating the respective
treatment, i.e., the earliest time at which the
atretic effect of testosterone had been unequi-
vocably discerned in the previous experiment.
At 23 days of age (2 days after hypophysec¬
tomy and insertion of DES capsules) animals
were split into 5 groups and the DES capsules
withdrawn from all but one group. Animals
in the latter group received s.c. injections of
vehicle for 2 days while the other 4 groups
received injections of testosterone (1 mg/day),
DES (1 mg/day), a combination testosterone
+ DES (1 mg of each/day) or vehicle alone,
respectively, over the same 2 day period.
Exactly 48 h after initiating treatment, all
animals were sacrificed and autopsied. The
data shown in Fig. 4 reveal 1) that withdrawal
of DES precipitated a significant ovarian
weight decline (P<0.01); 2) that treatment
with testosterone following DES withdrawal
did not alter this response; 3) that replacement
therapy with DES (in absence of exogenous
testosterone) stimulated ovarian weight relative
to control animals which had retained their
DES capsule (P< 0.001), but that 4) the stimu¬
latory effect of DES was completely inhibited
by coadministration with an equal dose of
testosterone.

An examination of the photomicrographs
shown in Figs. 2D—F reveals the remarkably
similar effects of 48 h of estrogen withdrawal
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j DES cap. withdrawn
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FIG. 4. Relative effects of treatment with exo¬

genous testosterone and withdrawal of exogenous
estrogen on ovarian weight in estrogen-primed HIFR.
Mean ovarian weight (± SEM) is shown following
withdrawal of DES capsule (hatched bars) and treat¬
ment (s.c. injections) with testosterone (T) and/or
DES each at a dose of 1 mg/day for 2 days. Controls
were treated with vehicle alone. DES capsules were
removed and treatment initiated (5 animals/group) at
23 days of age, 2 days after hypophysectomy and
subcutaneous placement of the capsules. The solid bar
represents mean ovarian weight in 4 vehicle-treated
animals which retained a DES capsule throughout the
experiment.

(Fig. 2F) and of 48 h testosterone treatment
in the presence of estrogen (Fig. 2E) on folli¬
cular morphology. In both cases, extensive
follicular atresia with a conspicuous degree of
thecal hypertrophy was evident.

Intraovarian Progesterone Concentrations
following Treatment of Estrogen-Primed HIFR
with Exogenous Testosterone

Two days after hypophysectomy and
insertion of DES capsules, 66 23-day-old
animals were divided into 3 groups of 22.
One group (controls) received daily injections
of vehicle while the other two received 100 /zg
and 500 /zg testosterone/day, respectively.
After 4 days of treatment the intraovarian
concentration of progesterone (pg/mg protein)
was found to be 3.1 (controls), 3.5 (100 /zg
testosterone/day) and 3.2 (500 /ig testosterone/
day), respectively. Since each of these values
is the mean result from determinations per¬
formed on duplicate tissue pools (each compris¬

ing 22 ovaries), statistical analysis of the data
was not possible. Nevertheless, it was obvious
that treatment with testosterone had no mea¬

surable effect on this parameter.

DISCUSSION

To our knowledge there has been only one
other report of a systematic study of the effect
of exogenous androgen on estrogen-stimulated
follicular growth in hypophysectomized ani¬
mals. Thus, Payne et al. (1956) showed that
testosterone propionate, when coadministered
with a maximal stimulatory dose of DES,
exerted a dose-related inhibitory effect on

estrogen-induced ovarian weight gain and
preantral follicular development in HIFR. In
order to determine if androgens produced locally
within the ovary have a physiological role in the
induction of follicular atresia (Louvet et al.,
1975b), the present experiments were de¬
signed to examine the effects of exogenous
testosterone on ovaries containing extant
preantral follicles due to sustained estrogenic
stimulation for two days prior to initiating
treatment with the androgen. Results show that
androgen not only inhibits estrogen-stimulated
follicular growth, but that it actually promotes
ovarian weight reduction and extensive
follicular atresia. In addition, the sequelae
of estrogen withdrawal were shown to
be quantitatively (ovarian weight reduction)
and qualitatively (enhanced follicular atresia)
identical to the effects of androgen in
the presence of estrogen.

Dose and time dependent decreased in
ovarian weight with a concomitant stimulation
of preantral follicular atresia were elicited
by exogenous treatment for 4 days with testos¬
terone at doses between 1 /ug and 1 mg/day.
Similar effects were observed following sys¬
temic treatment of DES-primed HIFR with
hCG at doses ranging between 0.03 and 0.3
mlU/day (Louvet et al., 1975a). In the latter
experiments, a marked degree of interstitial
cell hypertrophy accompanied the treatment
with hCG. Since hCG-induced inhibition of
ovarian weight gain and stimulation of folli¬
cular atresia (but not interstitial cell hyper¬
trophy) were inhibited by coadministration of
chemical and biological antagonists of androgen
action (Louvet et al., 1975b) it was suggested
that these effects were mediated by hCG-
stimulated interstitial cell androgen production
(Louvet et ah, 1976). Using the same animal
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model, the present study has afforded a direct
confirmation of the atretic action of androgen
on estrogen-stimulated preantral ovarian folli¬
cles.

Testosterone at very low daily doses (0.5-^
1.0 /ug/day) had a stimulatory effect on ovarian
weight. Since implantation of a 1 cm Silastic
capsule containing DES did not effect maximal
stimulation of ovarian weight (Louvet et al.,
1975a; see also Fig. 4), it is probable that
stimulation with testosterone at this low dose
was due to additional estrogen produced
within the ovary or in the periphery using
exogenous testosterone as substrate. Payne
et al. (1956) observed similar effects of small
amounts of testosterone (1 jUg/day) on the
ovarian weight of H1FR not receiving exoge¬
nous estrogen whereas there was no measurable
effect in animals which also received a maximal

stimulatory dose of DES.
A striking feature of the morphological

sequelae of androgen treatment (in the presence
of estrogen) or of estrogen withdrawal (in the
absence of androgen) was the extensive degree
of thecal hypertrophy accompanying overt
follicular atresia. (See Figs. 2B, E and F.)
Varying degrees of thecal hypertrophy have
long been associated with follicular atresia in
the ovaries of intact cyclic mammals (Ingram,
1962) and from histochemical studies it has
been shown that the theca of atretic preantral
and antral follicles is a source of the ovarian
interstitial tissue (Guraya and Greenwald,
1964). A comparison of the follicular morpho¬
logy in ovaries obtained from animals receiving
a fixed daily dose of testosterone for increasing
periods of time provides a compelling visual
impression of the manner in which the theca
of atretic follicles first undergoes hypertrophy
(Fig. 2E) and then condenses in compact
masses around the lacunae of vacant follicles
to assume the appearance of interstitial tissue
(Fig. 2C). This process is clearly a consequence
rather than the cause of follicular atresia
induced by androgen since a similar degree of
thecal hypertrophy was noted following estro¬
gen withdrawal in the absence of androgen
(Fig. 2F). Nothing is known of the factor(s)
which mediate the morphological and presum¬
ably functional alterations in the theca of
atretic follicles although the present experi¬
ments rule out a direct role for gonadotropins
and/or sex steroid hormones in this regard.

When cultured in vitro, granulosa cells from
preantral ovarian follicles respond to the addi¬

tion of androgen to culture medium with dose-
and time-related increases in progesterone
production (Lucky et al., 1977; Hillier et al.,
1977). On the other hand, the present treat¬
ment of DES-primed HIFR with exogenous
testosterone had no measurable effect on

intraovarian progesterone content. Stimulation
of granulosa cell progesterone production
by androgen in vitro has only been observed
under conditions of culture where medium
was supplemented with serum (Schomberg
et al., 1976; Nimrod and Lindner, 1976;
Lucky et al., 1977) or FSH (Armstrong and
Dorrington, 1976). In the absence of both
supplements, Armstrong and Dorrington (1976)
could discern no stimulatory effect of andro¬
gen. The requirement for serum may be ex¬
plained by the presence of undetectable a-
mounts of FSH (Hillier et al., 1977) or larger
amounts of other tropic agents such as prosta¬
glandins of the E series (Smethurst andWilliams,
1977) which are capable of stimulating granu¬
losa cell steroidogenesis in vitro (Hillier et al.,
1978). Thus, the effect of androgen may be to
augment steroidogenesis otherwise induced by
tropic agents rather than to induce biosynthesis
per se. In the absence of gonadotropic support
in vivo the ovaries of DES-primed HIFR con¬
tained only negligible amounts of progesterone
(equivalent to approximately 4 pg/ovary)
suggesting that granulosa cell steroidogenesis
was minimal. Under such circumstances,
exogenous androgen had no measurable effect
on progesterone synthesis by any compartment
of the ovary. The possibility that androgen
could augment gonadotropin-induced steroido¬
genesis (other than serving as a substrate for
aromatase) in vivo was not examined. However,
it may be concluded from the present observa¬
tions that it is the atretic action of androgen
which represents its primary in vivo effect on
estrogen-stimulated preantral follicles in the
absence of gonadotropin support.

The mechanism whereby testosterone exerts
this effect is unknown. Of significance in this
regard was the demonstration that the simple
expedient of withdrawing estrogen stimulation
in the absence of exogenous androgen led to
a qualitative and quantitative reproduction of
the effect of testosterone in the presence of
estrogen. While a direct competition of andro¬
gen with estrogen for the cytosolic estrogen
receptor in granulosa cells (Richards, 1975)
cannot be dismissed, it is extremely unlikely
owing to the very low affinity of the estrogen



ANDROGENS AND FOLLICULAR ATRESIA 267

receptor for androgen together with the rela¬
tively low amounts of testosterone required
to stimulate atresia (Fig. 2B). Schreiber et al.
(1976) have identified highly specific androgen
receptors in the granulosa cells of estrogen-
primed HIFR ovaries and have further demon¬
strated nuclear translocation of testosterone

(Schreiber and Ross, 1976). Moreover, the
observed inhibition of hCG-induced follicular
atresia by coadministration of specific anti-
androgens or anti-testosterone serum (Louvet
et al., 1975b) is consistent with an independent
action of testosterone mediated by an inter¬
action with the androgen receptor. Saiduddin
and Zassenhaus (1978) have recently provided
evidence which suggests that one of the mecha¬
nisms by which testosterone acts is to reduce
the availability of estrogen receptor for estro¬
gen action. It is tempting to suggest therefore,
that the antiestrogenic action of testosterone
on the preantral follicle may be due to altered
synthesis and/or metabolism of the granulosa
cell estrogen receptor via a mechanism which
is induced following nuclear translocation of
the testosterone-androgen receptor complex.
The exact biochemical locus at which such
an action would be expressed remains a topic
for speculation.

During the follicular phase of the estrous
cycle, extant preantral follicles deprived of
adequate gonadotrophic (FSH) support will
not undergo complete maturation (Peters et al.,
1975). Such follicles could, however, persist
under the local influence of estrogen secreted
by gonadotropin-stimulated preovulatory folli¬
cles within the same overy (Makris and Ryan,
1975). The atretic action of androgen secreted
by interstitial and/or thecal cells in response
to rising LH titers prior to estrus (Armstrong
et al, 1976; Saidapur and Greenwald, 1978)
would ensure an effective intraovarian mecha¬
nism for precipitating the abrupt regression of
such redundant follicles.
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At first glance it would appear that the title of this chapter is not con¬
sistent with the subject matter of this section on Ontogeny of Receptors in
Ovary and Testes. However, I think it is apparent that the processes of
growth and differentiation are similar whether one considers growth and
development of follicles a function of the pre- or postnatal age of the
organism or alternatively of the age of a follicle once it begins to mature.
In this context the subject matter of this presentation will be found to be
consistent.
In Tables 1 and 2 the matrices summarize the information discussed here.

The columns in Table 1 represent events as they transpire during the growth
and development of an individual follicle prior to ovulation. The rows rep¬
resent hormones currently regarded as playing some role in these processes.
Superficial examination of the matrices indicates several features worthy of
consideration at the outset. First, it is obvious that not every hormone has
been discussed. Second, in Table 1 the column labeled "Oocyte growth"
and the rows labeled "Prol." and "Prog." are all wasted since every cell
contains a question mark, indicating that information is not available. Simi¬
larly, in Table 2 cells in the columns labeled "Oocytes" and "other IC cells"
and in the row labeled "Prog." contain only question marks.
Beginning with the processes that characterize follicular maturation, it is

clear that the oocyte grows as a part of the maturation of every follicle.
Growth is completed well in advance of the achievement of maximal diameter
of the follicle complex as a whole. Thus, in most mammalian ovaries, the
oocyte grows only minimally after the midsagittal diameter of the follicle
reaches 150 to 200 (10). After the oocyte ceases to grow, the follicle
continues to enlarge until the time of ovulation. Initiation of growth of the
oocyte appears not to be dependent entirely on pituitary hormones since
* Currently, Deputy Director, The Clinical Center, National Institutes of Health,

Bethesda, Maryland 20014.
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TABLE1.Hormoneactionsonpreovulatoryfollicles
Steroidhormone

Hormone

Oocyte growth

Granulosa cellprolif.

Thecal hypertrophy

AMPS secretion

Antrum formation

LHreceps.in gran,cell

Atresia

Estr.

secretion Andr.

Prog.

FSH

2

T

2

T

T

T

1

T

2

T

LH

2

T1

T

t

2

TI

TI

T

T

T

Prol.

2

2

2

2

2

2

2

2

2

2

Estr.

2

T

2

2

2

T

I

2

u

2

Andr.

2

t1

2

2

0

0

T

t

2

T

Prog.

2

2

2

2

2

2

2

2

2

2

f,stimulation;J,,inhibition;?,roleofhormonenotknown;t,LHmaymodulatethequalitativenatureofAMPSsecretion;0,hormonenot essential;AMPS,acid-mucopolysaccharides;FSH,follicle-stimulatinghormone;LH,luteinizinghormone;Prol.,prolactin;Estr.,estrogen;Andr., androgen;Prog.,progesterone.
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TABLE 2. Receptor profiles in ovarian cells

Hormone Oocytes
Granulosa

cells
Theca
cells

Thecal/
IC cells

Other
IC cells

FSH 2 ? & + 2 2 2

LH 2 ? & + + + 2

Prol. 2 ? & + 2 2 2

Estr. 2 + 2 2 2

Andr. 2 + 2 2 2

Prog. 2 2 2 2 2

+, receptor demonstrated; ?, receptor never demonstrated; IC, interstitial; Prol.,
prolactin; Estr., estrogen; Andr., androgen; Prog., progesterone.

progression of growth of the oocyte continues in the hypophysectomized
mammal (26). However, in hypophysectomized mammals the progression
of growth would seem to be attenuated compared to that in the intact mam¬
mal. Hertz has shown that this growth persists in ovaries of newborn rats
that are transplanted under the renal capsule of hypophysectomized castrated
male rats (7). These data are consistent with the concept that although the
rates may be different, initiation of follicular growth and maturation can
occur very well in the total absence of any pituitary hormonal stimulation.
The first change observed in the progression from the primordial to the

primary follicle consists in cuboidal transformation in the shape of the
granulosa cell (19). This change is accompanied by initiation of secretion
of the zona pellucida and initiation of mitotic activity among the granulosa
cells, which replicate many times during the preantral stage of follicle
growth (3). Both follicle-stimulating hormone (FSH) and estrogens appear
to act synergistically in stimulating granulosa cell proliferation (5). Lutein¬
izing hormone (LH) stimulates follicular growth and maturation by stimu¬
lating the interstitial compartment of the ovary to secrete androgens that
serve as substrate for aromatization, giving rise to estradiol 17/?, which
stimulates granulosa cell proliferation. If one provides an exogenous source
of estrogen adequate to stimulate granulosa cell proliferation and super¬
imposes on that stimulus the effects of an interstitial cell-stimulating hormone
such as LH or human chorionic gonadotropin (hCG), one observes not only
atresia but also an inhibition of the growth of nonatretic follicles (12). In
the estrogen-primed, interstitial cell-stimulating hormone-treated, hypophy¬
sectomized, immature female rat, the mean diameter of nonatretic follicles
is smaller than that of follicles in animals receiving the estrogen alone.
Again, the role of prolactin in granulosa cell proliferation is unknown.
Estrogen, as previously observed, synergizes with FSH in stimulating granu¬
losa cell proliferation. Irrespective of whether one stimulates endogenous
ovarian secretion of androgens or, alternatively, provides an exogenous
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source of androgen in the estrogen-primed hypophysectomized immature
female rat, the consequences of these two maneuvers are identical.
The role of progesterone in these processes remains unknown.
The next event among changes in the morphology of the growing follicle

is hypertrophy of the theca (19). This alteration is referred to in the litera¬
ture as theca luteinization or epithelioid transformation of the theca interna
cells from a spindle-shaped cell to an epithelioid type of cell with foamy
cytoplasm. The role of FSH in stimulating hypertrophy of thecal cells re¬
mains unknown. LH or any variety of interstitial cell-stimulating hormone
stimulates that hypertrophy dramatically. The role of prolactin, estrogen,
androgen, and progesterone in this process is also unknown.
Following hypertrophy of the theca, the next event in follicular matura¬

tion is massive granulosa cell proliferation, secretion of acid-mucopoly-
saccharides, chondroitin sulfates, and antrum formation. In pulse chase ex¬
periments in vivo, radioactively labeled sulfur (3SS04) has been shown to
traverse the cytoplasm of the granulosa cells and to be deposited in the form
of acid-mucopolysaccharides in antral fluid (28). FSH has been shown to
stimulate incorporation of 35S04 into acid-mucopolysaccharides in vivo and
in vitro (20). The role of LH seems to be to modulate the qualitative nature
of acid-mucopolysaccharide secretion. Whether that be a direct effect of LH
acting on the granulosa cell or an action mediated by steroid hormones is
not known. No other hormone has been shown to participate in these
processes, so that it becomes a reasonably specific biochemical marker of the
stimulatory effect of FSH on the granulosa cell. This secretory process is a
concomitant of antrum formation and rapid preovulatory follicular enlarge¬
ment.

Zeleznik and Midgley and their colleagues have shown that, coincident
with antrum formation, interstitial cell-stimulating hormone or LH bind spe¬
cifically to membrane receptors on granulosa cells of such follicles (29). Ap¬
pearance of these receptors results from exposure to FSH in the presence of
estradiol (21). Thus, estrogen and FSH act together to stimulate the de¬
velopment of LH receptors in granulosa cells of antral follicles. Again, LH
can be said to act in two ways: (a) to stimulate interstitial cell secretion of
androgens as a substrate for estrogen production, in which case the effect is
stimulatory, and (b) in concert with prolactin, to modulate LH receptors
(22).
Zeleznik and Hillier have shown that androgen is not required for the

process of generating LH receptors (30). In their experiments, treatment of
estrogen-primed hypophysectomized rats with flutamide, a competitive in¬
hibitor of cytosolic receptor-binding of testosterone and dihydrotestosterone,
failed to effect the generation of LH receptors in granulosa cells. A second
model indicates that a receptor-dependent activity of androgens may not be
required for any of the processes of follicular growth and maturation. The
homozygous Ttem mouse, which is deficient in cytosolic androgen receptors,
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ovulates, becomes pregnant, and bears litters (16). Although the length of
the reproductive life of these mice seems to be shortened when compared to
that of either their heterozygous or wild homozygous counterparts, nonethe¬
less, at least transiently they have the capacity to ovulate and reproduce.
Concomitant with all of the processes occurring up to the point of antrum

formation and the development of ovarian follicles in rats, a large proportion
of the maturing follicles undergo processes collectively referred to as atresia
(9). In these processes, although the fate of other components of the follicu¬
lar complex varies, the oocyte inevitably dies. FSH seems to inhibit atresia,
and LH, by stimulating androgen synthesis which in turn stimulates the
production of estradiol 17/3, inhibits atresia in preantral follicles (6). When
estrogens are provided, then androgens synthesized in response to interstitial
cell-stimulating hormone seem to stimulate atresia (13). The role of
prolactin in the atretigenic processes remains unknown as does the role of
progesterone.
In accompaniment with all the morphological changes occurring prior to

the time of ovulation, sex steroid hormone secretion is stimulated. Quantities
of sex steroid hormones have been measured in the ovarian venous effluent
of monotocus cyclic ovulators, such as the human and other primates (2,18).
Estrogens, androgens, and progestogens are higher in the venous effluent
from the ovary containing the dominant follicle destined to ovulate in that
cycle. Thus, that follicle either secretes these steroids or directs their secre¬
tion by other follicles. Estradiol secretion by the ovary, measured in terms
of peripheral plasma levels or urinary levels of the hormone, has been used
as a marker of the extent of maturation of follicles during ovulation induction
in human subjects (27). FSH seems to induce aromatase activity, and LH
stimulates the secretion of androgen, which serves as a substrate for the
enzyme (4). The role of androgens and FSH in stimulating secretion of
androgens is not clear. However, granulosa cells from preantral follicles
secrete progesterone proportionate to levels of FSH added to the medium
(1). Simultaneous addition of androgens to the medium enhances the
stimulatory effect of FSH. Although LH acts synergistically with FSH to
stimulate the production of estradiol 17/3 in vivo (11) by stimulating the
synthesis and secretion of androgens, these effects cannot be reproduced
in vitro in granulosa cells isolated from preantral follicles since these cells
appear to lack LH or hCG receptors. The physiological role, if any, of
androgens stimulating progesterone secretion by granulosa cells in preantral
follicles remains to be determined. Again the role of prolactin in this process
is controversial. At a recent meeting of the Society for the Study of Re¬
production, reasonable data were presented to indicate that ovarian an¬
drogen secretion in vivo is inhibited by treating the animal with estradiol.
The role of estrogen in regulating progesterone secretion is unknown.
Androgens serve as a substrate for estrogen production by isolated granulosa
cells incubated in vitro, as indicated above, and enhance both basal secre-
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tion and the effect of any other substance that stimulates secretion of
progesterone by such cells (1,8,15). Finally, progesterone effect has not been
discovered.

Events transpiring during the pre- and postovulatory periods of follicular
growth and maturation have been excluded deliberately. Midgley in a later
chapter in this volume discusses how hormones interact during these periods
in regulating receptor content of the various follicular components.
Interactions of steroid and peptide hormones in regulating follicle growth

and atresia presume the existence of receptors for these substances. More¬
over, receptor profiles of cells comprising the follicular complex and other
hormonally responsive ovarian cells should provide some evidence for the
sites of hormone actions and interactions. This information is summarized
in Table 2.

Little, if anything, is known concerning oocyte receptors for hormones.
Granulosa cells have membrane receptors for FSH, but when these receptors
are acquired in the development of a given follicle is unknown (14). More¬
over, the postnatal age of the host at which membrane receptors for FSH are
acquired is yet to be learned. The examination of hormone binding by
homogenates of whole ovaries provides no information on the localization of
these among the several cell types in the ovary. Within the limits of sensi¬
tivity of methods for detection, no FSH receptors exist in thecal cells (17).
Interstitial cells derived from thecal cells of follicles having undergone atresia
may or may not have FSH receptors. The receptor profiles of other varieties
of interstitial cells remain unknown. Before antrum formation, granulosa cells
have no demonstrable LH receptors (17). In contrast, thecal cells usually
have demonstrable membrane receptors for LH or hCG (17). Receptors
for prolactin appear late in the course of the development of the follicle, and
these are discussed by Midgley.
The cytosolic fraction of granulosa cells contains estrogen receptors that

appear to participate in nuclear translocation of the hormone (23). The
presence or absence of such receptors in thecal and other varieties of inter¬
stitial cells has not been determined. Granulosa cells from preantral follicles
have cytosolic receptors for androgens that seem to participate again in
nuclear translocation of the steroid (24,25). The presence or absence of
these receptors in any compartment of the ovary has escaped detection so far.
Thus, steroid hormone effects mediated by cytosolic receptors would appear
to be confined to granulosa cells.

Considering the material contained in the two matrices discussed, it is
apparent that much remains to be learned concerning hormonal control of
follicular growth and atresia. Moreover, if one assumes these effects to be
mediated by receptors for the hormones, then there are many gaps in our
knowledge concerning distribution of these molecules among the cells that
constitute the follicular complex. Furthermore, it remains to be shown
whether cyclic variation in receptor activity of follicular components occurs.
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It is hoped that drawing attention to these "blank spots" will stimulate a
systematic study of these substances.
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539 DEVELOPMENT OF A HORMONALLY-RESPONSIVE TRANSPLANTABLE GRANULOSA CELL TUMOR.
S. G. Hllller*, A. J. Zeleznlk*, R. A. Knazek, F, Y. Legallals*. A. S. Rabson*,
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Using the granulosa cell as an example, we have established the feasibility of
utilizing viral transformation of an isolated follicular cell-type to facilitate its
sustained propagation in large and readily accessible amounts in vivo as a hormon-
ally-responsive transplantable tumor. Granulosa cells were isolated from the pre-
antral follicles of estrogen-treated hypophysectomized rat ovaries and transformed
in vitro with simian vacuolating virus (SV40). Following preliminary passage

through X-irradiated hosts (^> "nude" mice •+■ £ rats) , transformed cells were passaged
serially throug^ lOOg £ Sprague Dawley rats at 1-2 week intervals. Typically, IP
injection of 10 cells resulted in discernible tumor growth as ascites and as a
measurable solid tumor (at injection site) within 6 days in > 75X of the recipient
animals. Tumor growth was linear with time thereafter with death of the host
occurring within 2-3 weeks. The^tumgr was transplanted by aspiration of peritoneal
fluid (up to 75 ml containing 10 -10 tumor cells/ml) from "responders" and IP in¬
jection into fresh hosts. Hormonal responsivity was demonstrated by comparing tumor
growth in hypophysectomized and/or ovariectomlzed and ovariectomized plus estrogen-
treated animals with appropriate control groups. Ovariectomy consistently enhanced
the onset of measurable tumor growth by at least 2 days and tumor dimensions in
ovariectomized rats were between 1.5 and 2.7 times greater than in sham-operated
controls (data from 5 experiments). Estrogen replacement therapy or hypophysectomy
reversed the effects of ovariectomy on the latency of tumor development. Hypophy¬
sectomy of otherwise intact hosts resulted in delayed onset of tumor growth and
significantly smaller tumors than in sham-hypophysectomized controls. At the time
of writing this tumor has been successfully passaged through 17 serial transplants.
We submit that the availability of hormone-responsive transplantable tumors of
isolated follicular cell-types should be of considerable value in future studies
of the regulation of folliculogenesis at a cellular level.

[344]
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ABSTRACT. Primary cultures of rat ovarian granulosa cells
have been used extensively to study hormonal regulation of
cellular function. To date, no long term cultures of ovarian cells
which retain their differentiated functions have been developed.
Hypoxanthine guanine phosphoribosyl transferase-deficient sim¬
ian virus 40-transformed rat ovarian granulosa cells were fused
with freshly prepared rat granulosa cells using inactivated Sendai
virus. Putative hybrid cell strains obtained after selection in
medium containing hypoxanthine, aminopterin, and thymidine
were analyzed for progesterone synthesis. Neither the original
simian virus 40-transformed granulosa cell nor its hypoxanthine

guanine phosphoribosyl transferase-deficient derivative pro¬
duced progesterone, but three of the hybrid strains produced
progesterone at basal levels and in response to dibutyryl cAMP.
One of these strains produced progesterone in a dose-responsive
fashion when exposed to prostaglandin E2, cholera toxin, dibu¬
tyryl cAMP, and 2-chloroadenosine. Cell strains obtained by
hybridization were remarkably similar to primary cultures of
granulosa cells with respect to both the magnitude and temporal
aspects of progesterone production in response to dibutyryl
cAMP. (Endocrinology 105: 156, 1979)

OVARIAN granulosa cells provide a cell system forthe study of steroid and protein hormone-mediated
cellular differentiation. These cells respond to estrogenic
steroids in vivo with an increase in cell division, while
FSH treatment induces cell surface receptors for LH and
increases their ability to produce steroids (1-6). Although
primary cultures have elucidated the hormonal require¬
ments for steroid production (7-9), these cultures rapidly
lose their differentiated functions in the absence of ex¬

ogenous hormones or after a few weeks in the presence
of hormones (10).
This study was initiated to develop long term cultures

of functional granulosa cells by cell hybridization. Recent
studies have demonstrated that hybrid cells obtained by
crossing normal cells with transformed cells of similar
origin may retain differentiated functions characteristic
of the normal parental cell, such as production of specific
antibodies, hemaglobin production, and the ability to
form chemical synapses (11-16). Such cells may also
retain the rapid division time and stable long term char¬
acteristics of the transformed cells. Using this strategy,
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we show that hybridization of simian virus (SV40)-trans-
formed rat ovarian granulosa cells that no longer produce
progesterone with freshly isolated rat granulosa cells that
do produce progesterone yields cell strains that retain
the ability to produce steroid hormones in response to
various stimulatory agents and can be maintained in long
term culture without loss of these functions.

Materials and Methods

Materials

The following were obtained from Sigma Chemical Co. (St.
Louis, MO): dibutyryl cAMP (Bt2cAMP), cAMP, 2-chloroa-
denosine, aminopterin, testosterone, progesterone, and preg¬
nenolone. Cholera enterotoxin (lot CZ 2790) was purchased
from Schwartz/Mann (Orangeburg, NY). 2-Amino-6-meicapto
purine (6-thioguanine) was purchased from Calbiochem (San
Diego, CA). [l,2-(N)-3H]Progesterone (50 Ci/m mol) and [7-
(N)-3H]pregnenolone (17.2 Ci/rn mol), and Aquasol were ob¬
tained from New England Nuclear (Boston, MA). Human FSH
(hFSH) was a gift of Dr. Leo E. Reichert, Jr., Department of
Biochemistry, Emory University (Atlanta, GA); prostaglandin
E2 (PGE2) was provided by Dr. John Pike, Upjohn Co. (Kala¬
mazoo, MI), and pregnenolone antiserum was obtained from
Dr. Charles Strott, Reproduction Research Branch, NICHD
(Bethesda, MD). Tissue culture medium was prepared by the
NIH media unit. Dialyzed calf serum and chicken serum were
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purchased from Grand Island Biological Co. (Grand Island,
NY).

Cell lines

Rat granulosa cells, previously transformed by SV40, were
maintained in RPMI 1640 medium supplemented with 20%
fetal calf serum, 50 U penicillin, and 5 fig streptomyocin/ml.
Hypoxanthine guanine phosphoribosyl transferase (HPRT)-de-
ficient SV40-transformed cells were obtained by exposing the
SV40-transformed cells (5 X 106 cells/75-cm2 flask) to 10"4 m

ethyl methanesulfonate (17) in modified Hams F-12 medium
(18) supplemented with 5% fetal calf serum for 24 h. One week
after exposure, the cells were detached from the flask using 2%
heat-inactivated chicken serum, 10 U/ml CLSPA collagenase
(Worthington Biochemicals, Freehold, NJ), and trypsin (1:300;
ICN Chemical and Radioisotope Division, Irvine, CA) in Dul-
becco's modified phosphate-buffered saline without Ca++ or

Mg++ (CTC). Dispersed cells were distributed into 100-mm
Falcon culture dishes (Falcon Plastics, Los Angeles, CA) con¬

taining 5 X 10~5 m 6-thioguanine in modified F-12 medium with
5% fetal calf serum for 1 week, followed by 1 X 10"' M 6-
thioguanine until individual colonies were isolated. Cells were
fed with fresh medium every 3-4 days and maintained in a
humidified incubator with approximately 10% C02 in air at 37
C. After approximately 3 weeks in 1 X 10 4 M 6-thioguanine,
individual colonies were isolated and subsequently tested in
HAT (10 4 m hypoxanthine, 4 X 10~7 m aminopterin, and 1.6
X 10~5 m thymidine) (19) in modified F-12 medium supple¬
mented with 5% fetal calf serum. One thioguanine-resistant
subline, 6Tia, was chosen because the cells were rapidly killed
when cultured in HAT medium. They were maintained in
modified F-12 medium supplemented with 5% calf serum and
1 X 10~4 M 6-thioguanine, fed biweekly, and subcultured every
2 weeks.

Cell hybridization

Granulosa cells were isolated from ovaries of diethylstilbes-
trol-treated hypophysectomized immature female rats, as pre¬

viously described (20). The 6Tia thioguanine-resistant SV40-
transformed cells were suspended from plates using CTC and
washed in medium without serum. The following cell crosses
were prepared: 6Tia (1 x 106 cells) x normal granulosa cells (2
X 104 cells), 6Tja alone (1 X 106 cells), and normal granulosa
cells alone (4 X 104 cells). Appropriate cells were added to
sterile 15-ml tubes and /J-propriolactone-inactivated Sendai
virus at 120 or 1200 hemagglutinating units/ml were added
to a total volume of 1 ml modified F-12 medium without serum.
The same cell combinations were mixed in the absence of
Sendai virus as procedural controls. The cell mixtures were first
placed on ice for 10 min and then incubated for 1 h at 37 C.
After incubation, 10 ml F-12 medium with 5% fetal calf serum
were added, and the cells were washed by centrifugation at 800
X g for 5 min. The pellets were resuspended in modified F-12
medium plus 5% fetal calf serum and plated into two 100-mm
culture dishes.

Twenty-four hours later, the cells were suspended using CTC
and plated in HAT medium at 1:6 and 1:60 dilutions. In a

second experiment, the 6Tia x normal and normal x normal
crosses were repeated using 600 hemagglutinating units Sendai
virus/ml and processed as above. These cells were fed biweekly
with HAT medium until colonies reached about 500-1000 cells
each.

Assessment of steroidogenic activity

Parental transformed cells and cells obtained by hybridiza¬
tion (see Results) were analyzed for their abilities to produce
progesterone by plating 1 X 105 cells in 2 ml modified F-12
medium supplemented with 5% calf serum in 35 mm Linbro
multiwell culture dishes (Linbro Chemical Co., Inc., New Ha¬
ven, CT). Two days later, medium and unattached cells were
removed and 2 ml fresh medium containing 5% calf serum with
the appropriate stimulating agents were added. At selected
times thereafter, as indicated in appropriate figure legends,
cultures were terminated, and medium was collected and stored
at —20 C until assayed for steroid content. Cell pellets were
collected by centrifugation at 1000 X g, washed twice, and
assayed for protein content by the method of Lowry et al. (21).
Culture medium was analyzed for progesterone and pregnen¬

olone content by specific RIAs (22, 23). Aliquots of medium
(0.1-1.0 ml) were extracted with 3-5 ml diethylether before
assay. Samples of culture medium containing stimulatory
agents but not exposed to cells were similarly extracted with
ether and assayed to define the assay blank. Although the
pregnenolene anteriserum utilized in this study is highly specific
for this steroid (3% cross-reactivity with progesterone), the
cross-reactivities of other potential A ring-substituted metabo¬
lites in the pregnenolone RIA are not known. Results are

expressed as grams of steroid per culture.

Results

Isolation ofprogesterone-producing colonies
Three weeks after hybridization and selection for cells

possessing the HPRT+ phenotype in HAT medium, in¬
dividual plates containing cells from the incubation of
freshly isolated granulosa cells x 6Tia cells in the pres¬
ence of Sendai virus possessed numerous well defined
colonies of rapidly growing cells, whereas the same cell
combination made in the absence of Sendai virus pro¬
duced no colonies in HAT medium. The normal x normal

granulosa cell combination in either the presence or
absence of Sendai virus did not produce colonies when
the cells were plated and grown in HAT medium.
Conditioned medium was removed for 2 consecutive 3-

day intervals from 50 individual dishes, representing all
of the combinations made, and was assayed for proges¬
terone content. Medium from 6 of the dishes contained

progesterone at a level greater than the sensitivity of the
RIA (25 pg/ml). All 6 dishes contained numerous colonies
and all were derived from the 6Tia x normal granulosa
cell combination. From these 6 dishes and from 2 addi¬
tional dishes of cells with no detectable progesterone, 20
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colonies were isolated and subsequently grown in HAT
medium for 2 weeks. Medium from 3 of these colonies
contained progesterone and the cells were used for sub¬
sequent studies, described below.

Comparison of individual cell lines.
The SV40-transformed granulosa cells plus the three

cell strains obtained by hybridization were cultured in
the presence of testosterone, hFSH, Bt2cAMP, and
cAMP for 48 h, and the medium was assayed for proges¬
terone content. Figure 1 shows that no consistent stim¬
ulation of progesterone production by the SV40-trans-
formed cells was apparent in response to any of the
agents tested (top left panel). In contrast, the three cell
lines obtained by hybridizin0 HPRT" SV40-transformed
cells with normal granulosa cells produced progesterone
in a concentration-dependent manner in response to
Bt2cAMP and 0.5 mM cAMP, while hFSH was without
effect (top right and bottom panels). The response of the
cell lines to testosterone was variable, with GC48A ex¬

hibiting only a slight increase in progesterone in response
to the androgen.
To validate the progesterone RIA for these experi¬

ments, a sample of medium obtained from an incubation
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Fig. 1. Progesterone production by SV40-transformed granulosa cells
and three lines of cells obtained by hybridizing HPRT SV40-trans-
formed cells with freshly isolated granulosa cells. Cells were plated into
35-mm multiwell culture plates, as described in Materials and Meth¬
ods. After 48 h, medium was removed from each well and replaced with
2 ml fresh F-12 medium containing the appropriate agent, as listed at
the bottom of the figure, for an additional 48 h. —, Absence of the
agent; +, presence of testosterone in the incubation medium at 1 x 10~7
m. hFSH concentrations are given as nanograms of LER-8/116 per ml;
BtacAMP and cAMP were present at the indicated millimolar concen¬
trations. Results shown are the total progesterone content per individ¬
ual culture determined by RIA. Vertical bars signify ±1 sem of incu¬
bations conducted in triplicate. Total cell protein per dish after incu¬
bation was 87 fig for SV40-transformed cells, 180 fig for GC10, 40 fig for
GC48A, and 49 fig for GC48C. Note the different values on the Y axis
for cell strain GC48C (bottom right panel).

of GC48C cells with 0.5 mM Bt2cAMP was mixed with a

tracer amount of [JH]progesterone, extracted with ether,
applied to a Sephadex LH-20 column, and eluted with
heptane-benzene-methanol (85:12:3). Figure 2 shows that
a single peak containing both labeled progesterone and
radioimmunoassayable progesterone was obtained, dem¬
onstrating that progesterone was a major steroid being
produced by GC48C cells.

Response of GC48C cells to other stimuli
GC48C cells were selected for detailed study because

of their pronounced response to Bt2cAMP compared to
the two other cell lines, GC10 and GC48A. Figure 3
illustrates progesterone production by these cells in re¬

sponse to PGE2, cholera toxin, Bt2cAMP, cAMP, isopro¬
terenol, and 2-chloroadenosine after 6 and 24 h of culture.
After 24 h (□), significant elevations of progesterone
content were observed in response to the agents tested.
All, with the exception of isoproterenol, effected concen¬

tration-dependent increases in progesterone production.
When samples of medium were collected 6 h after the
addition of the stimulating agents, only a slight increase
in progesterone levels were observed (m), suggesting an
initial 6-h lag period before the onset of steroidogenesis.
For comparison, Table 1 illustrates that progesterone

production by freshly isolated granulosa cells in primary
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Fig. 2. Sephadex LH-20 fractionation of culture medium. Medium (0.5
ml) obtained after incubation of GC48C cells with 0.5 mm Bt2cAMP for
48 h (experiment presented in Fig. 1) was mixed with 2 x 104 cpm

[3H]progesterone and extracted with 3 ml diethylether. The ether
extract was evaporated to dryness, resuspended in 0.2 ml heptane-
benzene-methanol (85:12:3) (24), and applied to a 10 x 0.9-cm column
of Sephadex LH-20 previously equilibrated with the organic solvent
mixture. Fractions (0.75 ml) were collected, and 0.5 ml of each fraction
was transferred to assay tubes evaporated to dryness and measured for
progesterone content by RIA. The remainder of the fraction was

evaporated to dryness, and 1 ml H20 was added and counted for 3H
radioactivity in 10 ml Aquasol.
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Fig. 3. Effects of stimulatory agents on progesterone production by
GC48C. GC48C cells were dispensed into 35-mm multiwell plates, as
described in Materials and Methods. Appropriate agents were added
48 h after initial plating. PGE2 and cholera toxin were included at levels
signified in micrograms per ml, Bt2cAMP and cAMP were present at
millimolar concentrations, and isoproterenol and 2-chloroadenosine
were included at micromolar concentrations. After 6 h in the presence
of the test compounds, 1 ml medium was removed from each dish and
stored for progesterone assay, and an additional 1 ml medium contain¬
ing the particular agent at the appropriate concentration was added to
the cultures for an additional 18 h. ■■, Progesterone levels after 6 h of
culture; □, progesterone levels after 24 h of incubation. The mean ±
sem of triplicate incubations are shown. Total protein content in the
control group after 24 h of culture was 108 pg/dish.

Table 1. Effect of cholera toxin, isoproterenol, and 2-chloroadenosine
on progesterone production by primary cultures of rat granulosa cells

Addition Progesterone (ng/culture-48 h)"
None 0.2 ± 0.5

Cholera toxin
10 ng/ml 4.7 ± 0.022

100 ng/ml 8.5 ± 1.1

Isoproterenol
1 X 10"7 m 3.9 ± 0.31

1 X 10"6 m 4.8 ± 0.44

1 x 10"6 m 4.1 ± 1.2

2-Chloroadenosine
1 X 10"r> m 0.3 ± 0.02
5 x 10~5 m <0.2
1 X 10~4 m 0.2 ± 0.06

" Eighty micrograms of cell protein per dish.

culture responded to cholera toxin and isoproterenol in
a fashion similar to GC48C cells. Primary cells did not,
however, respond to 2-chloroadenosine.

Time course of progesterone production by primary
granulosa cell cultures and GC48C cells in response to
Bt2cAMP

Figure 4 demonstrates the similarity of the time-de¬
pendent responses to Bt2cAMP of primary rat granulosa
cells and GC48C cells. Both exhibited a 6- to 9-h lag
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Fig. 4. Time course of progesterone production by primary cultures of
rat granulosa cells and GC48C cells. Granulosa cells were cultured as a

suspension for the times indicated in the presence or absence of 1 mm
Bt2cAMP (maximal concentration), as described previously (9).
Bt2cAMP was added immediately at the initiation of the culture period.
GC48C cells were cultured in the presence of a maximal (0.5 mm)
Bt2cAMP concentration, as described in Materials andMethods. Each
time point for both normal and GC48C cells is the mean of three
separate incubations ± 1 sem.

interval before measurable increments in progesterone
could be detected in the culture medium. In the absence
of Bt2cAMP, however, only a slight increase in proges¬
terone production was apparent by 24 h. Figure 5 shows
that the level of pregnenolone, the immediate precursor
of progesterone, also increased in a time-dependent fash¬
ion in response to Bt2cAMP. There were, however, three
notable differences between pregnenolone and progester¬
one production by these cells. First, in the absence of
Bt2cAMP, pregnenolone levels increased 7.3-fold (24 vs.
3 h), whereas only a 1.6-fold increase in progesterone was
observed during the same interval. Second, a stimulatory
effect upon pregnenolone production 6 h after the addi¬
tion of Bt2cAMP was observed, while progesterone pro¬
duction was not stimulated until 9 h. Third, the concen¬
tration of pregnenolone in the culture medium was nearly
30-fold greater than that of progesterone after 3 h of
incubation, yet no stimulation of progesterone by
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HOURS

Fig. 5. Time course of pregnenolone production by GC48C cells. Me¬
dium from the cultures of GC48C cells in the experiment presented in
Fig. 4 was analyzed for pregnenolone content by RIA. Each point is the
mean ± 1 sem of triplicate incubations.

Bt2cAMP was apparent at this time. These data suggest
that the lag phase observed may be due to an increase in
the metabolism of pregnenolone to progesterone.

Extended time course of progesterone production in
response to Bt-icAMP by GC48C
To assess the steroidogenic activity of GC48C cells

during prolonged exposure to Bt2cAMP, cells were cul¬
tured in the presence of varying concentrations of
Bt2cAMP for periods of 24-96 h. Results (shown in Fig.
6) demonstrate that, at all time intervals, BtocAMP elic¬
ited a concentration-dependent increase in progesterone
production, with the magnitude of response varying as a
function of incubation time. Progesterone production was
maximal after 48 h of incubation. Extending the incuba¬
tions to 72 and 96 h resulted in a decrease in the levels of
progesterone in the culture medium when compared with
the 48-h sample. Since the medium was not replaced with
fresh medium throughout the entire duration of these
experiments, the decrease in progesterone observed 48 h
thereafter must represent further metabolism of proges¬
terone. The identity of these metabolites remains to be
established.

Progesterone production by colonies of cells isolated
from GC10, GC48A, and GC48C cells
Table 2 illustrates progesterone production in response

to 0.1 mM Bt2cAMP by cells grown from individual
colonies isolated from GC10, GC48A, and GC48C cells.
Four colonies produced progesterone after 48-h culture
under basal conditions and were not stimulated by
Bt2cAMP; nine colonies produced progesterone under
basal conditions, and the levels of the steroid were in¬
creased in the presence of Bt2cAMP. Eighteen colonies
did not produce measurable levels of the steroid in either
the absence or presence of Bt2cAMP. Although GC48C

mM Bt2cAMP
Fig. 6. Extended time course of progesterone production by GC48C in
response to Bt2cAMP. GC48C cells were dispensed into multiwell
plates, as previously described. Bt2cAMP at the indicated concentra¬
tions was added 48 h after initial plating of cells. Incubations were
terminated at the appropriate times. Culture medium was not replaced
between the initial addition of Bt2cAMP and the termination of the
cultures. Individual points are the mean ± 1 sem of incubations per¬
formed in triplicate.

Table 2. Progesterone production by subclones of granulosa cell
strains

Progesterone (pg/culture)
Cell

Control 0.1 mm Bt2cAMP

GC10
1 ND° ND
2 33.5 ± 6.5 57 ± 5

3 ND ND

4 ND ND

5 ND ND

6 ND ND

7 21 ± 6 24.5 ± 6.5

8 ND ND

9 ND ND

10 34 ± 2 84+ 16

GC48A
1 42.5 ± 7.6 35.5 ± 4.6

2 43+3 95+3

3 ND ND

4 46 ± 4 109 ± 21

5 69 ± 1 103 ± 12.6

6 89 ± 20 255 ± 35

7 41.5 ± 1.5 91.5 ± 2.5

8 63+3 135+5.1

9 80 ± 12 110 ± 30

10 ND ND

11 41.5 ± 2.5 64 ± 6.1

12 29 ± 3 48.5 + 5.6

GC48C
1-106 ND ND

° Less than 20 pg/culture.
6 Ten individual colonies were tested.

cells produced approximately 10 times more progesterone
in response to Bt2cAMP than either GC10 or GC48A
cells, no colonies were isolated from GC48C cells which
displayed the properties of the original cell population.
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Discussion

The present study was initiated to determine whether
endocrine cell strains that were responsive to tropic
agents could be obtained by cell hybridization. We show
that cells obtained after hybridization of HPRT" SV40-
transformed rat granulosa cells with normal granulosa
cells possess many but not all of the differentiated prop¬
erties of the normal cell. Thus, normal granulosa cells in
short term primary culture and one line of cells (GC48C)
produced progesterone in response to cAMP, Bt2cAMP,
cholera toxin, and isoproterenol, whereas normal cells
but not GC48C cells produced progesterone in response
to FSH and androgens (our results and Refs. 8, 9).
Conversely, GC48C cells but not normal granulosa cells
responded with an increase in progesterone production
in a dose-dependent fashion to 2-chloroadenosine. Al¬
though we have not investigated the mechanism of acti¬
vation of steroidogenesis by these particular agents, each
(with the exception of androgen) has been shown to
either stimulate adenylate cyclase or result in an accu¬
mulation of intracellular cAMP levels in a variety of
steroid-producing cells (25-27).
However, while normal granulosa cells in primary cul¬

ture rapidly lose the ability to produce steroids, the cells
obtained by hybridization and subsequently maintained
and passaged for periods up to 11 months continued to
produce progesterone when exposed to an appropriate
stimulus, such as Bt2cAMP.
One characteristic of both normal granulosa cells in

primary culture and GC48C cells is the lag observed after
the addition of stimulatory agents and the subsequent
increase in progesterone production. In the in vivo state,
granulosa cells in ovaries of immature rats are in an early
stage of their cellular development. In the absence of
hormonal support in vivo, these cells fail to mature to
steroid-producing cells and, instead, die as a consequence
of follicular atresia. The transitition to steroid-producing
cells in vivo is characterized by a 12- to 24-h lag period,
after which the cells exhibit a marked increase in the

ability to produce progesterone (9).
The similarity of this lag period of granulosa cells in

vivo, freshly isolated granulosa cells in primary culture,
and GC48C cells suggests that hybridization of the SV40-
transformed granulosa cells with freshly isolated granu¬
losa cells yielded cells which functioned as if they were
arrested in a very early stage of cellular development.
The cells continue to grow in this state until exposed to
Bt2cAMP or other agents capable of elevating intracel¬
lular cAMP levels. After such treatment, the cells resume
their normal course of cellular maturation and acquire
the capacity to produce steroid hormones.
The characterization of the cell strains GC10, GC48A,

and GC48C as true hybrid cell strains is difficult, because
both parental SV40-transformed cells and freshly iso¬

lated granulosa cells come from the same inbred strain
of rat. The usual methods, such as isozyme analysis and
chromosome identification, are not applicable. However,
the putative hybrids grow in HAT medium while cocul-
tivated controls do not, and although the 6Tia parental
cells are heteroploid in nature, 70% of the metaphase
chromosome counts of GC48C cells were greater than
that of either parent. Also, the ability of GC48C and 6Tia
cells to produce tumors in athymic nude mice has been
examined. Both GC48C and 6Tia when injected at 106
cells/animal produced sc tumors. However, the fre¬
quency of tumor formation and the size of the tumors
produced was greater with 6Tia cells when compared
with GC48C cells (3 of 3 vs. 1 of 8), consistent with other
studies which demonstrated reduced tumorogenesis in
hybrid cells compared with the transformed tumorogenic
parent (28). After 11 months in continuous culture (at
least 30 population doublings), GC48C cells lost the ca¬

pacity to produce progesterone. A possible explanation
for the loss of the specialized function is that steroid-
producing cells may have comprised a small percentage
of the cell population and repeated passaging may have
selected against these cells in favor of rapidly proliferat¬
ing cells characteristic of the transformed parental cell.
This explanation would also account for the inability to
isolate a subclone of GC48C cells which produced pro¬

gesterone (Table 2). Despite the eventual failure of these
cells to produce steroid hormones, during the course of
their functional activity approximately 300 individual
culture dishes were prepared with the equivalent of gran¬
ulosa cells isolated from 6 rat ovaries, as contrasted with
primary cultures which require the equivalent of granu¬
losa cells from 1 ovary/individual culture dish.
In summary, we have shown that cells obtained by

hybridizing transformed ovarian granulosa cells with
freshly isolated rat granulosa cells possess the growth
properties of the transformed cell and some of the spe¬
cialized functions of the primary cells. This strategy may
be useful in obtaining other cell strains of differentiated
endocrine cells in various developmental stages for more
detailed study.
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ABSTRACT

The biological effects of FSII in the presence and absence of a potent nonsteroidal antiandrogen,
SCH-16423, were investigated in rats to determine if androgens are required for antral follicle
maturation. Treatment of hypophysectomized diethylstilbestrol treated immature female rats with
oFSH for 24 h led to a nine-fold increase in [125I]-hCG binding to isolated granulosa cells and a
marked increase in the ability of cultured granulosa cells to secrete progesterone in vitro when
compared with saline injected controls. Coadministration of SCH-16423 with oFSH for 24 h did
not inhibit the induction of LH/hCG receptors on granulosa cells; progesterone production by
cultured granulosa cells was slightly increased when compared with cells from animals which re¬
ceived FSH alone. When rats were treated with FSH or FSH plus SCH-16423 for 54 h to advance
follicles to the preovulatory stage and subsequently treated with hCG to induce ovulation and
luteinization, it was observed that the antiandrogen potentiated the biological effects of the
gonadotropin as measured by increased ovarian weights and elevated serum progesterone levels
when compared with animals which received only FSH-hCG. These results indicate that androgens
are not required for FSH to initiate antral follicle maturation in vivo and further suggest that
androgens are antagonistic to this process.

INTRODUCTION

The physiological role of testosterone or
other androgens on the development of the
ovarian follicle is not known. In vivo studies
have shown that androgens or agents which
stimulate androgen production promote the
atresia of preantral follicles in estrogen primed
hypophysectomized rats (Payne et ah, 1956;
Louvet et al., 1975a,b). In contrast, in vitro
studies indicated that androgens stimulate
progesterone production by rat granulosa cells
maintained in tissue culture (Armstrong and
Dorrington, 1976; Nimrod and Lindner, 1976;
Lucky et al., 1977). Thus, depending on the
particular experimental system, androgens have
been suggested to function as both stimulators
and inhibitors of follicular maturation.
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The present studies were initiated to deter¬
mine if androgens are required for gonado¬
tropins to stimulate antral follicle maturation.
For this purpose, the in vitro and in vivo effects
of a potent nonsteroidal antiandrogen, SCH-
16423, (Neri, 1976) upon FSH-induced follic¬
ular maturation were investigated. We chose to
study the effects of an antiandrogen rather than
the direct effect of exogenous androgen to
obviate treatment of animals with potentially
pharmacologic levels of the steroid and to
circumvent the aromatization of exogenous
testosterone to estrogens as a consequence of
FSH treatment in vivo (Armstrong and Papkoff,
1976). This compound has been shown to be
effective in inhibiting the stimulatory action of
testosterone on progesterone production by
preantral follicle granulosa cells (Hillier et al.,
1977).

We have shown that despite having a stimu¬
latory effect on granulosa cell function in vitro
androgens are not essential for FSH to initiate
the process of development of antral follicles
and their subsequent luteinization in response
to human chorionic gonadotropin.
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MATERIALS AND METHODS

Animals

Diethylstilbestrol (DES) primed, hypophysecto-
mized, immature, female Sprague-Dawley rats (DES-
HIFR) were purchased from Hormone Assay Labora¬
tories, Chicago, IL. At the time of hypophysectomy
(21 days of age), 1 cm Silastic capsules containing
DES were inserted s.c. (Louvet et al., 1975a). Animals
were fed dog food, milk and water ad libitum.

Hormones and Chemicals

The following hormone preparations were used in
this study: oFSH, LER-1698 (1.12 X NIH-FSH-Sl/mg,
0.002 X NIH-LH-Sl/mg); hFSH, LER-8/116 (900 IU
FSH/mg; 6 IU LH/mg); hFSH, LER-1801-3 (immuno¬
chemical grade) and hCG, CR-119 (13,450 IU/mg).

Carrier-free Na[1251] , [l,2-3H(n)l-progesterone and
[ 1,2,6,7-3H(N)]-testosterone were purchased from
New England Nuclear, Boston, MA. Lactoperoxidase
(grade B) and methyl-a-D-mannopyranoside were
purchased from Calbiochem, Lajolla, CA, hydrogen
peroxide (certified A.C.S.) from Fisher Scientific Co.,
Fairlawn, NJ and Con A-Sepharose from Pharmacia
Fine Chemicals, Uppsala, Sweden. The 4f-nitro-M-
lactotoluidine (SCH-16423) was a gift from Dr. R. O.
Neri, Schering Corp., Bloomfield, NJ.

In vivo Hormone Treatment

Animals were injected s.c. with oFSH (0.1 mg LER
1698/0.1 ml, 0.01 M phosphate buffered saline
containing 1 mg/ml bovine serum albumin) beginning
on Day 26 of age, 5 days after hypophysectomy and
insertion of DES capsules. This dosage was chosen
since previous studies in both intact and hypophy-
sectomized rats have demonstrated it to be effective in

stimulating antral follicle maturation (Zeleznik et al.,
1974; 1977; Hillier et al., 1978). Animals treated with
oFSH for 24 h received 2 injections spaced 12 h apart
and animals treated for 12 h received a single injec¬
tion. All animals were sacrificed 12 h after final

injection.
Human chorionic gonadotropin (5 IU/0.1 ml

PBS-BSA) was administered s.c.

The SCH-16423 was suspended in 100% ethanol-
PBS (1:10, v/v) at 2.5, 5 or 10 mg/ml and animals
received i.p. injections (0.1 ml) of the drug 30 min
before each injection of gonadotropin.

Control animals received vehicle alone as appro¬
priate. Details regarding the number of animals/group
are presented in the results section.

Granulosa
Cell Isolation
and Culture

Following respective hormonal treatment in vivo,
animals were sacrificed by cervical dislocation and
ovaries were removed and trimmed of connective
tissue. Ovaries from all animals within individual
treatment groups were pooled and granulosa cell
suspensions from the pooled ovaries were prepared as
previously described (Hillier et al., 1977, 1978).

Granulosa cells were suspended in HAMS F-10 medium
supplemented with antibiotics, L-glutamine and 10%
hypophysectomized rat serum to a cell density of 'Vl
X 106 cells/0.5 ml. Replicate 0.5 ml aliquots were
dispensed into 12 X 75 mm sterile plastic tubes
(Falcon 2052) and hormones were added in a further
0.5 ml aliquot of fresh medium. Testosterone and
SCH-16423 were introduced into the medium in 100%
(5 /id) ethanol while medium not containing testos¬
terone or SCH-16423 received an equal amount of
ethanol alone. Each tube, containing 1 ml total
volume, was inserted into a sterile 16 X 150 mm

screwcapped culture tube (Falcon 3026) and gassed
with 95% air: 5% C02. Incubations were performed in
a temperature controlled (37°C) room. Tubes were
gently rotated (6 RPM) using a multipurpose rotator
(model 150-V, Scientific Industries, Inc., Bohemia,
NY). Following culture, the cells were sedimented at
1500 X g for 5 min at 4°C and the medium was
removed and stored at —20°C for subsequent radio¬
immunoassay of progesterone. The cell pellets were
washed twice with 1 ml PBS and the pellets were
assayed for protein (Lowry et al., 1951). In some
experiments, granulosa cells were cultured as mono¬
layers in 35 mm Linbro FB-CTC culture dishes as
previously described (Hillier et al., 1977).

Radioimmunoassay ofProgesterone
Direct measurement of progesterone in culture

medium was performed by radioimmunoassay as
described previously (Lucky et al., 1977). Determi¬
nation of progesterone content in serum was per¬
formed following extraction of samples in petroleum
ether (bp 30—60°C); recoveries were monitored by
adding [3H] -progesterone before extraction.

Iodination of
hCG and hFSH

Hormone preparations (hCG, CR-119 and hFSH,
LER-1801-3) were iodinated using a modification of
the lactoperoxidase method (Miyachi et al., 1972).
Hormone (10 /ag) dissolved in 10 /ul 0.1 M phosphate
buffer (pll 7.4) was added to the reaction vessel
followed by 10 ng of 0.3 M phosphate buffer (pH
7.4), 1 /ag (5 /al). lactoperoxidase and 4 mCi Na[125I].
Hydrogen peroxide was added in 3 separate 5 /ul (9 ng)
aliquots at 5 min intervals. The iodination reaction
was terminated by the addition of 150 jul of 0.1 M
phosphate buffer. The [125I]-hCG was separated from
unreacted iodide by adsorption onto cellulose and
elution with 5% bovine serum albumin in PBS (Catt et
al., 1972). The [12SI]-hFSH was separated from free
iodide by affinity chromatography on Con A-Sepharose
and eluted with 0.2 M methyl-a-D-mannopyranoside.
The specific activities of [125I]-hCG and [1251]-hFSH
were ^60 /uCi/Mg and 20 juCi//ig, respectively. Labeled
hormones were stored in multiple aliquots at —20°C.

Binding Analysis
Granulosa cells were isolated from ovaries as

described under methods of cell isolation and culture.
Cells were sedimented at 1000 X g for 10 min at
4°C and resuspended in PBS-BSA. Total volume of
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the binding assay was 250 jul PBS-BSA consisting
of granulosa cells, 4 X 104 cpm [I2SI]-hCG (400 pg) or
6 X 104 cpm [12SI]-hFSH (600 pg) in PBS-BSA.
Unlabeled hormone at a 200-fold molar excess was

included to measure nonspecific tracer binding. Cells
were incubated at 37°C for 3 h with periodic mixing.
The binding assay was terminated by dilution with 1
ml cold (4°C) PBS-BSA and centrifuged at 2000 X g
for 5 min at 4°C. The supernatants were discarded and
the cell pellet was washed once with 1 ml PBS. The
pellets were counted on a Nuclear Chicago gamma
spectrometer. Specific binding was determined by
subtracting the [1251] radioactivity associated with
cells in the presence of excess unlabeled hormone
from that without unlabeled hormone. Results are

expressed as a percent of the total hormone bound/
100 ,ug cell protein. In preliminary experiments, the
specificity of [125I]-hCG and [125I]-hFSH binding to
rat granulosa cells was determined by coincubating
cells from either DES-HIFR ovaries, or ovaries from
intact rats that had been treated with 4 IU PMSG,
with tracer hormone preparations exactly as described
above. The [125I]-hCG binding was competed for by
unlabeled hCG (2.5-250 ng/ml), oLH (NIH-LH-S18,
25-2,500 ng/ml) and oTSH (NIH-TSH-S8) at 2.5 X
103 to 2.5 X 10s ng/ml but was not competed for by
either hFSH (LER-1801-3) or oFSH (NIH-FSH-S18).
The [125I]-hFSH binding to granulosa cells was com¬
peted for by hFSH (LER-1801-3) at 20—300 ng/ml,
hFSH (LER-8/116) at 40-2000 ng/ml; hCG (CR-119)
at 400 ng/ml, oLH and oTSH at 4 X 103 ng/ml did not
compete with [125I]-hFSH for granulosa cell binding
sites.

Uptake of [3H]-Testosterone
by Rat Ovaries in vivo

Twelve 27-day-old DES-HIFR rats were assigned to
4 groups (n = 3/group). Two control groups received
an i.p. injection (0.1 ml) of PBS:ETOH (9:1, v/v) and
2 experimental groups received 0.1 ml of the vehicle
containing 0.5 mg SCIl-16423. One h later, all animals
received 20 pCi of 11,2,6,7-3H(n)]-testosterone i.p.
One h following injection of the label, animals were
sacrificed and ovaries from each group of animals were
pooled. Each group of 6 ovaries was homogenized in 2
ml of buffer consisting of 10 mM Tris, 1.5 mM EDTA
and 10% glycerol (pH 7.6). The homogenizer was
rinsed with 2 ml of buffer and the ovarian homogenate
was centrifuged at 800 X g for 10 min at 4°C. The 800
X g pellets were collected and washed twice with 2 ml
of buffer containing 10 mM Tris, 0.2% Triton-x 100
and 0.25 M sucrose (pH 7.6). The washed pellets were
resuspendcd in 1 ml buffer containing 10 mM Tris, 1.5
mM EDTA and 2.2 M sucrose (pH 7.6) and centri¬
fuged for 70 min at 50,000 X g (Beckman SW50.1/
rotor). The pellets were resuspended in fresh buffer
and centrifuged at 50,000 X g for 30 min following
which the nuclei were extracted with 0.5 M KC1 for 30
min at 4°C. The extract was centrifuged for 20 min at
20,000 X g, the resultant pellet was saved for DNA
analysis (Burton, 1956) and the supernatants were
collected into conical glass tubes (14 ml capacity) and
10 Mg of authentic unlabeled testosterone were added.
The supernatants were extracted with 6 volumes of
diethyl ether. The ether extracts were evaporated to
dryness and 0.5 ml ethanol was added. Aliquots of 0.1

ml from each sample were counted for [3H] radio¬
activity and the remaining 0.4 ml were evaporated to
dryness and chromatographed along with authentic
testosterone and 5a-dihydrotestosterone on Brinkman
precoated silica gel plates (Silplate 22). The chromato-
grams were developed in CHCL3: MeOH (98.25:1.75,
v/v) and areas corresponding to authentic testos¬
terone were scraped into scintillation vials and counted
for [3H] radioactivity.

Statistical Analysis
The significance of differences between treatment

groups in individual experiments was tested by one¬
way analysis of variance and Student-Neumann
Keuls multiple range test (Woolf, 1968). In Figs. 1 and
3, progesterone production by granulosa cells removed
from animals treated in vivo with saline, oFSH or
oFSH plus SCH-16423 were analyzed for statistical
differences on the basis that individual culture dishes

represent independent samples.

RESULTS

Effect of FSH-Treatment
in vivo on Progesterone
Production by Cultured
Granulosa Cells

Granulosa cells were removed from 20 saline
treated control (DES-HIFR) rats and from rats
treated in vivo with oFSH for 12 or 24 h (15
animals/group). Cells from each treatment
group were pooled and cultured in the presence
of medium alone, hFSH and/or testosterone as
illustrated in Fig. 1. Treatment with oFSH in
vivo enhanced (P<0.01) the ability of these
cells to produce progesterone both under basal
conditions and in response to hFSH and testos¬
terone. Coincubation of granulosa cells with
hFSH plus testosterone resulted in significantly
(P<0.01) greater levels of progesterone produc¬
tion when compared with granulosa cells
incubated in the presence of hFSH or testos¬
terone alone. However, the ability of testos¬
terone to augment FSH-sensitive progesterone
production was most pronounced in the saline
treated control group in which the combination
of both agents increased progesterone levels
8-fold over that observed with FSH alone.

Following treatment with oFSH in vivo, both
basal and FSH stimulated progesterone produc¬
tion was increased, but the synergistic action of
testosterone upon FSH sensitive progesterone
production was progressively diminished to
2.2- and 1.4-fold, respectively, following 12 and
24 h exposure to oFSH in vivo. In a similar
fashion, the responsiveness of isolated cells to
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FIG. 1. Progesterone production by cultured
granulosa cells: Effect of prior treatment of aniamls
with oFSII in vivo. DES-HIFR rats were injected with
saline or oFSH for 12 or 24 h prior to sacrifice.
Granulosa cells were removed from pooled ovaries and
incubated as suspension cultures for 48 h in the
presence of medium alone, testosterone (1 X 10"' M),
hFSH (100 ng/ml) or hFSH plus testosterone as
indicated by the (+) or (—) symbols at the bottom of
the graph. Mean ± SEM of triplicate incubations.

FIG. 2. Effect of FSFI, testosterone and SCH-
16423 on progesterone production by cultured pre-
antral follicle granulosa cells. Granulosa cells were
isolated from ovaries of 30 DES-HIFR rats and cul¬
tured as monolayers. Cells were incubated for 48 h
without (left panel) or with (center panel) hFSH at
100 ng/ml or were incubated with hFSH at 500 ng/ml
(right panel) in the presence or absence of testosterone
(1 X 10"7 M) and/or SCH-16423 (1 X 10"s M) as

signified by the (+) or (—) symbols. Mean ± SEM of
quadruplicate incubations.

testosterone alone diminished as a consequence
of follicular maturation.

Effect of the Antiandrogen
SCH-16423 on Basal, FSH and
FSH Plus Testosterone Stimulated

Progesterone Production by Cultured
Preantral Follicle Granulosa Cells

Granulosa cells were removed from ovaries
of DES-HIFR rats and cultured as monolayers
in the absence of hormones or in the presence
of hFSH, testosterone and SCH-16423 as

illustrated in Fig. 2. Inclusion of hFSH in the
culture medium resulted in a concentration

dependent increase (P<0.01) in progesterone
production by granulosa cells. Testosterone
enhanced both basal and FSH stimulated

progesterone production (P<0.01). The SCH-
16423 caused a slight (1.26-fold) but consistent
increase in basal and FSH sensitive progesterone
production. When granulosa cells were cultured
in the presence of testosterone plus SCH-
16423, in either the absence or presence of 100
or 500 ng/ml hFSH, the increment in proges¬
terone due to testosterone was significantly
reduced (P<0.01). These results demonstrate
the independent nature of FSH and testos¬
terone stimulated progesterone production by
granulosa cells. First, the relative stimulation of
progesterone production by testosterone was

independent of the prevailing levels of steroido¬
genic activity. Thus, testosterone caused a
5-fold increase in basal production of proges¬
terone and also enhanced progesterone produc¬
tion A/5-fold in the presence of both 100 ng/ml
or 500 ng/ml hFSH. Second, the antiandrogen,
SCH-16423, affected only the increment in
progesterone production due to testosterone;
SCH-16423 did not decrease progesterone
production below that observed in the basal
state or when cells were stimulated by FSH.

Effect of oFSH and SCH-16423
in vivo on Progesterone Production
by Cultured Granulosa Cells and the
Induction of the LH/hCG Receptor
hi Granulosa Cells

To determine if endogenous androgens are
required in vivo for FSH to stimulate antral
follicle maturation, DES-HIFR were treated with
either PBS-BSA (20 animals/group), oFSH, or FSH
plus SCH-16423 (15 animals/group) for 24 h,
following which animals were sacrificed, ovaries
within individual treatment groups pooled and
isolated granulosa cells analyzxd for specific
markers of follicular maturation, namely the
induction of the LH/hCG receptor on granulosa
cells and the increase in steroidogenic capacity
by granulosa cells. Results presented in Fig. 3
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FIG. 3. Effect of FSH plus SCH-16423 in vivo on
subsequent progesterone production by granulosa
cells in vitro. DES-IIIFR rats were treated in vivo with
saline, oFSH or oFSH plus SCH-16423 for 24 h prior
to sacrifice. Granulosa cells were isolated from pooled
ovaries and cultured in suspension for 24 h in the
presence or absence of hFSH and SCH-16423 as
indicated by the (+) or (—) symbols at the bottom of
the graph. The left panel illustrates progesterone
production by granulosa cells from rats treated with
saline in vivo, the center panel shows progesterone
production by cells removed from animals treated
with oFSH in vivo and the right panel illustrates
progesterone production by granulosa cells removed
from animals receiving oFSH plus SCH-16423 in vivo.
Mean ± SEM of triplicate incubations.

indicate that 24 h in vivo exposure to oFSH
leads to a marked increase in the ability of
granulosa cells to produce progesterone
(P<0.01) in vitro either under basal conditions
or upon stimulation with FSH (left panel vs
center panel). Granulosa cells removed from
animals receiving FSH in combination with the
antiandrogen in vivo produced slightly greater
amounts of progesterone (P<0.05) in both the
basal state and upon stimulation in vitro with
FSII when compared with animals which
received FSH alone (center panel vs right
panel). Inclusion of SCH-16423 in the culture
medium did not decrease (P>0.05) proges¬
terone production in response to FSH indi¬
cating that the in vitro effects observed were
not due to any possible carryover of endog-
enously produced androgens or were not a
result of any androgens present in the tissue
culture medium.

Table 1 illustrates specific binding of [1251]-
hCG to granulosa cells removed from animals
which had been treated in vivo with oFSH,
oFSIl plus SCH-16423 or vehicle. Binding of
[125I]-hCG to granulosa cells isolated from
animals following FSH treatment in vivo was

8—10-fold greater than that observed with
vehicle treated control animals (P<0.01).
Granulosa cells removed from animals that were
treated in vivo with oFSH plus SCH-16423
bound [1251 ] -hCG to a degree comparable to
that observed with cells from animals which
received FSH treatment alone (P>0.05).
Treatment with FSH in vivo also resulted in a

slight increase in [125I]-hFSH binding to
isolated granulosa cells when compared with
saline treated controls (7.1 ± 0.5 vs 4.5 ± 0.2%
[125I]-hFSH bound/100 pg cell protein),
consistent with previous studies (Richards et
al., 1976). This slight increase in [125l]-hFSH
binding was not affected by SCH-16423 (6.56 ±
0.5% [125I]-hFSH bound/100 pg cell protein).
Collectively, these data demonstrate that FSH
in vivo is capable of enhancing the steroido¬
genic capacity and of inducing LH/hCG recep¬
tors on granulosa cells independently of andro¬
gen mediated regulation.

Graafian Follicle Development and
Formation of Corpora Lutea
in vivo in the Presence

of SCH-16423
To extend the studies to include the final

event of follicular maturation, luteinization of
the Graafian follicle, 6 animals/group were
treated twice daily with oFSH alone, oFSH plus
0.5 mg SCH-16423 or oFSH plus 1 mg SCH-
16423 on Days 23 and 24 of age and once
during the morning of Day 25, as described in
Materials and Methods. Animals then received
vehicle or SCH-16423 at the appropriate
dosage followed by 5 1U hCG during the
afternoon of Day 25. Ovaries were removed
from animals on Days 26 and 27 of age and
serum samples were analyzed for progesterone
content. Results shown in Table 2 demonstrate
that the FSH-hCG treatment regimen increased
ovarian weights and serum progesterone levels
when compared with saline treated control
animals (P<0.01). In addition, treatment of
animals with 0.5 mg SCH-16423 together with
FSH-hCG led to a significant increase in ovarian
weight (P<0.01) and serum progesterone
(P<0.05) when compared with animals that
received FSH-hCG alone. Similarly, animals
treated with 1.0 mg SCH-16423 demonstrated
greater ovarian weights than did the FSH-hCG
treated group (P<0.05). However, the serum
progesterone levels, although greater than in
the control group, were not statistically differ-
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TABLE 1. Effect of FSH or FSH plus SCH-16423 treatment in vivo on [125I]-hCG binding to granulosa cells.

Treatment1 Experiment lb Experiment 2''

Control 0.54 ± 0.22 2.79 ± 0.29
FSH 11.31 ± 0.23 16.06 ± 0.81
FSH + SCH-16423 10.83 ± 0.53 21.3 + 0.64

aHypophysectomized-DES treated rats were injected s.c. twice at 12 h intervals with either saline or oFSH
(0.11-NIH-FSH-S1 unit/injection). SCH-16423 was administered either at 500 fig X 2 injections every 12 h
(Experiment 1) or at 250 Mg X 4 injections every 6 h (Experiment 2).

^Results are expressed as percent tracer bound/100 /ag cell protein assuming 50% binding activity of [12SI]-
hCG. Mean ± 1 SEM of triplicate determinations of cells from single pools obtained from 6—8 animals/pool.

ent (P>0.05). Histological examination of
ovaries from animals that received oFSH-hCG
with or without the antiandrogen demonstrated
the presence of newly formed corpora lutea and
partially luteinized Graafian follicles. The effect
of SCH-16423 appeared to be due to an in¬
crease in the number and/or size of resultant

corpora lutea with little or no change found in
the stromal or interstitial components of the
ovaries.

Effect ofSCH-16423
on Nuclear Uptake of
[3H]-testosterone in vivo

To determine whether SCH-16423 acted as

an antiandrogen in vivo in these experiments,
the ability of this compound to inhibit the
nuclear uptake of [314 ] -testosterone in rat
ovaries was investigated. Treatment of the
DES-HiFR rats with vehicle or SCH-16423 was

followed 1 h later by an i.p. injection of [3 H] -

testosterone. One h after administration of the

label, animals were sacrificed and after extrac¬
tion and thin layer chromatography the ovarian
nuclear radioactivity corresponding to authentic
testosterone was determined. Results shown in
Table 3 indicate that ovaries of DES-HIFR rats

concentrated labeled testosterone, consistent
with previously reported observations (Schreiber
and Ross, 1976). The SCH-16423 significantly
(P<0.01, Student's t test) reduced the accumu¬

lation of testosterone by ovarian nuclei indi¬
cating that SCH-16423 acts as an antiandrogen
in the female rat.

DISCUSSION

Using a model system in which in vivo and in
vitro responses of granulosa cells to various
hormonal stimuli can be monitored within a

single experimental design, we show that
despite its in vitro effects on granulosa cell
function, testosterone is not required in vivo

TABLE 2. Effect of FSH or FSH + SCH-16423 in vivo on ovarian responsiveness to hCG.

Ovarian weight
Treatment (mg) Serum progesterone

Day 26a
Control (untreated) 16.1 ± 2.5 <200 pg/ml
FSH + hCG 98.8 ± 3.5 11.8 ± 2.9 ng/ml
FSH + hCG + SCH-16423 (0.5 mg) 137.3 ± 16.3 16.5 ± 2.29 ng/ml
FSH + hCG + SCH-16423 (1.0 mg) 128.2 ± 4.8 16.02 ± 3.1 ng/ml

Day 27a
Control (untreated) 19.1 ± 0.5 <200 pg/ml
FSH + hCG 91.3 ± 8.8 6.23 ± 1.78 ng/ml
FSH + hCG + SCH-16423 (0.5 mg) 149.1 ± 26.4 13.7 + 4.93 ng/ml
FSH + hCG + SCH-16423 (1.0 mg) 126.4 ± 26.6 10.27 ± 2.4 ng/ml

aFor statistical analysis, results from individual treatment groups at Days 26 and 27 of age (3 animals/group/
day) were combined.
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for FSH to stimulate antral follicle develop¬
ment. In fact, our data support the converse,
namely that androgens antagonize the bio¬
logical effects of FSH in vivo. Thus, when
DES-HIFR rats were treated with oFSH for 24

h, a typical increase in [1251]-hCG binding to
isolated granulosa cells was observed. Asso¬
ciated with the induction of the LH/hCG

receptor was an increase in the steroidogenic
capacity of isolated granulosa cells as measured
by their ability to produce progesterone in vitro
both under basal conditions and in response to
FSH, consistent with previous studies (Zeleznik
et al., 1974; Hillier et al., 1978). To inhibit the
effects of endogenous androgens during treat¬
ment with FSH, the potent nonsteroidal
antiandrogen, SCH-16423, was given in combi¬
nation with the gonadotropin. The anti¬
androgen neither inhibited the induction
of the LH/hCG receptor nor reduced the ability
of granulosa cells to produce progesterone in
vitro. Rather, we observed a slight increase in
the steroidogenic activity of granulosa cells
removed from animals that had been treated for
24 h with FSH plus SCH-16423 when com¬
pared with animals that received FSH alone
(Fig. 3). In experiments designed to study the
effects of the antiandrogen at later stages of
antral follicle maturation, including lutein-
ization, it was observed that SCH-16423
potentiated the biological effects of FSH and
hCG in vivo as measured by increased ovarian
weights and elevated serum progesterone levels.
Collectively, these data demonstrate that
androgens are not required in vivo for FSH to
initiate maturation of antral follicles. In these

experiments we sought to neutralize the bio¬
logical effects of endogenous androgens rather
than to treat animals with potentially pharmac¬
ological levels of the steroid itself. A caveat to
the experimental design is the possibility that
SCH-16423 may have functioned as a weak
androgen in vivo. However, considering the
small amounts of the antiandrogen adminis¬
tered which resulted in greater than 90%
inhibition of nuclear uptake of [3H]-testos¬
terone in vivo and the very low apparent
androgenic activity of this compound in vitro
(Fig. 2), we do not feel the results obtained in
the present study can be accounted for by this
mechanism.

Our studies support previous investigations
with respect to the lack of any apparent re¬
quirement for androgens (other than to serve as
a substrate for the aromatase system) for the
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maturation of the preovulatory follicle. Thus,
both Ohno et al. (1974) and Lyon and Glenester
(1974) noted that follicular maturation, con¬

ception and successful maintenance of preg¬
nancy occurred in tfm/0 mice, a strain in which
females have a single X chromosome carrying
the testicular feminization gene which confers
androgen resistance. Although these animals
ceased to cycle at an earlier age than did normal
mice, the above observations indicate that
normal follicular maturation can occur in the

presence of severe androgen insensitivity.
Neumann et al. (1970) demonstrated that
relatively large doses of cyproterone acetate
(10 mg/day) did not interfere with the estrous
cycle or ovulation in adult rats. Schomberg et
al. (1978) have shown that SCH-16423, when
introduced directly into pig ovaries for 4 days,
reduced progesterone production by granulosa
cells when these cells were removed from
ovaries and subsequently incubated under basal
conditions in vitro. The reason for the discrep¬
ancy between their data and the present studies
is not known, although species differences,
dosage of drug and route of administration may
account for these differences.

The potentiation of SCH-16423 upon FSH
stimulated follicular maturation in vivo ob¬
served in the present study is entirely con¬
sonant with other investigations which demon¬
strated that androgens are involved in the
atresia of the preantral type follicle (Payne et
al., 1956; Louvet et al., 1975a,b) and extend
these observations to include the final stages of
follicular maturation, namely the formation of
the preovulatory Graafian follicle and the
ability of hCG to initiate luteinization of such
follicles.

In earlier report from this laboratory (Har-
man et al., 1975), it was shown that rats treated
with FSH in the presence of an antiestrogen
exhibited a greater degree of follicular atresia
when compared with rats receiving gonado¬
tropin and estradiol. Our current studies suggest
that the increased atresia observed may have
been due to androgen production as a result of
the gonadotropin treatment. Although FSH as
such is not thought to stimulate androgen
production by theca or interstitial tissues in the
rat ovary, trace contaminants of LH in the FSH
preparations used in these studies could result
in androgen production. This was indicated by
observations which demonstrated that even

highly purified FSH enhances estradiol produc¬
tion in hypophysectomized rats (requiring an

androgen precursor) and that PMSG treatment
results in a prompt rise in serum androgen levels
in immature rats (Nuti et al., 1974; Parker et
al., 1976).

In vitro, androgens augment the stimulatory
effects of FSH upon progesterone production
by cultured granulosa cells (Armstrong and
Dorrington, 1976; Nimrod and Lindner, 1976;
Lucky et al., 1977). The present studies are in
accord with these observations but demonstrate
that as follicular development progresses
through the antral stage, the ability of testos¬
terone to enhance progesterone production by
granulosa cells decreases. The diminution in the
in vitro effect of testosterone may be in part
due to significant aromatization of the andro¬
gen by granulosa cells following FSH treatment
in vivo (Erickson and Hsuesh, 1978; unpub¬
lished observations). In addition, we show that
androgens are not required for the stimulation
of progesterone production by granulosa cells
in response to FSH.-Thus, although the anti-
androgen dramatically reduced progesterone
production by granulosa cells stimulated by
testosterone, SCH-16423 did not reduce the
ability of FSH to stimulate progesterone
production by granulosa cells from preantral or
early antral follicles.

In summary, the present data demonstrate
that FSH-induced follicular maturation in vivo
occurs in the presence of a dosage of anti-
androgen which was shown to inhibit nuclear
uptake of [3H ] -testosterone into ovarian
nuclei by 90%. These observations suggest that
androgens are not required at the ovarian level,
other than as a substrate for aromatase, for
antral follicle development in the rat.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. Leo E. Reichert,
Jr., Department of Biochemistry, Albany Medical
College, Albany, NY 12208 for the gift of oFSH and
hFSH used in these studies.

REFERENCES

Armstrong, D. T. and Dorrington, J. H. (1976).
Androgens augment FSH-induced progesterone
secretion by cultured rat granulosa cells. Endo¬
crinology 99, 1411— 1414.

Armstrong, D. T. and Papkoff, I . (1976). Stimulation
of aromatization of exogenous and endogenous
androgens in ovaries of hypophysectomized rats
in vivo by follicle stimulating hormone. Endo¬
crinology 99, 1144—1151.

Burton, K. (1956). A study of the conditions and
mechanism of diphenylamine reaction for the



ANDROGEN AND FOLLICULAR MATURATION 681

colorimetric estimation of deoxyribonucleic acid.
Biochem. J. 62, 315—322.

Catt, K. J., Dufau, M. L. and Tsurahara, T. (1971).
Studies on a radioligand-receptor assay system
for luteinizing hormone and chorionic gonado¬
tropin. J. Clin. Endocrinol. Metab. 32, 860—863.

Harman, S. M., Louvet, J. P. and Ross, G. T. (1975).
Interaction of estrogen and gonadotropins on
follicular atresia. Endocrinology 96, 1145—1152.

Hillier, S. G., Knazek, R. A. and Ross, G. T. (1977).
Androgenic stimulation of progesterone produc¬
tion by granulosa cells from preantral ovarian
follicles: Further in vitro studies using replicate
cell cultures. Endocrinology 100, 1539—1549.

Hillier, S. G., Zeleznik, A. J. and Ross, G. T. (1978).
Independence of steroidogenic capacity and
luteinizing hormone receptor induction in
developing granulosa cells. Endocrinology 102,
937-946.

Louvet, J. P., Harman, S. M. and Ross, G. T. (1975a).
Effects of human chorionic gonadotropin, human
interstitial cell stimulating hormone and follicle
stimulating hormone on ovarian weights in
estrogen-primed hypophysectomized immature
female rats. Endocrinology 96, 1179—1186.

Louvet, J. P., Harman, S. M., Schreiber, J. R. and
Ross, G. T. (1975b). Evidence for a role of
androgens in follicular maturation. Endocrin¬
ology 97, 366-372.

Lowry, O. H., Rosebrough, M. J., Farr, A. L. and
Randall, R. J. (1951). Protein measurement with
the Folin phenol reagent. J. Biol. Chen. 193,
265-275.

Lucky, A. W., Schreiber, J. R., Hillier, S. G., Schul-
man, J. D. and Ross, G. T. (1977). Progesterone
production by cultured preantral rat granulosa
cells: Stimulation by androgens. Endocrinology
100, 128-133.

Lyon, M. F. and Glenister, P. H. (1974). Evidence
from tfm/0 that androgen is inessential for
reproduction in female mice. Nature 247, 366—
367.

Miyachi, Y., Vaitukaitis, J. L., Nieschlag, E. and
Lipsett, M. B. (1972). Enzymatic radioiodination
of gonadotropins. J. Clin. Endocrinol. Metab.
34, 23-28.

Neri, R. O. (1976). Antiandrogens. In: Cellular Mecha¬
nisms Modulating Gonadal Hormone Action,
Advances in Sex Hormone Research. Vol. 2. (R.
L. Singhal and J. A. Thomas, eds.). University
Park Press, Baltimore, p. 233.

Neumann, F., vonBerswordt-Wallrabe, R., Elger, W.,
Steinbeck, H., Ilann, J. D. and Kramer, M.

(1970). Aspects of androgen-dependent events as
studied by antiandrogens. Rec. Prog. Horm. Res.
26, 337-410.

Nimrod, A. and Lindner, H. R. (1976). A synergistic
effect of androgen on the stimulation of proges¬
terone secretion by FSH in cultured rat granulosa
cells. Mol. Cell Endocrinol. 5, 315—320.

Nuti, L. C., McShan, W. H. and Meyer, R. K. (1974).
Effect of ovine FSH and LH on serum steroids
and ovulation in hypophysectomized immature
female rats. Endocrinology 95, 682—689.

Ohno, S., Christian, L. and Attardi, B. (1973). Role of
testosterone in normal female function. Nature
New Biol. 243, 119-120.

Parker, C. R., Jr., Costoff, A. Muldoon, T. G. and
Mahesh, V. B. (1976). Actions of pregnant mare
serum gonadotrpin in the immature female rat:
Correlative changes in blood steroids, gonado¬
tropins and cytoplasmic estradiol receptors of the
anterior pituitary and hypothalamus. Endocrin¬
ology 98, 129-138.

Payne, R. W., Hellbaum, A. A. and Owens, Jr., J. N.
(1956). The effect of androgens on the ovaries
and uterus of the estrogen-treated hypophy¬
sectomized immature rat. Endocrinology 59,
306-316.

Richards, J. S., Ireland, J. J., Rao, M. C., Bernath, G.
A., Midgley, Jr., A. R. and Reichert, Jr., L. E.
(1976). Ovarian follicular development in the rat:
Hormone receptor regulation by estradiol, follicle
stimulating hormone and luteinizing hormone.
Endocrinology 99, 1562—1570.

Schomberg, D. W., Williams, R. F., Tyrey, L. and
Ulberg, L. C. (1978). Reduction of granulosa cell
progesterone secretion in vitro by intraovarian
implants of antiandrogen. Endocrinology 102,
984-987.

Schreiber, J. R. and Ross, G. T. (1976). Further
characterization of a rat ovarian testosterone

receptor with evidence fo nuclear translocation.
Endocrinology 99, 590—596.

Woolf, C. M. (1968). Principles of Biometry. D. Van
Nostrand Co., Inc. Princeton, NJ. p. 359.

Zeleznik, A. J., Midgley, Jr., A. R. and Reichert, Jr.,
L. E. (1974). Granulosa cell maturation in the
rat: Increased binding of human chorionic
gonadotropin following treatment with follicle
stimulating hormone in vivo. Endocrinology 96,
818-825.

Zeleznik, A. J., Keyes, P. L., Menon, K.M.J., Midgley,
Jr., A. R. and Reichert, Jr., L. E. (1977). Devel¬
opment-dependent responses of ovarian follicles
to FSH and hCG. Am. J. Physiol. 233, E229-
234.



9
EUROP. J. OBSTET. GYNEC. REPROD. BIOL., 1979, 9/3, 169-174
© Elsevier/North-IIolland Biomedical Press

Experimental aspects of follicular maturation

G.T. Ross and S.G. Hillier 1

The Clinical Center, National Institutes ofHealth, Bethesda, Md. 20014, U.S.A.

Prospective experimental studies of hormones and
follitle maturation in normal women are limited for
both ethical and practical reasons. Thus, although
the hormonal changes throughout spontaneous
ovulatory menstrual cycles have been established,
there is a paucity of information concerning the con¬
comitant changes in follicular morphology in women
with normal ovarian function. In women with
abnormal ovarian function, where microscopic
examination of ovarian tissue may be required for
diagnosis, more morphologic information has been
collected, and associated abnormalities in blood hor¬
mone levels defined (Ross and Lipsett, 1978). More¬
over, results of successful, rational therapy for anovu¬
lation provide the functional significance of associated
aberrations in blood hormone levels. In the following
discussion, results of such experiments will be con¬
sidered to describe hormonal regulation of follicle
growth, ovulation, and atresia in women.

Materials and methods

Radioligand binding assays have been used to
measure hormone levels in specimens of peripheral
venous blood, ovarian venous blood, and follicular
antrum fluid collected from women with normal
ovarian function throughout follicular and luteal
phases of their menstrual cycles. Similar specimens
have been collected prior to and following treatment

1 Present address: Department of Obstetrics and Gynaecol¬
ogy, University Hospital, Leiden, The Netherlands.

of women with abnormal ovarian function. Follicular

morphology has been examined qualitatively and in
some instances quantitatively in whole ovaries removed
postmortem (Block, 1951) or in ovarian biopsies
removed surgically (McNatty et al., 1975a and b,
1976 and 1978). For the purposes of this discussion,
when ovarian morphology and hormone profiles have
not been studied in the same subject it has been
assumed that the missing component would be con¬
sistent with that described for other women with the
same diagnosis.

Results

Patterns of change in blood levels of FSH, LH,
prolactin, estradiol (OE2), 17-hydroxyprogesterone
(17-OHP) and progesterone (P) in specimens collected
daily throughout presumptively ovulatory cycles have
been determined in a number of laboratories (Ross et
al., 1970; Mishell et al., 1971; Abraham et al., 1972;
Sherman and Korenman, 1974). When these daily
values were synchronized around the day of the mid-
cycle preovulatory LH peak and means of these cal¬
culated, characteristic patterns were observed. LH
levels rose slightly throughout the follicular phase,
increased dramatically at mid-cycle, then declined
during the luteal phase. FSH levels began to rise
progressively during the late luteal phase of the pre¬
ceding cycle, reached maximal levels in the first half,
and then declined during the second half of the follicu¬
lar phase. A mid-cycle FSH surge, usually coincident
with the LH surge, temporarily interrupted this
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decline, which then resumed and reached a low point
before starting to rise again 3—5 days prior to menses.
When the sampling interval was shortened from 24 h
to 1 h or less, it was apparent that gonadotropin
secretion was pulsatile in character. Moreover, fre¬
quency and amplitude of the pulses varied with spon¬
taneous or pharmacologically induced changes in
composition of the steroid hormone milieu through¬
out the cycle (Yen et al., 1972a and b; Santen and
Bardin, 1973; Keye and Jaffe, 1974).

There is increasing evidence that blood prolactin
levels modulate some aspects of human ovarian func¬
tion. Recently, some of the earlier controversies con¬

cerning cyclic changes in blood prolactin levels
throughout spontaneous ovulatory cycles have been
resolved, at least for the luteal phase, where results
show levels consistently higher than those during
follicular phase (McNeilly and Chard, 1974; Robyn
et al., 1977). Although not well defined, abnormalities
of corpus luteunr function associated with alterations
in blood prolactin levels suggest that the hormone
participates in regulating ovarian function (Ross and
Hillier, 1978; Ross and Lipsett, 1978).

Studies of follicle morphology in specimens of
ovarian tissue obtained postmortem or at laparotomy
were consistent in showing that the diameter of the
largest normal follicle increases rapidly from mid-to-
late follicular phases of the cycle in normal women
(Block, 1951; McNatty, 1978). Furthermore, propor¬
tions of normal and atretic follicles were inversely
related and varied throughout the cycle. In plots
synchronized with the mid-cycle LH surge, atresia
was maximal in early follicular, periovulatory, and
late luteal phases (Ross, 1978).

Concurrent with rapid growth of the follicle
destined to ovulate later in the cycle, blood OE2 and
17-0HP levels began to rise in the late follicular phase
and peaked prior to the mid-cycle LH and FSH
surges. Declining levels during the periovulatory
period were followed by rising levels during mid-
luteal phase. During the late luteal phase, OE2 levels
declined to values equal to or less than those seen
early in the follicular phase of the next cycle. Blood
levels of 17-OHP followed a similar course.

Progesterone levels rose progressively after the LH
surge, reaching a maximum by the 8th—10th day
after the LH peak. Thereafter, P levels gradually
declined coincident with those for OE2 or 17-OHP.

To elucidate significance of changes in peripheral
blood levels, sex steroid hormone concentrations have
been measured in the venous effluent from the

ovary containing the dominant follicle during the
follicular phase, from the ovary containing the corpus
luteum during the luteal phase, and from the contra¬
lateral ovaries at both times of the cycle in women
undergoing laparotomy for diseases unrelated to the
ovary (Mikhail, 1970; Baird and Fraser, 1975). Con¬
centrations of OE2, 17-OHP, and P were higher in
blood from the ovary containing the dominant follicle
during the late follicular phase, and from the ovary

containing the corpus luteum during the luteal phase.
Assuming that rate and volume of blood flow were
similar from the two ovaries, these data were con¬
sistent with the hypothesis that the dominant follicle
and the corpus luteum were the principal sources of
these sex steroid hormones during the follicular and
luteal phases, respectively. There is more direct
evidence that the dominant follicle is the principal
source of OE2 during the late follicular phase.
Destruction of the dominant follicle or removal of
the ovary containing it during middle to late follicular
phase was followed by a rapid decline in blood OE2
levels and failure of the preovulatory LH surge to
occur a few days later in rhesus monkeys (Goodman
et al., 1977). Furthermore, withdrawal bleeding
occurred in women following removal of the ovary
containing the dominant follicle. Collectively, the
data support the contention that the dominant
follicle makes a major contribution to rising blood
levels of OE2 during the second half of the follicular
phase of the cycle.

What is the relationship between gonadotropins
and ovarian OE2 synthesis? In hypophysectomized
female rats, the synthesis of OE2 has been shown to
require both FSH and LH (Lostroh and Johnson,
1966; Reiter et al., 1972). Thus, when fixed doses
of LH or HCG were given, the quantities of OE2
produced were proportionate to the log dose of FSH
administered. Conversely, when fixed doses of FSH
were given, OE2 production was proportionate to the
log dose of LH or HCG. Moreover, in both instances,
threshold doses of both gonadotropins were identified
below which OE2 synthesis was not apparent. Hence,
in the animal models, synthesis of OE2 required both
absolute and relative adequacy of FSH and LH.
Studies of subjects with gonadotropin deficiencies
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indicate that similar requirements exist for women.
In women with olfactogenital dysplasia who are hy-
pogonadotropic, histologic examination of ovarian
biopsies has shown that follicular maturation does
not progress normally until they are given exogenous
gonadotropins (Santen and Paulsen, 1973; Golden-
berg et ah, 1976). Furthermore, Pepperell et al.
(1974) have shown that urinary total estrogen excre¬
tion was proportionate to doses of FSH given for
ovulation induction in women with anovulatory
infertility so long as the FSH/LH ratio was in the
range of 0.5—1.5, and Bertrand et al. (1972) showed
that ovulatory response varied with the FSH/LH
ratio.

Additional indirect evidence of the necessity for
both FSH and LH in OE2 synthesis by human ovaries
can be adduced from the studies of McNatty et al.
(1975a and b, 1976 and 1978) on steroid hormone
levels in antral fluids from human ovaries and
follicles. Thus, OE2 levels were consistently below
the lower limits of detection in the antral fluid, which
contained no measurable FSH. In contrast, when
antral fluid contained both FSH and LH, OE2 levels
were elevated.

In stimulating OE2 synthesis, FSH has been shown
to induce aromatase activity while LH stimulates the
production of androstenedione and testosterone,
which serve as substrates for the enzyme in producing
estrogens. Either a deficiency of the enzyme (due to
deficient FSH) or of substrate (due to deficient LH)
might be rate-limiting in OE2 production. The cellular
sites of OE2 synthesis remain a matter of some con¬

troversy, but suffice it to say that only granulosa cells
from antral follicles have measurable receptors for
both FSH and LH.

Are pulsatile secretions relevant to ovarian OE2
secretion when basal levels of gonadotropins are
'normal'? In women with hyperprolactinemia and
amenorrhea, while blood levels of FSH and LH have
been said to be within the range of those seen during
the normal menstrual cycle, blood levels of OE2
are low (Jacobs et al., 1976). However, oscillations
in blood gonadotropin levels seen in normal women
were either dampened or obliterated in hyperprolac-
tinemic women (Bohnet et al., 1976). While the
question of whether blood gonadotropin levels rise
following bromocriptine therapy remains a matter of
controversy (Pepperell et al., 1977), it is clear that

oscillations resume concomitant with increased
ovarian OE2 production and resumption of follicle
growth and ovulation. In animal model systems,
magnitude of the response increases with the
frequency of administration of a given dose of LH,
suggesting that pulsatile secretion of LH might
enhance ovarian OE2 production by this mechanism.

Since the dominant follicle seems to be the prin¬
cipal source of OE2 during the second half of the
follicular phase of the cycle, quantities of OE2 in
peripheral blood and urine should be markers of
maturation of this follicle. Indeed, blood or urine
OE2 levels have been used to monitor follicle matura¬
tion during ovulation induction with gonadotropins
in women with ovulatory infertility (Tredway et al.,
1973).

In addition to serving as markers of follicle growth,
estrogens have been shown to stimulate growth and
prevent atresia of preantral follicles in hypophysec-
tomized immature female rats (Harman et al., 1975).
Indirect evidence suggests that estrogens may be
required to stimulate follicle growth in human ovaries
as well. In the syndrome of resistant ovaries described
by Seegar-Jones and de Moraes-Ruehsen (1969) and
Starup et al. (1971), the pathophysiologic basis for
failure of ovarian estrogen secretion is unknown. In
amenorrheic women with 17-hydroxylase deficiency,
inability to secrete estrogens is related to deficiency
of the enzyme (Biglieri et al., 1966; Mallin, 1969;
Lefebvre et al., 1971).

In both instances, follicle maturation fails to occur

despite high blood levels of gonadotropins, suggesting
that estrogens are required for gonadotropic stimula¬
tion of follicle growth. Difficulties in achieving high
intraovarian levels with exogenous estrogens have
prevented tests of this hypothesis.

None of the evidence considered to this point
accounts for the fact that while many follicles mature
during each cycle, usually only one ovulates and the
remainder undergo atresia. Several years ago, Harman
et al. (1975) showed that estrogens and perhaps
'other substances' altered proportions of normal and
atretic follicles resulting from gonadotropic stimula¬
tion. These observations led him to speculate that the
hormonal composition of the microenvironment of
individual follicles might determine whether a given
follicle ovulated or underwent atresia. Subsequent
studies by Louvet et al. (1975) suggested that
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androgens were one of the 'other substances' involved,
and showed that androgens stimulated atresia.

Mechanisms for controlling the hormonal milieu
follicle by follicle are implicit in this hypothesis. The
studies of McNatty and his colleagues (1975a and b,
1976 and 1978) provide data consistent with the
existence of such mechanisms. They compared the
hormonal composition of antral fluid from follicles
less than and greater than 8 mm in diameter, in speci¬
mens of normal ovarian tissue removed during laparo¬
tomies performed at various times throughout the
menstrual cycle. Concentrations of estrogens and
androgens in antral fluid were found to vary with
size of follicle, time in cycle, and antral fluid gonado¬
tropin levels. Moreover, trends in antral fluid hor¬
mone concentrations did not always follow those in
peripheral blood. Thus, in follicles greater than 8 mm
in diameter, FSH levels increased despite declining
blood FSH levels during the late follicular phase, and
antral fluid OE2 levels rose as levels in peripheral
blood rose. In contrast, in follicles less than 8 mm in
diameter, antral fluid FSH levels declined in concert
with blood FSH levels, but OE2 levels declined while
peripheral blood levels were rising. In summary, the
data showed that antral fluid steroid and gonado¬
tropin concentrations varied among follicles and dif¬
fered qualitatively from levels in peripheral blood,
and were thus consistent with the existence of
mechanisms for regulating intrafollicular hormone
concentrations.

When atresia has been correlated with hormonal

composition of antral fluid, androgens have pre¬
dominated in antral fluid from atretic follicles, while
estrogens and progestogens predominated in antral
fluid from non-atretic follicles of the same size in

sheep ovaries (Moor et al., 1978). In human ovaries,
McNatty (1978) identified two distinct populations
of follicles on the basis of steroid Irormone levels in
antral fluid. Androgens predominated in one, and
estrogens and progestogens predominated in the
other. Although the morphologic characteristics of
the two populations were not described, others have
shown that, for a few follicles at least, androgens
predominate in antral fluid from atretic follicles in
human ovaries (Edwards et al., 1972; Kemeter et al.,
1975; Fowler et al., 1977). Moreover, recently Mc¬
Natty (1978) has associated atresia with androgen-
dominant follicles and ovulation with estrogen-
dominant follicles.

Whether predominance of androgens in antral
fluid is only a 'marker' of atretic follicles or is the
cause of atresia remains to be determined for humans.
A cause—effect relationship has been established in
hypophysectomized immature female rats, where
androgens antagonized the effects of estrogens on

granulosa cell proliferation and stimulated atresia
(Hillier and Ross, 1979). However, preantral and
antral follicle growth, ovulation and corpus luteum
formation occurred, despite administration of an
androgen antagonist in doses sufficient to inhibit
measurable nuclear translocation of testosterone

(Zeleznik et al., 1977). These observations suggest
that a receptor-dependent role of androgens is facul¬
tative in processes leading to ovulation and corpus
luteum formation, consistent with reports of fertility
in mice with a genetic deficiency of androgen recep¬
tors.

Discussion

Results of studies on hormone levels in ovarian
and peripheral venous blood and in antral fluid from
ovarian follicles would appear to support the follow¬
ing concepts of hormonal regulation of follicle
growth, ovulation, and atresia in human ovaries:
(1) Normal progression of follicle maturation to the
point of ovulation requires stimulation with adequate
quantities of FSH and LH in appropriate proportions.
(2) Gonadotropins stimulate production of estrogens,
androgens and progestogens.
(3) The sex steroid hormones act locally to modulate
follicle growth and atresia.
(4) Mechanisms exist for regulating hormonal compo¬
sition of antral fluid in individual follicles.

(5) Hormonal composition of antral fluid either indi¬
cates or determines the fate of individual follicles.

It is noteworthy that none of these is inconsistent
with conclusions drawn from the study of animal
model systems.
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Hormonal regulation of preovulatory follicle maturation
in the rat

S. G. Hillier*, A. J. Zeleznik|, R. A. Knazek and G. T. Ross
National Institutes ofHealth, Bethesda, Maryland 20014, U.S.A.

Summary. Oestrogen-priming of the hypophysectomized immature female rat
promotes preantral follicle development in the absence of endogenous gonado-
trophins and such an animal is useful for study of the intraovarian glyco¬
protein-steroidal hormone interactions which underlie morphological and functional
development of the ovarian follicle. The present report identifies in vitro the
functional characteristics (gonadotrophin binding and steroidogenesis) of granulosa
cells harvested at different stages of follicular maturity following treatment with
exogenous hormones in vivo. Preovulatory follicle maturation, induced by FSH, has
been studied up until antrum formation and the acquisition by granulosa cells of the
ability to respond directly to LH or hCG. Before the increases in available granulosa
cell membrane LH/hCG receptors associated with the formation of follicular antra,
effects of hCG or other hormones with interstitial cell stimulating activity are
mediated via interactions with cells outside the lamina basalis. In-vivo studies with

oestrogen-primed hypophysectomized immature rats indicate that androgens
secreted by LH/hCG-stimulated thecal and/or interstitial cells may act directly on
the preantral follicle to promote atresia. However, in-vitro studies have shown a

stimulatory effect of androgen on FSH-responsive progesterone secretion by
granulosa cells isolated from preantral follicles. These effects, if shown to operate
within the ovary during the normal cycle, need not be mutually exclusive because
FSH stimulation of granulosa cells in vivo may be a major determinant of follicular
responses to androgen. The increase in follicle size and antrum formation
accompanying FSH treatment in vivo are associated with (i) increases in the
steroidogenic potential of isolated granulosa cells; (ii) the induction of granulosa cell
LH/hCG receptors and of steroidogenic responsivity to hCG; and (iii) stimulation of
granulosa cell aromatase activity. These observations highlight the critical role of
FSH in the organization of preovulatory follicular morphology and function.

Introduction

During successive oestrous cycles, in the ovary of the rat a few well advanced preantral follicles
undergo the final stages of maturation, culminating in antrum formation and the ability to
respond to the ovulatory surge of LH. Granulosa cell differentiation during this period is
characterized by intracellular modifications leading to increased steroidogenesis and by an
increase in the number of available cell membrane LH receptors. While FSH plays a major role
in these changes, several studies attest to the importance of intraovarian oestrogens acting
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locally to regulate follicular responses to gonadotrophins (e.g. Pencharz, 1940; Williams, 1940;
Smith & Bradbury, 1963). Studies with hypophysectomized immature female rats given graded
doses of diethylstilboestrol showed that oestrogen stimulated ovarian weight and that this
response was the product of a reduction in follicular atresia and a concomitant stimulation of
preantral follicle growth (Payne & Hellbaum, 1955). Goldenberg, Vaitukaitis & Ross (1972)
showed a synergistic effect on ovarian weight when graded doses of FSH were administered
following 2-4 days of diethylstilboestrol. In contrast to the predominance of large preantral
follicles in ovaries of animals receiving diethylstilboestrol alone, numerous antral follicles were
present following treatment with both hormones. The mechanism through which oestrogen
exerted this effect entailed increased ovarian uptake of labelled FSH (Goldenberg et al., 1972).
Granulosa cells contain cytosolic and nuclear receptors for oestrogen (Richards & Midgley,
1976) and are thought to be the exclusive site of FSH receptors in the ovary (Zeleznik, Midgley
& Reichert, 1974). An analysis of FSH receptor numbers per ovary and per granulosa cell from
ovaries removed before and after treatment of hypophysectomized immature rats with graded
doses of oestrogen revealed that oestrogens acted to increase FSH receptor activity principally
by stimulation of granulosa cell proliferation (Louvet & Vaitukaitis, 1976).

Between 4 and 6 days after hypophysectomy and initiating treatment with oestrogen (at 21
days of age) the ovaries of oestrogen-primed immature rats contain a relatively homogeneous
population of solid preantral follicles with multiple granulosa cell layers (PI. 1, Fig. 1). Most of
these follicles are greater than 200 pm in diameter (Louvet, Harman, Schreiber & Ross. 1975b)
but rarely exceed 400 pm (Erickson & Hsueh, 1978). In the intact cyclic adult the Graafian
follicles that will ovulate during the next oestrus develop from the preantral follicles which fall
within this size range at the beginning of a normal cycle (Lane & Davis, 1939; Boling, Blandau,
Soderwell & Young, 1941; Pederson, 1970). Moreover, there is evidence that between the onset
of oestrus and ovulation it is the follicles within this category (250-349 pm) that are increasingly
involved in the processes of atresia and degeneration (Mandl & Zuckerman, 1952). In view of
these considerations, a systematic appraisal of the gonadotrophic and steroidal hormone
interactions associated with the processes of antrum formation and atresia in the follicles of
oestrogen-primed ovaries of hypophysectomized rats may provide information relevant to the
events which take place during preovulatory follicle maturation. Similar studies with intact cyclic
animals suffer from the constraints imposed by steroid hormones feeding back on pituitary
gonadotrophin secretion.

In the present report, we summarize and discuss major hormonal interactions which underlie
altered follicular morphology and granulosa cell function in the ovaries of oestrogen-primed
hypophysectomized immature rats.

Studies pertaining to the role of LH in preovulatory follicle maturation

Human chorionic gonadotrophin (hCG) has been used instead of LH in these studies because it
binds to the same receptors as LH, is available in a highly purified form and is more stable than
LH after radioiodination. All the experiments refer to rats hypophysectomized at 21 days of age.

In preantral follicles, LH binds to and acts specifically on thecal and interstitial cells
(Zeleznik et al., 1974), but does not bind to the granulosa cells (Channing & Kammerman,
1973; Lee, 1976; Stouffer, Tyrey & Schomberg, 1976; Hillier, Zeleznik & Ross, 1978).

Treatment of hypophysectomized immature females with oestrogen significantly increases
the weight of the ovaries, but administration of hCG to such animals inhibits the
oestrogen-stimulated ovarian weight gain (Louvet, Harman & Ross, 1975a; Louvet et al.,
1975b); maximal inhibition is induced by a dose of 0-3 mi.u. per animal (Text-fig. 1). Since the
effect was specific for hCG and human LH and could not be reproduced by treatment with an
FSH preparation devoid of significant interstitial cell-stimulating activity, it was suggested that
gonadotrophic stimulation of ovarian thecal and/or interstitial tissue mediated this response.
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Histological studies revealed that the reduction in ovarian weight induced by low doses of hCG
was accompanied by interstitial cell stimulation, a reduction in follicle size, and a marked
increase in the incidence of follicular atresia. Since co-administration of specific chemical or
biological antagonists of androgen action reversed the last two effects of hCG, it was suggested
that androgens secreted by interstitial and/or thecal cells in response to hCG act locally to
inhibit the effect of oestrogen on follicle growth (Louvet et al., 1975b). More recent experiments
demonstrated the anti-oestrogenic action of testosterone directly, showing both time- and
dose-dependent reductions in oestrogen-stimulated ovarian weight (Text-fig. 1) and promotion of
follicular atresia (Hillier & Ross, 1979).
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Text-fig. 1. Effects of (a) hCG and (b) testosterone on ovarian weight in oestrogen-primed
hypophysectomized rats. Mean paired ovarian weight (± 1 s.e.m.) at 27 days of age is plotted as
a function of the total dose of hormone/animal, administered as twice daily s.c. injections during
the 4 days before death. Hypophysectomy and s.c. placement of a 1 cm Silastic capsule
containing diethylstilboestrol was performed at 21 days of age. Data from Louvet et al. (1975b)
and Hillier & Ross (1979).

Consistent with the aforementioned finding that granulosa cells from oestrogen-primed
hypophysectomized rats had a limited ability to bind 125I-labelled hCG, the addition of hCG
(10-1000 mi.u./ml) to granulosa cell culture medium had no effect on progesterone secretion by
these cells (Hillier, Knazek & Ross, 1978). On the other hand, the addition of testosterone or

5a-dihydrotestosterone (but not oestradiol or diethylstilboestrol) to the culture medium resulted
in dose- and time-dependent increases in progesterone production (Lucky, Schreiber, Hillier,
Schulman & Ross, 1977). This effect (Text-fig. 2) was inhibited in the presence of the
non-steroidal antiandrogen, SCH-16423 (Hillier et al., 1977), a derivative of flutamide which
inhibits ovarian nuclear uptake of tritiated testosterone in vivo (Zeleznik, Hillier & Ross, 1979),
presumably by inhibiting the nuclear translocation of cytoplasmic testosterone-receptor
complexes within granulosa cells (Schreiber & Ross, 1976). Androgen has also been shown to
stimulate progestagen production by cultured granulosa cells from mature antral follicles of
cyclic rats and pigs (Nimrod & Lindner, 1976; Schomberg, Stouffer & Tyrey, 1976). The ability
to secrete progestagens and respond in this fashion to androgens in vitro may therefore represent
a biochemical characteristic of the preantral granulosa cell which is retained throughout
preovulatory follicle maturation in vivo.
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Testosterone (m)

Text-fig. 2. Dose- and time-dependency of testosterone-stimulated progesterone production by
granulosa cells from the preantral follicles of oestrogen-primed hypophysectomized rats.
Granulosa cells were taken from 27-day-old animals which were hypophysectomized and
received (s.c.) a 1 cm Silastic implant containing diethylstilboestrol at 21 days of age. Each value
represents the mean +1 s.e.m. of determinations on 4 replicate cultures. Data from Hillier et al.
(1977).

The potential interactions between androgens and FSH during the stimulation of
steroidogenesis are of importance. In contrast to our own findings, Armstrong & Dorrington
(1976) reported that granulosa cells isolated from preantral follicles in oestrogen-primed
hypophysectomized rats produced "minimal" amounts of progesterone regardless of whether
androgen was present in the culture medium. However, incubations in the presence of FSH
stimulated progesterone production and this effect was augmented when testosterone or
5a-dihydrotestosterone was included with FSH in the culture medium. We have re-examined this
interaction and the results (Text-fig. 3) confirm that testosterone and FSH have independent
stimulatory effects on progesterone production during a 48 h period of culture (approximately
5-fold and 16-fold, respectively, in the experiment shown), whereas co-incubations in the
presence of both hormones elicit a synergistic response (94-fold relative to controls). In addition
we found that the stimulatory and synergistic effects of testosterone were inhibited in the
presence of the specific antiandrogen, SCH-16423, thereby emphasizing the specificity of the
response to testosterone. These data suggest that this highly specific response to androgen may
be important because of the augmentation of steroidogenesis induced by FSH rather than the
induction of steroidogenesis per se.

The foregoing observations prompt the following speculations. The degree to which
granulosa cells in preantral follicles have been or are being exposed to FSH may be a major
determinant of the follicular response to androgens of thecal and/or interstitial cell origin.
Inadequate exposure may encourage an atretic response to androgen while appropriate
stimulation with FSH may facilitate enhanced sensitivity of androgen-responsive steroido-
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Text-fig. 3. Interaction between testosterone- and FSH-responsive progesterone secretion by
granulosa cells isolated from the ovaries of 27-day-old oestrogen-primed hypophysectomized
rats which were hypophysectomized and received (s.c.) a 1 cm Silastic capsule containing
diethylstilboestrol at 21 days of age. The additions to the medium were nothing or various
combinations of 10"7 M-testosterone (T), 100 ng hFSH (LER-8/116)/ml and 10~5 M-
SCH-16423 (a-a-a-trifluoro-2-methyl-4'-nitro-m-lactotoluidide). Each value represents the mean
+1 s.e.m. of determinations on 4 replicate cultures. See Hillier et al. (1977) for methods.

genesis. Concomitant increases in the activity of granulosa cell aromatase enzyme(s) (see later)
would also serve to increase the metabolism of aromatizable androgens to oestrogens, and
thereby protect the follicle from the atretic effect of androgen. Although recent studies in vitro
with isolated and recombined thecal and granulosa cells from preovulatory follicles suggest that
an interaction between follicular granulosa cells and theca may be operational during
FSH-stimulated progesterone synthesis (Makris & Ryan, 1977), definitive evidence for either the
atretic action or the steroidogenic action of androgen constituting a physiologically operational
mechanism during normal cyclic follicle maturation is lacking.

Studies pertaining to the role of FSH in preovulatory follicle maturation

In the rat ovary FSH receptors are located exclusively on granulosa cells (Zeleznik et al., 1974).
The importance of local effects of ovarian oestrogens to follicular responses elicited by FSH was
indicated earlier (see above). FSH plays a central role in the induction of granulosa cell
steroidogenesis and the increased number of available LH receptors which characterize the
advanced stages of granulosa cell differentiation during preovulatory follicle maturation in the
cyclic adult. Classical morphological correlates of FSH stimulation during this period are
increased follicle size and the development of follicular antra: each of these effects have been
observed after treatment of oestrogen-primed hypophysectomized rats with exogenous FSH (PI.
1, Fig. 2).

Although molecular mechanisms underlying antrum formation remain obscure (Zachariae,
1959) studies with oestrogen-primed hypophysectomized rats have revealed a dose-dependent
stimulation of 35S04 incorporation into ovarian proteoglycans by FSH in vivo (Mueller et al.,
1978). Isolated granulosa cells in tissue culture were also able to secrete proteoglycans and to
respond directly to exogenous FSH with an increase in 35S04 incorporation.
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Gonadotrophin-induced steroidogenesis in follicular cells is mediated by increases in the
intracellular concentration of 3',5'-cAMP which is thought to initiate a complex sequence of
subcellular biochemical events which culminate in the induction or activation of one or more of
the rate-limiting enzymic steps in steroidogenesis (Kolena & Channing, 1972; Marsh, 1976).
Granulosa cells obtained from the preantral follicles of oestrogen-primed hypophysectomized
rats contain a membrane-associated FSH-sensitive adenylate cyclase system and progesterone
secretion by these cells is stimulated by FSH in vitro (Text-fig. 4; Hillier et al., 1978).
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Text-fig. 4. Relationship between membrane-associated FSH-sensitive adenylate cyclase activity
in (•) and progesterone secretion by (O) granulosa cells isolated from the preantral follicles of
27-day-old oestrogen-primed hypophysectomized rats. The animals were hypophysectomized
and received (s.c.) a 1 cm Silastic capsule containing diethylstilboestrol at 21 days of age.
Adenylate cyclase activities in a crude membrane fraction were determined by the procedure of
Salomon, Londos & Rodbell (1974) but with a 10 min reaction sequence. Progesterone
production represents the accumulation of immunoreactive progesterone in culture medium
during a 48 h incubation of cell suspensions. The responses (mean of triplicate incubations) are
shown as a function of hFSH concentration. The hFSH preparation used (LER-8/116)
contained approximately 900 i.u. FSH and 6 i.u. LH/mg. Calculation of the molar concentration
of hFSH was made assuming the biological activity of 'pure' FSH to be 4000 i.u./mg and the
mol. wt to be 35 000. The half-maximal value of both responses (indicated by the broken lines)
was elicited by the same concentration of FSH (5-3 x ICE10 M 'pure' hFSH; i.e. 82-4 ng LER
8/116 ml). Data from Hillier et al. (1978).

Direct evidence for the importance of FSH in the induction of granulosa cell steroidogenesis
during the course of antrum formation was adduced from studies of granulosa cells collected
after treatment with exogenous FSH (Table 1). In these experiments suspensions of granulosa
cells isolated from control animals (injected with saline) did not produce measurable amounts of
progesterone (<0-8 pg/pg cell protein) during 90 and 240 min incubations, even when hFSH or
dibutyryl cAMP were added to the culture medium at concentrations known to stimulate
steroidogenesis during longer incubations. On the other hand, treatment with FSH for 24 h
before removal of the granulosa cells (sufficient to stimulate early antrum formation as shown in
PI. 1, Fig. 2) led to readily detectable basal secretion of progesterone (no additions to culture
medium) which was stimulated 3-4- and 1-6-fold after 240 min in the presence of FSH and
dibutyryl cAMP, respectively. Short-term incubations of whole follicles gave similar results
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Table 1. Effect of FSH treatment in vivo on early basal, FSH- and dibutyryl cAMP-
responsive progesterone production (mean ± s.e.m. for 3 determinations) by isolated

rat granulosa cells

Progesterone production (pg/gg cell protein)

Treatment in vivo Addition to culture medium 1-5 h 4 h

Saline None ND ND
hFSH ND ND

dbcAMP ND ND
oFSH (24 h) None 48-7 ± 3-6 59-3 + 6-4

hFSH 67-3 ± 16-1 201-9 + 20-0
dbcAMP 42-7 ± 4-5 94-6 + 12-5

Granulosa cell suspensions were prepared from the ovaries of 27-day-old oestrogen-primed
hypophysectomized immature rats receiving s.c. injections of saline or 100 gg oFSH in saline
at 24 and 12 h before death. The accumulation of immunoreactive progesterone in culture medium
was determined following 1-5 and 4 h of incubation in medium containing no additions and
containing 500 ng hFSH (LER-8/116)/ml or 1 mM-dibutyryl cAMP (dbcAMP). See Hillier
et at. (1978) for Methods. ND = not detectable (<0-8 pg/gg cell protein).

(Zeleznik, Keyes, Menon, Midgley & Reichert, 1977). FSH-sensitive adenylate cyclase
activities in granulosa cell membranes from control and FSH-treated animals are alike
(Hillier et al., 1978). Thus the action of FSH on steroidogenesis is mediated by the activation
or sensitization of a biochemical step(s) located distally to the primary membrane effector
interaction and the locus of cAMP production (Hillier et al., 1978). Histochemical studies
of steroidogenic enzymes in the ovaries of adult rats during the oestrous cycle suggest
that 3p-hydroxysteroid dehydrogenase activity in the granulosa cells of maturing follicles
increases as the cycle proceeds, becoming apparent in some of the larger growing follicles on the
2nd day of dioestrus and increasing markedly by pro-oestrus (Pupkin, Bratt, Weisz, Lloyd &
Balogh, 1966). Moreover, Zeleznik et al. (1974), also using histochemistry, reported that
granulosa cell 3(3-hydroxysteroid dehydrogenase activity and antrum formation was stimulated
following the treatment of immature rats with FSH. Collectively, these observations imply that
FSH may be responsible for the induction or activation of one or more of the major rate-limiting
steroidogenic enzymes present in the granulosa cells of preovulatory follicles.

The increased steroidogenic capacity which granulosa cells acquire during preovulatory
follicle maturation in the cyclic mammal is associated with an increased ability to bind
125I-labelled hCG (Channing & Ledwitz-Rigby, 1975). Granulosa cells harvested from large
preovulatory follicles undergo morphological 'luteinization' when placed into culture and basal
levels of progestagen secretion are substantial. Progestagen secretion is further increased when
LH or hCG are included in the culture medium (Channing, 1970).

The critical role of FSH in the induction of granulosa cell LH/hCG receptors was illustrated
by the studies of Zeleznik et al. (1974) showing that binding of 125I-labelled hCG to the
granulosa cells of immature rat ovaries was markedly stimulated after treatment with rat FSH in
vivo for 2 days. An examination of the relationship between FSH-induced LH/hCG receptors
and the steroidogenic capacity of granulosa cells of oestrogen-primed hypophysectomized rats
showed that early antrum formation following treatment with FSH for 24 h was associated with
marked increases in both steroidogenic potential and binding of 125I-labelled hCG in vitro
(Hillier et al., 1978). The 9-fold increase in hCG binding induced by FSH treatment in vivo was
shown to reflect the acquisition of functional LH/hCG receptors since it was accompanied by
the ability of isolated granulosa cells to respond to low concentrations of hCG with striking
increases in progesterone production (Text-fig. 5).

Oestrogens are clearly important for the early stages of normal follicular development and
facilitating follicular responses elicited by FSH. Although the primary cellular source of
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Text-fig. 5. Effect of FSH treatment in vivo on basal (▲), FSH (•, LER 8/116) and hCG
(O. CR-119)-responsive progesterone secretion in vitro by granulosa cells from the ovaries of
27-day-old oestrogen-primed hypophysectomized rats. Cell suspensions were prepared
(approximately 106 cells/ml) from the ovaries of animals receiving s.c. injections of (a) saline
(9 g NaCl/1) or (b) 100 pg oFSH (LER-1698) in saline at 24 and 12 h before death. Values are
the mean of triplicate incubations; with one exception the s.e.m. at each point was less than 10%.
Specific binding of l25I-labelled hCG, determined on freshly isolated cells (mean c.p.m. bound x
10~3/mg cell protein + s.e.m.), was 0-45 ± 0-4 (saline in vivo) versus 3-9 ± 1-0 (24 h FSH in
vivo). Data from Hillier et al. (1978).

oestrogen in the ovarian follicle has yet to be identified, preovulatory Graafian follicles are
considered to be responsible for the large quantities of oestrogens secreted by the ovary into the
peripheral circulation during oestrus (Baird & Fraser, 1975; Makris & Ryan, 1975). The
classical experiments of Falck (1959) led to the conclusion that both theca and granulosa cells
were required for ovarian oestrogen synthesis. Support for this hypothesis was provided by
experiments in which intraovarian and peripheral blood levels of oestradiol were measured in
hypophysectomized immature rats given androgens and FSH. Armstrong & Papkoff (1976)
showed that ovarian and peripheral blood oestradiol levels were elevated when graded doses of
testosterone were followed with a fixed dose of FSH, but no such increments were found when
5a-dihydrotestosterone (a non-aromatizable androgen) was given with the FSH. These results
suggested that LH and hCG enhance ovarian synthesis of androgen which is aromatized to
oestrogens. Experiments with tissue isolated from follicles of rats in pro-oestrus have confirmed
that theca but not granulosa cells secrete aromatizable androgen and that this response is
stimulated by LH in vitro (Fortune & Armstrong, 1977). In addition, Dorrington, Moon &
Armstrong (1975) showed that FSH stimulated the secretion of oestradiol when granulosa cells
from preantral follicles were incubated with testosterone, further suggesting that FSH stimulates
aromatase activity in granulosa cells which can then convert androgens secreted by cells outside
the lamina basalis into oestrogens.

Substantial increases in granulosa cell aromatase activity accompany preovulatory follicular
development during the normal oestrous cycle: the highest activity is associated with mature
Graafian follicles on the day of pro-oestrus (Hillier, van den Boogaard, Reichert & van Hall,
1980). The relationship between FSH-induced follicular maturation and granulosa cell
aromatase activity in oestrogen-primed hypophysectomized rats was established as follows.
Granulosa cell suspensions were prepared from the ovaries of animals treated with saline
(controls) or treated with FSH for 12 and 24 h respectively before death. Replicate aliquots of



PLATE 1

Fig. I. Preantral follicular morphology in the ovary of a 27-day-old oestrogen-primed
hypophysectomized immature rat. Hypophysectomy and subcutaneous implantation of a 1 cm
Silastic capsule containing diethylstilboestrol was performed at 21 days of age. H & E, x220.
Fig. 2. Early antrum formation following treatment as above plus a subcutaneous injection of
100 gg ovine FSH (LER-1698) in saline administered 24 and 12 h before death at 27 days of
age. H & E, x220.

(Facing p. 226)
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each cell suspension were incubated for 48 h in culture medium containing no additions
(controls), testosterone (10~7 m), human FSH (100 ng/ml) or a mixture of the two hormones. At
the end of the incubation the concentration of immunoassayable oestradiol in spent culture
medium was determined. The results (Text-fig. 6) show that early stages of antrum formation
induced by 24 h of treatment with FSH (PI. 1, Fig. 2) are associated with dramatic increases in
the ability of isolated granulosa cells to aromatize testosterone. Under the experimental
conditions employed, the concentration of testosterone, rather than FSH, added to the culture
medium appeared to be the rate-limiting factor. However, the limited conversion of testosterone
to oestradiol by cells from the control group (preantral follicles) was stimulated approximately
3-fold in the presence of FSH in vitro. The intermediate period of FSH treatment in vivo (12 h)
resulted in a 5-fold increase in oestradiol accumulation in the presence of testosterone alone
(relative to cells isolated from saline-treated controls) and was further increased 1-5-fold when
FSH was included in the culture medium. In similar experiments with oestrogen-primed
hypophysectomized rats, Erickson & Hsueh (1978) observed that after 48 h of FSH treatment
(when follicular morphology was similar to that of preovulatory follicles of adult animals on the
morning of pro-oestrus) granulosa cell aromatase activities had increased to levels which were

comparable to those observed for granulosa cells isolated from the fully mature Graafian follicles
of cyclic adults.

hFSH — — + + — — + + — — + +

Text-fig. 6. Effect of FSH-treatment in vivo on isolated granulosa cell aromatase activity.
Granulosa cell suspensions were prepared from the ovaries of 27-day-old oestrogen-primed
hypophysectomized rats injected with saline (9 g NaCl/1) or 100 pg oFSH (LER-1698) in saline
at 12 h or 24 and 12 h before death. Additions to the culture medium were none or combinations
of 10~7 M-testosterone (T) and 500 ng hFSH (LER-8/116)/ml. Each value represents the
mean + 1 s.e.m. of determinations on triplicate incubations. See Hillier et al. (1978) for methods.

The induction of granulosa cell aromatase activity would seem, therefore, to constitute a
further functional correlate of FSH acting during the course of normal preovulatory follicle
maturation.

We thank Dr Leo E. Reichert, Jr, Department of Biochemistry, Albany Medical College,
N.Y., for generous provision of ovine and human FSH preparations. The antiandrogen SCH-
16423 was a gift from Dr Rudolph O. Neri, Schering Corporation, Bloomfield, New Jersey.
The work and writing was done while S.G.H. was a Visiting Fellow of the Fogarty International
Center, NIH, Bethesda, U.S.A.
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summary

Locally produced androgens and oestrogens are thought to be important factors in the
hormonal regulation of follicular development. In the present study the relationship between
follicular maturity and granulosa cell aromatase activity has been examined in vitro.
Granulosa cells harvested from the largest antral follicles in adult rat ovaries produced
negligible amounts of immunoreactive oestradiol when incubated for 3 h in vitro irrespective
of the day of the oestrous cycle upon which they were obtained. However, the addition of
aromatizable C19 steroid substrate (testosterone, androstenedione or 19-hydroxyandro-
stenedione) to the incubation medium resulted in time- and concentration-dependent
increases in oestradiol production which were related to the level of follicular maturity
attained in vivo. By measuring oestradiol production using testosterone (10"7 mol/1) as
substrate, the aromatase activity of granulosa cells obtained on the first day of vaginal
dioestrus was shown to be only a fraction (less than 5%) of that observed for cells obtained
on the morning of pro-oestrus. Cells obtained on the second day of dioestrus displayed an
intermediate level of activity which remained approximately five times lower than that of
granulosa cells at pro-oestrus. These observations, therefore, establish the induction or
activation of granulosa cell aromatase activity as a correlate of normal preovulatory
follicular development. However, intrafollicular androgen/oestrogen ratios may also be
influenced by quantitative and/or qualitative alterations in the C19 steroidal substrate
available for the aromatase reaction. Thus, the naturally occurring non-aromatizable 5a-
reduced androgen metabolites, 5a-dihydrotestosterone and 5a-androstanedione, proved to
be potent competitive inhibitors of the granulosa cell aromatase reaction in vitro. In this
respect each of these biologically active androgens was more effective than 1-ene-
testololactone, an established C19 steroidal aromatase inhibitor. Since C19 steroid 5a-
reductase is known to be an ovarian enzyme, it is suggested that by affecting the
androgenic/oestrogenic composition of the hormonal milieu, local alterations in the activity
of this enzyme may be an additional determinant ofpreovulatory follicular development and
function.

introduction

Physiologically significant effects on follicular development have been ascribed to intra-
ovarian androgens and oestrogens produced in response to gonadotrophin stimulation
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(Ross & Hillier, 1979). In hypophysectomized sexually immature female rats, oestrogen has
been shown to stimulate granulosa cell proliferation, reduce atresia (Payne & Hellbaum,
1955), stimulate ovarian uptake of follicle-stimulating hormone (FSH) (Goldenberg,
Vaitukaitis & Ross, 1972) and participate in luteinizing hormone (LH) receptor induction
(Richards & Midgley, 1976). On the other hand, androgen produced endogenously or
administered systemically inhibits the stimulatory effect of oestrogen on follicular growth
and promotes preantral follicular atresia (Louvet, Harman, Schreiber & Ross, 1975; Hillier
& Ross, 1979). Thus, the activity of ovarian aromatase enzyme(s) which regulates the
biosynthesis of oestrogens from androgenic precursors may constitute a critical element in
the intraovarian control of follicular maturation.
The present study was undertaken (i) to determine the relationship between granulosa cell

aromatase activity and preovulatory follicular development during the rat oestrous cycle,
and (ii) to examine the influence of biologically active non-aromatizable androgens on the
granulosa cell aromatase reaction in vitro.

MATERIALS AND METHODS

Experimental animals
Adult female rats were from the Wistar-derived colony maintained in the Department of
Pharmacology (Sylvius Laboratory) at the Medical Centre, Leiden. The animal quarters
were illuminated from 05.00 to 19.00 h. Vaginal smears were taken daily and only animals
showing at least two consecutive 4 or 5 day cycles were used.

Reagents
The incubation medium employed was Medium 199 containing Earle's salts, 25 mM-JV-2-
hydroxyethylpiperazine-V-2-ethanesulphonic acid (HEPES) buffer and 100 mg L-
glutamine/1 (Microbiological Associates, Bethesda, Maryland, U.S.A.) supplemented
before use with 01% bovine serum albumin (BSA) fraction V (Fluka AG, Switzerland).
5a-Androstane-3,17-dione (5a-androstanedione) and androsta-l,4,6-triene-3,17-dione

(ATD) were denoted by Dr J. T. M. Vreeburg of Erasmus University, Rotterdam,
The Netherlands. 17a-Oxo-D-homo-androsta-l,4-diene-3,17-dione (1-ene-testololactone;
Teslac) was from E. R. Squibb & Sons Incorporated, Princeton, New Jersey, U.S.A. All
other unlabelled steroids were obtained from the Sigma Chemical Co., St Louis, Missouri,
U.S.A.
[2,4,6,7(n)-3H]Oestradiol (sp. act. 104 Ci/mmol) was purchased from The Radiochemical

Centre, Amersham, Bucks. Radiochemical purity was checked by Sephadex LH-20 column
chromatography.
The gonadotrophic hormone preparations used in this study were human FSH LER-

8/116 (containing 900 i.u. FSH/mg and 6 i.u. LH/mg) and human chorionic gonadotrophin
(HCG) CR-119 (13 450 i.u./mg).

Isolation ofgranulosa cells
Animals were killed by cervical dislocation between 10.00 and 13.00 h. The ovaries were
removed, dissected free from the bursa and connective tissue, and combined in chilled
incubation medium. All subsequent manipulations were performed under a zoom-
stereomicroscope fitted with an ocular micrometer. The largest follicles were gently teased
from each ovary with microforceps and combined in fresh incubation medium. Granulosa
cells were expressed from individual follicles using a small lancet to pierce the theca as the
follicle was clasped with forceps. The remaining fragment of follicular tissue was discarded.
When all the follicles had been processed the granulosa cells were collected, sedimented by
centrifugation at room temperature (5 min at 700 g) and resuspended in fresh incubation
medium at a concentration of approximately 0-4 x 106 cells/ml. The exact cell concentration
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was determined with a haemocytometer. Cell viability, checked by trypan blue dye exclusion,
was ^ 50%. Follicles obtained from animals on the first day ofvaginal dioestrus (dioestrus I)
were between 500 and 600 pm in diameter and yielded an average of 0-69 x 105 cells/follicle
(115 follicles). Those obtained on the second day of vaginal dioestrus (dioestrus II) were
between 600 and 800 pm in diameter and yielded an average of 1 08 x 10s cells/follicle (97
follicles). Follicles obtained on the day of vaginal pro-oestrus were studied in greatest detail.
At this time the largest follicles ranged between 700 and 1000 pm in diameter (mean±s.d.,
870-3 + 96-6; n = 32) and provided an average yield of 1 -82 x 105+0-29 x 105 cells/follicle
(data from 11 experiments).

Incubations

Replicate portions of the granulosa cell suspension (500 pi) were transferred by pipette into a
series of 17 x 100 mm polystyrene test-tubes (Falcon 2052) containing an additional 500 pi
medium to which steroidal and/or protein hormones had previously been added according
to the experimental protocol. When possible all treatments were performed in triplicate.
Incubation for 3 h at 37 °C was carried out under an atmosphere of 95% air : 5% C02 in a
shaking water bath set at 120 oscillations/min. At the end of this period the cells were
sedimented by centrifugation and the medium was decanted for storage at —20 °C to await
the determination of oestradiol content as outlined below.

Oestradiol radioimmunoassay
Oestradiol concentrations were determined by radioimmunoassay using a rabbit anti-
oestradiol-6-(0-carboxymethyl)oximino-BSA serum (Hillier, 1974). This antiserum, selec¬
ted because of its extremely high specificity and affinity for oestradiol, cross-reacted (as
defined by Abraham, 1969) at a level of 2-3% with oestrone and less than 0-005% with all C19
and C21 steroids used in this study (oestradiol = 100%). The determinations were carried
out on unextracted medium as follows: authentic standard (0-500 pg oestradiol/assay tube)
and unknown sample portions (25-200 pi) were adjusted to a constant volume (200 pi) with
fresh incubation medium before the addition of 300 pi antibody diluted in assay buffer
(0-01 m-phosphate-buffered saline containing 0-1 % gelatin, pH 7-4). After preincubation for
30 min at room temperature, approximately 25 000 disintegrations [3H]oestradiol/min in
500 pi assay buffer were added and the incubation was continued for 2-24 h at 4 °C (final
antibody dilution 1 : 50 000). The dextran-coated charcoal suspension (200 pi) used for
separation of antibody-bound and free steroid contained 1 -25% charcoal and 0-125%
dextran T-70 (Pharmacia, Uppsala, Sweden). Radioactivity was determined in a Packard
Tri-Carb liquid scintillation spectrometer employing Pico-Fluor 15 scintillation cocktail
(Packard-Becker B.V., Delft, The Netherlands).
The reliability of this procedure was assessed from the results of repeated measurements of

oestradiol in medium collected following 3 h of incubation of granulosa cells (obtained from
pro-oestrous follicles) in the presence of 10"7 m-testosterone. Quadruplicate estimates of
oestradiol in pooled medium at three different doses (25, 50 and 100 pi) gave mean (±s.d.)
oestradiol values of 1-64 + 0-05, 1-70 + 0-03 and 1-79 + 0-07 ng/ml respectively. The oes¬
tradiol value obtained after extraction and chromatographic separation of oestradiol from
the same specimen was 1-71 ng/ml. The intra-assay precision, obtained from the results of
duplicate determinations on 18 different samples, was approximately 4% (coefficient of
variation) with a sensitivity (twice the s.d. of replicate estimates of zero concentration) of
3 pg oestradiol/tube.

Data analysis
Oestradiol concentrations in incubation medium are given as ng/106 cells per 3 h. Analysis of
variance in conjunction with the Newman and Keuls test (De Jonge, 1963) was used to
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compute the confidence limits of the observed differences between mean values for various
treatment groups. The level of significance was set at P<005.
The strict definition of 'aromatase activity' as employed here is the concentration of

oestradiol accumulating in medium during 3 h of incubation in the presence of 10"7 M-
testosterone minus the concentration of oestradiol accumulating during the corresponding
incubation in the absence of exogenous testosterone.

results

Substrate requirements for granulosa cell oestradiol synthesis in vitro
Irrespective of the stage of the oestrous cycle at which granulosa cells were isolated,
incubation in medium devoid of exogenous C19 steroid resulted in negligible amounts of
oestradiol production. The low level of steroid accumulating in incubation medium under
such conditions (0 081 +0 016 (s.e.m.) ng oestradiol/106 cells per 3 h;from nine experiments
using pro-oestrous granulosa cells) generally reflected the endogenous oestradiol content of
freshly prepared cell suspensions and was not stimulated by human FSH (0-18 i.u./ml) or
HCG (0-2 i.u./ml).

Fig. 1. Dose-response relationship between the concentration of testosterone (•), androstenedione (O)
and 19-hydroxyandrostenedione (□) added to the incubation medium and the production ofoestradiol by
granulosa cells isolated from the largest follicles in rat ovaries on the morning of vaginal pro-oestrus.
Oestradiol accumulation during 3 h of incubation (0-25 x 106 cells/tube) is shown as the mean value from
duplicate incubations at each point.

The addition of testosterone, androstenedione or 19-hydroxyandrostenedione to the
incubation medium resulted in concentration-dependent increments in oestradiol produc¬
tion (Fig. 1). Fifty per centmaximal responses were observed in the presence of4-7 x 10~ 8 M-
testosterone or androstenedione and 11 x 10"7 m-19-hydroxyandrostenedione. Maximal
levels of oestradiol production occurred when these steroids were present at concentrations
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approaching 10~6mol/l. At higher concentrations the response declined indicating
substrate inhibition of the aromatase reaction. In order to avoid this elfect the reference
aromatase substrate (testosterone) was used at a concentration of 10~7mol/l in all
subsequent experiments.
Using cells isolated from pro-oestrous follicles, the conversion of testosterone to

oestradiol increased linearly as a function of increases in granulosa cell number over the
range 01 x 106 to 10 x 106 cells/tube. When the cell number was fixed at that used in most
experiments (0-2 x 106 cells/tube), the rate of oestradiol production was linear for at least the
first 3 h of incubation. Oestrone production under the same conditions was negligible
(oestradiol/oestrone > 20 in two experiments).
Neither 5a-dihydrotestosterone nor 5oc-androstanedione were effective as substrates for

production of oestradiol by granulosa cells. The response to either compound (10 ~7 mol/1)
was two orders of magnitude less than that due to testosterone or androstenedione at the
same concentration.

Alterations in granulosa cell aromatase activity during the oestrous cycle
To determine the relationship between granulosa cell aromatase activity and preovulatory
follicular development, the conversion of exogenous testosterone to oestradiol by granulosa
cells harvested on 3 days of the oestrous cycle was examined. The results of two separate
experiments are shown in Fig. 2. In the first experiment (Fig. 2a), animals showing at least
two consecutive 4 or 5 day cycles were selected. In the second (Fig. 2b), all animals had shown
regular 4 day cycles. The results of both experiments were qualitatively identical. The

Dioestrus I Dioestrus II Pro-oestrus
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Fig. 2. Conversion of exogenous testosterone to oestradiol in vitro by granulosa cells isolated at various
stages of the rat oestrous cycle. Granulosa cells were isolated from the largest follicles in the ovaries
(8-10/group) on themorning ofvaginal dioestrus I, dioestrus II and pro-oestrus in (a) 4 to 5 day cyclic and
(6) 4 day cyclic animals. Oestradiol accumulation is shown during 3 h of incubation
(0-21 x 106—0-31 x 106 cells/tube) in unsupplemented medium (M)and in medium containing 0-18 i.u.
human FSH/ml (FSH), 10"7 M-testosterone (T) or a mixture of FSH plus T. Results are shown as
means+ S.E.M. of triplicate incubations.
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aromatase activity ofcells obtained from dioestrous I follicleswas only between 3-6 and 4-7%
of that associated with cells harvested from pro-oestrous follicles. On dioestrus II the activity
had increased significantly but remained between 16 and 28% of that observed for pro-
oestrous cells. These observations reflected true increases in the aromatization of exogenous
androgen as a function of follicular maturity rather than alterations in the release of
oestrogen into the incubation medium since similar results were obtained when oestradiol
measurements were performed on etheric extracts of whole incubates (granulosa cells plus
incubation medium). Irrespective of the day upon which granulosa cells were isolated,
addition of human FSH to the incubation medium had no significant effect on the
aromatization of testosterone within the restricted incubation period of 3 h that was
employed.

Studies of aromatase inhibition
The 5a-reduced metabolites of testosterone (5a-dihydrotestosterone) and androstenedione
(5a-androstanedione) proved to be competitive inhibitors of the granulosa cell aromatase
reaction in vitro. From a double-reciprocal plot of aromatase inhibition data (Fig. 3) the
apparent Km for testosterone was calculated to be 4-0 x 10" 8 mol/1 increasing to
6-0 x 10"8 mol/1 in the presence of 5a-dihydrotestosterone (10"7 mol/1) and to
IT x 10"7 mol/1 in the presence of 5oc-androstanedione (10"7 mol/1).

10 8 x (l/Concentration of testosterone) (mol/1)

Fig. 3. Competitive inhibition of the granulosa cell aromatase reaction by 5a-dihydrotestosterone and 5a-
androstanedione in vitro. A double-reciprocal plot of data obtained using cells isolated from pro-oestrous
rat follicles is shown. The cells (012x106/tube) were incubated for 3 h in medium containing testosterone
(•) at 10, 1-33,2-0,4-0, 8 0 and 16 0 x 10"8 mol/1 and in medium containing the same concentrations of
testosterone together with 10"7 m-5a-dihydrotestosterone (O) or 10"1 m-5a-androstanedione (□). The
mean value ±s.e.m. of triplicate incubations is shown at each point.

The results of a comparison of the inhibitory effects of these two naturally occurring C19
steroids with those of two other established C19 steroidal aromatase inhibitors, 1-ene-
testololactone (Siiteri & Thompson, 1975) and ATD (Schwarzel, Kruggel & Brodie, 1973),
are shown in Fig. 4. All four substances inhibited (P < 0-01) the conversion of testosterone to
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oestradiol when present at a tenfold higher concentration (10 ~6 mol/l) with respect to
testosterone. Relative potencies at this concentration were ATD > 5a-andro-
stanedione > 5a-dihydrotestosterone > 1-ene-testololactone. Further interpretation of the
data obtained from incubations with ATD was complicated by the fact that ATD itselfwas
metabolized to a substance measured as 'oestradiol' in the radioimmunoassay. After
extraction and chromatography on a Sephadex LH-20 column developed in the solvent
system benzene: methanol (85:15, v/v), this unidentified substance separated from
oestradiol (more polar) but continued to react with the oestradiol antibody.

a
2

_o
~o

None

1
a b c

5a A
Inhibitor

* *

Fig. 4. Inhibitory effects of 5a-dihydrotestostrrone (5aT), 5a-androstanedione (5otA), 1-ene-
testololactone (A'T) and androst-l,4,6-triene-3,17-dione (ATD) on the aromatization of testosterone by
granulosa cells in vitro. The experiment was performed on cells pooled from the largest follicles in the
ovaries of rats showing dioestrous II or pro-oestrous vaginal smears. Oestradiol accumulation is shown
during 3 h of incubation (0-2 x 106 cells/tube) in unsupplemented medium (stippled bar), in medium
containing 10"7 M-testosterone (solid bar) and in medium containing 10"7 M-testosterone plus two
different concentrations (a, 10~6 and b, 10~5 mol/l) of 5a-dihydrotestosterone, 5a-androstanedione, 1-
ene-testololactone or androst-l,4,6-triene-3,17-dione (hatched bars). Control incubations of cells in the
presence of each of these steroids alone (10~5 mol/l) are represented by the open bars (c). Results are
shown as means + s.E.M. of triplicate incubations. */><00l: values significantly lower than those
obtained in the presence of testosterone alone.

In order to test the steroidal specificity of the response to 5a-dihydrotestosterone and
5a-androstanedione, the effects of these two compounds on the aromatization of testoster¬
one were also compared with those of three other androgen metabolites (5a-androstane-
3a,17(3-diol, 5a-androstane-3p, 17(3-diol and 5p-androstane-3,17-dione) and that of a C21
steroid (progesterone). The results are shown in Fig. 5. Progesterone had no statistically
significant effect on the aromatization of testosterone. However, all five C19 steroids were
effective in reducing the conversion of testosterone to oestradiol when included in the
incubate at a tenfold higher concentration than testosterone. The percentage reductions in
oestradiol accumulating in the incubation medium due to the presence of these steroids were
73-3 (5a-androstanedione), 60-4 (5a-dihydrotestosterone), 49-1 (5a-androstane-3p,17p-
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diol), 35 0 (5P-androstane-3,17-dione) and 24-3 (5a-androstane-3<x,17|3-diol) respectively
(incubations in the presence of 10"7 M-testosterone alone = 100%).

Fig. 5. Relative effects of five androgen metabolites on the aromatization of testosterone by granulosa cells
in vitro. The experiment was performed on cells isolated from the largest follicles in rat ovaries on the
morning of vaginal pro-oestrus. Oestradiol accumulation is shown during 3 h of incubation
(0-21 x 106 cells/tube) in unsupplemented medium (stippled bar), in medium containing 10"7m-
testosterone (solid bar) and in medium containing 10"7 M-testosterone plus 10"6 M-5a-
dihydrotestosterone (5aT), 5a-androstanedione (5aA), 5(3-androstanedione (5pA), 5a-androstane-
3a,17(3-diol (a(3) or 5a-androstane-3p,17p-diol (pp) (hatched bars). Control incubations of cells in the
presence of each metabolite alone are represented by the open bars. An additional control of cells
incubated in the presence of 10"7 M-testosterone plus 10"6 M-progesterone (prog) is indicated by the
cross-hatched bar. Results are shown as means + s.E.M. of triplicate incubations. */'<0 05; **P<0 01:
values significantly lower than those obtained in the presence of testosterone alone.

DISCUSSION

Although the major cellular site for follicular production of oestrogen has not been un¬
equivocally determined, the granulosa cell has been identified as a rich source of aromatase
activity (e.g. Ryan & Short, 1965). In the rodent ovary it seems likely that the granulosa cells
in developing preovulatory follicles attain the capacity to aromatize C19 steroids produced
by LH-stimulated thecal tissue (Fortune & Armstrong, 1977) and thereby act in concert with
the theca as the primary source of oestrogen production (Makris & Ryan, 1975,1977). Such
an interaction would be consistent with the classical experiments of Falck (1959) which led to
the conclusion that both theca and granulosa cells were required for ovarian oestrogen
synthesis.
Recent studies with oestrogen-primed hypophysectomized immature female rats have

shown that FSH is capable of inducing or activating granulosa cell aromatase activity in vivo
and in vitro (Dorrington, Moon & Armstrong, 1975; Armstrong & Papkoff, 1976; Erickson
& Flsueh, 1978; Hillier, Zeleznik, Knazek & Ross, 1979). Moreover, the expression of this
activity is correlated with other FSH-dependent processes in the granulosa cells ofmaturing
follicles such as LH-receptor induction (Zeleznik, Midgley & Reichert, 1974), increases in
steroidogenic capacity and antrum formation (Hillier, Zeleznik & Ross, 1978). The present
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experiments establish the induction or activation o'f granulosa cell aromatase activity as an
additional correlate of preovulatory follicular development in the ovaries of cyclic adult
animals.
Granulosa cell aromatase activity was maximal in preovulatory follicles obtained at pro-

oestrus. Other investigations have shown that ovarian venous plasma and ovarian tissue
concentrations of oestradiol attain maximal levels during the same period in cyclic rats
(Shaikh, 1971) and hamsters (Saidapur & Greenwald, 1978). However, apart from
alterations in aromatase activity, follicular oestrogen synthesis may be influenced by
quantitative and/or qualitative changes in the C19 steroids available as potential substrates
for the granulosa cell aromatase reaction. The present study has shown that the granulosa
cells from preovulatory follicles can utilize exogenous testosterone and androstenedione as
substrates for oestradiol synthesis and that the rate of synthesis is directly related to
prevailing substrate concentrations in vitro. In addition it has been shown that 19-
hydroxyandrostenedione, an established intermediate of the human placental aromatase
enzyme system (Wilcox & Engel, 1965), is almost twice as effective as testosterone and
androstenedione as a substrate for granulosa cell oestradiol synthesis. Braselton, Orr &
Engel (1974) have reported similar differences between the aromatization of these steroids by
human placental microsomes. In another parallel with the placental aromatase system
(Schwarzel et al. 1973; Siiteri & Thompson, 1975), the non-aromatizable androgen
metabolites 5a-dihydrotestosterone and 5a-androstanedione have proved to be competitive
inhibitors of the granulosa cell aromatase reaction in vitro. A recent report of an inhibitory
effect of 5a-dihydrotestosterone on the conversion of androstenedione to oestrogen by
granulosa cells isolated from the ovaries of FSH-treated, oestrogen-primed hypophysecto-
mized immature rats is also consonant with the present findings although the type of
inhibition was not described (Hsueh & Erickson, 1978). The existence of a physiologically
important reciprocal relationship between 5a-reductase and aromatase activity in the
control of ovarian oestrogen synthesis has already been suggested (Siiteri & Thompson,
1975). Since A4-3-oxosteroid 5a-reductase has been identified as an ovarian enzyme
(Eckstein & Nimrod, 1977) it seems likely that alterations in the activity of this enzyme in
conjunction with changes in thecal androgen production, thought to be regulated by LH
(Fortune & Armstrong, 1977), could contribute to the regulation of follicular oestrogen
synthesis during the preovulatory period.
A role for androgen in the stimulation of follicular atresia was first indicated by the

experiments ofGaarenstroom & De Jongh (1946). More recent experiments have shown that
the stimulation of endogenous androgen production by treatment with HCG (Louvet et al.
1975) or the administration of testosterone systemically (Hillier & Ross, 1979) inhibits the
stimulatory action of oestrogen on follicular development and leads to increases in preantral
follicular atresia in hypophysectomized immature rat ovaries. Subsequently, it has been
suggested that prior exposure to FSH may be a major determinant of the follicular response
to androgen (Hillier et al. 1979). Inadequate exposure could predispose to an atretic response
while appropriate stimulation with FSH would facilitate increases in oestrogen production
due to the stimulation of granulosa cell aromatase activity; thereby, the follicle may be
protected from the atretic action of androgen. However, ovarian synthesis of 5a-reduced
androgen metabolites has been demonstrated in vivo (Inaba, Imori & Matsumoto, 1978) and
in vitro (Suzuki, Kawakura & Tamaoki, 1978), and at least two of these non-aromatizable
C19 steroids are biologically active androgens (Fieser & Fieser, 1959) which have been shown
here to be competitive inhibitors of the granulosa cell aromatase reaction in vitro. According
to McNatty, Makris, De Grazia, Osathanondh & Ryan (1979) antral fluid collected from
human ovaries may contain up to 10~6mol 5a-dihydrotestosterone/l, and both 5a-
dihydrotestosterone and 5a-androstanedione have been shown to inhibit the aromatization
of testosterone by human granulosa cells in vitro (Hillier, van den Boogaard, Reichert & van
Hall, 1979). Thus, changes in the androgenic/oestrogenic composition of the hormonal
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milieu in vivo due to local alterations in 5a-reductase enzyme activity could also be a
significant factor in the intraovarian control of follicular development and function.

The authors are indebted to Ms J. A. M. J. van Dieten, Dr J. de Koning and Dr G. P. van
Rees of the Department of Pharmacology of the Leiden University Medical Centre for their
continued co-operation and advice. They are also grateful to Ms N. S. Stotijn for typing the
manuscript.
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ABSTRACT: The role of androgen in aromatase induction/activation by follicle-stimulating hormone (FSH) was stud¬
ied in cultured granulosa cells from estrogen-pretreated, immature rat ovaries. Aromatase activity was measured
in washed cell monolayers after a 48-h culture in medium containing hFSH and/or various sex steroids or their
analogues. Culture with hFSH (100 ng/ml) plus 10 7 M testosterone (T) stimulated aromatase activity to a level
similar to that of granulosa cells from preovulatory follicles in the cyclic adult on the morning of proestrus.
But if T was omitted, or replaced by estrogen (DES) or progesterone (P), the response to hFSH was at least 90%
lower. The abilities of T, androstenedione, five nonaromatizable 5a-reduced androgens, an aromatase reaction in¬
termediate (19-hydroxyandrostenedione), and a pharmacological competitive aromatase inhibitor (A'-testololactone)
to stimulate the aromatase response to hFSH were proportionate to their stimulatory effects on P production dur¬
ing the culture. By both criteria T was the most potent androgen while 19-hydroxyandrostenedione and A1-testol-
olactone were completely inactive. The stimulatory effect of 10 7 M T on the aromatase response to hFSH was in¬
hibited by the nonsteroidal antiandrogen SCH 16423 (ID50 = 3.6 x 10 6 M). These results indicate that granulosa
cell aromatase induction/activation by hFSH is an androgen receptor-regulated process in vitro.

Since androgen (aromatase substrate) and estrogen
(aromatase product) have disparate local effects on
the ovarian follicle (1-3), factors underlying the ac¬
tivation and modulation of the granulosa cell aroma¬
tase system may influence preovulatory follicular mat¬
uration (4) .

A recent study (5) showed that testosterone (T) and
two nonaromatizable androgens, 5a-dihydrotestosterone
(DHT) and androsterone, could augment the stimulatory
effect of follicle-stimulating hormone (FSH) on the
aromatase system in cultured rat granulosa cells.
Earlier studies established FSH as the principal
gonadotrophic stimulant of granulosa cell aromatase
(6-8), but were not designed to discern roles for
androgen other than those of substrate or (in the case
of 5a-reduced androgens) inhibitor (9) of extant en¬

zyme activity. In the present report we show that
various androgens synergize with hFSH to induce or ac¬
tivate physiological levels of aromatase activity in
rat granulosa cell cultures; show that the effect is
proportionate to androgenic potency as judged by a
concomitant increase in progesterone (P) production
(10); and further show that the effect is blocked by
the presence of the antiandrogenic metabolite of fiut-
amide (SCH 16423). Thus we provide evidence that the
effect of hFSH on the rat granulosa cell aromatase
system is an androgen receptor-regulated process.

MATERIALS AND METHODS

Female Wistar rats received a 10 mm Silastic-tubing
capsule containing diethylstilbestrol (DES) placed sc
on day 23 or 24 of age (2) . Six days later they were
sacrificed by cervical dislocation, the ovaries re¬
moved, and the granulosa cells from pteantral/early
antral follicles harvested in culture medium (11). The
medium (199 containing Earle's salts and 25 mM HEPES
buffer) was supplemented with antibiotics, extra L-
glutamine and 5% calf serum, as described previously
(8). The cells were counted in a hemocytometer using
trypan blue exclusion to estimate their viability (25-
50%). Multiwell plastic culture dishes (35 x 10 mm)
(8) were inoculated with replicate 1 ml portions of
the suspension containing approximately 0.5 x 106
cells (total count) . Steroids (all from Sigma Chemi¬
cal Co., St. Louis, MO; except for A1-testololactone
which was from E.R. Squibb & Sons Inc. , Princeton,
NJ), DES (also from Sigma), SCH 16423 (a-a-a-tri-
f luoro-2-methyl-4'-nitro-m-lactotoluidide, donated by
the Schering Corp., Bloomfteld, NJ) (12), and/or hFSH

(LER-8/116; 900 IU FSH/mg; 6 IU LH/mg) were previously
added as appropriate to give a final incubation vol¬
ume of 2 ml/dish. The dishes were incubated in a hu¬
midified incubator gassed with a 95% air:5% CO2 mix¬
ture. 48-h later, the medium was collected, centri-
fuged, and stored at -20 C. P was measured by RIA,
as described previously (11). Each monolayer culture
was carefully washed with prewarmed (37 C) solutions
containing 0.1% bovine serum albumin (BSA; fraction
V, from Fluka AG, Switzerland) before its aromatase
activity was measured. The wash sequence (2 x 2 ml
0.15 M NaCl; 1 x 1 ml Medium 199) removed all measur¬
able traces of steroid from the monolayer. The ref¬
erent aromatase substrate (10 7 M T) was then added
in 1 ml Medium 199 containing 0.1% BSA, and the cell
monolayer was reincubated for 3 h at 37 C. Estra-
diol-170 (E2) in the medium was determined by RIA
(9), and the number of cells in the monolayer deter¬
mined after trypsinization as follows. After gentle
rinsing with 2x2 ml 0.15 M NaCl (no BSA), the cell
monolayer was incubated for 10 min at 37 C in 0.5 ml
trypsin solution (0.5 mg trypsin and 0.2 mg EDTA/ml
Puck's Solution A; from Gibco-Biocult Ltd., Glasgow,
UK). The trypsin was then neutralized by the addi¬
tion of 0.5 ml Medium 199 containing 0.04% soybean
trypsin-inhibitor (Sigma) and 0.1% BSA. After care¬
ful resuspension, the cells were counted in a hemo¬
cytometer. Aromatase activity was expressed as ng E2
produced per million cells in the monolayer/3 h (9).
The data were evaluated statistically using the New¬
man & Keuls test and linear regression analysis.

RESULTS

The aromatase activity of freshly isolated granu¬
losa cells was negligible (< 0.1 ng E2/IO6 cells/3 h) .

Culture for 48 h in medium containing a maximal stim¬
ulatory dose of hFSH (100 ng/ml) increased this value
only slightly (< 0.2 ng E2/IO6 cells/3 h). But when
the same dose of hFSH was combined with T (10 9-
10 6 M), aromatase activity increased in proportion
to the concentration of T (Fig. 1). The maximal re¬
sponse to T (at concentrations ^ 10 7 M) was at least
25 times greater than that elicited by hFSH in its
absence, and was similar to the activity of granulosa
cells from preovulatory (proestrus a.m.) follicles in
cyclic adult rats; i.e. between 4 and 10 ng E2/IO6
cells/3 h, as determined using the same conditions to
assay freshly isolated cell suspensions (9).

The effect of T on the- aromatase response to hFSH
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Fig. 1: Effect of testosterone (T) on aromatase in¬
duction/activation by hFSH in rat granulosa cell cul¬
tures. The cells were cultured in medium containing
100 ng hFSH/ml alone (0) or together with T at the
concentrations indicated. After 48 h, the cell mono¬
layers were washed and incubated for 3 h at 37 C with
the referent aromatase substrate (10 7 M T). Estra-
diol-176 was measured by RIA and related to the num¬
ber of cells in the monolayer. Each point is the
mean (±SE) value from quadruplicate incubations.

was compared with that of another estrogen precursor
(androstenedione), an aromatase intermediate (19-
hydroxyandrostenedione), five nonaromatizable andro¬
gen metabolites which are competitive aromatase inhi¬
bitors (9,13), a pharmacological competitive aromatase
inhibitor (A'-testololactone) (9,14), DES and P.
These compounds are ranked in Fig. 2 according to
their effects when included in the culture medium at a

concentration of 10 7 M. T elicited the highest re¬
sponse, followed by androstenedione (23% lower, P <
0.01); then by DHT and the two androstanediols which
while not significantly different from each other (P >
0.05) were all less effective than androstenedione
(P < 0.01); then by 5a-androstane-3,17-dione and
androsterone. The last two each increased the re¬

sponse to hFSH (P < 0.01) but remained approximately
80% less effective than T. The apparent effect of DES
was not statistically significant, and the other com¬

pounds were completely ineffective. Aromatase activi¬
ty in the cell monolayer was proportionate to P accu¬
mulation during the preceding 48-h culture. This was
not a cause-effect phenomenon since exogenous P had no
effect (Fig. 2; IX). Excluding data from the culture
with P, the P level was highest in medium from the
culture with T (159.2±9.5 ng P/106 cells/48 h: extrap¬
olation based on the total cell number in the inocu¬

lum) . P accumulation(J%) and aromatase activity (X%)
were analyzed by linear regression after normalizing
the individual responses relative to that of T (100%)
The relationship was highly significant (r = 0.97,
P < 0.001), being described as Y = 0.98X - 0.89.

The effect of SCH 16423 on the aromatase response
to hFSH (100 ng/ml) plus T (10 7 M) is shown in Fig.
3. The antiandrogen inhibited the response in a dose-
dependent manner (ID50 = 3.6 x 10 6 M).
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Fig. 2: Effects of various steroids (or analogues)
on aromatase induction/activation by hFSH in rat
granulosa cell cultures. The cells were cultured in
medium containing 100 ng hFSH/ml alone (shaded bar)
or together with one of the following (10 7 M): I,
testosterone; II, androstenedione; III, 5a-dihydro-
testosterone; IV, 5a-androstane-3a,170-diol; V, 5a-
androstane-36,17B-diol; VI, 5a-androstane-3,17-dione;
VII, androsterone; VIII, diethylstilbestrol; IX, pro¬
gesterone; X, 19-hydroxyandrostenedione; and XI, A1-
testololactone. After 48 h, the cell monolayers were
washed and aromatase activity determined as described
in the legend to Fig. 1. Each bar represents the
mean (±SE) value from quadruplicate incubations.
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Fig. 3: Effect of SCH 16423 on aromatase induction/
activation in granulosa cells cultured with a mixture
of hFSH (100 ng/ml) plus 10 7 M testosterone (T).
Except for the control (open bar), SCH 16423 was pre¬
sent during the culture at the concentrations indi¬
cated. After 48 h, the cell monolayers were washed
and aromatase activity determined as described in the
legend to Fig. 1. Each point is the mean (±SE) value
from quadruplicate incubations. (N.B. The anti¬
androgen also inhibited the synergistic effect of T
on hFSH-stimulated progesterone production during the
48-h culture: ID50 = 2.0 x 10 6 M.)
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DISCUSSION

Omission of biologically active androgen from the
granulosa cell culture medium resulted in an aroma-
tase response to hFSH at least 95% lower than that
elicited by the combination of hFSH with T. Less po¬
tent androgens, based on competition studies of the
granulosa cell cytoplasmic androgen receptor (15,16)
and on relative abilities to stimulate granulosa cell
P production (10, and this study), were proportion¬
ately less effective than T, while DES and P itself
were without significant effects at equivalent doses.
The relatively high activity of androstenedione is
probably explained by its extensive metabolism to T
under these in-vitro conditions (10). These results
extend the observations of Daniel & Armstrong (5),
and indicate a direct role for androgen in the modu¬
lation of hFSH-controlled granulosa cell differentia¬
tion in vitro.

There was no apparent relationship between known
abilities of the androgens studied to interact di¬
rectly with extant aromatase (i.e. as substrate, com¬

petitive inhibitor, or intermediate) and their abili¬
ties to stimulate granulosa cell aromatase induction/
activation (and progesterone production) in response
to hFSH. This finding implies that subtle features
of androgen stereochemistry underly their relative
abilities to interact with the androgen receptor pro¬
tein (s) and the substrate/intermediate acceptor sites
of the aromatase enzyme complex.

The ability of SCH 16423 to inhibit nuclear trans¬
location of an androgen-receptor complex presumably
underlies its antiandrogenic effect on the granulosa
cell (3,11,17,18) as on other androgen target-cells
(12). We have now shown that the drug can inhibit
the stimulatory effect of T on the granulosa cell
aromatase response to hFSH in vitro. SCH 16423 does
not inhibit the aromatization of T by granulosa cells
containing extant, active aromatase (i.e. it is not a

competitive aromatase inhibitor; Hillier, S.G., un¬

published observation). Moreover, it did not alter
the restricted response to hFSH during culture with¬
out T (data not shown). Therefore it seems most

likely that the drug inhibits the present effect of T
via a direct and specific interaction with the granu¬
losa cell androgen receptor (11,12,15-17).

We conclude that the induction and/or activation
of the rat granulosa cell aromatase system by hFSH is
an androgen receptor-regulated process in vitro.
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Direct inhibitory effects of LHRH and an LHRH agonist (ICI-118630) on FSH-controlled
steroidogenic processes in ovarian granulosa cells were characterized in vitro. Over a 2-day cul¬
ture period in the presence of testosterone (10~7 M), FSH (3-3 000 ng/ml) caused dose-depen¬
dent increases in the aromatase activity of granulosa cells isolated from oestrogen-pretreated
immature rats. Progestogen biosynthesis was stimulated in a similar manner. The presence of
LHRH (10~9-10~7 M) in the culture medium inhibited these responses by right-shifting the
dose-response curves. Thus the net effect was one of reduced sensitivity to FSH. ICI-118630
was approximately 10 times more effective than LHRH as an inhibitor of aromatase induction
and progestogen biosynthesis in response to FSH. Over a 1-h incubation at concentrations up to
10~7 M, neither decapeptide had a consistent inhibitory effect on FSH-stimulated granulosa cell
cAMP formation either in the presence or absence of l-methyl-3-isobutyl-xanthine (MIX); but
during the 2-day culture, ICI-118630 and occasionally LHRH significantly inhibited aromatase
induction by cholera toxin and 2 different cAMP analogues. Over the same range of concentra¬
tions, each peptide progressively inhibited the stimulatory effect of MIX on FSH-induced
aromatase activity and progestogen biosynthesis. Thus LHRH/ICI-118630 can directly
modulate FSH-controlled granulosa cell steroidogenesis in vitro via effects on one or more bio¬
chemical loci distal to the FSH-receptor coupled adenylate cyclase system. These experiments
have implications for the role of a putative LHRH-like ovarian substance(s) in the local
co-ordination of follicular development and function.

Keywords: gonadotrophin; ovary; follicle; cAMP; aromatase; progestogen.

Pharmacological studies have shown that luteinizing hormone-releasing hormone
(LHRH) and certain LHRH agonists can act directly on gonadal cells to interfere
with gonadotrophin action (Ying and Guillemin, 1979a; Bambino et al., 1980;
Hsueh et al., 1980; Sharpe, 1980). Yet it is not clear whether these findings have
implications for normal gonadal physiology, since peripheral blood levels of the
neurohormone appear to be too low to account for such direct antigonadal effects
(e.g. Miyake et al., 1980). However, LHRH (analogue) receptor sites are present in
ovarian (Harwood et al., 1980a, b; Jones et al., 1981; Smith White and Ojeda,
1981) and testicular tissue (Lefebvre et al., 1980; Sharpe and Fraser, 1980), and a
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peptide fraction with hypophysiotropliic properties similar to those of LHRH was
extracted from rat ovaries (Ying and Guillemin, 1979b). Thus the ovary may pro¬
duce a substance with LHRH-like activity which could participate in the local
co-ordination of follicular development and function.

In lieu of a purified active principle, we are experimenting with synthetic hypo-
physiotrophic peptides to probe follicular control mechanisms involving the local
action of a putative LHRH-like substance(s). The present study was designed to
characterize the effects of LHRH and a potent LHRH agonist lD-Ser(Bul)6Azgly10]-
LHRH (ICI-118630) (Dutta et al., 1978a, b) on steroidogenic processes which
occur in rat granulosa cells exposed to mixtures of FSH and androgen in vitro
(Dorrington and Armstrong, 1979; Nimrod, 1981). Effects on the control of
oestrogen synthetase (aromatase) induction were of particular interest because of
the central role which this enzyme system is thought to play in the control of
folliculogenesis (Hillier, 1981).

MATERIALS AND METHODS

Reagents
Medium 199 (containing Earle's salts, 25 mM HEPES and 0.68 M L-glutamine),

Dulbecco's phosphate buffered saline, trypsin—EDTA solution (0.5 mg trypsin and
0.2 mg EDTA/ml Puck's saline A), 0.4% trypan blue, and additional L-glutamine
were purchased from Gibco Bio-Cult (Glasgow, Scotland). The antibiotics and calf
serum (standing herd) were from Microbiological Associates (Bethesda, MD, U.S.A.).
Diethylstilboestrol (DES), l-methyl-3-isobutyl-xanthine (MIX), dibutyryl cAMP
(dbcAMP), 8-bromo cAMP (SbrcAMP), cholera toxin, soybean trypsin inhibitor,
and all unlabelled steroids were from Sigma (St. Louis, MO, U.S.A.). Bovine serum
albumin (BSA) was obtained from Fluka (Buchs, Switzerland). LHRH was supplied
by Beckman Instrument (Nederland) (Mijdrecht, The Netherlands). ICI-118630 was
synthesized by Dr. A.S. Dutta, ICI Pharmaceuticals Division (Macclesfield, England)
(Dutta et al., 1978a). lite human FSH preparation (LER-8/116) had been treated
with a-chymotrypsin to reduce its LH activity (Reichert, 1967); it contained 900 U
FSH/mg and 6U LH/mg. [2,4,6,7-3H]Oestradiol (104 Ci/mmole), 11,2,6,7-3H]-
progesterone (95 Ci/mmole) and [l,2,6,7-3H]20a-dihydroprogesterone (49 Ci/
mmole) were purchased from The Radiochemical Centre (Amersham, England).
The cAMP[12sIJ RIA kit was supplied by NEN (Dreieich, West Germany).

Animals
Immature female rats (Wistar, 21 days old) were supplied by TNO (Zeist, The

Netherlands). On day 23 or 24 of age, a silastic capsule containing DES was inserted
s.c. to stimulate granulosa cell proliferation (Hillier et al., 1977). The animals were
maintained in a temperature- and humidity-controlled room with lights on at
05.00—19.00 h, and had unlimited access to a standard laboratory diet (Hope
Farms, Woerden, The Netherlands) and fresh water.
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Granulosa cell culture
Between 5 and 7 days after implanting the DES capsules, the animals were sacri¬

ficed by cervical dislocation, their ovaries immediately removed, and the granulosa
cells harvested into fresh culture medium. The cell isolation procedure was as
described before with the modification that most of the superficial follicles were

initially punctured with a 23 G hypodermic needle (Hillier et al., 1977). The cells
were sedimented by centrifugation and resuspended in fresh medium. The medium
was medium 199 supplemented with calf serum (5%), additional L-glutamine
(2 mM), penicillin (50 U/ml) and streptomycin (50 /rg/ml). The cells were counted
with a haemocytometer. Viability, assessed by trypan blue exclusion, ranged
between 20 and 50%. Multiwell (35X10 mm) plastic culture dishes (Greinier,
Alphen a/d Rijn, The Netherlands) were inoculated with replicate 1-ml portions of
the cell suspension (equivalent to between 0.4 and 1.0 X 106 cells/dish). Testoster¬
one (10~7 M), various concentrations of FSH or other test substances, and the deca-
peptides were previously added in separate portions of medium so that the final
incubation volume was 2 ml/dish. The dishes were incubated at 37°C in a humidi¬
fied incubator gassed with a 95% air : 5% C02 mixture. After 2 days, the medium
was collected, centrifuged for 10 min at 1000 Xg, and decanted for storage at
—20°C until the steroid content was determined by RIA. The cell monolayers were
either fixed and stained (Giemsa stain) for microscopic evaluation, or trypsinized as
follows so that the cells could be counted with a haemocytometer. Each monolayer
was rinsed with 2 X 1 ml medium 199 (no serum) and treated with 0.5 ml trypsin—
EDTA solution for 10 min at 37°C. The trypsin was then neutralized by the addi¬
tion of 0.5 ml medium 199 containing 0.04% soybean trypsin inhibitor and 0.1%
BSA. The cells were then suspended by repeated, gentle aspiration through the tip
of an automatic pipette.

Steroid assays
Oestradiol, progesterone and 20a-dihydroprogesterone were determined in spent

culture medium using RIA procedures described elsewhere (Hillier et al., 1977,
1980a). The 20a-dihydroprogesterone antibody was rabbit anti-20a-dihydro-
progesterone-3(0-carboxymethyl)oximino-BSA (Steranti Research, St. Albans,
England, Product code P003). The results were normalized and expressed as steroid
production (ng) per million cells in the original inoculum (no correction for viabil¬
ity).

Measurement ofcAMP production
Granulosa cells were harvested in Dulbecco's phosphate buffered saline con¬

taining 0.1% BSA (DBS—0.1% BSA) as described above. The washed cell suspension
was dispensed into a series of 17 mmX 100 mm glass test tubes (approximately
0.5 X 106 cells/tube). FSH, MIX and the decapeptides were added as appropriate to
give a final incubation volume of 2 ml DBS—0.1% BSA. The tubes were incubated
for 5—60 min at 37°C in a shaking water bath. The incubation was stopped by
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transferring the tubes to a boiling water bath (10 min) followed by centrifugation
for 10 min at 1 500X^. The supernatants were collected and stored at —20°C.
cAMP was measured using the NEN cAMP[!25I]RIA kit. 50- or 100-ptl portions of
the medium were assayed; the acetylation step was included (Harper and Brooker,
1975).

Data analysis
Analysis of variance with the Newman and Keuls test was used to determine the

statistical significance of the observed differences between the mean values for
various treatment groups. The level of significance was set at P < 0.05.

RESULTS

Cultured granulosa cells did not produce detectable levels of progestogen
(<1 ng/106 cells/48 h) or oestradiol (<0.02 ng/106 cells/48 h) in the absence of
FSH and testosterone. Alone, neither hormone stimulated steroid production
beyond levels of 5 ng (progesterone) or 0.1 ng (oestradiol)/106 cells/48 h. However,
when combined with 10~7M testosterone, FSH (3—3 000 ng/ml) stimulate sub¬
stantial levels of steroid production (Fig. 1).

The FSH dose—response curves were right-shifted in proportion to the con-

0 10 100 1000 0 10 100 1000
3 30 300 3000 3 30 300 3000

hFSH concentration (ng/ml)
Fig. 1. Progesterone (a) and oestradiol (b) production by rat granulosa cells during a 2-day cul¬
ture in medium containing 10"7 M testosterone and 3-3000 ng/ml FSH (•); effect of 10~8 M
LHRH (o). Each value is the mean from a quadruplicate incubation; the s.e. (not shown) was
<10% in all cases.
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centration of LHRH present. The effects of a single dose of LHRH (1CT8 M) are
illustrated in Fig. 1. In the case of progesterone (Fig. la), the 50% maximally effec¬
tive dose of FSH (35 and 36 ng/ml in 2 separate experiments) was increased 1.5-,
4-, and 11-fold by the presence of 10~9, 10~8, and 10~7 M LHRH, respectively. For
oestradiol (Fig. lb), the 50% maximally effective dose of FSH (16 and 18 ng/ml)
was increased 2.5-, 9-, and 39-fold by the presence of 1CT9, 1CT8, and 10-7M
LHRH, respectively.

ICI-118630 also inhibited FSH-stimulated progesterone biosynthesis (Fig. 2)
and aromatase induction (Fig. 3). In each case, the agonist was approximately
10 times more effective than LHRH on a molar concentration basis.

Each decapeptide inhibited the low level of progesterone production which
occurred in response to FSH alone (Fig. 2a), as well as the spectacular response to
FSH if testosterone was also present (Fig. 2b). The corresponding 20a-dihydro-
progesterone responses were slightly (20—30%) higher. Decapeptide dose—inhibi¬
tion curves similar to those shown for progesterone were also obtained for the
progesterone metabolite (data not shown). However, the 20a-dihydroprogesterone/
progesterone production ratio gradually increased (to a maximum of about 3) as
the total progestogen output was suppressed.

The inhibitory effect of LHRH on oestradiol production (Fig. 3) was exerted at
the level of aromatase induction or activation. Thus granulosa cells were cultured
for 48 h in medium containing FSH (100 ng/ml) and testosterone (1CT7 M), with
and without LHRH (10~8 and 10-7 M). The monolayers were then washed with
medium 199 containing 0.1% BSA (3X1 ml) and incubated for 3 h at 37°C in 1 ml
of the same medium containing 10~7 M testosterone. During this period, those cul¬
tures not previously exposed to LHRH produced (mean ± s.e., n= 4) 212.2 ±
22.4 pg oestradiol from the aromatase substrate, whereas those which had been
exposed to LHRH produced only 44.7 ±4.5 and <10 pg oestradiol (1CT8 and
10~7 M LHRH, respectively).

The inhibitory effects of LHRH and ICI-118630 on FSH-induced steroidogenesis
did not involve measurable effects on cell proliferation during the 2-day culture
period. Thus in a typical experiment where the culture dishes were inoculated with
0.41 X 106 granulosa cells (approximately 20% of which excluded trypan blue dye),
the monolayer produced by culturing in medium containing FSH (100 ng/ml) and
10~7M testosterone yielded (mean ± s.e., n = 4) 0.27 ± 0.02 X 106 cells after
trypsinization. The cell numbers yielded by monolayers grown in the presence of
10~7 M LHRH (0.27 ± 0.02 X 106) or 1(T7 M ICI-118630 (0.24 ± 0.01 X 106) were
not significantly lower, nor did the peptides have any noticeable effects on cell
morphology in culture.

Experiments were done to see if the decapeptides caused alterations in FSH-
stimulated granulosa cell cAMP production (Fig. 4). As shown in Fig. 4a, FSH-
stimulated cAMP production increased with time to a level of about 2 pmole/
106 cells at 1 h, and this response was increased 2-fold by the presence of the phos¬
phodiesterase inhibitor, MIX (10-4 M). However, at concentrations which inhibited
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1.5 r la'

Peptide concentration (M) Peptide concentration (M)

Fig. 2. Progesterone production by rat granulosa cells during a 2-day culture in medium con¬

taining 100 ng/ml FSH (a), or 100 ng/ml FSH plus 10~7 M testosterone (b); effects of LHRH
(•) and ICI-118630 (o). The hatched bar indicates the corresponding response in the absence of
either peptide. Each value is the mean from a quadruplicate incubation; the s.e. is shown if
larger than the symbol.

Fig. 3. Oestradiol production by rat granulosa cells during a 2-day culture in medium con¬
taining 100 ng/ml FSH plus 10"7 M testosterone; effects of LHRH (•) and ICI-118630 (o). The
hatched bar indicates the response in the absence of either peptide. Each value is the mean from
a quadruplicate incubation; the s.e. is shown if larger than the symbol.

FSH-induced steroidogenesis, neither LHRH nor ICI-118630 markedly altered these
responses (Fig. 4b). The small effects which were observed were either statistically
insignificant or could not be reproduced in other experiments.

To check if increases in phosphodiesterase activity were involved, the effects of
LHRH and ICI-118630 on FSH-induced aromatase activity were compared in the
presence and absence of 1CT4 M MIX (Fig. 5). The results show that the inhibitory
effects of the decapeptides on aromatase induction by a submaximal dose of FSH
(20 ng/ml) were reproduced in the presence of MIX at a concentration which
increased the response to FSH by approximately 50%. Similar effects were observed
on progesterone production (data not shown).

These observations indicate that the peptides inhibited the action of FSH on
isolated granulosa cells at biochemical sites distal to the FSH receptor-coupled
adenylate cyclase/phosphodiesterase system. Thus experiments were done to check
their effects at low (10~9 M) and high (10_7M) concentrations on steroidogenic
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Fig. 4. cAMP production by rat granulosa cells in vitro: (a) Progress curves showing basal cAMP
production (*), and the responses to 10"4 M MIX (A), 100 ng/ml FSH (■), and 100 ng/ml FSH
plus 10-4 M MIX (□). Each value is the mean from a duplicate incubation, (b) Effects of LHRH
(•) and ICI-118630 (o) on 100 ng/ml FSH-stimulated cAMP production in the absence
(hatched bar and solid lines) and presence of 10"4 M MIX (open bar and broken lines). Each
bar represents the corresponding control response in the absence of either peptide. Each value is
the mean (± s.e.) from a quadruplicate 1-h incubation. *, significantly different (? < 0.01) from
the corresponding control. The results in panels (a) and (b) are from separate experiments.

responses to cholera toxin and cAMP analogues (Fig. 6). The response to a maximal
stimulatory dose of cholera toxin (100 ng/ml) (Fig. 6b) was only about one-third of
that due to the most effective dose of FSH (100 ng/ml) (Fig. 6a). But in both cases
aromatase induction was blocked by each decapeptide, with ICI-118630 being once
again at least 10 times more effective than LHRH. dbcAMP (0.5 X 10~3 M) only
doubled the basal level of aromatase activity (i.e., that observed in the presence of
testosterone alone), therefore the effects of the decapeptides could not be
evaluated. Apparent stimulatory effects due to the high (10"7M) dose of each
peptide were not statistically significant (Fig. 6c). Higher doses of dbcAMP were
not studied because of its toxic effects on granulosa cells at concentrations above
1CT3 M(Hillier et al., 1978).

The effect of 8brcAMP on aromatase induction was evaluated in a separate
experiment (Table 1). 'At 10~3 M, 8brcAMP stimulated aromatase activity to a
mean (± s.e.) level of 1.42 ±0.13 ng oestradiol/106 cells/48 h. This response was
not significantly altered by 10-9 M LHRH, but was significantly suppressed by
10"7 M LHRH, and by both doses of ICI-118630.
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Fig. 5. Effects of LHRH (•) and ICI-118630 (o) on the in-vitro induction of granulosa cell
aromatase activity by FSH in the absence (hatched bar and solid lines) and presence of 10"4 M
MIX (open bar and broken lines). Details are as given in the legend to Fig. 3, except that in this
experiment a parallel culture series was also set up in the presence of the phosphodiesterase
inhibitor (right-hand panel), and a submaximal stimulatory dose of FSH (20 ng/ml) was used.
All differences from the corresponding control value, indicated by the bar, are highly signifi¬
cant (P < 0.01).

Fig. 6. Effects of LHRH (•) and ICI-118630 (o) on (a) FSH-, (b) cholera toxin-, and (c)
dbcAMP-stimulated increases in rat granulosa cell aromatase activity in vitro. Oestradiol produc¬
tion was measured over a 2-day culture in medium containing 10-7 M testosterone and 100 ng/
ml FSH, 100 ng/ml cholera toxin or 0.5 X 10-3 M dbcAMP, along with the peptides as indi¬
cated. The open bar represents the corresponding control response in the absence of either
peptide. Each value is the mean from a quadruplicate incubation; the s.e. is shown if larger than
the symbol. An asterisk(s) denotes significant inhibition as compared to the corresponding con¬
trol; *, P<0.05; **, P<0.01. Basal aromatase activity (i.e., oestradiol production in the
presence of testosterone only) was 0.04 ± 0.01 ng oestradiol/106 cells/48 h (not shown).

Progesterone responses under the same conditions are shown in Fig. 7 and
Table 1. The response to 100 ng/ml cholera toxin (Fig. 7b) was similar to that due
to 100 ng/ml FSH (Fig. 7a), but whereas 10~9 M LHRH significantly inhibited the
effect of FSH, it had a significant stimulatory effect on the response to cholera
toxin. 10~9 M ICI-118630 did not affect the response to cholera toxin, but both
peptides inhibited this response when present at 10~7 M (Fig. 7b). The high dose of



Table1 EffectsofLHRHand1CI-118630on8brcAMP-stimulatedgranulosacellsteroidogenesis Peptide(M)

Steroidproduction(ng/106cells/48h)a) Progesterone

Oestradiol

T8brcAMP
T+8brcAMP

T

8brcAMP

T+8brcAMP

None LHRH
(10-9) (10-7) ICI-118630 (10-9) (10-7)

<3.546.7±2.8 _b)

138.6±9.1 130.4±2.5 134.6±4.4 113.9±1.9* 93.1±6.4**

<0.13

<0.13

1.42±0.13 1.17±0.11 0.92±0.08*>c) 0.91±0.08* 1.00±0.05*

a)Meanvalue(±s.e.,n=3)inthepresenceof10~7Mtestosterone(T),10"3M8brcAMPandamixtureofTplus8brcAMP. b)Notexamined. c)Asterisksdenoteasignificantlevelofinhibition:*P<0.05,**P<0.01.
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Peptide concentration (M)

Fig. 7. Effects of LHRH (•) and ICI-118630 (o) on (a) FSH-, 0) cholera toxin-, and (c)
dbcAMP-stimulated progesterone production by rat granulosa cells in vitro. Details are as given
in the legend to Fig. 6, except that progesterone was measured (same experiment). Basal
progesterone production (i.e., in the presence of only 10-7 M testosterone) was <12 ng/
106 cells/48 h; in the absence of testosterone, the responses to FSH, cholera toxin, and
dbcAMP were (mean ± s.e.) <12, 27.0 ± 3.0, and 18.1 + 2.4 ng/106 cells/48 h, respectively (not
shown).

each peptide also reduced the progesterone response to 0.5 X 10~3 M dbcAMP
(Fig. 7c), but only the effect of ICI-118630 was statistically significant. Neither
concentration of LHRH significantly affected the progesterone response to 10~3 M
8brcAMP, whereas both the high and low doses of ICI-118630 significantly sup¬

pressed it (Table 1).

DISCUSSION

This study complements other reports of direct inhibitory effects of LHRH/
LHRH agonists on FSH-stimulated granulosa cell steroidogenesis (Hsueh et al.,
1980; Massicotte et al., 1980). It goes further in showing that the net effect is one
of reduced sensitivity to FSH, and thereby focusses on a physiological interaction
which could involve FSH and a putative LHRH-like ovarian substance(s) in the con¬
trol of folliculogenesis (see below).
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LHRH/LHRH agonists have also been shown to inhibit LH/hCG-stimulated
luteal cell progesterone biosynthesis (Clayton et al., 1979; Behrman et al., 1980;
Jones and Hsueh, 1980). Receptor sites with high affinity for these peptides which
have been found in luteal tissue are thought to mediate their effects. Yet it is not
clear how these receptor sites are coupled to the LH/hCG receptor-mediated
steroidogenic response (Clayton et al., 1979; Behrman et al., 1980). Direct effects
on the primary interaction between the gonadotrophin and its own receptor on the
cell membrane have been excluded (Behrman et al., 1980; Harwood et al., 1980a).
However, inhibitory effects on intracellular cAMP levels may be involved, since two
different LHRH agonists were reported to inhibit LH/hCG-stimulated luteal cell
cAMP production in vitro (Behrman et al., 1980; Harwood et al., 1980a).

Receptors for LHRH/LHRH analogues are also present in non-luteal tissue
(Harwood et al., 1980b; Smith White and Ojeda, 1981). Jones et al. (1981) recently
showed that granulosa cells from preantral follicles in oestrogen-primed, hypo-
physectomized, immature rat ovaries are a rich source of LHRH-binding activity.
These cells, being devoid of measurable LH/hCG receptors (Hillier et al., 1978) but
rich in membrane-associated FSH receptors (Louvet and Vaitukaitis, 1976), are

ideally suited to studies on the role of FSH in foOiculogenesis (Hillier et al., 1980c;
Richards, 1980; Liu et al., 1981). The effects of FSH on granulosa cell ste¬
roidogenesis appear to involve increases in the intracellular cAMP level (Richards,
1980), but little else is known of the other biochemical mechanisms through which
it acts. The interaction between FSH and androgen is also poorly understood; but
androgen dramatically amplifies the steroidogenic response to FSH (Dorrington and
Armstrong, 1979), participates in aromatase induction (Daniel and Armstrong,
1980) and serves as a substrate for the aromatase reaction (Hillier, 1981). These
data confirm that LHRH acts directly on isolated granulosa cells to block F.SH-
stimulated progestogen biosynthesis and aromatase induction in vitro (Hsueh et al.,
1980; Massicotte et al., 1980). They also show that this effect is directed at the
FSH-controlled component of the response to a mixture of FSH plus androgen,
since the effect of FSH on progestogen production was also blocked in the absence
of testosterone (Fig. 2a).

Neither LHRH nor ICI-118630 had acute inhibitory effects on FSH-stimulated
cAMP formation at doses which almost completely suppressed aromatase induction
and progestogen biosynthesis over the 2-day culture. This was so both in the
presence and absence of the phosphodiesterase inhibitor MIX, showing that early
alterations in adenylate cyclase and phosphodiesterase activities cannot explain the
inhibitory effects of LHRH on granulosa cell steroidogenesis. However, Massicotte
et al. (1980) reported that an LHRH agonist inhibited cAMP production by
porcine cultured granulosa cells in response to FSH; and we did not determine if a
similar change in the intracellular cAMP level beyond the first hour of culture
accompanied the effects observed here (Knecht et al., 1981). Nevertheless, since
both LHRH and ICI-118630 blocked the steroidogenic responses to 2 cAMP
analogues, they may also act at one or more other biochemical loci distal to the
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FSH receptor-coupled production and/or metabolism of cAMP. There is already
evidence which indicates that LHRH agonists can act at multiple sites to inhibit
ovarian responses mediated by LH/hCG (Reddy et al., 1980). It remains to be
determined at which biochemical level(s) these substances interfere with FSH recep¬
tor-mediated granulosa cell responses.

On a mole for mole basis, ICI-118630 was about 10 times more effective than
LHRH as an inhibitor of FSH-controlled steroidogenesis in isolated granulosa cells.
This finding is in accord with other results which showed that the agonist was a
similar magnitude more potent than LHRH as a stimulant of LH release by female
rat pituitary glands in vitro (J. de Koning and S.G. Hillier, unpublished observa¬
tion). In-vivo potency estimates based on ovulation induction in androgen-sterilized,
constant-oestrus rats have shown that ICI-118630 is about 100 times more effective
than LHRH (Dutta et al., 1978b), thus it is possible that the agonist is metabolized
or cleared more slowly than LHRH in vivo. These results confirm that the substitu¬
tion of azaglycine in position 10, and D-amino-acid replacement in position 6 of
LHRH results in an agonist which is more active or stable than LHRH in vitro, and
may partially explain the paradoxical inhibitory effects of high doses of ICI-
118630 on ovarian function in vivo (Dutta et al., 1978b).

The induction by FSH of the granulosa cell aromatase system is a critical event
in the life-cycle of an ovulatory follicle: an adequate and timely response may
even determine the follicle's destiny (Hillier, 1981). Current studies with human
ovaries indicate that usually only one follicle contains granulosa cells with a fully
activated aromatase system during the late follicular phase of the menstrual cycle:
i.e., the one which is destined to ovulate (Hillier et al., 1980b, 1981). Reasons for
this differential are largely unexplained, but it has been suggested that interfollicular
differences in FSH sensitivity earlier on in the ovarian cycle may be involved
(Brown, 1978; Hillier, 1981). In view of the intriguing effects on aromatase induc¬
tion described here, it is tempting to speculate that the putative LHRH-like ovarian
factor could be involved.
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ANDROGEN/ANTIANDROGEN MODULATION OF CYCLIC
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FSH stimulation of granulosa cell differentiation is believed to be mediated by the
intracellular cyclic AMP (cAMP) level. However, steroidogenic enzyme induction in the
differentiating granulosa cell is subject to direct modulation by androgenic steroid: in
granulosa cell cultures established from ovaries of oestrogen-pretreated, prepubertal rats,
potentiating effects of testosterone (T) on FSH induction of oestrogen synthetase (aroma-
tase) and progesterone (P) biosynthesis can be blocked by including a stoichiometric excess
of antiandrogen (hydroxyflutamide, SCH16423) in the culture medium. In this study we
used the same experimental model to determine effects of T and SCH 16423 on the
induction of steroidogenesis by endogenous cAMP and an exogenous cAMP analogue,
8-bromo-cAMP (8brcAMP). Granulosa cells were cultured in medium containing variable
FSH concentration (3-300 ng/ml) with a fixed (100 /rM) dose of 3-isobutylmethylxanthine
(MIX), or containing a fixed (minimally effective: 10-15 ng/ml) dose of FSH with MIX
concentration variable (50-800 pM). By relating steroidogenic endpoints at 48 h to the
acute cAMP response (accumulations in the medium) at 1 h, it was deduced that aromatase
induction was saturable under conditions where FSH-sensitive cAMP production and the
induction of P biosynthesis showed further, proportionate increases.

Although T (0.1 (tM) did not alter acute FSH-responsive cAMP production, its presence

throughout the 48 h culture was required for full expression of FSH-induced steroidogenesis
in the cell monolayers. When the aromatase response (but not the P response) was

'supersaturated' by endogenous cAMP (i.e. culture with FSH plus MIX), SCH16423 was
unable to antagonize the potentiating effect of T on aromatase induction while it continued
to block T-potentiated P biosynthesis. Steroidogenic induction by cholera toxin (100
ng/ml) was also subject to similar modulation by T and SCH 16423. However, the
phosphodiesterase-resistant cAMP analogue 8brcAMP (3 mM) not only induced each
response (albeit submaximally in the case of aromatase) in the absence of T, but its effects
tended to be refractory to androgen/antiandrogen modulation. Accumulations of cAMP in
the medium from 48 h cultures which had been incubated with FSH (100 ng/ml) were
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London W12 0HS (Great Britain).
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increased 2-3-fold by the additional presence of T (0.1 /rM). This long-term stimulatory
effect of T on FSH-dependent cAMP accumulation was blocked by culture in the presence
of SCH16423 (10 ^M). Thus, androgen potentiation of steroidogenic enzyme induction
during FSH-stimulated granulosa cell differentiation may involve a suppression of cAMP
catabolism exerted by way of the androgen-receptor system.

Keywords'. FSH; cAMP; phosphodiesterase; androgens; antiandrogens; steroido¬
genesis; granulosa cell.

Functional correlates of granulosa cell differentiation include the
expression of steroidogenic enzyme systems and of membrane-associated
peptide receptor systems (for reviews see Channing et al., 1978; Richards,
1980). These developments are believed to be mediated by FSH-stimu-
lated increases in the intracellular cyclic AMP (cAMP) level (Dorrington
and Armstrong, 1979; Amsterdam et al., 1981; Knecht et al., 1981;
Nimrod, 1981; Wang et al., 1982).

Androgenic steroids are implicated as modulators of FSH-stimulated
granulosa cell differentiation (Armstrong et al., 1980; Hillier et al., 1980).
Undifferentiated granulosa cells from prepubertal rat ovaries undertake a
limited degree of progestogen biosynthesis and develop a minimal degree
of oestrogen synthetase (aromatase) activity during primary cell culture
in medium supplemented with FSH. However, the combination of FSH
and androgenic steroid in the culture medium leads to a dramatic
enhancement of both FSH-dependent processes (Nimrod and Lindner,
1976; Daniel and Armstrong, 1980; Hillier and de Zwart, 1981). Optimal
combinations of FSH and androgen can induce/activate a physiological
(i.e. pro-oestrus a.m.) level of aromatase within 48 h of culture (Hillier
and de Zwart, 1981).

There is evidence that the granulosa cell androgen-receptor system
(Schreiber and Ross, 1976) mediates this action of androgenic steroid
(Hillier and de Zwart, 1981), although androgen-responsive biochemical
loci in the chain of processes initiated by the primary FSH-membrane
interaction have not been identified. Acute effects of androgen on basal
and FSH-sensitive granulosa cell cAMP production have been ruled out
(Nimrod, 1977; Hillier et al., 1982), but longer-term changes in cyclic
nucleotide accumulation/action could be involved.

The present experiments with granulosa cell cultures established from
ovaries of oestrogen-pretreated, prepubertal rats were designed to explore
further the role of cAMP in the induction of steroidogenesis by FSH, and
to determine androgen (testosterone, T) and antiandrogen (hydroxy-
flutamide, SCH 16423) effects thereon. The results show that a suppres¬
sion of cAMP catabolism could underly the mechanism whereby andro-
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genie steroid potentiates FSH-induced steroidogenesis during granulosa
cell differentiation in tissue culture.

MATERIALS AND METHODS

Reagents
Medium 199 (containing Earle's or Hank's salts, 25 mM HEPES

buffer and 0.68 mM L-glutamine), calf serum (standing herd) and anti¬
biotics were obtained from Microbiological Associates (Bethesda, MD,
U.S.A.). Trypsin-EDTA solution (0.5 mg trypsin, 0.2 mg EDTA per ml
Puck's Saline A), Dulbecco's phosphate-buffered saline (DBS), 0.4%
trypan blue and additional L-glutamine were from Gibco-Europe (Glas¬
gow, Scotland). Bovine serum albumin (BSA) was obtained from Fluka
AG (Buchs, Sweden). Soybean trypsin-inhibitor, 3-isobutylmethyl-
xanthine (MIX), 8-bromo-cAMP (8brcAMP), cholera toxin, diethylstil-
bestrol (DES) and all unlabelled steroids were purchased from Sigma (St.
Louis, MO, U.S.A.). The antiandrogen, a,a,a-trifluoro-2-methyl-4'-nitro-
w-lactotoluidide (hydroxyflutamide SCH16423), was donated by the
Schering Corp. (Bloomfield, NJ, U.S.A.). The hFSH preparation (LER-
8/116) was pretreated with a-chymotrypsin to reduce its LH activity; it
contained 900 U FSH/mg and 6 U LH/mg (Reichert, 1967). [2,4,6,7-
3H]Oestradiol-17/3 (E2) (104 Ci/mmole) and [l,2,6,7-3H]-progesterone
(P) (95 Ci/mmole) were purchased from the Radiochemical Centre
(Amersham, U.K.). The [125I]cAMP RIA kit was supplied by NEN
(Dreieich, F.R.G.).

Animals
Immature female rats (Wistar, 21 days old) were supplied by TNO

(Zeist, The Netherlands). On day 23 or 24 of age, a silastic capsule
containing DES was implanted s.c. to stimulate granulosa cell prolifera¬
tion (Hillier et al., 1977).

Granulosa cell culture
Six days after implanting DES capsules, animals were killed by

cervical dislocation, ovaries removed, and granulosa cells harvested (Hil¬
lier et al., 1981) into Medium 199 containing 0.1% BSA (199-BSA). The
cells were sedimented (5 min at 700 Xg) and resuspended in complete
culture medium: Medium 199 supplemented with calf serum (5%), addi¬
tional L-glutamine (2 mM), penicillin (50 U/ml) and streptomycin (50
jug/ml). They were then counted in a haemocytometer chamber using
trypan blue exclusion to assess viability (usually between 30 and 50%). 10
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mm culture wells (Nunc, plastic multiwell dishes from Gibco-Europe)
were inoculated with replicate 250 ju.1 portions of the cell suspension to
give between 0.25 and 0.5 X 105 viable cells per well. FSH, T and/or
other test substances were added previously in separate portions of
medium to give a final incubation volume of 500 /xl per well. The dishes
were incubated at 37°C in a humidified incubator gassed with a 95%
air/5% COz mixture.

Measurement of steroidogenesis in granulosa cell cultures
After 48 h, the medium was collected and saved for the measurement

of P concentrations by RIA (Hillier et al., 1981). At this time, accumu¬
lations of P and its major metabolite 20a-dihydroprogesterone are com¬

parable, and measurements of P in the culture medium provide a good
index of granulosa cell P biosynthesis (Hillier et al., 1981). The aromatase
activity of the granulosa cell monolayer was determined in situ as
follows. The monolayers were rinsed with prewarmed (37°C) solutions
containing 0.1% BSA (2X1 ml 0.15 M NaCl followed by 1X1 ml
Medium 199), then T (0.1 /iM), the referent aromatase substrate, was
added to each well in 500 /tl 199-BSA, and the dishes were reincubated
for 3h at 37°C (Hillier and de Zwart, 1981). The aromatase assay
medium was then collected and stored frozen ( — 20°C) for subsequent
measurement of E2 by RIA (Hillier et al., 1981). The cell monolayer was
immediately rinsed with 2X1 ml 0.15 M NaCl (without BSA) and
dispersed by trypsinization (10 min incubation at 37°C in 250 /xl tryp-
sin-EDTA solution). Soybean trypsin-inhibitor (250 /xl as a 0.04% solu¬
tion in 199-BSA) was added to neutralize the trypsin, and the cells were
counted in a haemocytometer chamber. Aromatase activity was expressed
as E2 production (pmoles)/106 cells per 3 h. P accumulations in 48 h
culture medium were also normalized with respect to cell number in the
monolayer and expressed as P (nmoles)/106 cells per 48 h.

Granulosa cell cAMP production
To determine short-term (1 h) responses, granulosa cells were harvested

in DBS containing 0.1% BSA (DBS-BSA) as described above. The
washed cell suspension was dispensed into a series of 17 X 100 mm glass
test-tubes (approx. 0.5 X 106 cells per tube). FSH, MIX and/or T were
added as appropriate to give a final incubation volume of 2 ml DBS-BSA.
The tubes were capped and incubated with shaking at 37°C in a heated
water bath. The incubation was stopped by transferring the tubes to a
boiling water bath (10 min) followed by centrifugation for 10 min at
1500 X g. The supernatants were collected and stored at — 20°C.

To determine long-term (48h) accumulations in culture medium, the
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cells were cultured as described above except that calf serum in the
medium was replaced with BSA (0.1%) to avoid interference with the
RIA. Instead, the culture wells were precoated with calf serum proteins
before use (Nimrod, 1981). Neat serum (500 /rl) was dispensed into each
well, and the dishes were incubated overnight at 37°C in a humidified
incubator. Immediately before the addition of cells, the serum was
aspirated and the well washed twice with DBS (1 ml). Steroidogenic
responses under these culture conditions were checked and shown to be
qualitatively similar to (but approximately 3 times lower than) those
occurring in medium supplemented with 5% calf serum. When the culture
was ended, 250 /xl of medium from each culture was transferred to a glass
test-tube containing 133 /iM MIX in 750 /xl DBS. The solution was then
boiled and centrifuged, and the supernatant collected for storage at
— 20°C. cAMP was measured using the NEN [l25I]cAMP RIA kit. 50 or
100 ft 1 portions of the medium were assayed; the acetylation step was
included (Harper and Brooker, 1975). cAMP concentrations were nor¬
malized with respect to total cell number in the suspension (short-term)
or the monolayer (long-term) and expressed as cAMP (pmoles)/106 cells.

Data analysis
Linear comparisons of treatment means were used to test for statisti¬

cally significant effects (P < 0.05) following one- or two-way analysis of
variance, as appropriate (Snedecor and Cochran, 1967).

RESULTS

Dose dependence of FSH-responsive granulosa cell cAMP production
During 1 h incubations in the presence of 100 /iM MIX, FSH (3-1000

ng/ml) progressively stimulated the accumulation of cAMP in freshly
isolated granulosa cell suspensions (Fig. 1). Levels of cAMP accumula¬
tion were approximately 50% lower in the absence of MIX, while T had
no effect either in the presence or absence of MIX.

Dose dependence ofFSH induction of aromatase activity and P biosynthesis
in cultured granulosa cell monolayers: requirement for androgen and effect
ofMIX

FSH dose-response patterns for aromatase activity and P accumula¬
tion in granulosa cell cultures incubated for 48 h with FSH and T (0.1
^M) in the presence and absence of MIX (100 pM) are contrasted in
Fig. 2. In the absence of MIX, the aromatase response increased sharply
in proportion to FSH over a restricted concentration range (3-100
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FSH concentration (ng/ml)

Fig. 1. Dose-dependent stimulation of granulosa cell cAMP production by FSH. Rat
granulosa cells incubated for 1 h as a suspension in the presence of MIX (100 fiM); FSH
also present, as indicated. Each datum point shows the mean result (and range if greater
than the symbol) from a duplicate incubation.

Aromatase

activity

//'L gJ t=o i 1 1 1_
0 3 10 30 100 300

T

T +MIX

P-accumulation:

0 3 10 30 100 300

FSH concentration Ing/ml)

Fig. 2. Dose-dependent FSH induction of aromatase activity and P biosynthesis in granulosa
cell cultures: effect of MIX. Rat granulosa cells cultured for 48 h in medium containing 0.1
juM T; 100 juM MIX and/or FSH also present, as indicated. To facilitate a direct
comparison of the two responses, the data are presented after normalization with respect to
the corresponding maxima in the presence of MIX (100%). Each datum point is the mean
result from 4 culture wells. The SE was < 10% in all cases.
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ng/ml) but remained at a plateau level as the FSH concentration was
raised further. The dose-response curve was shifted to the left by the
presence of MIX. P accumulation showed a more sluggish response but
was proportionate to FSH concentration over the entire dose range. In
the presence of MIX, the P response became more sensitive to FSH and
was comparable to the aromatase response in the absence of MIX, in that
it rose sharply to approach a plateau level when FSH was present at 100
ng/ml.

Dose dependence of MIX effects on both steroidogenic responses was
checked during culture for 48 h in the presence of a minimally effective
dose of FSH (10 ng/ml), with and without T (0.1 /xM) (Fig. 3). In the
absence of T, each response was negligible irrespective of MIX con¬
centration. In its presence, aromatase activity rose in proportion to MIX
concentration and plateaued when MIX was present at 400 ^.M. P
accumulation rose progressively over the entire MIX concentration range.

Androgen/antiandrogen modulation of FSH/MIX-induced aromatase ac¬
tivity and P biosynthesis in cultured granulosa cell monolayers

The presence of MIX (100 /iM) during the 48 h culture period at-

MIX concentration 1/jM)

Fig. 3. Dose-dependent effects of MIX on FSH induction of aromatase activity and P
biosynthesis in granulosa cell cultures: effect of T. Rat granulosa cells cultured for 48 h
medium containing FSH (10 ng/ml); 0.1 ftM T and/or 50-800 jiM MIX also present, as
indicated. Each datum point is the mean result (±SE) from 4 culture wells.
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tenuated (15 ng FSH/ml) or completely overcame (100 ng FSH/ml) the
inhibitory effect of SCH16423 on T-potentiated aromatase activity. Un¬
der the same conditions, the phosphodiesterase inhibitor did not alter (15
ng FSH/ml) or only slightly attenuated (100 ng FSH/ml) the antiandro-
genic blockade of T-potentiated P accumulation (Fig. 4).

Androgen/antiandrogen modulation of cholera toxin- and 8brcAMP-in-
duced steroidogenesis in cultured granulosa cell monolayers

Androgen/antiandrogen effects on responses elicited by cholera toxin
(100 ng/ml) or 8brcAMP (1 mM) during the 48 h culture are shown in
Table 1. As with FSH (100 ng/ml), the responses to cholera toxin were at
least 95% lower in the absence of T (0.1 jaM), and the potentiating action
of T was antagonized by the presence of SCH 16423. However, even in
the absence of T, the cAMP analogue elicited a moderate P response

although it did not measurably stimulate aromatase. Moreover, whereas
T potentiated the P response to this dose of the analogue nearly 8-fold,

(15 ng FSH/ml)

0.1
10

1100 ng FSH/ml)

(15 ng FSH/ml)

SCH 16123: o

□ -MIX

E3 -MIX

1100 ng FSH /ml)

T

Concentration (/jM)

Fig. 4. Androgen (T)/antiandrogen (SCH16423) modulation of FSH/MIX induction of
aromatase activity and P biosynthesis in granulosa cell cultures. Rat granulosa cells cultured
for 48 h in medium supplemented with FSF1 (15 or 100 ng/ml) with and without MIX (100
juM); T and SCH16423 also present, as indicated. Each bar represents the mean value
(±SE) from 4 culture wells.
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Table 1

Androgen (T)/antiandrogen (SCH16423) modulation of FSH-, cholera toxin- and
8brcAMP-stimulated induction of steroidogenesis in rat granulosa cell cultures "

Stimulant T SCH 16423 Response

Aromatase

activity b
P

accumulation c

None - - <3.0 <0.05
- + <3.0 <0.05
+ - <3.0 <0.05
+ + <3.0 <0.05

FSH (100 ng/ml) - - <3.0 <0.05
- + <3.0 <0.05

+ - 79.4± 13.6 1.65 ±0.15
+ + 31.6± 1.9 »d 0.30 ±0.01 ***

Cholera toxin - - <3.0 0.14±0.02

(100 ng/ml) + - 83.8± 15.4 5.05±0.17
+ + 37.1 ±3.7 * 1.00±0.08 ***

8brcAMP (1 mM) - - <3.0 0.33±0.01
+ - <3.0 2.54 ±0.18
+ + <3.0 1.51 ±0.17 **

0 48 h culture in medium supplemented with steroidogenic stimulant, 0.1 jiM T and/or 10
/rM SCH 16423.

b Measured in the washed cell monolayer: pmoles E2 produced/106 cells per 3 h (mean±SE,
n =4).

c Concentration in culture medium; nmoles P/106 cells per 48 h (mean±SE, n =4).
d Asterisks denote significant levels of inhibition due to antiandrogen: * P <0.025,
** P <0.005, *** P <0.001.

aromatase activity was still unstimulated. Although SCH16423 (10 /tM)
suppressed T-potentiated P accumulation due to FSH or cholera toxin by
at least 80%, it reduced the response to T plus 8brcAMP by only 40%.

Androgen/antiandrogen effects in the presence of 8brcAMP were
re-evaluated in additional experiments (Tables 2 and 3). The cAMP
analogue stimulated a measurable increase in aromatase activity only at
the highest concentration studied (Table 2). However, at this dose (3 mM)
a substantial level of aromatase induction occurred in the absence of T,
and in its presence the response was enhanced only 3-fold. The level of P
which accumulated in response to 3 mM 8brcAMP in the absence of T
was approximately 7 times higher than the referent response elicited by
FSH (100 ng/ml) in the presence of T. Once again, the response was only
3 times higher in the presence of T. Not only did the antiandrogen not
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Table 2

Dose dependence and androgen (T)/antiandrogen (SCH16423) modulation of
8brcAMP-stimulated induction of steroidogenesis in rat granulosa cell cultures a

8brcAMP
concentration

(mM)

T SCH16423 Response

Aromatase

activity b
P

accumulation c

0 - - <3.0 <0.05
0 + - <3.0 <0.05
0 - + <3.0 <0.05

0.1 - - <3.0 <0.05

0.1 + - <3.0 <0.05

0.3 - — <3.0 <0.05
0.3 + - <3.0 0.22 ±0.01

1.0 — - <3.0 0.78 ±0.03
1.0 + - <3.0 2.65 ±0.09 d

3.0 - - 8.3±0.5 10.07 ±0.60
3.0 - + 25.3±0.3e 16.64±0.50f
3.0 + - 27.1 ± 1.3 d 30.20 ± 2.26 d
3.0 + + 29.4±2.6 8 33.25 ±3.00 8

FSH reference — - <3.0 <0.05

(100 ng/ml) + - 92.4±3.6 1.36 ± 0.13
+ + 46.7 ± 1.7 h 0.29± 0.03 h

a 48 h culture in medium supplemented with 8brcAMP, 0.1 (tM T and/or 10 pM
SCH16423. FSH-treated cultures were set up as positive controls.

b Measured in the washed cell monolayer: pmoles E2 produced/106 cells per 3 h (mean±SE,
n =4).

c Concentration in culture medium: nmoles P/106 cells per 48 h (mean±SE, n =4).
d Significant stimulation (P <0.001) vs. corresponding treatment without T.
e Significant stimulation (P <0.001) vs. corresponding treatment without SCH16423.
f Significant stimulation (P <0.025) vs. corresponding treatment without SCH16423.
8 Not significantly different (P >0.2) from corresponding treatment without SCH16423.
h Significant inhibition (P <0.001) vs. corresponding treatment without SCH16423.

antagonize these modest increases due to T, but it significantly enhanced
(3-fold) 8brcAMP-induced steroidogenesis in the absence of T.

Table 3 shows that after culture for 48 h in the joint presence of FSH
(100 ng/ml) and 8brcAMP (1.5 mM), aromatase activity in the cell
monolayer was 70% lower than that observed in response to FSH alone
(medium also containing 0.1 T). Under the same conditions, stimula¬
tory effects of FSH and 8brcAMP on the induction of P biosynthesis
appeared to be additive.
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Table 3

Divergent effects of 8brcAMP on the induction of aromatase activity and of P biosynthesis
by FSH and T in rat granulosa cell cultures a

Treatment Aromatase activityb P accumulation c

-T +T -T +T

Control <3.0 <3.0 <0.05 <0.05
FSH (100 ng/ml) <3.0 47.4±5.1 <0.05 1.78±0.08
8brcAMP (1.5 mM) <3.0 <3.0 1.85±0.09 6.09±0.31 d
FSH + 8brcAMP <3.0 14.9±1.9e 2.46±0.09r 8.33±0.49f

° 48 h culture in medium supplemented with FSH and/or 8brcAMP, in the presence and
absence of 0.1 (iMT.

b Measured in the washed cell monolayer: pmoles E2 produced/106 cells per 3 h (mean±SE,
n =4).

c Concentration in culture medium: nmoles P/106 cells per 48 h (mean±SE, n =4).
d Significantly higher (P <0.001) vs. the response to FSH alone.
e Significantly lower (P <0.001) vs. the response to FSH alone.
' Significantly higher vs. the individual responses to FSH (P <0.001) and 8brcAMP
(P<0.01).

~^\ -SCH16423 H|. SCH16423
200 -

0 L—J———
C T FSH FSH.T

Culture treatment

Fig. 5. Androgen (T)/antiandrogen (SCH16423) modulation of FSH-stimulated cAMP
accumulation in granulosa cell culture medium. Rat granulosa cells cultured for 48 h in
medium supplemented with FSH (100 ng/ml) and/or 0.1 ;uM T, in the presence and
absence of 10 (iM SCH16423. For this experiment the culture medium contained 0.1% BSA
instead of calf serum, and the culture wells were precoated with serum factors before use, as
described in Materials and Methods. Each bar represents the mean value (±SE) from 4
culture wells. cAMP accumulation in control (C) and T-treated cultures was < 10
pmoles/106 cells per 48 h (indicated by wavy line).
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Androgen/antiandrogen modulation of FSH-stimulated cAMP accumula¬
tion in granulosa cell culture medium

Medium collected from cell monolayers cultured for 48 h in the
presence of FSH (100 ng/ml) plus T (0.1 ^.M) contained 2-3 times more
cAMP than that collected from the cultures treated with FSH alone

(PcO.OOl) (Fig. 5). The additional presence of SCH16423 (10 ju,M)
caused a 50% reduction (P< 0.001) in the cAMP response to FSH plus
T, but it had no significant effect on the attenuated response to FSH in
the absence of T.

DISCUSSION

These results provide indirect evidence that androgen/antiandrogen
modulation of FSH action during granulosa cell differentiation involves
changes in the metabolism and/or action of endogenous cAMP.

The steroidogenic endpoints studied, aromatase activity and P bio¬
synthesis, display different sensitivities to FSH in this isolated cell
system. Adenylyl cyclase activity (granulosa cell membranes) and the
subsequent rate of P production during culture were already known to
increase proportionately over a wide range of FSH concentration (Hillier
et al., 1980). Here, the proportionality was confirmed using acute (1 h)
cAMP production by intact cells to monitor the primary membrane
response to FSH. However, aromatase activity plateaued in the presence
of FSH concentrations (S5 100 ng/ml) which continued to stimulate
progressive and proportionate increases in cAMP production and P
biosynthesis. Current concepts of cAMP-mediated gonadotrophin effects
on the granulosa cell are sketchy (Channing et al., 1978; Knecht et al.,
1981) and do not explain this differential. Different cAMP binding sites
and/or protein kinase systems could be involved (e.g. Richards and
Rolfes, 1980), although other mechanisms which may or may not depend
directly on cAMP cannot be ruled out.

Aromatase activity was the more responsive and 'saturable' parameter
only if the formation of endogenous cAMP was stimulated via activation
of adenylyl cyclase by FSH or cholera toxin. When the primary mem¬
brane-effector system was bypassed with exogenous 8brcAMP, the
aromatase response was, at best, modest in the face of huge increases in P
biosynthesis (Table 2). Wang et al. (1982) noted a similar differential
action of dibutyryl cAMP on steroidogenic induction in rat granulosa cell
cultures. We also found that 8brcAMP could suppress the induction of
aromatase by FSH while at the same time augmenting the stimulatory
action of FSH on P biosynthesis (Table 3). Whether this situation reflects
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a fundamental difference in the control of each response, or a pharmaco¬
logical property of the cAMP analogue, is not at present known. How¬
ever, 8brcAMP has been shown to be relatively resistant to degradation
by phosphodiesterase action, and its access to diverse subcellular com¬
partments may differ from that of the endogenous cyclic nucleotide
(Simon et al., 1973).

In this granulosa cell-culture system, the full induction of steroido¬
genic potential cannot be explained solely in terms of the adenylyl
cyclase response to FSH: a simultaneous (or previous?) exposure to
androgenic steroid is also required. Neither oestrogens nor progestogens
seem to mimic this action of androgens (Daniel and Armstrong, 1980)
and it can be blocked by the presence of antiandrogens such as SCH16423,
which are thought to act by inhibiting the translocation of cytoplasmic
androgen-receptor complexes to the granulosa cell nucleus (Hillier and
de Zwart, 1981; Hillier et ah, 1982). Even treatments which elicit 'super¬
saturating' cAMP responses (e.g. FSH plus MIX) also depend on the
presence of androgenic steroid to elicit a maximal response. However,
under such circumstances, the response may become refractory to anti-
androgenic inhibition (Fig. 4). This finding indicates that SCH 16423
manifests itself as 'antiandrogenic' only if the endogenous cAMP level is
rate-limiting, and would be at least partially explained if the drug's
action led to an increased activation of cAMP by phosphodiesterase(s).
Such a likelihood is strengthened by the results obtained using 8brcAMP:
the phosphodiesterase-resistant (Simon et al., 1973) cAMP analogue not
only induced steroidogenesis in the absence of T, but its effects tended to
be refractory to androgen/antiandrogen modulation. Interestingly,
SCH 16423 significantly enhanced steroidogenic responses to 8brcAMP in
the absence of T, indicating that the drug is not completely devoid of
intrinsic androgenic activity (Neri, 1977).

The use of MIX as a tool in studies of cAMP-dependent hormone
action is known to have pitfalls; however, its present effects were most
likely due to a net increase in the intracellular cAMP level, secondary to
a partial inhibition of MIX-sensitive cyclic nucleotide phosphodiesterase
activity (Knecht and Catt, 1981; Wells and Kramer, 1981). At the highest
concentration examined here (800 ju.M), MIX did not stimulate FSH-in-
duced steroidogenesis maximally (Fig. 3), indicating that phos¬
phodiesterase was still active. Thus, the ability of T to potentiate cAMP-
dependent steroidogenesis in the presence of MIX does not necessarily
indicate non-involvement of androgen-responsive phosphodiesterase ac¬
tivity (Nimrod, 1977).

T-potentiated, FSH-induced steroidogenesis was associated with
increased cAMP accumulation in the 48 h culture medium (Fig. 5). The
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level will have reflected the balance of nucleotide formation, metabolism
and egress from the cells throughout the entire culture, and should
therefore be interpreted with caution. However, since T does not affect
FSH-sensitive adenylyl cyclase activity and would have been unlikely to
affect cAMP egress (Barber and Butcher, 1981), the effect probably
involved a suppression of cAMP catabolism. Androgen specificity is
evinced by the ability of SCH16423 to antagonize T-stimulated cAMP
accumulation in the presence of FSH without affecting the attenuated
effect of FSH itself under these conditions. Direct measurements of

phosphodiesterase activity will be required to determine if the enzyme
system is involved in androgen/antiandrogen action during granulosa
cell differentiation.
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ACTIVATION AND MODULATION OF THE GRANULOSA CELL AROMATASE
SYSTEM: EXPERIMENTAL STUDIES WITH RAT AND HUMAN OVARIES1

S.G. Hillier, E.V. van Hall, A.J.M. van den Boogaard,
F.A. de Zwart and R. Keyzer

Department of Obstetrics and Gynaecology, Leiden
University Medical Centre, 2333 AA Leiden,The Netherlands

Oocyte maturation and ovulation depend ultimately on
interactions involving gonadotrophin-stimulated somatic
cells (granulosa and theca). Locally produced sex
steroids, acting as inter- and intracellular regulators,
participate in this process (1). Androgens and oestrogens
exert discrete effects within the maturing follicle and
are linked teleologically by their respective roles as
precursor and product of the oestrogen synthetase (aro-
matase) reaction (2). In this article,we summarize and
discuss some of our recent findings on cellular and
biochemical aspects of the follicular aromatase system in
human and rat ovaries.

AROMATASE ACTIVITY IN THE HUMAN PREOVULATORY FOLLICLE

The human preovulatory follicle probably emerges from
a cluster of antral follicles which have attained diame¬
ters not exceeding 4 mm at the start of the ovarian cycle
in which it will ovulate. Its subsequent development and
function is dependent on adequate stimulation by the
raised plasma FSH:LH ratio which characterizes this phase
of the menstrual cycle (3).

During the second half of the follicular phase, when
there is a sustained progressive rise in the plasma LH
level and a corresponding decline in the level of FSH (4),
the dominant follicle undergoes a period of rapid pre¬
ovulatory growth and assumes its classic oestrogen-
secretory function (5). This last is critically dependent
on adequate stimulation by LH and involves a joint
interaction of the theca interna and membrana granulosa
(see the literature cited in Ref. 6). Thus LH stimulates
the formation of aromatizable androgens in the theca
interna which diffuse across the lamina basalis where they
are metabolized to oestrogen by FSH-activated granulosa
cells. The cells in the parietal granulosa cell layer are
presumably exposed to the highest concentration of aro¬
matase substrate, and they are in direct contact with the

1 Supported in part by the Dutch Foundation for Medical
Scientific Research (FUNGO).
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extensive network of blood vessels which encapsulates the
lamina basalis of the dominant follicle. The oestrogen
they produce diffuses into the blood stream while some
steroid, androgen and oestrogen, also passes into the
antral cavity. There, the follicular fluid level of
oestrogen (absolute and relative to androgen) is propor¬
tionate to the activity of the granulosa cell aromatase
system as determined in vitro.

Although the theca interna also contains an aromatase
system, it does not appear to be a quantitatively impor¬
tant site of oestrogen formation in the preovulatory
follicle. In-vitro measurements of aromatase activity in
isolated theca and granulosa cells have shown that about
99.9% of the total follicular aromatizing capacity is
located in the membrana granulosa (7).

The aromatase activity of granulosa cells from the
preovulatory follicle is several orders of magnitude
greater than that of cells from non-ovulatory antral
follicles present in either ovary at that time (Fig. 1).
These last yield follicular fluid with a proportionately
low level of oestrogen and an aromatizable androgen :
oestrogen concentration ratio which is substantially
greater than one. In the preovulatory follicle, this ratio
is always less than one, and the absolute oestrogen level
reaches several micrograms/ml just before the mid-cycle
LH surge (7-9).

These biochemical discriminants hold among all
follicles of 5 mm or more which are present during the
mid-late follicular phase of the cycle. By this time, the
preovulatory follicle has been selected and has already
emerged as a morphologically dominant structure. We have
hypothesized that a timely induction or activation of the
granulosa cell aromatase system and the attendant changes
in the intrafollicular sex steroid profile are major
determinants of the dominant follicle during its selection
earlier on in the ovarian cycle (6) .

FSH is the primary gonadotrophic stimulant of
granulosa cell aromatase: iri vivo, oestrogen: androgen
ratios are highest in follicular fluid which also contains
relatively high levels of FSH (10); in vitro, the
aromatization of exogenous androgen by isolated granulosa
cells may be stimulated by the presence of FSH (11). (Figs.
1 & 2). It is noteworthy that FSH can have acute (i.e.
within 3 h; see Fig. 1) and long-term (Fig. 2) stimulatory
effects on aromatization in human granulosa cells in vitro.
But most of the follicles we have studied in these ways
were nonovulatory, being atretic or recovered during the
early luteal phase of the cycle when, having already at¬
tained a size of at least 5 mm, they were destined to be¬
come atretic. On the other hand, the healthy preovulatory
follicles we have studied yielded granulosa cells con¬
taining a maximally activated aromatase system which
showed no further increase in response to FSH in vitro(7).
Thus the following questions arise: 1) when during its
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Figure 1. A typical range of in-vitro granulosa cell
aromatase activities of antral follicles present in the
human ovary during the late follicular phase of the cycle,
showing the FSH-responsivity of cells obtained from non-
ovulatory follicles. The tissue was obtained from each of
two women who underwent unilateral ovariectomy during
surgical correction of tubal infertility (patients I and
K in Ref. 7). a, Ovary bearing the (dominant) prospective
ovulatory follicle, 21 mm in diameter; b, contralateral
ovary. The aromatase assay was carried out by measuring
(RIA) the rate of oestrogen formation from a referent
aromatase substrate (10-7M testosterone) by isolated cell
suspensions incubated for 3 h at 37°C. N.B., pooled cells
from 3x5 mm and 3x6 mm follicles were studied in b.
Plus or minus symbols denote the presence of gonadotrophin
in the incubate: FSH, hFSH LER-8/116 (100 ng/ml);HCG,
hCG CR-119 (100 mlU/ml). Data are the mean (i SE) value
from triplicates, except for the treatment of pooled cells
from the 5 mm follicles in b which was done in duplicate.
(Data taken in part from Ref. 7).

life-cycle does a prospective preovulatory follicle
acquire an FSH-responsive granulosa cell aromatase system;
and 2) what factors control its induction or activation.
In an attempt to answer the first, we are studying antral
follicles present at various times during the luteal phase

53



T : - - - - - + + + + +

FSH : 0 18 180 0 0 0 18 180 0 0
HCG: 0 0 0 20 200 0 0 0 20 200 (miu/ml)

Hormones added to the medium

Figure 2. FSH-stimulable aroraatization of testosterone by
human granulosa cells isolated during the early luteal
phase of the cycle (patient L in Ref. 7). Pooled granulosa
cells from 4 follicles (6-8 mm in diameter) were
incubated as replicate monolayer cultures (2.0 x 105
cells/dish) in 2 ml culture medium with and without 10~7M
exogenous testosterone (T) and/or FSH (hFSH LER-8/116;
900 IU FSH/mg, ~ 6 IU LH/mg) or HCG (hCG CR-119, 13 450
IU/mg) at the concentrations indicated. The culture
medium was 199 containing 25 mil HEPES buffer, Earle's
salts, calf serum (5%), penicillin (50 IU/ml), strepto¬
mycin (50 ug/ml), and additional L-glutamine (2 mM). The
cells were incubated for 48 h at 37°C in a humidified air:
C02 (95:5, v/v) gas mixture. The 17|3-estradiol concentra¬
tions of medium collected at the end of the culture period
are indicated by the vertical bars (mean - SE, n = 3)
(Reproduced from Ref. 7, with permission.)

of the menstrual cycle. Although incomplete, that study
has already shown that the next ovulatory follicle does
not exceed 4 mm in diameter and does not contain a

measurably active or (FSH-)responsive aromatase system by
the mid-late luteal phase of the antecedant ovarian cycle
(12). To approach the latter, we have turned to an in-
vitro animal cell model.
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ACTIVATION AND MODULATION OF AROMATASE ACTIVITY IN RAT
GRANULOSA CELLS

Exogenous oestrogen promotes the development of a
more or less uniform population of healthy preantral
follicles in the immature rat ovary. Their granulosa
cells are easily isolated essentially free of contamina¬
tion with other ovarian cells (apart from oocytes) by
simple mechanical means. These cells are devoid of mea¬
surable LH/hCG receptors, rich in membrane-associated FSH
receptors, and contain cytoplasmic androgen and oestrogen
receptors. Thus they are ideally suited to in-vitro
studies of the roles of FSH, sex steroids and other sub¬
stances in the control of granulosa cell differentiation
(see the literature cited in Ref. 2) .

The role of FSH

Granulosa cells prepared as described above produce
little, if any, oestrogen unless they are cultured in
medium containing FSH along with testosterone,
androstenedione or an aromatase intermediate. The
androgen is required as a substrate for the increased
level of aromatase which is supposedly induced or acti¬
vated by FSH (13). However, we recently discovered that
such cells do not develop an appreciable level of
aromatase activity when cultured for up to 6 days in
medium containing FSH but no androgen (14). This was
determined by removing the medium, washing the cell mono¬
layer to remove all measurable traces of steroid, and
then reincubating it for 3 h in medium containing a
referent aromatase substrate (10_7M testosterone). 173-
Oestradiol (E2) production was measured by RIA and related
to the number of cells in the monolayer (counted in the
chamber of a haemocytometer after trypsinization). Using
this carefully validated index of 'aromatase activity',
we observed that the response to FSH (irrespective of
dose) did not exceed 0.5 ng E2/106 cells/3 h. However, if
the cells were cultured in medium containing testosterone
(10_7M) along with FSH, they acquired an active aromatase
system according to the induction time-course shown in
Fig. 3. Daniel and Armstrong (15) recently reported a
similar synergism between FSH and androgen. (In their
experimental system [granulosa cells from immature rats
not pretreated with exogenous oestrogen] an appreciable
response was obtained to FSH alone, and the synergistic
effect of androgen was less dramatic: presumably the cells
had already been exposed to an effective level of androgen
in vivo since the gonadotrophin levels in their animals
would not have been suppressed.) Note that by 48 h, the
activity surpassed that of freshly isolated cells from
preovulatory follicles (pro-oestrus a.m.) in cyclic adults
of the same strain (Wistar) (16). We have adopted the
measurement of aromatase activity after a standard 2-day
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Figure 3. Activation of the rat granulosa cell aromatase
system in vitro: induction time course of the response to
FSH and testosterone. Granulosa cells from oestrogen-
pretreated immature rat ovaries were cultured under the
conditions described in the legend to Fig. 2. The culture
medium contained no exogenous hormone, FSH (hFSH LER-
8/116, 100 ng/ml) alone, testosterone (10-7M) alone, or
a mixture of FSH and testosterone at those doses. Four
cultures receiving each of these treatments were termi¬
nated at the times indicated; those terminated at 72 and
96 h received fresh medium containing the same hormones
at 48 h. The medium was removed, and each monolayer
rinsed to remove all measurable trace of steroids. The
monolayer was then reincubated with a referent aromatase
substrate (10_7M testosterone) for 3 h at 37°C. 17|3-
Oestradiol (E2) production over this period was related
to the number of cells counted in the monolayer after
dispersal with trypsin, thereby providing an index of
aromatase activity (14). Only cells cultured with FSH
plus testosterone responded (i.e. >0.5 ng E2/106 cells/
3 h). The time-course of this response is shown (mean of
quadruplicates). The height of the horizontal, stippled
bar covers the range (95% confidence limits, 6 experi¬
ments) of granulosa cell aromatase activity measured
using an identical assay of suspended cells isolated from
preovulatory (pro-oestrous, a.m.) follicles in cyclic
adult rat ovaries (16).

culture to determine the influence of various substances,
steroidal and nonsteroidal, on the response to FSH. In
this system, aromatase induction/activation by FSH is
modulated both by the type and concentration of androgen
present in the culture medium during the exposure to FSH.
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Under optimal conditions (medium containing testosterone
at 10~7M or greater, see Fig. 4) the response to FSH is
dose-dependent, being maximal at concentrations
> 100 ng/ml.

The roles of androgen

The aromatase response to a fixed dose of FSH
(100 ng/ml) is shown in relationship to the concomitant
level of testosterone exposure in Fig. 4.Other androgens
interact with FSH to induce or activate the aromatase

system, their effect being proportionate to androgenic
potency based on an increase in progesterone accumulation

Figure 4. Dependence of granulosa cell aromatase induc¬
tion/activation by FSH on testosterone concentration
in vitro. Granulosa cells from oestrogen-pretreated
immature rat ovaries were cultured under conditions
described in the legend to Fig. 2. The culture medium
contained hFSH LER-8/116 (100 ng/ml) alone or combined
with testosterone at the concentrations indicated. After
48 h, the medium was removed and the aromatase activity
of the washed cell-monolayer determined as described in
the legend to Fig. 3. Data are the mean (± SE) value from
quadruplicates.(Reproduced from Ref. 14,with permission.)

Testosterone concentration (M)
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during the preceding 48-h culture (Table 1). Fig. 5 shows
a linear regression analysis (progesterone production on
aromatase activity) of the data listed in Table 1. After
normalizing individual responses relative to those of
testosterone alone (100%), there is a one-for-one rela¬
tionship between the two parameters. Progesterone itself
cannot be the common denominator of this relationship
since at 10-7M it is completely without effect on
aromatase induction (Table 1) (15).

Androgenic stimulation of granulosa cell progesterone
production apparently involves the granulosa cell
androgen receptor and is hence a classic steroid target-
type response (18, 19). The stimulatory effect of
testosterone on the aromatase response to FSH also seems
to involve the androgen receptor since it is blocked by
the presence of the nonsteroidal antiandrogen SCH 16423
(Fig. 6) . This drug, an active metabolite of Flutamide (20 )y
inhibits the nuclear translocation of testosterone in rat

granulosa cells (21).

TABLE 1. Effects of sex steroids or analogues on FSH-
stimulated granulosa cell aromatase activity and
progesterone accumulation iri vitroa (14).

o d
. , , , b Aromatase ProgesteroneSteroid/analogue . , . , .7 activity accumulation

None (control) 0 . 18 + 0.01 8 . 7 + 1.6
Testosterone 6 . 26 + 0 . 25® 159 . 2 + 9.5
Androstenedione 4.81 + 0 .36® 139 . 3 + 3.7

5a-Dihydrotestosterone 3 .12 + 0 . 22® 54 .0 + 1 . 1

5a-Androstane-3a, 17(3-diol 2.96 + 0 . 22® 55 .4 + 1.2

5a-Androstane-33,17(3-diol 2.63 + 0 .15® 62.3 + 1. 2

5a-Anarostane-3,17-dione 1.39 + 0.11® 29 . 1 + 1.6
Androsterone 1 . 14 + 0.03®.

0.21^
o.oi-L

33.3 + 1.0

Diethylstilboestrol 0 . 79 + 10 .9 + 0.4-

Progesterone 0 . 29 + 37 .1 + 1.8'
19-Hydroxyandrostenedione 0.22 + 0 .06J„

0 .01J
9.5 + 0 . 6'

A1-Testololactone 0.09 + 11 .5 + 0.6'

a
Granulosa cells from oestrogen-pretreated, immature rat
ovaries, cultured (0.36 x 106 cells/culture well; 40%

^ viable) for 48 h as described in the legend to Fig. 2.
Added to the culture medium at a concentration of 10_7M

along with hFSH LER-8/116 (100 ng/ml).
G
Aromatase activity of the 48-h cell monolayer (ng E2/106
cells per 3 h; mean ± SE, n = 4), determined as

^ described in the legend to Fig. 3.
Level accumulated in the 48-h culture medium related to
total cell number in the inoculum (ng/106 cells per
48 h; mean ± SE, n = 4).

®
Value significantly higher than the control,P < 0.01(17)*
Value not significantly different from the control
P > 0.05 (17)-
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Aromatase activity (% max.)

Figure 5. Linear regression analysis of the data listed
in Table 1. Individual progesterone (Y) and aromatase (X)
responses were normalized relative to those of
testosterone (100%). (Y = 0.98X-0.89; r = 0.97,P < 0.001).
Open circles indicate the control value (FSH alone) and
those compounds which had no statistically significant
effect on either parameter: these, with the exception of
progesterone (not shown) were included in the analysis.
T, Testosterone; A1* A'dione, androstenedione; A'diol(3|3),
5a-androstane-33,17p-diol; A'diol(a3), 5a-androstane-3a,
l7(3-diol; 5aT, 5a-dihydrotestosterone; 5aA'dione, 5a-
androstane-3,17-dione.

There is evidence that testosterone can influence
cyclic nucleotide metabolism in certain androgen target-
cells, and it has been suggested that a decrease in
phosphodiesterase activity may be involved (22). While it
is well established that the effect of FSH on granulosa
cell aromatase activity involves an increase in intra¬
cellular cAMP levels (13), effects of testosterone thereon
have not been thoroughly investigated (23). The acute (lh)
cAMP production-response of suspended granulosa cells to
FSH is unaffected by 10-7M testosterone both in the
presence and absence of 10_ItM 1-methyl-3-isobutylxanthine,
a phosphodiesterase inhibitor (Table 2). But since the
joint effect of FSH and testosterone on granulosa cell
aromatase entails a 24-h lag period (Fig. 3), it remains
to be determined if the action of androgen in this context
involves long-term alterations in the intracellular cyclic
nucleotide economy.

59



o
(_

<

0 10 "7 10 "6 10~5

SCH 16423 concentration (M)

Figure 6. Antiandrogenic inhibition of the stimulatory
effect of testosterone on granulosa cell aromatase
induction/activation by FSH in vitro. Granulosa cells
from oestrogen-pretreated immature rat ovaries were
cultured under the conditions described in the legend to
Fig. 2. The culture medium contained hFSH LER-8/116
(100 ng/ml), testosterone (10-7M), and, except for the
control (open bar), SCH 16423 at the concentrations shown.
After 48 h, the medium was removed and the aromatase
activity of the washed cell-monolayer determined as
described in the legend to Fig. 3. Data are the mean
(± SE) value from quadruplicates. (Reproduced from
Ref. 14, with permission.)

Androgens containing the A^-3-oxo moiety are also
oestrogen precursors (25). Testosterone and androstene-
dione are equally effective as aromatase substrates in
granulosa cells from preovulatory rat follicles (16).
Such is also the case for human granulosa cells, although
on a cell-for-cell basis their maximal level of aromatase

activity is about 25 times higher (7). The dose-response
curves constructed in Fig. 7 show how quantitative
alterations in an aromatase substrate may have implica¬
tions for follicular oestrogen biosynthesis in vivo.
But qualitative differences may also be important. Various
non-aromatizable,5a-reduced androgen-metabolites
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TABLE 2. Testosterone does^not affect acute FSHa-
stimulated granulosa cell cAMP production iri vitro

cAMP (pMole/106 cells per h)c
Treatment

Control
Testosterone (10~7M)
FSH (100 ng/ml)
Testosterone + FSH

< 0.4
<0.4
3.7 ± 0.6
3.8 ± 0.2

< 0.4
<0.4
7.1 ± 0.6
7.3 ± 0.8

£ hFSH LER-8/116
Isolated from oestrogen-pretreated immature rat ovaries;
incubated as a suspension (0.5 x 106 cells/2 ml) in
Dulbecco's Phosphate-Buffered Saline containing 0.1%
BSA for 1 h at 37°C.
Determined with the NEN (Dreiech, W. Germany)
cAMP-[1251]-RIA kit (including the acetylation step)
after boiling and centrifuging the incubate (24); mean

d ± SE, n = 4.
lO-^M l-Methyl-3-isobutylxanthine.

[notably 5a-dihydrotestosterone, 5a-androstane-3,17-dione
and the epimeric (3a, 17(3/3|3 ,173) 5a-androstanediols] are
competitive granulosa cell aromatase inhibitors: their
potencies in some cases substantially exceeding that of
A1-testololactone (Teslac), a pharmacological aromatase
inhibitor which is used clinically (16). Our studies
indicate that such compounds may interact at at least
two distinct levels within the granulosa cell (or act on
two different granulosa cell populations?)to modulate
aromatization and hence intrafollicular oestrogen levels:
1) involving the androgen receptor and increased aromatase
enzyme-induction or activation in response to FSH, and 2)
involving competition with testosterone or androstenedione
for the substrate acceptor-site(s) on the activated
aromatase enzyme complex. Interestingly, there is no
obvious relationship between an ability to interact
directly with extant aromatase (i.e. as substrate, com¬
petitive inhibitor, or intermediate) and an ability to
elicit androgen-dependent (aromatase induction and
progestogen biosynthesis) responses to FSH in vitro. Thus
subtle features of androgen stereochemistry would seem to
underly relative abilities to interact with androgen
receptor- as opposed to aromatase enzyme-protein(s) in
granulosa cells.

The roles of other substances

Oestrogens sensitize granulosa cell responses to FSH
(1, 26). The present use of granulosa cells from oestrogen-
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Figure 7. Dose-response relationships between the
concentration of testosterone (T), androstenedione (A) and
19-hydroxyandrostenedione (190HA) added to the medium
and the production of 17(3-oestradiol by granulosa cells
isolated from the largest follicles in rat ovaries on the
morning of vaginal pro-oestrus. Incubations were for 3 h
at 37°C (2.5 x 105 cells/ml). Data are the mean (± SE)
value from triplicates. (Reproduced from Ref. 25, with
permission.)

pretreated animals precluded the likelihood that any
further stimulation by oestrogens might be apparent in
vitro, although there was a small (approximately 4-fold)
albeit statistically insignificant increase in the
aromatase response to FSH when diethylstilboestrol (10-7M)
was included in the culture medium (Table 1).

Schreiber et al. (27) showed that R 5020, a

progestin, reduced the aromatase response to a mixture of
FSH and androgen using a similar in-vitro experimental
model. But at the high concentrations used (10~5M), this
substance could act in the granulosa cell as an anti-
androgen (20). Thus a role for naturally occuring
progestogens is still equivocal.

Ovarian cells contain high-affinity receptor sites
for luteinizing hormone-releasing hormone (LHRH) and its
competitive agonist-analogues (28). Such peptides have
been shown to interact with granulosa cells and directly
modulate various characteristic gonadotrophin-induced
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responses in vivo and in vivtro (see the article by
Hsueh et al., this volume, and the literature cited) .

Moreover an LHRH - like substance with hypophysiotrophic
activity was recently isolated from the rat ovary and
granulosa cell culture medium (29). These, and a parallel
series of findings for the testis (30), have prompted
speculations that a locally produced peptide(s) with
LHRH-like activity may participate in the control of
follicular function.

Our studies on this last theme (24) confirmed that
LHRH can inhibit aromatase induction and progesterone
biosynthesis in response to a mixture of FSH plus
testosterone in vitro (31), and showed that the LHRH
agonist [D-Ser(Bu^T®Azgly1°]-LHRH (ICI 118630) (32) is
about ten times more potent than LHRH as an inhibitor of
these responses. As illustrated in Fig. 8, the net effect
of LHRH is actually one of reduced sensitivity to FSH. A
similar interaction involving the putative ovarian LHRH-
like substance could constitute a physiological means of
modulating granulosa cell responses to prevailing levels
of FSH exposure in vivo. Attempts to identify the
biochemical mechanisms involved have not been conclusive.

Apparently one or more loci distal to the FSH receptor-
coupled production and/or metabolism of cAMP are
involved (24).

Follicular fluid contains a variety of other factors
which may be produced by and/or act on follicular cells.
These include oocyte-maturation inhibitor (OMI) (33),
FSH-binding inhibitor (FSH-BI) (34), and inhibin(s) (35,
36). (For further details, the articles by Channing et al.
and Daume et al., in this volume should be consulted.)
Their relationships amongst each other and between them
and the ovarian LHRH-like factor, if any, are unknown.
We have used the rat granulosa cell culture-model to
examine the effects of bovine follicular fluid and
fractions thereof containing FSH-BI (34) or inhibin-like
activity (36) on the aromatase response to FSH and
testosterone (Fig. 9). All of the fractions studied
inhibited aromatase induction in proportion to their
concentration in the culture medium. Based on protein
(BSA) equivalency (37), they were one or two orders of
magnitude more potent than untreated, pooled follicular
fluid (379/0) and a standard sample of charcoal-treated,
pooled follicular fluid (R3) (36). However, a fraction
containing FSH-BI has also been isolated from serum (38);
and from Fig. 9 it can be seen that the bovine serum
fraction 358/1 (which was prepared and treated in exactly
the same way as follicular fluid fraction 388/1 containing
inhibin-like activity) also inhibited the aromatase
response. While these preliminary data do not support the
concept of follicular fluid (as opposed to serum) as a
unique source of proteins or peptides with specific
aromatase-inhibitory properties, they do not exclude it.
Much work must be done to evaluate potential artifacts
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Figure 8. Modulatory effect of LHRH on the granulosa cell
aromatase response to FSH and testosterone in vitro.
Granulosa cells from oestrogen-pretreated immature rat
ovaries were cultured as described in the legend to Fig.
2. The cells were cultured for 48 h in the presence of
testosterone (10~7M) and varying concentrations of hFSH
LER-8/116 (o), hFSH plus 10~9M LHRH (A), hFSH plus 1O-0M
LHRH (•), or hFSH plus 10_7M LHRH (□). 173"Oestradiol in
the spent culture medium is related to the number of
cells in the original inoculum. Data are the mean (± SE)
value from quadruplicates (6,24).

due to the extraction/purification/concentration proce¬
dures employed, and to determine the stabilities of the
active principles being sought.

Hsueh et al. (39), using a similar isolated-cell
model, recently identified an inhibitory action of epider¬
mal growth factor (EGF) on the aromatase response to a
mixture of FSH and androstenedione. The growth factor was
also reported to inhibit in-vitro LH-receptor induction
by FSH (40). Granulosa cells, including those from
oestrogen-pretreated, hypophysectomized immature rats
(Zeleznik, A.J., Hillier, S.G., Knazek, R.A. and Ross, G.
T., unpublished observation), have membrane-associated
receptor sites which bind EGF in a specific and saturable
manner (41). Whether this substance 'a polypeptide
acquiring hormonal status' (42) or even a locally produced
growth factor (43) play physiological roles in the control
of granulosa cell growth and differentiation is as yet
unknown.
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Figure 9. Effects of bovine follicular fluid and frac¬
tions thereof on the granulosa cell aromatase response
to FSH and testosterone in vitro. Granulosa cells from

oestrogen-pretreated immature rat ovaries were cultured
as described in the legend to Fig. 2. The medium con¬
tained hFSH LER-8/116 (100 ng/ml), testosterone (10~7M)
and one of the following at the concentrations (in BSA
equivalents) (37) shown. 379/0, Noncharcoal-pretreated
follicular fluid pool (36); R3, charcoal-pretreated
follicular fluid pool containing a defined amount of
inhibin-like activity (relative specific activity = 1)
(35,36); 388/1, noncharcoal-pretreated follicular fluid
fraction (eluted from a column of Amicon Matrix gel Red A
with 1.2 II KCL plus 1 M urea, and desalted on a column
of Sephadex G-25) containing partially purified inhibin-
like activity (relative specific activity = 25) (35,36);
358/1, noncharcoal-pretreated plasma (from a castrated
cow) fractionated in the same way as 388/1 but devoid
of measurable inhibin-like activity (35,36); FSH-BI,
charcoal-pretreated follicular fluid fraction (LER-2093)
prepared by dialysis and ultrafiltration (retained on
Amicon membrane UM-05 after passing through membrane UM2)
(34,38) containing inhibin-like activity not measurably
different from that of R3 (35,36). After 48 h, the medium
was removed and the aromatase activity of the washed cell-
monolayer determined as described in the legend to Fig. 3.
The data were normalized with respect to the control
value of 14.9+0.9 ng E2/106 cells/3 h (100%) and are
presented as the mean of quadruplicates. (Data from
Jansen, E.H.J.M., de Jong, F.H., Reichert, L.E., Jr., and
Hillier, S.G., unpublished.)
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LH and prolactin may be directly involved in the
modulation of granulosa cell responses to FSH (44).
However, the development of granulosa cell LH and pro¬
lactin receptors are biochemical responses to FSH in
their own right (45,46). Before these last have been
accomplished, neither LH nor prolactin are likely to be
involved in direct interactions with granulosa cells
which affect the induction or activation of their aroma-

tase system.

GENERAL DISCUSSION

Animal studies have located the cellular targets of
FSH and LH action in the developing follicle. There is no
evidence that they differ in man. At all stages of deve¬
lopment, follicular granulosa cells are exclusive sites
of measurable FSH receptors; and in vitro, FSH can elicit
a range of biochemical responses in isolated granulosa
cells (see below). On the other hand, LH receptors are
located in the theca interna (45,47) and isolated thecal
cells respond biochemically (increased cAMP and androgen
production) to LH in vitro (48-50). Only after appro¬
priate stimulation by oestrogen and FSH do granulosa cells
acquire measurable LH receptors (26,45) and thereby fall
under the direct influence of LH. Fluxes in the cellular
distribution and numbers of follicular gonadotrophin
receptors, and in the activity of the biochemical pro¬
cesses they control, occur throughout the ovarian cycle
(26).

Biochemical developments in the membrana granulosa
accompanying follicular antrum formation in the rat ovary
include: acquisition of functional membrane-associated LH
(45) and prolactin (46) receptors; induction/activation
of progestogen biosynthetic mechanisms (2); and stimula¬
tion of the aromatase system (51). In addition, granulosa
cells contribute directly to the process of antrum for¬
mation by manufacturing and secreting proteoglycans (52).
This entire series of events is under the direct, primary
control of FSH and is subject to local modulation by sex
steroids (2,14,15,53).

Similar changes occur in the developing human
follicle, although it is not clear if they and antrum
formation are initiated contemporaneously (3,9).

The experiments reviewed here focus on key inter¬
actions involving FSH, androgens, and the granulosa cell
aromatase system. Using an isolated-cell culture system,
we systematically varied the prevailing type and degree
of androgen exposure and studied their effects on the
response to FSH. We suppose that the theca, responding to
LH and perhaps other substances, exerts a primary
influence on this set of variables in vivo (48-50).

Our results provide in-vitro evidence that androgens
may function as 'intercellular (theca^granulosa)
regulators' which mediate certain follicular requirements
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for LH-stimulation. In this capacity they may act via
the granulosa cell androgen receptor (27) to modulate
inductive processes (such as aromatase activity and
progesterone biosynthesis) initiated by FSH, and via
extant aromatase enzyme to modulate the prevailing rate of
aromatization. Clearly neither mode of action need exclude
the other, although one or the other may predominate at
different stages of follicular maturity. Qualitative
changes in the intracellular androgenic profile (e.g.
A^-S-oxo- versus 5a-reduced compounds) could be an
integral feature of both mechanisms (54).

Optimum functional differentiation of the granulosa
cell layer may depend on a set sex steroid/gonadotrophin
exposure-sequence. Experimental evidence for the sensiti¬
zing effect of oestrogen on granulosa cell responses to
FSH is legion (e.g. 1,26,53), but it is not certain if
an equivalent 'priming' dose of oestrogen is actually
delivered to the membrana granulosa during spontaneous
follicular development in vivo. If so, it could be blood-
borne (in the human menstrual cycle, the circulating
oestrogen level is elevated throughout much of the luteal
phase [4]) or it could be generated locally by the theca
(25). Either way several major biochemical responses to
FSH in oestrogenized granulosa cells have been shown to
depend on the concomitant level and type of androgen
exposure in vitro (14,53,55). Moreover there is in-vivo
evidence that inappropriate exposure of oestrogen-primed
preantral follicles to androgen precipitates atresia in
the absence of FSH (see Ref. 2, and the literature cited).
Thus the pattern and duration of granulosa cell exposures
to oestrogen, FSH and androgen may help determine if a
follicle continues to mature or becomes atretic.

The foregoing considerations highlight a series of
inter-/intracellular exchanges involving the local pro¬
duction, metabolism and actions of sex steroids which are

likely to underly FSH/LH effects on the human ovarian
follicle. Continuing studies along this vein should help
us rationalize the dependence of optimum preovulatory
function on an exact sequence of changing FSH:LH ratios
in the circulation (3); particularly during that stage of
the ovarian cycle when the next preovulatory follicle is
being selected (56).
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Intraovarian Steroid Metabolism
and Puberty: Roles ofAndrogen
STEPHEN G. HILLIER AND FRANS A. DE ZWART

Department of Obstetrics and Gynaecology, Leiden
University Medical Centre, Leiden, The Netherlands

The role of androgenic steroid in modulating follicle-stimulating hormone
(FSH)-stimulated granulosa cell differentiation was further investigated.
Granulosa cells from the ovaries of estrogen-pretreated, immature rats were
studied in tissue culture. Functional differentiation was assessed by mea¬
surements of estrogen synthetase (aromatase) activity in washed cell mono¬
layers and of progestogen (P) accumulations in the culture medium. Neither
parameter was markedly increased by the presence of FSH alone in the cul¬
ture medium, but at least 20-fold higher responses were elicited when FSH
and androgenic steroid were combined. The effects of each androgen studied
were dose related, tending toward or attaining common maxima. ED50 esti¬
mates showed that testosterone and androstenedione were most active (aro¬
matase, 4-5 x 10~9M; P accumulation, 3 x 10~8M), followed by their com¬
mon 17p-hydroxy-5a-reduced metabolites (aromatase, 1-2 x 10~7M; P
accumulation, 6-9 x 10 "7M) and then by androsterone (aromatase, 1 x
10~6M; P accumulation, 1 x 10~5M). An "inactive" androgen, Ahtestololac-
tone, had minimal effects on either parameter at concentrations up to 10~5M.
The present actions of aromatizable and nonaromatizable androgens were an¬
tagonized by the presence of the hydroxylated antiandrogenic metabolite of
flutamide (SCH16423). Its inhibitory effect could be overridden by raising the
dose of androgen, suggesting a competition for saturable, androgen-specific
binding sites within the granulosa cell. These data implicate androgens as
modulators of FSH-stimulated granulosa cell differentiation and support ear¬
lier evidence that the androgen receptor system is involved. Possible intrao¬
varian roles for androgen in puberty onset are discussed.
Granulosa cell differentiation stimulated by follicle-stimulating
hormone (FSH) is subject to direct modulation by steroidal1 and

Dr. Hillier is presently with the Institute of Obstetrics and Gynaecology, Hammer¬
smith Hospital, London.
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peptidic2 factors in vitro. Such substances may serve as paracrine sig¬
nals in the intrafollicular communications network that coordinates
diverse gonadotropin-regulated processes in the maturing ovarian fol¬
licle.
Androgens participate in this network by providing a chemical link

between the luteinizing hormone (LH)-stimulated cells (thecal and in¬
terstitial outside the lamina basalis and the FSH-stimulated granu¬
losa cells within.'3 It is generally agreed that the biosynthesis of fol¬
licular androgens occurs primarily in the theca interna and is
stimulated by LH.4'5 Androstenedione (A4-dione) and testosterone (T)
arising from this source can cross the lamina basalis and enter the
granulosa cell layer.6 There they can act directly as androgenic "ef¬
fectors" via the granulosa cell androgen receptor system7 and/or in¬
directly by serving as substrates for steroidogenic enzyme systems
such as 17p-hydroxysteroid oxidoreductase, 5a-reductase,8'9 and es¬

trogen synthetase (aromatase).1'3
Granulosa cell cultures established from the ovaries of immature

rats have been used to assess interactions involving FSH and an¬
drogenic steroids. In this isolated-cell model, A4-dione and T, as
well as some of their 5a-reduced metabolites, have marked syner¬
gistic effects on FSH-induced progestogen (P) biosynthesis.10,11 Re¬
cently, the synergistic effects of androgenic steroids, aromatizable
and nonaromatizable, on FSH-induced aromatase activity12'13 and
cyclic adenosine monophosphate (cAMP) accumulation14 were also de¬
scribed.
The present experiments were designed to further characterize the

effects of androgenic steroids on aromatase induction in FSH-treated
granulosa cell cultures; concomitant effects on P accumulation were
reexamined.9"11 Complete dose-response studies were carried out with
a range of C19 steroids, and antiandrogen effects on the aromatase
response were examined in detail. The results implicate androgenic
steroids as physiologic modulators of FSH-stimulated granulosa cell
differentiation and support earlier evidence that the androgen recep¬
tor system is involved.

Materials and Methods

Reagents

Medium 199 (containing Earle's or Hanks' salts, 25mM HEPES
buffer and 0.68M l-glutamine) calf serum (standing herd) and anti¬
biotics were obtained from Microbiological Associates (Bethesda,
Md.). Trypsin-EDTA solution (0.5 mg of trypsin and 0.2 mg of EDTA/
ml Puck's Saline A), 0.4% trypan blue, and additional l-glutamine
were obtained from Gibco-Europe (Glasgow, Scotland). Bovine serum
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albumin (BSA) was obtained from Fluka AG (Sweden). Soybean tryp¬
sin inhibitor, diethylstilbestrol (DES), and androgenic steroids were
purchased from Sigma (St. Louis, Mo.). The antiandrogens flutamide
(oi-a-a-trifluoro-2-methyl-4'-nitro-m-propionotoluidide) and its hy-
droxylated derivative SCH16423 (a-a-a-trifluoro-2-methyl-4'-nitro-m-
lactotoluidide) were generously donated by the Schering Corp.
(Bloomfield, N.J.). A1-Testololactone (Teslac) was obtained from E. R.
Squibb & Sons, Inc. (Princeton, N.J.). The hFSH preparation (LER-8/
116) was treated with a-chymotrypsin to reduce its LH activity15; it
contained 900 units of FSH/mg and 6 units of LH/mg. [2,4,6,7-
3H]estradiol-17p (E2)(104 Ci/mmole), [l,2,6,7-3H]20a-dihydroproges-
terone (20a-OH-P)(49 Ci/mmole), and [l,2,6,7-3H]progesterone (95 Ci/
mmole) were purchased from the Radiochemical Centre (Amersham,
England).

Animals

Immature female Wistar rats were implanted at age 23 or 24 days
with a Silastic capsule containing DES to stimulate granulosa cell
proliferation.16 (Preliminary experiments which were done to evalu¬
ate the influence of this treatment on subsequent aromatase activa¬
tion during the monolayer culture are reported in the Results sec¬
tion.)

Granulosa Cell Culture

Six days after the DES capsules were implanted, animals were
killed by cervical dislocation, the ovaries were removed, and granu¬
losa cells harvested17 into Medium 199 containing 0.1% BSA (199-
BSA). The cells were sedimented (5 minutes at 700 g) and resus-
pended in complete culture medium: Medium 199 supplemented with
calf serum (5%), additional l-glutamine (2mM), penicillin (50 units/
ml) and streptomycin (50 p/ml). They were then counted in a hemo-
cytometer chamber using trypan blue exclusion to assess viability
(normally between 30% and 50%). Ten-millimeter culture wells (plas¬
tic multiwell dishes) were inoculated with replicate 250-|xl portions
of the cell suspension to give between 0.25 and 0.5 x 105 viable cells
per well. FSH, androgens, and other test substances had been added
earlier in separate portions of the medium to give a final incubation
volume of 500 |xl per well. The dishes were incubated at 37° C in a
humidified incubator gassed with a 95% air 5% C02 mixture. Except
during the time-course study, which lasted 6 days, cultures were
ended after 48 hours; the medium was collected and saved for steroid
measurements, and the aromatase activity of the granulosa cell mon¬
olayer was determined in situ as follows.
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Assay of Aromatase Activity in Granulosa
Cell Monolayers

The monolayers were rinsed with prewarmed (37° C) solutions con¬
taining 0.1% BSA. The wash sequence (2 x 1 ml of 0.15M NaCl fol¬
lowed by 1 x 1 ml of Medium 199) removed all measurable traces of
steroid from the culture well. Testosterone (10 7M), the referent aro¬
matase substrate, was then added to each well in 500pl of 199-BSA,
and the dishes were reincubated for 3 hours at 3° C. (These conditions
were selected after appropriate validation experiments had been
done, as reported in the Results section.) The aromatase assay me¬
dium was then collected and stored frozen (-20° C) for subsequent
measurement of E2 by radioimmunoassay (RIA), as described below.
The cell monolayer was immediately rinsed with 2 x 1 ml of 0.15M
NaCl (without BSA) and dispersed by trypsinization (10-minute in¬
cubation at 37° C in 250 pi of trypsin-EDTA solution). Soybean tryp¬
sin inhibitor, 250 pi (0.04% solution in 199-BSA), was added to neu¬
tralize the trypsin, and the cells were counted in a hemocytometer
chamber. Aromatase activity was expressed as E2 production
(pmoles)/106 cells/3 hours.

Steroid Assays

E2, P, and 20a-OH-P were determined in spent culture medium or
the aromatase assay medium (E2) using RIA procedures described
elsewhere.17

Data Analysis

Analysis of variance and linear comparison of treatment means
were used to determine if observed differences were statistically sig¬
nificant (P < .05).18

Results

In situ measurements of aromatase activity in granulosa cell mon¬
olayers fulfilled quantitative criteria (Fig 1). Optimal conditions (3
hours at 37° C using 10~7M T as the estrogen precursor) were iden¬
tical to those selected earlier to measure aromatase activity in gran¬
ulosa cell suspensions from cyclic adult rat ovaries.19
Granulosa cell cultures from the ovaries of DES-treated animals

were more sensitive to FSH (100 ng/ml), both in the presence and in
the absence of T (10~7M), than those from untreated controls (Table
1). Irrespective of estrogen pretreatment, the aromatase response to
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Time (h) [S] testosterone (M)
Fig 1.—Validity criteria for the in situ measurement of aromatase activity in rat

granulosa cell monolayers. Each monolayer contained 2.5 ± 0.1 x 104 (mean ± SE)
granulosa cells and had been incubated for 48 hours in medium containing 100 ng
FSH/ml and 10 7M testosterone to induce/activate the aromatase system. The culture
medium was discarded, and the monolayers were washed before reincubation at 37°C
with the aromatase assay substrate [S], testosterone. The accumulation of estradiol,
the aromatase product, was determined by radioimmunoassay. Each data point repre¬
sents the mean result from four culture wells, a, the reaction rate was linear for at
least 6 hours when [S] = 10~7M testosterone, b, the reaction rate was maximal during
a 3-hour incubation when [S] = 10 ~7M testosterone.

FSH in the presence of T was at least 20 times higher than the cor¬
responding response to FSH alone.
The time course of aromatase activation by the mixture of FSH and

T is shown in Figure 2 (upper panel). Aromatase activity was unde¬
tectable (< 2 pmoles of E2/106 cells/3 hours) for the first 24 hours of
culture. Thereafter it increased sharply to achieve a maximum value
(20-80 pmoles of E2/106 cells/3 hours) between days 2 and 3. By day
4 the activity had fallen precipitously, and by day 6 it had disap¬
peared.
Progestogen biosynthesis in response to joint stimulation by FSH

and T followed a similar pattern (Fig 2, lower panel). After a 24-hour
lag period, P and 20a-OH-P accumulated at similar rates until 48
hours. By day 3, P accumulation had ceased, although the metabolite
continued to accumulate at a linear rate until the last day of culture.
In the absence of T or any other androgen, FSH-treated cultures

developed much lower levels of aromatase activity (< 2 pmoles/106
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TABLE 1.—Effect of DES Pretreatment In Vivo on the

Aromatase Response of Rat Granulosa Cell Monolayers
to FSH and T*

AROMATASE ACTIVITY

(PMOLES E2/3 HRt)
cells isolated Per 106

from: fsh T Per Culture Cells

Controls — — <0.02 <1.5
+ <0.02 <1.5

+ - <0.02 <1.5
+ + 0.50 ± 0.06 46.8 ± 5.74

DES-pretreated ratst — — <0.02 <1.5
+ <0.02 <1.5

+ - 0.09 ± 0.01 4.60 ± 0.29
+ + 2.02 ± 0.09 97.92 ± 4.16

*48-hour culture in medium containing 100 ng/ml FSH and/or 10_7M
testosterone, as indicated.

tMean ± SE; N = 4.
^Silastic capsule containing DES, implanted subeutaneously 6 days be¬

fore cell isolation.

cells/3 hours; maximal on day 2) and accumulated minimal amounts
of P (< 0.1 nmoles of P + 20a-OH-P) during the same 6-day period
(data not shown).
The superior steroidogenic responses elicited by FSH plus T versus

FSH alone could not be ascribed to differences in cell maintenance or

growth during monolayer culture under the present conditions (Fig
3). Irrespective of the presence of T, FSH-treated cultures contained
equivalent cell numbers (P > .05) up to and including day 4, when
the monolayers were almost confluent. Thereafter, the monolayers be¬
gan to disintegrate; this process seemed to be accelerated by the pres¬
ence of T. On days 3 and 4 of the culture, FSH-treated monolayers
contained significantly more cells than those cultured without FSH.
Full dose-response effects of different androgenic steroids are

shown in Figures 4 and 5. A series of apparently parallel responses
were generated that tended to or attained common maxima. The 3-
oxo-4-ene parent compounds, A4-dione and T, were at least 20 times
more potent than their 17(3-hydroxy-5a-reduced metabolites and at
least 100 times more potent than the 17-oxo-5a-reduced metabolite,
androsterone. Teslac, a C19 steroidal compound with no intrinsic an¬
drogenic activity in other in vitro cell systems,20 was almost com¬
pletely inactive. Although aromatase activity and P accumulations
were proportionate over a wide range of androgen concentrations,
estimated ED50 values for the P responses were generally about
7 times lower than those for the corresponding aromatase responses
(Table 2).
Accumulations of P and 20a-OH-P diverged when C19 steroid was
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Time (d)
Fig 2.—Time course of aromatase induction/activation and progestogen accumula¬

tion in rat granulosa cell cultures incubated for 1-6 days in medium containing 100
ng FSH/ml and 10 7M testosterone. The culture medium was refreshed on days 2 and
4. Every 24 hours, four cultures were stopped; the aromatase activity of washed cell
monolayers was determined in situ, and progesterone and 20a-dihydroprogesterone
(20a-OH-P) levels in the culture medium were determined by radioimmunoassay. Each
data point represents the mean (± SE) result. (Cumulative progestogen values are
given.) Cell numbers per monolayer from the same experiment are shown in Figure 3.

present in the culture medium at a concentration beyond 10 ~6M (see
Fig 5). Whereas P accumulation continued to increase, the 20a-OH-P
response declined abruptly, indicating androgen inhibition of the 20a-
reductase system.
Inhibitory effects of the nonsteroidal antiandrogen, SCH16423,

were compared with those of its metabolic precursor, flutamide. Var-
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0 1 2 3 U 5 6

Time (d)
Fig 3.—Cell numbers in granulosa cell monolayers incubated for 1-6 days in con¬

trol medium and in medium containing FSH (100 ng/ml) and/or 10~7M testosterone
(T). Each data point represents the average count from four trypsinized cell monolay¬
ers.

ious concentrations of each were combined with a submaximal
(10~8M) and maximal (10~7M) aromatase-stimulating doses of T and
FSH (100 ng/ml). Aromatase activity in the 48-hour cell monolayers
is shown in Figure 6. SCH16423 caused a dose-related inhibition of
the response to each dose of T; in each case a 10-fold molar excess of
SCH16423 reduced the response to T by at least 20%, while a 100-
fold excess reduced it by more than 80%. Antagonistic effects of inter¬
mediate doses of SCH16423 (10_7M and 10 M) on the response to
10~8M T were completely overridden by raising the dose of T to
10~7M. Although flutamide also antagonized the response to each
dose of T, its dose-related effect on the higher dose of T was equivocal,
and the dose-inhibition curve obtained for 10 8M T was to the right
of that generated by SCH16423.
The aromatase-potentiating effect of nonaromatizable androgen

was also suppressed by SCH16423. Thus, in the presence of 100 ng/
ml FSH, the 48-hour aromatase response to 10~6M androsterone
(33.5 ± 1.5 pmoles of E2/106 cells/3 hours) was 73% lower when an
equimolar concentration of the antiandrogen was included in the cul¬
ture medium.
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Androgen concentration (M)
Fig 4.—Dose dependence of androgen stimulation of FSH-induced aromatase activ¬

ity in rat granulosa cell cultures. The cells were cultured for 48 hours in medium
containing 100 ng FSH/ml and androgenic steroid at the concentrations shown (T, tes¬
tosterone; A4-dione, androstenedione; DHT, 5a-dihydrotestosterone; 5oA-/3, fi-diol, 5a-
androstane-3pS,17|3-diol; 5aA-a,fS-diol, 5a-androstane-3a (3 17-diol; Teslac, A1-testololac-
tone. Each data point represents the mean activity of four washed cell monolayers.

Previously described antiandrogen effects on androgen/FSH-stimu-
lated P accumulation16'21 were confirmed in this study (data now
shown).

Comment

In these experiments, the steroidogenic responses of undifferen¬
tiated granulosa cells to a maximal stimulatory dose of FSH were
shown to vary as functions of the prevalent type and degree of simul¬
taneous androgen exposure in vitro. Presumably the theca, respond¬
ing to LH, has a primary influence on this set of variables during
follicular maturation in vivo.
Several lines of in vitro evidence implicate the androgen receptor

system as a mediator of these effects. (1) Individual androgenic ste¬
roids potentiate FSH-sensitive P accumulation and aromatase activ¬
ity in rat granulosa cells to extents which are broadly compatible
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- 20<x- dihydroprogesterone :

• T

o A' -dione
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A 5aA-p,p-diot
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Androgen concentration (M)
Fig 5 .—Dose dependence of androgen stimulation of FSH-induced progestogen ac¬

cumulations in rat granulosa cell cultures. For experimental details and abbreviations,
see the legend to Figure 4. Progestogen levels in the 48-hour culture medium are given
in relationship to cell number in the trypsinized monolayers. Each data point repre¬
sents the mean result from four culture wells.

with their relative abilities (or those of their known metabolites) to
compete with T for the granulosa cell cytosolic androgen receptor.13
Therefore, T seems to be the "preferred" androgen and as such is
translocated to the granulosa cell nucleus.1 The paradoxically high
activity of A4-dione may be due to its extensive metabolism to T in
these cells, as noted by Nimrod et al.,9 since the 17-oxo-steroid shows
little or no binding to the cytosolic receptor.22 The binding of one or
more common intermediates such as 5a-dihydrotestosterone or 5a-an-
drostane-3a,173-diol could explain uniform stimulatory effects of the
17(3-hydroxy-5a-reduced compounds noted in the present study.9 (2)
Neither progestogens nor estrogens seem to mimic these effects of an¬
drogens. Although aromatase activation was associated with P accu¬
mulation in FSH/androgen-treated cultures, exogenous P (10 ~7M) did
not potentiate the aromatase response to FSH; conversely, DES and
E2 have only marginal effects on the P response to FSH under these
experimental conditions.12,13 (3) SCH16423, the putative "active" me¬
tabolite of flutamide,16, 23 antagonizes steroidogenic responses to aro-
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TABLE 2.—Approximate ED50 Values for Androgens
That Synergize With FSH (100 ng/ml) to Stimulate
Aromatase Activity and P Accumulation in Rat

Granulosa Cell Cultures*

ed50 (m)

ANDROGEN Aromatase Activity P Accumulation

Testosterone 5 x 10~9 3 x 1(T8
Androstenedione 4 x 10"9 3 x 1(T8
5a-Dihydrotestosterone 1 x ur7 7 x 1(T7
5a-Androstane-3a,17(3-diol 2 x icr7 9 x 1(T7
5a-Androstane-3(3,17(3-diol 1 x 1(T7 6 x 10"7
Androsterone 1 x itr6 1 x 10"5

*Values read from the dose-response curves shown in Figures 4
and 5, taking the response to 10~°M testosterone as 100%

matizable and nonaromatizable androgenic steroid in FSH-treated
cultures. The dose-inhibition characteristics of this antagonism are
consistent with a competition between androgen and antiandrogen for
the cytosolic androgen receptor. Previous studies showed that the
drug could block nuclear translocation of the T receptor complex in
rat granulosa cells.21 The relative inactivity of the parent compound,
flutamide, is presumably due to its limited ability to compete with
androgens for the cytosolic receptor without previous metabolic acti¬
vation.16, 23'24
These findings do not exclude direct influences of progestogens and

estrogens, perhaps acting via their own receptor systems, on andro¬
gen action in the granulosa cell. Here, we saw that DES pretreatment
in vivo sensitized the subsequent aromatase response to FSH/andro-
gen mixtures in vitro (see Table 1). Moreover, direct modulatory ef¬
fects of estrogen on androgen-stimulated granulosa cell P production
were observed in a previous study.16
Androgen potentiation of FSH-sensitive P accumulation and aro¬

matase activation were proportionate over wide dose ranges. How¬
ever, the aromatase response attained a maximum in the presence of
androgen concentrations that further stimulated P accumulation.
Possibly the two processes respond with different sensitivities to a
common intracellular stimulus: FSH-stimulated cAMP production by
these granulosa cell cultures is also subject to direct androgen/antian-
drogen control.14
The time course of aromatase activation in granulosa cell cultures

resembled the course of changes that occur during final stages of
granulosa cell differentiation within the developing preovulatory fol¬
licle. In rats showing regular 4-day estrous cycles, the aromatase ac¬
tivity of granulosa cells isolated from prospective ovulatory follicles
on the morning of diestrus-1 was shown to be a fraction (—5%) of that
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Antiandrogen concentration (M)
• a 10~8 MT + FLUT o o 1CT7 MT ♦ FLUT
• • 10"8 M T + SCH 16A23 o o 10"7 M T + SCH16A23

Fig 6.—Antiandrogen inhibition of the stimulatory effect of testosterone (T) on
FSH-induced aromatase activity in rat granulosa cell monolayers. The cells were cul¬
tured for 48 hours in medium containing 100 ng FSH/ml and T (10 8M and 10 ~ 7M),
along with flutamide (FLUT) or SCH16423 at the concentrations indicated. Each data
point represents the mean (± SE) result from four cell monolayers.

present 48 hours later, on the morning of proestrus.19 In the present
in vitro system, the level of activity induced after 2-3 days' culture
in the presence of FSH and T reached 80 pmoles E2/106 cells/3 hours;
i.e., about 4 times higher than the preovulatory maximum observed
in vivo. Thus, this culture system can be used to further evaluate
intrafollicular variables that are likely to affect the activation of the
granulosa cell aromatase system in vivo.
This work with isolated granulosa cells has implications for the

control of puberty onset in the female. High levels of 5a-reduced an¬
drogens are produced by the prepubertal rat ovary; they are known
to decline abruptly shortly before the first ovulation.25 Presently, the
androgen metabolites are believed to inhibit puberty onset primarily
through feedback interactions that lead to the suppression of pitu¬
itary gonadotropin release (see work by Kraulis et al.26). During or¬
gan culture, 21-day-old rat ovaries produce micromolar concentra-
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tions of androsterone (S. G. Hillier, unpublished observation). This
compound is a nonaromatizable androgen which, like most other 5a-
reduced androgen metabolites, can competitively inhibit the aroma-
tization of T in granulosa cells.19 The current observations, along
with those of Daniel and Armstrong,12 suggest that androsterone and/
or related androgens may act via the granulosa cell androgen recep¬
tor system in the prepubertal ovary to potentiate the induction by
FSH of steroidogenic mechanisms needed for subsequent adult follic¬
ular function. At the same time they could serve to suppress inappro¬
priate E2 formation by antagonizing the aromatization of available
aromatase substrate. Around the time of puberty, when the sponta¬
neous decline in ovarian 5a-reductase activity occurs,25 an increased
availability of T and A4-dione could then permit aromatization to
commence at the rates needed to trigger the first ovulatory LH surge.
This speculated series of events could also apply during the subse¬
quent maintenance of cyclic follicular function in the adult.
In conclusion, these results provide further evidence for roles of an¬

drogenic steroids as intrafollicular modulators of FSH-stimulated
granulosa cell differentiation. Extrapolation in vivo suggests that an¬
drogens may function as paracrine (theca —» granulosa) regulators
which mediate some follicular requirements for stimulation by LH.
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ABSTRACT. Lactate accumulation in granulosa cell cultures
(prepared from estrogen-pretreated immature rat ovaries) in¬
creased with human FSH (hFSH) concentration in the culture
medium. In 48-h cultures, maximal stimulation (—25%) occurred
in the presence of more than or equal to 100 ng hFSH/ml.
Human CG (hCG) (3-1000 ng/ml) had no effect. Testosterone
and 5a-dihydrotestosterone (Kr8-10~6 m) did not affect basal
lactate accumulation but they enhanced (dose dependent) the
response to hFSH: lactate levels after 48 h of treatment with
10~7 M testosterone plus 100 ng/ml hFSH were 100% higher
than those in untreated control cultures. Lactate was refractory
to estradiol and progesterone (10"8-10~6 M) even in the presence
of hFSH. Progesterone accumulation showed a qualitatively
similar pattern of response to the gonadotropins and sex ste¬

roids. As expected, the progesterone response to hFSH (100 ng/
ml) plus testosterone (10~7 m) was progressively suppressed in
the presence of KT'-KT6 m nonsteroidal antiandrogen
(SCH16423). Lactate accumulation was also reduced. However,
maximal inhibition did not exceed 18% in the presence of
SCH16423 at 10-6 or 10~6 m as compared with the 80% inhibition
of progesterone accumulation observed at 10~6 m. In the absence
of androgenic steroid, the lactate response to hFSH was in¬
creased approximately 30% by the high dose of SCH16423. A
corresponding synandrogenic action of the drug on FSH-sensi-
tive progesterone accumulation was not observed. These results
are evidence that carbohydrate metabolism in differentiating
granulosa cells is subject to direct and specific control by FSH
and androgenic steroid. (Endocrinology 116: 1163-1167, 1985)

FSH STIMULATES granulosa cell differentiation inthe ovarian follicle, and there is evidence that locally
produced sex steroids act directly to modulate granulosa
cell responses to the gonadotropin (1). Differentiated
granulosa cell function includes the provision of key
energy sources to the oocyte (2). The rat oocyte can
utilize lactate as an energy substrate (3), and FSH and
LH stimulate lactate production by granulosa cell cul¬
tures prepared from preovulatory follicles (4).
The objective of the present study was to characterize

gonadotropin-responsive lactate production by granulosa
cells from immature follicles and to determine its sensi¬

tivity to sex steroids. The results demonstrate a specific
synergistic interaction between androgenic steroids and
FSH.

Materials and Methods

Reagents

Medium 199 (containing Earle's salts, 25 mM HEPES buffer,
and 0.68 mM L-glutamine), donor calf serum, antibiotics, and
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additional L-glutamine were from Gibco-Europe (Glasgow,
UK). BSA, diethylstilbestrol (DES), and all unlabeled steroids
were from Sigma Chemical Co. (Poole, Dorset, UK). The an¬

tiandrogen SCH16423 (a,a,a-trifluoro-2-methyl-4'-nitro-m-
lactotoluidide) was donated by the Schering Corp. (Bloomfield,
NJ). The FSH preparation (hFSH-LER/8116) was pretreated
with a-chymotrypsin to reduce its LH activity (5): it contained
900 IU FSH/mg and approximately 6 IU LH/mg. The hCG
was CR-119 (13,450 IU/mg). The reagents used for lactate
measurement were purchased as a kit from Boehringer-Mann-
heim GmbH, Mannheim, West Germany (catalog no. 256773,
supplied by BCL, Lewes, East Sussex, UK).

Animals

Immature female rats (Wistar, 21 day old) were supplied by
Charles River UK (Margate, Kent, UK). On day 23 or 24 of
age, a Silastic capsule containing DES was implanted sc to
stimulate granulosa cell proliferation (6).

Granulosa cell culture

Six days after DES was implanted, animals were killed by
cervical dislocation, ovaries were removed, and granulosa cells
were harvested into medium 199 containing 0.1% BSA (6). The
cells were sedimented (500 x g for 5 min) and resuspended in
complete culture medium: medium 199 supplemented with calf
serum (5%), additional L-glutamine (2.0 mM), penicillin (50 U/
ml), and streptomycin (50 /jg/ml). They were then counted in
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a hemocytometer using trypan blue to assess viability (usually
>50%). Culture wells (10-mm diameter: Nunc plastic multiwell
dishes from Gibco-Europe) were inoculated with replicate 250-
g\ portions of the cell suspension to give 25,000 viable cells per
well. Gonadotropin, steroid, and/or antiandrogen were added
previously in separate portions of medium to give a final
incubation volume of 500 jd/well. The dishes were incubated
at 37 C in a humidified incubator gassed with a 95% air-5%
C02 mixture. After 48 h (except when time was the variable)
cultures were stopped by adding 10 /d antiglycolytic agent (a
mixture of 860.6 mM KF1 and 272.0 mM EDTA) and freezing
at —20 C in a refrigerator. (Under these culture conditions, cell
numbers in the 48-h monolayer are similar to viable cell num¬
bers in the inoculum and are not measurably affected by any
of the gonadotropin-steroid treatments used in this study.)

Lactate and progesterone measurements

Lactate in culture medium was determined by direct enzy¬
matic assay based upon the procedure described by Noll (7).
Standard lactate solutions (39 nM-5000 nM in unused culture
medium: prepared by doubling dilutions from the high stand¬
ard) were made up immediately before each assay. Duplicate
100-jd portions of each standard and unknown were combined
with 900 /d reagent solution containing 0.5 M carbonate buffer
(pH 10), 63.0 mM L-glutamate, and 4.6 mM NAD. After equili¬
bration at 25 C, one assay tube (the sample) received 25 gl
enzyme solution (1632 U lactate dehydrogenase/ml and 102 U
glutamate-pyruvate transaminase/ml) and the other (the
blank) received 25 g\ deionized water. The tubes were vortexed
and incubated for 30 min at 25 C. NADH formation was

measured spectrophotometrically as absorbance at 340 nm. The
value obtained for each sample was corrected for its correspond¬
ing blank. Lactate concentration in the unknowns was obtained
by interpolation of the calibration curve produced by assaying
the standards. Progesterone in culture medium was measured
by direct RIA (6).

Results

The effects of FSH (100 ng/ml) and testosterone (10"'
m), separate and combined, on granulosa cell lactate
production were examined in six individual experiments:
Fig. 1 shows the combined data. Basal lactate accumu¬
lation varied between 5.5 and 8.9 nmol/103 cells-48 h
and was not increased by the presence of testosterone
alone. FSH alone increased the level of lactate accumu¬

lation by 25% (P < 0.001); the combination of FSH and
testosterone increased it by 100% (P < 0.001).
The time course of lactate accumulation over a period

of 3 days is illustrated in Fig. 2. Stimulation due to FSH
and FSH plus testosterone was evident at 48 h and
beyond.
The dependence of granulosa cell lactate accumulation

on FSH concentration in the culture medium is shown
in Fig. 3 (upper panel). The lactate response (in the
presence of 10"' m testosterone) was maximal when FSH
was present at 300 ng/ml. Progesterone accumulation
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Fig. 1. Effects of FSH and testosterone on lactate accumulation in
48-h granulosa cell cultures. C, Control; T, 10~7 m testosterone; FSH,
100 ng hFSH/ml. Hatched bars denote the mean (±SE) result from six
individual experiments; treatments were in triplicate or quadruplicate
on each occasion. **, Significant stimulation compared with the control
(P < 0.001, Student's paired t test).
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2. Time dependence of lactate accumulation in granulosa cell
cultures. O, Control; A, hFSH (100 ng/ml); □, hFSH plus 10-7 m
testosterone. Data are mean results from cultures in triplicate; SE <
10% (not shown).

showed a similar pattern of FSH dose dependence (Fig.
3, lower panel). hCG (3-1000 ng/ml) had no significant
effect on granulosa cell lactate and progesterone accu¬
mulations regardless of the presence of testosterone.
Androgen dose dependence is examined in Fig. 4. Tes¬

tosterone and 5a-dihydrotestosterone each elicited con¬

centration-dependent increases in lactate accumulation
if FSH (100 ng/ml) was also present; the corresponding
progesterone responses were qualitatively similar. FSH-
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Fig. 3. Dose dependence of FSH-responsive lactate and progesterone
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responsive lactate accumulation was suppressed slightly
by the presence of progesterone (10~8-10-6 m) although
this effect was not dose related. Estradiol had no effect
on either end point regardless of the presence of FSH.
The effects of the antiandrogen SCH16423 on lactate

and progesterone accumulations in the presence of FSH
(100 ng/ml) and FSH plus testosterone (10~7 m) are
shown in Fig. 5. In the absence of testosterone, the
antiandrogen (10"7-10~5 m) had no appreciable effect on
progesterone production whereas at the high concentra¬
tion it significantly enhanced FSH-sensitive lactate ac¬
cumulation (P < 0.01). In the presence of testosterone,
SCH16423 elicited dose-dependent inhibition of FSH-
sensitive progesterone accumulation similar to that re¬
ported previously (8). The lactate response to FSH plus
testosterone was marginally suppressed by SCH16423 at
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Fig. 4. Dose dependence of androgen-responsive lactate and proges¬
terone accumulations in FSH-treated granulosa cell cultures. O, Con¬
trol (no hormones); A, hFSH (100 ng/ml); □, hFSH plus testosterone;
•, hFSH plus 5«-dihydrotestosterone; ▲. hFSH plus estradiol; ■, hFSH
plus progesterone. Data points are mean results from 48-h cultures in
triplicate; se < 10% (not shown).

10"'' M (P < 0.05); a similar level of inhibition occurred
in the presence of 10"5 m SCH16423. This pattern of
response to the antiandrogen was observed in three sep¬
arate experiments.

Discussion

These results provide evidence that carbohydrate me¬
tabolism in the differentiating granulosa cell is subject

Progesterone
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to direct control by FSH and androgenic steroid. Lactate
production (accumulation) can be added to the list of
FSH-responsive biochemical changes in the granulosa
cell which can be modulated according to the presence
of testosterone and 5a-dihydrotestosterone in vitro (1).
The absence of a response to hCG is consistent with the
lack of LH/hCG receptor in granulosa cells isolated from
immature ovarian follicles (9).
The level of lactate accumulation in control (unstim¬

ulated) granulosa cell cultures is consistent with a high
basal rate of glucose metabolism under the present in
vitro conditions (medium 199 contains 5.6 mM glucose).
This is similar to the situation reported for homologous
testicular Sertoli cells (10-12) and might reflect the role
which this cell type is thought to play in regulating the
intrafollicular (tubular) carbohydrate economy and

hence the supply of low mol wt energy substrates to the
gamete (2-4, 10-12).
Both mural and cumulus granulosa cells isolated from

the preovulatory rat follicle undertake FSH- (and LH-)
responsive lactate production in vitro (4). There is quan¬
titative histochemical evidence that throughout the es-
trous cycle, lactate dehydrogenase activity is highest in
the peripheral region of the membrana granulosa (13).
For the present study, granulosa cells were isolated from
preantral-early antral follicles in which granulosa cells
of the cumulus oophorus cannot be distinguished mor¬
phologically from those in other subregions of the mem¬
brana granulosa. Oocytes were also present. However,
their numbers would have been relatively small, and
there is good evidence that the granulosa cells are prin¬
cipal intrafollicular sites of carbohydrate oxidation (13,
14). The present results might reflect coordinate FSH-
androgen action on more than one of the heterogeneous
cell types that constitute the membrana granulosa of the
immature follicle.
The observed FSH-androgen-stimulated increase in

granulosa cell lactate accumulation is consistent with the
nutritional role that granulosa cells in the cumulus are

thought to carry out for the oocyte: oogenesis and early
embryogenesis seem to depend on unique exogenous
energy sources which the gamete itself cannot supply
(14). Zeilmaker and Verhamme (3) showed that lactate
is one of several energy sources that can be utilized
directly by rat oocytes undergoing spontaneous nuclear
maturation in vitro. They also reported that lactate levels
increase in the mature preovulatory follicle after the
proestrous gonadotropin surge (15). FSH-responsive Ser¬
toli cell lactate production is also implicated in the
hormonal control of spermatogenesis (10-12), although
a direct role for androgen in this regard has not been
demonstrated (10).
Qualitative similarities between granulosa cell proges¬

terone and lactate responsivity to FSH and androgen
point to a common subcellular intermediary mechanism.
Although intracellular cAMP is implicated in the steroi¬
dogenic response (8, 16), there is no information on the
role of cAMP in the control of granulosa cell lactate
production. Sertoli cell lactate production in vitro is,
however, stimulated by the presence of dibutyryl cAMP
(10, 11).
Previously, it was shown that the stimulatory action

of testosterone on FSH-sensitive cAMP-production, pro¬
gesterone formation, and aromatase enzyme induction
can be blocked by the presence of the antiandrogen
SCH16423 in granulosa cell culture medium (8). The
androgen-antiandrogen dose response experiments that
were carried out were consistent with a receptor-medi¬
ated mode of androgen action on these biochemical end
points (17). This was again confirmed for progesterone.
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However, SCH16423 action on lactate accumulation ap¬

pears to be dissimilar: at 10-5 M in the absence of testos¬
terone it significantly augmented FSH-sensitive lactate
accumulation whereas at 10~b and 10-5 M it significantly
suppressed the lactate response to the combined presence
of FSH and testosterone. This response is reminiscent
of the synandrogenic-antiandrogenic effects in vitro of
certain 19-nor progestins on androgen-sensitive param¬
eters in other tissues such as renal //-glucuronidase ac¬

tivity (18). These divergent effects appear to involve
interactions with androgen receptors (19). Thus, while
the synandrogenic action of SCH16423 seems to be
anomalous, it is not inconsistent with an involvement of
the granulosa cell androgen receptor system in mediating
the lactate response to testosterone. Androgen specificity
is further confirmed by the stimulatory action of 5a-
dihydrotestosterone in the presence of FSH and the lack
of stimulation by progesterone or estradiol regardless of
the presence of FSH.
In conclusion, these results provide evidence that lac¬

tate production by differentiating granulosa cells is sub¬
ject to direct control by FSH and androgenic steroids.
They suggest a mechanism whereby gonadotropin-con-
trolled changes in intrafollicular steroid metabolism
might influence oocyte function by affecting its exoge¬
nous supply of essential energy sources.
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4 Sex steroid metabolism and follicular develop¬
ment in the ovary
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3 Androgen and FSH
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1 Androgen
2 Oestrogen
3 Progesterone

VI Conclusions

Trivial names and abbreviations

Dehydroepiandrosterone, 3p-hydroxy-5-androsten-17-one; androsterone, 3a-hydroxy-5a-
androstan-17-one; epiandrosterone, 3(5-hydroxy-5a:-androstan-17-one; androstenedione, 4-
androsten-3,17-dione; 5<x-dihydrotestosterone, 17p-hydroxy-5cc-androstan-3-one; andros-
tenediol, 5-androstene-3|3,17p-diol; oestradiol-17$, l,3,5,(10)-oestratrien-3,17p-diol; oestrone,
3-hydroxy-l,3,5(10)-oestratrien-17-one; flutamide, a-a-a-trifluoro-2-methyI-4'-nitro-m-
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propionotoluidide; SCH16423, a-a-a-trifluoro-2-methyl-4'-nitro-m-lactotoluidide; R5020,
17,21-dimethyl-19-nor-pregna-4,9-diene-3,20-dione; cyproterone acetate, 6a-chloro-17a-
hydroxy-l,2a-methlyene-4,6-pregnadiene-3,20-dione-17-acetate.

Enzymes
C-17,20-lyase, E.C.4.1.2.30; 17-hydroxylase, E.C.I.14.99.9; 5-ene-3$-hydroxysteroid dehyd-
rogenaselisomerase, E.C.1.1.1.145; 17fi-hydroxysteroid dehydrogenase, E.C. 1.1.1.63/64; 3a-
hydroxysteroid dehydrogenase, E.C. 1. l.l.5Q\3fi-hydroxysteroid dehydrogenase, E.C. 1.1.1.51;
4-en-5u-reductase, E.C. 1.3.1.30.

I Introduction

The adult mammalian ovary controlled by luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) synthesizes and secretes C2i (progesto-
genic), C19 (androgenic) and C18 (oestrogenic) steroids (Fig. 4.1). Its high
rate of oestrogen secretion distinguishes it from other steroid-secretory
glands (adrenal and testis). This activity is a specialized function of the
mature preovulatory follicle(s) which develops during each ovarian cycle: it
underpins the dual endocrine/gametogenic role of the ovaries in the
female.
Besides serving as intermediates and end-products along interlinked

pathways of biosynthesis and metabolism (Brodie 1983; Gower and Cooke
1983), there is increasing evidence that ovarian steroids act as local
bioregulators to effect the onset and expression of differentiated granulosa
cell function (including oestrogen biosynthesis) in the preovulatory follicle.
In this article, I shall examine this evidence and consider its implications for
the understanding of gonadotrophin controlled follicular development and
function in the mammalian ovary. Possible roles for sex steroids in the
intrafollicular control of oocyte maturation (beyond the scope of this
review) have been appraised by others (McGaughey 1983; Osborn and
Moor 1983; Eppig and Downs 1984).

II Preovulatory follicular endocrine function

1 THE OVARIAN CYCLE

Ovarian cycle length is a species-specific variable (Table 4.1). Whether
marked by periodic onset of menses (menstrual cycle) or of oestrus
(oestrous cycle) it involves the same sequence of ovarian changes:
preovulatory follicular maturation, ovulation and the functional lifespan of
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Fig. 4.1. Pathways of intraovarian sex steroid metabolism. Enzyme systems: A
17-hydroxylase; B C-17,20-lyase; C 17|3-hydroxysteroid dehydrogenase; D 5-ene-
3(3-hydroxysteroid dehydrogenase/isomerase; E 4-en-5a-reductase; F 3a-
hydroxysteroid dehydrogenase and 3(3-hydroxysteroid dehydrogenase; G aroma-
tase. Metabolites: 1 pregnenolone; 2 progesterone; 3 5a-pregnane-3,20-dione; 3a
3a-hydroxy-5a-pregnan-20-one; 3b 3|3-hydroxy-5a-pregnan-20-one; 4 17-
hydroxypregnenolone; 5 17-hydroxyprogesterone; 6 17-hydroxy-5a-pregnane-3,20-
dione; 6a 3a,17-dihydroxy-5a-pregnan-3-one; 6b 3p,17-dihydroxy-5a-pregnan-3-
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the corpus luteum. The characteristic changes in peripheral sex steroid
levels accompanying these ovarian events have been well documented (rat:
Dupon and Kim 1973, Butcher, Collins, and Fugo 1974, Nequin, Alvarez,
and Schwartz 1979; hamster: Saidapur and Greenwald 1978; pig: Eiler and
Nalbandov 1977; cow: Glencross, Munro, Senior, and Pope 1973, Wise,
Caton, Thatcher, Lehrer, and Fields 1982; sheep: Pant, Hopkinson,
and Fitzpatrick 1977, McNatty, Gibb, Dobson, Thurle^, and Findlay 1981;
cynomolgus monkey: Goodman, Descalzi, Johnson, and Hodgen 1977;
rhesus monkey: Knobil 1974, DiZerega and Hodgen 1981; man: Landgren,
Unden, and Diczfalusy 1980, World Health Organization 1980.).
Oestradiol-17(3 (oestradiol) is the primary endocrine secretion of the

preovulatory follicle. It is released into the bloodstream in greatest amounts
as the follicle completes its late preovulatory stage of development. The
steroid co-ordinates physiological changes throughout the reproductive
tract and within the ovary itelf. At or around its maximum circulating
peripheral concentration (Table 4.1), oestradiol triggers the ovulation-in-
ducing discharge of LH from the anterior pituitary gland. After ovulation,
oestrogen secretion declines in favour of progesterone which is secreted
throughout the functional lifespan of the corpus luteum. In those
(monotocous) animal species where only a single preovulatory follicle
develops in each ovarian cycle (Table 4.1), surgical enucleation of the
mature follicle during the late follicular phase precipitates an abrupt decline
in the peripheral circulating oestradiol level (Aedo, Pedersen, Pedersen,
and Diczfalusy 1980a; Goodman and Hodgen 1983). Similarly progesterone
declines after removal of the corpus luteum (Aedo, Pedersen, Pedersen,
and Diczfalusy 1980b; Goodman and Hodgen 1983; Baird, Backstrom,
McNeilly, Smith, and Wathen 1984). These observations provide direct
evidence that the preovulatory follicle/corpus luteum is the source of most
of the oestradiol and progesterone secreted during the ovarian cycle (Baird
1977a).
The human corpus luteum also secretes as much, if not more oestradiol

than the preovulatory follicle does during the follicular phase of the cycle
(Baird 1977a). This helps explain why the follicular phase (that is, interval
between the onset of functional luteal regression and the next ovulation) in
man is so much longer than that of those domestic animal species (sheep and
pig) in which oestrogen secretion by the corpus luteum is minimal or absent
(see Table 4.1) (Baird, Baker, McNatty, and Neal 1975). Due to the combined
feedback action of progesterone and oestradiol (more potent than that of
progesterone alone) on the hypothalamo-pituitary axis, FSH and LH levels
during the human luteal phase are suppressed to such a degree that follicular
one; 7 dehydroepiandrosterone; 8 androstenedione; 8a oestrone; 9 5a-androstane-
3,17-dione; 9a androsterone; 9b epiandrosterone; 10 androstenediol; 11 testoster¬
one; 11a oestradiol-17(3; 12 5a-dihydrotestosterone; 12a 5a-androstane-3a,17p-
diol; 12b 5a-androstane-3|3, 17(3-diol.



Table4.1

Preovulatoryfolliculardevelopmentintheovariancycle:peakintrafollicularandvenousbloodoestradiolconcentrationsindifferent animalspecies.

OvariancyclelengthOvulatoryPreovulatoryoestradiolconcn (days)follicles(nM)
Follicular

Luteal

Diam

Follicular

Ovarian

Species

phase

phase

Total

(mm)

No.

fluid

vein

Peripheral

Hamster1'2

2

2-3

4-5

0.65

6-9

*

9

0.6

Rat3'4

2

2-3

4-5

0.9

6-9

10,000

6

0.7

Pig5 7

5-6

15-17

19-21

8.0

8-12

1,000

0.2**

0.1

Cow6'7

2-3

18-19

20-21

15.0

1

5,000

*

0.06

Sheep8'9

1-2

14-15

16-17

8.0

1

3,000

10

0.06

Rhesus monkey10

10-14

11-14

28

10.0

1

7,000

10

1.0

Man11

10-14

12-15

24-32

25.0

1

10,000

50

1.0

*Nodataavailable
**Utero/ovarianvenousblood 1)Shaikh1972;2)SaidapurandGreenwald1978;3)ShaikhandShaikh1975;4)Fujii,HooverandChanning1983;5)EilerandNalbandov1977;6) KotwicaandWilliams1982;7)Dieleman,Kruip,Fontijne,deJong,andvanderWeyden19836;8)Baird,Swanston,andMcNeilly1981;9)McNatty, Gibb,Dobson,Thurley,andFindlay1981;10)Channing1980;11)BairdandFraser1975.
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development to the preovulatory stage cannot occur. When this feedback
effect is withdrawn and gonadotrophin levels ( mainly FSH) rise at the end
of the luteal phase, the most advanced healthy follicles are still immature (<
5 mm diameter in man: McNatty, Hillier, van den Boogaard, Trimbos-Kem-
per, Reichert, and van Hall 1983) and need sustained stimulation (12-14
days in all) before one attains full-fledged oestrogen secretory status and
ovulates (Clark, Dierschke, Meller, and Wolf 1979; Baird et al. 1984).
Mechanisms underlying the selection of a single 'dominant' follicle have
been reviewed elsewhere (Baird 1983; Goodman and Hodgen 1983;
Zeleznik and Hillier 1984). In animal species in which oestrogen feedback
from the corpus luteum is minimal, gonadotrophin levels during the luteal
phase remain adequate to sustain follicular maturation to a relatively
advanced stage (Baird et al. 1975; McNatty 1982; Baird 1983). The
subsequent follicular phase is proportionately shorter since it entails only
the final (oestrogen-secretory) phase of preovulatory follicular maturation
(Table 4.1). Thus the endocrine function of the new preovulatory follicle
and of the most recent corpus luteum are temporally dissociated in the
human ovarian cycle. In cows, sheep and pigs they tend to overlap, while in
the laboratory rodents (rat and hamster) they are almost contemporan¬
eous.

2 INTERFOLLICULAR VARIABLES

The preovulatory phase of follicular maturation depends upon adequate
stimulation of the ovary by FSH and LH (Channing and Tsafriri 1977;
Richards 1980; McNatty 1981; Hodgen 1982; Baird 1983; Zeleznik and
Hillier 1984). Its onset has been associated with a species-specific intra- or
intercyclic increase in the circulating FSH level (Schwartz 1974). In man, it
begins at the end of the luteal phase in follicles between 1 and 4.5 mm
diameter (McNatty et al. 1983; Baird et al. 1984). In the rhesus monkey, it
begins at the same time but the follicles are smaller: < 2 mm diameter
(Clark et al. 1979). In sheep, it starts well before the onset of luteal
regression in follicles between 2 and > 4 mm diameter (McNatty 1982;
Baird 1983; Tsonis, Cahill, Carson, and Findlay 1984). In the rat, it starts in
large preantral or early antral follicles between 200 and 400 pm diameter
during the previous oestrus (Schwartz 1974; Hirshfield and Midgley
1978a,b).
The preovulatory follicle(s) grows in a curvilinear manner until the onset

of the LH surge (Clark et al. 1979; McNatty 1981). More follicles enter this
phase of maturation than those which complete it (see Peters and McNatty
1980). Due to mechanisms which are poorly understood, a majority of them
become nonovulatory, undergo atresia and degenerate (Tsafriri and Braw
1984). The number which escape this process and ovulate is another
species-specific variable (Table 4.1).
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Unhealthy follicles can be distinguished in histological preparations by a
relative abundance of pyknotic nuclei in granulosa cells lining the antrum
(Pederson 1970; Hirshfield and Midgley 1978«) although some pyknosis is
normal, even in the fully mature preovulatory follicle (Bomsel-Helmreich,
Gougeon, Thebault, Salterelli, Milgrom, Frydman, and Papiernik 1979;
Koering, Goodman, Williams, and Hodgen 1982). After dissection from
the ovary, they may be recognized by the greater opacity and limited
vascularity of their follicular wall. The granulosa cell layer and the cumulus
investment of the oocyte can show macroscopic signs of degeneration and
the oocyte may be abnormal or absent. Less than optimal granulosa cell
number for a given follicular diameter is also indicative of atresia (Moor,
Hay,. Dott, and Cran 1978; Carson, Findlay, Burger, and Trounson 1979;
McNatty 1981). Based upon such criteria, it has been shown that with the
exception of the dominant follicle during the second half of the follicular
phase, the largest follicles in human ovaries are atretic (McNatty 1982;
Gougeon and Lefevre 1983; McNatty etal. 1983).
Nonovulatory follicles do not function normally. Their capacity for

oestradiol synthesis and secretion is limited and their total steroid content
may be reduced (Moor et al. 1978). The diminished capacity for oestrogen
synthesis is explained by the low number of granulosa cells with limited
metabolic potential (McNatty and Baird 1978; Westergaard, McNatty,
Christensen, Larsen, and Byskov 1982). The oestrogen synthetase
(aromatase: see Fishman 1982, and Siiteri 1982 for details) activity of
these cells is invariably only a fraction of that of granulosa cells from the
preovulatory follicle itself (Hillier, Reichert, and van Hall 1981; McNatty et
al. 1983). This deficiency is probably due to the relatively low concentration
of FSH present in the follicular fluid of nonovulatory follicles (McNatty,
Moore-Smith, Osathanondh, and Ryan 1979d). This gonadotrophin is the
primary stimulant of functional granulosa cell differentiation at the onset of
the preovulatory phase of follicular maturation: the aromatase enzyme
system is induced by FSH (see later). Ratios in follicular fluid of aromatase
substrate (androstenedione and testosterone) to aromatase product (oestra¬
diol and oestrone) are highest in unhealthy follicles (McNatty 1981, 1982)
and correlate inversely with granulosa cell aromatase activity determined in
vitro (Hillier et al. 1981). Oestradiol concentration in follicular fluid and
granulosa cell aromatase activity are positively correlated (Hillier et al.
1981). Thus the preovulatory follicle always contains the highest intrafoll-
icular oestrogen level (and lowest androgen:oestrogen ratio) because it has
the most granulosa cells with the highest capacity for androgen aromatiz-
ation (Hillier 1981; McNatty 1982).
Androgen levels in the antral fluid of atretic follicles usually do not differ

markedly from those in healthy follicles of a comparable size (Moor et al.
1978; Carson, Findlay, Clarke, and Burger 1980; Bomsel-Helmreich et al.
1979; Ireland and Roche 1982). Progestogen levels also show no important
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differences (Moor et al. 1978; Carson et al. 1980; Brailly, Gougeon,
Milgrom, Bomsel-IIelmrcich, and Papiernik 1981; Ireland and Roche
1982). This presumably reflects the predominantly thecal origin of C19 and
(before the LH surge) C21 steroids (Moor 1977).
Thus it is the characteristically high level of oestradiol in follicular fluid as

well as their size (Table 4.1) which distinguish preovulatory follicles. In
monotocous species, the single dominant follicle is the source of over 90 per
cent of the oestrogen (mainly oestradiol) secreted during the late follicular
phase of the cycle (Baird 1983). The absolute level of oestrogen in this
structure can be 10-1,000 times higher than that in any other follicle in either
ovary (McNatty et al. 1983). It also contains the highest number of granulosa
cells and has the largest theca interna (McNatty 1981). These cells contain
the highest concentration of gonadotrophin receptors (Carson et al. 1979;
Merz, Hauser, and England 1981; Zeleznik, Schuler, and Reichert 1981;
Webb and England 1982; Ireland and Roche 1983) and have a greater
steroidogenic capacity than cells in other follicles (Hillier and Wickings
1985). Since the preovulatory follicle also has the best developed local blood
supply (Moor, Hay, and Seamark 1975; DiZerega and Hodgen 1981;
Zeleznik et al. 1981), it is uniquely equipped to respond to changes in
circulating gonadotrophin levels (Zeleznik and Hillier 1984). The multiple
preovulatory follicles of polytocous species have similar characteristics
(Daguet 1979; Uilenbroek and Richards 1979; Hillier, Zeleznik, Knazek,
and Ross, 1980c; Hubbard and Greenwald, 1982; Oxberry and Greenwald
1982).

3 PERIOVULATORY CHANGES

The preovulatory follicle is not an important source of circulating
progesterone before the onset of the ovulation-inducing gonadotrophin
surge. When fully mature, its granulosa cells possess the biochemical
machinery needed to undertake this function. However, complete activa¬
tion of granulosa cell progesterone biosynthesis awaits the LH surge and
breakdown of the blood-follicle barrier associated with follicular rupture
(Hillier andWickings 1985). This latent potential for progesterone secretion
is reflected in the relatively high level of steroid which accumulates in antral
fluid even before LH surge onset (McNatty, Hunter, McNeilly, and Sawyers
1975; Bomsel-Helmreich et al. 1979; Kerin, Edmonds, Warnes, Cox,
Seamark, Matthews, Young, and Baird 1981; Hillier, Trimbos-Kemper,
Reichert, and van Hall 1983).
In addition to oestradiol and oestrone, all of the C2i and C19

intermediates in oestrogen biosynthesis via the classic A5 and A4 pathways
of steroidogenesis (Savard, Marsh, and Rice 1965; Ryan and Smith 1965)
accumulate in follicular fluid (Fowler, Chan, Walters, Edwards, and
Steptoe 1977; McNatty 1978). With the onset of the LH surge or after an
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injection of human chorionic gonadotrophin (hCG) to induce ovulation,
the levels of progesterone and its principal metabolite 17-hydroxyproges-
terone increase in the preovulatory follicle. Peripheral circulating concen¬
trations of both compounds start to rise at this time (Aedo, Landgren, and
Diczfalusy 1981; Hoff, Quigley, and Yen 1983). This is known to be the case
for most animal species (rat: Shaikh and Shaikh 1975, Nequin et al. 1979;
hamster: Shaikh 1973, Saidapur and Greenwald 1978, 1979«; pig: Eiler and
Nalbandov 1977; cynomolgus monkey: Marut, Huang, and Hodgen 1983)
although it is not so clear in cows (Kotwica and Williams 1982) or sheep
(Baird, Swanston and McNeilly 1981). However, even in these two species,
the progesterone level in follicular fluid rises several-fold within hours after
LH surge onset (Murdoch and Dunn 1982; Dieleman, Kruip, Fontijne, de
Jong, and van der Weyden 1983). Thus a rapid and progressive increase in
the intrafollicular progesterone level is a universal feature of the interval
between the LH surge and ovulation (rat: Goff and Henderson 1979;
hamster: Hubbard, and Greenwald 1982; pig: Hunter, Cook, and Baker
1976, Ainsworth, Tsang, Downey, Marcus, and Armstrong 1980; rhesus
monkey: Channing 1980; man: McNatty et al. 1975, Bomsel-Helmreich et
al. 1979, Edwards, Steptoe, Fowler, and Baillie 1980). This change heralds
the transition of the preovulatory follicle into the corpus luteum. With
follicle rupture the granulosa cell layer acquires a direct blood-supply and
progesterone biosynthesis commences at a rate commensurate with the
secretory activity of the corpus luteum (Hillier and Wickings 1985).
The transition between preovulatory follicle and corpus luteum entails

an attendant decline in follicular oestrogen biosynthesis. Within hours of the
increased stimulation by LH or hCG, peripheral and ovarian venous
plasma oestradiol titres drop precipitately (rat: Shaikh and Shaikh 1975;
hamster: Saidapur and Greenwald 1978; pig: Eiler and Nalbandov 1977;
sheep: Moor 1974; rhesus monkey: Channing 1980; cynomolgus monkey:
Marut et al. 1983; man: Kletzky, Nakamura, Thorneycroft, and Mishell
1975, Hoff et al. 1983). At the follicular level, the reduced rate of oestrogen
synthesis is reflected in the concomitant decline in the steroid content of
follicular fluid and/or the whole follicle (rat: Goff and Henderson 1979;
hamster: Saidapur and Greenwald 1979, Hubbard and Greenwald 1982;
pig: Ainsworth et al. 1980; sheep: Moor 1974; cow: Dieleman et al. 1983;
rhesus monkey: Channing 1980; man: Bomsel-Helmreich et al. 1979,
Testart, Castanier, Feinstein, and Frydman 1982, Van Look, Templeton,
Swanston, Angell, Aitken, Hendry, and Baird 1984).
Cellular mechanisms underlying these changes in the preovulatory follicle

are examined in the following sections.
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III Cellular sites and gonadotrophic control of follicular steroidogenesis

1 ANDROGEN

i Site offormation

C19 steroids are biosynthesized by ovarian follicles throughout their most
active phase of antral growth (Moor 1977; McNatty 1982). Androstene-
dione and testosterone are the major class of androgen secreted by the adult
ovary (rat: Dupon and Kim 1973, Belanger, Cusan, Caron, Barden, and
Dupont 1981; hamster: Saidapur and Greenwald 1978; pig: Krzymowski,
Kotwica, and Stefanczyk 1982; cow: Kotwica, Williams, and Marchello
1982, Wise et al. 1982; sheep: Moor 1977, McNatty et al. 1981, Baird,
1983; cynomolgus monkey: Marut et al. 1983; man: McNatty 1981, Baird
1983). During the follicular phase of the human menstrual cycle, the ovary
contributes about 30 per cent of the total blood androstenedione and the
adrenal accounts for the rest (Baird 1977a). At mid-cycle, the ovarian
contribution rises to about 60 per cent due to increased synthesis and
secretion of the steroid by the LH-stimulated preovulatory follicle (Baird
1983). This rise reflects the steroid's role as a precursor for oestrogen (see
below).
The theca interna, regulated by LH, is the major (perhaps exclusive)

follicular site of C19 steroid formation. Androstenedione and/or testoster¬
one are produced during incubation in vitro of thecal tissue dissected from
the preovulatory follicle (rat: Fortune and Armstrong 1977, Hamberger,
Hillensjo, and Ahren 1978; hamster: Makris and Ryan 1975, 1980; cow:
McNatty, Heath, Lun, Fannin, McDiarmid, and Henderson 1984; sheep:
Moor 1977; pig: Evans, Dobias, King, and Armstrong 1981; man: Tsang,
Moon, Simpson, and Armstrong 1979, McNatty, Makris, Osathanondh,
and Ryan 1980a.).
Theca cells possess specific membrane-associated LH receptors at all

stages of antral follicular development. This has been demonstrated by
autoradiographic studies and direct measurement of hormone binding to
isolated cells usually using l2:iI-labelled hCG as a surrogate for LH
(Zeleznik, Reichert, and Midgley 1974; Linder, Armsterdam, Salomon,
Tsafriri, Nimrod, Lamprecht, Zor, and Koch 1977; Bortolussi, Marini, and
Rolandi 1981; Zeleznik etal. 1981 ;Oxberry and Greenwald 1982; Shaha and
Greenwald, 1983; Uilenbroek and van der Linden 1983; Henderson,
Kieboom, McNatty, Lun, and Heath 1984). LH and hCG stimulate cyclic
AMP production by isolated thecal tissue (Hamberger et al . 1978; Weiss,
Armstrong, Mcintosh, and Seamark 1978; Tsang et al. 1979; Dennefors,
Nilsson, and Hamberger 1982). Under similar conditions in vitro, exoge-
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nous cyclic AMP analogues mimic the stimulatory action of LH/hCG on
thecal androgen biosynthesis (Erickson and Ryan 1976; Tsang, Armstrong,
and Whitfield 1980). This evidence suggests that LH controls thecal
androgen biosynthesis via a classic receptor-mediated mode of action
involving intracellular cyclic AMP action analagous to the situation
described for LH action on the testicular Leydig cell (see Dufau, Winters,
Hattori, Aquilano, Baranao, Nozu, Baukal, and Catt 1984).
Granulosa cells cannot undertake important amounts of de novo C]9

steroid biosynthesis: they either lack the requisite C-17,20 lyase activity
(Fig 4.1), or the enzyme system is repressed (Younglai and Short 1970;
LaCroix, Eechaute, and Lausen 1974; Fortune and Armstrong 1978;
Fowler, Fox, Edwards, Walters, and Steptoe 1978; Hamberger etal. 1978;
Tsang etal. 1980; Johnson and Hoversland 1983).
However, granulosa cells are a major site of intrafollicular androgen

metabolism to other androgens and to oestrogens (Fig 4.1). Depending on
their stage of development, they may contain 17|3-hydroxysteroid dehydro¬
genase (Bjersing and Carstensen 1964; Moor, 1977; Makris and Ryan 1980;
Nimrod, Rosenfield, and Otto 1980; Moon and Duleba 1982), 5-ene-3|3-
hydroxysteroid dehydrogenase/isomerase1 (Fowler et al. 1978) and
aromatase (Hillier 1981). These enzyme systems are stimulated during early
granulosa cell maturation initiated by FSH (Table 4.2) (Dorrington,
McKeracher, Chan, and Gore-Langton 1983; Hsueh, Adashi, Jones, and
Welsh 1984). 4-en-5a-reductase activity is also located in granulosa cells
(hamster: Makris and Ryan 1980; rat: Nimrod 1977b, Nimrod et al. 1980,
Moon, Duleba, and Leung 1983; man: McNatty, Makris, Reinhold,
DeGrazia, Osathanondh, and Ryan 1979b, Moon and Duleba 1982).
Granulosa cells are also implicated in the conversion of thecal androgens to
androgen sulphates (pig: Lischinsky, Khalil, Hobkirk, and Armstrong
1983).
Extrafollicular androgen biosynthesis in the ovarian stroma is also under

direct LH control (Rice and Savard 1966; McNatty, Moore-Smith, Makris,
DeGrazia, Tulchinsky, Osathanondh, Schiff, and Ryan 1980b; Magoffin
and Erickson 1982a). As for the theca, there is evidence that LH receptors
and intracellular cyclic AMP mediate the stimulation by LH of androgen
biosynthesis in the stroma (Erickson and Magoffin 1983; Koninckx,
Verhoeven, and De Moor 1983).

1 The high level of 5-ene-3(3-hydroxysteroid dehydrogenase/isomerase activity in maturing
granulosa cells could account for the production of androstenedione and testosterone by
human granulosa cell cultures described by McNatty, Makris, DeGrazia, Osathanondh, and
Ryan (1979a). The culture medium was supplemented with foetal calf serum (20 per cent) and
therefore must have had a high endogenous level of dehydroepiandrosterone. This androgen
is present in follicular fluid and is an excellent substrate for granulosa cell androstenedione
formation (Fowler et al, 1977, 1978). The aromatization of androstenedione and testosterone
would in turn account for the 'de novo' biosynthesis of oestradiol which was also reported.
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Secondary interstitial cells derived from the thecae of degenerated
follicles are thought to be primary sites of androgen biosynthesis in the
stroma (Guraya and Greenwald 1964; Erickson and Magoffin 1983). It is
initiated long before puberty onset (Eckstein and Ravid 1979; Raeside 1983;
Uilenbroek, Woutersen, and van der Linden 1983), sustained throughout
reproductive life (Belanger et al. 1981; McNatty 1981; Sridaran and Gibori
1983) and persists in the aged ovary (Longcope, Hunter, and Franz 1980;
Dennefors, Janson, Knutson, and Hamberger 1980).

ii Control ofsynthesis
Stimulation of thecal/interstitial cell androgen biosynthesis entails
increased metabolism of C2\ precursors derived from adjacent cells or

synthesized intracellularly from acetate or cholesterol. Blood-borne
precusors may also be used (Kotwica et al. 1982). The 17-hydroxylase/
C-17, 20 lyase step, rate-limiting in androgen biosynthesis (Fig. 4.1), is
enhanced directly by LH (Fukuda, Terakawa, Sato, Imori, and Matsumoto
1979; Makris and Ryan 1980; Aono, Kitamura, Fukuda, and Matsumoto
1981; Bogovich and Richards 1982). Thecal/interstitial 5-ene-3|3-hydroxy-
steroid dehydrogenase/isomerase activity is thought to be constitutive
(Pupkin, Bratt, Weisz, Lloyd, and Balogh 1966; Silavin and Greenwald
1982; Erickson and Magoffin 1983). There is evidence that thecal/inter¬
stitial 4-en-5a-reductase is under LH control in the prepubertal ovary (rat:
Fukuda et al. 1979, Aono et al. 1981), although the activity of thecal tissue
dissected from the preovulatory follicle was not measurably altered by the
pressure of LH in vitro (hamster: Makris and Ryan 1980). Other evidence
from work with prepubertal rat tissues suggests that LH-stimulation of
thecal/interstitial cell androgen biosynthesis is subject to 'permissive'
regulation by prolactin (Armstrong 1979; Polan and Behrman 1981;
Magoffin and Erickson 1983). It is not known if prolactin has a direct action
on this function in the adult ovary.
C2i precursors formed in the granulosa cell layer can be metabolized to

androgen in the theca (Short 1962; Younglai and Short 1970). Androgen
production in vitro by isolated thecal tissue was increased by the presence of
exogenous pregnenolone or 17-hydroxyprogesterone in the incubate
(Makris and Ryan 1980; Fortune 1981; Lischinsky and Armstrong 1983).
Porcine theca cultured in spent granulosa cell culture medium (containing
what appeared to be pregnenolone) produced more androgen than
corresponding control cultures (Lischinsky and Armstrong 1983).
Androgen biosynthesis in the preovulatory follicle changes after the

ovulatory LH surge or hCG injection. Aromatizable androgen (and
oestrogen) levels in follicular fluid and tissues decline as ovulation
approaches (rat: Goff and Henderson 1979; hamster: Hubbard and
Greenwald 1982; cow: Dieleman, Bevers, Poortman, and van Tol 1983a,
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Dieleman et al. 19836; sheep: Murdoch and Dunn 1982; man: Testart et al.
1982, Van Look et al. 1984). Cellular mechanisms underlying this
paradoxical suppression by LH/hCG of follicular androgen biosynthesis
are poorly understood. A primary lesion in the biosynthetic pathway is
located in the theca where a form of 'desensitization' occurs analagous to
that elicited by high doses of LH/hCG in the testicular Leydig cell (Hedin,
Ekholm, and Hillensjo 1983; Dufau et al. 1984). There is evidence that the
thecal 17-hydroxylase/C-17,20 lyase system is inhibited (Hillensjo, Ekholm,
and Hedin 1983). Intrafollicular oestrogen action might be involved in this
inhibitory effect of LH/hCG (Leung and Armstrong 1980). Experimental
evidence suggests that oestradiol, at a level comparable to that which
accumulates in preovulatory follicular fluid, can directly inhibit androgen
production by theca/interstitial cells: rapid and selective inhibition of
17-hydroxylase and C-17, 20 lyase activities were measured in vitro (rat:
Magoffin and Erickson 19826). The inhibition is reported to effect a
diversion of C21 precursors through alternative pathways leading to the
formation of 5a-pregnanes (Leung and Armstrong 1979). It has been
associated with a reduced concentration of microsomal cytochrome P-450
and requires continued RNA and protein synthesis (Suzuki and Tamaoki
1983).

2 OESTROGEN

i Site offormation
Before the preovulatory (oestrogen-secretory) stage of follicular develop¬
ment begins, androgens formed in LH-stimulated thecal/interstitial cells
dominate the intrafollicular steroid environment (McNatty 1982; McNatty
et al. 1983). Current evidence suggests that as granulosa cells mature in
response to stimulation by FSH (and involving direct intracellular androgen
action: see later) they acquire an active aromatase enzyme system and
become the principal intrafollicular site of androgen aromatization (rat:
Fortune and Armstrong 1978; hamster: Makris and Ryan 1977; pig: Evans et
al. 1981; cow: LaCroix et al. 1974, McNatty et al. 1984; sheep: Armstrong,
Weiss, Selstam, and Seamark 1981; man: Tsang, Simpson, and Armstrong
1978, Hillier etal. 1981).
The theca interna also contains aromatase which may contribute to a

variable extent towards the oestrogen which leaves the follicle (pig: Evans et
al. 1981, Haney and Schomberg 1981, Stoklosowa, Gregoraszczuk, and
Channing, 1982; rhesus monkey: Channing and Coudert 1976, Channing
1980, Vernon, Dierschke, Sholl, and Wolf 1983). It is possible that the
major intrafollicular site (granulosa versus theca) of oestrogen formation is
a species-specific variable (Ryan 1979). Either way, it is certain that
preovulatory follicular oestrogen biosynthesis requires the co-ordinated
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Table 4.2
FSH-induced granulosa cell functions modulated by direct sex steroid action in vitro.

Modulator
Function Androgen Oestrogen

Cyclic AMP accumulation
Steroidogenesis

Lipoprotein uptake
Cytochrome P-450 synthesis
Cholesterol metabolism

Pregnenolone metabolism
Progesterone formation
Progesterone metabolism
Androgen metabolism
Oestrogen synthesis (aromatase)

Hormone responsiveness
FSH
LH
Prolactin

(^-adrenergic agents
Proteoglycan synthesis
Plasminogen activator synthesis
Inhibin production
Carbohydrate metabolism

Lactate production

1) Goff, Leung, and Armstrong 1979. 2) Sheela Rani, Salhanick, and Armstrong 1981. 3)
Hillier and de Zwart 1982. 4) Schreiber, Nakumura, and Weinstein 1983. 5) Veldhuis,
Gwynne, Strauss, Demers, and Klase 1984. 6) Toaff, Strauss, and Hammond 1983; see also
Funkenstein, Waterman, Siler Masters, and Simpson 1983. 7) Nimrod 1981. 8) Welsh, Jones,
de Galaretta, Fanjul, and Hsueh 1982. 9) Review Dorrington, McKeracher, Chan, and
Gore-Langton 1983. 10) Veldhuis, Klase, Strauss, and Hammond 1982a. 11) Welsh, Zhuang,
and Hsueh 1983. 12) Duleba, Takahashi, and Moon 1984. 13) Moon, Duleba, and Leung
1983. 14) Daniel and Armstrong 1980. 15) Hillier and de Zwart 1981. 16) Adashi and Hsueh
1982; but see Daniel and Armstrong 1983. 17) Review Richards 1980. 18) Velduis, Klase,
Strauss, and Hammond 19826. 19) Veldhuis, Klase, and Hammond 1981. 20) Adashi and
Hsueh 1981; see also Davies and Lefkowitz 1984. 21) Yanagashita, Hascall, and Rodbard
1981. 22) Schweitzer, Jackson, and Ryan 1981. 23) Liu, Burleigh, and Ward 1981; see also
Strickland and Beers 1976. 24) Henderson and Franchimont 1983; see also Erickson and
Hsueh 1978. 25) Hillier, Purohit, and Reichert 1985; see also Billig, Hedin, and Magnusson
1983.
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activity of both follicular cell types and depends upon joint stimulation by
FSH and LH (Falck 1959; Short 1964; Bjersing 1967; Armstrong, Goff, and
Dorrington 1978).
There is direct evidence in vivo that thecal/interstitial androgens can

traverse the lamina basalis and be metabolized to oestradiol in the granulosa
cell layer. Baird (1977b) showed that in ewes bearing an ovarian
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antral
cavity

Fig. 4.2. Current concept of gonadotrophin-controlled cellular functions which
co-ordinate follicular oestrogen biosynthesis. Androgen (C19) is biosynthesized
from precursor cholesterol (C27) in the vascularized theca interna in response to
stimulation by LH. The avascular granulosa cell layer stimulated by FSH develops
an active androgen aromatase system: this system falls under dual FSFI/LF1 control
during advanced preovulatory development when granulosa cells have acquired
functional LFI receptors. Thecal androgen which diffuses across the lamina basilis
serves as the aromatase substrate. Granulosa cells closest to the lamina basalis may
be the most active sites of aromatization and are in almost direct contact with blood
vessels in the adjacent theca. The oestrogen (Q8) they produce diffuses into the
blood stream. Some steroid (androgen and oestrogen) also remains in the antral
cavity. The follicular fluid concentration of oestradiol (absolute and relative to
androgen) increases in proportion to the activity of the granulosa cell aromatase
system and is highest in the preovulatory follicle(s). (Modified from Hillier 1981, by
permission).

autotransplant to the carotid-jugular circulation, the infusion of a high-titre
antiserum against testosterone inhibited the episodic secretion of oestradiol
into jugular venous effluent which otherwise occurred in response to
endogenous LH pulses. Presumably the aromatase substrate was intercep¬
ted by antibodies as it crossed the intercellular space and basement
membrane.
Thus in the modern 'two cell-type, two gonadotrophin' concept of the

control of follicular oestrogen biosynthesis (Fig. 4.2), androstenedione and
testosterone produced by the LH-stimulated theca interna are converted to
oestrone and oestradiol in adjacent FSH-stimulated granulosa cells
(Armstrong et al. 1978). Granulosa cells are believed to be the exclusive
intraovarian sites of FSH action (rat: Zeleznik et al. 1974, Uilenbroek et al.
1983, Zor, Strulovici, Braw, Lindner, and Tsafriri 1983; hamster: Oxberry
and Greenwald 1982; cow: Merz et al. 1981; rhesus monkey: Zeleznik et al.
1981). Their aromatase system is a differentiated biochemical function
induced via direct action of the gonadotrophin (Dorrington and Armstrong
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1979). Evidence in vitro suggests that aromatase induction by FSH is
modulated directly by the type and concentration of androgenic steroid
present in the follicle (Hillier, van Hall, van den Boogaard, de Zwart, and
Keyzer 1982: see later).

ii Control ofsynthesis
Subcellular granulosa cell changes leading to aromatase activation are
initiated by FSH binding to membrane-associated receptors on the cell
surface (Nimrod, Erickson, and Ryan 1976) and receptor-mediated
increases in adenylyl cyclase activity (Channing, Thanki, Findsey, and
Fedwitz-Rigby 1978; Hillier et al. 1980c; Richards 1980). Changes in cyclic
AMP production and metabolism (Knecht, Ranta, and Catt 1983; Conti,
Kasson, and Hsueh 1984) lead to a net increase in the intracellular cyclic
AMP level (Amsterdam, Knecht, and Catt 1981). Intracellular responses to
cyclic AMP involve protein kinase (Channing and Tsafriri 1977; Richards
and Rolfes 1980; Richards, Seghal, and Tash 1983) and are calcium
dependent (Fenz, Ax, and First 1982; Carnegie and Tsang 1983; Maizels
and Jungmann 1983; Tsang and Carnegie 1983; Carnegie and Tsang 1984).
Aromatase activation requires continued RNA and protein synthesis
(Wang, Hsueh, and Erickson 1982), and entails true induction of the
enzyme system (Gore-Fangton and Dorrington 1981; Dorrington et al.
1983).
Measurement in vitro of aromatase activity in granulosa cell suspensions

prepared from maturing follicles has shown that the activity increases
progressively during the preovulatory phase (rat: Hillier, van den
Boogaard, Reichert, and van Hall 1980u; sheep: McNatty 1982; man:
Hillier et al. 1981, McNatty 1982, McNatty etal. 1983). In the human ovary,
the aromatase activity in cells recovered from the mature preovulatory
follicle at mid-cycle was at least 200 times higher than that in cells obtained
from the 'candidate' preovulatory follicles (1^1.5 mm diameter) present just
before follicular phase onset (McNatty etal. 1983).
Sustained preovulatory development of the granulosa cell aromatase

system depends on appropriate stimulation of the ovary by FH and FSH
(Armstrong and Papkoff 1976; Sheela Rani and Moudgal 1978). However,
granulosa cells in the immature follicle are unable to respond directly to
FH/hCG since they do not have FH/hCG receptors (Zeleznik, Keyes,
Menon, and Midgley 1977; Hillier, Zeleznik, and Ross 1978). Thus the
aromatase activity of granulosa cells from immature human follicles was
reported to be increased by incubation in vitro in the presence of FSH and
testosterone whereas hCG/testosterone combinations had no effect on the
same cell preparations (Hillier, van den Boogaard, Reichert, and van Hall
1980b; Hillier et al. 1981). The requirement for FH stimulation of the
immature follicle appears therefore to be indirect and is probably mediated
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by direct action(s) of C19 steroids derived from adjacent LH-stimulated
thecal/interstitial cells (see later). However, FSH-stimulated granulosa
cells eventually develop LH/hCG receptors (Table 4.2). These share the
same membrane-associated adenylyl cyclase system as granulosa cell FSH
receptors (Jonassen and Richards 1980; Farookhi 1982; Birnbaumer and
Kirchik 1983). From this stage of development onwards, either or both
gonadotrophins can act directly to stimulate granulosa cell aromatase (rat:
Wang, Hsueh, and Erickson 1981; man: Moon, Duleba, Leung, and Gomel
1982, Hillier et al. 1983). This is illustrated schematically in Fig 4.2.
Both androstenedione and testosterone are present in follicular fluid at

concentrations sufficient to drive the aromatization reaction rate maximally in
isolated granulosa cell suspensions (Hillier et al. 1981). However, some of
the steroid may be unavailable to granulosa cells for metabolism within the
follicle due to its association with steroid binding proteins in follicular fluid
(Edwards 1974; McNatty 1978; Martin, Rotten, Jolivet, and Gautray 1981).
This would be unlikely to affect cells in the mural granulosa cell layer to the
same extent as those lining the antral cavity. Mural granulosa cells are
closest to the androgen source and hence presumably exposed to higher
concentrations of the aromatase substrate. These cells are also the only
granulosa cells in close contact with the thecal vasculature which encapsu¬
lates the lamina basalis in the mature preovulatory follicle (Reynolds 1973;
Zeleznik et al. 1981). They have other unique qualities including relatively
high concentrations of LH/hCG receptors (Amsterdam, Koch, Lieber-
man, and Lindner 1975; Jaaskelainen, Markkanen, and Rajaniemi 1983)
and distinctive histochemical properties (Zoller and Enelow 1983). Since
mural granulosa cells are the only site of cytochemically detectable
cytochrome P-450 in the preovulatory follicle (rat: Zoller and Weisz 1978,
1980), they may be the most active intrafollicular location of androgen
aromatization and other steroidogenic transformations.
There is evidence that intrafollicular androstenedione and testosterone

biosynthesis occurs at a rate which is closely tuned to that of their
subsequent aromatization in the granulosa cell layer: local feedback
regulation (granulosa on theca) may be involved (Hillier et al. 1981).
Oestrogen, other steroids, or non steroidal factors (Dizerega, Nakamura,
Ujita, Lobo, and Marrs 1983) could be instrumental in this process (Hillier
etal. 1982).
Once oestrogen biosynthesis at the theca-granulosa cell interface comes

under direct LH control, the secreted steroid co-ordinates its own formation
via long-loop feedback control of pituitary gonadotrophin release. In man
this dynamic interaction leads to a gradual increase in the integrated
circulating LH level (Hoff et al. 1983); in sheep the frequency of pulsatile
LH discharge is increased (Baird 1978). Each pulse of LH delivered to the
highly vascularized theca stimulates concurrent bursts of androstenedione
and oestradiol discharge into the ovarian vein (Baird 1977b, 1983). The
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rising peripheral oestradiol level eventually triggers the ovulation inducing
mid-cycle gonadotrophin surge (Hoff et al. 1983).
The decline in follicular oestradiol biosynthesis initiated by the LH surge

can be at least partly explained by LH-induced alterations in thecal/inter-
stitial androgen biosynthesis (see above). Changes in androgen metabolism
could also be involved. Although LH-induced suppression of follicular
aromatase activity is implicated (Moor 1974; Katz and Armstrong 1976;
Leung and Armstrong 1980), direct measurements on granulosa cells
isolated from the human preovulatory follicle 12-24 h after LH surge
onset (Hillier et al. 1983) or just before ovulation approximately 36 h after
injecting hCG (Hillier, Wickings, Afnan. Margara, and Winston 1984)
have shown that aromatase activity remains elevated throughout. There is
similar evidence from experimental animal studies (Suzuki and Bun-Ichi
1980; Ekholm, Hillensjo, Thelander, and Ahren 1982).
Follicular oestrogen biosynthesis would also be affected by changes in

4-en-5a-reductase activity (Hillier 1980; McNatty 1980). This enzyme
system is present in granulosa and theca cells from the adult hamster
(Makris and Ryan 1980) and human ovary (McNatty et al. 19796; Moon and
Duleba 1982). Various 5a-reduced metabolites have been isolated from
incubations in vitro of human, nonluteal ovarian tissue with radioisotop-
ically labelled androstenedione (Forleo, Galli, and Sbiroli 1971) or
testosterone (Smith, Ofner, and Vena 1974). Perfusion in vitro of whole
ovaries with tritium-labelled testosterone led to the accumulation of
labelled 5a-reduced Cm steroids in granulosa cells, the theca interna and
follicular fluid of the largest follicle as well as small-medium follicles (cow:
Kotwica et al. 1982). Moreover, 5a-dihydrotestosterone has been mea¬
sured in human (McNatty, Moore-Smith, Makris, Osathanondh and Ryan
1979c; Brailly et al. 1981) and porcine (Veldhuis, Klase, and Hammond
1981) follicular fluid and in extracts of whole ovarian tissue (cyclic rat:
Belangereta/. 1981).
Not only is 4-en-5a-reductase a potential alternative route of androstene¬

dione and testosterone metabolism, but 5a-reduced Ci9 steroid once
formed cannot be aromatized to oestrogen. Certain 5a-reduced androgens
are also aromatase inhibitors (Schwarzel, Kruggel, and Brodie 1973; Siiteri
and Thompson 1975). Their presence in incubation medium has been shown
to inhibit the aromatization of testosterone and androstenedione to

oestradiol and oestrone by preovulatory granulosa cells in vitro: the mode
of inhibition was apparently competitive (rat: Hillier et al. 1980a; man:
Hillier etal. 19826).
Ovarian 4-en-5a-reductase activity is reported to be highest before the

onset of puberty (rat: Karakawa, Kurachi, Aono, and Matsumoto 1976;
Inaba, Imori, and Matsumoto 1978; Eckstein 1983). The prepubertal ovary
secretes large amounts of androgen but most of it is 5a-reduced (Eckstein
1983; Uilenbroek, Woutersen, and van der Linden 1983). 5a-reductase
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activity and the ovarian content of 5a-reduced androgen decline as the first
ovulation approaches (Suzuki, Kawakara, and Tamaoki 1978; Eckstein and
Ravid 1979; Toorop, Meijs-Roelofs, Kramer, and de Greef 1984). There is a
reciprocal increase in LH-stimulated follicular testosterone and oestradiol
production at the first pro-oestrus (Uilenbroek et al. 1983; Toorop et al.
1984). Thus in the prepubertal ovary, 4-en-5a-reductase might be controlled
byLH(Fukudaern/. 1979; Aono etal. 1981). Its regulation and contribution
(if any) to the control of follicular oestrogen biosynthesis in the adult ovary
remain to be established.

Preovulatory follicular oestrogen biosynthesis may be influenced by
prolactin, especially in physiological and pathological states of hyperprolac-
tinaemia (McNatty 1979; McNeilly, Glasier, Jonassen, and Howie 1982).
Membrane-associated prolactin receptors develop during advanced granu¬
losa cell differentiation induced by FSH (Table 4.2). Specific prolactin
receptors have been described in human ovarian tissue (Poindexter,
Buttram, Besch, and Smith 1979; Martorana, Bono, and Palermo 1980) and
are present in the human corpus luteum (McNeilly, Kerin, Swanston,
Bramley, and Baird 1980). The presence of prolactin in culture medium can
interfere with the induction of aromatase by FSH in rat granulosa cells
(Wang, Hsueh, and Erickson 1980; Dorrington and Gore-Langton 1982).
Dose-related suppression of FSH-or LH-stimulated increases in aromatase
have also been reported for more mature granulosa cells containing extant
aromatase activity (rat: Wang et al. 1980; Wang and Chan 1982). The
biochemical basis of prolactin action on granulosa cell aromatase and its
potential physiological significance to the regulation of follicular oestrogen
biosynthesis have still to be clarified (Dorrington et al. 1983).

3 PROGESTERONE

i Site offormation

Progesterone biosynthesis is only a minor granulosa cell function before
LH-surge onset although the biochemical machinery required to undertake
this function in the corpus luteum is established during preovulatory
follicular maturation (Channing et al. 1978; Richards 1980; Hillier and
Wickings 1985). Thus the ability to initiate progesterone biosynthesis in
vitro and respond to stimulation by LH/hCG is a characteristic of
granulosa cells isolated from the mature preovulatory follicle (Hillier et al.
1978; Richards, Jonassen, Rolfes, Kersey, and Reichert 1979; Channing,
Bae, Stone, Anderson, Edelson, and Fowler 1981). It increases dramat¬
ically after the ovulation-inducing LH surge or hCG injection (rat: Ahren,
Hamberger, Hillensjo, Nilsson, and Nordenstrom 1979; hamster: Makris
and Ryan 1975, Hubbard and Greenwald 1982; mouse: Corredor and
Flickinger 1983; pig: Channing, Brinkley, and Young 1980, Evans et al.
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1981; sheep: Moor et al. 1975, Moor 1977, Murdoch and Dunn 1982; rhesus
monkey: Channing 1980, Channing and Reichert 1983; man: Edwards et al.
1980, McNatty 1981, Hillier etal. 1983).

ii Control ofsynthesis
The biochemical basis of corpus luteum progesterone synthesis was studied
intensively during the 'classical' era of steroid biochemistry when isotop-
ically labelled steroid precursors first became generally available for
experimental purposes (Ryan and Smith 1965; Savard, Marsh, and Rice
1965). The foundations of our present concepts were laid during this period:
the tropic function of LH and hCG, and the intracellular 'second-messenger'
role of cyclic AMP in regulating cholesterol side-chain cleavage and
pregnenolone metabolism (reviews: Dorrington 1977; Williams, Clark,
Ling, LeMairs, Caron, and Marsh 1978).
Granulosa-lutein cells have remained the model of choice for studying

subcellular mechanisms involved in general aspects of steroid biosynthesis
(Bjersing 1981): trophic hormone receptor-regulation and activation of
adenylyl cyclases (Birnbaumer and Kirchik 1983); intracellular calcium and
its regulatory role in relation to adenylyl cyclase and protein kinase activities
(Hunzicker-Dunn 1983; Maizells and Jungmann 1983; Veldhuis, Klase,
Demers, and Chaufouleas 1984); lipoprotein uptake and metabolism (Carr,
MacDonald, and Simpson 1982; Gwynne and Strauss 1982; Savion,
Laherty, Cohen, Liu, and Gospodarowicz 1982; Toaff, Schlyer, and
Strauss 1982; Silavin and Strauss 1983); phospholipid synthesis (Davis,
Farese, and Clark 1983); cholesterol ester hydrolysis (Leaver and Boyd
1981); cholesterol metabolism and progesterone synthesis (Henderson,
Gorban, and Boyd 1981); and progesterone metabolism (Albert, Prasad,
and Lieberman 1982). Each of these LH-responsive mechanisms is
established during granulosa cell maturation in the preovulatory follicle and
is stimulated initially by direct FSH action (Table 4.2) (reviews:
Dorrington and Armstrong 1979; Dorrington etal. 1983; Hsueheta/. 1984).
Many of the FSH-induced steps in progesterone biosynthesis are also
subject to direct modulation by sex steroids in vitro (Table 4.2) (see later).
The work of Channing (Channing and Tsafriri 1977; Channing etal. 1978)

revealed that the ability of granulosa cells to undergo morphological
luteinization and produce large amounts of progesterone during culture in
vitro increases as a function of follicular maturity at the time of granulosa cell
isolation. This capacity can be induced in cells obtained from immature
follicles by culture in medium containing FSH; FSH-treated cells develop
LH/hCG receptors and respond to FSH or LH/hCG with large increases
in progesterone biosynthesis (Erickson 1983). However, within the follicle,
granulosa cell progesterone biosynthesis remains partially suppressed until
the follicle ruptures and the oocyte is shed. There are several likely reasons
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for this: 1) The full steroidogenic response to LH/hCG depends on further
subcellular changes involving continued RNA and protein synthesis
(Lieberman, Barnea, Bauminger, Tsafriri, Collins, and Lindner 1975); 2)
the micromolar level of oestradiol in preovulatory follicular fluid (Table
4.1) suppresses progesterone synthesis by direct inhibition of granulosa cell
5-ene-3(3-hydroxysteroid dehydrogenase/isomerase activity (Williams
Roth, Marsh, and LeMaire 1976; Veldhuis, Klase, Sandow, and Kolp 1983);
3) non-steroidal inhibitory factors in follicular fluid attenuate LH/hCG-
responsive granulosa cell steroidogenesis (Channing, Anderson, Hoover,
Kolena, Osteen, Pomerantz, and Tanabe 1982; Murdoch and Inskeep
1981); 4) restricted availibility of extracellular precursor cholesterol. High
molecular weight proteins are apparently excluded from follicular fluid by
the 'blood-follicle' barrier (Shalgi, Kraicer, Pinto, and Soferman 1973;
Edwards 1974; McNatty 1978). Until follicular rupture, the avascular
granulosa cell layer is denied access to the cholesterol which circulates in
association with the apoprotein moiety of low-density lipoprotein (Chang,
Jones, Ellefson, and Ryan 1976; Simpson, Rochelle, Carr, and MacDonald
1980). Cholesterol derived from the uptake and metabolism of low-density
lipoprotein is thought to be an important precursor of C2i steroid synthesis
in the granulosa/lutein cell (Carr etal. 1981; Gwynne and Strauss 1982).

IV Sex steroid-gonadotrophin interaction
Joint ovarian stimulation by FSH and LH is required to achieve all stages of
normal follicular development and oestrogen biosynthesis (Lostroh and
Johnson 1966); locally formed sex steroids are instrumental in co-ordinating
follicular responses to gonadotrophins (reviews: Hisaw 1947; Gaaren-
stroom and de Jongh 1946; Payne and Runser 1958; Ross and Hillier 1979;
Armstrong etal. 1981).
Systematic analysis in vivo of intrafollicular gonadotrophin-sex steroid

interaction has been achieved by studying immature rats treated with
exogenous normone(s) after hypophysectomy. In this model follicular
development, oestrogen biosynthesis and ovulation can be stimulated by
appropriate gonadotrophin/sex steroid combination therapy without the
attendant complication of steroid feedback action on endogenous gonado¬
tropin secretion (Hillier et al. 1980c). The results from such studies are
summarized below.

1 OESTROGEN AND FSH

Oestrogen given without gonadotrophin stimulates (in a dose-dependent
manner) follicular development and reduces atresia (Payne and Hellbaum
1955; Harman, Louvet, and Ross 1975; Hillier and Ross 1979). The
hormone acts directly to stimulate granulosa cell multiplication and thereby
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increases follicular size (Goldenberg, Vaitukaitis, and Ross 1972). Total
follicular FSH receptor content and granulosa cell sensitivity to the
gonadotrophin are increased (Louvet and Vaitukaitis 1976; Ireland and
Richards 1978). Appropriate oestrogen/FSH combination therapy leads
to increased formation and growth of antral follicles compared to the
corresponding treatment with FSH alone (Goldenberg, Reiter, and Ross
1972; Richards 1980). Doses of highly purified FSH which stimulate
follicular antrum formation (no exogenous oestrogen given) produce only
borderline increases in ovarian oestrogen content (Armstrong and Papkoff
1976); FSH alone does not stimulate normal oestrogen biosynthesis.
Neither FSH nor oestrogen, alone or combined, alter thecal/interstitial
cell morphology as judged by histology at the light microscope level (Hillier
et al. 1980): thecal/interstitial cells do not have FSH receptors (Zeleznik et
al. 1974; Uilenbroek and van der Linden 1983).

2 ANDROGEN OR LH(hCG)
Granulosa cells in immature follicles do not have LH/hCG receptors
(Hillier et al. 1978). Presumably LH/hCG action on the immature follicle is
mediated by chemical signals originating in the LH/hCG-responsive theca
or the adjacent stroma, the region where androgens are biosynthesized (see
below). Androgen given without gonadotrophin interferes (dose-depen-
dently) with the limited development of small preantral follicles remaining
after hypophysectomy (Payne, Hellbaum, and Owens 1956). When
combined with a stimulatory dose of oestrogen, androgen (testosterone)
exerts dose-dependent inhibition of the increased preantral follicular
growth otherwise caused by oestrogen (Gaarenstroom and de Jongh 1946;
Payne et al. 1956; Hillier and Ross 1979). Thus in the absence of FSH
androgen promotes atresia. This inhibitory 'androgenic' response is also
seen when small doses of LH/hCG are combined with oestrogen therapy:
doses of LH/hCG which stimulate thecal/interstitial cell repair and also
increase androgen formation (Louvet, Harman, and Ross 1975a; Louvet,
Harman, Schreiber, and Ross 19756). Alone, neither highly purified LH
nor androgen (testosterone or 5a-dihydrotestosterone) stimulate normal
follicular oestrogen biosynthesis (Armstrong and Papkoff 1976).

3 ANDROGEN AND FSH

Aromatizable androgen combined with appropriate doses of highly purified
FSH promote the growth of large preovulatory follicles and oestrogen
secretion. Certain testosterone/FSH combinations are more effective than
LH/FSH combination therapy (Armstrong and Papkoff 1976). The
androgen acts directly in granulosa cells and synergizes with FSH to enhance
gonadotrophin sensitivity (Leung, Goff, and Armstrong 1979) and induce
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oestrogen biosynthesis (see below). Exogenous testosterone by-passes the
need for an endogenous oestrogen precursor (otherwise provided by the
LH-stimulated theca and/or stroma). Normal oestrogen production and
oestrogen-sensitive steps in granulosa cell development cannot occur if
non-aromatizable androgen (5a-dihydrotestosterone) is administered with
FSH (Armstrong and Papkoff 1976; Farookhi 1980).
The ability of aromatizable androgen to substitute for ovarian FH/hCG

stimulation during preovulatory follicular development in vivo points to
local roles for androgen and oestrogen in the mediation of LH/hCG action
and modulation of FSH action. In vitro evidence that sex steroids can act

directly to regulate the onset and expression of differentiated granulosa cell
functions induced by FSH is examined in the following section.

V Intrafollicular paracrine sex steroid action

A substance which exerts an action within the cell in which it is synthesized
or which finds its way by diffusion and acts locally in nearby tissues and cells
is a 'paracrine' factor (Van Noorden and Polak 1979; Roth, LeRoith,
Shiloach, Rosenzweig, Fesniak, and Havrankova 1982). There is convin¬
cing evidence that intrafollicular paracrine sex steroid actions underlie the
co-ordinate functions of FSH and LH in the regulation of follicular
development and ovarian oestrogen secretion (Table 4.2).

1 ANDROGEN

The granulosa cell layer is literally drenched in androgen throughoutmost of
the preovulatory follicle's antral phase of development (see above). The
potential for androgen metabolism in these cells is illustrated in Fig 4.1.
Depending on its intrafollicular metabolic profile, androgenic steroid

may effect acute control of steroid formation through direct interactions
with steroid-transforming enzymes in follicular cells. At physiological
concentrations (that is, follicular fluid levels) testosterone and 5a-dihydro-
testosterone have been shown to inhibit 5-ene-3|3-hydroxysteroid dehydro-
genanse/isomerase activity in FSH-treated granulosa cell cultures (pig:
Fischinsky, Evans, and Armstrong 1983, Tan and Armstrong 1984). Other
data suggest a possible modulatory action of androgens on granulosa cell
17(3-hydroxysteroid dehydrogenase and/or 4-en-5a-reductase activity (rat:
Moon et al. 1983). Moreover, 5a-reduced androgens are known to be
competitive aromatase inhibitors (Hillier et al. 1980a, b) (see above).
Direct androgen action on the differentiating granulosa cell has also been

demonstrated. Development-dependent functions under primary FSH
control may be modulated in vitro according to the concentration and nature
(aromatizable or non-aromatizable) of androgen added (with FSH) to
granulosa cell culture medium. Androgen-responsive biochemical
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Fig. 4.3. Androgen/antiandrogen modulation of FSH-stimulated granulosa cell
cyclic AMP accumulation. Cyclic AMP (cAMP) levels (mean±SEM; «=4) in the
culture medium collected after a 2-day incubation of granulosa cell monolayers
(from immature rat follicles) in the absence of exogenous hormone (C: control) and
in the presence of testosterone (T: 0.1 pM) and/or human FSFf (FSH LER-8/116:
100 ng/ml), with (stippled bars) and without (open bars) the additional presence of
antiandrogen (SCH16423: 10 pM). Wavy line denotes the lowest measurable
concentration of cyclic AMP. (From Hillier and de Zwart 1982, by permission).

endpoints are listed in Table 4.2. Their dependence on an increased
intracellular cyclic AMP level is the common denominator: FSH-stimulated
granulosa cell cyclic AMP production (accumulation) is augmented during
culture in the continued presence of FSH and testosterone (Hillier and de
Zwart 1982) or 5a-dihydrotestosterone (Fig. 4.3). Thus androgen and FSH
act synergistically to promote cyclic AMP-dependent granulosa cell dif¬
ferentiation in vitro (Nimrod et al. 1980; Hillier and de Zwart 1982;
Dorrington et al. 1983).
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Androgen-responsive granulosa cell progesterone biosynthesis has been
studied systematically in granulosa cell cultures prepared from immature
follicles (pig: Schomberg, Stouffer, and Tyrey 1976; rat: Armstrong and
Dorrington 1976, Nimrod and Lindner 1976, Lucky, Schreiber, Hillier,
Schulman, and Ross 1977, Hillier, Knazek, and Ross 1977, Nimrod 1911a,b,
Nimrod et al. 1980, Welsh, Jones, de Galaretta, Fanjul, and Hsueh 1982,
Schreiber, Nakamura, and Weinstein 1983). In whole follicles maintained in
organ culture, exogenous androgen (cow: Shemesh and Ailenberg 1977)
and LH-stimulated production of endogenous androgen (sheep: Moor etal.
1975) have also been reported to stimulate progesterone formation.
Androgenic steroids and FSH interact synergistically to induce rate-limiting
enzyme systems involved in progesterone biosynthesis in immature
granulosa cells (Table 4.2). Extant steroidogenic activity in more mature
cells may also be enhanced by the presence of androgen (rat: Zeleznik,
Hillier, and Ross 1979, Quirk and Fortune 1983; mouse: Corredor and
Flickinger 1983; pig: Haney and Schomberg 1978, Veldhuiseta/. 1981). This
means that direct responsivity to androgen is a granulosa cell property
acquired during early stages of follicular development and retained
throughout advanced functional differentiation.
Androgen-FSH synergism in aromatase enzyme induction has also been

studied in granulosa cell cultures prepared from immature follicles (rat:
Daniel and Armstrong 1980, 1983, Hillier and de Zwart 1981, 1982, 1985).
It has been shown that 5a-reduced C19 steroids are active albeit less potent
than the parent 4-en-oxo compounds (Fig. 4.4). That 5a-dihydrotestoster-
one cannot serve (with FSH) as co-stimulant of normal follicular develop¬
ment and oestradiol formation (in the absence of exogenous LH/hCG in
vivo: see above) is explained by its inability to serve as an oestrogen
precursor.
Paracrine androgen action in granulosa cells should involve the initial

steps of androgen action common to conventional (endocrine) androgen
targets in males: binding of testosterone or its metabolites to cytosolic
receptors; nuclear translocation of androgen-receptor complexes; and
steroid-receptor interaction with the genome leading to regulatory protein
biosynthesis (Bardin and Catterall 1981). There is evidence that these occur
in androgen-treated granulosa cells. Granulosa cells contain high-affinity
androgen-binding proteins which resemble the androgen receptors which
have been repeatedly identified in other androgen target tissues (rat:
Schreiber, Reid, and Ross 1976, Schreiber and Ross 1976; sheep: Campo,
Carson, and Findlay 1984). Receptor-like binding proteins for testosterone
were also observed in human ovarian cytosol (Milwidsky, Younes, Besch,
Besch, and Kaufman 1980). Evidence in vitro (Schreiber and Ross 1976) and
in vivo (Zeleznik et al. 1979) for nuclear translation of the granulosa cell
cytosolic androgen-receptor complex has been provided. Administration of
a specific antiandrogen SCH16423 blocked the nuclear uptake of
testosterone in vivo (Zeleznik et al. 1979). SCH16423 is an active
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Androgen concentration (M)
Fig. 4.4. Androgen amplification of FSH-induced granulosa cell aromatase
activity: dose-dependent stimulation by interrelated C19 steroid metabolites.
Enzyme activity (each datum point is the mean of four measurements) in granulosa
cell monolayers (from immature rat follicles) was measured after culture for 2 days
in medium containing human FSH (FSH LER-8/116: 100 ng/ml) and various
concentrations (0-10 p.M) of testosterone (T), androstenedione (A4-dione),
5a-androstane-3|3, 17|3-diol (5aA-(3,p-diol), 5a-androstane-3a, 17(3-diol (5aA-a,
(3-diol) or androsterone; Teslac (A'-testololactone, a C19 steroid devoid of
androgenic activity) was also studied as a negative control. (From Hillier and de
Zwart 1981, 1985, by permission).

metabolite of the antiandrogenic drug flutamide (Neri 1977). Antiandro-
gens such as SCH16423, flutamide (nonsteroidal) and cyproterone acetate
(steroidal) are thought to act by competing with testosterone and
5a-dihydrotesterone for receptor binding-sites thereby inhibiting nuclear
uptake of the steroid and/or steroid-receptor complexes (Neri 1977;
Bardin and Catterall 1981; Yates and King 1981).
SCH16423, flutamide and cyproterone acetate can block androgen

action in cultured granulosa cells (Table 4.2 and Fig. 4.5). Antiandrogenic
action on follicular functions in vivo have also been reported (Schomberg,
Tyrey, and Ulberg 1978; Peluso, Brown, and Steiger 1979; Zeleznik et at.
1979). Dose-response studies of androgen/antiandrogen interaction in
cultured granulosa cells are consistent with a competition for saturable,
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Fig. 4.5. Antiandrogen suppression of testosterone (T)/FSH-induced granulosa
cell aromatase activity. Enzyme activity (mean±SEM; n=4) in granulosa cell
monolayers (from immature rat follicles) was measured after culture for 2 days in
medium containing human FSH (FSFf LER-8/116: 100 ng/ml) and T (0.01 or 0.1
pM) with antiandrogen present at the concentrations indicated. Note that
SCH16423 is a hydroxylated derivative of flutamide (FLUT) and is generally
acknowledged to be the more potent antiandrogen (Neri 1977; Yates and King
1981). (From Hillier and de Zwart 1981, 1985, by permission).

high-affinity binding sites (Fig. 4.5). This is further evidence for a

receptor-mediated mode of action.
Ovarian androgen receptors are reported to bind testosterone preferen¬

tially in vitro, the affinity for 5a-dihydrotestosterone being significantly
lower (Schreiber and Ross 1976; Milwidsky etal. 1980). Testosterone is also
more potent than 5a-dihydrotestosterone in synergizing with FSH to
promote granulosa cell steroidogenesis (Fig. 4.4) (Nimrod 19776; Daniel and
Armstrong 1980; Hillier and de Zwart 1981, 1985). The high potency of
androstenedione (which binds only weakly to the ovarian androgen
receptor: Schreiber et al. 1976) is best explained by its rapid metabolism to
testosterone (Makris and Ryan 1980; Nimrod et al, 1980). 5a-dihydrotest-
osterone is converted to androstanediols in FSH-treated granulosa cells
(Nimrod et al. 1980). This presumably explains the similar potencies of
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interrelated 5a-reduced C19 steroids as co-stimulants with FSH of granu¬
losa cell steroidogenesis (Fig. 4.4).
Testosterone action in granulosa cells might be mediated to a variable

extent by direct oestrogen action (Adashi and Hsueh 1982). In assessing
this, Daniel and Armstrong (1983) showed that steroidogenic responses to
testosterone and 5a-dihydrotestosterone in the presence of FSH are
predictably inhibited by the additional presence of SCH16423 whereas
nafoxidine, a nonsteroidal antioestrogen, is only partially Inhibitory under
the same conditions. This evidence and the fact that oestradiol and

diethylstilboestrol are far less active than testosterone in synergizing with
FSH to enhance steroidogenesis (Hillier and de Zwart 1981; Daniel and
Armstrong 1983) suggests only a minor role for oestrogen in mediating the
action of testosterone. Nevertheless, testosterone effects must be assumed
to be the sum of its direct action and those of all its metabolites including
oestrogens. The response might involve several independent mechanisms
some of which remain to be identified with regard to metabolite or
receptor.
FSH-stimulated cyclic AMP accumulation in immature granulosa cell

cultures is also modulated by androgens and antiandrogens (Hillier and de
Zwart 1982) (Fig. 4.3). Since no acute effect of androgen on FSH-sensit-
ive granulosa cell adenylyl cyclase activity has been discerned (Nimrod
1977a; Hillier et al. 1982), alterations in cyclic AMP metabolism are likely
to be involved. It has been shown that granulosa cell phosphodiesterases
are influenced by direct FSH action (Knecht et al. 1983; Conti et al. 1984)
and phosphodiesterase activity is implicated in the mechanism of androgen
action in other target tissues. An inverse relationship between androgen
stimulation and phosphodiesterase levels in the epididymis and prostate
of male rats was observed by Holz, Brennan, Battista, and Terner (1981).
They described evidence for the existence of activating and inhibitory
modulators of phosphodiesterase in these tissues. The inhibitory modula¬
tor appeared to be under androgenic control. This finding combined with
other published work on steroidal modulation of phosphodiesterase (Holtz
et al. 1981) led them to propose a mechanism whereby 'androgen may
control cAMP-mediated functions in its target tissues by locally inducing
the production of an inhibitory modulator of phosphodiesterase'. If such a
factor exists in granulosa cells it could help explain androgen action in this
target also

2 OESTROGEN

The foregoing experimental work shows how androgen originating in
LH-stimulated thecal/interstitial cells might contribute to the control of
follicular responses to FSH via its metabolism and action in the granulosa
cell layer. Increased oestrogen formation is a corollary of this interaction.



196 Stephen G. Hillier

A pivotal role for oestrogen as an intrafollicular 'organizer' (Hisaw 1947)
has been acknowledged for many years. Its most renowned effects are
exerted directly on granulosa cells during the follicle's preovulatory growth
phase (Richards 1980; McNatty 1981, 1982). Since oestradiol has an action
within the cell system in which it originates, it is an 'autocrine' granulosa
cell regulator (Roth et al. 1982). This does not preclude paracrine actions of
granulosa cell oestrogen in the theca nor of thecal oestrogen in the
granulosa.
Mechanisms of oestrogen action in the granulosa cell have been studied

systematically in immature rat ovarian tissue (Richards 1980). Granulosa
cells from this source contain cytosolic and nuclear oestrogen receptors
(Richards 1975; Saiduddin and Zassenhaus 1978; Kudolo, Elder, and Myatt
1984a, b,).
Oestrogen stimulates granulosa cell division and enhances their sensitiv¬

ity to the actions of FSH and LH (Goldenberg et al. 1972; Richards et al.
1979). In the absence of simultaneous FSH stimulation, oestrogen
stimulates overall increases in follicular FSH receptor content with no
measurable effect on FSH receptor number per granulosa cell (hypophysec-
tomized immature rat: Louvet and Vaitukaitis 1976). When combined with
FSH, oestrogen facilitates FSH-stimulated increases in the concentration
of granulosa cell FSH receptors (Richards 1980; Tonetta and Ireland 1983).
Joint oestrogen/FSH action also promotes the induction of granulosa cell
LH receptors (Richards 1980; Sheela Rani et al. 1981).
Oestrogen continues to sensitize granulosa cells to FSH and LH action

throughout advanced preovulatory development (Richards 1980; Veldhuis,
Klase, Strauss, and Hammond 1982a,b). The induction by FSH of the
granulosa cell prolactin receptor system may also be influenced by direct
oestrogen action (Wang et al. 1979). Divergent prolactin effects at different
stages of granulosa cell differentiation are subject to direct oestrogenic
modulation in vitro (Veldhuis and Hammond 1980; Veldhuis etal. 1981).
Oestrogenic modulation of granulosa cell responsiveness to gonado-

trophins involves increases in FSH and LH stimulated cyclic AMP
accumulation (Richards et al. 1979; Sheela Rani et al. 1981; Adashi and
Hsueh 1982; Jonassen, Bose, and Richards 1982) and is associated with
increases in the number of available cyclic AMP binding sites within these
cells (Richards and Rolfes 1980; Dorrington et al. 1983). As shown in Table
4.2, most of the cyclic AMP-dependent steroidogenic enzyme systems in
the differentiating granulosa cell which are subject to joint FSH/androgen
control are also influenced by direct oestrogen action in vitro.
Toaff, Strauss, and Hammond (1983) have shown that FSH and

oestradiol at physiological concentrations can have independent stimulatory
effects and also act synergistically when combined to enhance the
mitochondrial content of cytochrome P-450 and increase the activity of the
mitochondrial cholesterol side-chain cleavage system in immature granu-
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losa cell cultures (pig). This mechanism of action is presumably involved in
the stimulation by oestradiol or diethylstilboestrol of progesterone accumu¬
lation seen in other studies of granulosa cell function in vitro (rat: Hillier et
al. 1977, Welsh, Zhuang, and Hsueh 1983; pig: Veldhuis et al. 1982a).
Inhibitory effects of oestrogen (frequently observed at relatively high
concentrations) on progesterone accumulation in granulosa cell cultures
have also been observed (rat: Hillier et al. 1977; pig: Thanki and Channing
1976, Haney and Schomberg 1978, Thanki and Channing 1978, Fortune and
Hansel 1979, Veldhuis et al. 1981; cow: Shemesh and Ailenberg 1977,
Kaplanski, Shemesh, and Behrman 1981; man: Bieszczad et al. 1982,
Veldhuis et al. 1983). These might be due, at least in part, to simultaneous
direct inhibition of extant 5-ene-3|3-hydroxysteroid dehydrogenase/iso-
merase activity (Veldhuis et al. 1983).
Induction by FSH of the granulosa cell aromatase enzyme system is also

enhanced by the presence of oestradiol or diethylstilboestrol in culture
medium (rat: Adashi and Hsueh 1982). However, the effects are minimal
as compared with testosterone or 5a-dihydrotestosterone at equivalent
doses (Hillier and de Zwart 1981; Daniels and Armstrong 1983).
Note that while oestrogens may have direct effects in granulosa cells

mediated specifically via the oestrogen receptor system, oestrogen action
via the androgen receptor system is also possible (Katzenellenbogen 1980).
Significant oestradiol competition with testosterone for the granulosa cell
cytosolic androgen receptor has been reported (Schreiber et al. 1976;
Schreiber and Ross 1976).
Not all androgen-responsive granulosa cell functions respond in the same

way to oestrogen (Table 4.2). For example, FSH-stimulated lactate
accumulation was not altered measurably by the presence of oestradiol
whereas the response was enhanced by testosterone and 5a-dihydrotestos-
terone over the same concentration range (rat cell cultures: Hillier, Purohit,
and Reichert 1985). (Lactate can be used as an energy source by rat oocytes
as they complete meiotic maturation in vitro: Zeilmaker and Verhamme
1974).
Oestrogen modulation of gonadotropin stimulated proteoglycan synth¬

esis in porcine granulosa cell cultures has been reported (Schweitzer,
Jackson, and Ryan 1981). However, in the rat granulosa cell culture system
studied by Yanagashita, Hascall, and Rodbard (1981), oestradiol was not
stimulatory at concentrations where testosterone was. (Granulosa cell
proteoglycan synthesis contributes to the formation of follicular fluid and is
stimulated by FSH during follicular antrum formation in the rat ovary:
Mueller, Schreiber, Lucky, Schulman, Rodbard, and Ross 1978).
There is evidence in vivo that oestrogen increases the extent of gap

junctional linkage among granulosa cells in the maturing follicle (Merck,
Botticelli, and Albright 1972; Burghardt and Anderson 1978). Gap
junctions are believed to play an essential role in propagating the effects of
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hormonal stimulation from peripheral granulosa cells in direct contract with
the lamina basalis to those of the cumulus and para-antral regions of the
granulosa cell layer (Lindner et al. 1977; Cran, Hay, and Moor 1979). Cells
in the peripheral layer seem to have the highest concentration of
gonadotrophin receptors (Lindner et al. 1977). It is envisaged that the
effects of gonadotrophin action in these cells might be transmitted to others
by cyclic AMP travelling through gap junctions (Lawrence, Beers, and
Gilula 1978; Midgley 1983). Thereby gap junctions might facilitate a
concerted follicular response involving cells throughout the stratified,
avascular granulosa cell layer (review: O'Shea 1981).
Finally, thecal cell function may be influenced by intrafollicular oestrogen.

Inhibitory effects of oestradiol on 5-ene-3(3-hydroxysteroid dehydrogen-
ase/isomerase activity have been measured in subcellular fractions from
other steroid-transforming tissue (see Gower and Cooke 1983). Moreover,
Magoffin and Erickson (19826) reported evidence of a direct inhibitory
action of oestrogen on the rat thecal/interstitial cell 17-hydroxylase/
C-17,20 lyase system. Oestrogen inhibition of progesterone and
testosterone accumulations in theca incubations has also been described

(cow: Fortune and Hansel 1979; pig: Tsang, Leung, and Armstrong 1979).
The inhibitory action of oestradiol on 4-en-5a-reductase activity (Eckstein
and Nimrod 1977; Tsang et al. 1979) has possible implications for acute local
control of androgen metabolism.

3 PROGESTERONE

Progesterone may act locally within the ovulatory follicle to interfere with
connective tissue metabolism and contribute to the softening of the apical
wall before follicular rupture (Tjugum, Dennefors, and Norstrom, 1984).
Whether this class of steroid has direct, local actions when present at much
lower concentrations during earlier stages of follicular development is not
clear.
It has been suggested that progesterone produced by the corpus luteum

might act directly within the ovary to suppress preovulatory follicular
development (Goodman and Hodgen 1983). However, in man the growth of
small antral follicles continues unabated in both ovaries during the luteal
phase (McNatty et al. 1983; Baird et al. 1984). Moreover, in the rhesus
monkey large preantral follicles continue to develop during the luteal phase
(Zeleznik, Wildt, and Schuler 1980). These can immediately commence
preovulatory development upon stimulation by exogenous gonadotrophin
despite the presence of an active corpus luteum (Zeleznik and Resko 1980).
Inhibitory effects of exogenous progesterone on follicular development

have been seen in cyclic rats (Buffler and Roser 1974) and hamsters
(Greenwald 1977). These have been explained in part by the suppressed
circulating gonadotrophin levels caused by steroid action in the hypothal-
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amo-pituitary axis (Taya, Terranova, and Greenwald 1981; Garza and
Terranova 1984). However, large systemic doses of progesterone
antagonized the stimulatory action of exogenous oestrogen on preantral
follicular development in hypophysectomized rats (Payne et al. 1956) and
suppressed follicular responses to exogenous gonadotrophin in hypophysec¬
tomized hamsters (Chiras and Greenwald 1978).
In vitro studies also suggest that local progesterone action in granulosa

cells is possible. Aromatase induction (Schreiber, Nakamura, and Erickson
1980, 1981; Fortune and Vincent 1983), LH receptor induction (Schreiber,
Nakamura, Truscello, and Erickson 1982) and progesterone accumulation
(Fanjul, De Galeretta, and Hsueh 1983) in immature cell cultures (rat) were
suppressed by continuous exposure to progesterone or the synthetic
progestogen (progestin) R5020. In these experiments differentiated
granulosa cell responses were induced by combining FSH and androgen in
the culture medium (see above): disproportionately high concentrations
(3=1 uM) of either progestogen were required to cause greater than 50 per
cent inhibition of the endpoints measured. The progesterone level in
follicular fluid does not enter this concentration range until advanced
preovulatory development when the granulosa cell aromatase and LH
receptor systems are already functional. Therefore the potential signific¬
ance of these direct actions of progestogen is unclear.
Progesterone binding proteins with some of the properties of a specific

receptor have been described in rat (Schreiber and Hsueh 1979; Schreiber,
Hsueh, and Baulieu 1983) and human (Milwidsky etal. 1980) whole ovarian
tissue cytosol and in granulosa cell cytosol (rat: Schreiber and Erickson 1979;
Naess 1981). The binding species has only been fully characterized using
tritium-labelled R5020 as the referent ligand. Competition studies indicate
that the affinity for progesterone is unusually low for a conventional steroid
receptor. Thus the dissociation constant (Kd) for R5020 was approximately
14 nM and even higher (not quantified) for progesterone (Schreiber and
Hsueh 1979; Schreiber and Erickson 1979). The concentration in granulosa
cell culture medium of R5020 which is needed to inhibit significantly
cellular responses to FSH and androgen is therefore around 100 times higher
than its Kd for the putative progestogen receptor and at least 10 times higher
than the levels of testosterone or androstenedione (approximately 0.1 pM)
which maximally enhance steroidogenic responses to FSH in the same
culture system (see Hillier et al. 1982). Thus it is possible that certain effects
of R5020 and even progesterone on granulosa cell cultures are mediated
through interactions with the androgen receptor system. 19-nor steroids
like R5020 are known to modify androgen action in other androgen target
tissue: concentration-dependent stimulatory and inhibitory effects have
been described (Bardin and Catterall 1981).
Progesterone might also act in this way in vivo. Bogovich and colleagues

have described experiments in which systemic elevation of the circulating
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progesterone level (to approximately 2 pM) with no significant suppression
of the circulating FSH level was achieved by subcutaneous placement of
steroid-releasing implants (intact, immature rat: Bogovich, Richards, and
Reichert 1981; Richards and Bogovich 1982; Bogovich and Richards
1982). This treatment facilitated subsequent hCG-stimulated growth of
small antral follicles and hCG-stimulated follicular progesterone biosy¬
nthesis. The immature rat ovary can undertake extensive reductive
metabolism of progesterone to 5a-reduced androgen in vivo (Inaba et al.
1978). Therefore these results might be explained on the basis of progester¬
one action (specific/nonspecific?) and direct androgen action in FSH-
stimulated granulosa cells.

VI Conclusions

The life-cycle of an ovulatory follicle terminates in a 'hyperprogestogenic'
episode when C2i compounds are quantitatively the most important class of
sex steroid which is biosynthesized, accumulated and secreted.
Oestradiol is the most abundant intrafollicular steroid for a brief period of

time before the start of the LH surge when the preovulatory phase of
development is being completed. This 'hyperoestrogenic' phase is the
sequel of a prolonged period of antral development during which the
intrafollicular sex steroid economy is dominated by androgenic C19 steroid.
The foregoing evidence collated from studies in vitro of hormonally

controlled granulosa cell differentiation suggests how androgenic steroid
might provide a chemical link between LH-stimulated thecal/interstitial
cells and FSH-stimulated granulosa cells in the immature ('hyperandroge-
nic') follicle as it enters its preovulatory stage of development.
Androstenedione and testosterone (and presumably their 5a-reduced

metabolites produced either directly or via reductive metabolism of C2i
precursors: Fig. 4.1) can diffuse across the lamina basalis and the
intercellular space and enter the granulosa cell layer. There they can
undergo further metabolism or act directly via an intracellular androgen
receptor system to synergize with FSH in increasing the prevailing level of
cyclic AMP: in effect, amplifying those biochemical responses which are
under primary FSH control.
Differential androgen metabolism (5a-reduction versus aromatization)

would have major implications for androgen action in maturing granulosa
cells. 5a-reduced androgens can interact with androgen receptors to
enhance FSH/cyclic AMP-dependent biochemical processes (including
aromatase induction) yet cannot serve as oestrogen precursor and are
potential competitive inhibitors of extant aromatase activity. On the other
hand oestradiol, the product of the aromatase reaction, is itself a key
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para(auto)crine granulosa cell regulator which ultimately is the principal
hormonal secretion of the mature preovulatory follicle.
Seen in this light, local C19 steroid metabolism and action underpins some

of the most fundamental cellular functions which are under gonadotrophic
control in the ovarian follicle.
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CATECHOL OESTRADIOL CONTROL OF FSH-STIMULATED GRANULOSA CELL STEROIDOGENESIS

K.E. Hudson and S.G. Hillier
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ABSTRACT

Catechol oestrogens are formed in the ovary but it is
not known if they have a local function. Working with
primary granulosa cell cultures prepared from immature
rat ovaries, we found that the presence of 2-hydroxy-
oestradiol in the culture medium (48 h incubation)
dramatically enhanced the steroidogenic response

(progesterone production) to human FSH (100 ng/ml).
The effect of 2-hydroxyoestradiol was dose-dependent
and maximal (approximately 40 times the response to
FSH alone) at 3.0 yM. The stimulatory action of 1.0 yM
2-hydroxyoestradiol was >10 times more than that of
1.0 yM oestradiol but only half that of 1.0 yM testo¬
sterone; other catechol oestrogens (2-hydroxyoestrone,
4-hydroxyoestradiol, 2-methoxyoestradiol and 2-
methoxyoestrone) were not stimulatory. The stimulatory
actions of 2-hydroxyoestradiol and testosterone were

partially additive and each was antagonized in the
same way by the presence of a specific antiandrogen
(SCH16423). These observations suggest a role for
intrafollicular catechol oestradiol in modulating FSH-
stimulated granulosa cell steroidogenesis; its mechan¬
ism of action may be similar to that of testosterone.

INTRODUCTION

The mechanism of oestrogen action in the brain and
pituitary appears to involve aromatic hydroxylation of
primary oestrogens at positions C-2 or C-4 (Ball &
Knuppen, 1980; Fishman, 1981; MacLusky, Naftolin, Krey
& Franks, 1981). Oestrogens can also act at their site
of formation in the ovary to modulate granulosa cell
responses to gonadotrophins (Richards, 1980; Hsueh,
Adashi, Jones & Welsh, 1984). Since 2-hydroxyoestra¬
diol formation in rat ovarian tissue has been demon¬

strated (Barbieri, Canick & Ryan, 1978) and the metab¬
olite is present in equine ovarian follicular fluid
(Dehennin, 1984), we asked if catechol oestradiol
might affect the expression of an FSH-regulated granu¬
losa cell function, namely C21 steroid biosynthesis.
Here we demonstrate a direct stimulatory action of 2-
hydroxyoestradiol (more potent than that of the parent
primary oestrogen, oestradiol) on FSH-induction of
progestogen production by rat granulosa cell cultures.
The results suggest an intrafollicular role for this
catechol oestrogen in the control of granulosa cell
function.

MATERIALS AND METHODS

Female Wistar rats (Charles River, Margate, Kent)
received a 10-mm Silastic-tubing capsule containing
diethylstilboestrol (DES) (to stimulate granulosa cell
proliferation) placed subcutaneously on day 23 of age
(Louvet, Harman & Ross, 1975). Six days later they
were sacrificed by cervical dislocation, the ovaries
removed, and granulosa cells from preantral-early
antral follicles were harvested in culture medium

(Hillier, Knazek & Ross, 1977). The medium was McCoy's
5a modified without serum containing 25 mM HEPES
buffer, extra (2 mM) L-glutamine, penicillin (50 i.u./
ml) and streptomycin (50 yg/ml) (Gibco Ltd., Paisley,
Scotland). Multiwell plastic culture dishes (NuncR,
also from Gibco) were inoculated with replicate 250 yl

portions of cell suspension containing 2.5 x 104 live
granulosa cells (viability >50% determined by trypan
blue dye exclusion). Human FSH (LER-8/116 containing
900 i.u. FSH/mg and approximately 6 i.u. LH/mg:
Reichert, 1967), steroid(s) and the antiandrogen were

previously added to the culture wells as appropriate
to give a total incubation volume of 500 yl. With the
exception of 4-hydroxyoestradiol (a gift from Dr. S
Franks, Department of Obstetrics & Gynaecology, St.
Mary's Hospital Medical School, London), all steroids
were purchased from the Sigma Chemical Co., Poole,
Dorset. 2-Hydroxyoestradiol purity was checked by
thin-layer chromatography (Gelbke & Knuppen, 1972) and
key experiments were repeated with identical results
using 2-hydroxyoestradiol from a separate source
(Steraloids Ltd., Croydon, Surrey). The antiandrogen
a-a-a-trifluoro-2-methyl-4'-nitro-m-lactotoluidide
(SCH16423) was donated by the Schering Corporation
(Bloomfield, NJ, U.S.A.). The granulosa cell cultures
were incubated at 37 C in a humidified tissue culture

incubator gassed with a 95% air/5% CO^ mixture. After
48 h, the medium was collected for measurement of
progesterone and 20a-dihydroprogesterone by specific
radioimmunoassays (Hillier, Reichert & van Hall,
1981).

RESULTS

Five catechol oestrogens (2-hydroxyoestradiol, 2-
hydroxyoestrone, 4-hydroxyoestradiol, 2-methoxy¬
oestradiol and 4-methoxyoestradiol) were screened at
concentrations between 0.01 yM and 1.0 yM in the pres¬
ence of FSH (100 ng/ml): only 2-hydroxyoestradiol
significantly altered progesterone production. The
complete dose-response profile up to 10.0 yM 2-
hydroxyoestradiol is illustrated in Fig. 1. Maximal
stimulation (40 times the response to FSH alone) was
observed at 3.0 yM; at 10.0 yM the response fell to <
50% of the maximum.

2-Hydroxyoestradiol was more potent than oestradiol
but less so than testosterone as a stimulant of FSH-

responsive progesterone production. During 48 h of
culture in the presence of FSH (100 ng/ml), progester¬
one accumulation in the presence of 1.0 yM 2-hydroxy¬
oestradiol, 1.0 yM oestradiol or 1.0 yM testosterone
was 0.239 + 0.022, 0.057 + 0.007 and 0.421 _+ 0.013
ng progesterone/103 cells/48 h, respectively, with
control cultures (FSH alone) 0.038 _+ 0.001 (mean +_
S.E.M., n = 4).

Catechol oestradiol enhancement of granulosa cell
progesterone accumulation was not due to reduced
progesterone conversion to 20a-dihydroprogesterone.
The combined accumulation of both progestogens altered
as a function of 2-hydroxyoestradiol concentration in
the same way as progesterone alone (Figs. 1 and 2);
the 20a-dihydroprogesterone:progesterone ratio was
usually between 2 and 3.

Submaximal stimulatory concentrations of 2-hydroxy-
oestradiol (<1.0 yM) and testosterone (0.01 yM) caused
partially additive increases in total progestogen pro¬
duction when combined in the presence of FSH but high-
dose (10.0 yM) 2-hydroxyoestradiol antagonized the
effect of FSH plus androgen (Fig. 2). Other (non-
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Fig. 1. Effect of 2-hydroxyoestradiol on progesterone
accumulation in FSH-treated granulosa cell cultures.
Granulosa cells from DES-pretreated immature rat
ovaries were incubated for 48 h at 37 C in the pres¬
ence of human FSH (100 ng/ml) and increasing concen¬
trations of the catechol oestrogen. Data are mean re¬
sults from quadruplicate cultures.
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Fig.2. Progesterone and 20a-dihydroprogesterone accu¬
mulation in FSH-treated granulosa cell cultures: effect
of 2-hydroxyoestradiol in the absence (O) and presence
(•) of O.Ol yM testosterone. Granulosa cells from DES-
pretreated immature rat ovaries were incubated for 48
h at 37 C in medium containing human FSH (100 ng/ml)
and steroid(s). Data are mean + S.E.M., n = 4.
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Fig. 3. Effects of oestradiol and catechol oestrogens
on progesterone accumulation in granulosa cell cul¬
tures treated with FSH and testosterone. Granulosa
cells from DES-pretreated immature rat ovaries were
incubated for 48 h at 37 C in medium containing human
FSH (lOO ng/ml) and 0.01 yM testosterone with no oes¬

trogen (A) , or increasing concentrations of oestradiol
(A) , 2-hydroxyoestradiol (•) , 4-hydroxyoestradiol (O),
or 2-methoxyoestradiol (□). Data are mean results from
quadruplicate incubations (S.E.M. <10%, not shown).

stimulatory) oestrogen metabolites and oestradiol
itself also caused concentration-dependent inhibition
(Fig. 3).

The stimulatory effect of 1.0 yM 2-hydroxyoestra¬
diol was matched by 0.03 yM testosterone; equivalent
steroidogenic responses to either compound were pro¬

gressively antagonized in the presence of increasing
concentrations (0.1-10.0 yM) of the antiandrogen
SCH16423 (Fig. 4).

DISCUSSION

These data reveal a direct stimulatory action of 2-
hydroxyoestradiol on FSH-induced steroidogenesis in
granulosa cells from immature follicles. Although the
levels of this steroid in rat ovarian follicles have

not been determined, 2-hydroxyoestrogens are present
in rat ovaries (Paul & Axelrod, 1977) and oestradiol
2-hydroxylase enzyme activity has been measured
(Barbieri et: al_. 1978) . Recently, Dehennin (1984) used
gas chromatography and mass spectrometry to measure
the concentration of 2-hydroxyoestradiol in follicular
fluid of equine preovulatory follicles; he reported
values between 15 and 250 ng/ml (0.05 and 0.9 yM).
Thus the present observations might reflect a physio¬
logical intrafollicular action of catechol oestradiol.

In other catechol oestrogen responsive tissue,
oestrogen metabolites are thought to act via 'classic'
oestrogen receptors and/or through inhibiting the
metabolism and action of locally formed catecholamine
neurotransmitters (see MacLusky et al_. 1981 for re¬
view) . Similar mechanisms could operate in rat granu¬
losa cells since they have an oestrogen receptor sys¬
tem (Richards, 1980) containing diverse oestrogen
binding species (Kudolo, Elder & Myatt, 1984a,b) and

J. Endocr. (1985) 106, R1-R4
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Fig. 4. Antiandrogen inhibition of 2-hydroxoestradiol-
and testosterone-stimulated steroidogenesis in FSH-
treated granulosa cell cultures. Granulosa cells from
DES-pretreated immature rat ovaries were incubated for
48 h at 37 C in medium containing human FSH (100 ng/
ml) and 0.03 yM testosterone (open bar andO) or 1.0
yM 2-hydroxyoestradiol (hatched bar and #). The anti¬
androgen SCH16423 was present at the concentrations
indicated. Data are mean +_ S.E.M., ri = 4.

can respond with altered progesterone biosynthesis to
oestradiol, DES and various B-adrenergic substances
in vitro (Hsueh et al. 1984). However, here we obser¬
ved 2-hydroxyoestradiol to be a far more potent stim¬
ulus of FSH-sensitive progesterone production than the
parent oestrogen. Since the affinity of oestrogen
receptor sites for 2-hydroxyoestradiol is generally
much lower than that for oestradiol itself (Fishman,
1981; MacLusky et al. 1981), it seems unlikely that
the metabolite exerted its effect primarily via the
granulosa cell oestrogen receptor system. This is fur¬
ther indicated by the finding that the present granu¬
losa cell response is apparently insensitive to 4-
hydroxyoestradiol which is usually a more potent
'oestrogen' than its 2-hydroxylated counterpart (Fish-
man. 1981; MacLusky et al. 1981) . it should be stressed
however, that competition studies using ovarian oes¬
trogen receptors have not been done so catechol oes¬
trogen action via the granulosa cell oestrogen recep¬
tor system cannot be excluded.

2-Hydroxyoestradiol was less potent than testo¬
sterone which is known to have a marked synergistic
action on FSH-responsive granulosa cell steroido¬
genesis (see Hillier, 1985 for review). However, at
low doses the joint effects of the catechol oestro¬
gen and testosterone were partially additive. More¬
over, the equivalent steroidogenic response to either
compound was antagonized by the antiandrogen SCH16423.
This raises the interesting possibility that the cate¬
chol oestrogen and testosterone share a common mechan¬
ism of action in FSH-stimulated granulosa cells. An
early step in testosterone action is its binding to
high-affinity receptor sites (Schreiber & Ross, 1976)
and the inhibitory effect of SCH16423 can be explained
by its ability to block the nuclear uptake of androgen

or androgen-receptor complexes (Hillier £t al_. 1977;
Neri, 1977; Zeleznik, Hillier & Ross, 1979). Direct
measurements are needed to determine if 2-hydroxy¬
oestradiol and testosterone can compete for the same
receptor binding sites in granulosa cells. Catechol
oestrogen binding to androgen binding sites is not
unprecedented: Dunn, Merriam, Eil et a^. (1980) re¬
ported high-affinity binding of 2-methoxyoestradiol
and 2-hydroxyoestradiol to human sex steroid binding
globulin.

High-dose (10.0 yM) 2-hydroxyoestradiol inhibited
the steroidogenic response to FSH plus androgen; oes¬
tradiol and its other catechol metabolites were also

inhibitory. Direct oestrogen inhibition of of pro¬
gesterone production by steroidogenically active
granulosa cell cultures has been seen before (e.g.
Thanki & Channing, 1978). This action is distinct from
that of oestrogen as a stimulus of granulosa cell
steroidogenesis which involves steroidogenic enzyme
induction (Toaff, Strauss & Hammond, 1983) and is pre¬

sumably receptor-mediated. The inhibitory action of
oestradiol on granulosa cell steroidogenesis appears
to be direct, involving acute inhibition of 33-
hydroxysteroid dehydrogenase (33HSD) enzymic activity
(e.g. Veldhuis, Klase, Sandow & Kolp, 1983). We do not
know if 33HSD inhibition was involved in the present
antagonistic effect of oestradiol and its catechol
metabolites but it is possible. Many naturally occurr¬
ing steroids are potential 33HSD inhibitors (Townsley,
1975) , including testosterone (Lischinsky, Evans &
Armstrong, 1983).

In conclusion, these results show that 2-hydroxy¬
oestradiol can act in FSH-treated granulosa cells to
enhance C21 steroid biosynthesis in vitro. If, as
seems likely, significant metabolism of oestradiol to
2-hydroxyoestradiol occurs in the ovary, the catechol
oestrogen could exert a similar effect in vivo. The
mechanism underlying catechol oestradiol action in
FSH-stimulated granulosa cells has not been determined
but it might involve the androgen receptor system.
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ANDROGEN MODULATION OF FOLLICLE-STIMULATING HORMONE-INDUCED GRANULOSA CELL STEROIDOGENESIS IN THE PRIMATE OVARY.
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ABSTRACT The role of androgen in regulating FSH-induced steroidogenesis in primates was investigated in gran¬
ulosa cell cultures from reproductively suppressed (acyclic) marmoset monkeys. Progesterone accumulation and
induction of aromatase activity were measured during a 48-h culture of granulosa cells (isolated from 0.5-1.0
mm diameter follicles) in medium 199 containing human (h) FSH and/or various sex steroids. Steroidogenesis
in control cultures was minimal, but the presence of hFSH (0.3-100 ng/ml) caused dose-dependent stimulation.
Maximal responses (mean±SE) were observed with 30 ng/ml of hFSH (aromatase, 1.0±0.2 pmol estradiol/103 cells*
3 h; progesterone, 4.5±0.8 pmol/103 cells*48 h) and were 100 times basal values. The presence of testosterone
(10-6M) during the 48-h culture enhanced the responses to hFSH two- to six-fold over the range 0.3-3.0 ng
hFSH/ml. In the presence of a submaximal stimulatory dose of hFSH (3 ng/ml), the effects of testosterone on
granulosa cell steroidogenesis were dose-related. Maximum responses were obtained with doses of testosterone
between 10 8 and 10 7M. Similar dose-dependent effects were found with 5a-dihydrotestosterone (a non-aromatiz-
able androgen), but not with estradiol, suggesting specific androgen synergism with FSH. Maximal aromatase
activity induced after iii vitro treatment with hFSH approached that in granulosa cells freshly isolated from a
preovulatory follicle of a cyclic animal. These results demonstrate steroid modulation in vitro of FSH-
responsive function, similar to that observed in rodent granulosa cells. Therefore, androgen may play a local
role in the regulation of FSH-stimulated granulosa cell function during follicular development in primates.

It is widely believed that intrafollicular sex
steroids modulate the action of FSH on granulosa cell
function in mammals (for review, see 1). In vitro
studies using granulosa cells from immature follicles
in rat ovaries have demonstrated enhancement of FSH-
induced progesterone biosynthesis and aromatase act¬
ivity by androgens (2,3) and to a lesser extent,
estrogens (4,5). However, it is not known if simil¬
ar mechanisms operate in primate granulosa cells.
To answer this question, we have developed an in
vitro culture system using granulosa cells isolated
from immature follicles in adult marmoset monkeys
(Callithrix jacchus). Here we demonstrate that in
marmoset granulosa cells induction of steroidogenesis
(aromatase activity and progesterone biosynthesis)
is FSH-dependent and modulated by sex steroids in
vitro. These experimental results are evidence for
a local role of androgens in regulating primate
granulosa cell responses to FSH.

MATERIALS AND METHODS

Adult female common marmosets (>2 years old)
bred and maintained in the Institute of Zoology were
used. The animals were behaviorally subordinate
members of peer groups, in which follicular develop¬
ment and ovulation are known to be suppressed (6).
Ovaries from these acyclic subordinate females con¬
tain a relatively uniform population of small antral
follicles suitable for in vitro granulosa cell
studies (7).

Animals were bilaterally ovariectomized under
Saffan (Glaxo Laboratories, U.K.) anesthesia. Im¬
mediately after removal, the ovaries were placed in
culture medium. This was medium 199 (Gibco-Europe,
Glasgow, U.K.) containing Earle's salts, 25 mM
HEPES, 2.68 mM L-glutamine, penicillin (50 IU/ml),
streptomycin (50 yg/ml) and 0.1% BSA (Miles U.K.
Ltd., Slough). Antral follicles 0.5 mm in diameter
were dissected under a stereomicroscope fitted with
an eyepiece graticule. Two ovaries were used for
each experiment. Granulosa cells were harvested in¬
to fresh culture medium by puncturing individual
follicles with a 27 gauge needle and applying gentle
pressure with a watchmaker's forceps. Follicles
which showed gross signs of atresia (degenerate or

Received March 4, 1986.

absent oocyte and/or fragmentation of the membrana
granulosa) were not used for this study. Granulosa
cells were pooled, centrifuged (300xg^, 5 min) and
re-suspended in fresh culture medium. Viability,
assessed with Trypan blue, was between 55 and 75%.
Replicate 10 mm diameter culture wells (Nunc plastic
dishes, supplied by Gibco) were pre-coated with
aseptic donor calf serum (Gibco) and washed twice
with Dulbecco's PBS (DPBS, Gibco) before use.
Human FSH (hFSH-LER/8 1 16) was a~chymotrypsin pre-
treated to reduce its LH activity (final activity:
FSH 900 IU/mg, LH 6 IU/mg). The gonadotropin and/
or steroid were added to culture wells in 250 yl
of culture medium; each treatment was in quadruplic¬
ate. Each well was then inoculated with a further
250 yl of culture medium containing 104 viable
granulosa cells and the dishes incubated at 37 C
in a humidified atmosphere of 5% C0~ in air. After
48 h, the culture medium was removed and centrifuged
at 1500x£. The supernatants were stored at -20 C
until assayed for progesterone.

Aromatase activity was determined in freshly
isolated cell suspensions (culture inoculum) as the
level of estradiol produced during a 3-h incubation
( 104 cells/0.5 ml medium) at 37 C, with 10_6M tes¬
tosterone as the exogenous substrate (8). To get a
reference (pre-ovulatory) value, aromatase activity
in granulosa cells recovered from a mature (2.5-3.0
mm diameter) follicle in the ovary of a cyclic mar¬
moset was also determined in the same way. The
aromatase assay on cultured granulosa cell mono¬
layers was similar (9). Briefly, the granulosa cell
monolayers were rinsed twice with 1 ml pre-warmed
(37 C) DPBS containing 0.1% BSA to remove all traces
of steroid. Fresh pre-warmed culture medium (0.5
ml) containing 10_6M testosterone (3 wells) or con¬
trol medium (1 well) was then added to each dish.
After a further 3-h incubation at 37 C, the culture
medium from each well was collected and stored at

-20 C until assayed for estradiol. Aromatase act¬
ivity (pmol estradiol/103 cells*3 h) was calculated
as the level of estradiol produced in the presence
of testosterone, corrected for the level (usually
undetectable) which accumulated in the absence of
testosterone.

Progesterone and estradiol in culture medium
were measured by direct RIA (10,11). Inter-assay
variation during the present series of experiments
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was 12.7%, n=16 (progesterone) and 5.9%, n=18 (estra¬
diol) .

All statistical comparisons were made with use
of paired Student's t-test.

RESULTS

Acyclic marmoset ovaries yielded between 40 and
60 follicles/ovary, ranging between 0.5 and 1.0 mm
in diameter. Extant aromatase activity in these
cells was very low (0.01-0.02 pmol estradiol/103
cells*3 h) compared with the level of activity pres¬
ent in pre-ovulatory granulosa cells (1.88 pmol/103
cells -3 h).

Progesterone accumulation and aromatase activ¬
ity in granulosa cell cultures from acyclic ovaries
were stimulated by hFSH in a dose-dependent manner

(Fig. 1). Maximal stimulation of both progesterone
(4.5±0.8 pmol/103 cells'48 h) and aromatase ( 1. 0±0.2

pmol estradiol/103 cells*3 h) (mean±SE, n=4) were
observed with 30 ng hFSH/ml.

hFSH-responsive functions were significantly
enhanced by the presence of testosterone (10~6M)
during the 48-h culture period. Progesterone accum¬
ulation and aromatase activity were two to six times
higher in the presence of hFSH and testosterone than
with hFSH alone over the dose range 0.3-3.0 ng hFSH/
ml (Fig. 1). The presence of testosterone had no
effect on progesterone accumulation at higher doses
of hFSH, although it prevented the reduction of ar¬
omatase activity seen in the presence of 100 ng
hFSH/ml alone. Testosterone alone ( 10-6M) increased
progesterone accumulation two-fold (0.05 to 0.1
pmol/103 cells*48 h), but did not stimulate aromat¬
ase induction.

At a fixed submaximal stimulatory dose of hFSH
(3 ng/ml), the effects of testosterone on progester¬
one accumulation and aromatase activity were dose-
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Fig. I. Effect of testosterone ( 10~6M) on hFSH-induced steroidogenesis by marmoset granulosa cell cultures.
Cells were cultured in medium containing hFSH alone (O—O) or together with testosterone (,•—•). After 48 h,
granulosa cell aromatase activity (A) and progesterone accumulation (B) were measured. Values are mean±SE
(n=4). ^Significant stimulation (P<0.05) compared to corresponding treatment without testosterone.
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Fig. 2. Effects of different steroids on hFSH-induced aromatase activity (A) and progesterone accumulation (B)
by marmoset granulosa cell cultures. Cells were cultured in medium containing hFSH alone (3 ng/ml) (A) or
together with testosterone (T; •—• ) , 5a-dihydrotestosterone (DHT;0--0) or estradiol (E^; A—A) at the concen¬
trations indicated. Values are mean±SE (n=4).
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related (Fig. 2). Maximal stimulation of FSH-
induced responses (two- to three-fold) was observed
in the presence of 10~8 - 10-?M testosterone.

To determine if stimulation by testosterone was
due to androgenic or estrogenic (via aromatization to
estradiol) action, dose-response studies using 5a-
dihydrotestosterone (non-aromatizable) and estradiol
were also carried out (Fig. 2). 5a-Dihydrotestoster-
one caused dose-dependent enhancement of hFSH-induced
responses, similar to that observed with testosterone,
but was even more active. In contrast, estradiol had
no significant effect over the same dose range.
Steroids alone had no significant effect on basal
levels of progesterone accumulation or aromatase act¬
ivity .

DISCUSSION

These results demonstrate that steroidogenesis
in marmoset granulosa cells is stimulated by hFSH
and subject to modulation by androgenic steroids in
vitro. This is the first clear-cut evidence for FSH/
androgen synergism in the control of primate granul¬
osa cell function. Our data support the concept, de¬
rived from experiments using rat (2,3) and porcine
(12) granulosa cell cultures, that the expression of
FSH-dependent granulosa cell function may be under
local steroidal control in the ovary.

Previous studies of the responsivity of human
granulosa cell cultures to androgens have yielded
variable results. Stimulation of progesterone pro¬
duction by FSH has been a consistent finding, but
the synergistic effect of androgen has been weak ( 13)
or absent (14). A possible reason for this is var¬
iation in the maturity of the granulosa cells which
were cultured. There is evidence that rat granulosa
cells progressively lose responsivity to androgen in
vitro as they undergo FSH-stimulated pre-ovulatory
development in vivo (15). Most studies of human
granulosa cell function have used cells from relat¬
ively large antral follicles in which androgen sen¬
sitivity may also be reduced (13,14).

We have shown that the reproductively suppressed
female marmoset ovary is a source of multiple immat¬
ure follicles containing hFSH-responsive granulosa
cells that can be isolated and studied as primary
monolayer cell cultures. In this respect they offer
a unique opportunity to study hormonal mechanisms in¬
volved in the regulation of primate granulosa cell
function. The mechanism involved in androgenic mod¬
ulation of hFSH-stimulated marmoset granulosa cell
function remains to be elucidated, but the experience
with rat granulosa cells indicates that an initial
interaction with specific intracellular androgen re¬
ceptors is involved (16). Androgen specificity is
borne out by the similarity between the stimulatory
effects of testosterone and 5a-dihydrotestosterone
(a non-aromatizable androgen) and the absence of any
measurable response to estrogen.

In conclusion, the present study provides a new
insight into the hormonal control of steroid biosyn¬
thesis in primate granulosa cells. The data demon¬
strate dose-dependent stimulation by hFSH, with hFSH/
androgen synergism in vitro. This points to a funda¬
mental similarity in the hormonal control of granul¬
osa cell function in rodent and primate ovaries.
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Summary—Catecholamine- and gonadotrophin-responsive progesterone biosynthesis increases during
FSH-induced granulosa cell maturation. In this study, we compared in vitro effects of interrelated classes
of follicular steroid on both endpoints: an androgen (testosterone), an oestrogen (oestradiol) and an
oestradiol metabolite (2-hydroxyoestradiol). Granulosa cells from diethylstilboestrol-pretreated, immature
rat ovaries were cultured for 48 h (pretreatment) in serum-free medium containing human FSH with or
without steroid. The cell monolayers were then washed and reincubated for a further 24 h (test-treatment)
in fresh medium with and without a catecholamine (isoproterenol or norepinephrine) or a gonadotrophin
(FSH or hCG); test-treatment culture medium was collected and assayed for progesterone content. At
concentrations up to 10~6 M, each steroid enhanced dose-dependently basal and catecholamine-responsive
progesterone production with a ranked potency-order of testosterone > 2-hydroxyoestradiol > oestradiol.
All three compounds also enhanced FSH and hCG responsiveness but this endpoint was affected most
markedly by oestradiol. Pretreatment in the presence of specific antiandrogen (hydroxyfiutamide;
SCH16423) blocked the stimulatory effects of testosterone and 2-hydroxyoestradiol but did not inhibit
stimulation by oestradiol, highlighting similarities between the actions of testosterone and the catechol
oestrogen distinct from that of oestradiol. Test-treatment in the presence of /?-adrenergic antagonist
(propranolol) blocked the stimulatory action of isoproterenol and reduced the response to FSH,
suggesting the involvement of /f-adrenergic receptors in FSH as well as catecholamine action on
steroidogenesis. We conclude that testosterone and catechol oestradiol have major effects on FSH-induced
development of catecholamine responsive steroidogenesis whereas oestradiol mainly affects gonado¬
trophin responsiveness in this granulosa cell culture system. All three steroid types could interact with
gonadotrophins and locally produced catecholamines to influence granulosa cell function in vivo.

INTRODUCTION

Sex steroids and biogenic amines are believed to
participate in the local control of follicular and luteal
steroidogenesis [1-3]. In the rat, there is a rise in
ovarian norepinephrine formation concomitant with
the preovulatory LH surge [4], and in vitro the cate¬
cholamine stimulates granulosa-lutein cell pro¬

gesterone biosynthesis by an adenylate cyclase-
coupled ^-adrenergic mechanism [5,6]. The
adrenergic responsiveness of granulosa cells increases
during FSH-stimulated preovulatory follicular
development [7], and FSH acts directly in vitro to
stimulate /J-adrenergic responsive progesterone bio¬
synthesis in rat granulosa cell cultures [7,8]. This
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Biology, 37 Chalmers Street, Edinburgh EH3 9EW,
Scotland.
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stimulatory effect of FSH is augmented by culturing
cells in the presence of androgen (androstenedione
or 5a-dihydrotestosterone) but not oestrogen
(oestradiol) [7], raising the possibility that locally
produced androgens selectively influence the devel¬
opment of adrenergic responsiveness during granu¬
losa cell maturation in vivo.
An increased capacity to undertake gonadotro¬

phin-responsive progesterone biosynthesis is the hall¬
mark of preovulatory granulosa cell maturation [9].
This change is induced by direct FSH action during
early antral follicular growth and is subject to mod¬
ulation by locally produced sex steroids [10]. Both
androgens and oestrogens can augment this action of
FSH in rat, pig (see Ref. [10] for review) and
marmoset [11] granulosa cell cultures, and follicular
oestrogens are believed to play a key function in
increasing granulosa cell responsiveness to gonad¬
otrophins in vivo. Recently, the oestrogen metabolite
2-hydroxyoestradiol was also shown to enhance pro¬

gesterone biosynthesis in rat [12] and porcine [13]
267
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granulosa cell cultures with a potency approx
10-times greater than that of oestradiol in the rat
culture system [12]. There are no quantitative data on
catechol oestrogen levels in rat ovarian follicles
but a microsomal oestradiol-2-hydroxylase activity is
present [14] and whole ovarian extracts contain
2-hydroxyoestrogens [15], Several oestrogen metabo¬
lites including 2-hydroxyoestradiol have been
identified in human [16] and equine [17] preovulatory
follicular fluids and porcine granulosa cells contain a
oestrogen-2/4-hydroxylase enzyme system which in¬
creases in activity during preovulatory follicular
development [18], Thus catechol oestrogens such as
2-hydroxyoestradiol could also have intrafollicular
regulatory functions including effects on adrenergic
and gonadotrophic mechanisms during preovulatory
granulosa cell development. The present investigation
was therefore undertaken to determine the influence
of 2-hydroxyoestradiol on FSH-stimulation of /l-
adrenergic and gonadotrophin responsive steroido¬
genesis in rat granulosa cell cultures and to compare
its properties with those of oestradiol and testos¬
terone.

EXPERIMENTAL

Materials

Culture medium (McCoy's 5a modified without
serum or Medium 199) and multiwell plastic culture
dishes (Nunc) were obtained from Gibco Ltd,
Paisley, Scotland. The medium was supplemented
with 25 mM HEPES buffer, extra (2 mM)
L-glutamine, penicillin (50 i.u./ml and streptomycin
(50 /ig/'ml) which were also from Gibco; crystallized
bovine serum albumin (BSA) was from Miles
Laboratories Ltd. Human FSH (LER-8/116) with
FSH bioactivity 900 i.u./mg and LH bioactivity
<6i.u./mg was donated by Professor L. E. Reichert
Jr, (Department of Biochemistry, Albany College of
Medicine, Union University, Albany, New York,
U.S.A.); hCG was the 2nd International Reference
Preparation for Immunoassay [19]. Steroids and
catecholamines were purchased from Sigma Chem¬
ical Co., Poole, Dorset, England. Purity of the
2-hydroxyoestradiol preparation was checked by
thin-layer chromatography [9]. The antiandrogen
a -a -a -trifluoro-2-methyl-4'-nitro-lactotoluidide (hy-
droxyflutamide; SCH16423) was donated by the
Schering Corporation, Bloomfield, New Jersey,
U.S.A.

Granulosa cell cultures

Immature granulosa cells were isolated from
preantral-early antral follicles in the ovaries of
oestrogen-pretreated immature female rats; viability
as assessed by trypan blue dye exclusion was
>50% [12]. Granulosa cells were cultured in serum-
free McCoy's 5a culture medium [12] or Medium
199 containing 0.1% (w/v) BSA, the latter being
used with serum-precoated dishes as described
previously [20]. Both culture conditions gave quali¬

tatively similar results although more reproducible
responses to FSH and steroids were obtained using
Medium 199. Experimental design was based on that
used by Adashi and Hsueh[7] using an initial 48-h
pretreatment with FSH plus steroid followed by the
24-h test-treatment with catecholamine or gonado¬
trophin, as described below.
Pretreatment. The culture wells were inoculated

with replicate 250-fil portions of medium containing
2.5 x 104 live granulosa cells; FSH (lOOng/ml) and
sex steroid (variable dose, with or without 10~5 M
SCH 16423) were previously added in another 250-^1
portion ofmedium to give a final incubation volume
of 500 //l per well. The cells were cultured for 48 h at
37°C in a humidified tissue culture incubator gassed
with a 95% air-5% CO, mixture.

Test-treatment. To assess catecholamine- and

gonadotrophin-responsive steroidogenic capacity,
pretreatment culture medium was removed and cell
monolayers were rinsed twice with 1 ml prewarmed
(37°C) Dulbecco's phosphate-buffered saline contain¬
ing 1 mg BSA/ml. The washed monolayers in each
treatment group were split into quadruplicate sets
and one set (controls) received 500 n 1 fresh culture
medium without additions and the other set(s), re¬
ceived 500 n 1 medium containing test substance: an

adrenergic agonist (10~6M isoproterenol, unless
stated otherwise) or a gonadotrophin (100 ng
FSH/ml or 50 ng hCG/ml). In some experiments the
^-antagonist propranolol (10~5M) was also added.
After incubation for 24 h at 37°C, the medium was

collected and stored frozen at — 20°C until mea¬

surement of progesterone content by specific radio¬
immunoassay.

Progesterone radioimmunoassay

Progesterone accumulation in test-treatment incu¬
bation medium was determined by radioimmuno¬
assay, as described previously [20]. The minimum
detectable response was approx 5 pg progesterone/
1000 cells/24 h. Statistical assessment of the results
was done with Student's /-test or the Newman-Keuls
test, as appropriate. Means which differed at the level
of P < 0.05 were considered statistically different.

RESULTS

Granulosa cells pretreated for 48 h in medium
without FSH produced unmeasurable amounts of
progesterone (<5pg/1000 cells) during the sub¬
sequent test-treatment with 10~6M adrenergic ago¬
nist (Fig. 1). Pretreatment with FSH alone
(lOOng/ml) induced a measurable level of pro¬
gesterone accumulation without inducing a
significant response to 10~6 M adrenergic agonist.
Pretreatment with FSH in the presence of 10~6M
steroid significantly increased basal progesterone
production 2-fold (oestradiol), 8-fold (2-hydroxy¬
oestradiol), and 12-fold (testosterone) over the re¬

sponse induced by FSH alone. Steroid pretreatment
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TEST-TREATMENT:

l""l None

(2 Isoproterenol

| Epinephrine

□ Norepinephrine

FSH: -

STEROID: - E2 20HE2
PRETREATMENT

Fig. 1. Effects of sex steroids on stimulation of
catecholamine-responsive progesterone production by FSH
in rat granulosa cell cultures. Pretreatment was for 48 h with
FSH (lOOng/ml) in the absence or presence of 10~6 M
steroid, as indicated (E2, oestradiol; 20HE2, 2-hydroxy-
oestradiol; T, testosterone). Progesterone accumulation is
shown (mean + SEM, quadruplicate incubations) during
the subsequent 24-h test-treatment without (open bars)
and with 10 6 M adrenergic agonist (hatched bars, iso¬
proterenol; solid bars, epinephrine; stippled bars, nor¬
epinephrine. Asterisks denote significant difference from the
corresponding test-treatment without catecholamine

(*P <0.05, **P <0.01; Newman-Keuls test).

also augmented catecholamine-responsive steroido¬
genesis such that test-treatment with 10~6M iso¬
proterenol elicited 55% (FSH + oestradiol), 69%
(FSH + testosterone) and 107% (FSH + 2-hydroxy-
oestradiol) increases over the corresponding controls.
10 6 M Norepinephrine caused significant stimu¬
lation after pretreatment with testosterone or
2-hydroxyoestradiol but did not have a significant
effect after pretreatment with oestradiol. Epinephrine
at 10"6M had no measurable effect although it was

TEST-TREATMENT:

f~| None
□ FSH

■ hCG

FSH: -

STEROID: -

PRETREATMENT

stimulatory at concentrations >10~5M (data not
shown). The interaction between FSH and steroid on

catecholamine-responsiveness was synergistic since
pretreatment with steroid alone was not stimulatory
(data not shown).
Steroid-induced increases in basal and catechol¬

amine-responsive progesterone production were
accompanied by marked increases in FSH and hCG
responsiveness (Fig. 2). Basal levels of steroidogenesis
induced by pretreatment with FSH + 2-hydroxy¬
oestradiol and FSH + testosterone were consistently
higher (P < 0.01) than the level induced by
FSH + oestradiol. However, gonadotrophin re¬
sponsiveness expressed as fold-stimulation over con¬
trol was highest (F<0.01) after the pretreatment
with FSH-oestradiol, being 5.6-fold (FSH) and
7.9-fold (hCG) compared with < 3-fold following
pretreatment with FSH + testosterone or FSH + 2-
hydroxyoestradiol.

Basal steroidogenesis and catecholamine-
responsiveness in relation to the steroid concen¬
tration present during pretreatment with FSH
(lOOng/ml) are shown in Fig. 3. Concentrations of
testosterone and oestradiol from 10~8 to 10 5 M
caused dose-related increases in basal and iso¬

proterenol (10 6 M) responsive steroidogenesis, the
response induced by testosterone being most marked.
2-Hydroxyoestradiol elicited a biphasic pattern of
response being stimulatory between 10"8 and 10~6 M
but inhibitory at 10"5M.
The dose-dependence of the response to iso¬

proterenol after pretreatment with FSH (lOOng/ml)
in the absence and presence of a fixed dose (10 ~6 M)
of steroid in shown in Fig. 4. Progesterone pro¬
duction by cells pretreated with FSH in the absence

O Control

• Isoproterenol

Fig. 2. Effects of sex steroids on stimulation of gonado-
trophin-responsive progesterone production by FSH in rat
granulosa cell cultures. Pretreatment was for 48 h, as de¬
scribed in the legend to Fig. 1. Progesterone accumulation
is shown (mean + SEM, quadruplicate incubations) during
the subsequent 24-h test-treatment without (open bars) and
with gonadotrophin (stippled bars, 100 ng FSH/ml; solid
bars, 50 ng hCG/ml). Asterisks denote significant difference
from the corresponding test-treatment without gonad¬
otrophin (*P <0.05, **P <0.01; Newman-Keuls test).

£ 0 10 10 10 10 0 10 10 10 10 0 10 10 10 10

E2 20HE2 T
PRETREATMENT STEROID CONCENTRATION (M)

Fig. 3. Dose-dependent effects of sex steroids on stimulation
of catecholamine-responsive progesterone production by
FSH in rat granulosa cell cultures. Pretreatment was for
48 h with FSH (lOOng/ml) in the absence or presence of
increasing concentrations of steroid (E2, oestradiol; 20HE2,
2-hydroxyoestradiol; T, testosterone). Progesterone accu¬
mulation is shown (mean + SEM, triplicate incubations)
during the subsequent 24-h test-treatment in the absence
(O) and presence (#) of 10~6 M isoproterenol. Asterisk
denotes significant difference from the corresponding con¬

trol value (P <0.05, Student's t-test).
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Fig. 4. Dose-dependent effect of isoproterenol on pro¬
gesterone production by rat granulosa cells after culture
with FSH in the presence or absence of exogenous steroid.
Pretreatment was for 48 h with FSH (lOOng/ml) in the
absence (#) or presence of 10 ~6M steroid (□, oestradiol;
A, 2-hydroxyoestradiol; O, testosterone). Progesterone ac¬
cumulation is shown (mean + SEM, quadruplicate incu¬
bations) during the subsequent 24-h test-treatment in the
absence and presence of increasing concentrations of iso¬

proterenol.

of exogenous steroid responded only to the highest
concentration of isoproterenol tested (10~5M)
whereas all steroid-pretreated cultures responded

dose-dependently to isoproterenol concentrations
>1(T8M.
To assess the participation of /I-adrenergic recep¬

tors in catecholamine- and gonadotrophin-stimulated
progesterone biosynthesis, granulosa cell cultures
pretreated with 10~6 M steroid plus FSH (100 ng/ml)
were subjected to test-treatment with isoproterenol
(10"6M) or FSH (100 ng/ml) in the presence and
absence of the /?-adrenergic antagonist propranolol
(10~5M). The antagonist had no effect on basal
progesterone production but it totally blocked the
stimulatory effect of isoproterenol (Fig. 5). The
P-blocker also suppressed (P < 0.005) the steroid¬
ogenic responses to FSH after pretreatment with
2-hydroxyoestradiol or testosterone although it did
not have a significant effect on the response to FSH
after pretreatment with oestradiol (Fig. 5a).
To examine the possible participation of androgen

receptors in 2-hydroxyoestradiol action [9], granulosa
cells were pretreated with FSH (100 ng/ml) and
2-hydroxyoestradiol (10 6 M) in the presence and
absence of 10~5M SCH16423 before test-treatment

with isoproterenol (10"6M) or FSH (100 ng/ml)
[Fig. 6b]; cultures pretreated with a 10-fold lower
concentration (10~7 M) of testosterone (Fig. 6c) or
oestradiol (Fig. 6a) with and without the anti-
androgen were studied as controls. The presence of

FSH + 20HE,

| -Propranolol

NONE ISO FSH

TEST-TREATMENT

Fig. 5. Effect of the /?-adrenergic antagonist propranolol on
catecholamine- and gonadotrophin-responsive progesterone
production by rat granulosa cells after culture with FSH
in the presence of steroid. Pretreatment was for 48 h
with FSH (100 ng/ml) in the presence of oestradiol (a),
2-hydroxyoestradiol (b), or testosterone (c), each at 10~6 M.
Progesterone accumulation is shown (mean ± SEM, qua¬
druplicate incubations) during the subsequent 24-h test-
treatment in the absence (open bars) and presence (solid
bars) of propranolol (10~5M) without and with 10"6M
isoproterenol (ISO) or FSH (100 ng/ml). Asterisks denote
significant difference from the corresponding control value

(*P < 0.05, **P < 0.005; Student's /-test).

□ -SCH 16423

SB + SCH 16423

NONE ISO FSH

TEST-TREATMENT

Fig. 6. Effect of the antiandrogen SCH 16423 on stimulation
of catecholamine-responsive and gonadotrophin-responsive
progesterone production by FSH and steroids in rat granu¬
losa cell cultures. Pretreatment was for 48 h with FSH
(100 ng/ml) with and without SCH16423 (10~5M) in the
presence of 10"7M oestradiol (a), 10"6M 2-hydroxy-
oestradiol (b), or 10~'M testosterone (c). Progesterone
accumulation is shown (mean + SEM, n = 4) during the
subsequent 24-h test-treatment in the absence and presence
of 10~6M isoproterenol (ISO) or FSH (30 ng/ml). Asterisk
denotes a significant difference from the corresponding

control value (P <0.001; Student's /-test).



Steroids, catecholamines and granulosa cells 271

antiandrogen completely abolished the stimulatory
effects of catechol oestradiol and testosterone

(P <0.001) but it had no significant effect on the
action of oestradiol.

DISCUSSION

Catechol oestradiol, like testosterone, is shown
here markedly to influence the expression in vitro of
gonadotrophic and adrenergic response mechanisms
in FSH-treated granulosa cells. The catechol oe¬

strogen and testosterone are both more potent than
oestradiol in their ability to augment FSH-induced
catecholamine-responsive progesterone biosynthesis
in this granulosa cell culture system. Conversely,
oestradiol is the more potent stimulus of gonad¬
otrophic responsiveness. These results confirm
previous evidence that androgen is more potent
than oestrogen as a stimulus of catecholamine-
responsiveness in FSH-treated rat granulosa cell
cultures [7]. They also support the notion that fol¬
licular oestradiol plays a major role in enhancing
granulosa cell sensitivity to gonadotrophins during
preovulatory follicular development [1, 9,10]. Since
there is evidence that catechol oestradiol is an intra-
ovarian oestrogen metabolite [14—18], all three classes
of steroid could have local regulatory functions in
vivo.
FSH stimulates granulosa cell differentiation via

high-affinity binding to specific FSH receptors and
activation of receptor-coupled adenylyl cyclase in the
cell membrane leading to increased production of
cyclic AMP [1,9,21]. Intracellular cyclic AMP-
dependent events during granulosa cell differentiation
include an increased capacity to undertake LH/hCG-
responsive progesterone biosynthesis due to the in¬
duction of LH/hCG receptors which are also coupled
via adenylyl cyclase to newly induced steroidogenic
enzymes [1,9], The data presented here confirm the
ability of testosterone and oestradiol each to act
synergistically with FSH in stimulating LH/hCG-
responsive steroidogenesis [10] and show that cate¬
chol oestradiol has this ability as well.
j?-Adrenergic agonists are known to stimulate

granulosa cell steroidogenesis via membrane associ¬
ated adrenergic receptors which are also functionally
coupled to steroidogenic enzymes via adenylyl
cyclase [5-8]. Increased signal amplification involving
altered cyclic AMP production, metabolism and/or
action seems to be a major part of the mechanism
whereby sex steroids interact with FSH to augment
gonadotrophin-responsiveness during granulosa cell
differentiation [1, 10]. This is based upon evidence
from work with FSH-treated rat granulosa cell cul¬
tures showing that (1) multiple cyclic AMP-
dependent functions are augmented during culture in
the presence of sex steroids [10, 22], (2) prolonged
(>24h) steroid treatment is needed to enhance
gonadotrophin and [i -adrenergic responsiveness [7],
and (3) increases in extracellular cyclic AMP accumu¬

lation parallel the enhanced level of gonadotrophin
responsiveness induced by steroids [1, 20] including
2-hydroxyoestradiol (E. J. Wickings, K. E. Hudson
and S. G. Hillier unpublished data). Since gonad¬
otrophins and p-adrenergic agonists share common
effects on steroidogenesis mediated by cyclic AMP,
steroid effects on /?-adrenergic responsiveness could
also entail altered cyclic nucleotide production, me¬
tabolism and/or action. Other influential factors
might include increases in /?-adrenergic receptor
numbers, alterations in the efficiency of receptor-
adenylate cyclase coupling or steroid effects mediated
through cyclic AMP-independent signal transducing
mechanisms [23-25].
Steroidogenesis in FSH/steroid-pretreated granu¬

losa cells is shown here to be less responsive
to epinephrine than either isoproterenol or nor¬

epinephrine. This complements the evidence showing
that epinephrine is undetectable in the rat ovary and
that the sympathetic innervation of the gland is
essentially noradrenergic [2,8]. The ability of the
P -antagonist propranolol to block both isoproterenol
and norepinephrine actions is consistent with other
evidence that catecholamine effects on rat granulosa
cell steroidogenesis are mediated principally by
/?-adrenergic receptors [7,8], Unexpectedly, pro¬

gesterone production in response to FSH is also
suppressible by the /?-blocker raising the interesting
possibility that an endogenously produced /?-adren¬
ergic agonist(s) participates in the subcellular mech¬
anisms through which the gonadotrophin stimulates
granulosa cell steroidogenesis.
2-Hydroxyoestradiol action on FSH-stimulated

catecholamine responsiveness is qualitatively distinct
from the actions of testosterone and oestradiol
in that at concentrations up to 10~6M the cate¬
chol oestrogen is stimulatory whereas at 10"5M it
becomes inhibitory. A similar biphasic pattern of
catechol oestradiol action on FSH-stimulated ste¬

roidogenesis in rat granulosa cell cultures has been
observed before [12] but the underlying mechanism
still is not understood. However, the high-dose in¬
hibitory property might not be physiologically im¬
portant since in those animal species for which data
are available follicular fluid 2-hydroxyoestradiol
levels do not achieve concentrations greater than
10~6M [16,17],
The presence of a 100-fold molar excess of anti¬

androgen SCH16423 blocked the enhancement by
testosterone of FSH-stimulated catecholamine and

gonadotrophin responsiveness, indicating a specific
receptor-mediated mode of steroid action [10], The
same degree of antiandrogen excess did not
significantly affect the low level of catecholamine-
responsiveness induced by oestradiol but only a
10-fold molar excess of SCH 16423 markedly sup¬
pressed the stimulatory action of 2-hydroxy¬
oestradiol. This pattern of response confirms
previous evidence for antiandrogenic blockade of
catechol oestradiol-enhanced progestogen bio-
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synthesis in rat granulosa cell cultures and is further
evidence that testosterone and 2-hydroxyoestradiol
share a common mechanism of action [12]. Com¬
petition studies with purified ovarian steroid recep¬
tors are needed to determine if the catechol oestrogen
can interact directly with classic androgen receptors,
as these data imply.
In conclusion, we have demonstrated that

testosterone (oestradiol precursor) and 2-hydroxy¬
oestradiol (oestradiol metabolite) are both more
effective than oestradiol in augmenting the stimu¬
latory effect of FSH on catecholamine-responsive
steroidogenesis during rat granulosa cell differ¬
entiation in vitro. Conversely, oestradiol is more
effective in enhancing gonadotrophin responsiveness.
Intriguingly, the effects of testosterone and
2-hydroxyoestradiol are each susceptible to anti-
androgen blockade suggesting that there are also
similarities in their mechanism of action. We also

present evidence for the involvement of /?-adrenergic
receptors in the trophic action of FSH on rat granu¬
losa cell steroidogenesis. These results lend further
support to the concept that locally produced steroids
and catecholamines interact to affect granulosa cell
function in vivo. This would be consistent with the

general pattern of steroid-induced modulation of
catecholamine-mediated processes which occurs in
other steroid responsive tissues in the body [26].
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EVIDENCE FOR INVOLVEMENT OF GnRH RECEPTORS

S.G. Hillier, C.G. Tsonis, E.J. Wickings and K.A. Eidne*

Department of Obstetrics and Gynaecology, and *MRC Unit of Reproductive Biology, University of Edinburgh Centre for Reproductive Biology,
37 Chalmers St, Edinburgh EH3 9EW

ABSTRACT

The bioactivity of a synthetic peptide fragment which mimics the
N-terminal sequence of the 134-amino-acid porcine Inhibin a-subunit
(pi- a1"26-Gly27Tyr28-OH) was tested and compared with the bioactivity
of GnRH in rat granulosa cell cultures. Granulosa cells from immature
female rat ovaries were cultured with hFSH and testosterone to
stimulate the production of cyclic AMP, progesterone and oestradiol.
Addition of pi- a1"26-Gly27Tyr28-OH to the culture medium caused a
dose-dependent suppression of all three parameters (IDS0 700-1,000
nmol/l). GnRH caused similar but higher-potency inhibition (ID50 2-4
nmol/l). Suppression of granulosa cell function by both peptides was
fully reversible by a synthetic GnRH antagonist. Moreover, specific
binding of the porcine inhibin fragment to ovarian GnRH receptors was
demonstrated by radioreceptor assay. This is evidence that the porcine
inhibin a-subunit fragment suppresses FSH-induced rat granulosa cell
function via a mechanism of action similar to that of GnRH.

INTRODUCTION

Inhibin is a gonadal peptide which selectively suppresses pituitary
follicle-stimulating hormone (FSH) release in vitro and in vivo (de
Kretser, 1986). Its intraovarian function is unknown but inhibin purified
from porcine follicular fluid supresses FSH-induced oestradiol
biosynthesis in rat granulosa cell cultures (Ying, Becker, Ling ef at.
1986). This form of inhibin comprises two cross-linked subunits, a and p
(Ling, Ying, Ueno et al. 1985; Mason, Hayflick, Ling ef at. 1985;
Miyamoto, Hasegawa, Fukuda et al. 1985; Robertson, Foulds, Leversha
et al. 1985): either might possess intrinsic bioactivity at the ovarian level
(Tsonis & Sharpe, 1986).

We have used FSH-stimulated rat granulosa cell cultures to test the
bioactivity of a synthetic peptide fragment which mimics the N-terminal
sequence of the porcine inhibin a-subunit (pi- a126-Gly27Tyr28-OH)
(Rivier, Spiess, McClintock et al. 1985). Here, we report that this
peptide fragment inhibits dose-dependently granulosa cell steroid
biosynthesis and production of cyclic AMP (cAMP). This biological
activity of the inhibin a-subunit fragment is 1) qualitatively similar to that
of gonadotrophin-releasing hormone (GnRH), and 2) fully reversible by a
synthetic GnRH antagonist. We also show that the peptide can bind
specifically to ovarian GnRH receptors. This is evidence that the inhibin
a-subunit has the potential to suppress FSH-stimulated granulosa cell
function via a mechanism of action related to that of GnRH.

MATERIALS AND METHODS

Granulosa cell culture Immature female Wistar rats (Charles River,
Margate, Kent) received a 10-mm silicone elastomer capsule containing
diethylstilboestrol (DES, Sigma Chemical Co., Poole, Dorset) placed
subcutaneously on day 23 of age to stimulate granulosa cell
proliferation. Six days later they were killed by cervical dislocation, the
ovaries removed, and granulosa cells from preantral-early antral follicles
were harvested in culture medium (Hillier, Knazek & Ross, 1977). The
culture medium (199) contained 25 mmol HEPES/I , extra (2 mmol/l)
L-glutamine, penicillin (50 i.u./ml) and streptomycin (50 pg/ml) (Gibco
Ltd, Paisley, Scotland) with 0.1% (w/v) bovine serum albumin (BSA,
Miles Laboratories, Slough, Bucks.). Multiwell plastic dishes (Linbro,
Flow Laboratories, Rickmansworth, Herts.) were precoated with donor
calf serum (Gibco) and washed with Dulbecco's phosphate buffered
saline (DPBS) before use (Hillier & de Zwart, 1982). The culture wells

were inoculated with replicate 250-pl portions of cell suspension
containing approximately 3 x 104 live granulosa cells (viability >50%
determined by trypan blue exclusion). Human FSH (LER/8-116) (30
ng/ml), testosterone (1 pmol/l) (Sigma), and peptides were previously
added to give a final incubation volume of 500 pi. The peptides were
pl-a1"26-Gly27Tyr28-OH (Salk Institute, San Diego, CA, U.S.A.: Rivier et
al. 1985), a GnRH antagonist ([N-Ac-D-Nal(2)1,D-pCI-Phe2,D-Trp3,
D-hArg(Et2)6,D-Ala10]-GnRH) (Syntex Research, Palo Alto, CA, U.S.A.)
and GnRH (Hoechst A G., Frankfurt, F.R.G). The granulosa cell cultures
were incubated at 37 °C in a humidified tissue culture incubator gassed
with a 95% air/5% C02 mixture. After 48 h, the medium was collected
and stored frozen at -20 °C until assay. Before storage, medium to be
assayed for cAMP was diluted 1:1 (v/v) with DPBS containing 200 pmol
3-isobutylmethylxanthine /I (Sigma) and incubated for 10 min in a boiling
water bath to inactivate phosphodiesterases.

Radioimmunoassays Steroid radioimmunoassays were carried out on
unextracted culture medium, as described previously (Hillier & de Zwart;
1982) except that the radioligand used in the oestradiol assay was
oestradiol-3-carboxymethylether-[125l]-iodo-histamine (Cameron,
Morris, Scarisbrick & Hillier, 1973). The cAMP assay was carried out
using the method and reagents described by LaBarbara & Fisher
(1983). Production rates were calculated and expressed as
percentages of the stimulated control values (i.e., cultures not treated
with peptides) which were approximately 600 nmol oestradiol/103
cells/48 h, 1500 nmol progesterone/103 cells/48 h, and 100 fmol cAMP
/103 cells/48 h (average values from three experiments).

GnRH radioreceptor assay The GnRH binding analysis was carried out
on fresh ovarian homogenates. DES-pretreated immature rat ovaries
(consisting mainly of granulosa cells) were homogenized in Tris-EDTA
buffer (10 mmol Tris/I; 1 mmol EDTA/I, pH 7.4) using a Polytron
homogenizer. Protein concentrations (Protein Assay Kit: Bio-Rad Ltd)
were determined following solubilization in 0.1 mol/l NaOH. The
radioligand was 125l-labelled [D-Ala6-NaMeLeu7-Pro9-N-ethylamide]
GnRH (GnRH agonist) (Dr R. del Milton), which was radioiodinated and
purified as described previously (Kerdelhue, Jutisz, Gillessen & Studer,
1973; Nett & Adams, 1977). Ovarian homogenate (approximately 15 mg
protein/tube), radioligand (50 pi; 100,000 c.p.m) and unlabelled peptide
(50 pi) were combined in assay tubes to give a final incubation volume of
500 pi in Tris-EDTA buffer containing 0.1% (w/v) BSA. The incubation
(90 min at 4 °C) was terminated by adding 500 pi 0.5% (w/v) bovine
gamma-globulin (Sigma) in 0.14 mol NaCI/l and 1 ml 25% (w/v)
polyethylene glycol 8000 (Sigma) with immmediate vortexing of each
tube. After centrifugation (3,000 g for 30 min at 4 °C), supernatants
were aspirated and the pellets counted in a Nuclear Enterprises 1600
multidetector gamma counter (counting efficiency >75%). Total bound
radioactivity was corrected for non-specific binding in the presence of
1,000 nmol GnRH/l to give specific binding (approximately 1,000
c.p.m/mg protein). Binding-inhibition curves were obtained by plotting
percentage specific binding (B/Box100) versus peptide dose.

RESULTS

Inhibition by the inhibin a-fragment of FSH-stimulated granulosa cell
steroidogenesis and cAMP production is compared with inhibition by
GnRH in Fig. 1. Approximate IDS0's for the inhibin a-fragment and GnRH
were 700-1,000 nmol/l and 2-4 nmol/l, respectively. Figure 2 shows that
the inhibitory effects of both peptides were fully reversible by low
concentrations (>1 nmol/l) of the GnRH antagonist. Inhibition by the
inhibin a-fragment of specific 125l-labelled GnRH agonist binding to

J. Endocr. (1987) 113, R3-R5 ©1987 Journal of Endocrinology Ltd Printed in Great Britain
0022-0795/87/0113-00R3 $02.00/0 Accepted 16 March 1987



Rapid communications

120 i

100 -

60-

40

20"

g ^ 80

40

40-

I—' '"""l—1 1 ""I

I I
H o

(J) o^-
UJ
o

LU
z

SfUJ

co 8
ixl
C3 &
g
a

I 8
" _o

120 "i

100

80

60

40

20

0J

120"

100"

80"

60"

40"

20"

O"1

120-]
100-

80-

60-

40-

20-

0-

Control 10"1 10° 101 102 103
PEPTIDE CONCN (nmol/l)

Control 0 0.1 1 10
GnRH ANTAGONIST (nmol /1)

Fig. 1. Inhibition by pl-a1"26-Gly27Tyr28-OH (■) and GnRH (□) of
FSH-stimulated production of oestradiol (upper panel), progesterone
(middle panel) and cAMP (lower panel) by rat granulosa cell cultures.
Control (no peptide) responses are indicated by the stippled bars.
(Mean±S.E.M; n= 4).

ovarian GnRH binding-sites is illustrated in Fig. 3.

DISCUSSION

These data demonstrate inhibition of FSH action by a synthetic peptide
fragment which mimics the N-terminal 1-26 amino acid sequence of the
134-amino-acid a-chain of porcine inhibin (Mason ef at. 1985; Mayo,
Cerelli, Spiess ef a/. 1986). This finding suggests that the inhibitory
action of porcine inhibin on FSH-stimulated granulosa cell function
reported by Ying ef a/. (1986) reflects an intrinsic property of the inhibin
a-subunit.

This synthetic fragment of the inhibin a-chain contains a C-terminal
-Gly27Tyr28-OH moiety which is not part of the the native a-subunit
sequence (Rivier ef a/. 1985). The two extra amino acids were added to
facilitate 1) haptenization of the 26-amino-acid sequence to raise
antibodies against it, and 2) radioiodination of the terminal tyrosine
residue to produce a radioligand for the inhibin radioimmunoassay

Fig. 2. Reversal by a GnRH antagonist of the inhibitory effects of
pl-a1-26-Gly27Tyr28-OH (1,000 nmol/l) (■) and GnRH (10 nmol/l) ( ) on
FSH-stimulated production of oestradiol (upper panel), progesterone
(middle panel) and cAMP (lower panel) by rat granulosa cell cultures.
Control (no peptide) responses are indicated by the stippled bars.
(Mean±S.E.M; n=3).

(Rivier ef a/. 1985). It is possible that the Gly27Tyr28-OH moiety affects
the overall biological activity of the inhibin fragment. However, the
antibodies raised against this fragment can significantly neutralize inhibin
bioactivity as measured using the dispersed rat pituitary cell bioassay
(Rivier ef a/. 1985) and the radioimmunoassay which was developed with
those antibodies measures bioactive inhibin production by rat granulosa
cell cultures (Bicsak, Tucker, Cappel ef a/. 1986). This would suggest
that at least some bioactivity is associated with the first 26 amino-acid
residues of the porcine inhibin a-chain.

Although there is no sequence homology between this fragment of the
porcine inhibin a-subunit and GnRH, the biological effects of these
peptides on rat granulosa cells are qualitatively similar. Moreover, the
action of the inhibin fragment, like that of GnRH, is shown here to be fully
reversible by a GnRH antagonist. Additionally, the GnRH-binding
analysis reveals specific binding of the inhibin fragment to ovarian GnRH
receptors. This evidence suggests that the membrane-associated

J. Endocr. (1987) 113, R3-R5
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GnRH receptor-sites which mediate GnRH/GnRH agonist action on rat
granulosa cells (Jones, Conn, Marian & Hsueh,1980; Hsueh, Adashi,
Jones & Welsh 1984) might also mediate the action of the inhibin
a-subunit.

The synthetic inhibin fragment is 300-400 times less potent than GnRH
as an inhibitor of FSH-stimulated steroidogenesis and extracellular
cAMP accumulation. Therefore, on purely theoretical grounds it is
possible that the bioactivity of the inhibin fragment is due to a
0.25-0.3% contamination with GnRH itself or to an even lower level of
contamination with a GnRH 'superagonist'. Such low-level contamination
has been found to explain the unexpected GnRH-like bioactivity of
several other synthetic peptides structurally unrelated to GnRH
(Abou-Samra, Catt, & Aguilera, 1987). However, we have tested the
inhibin fragment in a highly-sensitive dispersed sheep pituitary cell
inhibin bioassay (Tsonis, McNeilly & Baird, 1986) and find that at
concentrations up to 1,000 nmol/l it suppresses FSH release and has
no gonadotrophin-releasing activity (C.G. Tsonis, K.A. Eidne, E.J.
Wickings & S.G. Hillier, unpublished observations). This would argue
against contamination as an explanation of the present results.

The physiological significance of these findings depends upon which
forms of inhibin predominate in the rat ovarian follicle. Rat granulosa cells
are sites of inhibin formation as well as action (Erickson & Hsueh, 1978;
Ying etal. 1986), and the biosynthesis and secretion of several types of
granulosa cell proteins, including inhibins (Bicsak et al. 1986), is
selectively altered by FSH in vitro (Knecht, Shinohara & Catt, 1986).
The a- and p- chains of inhibin are encoded on separate genes and it is
thought that each subunit is released through proteolytic processing of
a larger precursor (Mason et al. 1985; Forage, Ring, Brown etal. 1986;
Mayo et al. 1986). Thus, free subunits, related peptide fragments, and
mature dimeric forms of inhibin may be present in follicular fluid (Ling et
al. 1986; Vale ef al. 1986): any or all of these might participate in the
intrafollicular regulation of granulosa cell function.
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10. Ovarian Follicular Function

INTRAFOLLICULAR PARACRINE FUNCTION OF
OVARIAN ANDROGEN

S. G. Hillier

Reproductive Endocrinology Laboratory, Department of Obstetrics and Gynaecology, University of
Edinburgh Centre for Reproductive Biology, 37 Chalmers Street, Edinburgh EH3 9EW, Scotland

Summary—During early antral stages of follicular development, granulosa cells are constantly exposed
to a high local concentration of androgen. C19 steroids biosynthesized in LH-stimulated theca cells
traverse the lamina basalis, enter granulosa cells and accumulate in antral fluid. Within the granulosa cell
layer, androgens are metabolized to other androgens, oestrogens and catechol oestrogens, all of which
may fulfil intrafollicular regulatory functions. Observations in vitro show that direct androgen action in
FSH-stimulated granulosa cells leads to increased generation of cyclic AMP with amplification of key
cyclic AMP-dependent functions associated with granulosa cell differentiation. This could help explain
why high concentrations of androgen in follicular fluid are associated with normal preovulatory follicular
development and maintenance of oocyte viability in the mammalian ovary.

INTRODUCTION

Intrafollicular steroids influence gonadotrophin
action and fulfil bioregulatory functions in the
mammalian ovary; for a recent review see Ref. [1].
Classically, oestrogens are held to exert mainly
beneficial effects which lead to enhanced follicular

sensitivity to gonadotrophins with androgens acting
antagonistically to promote atresia [2, 3]. However,
recent information indicates that the concept should
be revised to accommodate a primary role for
intrafollicular androgens as protagonists of FSH-
induced granulosa cell differentiation. This article
assesses evidence to propose that the presence of a
high local androgen concentration in follicular fluid
is necessary for normal preovulatory follicular
development and for the maintenance of oocyte
viability in the mammalian ovary.

OVARIAN PARACRINOLOGY

The term "paracrine" was first coined to describe
cell-cell interactions in the digestive tract mediated
by locally produced gut peptides [4]. Its use in the
context of intragonadal regulatory mechanisms has
come about with the increased application of in vitro
methods to study hormone action in isolated gonadal
cell systems. This modern experimental approach
increasingly highlights roles for locally produced
bioregulators in cell-cell interactions which are
unique to the ovary [5, 6] (Fig. 1).
Sex steroids are unusual among known or suspec¬

ted ovarian paracrine regulatory factors because
they are secreted and fulfil classic endocrine func¬
tions as well as acting intragonadally. Aromatizable
androgens, testosterone and androstenedione, are

oestrogen precursors and ovariant oestrogen is wide¬
ly regarded as the major class of locally active sex
steroid [3,5]. However, follicular androgen also

meets essential criteria by which the possible
paracrine function of a substance can be judged [7]:
it is present, locally produced (under gonadotrophic
control), and exerts receptor-mediated biological
effects. The evidence for this is as follows.

ANDROGEN IN ANTRAL FOLLICLES

Androgens are present in ovarian follicles
throughout their most active phase of antral growth.
In those mammalian species which have been stu¬
died, androstenedione and testosterone are the
major class of androgen secreted by the ovary [1, 8].
In human follicular fluid, the combined andros¬
tenedione and testosterone concentration remains

fairly constant (average 1-3 p-M) in antral follicles
between 1 and 18 mm diameter during the follicular
phase of the menstrual cycle [8]. Moreover,
androgen levels in antral fluids from atretic follicles
are similar to those in healthy follicles of a similar
size [8-11]. This is not so with oestrogen (oestradiol
and oestrone) levels which become elevated in
healthy follicles >5 mm diameter and then continue
to increase throughout the preovulatory phase of
follicular growth [8]. In the mature preovulatory

INTRAFOLLICULAR PARACRINE SYSTEMS

theca/granulosa

granulosa/granulosa

granulosa/egg

Fig. 1. Cell-cell interactions which underpin the paracrine
control of follicular function in mammalian ovaries.
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follicle destined to ovulate, the follicular fluid oes¬

trogen level peaks around the time that the ovula-
tion-inducing LH surge begins. At this time, the
oestrogen concentration is usually around 10 /xM: 3
times higher than the corresponding androgen
level [8, 9, 11], This is because preovulatory granu¬
losa cells have characteristically high levels of
aromatase (oestrogen synthetase) enzyme activity.
Nonovulatory and atretic follicles contain only a
fraction of the oestrogen which is present in the
preovulatory follicle because they have granulosa
cells with proportionately less aromatase activity.
Therefore, although antral fluid androgen levels are
not correlated with atresia, androgen: oestrogen
ratios are usually relatively high in unhealthy or
degenerate follicles compared with healthy follicles
of a similar size [8],

INTRAEOLI.ICULAR ANDROGEN BIOSYNTHESIS
AND METABOLISM

The theca interna, regulated by LH, is the prin¬
cipal intrafollicular site of CI9 steroid formation [8,
12,13]. LH-stimulated secondary interstitial cells
derived from the thecae of degenerated follicles are

probably the primary sites of androgen biosynthesis
in the ovarian stroma. Stimulation of thecal/inter-
stitial cell androgen biosynthesis entails increased
metabolism of C2i steroid precursors which may be
derived from adjacent granulosa cells or synthesized
intracellularly from acetate or cholesterol. Blood-
borne precursor may also be used [14, 15]. The
17-hydroxylase/C-17,201yase step is rate-limiting in
androgen biosynthesis and this steroidogenic trans¬
formation is under LH control [1].
Granulosa cells cannot undertake important

amounts of de novo C19 steroid biosynthesis in vitro
since they either lack the requisite C-17,20 lyase
activity or this enzyme system is repressed [12, 13],
However, the membrana granulosa is an important
intrafollicular site of C19 steroid metabolism: to
5a-reduced androgens[16] and to oestro-
gens[8, 11], Subsequent oestrogen metabolism
is also possible since phenolic hydroxylation of
oestradiol to catechol oestrogens (2-hydroxy-
oestradiol and 4-hydroxyoestradiol) has been
observed in porcine granulosa cells [17], Nothing is
known about the gonadotrophic control of granulosa
cell 5a-reductase activity but aromatase activity is
induced by FSH and increases with preovulatory
maturity [8, 11], The oestrogen-2/4-hydroxylase
activity of porcine granulosa cells also increases
during preovulatory development [17],

ANDROGEN ACTION IN FSH-STIMULATED
GRANULOSA CELLS

Androgen metabolitesmay effect acute regulation
of steroid biosynthesis via interactions with steroid-
transforming enzyme systems in follicular cells [18].
At physiological concentrations (i.e. follicular fluid

levels), testosterone and 5a-dihydrotestosterone can
inhibit 5-ene-3/3-hydroxysteroid dehydrogenase
activity in FSH-treated porcine granulosa cell
cultures [19] and there is evidence for androgen-
modulation of 17/3-hydroxysteroid dehydrogenase
and 5a-reductase activities in rat granulosa cell
cultures [20], 5a-Reduced androgens can also func¬
tion as aromatase inhibitors capable of suppressing
the transformation of testosterone and androstene-
dione to oestradiol and oestrone in preovulatory
granulosa cells from rat and human ovaries [21, 22],
Acute effects on steroid-metabolizing enzyme

systems may be important intrafollicular androgen
functions but they do not constitute a paracrine
regulatory mechanism. True paracrine androgen
action involves initial steps of androgen action
common to classic (endocrine) androgen target
tissues: binding of testosterone or metabolite to
specific, high-affinity receptors; nuclear trans¬
location of androgen-receptor complexes; and
steroid-receptor interaction with the genome lead¬
ing to regulatory protein synthesis. There is evidence
that this pathway of androgen action operates in
ovarian granulosa cells. Granulosa cells from
rat [23, 24] and sheep [25] ovaries contain high-
affinity androgen binding sites which have the pro¬
perties of classic androgen receptors in conventional
androgen targets. Receptor-like testosterone-bind¬
ing proteins have also been detected in human
ovarian cytosol [26]. Nuclear translocation of
cytosolic androgen-receptor complexes in granulosa
cells has been demonstrated in vivo [27] and in
vitro [24], and pretreatment of hypophysectomized
immature female rats with hydroxyflutamide
(SCH16423) [28] blocked the nuclear uptake of
exogenous testosterone [27]. The application of
non-steroidal antiandrogens to probe receptor-
mediated androgen action in granulosa cell cultures
is discussed below.
Direct androgen action has been studied in pri¬

mary granulosa cell cultures from the ovaries of
several mammalian species. Granulosa cells from
immature ovarian follicles in rats [29], mice [30],
pigs [31] and marmosets [32] can undergo mor¬
phological and functional differentiation during cul¬
ture in the presence of FSH. Biochemical functions
induced by the gonadotrophin are modulated
depending on the type and concentration of
androgen added to the cell culture medium. Known
androgen-sensitive biochemical parameters in
differentiating granulosa cell cultures are listed in
Table 1. These end-points are under primary FSH
control and mediated by gonadotrophin-induced
increases in the intracellular level of cyclic AMP (see
Refs. [1], [29] and [33] for reviews). The pre¬
dominant action of androgen is synergism with FSH
to amplify subcellular responses to the "second
messenger". Simultaneous exposure to FSH (or
other factors which elevate the intracellular cyclic
AMP level such choloragen or exogenous cyclic
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Table 1. FSH-dependent (cyclic AMP-mediated) granu¬
losa cell functions enhanced by androgenic steroids in

vitro*

Steroidogenesis including aromatization
Hormone responsiveness (FSH, LH and prolactin)
Catecholamine sensitivity
Plasminogen activator synthesis
Proteoglycan synthesis
Inhibin production

*Multiple observations on granulosa cell cultures (im¬
mature ovarian follicles; diverse mammalian species).
See Ref. [1] for review.

AMP analogue) is essential for androgen to exert this
effect [1,29,33]. A clue to the mechanism of
androgen action is that it augments FSH-induced
cyclic AMP production in differentiating granulosa
cells [34, 35]. The time-dependence of this effect in
FSH-stimulated rat granulosa cell cultures is illus¬
trated in Fig. 2. Direct androgenic stimulation of
granulosa cell adenylyl cyclase activity has been
ruled out so the mode of action probably entails
suppression of cyclic AMP catabolism leading to
amplification of the intracellular signalling system
controlled by FSH. The detailed mechanism is

0.10

0.08

0.06

0.04

Cyclic AMP

(0 0.02
Q)
O

0
CO
O
x—

1.0
O

E
Q. 0.8

0.6

0.4

0.2

0

Progesterone

12 24 36

Time (h)

Fig. 2. Effect of testosterone on FSH-stimulated cyclic
AMP (upper panel) and progesterone (lower panel) for¬
mation in rat granulosa cell cultures. Cells from oestrogen-
pretreated immature rat ovaries were cultured in Medium
199 (2.5 x 104 cells/0.5 ml medium) without serum but
using serum-precoated culture wells. The medium con¬
tained human FSH LER-8/116 (100ng/ml) without (•)
or with (O) 0.1 |U.M testosterone. Quadruplicate cultures
were terminated after incubation for 0, 3, 12, 24, 36 and
48 h (37°C). Cyclic AMP and progesterone in the culture
medium were measured by radioimmunoassay. Results are
mean ± SEM. See Ref. [35] for full experimental details.

unknown but there is indirect evidence that sup¬
pression of phosphodiesterase activity may be
involved [35].
Studies of gonadotrophin-induced steroid bio¬

synthesis in granulosa cell cultures from im¬
mature follicles reveal that the presence of
androgenic steroid in culture medium enhances the
activity of multiple steroidogenic functions induced
by FSH [14, 36, 37], Dose-dependent stimulation of
marmoset granulosa cell steroidogenesis is illus¬
trated in Fig. 3. Since nonaromatizable androgens
are active, the steroid effect is androgen-specific and
not merely a secondary action of the oestrogen
produced by aromatization of testosterone or
androstenedione [33].
Although there is evidence for direct androgen

action in FSH-stimulated granulosa cells, aromatiz-
able androgen action in granulosa cells could be
mediated to a variable extent by direct oestrogen
action [38]. In assessing this, it was shown that
steroidogenic responses to testosterone and 5a-
dihydrotestosterone in the presence of FSH were
blocked by the presence of antiandrogen
(SCH16423) whereas antioestrogen (Nafoxidine)
was only partially inhibitory under the same
conditions [39]. Moreover, work with granulosa cell
cultures obtained from several mammalian species
has consistently shown that testosterone and 5a-
dihydrotestosterone are more effective than oes-
tradiol or diethylstilboestrol in synergising with FSH
to induce steroid biosynthesis (pig [40], rat [36, 37],
mouse [30], marmoset [32]) (Fig. 3). This evidence
implies only a minor role for oestradiol in mediating
the action of testosterone in mammalian granulosa
cells. However, testosterone action in the granulosa
cell layer must be assumed to represent the sum of
the direct effect of the parent primary androgen and
those of all of its metabolites, including oestrogens
and possibly catechol oestrogens, as discussed
below.
Aromatic hydroxylation at C-2 enhances the

potency of oestradiol as a protagonist of FSH action
in rat granulosa cell cultures [41], The catechol
oestrogen has a biphasic action on FSH-induced
progesterone formation: stimulatory at concen¬
trations up to 1 (iM and inhibitory at higher concen¬
trations (Fig. 4). Catechol oestradiol stimulation of
progesterone production has also been observed in
porcine granulosa cell cultures [ 18]. Oestrogen-2/4-
hydroxylase activity in the follicle wall increases
during preovulatory development in the pig
ovary [42] and preovulatory follicular fluids from
human [43] and equine [44] ovaries contain
nanomolar levels of 2-hydroxyoestradiol. Thus it is
possible that catechol oestrogens also fulfil an in-
trafollicular regulatory function. An intriguing and
as yet unexplained finding is that the stimulation by
catechol oestradiol of FSH-induced granulosa cell
progesterone formation can be blocked by the
presence of nonsteroidal antiandrogens such as
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Fig. 3. Stimulatory effect of androgenic steroids of FSH-induced steroidogenesis in marmoset (Callithrix
jacchus) granulosa cell cultures. Immature, 0.5-1.0 mm diam. follicles were obtained from the ovaries of
acyclic adult females: behaviourly subordinate members of peer groups in whom follicular development
and ovulation are known to be suppressed. Isolated granulosa cells were cultured in Medium 199
(1 x 104 cells/0.5 ml medium) without serum but using serum-precoated culture wells. The medium
contained human FSH LER-8/116 (3 ng/ml) alone (A) or together with testosterone (•), 5a-dihy
drotestosterone (O) or oestradiol (A) at the concentrations indicated. After incubation for 48 h (37°C),
the medium was collected for measurement of progesterone content by radioimmunoassay (right panel).
To determine aromatase activity (left panel), the cell monolayers were washed and reincubated for 3 h in
the presence of fresh medium containing 1 p.M testosterone; oestradiol accumulation in this medium was
measured by radioimmunoassay. Results are mean ± SEM from quadruplicate cultures. Data redrawn

from Ref. [32],

SCH16423, suggesting a mode of action similar to
that of androgen [41],

ANTIANDROGENS AND GRANULOSA CELL FUNCTION

The evidence that granulosa cell androgen recep¬
tors mediate androgen action in FSH-stimulated
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Fig. 4. Effect of 2-hydroxyoestradiol on FSH-induced
granulosa cell progesterone production. Granulosa cells
from oestrogen-pretreated immature rats were cultured in
McCoy's modified 5a medium (2.5 x 104 cells/0.5 ml
medium) without serum. The culture medium contained
human FSH LER-8/116 with 2-hydroxyoestradiol at the
concentrations indicated. After incubation for 48 h (37°C),
medium was collected for measurement of progesterone
content by radioimmunoassay. Results are means from

quadruplicate cultures. Redrawn from Ref. [41],

granulosa cell cultures rests heavily upon repeated
demonstrations that specific antiandrogens can
block cellular responses to androgen in vitro [1]. The
results from dose-response studies carried out with
various combinations of androgen and antiandrogen
in granulosa cell culture medium point to a classic
receptor-mediated mode of action involving com¬
petition for saturable, high-affinity androgen binding
sites [1], This is further suggested by the results of
recent studies with novel nonsteroidal compounds
which have molecular structures closely related to
that of SCH 16423 [45]. There are antiandrogens in
this series which are even more potent than
SCH16423 in their ability to block testosterone
action in rat granulosa cell cultures, as illustrated in
Fig. 5 (Hillier, Hudson and Furr, unpublished data).
These new findings are additional evidence for
"pure" androgen action mediated by specific
androgen receptors in granulosa cells.

INTRAOVARIAN ANDROGEN ACTION

Intrafollicular regulatory roles for androgens can
be deduced from ovarian changes in immature
female rats treated with sex steroids and gonadotro¬
pins after hypophysectomy. In this in vivo model,
oestrogen given without gonadotrophin stimulates
granulosa cell proliferation in preantral follicles and
reduces atresia [46,47]; co-administration of tes¬
tosterone suppresses the action of oestrogen and
promotes atresia [48,49], Thus in the absence of
FSH, exogenous androgens promote atresia in pre¬
antral follicles. The potential atretogenic action of
intraovarian androgen was demonstrated by giving
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Fig. 5. Inhibition of testosterone-enhanced granulosa cell
progesterone production by nonsteroidal antiandrogens.
Granulosa cells from oestrogen pretreated immature rat
ovaries were cultured in McCoy's modified 5a medium
(2.5 x 104 cells/0.5 ml medium) without serum. The culture
medium contained human FSH LER-8/116 (lOOng/ml)
and 0.1 p.M testosterone, without (open bar) or with
antiandrogen at the concentrations indicated: O,
SCH16423 (a-a-a-trifluoro-2-methyl-4'-nitro-m-lacto-
toluidide); •, IC1147376 (4-nitro-3-trifluoromethyl-N-[2-
hydroxy-2-methyl-2-(4-nitrophenyl)-acetyl] aniline). After
incubation for 48 h (37°C), culture medium was collected
for determination of progesterone content by radioim¬
munoassay. Results are means of quadruplicate cultures
(+SEM, where indicated). Unpublished results of Hillier,

Hudson and Furr.

small doses of LH or HCG combinedwith exogenous
oestrogen therapy [50]. LH/HCG doses which
caused this effect also brought about thecal/inter-
stitial cell repair and stimulated androgen formation.
Since coadministration of antiandrogen (Flutamide
or cyproterone acetate) or anti-testosterone serum
blocked the atretogenic response without reducing
LH/HCG-stimulated thecal/interstitial cell hyper¬
trophy, the former response to the gonadotrophin
was ascribed to endogenously produced
androgen [51], This demonstrates an intrafollicular
androgen action stimulated by gonadotrophin in vivo
but its physiological importance is unclear since
granulosa cells in cyclic adult animals are usually
exposed simultaneously to variable amounts of LH
and FSH [45], In vivo, as in vitro, granulosa cells
display strikingly different responses to androgen in
the presence of FSH. Thus systemic administration
of testosterone and purified FSH to hypophysec-
tomized, immature female rats promotes the
development of large preovulatory follicles and
induces ovarian oestrogen secretion [52]. In this
situation, provision of an exogenous aromatizable
androgen by-passes the requirement for an endo¬
genous oestrogen precursor which would otherwise

be provided by the LH-stimulated theca interna.
There is also evidence from experiments with im¬
mature rats that exogenous testosterone can interact
with FSH in vivo to enhance gonadotrophin-res-
ponsive cyclic AMP production and steroidogenesis
in granulosa cells [53]. Normal oestrogen production
and oestrogen-sensitive steps in granulosa cell
development do not occur if non-aromatizable
androgen (5a-dihydrotestosterone) is given instead
of the testosterone [52, 54],
Ovarian stimulation by FSH and LH is necessary

to achieve complete follicular maturation, ovulation
and luteal function. However, granulosa cells do not
acquire LH receptors and therefore are unable to
respond directly to LH until they achieve relatively
advanced stages of preovulatory differentiation
stimulated by FSH [3, 28]. Therefore the granulosa
cell layer in immature follicles must depend on
LH-induced signals transduced by the theca or
stroma to respond to LH. The foregoing experiments
suggest that locally produced androgens participate
in this important intrafollicular regulatory function.

INTRAFOLLICULAR ANDROGEN AND OOGENESIS

Follicular granulosa cells exert control over the
resumption of meiosis in mammalian oocytes [55].
Until late preovulatory stages of follicular
development, they "nurse" the egg and maintain it in
the dictyate stage of the first meiotic prophase. With
onset of the ovulation-inducing LH surge, LH-
responsive granulosa cells in the preovulatory folli¬
cle^) signal the egg to recommence meiotic matura¬
tion. The biochemical mechanism is unresolved but
seems to involve withdrawal of the action of an

oocyte maturation inhibitor (OMI) synthesized by
cumulus granulosa cells [55,56], Cyclic AMP
generated within the egg and/or transmitted to it
from adjacent cumulus granulosa cells is thought to
promote or mediate the meiosis-inhibiting action of
OMI [55,56]. Cyclic AMP-dependent meiotic
arrest in cumulus-enclosed oocytes is reported to be
enhanced by the presence of androgen in
vitro [57, 58]. Thus in immature follicles, androgen
may participate in the local maintenance of oocyte
meiotic arrest by increasing cyclic AMP formation
and amplifying cyclic AMP-dependent function in
FSH-stimulated granulosa cells.
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Summary—Treatment of cyclic rats with the substituted triazole R151885 (1,1 -di (4-fluorophenyl)-2-
(l,2,4-triazol-l-yl)-ethanol causes delayed ovulation with suppressed blood oestradiol levels. To determine
if R151885 can exert a direct action on ovarian oestrogen biosynthesis, we studied its effect on
steroidogenesis in granulosa cell cultures from prepubertal rat ovaries. The cells were incubated for 48 h
in medium containing 100 ng human FSH/ml and 10~7 M testosterone to induce steroidogenic enzymes.
When R151885 was also present in the culture medium, there was a marked and concentration-dependent
reduction in granulosa cell oestradiol production. Inhibition was half-maximal at approx 3 x 10_7M and
almost complete at 10~5M R151885. Progesterone and 20a-hydroxy-4-pregnen-3-one production were
unaffected except by the highest concentration of the substituted triazole (36% inhibition at 10~5M).
Direct assessment of aromatase activity in the 48-h cultured monolayers (oestradiol formation during a
3-h incubation with 1(D7 M testosterone) was made to determine if the inhibitory effect of R151885 was
due to reduced aromatase induction/activation. This was not the case, since cells cultured in the presence
of 10~6 or 10~5 M R151885 had levels of aromatase up to 60% higher than those cultured in its absence.
To determine acute effects of R151885 on testosterone (10~7M) aromatization, 3-h incubations were
carried out using granulosa cell suspensions with high extant aromatase activity due to stimulation by
ovine FSH (100 pg sc, twice daily for 2 days) in vivo. The triazole acted as an apparent competitive
aromatase inhibitor (apparent Km for testosterone 2.5 x 10~8M in the absence of R151885 rising
to 4.4 x 1CL8M in the presence of 10"7M R151885). Its potency as an aromatase inhibitor was
approximately 10 times greater than that of the naturally occurring steroidal aromatase inhibitor
5a-dihydrotestosterone. Various structurally related substances proved to be even more potent aromatase
inhibitors than R151885. The most active were also substituted 4,4'-difluorophenyl derivatives containing
an imidazolyl or pyridyl moiety instead of the 1,2,4-triazolyl substituent in R151885. This study has
identified a novel series of nonsteroidal substances which have the characteristics of potent and specific
inhibitors of testosterone aromatization by rat granulosa cells in vitro.

INTRODUCTION

A substituted triazole R151885 (l,l-di(4-fluoro-
phenyl)-2-(l,2,4-triazol-l-yl)-ethanol; structure V,
Table 1), known to inhibit sterol biosynthesis
in fungi, delayed ovulation when given to cyclic
rats [1], The mechanism involved suppression of
blood oestradiol levels.
To investigate the action of R151885 on ovarian

steroidogenesis we have studied its effect on oe¬
stradiol biosynthesis in rat granulosa cell cultures in
vitro [2], This report provides evidence that R151885
is a potent and specific competitive inhibitor of the
granulosa cell aromatase system. A series of struc¬
turally related substituted azoles has been examined
to determine which moieties of its chemical structure
endow R151885 with this property.

tAddress correspondence to S. G. Hillier, Department of
Obstetrics and Gynaecology, University of Edinburgh
Centre for Reproductive Biology, 37 Chalmers Street,
Edinburgh EH3 9EW, Scotland.

EXPERIMENTAL

Materials

Medium 199, containing Earle's salts and 25 mM
Hepes, l-glutamine, calf serum (standing herd),
Dulbecco's phosphate buffered saline (DPBS), 0.4%
(w/v) trypan blue and antibiotics were purchased
from Gibco (Paisley, Scotland). All unlabelled
steroids and diethylstilboestrol (DES) were from
Sigma Chemical Co. (Poole, Dorset). Crystalline
bovine serum albumin (BSA) was purchased from
Miles Laboratories (Slough, Berks). Human (h) FSH
(LER-8/116) and ovine (o) FSH (LER-9/63) were
donated by Professor L. E. Reichert, Jr, Albany,
N.Y, U.S.A.; the human FSH had been treated
with a-chymotrypsin to reduce its LH activity [3]
and contained 900 U FSH/mg and 6U
LH/mg. [2,4,6,7-3H]Oestradiol (sp. act. 86 Ci/mmol),
[l,2,6,7-3H]progesterone (sp. act. 84 Ci/mmol) and
[l,2,6,7-3H]20a-hydroxy-4-pregnen-3-one (sp. act. 61
Ci/mmol) were from Amersham International, PLC
(Amersham, U.K.). R151885 and ten structurally
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Table 1. Structures of compounds investigated for effects on steroid production by rat granulosa cells in vitro
Substituted 1,2,4-triazole derivatives (a) 4,4'-difluorobenzhydrol derivatives (b)
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(a) I: triazole; II: methyltriazole; III: methoxytriazole; IV: l,l-di(4-fluorophenyl)-2-(l,2,4-triazol-l-yl)-ethane; V: l,l-di(4-fluorophenyl)-2-

(1,2,4-triazol-1 -yl)-ethanol; VI: 1,1 -di(4-fluorophenyl)-2-( 1,2.4-triazol-1 -yl)-propanol.
(b) VII: 4,4'-difluorobenzhydrol; VIII: l,l-di(4-fluorophenyl)-2-(l,3,4-triazol-l-yl)-ethanol; IX: l,l-di(4-fluorophenyl)-2-(l,3-imidazol-l-yl)-

ethanol; X: l,l-di(4-fluorophenyl)-2-(3-pyrid-l-yl)-ethanol; XI: 4,4'-difluorobenzphenone.

related fluorocarbons (Table 1) were made available
by ICI (Central Toxicology Laboratory, Alderley
Park, Cheshire).

Animals

Immature female rats (Wistar, 21-days old) were

supplied by Charles River (Margate, Kent). On day
22 or 23 of age, a 10 mm silastic capsule containing
diethylstilboestrol was implanted subcutaneously
to stimulate granulosa cell proliferation. In some
animals, granulosa cell aromatase activity was
induced in vivo by s.c. injections of FSH (four 100/rg
doses at approx 12 hourly intervals) on the last 2 days
of DES treatment.

Granulosa cell isolation

Six days after implanting DES capsules, the
animals were sacrificed by cervical dislocation. Their

ovaries were removed and immediately placed into
medium 199 containing 0.1% (w/v) BSA, 50 U
penicillin/ml and 50 tig streptomycin/ml. Multiple
follicles on the surface of the ovaries were punctured
with a 23 G needle and granulosa cells were harvested
as described previously [2, 4], After centrifuging the
cells (130 g for 5min) and resuspending them in
culture medium (medium 199 supplemented with
2 mM l-glutamine and containing 5% (v/v) calf
serum, 50 U penicillin/ml and 50/ig streptomycin/
ml), the cells were counted in a haemocytometer.
Viability, as assessed by trypan blue exclusion, was
between 30 and 60%.

Granulosa cell culture

Replicate multiwell culture dishes (Nunc supplied
by Gibco) were inoculated with 0.25 ml medium
containing 0.25-0.63 x 105 viable granulosa cells.
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Hormones and test substances were previously added
to the dishes in 0.25 ml medium to give a final culture
volume of 0.5 ml. The dishes were incubated for 48 h
at 37°C in a humidified tissue culture incubator

gassed with 95% air-5% carbon dioxide. The
medium was collected at the end of this period and
stored at — 20°C until analysis for steroid content.

Aromatase assay

To measure aromatase activity at the end of the
48 h culture period, the cell monolayers were washed
twice with DPBS containing 0.1% (w/v) BSA and
incubated for 3 h at 37°C in the presence of ICC7 M
testosterone (added in 0.5 ml fresh, prewarmed
culture medium). The medium was collected and
stored at — 20°C before measurement of oestradiol

by radioimmunoassay.
Extant aromatase activity in granulosa cells freshly

isolated from rats treated with oFSH was determined
as follows. Cell suspensions (0.07-0.21 x 106 viable
cells in a final volume of 1.0 ml medium 199 contain¬

ing 0.1% BSA) were incubated in capped 75 x 12 mm
test tubes (Sarstedt, Leicester) with testosterone
(10~7M) and test inhibitor (1(C8 to 1CC5M). Incu¬
bation was for 3 h at 37°C in a shaking water bath.
After centrifuging the tubes (1100# for 5 min), the
supernatants were collected and stored frozen at
— 20°C until the measurement of oestradiol.

Steroid assays

Oestradiol, progesterone and 20a-hydroxy-4-
pregnen-3-one were measured in unextracted culture
medium using specific radioimmunoassays [2, 4, 5, 6].
For the oestradiol assays used in this series of experi¬
ments the intra- and inter-assay variability was 3.4
and 13.2%, respectively; for progesterone it was
4.4% and 8.7%, respectively. All 20a-hydroxy-4-
pregnen-3-one determinations were done in the same
assay, the intra-assay variation on this occasion was
2.9%.
At concentrations up to 10~5 M, none of the 11 test

substances cross-reacted significantly in any of
the radioimmunoassays. The levels of oestradiol,
progesterone and 20a-hydroxy-4-pregen-3-one in
culture medium were normalised with respect to
cell number per incubate and expressed as pmol
(oestradiol) and nmol (progestogen) per 106 cells
per 48 h (cultured cells) or per 3 h (freshly isolated
cells). Aromatase-inhibition data was transformed
as double reciprocal plots and best-fit curves were
calculated by least-squares, linear-regression analysis.

RESULTS

Induction of aromatase activity in the presence of
RI5I885

Oestrogen and progestogen biosynthesis was in¬
duced in granulosa cells by culturing them for 48 h in
the presence of hFSH (lOOng/ml) and testosterone
(10"7M) [4], As shown in Fig. 1, the presence of

Progestogen accumulation

0 l(f8 10 7 10 6 10 5

R1 51 885 cone (M)

Fig. 1. Oestradiol and progestogen (progesterone+
20a-hydroxy-4-pregnen-3-one) accumulation during 48 h
culture of immature rat granulosa cells in the presence of
hFSH (lOOng/ml), testosterone (10~7M) and increasing
concentrations of R151885. Each point represents the mean
( + SE) of quadruplicate cultures unless the error is smaller

than the symbol.

R151885 (10~8 to 10~5M) in the culture medium
caused a dose-dependent reduction in the amount of
oestradiol which accumulated over 48 h (Fig. la).
The ID50 was approx 3 x 1CT7 M with near complete
inhibition at 10~5M. The level of aromatase activity
induced in the cell monolayers by hFSH and testos¬
terone was assessed directly at the end of the 48 h
culture. The cell monolayers were washed and aro¬
matase substrate (10~7 M testosterone) was added to
the cells in 0.5 ml medium 199 containing 0.1 % BSA.
Culture in the presence of R151885 had no sup¬
pressive effect on the level of aromatase activity
induced. A significant increase (up to 60%) in aro¬
matase activity was observed in those cells cultured in
the presence of the highest concentrations (10~6 to
10 5M) of R151885 (Fig. 2).
Total progestogen production (progesterone +

20a-hydroxy-4-pregnen-3-one) was not affected by
<10"6M R151885, but was reduced to 64% of
control values by 10_5M R151885 (Fig. lb). The
ratio of 20a-hydroxy-4-pregnen-3-one to progester¬
one (4:1 in control cultures) did not change in the
presence of increasing concentrations of R151885.
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Aromatase activity
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Fig. 3. Apparent competitive inhibition of rat granulosa cell
aromatase reaction by R151885 in vitro (Lineweaver-Burke
plot). Granulosa cells from oFSH-stimulated rats were
incubated for 3 h in medium containing testosterone (#) at
1.25, 1.5, 2.0, 2.5, 3.0, 5.0, 10, 15 and 30 x 10'8 mol/l and
in medium containing the same concentrations of testos¬
terone together with 10_7M R151885 (O). Each point
represents the mean of triplicate incubations; standard
errors fall within the range of the symbols and are < 10%

of the mean.
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Fig. 2. Aromatase activity of immature rat granulosa cell
monolayers previously cultured for 48 h in the presence of
hFSH (100ng/ml), testosterone (10~7M) and increasing
concentrations of R151885. The cell monolayers were
washed twice before adding the aromatase substrate
(10~7 M testosterone) and reincubating for 3 h. Basal aro¬
matase activity (100%) was 108 + 8pmol oestradiol/
106 cells/3 h. Each point represents the mean (±SE) of

quadruplicate cultures.

Aromatase inhibition by R151885
Since R151885 did not inhibit aromatase

induction/activation in vitro, its acute effect on testos¬
terone aromatization to oestradiol was assayed in
aromatase-activated granulosa cells from oFSH pre-
treated rats. R151885 appeared to be a competitive
inhibitor of aromatase activity; from a double recip¬
rocal plot of aromatase inhibition data (Fig. 3) the
apparent Km for testosterone was calculated to be
2.5 x 10~8 mol/l increasing to 4.4 x 10~8 mol/l in the
presence of R151885 (10~7M).
The inhibitory effect of R151885 was compared

r o T + R151885

10 10 10 •

Inhibitor concn (M)

Fig. 4. Inhibitory effects of R151885 (#) and
5a-dihydrotestosterone (DHT) (O) on the aromatization of
testosterone by granulosa cells from oFSH-stimulated rats
(3-h incubation of cell suspensions with 10~7M testos¬
terone). Results are mean + SE of triplicate incubations.

with that of a naturally occurring steroidal aromatase
inhibitor, 5a-dihydrotestosterone. Both compounds
significantly inhibited granulosa cell conversion of
testosterone to oestradiol when present at the
same concentration as testosterone (10~7 M). Aro¬
matization was completely inhibited by 10~6M
R151885; the same degree of inhibition required
10"5M 5a-dihydrotestosterone (Fig. 4).

Comparison of effects of structural analogues of
R151885 on in vitro granulosa cell steroidogenesis
Ten compounds, related in chemical structure to

R151885, were screened at a single concentration of
10~5M for their ability to suppress oestradiol accu¬
mulation in granulosa cell cultures stimulated with
hFSH [48-h incubation] (Fig. 5). None of these
compounds was cytotoxic at that concentration;
there was no difference in the number of cells per
well between treated and control cultures after 48-h
incubation.

Compounds without the difluorobenzhydrol
moiety (I, II and III) or difluorobenzhydrols without
a heterocyclic substituent (VII and XI) had minimal
(<15%) inhibitory effects on oestradiol formation.
Compounds with both a triazolyl and difluorobenz-
hydrolic nucleus (IV-VI and VIII) were inhibitory
as were difluorobenzhydrols with a pyridyl (X) or
imidazolyl (IX) substituent. Varying degrees of pro¬
gesterone suppression occurred in the same cultures
ranging from 10 (IV, VIII-X) to 40% (V and VI).
The potencies of compounds IV-VI and VIII-X

as aromatase inhibitors were compared in 3-h incu¬
bations of granulosa cells from ovine FSH-stimulated
rats using 10~7M testosterone as the aromatase
substrate (Fig. 6). Only one analogue (VIII, the
1,3,4-triazolyl derivative) was less potent than
R151885. The propanol derivative of R151885 (VI)
was equipotent with R151885. The other three ana-
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Fig. 5. Relative effects of ten compounds I-IV, VI-XI (Table 1) structurally related to R151885 (V) on
oestradiol (open bars) and progesterone (hatched bars) production by immature rat granulosa cell
cultures. Incubation was for 48 h in the presence of hFSH (100 ng/ml), testosterone (10 ~7 M) and the test
substance (10"5M). Steroid accumulation in culture medium is expressed as a percentage of the
accumulation in control cultures (treated with hFSH and testosterone without test substance). Each bar

is the mean result from triplicate cultures.

logues were all more potent than R151885. The might account for the variable degree of progesterone
imidazolyl derivative (IX) was the most potent in- inhibition caused at high doses (10~5 M) by members
hibitor giving 80% suppression at only 10-8 M: of the fluorocarbon series examined here,
a 10-fold lower concentration than the aromatase The aromatase system in the ovary appears to
substrate itself. be similar to the placental enzyme [8]. Competitive

inhibition of aromatase activity by non-steroidal
discussion

These results describe the direct in vitro inhibition
of granulosa cell aromatase activity by a substituted
triazole R151885. Induction by hFSH and testos¬
terone of the aromatase enzyme system in granulosa
cell cultures was not affected by the substituted
triazole but was even slightly enhanced. The mech¬
anism by which R151885 inhibited aromatization
appeared to be competitive, similar to that previously
shown for the naturally occurring, non-aromatizable
androgens 5a-dihydrotestosterone and 5a-andros-
tane-3,17-dione in isolated granulosa cells [5].
Aromatase inhibition by R151885 was selective

with no effect on progesterone production at concen¬
trations as high as 10"6M. The reduction in pro¬
gesterone accumulation seen with 10~5M R151885
was due to its decreased production rather than
increased metabolism to the 20a-hydroxylated
metabolite. The difluorobenzphenyl function of
R151885 resembles the structure of p,p'-DDT, with
substitution of fluoride atoms for chloride in the

para-positions and a hydroxyl group for the tertiary
trichloromethyl function. p,p'-DDT is known to
be a potent inhibitor of progesterone biosynthesis
in porcine granulosa cells in vitro (ID50 approx
2 x 1CT6 M) [7]. Structural similarities with p,p'-DDT
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Fig. 6. Inhibitory effects of R151885 (V) and five substituted
azoles with related chemical structures on the aromatization
of testosterone by granulosa cells from oFSH-stimulated
rats (3-h incubation of cell suspensions with 10~7 M testos¬
terone). See Table 1 for key. Results are means of triplicate
incubations, expressed in terms of percent control activity.

SE (not shown) was generally <15% of the mean.
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compounds such as aminoglutethimide and 4-cyclo-
hexylaniline [9] proceeds via arylamine coordination
to the haem-iron of the cytochrome P450, effectively
blocking the active catalytic site. In the series of
compounds investigated in the present study the
orientation of the nitrogen atoms in the triazolyl ring
and the substitution of an imidazole or pyridine ring
for the triazole structure influenced the potency of
inhibition of aromatase activity. The 1,3,4-triazole
derivative (VIII) was approx 10 times less potent than
the 1,2,4-triazole R151885 (V). The most potent
compounds of the series were the imidazole (IX) and
pyridine (X) derivatives. Modification of the link
between the heterocyclic function and the diphenyl
rings did not change the potency of aromatase in¬
hibition. Compound VI, where the length of the
bridge was increased by one carbon, was equipotent
with R151885. Removal of the tertiary hydroxyl
group (compound IV) caused a 10-fold increase in
inhibitory activity.
Imidazole antimycotic agents such as ketoconazole

are potent inhibitors of Leydig cell testosterone bio¬
synthesis [10]. Ketoconazole affects the cytochrome
P450-dependent 17a -hydroxylase and 17,20-desmolase
reactions involved in the conversion of cholesterol
to testosterone [11]. In rat liver microsomal prep¬
arations, ketoconazole shows high affinity binding to
the cytochrome P450-component of the mono-

oxygenase system, probably through the interaction
of the imidazole group of ketoconazole with the haem
protein cytochrome P450 [12], Such a mechanism may
be involved in the inhibition of aromatization caused

by R151885.
Previously, we reported that ovulation in the rat

can be delayed by a single oral dose of R151885 [1].
When given at mid-day on the second day of di-
oestrus, there is a transient reduction of plasma
oestradiol levels 6-24 h after dosing. The subsequent
proestrus oestradiol peak is unaffected suggesting an
acute effect on ovarian oestrogen biosynthesis. From
the experiments reported here, it seems that R151885
can act in vitro as a specific inhibitor of granulosa cell
aromatase activity; this might explain its action on
oestrogen biosynthesis in vivo.
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abstract. Preovulatory changes in the steroidogenic func¬
tion of primate granulosa cells were studied using the cyclic
marmoset (Callithrix jacchus) as a model. Antral follicles (>0.5
mm diameter) were dissected from mid-late follicular phase
ovaries (7 days after prostaglandin-induced luteolysis) and clas¬
sified by diameter as small (0.5-1.0 mm), medium (1.1-1.9 mm)
or large (S2.0 mm). Granulosa cells from follicles in each size
category were isolated and pooled to assess steroid biosynthesis.
The aromatase activity of freshly isolated granulosa cells from
large follicles was 200 times greater than that of small follicles,
confirming their relatively advanced preovulatory status. Gran¬
ulosa cells were cultured for 48 h in the presence and absence of
human (h) FSH (0.1 ng/ml), with and without 0.1 g.M androgen
(testosterone or 5a-dihydrotestosterone), to assess basal and
hormone-responsive steroidogenesis (progesterone accumulation
in culture medium and aromatase activity in washed granulosa
cell monolayers). Basal granulosa cell steroidogenesis increased
with follicular size, and there was a development-related pattern
of response to hFSH and androgen. hFSH responsiveness (max¬
imum fold-stimulation induced by hFSH) declined with follicu¬
lar size, being 2-6 times greater for granulosa cells from small

vs. large follicles. On the other hand, hFSH sensitivity increased
with follicular size; the dose of hFSH giving 50% of the maximum
response (ED50) for cells from large follicles being 10-20 times
less than that of cells from small follicles. For granulosa cells
from small follicles, treatment with 0.1 /rM androgen in the
presence of hFSH led to dramatic (up to 16-fold) enhancement
of steroidogenic responses to hFSH. In contrast, for granulosa
cells from large follicles, the presence of androgen substantially
inhibited aromatase activity stimulated by hFSH and had weak
inhibitory effects on progesterone accumulation. These results
show that granulosa cell steroidogenesis becomes increasingly
sensitive to hFSH during preovulatory follicular development in
marmosets. The marked ability of androgen to directly agument
hFSH-responsive steroidogenesis in vitro is lost during preovu¬
latory development, such that androgen acts in mature granulosa
cells to suppress hFSH-stimulated aromatase activity. These
observations are evidence of development-dependent changes in
granulosa cell responses to FSH and androgens which may
contribute to the control of preovulatory follicular development
in primates. (Endocrinology 122: 2780-2787, 1988)

THE CELLULAR control of folliculogenesis inmammals has been investigated most thoroughly in
nonprimates, principally the laboratory rat (see Ref. 1
for review). These studies have revealed a pivotal role of
FSH in inducing a wide range of biochemical responses
in granulosa cells (1). For example, immature follicles of
the rat (2) and pig (3,4) yield granulosa cells that respond
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to FSH with increased steroidogenesis in vitro. In view
of the importance of FSH in regulating granulosa cell
steroidogenic function, and of the role of steroids, partic¬
ularly estrogens in promoting granulosa cell proliferation
and preventing atresia (for review see Ref. 5), granulosa
cell responsiveness to FSH may be an important deter¬
minant in regulating the selection of the preovulatory
follicles.
The factors that determine granulosa cell responsive¬

ness to FSH in vitro are, however, unclear. In rats, FSH
responsiveness increases during follicular development
(5, 6) and may be determined by an increase in the
number of granulosa cell FSH receptors (7). Another
factor that is important in regulating granulosa cell
responses to FSH is the local effect of sex steroids (for

2780
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review, see Ref. 8). Thus, studies in rats have shown that
androgens enhance FSH-induced steroidogenesis in im¬
mature granulosa cells in vitro, apparently by increasing
both the magnitude of the response (9, 10) and the
sensitivity to FSH (11, 12). However, androgens appear
to lose their stimulatory effect as follicular development
advances (13, 14).
Extrapolation from these findings in the rat, a poly-

ovular species with a short ovarian cycle, to humans and
many other Old World primates with long, monovular
cycles is difficult. However, the marmoset monkey ap¬

pears to be intermediate between rodents and humans in
this respect, having a 28-day ovarian cycle (15) and an
ovulation rate between 2 and 3 (Hodges, J. K., and P. M.
Summers, unpublished observation). Furthermore, in
contrast to the variable steroidogenic responses of hu¬
man granulosa cells from follicles at relatively advanced
stages of development to FSH and androgen (16, 17), a
recent study in the marmoset (18) has shown that gran¬
ulosa cells from immature follicles are highly responsive
to FSH and that this response is modulated by andro¬
gens. However, it remains to be determined whether
development-dependent changes in gonadotropin and
androgen responsivity occur in primate as well as in
rodent granulosa cells.
Therefore, to examine in more detail the factors that

regulate FSH-induced granulosa cell steroidogenesis in
primates, we have cultured granulosa cells recovered
from follicles at different stages of development in cyclic
marmoset monkeys. Specifically, the experiments were

designed to answer the following questions: 1) Does
granulosa cell sensitivity to FSH change during the
course of follicular maturation? 2) Do androgens enhance
FSH induced steroidogenesis by altering the responses
of granulosa cells to FSH? 3) Does the effect of androgen
alter as a function of follicular development?

Materials and Methods

Animals

Adult female common marmoset monkeys (Callithrix jacchus
jacchus) aged 2-7 yr, bred and maintained at the Institute of
Zoology, were used. The ovarian cycle was controlled by induc¬
ing luteal regression with a single im injection of 0.5 fig pros¬
taglandin F2 a-analog cloprostenol (Estrumate:Imperial Chem¬
ical Industries, Macclesfield, UK) between days 11 and 13 of
the previous luteal phase (19). Treatment with cloprostenol,
which results in abrupt luteolysis and ovulation 9-12 days later
(19, 20), was used to enable the collection of follicular material
from different animals to be timed at equivalent stages of the
ovarian cycle. Bilateral ovariectomy was performed under Saf-
fan anesthesia (Glaxo Laboratories, Greenford, Middx, UK) on
day 7 after prostaglandin-induced luteal regression. It was
reasoned that at this stage of the follicular phase the ovaries
would contain follicles at an advanced stage of development,

but which would not yet have been exposed to an endogenous
LH surge (20, 21).

Granulosa cell isolation

Follicles greater than or equal to 0.5 mm in diameter were
dissected from the ovaries (one pair of ovaries for each experi¬
ment) into Medium 199 with Earle's salts, 25 mM HEPES, and
L-glutamine (Gibco-Europe, Glasgow, UK) to which was added
further L-glutamine (2 mM), penicillin (50 IU/ml), streptomy¬
cin (50 Aig/ml), and 0.1% BSA (Miles UK Ltd, Slough, UK).
Follicle diameter was measured to the nearest 0.1 mm using an

eyepiece graticule in a dissecting microscope, and the follicles
were grouped according to size as follows: 0.5-1.0 mm (small),
1.1-1.9 mm (medium), and greater than or equal to 2.0 mm

(large). Granulosa cells were harvested from small and medium
follicles by puncturing with a 27-gauge needle in culture me¬
dium and compressing the follicle gently on the bottom of the
culture dish using the angle of a bent needle. Large follicles
were bisected using iris scissors, and the granulosa cells were

scraped out with a sterile 2-mm wire loop. There were no visible
clumps of granulosa cells during briefmicroscopic observations
of the remaining theca portions from large follicle. In addition,
relatively vigorous techniques were used to recover cells from
small and medium follicles. Together, these observations sug¬

gested that the majority of granulosa cells were recovered by
the two methods. Cells from obviously atretic follicles (opaque
appearance, fragmented or viscous membrana granulosa) were
discarded. The granulosa cells from nonatretic follicles in each
size category were pooled, centrifuged (150 X g, 5 min) and
resuspended in fresh culture medium. Viability, assessed using
trypan blue, ranged from 60-80%. Cell numbers were adjusted
to give 1.0 X 104 (small/medium follicles) or 0.5 x 104 (large
follicles) viable cells/0.25 ml of culture medium. The number
of granulosa cells per follicle was estimated from the total
number of cells recovered from follicles in each size category
divided by the number of follicles.

Granulosa cell culture

The number of cells recovered from pooled medium follicles
was only sufficient for the measurement of extant aromatase
activity (see below). Cells from small and large follicles were
cultured in serum-precoated dishes (1.0 cm 4-well: Nunc, sup¬
plied by Gibco) as described previously (18). Human FSH
[hFSH-LER/8116, pretreated with a-chymotrypsin to reduce
the LH activity; final biological activity: FSH, 900 IU/mg; LH,
6 IU/mg (22)] with or without testosterone or 5a-dihydrotes-
tosterone (Sigma Chemical Co. Ltd, Poole, Dorset, UK) was
added in quadruplicate to the culture dishes in 0.25 ml medium.
A further 0.25 ml medium containing granulosa cells was added
to each well and the dishes incubated for 48 h (except where
time was a variable) at 37 C in a humidified atmosphere of 5%
C02 in air. Culture medium was then removed and stored at
—20 C until assayed for progesterone. When time dependence
was assessed, incubations were continued for 4 days.
The cell monolayers were then washed twice with 1.0 ml

Dulbecco's PBS (Gibco) with 0.1% BSA at 37 C, before the
measurement of induced aromatase activity as described pre-
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viously (23). In brief, fresh culture medium (0.5 ml) containing
I fiM testosterone was added to three of the culture wells and
medium alone to the remaining well for each quadruplicate
treatment. The culture dishes were then reincubated for 3 h
and the medium removed and stored at —20 C until assayed for
estradiol (E2). Aromatase activity was expressed as the level of
E2 produced in the presence of testosterone corrected for that
measured in control tubes (usually negligible).
Aromatase activity in freshly isolated granulosa cells (extant

activity) from follicles of all size categories was determined by
incubating portions of the cell suspension (final volume 0.5 ml)
with or without 1.0 pM testosterone as an aromatase substrate.
Incubation was for 3 h in sealed plastic tubes (Sarstedt Ltd,
Beaumr it Leys, Leicester, UK) gassed with 5% C02 in air in a
shakin waterbath at 37 C, as described previously in detail
(24).

Steroid measurements

Progesterone and E2 were measured in unextracted culture
medium by specific RIA, using previously described methods
(25, 26). Measured cross-reactivity of the progesterone anti¬
serum (Steranti Research Ltd, St. Albans, Herts, UK. code SH
P001) at 50% binding was as follows: progesterone, 100%;
pregnenolone, 13%; 5a-pregnane,3,20-dione, 4%; 17a-hydrox-
yprogesterone, 0.61%; 20a-hydroxyprogesterone, 0.04%; testos¬
terone, 0.014%; 17a-hydroxypregnenolone, less than 0.003%,
E2, less than 0.003%. The inter- and intraassay coefficients of
variation for the progesterone assay were 10.2% and 3.2%,
respectively. The assay sensitivity at 90% binding was 25 pg/
tube. The origin and cross-reactivity of the E2 antiserum have
been described previously (25). The inter- and intraassay coef¬
ficients of variation were 9.14% and 3.4%, respectively. The
sensitivity of the assay at 90% binding was 7.8 pg/tube.

Analysis of results

Progesterone accumulation is expressed as picomoles per 103
cells/48 h and aromatase activity as femtomoles of E2 per 103
cells/3 h (mean ± SE, n = 3-4). Cell number was based on the
number of cells added to the cultures. Under the culture con¬

ditions used, there were no effects of any of the hormone
treatments on cell number after 48 h or 96 h. Initial compari¬
sons between human (h) FSH dose-response curves in the
presence or absence of androgen were made using two-way
analysis of variance (ANOVA). Any subsequent comparisons
between individual data points were then made using the non-

paired Student's t test.

Results

Follicle size distribution

Four hundred twenty nine follicles (3b.5 mm diame¬
ter) were recovered from the ovaries of six marmosets.
The percentage of follicles in the small, medium, and
large categories was 87.9%, 8.8%, and 3.3%, respectively,
and the maximum number of follicles per animal greater
than 2.0 mm in diameter was 3. Atretic follicles repre¬
sented 20-30% of the small and 10-15% of the medium

follicles. None of the large follicles showed signs of
atresia.

Extant aromatase activity

The aromatase activity of granulosa cells freshly iso¬
lated from follicles in the three size categories is shown
in Table 1. When expressed on a per cell basis, the
aromatase activity of cells from large follicles was 200
times more than in small follicles; the aromatase activity
in medium follicles was intermediate. Average cell yield
per follicle also increased with follicular size, although
because different methods were used to isolate cells,
comparisons between cell number are approximate.
Therefore, if the difference in mean cell numbers is taken
into account, the estrogenic potential (i.e., total aroma¬
tase activity) of the large follicles (471 pmol E2/follicle-
3 h) was some 2000-fold higher than that of the small
follicles (0.208 pmol E2/follicle-3 h) (Table 1). Medium
follicles were intermediate.

The effect of hFSH on aromatase activity and progesterone
accumulation in vitro

hFSH elicited dose-dependent increases in aromatase
activity and progesterone accumulation in granulosa cell
cultures from small and large follicles (five experiments).
hFSH dose-response curves for a typical experiment are
shown in Fig. 1. In this example, basal aromatase activity
was much higher in cells from large follicles (77.9 ± 10.3
fmol E2/103 cells-3 h) compared with small follicles (10.6
± 0.1 fmol E2/103 cells-3 h), but the maximum levels
reached (at 3 and 30 ng hFSH/ml, respectively) were
similar for the two follicle classes. Basal levels of proges¬
terone accumulation were also higher for cells from large
(0.451 ± 0.065 pmol/103 cells-48 h) compared with small
(0.088 ± 0.031 pmol/103 cells-48 h) follicles. Maximal
responses to hFSH (30 ng/ml) were 7.04 ± 0.43 and 3.22

Table 1. Extant aromatase activity measured in freshly isolated gran¬
ulosa cells, and the mean cell number per follicle

Follicle class (mm diameter)

0.5-1.0 1.1-1.9 >2.0

Granulosa cell aromatase 5.6 ± 1.55 104 ± 75.3 1173 ± 335

activity (fmol E2/103
cells-3 h)

Approximate cell number/ 37.2 ± 3.9 68.8 ± 10.7 402 ± 41

follicle (X103)
Total follicular aromatase 0.208 7.20 471

activity (pmol E2/follicle •

3 h)

Values are the mean (±se) for five experiments. In each experiment
the measurement of aromatase activity was made in quadruplicate, and
the mean cell number was estimated from the total number of granulosa
cells recovered in each follicle class. Aromatase activity per follicle was
calculated from the mean value per cell and the mean cell number per
follicle.
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Fig. 1. Dose-dependent effects of hFSH
on granulosa cell aromatase activity and
progesterone accumulation. Granulosa
cells from small (• •) and large
(▲ ▲) follicles were cultured for 48 h
in the presence of increasing doses of
hFSH. Progesterone accumulation in the
culture medium and granulosa cell aro¬
matase activity (E2 production during 3
h incubation of the washed cell mono¬

layers with 1 fiM testosterone) were then
measured. Values are the mean (±SE) of
quadruplicate (progesterone) or tripli¬
cate (aromatase activity) incubations.

» 0-5-1-0mm
L >2-0mm

hFSH ng/ml

± 0.63 pmol/103 cells-48 h in cells from large and small
follicles, respectively. The dose of hFSH giving 50% of
maximum stimulation (ED50) was 10 ng/ml (aromatase)
and 6 ng/ml (progesterone) for cells from small follicles,
compared with 1.0 ng/ml and 0.3 ng/ml for the same

responses in large follicles. This 10- to 20-fold higher
sensitivity to hFSH of the cells from large follicles was
also seen in the other four experiments. The mean (±SE)
ED50 values in all five experiments were 6.1 ± 1.6 ng/ml
(aromatase) and 14.8 ± 4.5 ng/ml (progesterone) in small
follicles, and 0.72 ± 0.34 ng/ml and 0.55 ± 0.10 ng/ml
for the same responses in large follicles. This represents
a significant (P < 0.01 nonpaired t test) difference in
sensitivity between the two follicle classes.

The effects of androgen on hFSH-stimulated aromatase
activity and progesterone accumulation
The effects of testosterone and the nonaromatizable

androgen 5a-dihydrotestosterone on hFSH-stimulated
aromatase activity and progesterone accumulation were
tested in four experiments. The effects of testosterone
(0.1 juM) on hFSH responses in one experiment are shown
in Figs. 2 and 3. Basal aromatase activity of granulosa
cells from small or large follicles was not significantly (P
> 0.09, t test) affected by the addition of testosterone
during the 48 h culture. hFSH-induced aromatase activ¬
ity in cells from small follicles was, however, significantly
(P < 0.001, ANOVA) enhanced by the presence of tes¬
tosterone (Fig. 2). The magnitude of this effect was 2.9-
to 8-fold, depending on the dose of hFSH. In contrast,
testosterone caused a marked and significant (P < 0.001,
ANOVA) suppression of hFSH-induced aromatase activ¬
ity in cells from large follicles (Fig. 2). The reduction in
aromatase activity varied between 33-73%, depending

on the dose of hFSH.
Testosterone alone increased basal progesterone ac¬

cumulation 2-fold in both follicle sizes (Fig. 2). In cells
from small follicles hFSH-stimulated progesterone ac¬
cumulation was also significantly (P < 0.001, ANOVA)
enhanced by testosterone (Fig. 3); the magnitude of the
effect (2.5- to 8-fold) being dependent on the dose of
hFSH. The overall effect of testosterone on hFSH-in¬
duced progesterone accumulation in cells from large fol¬
licles was inhibitory (P < 0.01, ANOVA) (Fig. 3). How¬
ever, the effect was not consistent at all doses of hFSH,
and testosterone was stimulatory at the lowest dose of
hFSH (P < 0.01, t test).
To examine the effects of testosterone and the nona¬

romatizable androgen, 5a-dihydrotestosterone over the
four experiments, dose-response curves to hFSH in the
presence or absence of androgen were analyzed using
ANOVA (Table 2). In granulosa cell cultures from small
follicles, testosterone or 5a-dihydrotestosterone consist¬
ently enhanced both hFSH-stimulated steroidogenic re¬

sponses (P < 0.001). In cell cultures from large follicles,
suppression of aromatase activity by the presence of
either androgen was a consistent finding (P < 0.001).
The effects of androgens on progesterone accumulation
in cell cultures from large follicles were not consistent
between different experiments; inhibition of the response
was observed in two cases (P < 0.01) but not in two
others.

The time course of hFSH and androgen action in
granulosa cells from large follicles

To determine the time course of hFSH and androgen
action on aromatase activity and progesterone accumu¬
lation in granulosa cells from large follicles, cells were
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800-1

o- -o hFSH alone

•—• hFSH + testosterone (10 7M)

Fig. 2. The effect of testosterone on

hFSH-stimulated aromatase activity.
Granulosa cells from small and large fol¬
licles were cultured with increasing doses
of hFSH alone (O O) or in the pres¬
ence of 0.1 testosterone (• •).
Aromatase activity was measured after
48 h as E2 production during 3 h incu¬
bation of the washed cell monolayers
with 1.0 /xM testosterone. Values are the
mean (±SE) of triplicate incubations. For
small follicles, testosterone had no sig¬
nificant effect (P > 0.09, t test) in the
absence of hFSH, but was stimulatory at
all hFSH doses (P < 0.001, ANOVA).
For large follicles, testosterone was with¬
out effect in the absence of hFSH (P >

0.09, t test) and was inhibitory at all
hFSH doses (P < 0.001, ANOVA).

r-800

- 700

- 600
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0 03 10 30 10 30 100

hFSH (ng/ml)

Fig. 3. The effect of testosterone on

hFSH-stimulated progesterone accumu¬
lation. Granulosa cells from small and

large follicles were cultured with increas¬
ing doses of hFSH alone (O O) or in
the presence of 0.1 nM testosterone
(• •). Progesterone accumulation
was measured in the medium after 48 h
of culture. Values are the mean (±SE) of
quadruplicate incubations. For small fol¬
licles, there was a significant stimulation
by testosterone at all doses of hFSH (P
< 0.001, ANOVA). For large follicles the
overall effect of testosterone was inhibi¬

tory (P < 0.001, ANOVA), although
there was stimulation in the absence of
hFSH (P < 0.01, t test).
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cultured for up to 4 days.
In the absence of hFSH, aromatase activity fell from

475 ± 50 fmol E2/103 cells • 3 h on day 0 (extant aromatase
activity) to 30.1 ± 1.1 fmol E2/103 cells-3 h on day 1,
representing a reduction of 94% (Fig. 4). After a further
day of culture, aromatase activity had increased to 117
± 14 fmol E2/103 cells-3 h (25% of the extant value), but
there was no further increase with time. The initial loss
of aromatase activity observed after 1 day of culture was

partially ameliorated (54% compared with 94% reduc¬
tion) by the presence of hFSH. During further culture
with hFSH, aromatase activity had returned to extant

t 1 1 r*—r-T 1 1 1 1 r
3-0 10-0 30-0 100-0 0 0-3 1-0 3-0 10-0 30-0 100 0

hFSH (ng/ml)

levels within 2 days, and continued to rise with time,
reaching maximum levels (2.54 + 0.34 pmol E2/103 cells-
3 h) on day 4 that were 5 times the extant value. The
addition of testosterone was without effect after 1 day,
but significantly suppressed the hFSH-stimulated re¬

sponse by 60% at 2 and 3 days and 77% at 4 days (P <
0.01, t test).
Progesterone accumulation by granulosa cells in¬

creased during 4-day culture in the absence of hormone
stimulation, reaching levels of 0.48 ± 0.08 pmol/103 cells
(Fig. 4). hFSH (3 ng/ml) enhanced progesterone accu¬
mulation 10- to 100-fold at each of the time points
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Table 2. The effects of testosterone (T) or 5a-dihydrotestosterone
(DHT) on hFSH-induced aromatase activity and progesterone accu¬
mulation by granulosa cells during 48 h culture

Follicle class (mm diameter)

Exp Androgen
Small (0.5-1.0 mm) Large (>2.0 mm)

Aromatase Progesterone Aromatase Progesterone
activity accumulation activity accumulation

1 T + + - —°

DHT ND ND ND ND

2 T + + - NS
DHT ND ND - NS

3 T + + -

DHT + + - -

4 T ND + - NS
DHT ND + - NS

The dose-response curves to FSH (0.1-100 ng/ml) in the presence
or absence of androgen (0.1 ^M) were compared using two-way analysis
of variance. +, Stimulation, —, inhibition of the response to hFSH
alone. All comparisons reached significance at P < 0.001 except those
indicated by footnote. ND, Response not measured; NS, not significant
(P > 0.05).
°P<0.01.

measured. The additional presence of testosterone sig¬
nificantly (P < 0.05, t test) increased the hFSH-induced
response on day 1, but was without significant effect at
the other time points.

Discussion

The present study provides the first clear experimental
evidence in primates for development-dependent
changes in the roles of FSH and androgens in the regu¬

lation of granulosa cell steroidogenesis.
The marmoset has an average ovulation rate of 2.7

(Hodges, J. K., and P. M. Summers, unpublished obser¬
vation). We have therefore reasoned that the two or
three large (2-3 mm diameter) follicles observed on day
7 of the cycle are the presumptive preovulatory follicles.
The high aromatase activity and granulosa cell number
in these, compared with smaller follicles, support this
idea. Thus, our observations are consistent with data
obtained from the human (27), indicating that preovu¬
latory follicles are the major ovarian source of circulating
E2 during the late follicular phase.
In the marmoset, granulosa cell aromatase activity and

progesterone accumulation in large, presumptive preo¬
vulatory follicles are at least 10 times more sensitive to
FSH than in small (presumably nonovulatory) follicles.
These findings have implications for the maintenance of
follicular development during the late follicular phase.
Plasma FSH levels fall during the second half of the
follicular phase in women (28) and rhesus monkeys (29).
Since the preovulatory follicle(s) undergo rapid growth
despite this fall in FSH, the concept has arisen of an
increase in sensitivity to FSH of the dominant follicle(s),
ensuring that growth and estrogen biosynthesis continue,
while nonovulatory follicles cease to develop (30-32).
Our observations provide experimental support for this
concept and suggest the cellular mechanisms underlying
this phenomenon. It is not known how changes in FSH
sensitivity occur in primate granulosa cells. In rats, an
increase in FSH receptor content of granulosa cells in
response to FSH and E2 stimulation in vivo may be

Fig. 4. The time course of hFSH/andro-
gen stimulation of aromatase activity
and progesterone accumulation. Granu¬
losa cells from large follicles were cul¬
tured for 1, 2, 3, and 4 days in medium
alone (O O), in the presence of hFSH
(3 ng/ml) alone (• •), or hFSH plus
0.1 fiM testosterone (A A). The ac¬
cumulation of progesterone in the me¬
dium was measured at each time point.
Aromatase activity at each time point
was measured as E2 production during 3
h incubation of the washed cell mono¬

layers with 1 fiM testosterone. Values are
the mean (±SE) of quadruplicate (pro¬
gesterone) or triplicate (aromatase activ¬
ity) incubations. *,P< 0.05; **, P < 0.01.
Significant difference from correspond¬
ing value with testosterone.
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involved (7). The effects of steroids are probably me¬
diated at a site distal to the FSH receptor, since E2 itself
increases FSH-dependent granulosa cell responses with¬
out altering FSH receptor content (5).
The requirement for FSH in maintaining granulosa

cell estrogen biosynthesis in the late follicular phase is
not known, but it has been suggested that the acquisition
of LH receptors may allow the preovulatory follicle to
become less dependent on stimulation by FSH (29, 33).
However, recent observations on cynomologus monkeys
indicate an obligatory role of FSH, since it was found
that E2 levels fall abruptly, and preovulatory growth
ceases when treatment with exogenous FSH is with¬
drawn during the late follicular phase, suggesting that,
in addition to LH, FSH is required throughout the final
stages of follicular maturation (32). Our findings that
continued stimulation by FSH is essential to maintain
high aromatase activity of granulosa cells from large
marmoset follicles in vitro are consistent with the in vivo
results.
The present results in cyclic marmosets, demonstrat¬

ing that androgens enhance FSH-induced steroidogene¬
sis in granulosa cells from small follicles, confirm and
extend those of a previous study using equivalent sized
follicles from reproductively suppressed acyclic animals
(18). As in the previous study (18), 5a-dihydrotestoster-
one was as effective as testosterone in enhancing aro¬
matase activity and progesterone accumulation, suggest¬
ing that synergism with hFSH is a specific androgenic
effect, and does not rely on aromatization to E2.
In contrast to these stimulatory effects on granulosa

cells from small follicles, the present findings demon¬
strate that androgens exert a marked inhibitory effect
on FSH-dependent aromatase activity and, to a lesser
extent, progesterone accumulation in granulosa cells
from large, presumptive preovulatory follicles. These ef¬
fects have not been reported previously in primates and
suggest a development-related shift in responsivity to
androgen. This may also explain previous reports show¬
ing no effect of androgen on FSH-stimulated progester¬
one accumulation by human granulosa cells from follicles
during the late follicular or luteal phase (17), and variable
effects in granulosa cell cultures from follicles obtained
at unspecified stages of the follicular phase (16). In vivo
studies in rats also indicate a progressive loss of granu¬
losa cell responsiveness to androgen during the course of
follicular development (13).
The mechanisms behind androgen modulation ofFSH-

dependent steroidogenesis are unclear. In rats, androgen
may stimulate steroidogenesis by suppressing catabolism
of FSH-induced cAMP (23). Alternatively, steroid pro¬
duction may be influenced by direct effects of androgen
on gene expression, by alteration of messenger RNA
synthesis. Such a mechanism has been proposed for

androgen regulation of granulosa cell POMC production
(34). Whether similar mechanisms underlie androgen
enhancement of steroid biosynthesis in marmoset gran¬
ulosa cells (Ref. 18 and present study) remains to be
determined. Androgen inhibition of aromatase activity is
less readily explained. 5a-Dihydrotestosterone was
shown to reduce aromatase activity in porcine granulosa
cells by a mixed noncompetitive type of inhibition (4),
and it is possible that a similar mechanism could explain
the effects of the 5a-reduced androgen observed in the
present study. However, it is difficult to account for the
inhibitory action of testosterone on aromatase activity
in the granulosa cells from large follicles. Altered 5a-
reductase activity has been postulated as a regulatory
mechanism in estrogen biosynthesis (35), and 5a-reduc-
tase activity has been demonstrated in human granulosa
cells (36). Thus, it is possible that testosterone exerts its
inhibitory effect on mature granulosa cells via conversion
to 5a-reduced metabolites, which could act as noncom¬

petitive (4), or competitive (26, 37) inhibitors of aroma¬
tization. Measurement of 5a-reductase activity in mar¬
moset granulosa cells is required to clarify this point.
In conclusion, we have shown that in the marmoset

ovary, two or three follicles are selected to ovulate from
a pool of small antral follicles; only the granulosa cells
in these follicles develop a fully activated aromatase
system. Our results suggest that steroidogenesis in cells
from small follicles is highly responsive, but relatively
insensitive to FSH. As small follicles develop during the
follicular phase, at a time when plasma FSH levels in
primates fall, hFSH responsiveness declines, but sensi¬
tivity increases. Such changes in granulosa cell function
may therefore contribute to the maintenance of the
selected dominant follicles. In addition to these devel¬

opment-related changes in the response to FSH, andro¬
gens also increase the FSH responsiveness of granulosa
cell aromatase activity in cells from small, antral follicles.
However, this effect becomes inhibitory in mature, preo¬
vulatory follicles. The physiological significance of this
switch from stimulation to inhibition remains to be
established.
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According to current concepts of pre-ovulatory folliculogenesis
in primate ovaries, each growing follicle has a 'threshold' re¬
quirement for stimulation by FSH which must be met if it
is to enter the oestrogen-secretory phase of pre-ovulatory
development. Until recently, our understanding of the intra-
follicular mechanisms underlying FSH action on granulosa
cells was based largely on information from non-primate
laboratory animals, mainly polyovulators such as rats. The
present paper describes studies on FSH-regulated granulosa
cell function in relation to pre-ovulatory development in vivo
and in vitro using a laboratory primate, the common mar¬
moset (Callithrix jacchus). Measurement of aromatase activity
is used as an index of granulosa cell cytodifferentiation to
verify three major tenets of the 'threshold' hypothesis: (i) that
granulosa cells acquire increased responsiveness to FSH and
LH during pre-ovulatory growth; (ii) that these development-
ally related changes are directly induced by FSH; and (iii) that
intrafollicular steroids modify FSH action and thereby con¬
tribute to the establishment of follicular FSH thresholds. The
results obtained highlight the value of this experimental
animal model for studies of cellular and molecular aspects
of pre-ovulatory folliculogenesis which are relevant to human
ovaries.

Key words: follicle/granulosa cells/gonadotrophins/sex steroids/
marmoset

Introduction

The cellular basis of gonadotrophin-dependent folliculogenesis
in human ovaries is poorly understood, mainly because human
ovarian tissue suitable for experimental assessment in vitro seldom
becomes available and experimental data from non-primate
animal models (usually polyovulators with short ovarian cycles)
may not be relevant to women. To obtain a better understanding
of folliculogenesis in primates, we are studying hormone-
dependent granulosa cell function in a laboratory monkey, the
common marmoset (Callithrix jacchus) (Harlow et al., 1986,

1988; Hillier et al., 1988). This article integrates data coming
from this new experimental model with current concepts of pre¬
ovulatory folliculogenesis in human ovaries.

Current concepts

Cyclic increases in blood FSH levels provide the main endocrine
stimulus for pre-ovulatory development via direct action on

granulosa cells. FSH enters the follicle wall through the capillary
bed in the theca interna and diffuses across the basal membrane
into the avascular granulosa cell layer where it activates in¬
tracellular mechanisms coupled to FSH receptors (reviews: Chan-
ning etai, 1978; Richards, 1980). From experimental work with
ovarian tissues from laboratory rodents and domestic animal
species it is known that this endocrine signal from the anterior
pituitary promotes granulosa cell proliferation and cytodifferen¬
tiation leading to induction of steroidogenic enzymes, including
aromatase, increased responsiveness to FSH, and the expression
of surface membrane LH receptors which are functionally coupled
to steroid hormone biosynthesis (reviews: Dorrington et al., 1983;
Hsuehefa/., 1984; Hillier, 1985). Simultaneous treatment with
oestrogen augments FSH action on rat granulosa cells in vivo
and in vitro through raising receptor numbers and increasing the
sensitivity of diverse biochemical processes to stimulation by
gonadotrophins (Richards, 1980). It is therefore widely believ¬
ed that locally produced oestrogen acts as an autocrine/paracrine
regulator which promotes gonadotrophin-induced pre-ovulatory
follicular development in mammalian ovaries.
To explain pre-ovulatory follicle development in monovular

species such as man, experimental data from non-primate species
are usually interpreted to support a 'threshold' hypothesis of FSH
action whereby the induction of a critical level of granulosa cell
aromatase activity and LH responsiveness is believed to serve
as a type of on—off 'switch' which is thrown in the responding
follicle when a threshold level of FSH stimulation is achieved

(Brown, 1978; Hillier, 1981a; Hillier et al., 1981). When the
circulating FSH level rises at the beginning of a menstrual cy¬
cle, the ovaries contain multiple follicles with varying potentials
for FSH-dependent pre-ovulatory development. However,
because follicular development in women is highly asynchronous,
each follicle has a different threshold beyond which it must be
stimulated by FSH to undergo pre-ovulatory development. Ad¬
ministration of exogenous FSH to exceed the threshold re¬

quirements of multiple follicles leads to multiple ovulation but
in a spontaneous cycle usually only one follicle becomes fully
mature and ovulates. This is because it is the follicle with the
lowest FSH threshold whose granulosa cells most rapidly acquire
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the ability to undertake LH-responsive oestrogen secretion in
response to the intercycle FSH rise. When this follicle begins
to secrete increased amounts of oestradiol midway during the
follicular phase, secreted steroid feeds back through the
hypothalamo-pituitary axis to negatively regulate pituitary FSH
secretion and thereby restrict the gonadotrophin-dependent
development of follicles with relatively high FSH thresholds.
Thus, a single follicle continues to grow and secrete oestrogen,
being protected against the fall in FSH by its high responsiveness
to FSH and LH. The experimental evidence discussed above sug¬

gests that the 'dominant' follicle could be additionally favoured
through the local action of oestrogen which may further enhance
the gonadotrophin-responsiveness of the proliferating granulosa
cell layer (review: Zeleznik and Hillier, 1984).

Verification of the 'threshold' hypothesis requires experimental
evidence from primate ovaries that granulosa cell aromatase ac¬

tivity becomes increasingly responsive to FSH and LH during
pre-ovulatory development, and that FSH acts directly to effect
this change. Direct evidence is also required that intrafollicular
steroids serve as paracrine/autocrine regulators to modify
granulosa cell responses to FSH. Experiments using a laboratory
primate model to assess these aspects of FSH action on primate
granulosa cells are described below.

Experiments with a primate model

The common marmoset is a highly fecund new-world primate
species which thrives in captivity and has relevance to human
beings and existing non-human primate models in terms of its
ovarian cycle and basic reproductive physiology (Hearn, 1987).
Cyclic and acyclic (reproductively suppressed) marmoset ovaries
are packed with multiple immature follicles containing granulosa
cells which respond biochemically and morphologically to human
FSH in vitro (Harlow et al., 1986). Hormone-dependent differen¬
tiation can therefore be studied systematically using primary cell
cultures: the strategy which has contributed so much to current
concepts of non-primate folliculogenesis (Erickson, 1983).

The marmoset ovarian cycle
The marmoset ovarian cycle lasts —28 days. Follicular develop¬
ment is more synchronous than in human ovaries and there are

usually two or three ovulations/cycle. Characteristic cyclic
changes in ovarian steroid levels in plasma and urine, and the
mid-cycle ovulation-inducing LH surge have been well
documented (Harlow et al., 1983,1984; Eastman et al., 1984).
The pre-ovulatory (follicular) phase of the marmoset ovarian cycle
is characterized by increasing levels of oestradiol in peripheral
and utero-ovarian vein blood and lasts — 8 or 9 days. The luteal
phase is characterized by peripheral plasma progesterone levels
between 10 and 150 ng/ml and lasts — 19 days (Harlow et al.,
1983, 1984). It appears that pre-ovulatory growth in this species
is initiated during the previous luteal phase, similar to the situa¬
tion which exists in women. However, there are no published
data on FSH levels in marmosets.

The ovaries of acyclic, behaviourally subordinate females con¬
tain multiple immature follicles which yield homogeneous
granulosa cell populations ideal for studies of hormone-dependent
differentiation in tissue culture (Harlow et al., 1986). In cyclic

Follicle size

Fig. 1. Pre-ovulatory increases in granulosa cell aromatase activity
in primate ovaries. Marmoset follicles were dissected during the
follicular phase 7 days after prostaglandin-induced luteolysis (data
from five animals); small follicles were <1.0 mm in diameter,
medium follicles 1.0—1.9 mm and large follicles >2.0 mm.
Human follicles were dissected during the mid —late follicular phase
of spontaneous ovarian cycles (data from 11 women); small
follicles were <10 mm, medium follicles 11 — 19 mm and large
follicles >20 mm. Aromatase activity is shown as oestradiol
(measured by radioimmunoassay) produced by granulosa cell
suspensions incubated for 3 h at 37°C using 0.1 (human) or
1.0 ftM (marmoset) testosterone as the substrate. Results are mean
± SE. [Human data are from Hillier et al. (1981); marmoset data
from Harlow et al. (1988).]

marmosets, precise control of the onset of pre-ovulatory follicular
development can be achieved by administering a single injection
of a synthetic prostaglandin during the preceding luteal phase
(assessed by plasma progesterone assays). The prostaglandin
causes luteolysis which initiates a new wave of pre-ovulatory
follicular development culminating in ovulation — 11 days later
(Summers et al., 1985). Therefore marmoset ovaries removed
at progressive periods after prostaglandin-induced luteal regres¬
sion can be used to systematically define the cellular changes
associated with pre-ovulatory follicular development (Hillier et
al., 1988).

Marmoset granulosa cell aromatase activity
Consistent with observations in other species including rat and
man, large pre-ovulatory follicles in marmoset ovaries contain
many more granulosa cells with a higher level of aromatase than
smaller non-ovulatory follicles (Harlow et al., 1988). Granulosa
cell aromatase activity during pre-ovulatory follicular develop¬
ment in marmosets shows a pattern of progressive increase which
is quantitatively and qualitatively similar to that seen in the human
ovary (Figure 1). The characteristically low aromatase activity
of granulosa cells from immature follicles increases to pre¬

ovulatory levels after culture for 2 days in the presence of human
pituitary FSH (Harlow et al., 1986). Furthermore, the sensitivity
of marmoset and human granulosa cells to human FSH is similar
(Figure 2).

Development-dependent changes in gonadotrophs respon¬
siveness

Increases in FSH responsiveness occur during pre-ovulatory
follicular development in the marmoset ovary, similar to the situa¬
tion in non-primates (Richards, 1980; Harlow et al., 1988).
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Fig. 4. Development-dependent increase in granulosa cell
responsiveness to FSH and LH in marmoset ovaries. Granulosa
cells from small (<1.0 mm diameter) and large (>2.0 mm
diameter) follicles were harvested during the follicular phase
(spontaneous cycle) and cultured for 48 h at 37 °C in medium
containing an aromatase substrate (1.0 /rM testosterone) with no
gonadotrophin (control), FSH (human FSH LER-8/116, 10 ng/ml)
or LH (human LH LER-1972, 10 ng/ml). Oestradiol accumulation
in the medium was determined by radioimmunoassay. Data are
mean ± SE from incubations in triplicate (unpublished results).

Fig. 2. Similar in-vitro responsiveness of marmoset and human
immature granulosa cells to a human pituitary FSH preparation
(LER-8/116). The marmoset granulosa cells were from follicles
< 1.0 mm in diameter present during the follicular phase 7 days
after prostaglandin-induced luteolysis; aromatase activity was
assessed after the cells had been cultured for 2 days at 37 °C in the
presence of FSH at the concentrations indicated (from Harlow et
al., 1988). The human granulosa cells were freshly isolated from
follicles 7 and 8 mm in diameter present during the late follicular
phase; aromatase activity was assessed with FSH present at the
concentrations indicated (Hillier, 1981b). Granulosa cell monolayers
(marmoset) or fresh granulosa cell suspensions (human) were
incubated for 3 h at 37°C in the presence of testosterone as the
aromatase substrate. Oestradiol was determined by radioimmuno¬
assay; results are means from incubations in triplicate or
quadruplicate.
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Fig. 3. Development-dependent increase in granulosa cell sensitivity
to FSH in marmoset ovaries. Granulosa cells were isolated from
small (0.5 — 1.0 mm diameter) and large (>2.0 mm diameter)
follicles 7 days after prostaglandin-induced luteolysis and cultured
for 48 h at 37°C in the presence of increasing concentrations of
FSH (human FSH LER-8/116). Aromatase activity was measured at
48 h by determining oestradiol production (radioimmunoassay)
during a further 3-h incubation of washed cell monolayers in the
presence of 1.0 /*M testosterone as an aromatase substrate. Data are
mean ± SE from incubations in triplicate (from Harlow et al.,
1988).
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Fig. 5. FSH-induction of LH(HCG)-responsive aromatase activity
in marmoset granulosa cell cultures. Cells obtained from small
(0.5 — 1.0 mm diameter) follicles 7 days after prostaglandin-induced
luteolysis were cultured for 48 h at 37 °C in medium without
(control) or with FSH (human FSH LER 8/116, 30 ng/ml). The
medium was replaced with fresh medium containing no hormone or
HCG (CR-119) at the concentrations indicated. Incubation was
continued for a further 48 h. Aromatase activity was determined at
96 h in washed cell monolayers, as described in the legend to
Figure 3. Data are mean ± SE from incubations in triplicate
(unpublished results).

Figure 3 compares the dose-related effect of human FSH on
aromatase activity in granulosa cell cultures from small
(0.5 — 1.0 mm diameter) and large (>2.0 mm diameter) follicles
present in mid-follicular phase marmoset ovaries. Granulosa cells
from immature follicles are highly responsive giving rise to FSH-
stimulated maxima which are > 30 times higher than unstimu¬
lated control cultures after 2 days of treatment with FSH.
Granulosa cells from more mature follicles have higher basal
levels of aromatase activity (Figure 1) and are at least 10 times
more sensitive to FSH than the cells from immature follicles.
These in-vitro findings complement work in vivo showing that
the growing pre-ovulatory follicle in macaque monkey ovaries
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has a diminished requirement for FSH during the late follicular
phase induced by pulsatile therapy with exogenous
gonadotrophins (Zeleznik and Kubik, 1986).
Marmoset granulosa cells also acquire increased responsiveness

to LH(HCG) during pre-ovulatory development (Hillier et al.,
1988). This is illustrated in Figure 4 showing that granulosa cells
from pre-ovulatory follicles express an LH-responsive aromatase
system, whereas granulosa cells from immature follicles only res¬
pond significantly to FSH. These data are consistent with the
results from autoradiographic studies showing increased specific
LH(HCG) binding by granulosa cells in relation to pre-ovulatory
follicular development in rhesus monkey ovaries (Zeleznik et al.,
1981).

FSH-induction of granulosa cell responsiveness to
LH(HCG)
To assess the ability of FSH to act directly to increase LH(HCG)-

Steroid (nM)

Fig. 6. Effects of sex steroids on marmoset granulosa cell
responsiveness to FSH. Granulosa cells from follicles < 1.0 mm
diameter in reproductively suppressed marmoset ovaries were
cultured for 48 h at 37 °C in medium containing FSH (human FSH
LER 8/116, 3 ng/ml) alone and in the presence of steroid (T,
testosterone; DHT, 5<x-dihydrostestosterone; E2, oestradiol) at the
concentrations indicated. Aromatase activity was measured in
washed cell monolayers, as described in the legend to Figure 3.
Data are expressed as a percentage of the response of FSH alone
and are mean ± SE from incubations in quadruplicate (data from
Harlow et al., 1986).

A

responsive aromatase activity in marmoset granulosa cells, im¬
mature granulosa cells were cultured for 2 days with or without
FSH before exposure to HCG (unpublished data). As shown in
Figure 5, the cells from small follicles in mid-follicular phase
ovaries show a marked increase in HCG-responsive aromatase
activity following exposure to FSH. This experiment suggests
that FSH acts directly to induce the expression of LH(HCG)
receptors by primate granulosa cells, similar to its established
action on non-primate ovaries (Richards, 1980). However, direct
measurements of LH(HCG) receptors are needed to verify this.

Modulation of FSH action by intrafollicular steroids
To test for direct effects of oestrogen on FSH-responsiveness,
immature granulosa cells were cultured with a sub-maximal
stimulatory concentration of FSH in the presence and absence
of various doses of an oestrogen (oestradiol), an aromatizable
androgen (testosterone), or a non-aromatizable androgen (5a-di-
hydrotestosterone). The results showed no stimulatory effect of
oestradiol on FSH-induced steroidogenesis whereas both an¬
drogens enhanced aromatase induction (Figure 6) as well as pro¬
gesterone biosynthesis (Harlow et al., 1986). The lack of a

stimulatory action of oestradiol on marmoset granulosa cell
cultures is at variance with the findings for non-primate granulosa
cells where oestradiol tends to augment FSH action (Richards,
1980; Hsueh etal., 1984). However, an immunocytochemical
study of the distribution of oestrogen receptors in reproductive
tissues from rhesus monkeys was negative for the ovary (Hild-
Petito et al., 1988), and a morphometric analysis of immature
rhesus monkey ovaries removed following therapy with oestradiol
or diethylstilboestrol in vivo showed no significant effect of either
oestrogen in stimulating follicular development (Koering, 1988).
Thus it is questionable if the autocrine regulatory function of
follicular oestrogen which has been deduced from experiments
with non-primates is applicable to primates.
The ability of androgen to augment FSH-responsiveness in

marmoset granulosa cell cultures agrees with experiments on non-
primate granulosa cell cultures and is further evidence that
follicular androgens serve a major paracrine regulatory function
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Fig. 7. Disparate effect of testosterone on FSH-responsive aromatase activity in marmoset granulosa cell cultures from (A) small
(0.5 — 1.0 mm diameter) and (B) large (>2.0 mm diameter) follicles obtained 7 days after prostaglandin-induced luteolysis. The cells were
cultured for 48 h at 37°C in medium containing increasing doses of FSH (human FSH LER 8/116) in the absence and presence of 0.1 /rM
testosterone (T). Aromatase activity was measured in washed cell monolayers at 48 h, as described in the legend to Figure 3. Data are
mean ± SE from incubations in quadruplicate. Asterisks denote significant (P < 0.01) levels of stimulation or inhibition due to the
presence of testosterone (data from Harlow et al., 1988).
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in mammalian ovaries (Hillier, 1985; Harlow et ai, 1988). The
data in Figure 7a show how the presence of testosterone serves
to enhance the sensitivity of granulosa cells from immature
follicles to the aromatase-inducing action of FSH, effectively
lowering their FSH threshold requirement in vitro. On the other
hand, with granulosa cell cultures from pre-ovulatory follicles
(Figure 7b) androgens serve to prevent FSH-stimulated increases
in aromatase activity (Harlow et al., 1988). This raises the
possibility that intrafollicular androgen action varies with pre¬
ovulatory granulosa cell maturity in the primate ovary. The
mechanism and physiological significance of the biphasic action
of androgen are not yet established.

Conclusion

These studies provide experimental verification of two major
precepts of hormone-dependent folliculogenesis in primate
ovaries: that granulosa cell responsiveness to FSH and LH in¬
crease in relation to follicular maturity; and that development-
related changes in gonadotrophin responsiveness are directly in¬
duced by FSH. The data also show for the first time in a primate
species that FSH-induced granulosa cell development is modified
by follicular steroids in vitro. The evidence indicates that
aromatizable and non-aromatizable androgens serve initially to
promote the onset of gonadotrophin-responsive steroidogenesis
but at later stages of granulosa cell development they may be
inefficient or inhibitory. This suggests that intrafollicular an¬
drogens may serve local regulatory functions which contribute
to the establishment of FSH threshold requirements during pre¬

ovulatory follicular development. Our inability to discern a direct
cause—effect action of oestradiol on FSH-responsive steroido¬
genesis in marmoset granulosa cells leaves a question mark
against this steroid's putative autocrine regulatory role in primate
granulosa cell development. Ratification of the marmoset monkey
as a model for studies of hormone-dependent granulosa cell dif¬
ferentiation in vitro opens the way to experiments on molecular
and cellular aspects of FSH action which are relevant to ovarian
function in women.
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SUMMARY

The ovarian cycle of the common marmoset (Callithrix jacchus) is
intermediate with those of laboratory rats and human beings. There are
also qualitative and quantitative similarities between preovulatory
granulosa cell function in marmosets and women. Cyclic and acyclic
(reproductively suppressed) marmoset ovaries are packed with multiple
immature follicles, and these contain granulosa cells which respond
biochemically and morphologically to human FSH in vitro. Hormone-
dependent differentiation can, therefore, be studied systematically using
primary cell cultures, the strategy which has contributed so much to
current concepts of nonprimate folliculogenesis. Our experience estab¬
lishes the marmoset monkey as a valid laboratory model for studies of
cellular aspects of folliculogenesis in primates.

INTRODUCTION

Most information on cellular aspects of folliculogenesis in mammals
has come from work with nonprimates, mainly the laboratory rat (see
references 1-5 for major reviews of the literature). The data which have
been obtained support the following precepts:

(1) Follicle-stimulating hormone (FSH) stimulates growth and differ¬
entiation of granulosa cells in immature ovarian follicles.

(2) FSH-stimulated granulosa cells undertake altered patterns of
protein synthesis and phosphorylation leading to the development of
steroidogenic enzymes, including aromatase, and LH receptors which are
functionally coupled to steroidogenesis.

(3) Luteinizing hormone (LH) stimulates androgen biosynthesis in
theca/interstitial cells, and androgen amplifies FSH action on immature
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granulosa cells; intrafolllcular regulators (steroids and peptides) modify
granulosa cell responsiveness throughout preovulatory follicular devel¬
opment .

(4) In the preovulatory follicle, granulosa cell endocrine function
(estradiol biosynthesis) becomes directly responsive to LH and dependence
on FSH declines; after ovulation, granulosa-lutein cell endocrine function
(progesterone biosynthesis) remains dependent on LH and independent of
FSH.

Since rats are polyovular with short ovarian cycles, there are
difficulties in extrapolating these findings to man or other primate
species which have much longer ovarian cycles and lower ovulation rates.
To obtain new insights on primate folliculogenesis, a laboratory primate
is needed which is as open to experimentation as rodents, and that
provides access to follicular tissues for systematic experimental studies
in vitro. To this end, we have begun to examine cellular aspects of
folliculogenesis in a laboratory monkey, the common marmoset (Calllthrix
jacchus). This highly fecund primate species thrives in captivity and has
relevance to human beings and existing nonhuman primate models in terms of
its ovarian cycle and its basic reproductive physiology (6). Moreover,
marmoset monkeys can be maintained in sufficient numbers to allow
systematic study of granulosa cell function at progressive stages of
preovulatory follicular development. This article summarizes basic
aspects of folliculogenesis in marmoset ovaries and describes the results
of initial studies on the control of marmoset granulosa cell function in
vitro.

THE MARMOSET OVARIAN CYCLE

Relevant details of the reproduction, growth and development of
marmoset monkeys in captivity are outlined in Table 1. The ovarian cycle
lasts about 28 days and there are usually two or three ovulations. Cyclic
changes in ovarian steroid levels in plasma and urine, and the mid-cycle
LH surge are well documented (7-9). The preovulatory or follicular phase
(defined as that period of the cycle during which peripheral plasma
progesterone levels remain below 10 ng/ml) is characterized by increasing
levels of estradiol in both peripheral and utero-ovarian vein blood and
lasts approximately 8 or 9 days (8,9). The luteal phase (progesterone
between 10 and 150 ng/ml) lasts for approximately 19 days (8,9). Since
the follicular phase is relatively short, it has been suggested that
preovulatory follicular growth might be initiated during the previous
luteal phase (9). However, this is uncertain because no published
information exists on FSH levels in the marmoset.

The luteal phase comprises roughly two-thirds of the marmoset ovarian
cycle; therefore, it is relatively easy to obtain luteal-phase ovaries.
To obtain accurately staged follicular-phase tissue, precise control over
the onset of preovulatory follicular development is required. This can be
achieved by a single injection of synthetic prostaglandin-F2a given during
the preceding luteal phase (10). The prostaglandin causes luteolysis
which initiates a new wave of preovulatory follicular development, cul¬
minating in ovulation approximately 11 days later. Ovaries removed at
progressive periods after prostaglandin-induced luteal regression are
ideal for systematic studies of granulosa cell function in relation to
preovulatory follicular development (11).

When marmoset monkeys are caged together as families or peer groups,
usually only one behaviorally-dominant adult female has regular ovarian
cycles and breeds (6,12). Behaviorally-subordinate adult females in the
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Table 1. The common marmoset monkey in captivity.*

Social Groups Adult pair + 1-4
offspring

Ovarian cycle:
Follicular phase
Luteal phase

28 days
9 days

19 days
Weight at:

Birth
Social/sexual maturity

25-35 g
400-600 g

Age at:
Weaning
Puberty
Maturity

40-80 days
8 months
18-24 months
10-16 yearsLongevity:

♦Based on reference 6.

group remain acyclic In her presence. The ovaries In reproductlvely
suppressed animals contain multiple immature follicles which yield
granulosa cells ideal for in vitro studies on the control of hormone-
dependent differentiation (13).

FOLLICLE-SIZE DISTRIBUTION IN MARMOSET OVARIES

Typically, there are up to 100 antral follicles 20.5 mm in diameter
present in a pair of cyclic marmoset ovaries (13). The size distribution
of follicles dissected from marmoset ovaries during the mid-follicular (7
days postprostaglandin-induced luteolysis) and luteal phases of the cycle
is illustrated in Figure 1. "Small" follicles (0.5-1.0 mm In diameter)
constitute approximately 90Z of the total population of antral follicles.
Of these follicles, 70-80Z appear to be nonatretic based on macroscopic
appearance and microscopic assessment of membrana granulosa integrity.
However, medium-sized follicles (1.0-1.9 mm in diameter) are relatively
rare and form <10Z of all follicles 20.5 mm in diameter. This implies
that only a limited number of "small" follicles ever grow beyond about 1.0
mm in diameter to begin preovulatory stages of development (11). Two or
three "large" follicles 22.0 mm in diameter are usually present in mid-
follicular phase ovaries. These are the preovulatory follicles which
normally grow to a maximum diameter of about 4.0 mm before ovulating.
After ovulation, there are no large follicles other than the postovulatory
follicles or corpora lutea (Fig. 1). The proportion of small follicles
present in luteal phase follicles remains high at approximately 90%;
medium-sized follicles continue to be rare.

AROMATASE ACTIVITY AND GRANULOSA CELL NUMBER IN MARMOSET FOLLICLES

Increases in granulosa cell aromatase activity accompany preovulatory
follicular growth and development; measurement in vitro of aromatase
activity provides an index of granulosa cell maturity (14). Granulosa
cell number and aromatase activity as functions of preovulatory follicular
development in marmoset ovaries are shown in Figure 2. Consistent with
observations in other species, including rat and man (5), large
preovulatory follicles contain many more granulosa cells with higher
levels of aromatase than smaller nonovulatory follicles (4,12). The
aromatase activity of marmoset preovulatory granulosa cells is quan¬
titatively similar to the level measured in human preovulatory granulosa
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FOLLICULAR PHASE LUTEAL PHASE

Diameter (mm):

A 0.5-1.0

E3 1.0-1.9

□ 22.0 (preovulatory follicles)

H 22 0 (corpora lutea)

87 9% 90.3%

Fig. 1. Follicle-size distribution in cyclic marmoset
ovaries. Follicular phase: data from 429 follicles
dissected from the ovaries of 6 cyclic marmosets 7 days
after prostaglandin-induced luteolysis (redrawn from ref¬
erence 11). Luteal phase: data from 791 follicles
dissected from the ovaries of 10 animals at various stages
of the luteal phase.

cells under similar assay conditions (11,13,14). When differences in mean
granulosa cell number are taken into account, the total follicular aro-
matase capacity (i.e., estrogenic potential) of large preovulatory fol¬
licles is approximately 2,000 times higher than that of nonovulatory
follicles. The human preovulatory follicle has similar characteristics,
further highlighting qualitative and quantitative similarities which exist
between preovulatory granulosa cell function in marmoset monkeys and human
beings.

Granulosa cell number

per follicle

500 -| * 1000

Granulosa cell aromafase

activity

Follicular aromalase

capacity

400

300 •

200 -

100 ■

0

15-1

1.0"

0 5"

0.5-1.0 1.1-1.9 >2
0.0

1000 eells/3h

111
isiP

500 t I
folIicle/3h

400

300
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100

0
0 5-1 0 1.1-1.9 22 0.5-1.0 1.1-1.9 >2

FOLLICULAR DIAMETER (mm)

Fig. 2. Granulosa cell number per follicle (left panel),
granulosa cell aromatase activity (center panel) and follic¬
ular aromatase capacity (right panel) in relation to follic¬
ular diameter in cyclic marmoset ovaries. The data are mean
± SE from observations on ovaries removed from 5 animals 7

days after prostaglandin-induced luteolysis. Granulosa cell
isolation and measurement of extant aromatase activity was
carried out as described previously (13). "Follicular
aromatase capacity" is the product of mean granulosa cell
aromatase activity and mean granulosa cell number from
observations on all of the follicles in each follicle-size

category. (Redrawn from reference 11.)
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MARMOSET GRANULOSA CELL CULTURES

The "small" antral follicles in cyclic marmoset ovaries are func¬
tionally immature and contain FSH-responsive granulosa cells with a low
level of extant steroidogenic capacity (11). These follicles are easy to
dissect from the ovary and provide tissue which can be used for studies on
the initiation and control of preovulatory granulosa cell development in
vitro. Marmoset granulosa cells at all stages of preovulatory development
adapt well to primary culture and show functional and morphological
responses to human FSH (Fig. 3). The choice of culture medium influences
FSH-stimulated steroidogenesis (progesterone production) as shown in
Figure 4. Relatively high basal levels of steroidogenesis are expressed
in medium 199 containing 5% calf serum but serum suppresses responsiveness
to FSH, similar to its effect on cultured rat granulosa cells (3,16).
Serum-free McCoy's modified 5a medium, popular for culturing rat granulosa
cells (3,16), allows greater responsiveness to FSH but with low maximal
levels of steroid production. By deleting serum from medium 199 and using
serum-precoated culture dishes (17), both responsiveness to FSH and
overall rates of steroid production are satisfactory. We, therefore, use
these conditions routinely.

Development-Dependent Changes in FSH Responsiveness

Granulosa cell responsiveness to FSH (cyclic AMP production, steroid
biosynthesis, etc.) increases during preovulatory follicular development
in rat ovaries (1-5). This change is induced by FSH itself and is subject
to modulation by locally produced factors such as sex steroids and pep¬
tides (1-5,18). Work with cultures of marmoset granulosa cells confirms
that equivalent development-related changes occur in primates (11,13).
Figure 5 shows the dose-related effects of a human pituitary FSH prepara¬
tion on aromatase activity and progesterone production in granulosa cell
cultures from small (0.5-1.0 mm diameter) and large (>2 mm diameter)
follicles present in marmoset ovaries at mid-follicular phase. Granulosa
cells from immature follicles are highly responsive to the gonadotropin,
giving rise to FSH-stimulated maxima more than 30 times greater than
control values within 2 days of culture. Granulosa cells from large
follicles have higher basal levels of steroidogenesis, commensurate with
their more advanced state of preovulatory development. They are also far
more sensitive to FSH as shown by values of <1 ng/ml compared with
approximately 10 ng/ml for the less mature granulosa cells. The finding
that primate granulosa cells become increasingly sensitive to FSH during
preovulatory development in vivo is in accord with the experimental
evidence from work with macaques, showing that the growing preovulatory
follicle has a progressively diminished requirement for FSH stimulation
during the late follicular phase (19). This may be one of the mechanisms
whereby the human preovulatory follicle once selected is capable of
continued growth and estrogen secretion, despite the reduction in cir¬
culating FSH levels which occurs during the late follicular phase.
Further work with marmoset granulosa cell cultures should help elucidate
the cellular mechanisms which underlie the preovulatory increase in
granulosa cell sensitivity to FSH in primates.

Development-Dependent Changes in LH Responsiveness

Preovulatory biochemical changes in granulosa cells include the
expression of a membrane-associated LH receptor system which is func¬
tionally coupled to steroid hormone biosynthesis (1-5,16). Granulosa
cells in preovulatory follicles thereby become directly responsive to LH
in anticipation of the ovulation-inducing LH surge. This means that
aromatization (hence, estradiol biosynthesis) and progesterone biosyn¬
thesis both fall under direct LH control.
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Evidence that marmoset granulosa cells acquire direct responsiveness
to LH during advanced preovulatory follicular development is shown in
Figure 6. Only granulosa cells from preovulatory follicles undertake
LH-responsive progesterone biosynthesis and have an LH-responsive aro-
matase system. Granulosa cells from immature follicles in follicular- and
luteal-phase ovaries show responsiveness to FSH but not LH in vitro.
These data agree with autoradiographic evidence from rhesus monkey ovaries

Fig. 3. Marmoset granulosa cells after culture for 48 h
in serum-free medium 199 using serum-precoated culture
dishes (17): (a) control; (b) in the presence of human
FSH (LER 8/116, 30 ng/ml). The cells were harvested from
a 4-mm diameter preovulatory follicle. Note the rounded,
refractile appearance of cells cultured in the presence of
FSH. (Light micrographs [x200].)

66



Control

■ FSH 30 ng/ml

FSH 3 ng/ml

199 199 McCoy's
Serum

CULTURE MEDIUM

Fig. 4. Basal and FSH-stimulated proges¬
terone production by marmoset granulosa
cells: variation with culture conditions.
The culture media were McCoy's (5a modified
without serum) or medium 199 with ( + ) or
without (-) 5Z donor calf serum (Gibco).
The culture wells used to culture granulosa
cells in serum-free medium 199 were pre-
coated (overnight incubation at 37°C) with
serum and then washed with Dulbecco's
phosphate-buffered saline before use (17).
Granulosa cells were pooled from 33 0.5-1.0
mm diameter follicles obtained from a single
marmoset ovary at an indeterminate stage of
the (jvarian cycle. Replicate cultures (1.4
x 10 cells/0.5 ml medium) were incubated
for 48 h at 37°C in a humidified tissue
culture incubator gassed with 5% CO. in air.
The FSH was hFSH LER 8/116 at 3 ng/ml and 30
ng/ml as indicated. Progesterone accumula¬
tion was measured in culture medium by
radioimmunoassay. Data are mean t SE from
incubations in quadruplicate. (Unpublished
results.)

that granulosa cells in Immature follicles do not possess specific binding
sites for human chorionic gonadotropin (hCG), whereas preovulatory
granulosa cells show high levels of specific hCG binding (20), similar to
the situation in nonprimates (1-5,16).

FSH Induction of LH/hCG Responsiveness

The induction of the LH/hCG receptor system is known to be under
direct FSH control in nonprimate granulosa cells (1-5). Our work with the
marmoset monkey has provided experimental evidence that FSH induces LH/hCG
responsiveness in primate granulosa cells as well. As shown in Figure 7,
cells isolated from immature (0.5-1.0 mm diameter) follicles in mid-fol-
licular phase ovaries show minimal steroidogenic responsiveness to hCG
after culture for 2 days in the absence of FSH. However, after culture
for 2 days in the presence of FSH (30 ng/ml) , they express hCG-responsive
aromatase activity. This implies that FSH acts directly to induce LH/hCG
receptors on primate granulosa cells, similar to its well-documented
action on nonprimate cells (16,21). Direct measurement of LH/hCG recep¬
tors on marmoset granulosa cells is required to verify this.
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Fig. 5. Dose-related effects of FSH on

progesterone accumulation and aromatase
activity in marmoset granulosa cell cul¬
tures. The granulosa cells were obtained
from "small" (0.5-1.0 mm diameter, upper

panel) and "large" (>2.0 mm diameter, lower
panel) follicles 7 days after prostaglan-
din-induced luteolysis. The FSH was human
FSH LER 8/116. Progesterone accumulation
was measured in culture medium collected at

48 h. Aromatase activity was measured at 48
h by determining estradiol production
(radioimmunoassay) during a further 3-h
(37°C) incubation of washed cell monolayers
in the presence of 1.0 yM testosterone as an
exogenous aromatase substrate (13). Data
are mean i SE from incubations in quadru¬
plicate (progesterone) or triplicate (aro¬
matase) . Arrows on the abscissa indicate
approximate ED
reference 11.)

50
values. (Redrawn from

Steroid Modulation of FSH Action

Experiments in vivo and in vitro on nonprimate ovarian tissues have
shown that locally produced steroids, androgens and estrogens modulate
gonadotropin action on developing granulosa cells (2-5). Work with
cultured granulosa cells has shown that the action of FSH in inducing
granulosa cell differentiation is amplified by the presence of steroid,
androgens being more active than estrogens (4,5). The follicular fluid
from immature human follicles contains high levels of androgens (22),
raising the question if androgens also influence FSH action at early
stages of primate granulosa cell differentiation. Affirmative evidence
comes from work with cultured granulosa cells from reproductively sup-
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FOLLICULAR PHASE FOLLICULAR PHASE LUTEAL PHASE

0.5-1.0 mm >2.0 mm 0.5-1.0 mm

CULTURE TREATMENT

Fig. 6. Effects of FSH and LH on progesterone production by
marmoset granulosa cell cultures. Immature follicles (0.5-1.0
mm diameter) in the follicular phase (left panel) and luteal
phase (right panel) yield granulosa cells which do not respond
to LH, whereas cells from preovulatory (>2.0-mm diameter)
follicles do (center panel). Culture was for 48 h in medium
containing no gonadotropin ("control"), FSH (human FSH LER
8/116, 10 ng/ml) or LH (human LH LER 1972, 10 ng/ml). Proges¬
terone accumulation was measured in culture medium. Data are

mean i SE from incubations in triplicate. Asterisk denotes
significant stimulation (P<0.01) compared with the corresponding
control value. (Unpublished results.)
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Fig. 7. FSH induction of hCG-responsive
aromatase activity in marmoset granulosa
cell cultures. Cells obtained from "small"
(0.5-1.0 mm diameter) follicles 7 days after
prostaglandin-induced luteolysis were
cultured for 48 h in medium without
("control") or with FSH (human FSH LER
8/116, 30 ng/ml). The medium was replaced
with fresh medium containing no hormone or
hCG (CR-119) at the concentrations
indicated. Incubation was continued for a

further 48 h. Aromatase activity was
determined at 96 h in washed cell monolay¬
ers, as described in the legend to Figure 5.
Data are mean i SE from incubations in

triplicate. (Unpublished results.)
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pressed acyclic marmoset ovaries (13): androgens (5a-dihydrotestosterone
and testosterone) but not estradiol dramatically enhance the action of FSH
in inducing granulosa cell aromatase activity and progesterone biosyn¬
thesis (Fig. 8). Similar effects are observed using granulosa cells from
immature follicles in cyclic animals (11), as illustrated in Figures 9 and
10. These results afford the first clear-cut evidence with primate tissue
that androgens can promote FSH-induced steroidogenesis during granulosa
cell differentiation in vitro. The data also show how androgen action
varies with preovulatory granulosa cell maturity. Thus, testosterone and
5a-dihydrotestosterone act directly to enhance the sensitivity of immature
granulosa cells to the differentiation-inducing action of FSH. However,
these androgens have no consistent effect on FSH-stimulated progesterone
production by granulosa cells from preovulatory follicles (Fig. 9).
Moreover, testosterone serves to inhibit the FSH stimulation of aromatase

activity in mature granulosa cells (Fig. 10). This suggests that
granulosa cell responsiveness to androgen undergoes a shift during pre¬
ovulatory follicular development. The mechanism and physiological signif¬
icance of the inhibitory action of androgen on the aromatase system in
preovulatory primate granulosa cells remain to be established.

The finding that estradiol does not enhance the differentiation-
inducing action of FSH on immature marmoset granulosa cells is at variance
with much of the data from nonprimates (1-5). It remains to be determined
whether estrogen acts directly to affect gonadotropin responsiveness
during preovulatory stages of granulosa cell development, as is generally
believed to be the case in nonprimate ovaries (1-5).

Aromatase activity Progesterone production

STEROID CONCENTRATION (nM)

Fig. 8. Augmentation of FSH-induced steroidogen¬
esis by testosterone and 5a-dihydrotestosterone
(DHT) but not estradiol (E«) cultured marmoset

granulosa cells. Granulosa cells from follicles
<1.0-mm diameter in reproductively suppressed
marmoset ovaries were cultured for 48 h in medium

containing FSH (human FSH LER 8/116, 3 ng/ml)
alone and In the presence of steroid at the
concentrations indicated. Aromatase activity
(left panel) was measured In washed cell monolay¬
ers, as described in the legend to Figure 5;
progesterone accumulation (right panel) was
measured in the medium. Data are expressed as a

percentage of the response to FSH alone and are
mean i SE from incubations in quadruplicate.
(Redrawn from reference 13.)
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0.5-1.0 mm >2.0 mm

10 30 100 0 0.3 1 3 10 30 100

FSH CONCENTRATION (ng/ml)

Fig. 9. Effect of testosterone on FSH-responsive
progesterone production in marmoset granulosa cell
cultures from "small" (0.5-1.0 mm diameter, left
panel) and "large" (>2.0 mm diameter, right panel)
follicles 7 days after prostaglandin-induced
luteolysis. The cells were cultured in medium
containing increasing doses of FSH (human FSH LER
8/116) in the absence and presence of 0.1 pM
testosterone (T), as indicated. Progesterone
accumulation was measured in the culture medium
collected at 48 h. Data are mean ± SE from
incubations in quadruplicate. Asterisk denotes
statistically significant (P<0.05) levels of
stimulation or inhibition due to the presence of
testosterone. (Redrawn from reference 11.)

0.5-1.0 mm >2.0 mm

FSH CONCENTRATION (ng/ml)

Fig. 10. Effect of testosterone on FSH-responsive
aromatase activity in marmoset granulosa cell
cultures from "small" (0.5-1.0 mm diameter, left
panel) and "large" (>2.0 mm diameter, right panel)
follicles 7 days after prostaglandin-induced
luteolysis. The cells were cultured in medium
containing increasing doses of FSH (human FSH LER
8/116) in the absence and presence of 0.1 pM
testosterone (T). Aromatase activity was measured
in washed cell monolayers at 48 h, as described in
the legend to Figure 5. Data are mean ± SE from
incubations in quadruplicate. Asterisk denotes
significant (P<0.01) levels of stimulation or
inhibition due to the presence of testosterone.
(Redrawn from reference 11.)
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CONCLUDING REMARKS

Perspectives on folliculogenesis in nonprimates accord FSH a pivotal
function as the primary endocrine stimulus for folliculogenesis via
activation of specific FSH receptors on immature granulosa cells.
Phenotypic expression of functional and morphological granulosa cell
changes induced by FSH is subject to a second (paracrine) level of control
by factors such as androgens produced locally under endocrine control by
LH. FSH-induced onset of differentiated granulosa cell function (i.e.,
direct LH responsiveness) is associated with altered genomic expression
and the biosynthesis of new proteins, including LH receptors,
steroidogenic enzymes, proteases and regulatory peptides such as somato¬
medins and inhibins. These factors constitute a third (autocrine) level
of cellular control, culminating in terminally differentiated granulosa
cell function (i.e., LH-responsive progesterone biosynthesis) in the
corpus luteum.

The relevance of many of these concepts to primates remains to be
shown experimentally. However, the in vitro approach using marmoset
granulosa cells permits systematic work towards this end and should
provide more knowledge of the cellular basis of folliculogenesis in the
primate ovary.
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ABSTRACT

Oestrogen receptor mRNA expression in mouse
ovaries was analysed by Northern blotting of total
RNA using 32I'-Iabelled RNA probes complemen¬
tary to different functional domains of the oestrogen
receptor. The ~6 5kb mouse oestrogen receptor
mRNA transcript was present in immature and adult
ovaries at extremely low abundance compared with
uterus and oviduct. Using a probe complementary to
the steroid-binding domain of the oestrogen receptor
(probe EF), a novel RNA transcript of ~15kb was
also found in the ovaries but was absent from uterus

and oviduct. The melting temperature of the hybrid
produced by the ~l-5kb transcript with probe EF
was ~10°C lower than that produced by authentic

oestrogen receptor mRNA, which dem¬
onstrates incomplete sequence homology between
the two transcripts and indicates that the ~l'5kb
RNA is not a truncated form of oestrogen receptor
mRNA. Furthermore, the ~15kb RNA lacks the
DNA-binding domain found in the oestrogen re¬

ceptor. The ~L5kb RNA, but not oestrogen re¬

ceptor mRNA, was enriched in total RNA from
isolated granulosa cells compared with residual
ovarian tissue. The encoded product of this novel
oestrogen receptor-related RNA could be a steroid-
binding protein involved in oestrogen action in the
ovaries.
Journal of Molecular Endocrinology (1989) 2, 39-45

INTRODUCTION

Oestrogen action on endocrine target tissues is
mediated by specific, high-affinity binding of the
steroid to an intracellular receptor protein (Jensen,
Suzuki, Kawashima et al. 1968) which functions as a

transcriptional regulator of oestrogen-responsive
genes (Yamamoto, 1985; Parker, 1986). Oestrogen
also acts at source in ovarian follicles as an autocrine

regulator of granulosa cell development (Richards,
1975; Hsueh, Adashi, Jones & Welsh, 1984) but its
mechanism of action there has not been fully
elucidated. A protein with the physicochemical pro¬
perties of an oestrogen receptor has been detected by
ligand-binding assay in nuclei and cytosol from
whole ovaries and granulosa cells (Richards, 1975;
Saiduddin & Zassenhaus, 1977) but at least one other
oestrogen-binding species is present which could
also participate in oestrogen action at the ovarian
level (Kudolo, Elder & Myatt, 1984a,b).
The oestrogen receptor is encoded by a single

mRNA of 6-7 kb with an open reading frame of
~2kb and a long 3'-untranslated region of not less
than 4kb (human: Greene, Gilna, Waterfield et al.
1986; chicken: Maxwell, McDonnell, Conneely et al.
1987; mouse: White, Lees, Needham et al. 1987; rat:
Koike, Sakai & Muramatsu, 1987). The receptor has
been divided into six domains labelled A-F on the
basis of amino acid sequence homology with related
receptor proteins (Krust, Green, Argos et al. 1986;
Kumar, Green, Staub & Chambon, 1986) and func¬
tional studies indicate that domains C and E are re¬

sponsible for DNA and steroid binding respectively
(Kumar et al. 1986). To investigate the potential role
of oestrogen receptors in mediating oestrogen action
in the ovaries, we have analysed the expression of
oestrogen receptor mRNA using probes to different
functional domains of the mouse oestrogen receptor
(White et al. 1987). We find that while mouse ovaries
express an ~6 5kb oestrogen receptor mRNA in
low abundance, an ~15kb related RNA is also ex¬

pressed at much higher concentrations. It has been
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localized to granulosa cells and may encode a

steroid-binding protein which could participate in
oestrogen action in the ovaries.

MATERIALS AND METHODS

Materials

Restriction enzymes were from Sigma (Poole,
Dorset, U.K.), SP6 polymerase was from BCL
(Lewes, Sussex, U.K.), [a32P]GTP (400Ci/mmol)
and human placental ribonuclease inhibitor were
from Amersham International pic (Aylesbury,
Bucks, U.K.), and RNase free DNase II was from
Gibco-BRL (Paisley, Strathclyde, U.K.). All other
chemicals were from Sigma or Fisons (Crawley,
Surrey, U.K.).

Animals

MF1 mice were purchased from Bantin and
Kingman Ltd (Hull, North Humberside, U.K.).
Other mouse strains were from colonies main¬
tained at the Centre for Reproductive Biology:
C57BL/01a.AKR-Gpi-lsac/Ws (C57BL) and
C57BL/01a. x CBA/Ca (C57BL x CBA) Fjhybrids.
To stimulate preovulatory follicular development,
some immature mice received pregnant mare serum
gonadotrophin (PMSG; Sigma) given as an i.p. in¬
jection (10 IU) 48 h before death.

Tissues

Ovaries, accessory tissues and spleen (negative con¬
trol) were removed from immature (21-day-old) or
adult (> 72-day-old) female mice immediately after
they had been killed by cervical dislocation. Ovaries,
oviducts and uteri were quickly separated by dissec¬
tion and all tissue was kept at — 70°C until RNA
extraction. Granulosa cells were harvested from the
ovaries of PMSG-treated immature mice. Super¬
ficial follicles were lanced with a 26 gauge hypo¬
dermic needle and granulosa cells were extruded into
ice-cold Dulbecco's phosphate-buffered saline by
applying gentle pressure with forceps. By this
method granulosa cells are obtained free from sig¬
nificant contamination with other ovarian cell types
except oocytes but the residual ovarian tissue con¬
tains multiple unpunctured follicles and hence still
contains granulosa cells (Hillier, Knazek & Ross,
1977). Granulosa cells were sedimented by cen-

trifugation and the cell pellets and residual ovarian
fragments were stored frozen at — 70°C until RNA
extraction.

Journal of Molecular Endocrinology (1989) 2, 39-45

Isolation ofRNA and Northern blot analysis

Total RNA was obtained by acid guanidium
thiocyanate—phenol—chloroform extraction (Chomc-
zynski & Sacchi, 1987) of tissues pooled from a mini¬
mum of six animals; RNA was size-fractionated by
electrophoresis in 1'5% (w/v) agarose gels containing
2-2 M formaldehyde. Ethidium bromide staining was
used to check for the presence of undegraded 28S
and 18S ribosomal RNA. After blotting onto a nylon
filter (Hybond-N, Amersham International pic) in
20 x SCC, the RNA was covalently cross-linked to
the filter by U.V. irradiation and prehybridized and
hybridized as described by Church & Gilbert (1984),
with minor modifications. The prehybridiza-
tion/hybridization buffer was 0-2 m sodium phos¬
phate (pH 7-2), ImM EDTA, 1% (w/v) bovine
serum albumin, 7% (w/v) sodium dodecylsulphate
(SDS) and 45% (v/v) formamide. Prehybridization
was carried out for a minimum of 30min at 65 °C;
hybridization was carried out for 24 h at 65 °C with a
32P-labelled RNA probe present at a concentration
of 1-10 x 106 d.p.m./ml. Filters were routinely
washed at 65 JC but in some experiments the wash¬
ing temperature was systematically varied. The
washing solution was 0-04 m sodium phosphate,
lm.M EDTA and 1% (w/v) SDS, giving several
rinses and two 30-min washes. Autoradiography
with exposure for up to 4 days was at — 70°C using
Cronex intensifying screens (Dupont Ltd,
Stevenage, Herts, U.K.) and Kodak XAR-5 film.

RNA probes

Probes 'AE', 'EF' and 'F' corresponding to discrete
regions of the mouse oestrogen receptor gene (White
et al. 1987) (Fig. 1) were synthesized and labelled
with [a32P]GTP by SP6 RNA polymerase transcrip¬
tion (Melton, Krieg, Rebagliati et al. 1984) using
cDNA inserts in pMORlOl and pMOR107 as tem¬
plates. To obtain pMORlOl, an Eco RI fragment of
l-9kb which contains the entire open reading frame
of the mouse oestrogen receptor was isolated from
pJ3MOR (White et al. 1987) and subcloned into the
Eco RI site of pSP64 to produce pMORlOl. Restric¬
tion of this vector with Bgl II allows the synthesis of
probe EF corresponding to nucleotides 1470-2062
which encode the C-terminal half of domain E

(steroid-binding) and all of domain F. Restriction of
pMORlOl with Pvu II generates probe F corre¬
sponding to nucleotides 1903-2062 which encode all
of domain F. pMOR107 was obtained from
pMORlOl by deleting the Bam HI-Bglll fragment
containing the 3' end of the oestrogen receptor
cDNA. Restriction of this vector with Eco RI gen¬
erates probe AE corresponding to nucleotides
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177-1470 which encode domains A, B, C (DNA-
binding), D and the N-terminal half of domain E.

RESULTS

Expression of oestrogen receptor mRNA and
related RNA

DNA- Steroid-
binding binding
domain domain

|a| b i c i d i e |f i
1 37 183 266 305 556 599 aCld

191 303 740 990 1103 1364 1987 nucleotide

177 1470

figure 1. Diagrammatic representation of the mouse
oestrogen receptor. The receptor has been divided into six
regions A—F, as described by Kumar et al. (1986). RNA
probes AE (hatched), EF (solid) and F (shaded) used in
this study are shown, together with their nucleotide
numbers (White et al. 1987).

Characterization of oestrogen receptor-related
RNA

To determine whether the ovarian ~15kb tran¬

script was a related but distinct RNA species from
that of oestrogen receptor mRNA, we analysed the
melting temperature of hybrids produced by using
the EF probe (Fig. 3). The autoradiographic signal
given by the ~6'5 kb oestrogen receptor mRNA was
detected at 70, 75 and 80 C with similar intensities
but not at 85 C indicating a melting temperature
(Tm) of > 80 C. The ~ 1-5 kb RNA was detected at
70°C and less well at 75°C, indicating a Tm of
~ 75 °C. Thus we conclude that the ~ 1 • 5 kb RNA is
not completely homologous with oestrogen receptor
mRNA.

12 3 12 3

— 0

18 72
Exposure (h)

figure 2. Identification of oestrogen receptor mRNA and
a related RNA in the ovary. Northern blot analysis of
total RNA (15 |ig/track) from immature MF1 mouse
tissues: track 1, spleen; track 2, uterus; track 3, ovary.
Prehybridization, hybridization with probe EF
(corresponding to the steroid-binding region of the mouse

oestrogen receptor) and washing was done at 65 °C, as
described in Materials and Methods. The autoradiograms
were exposed for 18 h (left panel) and 72 h (right panel) to
demonstrate the relative abundance of oestrogen receptor
mRNA (~6'5kb) and oestrogen receptor-related RNA
(~ 1-5 kb) whose positions are arrowed on the left-hand
side. The origin, and the 28S and 18S ribosomal RNA
(~4-5kb and 1-7 kb respectively) are shown on the right-
hand side.

We then mapped which regions of oestrogen re¬
ceptor mRNA were contained in the ~T5kb RNA
transcript. Probe F (complementary to region F of
the oestrogen receptor) detected oestrogen receptor
mRNA and gave a specific signal at ~l-5kb for
ovary but not uterus or spleen (not shown).
However, probe AE (complementary to regions A,

Journal of Molecular Endocrinology (1989) 2, 39-45

We initially screened total RNA from female sex

accessory tissues for the presence of oestrogen re¬
ceptor mRNA using probe EF corresponding to the
steroid-binding region of the mouse oestrogen re¬
ceptor (Fig. 1). The ~6-5kb oestrogen receptor
mRNA was detected in uteri and oviducts (not
shown) from immature and adult mice but was

much less abundant in ovaries (Figs 2 and 5). In ~l-5kb>-
contrast, an abundant RNA of ~ T5 kb was detected
in ovaries but was absent from uteri (Fig. 2) and
oviducts. The low abundance ~3 0kb signal detect¬
able in ovaries is present in several other tissues in¬
cluding uterus (Figs 2, 3, 5 and 6), oviduct, liver and
kidney (not shown) and was not characterized fur¬
ther in this study.
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B, C, D and a portion of E) detected only oestrogen
receptor mRNA and failed to detect the ~l-5kb
transcript (Fig. 4). From this we conclude that the
ovarian ~15kb transcript does not encode the N-
terminal or DNA-binding domains of the oestrogen
receptor.

Effects of gonadotrophic stimulation and
puberty on expression of oestrogen receptor
mRNA and oestrogen receptor-related RNA

Treatment with PMSG had no discernible effect on
the expression of oestrogen receptor mRNA or the
related 1-5 kb RNA sequence in immature mouse
ovaries. However, the ~l'5kb signal from adult

ovaries was 30—50% weaker than that from im¬
mature ovaries (Fig. 5).

Intraovarian location of oestrogen mRNA and
oestrogen receptor-related RNA
To investigate the intraovarian location of oestrogen
receptor mRNA and oestrogen receptor-related
RNA we compared total RNA from isolated granu¬
losa cells and residual ovarian tissue (Fig. 6). An
autoradiographic signal corresponding to oestrogen
receptor mRNA was faintly detectable in isolated
granulosa cells but was stronger in residual ovarian
tissue. Conversely, the ~ 15 kb signal was relatively
faint in residual ovarian tissue but enriched in iso¬
lated granulosa cells. The ~l-5kb signal was also

70 75 80 85

Temperature (°C)
figure 3. Characterization of oestrogen receptor-related RNA. Northern blot analysis of total RNA
(15 (Tg/track) from immature MF1 mouse tissues: track 1, spleen; track 2, uterus; track 3, ovary.
Prehybridization and hybridization with probe EF (corresponding to the steroid-binding region of the mouse
oestrogen receptor) were at 65 C; washing was at 70, 75, 80 and 85 C, as described in Materials and Methods.
The positions of oestrogen receptor mRNA (~ 6-5 kb) and oestrogen receptor-related RNA ( ~ P5 kb) are
arrowed on the left-hand side; the origin, and the 28S and 18S ribosomal RNA (~4-5 kb and P7 kb
respectively) are shown on the right-hand side.

Journal of Molecular Endocrinology (1989) 2, 39-45
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18S

-1-5 kb
Wf W

HP

18S

figure 4. Characterization of oestrogen receptor-related
RNA. Northern blot analysis of total RNA (15 |ig/track)
from immature MF1 mouse tissues: track 1, spleen;
track 2, uterus; track 3, ovary. Prehybridization and
hybridization with probe AE (corresponding to the N-
terminal and DNA-binding domains of the mouse
oestrogen receptor) were at 65°C with washing at 7()°C,
as described in Materials and Methods. The position of
oestrogen receptor mRNA (~ 6'5 kb) is arrowed on the
left-hand side; the origin, and the 28S and 18S ribosomal
RNA (~ 4-5 kb and 1 -7 kb respectively) are shown on the
right-hand side.

strong in total RNA obtained from granulosa cell
preparations devoid of oocytes (not shown). We
therefore conclude that the ~ T5 kb RNA transcript
is relatively abundant in granulosa cells whereas
oestrogen receptor mRNA is expressed at low abun¬
dance in a number of cell types in the ovary.

DISCUSSION

These results show that an ~6-5kb oestrogen re¬
ceptor mRNA is expressed in the ovaries but at

figure 5. Effects of gonadotrophic stimulation and
puberty on expression of oestrogen receptor mRNA and
oestrogen receptor-related RNA in mouse ovaries.
Northern blot analysis of total RNA (1 5 |tg/track): track 1,
untreated, immature MF1; track 2, PMSG-treated,
immature MF1; track 3, adult MF1; track 4, adult
C57BL; track 5, adult C57BL x CBA; track 6, uterus;
track 7, spleen. Prehybridization, hybridization with
probe EF (corresponding to the steroid-binding region of
the mouse oestrogen receptor) and washing were at 65 °C,
as described in Materials and Methods. The positions of
oestrogen receptor mRNA (~6'5 kb) and oestrogen
receptor-related RNA (~ 1 -5 kb) are arrowed on the left-
hand side; the origin, and the 28S and 18S ribosomal
RNA (~ 4-5 kb and 1 -7 kb respectively) are shown on the
right-hand side.

extremely low abundance compared with endocrine
target tissues such as uterus and oviduct. Detection
of a full-length oestrogen receptor mRNA in ovaries
is consistent with a role for oestrogen receptors in
mediating paracrine and/or autocrine actions of the
steroid (Richards, 1975). However, the presence in
granulosa cells of another far more abundant
~ T5 kb RNA species which is related to but distinct
from authentic oestrogen receptor mRNA raises the

Journal of Molecular Endocrinology (1989) 2, 39 45
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possibility that another oestrogen-binding species is
also involved.
The suggestion that a second oestrogen-binding

species might be involved in the intrafollicular action
of oestrogen is not novel. Kudolo et a!. (1984a,b)
used ligand-binding assays to show that rat granu¬
losa cell cytosol contains an oestrogen-binding
species which can be distinguished from the oestro¬
gen receptor on the basis of its inability to bind
diethylstilboestrol, lower dissociation constant for
oestradiol, lower apparent molecular weight and ab¬
sence from nuclei. This second ovarian oestrogen-
binding species was not purified or fully character¬
ized but Kudolo et al. (19846) speculated that it
might serve as a determinant of intraovarian oestro¬
gen action by regulating intracellular free steroid
concentrations, thereby 'protecting' granulosa cells
from chronic stimulation by the high steroid level
present in the Graafian follicle.
The novel ~T5kb RNA which we have dis¬

covered in granulosa cells appears to share homology
with the nucleotide sequence in mRNA encoding the
steroid-binding domain of the oestrogen receptor.
The evidence for this is that the ~ 1-5 kb transcript is

0

~6-5 kb

— 28S

~l-5kb

— 18S

detectable under high-stringency hybridization con¬
ditions with probes complementary to the 3' half of
domain E and/or all of domain F (i.e. probes EF and
F) but not with a probe complementary to the 5' half
of domain E and all other regions upstream from E
(i.e. probe AE). From this we deduce that the pro¬
tein coded for by the ~15kb granulosa cell RNA
species is unlikely to contain a specific DNA-binding
region equivalent to domain C of the oestrogen re¬

ceptor (Kumar et al. 1986; White et al. 1987). Nor is
it likely to be merely a truncated form of oestrogen
receptor mRNA since the hybrid it forms with probe
EF melts at a significantly lower temperature than
the hybrid produced with authentic oestrogen re¬
ceptor mRNA using the same probe. This implies
high but incomplete sequence homology between the
two transcripts, suggesting that they are the products
of different genes. Region E appears to be essential
for oestradiol binding because deletion mutants
throughout the region abolish steroid binding
(Kumar et al. 1986). It is not clear whether the entire
region is involved since any disruptions in receptor
structure may interfere with its ability to bind oes¬
tradiol. It is conceivable, therefore, that the protein
encoded by the oestrogen receptor-related RNA in
granulosa cells may be a steroid-binding protein
whose function may be to serve as a steroid-transport
protein or a steroidogenic enzyme.
Several proteins which bind steroids with high af¬

finity have been characterized in addition to steroid
receptors including sex hormone-binding globulin
(SF1BG), androgen-binding protein (ABP) and
corticosteroid-binding globulin. Comparisons of re¬
combinant cDNA clones indicate that human
SHBG (Hammond, Underhill, Smith et al. 1987)
and rat ABP (Joseph, Hall & French, 1987) share
77% homology in their mRNA sequences and 68%
homology in their amino acid sequences. SHBG and
ABP are probably encoded by the same gene, their
different properties being due to distinct secondary
modifications (Joseph et al. 1987). Interestingly, we

figure 6. Intraovarian location of oestrogen receptor
mRNA and oestrogen receptor-related RNA. Northern
blot analysis of total RNA (15 pg/track) from PMSG-
pretreated, immature mouse tissues: track 1, isolated
granulosa cells; track 2, residual ovarian tissue; track 3,
uterus; track 4, spleen. I'rehybridization, hybridization with
probe EF (corresponding to the steroid-binding region of
the mouse oestrogen receptor) and washing were at 65°C,
as described in Materials and Methods. The positions of
oestrogen receptor mRNA (~ 6'5 kb) and oestrogen
receptor-related RNA (~ 1 -5 kb) are arrowed on the left-
hand side; the origin, and the 28S and 18S ribosomal
RNA (~4-5 kb and l'7kb respectively) are shown on the
right-hand side.
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note that short regions of their mRNA sequences
share 70-75% homology with that of several regions
of the steroid-binding domain of the mouse oestro¬
gen receptor (White et al. 1987) which, as shown
here, is also homologous with an ~ 1-5 kb RNA tran¬
script in ovaries. It is also noteworthy that this
ovarian RNA is similar in size to rat ABP mRNA
which is ~16kb (Joseph, Hall & French, 1985).
However, whether its encoded product is related to
SHBG/ABP awaits further investigation.
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Regulation of Inhibin Subunit Gene Expression by FSH and Estradiol in Cultured Rat Granulosa Cells.
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Abstract. Roles of follicle-stimulating hormone (FSH) and sex steroids in regulating the expression of mRNA species encoding the a-, Pa- and Pb-
subunits of inhibin were studied in cultured granulosa cells from immature rat ovaries. Inhibin subunit mRNAs were detected by Northern blot analysis
of total RNA extracted from granulosa cell monolayers which had been incubated for 48 h in serum-free medium containing FSH (100 ng/ml) and/or a
steroid (10"® M): estradiol (E), testosterone (T) or 5a-dihydrotestosterone (DHT). Levels of mRNA encoding each inhibin subunit in untreated
(control) cultures were low. In cultures treated with FSH alone, levels of inhibin a-. Pa- and PB-subunit mRNA were approximately 60-fold, 70-fold and
66-fold greater than control, respectively. In cultures treated with E alone, levels of inhibin a- and PB-subunit mRNA were elevated approximately
4-fold and 2-fold, respectively, but the level of inhibin PA-subunit mRNA was not measurably affected. Treatment with T or DHT alone had no
consistent effect on the levels of any inhibin subunit mRNA. The stimulatory effects of FSH were not consistently altered by the presence of either
androgen or estrogen. These results confirm the role of FSH in regulating inhibin a-subunit gene expression and provide direct evidence that both
inhibin p-subunit genes are inducible by FSH in granulosa cells. All three inhibin subunit mRNAs followed the same pattern, suggesting that their
expression is coordinately regulated by FSH during granulosa cell differentiation.

Introduction

Two distinct forms of inhibin composed of a common
a-subunit and one of two p-subunits, Pa and Pb, have
been isolated from ovarian follicular fluid (1). The three
inhibin subunits are encoded by separate genes whose
expression in granulosa cells is developmentally
regulated, and therefore likely to be under gonadotropic
control (2, 3). Direct evidence exists that expression of
the inhibin a-subunit gene is controlled by FSH (4) but
there are no equivalent data regarding the control of
Pa- and pB-subunit gene expression. Here, we present
direct evidence for coordinate regulation of inhibin a-,

Pa- and pB-subunit mRNA expression by FSH in primary
rat granulosa cell cultures. We also show that the a- and
PB-subunit genes are inducible by estradiol.

Materials and Methods

Female 21-day old Sprague-Dawley rats received a
10-mm silastic capsule containing diethylstilbestrol
placed subcutaneously to stimulate granulosa cell
proliferation. Five days later they were sacrificed by
cervical dislocation, the ovaries removed, and granulosa
cells from preantral-early antral follicles were harvested
in culture medium. The medium was Medium 199

containing 25 mM HEPES buffer, extra (2 mM)
L-glutamine, penicillin (50 lU/ml) and streptomycin (50
mg/ml) (all from Gibco Ltd, Paisley, UK) with 0.1%
(wt/vol) bovine serum albumin (BSA; ICN Biomedicals,
High Wycombe, Bucks, UK). Multiwell plastic
dishes (Linbro Space Savers, Flow Laboratories,
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Rickmansworth, Herts, UK) were precoated with donor
calf serum (Gibco) and washed with Dulbecco's
phosphate buffered saline before use (5). The culture
wells were inoculated with replicate 250 pi portions of
cell suspension containing approximately 2x105 live
granulosa cells (viability >40% determined by trypan blue
exclusion). Human FSH (LER/8-116, 100 ng/ml;
ref 6) and/or 10"® M steroid (testosterone [T],
5a-dihydrotestosterone [DHT] or estradiol [E], all from
Sigma Chemical Co, Poole, Dorset, UK) were previously
added to give a final incubation volume of 500 pi. The
cultures were incubated at 37 C in a humidified incubator

gassed with 95% air/5% CO2. After 48 h, the medium was
removed and the culture dishes were placed on ice. The
cell monolayers were lysed with a solution (300 pi)
containing 4 M guanidium thiocyanate, 24 mM sodium
citrate, 0.5% (wt/vol) sarcosyl and 0.1 M
P-mercaptoethanol. Lysates were pooled from all wells
receiving the same treatment (n=8-16) and total RNA was
extracted with phenol-chloroform (7). 5pg of total RNA
from cells receiving each treatment were separated by
electrophoresis in 1.5% agarose gels containing 2.2 M
formaldehyde. RNA molecular weight standards (Gibco)
were run alongside samples on each gel and ethidium
bromide staining was used to check the uniformity of
sample loading (Fig. 1). RNA was transferred onto nylon
membranes (Hybond-N, Amersham International pic,
Aylesbury, Bucks, UK) in 20 x SSC, by capillary blotting.
cDNA probes to the a-, Pa- and PB-subunits of rat inhibin
(clones a7, Pa30 and Pb1 1, ref 8) were labelled with 32P
by random priming (Multiprime kit, Amersham).
Prehybridization, hybridization and washing were all
carried out at 65 C. Blots were prehybridized for 1-2 h in
0.2 M sodium phosphate (pH 7.2), 1 mM EDTA, 1%
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18s

Flg.1. Ethidium bromide stained 18s ribosomal RNA bands,
demonstrating uniform gel loading with total RNA. The same gel was
used to generate the Northern blots shown in Fig. 2

(wt/vol) BSA, 7% (wt/vol) sodium dodecyl sulphate (SDS)
and 15% (vol/vol) formamide, then hybridized overnight
in the same buffer containing approximately 5 x 105
cpm/ml of probe. The membranes were then washed for
at least 1 h in 40 mM sodium phosphate (pH 7.2), 1 mM
EDTA and 1% (wt/vol) SDS with several changes of
washing solution, and exposed to Kodak XAR-5 film for
1-10 days at -70 C using an intensifying screen.
Autoradiographic signals were quantified by scanning
densitometry.

Results

Northern blots from a representative experiment carried
out on seven separate occasions are shown in Fig. 2.
Levels of the mRNA species encoding each inhibin
subunit were low or undetectable in untreated control
cultures. Four inhibin subunit mRNA transcripts were
readily detected in FSH-treated cultures: one a-subunit
mRNA (~1.7 kb), one pA-subunit mRNA (-.6.5 kb), and two
pB-subunit mRNA species (-4.4 kb and -3.3 kb). Of the

two pB-subunit transcripts, the larger was the more
abundant, in agreement with previously reported findings
(8, 9, 10). Treatment with FSH alone stimulated the
a-, Pa- and PB-subunit mRNA levels on average 60
(range 5-258), 70 (9-242) and 66 (12-187) fold
respectively, relative to control. Treatment with E alone
increased the a- and PB-subunit mRNA levels 4(2-10)
and 7 (2-25) fold relative to control but had no discernible
effect on the pA-subunit mRNA level. Treatment with T or
DHT alone had no consistent effect on the expression of
any subunit mRNA relative to control. When combined
with FSH, neither androgen nor estrogen consistently
altered the response relative to FSH alone.

Discussion

These results show that expression of inhbin a-, Pa- and
pA-subunit mRNAs in rat granulosa cells is under direct
control by FSH. The a-subunit data confirm previous
evidence that this mRNA is directly inducible by FSH
during granulosa cell differentiation in vitro (4) and
in vivo (11). However, the p-subunit data are novel,
showing that both Pa- and pB-subunit mRNAs are also
directly inducible by FSH in vitro.

The demonstration that granulosa cell inhibin Pa- and Pb-
subunit mRNAs are inducible by FSH points to a major
intersexual difference in the hormonal control of gonadal
inhibin production. Sertoli cells, the testicular homologs
of granulosa cells, also express inhibin a, Pa- and Pb-
subunit mRNAs (8, 9, 10, 12). However, whereas both
granulosa and Sertoli cell a-subunit mRNA production

Fig.2. Northern blot analysis of inhibin subunit
mRNAs in rat granulosa cells. The cells were
cultured for 48 h with or without 100 ng/ml human
FSH, in the presence or absence of 10"6 M steroid:
testosterone (T), 5a-dihydrotestosterone (DHT) or
estradiol (E). Total RNA (5 pg) from cells receiving
each treatment was separated by electrophoresis
on an agarose-formaldehyde gel and transferred to

9,5 a nylon membrane, which was sequentially
75—" if hybridised with each 32P-labelled rat inhibin subunit

cDNA probe: left panel, a-subunit; centre panel,
PA-subunit; right panel, PB-subunit.
Key: 1, control; 2, E alone ; 3, DHT alone ; 4, FSH
alone ; 5, FSH plus E ; 6, FSH plus DHT.
Numbers on the left denote approximate molecular
weights (kb).
The lowest molecular weight species in the right-
hand panel is residual inhibin a-subunit probe
which was incompletely stripped from the
membrane before reprobing.
Exposure times were: left panel, 30 h; centre
panel, 8 d; right panel, 10 d. These data are
representative of the results obtained from seven
individual experiments.

4.4"

2.4"

1.4"
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is stimulated directly by FSH, the production of Pa- and
PA-subunit mRNAs by Sertoli cells is unresponsive to
FSH in vivo and in vitro (10, 12, 13). Thus FSH appears
to cause differential expression of inhibin subunit mRNAs
in Sertoli cells, whereas it effects coordinate induction of
inhibin subunit mRNAs in granulosa cells.

Rapid changes in the expression of all three inhibin
subunit mRNAs occur in granulosa cells throughout the
rat estrous cycle (2). Our results suggest that differential
expression of Pa- and Pb- subunit mRNA could involve
the action of intrafollicular estrogen. Inhibin production,
like other FSH-inducible granulosa cell functions, is
augmented by the presence of sex steroids in vitro (14,
15), consistent with paracrine regulatory functions for
follicular steroids in vivo . In a rat granulosa cell culture
system similar to that used here, FSH-induced inhibin
(measured by RIA directed against the N-terminal
sequence of the porcine inhibin a-subunit) was
increased by androstenedione and estradiol whereas
neither steroid was effective in the absence of FSH (14,
15). Here, we observed direct induction of a- and (3b-
subunit mRNAs by estradiol in the absence of FSH, with
no consistent interaction between FSH and the estrogen.
This could be a mechanism for determining which
dimeric forms of inhibin and activin, and which free
subunits predominate at different stages of follicular
development.

The intraovarian functions of the various forms of inhibin,
activin and free subunits present in follicular fluid are still
unclear (16, 17, 18). However, this study suggests that
the genes which encode all three subunits are under
primary endrocrine control by FSH. A secondary
paracrine level of control, mediated by estrogen, is also
implied. It remains to be seen whether other follicular
factors which influence inhibin production (14, 19) do so

by affecting inhibin subunit gene expression directly.
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ABSTRACT

In-vitro data from experiments on rats implicate
granulosa cells as primary sites of hormone-dependent
ovarian inhibin biosynthesis, but no equivalent data
exist for primates. We have used the common marmo¬
set (Callithrix jacchus) to investigate inhibin biosyn¬
thesis in primate granulosa cells in vitro and to
determine its relationship to preovulatory follicular
development. To relate the production of immuno-
active inhibin to follicular maturity, we studied
primary granulosa cell cultures from follicles at
progressive stages of preovulatory development.
Granulosa cells from 'large' (>2 0 mm diameter) fol¬
licles expressed high rates of inhibin production and
steroidogenesis (progesterone), and were positively
regulated by human (h)LH in vitro. Less mature
granulosa cells from 'medium' (11-1-9 mm) and
'small' (< 10 mm) follicles expressed proportionately
lower rates of inhibin production and steroidogenesis,
but each parameter was stimulated in a dose- and

time-dependent manner by hFSH in vitro. The stimu¬
latory action of hFSH on immunoactive inhibin was
augmented by the presence of testosterone or oestra-
diol; testosterone (but not oestradiol) also augmented
the steroidogenic response to hFSH. Marmoset luteal
tissue also produced inhibin in vitro and expressed an
—1-5 kb inhibin a-subunit mRNA, confirming the
corpus luteum as a source of ovarian inhibin in
primates.
These results provide direct experimental evidence

that primate granulosa cells produce inhibin. They
suggest that production of inhibin by immature
granulosa cells is initially induced by FSH and subject
to modulation by follicular steroids. During advanced
preovulatory development, granulosa cell inhibin pro¬
duction becomes directly responsive to LH, thereby
indicating a role for LH in the control of peri- and
postovulatory inhibin secretion by the primate ovary.
Journal ofEndocrinology (1989) 123, 65-73

INTRODUCTION

Gonadal inhibin and related proteins are implicated
as endocrine and paracrine regulators in the repro¬
ductive system (de Jong, 1988; Ying, 1988). Inhibin
a- and |3-subunit genes are expressed in the human
ovary (Mason, Niall & Seeburg, 1986; Davis,
McLachlan & Burger, 1987), but endocrine mechan¬
isms regulating the biosynthesis and secretion of
the inhibin molecule(s) during follicular and luteal
development in primates have not been defined. To
date, rats (Bicsak, Tucker, Cappel et al. 1986; Davis,
Dench, Nikolaidis et al. 1986; Cuevas, Ying, Ling et
al. 1987; Woodruff, D'Agostino, Schwartz & Mayo,
1988; Zhang, Lee, Carson & Burger, 1988) and
domestic animal species (Henderson & Franchimont,

1983; Rodgers, Stuchbery & Findlay, 1989) have been
studied to elucidate the hormonal control of inhibin
production in vitro. The work with rat granulosa
cell cultures has shown that inhibin production is
stimulated by follicle-stimulating hormone (FSH) and
modulated by follicular steroids, becoming directly
responsible to luteinizing hormone (LH) during
advanced stages of preovulatory development (Bicsak
et al. 1986; Suzuki, Miyamoto, Hasegawa et al. 1987;
Bicsak, Cajander, Vale & Hsueh, 1988). However, it
remains to be established whether a similar mode of
hormone-dependent biosynthesis of inhibin operates
in primates.
Previously, we validated primary granulosa cell

cultures from common marmoset (Callithrix jacchus)
ovaries as a model for experimental studies of primate

Journal ofEndocrinology (1989) 123, 65-73 © 1989 Journal of Endocrinology Ltd Printed in Great Britain
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granulosa cell function in vitro (Harlow, Hillier &
Hodges, 1986; Harlow, Shaw, Hillier & Hodges, 1988;
Hillier, Harlow, Shaw et al. 1988). Using this model,
the aim of the present study was to obtain experimen¬
tal evidence for the hormone-dependent production of
inhibin, and to establish the relationship between
granulosa cell inhibin production and steroidogene¬
sis during preovulatory follicular development in
primates.

MATERIALS AND METHODS

Animals

Adult female marmosets were from the breeding
colony maintained at the MRC Reproductive Biology
Unit Primate Centre in Edinburgh (Table 1). Four
animals were in the luteal phase of the ovarian cycle at
the time of oophorectomy, based upon the presence
of at least two recently formed corpora lutea. One
animal was in the late follicular phase of the cycle
based upon the presence of two large (3-5 and
4-5 mm diameter) follicles, each of which contained
an expanded cumulus-oocyte complex. Accurately
staged follicular phase tissue was obtained from two
other animals by inducing luteal regression with a
single i.m. injection of 0-5 pg synthetic prostaglandin
F,a analogue (Estrumate; ICI, Macclesfield, Cheshire,
U.K.) given on day 14 of the previous luteal phase
(assessed by daily serum progesterone assay): oophor¬
ectomy was carried out during the subsequent late
follicular phase, 8 or 9 days later (Summers, Wennink
& Hodges, 1985).

Oophorectomy and tissue isolation
Both ovaries were removed under general anaesthesia
and transported to the laboratory in ice-cold cul¬
ture medium (Medium 199 containing Earle's salts,
25 mmol Hepes buffer/1, 50IU penicillin/ml. 50 pg

streptomycin/ml, 01% (w/v) bovine serum albumin
(BSA) and extra (2 mmol/1) L-glutamine (Gibco Ltd,
Paisley, Strathclyde, U.K.)). Corpora lutea and all
follicles >0-5 mm diameter were dissected free from
the ovarian stroma using a zoom stereomicroscope
fitted with an ocular micrometer for visualization.
Follicles were grouped according to diameter as
small (<10mm), medium (1-1-1-9mm) or large
(>2 0 mm), as described previously (Harlow et al.
1988). Granulosa cells from each size category of
follicle were harvested and pooled as suspensions in
culture medium. No attempt was made to distinguish
atretic and non-atretic follicles; cell viability, checked
by trypan blue dye exclusion, was >50%. Luteal tis¬
sue was either snap frozen at — 70 °C for subsequent
extraction of RNA or placed in culture medium and
chopped into approximately 1 mm cubes for incu¬
bation in vitro. Small follicles from marmoset ovaries
were also snap frozen for RNA extraction.

RNA extraction and Northern analysis of inhibin
a-subunit mRNA

Total RNA for Northern analysis of inhibin a-sub-
unit mRNA was obtained from marmoset corpora
lutea and small follicles by acid guanidium thiocya-
nate-phenol-chloroform extraction (Chomczynski &
Sacchi, 1987). Rat total ovarian RNA was obtained
in the same way and used as a positive control. The
rats had been treated with ovine (o)FSH (20 pg
NIADDK-oFSH-17 in 100 pi saline, injected s.c. 48,
36, 24 and 12 h before oophorectomy) to stimulate
preovulatory follicular development and the expres¬
sion of granulosa cell inhibin a-subunit mRNA
(Woodruff et al. 1988). RNA (5 or 10 pg) was size-
fractionated by electrophoresis in a 1-5% (w/v)
agarose gel containing 2-2 mol formaldehyde/1; ethi-
dium bromide staining was used to check for the
presence of non-degraded 28S and 18S ribosomal
RNA. After blotting onto a nylon filter (Hybond-N;
Amersham International, Amersham, Bucks, U.K.)

table 1. Follicular and luteal tissues dissected from cyclic marmoset ovaries

No. of follicles

Diameter Diameter Diameter
Phase ofovarian cycle No. of corpora lutea 0-5-1 0 mm 1-1-1 -9 mm >2-0 mm

Animal no.
327R Luteal 2 45 22 0
341R Luteal 3 140 0 0
266R Luteal 2 62 7 0
372R Luteal 4 126 0 0
280R Late-follicular* 0 108 1 2
381R Late-follicularf 0 225 9 2
383R Late-follicularf 0 78 3 2

•Expanded cumulus-oocyte mass recovered from each > 2-0 mm follicle; tday 8 after the induction of luteolysis with prostaglandin F2a
(PGF,a) analogue; +day 9 after the induction of luteolysis with PGF2a analogue.

Journal ofEndocrinology (1989) 123, 65-73
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in 20 x SSC buffer (3 mol sodium chloride/1 and
0-3 mol sodium citrate/1; pH 7-0), the RNA was cova-
lently cross-linked to the filter by UV irradiation
(Church & Gilbert, 1984). The prehydridization/
hybridization buffer was 0-2 mol sodium phosphate/1
(pH 7-2), 1 mmol EDTA/1, 1% (w/v) BSA, 7% (w/v)
sodium dodecylsulphate (SDS) and 15% (v/v) forma-
mide. Prehybridization was carried out for a mini¬
mum of 30 min at 65 °C; hybridization was carried out
for 24 h at 65 °C with a nick-translated full-length rat
inhibin cDNA probe (clone a7: Esch, Shimasaki,
Cooksey et al. 1987) present at a concentration of
~0-3 x 106 d.p.m./ml. The filter was washed at 65 °C
in 0 04 mol sodium phosphate/1, 1 mmol EDTA/1 and
1% (w/v) SDS, with several rinses and two 30-min
washes. Autoradiography with exposure for 5 days
was at — 70 °C using intensifying screens and Kodak
XAR-5 film.

Tissue culture

Multiwell plastic dishes (Linbro; Flow Laboratories,
Rickmansworth, Herts, U.K.) were precoated with
donor calf serum (Gibco) and washed with Dulbecco's
phosphate-buffered saline before use (Hillier & de
Zwart, 1982). Culture wells were inoculated with rep¬
licate 250 pi portions of a cell suspension containing
approximately 1-5 x 104 live granulosa cells. Gonado-
trophin and/or follicular steroid (Sigma Chemical
Co., Poole, Dorset, U.K.) was previously added in
culture medium to give a final incubation volume of
500 pi. The gonadotrophin preparations were human
(h)FSH (LER-8/116) (Reichert, 1967) or hLH (LER-
1972) used at 10 and lOng/ml; steroids were used at
OT or 1-Opmol/l. All treatments were in triplicate.
Granulosa cell cultures were incubated at 37 °C in a

humidified tissue culture incubator gassed with a 95%
air/5% C02 mixture. Incubation was for 96 h with a
change of medium at 48 h. Medium collected at each
time-point was stored frozen at —20 °C until analysis
of inhibin and progesterone content. Chopped luteal
tissue (approximately lOmg/culture well) was incu¬
bated under the same conditions for 24 h to provide
medium for validation of the inhibin radioimmunoas¬
say (see below).

Inhibin radioimmunoassay
Immunoactive inhibin levels in culture medium were

determined using a previously described radio¬
immunoassay which is based on the N-terminal 1-26
amino acid sequence of the a-chain of porcine 32 kDa
inhibin (pla(l—26)) (Rivier, Spiess, McClintock et al.
1985; Sharpe, Swanston, Cooper et al. 1988). The
immunogen, tracer and standard for the assay was
pIa(l-26)-Gly27-Tyr28, synthesized and provided by

Dr J. Rivier (Rivier et al. 1985). The assay was vali¬
dated using medium from luteal tissue incubates, since
inhibin levels produced by cultured granulosa cells are
usually too low to generate dilution curves spanning
the full range of the standard curve. Luteal tissue
produced up to 400 fmol inhibin/mg tissue per 24 h
during incubation in vitro, and serial dilutions of the
incubation medium gave displacement curves which
paralleled that of unlabelled pIa(l-26). The sensitivity
of the assay (90% B/B0) was approximately 0-3 fmol
pIa(l-26). Tnhibin' values in culture medium were
presumed to reflect total (native plus free a-subunit)
inhibin immunoactivity and are expressed as fmol
pIa(l-26) standard. Intra- and interassay coefficients
of variation were 5-4 and 11-7% respectively.

Progesterone radioimmunoassay
The progesterone radioimmunoassay was carried out
on unextracted culture medium, as described pre¬
viously (Hillier, Knazek & Ross, 1977). The intra- and
interassay coefficients of variation were 5-2 and 16-8%
respectively.

Statistics

Experimental results were analysed by analysis of
variance and Neuman-KeuPs test or Student's /-test.
Differences with P<005 were accepted as statistically
significant.

RESULTS

Relationship between granulosa cell inhibin production,
steroidogenesis and preovulatory follicular
development
Granulosa cells from small follicles produced minimal
amounts of immunoactive inhibin and progesterone
during culture in the absence of gonadotrophin. How¬
ever, inhibin production increased progressively with
follicular size, paralleling the preovulatory increase in
granulosa cell progesterone production (Fig. 1).

Production of inhibin and progesterone by granulosa
cells from small follicles: induction by hFSH and
modulation by follicular steroids
Human FSH-responsive inhibin production by
immature granulosa cells was characterized using
small luteal-phase follicles (Fig. 2a). Inhibin levels in
medium collected from control cultures were at or
below the sensitivity of the assay. However, treat¬
ment with hFSH (10 and lOng/ml) caused dose-
related increases in inhibin production. Testosterone
(10pmol/l) alone had no effect on inhibin pro¬
duction, but marked synergism (PcOOl) occurred

Journal ofEndocrinology (1989) 123, 65-73
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figure I. Relationship between preovulatory follicular
development and the production of (a) inhibin and (b) pro¬
gesterone by marmoset granulosa cells in vitro. Granulosa
cells were harvested from the follicles in each size category
and cultured for 96 h with a change ofmedium at 48 h.
Accumulation of inhibin and progesterone in the culture
medium between 0 and 48 h (stippled bars) and between 49
and 96 h (hatched bars) was determined by radioimmuno¬
assay. Values are means ± s.e.m. (n = 3) from an experiment
conducted on paired ovaries from an animal oophorecto-
mized during the late follicular phase of the ovarian cycle.

between the androgen and low doses of hFSH.
Progesterone responses to hFSH and testosterone fol¬
lowed a similar pattern (Fig. 2b). hLH (1-0-10 ng/ml)
did not significantly affect inhibin production either in
the presence or absence of testosterone. hLH also had
no effect on progesterone production in the absence
of testosterone. However, in the presence of tes¬
tosterone, hLH caused a dose-related increase in
progesterone production (P<001) with no effect on
inhibin.
The time-course of hFSH action on the production

of inhibin and progesterone by granulosa cells from
small luteal-phase follicles is illustrated in Fig. 3.
Responses of inhibin to hFSH (10 ng/ml) with and
without testosterone were eight to ten times higher at
96 than at 48 h (Fig. 3a). Synergism between hFSH
and testosterone was evident at both time-points. Pro¬
gesterone production over the same period followed a
similar pattern (Fig. 3b).

3-

2-

1-

(«)

I T

V:

X

I
-M

o

B
a.

16 i

12-

8-

2 4 -

(b)

X

0 FSH(l) FSH(IO) LH(1) LH(10)

Gonadotrophin (ng/ml)
figure 2. Interactions between gonadotrophins and testos¬
terone on (a) inhibin and (b) progesterone production by
granulosa cells from immature follicles in marmoset ovaries.
Granulosa cells pooled from small (< 1 mm diameter) fol¬
licles were cultured for 96 h with a change ofmedium at
48 h. The culture medium contained no gonadotrophin (0),
human (h)FSH or hLH (1 and 10 ng/ml), with (hatched
bars) or without (stippled bars) 1 gmol testosterone/1.
Accumulation of inhibin and progesterone in the culture
medium was determined by radioimmunoassay. Composite
data are given (means + s.e.m.) for the 49- to 96-h period of
culture from separate experiments conducted on each pair of
ovaries from four animals oophorectomized during the
luteal phase of the ovarian cycle. *P<0-01 compared with
corresponding treatment without testosterone (analysis of
variance and Neuman-Keuls test).

Granulosa cells from small follicular-phase follicles
showed patterns of inhibin production and steroido¬
genesis which were qualitatively and quantitatively
similar to those of cells from small luteal-phase fol¬
licles, confirming the inductive effects of hFSH and
androgen (in three out of three experiments; data not
shown).
Oestradiol (1-Opmol/l) also synergized with hFSH

(1-0 ng/ml) to augment inhibin production by granu¬
losa cells from immature follicles by about threefold
relative to hFSH alone (/><0-01 in two out of two
experiments). However, there was no synergism
between hFSH and oestradiol on progesterone
production (Fig. 4).
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figure 3. Time-course of human (h)FSH-induced produc¬
tion of (a) inhibin and (b) progesterone by granulosa cells
from immature follicles in marmoset ovaries. Granulosa
cells pooled from small (< 1 mm diameter) follicles were cul¬
tured for 96 h with a change ofmedium at 48 h. The medium
contained no hormone (control), 1 pmol testosterone/1 (T),
hFSH (10 ng/ml) or hFSH + testosterone (T), as indicated.
Accumulation of inhibin and progesterone in the culture
medium between 0 and 48 h (stippled bars) and between 49
and 96 h (hatched bars) was determined by radioimmuno¬
assay. Values are means + s.e.m. (n = 3) from an experiment
conducted on paired ovaries from an animal oophorecto-
mized during the luteal phase of the ovarian cycle. *P<001
compared with the control value for the corresponding
period of culture (analysis of variance and Neuman-Keuls
test).

Production of inhibin and progesterone by granulosa
cells from medium-sized follicles

Production of inhibin and progesterone by cultured
granulosa cells from medium-sized follicles was also
stimulated in a dose-dependent manner by hFSH (in
three out of three experiments; data not shown).
There was also synergism between testosterone and
low doses of hFSH on both parameters. hLH (10 ng/
ml) had no significant effect on inhibin production,
but it increased (P<001) progesterone production by
about sevenfold (mean response from three exper¬
iments; not shown), and this result was unaltered by
the presence of testosterone.

l-5-i

Control OE2 FSH FSH+OE2
Hormone treatment

figure 4. Effect ofoestradiol (OE,) on human (h)FSH-
induced (a) inhibin and (b) progesterone production by
granulosa cells from immature follicles in marmoset ovaries.
Granulosa cells pooled from small (< 1 mm diameter) fol¬
licles were cultured for 96 h with a change ofmedium at
48 h. The culture medium contained no gonadotrophin
(control) or hFSH (1 ng/ml), with or without 1 gmol OE2/l,
as indicated. Inhibin and progesterone accumulation in the
culture medium was determined by radioimmunoassay.
Values for the 49-96 h period ofculture are given as
means + s.e.m. (n = 3) from an experiment conducted on
paired ovaries from an animal oophorectomized during the
late follicular phase of the ovarian cycle. *P<001
compared with hFSH alone (analysis of variance and
Neuman-Keuls test).

Production of inhibin and progesterone by granulosa
cells from large follicles: expression of LH
responsiveness
Granulosa cells from large, preovulatory follicles
obtained during the late follicular phase had con¬
sistently high production rates of inhibin and
progesterone. In three out of three experiments these
production rates were further increased by hLH (Fig.
5a). The dose-response patterns for hLH are illus¬
trated in Fig. 6. Production of progesterone, but not
inhibin, was stimulated by hFSH (10 ng/ml). Testos¬
terone had no consistent effect on inhibin production
in the presence or absence of either gonadotrophin.
The androgen had minimal effects on steroidogenesis,
but it blunted (PcO-05) the progesterone response to
high doses of hFSH (Fig. 5b).

(a)
(«)

m
FSH FSH+T
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figure 5. Expression of human (h)LH-responsive produc¬
tion of (a) inhibin and (b) progesterone by granulosa cells
from preovulatory follicles in marmoset ovaries. Granulosa
cells were pooled from two large follicles > 2 mm diameter
and cultured for 96 h with a change of medium at 48 h. The
culture medium contained no hormone (control), hFSH
(10 ng/ml) or hLH (10 ng/ml), with or without 1 pmol
testosterone (T)/l, as indicated. Accumulation of inhibin
and progesterone in the culture medium between 0 and 48 h
(stippled bars) and between 49 and 96 h (hatched bars) was
determined by radioimmunoassay. Values are given as
means ± s.e.m. (n = 3) from an experiment conducted on
paired ovaries from an animal oophorectomized during the
late follicular phase of the ovarian cycle. *P< 0 05,
**/><0-01 compared with the control value (analysis of
variance and Neuman-Keuls test).

Northern analysis of marmoset inhibin a-subunit
mRNA

An approximately 1 • 5 kb sized inhibin a-subunit
transcript was expressed in high abundance in mar¬
moset total luteal RNA (Fig. 7). This is slightly
smaller than rat inhibin a-subunit mRNA (Woodruff,
Meunier, Jones et al. 1987), and is similar to the
~L6kb inhibin mRNA which is present in the
human corpus luteum (Davis et al. 1987). No inhibin
a-subunit signal was detectable in total RNA from
small follicles; RNA from intermediate or large
follicles was unavailable for analysis.
Journal ofEndocrinology (1989) 123, 65-73

DISCUSSION

These results provide direct evidence that primate
granulosa cells are sites of hormone-dependent
inhibin production. Previous knowledge on the con¬
trol of granulosa cell inhibin formation was confined
largely to rats (Bicsak et al. 1986, 1988; Davis et al.
1986; Suzuki et al. 1987; Woodruff et al. 1987; Zhang
et al. 1988). However, the present study has unique
relevance to human and non-human primate ovarian
function, capitalizing on: (1) the approximately 28-
day-long marmoset ovarian cycle in which two to four
follicles ovulate, giving ready access to follicular and
luteal tissues suitable for systematic study in vitro;
(2) the high responsiveness ofmarmoset granulosa cell
cultures to human gonadotrophins; (3) the develop¬
ment of an inhibin radioimmunoassay which cross-
reacts with marmoset inhibin; and (4) the cloning of a
rat inhibin a-subunit cDNA which cross-hybridizes
with marmoset inhibin a-subunit mRNA.
The evidence that hFSH induces inhibin a-chain

production by marmoset granulosa cells suggests that
the mechanisms of ovarian inhibin biosynthesis in
primates and non-primates are similar. In both cases
the a- and (3-chains of inhibin are encoded by separate
genes (Mason, Hayflick, Ling et al. 1985; Forage,
Ring, Brown et al. 1986; Esch et al. 1987; Woodruff et
al. 1987), and each subunit is thought to be released
through proteolytic processing of a larger precursor
(Mason et al. 1985; Mayo, Cerelli, Spiess et al.
1986). In rodent gonadal cell systems, induction of
the inhibin a-subunit gene by FSH is a rate-limiting
step in inhibin biosynthesis (Toebosch, Robertson,
Trapman et al. 1988). The inhibin radioimmunoassay
used here was directed against the N-terminal
sequence of the porcine inhibin a-subunit, and would
be expected to detect free inhibin a-subunit as well as
dimeric forms of inhibin containing the a-subunit
(Bicsak et al. 1988; Sharpe et al. 1988). However,
free inhibin subunits, related peptide fragments and
mature dimeric forms of inhibin have all been ident¬
ified in ovarian follicular fluid (Ling, Ying, Ueno et al.
1985; Miyamoto, Hasegawa, Fukuda et al. 1985;
Robertson, Foulds, Leversha et al. 1985; Ling, Ying,
Ueno et al. 1986; Tsonis & Sharpe, 1986), and are
likely to be produced in varying amounts by granu¬
losa cells in vitro (Vale, Rivier, Vaughan et al. 1986;
Bicsak et al. 1988). Therefore, it remains to be deter¬
mined precisely which molecular form(s) of inhibin is
under the control of FSH in marmoset granulosa
cells, and whether free inhibin a-subunit is produced
as well as native inhibin.
These results provide new evidence for regulatory

steroid action in the primate ovary. Testosterone and
oestradiol at concentrations similar to those present in
primate follicular fluid (0T-T0 pmol/1) augmented
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figure 6. Dose-responsive stimulation by human (h)LH of (a) inhibin and
(b) progesterone production by granulosa cells from preovulatory follicles in
marmoset ovaries. Granulosa cells were pooled from two large follicles
> 2 mm diameter and cultured for 96 h with a change of medium at 48 h.
The culture medium contained no hormone (0) or hLH (LH) at 1 orlOng/
ml as indicated. Inhibin and progesterone accumulation in the culture
medium was determined by radioimmunoassay. Values for the 49-96 h
period ofculture are given as means ± s.e.m. (n = 3) from an experiment
conducted on paired ovaries from an animal oophorectomized during the
late follicular phase of the ovarian cycle. */><0-01 compared with the
control value (analysis of variance and Neuman-Keuls test).

the hFSH-induced production of inhibin by granulosa
cells from immature follicles, effectively increasing
cellular sensitivity to the gonadotrophin. Similar
effects of androgens or oestrogens on FSH-responsive
production of inhibin have been observed using
bovine (Henderson & Franchimont, 1981, 1983) and
rat granulosa cells (Bicsak et al. 1986; Suzuki et al.
1987), suggesting that steroidal modulation of inhibin
biosynthesis is of general relevance to mammalian
granulosa cell function. Testosterone also augments
induction by hFSH of aromatase activity and pro¬
gesterone biosynthesis in marmoset granulosa cell
cultures (Harlow et al. 1986; and confirmed here).
The effect of testosterone on steroidogenesis appears
to be androgen specific since it is mimicked by 5a-
dihydrotestosterone but not oestradiol (Harlow et al.
1986). However, it is not clear from the present data
whether testosterone acts on the production of
inhibin directly as an androgen or indirectly through
aromatization to oestrogen, since the effect of a non-
aromatizable androgen was not tested. Interestingly,
testosterone augmented the production of both
inhibin and progesterone in response to stimulation
by hFSH, whereas oestradiol only increased the pro¬
duction of inhibin. This raises the question of whether
oestrogen might exert a selective effect on the produc¬
tion of inhibin by primate granulosa cells, and studies
to check this possibility are currently in progress.
Identification of luteinizing granulosa cells as sites

of LH-responsive inhibin production complements

previous evidence for LH-responsive production of
inhibin bioactivity by human granulosa-lutein cells
in vitro (Tsonis, Hillier & Baird, 1987). Additionally,
the finding that the marmoset corpus luteum expresses
a highly abundant inhibin mRNA confirms the non-
human primate corpus luteum as a site of inhibin
a-subunit gene expression, similar to the human cor¬
pus luteum (Davis et al. 1987). The lack of detectable
inhibin a-subunit mRNA in total RNA from small
marmoset follicles agrees with the low or unmeasur-
able level of inhibin produced by immature granulosa
cells cultured in the absence of hFSH. This develop¬
ment-related pattern of inhibin gene expression is
similar to that reported for the rat ovary (Woodruff et
al. 1988), but contrasts with the situation in cows and
sheep where inhibin mRNAs were detectable in antral
follicles, but not in corpora lutea (Rodgers et al.
1989). Detailed comparative data on patterns of
inhibin gene expression in relation to defined stages of
follicular development and luteinization are needed to
determine whether such interspecies differences are
functionally significant.
In summary, this study shows that primate and

non-primate granulosa cells share certain similarities
with respect to hormone-dependent inhibin produc¬
tion: (1) inhibin production increases co-ordinately
with steroidogenesis during preovulatory follicular
development in vivo; (2) treatment of immature
granulosa cells with FSH induces equivalent increases
in inhibin production in vitro; (3) induction of inhibin
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by FSH is modulated by follicular steroids; (4) inhibin
production becomes directly responsive to LH during
advanced preovulatory development; and (5) the cor-

1 2 3 pus luteum is an active site of ovarian inhibin gene
o expression after ovulation. Continued work with the

marmoset granulosa cell model is expected to provide
further insights into the control of inhibin biosynthe¬
sis and its particular relevance to ovarian function in
women.
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=1-5 kb ■ 18S

figure 7. Northern blot analysis of ovarian inhibin a-sub-
unit RNA. Total RNA size-fractionated by electrophoresis
on a 1 -5% agarose-formaldehyde gel: track 1, marmoset
corpus luteum (10 pig); track 2, marmoset small (< 1 mm di¬
ameter) follicles (10 |ig); track 3, ovine FSH-treated imma¬
ture rat ovaries (5 pg, positive control). The probe was a
nick-translated, full-length rat inhibin a-subunit cDNA
(clone a7: Esch et al. 1987). The autoradiogram was exposed
for 5 days at —70 °C between intensifying screens. The ori¬
gin, and the 28S and 18S ribosomal RNA (~4-5 and 1 -7 kb
respectively) are arrowed on the right-hand side. The pos¬
ition ofmarmoset luteal inhibin a-subunit mRNA is
arrowed on the left-hand side.
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ABSTRACT. Factors regulating LH/hCG responsiveness in
primate granulosa cells were examined in the marmoset monkey
(Callithrix jacchus). Granulosa cells were isolated and pooled
from small antral (0.5-1.0 mm) and large preovulatory (>2 mm)
follicles from mid- to late follicular phase ovaries of cyclic
marmosets. The cells from small and large follicles were cultured
in serum-free medium for 48 h in the absence or presence of
increasing concentrations of hCG (0.1-100 ng/ml) with or with¬
out 0.1 M androgen [testosterone or 5a-dihydrotestosterone
(DHT)]. Granulosa cells from small follicles were also cultured
in the absence or presence of a constant concentration of human
FSH (30 ng/ml) with or without androgen for 48 h before
exposure to hCG for an additional 48 h. Steroidogenic respon¬
siveness was assessed by measuring progesterone accumulation
in culture medium and aromatase activity in washed monolayers.

Granulosa cells from large follicles showed dose-dependent
increases in both progesterone accumulation and aromatase

activity in response to treatment with hCG. In contrast, granu¬
losa cells from small follicles were unresponsive to hCG. How¬
ever, pretreatment of granulosa cells from small follicles for 48
h with FSH stimulated hCG responsiveness.

The effects of both testosterone and DHT on hCG-stimulated
aromatase activity and progesterone accumulation by granulosa
cells from large preovulatory follicles were inhibitory. Testoster¬
one and DHT also suppressed basal (no hCG) progesterone
accumulation in these cells, but had no effect on basal aromatase
activity. The effects of androgens on FSH-induced hCG respon¬
siveness in immature granulosa cells were variable.

The results show a development-related increase in marmoset
granulosa cell responsiveness to LH/hCG and provide evidence
that FSH and androgens interact to regulate the onset and
expression of this critical event during preovulatory follicular
development in the primate ovary. (Endocrinology 124: 1669-
1677,1989)

STUDIES on rodents have shown that the acquisitionof LH/hCG-responsive steroidogenesis by granu¬
losa cells is an integral component of preovulatory follic¬
ular development (1, 2). It has also been demonstrated
that FSH has the ability to increase the steroidogenic
responsiveness of cultured rat granulosa cells to LH/
hCG in vitro (2-4). Granulosa cell LH/hCG responsive¬
ness is believed to depend on the cellular content of LH/
hCG-binding sites; the presence of such receptors on

granulosa cells from large preovulatory follicles and their
absence on cells from small or atretic follicles support
this concept (1, 2). Furthermore, the number of LH/hCG
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receptors in ovarian tissue and cultured granulosa cells
of rats is increased after exposure to FSH (4-7), and this
is modulated by the action of steroids (1, 4, 8, 9).
It is uncertain whether similar developmental changes

in granulosa cell LH/hCG responsiveness occur in the
primate ovary. Limited data available for the human
suggest that the ability of granulosa cells to respond to
LH/hCG increases during follicular development, since
granulosa cells obtained from preovulatory follicles re¬
spond to hCG stimulation (10, 11), whereas those from
small follicles do not (12). However, no attempt has been
made to identify the factors regulating the acquisition of
granulosa cell LH/hCG responsiveness in primates.
We have previously shown clear developmental

changes in the steroidogenic response of granulosa cells
obtained from marmoset monkeys (Callithrix jacchus) to
both FSH and androgens (13). In the present study we
have extended the use of this primate model to investi¬
gate development-dependent changes in the ability of
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granulosa cells to respond to LH/hCG and assess the
regulation of this differentiation process by FSH and
androgen. Experiments were conducted with marmoset
granulosa cells removed from follicles at different stages
of development to examine 1) the developmental changes
in LH/hCG steroidogenic responsiveness, 2) the ability
of FSH to induce LH/hCG responsiveness in vitro, and
3) the effects of androgens on LH/hCG-stimulated ste¬
roidogenesis.

Materials and Methods

Animals

Adult female common marmoset monkeys (Callithrix jac-
chus; >2 yr old), bred and housed in the Institute of Zoology
primate colony, were used. The ovarian cycle was controlled by
inducing luteal regression with a single injection of 0.5 ng

prostaglandin F2„ analog cloprostenol (Estrumate, Imperial
Chemical Industries Ltd., Macclesfield, United Kingdom) be¬
tween days 11-17 of the ovarian cycle (14). Treatment with
cloprostenol, which results in immediate luteolysis, followed by
ovulation 9-12 days later (14, 15), was used to facilitate the
collection of follicular material from different animals at equiv¬
alent stages of the ovarian cycle. Bilateral ovariectomy was

performed under Saffan anesthesia (Glaxo Laboratories,
Greenford, Middlesex, United Kingdom) on day 7 after pros-
taglandin-induced luteal regression. We have previously shown
that at this stage of the follicular phase the ovaries contain
follicles at an advanced stage of development, but which have
not yet been exposed to an endogenous LH surge (13, 15). To
ensure that this was the case, blood samples were collected at
0900 and 1700 h on the day before ovariectomy and at 0900 h
on the day of ovariectomy. Plasma LH concentrations were
determined using a mouse Leydig cell bioassay (16). Results
from animals that had shown an endogenous LH surge before
ovariectomy were not included in the study.

Granulosa cell isolation and culture

Granulosa cells were isolated and cultured as previously
described (13, 17). Briefly, antral follicles 0.5 mm or more in
diameter were dissected from a pair of ovaries into medium 199
with Earle's salts, 25 mM HEPES, and L-glutamine (Gibco
Ltd., Glasgow, United Kingdom) supplemented with extra L-
glutamine (2 mM), penicillin (50 IU/ml), streptomycin (50 u%/
ml), and 0.1% BSA (Miles Laboratories Ltd., Stoke Poges,
Slough, United Kingdom).
Follicles with diameters between 0.5-1.0 mm were classified

as small immature follicles. Those 2 mm or more in diameter
were defined as large preovulatory follicles using criteria pre¬
viously described (13). Follicles ranging between 1.1-1.9 mm in
diameter constituted less than 10% of the total population of
follicles within a pair of ovaries and were not used in the study.

Gross morphological appearance (opaqueness, fragmented or
viscous membrana granulosa) was used to assess atresia. All
follicles in the large size category appeared to be healthy, and
high levels of extant aromatase activity (>1 pmol/103 cells-3
h) measured in granulosa cells from individual large follicles

confirmed their preovulatory status (13, 18). The granulosa
cells from nonatretic follicles in each size category were sepa¬

rately pooled, centrifuged (150 x g; 5 min), and resuspended in
fresh culture medium. Viability, assessed using trypan blue dye
exclusion, ranged from 30-60%.
Granulosa cells were cultured in quadruplicate at a density

of 5,000 (large follicles) or 10,000 (small follicles) viable cells/
well in a total volume of 0.5 ml serum-free culture medium
containing appropriate hormones. Cells were plated on serum-

precoated (Donor calf serum, Gibco Ltd.) multiwell dishes (16
x 16 mm; Nunc, Gibco Ltd.), as previously described (13, 17),
and incubated at 37 C in an atmosphere of 95% air-5% C02.
The granulosa cells obtained from a pair of ovaries (i.e. one
animal constituted one experiment. A minimum of three ex¬

periments were performed for each of the following protocols.

a) LH/hCG responsiveness in granulosa cells from small and
large follicles. Granulosa cells from follicles of both size cate¬
gories were cultured for 48 h in the absence or presence of
increasing concentrations of hCG (CR121; biological potency,
13,450 IU/mg). At the end of the culture period, medium was

aspirated and stored at —20 C for progesterone determination.
Aromatase activity of granulosa cell monolayers was deter¬
mined in situ by washing the monolayers, as previously de¬
scribed (13, 19), and then reincubating them with fresh culture
medium containing 1 testosterone (aromatase substrate)
for a further 3 h at 37 C. The medium was then removed and
stored frozen until assayed for estradiol. Aromatase activity
was expressed as the level of estradiol produced in the presence
of testosterone corrected for that measured in controls (usually
negligible).
b) FSH-induction of LH-hCG responsiveness in granulosa cells
from small follicles. Granulosa cells from small follicles were
cultured in the absence or presence of human FSH [30 ng/ml;
hFSH-LER/8116, pretreated with a-chymotrypsin to reduce
the LH activity; biological potency: FSH, 900 IU/mg; LH 6 IU/
mg (20)] for 48 h (pretreatment), followed by treatment with
various concentrations of hCG during a subsequent 48-h period
of culture (test treatment). Progesterone accumulation in me¬
dium and granulosa cell aromatase activity were measured after
48 and 96 h.
To measure aromatase activity after 48 h, granulosa cell

cultures were interrupted for 3 h, during which time they were

exposed to exogenous aromatizable androgen. To assess the
effects of this procedure on the subsequent response of granu¬
losa cells to hCG, an initial experiment was conducted in which
parallel sets of cultures were established; for one set of cultures
aromatase activity was assessed after both 48 and 96 h, while
in the parallel cultures it was measured after 96 h only. The
results from this experiment showed that the addition of 1 pM
testosterone for 3 h after an initial 48-h period of culture had
no effect on hCG responsiveness at 96 h (P > 0.25).

c) Effects of androgens on LH/hCG responsiveness in granulosa
cells from large follicles. Granulosa cells from large follicles were
cultured for 48 h in the absence or presence of increasing
concentrations of hCG with or without 0.1 testosterone or

5a-dihydrotestosterone (DHT; Sigma Chemicals Co. Ltd.,
Poole, Dorset, United Kingdom). Androgens were solubilized
in absolute ethanol and added to the culture at a final ethanol
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concentration of 0.001%. An equivalent concentration of
ethanol was added to control cultures. Progesterone accumu¬
lation in the medium and granulosa cell aromatase activity
were measured after 48 h.

d) Effects of androgens on FSH-induced LH/hCG responsiveness
in granulosa cells from small follicles. Granulosa cells from small
follicles were cultured in the absence or presence of hFSH (30
ng/ml) with or without testosterone (0.1 ^M) or DHT (0.1 /iM)
during a 48-h pretreatment period. The cells were then tested
for their steroidogenic responses to hCG by culturing them in
fresh medium containing various concentrations of hCG for an
additional 48 h test treatment period. Progesterone accumula¬
tion in medium and aromatase activity were measured after 48
and 96 h.

Steroid measurements

Progesterone was measured in unextracted culture medium
by specific RIA using an antiserum raised in sheep against
progesterone-lla-hemisuccinate congugated to ovalbumin.
Cross-reactions with other steroids were: 5o-pregnane-3,20-
dione, 2.63%; 5/3-pregnane-3,20-dione, 16.1%; 17a-hydroxy-4-
pregnane-3,20-dione, 0.56%; 16a-hydroxy-4-pregnane-3,20-
dione, 0.54%; and testosterone, androstenedione, Cortisol, es¬
trone, and 17/3-estradiol, less than 0.05%. The method used
was based on a procedure previously described for the measure¬
ment of progesterone in 5 m1 unextracted marmoset plasma
(16). Serial dilutions of samples in culture medium (5-100 jd)
were tested for parallelism against standard curves prepared in
assay buffer or culture medium. Analysis of the results gave a
correlation coefficient of r = 0.99 (n = 8; P < 0.001) between
the dilutions of sample and either standard curve. Mean (±SE)
recoveries of known amounts of progesterone standard (50 and
800 pg/ml) added to culture medium were 98.8 ± 7.7% (n = 22)
and 99.4 ± 3.0% (n = 22). Intra- and interassay precisions,
expressed as the coefficient of variation for the duplicate deter¬
minations of a culture medium pool, were 8.8% and 15.1%,
respectively. The sensitivity of the assay was 0.01 ng/tube at
90% binding of total radiolabel.

17/S-Estradiol concentrations in culture medium were deter¬
mined without extraction by RIA using an antiserum raised in
a rabbit against antiestradiol-110-succinyl-BSA. Cross-reac¬
tion of this antiserum was 8.0% with estrone and less than
0.1% with testosterone, androstenedione, and progesterone. For
the assay, unknown samples (25-100 #d) were adjusted to a
constant volume (100 #d) with culture medium. Doubling dilu¬
tions of estradiol standard were run over the range 400-3.125
pg/0.1 ml. Antiserum (100 p\) and label (100 ^1 containing
10,000 cpm lla-estradiol-tryamine-12SI) were added, and the
contents were mixed and incubated for 3 h at room temperature.
Normal rabbit serum (100 jd at 1:800) and donkey antirabbit
•y-globulin (100 #d at 1:40; Scottish Antibody Production Unit,
Law Hospital, Carluke, Lanarkshire, United Kingdom) were
then added to each tube, and the reaction was allowed to
proceed overnight at 4 C. Precipitation of antibody-bound
complexes was achieved by centrifugation at 500 x g for 30
min, and the pellets were counted for radioactivity on a Nuclear
Enterprises (Reading, Berkshire, UK) NE 1600 y-counter.
The sensitivity of the assay was 3.2 pg/tube at 90% binding

of total radiolabel. Standard curves prepared in assay buffer or
culture medium were compared and did not differ (P > 0.05,
by paired t test). Nevertheless, all standard curves were pre¬
pared in culture medium for the determination of unknown
samples.
Serial dilutions of samples in culture medium were tested for

parallelism against standard curves prepared in culture me¬
dium. Analysis of the results gave a correlation coefficient of r
= 0.999 (n = 6; P < 0.001) between the dilutions of sample and
the standard curve over the range 25-100 pi sample.
Intra- and interassay coefficients of variation were 11.3% (n

= 60) and 15.5% (n = 31), respectively.

Statistical analysis

Aromatase activity is expressed as femtomoles of estradiol
per 103 cells/3 h, and progesterone accumulation as picomoles
per 103 cells/48 h (mean ± SE; n = 3-4). Cell number was based
on the number of cells initially added to the cultures. Under
the conditions used, there was no effect of any of the hormone
treatments on cell number (assessed using a hemocytometer)
after 48 or 96 h. Comparisons between hCG dose-response
curves in the presence and absence of androgens (large follicles)
or in the presence or absence of pretreatment with hFSH with
or without androgens (small follicles) were made using two-
way analysis of variance (ANOVA) with a two-factor interac¬
tion (dose vs. treatment). Comparisons between individual data
points were made using one-way ANOVA or Student's non-
paired t test.

Results

Development-dependent changes in LH/hCG responsive¬
ness

As shown in Fig. 1, basal aromatase activity and pro¬
gesterone accumulation were higher in granulosa cells
from large compared with those from small follicles (P
< 0.01 and P < 0.05, respectively). Addition of hCG to
the culture medium produced dose-dependent increases
in both aromatase activity and progesterone biosynthesis
in granulosa cells from large follicles; the first significant
increments above baseline were achieved with 10 and 30

ng hCG/ml, respectively. In contrast, granulosa cells
from small follicles were unresponsive to hCG at all
doses tested. Similar results were obtained in three other

experiments.

FSH induction of LH/hCG responsiveness

Exposure of immature granulosa cells to FSH for a 48-
h pretreatment period resulted in their ability to express
dose-dependent steroidogenic responsiveness to hCG
during a subsequent 48-h test treatment period. Cells
initially cultured in the absence of FSH showed minimal
steroidogenic responsiveness to hCG during the test
treatment period (Fig. 2). The magnitude of the steroi¬
dogenic response to hCG induced by FSH in granulosa
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Fig. 1. Development-dependent
changes in marmoset granulosa cell re¬
sponsiveness to hCG. Granulosa cells
from small (O—O) and large (•—•)
follicles were cultured in the presence of
increasing concentrations of hCG. Pro¬
gesterone accumulation in medium and
granulosa cell aromatase activity [estra¬
diol (Es) production during 3-h incuba¬
tion of the washed cell monolayers in the
presence of 1 jiM testosterone] were
measured after 48 h. Values represent
the mean (±SE) of quadruplicate (pro¬
gesterone) or triplicate (aromatase activ¬
ity) cultures.
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Fig. 2. FSH induction of hCG respon¬
siveness in marmoset granulosa cells.
Granulosa cells from small follicles were

cultured for 48 h in the absence of con¬
trol; (O—O) or presence of hFSH (30
ng/ml; •—•). The cells were then cul¬
tured for an additional 48 h with increas¬

ing concentrations of hCG. Progesterone
accumulation in medium and granulosa
cell aromatase activity [estradiol (E2)
production during 3-h incubation of
washed cell monolayer in the presence
of 1 mM testosterone] were measured
after 96 h. Values represent the mean (±
se) of quadruplicate (progesterone) or
triplicate (aromatase activity) cultures.
Pretreatment with FSH significantly in¬
creased (P < 0.001, by ANOVA) proges¬
terone accumulation compared with con¬
trol values in the absence of hCG and at
all concentrations of hCG tested,
whereas aromatase activity was stimu¬
lated only in the presence of 10 (P <
0.01) and 100 (P < 0.001) ng hCG/ml.

cells from small follicles was similar to that for hCG-
stimulated steroidogenesis in granulosa cells from large
follicles (Fig. 1). The minimal stimulatory dose of hCG
for both steroidogenic end points was 10 ng/ml. Basal
levels of aromatase activity (no hCG) for granulosa cells
cultured in the presence or absence of FSH during pre¬
treatment were similar after the test treatment period.
In contrast, basal levels of progesterone accumulation
(no hCG) after test treatment were higher (P < 0.001)
for granulosa cells exposed to FSH during the pretreat¬
ment period than for those cultured in the absence of
FSH. FSH induction of hCG responsiveness was ob-
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served in four other experiments.
The ability of hCG to maintain FSH-stimulated aro¬

matase activity and progesterone accumulation by gran¬
ulosa cells from small follicles is shown in Fig. 3. Pre-
treating cells for 48 h in the presence of FSH increased
aromatase activity (P < 0.001) and progesterone accu¬
mulation (P < 0.001). During a further 48-h test treat¬
ment culture period, FSH-induced aromatase activity
was maintained by 10 ng hCG/ml, but was significantly
stimulated (P < 0.001) by 100 ng hCG/ml. However, in
the absence of either gonadotropin during test treatment,
aromatase activity declined to control levels. In contrast,
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Fig. 3. FSH induction of hCG respon¬
siveness in marmoset granulosa cells:
comparison of steroidogenic responses
after pre- and test treatment periods.
Granulosa cells from small follicles were

cultured in the absence (C) or presence
of hFSH (30 ng/ml) for 48 h [pretreat-
ment (Pre-)]. The cells pretreated with
hFSH were then cultured for an addi¬
tional 48 h with increasing concentra¬
tions of hCG (test treatment). Proges¬
terone accumulation in medium and
granulosa cell aromatase activity [estra¬
diol (E2) production during 3-h incuba¬
tion of the washed cell monolayers in the
presence of 1 /jM testosterone] were
measured after both pretreatment (48 h)
and test treatment (96 h) culture periods.
Values represent the mean (±SE) of
quadruplicate (progesterone) or tripli¬
cate (aromatase activity) cultures. *, P
< 0.05; ***, P < 0.001 (compared with
FSH pretreatment values obtained after
48 h).
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FSH-stimulated progesterone accumulation was signifi¬
cantly stimulated during the test treatment period in the
absence of gonadotropin and by both doses of hCG tested
compared with pretreatment values.

Effects of androgens on LH/hCG responsiveness in
granulosa cells from large follicles
In two of three experiments both testosterone (0.1 jzM)

and DHT (0.1 /rM) inhibited the steroidogenic response
of granulosa cells from large follicles to hCG. In the
remaining experiment there was no difference between
dose-response curves for hCG alone and those in the
presence of androgens.
The inhibitory effects of androgens on hCG-stimulated

aromatase activity and progesterone accumulation ob¬
tained in one experiment are shown in Figs. 4 and 5,
respectively. Although basal aromatase activity was not
affected by the presence of either androgen, the stimu¬
lation of aromatase activity by hCG over the dose range
10-100 ng/ml was inhibited (P < 0.001, by ANOVA) by
the addition of testosterone or DHT to the culture me¬

dium. Basal progesterone accumulation was, however,
suppressed (P < 0.01) by both testosterone and DHT,
and hCG-stimulated progesterone accumulation was also
inhibited (P < 0.001, by ANOVA) in the presence of
either androgen.

Effects of androgens on FSH-induced LH/hCG
responsiveness in granulosa cells from small follicles
The effects of androgens on FSH-induced hCG re¬

sponsiveness were inconsistent between experiments,

hCG (ng/ml)
Fig. 4. Effects of androgens on hCG-stimulated aromatase activity.
Granulosa cells from large follicles were cultured in the absence (C)
or presence of increasing concentrations of hCG alone (•—•) or
with hCG and either 0.1 /iM testosterone (T; A- -A) or 0.1 jiM DHT
(A- - -A). Aromatase activity was measured after 48 h as estradiol (E2)
production during 3-h incubation of the washed cell monolayers with
1 mm testosterone. Values represent the mean (±SE) of triplicate
cultures.

and results also varied with the end point assessed. Thus,
using aromatase activity as an end point, the addition of
testosterone (0.1 fiM) and DHT (0.1 /tM) to culture
medium during the initial 48-h culture period with FSH
had no effect on subsequent hCG responsiveness in two
of three experiments. In the third experiment, pretreat¬
ment with testosterone and FSH enhanced (P < 0.001,
by ANOVA) hCG-stimulated aromatase activity com¬

pared with FSH pretreatment alone. (The effects of DHT
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Fig. 5. Effects of androgens on hCG-stimulated progesterone accu¬
mulation. Granulosa cells from large follicles were cultured in the
absence (C) or presence of increasing concentrations of hCG alone
(•—•) or with hCG and either 0.1 |iM testosterone (T; A—A) or 0.1
fit* DHT (A- • -A). Progesterone accumulation was measured in the
medium after 48 h of culture. Values represent the mean (±se) of
quadruplicate cultures.

were not tested in this experiment due to insufficient
numbers of granulosa cells.) In contrast, pretreatment
with testosterone significantly enhanced (P < 0.001, by
ANOVA) FSH-induced hCG-stimulated progesterone
accumulation in two experiments, but had no effect in
another. In both experiments in which DHT was tested
(including the experiment in which testosterone had no
effect) DHT enhanced (P < 0.01) FSH-induced hCG-
stimulated progesterone accumulation.
The steroidogenic responses during the pretreatment

and test treatment periods for one experiment are shown
in Figs. 6 and 7. Pretreatment with FSH resulted in an
increase (P < 0.001) in aromatase activity (Fig. 6) and
progesterone accumulation (Fig. 7) compared with con¬
trol values. The addition of androgens enhanced the
stimulatory effect of FSH 2-fold. Exposure to increasing
doses of hCG during the test treatment period resulted
in dose-dependent increments in aromatase activity and
progesterone accumulation. hCG-stimulated progester¬
one accumulation was enhanced (P < 0.001, by ANOVA)
in those cells pretreated with FSH and androgens com¬

pared with that in cells treated with FSH alone. hCG-
stimulated aromatase activity, however, showed no dif¬
ferences between treatments.

Discussion

The results of this study demonstrate that marmoset
granulosa cells acquire steroidogenic responsiveness to
LH/hCG during development in vivo and that FSH is
responsible for the induction of this response in vitro.
Furthermore, the steroidogenic responsiveness of mar-
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Fig. 6. Effects of androgens on FSH induction of hCG-stimulated
aromatase activity. Granulosa cells from small follicles were cultured
in the absence (C) or presence of hFSH (30 ng/ml) with or without
testosterone (T; 0.1 mm) or DHT (0.1 ^M) for 48 h [pretreatment
(Pre-)). The cells were then cultured with increasing concentrations of
hCG for an additional 48 h (test treatment). Aromatase activity was
measured at the end of the pre- and test treatment culture periods as
estradiol (E^) production during 3-h incubation of the washed cell
monolayers with 1 /im testosterone. Values represent the mean (±se)
of triplicate cultures.

moset granulosa cells to LH/hCG in vitro is subject to
modulation by androgens. These data provide experi¬
mental evidence that FSH and androgens regulate gran¬
ulosa cell LH/hCG responsiveness in the primate ovary.
Studies, mainly in rodents, have shown that the ac¬

quisition of LH/hCG responsiveness by granulosa cells
is a major event in follicular development and occurs in
anticipation of the ovulation-inducing LH surge (7, 21,
22). Estrogen and progesterone biosynthesis by granulosa
cells in preovulatory follicles, therefore, come under joint
FSH and LH control. In the present study we found that
both estradiol and progesterone biosynthesis by cultured
marmoset granulosa cells from small follicles were stim-
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Fig. 7. Effects of androgens on FSH induction of hCG-stimulated
progesterone accumulation. Granulosa cells from small follicles were
cultured in the absence (C) or presence of hFSH (30 ng/ml) with or
without testosterone (T; 0.1 mm) or DHT (0.1 /iM) for 48 h [pretreat-
ment (Pre-)]. The cells were then cultured with increasing concentra¬
tions of hCG for an additional 48 h (test treatment). Progesterone
accumulation was measured at the end of the pre- and test treatment
culture periods. Values represent the mean (±SE) of quadruplicate
cultures.

ulated by FSH, but not hCG, while granulosa cells from
large, preovulatory follicles were responsive to both go¬
nadotropins. This observation demonstrates that in a
primate, as in nonprimate species, granulosa cell respon¬
siveness to LH/hCG is acquired during follicular matu¬
ration. Although information is available to suggest that
a development-dependent increase in LH/hCG respon¬
siveness also occurs in human granulosa cells, this has
been deduced from independent studies in which aro-
matase activity of granulosa cells isolated from follicles
less than 12 mm in diameter was stimulated by FSH but
not hCG (12), whereas granulosa cells isolated from
preovulatory follicles were capable of responding to hCG
(10, 11). Our results, obtained under defined conditions,

reinforce and confirm these findings obtained from hu¬
man cells and demonstrate that there are basic similari¬
ties between rodents and primates with regard to devel¬
opmental changes in the responsiveness of granulosa
cells to LH/hCG.
The mechanism by which LH/hCG responsiveness is

increased is known to be FSH dependent in nonprimate
species (3, 4, 6, 23). We have demonstrated that FSH
can induce LH/hCG steroidogenic responsiveness in im¬
mature marmoset granulosa cells in vitro. In rodents
FSH has been shown to enhance LH/hCG responsive¬
ness by increasing the number of LH/hCG receptors on

granulosa cells (4, 6). Preliminary data from our labora¬
tory indicate that FSH-induced LH/hCG responsiveness
in marmoset granulosa cells is also accompanied by an
increase in the specific binding of [125I]iodo-hCG. In the
present study androgens were found to inhibit hCG-
dependent aromatase activity and, to a lesser extent,
progesterone accumulation in marmoset granulosa cells
isolated from preovulatory follicles. The nonaromatiza-
ble androgen DHT was as effective as testosterone in
inhibiting hCG-stimulated steroidogenesis, suggesting
that this is a specific androgenic effect and does not
depend on aromatization to estradiol. This highlights the
general paracrine role of androgens in primate ovarian
function and extends our previous findings that andro¬
gens modulate FSH-dependent steroidogenesis in mar¬
moset granulosa cells (13, 17).
The mechanisms by which androgens inhibit steroi¬

dogenesis in granulosa cells are unknown. In the mar¬
moset the inhibitory effects of androgens on highly dif¬
ferentiated granulosa cells are common to both LH/hCG-
and FSH-dependent (13) steroidogenesis. It seems likely,
therefore, that androgens exert their effect by inhibiting
a process common to both LH and FSH stimulation,
such as intracellular signal transmission involving
cAMP. Alternatively, androgens may act at an intracel¬
lular site(s) distal to cAMP mediation. 8-Bromo-cAMP,
cholera toxin, and forskolin stimulation of LH receptor
formation in rat granulosa cells can be inhibited by the
synthetic androgen R1881 (9), implying a post-cAMP
site of action. In addition, it has been suggested that
androgens may act via conversion to 5a-reduced metab¬
olites, which could then act as noncompetitive (24) or

competitive (25) inhibitors of aromatization. The fact
that androgens exert a more marked inhibition on go-
nadotropin-dependent aromatase activity than on pro¬
gesterone accumulation, as seen in the present study,
substantiates this hypothesis. It is possible, however,
that androgens may operate at more than one site of
action.
The role of androgens in regulating FSH-induced LH/

hCG receptor number and steroidogenic responsiveness
in immature granulosa cells is more ambiguous. In some
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studies using cultured rat granulosa cells, androgens have
been reported to have an inhibitory effect on LH receptor
induction (9), whereas others have suggested they are
stimulatory (4). Although the effects of androgens on LH
receptors were not measured directly in the present study
we were able to demonstrate that physiological concen¬
trations of androgens did not inhibit FSH-induced LH/
hCG steroidogenic responsiveness in marmoset granu¬
losa cells. In the case of progesterone accumulation,
pretreatment with FSH and androgen caused levels to
remain significantly elevated above those obtained after
pretreatment with FSH alone, providing indirect evi¬
dence that an inhibitory effect of androgen on LH recep¬
tor induction was unlikely or, if LH receptors were
reduced, that this had no functional significance on
steroidogenesis. Any stimulatory effect of androgen on
FSH-induced hCG-dependent progesterone biosynthesis
observed in the present study would have been obscured
by the synergism between androgens and FSH in aug¬
menting steroidogenesis in immature granulosa cells, as
previously reported for the marmoset (13, 17) and rat
(26-28). It is, therefore, possible that hCG was able to
maintain progesterone biosynthesis at elevated levels
because of the long term stimulatory effects of prior
exposure to androgen. To assess whether androgens have
a direct effect on FSH-induced LH/hCG responsiveness
it is necessary to examine their action on the mechanism
by which FSH exerts its effect, namely the induction of
LH/hCG receptors. Assessment of [125I]iodo-hCG bind¬
ing was not possible in the present study due to insuffi¬
cient cell numbers. Whether androgen influences FSH-
induced LH/hCG receptors remains a matter for further
investigation.
In conclusion, we have shown that granulosa cells

removed from the follicles of marmoset monkeys exhibit
an increase in steroidogenic responsiveness to LH/hCG
in relation to preovulatory development and that FSH
induces LH/hCG responsiveness in immature cells.
These observations confirm that certain aspects of the
mechanisms controlling selection of the preovulatory
follicle(s) in primates are similar to those reported for
nonprimate species. In addition, the results further em¬
phasize that androgens regulate granulosa cell function,
having both stimulatory and inhibitory effects depending
on the stage of follicular development.
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Gonadotropin-releasing Hormone Analogs Inhibit Primate Granulosa Cell
Steroidogenesis Via a Mechanism Distinct from That in the Rat1
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ABSTRACT

Gonadotropin-releasing hormone (GnRH) and related peptides are implicated in the local control of rat ovarian function, but
evidence to date for direct effects of such peptides on primate ovarian cells is equivocal. In contrast to rat ovaries, where GnRH
action is mediated through specific, high-affinity GnRH receptors, no such binding sites have been identified in primate tissue.
Using undifferentiated granulosa cells from immature follicles in cyclic (luteal phase) marmoset ovaries, we have observed direct
suppression of human (h) FSH-induced steroidogenesis by GnRH analogs in vitro. Granulosa cells from immature (<1 mm di¬
ameter) follicles were incubated for 4 days in the presence of hFSH and testosterone (aromatase substrate) to stimulate cyclic
AMP (cAMP) production and steroidogenesis. The additional presence of GnRH alone (up to 10 p-M) had no effect on FSH action.
However, the GnRH agonist, [D-Ser(But)s]GnRH l-9)-ethylamide (Buserelin, 0.1 pM-10 p.M), caused time- and dose-dependent
inhibition of estradiol (maximum inhibition = 79%; ED50 = 0.55 pM) and progesterone production (maximum inhibition =
93%; ED;0 = 0.1 pM). Accumulation of cAMP was also inhibited by up to 54%. Paradoxically, a GnRH antagonist ([A'-Ac-D-
Nal(2)', D-pCl-Phe2, n-Trp\ D-hArg(Et2)s, D-Ala10]-GnRH; 10 pM) alone also inhibited hFSH-stimulated cAMP and steroid produc¬
tion by 40% and 70%, respectively. Moreover, the suppressive effects of the GnRH agonist on granulosa cell functions were
augmented by the presence of the GnRH antagonist (10 pM). In contrast, GnRH (0.01 pM) completely inhibited FSH-stimulated
cAMP and steroid production by immature rat granulosa cells, and this inhibition was totally reversed by an equimolar concen¬
tration of the GnRH antagonist. To investigate GnRH binding to granulosa cell-rich marmoset and rat ovarian tissue, homogenates
were incubated with 125I-GnRH agonist with and without excess unlabeled GnRH agonist. No specific high-affinity binding of the
agonist to marmoset ovarian tissue was found, whereas 125I-GnRH agonist was specifically bound to rat ovarian tissue. These
results for marmoset granulosa cells were quantitatively (low potency inhibition by GnRH agonist) and qualitatively (paradoxical
suppression by GnRH antagonist and absence of high-affinity binding sites) distinct from those for rat granulosa cells. It is con¬
cluded that, in marmoset granulosa cells, GnRH analogs in high concentrations can inhibit hFSH-stimulated steroidogenesis in
vitro via a mechanism that does not involve a rat-type specific ovarian GnRH receptor.

INTRODUCTION

Direct inhibitory actions of GnRH and its agonistic an¬
alogs on rat granulosa cell differentiation include impaired
cyclic AMP production, suppression of FSH-induced ste¬
roidogenesis, and reduction in gonadotropin receptor
expression (for reviews, see Knecht et al., 1985; Hsueh and
Jones, 1981). Similar findings have been reported for a
number of other species (pig: Massicote et al., 1980; Maruo
et al., 1985; hamster: Silavin and Greenwald, 1982; rabbit:
Koos and LeMaire, 1985; chicken: Tak'ats and Hertelendy,
1982) but not primates. In rats, the binding of GnRH to its
membrane receptor activates the membrane phosphoino-
sitide pathway, inducing changes in intracellular calcium
concentration and activating protein kinase C (for review,
see Leung and Wang, 1989); these intermediaries may in
turn interact with the FSH-linked second messenger sys¬
tem, cyclic AMP (cAMP). Primate gonadal tissue does not

Accepted April 3, 1990.
Received September 22, 1989.
'This work was supported by a grant to S.G.H. from the Wellcome Trust.
2Reprint requests and present address: Dr. E. Jean Wickings, Primate Research

Centre, C.I.R.M.F., B.P. 769, Franceville, Gabon.
3Present address: Primate Research Centre, C.I.R.M.F., BP 769, Franceville, Gabon.

express a specific high-affinity GnRH receptor, although low-
affinity binding sites, clearly different from rat luteal GnRH
receptors, are present in the human corpus luteum (Brant¬
ley et al., 1985, 1987). Factors with GnRH-like activity but
structurally distinct from hypothalamic GnRH have been
found in human ovarian tissue (Aten et al., 1987; Li et al.,
1987), and one factor from bovine ovaries has been iden¬
tified as histone H2A (Aten et al., 1989a,b). Hence the pos¬
sibility arises that peptides with GnRH-like activity may be
involved in primate follicular development.

It has previously been demonstrated that ovaries from
the common marmoset (Callithrix jacchus) can be used as
a source of primate granulosa cells that adapt well to pri¬
mary monolayer culture in vitro (Harlow et al., 1986). Im¬
mature granulosa cells isolated from small (<1 mm di¬
ameter) follicles can be induced by human (h) FSH to
undergo differentiation in vitro and can therefore be used
for systematic studies of intrafollicular control mechanisms
in a primate species (Hillier et al., 1987). In this study we
describe the effects of GnRH, a GnRH agonist, and an an¬
tagonist on hFSH-induced functions in marmoset granulosa
cells and compare these with results obtained from hFSH-
stimulated rat granulosa cells.
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MATERIALS AND METHODS

Animals

Six adult female common marmosets from the MRC Re¬

productive Biology Unit Primate Centre, Edinburgh, Scot¬
land, were ovariectomized during the luteal phase of the
ovarian cycle, as evidenced by the presence of at least one
corpus luteum on one of the ovaries. Bilateral ovariectomy
was performed under Saffan anesthesia (Glaxo Laborato¬
ries, Greenford, Middx., UK). The ovaries were immedi¬
ately placed in Medium 199 (Gibco Ltd., Paisley, UK), trans¬
ported at room temperature to the laboratory, cleaned,
weighed, and measured. Each pair of ovaries was treated
as a separate experiment. Ovaries from two reproductively
suppressed animals (i.e. devoid of luteal tissue) and two
luteal phase cyclic animals (in each case, the ovary contra¬
lateral to that containing the corpora lutea) were used for
GnRH agonist binding studies.

We have previously shown that granulosa cells isolated
from small, preantral (<1 mm diameter) follicles from fol¬
licular or luteal phase or from reproductively suppressed
ovaries are immature, and can be induced by treatment with
FSH to undergo differentiation in an identical manner (Hil-
lier et al., 1987).

Twenty one-day-old Wistar rats (Bantin and Kingman, Hull,
UK) were given s.c. silastic implants of diethylstilbestrol (DES;
Sigma Chemical Co., Poole, Dorset, UK) under light ether
anesthesia. The rats were killed 5 days later, and the ovaries
were removed for granulosa cell isolation and culture, as
previously described (Hillier et al., 1977). Ovaries for GnRH
agonist binding studies were placed in buffer prior to ho-
mogenization. Ovaries from DES-treated rats contain only
small follicles with granulosa cells that are in a similar un¬
differentiated condition to those isolated from small mar¬
moset follicles.

Marmoset Granulosa Cell Isolation

The ovaries were dissected in culture medium (Medium
199 containing Earle's salts, 25 mM HEPES) and supple¬
mented with extra (2 mM) L-glutamine, 50 U penicillin/ml,
50 |xg streptomycin/ml (all from Gibco) and 0.1% (w/v)
BSA (ICN Biomedicals, High Wycombe, Bucks, UK) under
a zoom stereomicroscope fitted with an ocular micrometer.
All small follicles <1 mm diameter from both ovaries were

pooled for granulosa cell isolation (typically 80-85 follicles
per experiment). Granulosa cells were expressed into the
culture medium, collected, washed, and resuspended in fresh
culture medium for counting in a hemacytometer, with
trypan blue (0.4%, v/v) exclusion used to assess cell via¬
bility (typically 50-70%).

Marmoset Granulosa Cell Culture

Granulosa cells were cultured in serum-coated dishes

(Linbro 24-well plates, Flow Laboratories, Rickmansworth,

Herts, UK), as previously described (Harlow et al., 1986).
The wells were inoculated with 1-2 x iff* viable cells in

250-|xl culture medium. In each experiment, cells from one
pair of ovaries were incubated in the presence of hFSH (10
ng/ml; LER 8/116; 900 U FSH and 6 U LH per mg; Reichert,
1967) and testosterone (1.0 |jlM; Sigma) in a final volume
of 500 |xl. The effects of GnRH and GnRH analogs were
investigated in the presence of FSH and testosterone
(F + T). GnRH (Hoechst AG, Frankfurt/Main, West Ger¬
many) and the GnRH antagonist [Ar-Ac-D-Nal(2)1, D-pCl-Phe2,
D-Trp3, D-hArg(Et2)6, D-Ala10]-GnRH (Syntex, Palo Alto, CA)
were added at a final concentration of 10 |xM; the GnRH
agonist [D-Ser(But)6]GnRH l-9)-ethylamide (Buserelin;
Hoechst) was used in the dose range 1 nM-10 |xM. All treat¬
ments were carried out in triplicate. Cells were cultured
for 4 days at 37°C in a humidified atmosphere of 5% C02
in air, with a change of medium after 2 days; all hormone
treatments and peptide were present throughout the entire
culture period. The medium was collected at the end of
each 2-day period and stored at — 20°C until assay. Mar¬
moset granulosa cells require a 4-day exposure to hFSH to
express differentiated function; therefore, the results pre¬
sented are from the second 2-day period of culture.

Rat Granulosa Cell Culture

Rat granulosa cells were cultured in a similar manner to
the marmoset cells, except that the cell density was 4 x lO1
viable cells/well. The effects of GnRH and the antagonist
were investigated in the presence of hFSH (30 ng/ml) and
testosterone (0.1 |xM). The cells were cultured for 2 days
before the medium was collected and stored for analysis.

Cyclic AMP Assay
Medium collected for the determination of extracellular

cAMP accumulation was immediately diluted 1:1 (v/v) with
3-isobutyl-l-methylxanthine (MIX, 200 |xM) and boiled for
10 min before being stored at — 20°C until analysis. Cyclic
AMP was measured in the treated medium by a specific ra¬
dioimmunoassay (LaBarbera et al., 1982; LaBarbera and
Fisher, 1983), after acetylation of the medium (Harper and
Brooker, 1975). The standard range of the assay was 1-1 000
fmol/tube and the minimum detectable dose was 1 fmol/
tube. Culture medium was added to the standard curve prior
to acetylation at the same volume as the sample volume.
All samples were assayed in the same assay; the intraassay
coefficient of variation was 9.3%. Results are expressed as
fmol cAMP produced per cell during a 2-day culture period.

Steroid Assays
Estradiol and progesterone were measured in unex-

tracted culture medium by specific radioimmunoassays val¬
idated for this purpose (Hillier et al., 1977, 1981). In the
present series of experiments, the intra- and interassay
coefficients of variation were 4.9% and 9.1%, respectively,
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for estradiol, and 2.1% and 8.2%, respectively, for proges¬
terone. Results are expressed as the amount of steroid pro¬
duced per cell during a 2-day culture period.

GnRH Agonist Binding Studies
GnRH agonist binding analysis was carried out on fresh

marmoset and rat ovaries. Whole ovaries were homoge¬
nized in Tris-EDTA buffer (10 mM Tris; 1 mM EDTA; pH
7.4) using a Polytron homogenizer. Protein concentrations
(Protein Assay Kit, Bio-Rad Ltd., Watford, UK) were deter¬
mined following solubilization in 0.1 M NaOH. The radi¬
oligand was 125I-Buserelin, which was labeled by the lac-
toperoxidase-glucose oxidase method and the mono-iodo
form purified by Sephadex G-25 chromatography (Sharpe
and Fraser, 1980). The specific activity as determined by
self-displacement in the rat pituitary receptor binding assay
was 400-1 200 pCi/pg, maximum binding >40% (Wor-
mald et al., 1985; Bramley et al., 1987). Ovarian homoge-
nate (13.6 mg protein/tube), radioligand (76 700-110 000
cpm) and unlabeled Buserelin (0.1 nM-10 (jlM) were com¬
bined in assay tubes in a final volume of 500 |xl in Tris-
EDTA buffer containing 0.1% (w/v) BSA. The incubation
(90 min at 4°C) was terminated by adding 500 |xl 0.5%
(w/v) bovine gammaglobulin (Sigma) in 0.14 M NaCl and
1 ml 25% (w/v) polyethylene glycol 8 000 (Sigma) with im¬
mediate vortexing of each tube. After centrifugation (3 000
X g for 30 min at 4°C), supernatants were aspirated and
the pellets were counted.

GnRH agonist binding studies were carried out on three
sets of marmoset ovarian tissue: (1) both ovaries from a

reproductively suppressed animal; (2) one ovary, not con¬
taining luteal tissue, from a cyclic, luteal phase animal; and
(3) a combination of (1) and (2). On each occasion, rat
ovarian tissue was included in the binding assay as a pos¬
itive control.

Statistics

All statistical comparisons were made using analysis of
variance and Neuman-Keuls test or a Student's Mest. Dif¬
ferences with p < 0.05 were accepted as statistically sig¬
nificant.

RESULTS

Marmoset Granulosa Cells

Immature granulosa cells from small follicles in luteal
phase ovaries synthesized undetectable amounts of steroid
when cultured in the absence of gonadotropins (estradiol
< 0.018 fmol/cell; progesterone < 0.032 fmol/cell). Ad¬
dition of F + T to the medium resulted in a time-depen¬
dent increase in estradiol and progesterone production over
the 4-day culture period, with levels at 4 days reaching, on
average, 6.74 fmol estradiol/cell (range 1.05-25.3 fmol/cell)
and 6.66 fmol progesterone/cell (range 0.92-17.2 fmol/cell).

Cyclic AMP production by unstimulated cells was also un¬
detectable (<0.003 fmol/cell). During the first 2-day treat¬
ment with F + T there was a marked increase in cAMP

levels measured in culture medium to 0.96 ± 0.06 fmol/
cell; this declined to 0.24 ± 0.02 fmol/cell over the second
2-day period.

Effect of GnRH
GnRH (10 pM) had no significant effect on cAMP pro¬

duction or steroidogenesis induced by hFSH and testoster¬
one (Table 1).

Effect of GnRH Agonist
The GnRH agonist suppressed F + T-stimulated cAMP

accumulation in the culture medium in a dose-dependent
manner (Table 1; Fig. la). Maximal suppression to 41 ±
5% of F + T-stimulated values occurred in the presence of
10 pM GnRH agonist; ED50 0.95 pM (Table 1).

The GnRH agonist (0.1-10 pM) also suppressed estra¬
diol and progesterone production in a dose-dependent
manner to, maximally, 21% and 7% of F + T-stimulated
values, respectively (Table 1; Fig. 1, b and c). F + T-stim¬
ulated progesterone production was significantly (p < 0.01)
suppressed by 0.1 pM but not by 0.001 pM GnRH agonist,
and higher concentrations of the agonist reduced proges¬
terone production still further. Estradiol accumulation was
less sensitive to the effects of the GnRH agonist, the first
significant suppression (p < 0.001) being caused by 1.0 pM
agonist. The concentration of agonist required to cause a
50% reduction in estradiol (ED50) was 0.55 pM compared
with 0.1 pM for progesterone (Table 1).

Effect of GnRH Antagonist
Contrary to expectation, the effects of the GnRH agonist

on F + T-stimulated cAMP production and steroidogenesis
in marmoset granulosa cell cultures could not be reversed
by an equimolar concentration of the GnRH antagonist. In
the presence of the GnRH agonist (10 pM), 10 pM GnRH
antagonist caused a further 30% reduction in cAMP levels
(Fig. 2). GnRH antagonist (10 pM) alone caused significant
inhibition (p < 0.05) of cAMP production to 59% of
F + T-stimulated values. Steroid production was signifi-

TABLE 1. Suppression of F + T-stimulated cAMP production and
steroidogenesis by GnRH or GnRH-agonist (Ag), each at 10 pM
and the concentration of GnRH-Ag required to cause 50% reduction
in F + T-stimulated values (ED50).a

Treatment cAMP Progesterone Estradiol

Control 100 100 100
GnRH 101 ± 9 89 ±6 103 ± 8
GnRH Ag 41 ± 5* 7 ±1* 21 ± 6*

ED50 (pM)
GnRH Ag 0.95 0.10 0.55

"Results expressed as a percentage of F + T treatment (=100%); mean
± SEM of 6 experiments.
•Denotes value different from F + T treatment; p < 0.001.
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FIG. 1. Dose-dependent inhibition by GnRH agonist (0.001-10 fxM) of
F + T-stimulated cAMP (top panel), progesterone (middle panel), and es¬
tradiol production (bottom panel) in marmoset granulosa cells (F + T =

100%). F + T control values are cAMP, 0.24; progesterone, 6.66; and es¬
tradiol 6.74, fmol/cell. Results are mean ± SEM of four experiments; as¬
terisk denotes values significantly different from control response, p < 0.01.

cantly (p < 0.001) reduced to 30% of F + T-stimulated
values by GnRH antagonist alone and remained suppressed
when the antagonist and agonist wer^ both present (Fig.
2).

Effects of GnRH-like Peptides on Cell Numbers
and Viability

The effects of the GnRH analogs on granulosa cell func¬
tion could not be attributed to changes in cell number or
viability in the culture wells, due to cell death. Both the
viability and number of cells recovered after 4 days of cul¬
ture from trypsinized cell monolayers were unaffected by
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FIG. 2. Effects of GnRH and/or GnRH analogs (each at 10 |a.M) on
F + T-stimulated cAMP and steroid production by marmoset granulosa cells
(top panel) and of GnRH and/or GnRH antagonist (each at 10 nM) on rat
granulosa cell cAMP production and steroidogenesis (bottom panel). Re¬
sults are percentages of F + T-stimulated values (F + T = 100%), mean +
SEM of triplicate incubations. F + T control values for the marmoset gran¬
ulosa cell culture are cAMP, 0.24; progesterone, 7.92; and estradiol 6.41,
fmol/cell; for rat granulosa cell culture: cAMP, 0.16; progesterone, 1.80;
and estradiol, 0.72 fmol/cell. Letters denote values significantly different
from control: 'p < 0.05, bp < 0.001.

peptide treatment at concentrations up to 10 (jlM. After 4
days in culture, cell counts were, for F + T-treated controls,
10.5 ± 1.2; in the additional presence of 10 |xM agonist,
10.0 ± 2.3; with GnRFl antagonist (10 |xM), 9.3 ± 2.6; in
the presence of both agonist and antagonist (each at 10 mM),
9-7 ± 2.6 x 103 viable cells/well (mean ± SD). Cell via¬
bility did not differ between different treatment groups (52.9
± 2.0%; mean + SD).

Binding of u^I-GnRH Agonist
to Marmoset Ovarian Tissue

No specific, high-affinity binding sites for the GnRH ag¬
onist were found in any of the three marmoset ovarian ho-
mogenates investigated. The low level of radiolabeled ag-
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onist bound (5-7% of the total counts) could only be
displaced with very high concentrations of unlabeled ago¬
nist (10 |xM). Insufficient tissue was available to allow fur¬
ther characterization of GnRH agonist binding to marmoset
ovarian tissue.

Rat Granulosa Cells

Treatment of immature rat granulosa cells with F + T-
stimulated steroid production from undetectable levels
(<0.001 fmol/cell for both estradiol and progesterone) in
untreated cells to 0.740 ± 0.030 (estradiol) and 0.270 ±
0.020 (progesterone) fmol/cell (mean ± SE of triplicate
incubations). Cyclic AMP production was also stimulated by
F + T from undetectable levels (<0.001 fmol/cell) to 0.162
± 0.007 fmol/cell.

Effect of GnRH and a GnRH Antagonist on cAMP
Production and Steroidogenesis

Cyclic AMP production was reduced to 20% of F + T-
stimulated values by GnRH (10 nM) alone; the ED50 for GnRH
was 32 nM. This inhibition was reversed by an equimolar
concentration of the GnRH antagonist; the antagonist alone
had no significant effect on cAMP levels (Fig. 2). The effect
of GnRH agonist (with or without GnRH antagonist) on cAMP
was not investigated.

GnRH alone (10 nM) caused profound inhibition (p <
0.001) of steroid production to 10% of F + T-stimulated
levels. The ED50 of GnRH for estradiol production was 0.59
nM and for progesterone was 22 nM. The effect of GnRH
was reversed by an equimolar concentration of the GnRH
antagonist; the antagonist alone did not affect F + T-stim¬
ulated steroidogenesis (Fig. 2). The GnRH agonist caused
a dose-dependent inhibition of F + T-stimulated steroido¬
genesis: 1 nM agonist reduced estradiol production to 30%
of controls and progesterone production to 40%. Maximal
suppression (to 10% of controls) was seen with 100 nM
agonist. A 100-fold higher concentration of GnRH antago¬
nist (i.e. 10 |aM) alone had no effect on estradiol produc¬
tion, but fully reversed the inhibition of F + T-stimulated
steroid production caused by an equimolar concentration
of the GnRH agonist (data not shown).

Binding of1251-GnRH Agonist to Rat Ovarian Tissue
In contrast to the very low level of GnRH agonist binding

seen in marmoset tissue, rat ovarian homogenates bound
26% of the total radioactivity; 50% of this was displaced by
10 nM unlabeled GnRH agonist, and complete displace¬
ment of bound label was achieved with 10 |j.M unlabeled
agonist.

DISCUSSION

These results demonstrate direct inhibitory effects of
GnRH analogs on cAMP production and steroidogenesis by
primate granulosa cells. Previous studies using human

granulosa cells to investigate the actions of GnRH analogs
have yielded contradictory results. Tureck et al., (1982)
showed a suppression of gonadotropin-stimulated steroido¬
genesis in human granulosa cells that had been allowed to
luteinize spontaneously in vitro. Progesterone production
by granulosa-lutein cells from preovulatory follicles aspi¬
rated after hCG administration in in vitro fertilization pa¬
tients was also inhibited by the GnRH agonist, Buserelin
(Parinaud et al., 1988). However, undifferentiated granulosa
cells aspirated from small human follicles and maintained
in culture for 2 days were not susceptible to the inhibitory
actions of GnRH or a GnRH agonist (Casper et al., 1982).
Under the culture conditions used in the present study, im¬
mature marmoset granulosa cells undergo functional dif¬
ferentiation in response to treatment with hFSH and an¬
drogen, including acquiring the ability to respond to LH
(Hillier et al., 1987). Susceptibility to the suppressive effects
of GnRH analogs therefore appears to be associated with
acquisition of LH responsiveness in primate granulosa cells.
Recently GnRH agonist binding sites have been localized
by autoradiography on the granulosa layer of a human
preovulatory follicle (Latouche et al., 1989). No such bind¬
ing sites were found on smaller antral follicles from the
same ovary or from five other pairs of ovaries containing
only small follicles; no binding to stromal tissue was de¬
tected. These data indicate that the ability to bind GnRFI-
like peptides is related to follicular maturity and, further,
that binding sites found in human corpora lutea may have
their origins in granulosa-lutein cells.

No other high-affinity, pituitary-type GnRH receptors have
been identified in human or nonhuman primate gonadal
tissue (Clayton and Huhtaniemi, 1982). However, Bramley
and coworkers (1985) have found low-affinity binding sites
for GnRH and its agonist, Buserelin, in human luteal tissue.
The number of binding sites varies with the lifespan of the
corpus luteum, increasing towards the mid-luteal phase
(Bramley et al., 1987). The functional significance of these
binding sites remains unclear since steroidogenesis by hu¬
man luteal tissue does not appear to be affected by GnRH
and its analogs (Tan and Biggs, 1983; Casper et al., 1984;
Richardson et al., 1984). It is difficult to resolve the differ¬
ences in binding affinities between the follicular (Latouche
et al., 1989) and luteal phase (Bramley et al., 1985) GnRH
agonist binding sites, but different methodologies and dif¬
ferent ligands were used in these two studies. However, it
would appear that high concentrations of GnRH agonist (0.1
|xM) were required to displace approximately 50% of the
radiolabeled agonist (0.2 nM) from the preovulatory tissue
and to reduce levels of binding to nonspecific levels (5 m-M).
This would indicate that the affinity of the human follicular
binding sites may not be as high as that calculated from the
densitometry data, and that the binding site is of a type
similar to that found in the corpus luteum. No specific
binding of 125I-Buserelin to marmoset ovarian tissue was
found in the present study, whereas rat ovarian tissue pre-
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pared in an identical manner specifically bound significant
amounts of radiolabeled agonist. Insufficient material was
available to allow full characterization of GuRI 1 binding to
marmoset ovarian tissue, so that no firm conclusions can
be drawn from these data. However, both rat and marmoset
ovarian homogenates consisted mostly of small, immature
follicles, containing undifferentiated granulosa cells, and
some stromal tissue. The granulosa cells within both rat
and marmoset ovaries were therefore at similar stages of
development to those used in the culture experiments. It
remains to be determined whether the marmoset corpus
luteum binds GnRH-like ligands.

Rat granulosa cells are highly sensitive to the suppres¬
sive effects of GnRH and its agonistic analogs (Harwood et
al., 1980; Jones et al., 1980). GnRH, acting through its mem¬
brane receptor, activates protein kinase C in these cells via
mechanisms involving hydrolysis of phosphoinositides and
mobilization of intracellular calcium (Davis et al., 1986; Kas-
son et al., 1985). Diacylglycerol appears to be a potent in¬
hibitor of cAMP production, whereas inositol-l,4,5-triphos-
phate is a mediator of intracellular calcium release
(Shinohara et al., 1985a,b; Huckle and Conn, 1987). A de¬
coupling of the FSH receptor from adenylate cyclase and a
loss of FSH receptors have also been described following
GnRH agonist treatment of rat granulosa cells (Knecht et
al., 1983). GnRH-induced changes in intracellular calcium
have been shown to modify second messenger generation
in rat granulosa cells (Davis et al., 1986; Eckstein et al., 1986).
In rat follicular and luteal tissue, GnRH causes a reduction
in the levels of gonadotropin-stimulated cAMP production,
with a concomitant decrease in steroidogenesis (Behrman
et al., 1980; Harwood et al., 1980; Knecht et al., 1981). In
the present study, extracellular cAMP accumulation was sig¬
nificantly reduced by increasing concentrations of GnRH
agonist, although the suppressive effects of the agonist on
cAMP production were not as marked as those on steroido¬
genesis. No indication could be deduced from the present
experiments if this reduction in cAMP production by mar¬
moset granulosa cells was the consequence of decoupling
of the gonadotropin receptor from adenylate cyclase or of
increased turnover of the cyclic nucleotide.

Secondary to these GnRH-induced effects on the second
messenger system in the rat are the changes in enzyme ac¬
tivity involved in progesterone (Jones and Hsueh, 1982a,b)
and estradiol (Hsueh et al., 1980) biosynthesis, and the me¬
tabolism of progesterone to 20a-hydroxyprogesterone (Jones
and Hsueh, 1981). Steroidogenesis in marmoset granulosa
cells was more markedly suppressed than cAMP production
by treatment with the GnRH agonist, and this may reflect
the cumulative action of GnRH agonist on intracellular events
distal to the adenyl cyclase system.

In the one study where human granulosa-lutein cells were
shown to be sensitive to the suppressive effects of a GnRH
agonist (1 nM agonist produced a 65% reduction in pro¬
gesterone production) coculture with an antagonist com¬

pletely restored steroidogenesis, and antagonist alone had
no affect on progesterone production (Tureck et al., 1982).
The failure of a GnRH antagonist to reverse the effects of
the GnRH agonist on marmoset granulosa cell function in
the present study was therefore unexpected. No recogniz¬
able receptors for the GnRH agonist were present on the
granulosa cells, and the mechanism mediating the suppres¬
sion of cellular function was activated by both GnRH ago¬
nist and antagonist. Recently, the existence of a sodium-de¬
pendent intracellular pH regulatory system has been
demonstrated in rat granulosa cells (Li et al., 1989), and a
role for this Na+ /H' antiport in the gonadotropic control
of granulosa cell function has been proposed. Any inter¬
ference with the influx of Na+, such as nonspecific interac¬
tion between GnRH-like peptides and membrane-associ¬
ated ion channels, would be expected to result in a
deleterious acidification of the cell. Whether such nonspe¬
cific membrane-destabilizing mechanisms are involved here
or if phosphoinositide second messenger system is in¬
volved remains unclear. However, the overall effect of treat¬
ing marmoset granulosa cells with high concentrations of
GnRH analogs was an inhibition of FSll-induced cAMP pro¬
duction and steroidogenesis.

In conclusion, the suppressive effect of high concentra¬
tions of GnRH-related peptides on cAMP production and
steroidogenesis by marmoset granulosa cells appears in the
absence of pituitarv-type GnRH receptors. The functional
significance of these results in the regulation of folliculo-
genesis by GnRH-like peptides in the primate ovary re¬
mains to be determined.

ACKNOWLEDGMENTS

We thank Dr. B.H. Vickery, Department of Physiology, Syntex Research, Palo Alto,
CA, for the gift of the GnRH antagonist; Dr. A.R. LaBarbera, Department of Obstetrics
and Gynecology, Northwest University Medical School, Chicago, IL, for supplying the
cAMP antiserum; and Professor L.E. Reichert, Jr., Department of Biochemistry, Albany
Medical College of Union University, Albany, NY, for the hFSH preparation.

REFERENCES

Aten RF, Behrman HR, 1989a. A gonadotropin-releasing hormone-binding inhibitor
from bovine ovaries. Purification and identification as histone H2A. J Biol Chem
264:11065-71

Aten RF, Behrman HR, 1989b. Antigonadotropic effects of the bovine ovarian gonad¬
otropin-releasing hormone-binding inhibitor/histone H2A in rat luteal and
granulosa cells. J Biol Chem 264:11072-75

Aten RF, Polan ML, Bayless R, Behrman HR, 1987. A gonadotropin-releasing hormone
(GnRH)-like protein in human ovaries: similarity to the GnRH-like ovarian pro¬
tein of the rat. J Clin Endocrinol Metab 64:1288-93

Behrman HR, Preston SL, Hall AK, 1980. Cellular mechanisms of the antigonadotropic
action of luteinizing hormone-releasing hormone in the corpus luteum. En¬
docrinology 107:656-64

Bramley TA, Menzies GS, Baird DT, 1985. Specific binding of gonadotropin-releasing
hormone and an agonist to human corpus luteum homogenates: characteriza¬
tion, properties and luteal phase levels. J Clin Endocrinol Metab 61:834-41

Bramley TA, Stirling D, Swanston LA, Menzies GS, McNeilly AS, Baird DT, 1987. Spe¬
cific binding sites for gonadotrophin-releasing hormone, LH/chorionic gonad¬
otrophs, low-density lipoprotein, prolactin and FSH in homogenates of hu¬
man corpus luteum. II. Concentrations throughout the luteal phase of the
menstrual cycle and early pregnancy. J Endocrinol 113:317-27

Casper RF, Erickson GF, Rebar RW, Yen SSC, 1982. The effect of luteinizing hormone-



GnRH ANALOGS AND PRIMATE GRANULOSA CELL FUNCTION 311

releasing factor and its agonist on cultured human granulosa cells. Fertil Steril
37:406-09

Casper RF, Erickson GF, Yen SSC, 1984. Studies on the effect of gonadotropin-re-
leasing hormone and its agonist on human luteal steroidogenesis in vitro. Fer¬
til Steril 42:39-43

Clayton RN, Huhtaniemi IT, 1982. Absence of gonadotropin-releasing hormone re¬
ceptors in human gonadal tissue. Nature 229:36-59

Davis JS, West LA, Farese RV, 1986. Gonadotropin-releasing hormone (GnRH) rapidly
stimulates the formation of inositol phosphates and diacylglycerol in rat gran¬
ulosa cells: further evidence for the involvement of Ca2+ and protein kinase
C in the action of GnRH. Endocrinology 118:2561-71

Eckstein N, Eshel A, Eli, Ayalon D, Naor Z, 1986. Calcium-dependent actions of go¬
nadotropin-releasing hormone agonist and luteinizing hormone upon cyclic
AMP and progesterone production in rat ovarian granulosa cells. Mol Cell En¬
docrinol 47:91-98

Harlow CR, Hillier SG, Hodges JK, 1986. Androgen modulation of follicle-stimulating
hormone-induced granulosa cell steroidogenesis in the primate ovary. Endo¬
crinology 119:1403-05

Harper J, Brooker G, 1975. Femtomole sensitive radioimmunoassay for cyclic AMP
and cyclic GMP after 2'O-acetylation by acetic anhydride in aqueous solution.
J Cyclic Nucleotide Res 1:207-18

Harwood JP, Clayton RN, Catt KJ, 1980. Ovarian gonadotropin-releasing hormone
receptors. I. Properties and inhibition of luteal cell function. Endocrinology
107:407-13

Hillier SG, Harlow CR, Shaw HJ, Wickings EJ, Dixson AF, Hodges JK, 1987. Granulosa
cell differentiation in primate ovaries: the marmoset monkey (Callithrix jac-
chus) as a laboratory model. In: Stouffer RL (ed.), The Primate Ovary. New
York: Plenum Press, pp. 61-73

Hillier SG, Knazek RA, Ross GT, 1977. Androgenic stimulation of progesterone pro¬
duction by granulosa cells from preantral ovarian follicles: further in vitro stud¬
ies using replicate cell cultures. Endocrinology 100:1539-49

Hillier SG, Reichert LE, van Hall EV, 1981. Control of preovulatory follicular estrogen
biosynthesis in the human ovary. J Clin Endocrinol Metab 52:847-56

Hsueh AJW, Jones PBC, 1981. Extrapituitary actions of gonadotropin-releasing hor¬
mone. Endocr Rev 2:437-61

Hsueh AJW, Wang C, Erickson GF, 1980. Direct inhibitory effects of gonadotropin-
releasing hormone upon follicle-stimulating hormone induction of luteinizing
hormone receptor and aromatase activity in rat granulosa cells. Endocrinology
106:1697-1705

Huckle WR, Conn PM, 1987. The relationship between gonadotropin-releasing hor¬
mone-stimulated luteinizing hormone release and inositol phosphate produc¬
tion: studies with calcium antagonists and protein kinase C activators. Endo¬
crinology 120:160-69

Jones PBC, Conn PM, Marian J, Hsueh AJW, 1980. Binding of gonadotropin-releasing
hormone agonist to rat ovarian granulosa cells. Life Sci 27:2125-32

Jones PBC, Hsueh AJW, 1981. Direct stimulation of ovarian progesterone-metaboliz¬
ing enzyme by gonadotropin-releasing hormone in cultured granulosa cells. J
Biol Chem 256:1248-54

Jones PBC, Hsueh AJW, 1982a. Regulation of ovarian 3fJ-hydroxysteroid dehydroge¬
nase by GnRH and follicle-stimulating hormone in cultured rat granulosa cells.
Endocrinology 110:1663-71

Jones PBC, Hsueh AJW, 1982b. Pregnenolone biosynthesis in cultured rat granulosa
cells: modulation by FSH and gonadotropin-releasing hormone. Endocrinology
111:713-21

Kasson BG, Conn PM, Hsueh AJW, 1985. Inhibition of granulosa cell differentiation
by dioctanoylglycerol—a novel activator of protein kinase C. Mol Cell Endo¬
crinol 42:29-37

Knecht M, Katz MS, Catt IQ, 1981. Gonadotropin-releasing hormone inhibits cyclic
nucleotide accumulation in cultured rat granulosa cells. J Biol Chem 256:34-
36

Knecht M, Ranta T, Feng P, Shinohara O, Catt KJ, 1985. Gonadotropin-releasing hor¬
mone as a modulator of ovarian function. J Steroid Biochem 23:771-78

Knecht M, Ranta T, Katz MS, Catt KJ, 1983. Regulation of adenylate cyclase activity by
follicle-stimulating hormone and a gonadotropin-releasing hormone agonist in
cultured rat granulosa cells. Endocrinology 112:1247-55

Koos LD, LeMaire WJ, 1985. The effects of a gonadotropin-releasing hormone agonist
on ovulation and steroidogenesis during perfusion of rabbit and rat ovaries in
vitro. Endocrinology 116:628-32

LaBarbera AR, Bergert ER, Ryan RJ, 1982. The effects of hormones, cholera toxin and
Na-Tosyl-L-Lysine chloromethylketone on adenylate cyclase in viable granulosa
cells. Endocrinology 111:1897-1903

LaBarbera AR, Fisher AE, 1983. Porcine granulosa cell desensitization: prolonged FSH-
responsive cAMP production in vitro. Am J Physiol 244:E435-4l

Latouche J, Crumeyrolle-Arias, Jordan D, Kopp N, Augendre-Ferrante B, Cedard L,
Haour F, 1989. GnRH receptors in human granulosa cells: anatomical localis¬
ation and characterisation by autoradiographic study. Endocrinology 125:1739-
41

Leung PCK, Wang J, 1989. The role of inositol lipid metabolism in the ovary. Biol
Reprod 40:703-08

Li CH, Ramasharma K, Yamashiro D, Chung D, 1987. Gonadotropin-releasing peptide
from human follicular fluid: isolation, characterization and chemical synthesis.
Proc Natl Acad Sci USA 84:959-62

Li M, Asem EK, Tsang BK, 1989. Sodium-dependent regulation of steroidogenesis in
rat granulosa cells: possible involvement of a Na+/H+ antiport. J Steroid Biochem
32:453-58

Maruo T, Otani T, Mochizuki M, 1985. Antigonadotropic actions of GnRH agonist on
ovarian cells in vivo and in vitro. J Steroid Biochem 23:765-70

Massicote J, Veilleux R, Lavoie M, Labrie F, 1980. An LHRH agonist inhibits FSH-in-
duced cyclic AMP accumulation and steroidogenesis in porcine granulosa cells
in culture. Biochem Biophys Res Commun 94:1326-66

Parinaud J, Beaur A, Bourreau Em, Vietez G, Pontonnier G, 1988. Effect of a lutein¬
izing hormone-releasing hormone agonist (Buserelin) on steroidogenesis of
cultured human preovulatory granulosa cells. Fertil Steril 50:597-602

Reichert LE Jr, 1967. Selective inactivation of the luteinizing hormone contaminant
of human pituitary follicle stimulating hormone preparations by digestion with
a-chymotrypsin. J Clin Endocrinol Metab 27:1065-67

Richardson MC, Hirji MR, Thompson AD, Masson GM, 1984. Effects of a long-acting
analogue of LH-releasing hormone on human and rat corpora lutea. J Endo¬
crinol 101:163-68

Sharpe RM, Fraser HM, 1980. Leydig cell receptors for luteinizing hormone releasing
hormone and its agonist and their modulation by administration or deprivation
of the releasing hormone. Biochem Biophys Res Commun 95:256-62

Shinohara O, Knecht M, Catt KJ, 1985a. Differential actions of phorbol ester and
diacylglycerol on inhibition of granulosa cell maturation. Biochem Biophys Res
Commun 133:468-74

Shinohara O, Knecht M, Catt KJ, 1985b. Inhibition of gonadotropin-induced granulosa
cell differentiation by activation of protein kinase C. Proc Natl Acad Sci USA:8518-
22

Silavin SL, Greenwald GS, 1982. In-vitro progesterone production by ovarian inter¬
stitial cells from hypophysectomized hamsters. J Reprod Fertil 66:291-98

Tak'ats A, Hertelendy F, 1982. Adenylate cyclase activity of avian granulosa: effects of
gonadotropin-releasing hormone. Gen Comp Endocrinol 48:515-24

Tan GJS, Biggs JSG, 1983. Absence of effect of LH-RH on progesterone production
by human luteal cells in vitro. J Reprod Fertil 67:411-13

Tureck RW, Mastroianni L, Blasco L, Strauss JF, 1982. Inhibition of human granulosa
cell secretion by a gonadotropin-releasing hormone agonist. J Clin Endocrinol
Metab 54:1078-80

Wormald PJ, Eidne KA, Millar RP, 1985. Gonadotropin-releasing hormone receptors
in human pituitary: ligand structural requirements, molecular size and cationic
effects. J Clin Endocrinol Metab 61:1190-94



7

Steroid Signaling in the Follicular
Paracrine System
S.G. HlLLffiR AND I.M. TURNER

Locally produced regulatory factors co-ordinate gonadotropin-dependent
theca/granulosa cell interaction during preovulatory follicular development.
In this chapter, we review evidence that steroids act as essential paracrine
signals in ovarian follicles and speculate on the functional significance of
steroids as modulators of regulatory protein (inhibin and activin) production
by developing granulosa cells.

Regulatory Steroid Action

The two-cell, two-gonadotropin model of estrogen synthesis in the preovula¬
tory follicle provided the first satisfactory explanation of the cellular basis of
estrogen synthesis and laid the foundations for modern concepts of a follicu¬
lar paracrine system (1). Estrogens had long been recognized as
intrafollicular organizers that promote granulosa cell development and re¬
sponsiveness to gonadotropins in vivo (2-5), and locally produced androgens
were implicated in the control of follicular atresia (6). Towards the end of the
1970s, increased use of primary granulosa cell culture systems to study
androgen action in vitro revealed unexpected abilities of aromatizable and
nonaromatizable androgens to act alone (7, 8) and synergistically with FSH
(9, 10) to stimulate progesterone synthesis and aromatase activity (11, 12).
With the demonstration that granulosa cells possess androgen receptors (13)
that mediate androgenic augmentation of FSH-induced granulosa cell differ¬
entiation (14), it was suggested that LH-induced thecal androgens, besides
serving as aromatase substrates, might function as "intercellular (theca or
granulosa) regulators that mediate certain follicular requirements for stimu-
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lation by LH" (15). Regulatory roles in the follicular paracrine system for
androgens along with estrogens, other steroids, and diverse nonsteroidal
factors are now widely accepted (16-18).

Androgen
Androgens produced by thecal cells cross the lamina basalis, penetrate the
granulosa cell layer and accumulate in follicular fluid (19, 20). There is
experimental evidence for involvement of androgens in follicular atresia
(see below), but androgen levels in follicular fluid of atretic follicles do not
differ markedly from those in healthy follicles of a comparable size (21,
22). Depending on the stage of development (controlled by FSH), granu¬
losa cells express enzymes that interconvert androstenedione and other
steroids with potential regulatory functions in the follicle wall, including
testosterone (via 17-ketoreductase [23]), 5a-reduced androgens (via 5a-
reductase [24]), estradiol (via aromatase [24]), and catechol estrogens (via
estrogen hydroxylase [25]).
For several mammalian species, including a nonhuman primate (26), it has

been shown that FSH-induced differentiation of cultured granulosa cells is
modulated by the presence of androgens at concentrations found in follicular
fluid (16, 17). Androgens active in this regard include testosterone, andro¬
stenedione, and their nonaromatizable 5a-reduced congeners. Receptor-
mediated androgen action in granulosa cells leads to increased generation of
cAMP and expression of genes encoding FSH-inducible proteins, including
steroidogenic cyctochrome P-450s and inhibin/activin subunits (Fig. 1). The

DHT (Mx10) 0 -8 -6 0 -8 -6 0 -8 -6

» «• M«0|««|
hFSH (30ng/ml)

dbcAMP (0.1mM) + + +

Figure 1. Androgenic augmentation of hFSH/cAMP-stimulated inhibin a-subunit
mRNA expression in rat granulosa cells. Granulosa cells from estrogen-primed
immature female rat ovaries were cultured for 48 h with and without submaximal

stimulatory concentrations of hFSH (30 ng/mL) or dibutyryl cAMP (100 (lM), in the
presence and absence of 10-8 or lO^M 5a-dihydrotestosterone (DHT). Total RNA
(10 pg) from cells receiving each treatment was separated by electrophoresis on an
agarose formaldehyde gel and transferred to a nylon membrane, which was hybrid¬
ized with a 32P-labeled rat inhibin a-subunit cDNA probe. The autoradiographic
signal given by the ~1.6-kb inhibin a-subunit mRNA is shown. (I.M. Turner and
S.G. Hillier, unpublished data.)
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net effect is enhanced sensitivity to FSH, consistent with a role for locally
produced androgens in modulating follicular threshold requirements for
stimulation by FSH.
Degree of exposure to FSH and stage of preovulatory development deter¬

mine how granulosa cells respond to androgen. Experiments in vivo using
estrogen-primed hypophysectomized immature rats have shown that in the
absence of FSH, treatment with LH/hCG (stimulates ovarian androgen pro¬
duction [6]) or androgen (27) inhibits granulosa cell proliferation and pro¬
motes follicular atresia. On the other hand, joint treatment with FSH and
androgen promotes preovulatory follicular growth and estrogen secretion
(28). Whether androgens exert specific regulatory actions in granulosa cells
at advanced stages of FSH-induced differentiation is uncertain since such
cells convert aromatizable androgens to estradiol and may also produce
androgen metabolites that are competitive aromatase inhibitors (29). Expo¬
sure ofmature granulosa cells to excessive amounts of androgen is generally
associated with reduced steroid secretion and increased follicular atresia

(30-32).

Estrogen
Estrogen is a putative intrafollicular autocrine regulator. Treatment of hypo¬
physectomized immature female rats with exogenous estrogen stimulates
granulosa cell mitosis, raises gonadotropin receptor levels and amplifies
follicular responsiveness to exogenously administered gonadotropin (4, 5,
33, 34). At the subcellular level, estrogen augments FSH-induced expression
of the regulatory subunit RIIp of type II cAMP-dependent protein kinase, as
well as the aromatase and cholesterol side-chain cleavage cytochrome
P-450s (5, 33-35). Estrogen also stimulates expression of inhibin a- and pB-
subunit mRNAs (36) (see Fig. 2) and augments FSH-induced production of
inhibin protein(s) by cultured rat granulosa cells (37).
Regulatory actions of estrogen in granulosa cells are presumed to be

mediated by binding of the steroid to receptor(s) that regulate rates of
transcription from estrogen responsive genes (5). A protein with the physico-
chemical properties of an estrogen receptor has been detected by ligand-
binding assays in nuclei and cytosol from whole ovaries and granulosa cells
(38^40). However, at least one other estrogen-binding species is present in
rat granulosa cells, which could also participate in estrogen action (41). The
finding that mouse ovaries express at least two mRNA species that cross-
hybridize with RNA probes complementary to the steroid-binding domain of
the mouse estrogen receptor provides further evidence that steroid binding
sites other than that of the classic estrogen receptor might mediate autocrine
estrogen action in the ovaries (42).
Whether estrogens exert physiologically significant regulatory effects in
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Figure 2. Stimulatory effects of hFSH and estrogen on expression of inhibin subunit
mRNAs in rat granulosa cells. Granulosa cells from estrogen-primed immature
female rat ovaries were cultured for 48 h with and without a maximal stimulatory
dose of steroid (lO^M) and/or hFSH (100 ng/mL) (1 = control; 2 = estradiol alone; 3
= 5a-dihydrotestosterone alone; 4 = hFSH alone; 5 = hFSH plus estradiol; 6 = hFSH
plus 5a-dihydrotestosterone.) Total RNA (5 |ig) from cells receiving each treatment
was separated by electrophoresis on an agarose formaldehyde gel and transferred to a
nylon membrane, which was sequentially hybridized with each 32P-labeled rat
inhibin cDNA probe (left panel = a-subunit; center panel = (3A-subunit; right panel =
PB subunit.) Numbers on the left denote approximate mRNA sizes (kb). The ~1.6-kb
hybridization signal in the right-hand panel is a residual inhibin a-subunit probe that
was incompletely stripped from the membrane before reprobing. (From Turner IM,
Saunders PTK, Shimasaki S, Hillier SG, Regulation of inhibin subunit gene expres¬
sion by FSH and estradiol in cultured rat granulosa cells, Endocrinology
1989;125:2790-2, with permission.)

human granulosa cells is less certain, the only relevant data having come
from nonhuman primate models. In an immunocytochemical study of mon¬
key ovaries, granulosa cells stained negatively for the estrogen receptor,
whereas intense positive staining occurred in the ovarian surface epithelium
(43). Treatment of cultured marmoset granulosa cells with estradiol aug¬
mented FSH-inducible inhibin production without enhancing steroidogen¬
esis (44).
The raised follicular fluid estrogen level in the preovulatory follicle is

widely believed to contribute to the intrafollicular mechanism whereby a
single preovulatory follicle is selected to ovulate in the human menstrual
cycle. There is no direct evidence to support regulatory estrogen action in
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human granulosa cells, but both aromatase activity (45) and follicular fluid
estradiol levels (20, 46) increase during preovulatory follicular development
and correlate positively with follicular "health" (16). Once selected (see
above), the preovulatory follicle is presumed to be developmentally favored
through the activation of a local positive feedback loop in which the estrogen
it produces stimulates granulosa cell proliferation as well as augmenting
cellular responsiveness to gonadotropins, thereby causing further increases
in estrogen formation and so on (20, 34, 47). As discussed below, follicular
androgens and nonsteroidal factors, such as inhibins and activins, may also
participate in this local feedback interaction.
Granulosa-derived estrogen is also implicated as a paracrine regulator of

thecal cell function (48) and may be involved in the suppression of thecal
androgen synthesis in response to the mid-cycle LH surge (49).
Assessment of direct estrogen action in isolated granulosa cell systems

may be complicated by the fact that preovulatory granulosa cells acquire
increased capacity to metabolize estradiol to catechol estrogens (25). Cat¬
echol estrogens have been identified in ovarian follicular fluid (50) and have
been shown to augment FSH-induced steroid synthesis and inhibit granulosa
cell proliferation in vitro (51, 52). Thus, this class of estrogen might also
serve regulatory functions in vivo.

Steroids and Regulatory Protein Action: Inhibins
and Activins

Neither FSH nor estrogen are granulosa cell mitogens in vitro although they
are when administered in vivo (53). This raises the question of whether
locally produced growth factors co-ordinate mitogenic and differentiative
actions of gonadotropins and sex steroids. Candidates for such roles include
insulin-like growth factors, epidermal growth factor, transforming growth
factors, inhibins and activins, heparin-binding growth factors, and cytokines.
Here, we focus on the inhibin/activin family of regulatory proteins.

Inhibins and Activins

Mature inhibin is a 32-kDa glycoprotein that has been isolated from ovarian
follipular fluid as two distinct forms composed of a common a-subunit and
one of two p-subunits, PA and pB (54-59). Treatment of pituitary cell cul¬
tures with inhibin suppresses FSH secretion, whereas treatment with the
homodimeric pA (pA form of inhibin, termed activin-A [60] or FSH-releas-
ing protein [61 ]) stimulates FSH release. These properties are likely to reflect
physiological functions of inhibin and activin in the human endocrine sys-



7. Steroid Signaling in the Follicular Paracrine System 89

tem, notably during the luteal phase of the menstrual cycle when inhibin is
secreted in large amounts by the corpus luteum (62).
The human preovulatory follicle does not appear to secrete important

amounts of inhibin until the mid-cycle LH surge begins (62). However,
inhibin and activin are both believed to serve local regulatory functions
within developing ovarian follicles (63). Interest in the putative intragonadal
function(s) of these factors is fueled by the high degree of structural homol¬
ogy (30-40%) that exists between them and the members of a family of
growth factors, which are synthesized from precursors of high molecular
weight and expressed during embryogenesis and organogenesis across a
wide range of animal phyla (58, 64). Members of this gene family include
TGF (3, mullerian duct inhibiting substance (causes mullerian duct regression
in males), decapentaplegic gene complex (active during insect embryogen¬
esis), and vgl protein (a mesoderm-inducing factor in frog embryos). Bone
marrow expresses inhibin (3A mRNA and human lukaemic cells produce
activin (65). Moreover, treatment with activin in vitro stimulates erythroid
differentiation (haemoglobin accumulation) in human erythrolukaemic cell
cultures and this effect is inhibited by co-treatment with inhibin (66). Thus it
seems increasingly likely that inhibins and activins and/or their component
subunits play fundamental roles in tissue growth and differentiation.

Control of Inhibin/Activin Gene Expression
Secretion of inhibin protein by rat (37, 67-70), bovine (71), human (72, 73)
and nonhuman primate granulosa cells (44) is regulated by gonadotropins
and sex steroids in vitro. The three inhibin subunits are encoded by separate
genes (74-78) whose expression in granulosa cells is developmentally regu¬
lated and inducible by FSH (79, 80) (Fig. 2). Interestingly, expression of the
a- and pB-subunit mRNAs (which jointly encode inhibin) in cultured rat
granulosa cells is enhanced by treatment with estradiol in vitro, whereas the
PA-subunit mRNA (which encodes activin-A) shows no discernible response
to estradiol under identical experimental conditions (36) (Fig. 2). This sug¬
gests to us a mechanism whereby locally produced estrogen could influence
relative rates of granulosa cell inhibin and activin synthesis during follicular
development in vivo.

Intrafollicular Regulatory Functions of Inhibins and Activins
Specific regulatory functions of inhibin, activin, their precursors, or free
subunits in ovarian follicles have yet to be defined. In rat thecal cell cultures,
inhibin was shown to augment LH-stimulated production of androstened-
ione, whereas activin was inhibitory (81). In rat granulosa cell cultures,
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inhibin purified from porcine (82) but not bovine (83) follicular fluid inhib¬
ited aromatase activity. Reasons for the discrepancy are uncertain but may
reside in the specific forms of inhibin and experimental conditions used.
Activin enhanced FSH-stimulated aromatase activity in rat granulosa cells
but inhibited progesterone production (83). Activin also inhibited the growth
of Chinese hamster ovary cells in culture. Treatment with inhibin alone had
no significant effect on ovarian cell growth, although it partially overcame
the inhibitory effect of activin (84).

Functional Interplay Between Androgen and Inhibin
The forgoing evidence suggests that the androgen/estrogen and inhibin/
activin axes of the follicular paracrine system might be functionally
interlinked. In continuing in vitro studies of development-dependent human
granulosa cell function, we find that the presence of testosterone or 5a-
dihydrotestosterone in culture medium markedly augments FSH-stimulated
inhibin production by cells harvested from immature antral follicles (73, and
unpublished data) (Fig. 3). Similar augmentative effects of androgens on

Treatment

Figure 3. Androgenic augmentation of hFSH-induced production of inhibin by
human granulosa cells. Granulosa cells were pooled from four 5-mm diameter
follicles in a human ovary and cultured (15,000 cells/0.5 mL medium) for 96 h
(medium change at 48 h) in serum-free medium 199 containing no additions, testos¬
terone (T) (10_6M), gonadotropin (hFSH or hLH, 30 ng/mL), or gonadotropin plus T,
as indicated. Inhibin levels in the medium (radioimmunoassay using porcine Ia(l-
26)-Gly27-Tyr28 as immunogen, tracer, and standard (see reference 44) are shown as
means (± SEM) of incubations in triplicate. Note the response to hFSH, which is
increased -2-fold by the presence of T. The lack of response to hLH is consistent
with the functional immaturity of the cells studied. (S.G. Hillier, S.G. Wickings, I.M.
Turner, P. Illingworth, E.L. Yong, L.E. Reichert, Jr., A.S. McNeilly, and D.T. Baird,
unpublished data.)
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FSH-responsive inhibin production have been reported using bovine (71), rat
(37, 68), and marmoset monkey granulosa cell cultures (44), suggesting
broad relevance to mammalian granulosa cell function. Interestingly, we find
that inhibin production by FSH-treated human granulosa cell cultures is
refractory to treatment with estradiol (73, and unpublished data). Such an
androgen-specific effect on human granulosa cells contrasts with the situa¬
tion for rat and marmoset monkey granulosa cells where both androgen and
estrogen synergize with FSH to promote inhibin production in vitro. Rats and
marmoset monkeys are both polyovulatory, whereas human beings are
monovulators (37, 44). This raises the question if androgen-responsive
inhibin production has particular functional significance for monovulatory
species, including humans. Evidence from animal experiments suggests that
androgen potentiates FSH-induced granulosa cell inhibin production,
whereas inhibin augments LH responsive thecal/interstitial androgen pro¬
duction. It has yet to be established if inhibin augments human thecal andro¬
gen production. However, such functional interplay between androgen and
inhibin would have special relevance to follicular selection and development
in women, since it could provide the basis of a paracrine mechanism for
setting the responsiveness of individual follicles to FSH and LH.
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Introduction

During the follicular phase of the human menstrual cycle, the follicle
destined to ovulate increases in size from a diameter of 2-5 mm to

over 20 mm and becomes the major ovarian source of secreted oestrogen.
This oestrogen-secretory stage in its development encompasses a pro¬
grammed sequence of cell growth and differentiation in the follicle
wall which terminates with ovulation and transformation of the follicle
into a corpus luteum. The entire sequence of events depends upon

primary (endocrine) stimulation of the ovaries by the gonadotrophins
follicle-stimulating hormone (FSH) and luteinizing hormone (LH),
underpinned by local (paracrine and autocrine) levels of control
emanating from within the follicle itself.

The aim of this chapter is to survey current concepts of
gonadotrophin-regulated preovulatory follicular development and
endocrine function, emphasizing the intrafollicular regulatory
mechanisms underlying synthesis and secretion of oestrogen by the
ovaries. Knowledge of this subject has increased substantially during
the past decade and several comprehensive reviews of the relevant
literature are available (Hillier et al., 1980a, 1981, 1985; Richards 1980;
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Richards et al., 1987; Dorrington et al., 1983; Hsueh et al., 1984, 1989;
Adashi et al., 1985; Gore-Langton 6- Armstrong, 1988; Tonetta &
DiZerega, 1989).

Gonadotrophins and preovulatory follicular
development
Normal preovulatory follicular development and oestrogen secretion
depend upon appropriate stimulation of the ovaries by adequate amounts
of both FSH and LH. Relative requirements for stimulation by each
gonadotropin at progressive stages of follicular development are
illustrated schematically in Fig. 3.1.

Multiple antral follicles capable of entering preovulatory stages of
development are usually present in the ovaries at the beginning of a
normal menstrual cycle. Such 'incipient' preovulatory follicles are be¬
tween 2 and 5 mm in diameter, comprising a fluid-filled antral cavity
surrounded by inner granulosa (in which the cumulus-enclosed
secondary oocyte is embedded) and outer thecal cell layers separated
by a lamina basalis. Tonic stimulation of the ovaries by both FSH and

Induction Expression
FSH-dependent FSH & LH-regulated

Theca Granulosa

< 5 mm ► - 10 mm ¥ > 20 mm

Fig. 3.1. Development-related requirements for follicular stimulation by
gonadotrophins. FSH receptors are located on granulosa cells and LH receptors on thecal
cells throughout antral follicular development, (a) Incipient preovulatory follicles (~5
mm diameter) present at the beginning of a menstrual cycle continue to develop in
response to the intercycle FSH rise, (b) By the midfollicular phase a single 'dominant'
follicle is 'selected' (see text), being the largest (& 10 mm diameter) healthy follicle in
either ovary. Due to the inductive action of FSH, granulosa cells in this follicle will have
proliferated and acquired LH receptors and steroidogenic enzymes including P450aro
(aromatase) crucial to oestrogen synthesis, (c) During the mid-late follicular phase,
preovulatory follicular growth and expression of endocrine function (oestrogen
secretion) depend on joint stimulation by FSH and LH and the follicle becomes
increasingly responsive to each gonadotrophin. Ovulation is induced by the mid-cycle LH
surge which is released when follicular diameter is &20 mm and oestrogen secretion rate
is maximal.
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LH is required for follicles to achieve this stage of development whereas
selectively increased stimulation by FSH in the face of tonic stimulation
by LH is required for preovulatory growth and oestrogen secretion to
begin (Fig. 3.1). During the second half of the follicular phase,
oestrogen synthesis in the preovulatory follicle becomes directly
responsive to LH as well as FSH.

Function of FSH

Increased secretion of FSH by the pituitary gland constitutes the
primary signal for preovulatory follicular development to begin (Hsueh
et al., 1989). This occurs in response to withdrawal of steroid/inhibin-
mediated ovarian feedback inhibition of pituitary FSH release as the
corpus luteum of the previous cycle regresses (see Chapter 1). It re¬

quires 10-12 days of sustained stimulation by FSH for an c. 5-mm
diameter follicle to attain a full preovulatory diameter of S20 mm.

During this period, the granulosa cell content of such a follicle doubles
five or six times to reach over 50 million (McNatty, 1981). FSH stimu¬
lates granulosa cell proliferation directly and induces LH-responsive
mechanisms in these cells which subserve the steroid-secretory func¬
tions of the preovulatory follicle and (after ovulation) the corpus
luteum. Important FSH-induced developments in granulosa cell func¬
tion during this period include increased secretion of glycosamino-
glycans which contribute to the formation of follicular fluid (Ax &
Ryan, 1979; Yanagashita et al., 1981); increased synthesis of steroids
(progesterone and oestradiol) reflected in the rising follicular fluid
steroid level (McNatty, 1981), induction of LH receptors functionally
coupled to steroidogenesis (Charming & Tsafriri, 1977), and overall
increased responsiveness to FSH and LH (Richards, 1980; Hsueh et al.,
1984; Hillier, 1985).

Granulosa cells are the only ovarian cells which possess measurable
FSH receptors and binding of FSH to its receptor on the cell surface
activates adenylyl cyclase-mediated postreceptor signalling (see below),
leading to increased expression of diverse mRNAs encoding proteins
crucial to granulosa cell proliferation and differentiation (Richards et
al., 1987). Known FSH-responsive genes are listed in Table 3.1. They
include the LH receptor itself (Segaloff et al. 1990) and some major
steroidogenic enzymes, notably aromatase (P450aro), the cytochrome
P450 crucial to oestrogen synthesis (Mendelson et al., 1988); proteases
such as tissue plasminogen activator; regulatory peptides such as in-
hibin subunits and follistatin; and a 'heat-shock' protein. Other genes
expected to be under direct FSH control include the LH receptor
(McFarland et al., 1989) and insulin-like growth factors (IGFs) which
are implicated in the autocrine contrql of granulosa cell development
(Oliver et al., 1989) (see later).
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Table 3.1. FSH-inducible genes in ovarian granulosa cells

mRNA Reference

P450scc

P450aro

RHf3 subunit of type 11 cAMP-dependent protein kinase

Tissue plasminogen activator

Renin

Apoliprotein E

Prostaglandin endoperoxide synthase
Inhibin a-subunit

Inhibin PA-and f5„-subunits

Pro-opiomelanocortin

Heat-shock protein (hsp90)

Follistatin

LH receptor

Richards et al.. 1987

Steinkampf et al., 1987;
Hickey et al., 1988
Hedin et al., 1987

O'Connell et al., 1987;
Ohlsson et al., 1988

Kim et al.. 1987

Wyne et al., 1989

Richards et al., 1987

Woodruff et al., 1987

Turner et al., 1989

Young et al., 1989

Ben-Ze'ev & Amsterdam,
1989

Shimasaki et al., 1989

Segaloff et al.. 1990

Function of LH

The steroid-secretory function of the preovulatory follicle, like that of
the corpus luteum, is critically dependent on LH. Increased follicular
oestrogen secretion occurs during the second half of the follicular
phase when the frequency of pulsatile LH discharge by the pituitary
increases and FSH secretion declines. At mid-cycle, oestrogen secretion
is suppressed by the mid-cycle LH surge which simultaneously initiates
follicle rupture, corpus luteum formation and onset of luteal pro¬

gesterone secretion (Yen, 1986). After ovulation, tonic stimulation by
LH transiently sustains the steroid-secretory function of the corpus
luteum (Filicori et al., 1984). If pregnancy occurs, the functional lifespan
of the corpus luteum is extended by the direct action of trophoblastic
human chorionic gonadotrophin (hCG) (see below).

Granulosa cells develop LH receptors in response to stimulation by
FSH (see above), both gonadotrophins can thereby act directly to
stimulate granulosa cell steroidogenesis in the preovulatory follicle
(Channing & Tsafriri, 1977). LH receptors are also located on thecal/
interstitial cells and steroidogenesis (androgen synthesis) in these cells
is under direct LH control throughout the menstrual cycle (Erickson
et al., 1985). LH acts via its receptor in the plasma membrane of
granulosa-lutein cells and thecal/interstitial cells to stimulate steroid
synthesis mediated by adenylyl cyclase signalling (Marsh, 1976; Golos
et al., 1987; Magoffin, 1989). Intracellular signalling via inositol lipid
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hydrolysis also contributes to the actions of LH and hCG on steroido¬
genesis in luteinized granulosa cells (Davis et al., 1984; Leung & Wang,
1989) (see below).

Postreceptor signalling and gonadotrophin action

Receptor-activated increases in adenylyl cyclase activity and intracellular
production of cyclic adenosine monophosphate (cAMP) mediate the
effects of FSH (on immature granulosa cells) and LH (on thecal cells
and mature granulosa cells) (Richards et al., 1987). Other factors trans¬
mit information into these cells via receptor-activated tyrosine kinase
or phosphoinositide (PI) hydrolysis, thereby modulating cellular
responsiveness to gonadotrophins (Fig. 3.2.).

Adenylyl cyclase

The pivotal role of intracellular cAMP in mediating gonadotrophin
action on gonadal cells has been recognized for many years (Marsh,

FSH
LH

Insulin EGF hCG GnRH-like peptides
IGF-1 TGFo /?-adrenergic ? Prostaglandin^,,

of numerous target-protein
substntcs

Fig. 3.2. Postreceplor signalling pathways in ovarian follicular cells (based on Michell,
1989).
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1976). Binding of gonadotropins to their receptors on the cell surface
activates adenylyl cyclase to increase the formation of cAMP which
stimulates the activity of cAMP-dependent protein kinase (protein
kinase A). Protein kinase A exists as a tetrameric complex comprising
two regulatory subunits (which bind cAMP) and two catalytic subunits
with phosphotransferase activity (Beebe et al., 1989). Binding of cAMP
to the regulatory subunits of protein kinase A depresses the phospho¬
transferase activity of its catalytic subunits, permitting phosphorylation
of protein substrates which either stimulate steroidogenesis acutely or
exert longer-term inductive effects by increasing rates of transcription
of cAMP-regulated genes (Kurten & Richards, 1989). The nature of the
proteins phosphorylated by protein kinase A and the mechanism (s) by
which transcription is increased are not yet understood (Roesler et al.,
1988)

Hormonal activation of cAMP formation involves the sequential
action of three proteins: (1) the receptor; (2) a guanine nucleotide
coupling protein (G protein) termed Gs and comprising three subunits
as, 0 and y; and (3) adenylyl cyclase (Johnson & Dhanasekaran, 1989).
Receptors which regulate adenylyl cyclase activity are transmembrane
glycoproteins with the hormone-binding site on the outer membrane
surface and a signalling domain at the cytoplasmic face of the membrane.
Binding of gonadotropin to its receptor triggers a conformational
change and opens up the nucleotide binding site of Gs. In its unactivated
form the Gs nucleotide binding-site binds guanosine diphosphate (GDP).
However, once activated by hormone binding the Gs nucleotide
binding-site releases GDP and binds instead to guanosine triphosphate
(GTP), the most abundant guanine nucleotide present in cells. Once
GTP binds, the a-subunit of Gs is released into the surrounding mem¬
brane to activate adenylyl cyclase. Since the free a-subunit of Gs has
intrinsic GTPase activity, it rapidly converts bound GTP to GDP, thereby
halting the activation of additional adenylyl cyclase and allowing the
GDP-liganded a-subunit to reassociate into an inactive as, 0, y trimer.
Agents which inhibit rather than stimulate adenylate cyclase do so by
activating receptors that interact with Gi( a second and more abundant
trimeric G protein. In such cases, activated Gj counteracts the stimulatory
effects of Gs on adenylyl cyclase and inhibits steroidogenesis (Michell,
1989).

The molecular structure of the FSH receptor appears to be similar to
those of the receptors for LH/hCG and thyroid-stimulating hormone
(TSH) (Ascoli & Segaloff, 1989; Segaloff et al., 1990). The structure of
the LH/hCG receptor, predicted from its complementary DNA se¬
quence (McFarland et al., 1989), consists of a large (341-amino acid)
extracellular domain connected to a 26-residue signal peptide via a
333-residue region containing seven transmembrane sequences (Fig.
3.3.). The presence of seven transmembrane domains is a common
feature of G protein-associated receptors (e.g. 02 adrenergic agonists,
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Fig. 3.3. Postulated model for the LH/hCG receptor
in the plasma membrane. Above the membrane
bilayer is the extracellular space; below is
cytoplasmic. Reproduced with permission from
McFarland et al. (1989). COOH

serotonin and acetylcholine) (Johnson & Dhanasekaran, 1989). Each
transmembrane domain is envisaged to represent one transit of the
folded polypeptide through the plasma membrane and cytoplasmic
loops linking the transmembrane domains are likely sites of productive
interactions with G proteins. The large putative hormone-binding extra¬
cellular domain of the receptor for LH/hCG appears to set it apart from
other members of the G protein coupled receptor family in which the
hormone-binding site appears to be formed in part by the assemblage
of extracellular loops linking the seven transmembrane domains (Mc¬
Farland et al., 1989). Based upon sequence similarities and structural
homologies shared by the a-subunits of their G proteins, all members
of the G protein-coupled receptor family characterized to-date are

thought to have evolved from a common ancestral receptor (Michell,
1989).

Tyrosine kinases
Granulosa cells also possess other receptors which regulate intracellular
tyrosine kinase activity. Receptors in this category include those for
epidermal growth factor (EGF/TGFa) (Feng et al., 1987) and insulin¬
like growth factor (IGF)-I (Adashi et al., 1985; Gates et al., 1987). The
ligand-binding and tyrosine kinase domains of the EGF/TGFa receptor
are on separate portions of a single polypeptide chain spanning the
plasma membrane: the ligand-binding site is outside coupled to tyrosine
kinase inside. The IGF-I receptor is similar to the insulin receptor in
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that it has ligand-binding sites on separate subunits of a multi-subunit
receptor protein spanning the plasma membrane (Sibley et al.. 1988).
However, for both types of receptor, binding of ligand to the extracellular
binding site(s) activates intracellular tyrosine kinase, promoting the
phosphorylation of tyrosine residues in protein involved in cell growth
and/or differentiation (Michell, 1989).

Factors which stimulate postreceptor signalling involving tyrosine
kinases promote cell proliferation and positively (insulin or IGF-I) or
negatively (EGF/TGFa) regulate gonadotrophin-induced steroidogenesis
(see later). They are therefore strongly implicated in the local
regulation of cellular responsiveness to gonadotrophins in the pre¬
ovulatory follicle.

Phosphoinositide (PI) metabolism

Endocrine and paracrine information affecting follicular development
and steroid synthesis is also fed into ovarian cells via the products of
increased inositol lipid hydrolysis in the plasma membrane (Leung &
Wang, 1989). Receptors using this signalling system transmit informa¬
tion by G protein coupled activation of a phospholipase, phosphoinosi-
tidase C (PIC), which metabolizes PI to inositol triphosphate and 1,2-
diacylgycerol (Berridge, 1987a). Inositol triphosphate formation triggers
pulsed mobilization of Ca2+ in the cytoplasm via rapid opening and
closing of ATP-dependent calcium channels in the endoplasmic reti¬
culum. Regulation of cytosolic Ca2+ has long been known to be impor¬
tant to cell growth and function (Gilman, 1987). 1,2-diacylgycerol
produced by PI metabolism activates calcium-dependent protein
kinase(s) (protein kinase C) which is also intimately involved in
the control of cell growth and differentiation (Nishizuka, 1988). The
'bifurcating signal pathway' based on inositol phosphate/Ca2+ and 1,2-
diacylgycerol/protein kinase C (Berridge, 1987a) is therefore of
fundamental importance to widely divergent physiological processes,
including the activation of gene transcription by growth factors
(Berridge, 1987b; Whitman & Cantley, 1988).

LH stimulates PI metabolism in granulosa-lutein cells (Davis et al.,
1984; Leung & Wang, 1989), and ovarian follicles and corpora lutea
are sites of protein kinase C activity (Noland & Dimino, 1986). Activation
of protein kinase C in immature granulosa cells (Kasson et al., 1985;
Shinohara et al., 1985) and thecal/interstitial cells (Hofeditz et al.,
1988) is associated with inhibition of gonadotrophin-stimulated
steroidogenesis. On the other hand, luteal cells respond to activation of
protein kinase C with acute increases in cAMP production and steroid
synthesis (Davis et al., 1989; Wheeler & Veldhuis, 1989). Thus granulosa
cells show development-related responses to activation of protein
kinase C. Many non-steroidal factors with putative intrafollicular
regulatory functions activate PI signalling, including various protein
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growth factors, bombesin, vasopressin, gonadotrophin-releasing hor¬
mone (GnRH)-like peptide(s), angiotensin n and prostaglandin F2or
(Michell, 1989). Paracrine activation of protein kinase C is therefore
likely to be of major importance to the modulation of gonadotrophin
(cAMP)-stimulated cell growth and function in ovarian follicles
(Berridge, 1987b).

Histogenetic basis of ovarian steroidogenesis
Steroid synthesis and metabolism occurs under gonadotrophs control
in three principal ovarian cell types: interstitial, thecal and granulosa.
Stromal interstitial and thecal cells characteristically synthesize mainly
C19 steroid (androgens); granulosa cells synthesize C2i steroids and
aromatize androgens to oestrogens (see Chapter 2).

Interstitial cells (stroma)

Secondary interstitial cells derived from the thecae of degenerated
follicles are sites of CJ9 steroid synthesis in the ovarian stroma (Erickson
et al., 1985). Androgen is quantitatively the major class of steroid
produced by these cells since they lack P450aro (Sasano et al., 1989).
Androgen synthesis in stromal interstitial cells is under LH control
mediated by LH receptors and intracellular cAMP, similar to androgen
synthesis in the theca interna (see below). Stromal androgen synthesis
beginning long before puberty onset, is sustained throughout the re¬

productive years and persists after the menopause. Postmenopausal
ovaries contain relatively large amounts of secondary interstitial tissue
with little or no steroidogenically active follicular/luteal tissue. Steroid-
secretory cells, morphologically similar to testicular Leydig cells, are

prominent in the hilar region of such ovaries. Androgen (mainly
androstenedione) is therefore the major ovarian endocrine secretion
after the menopause (Ross & Schreiber, 1986).

Thecal cells

The theca interna regulated by LH is the principal cellular site of
follicular androgen synthesis (Tsang et al., 1979). During the follicular
phase of the human menstrual cycle, the ovary contributes c. 30% of
the total blood androstenedione and the adrenal accounts for the rest.

Towards mid-cycle, the ovarian contribution rises to c. 60% due to
increased synthesis and secretion of the steroid by the LH-stimulated
theca of the preovulatory follicle, reflecting its role as a precursor for
oestradiol (Baird, 1977).

The rate-limiting conversion of C2J substrates to CJ9 androgen
steroids is catalysed by P450cl7 (see Chapter 2), a steroidogenic
cytochrome P450 expressed in the ovary predominantly, if not
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exclusively, by thecal/interstitial cells and theca—lutein cells (Richards
et al., 1987; Sasano et al., 1989). P450cl7 exhibits both 17-hydroxylase
and C-17,20-lyase activities and converts pregnenolone and pro¬
gesterone to dehydroepiandrosterone (DHA) and androstenedione
via the corresponding 17-hydroxylated C2i intermediates (17-preg-
nenolone and 17-progesterone). Androstenedione and DHA are each
present at high concentrations in human follicular fluid (Fowler et al.,
1977; McNatty, 1981; Dehennin et al., 1987), indicating that both the
A4 (progesterone to androstenedione) and A5 (pregnenolone to DHA)
routes of androgen synthesis are operative in thecal cells (McAllister
et al., 1989).

C2i precursors used in thecal androgen synthesis may be derived
from adjacent granulosa cells (Short, 1962), or synthesized intracellularly
from acetate or blood-borne LDL-cholesterol (Erickson et al., 1985).
Uptake of cholesterol, cholesterol side-chain cleavage activity (P450scc)
and P450cl7 are all positively regulated by LH via adenylyl cyclase
signalling (Magoffin, 1989). The enzyme which converts DHA to
androstenedione (3p-hydroxysteroid dehydrogenase/A5"4 isomerase)
appears to be constitutively expressed in thecal cells (Erickson et al.,
1985). P450aro is absent or expressed at extremely low levels (Sasano
et al., 1989).

Granulosa cells

During advanced preovulatory development stimulated by FSH,
granulosa cells express P450aro (Steinkampf et al., 1987; Hickey et al.,
1988; Sasano et al., 1989) and become major if not exclusive sites of
intrafollicular oestrogen synthesis (Hillier et al., 1981) (Fig. 3.4).
Granulosa cells do not express P450cl7 and therefore are unable
to synthesize androgens de novo. However, they do express
3P-hydroxysteroid dehydrogenase/A5"4 isomerase (Redhead et al.,
1983), 17-ketoreductase (Bjersing, 1967) and 5a-reductase (McNatty,
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1981) and can therefore metabolize DHA and androstenedione to bio¬
logically active androgens which serve local regulatory functions,
including testosterone and 5a-dihydrotestosterone (Hillier, 1985) (see
below). Granulosa cells are also sites of steroid conjugation (Lischinsky
et al., 1983) and high concentrations of DHA sulphate accumulate in
follicular fluid (Dehennin et al., 1987).

Progesterone synthesis is only a minor granulosa cell function before
the onset of the LH surge. However, LH-responsive steroidogenic
enzymes crucial to progesterone synthesis in the corpus luteum are
induced by FSH during preovulatory granulosa cell development,
notably P450scc (Funkenstein et al., 1984; Richards et al., 1987).
Granulosa cells isolated from preovulatory follicles are therefore able to
undertake high rates of progesterone synthesis in response to stimulation
by LH or HCG in vitro. (Charming & Tsafriri, 1977; Hillier & Wickings,
1985).

Preovulatory follicular oestrogen secretion
Gonadotrophins and steroidogenic precursors are borne into the pre¬
ovulatory follicle by the afferent vasculature of the theca interna; ef¬
ferent blood vessels convey oestradiol synthesized in the follicular wall
into the ovarian venous effluent. Preovulatory follicular oestrogen syn¬
thesis is thereby subject to gonadotrophs and haemodynamic control.

Gonadotrophs control

Oestrogen secretion by the preovulatory follicle depends on the co¬
ordinated steroidogenic potential of its thecal and granulosa cells (Falck,

Fig. 3.5. Contemporary 'two-cell, two-
gonadotrophin' model of follicular oestradiol
biosynthesis. Androstenedione (Cj9) synthesis from
cholesterol (C27) via C2i steroid intermediates occurs
in the theca under LH control. Aromatase, the
granulosa cell enzyme which converts
androstenedione to oestradiol (Cia), is induced by
FSH. FSH also induces LH receptors coupled to steroid
synthesis in granulosa cells: aromatase is therefore
under direct control by both FSH and LH in the
preovulatory follicle. Androstenedione synthesized in
thecal cells enters the efferent follicular vasculature
to be secreted as the major follicular androgen and
also traverses the lamina basalis, and enters adjacent
granulosa cells where it is aromatized to oestradiol.
Only the lamina basalis stands between mural
granulosa cells and thecal blood vessels in many
regions of the follicle wall. Oestradiol formed in
granulosa cells is thereby discharged into the ovarian
vein, accounting for the follicular-phase increase in
ovarian oestradiol secretion. Modified from

Armstrong and Dorrington (1979) and Hillier (1985).
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1959; Short, 1962; Bjersing, 1967; Ryan, 1979), controlled by FSH and
LH (Armstrong & Dorrington, 1979). Principal tenets of the widely
accepted 'two-cell, two gonadotrophin' model of oestrogen synthesis
(Fig. 3.5.) are that (1) LH stimulates the synthesis of precursor androgen
(androstenedione) in the theca interna, (2) thecal androgens traverse
the extracellular space and enter adjacent granulosa cells, where (3)
FSH stimulates the aromatization of precursor androgen into oestradiol.
The scheme illustrated in Fig. 3.5 accommodates the ability of granulosa
cell aromatase, following induction by FSH, to respond directly to
stimulation by LH, as revealed by in vitro experiments using rat (Wang
et al., 1981) and human preovulatory granulosa cells (Hillier et al.,
1983) (see Fig. 3.6).

Since LH stimulates androgen formation (by thecal cells) and aro¬
matization (in granulosa cells) it directly regulates oestrogen production
at the theca-granulosa cell interface in the preovulatory follicle. Se¬
creted oestradiol effects positive feedback control of pituitary LH release
and thereby stimulates its own formation (Yen, 1986). This dynamic
interaction leads to a gradual increase in the integrated circulating LH
level and each pulse of LH delivered to the preovulatory follicle stimu¬
lates concurrent bursts of androstenedione and oestradiol discharge
into the ovarian vein (Baird et al., 1981). Rates of androgen synthesis
in the theca appear to be closely tuned to rates of aromatization in the
granulosa cell layer (Hillier et al., 1981). A local feedback loop (granu¬
losa on theca) may be operative, mediated by oestradiol, other
follicular steroids and/or tissue-specific regulatory proteins (see below).
This relationship breaks down at mid-cycle when the LH surge is
triggered and follicular oestrogen secretion declines shortly before
ovulation.

Fig. 3.6. Demonstration of FSH- and LH-responsive
aromatase activity and progesterone synthesis in
granulosa cells aspirated from a human preovulatory
follicle. Extant steroidogenic activity (100%)
measured in freshly isolated cells is compared with
the activity measured after culturing for 48 h as a cell
monolayer in the absence (C) or presence of
gonadotrophin: hFSH (LER 8/116, 75 ng/ml) or hLH
(LER 960, 30 ng/ml). Results are expressed as mean
percentage activity (±SE or range of duplicates)
relative to that of the freshly isolated cells. Note (1)
the precipitate decline in aromatase activity in the
absence of gonadotrophic stimulation; (2) the
amelioration of this decline by FSH, LH, and hCG;
and (3) the pronounced stimulatory effects of all
three gonadotrophins on progesterone synthesis.
Reproduced with permission from Hillier et al.
(1983).
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Vascular control

The theca interna of the preovulatory follicle is highly vascularized and
contains large numbers of steroidogenically active cells richly endowed
with surface receptors for LH (Zeleznik et al., 1981). It is therefore
ideally equipped to take up blood-borne precursor cholesterol and
respond to circulating LH with increased rates of androgen synthesis.
The avascular granulosa cell layer is exposed to high concentrations of
aromatizable androgen which reach it by diffusion from the theca
interna. Cells in the outermost (mural) granulosa cell layer are thought
to be particularly active sites of aromatization since they have higher
levels of cytochrome P450 (Zoller & Weisz, 1978) and LH receptors
than granulosa cells located distally to the lamina basalis (Amsterdam
et al., 1975). Moreover, mural granulosa cells are in close contact with
thecal blood vessels, being separated only by the lamina basalis in
many regions of the follicle wall. They can therefore respond immediately
to changes in the circulating level of LH and discharge the oestrogen
they produce more or less directly into the efferent blood system of the
preovulatory follicle (Zeleznik et al., 1981).

Development-related cellular responses to
gonadotropins
Granulosa and thecal cells in ovarian follicles undergo development-
related changes in responsiveness to FSH and LH which help explain
the initiation, maintenance and termination of oestrogen secretion by
the preovulatory follicle (Zeleznik et al., 1977). As discussed later, there
is increasing evidence that locally produced steroidal and non-steroidal
factors as well as the gonadotrophins themselves control these
developments.

Responses of granulosa cells to FSH

FSH-responsive aromatase activity and progesterone synthesis in
granulosa cells increase markedly during preovulatory follicular devel¬
opment in rat (Hillier et al., 1978; Zeleznik et al., 1977), human (Hillier
et al., 1981) and non-human primate ovaries (Harlow et al., 1988) (see
Fig. 3.7). This development is a direct cellular response to FSH, entail¬
ing amplification of cAMP-mediated intracellular signalling (Hillier et
al., 1980b; Richards, 1980). The underlying molecular mechanism
remains to be fully clarified but is known to involve increased forma¬
tion of the regulatory RII|3 subunit of type n protein kinase A (Hedin et
al., 1987) and attendant increases in the expression of several other
cAMP-responsive genes, including the steroidogenic enzymes P450aro
and P450scc (Richards et al., 1987). Such an FSH-induced increase in
granulosa cell sensitivity to FSH appears to be crucial to the mechanism
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Fig. 3.7. Development-dependent increase in
granulosa cell sensitivity to FSH. Granulosa cells were
isolated from small (0.5-1.0 mm diameter) and large
(22.0 mm; i.e. preovulatory) follicles in late
follicular-phase marmoset (Callithrix jacchus) ovaries.
The cells were cultured for 48 h at 37°C in the

presence of increasing concentrations of FSH LER-8/
116 (hFSH). Aromatase activity was determined at
48 h by measuring oestradiol production (by
radioimmunoassay) during a further 3-h incubation
of washed cell monolayers in the presence of 1.0 pM
testosterone as an exogenous aromatase substrate.
Data are mean ± SE from incubations in triplicate.
Note the c. 10-fold increase in sensitivity to FSH
shown by the granulosa cells obtained from large
follicles. Redrawn from Harlow et al. (1988).
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by which the preovulatory follicle can continue to grow and secrete
oestrogen during the late follicular phase of the menstrual cycle when
FSH levels are declining (Zeleznik & Hillier, 1984; Hillier et al., 1988;
Glasier et al., 1989).

Responses of granulosa cells to LH

Granulosa cells also acquire increased responsiveness to LH during
advanced preovulatory follicular development (Zeleznik et al., 1977;
Hillier et al., 1978), which is another important reason why the pre¬
ovulatory follicle is able to secrete oestrogen despite undergoing re¬
duced stimulation by FSH in the late follicular phase (Zeleznik &■
Hillier, 1984). The key to this crucial development is the induction by
FSH of cell-surface LH receptors functionally coupled to the same
cAMP-mediated signalling pathway (s) activated by FSH (Birnbaumer &
Kirchik, 1983; Richards et al., 1987).

Selection of the dominant follicle

The inductive action of FSH on granulosa cell aromatase and the sub¬
sequent responsiveness of this enzyme system to stimulation by gon-
adotrophins are central to the mechanism by which usually only one
oestrogensecretory follicle develops, secretes oestrogen and ovulates in
human menstrual cycles (Zeleznik & Hillier, 1984). When the plasma
FSH level rises at the beginning of the follicular phase, multiple follicles
with varying potentials for FSH-dependent development are present in
the ovaries. These follicles require varying degrees of stimulation by
FSH to in order to undergo preovulatory development and the follicle
which eventually matures and ovulates is thought to be the one whose
granulosa cells most rapidly acquire high levels of aromatase and LH
receptor in response to the intercycle FSH rise: i.e. the one with the
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lowest FSH 'threshold' (Brown, 1978; Hillier, 1981). During the mid-
follicular phase, oestradiol secretion by this follicle begins to increase
and the steroid feeds back to negatively regulate pituitary FSH secre¬
tion. This causes a progressive reduction in the circulating FSH level
and thereby limits the FSH-dependent development of other follicles
with relatively high threshold FSH requirements. Thus only one follicle
becomes fully mature, protected against the fall in circulating FSH by
its relatively high responsiveness to both FSH and LH.

The mechanism which establishes the variable FSH threshold re¬

quirements of individual follicles at the beginning of each menstrual
cycle is not understood. However, as discussed in the next section,
there is increasing evidence that regulatory actions of locally produced
steroidal and non-steroidal factors are involved.

Termination of follicular oestrogen secretion

Several hours after the onset of the ovulation-inducing LH surge,
ovarian oestrogen secretion and plasma oestradiol levels decline be¬
cause androgen (aromatase precursor) synthesis in the theca interna of
the preovulatory follicle (Hillier, 1985). The mechanism by which
thecal androgen synthesis is suppressed is not understood but appears
to entail thecal 'desensitization' to LH, brought about by the extreme
increase in circulating levels of the gonadotrophs which characterize
this stage of the menstrual cycle. The desensitization process seems to
involve impaired coupling of the LH receptor to the guanine nucleotide-
binding regulatory protein Gs (Birnbaumer & Kirchik, 1983; Ekstrom &
Hunzicker-Dunn, 1989) and thecal 17-hydroxylase/C-17,20 lyase ac¬
tivity is inhibited (Erickson et ai, 1985; Richards et al., 1987). Once the
LH surge subsides and follicular rupture has occurred, thecal androgen
synthesis is reinitiated in the corpus luteum. The LH surge does not
suppress granulosa cell aromatase activity in the preovulatory follicle
and may even enhance it (Hillier & Wickings, 1985). Granulosa cell
progesterone synthesis is also enhanced by the LH surge, in antici¬
pation of the steroid-secretory function of the corpus luteum (see
Chapter 6).

Paracrine signalling and follicular endocrine
function

Paracrine control is a generalized form of bioregulation whereby one
cell-type in a tissue selectively influences the activity of an adjacent
cell-type through the biosynthesis and release of chemical messengers
which diffuse into the parenchyma and act specifically on neighbouring
target cells (Franchimont, 1986). The term 'paracrine' was initially
invoked to explain cell-cell interactions in the digestive tract mediated
by locally produced gut peptides (Van Noorden & Polak, 1979). The
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particular relevance of paracrine control to the co-ordination of thecal
and granulosa cell function in the ovarian follicle has become increasingly
apparent hand-in-hand with the application of modem cell and mol¬
ecular biology techniques to study the growth and differentiation of
follicular cells in vitro. Selected aspects of this follicular paracrine system
are assessed here.

Steroidal regulation

The 'two-cell, two gonadotrophin' model of oestrogen synthesis in the
preovulatory follicle (see above) provided the first satisfactory expla¬
nation of the cellular basis of oestrogen synthesis and laid the foundations
for modem concepts of a follicular paracrine system (Armstrong &
Dorrington, 1979). Oestrogens had long been recognized as intrafol-
licular 'organizers' which promote granulosa cell development and
responsiveness to gonadotrophins in vivo (Gaarenstrom & de Jongh,
1946; Hisaw, 1947; Goldenberg et al., 1973; Richards, 1980), and
locally produced androgens were implicated in the control of follicular
atresia (Louvet et al., 1975). Towards the end of the 1970s, the increased
use of primary granulosa cell culture systems to study androgen action
in vitro revealed unexpected abilities of aromatizable and non-
aromatizable androgens to act alone (Schomberg et al., 1976; Lucky et
al., 1977) and synergistically with FSH (Armstrong & Dorrington,
1976; Nimrod & Lindner, 1976) to stimulate synthesis of progesterone
and aromatase activity (Daniel & Armstrong, 1980; Hillier & de Zwart,
1981). With the demonstration that granulosa cells possess androgen
receptors (Schreiber & Ross, 1976) which mediate androgenic augmen¬
tation FSH-induced granulosa cell differentiation (Hillier et al., 1977;
Hillier & de Zwart, 1981), it was suggested that LH-induced thecal
androgens, besides serving as aromatase substrates, might function as
'intercellular (theca—^granulosa) regulators which mediate certain fol¬
licular requirements for stimulation by LH' (Hillier et al., 1982). Regu¬
latory roles in the follicular paracrine system for androgens along with
oestrogens, other steroids and diverse non-steroidal factors are now
widely accepted (Gore-Langton & Armstrong, 1988; Tonetta & DiZerega,
1989) (see Fig. 3.8).

Androgens

Androgens produced by thecal cells cross the lamina basalis, penetrate
the granulosa cell layer and accumulate in follicular fluid (Tsang et al.,
1979; McNatty, 1981). Although there is experimental evidence for
involvement of androgens in follicular atresia (see below), androgen
levels in follicular fluid of atretic follicles do not differ markedly from
those in healthy follicles of a comparable size (Brailly et al., 1981;
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Fig. 3.8. The follicular paracrine system. The interaction between granulosa and thecal
cells in the follicle wall can be likened to the classic form of epithelio-mesenchymal
interaction which occurs during general tissue morphogenesis in the embryo. Each cell
type responds selectively to endocrine stimulation by FSH (granulosa) and LH (theca) by
producing soluble (steroidal and non-steroidal) regulatory factors and extracellular
matrix which effect paracrine and autocrine control of cell proliferation, differentiation
and migration in the maturing follicle.

Westergaard, 1986). Depending on stage of development (controlled
by FSH), granulosa cells express enzymes which interconvert andro-
stenedione and other steroids with potential regulatory functions in
the follicle wall, including testosterone (via 17-ketoreductase: Bjersing,
1967), 5a-reduced androgens (via 5a-reductase: McNatty et al., 1979),
oestradiol (via aromatase: McNatty et al., 1979) and catechol oestrogens
(via oestrogen hydroxylase: Hammond et al., 1986).

For several mammalian species, including a non-human primate
(Harlow et al., 1986), it has been shown that FSH-induced differen¬
tiation of cultured granulosa cells is modulated by the presence of
androgens at concentrations found in follicular fluid (Hillier, 1985;
Daniel & Armstrong, 1986; Hsueh, 1986). Receptor-mediated androgen
action in granulosa cells leads to increased generation of extracellular
cAMP and attendant amplification of cAMP-dependent biochemical
processes initiated by FSH. Androgens active in this regard include
testosterone and androstenedione as well as their non-aromatizable

5a-reduced congeners. The net effect is enhanced granulosa cell sensi¬
tivity to stimulation by FSH, suggesting a possible role for locally
produced androgens in modulating follicular threshold requirements
for stimulation by FSH (see above).
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Experiments in vivo using oestrogen-pretreated, hypophysectomized
immature rats have shown that the degree of concomitant stimulation
with FSH is a major determinant of granulosa cell response to androgen.
In the absence of FSH, treatment with LH/hCG to stimulate ovarian

androgen production (Louvet et al., 1975) or administration of exog¬
enous androgen (Hillier & Ross, 1979) promotes follicular atresia. On
the other hand, joint treatment with FSH and androgen promotes
normal preovulatory follicular development and oestrogen secretion
(Armstrong & Papkoff, 1976). Hyperstimulation with LH (? causes
excessive follicular androgen production) inhibits preovulatory follicular
steroid synthesis and stimulates atresia (Armstrong et al., 1989; Opavsky
& Armstrong, 1989). However, androgen action in granulosa cells at
advanced stages of differentiation is difficult to assess since these cells
more efficiently aromatize androgens to oestrogen which reduces the
potential for direct effects of androgen (Harlow et al., 1988). On the
other hand, 5a-reduced androgen metabolites may be produced which
are competitive aromatase inhibitors and hence have the potential to
suppress oestrogen synthesis (Hillier et al., 1980a; Shaw et al., 1989).

Oestrogens

Oestrogen is an intrafollicular autocrine regulator (i.e. having an action
within the cell which produces it). Treatment of hypophysectomized
immature female rats with exogenous oestrogen stimulates granulosa
cell mitosis, raises gonadotrophin receptor levels and amplifies fol¬
licular responsiveness to exogenously administered gonadotrophin
(Goldenberg et al., 1973; Richards, 1980; Hsueh et al., 1984). At the
intracellular level, oestrogen augments FSH-induced expression of the
regulatory subunit RII0 of type n cAMP-dependent protein kinase
(Richards et al., 1987) and the steroidogenic enzymes P450aro and
P450scc (Richards et al., 1987; Toaff et al., 1983). Oestrogen also
stimulates expression of inhibin a- and pB-subunit mRNAs (Turner et
al., 1989) and augments FSH-induced inhibin production by cultured
rat granulosa cells (Bicsak et al., 1988).

Regulatory actions of oestrogen in granulosa cells are thought to be
mediated by binding of the steroid to receptor(s) which regulate rates
of transcription from oestrogen responsive genes (Richards etal., 1987). A
protein with the physicochemical properties of an oestrogen receptor
has been detected by ligand-binding assays in nuclei and cytosol from
whole ovaries and granulosa cells (Saiduddin & Zassenhaus, 1977;
Kudolo et al., 1984a; Richards, 1985). However, at least one other
oestrogen-binding species is present in rat granulosa cells which could
also participate in oestrogen action (Kudolo et al., 1984b). The finding
that mouse ovaries express at least two mRNA species which cross-

hybridize with RNA probes complementary to the steroid-binding do-
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main of the mouse oestrogen receptor provides further evidence that
steroid binding sites other than that of the 'classic' oestrogen receptor
might mediate autocrine oestrogen action in the ovaries (Hillier et al.,
1989).

Whether oestrogens exert significant regulatory actions in human
granulosa cells is less certain and the only relevant data have come
from non-human primate models. In an immunocytochemical study of
monkey ovaries, granulosa cells stained negatively for the oestrogen
receptor whereas intense positive staining occurred in the ovarian
surface epithelium (Hild-Petito et al., 1988). Treatment of cultured
marmoset granulosa with oestradiol augmented FSH-inducible inhibin
production without enhancing steroidogenesis (Hillier et al., 1989).

The raised follicular fluid oestrogen level in the preovulatory follicle
is thought likely to contribute to the intrafollicular mechanism where¬
by a single preovulatory follicle is selected to ovulate in the human
menstrual cycle. Although there is no direct evidence to support regu¬
latory oestrogen action in human granulosa cells, granulosa cell aro-
matase activity (Hillier et al., 1981) and follicular fluid oestradiol levels
(Bomsel-Helmreich et al., 1979; McNatty, 1981) increase during pre¬
ovulatory follicular development and correlate positively with follicular
'health' (Hillier, 1985). Once selected (see above), the preovulatory
follicle is presumed to be developmentally favoured through the acti¬
vation of a local positive feedback loop in which the oestrogen it produces
stimulates granulosa cell proliferation and augments responsiveness of
these cells to gonadotrophins, thereby causing further increases in
oestrogen formation, and so on (Hillier, 1981; McNatty, 1981; Hsueh et
al., 1984).

Granulosa cell oestrogen is also implicated as a paracrine regulator
of thecal cell function (Leung & Armstrong, 1980; Hillier, 1985) and
may be involved in the suppression of thecal androgen synthesis in
response to the mid-cycle LH surge (Erickson et al., 1985).

Catechol oestrogens

Assessment of direct oestrogen action in isolated granulosa cell systems
may be complicated by the fact that preovulatory granulosa cells have
an increased capacity to metabolize oestradiol to catechol oestrogens
(Hammond et al., 1986). Catechol oestrogens have been identified in
ovarian follicular fluids from various species, including man (Dehennin
et al., 1984) and 2-hydroxyoestradiol augments FSH-induced synthesis
of progesterone and aromatization of androgens in cultured granulosa
cells (Hudson & Hillier, 1985). Other evidence suggests that catechol
oestrogens can inhibit granulosa cell proliferation (Spicer & Hammond,
1989). These findings therefore point to intrafollicular regulatory func¬
tions for catechol oestrogens.
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Non-steroidal regulation

Neither FSH nor oestrogen exert mitogenic effects on granulosa cells in
vitro whereas they do so when administered in vivo (Hammond &
English, 1987). This raises the question of whether locally produced
'growth factors' co-ordinate mitogenic and differentiative actions of
gonadotrophins and sex steroids. Candidates for such a role include
IGFs, EGF, TGFs, inhibins and activins, fibroblast growth factors (FGFs)
and cytokines.

IGFs

The IGFs (IGF-I and IGF-II) are a family of low molecular weight
single-chain peptides which share considerable structural and functional
homologies with proinsulin (Froesch et al., 1985). IGF-1 and IGF-II
each cross-react with the insulin receptor and receptors for insulin and
both factors are present on most cells (Rechler & Nissley, 1985), including
thecal and granulosa cells in the human ovary (Poretsky et al., 1985).
Receptors for insulin and IGF-I also share structural and functional
similarities, including intracellular signalling involving tyrosine kinases
(Sibley et al., 1988) (see above). Both IGFs exert endocrine effects on
tissue growth thoughout the body, being secreted by the liver under
the control of growth hormone (GH) (Slack, 1989). IGFs are also
synthesized and act locally in various tissues including muscle, bone
and gonads (Adashi et al., 1985).

There is increasing evidence that stimulatory effects of FSH on

granulosa cell growth and differentiation are subject to positive paracrine/
autocrine regulation by IGFs (Adashi et al., 1989; Hammond et al.,
1988). Granulosa cells express IGF-I receptors which increase in num¬
ber following treatment with FSH in vitro (Adashi et al., 1986). Induction
by FSH of granulosa cell steroidogenesis, expression of LH receptors,
deposition of proteoglycans, and responsiveness to p-adrenergic agonists,
are augmented by the presence of physiological concentrations of IGF-I
or supraphysiological concentrations of insulin (Adashi et al., 1985).
The stimulatory effects of insulin on granulosa cells is explained by
cross-reactionwith granulosa cell IGF-I receptors. The stimulatory action
of IGF-I on FSH-induced cytodifferentiation entails amplification of
intracellular cAMP action, as opposed to a net increase in cAMP pro¬
duction (Adashi et al., 1985). IGF-I also synergizes with oestradiol to
promote granulosa cell steroidogenesis (Veldhuis et al., 1986).

Granulosa cells are intrafollicular sites of IGF-I mRNA expression
(Oliver et al., 1989) and synthesis of IGF-I (Hammond et al., 1985),
regulated by gonadotrophins, oestradiol and GH (Jia et al., 1986).
Autocrine regulatory actions of IGF-I in isolated granulosa cells have
been observed in vitro. Presence of a neutralizing monoclonal antibody
to IGF-I in granulosa cell culture medium inhibited the stimulatory
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effects of FSH, oestradiol, growth hormone and charcoal-treated fol¬
licular fluid on progesterone production (Mondschein et al., 1989).
Granulosa cells also synthesize a low molecular weight (34 kDa) IGF-
binding protein which is likely to participate in the regulation of cellular
growth responses to IGFs (Suikkari et al., 1989; Ui et al., 1989). Thus
there is good experimental evidence to propose that IGF-I exerts auto¬
crine control over granulosa cell growth and differentiation in the
ovaries.

Although thecal cells are not sites of discernible IGF-I gene expression
(Oliver et al., 1989), they possess IGF-I receptors (Poretsky et al., 1985;
Cara & Rosenfield, 1988), and both basal and LH-stimulated synthesis
of androgen in cultured thecal/interstitial cells can be enhanced by
treatment with insulin or IGF-I (Barbieri et al., 1983, 1986; Hernandez
et al.. 1988; Cara & Rosenfield, 1988; Magoffin et al., 1990). IGF-I of
granulosa cell origin therefore has the potential to exert paracrine
control over the theca interna as well as exerting autocrine control
within the granulosa cell layer. This is reminiscent of the situation in
non-gonadal tissues in which IGFs promote cell differentiation, such as
muscle and bone. In such tissues IGFs are also found in epithelia
(where they appear to be concerned mainly with the maturation of the
differentiated epithelial cell types) rather than in the underlying
mesenchyme (Slack, 1989).

IGF-H has been identified in significant amounts in human follicular
fluid (Ramasharma et al., 1986) and is produced in vitro by proliferating
granulosa cell cultures obtained from human ovaries (Ramasharma &
Li, 1987). Stimulation of steroid synthesis in such cells by treatment
with FSH, hCG or dibutyryl cAMP co-ordinately induces expression of
1GF-U mRNA, suggesting an autocrine/paracrine role for 1GF-H in
stimulating granulosa cell proliferation (Miller, 1988).

EGF and TGFa

EGF and TGFa are closely related gene products with similar properties
which bind to the same receptors (Massague, 1983; Derynck, 1986).
The active factors are polypeptides consisting of c. 50 amino acids
which have been shown to modulate development of epidermis, breast,
and gut; act as angiogenic factors and may mediate hypercalcaemia
(Gill et al., 1987; Waterfield, 1989). Granulosa cells express hormonally-
regulated receptors for EGF/TGFa (Feng et al., 1987). Treatment in
vitro with EGF/TGFa promotes granulosa cell proliferation
(Gospodarowicz & Bialecki, 1979) and interferes with the induction by
FSH of functional cell differentiation (expression of LH receptors,
aromatase activity and progesterone synthesis, inhibin synthesis)
(Jones et al., 1982; Knecht & Catt, 1983; Franchimont et al., 1986;
Steinkampf et al., 1988). Intrafollicular expression of TGFa has been
localized to the theca interna (Kudlow et al., 1987). EGF/TGFa of
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thecal origin is therefore likely to be involved in the paracrine control
of granulosa cell responsiveness to FSH, serving to enhance cell pro¬
liferation and inhibit steroidogenesis.

TGFfi

TGFPs are 25 kDa homodimeric proteins usually expressed in regions
of epithelio-mesenchymal interaction, notably during embryonic or¬

ganogenesis (Slack, 1989). They are multi-functional regulators of cell
growth, differentiation and function which either stimulate or inhibit
cellular proliferation in vitro depending on the cells, growth conditions
and presence of other growth factors (Roberts et al., 1988).

Ovarian thecal (Skinner et al., 1987; Bendell 6- Dorington, 1988)
and granulosa cells (Kim & Schomberg, 1989) have been identified as
sites of TGFP synthesis, and steroid synthesis in both cell types is
influenced by treatment with TGFP in vitro. In rat granulosa cell cultures,
treatment with TGFP modulates stimulatory effects of FSH and inhibit¬
ory effects of EGF/TGFa on LH-receptor induction (Knecht et al., 1986)
as well as steroidogenesis (Adashi & Resnick, 1986; Feng et al., 1986).
TGFP also promotes granulosa cell proliferation in vitro (Dorrington et
al., 1988). In rat thecal/interstitial cell cultures, TGFP inhibits androgen
synthesis and stimulates progesterone accumulation (Magoffin et al.,
1989). TGFp is therefore a potential autocrine regulator of steroid
synthesis in both cell types as well as a possible mediator of paracrine
theca-granulosa cell interaction in the follicle wall.

The effect of TGFP on granulosa cell growth and differentiation
may depend upon the concomitant degree of exposure to FSH. In
cultured rat granulosa cells, TGFP was shown to augment cell respon¬
siveness (cAMP production, LH-receptor induction and steroidogenesis)
to low doses of FSH but attenuate responsiveness to high-dose FSH
(Knecht et al., 1987). This important finding suggests a mechanism
whereby locally produced TGFPs might contribute to the establishment
of interfollicular variations in FSH thresholds in the human menstrual

cycle (see above).
One way in which TGFPs are known to affect tissue morphogenesis

is by influencing the abundance and architecture of the extracellular
matrix as well as the ability of cells to interact with it (Massague,
1987). Various mesenchymal and epithelial cell types whose growth
and differentiation are affected by TGFPs respond to these factors with
elevated deposition of cell-adhesion proteins such as fibronectin, pro¬
duction of protease inhibitors and expression of integrin receptors
(Roberts et al., 1988). It is noteworthy that granulosa cell differentiation
is associated with reduced deposition of fibronectin (Skinner et al.,
1985), and that extracellular matrix has been shown to influence
granulosa cell responsiveness to gonadotrophins in vitro (Amsterdam et
al., 1989). Granulosa—theca interaction in the developing follicle may
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therefore be likened to classic forms of epithelio-mesenchymal tissue
interaction involving TGF0S and other locally produced regulatory
factors (Slack, 1989), as illustrated in Fig. 3.8.

Inhibins and activins

Mature inhibin is a 32 kDa glycoprotein which has been isolated from
ovarian follicular fluid as two distinct forms composed of a common
a-subunit and one of two (J-subunits pA and pB (Ling et al., 1985;
Miyamoto et al.. 1985; Rivier et al., 1985; Robertson et al., 1985; Vale
el al., 1988; Ying, 1988). Treatment of pituitary cell cultures with
inhibin suppresses FSH secretion whereas treatment with the homo-
dimeric pA, pA form of inhibin, termed activin (Vale et al., 1986) or
FSH-releasing protein (FRP) (Ling et al., 1986), stimulates FSH release
(Tsonis & Sharpe, 1986). These properties seem likely to reflect physio¬
logical functions of inhibin and activin in the human endocrine system,
notably during the luteal phase of the menstrual cycle when inhibin
is secreted in large amounts by the corpus luteum (see Chapters 1
and 6).

The three inhibin subunits are encoded by separate genes (Mason et
al., 1985, 1986; Forage et al., 1986; Mayo et al., 1986; Esch et al.. 1987)
whose expression in granulosa cells is developmentally regulated and
inducible by FSH (Woodruff et al., 1987, 1988; Turner et al., 1989). The
a- and pB-subunit mRNAs, but not pA-subunit mRNA, are also inducible
by treatment with oestradiol in vitro (Turner et al., 1989). Secretion of
inhibin protein by rat (Erickson & Hsueh, 1978; Suzuki et al., 1987;
Bicsak & Hsueh, 1988; Bicsak et al., 1988; Zhang et al., 1988), bovine
(Henderson & Franchimont, 1983), human (Tsonis et al., 1987) and
non-human primate granulosa cells (Hillier et al., 1989) is also regulated
by gonadotrophins and sex steroids in vitro.

The human preovulatory follicle does not secrete important amounts
of inhibin until the mid-cycle LH surge begins. However, inhibin and
activin are both believed to serve local regulatory functions within
developing ovarian follicles (de Jongh, 1988). Interest in the putative
intragonadal function(s) of these factors is fuelled by the high degree of
structural homology (30-40%) which exists between them and the
members of a family of growth factors which are synthesized from
precursors of high molecular weight and expressed during embryo-
genesis and organogenesis across a wide range of animal phyla (Roberts et
al., 1988; Vale et al., 1988). Members of this gene family include TGF0,
Mullerian duct inhibiting substance (MIS; causes Mullerian duct re¬

gression in males), decapentaplegic gene complex (DPPC; active during
insect embryogenesis) and vgl protein (a mesoderm-inducing factor in
frog embryos). Moreover, bone marrow expresses inhibin pA mRNA
and human leukaemic cells produce activin (Eto et al., 1987). Treatment
with activin in vitro stimulated erythroid differentiation (haemoglobin
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accumulation) in human erythroleukaemic cell cultures and this effect
was inhibited by co-treatment with inhibin (Yu et al., 1987), further
emphasizing the likelihood that inhibin-related subunits and dimeric
proteins play roles in tissue growth and differentiation.

It remains to be determined just what are the regulatory functions
of inhibin and activin, their precursors free or their subunits in ovarian
follicles (Burger & Findlay, 1990). Inhibin was shown to augment LH-
stimulated androstenedione in thecal cell cultures whereas activin was

inhibitory (Hsueh et al., 1987). In rat granulosa cell cultures, inhibin
purified from porcine (Ying et al., 1986), but not bovine (Hutchinson et
al., 1987) follicular fluid inhibited aromatase activity. Reasons for the
discrepancy are uncertain but may reside in the specific forms of
inhibin and experimental conditions used. Activin enhanced FSH-
stimulated aromatase activity in rat granulosa cells but inhibited pro¬

gesterone production (Hutchison et al., 1987). Activin also inhibited
the growth of Chinese hamster ovary cells in culture. Treatment with
inhibin alone had no significant effect on ovarian cell growth but it
partially overcame the inhibitory effect of activin (Gonzalez-Manchon
& Vale, 1989). It seems likely that future research will unravel
important regulatory functions for this family of peptides in the ovary.

FGFs

FGFs are 'heparin-binding growth factors' (Burgess & Maciag, 1989)
which control the proliferation, differentiation and other activities of
mesoderm and neurectoderm derived cells. Basic (b)FGF is relatively
abundant in pituitary, brain, adrenals and ovaries, as opposed to
acidic FGF which is restricted to brain and other neural tissues (Slack,
1989).

The corpus luteum is a rich source of bFGF and the factor is
thought to play an important local role as an angiogenic factor during
luteal development (Gospodarowicz & Ferrara, 1989). The factor is also
implicated in the local control of granulosa cell proliferation and differ¬
entiation in the preovulatory follicle. Bovine granulosa cells express
the bFGF gene and produce bioactive bFGF, furthermore, their pro¬
liferation in tissue culture is stimulated by the presence of bFGF (Neufeld
et al., 1987). bFGF is not a mitogen for cultured rat granulosa cells but
it inhibits FSH-mediated induction of LH receptors, reversibly attenuates
FSH induction of aromatase activity and stimulates progesterone syn¬
thesis in these cells (Baird & Hsueh, 1986). bFGF is therefore thought
likely to exert autocrine regulatory influences over granulosa cell growth
and differentiation. Because of its angiogenic properties, bFGF is also
implicated in the paracrine control of the development of the thecal
vaculature in the preovulatory follicle (Gospodarowicz & Ferrara, 1989)
(see also Chapter 7).
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Cytokines

Immunoregulatory peptides produced by blood and immune cells (cy¬
tokines, or monokines/lymphokines for those factors produced by
monocytes/lymphocytes) are modulators of the growth and differen¬
tiation of diverse non-immunological cell types (Green, 1989), including
ovarian endocrine cells (Adashi, 1989). Several members of the inter-
leukin, interferon and colony stimulating factor families of immuno¬
regulatory peptides have been shown to influence granulosa cell growth
and steroidogenesis in vitro (Fukuoka et al., 1989; Kasson & Gorospe,
1989). Distinctions between 'cytokines' and 'growth factors' (i.e. peptidic
regulatory factors produced by parenchymal cells) are becoming
increasingly blurred as many growth factors (such as the TGFs and
bFGFs) are now also recognized as cytokines (Harrison & Campbell,
1988).

'Other factors'
Other factors produced by ovarian cells which are likely to have local
regulatory functions include plasminogen activators (Knecht, 1988)
and inhibitors (Ny et al., 1985), components of the renin-angiotensin
system (Kim etal., 1987; Do etal., 1988; Pucell etal., 1988), extracellular
matrix (Amsterdam et al., 1989), platelet-derived growth factor
(Schomberg, 1988; Ross, 1989); MIF (Voutilainen & Miller, 1989),
heparin-binding growth factors other than bFGF (Burgess & Maciag,
1989), and relaxin (Too et al., 1984). Also implicated are various
peptidic factors including GnRH-like peptide(s) (Jones, 1989; LaTouch
et al., 1989); substance P (Dees et al., 1985); vasoactive intestinal
peptide (Davoren & Hsueh, 1985; Trzeciak et al., 1986; Ojeda et al.,
1989) oxytocin/arginine vasopressin (Verges et al., 1986; Khan-
Dawood & Dawood, 1989); POMC-derived peptides (Young et al.,
1989); and follistatin (Shimasaki et al., 1989). Then there are diverse
prostanoids, leukotrienes, catecholamines and nucleotides, all of which
inevitably function in various ways in the follicular paracrine system.

Summary
FSH plays a pivotal role as the primary (endocrine) stimulus of follicu-
logenesis via activation of specific FSH receptors on immature granulosa
cells. The phenotypic expression of functional and morphological cellular
changes in response to FSH is subject to a second (paracrine) level of
control by steroidal and non-steroidal factors of thecal origin produced
under endocrine control by LH. Interfollicular variations in the extent
to which this paracrine system operates ultimately determine which
follicle undegoes full preovulatory development and ovulates. FSH-
induced (cAMP-mediated) granulosa cell development in this follicle
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entails increased responsiveness to FSH and LH and is associated with
the increased expression of genes encoding proteins required for mature
granulosa cell function such as LH receptors, steroidogenic enzymes
(including aromatase), proteases and diverse regulatory peptides in¬
cluding IGFs and inhibin subunits. Steroids and growth factors produced
by FSH-stimulated granulosa cells constitute a third (autocrine) level of
control which culminates in terminal differentiation (luteinization) and
the expression of LH-responsive endocrine function (progesterone,
oestradiol and inhibin synthesis) by the corpus luteum.

References

Adashi, E.Y. (1989) Cytokine-mediated regulation of
ovarian function: encounters of a third kind.

Endocrinology, 124, 2043-5.
Adashi, E.Y. & Resnick, C.E. (1986) Antagonistic
interactions of transforming growth factors in the
regulation of granulosa cell differentiation. Endo¬
crinology, 119, 1879—81.

Adashi, E.Y., Resnick, C.E., D'Ercole, A.J., Svoboda,
M.E. & Van Wyk, J.J. (1985) Insulin-like growth
factors as intraovarian regulators of granulosa cell
growth and function. Endocr. Rev.. 6, 400-20.

Adashi, E.Y., Resnick, C.E., Hernandez, E.R., Svoboda,
M.E. & Van Wyk, J.J. (1989) Potential relevance of
insulin-like growth factor I to ovarian physiology:
from basic science to clinical application Semin.
Reprod. Endocrinol. 7, 94 -99.

Adashi, E.Y., Resnick, C.E., Svoboda, M.E. & Van

Wyk. J.J. (1986) Follicle-stimulating hormone
enhances Somatomedin C binding to cultured rat
granulosa cells: evidence for cAMP dependence.
J. Biol. Chem., 261, 3923-6.

Amsterdam, A.A., Koch, Y., Lieberman, M.E. &
Lindner, H.R. (1975) Distribution of binding sites
for human chorionic gonadotropin in the pre¬
ovulatory follicle of the rat. J. Biol. Chem., 67,
894-900.

Amsterdam, A., Rotmensch, S., Furman, A., Venter,
E.A. & Vlodavsky, I. (1989) Synergistic effect of
human chorionic gonadotropin and extracellular
matrix on in vitro differentiation of human granulosa
cells: progesterone production and gap junction
formation. Endocrinology, 124, 1956-64.

Armstrong. D.T. & Dorrington, J.H. (1976). Androgens
augment FSH-induced progesterone secretion by
cultured rat granulosa cells. Endocrinology, 99,
1411-14.

Armstrong, D.T. & Dorrington, J.H. (1979) Estrogen
biosynthesis in the ovaries and testes. In Thomas,
J.A. & Singhal, R.L. (eds) Regulatory Mechanisms
Affecting Gonadal Hormone Action, Vol. 2, pp.
217-58. University Park Press, Baltimore.

Armstrong, D.T., & Papkoff, H. (1976) Stimulation of
aromatization of exogenous and endogenous

androgens in ovaries of hypophysectomized rats in
vivo by follicle stimulating hormone. Endocrinology,
99, 1144- 51.

Armstrong, D.T., Siuda, A., Opavsky, M.A. &
Chandrasekhara, Y. (1989) Bimodal effects of
luteinizing hormone and role of androgens in
modifying superovulatory responses of rats to
infusion with purified follicle-stimulating hormone.
Biol. Reprod.. 40, 54-62.

Ascoli, M. & Segaloff, D.L. (1989) On the structure of
the luteinizing hormone/chorionic gonadotropin
receptor. Endocr. Rev., 10, 27-44.

Ax, R.L. & Ryan, K.J. (1979) FSH stimulation of 3H-
glycosaminic incorporation into proteoglycans by
porcine granulosa cells in vitro. J. Clin. Endocrinol.
Metab.. 49, 646.

Baird. D.T. (1977) Synthesis and secretion of steroid
hormones by the ovary in vivo. In Zuckerman, S. &
Weir, B.J. (eds) The Ovary, Vol. 3, 2nd edn..
pp. 305— 57. Academic Press, London.

Baird, A. & Hsueh, A.J.W. (1986) Fibroblast growth
factor as an intraovarian hormone: differential

regulation of steroidogenesis by an angiogenic
factor. Regul. Pept., 16, 243-50.

Baird. D.T., Baker, T.G., McNatty. K.P. & Neal, P.
(1975) Relationship between the secretion of the
corpus luteum and the length of the follicular phase
of the ovarian cycle. J. Reprod. Fertil., 45, 611-19.

Baird, D.T., Swanston, LA. & McNeilly, A.S. (1981)
Relationship between LH, FSH and prolactin
concentration and the secretion of androgens and
oestrogens by the preovulatory follicle in the ewe.
Biol. Reprod.. 24, 1013-25.

Barbieri, R.L., Makris, A., Randall, R.W., Daniels, G.,
Kistner, R.W. & Ryan, KJ. (1986) Insulin stimulates
androgen accumulation in incubations of ovarian
stroma obtained from women with hyper-
androgenism. J. Clin. Endocrinol. Metab., 62,
904-10.

Barbieri, R.L., Makris, A. & Ryan, K.J. (1983) Insulin
stimulates androgen accumulation in incubations
of human ovarian stroma and theca. Obstet. Gynecol.,
Suppl. 64, 73—80S.

98 CHAPTER 3



Beebe, SJ„ Segaloff, D.L., Burks, D., Beasley-Leach,
A., Limbird, L.L. & Corbin, J. (1989). Evidence that
cyclic adenosine 3',5'-monophosphate-dependent
protein kinase activation causes pig ovarian
granulosa cell differentiation, including increases in
two type n subclasses of this kinase. Biol. Reprod..
41, 295-307.

Bendell, JJ. & Dorrington, J. (1988) Rat thecal/
intersitial cells secrete a transforming growth
factor-p-like factor that promotes growth and
differentiation of rat granulosa cells. Endocrinology,
123, 941-8.

Ben-Ze'ev, A. & Amsterdam, A. (1989) Regulation of
heat shock protein synthesis by gonadotropins in
cultured granulosa cells. Endocrinology, 124,
2584-94.

Berridge, MJ. (1987a) Inositol triphosphate and
diacylglycerol: two interacting second messengers.
Annu. Rev. Biochem., 56, 159-93.

Berridge, MJ. (1987b) Inositol lipids and cell prolifer¬
ation. Biochim. Biophys. Acta, 907, 33-45.

Bicsak, T.A., Cajander, S.B., Vale, W. & Hsueh, AJ.W.
(1988) Inhibin: studies of stored and secreted forms
by biosynthetic labelling and immunodetection in
cultured rat granulosa cells. Endocrinology, 122,
741-8.

Bicsak, T.A. & Hsueh, A.J.W. (1988) Recent advances
in inhibin research. In Stouffer, R.L. (ed.) The
Primate Ovary, pp. 35-47. Plenum, London.

Birnbaumer, L. & Kirchik, H.J. (1983) Regulation of
gonadotropic action: the molecular mechanisms
of gonadotropin-induced activation of ovarian
adenylyl cyclases. In Greenwald, G.S. & Terranova,
P.F. (eds) Factors Regulating Ovulation, pp. 287-310.
Raven Press, New York.

Bjersing, L. (1967) On the morphology and endocrine
functions of granulosa cells in ovarian follicles and
corpora lutea. Biochemical, histochemical, and
ultrastructural studies on the porcine ovary with
special reference to steroid hormone synthesis. Acta
Endocrinol. Copenh., Suppl. 125.

Bomsel-Helmreich, O., Gougeon, A., Thebault, A.,
Salterelli, D„ Milgrom, E.. Frydman, R. & Papiernik,
E. (1979) Healthy and atretic human follicles in the
preovulatory phase: Differences in evolution of
follicular morphology and steroid content of fol¬
licular fluid. J. Clin. Endocrinol. Metab., 48, 686-94.

Brailly, S„ Gougeon. A., Milgrom, E., Bomsel-
Helmreich, O. & Papiernik, E. (1981) Androgens
and progestins in the human ovarian follicles:
Differences in the evolution of preovulatory, healthy
nonovulatory, and atretic follicles. J. Clin. Endocrinol.
Metab.. 53, 128-34.

Brown, J.B. (1978) Pituitary control of ovarian
function — concepts derived from gonadotrophin
therapy. Aust. NZ. J. Obstet. Gynaecol., 18, 47-54.

Burger, H.G. & Findlay, J.K. (1989) Potential rele¬
vance of inhibin to ovarian physiology. Semin.
Reprod. Endocrinol. 7, 69—78.

Burgess, W.H. & Maciag. T. (1989) The heparin-
binding (fibroblast) growth factor family of proteins.
Annu. Rev. Biochem., 58, 575-606.

Cara, J.F. & Rosenfield, R.L. (1988) Insulin-like growth
factor I and insulin potentiate luteinizing hormone-
induced androgen biosynthesis by rat ovarian theca-
intersitial cells. Endocrinology, 123, 733-9.

Channing, C.P. & Tsafriri, A. (1977) Mechanism of
action of luteinizing hormone and follicle-
stimulating hormone on the ovary in vitro.
Metabolism, 26. 413—68.

Daniel, S.AJ. & Armstrong, D.T. (1980) Enhancement
of follicle-stimulating hormone induced aromatase
activity by androgen in cultured rat granulosa cells.
Endocrinology. 107, 1027—33.

Daniel, S.AJ. & Armstrong, D.T. (1986) Androgens in
the ovarian microenvironmenL Semin. Reprod.
Endocrinol.. 4, 89—100.

Davis, J.S., Leigh, A.W. & Farese, R.V. (1984) Effects
of luteinizing hormone on phosphoinosotide
metabolism in rat granulosa cells. J. Biol. Chem..
259, 15028-34.

Davis, J.S., Tedesco, T.A., West, L.A., Maroulis, G.B.
&Weakland, L.L. (1989) Effects of human chorionic
gonadotropin, prostaglandin F-2-alpha and protein
kinase C activators on the cyclic AMP and inositol
phosphate 2nd messenger systems in cultured
human granulosa-luteal cells. Mol. Cell. Endocrinol.,
65, 187-94.

Davoren. J.B. & Hsueh. AJ.W. (1985) Vasoactive
peptide: a novel stimulator of steroidogenesis by
cultured rat granulosa cells. Biol. Reprod., 33,
37-52.

Dees. W.L., Kozlowski, G.P., Dey, R. & Ojeda, S.R.
(1985) Evidence for the existence of substance P in
the prepubertal rat ovary, n. Immunocytochemical
localization. Biol. Reprod., 33, 471-6.

Dehennin, L., Blacker, C., Reifsteck, A. & Scholler, R.
(1984) Estrogen 2-, 4-, 6- or 16-hydroxylation
by human follicles shown by gas chromatography
associated with stable isotope dilution. J. Steroid
Biochem.. 20, 465—71.

Dehennin, L., Jondet, L. & Scholler, R. (1987)
Androgen and 19-nonsteroid profiles in human
preovulatory follicles from stimulated cycles: an
isotope dilution-mass spectrometric study. J. Steroid
Biochem.. 26, 399-405.

de Jong, F.H. (1988) Inhibin. Physiol. Rev., 68,
555-607.

Derynck. R. (1986) Transforming growth factor-a:
structure and biological activities. J. Cell. Biochem.,
32. 293-304.

Do, Y.S., Sherrod, A.. Lobo, R., Paulson, R.J.,

Shinagawa, T„ Chen, S„ Kjos, S. & Hsueh W.
(1988) Human ovarian theca cells are a source of
renin. Proc. Natl. Acad. Sci. USA, 85. 1957-61.

Dorrington, J., Chuma, A.V. & Bendell, JJ. (1988)
Transforming growth factor p and follicle-
stimulating hormone promote rat granulosa cell

99 FOLLICULAR ENDOCRINE FUNCTION



proliferation. Endocrinology, 123, 353-9.
Dorrington, J.H.. McKeracher, H.L., Chan, A.K. &
Gore-Langton, R.E. (1983) Hormonal interactions
in the control of granulosa cell differentation. J.
Steroid Biochem., 19, 17-32.

Ekstrom, R.C. & Hunzicker-Dunn, M. (1989) Homo¬
logous desensitization of ovarian luteinizing hor¬
mone/human chorionic gonadotropin-responsive
adenylyl cyclase is dependent upon GTP. Endo¬
crinology, 124, 956—63.

Erickson, G.F. & Hsueh, A.J.W. (1978) Secretion of
inhibin by rat granulosa cells in vitro. Endo¬
crinology, 103, 1960-3.

Erickson, G.F., Magoffin, D.A., Dyer, C.A. & Hofeditz,
C. (1985) The ovarian androgen producing cells: a
review of structure/function relationships. Endocr.
Rev., 6. 371-99.

Esch, F.S., Shimasaki, S., Cooksey, K., Mercado, M.,
Mason, A.J., Ying, S.-Y.. Ueno, N. & Ling, N. (1987)
Complementary deoxyribonucleic acid (cDNA)
doning and DNA sequence analysis of rat ovarian
inhibins. Mol. Endocrinol., 1, 388-96.

Eto, Y., Tsuji, Y„ Takezawa, M., Takano, S„
Yokogawa, Y. & Shibai, H. (1987) Purification and
characterization of Erythroid Differentiation Factor
(EDF) isolated from human leukemia cell line THP-
1. Biophys. Biochem. Res. Commun., 142, 1095-103.

Falck, B. (1959) Site of production of oestrogen in rat
ovary as studied in micro-transplants. Acta Physiol.
Scand., Suppl. 163, 47, 1-101.

Feng, P., Catt, K. & Knecht, M. (1986) Transforming
growth factor (5 regulates the inhibitory actions of
epidermal growth factor during granulosa cell
differentiation. J. Biol. Chem., 261, 14167-70.

Feng, P., Knecht, M. & Catt, K. (1987) Hormonal
control of epidermal growth factor receptors by
gonadotropins during granulosa cell differentiation.
Endocrinology, 120, 1121-6.

Filicori, M„ Butler, J.P. & Crowley, W.F. (1984).
Neuroendocrine regulation of the corpus luteum
in the human. J. Clin. Invest., 73, 1638-47.

Forage, R.G., Ring, J.W., Brown, R.W., Mdnerey,
B.V., Cobon, G.S., Gregson, R.P., Robertson,
D.M. et al. (1986) Cloning and sequence analysis
of cDNA spedes coding for the two subunils of
inhibin from bovine follicular fluid. Proc. Natl. Acad.
Sci. USA, 83, 3091-5.

Fowler, R.E., Chan, S.T.H., Walters, D.E., Edwards,
R.G. & Steptoe, P.C. (1977) Steroidogenesis in
human follicles judged from assays of follicular
fluid. J. Endocrinol., 72, 259—71.

Franchimont, P. (1986) Foreword. BaiHerri Clin.
Endocrinol. Metab.. 15, ix-xiii.

Franchimont, P., Hazee-Hagelstein, M.T., Charlet-
Renard, Ch. & Jasper, J.M. (1986) Effect of mouse
epidermal growth factor on DNA and protein
synthesis, progesterone and inhibin production by
bovine granulosa cell cultures. Aria Endocrinol.
Copenh., Ill, 122-7.

Froesch, E.R., Schmid, Chr., Scwander, J. & Zapf, J.
(1985) Actions of insulin-like growth factors. Annu.
Rev. Physiol.. 47, 443 -67.

Fukuoka, M., Yasuda. K., Taii, S„ Takakura, K. &
Mori, T. (1989) Interleukin stimulates growth and
inhibits progesterone secretion in cultures of pordne
granulosa cells. Endocrinology, 124, 884- 90.

Funkenstein, B., Waterman, W.R. & Simpson, E.R.
(1984) Induction of synthesis of cholesterol side-
chain deavage, cytochrome P450 and adrenodoxin
by follicle-stimulating hormone, 8-bromo-cydic
AMP, and low-density lipoprotein in cultured
bovine granulosa cells. J. Biol. Chem., 259, 8572-7.

Gaarenstroom, J.H. & de Jongh, S.E. (1946) A contri¬
bution to the knowledge of the influence of
gonadotropic and sex hormones on the gonads of
rats. In Houwink, R. & Ketelaar, J.A.A. (eds)
Monographs on the Progress of Research in Holland
During the War, Vol. 7, pp. 59-164. Elsevier,
Amsterdam.

Gates, G.S., Bater, S.. Seibel, M„ Poretsky, L., Flier,
J.S. & Moses, A.C. (1987) Characterization of
insulin-like growth factor binding to human
granulosa cells obtained during in vitro fertiliz¬
ation. J. Receptor Res., 7, 885-902.

Gill, G.N., Berries, PJ. & Santon, J. (1987) Epidermal
growth factor and its receptor. Mol. Cell. Endo¬
crinol.. 51, 169-86.

Gilman, A. (1987) G-proteins: transducers of receptor-
generated signals. Annu. Rev. Biochem., 56,
615-49.

Glasier, A.F., Baird, D.T. & Hillier, S.G. (1989) FSH
and the control of follicular development. J. Steroid
Biochem., 32 (IB), 167-170.

Goldenberg, R.L., Reiter, E.O. & Ross, G.T. (1973)
Follicle response to exogenous gonadotropins: and
estrogen-mediated phenomenon. Fertil. Steril., 24,
121-5.

Golos, T.G., Strauss, J.F. & Millier, W.L. (1987).
Regulation of lipoprotein receptor and cytochrome
P-450scc mRNA levels in human granulosa cells. J.
Steroid Biochem., 27, 767—73.

Gonzalez-Manchon, C. & Vale, W. (1989) Activin-A,
inhibin and transforming growth factor-p modulate
growth of two gonadal cell lines. Endocrinology, 125,
1666 -72.

Gore-Langton, R.E. & Armstrong, D.T. (1988) Fol¬
licular steroidogenesis and its control. In Knobil, E.
& Neill, J.D. (eds) The Physiology of Reproduction,
Vol. 1, pp. 331-85. Raven Press, New York.

Gospodarowicz, D. & Balecki, H. (1979) Fibroblast
and epidermal growth factors are mitogenic agents
for cultured granulosa cells of rodent, porcine, and
human origin. Endocrinology, 104, 757— 64.

Gospodarowicz, D. & Ferrara, N. (1989) Fibroblast
growth factor and the control of pituitary and gonad
development and function. J. Steroid Biochem., 32,
183-91.

Green, A.R. (1989) Peptide regulatory factors: multi-

100 CHAPTER 3



functional mediators of cellular growth and dif¬
ferentiation. Lancet. 1, 705—7.

Gwynne, J.T. & Strauss, J.F. (1982) The role of lipo¬
proteins in steroidogenesis and cholesterol
metabolism in steroidogenic glands. Endocr. Rev..
3. 299-329.

Hammond. J.M., Baranao, J.L.S., Skaleris, D., Knight,
A.B., Romanus, J.A. & Rechler, M.M. (1985)
Production of insulin-like growth factors by ovarian
granulosa cells. Endocrinology, 117, 2553— 5.

Hammond, J.M. & English, H.F. (1987) Regulation of
deoxyribonucleic acid synthesis in cultured porcine
granulosa cells by growth factors and hormones.
Endocrinology, 120, 1039-46.

Hammond, J.M., Hersey, R.M., Walega, M.A. & Weisz,
J. (1986). Catecholestrogen production by porcine
ovarian cells. Endocrinology, 118, 2292—9.

Hammond, J.M., Hsu, C.-J., Mondschein, J.S. &
Canning, S.H. (1988). Paracrine and autocrine
functions of growth factors in the ovarian follicle.
J. Anim. Set., 66, 21-31.

Harlow, C.R., Hillier, S.G. & Hodges, J.K. (1986)
Androgen modulation of follicle-stimulating
hormone-induced granulosa cell steroidogenesis in
the primate ovary. Endocrinology. 119, 1403-5.

Harlow, C.R., Shaw, H.J., Hillier, S.G. & Hodges, J.K.
(1988) Factors influencing FSH-induced steroid¬
ogenesis in marmoset granulosa cells: effects of
androgens and stages of follicular development.
Endocrinology, 122, 2780—7.

Harrison, L.C. & Campbell, I.L. (1988) Cytokines: an
expanding network of immuno-inflammatory
hormones. Mol. Endocrinol., 2, 1151—6.

Hedin, L., McKnight, G.S., Lifka, J., Durica, J.M. &
Richards, J.S. (1987) Tissue distribution and
hormonal regulation of messenger ribonucleic
acid for regulatory and catalytic subunits of ad¬
enosine 3',5'-monophosphate-dependent protein
kinases during ovarian follicular development in
the rat. Endocrinology, 120, 1928—35.

Henderson, K.M. & Franchimont, P. (1983) Inhibin
production by bovine ovarian tissues in vitro
and its regulation by androgens. J. Reprod. Fertil.,
67. 291-8.

Hernandez, E.R., Resnick, C.E., Svoboda, M.E., Van
Wyk. JJ., Payne, D.W. & Adashi, E.Y. (1988)
Somatomedin-C/insulin-like growth factor I as
an enhancer of androgen biosynthesis by cul¬
tured rat ovarian cells. Endocrinology, 122,
1603-12.

Hickey, GJ„ Chen. S., Besman, M.J., Shively, J.E.,
Hall, P.F., Gaddy-Kurten, D. & Richards, J.S.
(1988) Hormonal regulation, tissue distribution,
and content of aromatase cytochrome P450
messenger ribonucleic acid and enzyme in rat
ovarian follicles and corpora lutea: relationship
to estradiol biosynthesis. Endocrinology, 122,
1426-36.

Hild-Petito, S., Stouffer, R.L. & Brenner, R.M. (1988)

Immunocytochemical localization of estradiol
and progesterone receptors in the monkey ovary

throughout the menstrual cycle. Endocrinology,
123, 2896-905.

Hillier, S.G. (1981) Regulation of follicular oestrogen
biosynthesis: a survey of current concepts. J.
Endocrinol., Suppl. 89, 3— 19P.

Hillier, S.G. (1985) Sex steroid metabolism and fol¬
licular development in the ovaries. Oxf. Rev. Re-
prod. Biol., 7, 168-222.

Hillier, S.G. & de Zwart, F.A. (1981) Evidence that
induction/activation of granulosa cell aromatase
activity by follicle-stimulating hormone is an
androgen receptor-regulated process in vitro.
Endocrinology, 109, 1303-5.

Hillier, S.G., Harlow, C.R., Shaw, HJ., Wickings, EJ„
Dixson, A.F. & Hodges, J.K. (1988) Cellular as¬
pects of preovulatory folliculogenesis in primate
ovaries. Hum. Reprod., 3, 507-11.

Hillier, S.G., Knazek, R.A. & Ross, G.T. (1977) Andro¬
genic stimulation of progesterone production by
granulosa cells from preantral ovarian follicles:
further in vitro studies using replicate cell cul¬
tures. Endocrinology. 100, 1539-49.

Hillier, S.G., Reichert, L.E.R. Jr. & van Hall, E.V. (1981)
Control of preovulatory follicular estrogen bio¬
synthesis in the human ovary. J. Clin. Endocrinol.
Metab.. 52, 847-56.

Hillier, S.G. & Ross, G.T. (1979) Effects of exogenous
testosterone on ovarian weight, follicular mor¬
phology and intraovarian progesterone con¬
centration in estrogen-primed, hypophysectomized
immature female rats. Biol. Reprod., 20, 261-8.

Hillier, S.G., Saunders, P.T.K., White, R. & Parker,
M.G. (1989) Oestrogen receptor mRNA and a
related RNA transcript in mouse ovaries. J. Mol.
Endocrinol.. 2. 39—45.

Hillier, S.G., Trimbos-Kemper, T.C.M., Reichert, L.E.
Jr. & van Hall, E.V. (1983) Gonadotropic control
of human granulosa cell function: in vitro stu¬
dies on aspirates of preovulatory follicles. In
Greenwald. G.S. & Terranova, P.F. (eds) Factors
Regulating Ovulation, pp. 49-54. Raven Press,
New York.

Hillier, S.G., van den Boogaard, A.J.M., Reichert, L.E.
Jr. & van Hall, E.V. (1980a) Intraovarian sex
steroid hormone interactions and the control of
follicular maturation: aromatization of andro¬

gens by human granulosa cells in vitro. J. Clin.
Endocrinol. Metab., 50, 640—7.

Hillier, S.G., van Hall, E.V., van den Boogaard, A.J.M.,
de Zwart, F.A. & Keyzer, R. (1982) Activation
and modulation of the granulosa cell aromatase
system: experimental studies with rat and hu¬
man ovaries. In Rolland, R., van Hall, E.V., Hillier,
S.G.. McNatty, K.P. & Schoemaker, J. (eds) Fol¬
licular Maturation and Ovulation, pp. 51—70.
Amsterdam, Excerpta Medica.

Hillier, S.G. & Wickings, E.J. (1985). Cellular aspects

101 FOLLICULAR ENDOCRINE FUNCTION



of corpus luteum function. In Jeffcoate, S.L.
(ed.) The Luteal Phase, pp. 1-23. Wiley, London.

Hillier, S.G., Wickings, EJ., Saunders, P.T.K.,
Shimisaki, S., Reichert, L.E. Jr. & McNeilly, A.S.
(1989) Hormonal control of inhibin production
by primate granulosa cells. J. Endocrinol.. 123,
65-73.

Hillier, S.G., Zeleznik, A.J., Knazek, R.A. & Ross, G.T.
(1980b) Hormonal regulation of preovulatory
follicle maturation in the rat. J. Reprod. Fertil..
60, 219-29.

Hillier, S.G., Zeleznik, A.J. & Ross, G.T. (1978) Inde¬
pendence of steroidogenic capacity and lutein¬
izing hormone receptor induction in developing
granulosa cells. Endocrinology, 102. 937-46.

Hisaw, F.L. (1947) Development of the Graafian fol¬
licle and ovulation. Physiol. Rev., 27, 95—119.

Hofeditz, C., Magoffin, D.A. & Erickson, G.F. (1988)
Evidence for protein kinase C regulation of ovarian
theca-interstitial cell androgen biosynthesis. Biol.
Reprod., 39, 873-81.

Hsueh, A.J.W. (1986) Paracrine mechanisms involved
in granulosa cell differentiation. Bailliefes Clin.
Endocrinol. Metab.. 15, 117—34.

Hsueh, A.J.W., Adashi, E.Y., Jones, P.B.C. & Welsh,
TJ. Jr. (1984) Hormonal regulation of the differ¬
entiation of cultured granulosa cells. Endocr. Rev.,
3, 76-126.

Hsueh. A.J.W., Bicsak. T.A., Jia, X-C., Dahl, K.D.,
Fauser, B.C.J.M., Galway, A.B., Czekala, N„ Pavlou,
S.N., Papkoff, H„ Keene, J. & Boime, I. (1989).
Granulosa cells as hormone targets: the role of bio¬
logically active follicle-stimulating hormone in
reproduction. Recent Prog. Horm. Res. 45, 209-73.

Hsueh, AJ.W., Dahl, K.D., Vaughan, J., Tucker, E„
Rivier, J., Bardin, C.W. & Vale, W. (1987) Hetero-
dimers and homodimers of inhibin subunits have
different paracrine action in the modulation of
luteinizing hormone-stimulated androgen bio¬
synthesis. Proc. Natl. Acad. Sa. USA, 84, 5082-6.

Hudson, K.E. & Hillier, S.G. (1985) Catechol oestradiol
control of FSH-stimulated granulosa cell steroido¬
genesis. J. Endocrinol., 106, Rl—3.

Hutchison, L.A., Findlay, J.K., de Vos, F.L. &
Robertson, D.M. (1987) Effects of bovine inhibin,
transforming growth factor-p and bovine activin-A
on granulosa cell differentiation. Biochem. Biophys.
Res. Commun., 146, 1405-12.

Jia, X-C., Kalmijn, J. & Hsueh, A.J.W. (1986) Growth
hormone enhances follicle-stimulating hormone-
induced differentiation of cultured rat granulosa
cells. Endocrinology, 118, 1401-9.

Johnson, GJ. & Dhanasekaran, N. (1989) The G-
protein family and their interaction with receptors.
Endocr. Rev., 10, 317-31.

Jones, P.B.C. (1989) Potential relevance of gonado-
tropin-releasing hormone to ovarian physiology.
Semin. Reprod. Endocrinol, 7, 41-51.

Jones, P.B.C., Welsh, T.H. Jr. & Hsueh, A.J.W. (1982)

Regulation of ovarian progestin production by
epidermal growth factor in cultured granulosa cells.
J. Biol. Chem., 257, 11268-73.

Kasson, B.G., Conn. P.M. & Hsueh, AJ.W. (1985)
Inhibition of granulosa cell differentiation by
dioctanoylglycerol — a novel activator of protein
kinase C. Mol. Cell. Endocrinol., 42. 29-37.

Kasson, B.G. & Gorospe, W.C. (1989) Effects of inter-
leukins 1, 2 and 3 on follicle-stimulating hormone-
induced differentiation of rat granulosa cells. Mol.
Cell. Endocrinol., 62. 103-11.

Khan-Dawood, F.S. & Dawood, M.Y. (1989) Potential
relevance of neurohypohysial hormones to ovarian
physiology. Semin. Reprod. Endocrinol. 7, 61-78.

Kim, I-C. & Schomberg, D.W. (1989) The production
of transforming growth factor-{) by rat granulosa
cell cultures. Endocrinology, 124, 1345-51.

Kim. S-J., Shinjo, M.. Tada, M., Usuki, S., Fukamizu,
A., Miyazaki, H. & Murakami, K. (1987) Ovarian
renin gene expression is regulated by follicle-
stimulating hormone. Biochem. Biophys. Res.
Commun., 146, 989-95.

Knecht, M. (1988) Plasminogen activator is associated
with the extracellular matrix of ovarian granulosa
cells. Mol. Cell. Endocrinol., 56, 1-9.

Knecht, M. & Catt, KJ. (1983) Modulation of cAMP-
mediated differentiation in ovarian granulosa cells
by epidermal growth factor and platelet-derived
growth factor. J. Biol. Chem., 258, 2789-94.

Knecht, M„ Feng, P. & Catt, KJ. (1986) Transforming
growth factor-beta regulates the expression of
luteinizing hormone receptors in ovarian granulosa
cells. Biochem. Biophys. Res. Commun., 139, 800-7.

Knecht, M., Feng, P. & Catt, K. (1987) Bifunctional
role of transforming growth factor-P during
granulosa cell development. Endocrinology, 120,
1243-9.

Kudlow, J.E., Kobrin, M.S., Purchio, A.F., Twardzik,
D.R., Hernandez, E.R., Asa, S.L. & Adashi, E.Y.
(1987) Ovarian transforming growth factor-a gene
expression: immunohistochemical localization to
the theca-interstitial cells. Endocrinology, 121,
1577-9.

Kudolo, G.B., Elder, M.G. & Myatt, L. (1984a) A
novel oestrogen binding species in rat granulosa
cells. J. Endocrinol., 102, 83-91.

Kudolo, G.B., Elder, M.G. & Myatt, L. (1984b) Further
characterization of the second oestrogen-binding
species of the rat granulosa cell. J. Endocrinol., 102,
93-102.

Kurten, R.C. & Richards, J.S. (1989) An adenosine
3',5'-monophosphate-responsive deoxyribonucleic
acid element confers forskolin sensitivity on gene
expression by primary rat granulosa cells. Endo¬
crinology, 125, 1345-57.

LaTouche, J., Crumeyrolle-Arias, M., Jordan, D.,
Kopp, N„ Augendre-Ferrante, B„ Cedard, L. &
Haour, F. (1989) GnRH receptors in human
granulosa cells: anatomical localization and charac-

102 CHAPTER 3



terization by autoradiographic study. Endocrinology,
125, 1739-41.

Leung, P.C.K. & Armstrong, D.T. <1980) Interactions
of steroids and gonadotrophins in the control of
steroidogenesis in the ovarian follicle. Annu. Rev.
Physiol.. 42, 71-82.

Leung, P.C.K. & Wang, J. (1989) The role of inositol
lipid metabolism in the ovary. Biol. Reprod., 40,
703-8.

Ling, N„ Ying, S.-Y., Ueno, N., Esch, F„ Denoroy, L.
& Guillemin, R. (1985) Isolation and partial charac¬
terization of aMr 32 000 proteinwith inhibin activity
from porcine follicular fluid. Proc. Natl. Acad. Sci.
USA. 82, 7217-21.

Ling, N., Ying, S.-Y., Ueno, N„ Shimasaki, S., Esch, F„
Hotta, M. & Guillemin, R. (1986) Pituitary FSH is
released by a heterodimer of the P-subunits from
the two forms of inhibin. Nature, 321, 779—82.

Lischinsky, A., KhaliL M.W., Hobkirk, R. & Armstrong,
D.T. (1983) Formation of androgen conjugates by
porcine granulosa cells. J. Steroid Biochem.. 19,
1435-40.

Louvet, J-P.. Harman. S.M., Schreiber, J.R. & Ross,
G.T. (1975) Evidence for a role of androgens in
follicular maturation. Endocrinology, 97, 366-72.

Lucky, A.W., Schreiber, J.R., Hillier, S.G., Schulman,
J.D. & Ross, G.T. (1977) Progesterone production
by cultured granulosa cells: stimulation by
androgens. Endocrinology. 100, 128—33.

McAllister, J.M., Kerin, J.F.P., Trant, J.M., Estabrook,
R.W., Mason. J.L, Waterman, M.R. & Simpson, E.R.
(1989) Regulation of cholesterol side-chain cleavage
and 17a-hydroxylase/lyase activities in proliferating
human theca interna cells in long term monolayer
culture. Endocrinology, 125, 1959-66.

McFarland. K.C., Sprengel, R., Phillips, H.S., Kohler,
M., Rosemblit, N„ Nikolocs, K„ Segaloff, D.L. &
Seeburg. P.H. (1989) Lutropin-choriogonadotropin
receptor: an unusual member of the G-protein-
coupled receptor family. Science, 245, 494-9.

McNatty, K.P. (1981) Hormonal correlates of follicular
development in the human ovary. Ausl. J. Biol. Sci.,
34, 249-68.

McNatty, K.P.. Reinhold, V.N., DeGrazia, C.,
Osathanondh, R. & Ryan, K. (1979) Metabolism of
androstenedione by human ovarian tissue in vitro
with particular reference to reductase and aromatase
activity. Steroids. 34, 429-43.

Magoffin, D.A. (1989) Evidence that luteinizing
hormone-stimulated differentiation of purified
ovarian thecal-interstitial cells is mediated by both
Type I and Type II adenosine 3',5'-monophosphate-
dependent protein kinases. Endocrinology. 125,
1464 -73.

Magoffin, D.A., Gancedo, B. & Erickson, G.F. (1989)
Transforming growth factor-p promotes differ¬
entiation of ovarian thecal-interstitial cells but
inhibits androgen production. Endocrinology. 125,
1951-8.

Magoffin, D.A. Kurtz, K.M. & Erickson, G.F. (1990)
Insulin-like growth factor-1 selectively stimulates
cholesterol side-chain cleavage expression in ovarian
theca-interstitial cells. Mol. Endocrinol. 4, 489—96.

Marsh, J.M. (1976) The role of cyclic AMP in gonadal
steroidogenesis. Biol. Reprod., 14, 30—53.

Mason, AJ., Hayflick, J.S., Ling, N., Esch, F., Ueno,
N., Ying, S.-Y., Guillemin. R. et al. (1985) Com¬
plementary DNA sequences of ovarian follicular
fluid inhibin show precursor structure and homo¬
logy with transforming growth factor-p. Nature.
318, 659-63.

Mason, A.J., Niall, H.D. & Seeburg, P.H. (1986) Struc¬
ture of two human ovarian inhibins. Biochem.

Biophys. Res. Commun., 135, 957—64.
Massague. J. (1983) Epidermal growth factor-like
transforming growth factor, n. Interaction with
epidermal growth factor receptors in human
placenta membranes and A431 cells. J. Biol. Chem.,
258. 13614-20.

Massagu6, J. (1987) The TGF-P family of growth and
differentiation factors. Cell, 49, 437—8.

Mayo, K.E., Cerelli, G.M., Spiess, J., Rivier, J.,
Rosenfeld, M.G., Evans. R.M. & Vale, W. (1986)
Inhibin A-subunit cDNAs from porcine ovary and
human placenta. Proc. Natl. Acad. Sci. USA, 83,
5849-53.

Mendelson, C.R., Merrill, J.C.. Steinkampf, M.P. &
Simpson, E.R. (1988) Regulation of the synthesis of
aromatase cytochrome P-450 in human adipose,
stromal and ovarian granulosa cells. Steroids, 50,
51-9.

Michell. R.H. (1989) Post-receptor signalling path¬
ways. Lancet, 1, 765-8.

Miller, W.L. (1988) Molecular biology of steroid
hormone synthesis. Endocr. Rev., 9, 295-318.

Miyamoto, K., Hasegawa, Y., Fukuda. M., Nomura,
M., Igarashi, M„ Kangawa, K. & Matsuo, H. (1985)
Isolation of porcine follicular fluid inhibin of 32K
daltons. Biochem. Biophy. Res. Commun.. 129,
396-403.

Mondschein, J.S., Canning, S.F., Miller. D.Q. &
Hammond, J. (1989) Insulin-like growth factors
(IGFs) as autocrine/paracrine regulators of granu¬
losa cell differentiation and growth: studies with a

neutralizing monoclonal antibody to IGF-1. Biol.
Reprod.. 40, 79-85.

Neufeld, G., Ferrara, N„ Mitchell, R., Schweigerer, L.
& Gospdarowicz, D. (1987) Granulosa cells produce
basic fibroblast growth factor. Endocrinology. 121,
597-603.

Nimrod, A. & Lindner, H.R. (1976) A synergistic effect
of androgen on the stimulation of progesterone
secretion by FSH in cultured rat granulosa cells.
Mol. Cell. Endocrinol., 5. 315-20.

Nishizuka, Y. (1988) The molecular heterogeneity of
protein kinase C and its implications for cellular
regulation. Nature. 334, 661-5.

Noland, T.A. & Domino, MJ. (1986) Characterization

103 FOLLICULAR ENDOCRINE FUNCTION



and distribution of protein kinase C in ovarian tissue.
Biol. Reprod.. 35, 863-72.

Ny, T., Bjersing, L., Hsueh, A.J.W. & Loskutoff, D.J.
(1985) Cultured granulosa cells produce two
plasminogen activators and an antiactivator, each
regulated differently by gonadotropins. Endo¬
crinology, 116, 1666-8.

O'Connell, M.L., Canipari, R. & Strickland, S. (1987)
Hormonal regulation of tissue plasminogen activator
secretion and mRNA levels in rat granulosa cells. J.
Biol. Chan., 262, 2339-444.

Ohlsson, M., Hsueh, AJ.W. & Ny. T. (1988) Hormonal
regulation of tissue type plasminogen activator
messenger ribonucleic acid levels in rat granulosa
cells: mechanisms of induction by follicle-
stimulating hormone and gonadotropin hormone
releasing hormone. Mol. Endocrinol., 2. 854-61.

Oliver, J.E., Aitman, T.J., Powell, J.F., Wilson, C.A. &
Clayton, R.N. (1989) Insulin-like growth factor I
gene expression in the rat ovary is confined to the
granulosa cells of developing follicles. Endocrinology,
124, 2671-9.

Opavsky, M.A. & Armstrong, D.T. (1989) Effects
of luteinizing hormone on superovulatory and
steroidogenic responses of rat ovaries to infusion
with follicle-stimulating hormone. Biol. Reprod., 40,
12-25.

Poretsky, L, Grigorescu, F„ Seibel, M., Moses, A.C. &
Flier, J.S. (1985) Distribution and characterization
of insulin and insulin-like growth factor receptors
in normal human ovary. J. Clin. Endocrinol. Metab.,
61, 728-34.

Pucell. A.G., Bumpus, F.M. & Husain, A. (1988)
Regulation of angiotensin D receptors in cultured
rat ovarian cells by follicle-stimulating hormone and
angiotensin D. J. Biol. Chem., 263, 11954-61.

Ramasharma, K., Caberera, C.M. & Li, C.H. (1986)
Identification of insulin-like growth factor n in
human seminal and follicular fluids. Biochem. Bio¬

phys. Res. Commun. 140, 536—42.
Ramasharma, K. & Li, C.H. (1987) Human pituitary
and placental hormones control human insulin-like
growth factors secretion in human granulosa cells.
Proc. Natl. Acad. Sd. USA. 84. 2643-7.

Readhead, R., Lobo, R.A. & Kletzky, O.A. (1983) The
activity of 30-hydroxysteroid dehydrogenase and
A4-* isomerase in human follicular tissue. Am. J.

Obstet. Gynecol., 145, 491-5.
Rechler. M.M. & Nissley, S.P. (1985) The nature and
regulation of the receptors for insulin-like growth
factors. Annu. Rev. Physiol., 47, 425—42.

Richards, J.S. (1975) Estradiol receptor content in rat
granulosa cells during follicular development:
modification by estradiol and gonadotropins.
Endocrinology, 97, 1174- 84.

Richards, J.S. (1980) Maturation of ovarian follicles:
actions and interaction of pituitary and ovarian
hormones on follicular differentiation. Physiol. Rev.,
60, 51-89.

Richards, J.S.. Jahnsen, T.. Hedin, L., Lifka, J., Ratoosh,
S.L., Durica, J.M. 6- Goldring, N.B. (1987) Ovarian
follicular development: from physiology to
molecular biology. Recent Prog. Harm. Res., 43,
231-70.

Rivier, J., Spiess, J„ McClintock, R„ Vaughan, J. &
Vale, W. (1985) Purification and partial character¬
ization of inhibin from porcine follicular fluid.
Biochem. Biophys. Res. Commun., 133, 120-7.

Roberts, A.B., Flanders, K.C., Kondaiah, P., Thomson,
N.L., Van Obberghen-Schilling, E., Wakefield, L.,
Rossi, P. a al. (1988) Transforming growth factor 0:
biochemistry and roles in embryogenesis, tissue
repair and remodeling, and carcinogenesis. Recent
Prog. Horm. Res., 44, 157-93.

Robertson, D.M., Foulds, L.M., Leversha, L., Morgan,
F.J., Hearn, M.T.W., Burger, H.G., Wettenhall,
R.E.H. frdeKretser, D.M. (1985) Isolation of inhibin
from bovine follicular fluid. Biochem. Biophys. Res.
Commun., 126, 220—6.

Roesler, W.J., Vandenbark, G.R. & Hanson, R.W.
(1988) Cyclic AMP and the induction of eukaryotic
gene transcription. J. Biol. Chem., 263, 9063—6.

Ross, G.T. and Schreiber, J.R. (1986). The ovary. In
Yen, S.S.C. &• Jaffe, R.B. (eds) Reproductive Endo¬
crinology, 2nd edn., pp. 115-39. W.B. Saunders,
London.

Ross, R. (1989) Platelet-derived growth factor. Lancet,
1, 1179-82.

Ryan, K.J. (1979) Granulosa-thecal interaction in
ovarian steroidogenesis. J. Steroid Biochem., 11,
799-800.

Saiduddin. S. & Zassenhaus, H.P. (1977) Estradiol-
170 receptors in the immature rat ovary. Steroids,
29, 197-213.

Sasano, H„ Okamoto, M.. Mason, J.I., Simpson, E.R..
Mendelson, C.R., Sasano, N. & Silverberg, S.G.
(1989) Immunolocalization of aromatase, 17a-
hydroxylase and side-chain cleavage cytochromes
P-450 in the human ovary. J. Reprod. Fertil., 85,
163-9.

Schomberg, D.W. (1988) Regulation of follicle devel¬
opment by gonadotropins and growth factors. In
Stouffer, R.L. (ed.) The Primate Ovary, pp. 25-33.
Plenum, London.

Schomberg. D.W., Stouffer, R.L. & Tyrey, L. (1976)
Modulation of progestin secretion in ovarian cells
by 170-hydroxy-5a-androstan-3-one (dihydro-
testosterone): a direct demonstration in monolayer
culture. Biochem. Biophys. Res. Commun., 68, 77-85.

Schreiber, J.R. & Ross, G.T. (1976) Further character¬
ization of a rat ovarian testosterone receptor with
evidence for nuclear translocation. Endocrinology,
99, 590 -6.

Segaloff, D.L., Wang, H. & Richards, J.S. (1990) Hor¬
mone specific regulation of LH/CG receptor mRNA
expression in rat ovarian follicles and corporalutea.
Proc. 72nd Annual Meeting of the Endocrine Society
(abstr. 1064).

104 CHAPTER 3



Shaw. HJ„ Hillicr, S.G., & Hodges. J.K. (1989) Devel¬
opmental changes in luteinizing hormone/human
chorionic gonadotropin steroidogenic responsive¬
ness in marmoset granulosa cells: Effects of follide-
stimuiating hormone and androgens. Endocrinology.
124. 1669-77.

Shimasaki, S., Koga, M., Buscaglia, M.L., Simmons,
D.M.. Bicsak. T.A. & Ling, N. (1989) Follistatin gene

expression in the ovary and extragonadal tissues.
Mol. Endocrinol., 3, 651-9.

Shinohara, O., Knecht, M. & Catt, K.J. (1985) Inhi¬
bition of gonadotropin-induced granulosa cell dif¬
ferentiation by activation of protein kinase C. Proc.
Natl. Acad. Sci. USA, 82, 8518-22.

Short. R.V. (1962) Steroids in follicular fluid and the
corpus luteum of the mare. A 'two-cell type' theory
of ovarian steroid synthesis. J. Endocrinol.. 24,
59-63.

Sibley, D.R., Benovic, J.L., Caron, M. & Lefkowitz,
R.L. (1988) Phosphorylation of cell surface receptors:
a mechanism for regulating signal transduction
pathways. Endocr. Rev., 9, 38-56.

Skinner. M.K., Keski-Oja, J., Osteen, K.G. & Moses,
H.L. (1987) Ovarian theca cells produce trans¬
forming growth factor-P which regulates granulosa
cell growth. Endocrinology, 121, 786-92.

Skinner, M.K., McKeracher, H.L. & Dorrington, J.H.
(1985) Fibronectin as a marker of granulosa cell
cytodifferentiation. Endocrinology, 117, 886-92.

Slack, J.M.W. (1989) Peptide regulatory factors in
embryonic development. Lancet, 1, 1312-15.

Spicer, I_J„ & Hammond, J.M. (1989) Catechol
oestrogens inhibit proliferation and DNA synthesis
of porcine granulosa cells in vitro: comparison with
estradiol, 5a-dihydrotestosterone, gonadotropins
and catecholamines. Mol. Cell. Endocrinol., 64,
119-26.

Sprengel, R., Braun, T„ Nikolics, K., Segaloff, D.L. &
Seeburg, P.H. (1990) The testicular receptor for fol¬
licle stimulating hormone: structure and functional
expression of cloned cDNA. Mol. Endocrinol., 4,
525-30.

Steinkampf, M.P., Mendelson, C.R. & Simpson, E.R.
(1987) Regulation by follicle-stimulating hormone
of the synthesis of aromatase cytochrome P-450 in
human granulosa cells. Mol. Endocrinol., I, 465-71.

Steinkampf, M.P., Mendelson, C.R. & Simpson, E.R.
(1988) Effects of epidermal growth factor and
insulin-like growth factor I on the levels of mRNA
encoding aromatase P-450 of human ovarian
granulosa cells. Mol. Cell. Endocrinol., 39, 93-9.

Suikkari, A.M., Jalkanen, J„ Koistinen, R„ Biitzow,
R., Ritvos, O., Ranta, T. & Seppala, M. (1989)
Human granulosa cells synthesize low molecular
weight insulin-like growth factor binding protein.
Endocrinology, 124, 1088-90.

Suzuki, T.. Miyamoto, K„ Hasegawa, Y., Abe, Y., Ui,
M„ Ibuki, Y. & Igarashi, M. (1987) Regulation of
inhibin production by rat granulosa cells. Mol. Cell.

Endocrinol., 54, 185-95.
Tonetta, S.T. & DiZerega. G.S. (1989) Intragonadal
regulation of follicular maturation. Endocr. Rev., 10,
205-29.

Too, C.K.L., Bryant-Greenwood, G. & Greenwood,
F.C. (1984) Relaxin increases the release of
plasminogen activator, collagenase, and proteo-
glycanase from rat granulosa cells in vitro. Endo¬
crinology, 113, 1043— 50.

Trzeciak, W.H., Waterman, M.R. & Simpson, E.R.
(1986) Synthesis of the cholesterol side-chain
cleavage enzymes in cultured rat ovarian cells:
induction by follicle-stimulating hormone and
dibutyryl adenosine 3',5'-monophosphate. Endo¬
crinology, 119, 323-30.

Trzeciak, W.H., Waterman, M.R., Simpson, E.R. &
Ojeda, S.R. (1987) Vasoactive intestinal peptide
regulates cholesterol side-chain cleavage cyto¬
chrome P-450 (P-450scc) gene expression in
granulosa cells from immature ovaries. Mol.
Endocrinol., 1, 500-4.

Tsang, B.K., Moon, Y.S., Simpson, C.W. & Armstrong,
D.T. (1979) Androgen biosynthesis in human
ovarian follicles: cellular source, gonadotropic
control, and adenosine 3',5'-monophosphate
mediation. J. Clin. Endocrinol. Metab., 48, 153-8.

Tsonis, C.G., Hillier, S.G. & Baird, D.T. (1987) Pro¬
duction of inhibin bioactivity by human granulosa-
lutein cells: stimulation by LH and testosterone in
vitro. J. Endocrinol., 112, Rll-14.

Tsonis. C.G. & Sharpe, R.M. (1986) Dual gonadal
control of follicle-stimulating hormone. Nature, 321,
724-5.

Turner, I.M., Saunders, P.T.K., Shimasaki, S. & Hillier,
S.G. (1989) Regulation of inhibin subunit gene
expression by FSH and estradiol in cultured rat
granulosa cells. Endocrinology, 125, 2790—2.

Ui, M„ Shimonaka, M., Shimasaki, S. & Ling, N.
(1989) An insulin-like growth factor binding protein
in ovarian follicular fluid blocks follicle-stimulating
hormone-stimulated steroid production by ovarian
granulosa cells. Endocrinology, 125, 912-16.

Vale, W„ Rivier, C., Hsueh, A., Campen, C., Meunier,
H., Bicsak, T., Vaughan, J. et al. (1988) Chemical
and biological characterization of the inhibin family
of protein hormones. Recent Prog. Horm. Res., 44,
1-30.

Vale, W., Rivier, J., Vaughan, J.. McClintock, R„
Corrigan, A., Woo, W., Karr, D. & Spiess, J. (1986)
Purification and characterization of an FSH releasing
protein from porcine ovarian follicular fluid. Nature.
321, 776-9.

Van Noorden, S. & Polak, J.M. (1979) Hormones of
the alimentary tract. In Barrington, EJ.W. (ed.)
Hormones and Evolution, VoL 2, pp. 791-828.
Academic Press, London.

Veldhuis, J.D., Rodgers, R.J. & Fulanetto, R.W. (1986)
Synergistic actions of estradiol and the insulin-like
growth factor Somatomedin-C on swine ovarian

105 FOLLICULAR ENDOCRINE FUNCTION



(granulosa) cells. Endocrinology, 119, 530-8.
Verges, B., Maurice, C., Cornet, D., Salat-Baroux, J. &
Ardaillou, R. (1986) Arginine vasopressin in human
follicular fluid. J. Clin. Endocrinol. Metab., 63,
928-30.

Voutilainen, R. & Miller, W.L. (1989) Potential rele¬
vance of Mullerian-inhibiting substance to ovarian
physiology. Semin. Reprod. Endocrinol. 7, 88-93.

Wang, C„ Hsueh, A.J.W. & Erickson, G.F. (1981) LH
stimulation of estrogen secretion by cultured rat
granulosa cells. Mol. Cell. Endocrinol. 24, 17-28.

Waterfield, M.D. (1989) Epidermal growth factor and
related molecules. Lancet 1, 1243-6.

Westergaard, L., Christensen, I.J. & McNatty, K.P.
(1986) Steroid levels in ovarian follicular fluid re¬
lated to follicle size and health status during the
normal menstrual cycle in women. Hum. Reprod.,
1, 227.

Wheeler, M.B. & Veldhuis, J. (1989) Facilitative ac¬
tions of the protein kinase-C effector system on
hormonally stimulated adenosine 3',5'-mono-
phosphate production by swine luteal cells. Endo¬
crinology, 125, 2414-20.

Whitman, M. & Cantley, L. (1988) Phosphoinositide
metabolism and the control of cell proliferation.
Biochim. Biophys. Acta., 948, 327—44.

Wickings, E.J., Hillier, S.G. & Reichert, L.E. Jr. (1986)
Gonadotrophs control of steroidogenesis in human
granulosa-lutein cells. J. Reprod. Fertil., 76,677 -84.

Woodruff, T.K., D'Agostino, J.B., Schwartz, N.B. &
Mayo, K.E. (1988) Dynamic changes in inhibin
messenger RNAs in rat ovarian follicles during the
reproductive cycle. Science, 239, 1296-9.

Woodruff, T.K., Meunier, H., Jones, P.B., Hsueh,
AJ.W. & Mayo, K.E. (1987) Rat inhibin: molecular
cloning of a- and P-subunit complementary de¬
oxyribonucleic acids and expression in the ovary.
Mol. Endocrinol., 1, 561-9.

Wyne, K.L., Schreiber, J.R.. Larsen, A.L. & Getz, G.S.
(1989) Regulation of apolipoprotein E biosynthesis
by cAMP and phorbol ester in rat ovarian granulosa
cells. J. Biol. Chem., 264, 981.

Yanagashita, M., Hascall, V.C. & Rodbard. D. (1981)
Biosynthesis of proteoglycans by rat granulosa cells
cultured in vitro: modulation by gonadotropins,

steroid hormones, prostaglandins and cyclic
nucleotide. Endocrinology, 109, 1641—9.

Yen, S.S.C. (1986). The human menstrual cycle. In
Yen, S.S.C. & Jaffe R.B. (eds) Reproductive Endo¬
crinology, 2nd edn., pp. 33-74. W.B. Saunders, New
York.

Ying, S.-Y. (1988) Inhibins, activins, and follistatins:
gonadal proteins modulating the secretion of follicle-
stimulating hormone. Endocr. Rev., 9, 267—93.

Ying, S-Y., Becker, A., Ling, N„ Ueno, N. & Guillemin,
R. (1986) Inhibin and beta type transforming growth
factor (TGFP) have opposite modulating effects on
the follicle stimulating hormone (FSH)-induced
aromatase Activity of cultured rat granulosa cells.
Biochem. Biophys. Res. Commun., 136, 969—75.

Young, S.L., Nielsen, C.P., Lundblad, J.R., Roberts, J.L.
& Melner, M.H. (1989) Gonadotropin regulation of
the rat proopiomelanocortin promoter: character¬
ization by transfection of primary ovarian granulosa
cells. Mol. Endocrinol., 3, 15-21.

Yu, J., Shao, L., Lemas. V., Yu, A.L., Vaughan, J., Rivier,
J. & Vale, W. (1987) Importance of FSH-releasing
protein and inhibin in erythroid differentiation.
Nature, 330, 765-7.

Zeleznik, A.J. & Hillier, S.G. (1984) The role of
gonadotropins in the selection of the preovulatory
follicle. Clin. Obstet. Gynecol., 27, 927-40.

Zeleznik, A.J., Keyes, P.L., Menon, K.M.J., Midgley,
A.R. Jr. & Reichert, L.E. Jr. (1977) Development-
dependent responses of ovarian follicles to FSH and
hCG. Am. J. Physiol., 233, E229-34.

Zeleznik, A.J., Schuler, H.M. & Reichert, L.E. Jr.
(1981) Gonadotropin-binding sites in the rhesus
monkey ovary: Role of the vasculature in the
selective distribution of human chorionic gonado¬
tropin to the preovulatory follicle. Endocrinology,
109, 356-62.

Zhang. Z., Lee, V.W.K., Carson, R.S. & Burger, H.G.
(1988) Selective control of rat granulosa cell inhibin
production by FSH and LH in vitro. Mol. Cell.
Endocrinol., 56, 35-40.

Zoller, L.C. & Weisz, J. (1978) Identification of cyto¬
chrome P-450, and its distribution in the membrana
granulosa of the preovulatory follicle using quanti¬
tative cytochemistry. Endocrinology, 103, 310-3.

106 CHAPTER 3



Development-Related Effects of Recombinant Activin

on Steroid Synthesis in Rat Granulosa Cells*

F. Mir6, C.D. Smyth and S.G. Hillier

Reproductive Endocrinology Laboratory
Department ofObstetrics and Gynaecology
University of Edinburgh
Centre for Reproductive Biology
37 Chalmers Street
Edinburgh EH3 9EW
Scotland

Running title: Activin action on granulosa cells

Address for correspondence:

Dr. F. Mir6
Reproductive Endocrinology Laboratory
Department ofObstetrics and Gynaecology
University of Edinburgh Centre for Reproductive Biology
37 Chalmers Street
Edinburgh EH3 9EW
Scotland

* Supported by the UK Medical Research Council (Programme Grant no. 8929853) and the
Spanish Ministry of Education and Science

1



Abstract

Activin is structurally related to polypeptide growth factors such as transforming-growth factor-

P which may have paracrine and/or autocrine functions in the ovaries. We have investigated the action

of activin on granulosa cell steroidogenesis in vitro in relation to preovulatory follicular development

in vivo. Estrogen-primed immature female rats received no other treatment (nondifferentiated

granulosa cells), treatment with oFSH (differentiated granulosa cells) or treatment with oFSH

followed by hCG (preovulatory granulosa cells) to stimulate preovulatory follicular development

Granulosa cells were isolated and cultured in the presence and absence of recombinant human activin-

A using serum-free medium supplemented with 1.0 pM testosterone as an aromatase substrate and

hFSH, hLH, forskolin or 8-bromo-cyclic AMP to stimulate steroid synthesis in vitro. After 48 h,

medium was collected for measurement of estradiol (aromatase activity), progesterone and cyclic

AMP. Basal steroid synthesis in nondifferentiated granulosa cells was unaffected by activin but both

aromatase activity and progesterone production induced by treatment with FSH in vitro were dose-

dependently enhanced up to 10-fold by the presence of activin. FSH-stimulated cyclic AMP

production was not measurably altered by activin, however, steroidogenesis induced by forskolin or

8-bromo-cyclic AMP was significantly enhanced by the factor. Thus the effect of activin on

steroidogenesis includes action at a subcellular level(s) distal to the production of cyclic AMP.

Following gonadotropin treatment in vivo, granulosa cell aromatase activity and progesterone

production showed divergent responses to activin in vitro. Basal-, FSH- and LH-stimulated

aromatase activity were all enhanced by activin in cultures of differentiated and preovulatory

granulosa cells. However, whereas basal progesterone production was stimulated by activin in

cultures of differentiated granulosa cells, in preovulatory granulosa cells it was inhibited. Moreover,

in vitro stimulation of progesterone production by treatment of both differentiated and preovulatory

granulosa cells with FSH or LH was suppressed by the presence of activin. Thus rat granulosa cells

display development-related steroidogenic responses to activin: aromatase production becoming

enhanced and progesterone production suppressed as follicular maturation progresses. These results

further implicate activin as a local modulator of granulosa cell steroid synthesis in the ovaries,

although its functional significance has yet to be established.
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Introduction

Activin is a 24 kD protein which has been isolated and purified from follicular fluid as one of

two homodimeric forms of the inhibin P subunit: activin-A (PA - Pa) and activin-AB (PA - Pb)- Each

form of activin was initially recognised by its ability to stimulate FSH release by pituitary cells in

vitro (1,2). Gene expression of activin/inhibin subunits (3-6) as well as the presence of specific

receptors for activin on rat granulosa cells (7) has been reported. Whether this represents a

physiologically significant endocrine function of activin in vivo is uncertain, but paracrine or

autocrine functions for activin and related proteins also seem likely.

Both activin and inhibin are members of a family of polypeptide 'growth factors' which have

multiple origins and diverse roles in regulating tissue growth and morphogenesis across a wide range

of animal phyla. Such factors include mammalian transforming growth factor-P (TGF-P) (8),

Miillerian duct inhibiting substance (9), amphibian mesoderm inducing protein vgl (10), and the

insect decapentaplegic complex, (for review see references 11,12). Activin gene expression also

occurs in leukemic blood cells and the protein is implicated in erythroid cell differentiation (13). Thus

regulatory functions for activin and inhibin are likely at diverse extrapituitary sites in the endocrine

system.

Hutchison et al. (14) reported the first evidence for an intraovarian action of activin on

granulosa cell function. In granulosa cell cultures from immature rat ovaries, treatment with bovine

follicular activin enhanced FSH-induced aromatase activity but simultaneously suppressed FSH-

induced progesterone synthesis. That raises the possibility that granulosa derived activin has an

autocrine function, serving to regulate differential synthesis of estradiol and progesterone in vivo.

Until recently, attempts to verify this important hypothesis were hampered by the lack of a suitably

pure form of activin with which to experiment in vitro. Recently, however, recombinant human (rh)

activin-A and activin-B became available (15), both of which mimic the biological properties of

follicular activin as determined in vitro by pituitary cell FSH release and erythroid cell differentiation

bioassays. This has permitted us to examine in greater detail possible roles of activin in the

modulation of gonadotropin-dependent granulosa cell function. Here we report the results of a study
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of the action of rh-Activin A on FSH and LH regulated steroid synthesis in cultured rat granulosa

cells. Granulosa cells obtained from follicles in immature animals at progressive stages of

preovulatory development following gonadotropin treatment in vivo have been used to dissect out a

development-related pattern of response to activin in vitro. Our results support the concept that activin

could play a physiologically significant role in the control of granulosa cell function in vivo.
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Materials and Methods

Animals

Twenty-one day old immature female Wistar rats received a sc Silastic implant containing

diethylstilbestrol to stimulate granulosa cell proliferation (4). The animals were killed four days later
at 25 days of age. To obtain nondifferentiated granulosa cells, animals received no additional

treatment. Differentiated granulosa cells were produced by treating the animals with oFSH (20 pg)

(NIADDK-oFSH-17; AFP-6446C) injected sc 48, 36, 24 and 12 h before sacrifice; preovulatory

granulosa cells were obtained by injecting the oFSH (20 pg) at 48, 36 and 24 h, followed by a single

injection of hCG (20IU) (Sigma Chemical Company, Poole, Dorset, UK) at 12 h.

Granulosa cell culture

Granulosa cells were harvested into serum-free culture medium, as described previously (4).

The medium used was M-199 (Gibco Ltd., Paisley, Renfrewshire, UK) containing Earle's salts, 25

mmol/1 HEPES buffer, penicillin (50 U/ml), streptomycin (50 pg/ml) and additional (2.0 mmol/1) L-

glutamine, supplemented with 0.1% (wt/vol) bovine serum albumin (BSA) (ICN Biomedicals, High

Wycombe, Bucks, UK). Cell numbers were determined using a hemocytometer, with trypan blue

dye exclusion to estimate viability (30-50%). Multiwell plastic culture dishes (Linbro™ from Flow

Laboratories, Rickmansworth, Herts, UK) were precoated with donor calf serum (Gibco) and

washed with phosphate-buffered saline before use (15). The culture wells were inoculated with

40,000 viable cells in a final incubation volume of 0.5 ml culture medium. Control and test treatments

were carried out in triplicate in the presence and absence of 1.0 pM testosterone (Sigma) as an

aromatase substrate. Gonadotropins used to treat the cultures were: hFSH (LER-8/116: biopotency

900 U FSH/mg and -6 U LH/mg) and hLH (LER-1972: biopotency 5179 U LH/mg and 2.5 U

FSH/mg); human recombinant Activin-A was generously donated by Genentech Inc. (San Francisco,

CA); forskolin and 8-bromo-cyclic AMP (8-br-cAMP) were purchased from Sigma. The period of

culture was for 48 h at 37 C in a humidified atmosphere of 5% C02-air. At the end of this period, the

medium was collected and stored frozen until measurement of steroid and cyclic AMP content. In
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certain experiments, the cell monolayers were labelled with tritiated thymidine as an index ofDNA

synthesis when the culture was stopped (see below).

Measurement ofDNA synthesis

Tritiated thymidine uptake was determined by the method of May et al. (17). After removing

spent medium, the cell monolayer was washed once with Dulbecco's phosphate-buffered saline (pH

7.4) (DPBS) and incubated for a further 18 h at 37 C in 0.5 ml fresh medium containing 1.0 pCi

[methyl-3H] thymidine (1.5 Ci/mmol; Amersham International, Aylesbury, Bucks, UK). The

monolayers were then washed twice with ice-cold DPBS and fixed by incubation for 20 min in 1.0
ml 5% (wt/vol) trichloroacetic acid (TCA). After washing once with TCA and twice with ice-cold

methanol, the monolayers were dissolved in 0.5 ml 0.5 M NaOH. The digest was then neutralized by

addition of 0.5 ml 0.5M HC1, and its tritium content determined by liquid scintillation

spectrophotometry.

Steroid assays

Estradiol and progesterone in spent culture medium were determined by radioimmunoassays

validated for this purpose (18). The inter- and intra-assay precision for each steroid was less than

15%. Steroid accumulation is expressed as pmol steroid/1000 cells, related to the number of viable

cells used to inoculate each culture well.

Cyclic AMP assay

To inhibit phosphodiesterase activity, aliquots of spent medium for cyclic AMP determination
received 3-isobutyl-l-methylxanthine (MIX, from Sigma) to a final concentration of 150 |iM and

were incubated for 10 min at 100°C. The samples were then stored frozen until analysis. Cyclic AMP
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was determined after acetylation of the samples, using the technique described by La Barbera et al.

(18). The intra-assay precision was -15%.

Statistics

Statistical comparisons were made using analysis of variance with Student's r-test to analyze

differences between experimental and control values. Differences with a /><0.05 were regarded as

statistically significant All results were replicated in seperate experiments at least twice.
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Results

Activin action on steroidogenesis in nondifferentiated gramdosa cells

Activin at concentrations of up to 100 ng/ml did not measurably affect the low basal rates of

steroidogenesis in nondifferentiated cells (Figs, la and 2a). However, hFSH dose-dependently

stimulated aromatase activity (Fig. 3a) and progesterone production (Fig. 3b), and both steroidogenic

actions of hFSH were augmented by the presence of activin. These effects of activin were dose-

dependent, giving rise to approximate EDso's of 3 ng/ml (aromatase) and 1 ng/ml (progesterone) in

the presence of a maximal stimulatory concentration of hFSH (30 ng/ml) (Figs, la and 2a).

Activin action on steroidogenesis in differentiated gramdosa cells

Consistent with their relative maturity, granulosa cells isolated from oFSH-treated animals

displayed higher rates of aromatase activity and progesterone production than nondifferentiated

granulosa cells (see Figs, lb and 2b). Treatment with activin alone markedly enhanced basal levels of

each steroidogenic parameter but differentially affected their responses to hFSH. Thus, whereas

activin dose-dependently enhanced hFSH-induced aromatase activity (Figs, lb and 4a), it suppressed

the stimulatory action of hFSH on progesterone production (Figs. 2b and 4b). The inhibitory action

of activin on hFSH-stimulated progesterone production was extremely potent with an approximate

ID5o<lng/ml (Fig. 2b). Even the stimulatory effect of high-dose hFSH (100 ng/ml) was fully

suppressed by activin at 10 ng/ml (Fig. 4b).

Increased LH-receptor expression is a correlate of FSH action in vivo (20), therefore separate

experiments were carried out to evaluate the effect of activin on hLH-stimulated steroid synthesis in

these cells (Fig. 5). Similar to the results obtained for hFSH, the stimulatory action of hLH (30

ng/ml) on aromatase was enhanced dose-dependently by activin whereas hLH-stimulated

progesterone production was suppressed.
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Activin action on steroidogenesis in preovulatory granulosa cells

Granulosa cells isolated from preovulatory follicles in oFSH/hCG-treated animals also

undertook high rates of basal and hFSH-stimulated steroid synthesis in vitro (Figs, lc and 2c).

Similar to the situation for cells from oFSH-treated animals, presence of activin enhanced both basal

and hFSH-stimulated aromatase activity. However, the progesterone response differed in that both

basal and hFSH-stimulated progesterone production were suppressed by the presence of activin

(ID50 ~ lOng/ml).

hLH-stimulated steroid synthesis in these cells showed a similar pattern of response, aromatase

activity being significantly enhanced by the presence of activin and progesterone suppressed (data not

shown).

Effect ofactivin on granulosa cell cyclic AMPproduction

Towards understanding the mechanism of action of activin on granulosa cell steroidogenesis,

extracellular cyclic AMP accumulation was determined after culturing nondifferentiated cells in the

presence of hFSH (3-100 ng/ml) and/or activin (1-100 ng/ml). hFSH alone stimulated the expected

dose-dependent increase in cyclic AMP production whereas activin had no measurable effect on either

basal or hFSH-stimulated cyclic AMP levels (data not shown). These data therefore suggest that

amplification of FSH-induced steroid synthesis by activin is not merely due to an increased

production of cyclic AMP.

Effects ofactivin on cyclic AMP-induced steroid synthesis

To further explore the mechanism of action of activin, we examined effects of activin on

steroidogenesis induced by 8-Br-cAMP or forskolin. The cyclic AMP agonist dose-dependently

induced aromatase activity (Fig. 6a) and progesterone production (Fig. 6b), and both responses were

augmented by the presence of activin at 30 ng/ml. Steroidogenesis induced by forskolin (2 pM) was

also significantly enhanced by activin (30 ng/ml). Thus aromatase activity in the presence of forskolin
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was 53.25 ± 5.0 fmol estradiol/1000 cells (mean ± SE), increasing to 83.25 ± 5.0 in the additional

presence of activin. For progesterone production (pmol progesterone/1000 cells), the corresponding

increase was from 1.50 ± 0.53 to 3.00 ± 0.4.

Effects ofFSH and activin on DNA synthesis in granulosa cells

To determine if the stimulatory effects of activin on hFSH-induced steroidogenesis were due to

increased cell proliferation, [3H]thymidine uptake was measured as an index of DNA synthesis (Fig.

7). hFSH alone, at a dose (10 ng/ml) sufficient to induce steroid synthesis markedly inhibited

thymidine uptake. Activin at all concentrations tested (0.1-100 ng/ml) not only did not stimulate but

further inhibited thymidine uptake in the presence of hFSH, ruling out an increase in cell number by

activin as an explanation for activin enhanced induction of steroid synthesis by hFSH.
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Discussion

These experiments demonstrate that the effect of recombinant activin on granulosa cell

steroidogenesis is related to follicular maturity. Previous studies of activin action on granulosa cells

have been confined to cells obtained from immature follicles, usually using activin isolated and

purified from follicular fluid (14,21). Our data confirm and extend the results of these earlier studies,

showing that activin enhances FSH-induced aromatase activity and progesterone synthesis in

nondifferentiated granulosa cells, apparently via a mechanism which includes amplification of the

action of cyclic AMP. They further reveal that the action of activin on steroid synthesis is

developmentally regulated, such that as granulosa cells mature, aromatase activity and progesterone

synthesis become differentially responsive to activin.

Treatment with activin alone had no effect on steroidogenesis in nondifferentiated granulosa

cells. However, with increasing cellular maturity induced by gonadotropin treatment in vivo,

aromatase activity became progressively responsive to stimulation by activin in vitro. Activin alone

also had no effect on progesterone production by nondifferentiated granulosa cells in vitro. Following

exposure to FSH in vivo, treatment with activin in vitro stimulated progesterone production but this

treatment became inhibitory once the cells had been exposed to FSH plus hCG. Activin action on

gonadotropin-responsive steroid synthesis in vitro also altered with follicular maturity. Thus FSH-

stimulated aromatase activity was enhanced by activin at all stages of follicular development examined

whereas FSH-stimulated progesterone production was initially enhanced (nondifferentiated cells) but

became suppressed by activin in vitro followingexposure to FSH or FSH plus hCG in vivo. The

data therefore emphasize that aromatase activity and progesterone production are dissociable and raise

the possibility that activin may differentially regulate these steroidogenic endpoints during granulosa

cell development in vivo.

Augmentation by activin of FSH-induced estradiol synthesis has been consistently observed in

previous studies using cultured rat granulosa cells (14,21). However, Hutchison et al. (14), using

porcine follicular activin, observed inhibition of FSH-induced progesterone production whereas

Sugino et al. (21), using activin derived from the human leukemic cell line THP-1, reported
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augmentation of FSH-induced progesterone under apparently similar experimental conditions. Our

results, using recombinant activin, could reconcile this discrepancy, showing that degree of prior

exposure to FSH in vivo determines steroidogenic responsiveness to activin in vitro. Whereas FSH-

stimulated progesterone production by nondifferentiated granulosa cells is augmented by activin, once

the cells have been matured to any extent by previous exposure to FSH in vivo activin inhibits FSH-

stimulated progesterone production in vitro. Thus the inhibitory effect of activin on FSH-induced

progesterone production reported by Hutchison et al. (14) might have been due to their use of

relatively mature granulosa cells compared to Sugino et al (21) and ourselves. It should also be noted

that the culture medium used by Hutchison et al. contained insulin, which might have promoted

granulosa cell differentiation in vitro.

Our results show that stimulation of granulosa cell steroidogenesis by activin involves the

enhancement of cyclic AMP action. Although activin did not measurably enhance basal and FSH-

stimulated cyclic AMP production, it markedly increased steroid synthesis induced by 8-Br-cAMP,

forskolin and hFSH. LaPolt et al. (22) reported that presence of activin (30 ng/ml) increased FSH-

stimulated accumulation of extracellular cyclic AMP in rat granulosa cell cultures. However, over a

wide range of activin concentrations (1-100 ng/ml), we observed no effect or only spurious (£18%

increase) effects of the protein on basal and FSH-induced cyclic AMP levels. We have no explanation

for this apparent discrepancy but do not rule out subtle differences in the conditions of culture and/or

the developmental status of the cells studied. Nonetheless, regardless of the potential which activin

may have to stimulate cyclic AMP production our results clearly reveal an effect of the factor on

steroidogenesis at a step(s) distal to cyclic AMP production, possibly involving cyclic AMP-

dependent protein kinase and/or other subcellular sites of cyclic AMP action.

The question arises how activin differentially affects aromatase activity and progesterone

production in relatively mature granulosa cells. The role of cyclic AMP as the second messenger in

mediating gonadotropin action on both steroidogenic parameters in granulosa cells is well established.

Whether or not gonadotropins activate another post-receptor signal(s) which differentially affects
steroid synthesis in mature granulosa cells is unknown. However, in addition to adenylyl cylase LH

is known to activate phospholipase C in granulosa cells obtained from rats treated with PMSG in vivo

(23). Activation of calcium-dependent protein kinase is associated with inhibition of steroid synthesis
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(24). Therefore if onset of gonadotropin-stimulaled signalling involving inositol lipid hydrolysis is

related to follicular development, this might help explain the development-related action of activin on

progesterone synthesis observed in the present study. Without knowledge of the post-receptor

signalling mechanism(s) through which activin acts it is difficult to explain why treatment with activin

alone stimulates progesterone production by differentiated granulosa cells whereas treatment with

activin in the presence of FSH or LH inhibits. However, it is noteworthy that less mature

(nondifferentiated) granulosa cells require simultaneous or prior exposure to hFSH for activin to be

able to stimulate progesterone production in vitro while more highly differentiated (i.e. preovulatory)

cells respond negatively to activin even in the absence of gonadotropin. Such a gonadotropin-

dependent transition from stimulation to inhibition of steroid synthesis by activin reinforces the

likelihood that more than one second-message system is involved.

The physiological significance of these findings, if any, are unclear. To-date there are no data

on absolute or relative levels of activin production by granulosa cells of any species at any particular

stage of development. However, the p-subunit genes which encode activin are expressed throughout

antral follicular development in rat granulosa cells (6). Given the dramatic in vitro effects of activin in

promoting responsiveness to FSH in nondifferentiated cells and selectively inhibiting progesterone

synthesis in relatively mature granulosa cells, it is tempting to speculate on similar roles for the

protein in vivo. It should not be overlooked that activin has also been shown to act on thecal cells to

inhibit androgen biosynthesis in vitro - a property which if expressed in vivo would bring about the

suppression of follicular estrogen synthesis (25,26). Thus the physiological significance of these

findings remain obscure. However, the developmental-related pattern of responsiveness to activin

and the manner in which activin differentially affects aromatase activity and progesterone production

suggest that further studies of activin action in granulosa cells could provide a useful model in which

to study the differential regulation of steroidogenic enzyme genes in the ovaries.
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Legends

FIG. 1. Effects of activin on basal and hFSH-responsive estradiol synthesis by rat granulosa

cells throughout different stages of cellular maturity induced by gonadotropin treatment in vivo (see

Materials andMethods for treatment details): (A) immature, (B) differentiated, and (Qpreovulatory.

Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free

medium containing 1.0 pM testosterone (aromatase substrate) and increasing doses of activin (0.1 to

100 ng/ml), with or without hFSH (30 ng/ml). Estradiol accumulation in the spent culture medium

was determined by radioimmunoassay; values are mean ± SE, n = 3. Asterisk(s) denotes significant

stimulation by activin versus corresponding control: * P < 0.05, * * P < 0.001.

FIG. 2. Effects of activin on basal and hFSH-responsive progesterone synthesis by rat

granulosa cells throughout different stages of cellular maturity induced by gonadotropin treatment in

vivo (see Materials and Methods): (A) immature, (B) differentiated, and (C) preovulatory. Granulosa

cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free medium

containing increasing doses of activin (0.1 to 100 ng/ml), with or without hFSH (30 ng/ml).

Progesterone accumulation in the spent culture medium was determined by radioimmunoassay; values

are mean ± SE, n = 3. Asterisk(s) denotes significant stimulation or inhibition versus corresponding

control: *P< 0.05, **P< 0.001.

FIG. 3. Effect of activin on hFSH-responsive steroidogenesis in nondifferentiated rat granulosa

cells. Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free

medium containing increasing doses of hFSH (3 to 100 ng/ml), with or without activin (10 ng/ml):

(A) estradiol production (1.0 |iM testosterone present in the medium as an aromatase substrate); (B)

progesterone production (testosterone absent). Steroid accumulation in spent culture medium was

determined by radioimmunoassay; values are mean ± SE, n = 3. Asterisk(s) denotes significant

stimulation by activin versus corresponding control: * P < 0.05, * * P < 0.001.

18



FIG. 4. Effect of activin on hFSH-responsive steroidogenesis in differentiated rat granulosa

cells. Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free

medium containing increasing doses of hFSH (3 to 100 ng/ml), with or without activin (10 ng/ml):

(A) estradiol production (1.0 pM testosterone also present in the medium as an aromatase substrate);

(B) progesterone production (testosterone absent). Steroid accumulation in spent culture medium was

determined by radioimmunoassay; values are mean ± SE, n = 3. Asterisk(s) denotes significant

stimulation or inhibition by activin versus corresponding control: * P < 0.05, * * P < 0.001.

FIG. 5. Effect of activin on hLH-responsive steroidogenesis in differentiated rat granulosa

cells. Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free

medium containing increasing doses of activin (0.1 to 100 ng/ml), with or without hLH aromatase

substrate); (B) progesterone production (testosterone absent). Steroid accumulation in spent culture

medium was determined by radioimmunoassay; values are mean ± SE, n = 3. Asterisk(s) denotes

significant stimulation or inhibition by activin versus corresponding incubation with LH alone: *P<

0.05, ** P < 0.001.

FIG. 6. Activin augments 8-Br-cyclic AMP-induced steroidogenesis in nondifferentiated rat

granulosa cells. Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in

serum-free medium containing increasing doses of 8-Br-cyclic AMP (0.75 to 3.0 mM), with or

without activin (30 ng/ml): (A) estradiol production (1.0 pM testosterone also present in the medium

as an aromatase substrate); (B) progesterone production (testosterone absent). Steroid accumulation

in spent culture medium was determined by radioimmunoassay; values are mean ± SE, n = 3.

Stimulatory effects of activin were significant (two-way ANOVA, P < 0.05) at all doses of 8-Br-

cyclic AMP tested.

FIG.7. Effects of activin on tritiated thymidine uptake by nondiferentiated granulosa cells.

Granulosa cell cultures (40,000 viable cells per well) were incubated for 48 hours in serum-free

medium containing increasing doses activin (0.1-100 ng/ml), with or without hFSH (10 ng/ml).

Tritiated thymidine uptake was determined after 48 hours of culture as described in Materials and

Methods. Values are mean ± SE, n = 3.
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Intraovarian Sex Steroid Hormone Interactions and the
Regulation of Follicular Maturation: Aromatization of
Androgens by Human Granulosa Cells in Vitro
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ABSTRACT. The present study was undertaken to determine
if alterations in the ability of granulosa cells to metabolize
biologically active androgens to estrogens could constitute a
physiologically significant mechanism for regulating the fate of
developing follicles in the human ovary. This work was prompted
by earlier studies with experimental animals which showed that
estrogen stimulated growth and prevented atresia of preantral
follicles, whereas androgen antagonized these effects and pro¬
moted atresia.

Whole ovaries were obtained from seven young women un¬
dergoing unilateral ovariectomy during surgical correction of
tubal infertility. The aromatase activities of granulosa cells col¬
lected from individual or pooled follicles were assessed by meas¬
uring the production of immunoreactive estrogen (17/3-estradiol
and estrone) during 3-h incubations of cells suspended in medium
containing testosterone or androstenedione at a concentration
of 10 7 M. Highest granulosa cell aromatase activities were as¬
sociated with large, presumptive preovulatory follicles. The con¬
centration of 17/S-estradiol in antral fluid collected from such a
follicle (20 mm in diameter) exceeded 3 fig/ml and was more
than 1300 times greater than the average level present in antral
fluid collected from a group of smaller follicles («10 mm in
diameter) present in the same ovary. The aromatase activity of
cells pooled from the latter follicles was approximately 2000

times lower than that of cells from the large follicle, suggesting
that the estrogenic composition of the intrafollicular hormonal
milieu may be regulated by the prevailing activity of granulosa
cell aromatase enzymes. The restricted aromatase activities of
granulosa cells collected from these small follicles and those
from similar follicles in five other ovaries were significantly
stimulated (up to 8-fold) in the presence of highly purified
human FSH but not in the presence of hCG in vitro. However,
regardless of follicular maturity, basal and human FSH-stimu-
lated aromatization of testosterone in vitro was inhibited in the
presence of various nonaromatizable androgen metabolites, in¬
cluding 17j8-hydroxy-5a-androstan-3-one and 5a-androstane-
3,17-dione. These biologically active androgens are naturally
occurring testosterone metabolites which have been identified in
the human ovary.

The present observations are consistent with a role for the
granulosa cell aromatase enzyme system in the regulation of
intrafollicular estrogen/androgen levels and indicate that the
regulation of granulosa cell aromatase activity in the developing
follicle is under the control of FSH. They also raise the possibility
that local alterations in Ci9 steroid 5a-reductase enzymic activity
could participate in the control of preovulatory follicular devel¬
opment and function in the human ovary. (J Clin Endocrinol
Metab 50: 640, 1980)

STUDIES with experimental animals indicate thatovarian sex steroid hormones secreted under the
influence of LH and FSH act locally to modulate follic¬
ular growth and atresia (1). In hypophysectomized im¬
mature female rats, the stimulation of follicular growth
and the reduced incidence of preantral follicular atresia
associated with exogenous estrogen therapy (2) were
inhibited by cotreatment with testosterone (3) or by
stimulation of endogenous ovarian androgen production
with hCG (4). Experiments to demonstrate a similar
cause-effect relationship in the human ovary are not
possible. However, measurements of gonadotropin and

Received August 7, 1979.
Address requests for reprints to: Stephen G. Hillier, Ph.D. Depart¬

ment of Obstetrics and Gynecology, University Hospital, Rijnsburger-
weg 10, Leiden, The Netherlands.

sex steroid hormone concentrations in follicular fluid
have associated high levels of estrogen with large healthy
presumptive preovulatory follicles and high levels of an¬
drogen with cystic and/or atretic follicles (5). In the
human ovary (6), as in the rat (7), the theca appears to
be the primary site of follicular androgen synthesis, while
granulosa cells have been implicated as the major cellular
source of estrogen accumulating in antral fluid (8). Alter¬
ations in the capacity of granulosa cells to metabolize
biologically active androgens to estrogens may, therefore,
be a physiologically significant mechanism for regulating
intrafollicular sex steroid hormone concentrations and,
hence, for determining the fate of individual follicles.
The present experiments were undertaken to deter¬

mine whether important differences exist in the aroma¬
tase activities of granulosa cells isolated from follicles at
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varying stages of development in the human ovary. Fur¬
ther, since at least two naturally occurring androgen
metabolites, 17/?-hydroxy-5a-androstan-3-one (5a-dihy-
drotestosterone) and 5a-androstane-3,17-dione (5a-an-
drostanedione), were previously shown to be competitive
inhibitors of the rat granulosa cell reaction in vitro (9),
the effects of these nonaromatizable androgens on estro¬
gen production by isolated human granulosa cells were
also examined in this study.

Table 1. Summary of subjects and tissue studied

Materials and Methods

Reagents

The incubation medium was medium 199 containing Earle's
salts, 25 mM Hepes buffer, and 100 mg/liter L-glutamine (Mi¬
crobiological Associates, Bethesda, MD) supplemented before
use with 0.1% bovine serum albumin (BSA; fraction V Fluka
AG, Buchs, SG, Switzerland).
5«-Androstanedione was a gift from Dr. J. T. M. Vreeburg of

Erasmus University, Rotterdam, The Netherlands. All other
unlabeled steroids were purchased from Sigma Chemical Co.
(St. Louis, MO).
17/?-[2,4,6,7-3H]Estradiol (SA, 104 Ci/mmol), [2,4,6,7-3H]es-

trone (SA, 97 Ci/mmol), and [l,2,6,7-3H]testosterone (SA, 81
Ci/mmol) were obtained from The Radiochemical Centre
(Amersham, United Kingdom). Radiochemical purity was
checked by Sephadex LH-20 (Pharmacia, Uppsala, Sweden)
column chromatography.
Gonadotropic hormones were human FSH (hFSH; LER-8/

116; 900 IU FSH/mg; 6 IU LH/mg) and hCG CR-119 (13,450
IU/mg). The LH activity of the hFSH preparation was selec¬
tively reduced by treatment with a-chymotrypsin (10).

Tissue

Whole ovaries were obtained from seven endocrinologically
normal women (aged 25-35 yr) undergoing unilateral ovariec¬
tomy during surgical correction of tubal infertility (Table 1).
Evidence for normal ovulatory cycles based on basal body
temperature and/or serum progesterone levels (11) was ob¬
tained from all subjects before surgery. Each patient received
dexamethasone (20 mg, im) given between 12-24 h and again 2
h before surgery to minimize subsequent adhesion formation.
On the day before surgery, two patients (D and G; Table 1) also
received (im) 250 mg Proluton Depot (17a-hydroxyprogester-
one caproate; Schering AG, Berlin, West Germany) to prevent
withdrawal bleeding that might be induced by ovariectomy.

Granulosa cell isolation

Immediately after removal, the ovary was placed in ice-cold
incubation medium, and gross morphological features were
recorded. After rinsing in fresh medium, all follicles greater
than 5 mm in diameterwere dissected, trimmed free of adherent
stromal/interstitial tissue, and transferred to further fresh me¬
dium. In some experiments follicular fluid was collected by
aspiration into a 1-ml syringe using a 25-gauge hypodermic
needle. After sedimentation of cellular matter, the supernatant
was frozen and stored at —20 C. Unless stated otherwise (see

Sub¬

ject

Average
length of
menstrual

(yr) cycle
(days)

LMP" Ovary
removed

Diameter

(mm) of
the largest
follicle

present

Range
(mm diam¬
eter) and
number6 of
follicles
studied

A 29 28-32 8 Right 5 3-5 (5)c
B 26 28-32 9 Left 9 5-9 (6)
C 35 28-32 18 Right'' 9 5-9 (4)
D 27 27-29 13 Left" 8 7-8 (2)
E 25 39-48 16 Right <10 5-6 (2)
F 29 30-32 14 Right 17 17 (1)
G 31 30-32'' 13 Left 20 7-20 (6)
° Day of surgery after onset of last menstrual period.
b Number of follicles is in parentheses.
c Follicles not dissected in this case; granulosa cells were collected

by aspiration.
d Corpus hemorrhagicum present indicating a very recent ovulation

from this ovary.
e Substantially larger follicle (preovulatory?) observed in the contra¬

lateral ovary during surgery.
' History of irregular cycles; normalized by treatment with Clomid.

Table 1), granulosa cells were harvested by cutting the follicle
in half and gently scraping the inner surface of each half with
a platinum wire loop. Cell aggregates were dispersed by re¬
peated pipetting before centrifugation at room temperature (5
min at 700 X g) and resuspension in fresh medium. Total cell
counts were performed with a hemocytometer. Cell viability,
assessed by trypan blue dye exclusion, was normally at least
50%.

Incubations

Replicate 0.5-ml portions of the granulosa cell suspensions
were dispensed into 17 X 100-mm polystyrene test tubes (Falcon
5052, Falcon Plastics, Los Angeles, CA) containing an additional
0.5 ml medium to which steroid and/or protein hormones were
previously added according to the experimental protocol. All
treatments were carried out in triplicate. Incubation was per¬
formed for 3 h at 37 C under an atmosphere of 95% air-5% C02
in a shaking water bath set at 120 cycles/min. At the end of
this period, the cells were sedimented (5 min at 1000 X g) in a

refrigerated centrifuge (4 C), and the medium was decanted for
storage at —20 C.

Steroid determinations

17/8-Estradiol (estradiol) and estrone concentrations in gran¬
ulosa cell incubation medium were determined by RIA. The
estradiol antiserum (rabbit antiestradiol-6-BSA) cross-reacted
2.3% with estrone but less than 0.005% with all other steroids

examined, including the 5a-reduced Ci9 steroids used in the
present study. The estrone antiserum (rabbit antiestrone-6-
BSA) purchased from Steranti Research Ltd. (St. Albans,
United Kingdom; product code E001), cross-reacted 1.0% with
estradiol, 0.02% with androstenedione, 0.01% with testosterone,
0.013% with 5a-androstanedione, and 0.01% with 5a-dihydrotes-
tosterone. Measurements were performed on unextracted me-
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Data analysis

Estradiol and estrone concentrations in granulosa cell incu¬
bation medium are expressed as nanograms of steroid per 10*'
cells/3 h (mean ± se; n = 3). Steroid levels in follicular fluid
are given in nanograms per ml and are the mean of duplicate
determinations. Dunnett's test (13) was used to compare results
from control and corresponding treatment groups. The level of
significance was set at P = 0.05.

Results

Maximum follicular diameters did not exceed 9 mm in
five of the ovaries studied (subjects A-E; Table 1). Gran¬
ulosa cells from the largest follicles in each ovary were
pooled and incubated (1.0-2.0 X 10r> cells/ml) in medium
containing no exogenous hormones and in medium con¬
taining aromatizable androgen (10"' m testosterone or
androstenedione), 180-360 mlU/ml hFSH, or mixtures
of androgen plus hFSH. In all five experiments, basal
estrogen production was negligible in the absence of
exogenous androgen and did not increase significantly in
the presence of hFSH. The addition of testosterone or
androstenedione to the medium resulted in small but
measurable increases in estrogen production to levels
ranging between 0.15-1.0 ng/106 cells-3 h (estradiol) and
between 0.31-0.80 ng/106 cells-3 h (estrone), which were
further increased 0.5- to 6-fold in the presence of hFSH.
The results of a typical experiment are shown in Fig. 1.
The effect of hFSH at a fixed concentration of testoster¬
one (10"' m) was shown to be dose dependent, with
maximal stimulation occurring at hFSH concentrations
equal to or greater than 90 mlU/ml. hCG at a concentra¬
tion of 200 mlU/ml had no effect on estrogen production
regardless of the presence of aromatizable substrate in
the incubation medium (data not shown).

JCE & m ,
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dium, as described previously (9). The reliability of each pro¬
cedure was established from the results of repeated determi¬
nations of the two estrogens in medium collected from incuba¬
tions of human granulosa cells in the presence of 10"' m testos¬
terone or androstenedione as exogenous substrate for the aro-
matase reaction. Assay responses with increasing amounts of
incubation medium (10-75 pi) were parallel to the correspond¬
ing responses for authentic standards in unused medium. The
intraassay precision (coefficient of variation) was approximately
4% in both cases, with sensitivities (twice the sd of replicate
estimates of zero concentration) of 3 (estradiol) and 6 (estrone)
pg/assay tube, respectively. Specificity was demonstrated by
comparing the results of assays on the same samples performed
after extraction and separation of estradiol and estrone on

Sephadex LH-20 columns; in both cases the agreement was
excellent.
Estradiol and testosterone concentrations in follicular fluid

were determined using the same procedure but including pre¬

liminary extraction with diethyl ether. The testosterone anti¬
body was rabbit antitestosterone-3-BSA, as described previ¬
ously (12).
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Fig. 1. Estrogen production by granulosa cells harvested from the six
largest follicles (5-9 mm in diameter) in a human ovary 9 days after the
onset of the last menses (subject B). Cells were pooled and incubated
(1.9 x 105 cells/ml) in medium containing no exogenous hormones
(—), 360 mlU hFSH/ml (FSH), 10 ' m testosterone (T), testosterone
plus human FSH (T + FSH), 10 ' m androstenedione (A), or andros¬
tenedione plus human FSH (A + FSH). 17/3-Estradiol (upper panel)
and estrone (lower panel) accumulation in the medium is shown after
3 h of incubation at 37 C. Values are expressed as the mean ± se of
triplicate treatments. T„, Endogenous estrogen content (mean of dupli¬
cates) of the fresh unincubated cell suspension (time zero).

The ovary from patient F, who underwent surgery 14
days after the onset of the last menstrual period, con¬
tained a conspicuously large follicle (17 mm in diameter)
along with numerous smaller follicles (=£10 mm in diam¬
eter). Histological examination of a portion of the larger
follicle showed it to be healthy and apparently at an
advanced stage of preovulatory maturation (Fig. 2).
Granulosa cells from this follicle were collected and in¬
cubated under conditions identical to those of the exper¬
iment shown in Fig. 1. The results are shown in Fig. 3.
Substantially higher levels of estrogen accumulated dur¬
ing incubation of cells from the 17-mm follicle in the
absence of exogenous hormones; however, these levels
were shown to reflect the endogenous steroid content of
freshly isolated cells rather than de novo estrogen syn¬
thesis (see T0 in Fig. 3). In the presence of aromatizable
androgen (1CT7 m), estrogen production increased to lev¬
els which were approximately 130 times greater than
those observed in the corresponding incubation of cells
from smaller follicles (Fig. 1). However, neither basal
estrogen production nor the aromatization of exogenous
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Fig. 2. Morphology of the 17-mm follicle from subject F which pro¬
vided the granulosa cells studied in Fig. 3. The specimen shown was
fixed in Bouins's fluid after isolation of granulosa cells according to the
procedure described in Materials and Methods. The upper segment of
the photomicrograph shows an intact lamina basalis from which gran¬
ulosa cells have been removed. Toward the center, a fragment of the
granulosa cell layer has become detached from the lamina basalis due
to the isolation procedure. In the lower segment, the theca-lamina
basalis-granulosa cell complex remains intact. Note the multiple gran¬
ulosa cell layers with extensive vascularization of the underlying theca
(arrows), indicating a healthy follicle at an advanced stage of preovu¬
latory maturation (7-pm section stained with hematoxylin and eosin;
X350).

androgen was stimulated by the presence of hFSH in
vitro.
The foregoing observations indicate that an increased

ability of isolated granulosa cells to metabolize exogenous
androgen to estrogen might be a correlate of advanced
stages of preovulatory follicular development. This prop¬
osition was examined in the experiment performed on
the ovary removed from patient G 13 days after the onset
of the last menses. This ovary contained two prominent
vesicular follicles 13 and 20 mm in diameter, respectively.
Estradiol and testosterone concentrations in antral fluid
from both follicles and that from the four next largest
follicles (7-10 mm in diameter) are shown in Table 2.

Fig. 3. Estrogen production by granulosa cells harvested from the 17-
mm follicle obtained from subject F 14 days after the onset of the last
menses. Histological examination of a portion of this follicle indicated
that it was at an advanced stage of preovulatory maturation (see Fig.
2). Cells collected from this follicle were incubated (0.6 X 10s cells/ml)
under conditions identical to those described in Fig. 1. Note, however,
the substantially higher levels of estrogen which accumulated in this
experiment.

Table 2. Concentrations of 17/?-estradiol and testosterone in antral
fluid collected from different follicles in a human ovary

Follicular diameter

(mm) 17/?-Estradiol Testosterone

7 2.0 9.4

10 1.3 9.5

10 4.2 16.6

10 2.1 39.9

13 261.6 84.3
20 3225.0 31.3

Data were obtained from patient G 13 days after the beginning of
the last menstrual period. Values given are the means of duplicate
determinations expressed as nanograms per ml. 17/3-Estradiol was
determined by RIA of unpurified etheric extracts (9). Testosterone was
determined by RIA after thin layer chromatography of etheric extracts
on alumina-precoated plastic sheets developed twice with the solvent
system cyclohexane-benzene-ethanol (100.95:5, vol/vol/vol) to ensure

complete separation of testosterone from 5«-dihydrotestosterone, a

major cross-reactant in the assay (12).

The particularly high level of estradiol in the fluid from
the 20-mm follicle (>3 jag/ml) was consistent with that
expected for a healthy follicle at an advanced stage of
preovulatory development (8, 14) and clearly distin-
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guished it from other follicles in the same ovary. Estradiol
production by granulosa cells isolated from this follicle is
compared with that by cells pooled from the four smaller
follicles in Fig. 4. Cells from the small follicles (upper
panel) produced minimal amounts of estradiol in the
presence of 10~7 m testosterone (a concentration similar
to that found in antral fluid from the same follicles; see
Table 2). Once again, this effect was stimulated (8-fold)
in the presence of hFSH (compare results in the upper

panel of Fig. 4 with those shown in Fig. 1). Cells from
the 20-mm follicle were far more active in the aromati-
zation of exogenous testosterone, giving rise to estrogen
levels approximately 2000 times higher on a cell for cell
basis. Again, this high level of activity was not measura¬
bly increased by hFSH in vitro (compare results in the
lowerpanel of Fig. 4 with those shown in Fig. 3). Neither
group of cells responded to hCG with significant altera¬
tions in estrogen production regardless of the presence of
testosterone.
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The effects of 5«-dihydrotestosterone and 5a-andros-
tanedione on the aromatization of testosterone by iso¬
lated granulosa cells in vitro were studied using the tissue
obtained from subjects A, B, F, and G in this series. In
all four experiments, both androgenmetabolites inhibited
basal and hFSH-stimulated aromatization of testoster¬
one. The dose-responsive nature of the inhibition (illus¬
trated in Fig. 5) was similar to that observed in earlier
experiments with rat granulosa cells where both metab¬
olites were shown to be competitive inhibitors of the
aromatase reaction (9). In Fig. 6, the effects of 5a-dihy-
drotestosterone and 5a-androstanedione on the aroma¬

tization of testosterone (upper panel) and androstenedi-
one (lowerpanel) are compared with those of three other
androgen metabolites and a C2i steroid, progesterone.
Using testosterone or androstenedione (10"7 m) as sub¬
strate, 5a-androstanedione (1(T6 m) inhibited the total
estrogen production rate (corrected for steroid accumu¬

lating in control incubations without exogenous sub-
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Fig. 4. Estrogen production by granulosa cells harvested from four
small follicles (upper panel) and the largest follicle (lowerpanel) in the
same human ovary (subject G) 13 days after the onset of the last
menses. Cells from the four small follicles were pooled (1.3 X 105 cells/
ml); those from the large follicle were incubated separately (1.9 X 105
cells/ml). Incubations were for 3 h in medium containing no exogenous
hormones (-), 180 mlU hFSH/ml (FSH), 200 mlU hCG/ml (HCG), or
a mixture of testosterone plus each gonadotropin at the same concen¬
trations (T + FSH and T + HCG). 17/TEstradiol accumulation in the
incubation medium is expressed in each case as the mean ± se of
triplicate treatments. To, Endogenous 17/J-estradiol content (mean of
duplicates) of the fresh unincubated cell suspensions (time zero).
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Fig. 5. Effects of 5a-dihydrotestosterone (5aT) and 5a-androstane-
dione (5<*A) on the aromatization of testosterone by human granulosa
cells in vitro. Granulosa cells were pooled from the six largest follicles
(5-9 mm in diameter) in a human ovary 9 days after the onset of the
last menses. The same cells were studied in the experiment shown in
Fig. 1. In this experiment, the cells were suspended in medium (1.9 X
105 cells/ml) with( sa) or without (□) 360 mlU hFSH/ml in the absence
(—) or presence (+) of 10"7 m testosterone (Testo) along with increasing
concentrations of 5aT or 5aA as indicated. 17/3-Estradiol accumulation
in the medium is shown after 3 h of incubation as the mean ± se of
triplicate treatments.
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Fig. 6. Effects of different androgen metabolites and progesterone on
the aromatization of testosterone (upper panel) and androstenedione
(lower panel) by human granulosa cells in vitro. Cells were isolated
from the largest follicle (20 mm in diameter) in a human ovary 13 days
after the onset of the last menses. The same cells were studied in the

experiment shown in the lower panel of Fig. 4. In this experiment, the
cells were suspended in medium (1.9 x 105 cells/ml) containing 180
mlU hFSH/ml (—) to which 10"' m testosterone (T) or 10~7 m andros¬
tenedione (A) were added alone or in combination with 10~6 m 5a-
dihydrotestosterone (5«T), 5a-androstanedione (5aA), 5/J-androstane-
3,17-dione (5/3A), 5a-androstane-3a, 17/3-diol (a/3), 5a-androstane-
3/8,17/?-diol (/?/?), or progesterone (P). 17/3-Estradiol (□) and estrone
(e3) accumulation in the medium is shown after 3 h of incubation at 37
C. Each value is the mean of triplicate treatments. In all cases, the se
(not shown) was less than 10% of the corresponding mean. *, Significant
inhibition (P < 0.01) of both 17/3-estradiol and estrone production
compared with controls (incubations with T or A alone). Although 17/8-
estradiol to estrone ratios were increased by 5a-androstane-3a,17/3-diol,
total estrogen production was not affected (P > 0.05). Statistical com¬
parisons (17/J-estradiol and estrone treated separately) were made with
Dunnett's test (13).

strate) by 87.2% and 66.6%, respectively. At similar con¬
centrations (1CT6 m), none of the other compounds tested
significantly altered the aromatization of androstenedi¬
one. However, using testosterone as substrate, 5a-dihy-
drotestosterone, 5/?-androstane-3,17-dione, and 5a-an-
drostane-3/8, 17/8-diol inhibited total estrogen production
33.5%, 34.6%, and 21.9%, respectively. Although the es¬
tradiol to estrone production ratio was altered in the
presence of 5a-androstane-3a,17/3-diol, neither it nor pro¬
gesterone significantly altered total estrogen production.

Discussion

These results support the hypothesis that alterations
in granulosa cell aromatase activity may constitute a

physiologically significant mechanism for regulating the
relative androgenicity and estrogenicity of the hormonal
milieu of individual follicles and thereby influence their
development in the human ovary. Granulosa cells iso¬
lated from a total of 19 follicles not exceeding 9 mm in
diameter in 5 ovaries without a morphologically domi¬
nant follicle had very low aromatase activities. In no case
did estradiol or estrone production exceed 1 ng/106 cells-
3 h in the presence of 10~7 m testosterone or androstene¬
dione. On the other hand, cells obtained from the mor¬

phologically dominant follicles which were presumably
destined for ovulation in each of 2 other ovaries were

highly active in the aromatization of exogenous androgen
in vitro. Estrogen production rates up to 53 (estrone) and
61 (estradiol) ng/106 cells-3 h were recorded in the pres¬
ence of testosterone, although under the experimental
conditions employed it was not possible to discern any
further stimulatory effect of hFSH on the activity of
these cells in vitro. In the case of granulosa cells isolated
from immature follicles, however, there was a consistent
increase in the aromatization of exogenous androgen due
to the presence of hFSH in vitro.
Measurements of sex steroid hormones in antral fluid

obtained from developing follicles in the human ovary at
different times during the menstrual cycle have associ¬
ated the highest concentration of estrogen with large
follicles present during the late follicular phase of the
cycle (15). Further, regardless of the stage of the men¬
strual cycle, antral fluid collected from human follicles
contained consistently higher levels of estrogen than
aromatizable androgen (androstenedione) when the fluid
also contained detectable levels of FSH. Conversely,
when FSH was undetectable or the follicle contained a

suboptimal number of granulosa cells, androstenedione
concentrations were greater. In follicles containing FSH,
there was a highly significant linear correlation between
the number of granulosa cells and the concentration of
follicular estradiol (8). Experiments with rats have estab¬
lished that FSH is capable of inducing or activating
granulosa cells aromatase activity in vivo and in vitro
(16-19), and the expression of this activity was correlated
with other FSH-dependent processes in the granulosa
cells from developing follicles, such as the induction of
LH receptors (20), increases in steroidogenic capacity,
and formation of the antral cavity (21). More recently,
Moon et al. (22) showed that the aromatization of tes¬
tosterone by human granulosa cells maintained in tissue
culture was also stimulated by FSH. The present study
included comparisons of the aromatizing capacity of
granulosa cells obtained from follicles at different stages
of development in the same ovary (Fig. 4 and Table 2).



646 HILLIER ET AL. JCE & M • 1980
Vol 50 . No 4

Cells from small follicles (^10 mm in diameter) showed
a characteristically low ability to metabolize testosterone
or androstenedione to estrogen, and testosterone to es¬
tradiol ratios in antral fluids were high (between 4-9),
indicating a deficient FSH content (8). On the other
hand, the largest (presumptive preovulatory) follicle in
the same ovary yielded granulosa cells which were at
least 2000 times more active in the aromatization of

exogenous androgen in vitro. Antral fluid in this large
follicle presumably contained a high level of FSH, since
its estradiol level was more than 100 times that of testos¬
terone and between 768-2481 times higher than the es¬
tradiol concentration of antral fluids from the smaller
follicles (5, 8). Thus, granulosa cell aromatase activity
was presumably already stimulated by FSH in vivo.
These observations, in conjunction with the fact that the
aromatization of testosterone by cells from the less de¬
veloped follicles in this ovary was stimulated (8-fold) by
hFSH in vitro, indicate that differential exposure to FSH
may be a critical factor in the stimulation of granulosa
cell aromatase activity and hence, the control of biologi¬
cally important androgen to estrogen ratios in the devel¬
oping human follicle.
These experiments raise the question of whether an¬

drogen dominance is characteristic in the life cycle of all
follicles or only in those destined to become atretic. The
present data show that at a time during the follicular
phase of the menstrual cycle when an ovary contains a

morphologically and biochemically dominant follicle,
other smaller follicles containing relatively high testos¬
terone to estradiol ratios are also present. Some follicles
in this category (7-10 mm in diameter) show no definite
morphological signs of atresia (Hillier, S. G., A. M. J. van
den Boogaard, L. F. Reichert, Jr., and E. V. van Hall,
unpublished observations) and, as shown here, provide
granulosa cells containing an FSH-responsive C19 steroid
aromatase enzyme system. Such follicles may undergo
atresia during the periovulatory period or may represent
a cluster of follicles from which the ovulatory follicle of
the subsequent cycle could be selected. Further studies
with tissue obtained during the luteal phase of the men¬
strual cycle are required to answer this question.
The present series of subjects was not observed in

sufficient detail during the interval between the onset of
the last menses and the day of surgery to permit a firm
conclusion concerning alterations in the aromatizing abil¬
ity of granulosa cells in relation to the stage of the
menstrual cycle. Moreover, the activity of follicles in the
ovary which remained in situ could not be assessed
experimentally. It was noteworthy, however, that ovaries
containing the largest follicles yielding the most active
granulosa cells were obtained on days 13 and 14 after the
onset of the last menstrual period. Experiments with
cyclic rats have established a direct relationship among

follicle size, day of the estrous cycle, and the aromatase
activity of isolated granulosa cells in vitro (9). Whether
such a relationship prevails during the follicular phase of
the human menstrual cycle awaits the results of more
extensive studies which are currently in progress.
Since advanced stages of preovulatory follicular devel¬

opment are associated with high intrafollicular estrogen
levels, we have considered the possibility that alterations
in the concentration of intrafollicular aromatase inhibi¬
tor (s), if present, could also play a significant role in the
interactions regulating the development and fate of in¬
dividual follicles. Various nonaromatizable 5a-reduced

androgen metabolites have been shown to be competitive
inhibitors of the human placental microsome aromatase
reaction in vitro (23, 24). In the human ovary, the regu¬
lation of androgen metabolism is not well understood,
although the theca has been implicated as the principal
site of follicular androgen biosynthesis and thecal andro¬
gen production is regulated by LH in vitro (6). Incubation
of a whole human ovary with 14C-labeled testosterone
gave rise to high yields of 17/S-hydroxyandrogen and 17-
oxoandrogen metabolites which included 5a-andro-
stanedione and 5a-dihydrotestosterone, demonstrating
the presence of an active A4-3-oxo-Ci9 steroid reductase
enzyme (25). More recently, McNatty and coworkers (26)
reported that the concentration of 5a-dihydrotestoster-
one in antral fluid from eight small (<8 mm in diameter)
human follicles was, on the average, 9.4 times higher
than the corresponding levels of testosterone. The pres¬
ent data suggest that, at physiological concentrations,
5a-dihydrotestosterone and 5a-androstanedione could
function as inhibitors of the granulosa cell aromatase
reaction in developing ovarian follicles. 5«-Androstane-
dione, the most effective inhibitor, caused reductions in
basal and hFSH-stimulated aromatization of testoster¬
one and androstenedione to less than a third of control
values when present at a 10-fold higher concentration
(1CT6 m) than the aromatizable substrate in vitro. 5a-
Dihydrotestosterone (10~b m) was also a potent inhibitor
of testosterone aromatization but not of androstenedione
aromatization. Smith et al. (25) reported a 4.5-fold
greater yield of 5«-androstanedione than 5a-dihydrotes-
tosterone when radiolabeled testosterone was incubated
with a postovulatory human ovary in vitro, and experi¬
ments with rat granulosa cells isolated on the day of
proestrus have established that both metabolites are
competitive inhibitors of the aromatization of testoster¬
one in vitro (9). Therefore, alterations in antral fluid
concentrations of either or both compounds could have
significant effects on intrafollicular estrogen levels in
vivo. Moreover, since the androgenic activities of 5a-
dihydrotestosterone and 5a-androstanedione are similar
to or greater than those of testosterone and androstene¬
dione, respectively, when tested in various bioassays (27),
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they may also make a substantial contribution to the
androgenicity of the intrafollicular hormonal environ¬
ment.

In view of the foregoing considerations, local altera¬
tions in A4-3-oxo-Ci9 steroid 5a-reductase activity could
also participate in the control of follicular maturation in
the human ovary.

Acknowledgments
The authors are indebted to Dr. Paul F. A. Van Look of the

Obstetrics and Gynecology Department of the Leiden University Med¬
ical Centre for his helpful suggestions during the preparation of this
article. They are also grateful to Mw. Nora S. Stotijn for typing the
manuscript.

References

1. Ross, G. T., and S. G. Hillier, Experimental aspects of follicular
maturation, Eur J Obstet Gynecol Reprod Biol 9: 169, 1979.

2. Louvet, J.-P., S. M. Harman, and G. T. Ross, Effects of human
chorionic gonadotropin, human interstitial cell stimulating hor¬
mone and human follicle-stimulating hormone on ovarian weights
in estrogen-primed hypophysectomized immature female rats, En¬
docrinology 96: 1179, 1975.

3. Hillier, S. G., and G. T. Ross, Effects of exogenous testosterone on
ovarian weight follicularmorphology and intraovarian progesterone
concentration in estrogen-primed hypophysectomized immature
female rats, Biol Reprod 20: 261, 1979.

4. Louvet, J.-P., S. M. Harman, J. R. Schreiber, and G. T. Ross,
Evidence for a role of androgens in follicular maturation, Endocri¬
nology 97: 366, 1975.

5. McNatty, K. P., Cyclic changes in antral fluid hormone concentra¬
tions in humans, Clin Endocrinol Metab 7: 577, 1978.

6. Tsang, B. K., Y. S. Moon, C. W. Simpson, and D. T. Armstrong,
Androgen biosynthesis in human ovarian follicles: cellular source,
gonadotropic control, and adenosine 3', 5'-monophosphate media¬
tion, J Clin Endocrinol Metab 48: 153, 1979.

7. Fortune, J. E., and D. T. Armstrong, Androgen production by theca
and granulosa cells isolated from proestrous rat follicles, Endocri¬
nology 100: 1341, 1977.

8. McNatty, K. P., and D. T. Baird, Relationship between follicle-
stimulating hormone, androstenedione and oestradiol in human
follicular fluid, J Endocrinol 76: 527, 1978.

9. Hillier, S. G., A. J. M. Van den Boogaard, L. E. Reichert, Jr., and
E. V. van Hall, Alterations in granulosa cell aromatase activity
accompanying preovulatory follicular development in the rat ovary
with evidence that 5a-reduced Ci9 steroids inhibit the aromatase
reaction in vitro, J Endocrinol, in press.

10. Reichert , Jr., L. E., Selective inactivation of the luteinizing hormone
contaminant of human pituitary follicle stimulating hormone prep¬
arations by digestion with a-chymotrypsin, J Clin Endocrinol
Metab 27: 1065, 1967.

11. Ross, G. T., and S. G. Hillier, Luteal maturation and luteal phase
defect, Clin Obstet Gynecol 5: 391, 1978.

12. Hillier, S. G., B. G. Brownsey, and E. H. D. Cameron, Some
observations on the determination of testosterone in human plasma
by radioimmunoassay using antisera raised against testosterone-3-
BSA and testosterone-lla-BSA, Steroids 21: 735, 1973.

13. Dunnett, C. W., A multiple comparison procedure for comparing
several treatments with a control, J Am Stat Assoc 50: 1096, 1955.

14. Fowler, R. E., R. G. Edwards, D. E. Walters, S. T. H. Chan, and P.
C. Steptoe, Steroidogenesis in preovulatory follicles of patients
given human menopausal and chorionic gonadotrophins as judged
by the radioimmunoassay of steroids in follicular fluid, J Endocri-
nol 77: 161, 1978.

15. McNatty, K. P., D. T. Baird, A. Bolton, P. Chambers, C. S. Corker,
and H. McLean, Concentration of oestrogens and androgens in
human ovarian venous plasma and follicular fluid throughout the
menstrual cycle, J Endocrinol 71: 77, 1976.

16. Armstrong, D. T., and H. Papkoff, Stimulation of exogenous and
endogenous androgens in ovaries of hypophysectomized rats in vivo
by follicle stimulation hormone, Endocrinology 99: 1144, 1976.

17. Dorrington, J. A., Y. S. Moon, and D. T. Armstrong, Estradiol-17/8
synthesis in cultured granulosa cells from hypophysectomized im¬
mature rats: stimulation by follicle stimulating hormone, Endocri¬
nology 97: 1328, 1975.

18. Erickson, C. F., and A. J. W. Hsueh, Stimulation of aromatase
activity by follicle stimulating hormone in rat granulosa cells in
vivo and in vitro, Endocrinology 102: 1275, 1978.

19. Hillier, S. G., A. J. Zeleznik, R. A. Knazek, and G. T. Ross,
Hormonal regulation of preovulatory follicle maturation, J Reprod
Fertil [SuppI], in press.

20. Zeleznik, A. J., A. R. Midgley, Jr., and L. E. Reichert, Jr., Granulosa
cell maturation in the rat: increased binding of human chorionic
gonadotropin following treatment with follicle-stimulating hormone
in vivo, Endocrinology 95 : 818, 1974.

21. Hillier, S. G., A. J. Zeleznik, and G. T. Ross, Independence of
steroidogenic capacity and luteinizing hormone receptor induction
in developing granulosa cells, Endocrinology 102: 937, 1978.

22. Moon, Y. S., B. K. Tsang, C. Simpson, and D. T. Armstrong, 17/1-
Estradiol biosynthesis in cultured granulosa and theca cells of
human ovarian follicles: stimulation by follicle-stimulating hor¬
mone, J Clin Endocrinol Metab 47: 263, 1978.

23. Schwarzel, W. C., W. G. Kruggel, and H. J. Brodie, Studies on the
mechanism of estrogen biosynthesis. VIII. The development of
inhibitors of the enzyme system in human placenta, Endocrinology
92: 866, 1973.

24. Siiteri, P. K., and E. A. Thompson, Studies of human placental
aromatase, J Steroid Biochem 6: 317, 1975.

25. Smith, O. W., P. Ofner, and R. L. Vena, In vitro conversion of
testosterone-4-,4C to androgens of the 5a-androstane series by a
normal human ovary, Steroids 24: 311, 1974.

26. McNatty, K. P., A. Makris, C. De Grazia, R. Osthanondh, and K.
J. Ryan, The production of progesterone, androgens and oestrogens
bv human granulosa cells in vitro and in vivo, J Steroid Biochem
11: 775, 1979.

27. Fieser, L. F., and M. Fieser, Steroids, Reinhold, New York, 1959, p.
519.



0021-972X/81 /5205-0847$02.00/0
Journal of Clinical Endocrinology and Metabolism
Copyright © 1981 by The Endocrine Society

37
Vol. 52, No. 5

Printed in U.S.A.

Control of Preovulatory Follicular Estrogen Biosynthesis
in the Human Ovary
STEPHEN G. HILLIER, LEO E. REICHERT, JR., AND EYLARD V. VAN HALL

Department of Obstetrics and Gynecology, Leiden University Medical Centre, Leiden, The Netherlands;
and the Department ofBiochemistry, Albany Medical College of Union University (L.E.R.), Albany, New
York 12208

ABSTRACT. Granulosa cells and follicular fluid were har¬
vested from individual follicles at various stages of development
during the midfollicular-early luteal phases of the cycle. Thirty-
nine follicles between 5-28 mm diameter were studied. Granulosa
cell estrogen synthetase (aromatase) activities were measured in
vitro and related to corresponding follicular fluid levels of estro¬
gen (17/?-estradiol and estrone) and aromatase substrate (testos¬
terone and androstenedione). The aromatase activity of thecal
tissue from four dominant (22-28 mm in diameter) preovulatory
follicles was also determined. 1) Granulosa cell aromatase activ¬
ity and follicular fluid estrogen level were positively correlated
(r = 0.97) and were maximal in preovulatory follicles. 2) Granu¬
losa cell aromatase activity and the follicular fluid aromatizable
androgen to estrogen concentration ratio were negatively corre¬
lated (r = —0.97) and were lowest in preovulatory follicles. 3)
Before the midcycle LH surge, all noncystic follicles had rela¬
tively constant follicular fluid aromatizable androgen levels,

sufficient to drive the aromatase reaction rate of their granulosa
cells maximally in vitro. 4) The single preovulatory follicle
recovered during the LH surge had reduced follicular fluid levels
of androgen and estrogen, although its granulosa cell aromatase
activity remained maximal in vitro. 5) The uniformly low aro¬
matase activity of granulosa cells recovered from nonovulatory
follicles was occasionally stimulable by FSH in vitro. 6) Follicles
yielding granulosa cells with a FSH-responsive aromatase system
were also present during the early luteal phase of the cycle. 7)
In vitro, the aromatase activity of the granulosa cell layer was
estimated to be at least 700 times higher than that of the theca
from estrogen secretory, preovulatory follicles.
It is concluded that the activity of the granulosa cell aroma¬

tase system, controlled by FSH, is a critical determinant of the
intrafollicular sex steroid content of developing preovulatory
follicles and that the granulosa may be the main biosynthetic
source of estrogen in the dominant follicle. (J Clin Endocrinol
Metab 52: 847, 1981)

THE DEVELOPMENT of an ovarian follicle to thepoint of ovulation is intrinsically related to its ca¬

pacity for estrogen biosynthesis. Locally, estrogen inter¬
acts with gonadotropins to coordinate preovulatory fol¬
licular maturation (reviewed in Ref. 1-3). Distally, follic¬
ular estrogen feeds back on the hypothalamo-pituitary
axis to control gonadotropin secretion. Ultimately, estro¬
gen secreted by the dominant follicle triggers the ovula¬
tory LH surge (4).
There is still no consensus regarding the main intra¬

follicular site(s) of estrogen biosynthesis in the human
ovary (5). Whether granulosa, theca, or both, it is axio¬
matic that the cells which synthesize estrogen have an
active estrogen synthetase (aromatase) system. A pre¬
vious study associated increases in granulosa cell aro¬
matase activity with advanced preovulatory follicular
development (6). The present study was undertaken 1)
to determine if there are relationships among granulosa
cell aromatase activity and follicular fluid levels of estro-
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Address requests for reprints to: Stephen G. Hillier, Ph.D., Depart¬

ment of Obstetrics and Gynecology, University Hospital, Rijnsburger-
weg 10, 2333 AA Leiden, The Netherlands.

gen and aromatase substrate(s), and 2) to compare the
aromatase activity of thecal and granulosa cells isolated
from estrogen secretory follicles.
The results prove that such relationships exist, and

indicate that the granulosa cell layer may be the major
site of estrogen biosynthesis in the dominant follicle.

Materials and Methods

Reagents

Medium 199 containing Earle's salts, Hepes buffer (25 mM),
and L-glutamine (0.68 niM) was obtained from Microbiological
Associates (Bethesda, MD) or Gibco Europe (Glasgow, Scot¬
land). Calf serum (standing herd) and the antibiotics were also
purchased from Microbiological Associates. Bovine serum al¬
bumin (BSA; fraction V) was from Fluka AG (Buchs SG,
Switzerland). Medium A was composed of medium 199 contain¬
ing 0.1% (wt/vol) BSA. Medium B, used only for tissue culture,
was medium 199 supplemented with calf serum (5%, vol/vol),
penicillin (50 IU/ml), streptomycin (50 /tg/ml), and additional
L-glutamine (2 mM).
Collagenase type 1 (148 U/mg) and hyaluronidase (8272 U/

mg) were purchased from Worthington Biochemical Corp.
(Freehold, NJ).

847
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17/?-[2,4,6,7-'!H]Estradiol (SA, 104 Ci/mmol), [2,4,6,7-'JH]es-
trone (94 Ci/mmol), [1,2,6,7-!H]testosterone (81 Ci/mmol), and
[l,2,6,7-'JH]androstenedione (99 Ci/mmol) were purchased from
The Radiochemical Centre (Amersham, England). Radiochem¬
ical purity was checked by Sephadex LH-20 (Pharmacia, Upps¬
ala, Sweden) column chromatography.
All unlabeled steroids were obtained from Sigma Chemical

Co. (St. Louis, MO).
The gonadotropin preparations were human FSH (HFSH;

LER-8/116; 900 IU FSH/mg; 6 IU LH/mg) and hCG (CR-119;
13,450 IU/mg). The LH activity of the hFSH preparation was

selectively reduced by treatment with a-chymotrypsin (7).

Source of tissue

Whole ovaries were obtained from 11 endocrinologically nor¬
mal young women undergoing unilateral ovariectomy during
surgical correction of tubal infertility (8). The stage of the
menstrual cycle and ovarian activity were inferred from gross
ovarian morphology noted during surgery and the date of onset
of the previous menstrual period. In 9 subjects, plasma estradiol
and progesterone levels were measured in consecutive daily
samples (collected for up to 7 days starting 1 or 2 days before
surgery) to corroborate the assessment of ovarian activity.
Details of the subjects and tissues studied are given in Table 1.

Isolation of follicular fluid, granulosa cells, and thecal cells

The ovary was immediately placed in ice cold medium A and
transferred to the laboratory within 5-10 min of its removal.
Gross morphological features were recorded. Follicular fluid
was collected from follicles greater than 21 mm in diameter
before beginning the dissection. The collapsed follicle was then
teased from the ovary with forceps and placed in fresh medium
A. Smaller follicles were dissected from the ovary before the
measurement of diameters and the collection of follicular fluid
was done. Follicular fluid was aspirated into a syringe through
a 25-gauge hypodermic needle. The fluid was centrifuged for 5

min at 9000 X g, and the supernatant was collected for storage
at —20 C until the measurement of sex steroid levels was done

by RIA, as described below.
Each follicle was cut in half using iris scissors. In most cases,

a small biopsy was taken for histology (see below). The granu¬
losa was removed by gently scraping the inner surface of each
half with a platinum wire loop. Some of the granulosa cells
obtained from the 28-mm follicle in the ovary from subject P
formed coagula as they were scraped off into the medium. They
were dispersed by incubation for 1 h at room temperature in
medium A containing hyaluronidase (—35 U/ml). Otherwise,
granulosa cell aggregates were easily dispersed by repeated
pipetting. The cells were collected by centrifugation (700 X g)
for 5 min at room temperature and resuspended in fresh me¬
dium.
Thecal tissue was isolated from the dominant (22-28 mm in

diameter) follicles in the ovaries from patients M, N, O, and P
(Table 1). Stromal/interstitial tissue adhering to the outer
surface of the follicle was carefully stripped offusing fine forceps
as the tissue was viewed through a zoom stereo microscope (X
7-40). The inner surface of the follicle was then gently but
thoroughly scraped in three successive portions of fresh me¬
dium. At this stage, the follicle wall was devoid of granulosa
cells and contained an intact lamina basalis overlaying the
highly vascularized theca interna (confirmed by histology). No
attempt was made to separate the theca interna from the theca
externa. The follicle wall (hereafter referred to as the theca)
was weighed before removing a small biopsy for histology (see
below). The theca was then cut into small pieces (1-2 mg wet
weight) for incubation in the organ culture system described
below (patients M and N) or dispersed into a single cell suspen¬
sion by treatment with collagenase as follows (patients 0 and
P). The theca was minced with two scalpel blades and placed
in a vial containing 10 ml collagenase solution [medium A
containing 0.05% (wt/vol) collagenase]. The vial was gassed
with a 95% air-5% CO2 mixture, capped, and incubated for
approximately 25 min at 37 C in a shaking water bath. The

Table 1. Summary of subjects and tissue studied

Sub¬

ject Age (yr)
Length of men¬
strual cycle

(days)
LMP" Stage of men¬

strual cycle6'"
Ovary removed and

activity"

Diameter
(mm) of the
largest follicle

present

Range (mm in diame¬
ter) and no. of folli¬

cles studied"*

D 27 27-29 13 LF Left (i) 8 7-8 (2)
H 30 28-42 11 ? Left (?) 15 6-15 (6)
I 38 21-35 9 MF Left (a) 21 7-21 (6)
J 28 28 15 EL Left (i) 10 8-10 (2)
K 25 27-28 14 LF Right (i) 11 5-11 (7)
L 30 25-29 14 EL Right (i) 8 6-8 (4)
M 36 27-29 8 MF Left (a) 22 12-22 (2)
N 28 26-30 13 LF Right (a) 25 25 (1)
O 35 21-28 11 LF Left (a) 26 26 (1)
P 32 28 14 LF Right (a) 28 28 (1)
Q 33 26-28 13 MF Right (a) 14 8-14 (7)

" Day of surgery after the start of the last menstrual period.
6 MF, Midfollicular; LF, late follicular; EL, early luteal.
" Based on plasma estradiol and progesterone levels before and after surgery (I-Q) and/or gross ovarian morphology and LMP: i, inactive; a,

active; ?, indeterminate.
d Number of follicles is in parentheses.
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collagenase solution containing dispersed cells was collected
and replaced with 10 ml fresh collagenase solution. The diges¬
tion of undispersed tissue was continued for a further 25 min.
Residual fragments were finally dispersed by repeated aspira¬
tion through lumbar puncture needles (90 x 0.9 mm, followed
by 70 x 0.7 mm) fitted to a 10-ml syringe. The digests were
then combined and filtered through four to eight layers of
sterile surgical gauze to yield a homogeneous cell suspension.
The cells were collected by centrifugation and resuspended in
fresh medium A. At least 90% of the tissue (by weight) was

dispersed into a cell suspension with yields of 2.9 x 104 cells/
mg tissue (26-mm follicle; patient O) and 4.5 x 104 cells/mg
tissue (28-mm follicle; patient P), respectively.
Total cell counts were done with a hemocytometer after vital

staining with 0.4% trypan blue. Granulosa cell viability was 25-
50%. The viability of granulosa cells processed through the
collagenase dispersal procedure (as a control) was the same as
that of untreated granulosa cells. The viability of collagenase-
dispersed thecal cells was 70-80%.

Measurement of aromatase activity
Standard procedure. Replicate 0.5-ml portions of each cell
suspension were pipetted into 17 x 100-mm polystyrene tubes
(Falcon 5052, Falcon Plastics, Los Angeles, CA). Testosterone,
the referent aromatase substrate, was added in a further 0.5 ml
medium A (final concentration, 1.0 x 10 7 m). In some experi¬
ments, the aromatase assay was also carried out in the presence
of hFSH (90-180 mlU/ml). All incubations were done in trip¬
licate. Incubation was for 3 h at 37 C under an atmosphere of
95% air-5% C02 in a shaking water bath (120 cycles/min). The
reaction was stopped by transferring the tubes to an iced water
bath before centrifugation for 5 min at 1000 x g in a refrigerated
(0-4 C) centrifuge. The supernatants were decanted and stored
at —20 C until the measurements of estradiol and estrone were

done by RIA, as described below. Control incubations (no
testosterone added) were processed in the same way. Blank
estrogen values obtained for the controls (not normally meas¬
urable) were subtracted from the corresponding values for
incubations in the presence of testosterone. Aromatase activity
was expressed as estrogen production (nanograms per 10b cells/
3 h). The optimization of this procedure included studies of the
effect of cell number, length of incubation time, and substrate
concentration on the aromatization reaction rate (see Results
and Fig. 1).

Long term incubations. Replicate granulosa cell monolayer
cultures were set up (initial inoculum, ~1.0 x 105 cells) in 2 ml
medium B using multiwell (35 x 10 mm) plastic dishes (Greinier
BV, Alphen a/d Rijn, The Netherlands). Testosterone and/or
gonadotropins were included in the medium as appropriate.
Organ cultures were set up using two or three pieces of theca
(combined wet weight, 0.7-2.9 mg/dish) on lens paper overlay¬
ing a stainless steel grid (Falcon 3010) in individual organ
culture dishes (Falcon 3014) containing 2 ml medium B. All
control and experimental treatments were done in triplicate.
Incubations were carried out for 2 days at 37 C in a humidified
incubator gassed with a 95% air-5% C02 mixture. At the end of
this period, the medium was collected, centrifuged, and stored,
as described above. Cell monolayers were fixed overnight in

Bouin's fluid, stained with Giemsa's stain, and examined under
the light microscope. Thecal fragments were weighed and trans¬
ferred to Bouin's fluid for histological processing, as described
below.

RIA of steroids in incubation medium and follicular fluid

Estradiol and estrone were measured individually in unex-
tracted incubation medium, as described previously (6, 9). Fol¬
licular fluid (0.01-10 pleq diluted in 100 pi phosphate-buffered
saline, pH 7.4) was extracted with 1 ml diethyl ether (Baker
Analyzed reagent, J. T. Baker Chemical Co., Phillipsburg, NJ),
and the extracts were assayed for estradiol and estrone using
the same procedures. The percentage recovery of [3H]estradiol
after the extraction step was 90%, therefore, the assay results
were routinely corrected for a 10% procedural loss. Androstene-
dione measurements on follicular fluid incorporated the same
extraction step (0.01-50 pleq diluted in 100 pi phosphate-
buffered saline) and entailed a similar correction for recovery.
The androstenedione RIA was done using the same assay

procedure, substituting antiandrostenedione-6/S-hemisuccinyl-
BSA (Steranti Research Ltd., St Albans, United Kingdom;
product code A006) and [ fH]androstenedione as the antibody
and radioligand, respectively (9). The androstenedione antise¬
rum cross-reacted (androstenedione = 100%) 30.8% with 5a-
androstanedione, 6.8% with testosterone, 0.76% with 5a-dihy-
drotestosterone, 0.02% with dehydroepiandrosterone, and less
than 0.001% with estradiol, progesterone, and all other steroids
examined. Estimates of the precision and sensitivities of these
assays are given in Table 2.
Testosterone was measured in etheric extracts of follicular

fluid (1-10 pleq diluted in 100 pi phosphate-buffered saline)
after thin layer chromatography on alumina-precoated plastic
sheets, as described previously (11). The interassay precision
was 17%.

Plasma hormone levels

Plasma concentrations of estradiol and progesterone were
measured by RIA using procedures described elsewhere (12,
13). LH was determined with commercially available kits (Ser-
ono, Milan, Italy) using human LH-MRC 68/40 as the standard
(14).

Histology

Follicular biopsies were fixed in Bouin's fluid, dehydrated,
and embedded in paraffin wax. Serial 5-pm sections were cut on
a microtome and stained with hematoxylin and eosin. Follicular
morphology at the light microscopic level together with the
yield of granulosa cells was used to classify follicles as healthy
or unhealthy. When biopsies for histology were unavailable, the
follicles were classified on the basis of granulosa cell yield alone.
Using McNatty's calibration curve for optimum granulosa cell
yield vs. follicular diameter, a follicle yielding less than 50% of
the optimum cell number for its size was arbitrarily classified
as unhealthy (15).
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Table 2. Precision and sensitivity of estradiol (E2), estrone (ED, and androstenedione (A) RIAs

sd (pg/tube)6
Assay" Sens tmty (pg/ Interassay cv*

0-10 11-100 101-400 >400

E2 (im) ±0.5 (12) ±2.8 (36) ±12.7 (14) —' 1 17 (6)
E2 (ff) ±0.8 (12) ±5.7 (31) ±22.3 (14) — 2 9 (4)
Ei (im) ±1.5 (20) ±5.1 (29) ±21.0 (13) — 3 15 (5)
E, (ff) ±1.5 (11) ±3.9 (13) ±12.5 (9) — 3 6 (4)
A (ff) — ±7.9 (22) ±17.2 (18) ±54.4 (11) 16 6 (4)

" im, Assay of incubation medium; ff, assay of follicular fluid.
b Estimate of sd of results from their means in consecutive ranges of the standard curve based on the number of duplicate measurements shown

in parentheses (10).
c Least amount distinguishable from zero (2 P - 0.01) calculated as i.sd/VN, where N = 2 (10).
d Coefficient of variation (%); number of assays is in parentheses.
"Not measurable.

Results

The effects of altering cell number, incubation time,
and substrate concentration on the aromatization of tes¬
tosterone by granulosa cells from large (22-26 mm in
diameter) healthy follicles are shown in Fig. 1. Based on
these data, granulosa cells were assayed at concentra¬
tions (0.1-2.0 X 105 cells/ml) which gave a linear reaction
rate (Fig. la) during a 3-h incubation at 37 C (Fig. lb).
Under these conditions, the reaction velocity was maxi¬
mal using 1.0 X 10"' m testosterone as the substrate (Fig.
lc). Important deviations from linearity occurred only if
more than 50% of the substrate was aromatized. All
estimates of aromatase activity were based on conversion
rates not exceeding this limit.
Relationships between granulosa cell aromatase activ¬

ity and estrogen and androgen levels in follicular fluid
are shown in Fig. 2. The data used in these calculations
are tabulated in Table 3. There was a positive linear
relationship between granulosa cell aromatase activity
and the estrogen level in follicular fluid (Fig. 2a). There
was no systematic change in the follicular fluid androgen
level as a function of granulosa cell aromatase activity
(Fig. 2b). Thus, there was an inverse linear relationship
between granulosa cell aromatase activity and the andro¬
gen to estrogen concentration ratio in follicular fluid (Fig.
2c).
Effects of unilateral ovariectomy on plasma estradiol

concentrations are shown in Table 3. In four patients
who underwent surgery during the mid-late follicular
phase of the cycle (patients M, N, O, and P), estrogen
levels fell abruptly from a mean value (±se) of 222 ± 39
pg/ml on the morning of surgery to 36 ± 2 pg/ml 24 h
later. Each ovary contained a large (22-28 mm) healthy
follicle which was presumed to be the dominant, estro¬
gen-secreting follicle. In vitro granulosa cell aromatase
activity and follicular fluid estrogen concentrations were
maximal in such follicles (Table 3). To determine how
close these follicles were to ovulation, peripheral plasma

LH levels were also measured (Table 4). Two patients
(M and O) had typical follicular phase LH levels on the
morning of surgery. In a third (patient N), the midcycle
LH surge was probably just beginning. In the fourth
(patient P), it was undoubtedly underway at the time of
surgery.
Thecal aromatase activity was too low for accurate

measurement using the organ culture system (patients M
and N). Estradiol accumulations in the culture medium
when thecal fragments were incubated without exoge¬
nous substrate were 1.5 ± 0.2 and 0.9 ± 0.2 ng estradiol/
mg tissue/48 h for patients M and N, respectively (mean
± se). In both cases, the endogenous estradiol content of
unincubated thecal fragments (determined by RIA after
extraction with ethanol) was approximately 0.2 ng/mg
tissue, suggesting that a small degree of de novo estradiol
synthesis had occurred during the culture period. How¬
ever, the addition of exogenous testosterone (1.0 X 10~7
m) to the culture medium did not cause a significant
increase in estradiol production (P > 0.05). Since the
thecal fragments produced 29.7 ± 4.2 (patient M) and
11.3 ± 3.8 (patient N) ng androstenedione/mg tissue-48
h (steroid accumulation in the medium due to de novo

biosynthesis in the absence of exogenous testosterone),
it is possible that a low level of aromatization occurred
from endogenous substrate. To obtain an accurate meas¬
urement of thecal aromatase activity in estrogen-secret¬
ing follicles, thecal cell suspensions were prepared from
the dominant follicle in the ovaries from patients 0 and
P. The cell suspensions were assayed at high concentra¬
tions (0.38 and 0.66 X 106 cells/ml, respectively) in the
standard 3-h aromatase assay using 1.0 X 10"' m exoge¬
nous testosterone as substrate. Under these conditions,
estrogen accumulation in control tubes (no exogenous
substrate) reflected the endogenous estrogen content of
the freshly prepared cell suspensions, i.e. there was no
measurable de novo estrogen biosynthesis in the absence
of exogenous substrate. Treatment of granulosa cells
from the same follicles with collagenase had no important
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Fig. 1. Optimization of the in vitro human granulosa cell aromatase
assay using cells harvested from large, healthy follicles in the human
ovary during the follicular phase of the menstrual cycle. The conversion
of exogenous testosterone to 17/3-estradiol (•) and estrone (O) was
measured by RIA performed on medium collected at the end of the
incubation. Incubations (in 1 ml medium A) were done at 37 C in the
presence and absence of testosterone. Estrogen values for incubations
without exogenous testosterone reflected the endogenous estrogen con¬
tent of the cell suspensions (6), and, if greater than the assay sensitivity
(see Table 2), were subtracted from the corresponding values for
incubations in the presence of testosterone. Thus, the data points
(mean of triplicate incubations) reflect de novo estrogen synthesis from
the exogenous substrate. Loss of linearity in the response to each
variable is indicated by a broken line, a) Effect of cell concentration on
the metabolism of testosterone to 17/i-es! radiol and estrone. Granulosa
cells from the 25-mm follicle (patient N; Table 3) were incubated (0.06-
0.93 x 10r' cells/tube) for 3 h using 1.0 x 10 ' m testosterone as the
substrate, b) Effect of incubation time on the metabolism of testoster¬
one to 17/3-estradiol and estrone. Granulosa cells from the 25-mm

effect (±25%) on their aromatase activity. Values for
aromatase activity were extrapolated on the basis of cell
yields and expressed as micrograms of estrogen produced
per follicular compartment/24 h. As shown in Table 5,
the aromatase activity of the theca was at least 700 times
less than that of the granulosa.
An experiment was done to determine if granulosa cell

aromatase activity measured in vitro using 1.0 x 10"' m
testosterone as the exogenous substrate reflected the
potential for estrogen production in vivo, i.e. in the
presence of testosterone and androstenedione, alone or

combined, at concentrations typically present in follicular
fluid. Excluding cystic follicles, the median level of aro-
matizable androgen (testosterone plus androstenedione)
in follicular fluid was 1050 ng/ml (~3.7 x 10"6 m). The
androstenedione to testosterone concentration ratio var¬

ied between 6 and 57 (Table 3). The granulosa cell
aromatase assay was therefore done using the following
substrates: 1.0 x 10"7 m testosterone, 3.5 x 10"' m testos¬
terone, 1.0 x 10~7 m androstenedione, 3.5 x 10"6 m

androstenedione, and a mixture of testosterone (3.5 x
10"7 m) plus androstenedione (3.5 x 10"'' m). The results
are shown in Fig. 3. There were no statistically significant
differences among the results obtained under these con¬
ditions.
The aromatase activity of granulosa cells harvested

from many small follicles (<10 mm) was stimulated by
the presence of hFSH in vitro (Table 3). FSH-responsive
granulosa cells were also present during the early luteal
phase of the cycle (patient J). This observation was
confirmed using the ovary recovered from subject L
(Table 1). The presence of a postovulatory stigma in the
contralateral ovary with an elevated peripheral plasma
progesterone level on the morning of surgery (8.3 ng/ml,
rising to 16.8 ng/ml 2 days later) confirmed that the
inactive ovary had been removed. Granulosa cells pooled
from four (6-8 mm) follicles were incubated for 48 h as

monolayer cultures (Fig. 4). Basal aromatase activity was
very low (1.8 ± 0.2 ng/culture • 48 h) but was increased
7.7- and 11-fold by the presence of hFSH at concentra¬
tions of 90 and 180 mlU/ml, respectively. Aromatase
activity was not stimulated by the presence of hCG.

Discussion

These observations provide indirect evidence that
granulosa cells are the principal site of estrogen biosyn¬
thesis in the preovulatory human follicle.
Before this study, a direct in vitro comparison of the

follicle (patient N) were incubated (0.12 X 105 cells/tube) for 1.25-6.0
h using 1.0 X 10~7 m testosterone as the substrate, c) Effect of testos¬
terone concentration on its metabolism to 17/3-estradiol and estrone.
Granulosa cells from the 22-mm follicle (patient M; Table 3) were
incubated (0.31 x 10* cells/tube) for 3 h using testosterone concentra¬
tions between 1.0 X 10 a and 1.0 x 10 *' m as substrate.
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Fig. 2. Relationships between in vitro granulosa cell aromatase activ¬
ity and in vivo follicular fluid sex steroid concentrations in the normal
human ovary. The data shown in Table 3 were transformed into
common logarithms and linear regression analysis done. Cystic follicles
were excluded from the analysis. Values at or below the sensitivity of
one or more of the RIAs (O) were included in the analysis. , The
95% confidence band for each regression line, a) Relationship between
in vitro granulosa cell aromatase activity and the in vivo follicular fluid
concentration of 17/8-estradiol (E2) plus estrone (Ei). b) Relationship
between in vitro granulosa cell aromatase activity and the in vivo
follicular fluid concentration of testosterone (T) plus androstenedione
(A), c) Relationship between in vitro granulosa cell aromatase activity
and the in vivo A + T/E2 + Ei concentration ratio.

aromatase activity of the thecal and granulosa layers
from the dominant follicle in the human ovary had not
been reported. Moon et al. (16) studied thecal tissue and
granulosa cells isolated from small to medium sized (3-

10 mm) follicles, but they did not indicate the stage of
the ovarian/menstrual cycle at which the tissue was
obtained. They reported that estrogen production by
granulosa cells cultured for 24 h in the presence of hFSH
plus 0.5 x 10~6 m testosterone was 100-300 times greater
than that by thecal tissue from the same follicles. Batta
et al (17) also obtained follicles within a similar size range
at unspecificed times during the cycle. Isolated granulosa
and thecal cells produced low basal levels of estrogen
when cultured individually for up to 8 days. However,
neither cell type increased its level of estrogen production
by more than 6-fold in the presence of 0.5 X 10-1' m
testosterone, suggesting that these follicles had been
immature or degenerate. McNatty et al. (18) examined
the ability of human thecal and granulosa cells to metab¬
olize androstenedione (1 ,ug/ml) during 48-h incubations
in vitro. They reported androstenedione —> estrogen con¬
version rates up to 80% by granulosa cells from large
healthy follicles more than 12 mm in diameter. Thecal
tissue from follicles of this size category was not de¬
scribed; however, conversion rates for thecal tissue from
smaller follicles were consistently less than 3%. The data
presented here confirm that granulosa and thecal cells
from the fully mature, preovulatory follicle each have an
androgen aromatase system (19), but the activity of the
granulosa cell layer is several hundred times greater than
that of the thecal layer in vitro.
It is not known if aromatization proceeds in the gran¬

ulosa cell layer in vivo at the in vitro rates reported here.
The data show that aromatizable androgens are present
in follicular fluid at concentrations sufficient to drive the
aromatase reaction maximally in vitro, but experiments
with equine and simian ovaries have indicated that in
vitro and in vivo aromatization rates may not be com¬

parable (20-22). Moreover, other factors, such as the
possible stratification of cells containing aromatase en-
zyme(s) in the granulosa layer (23), steroid-protein bind¬
ing interactions in follicular fluid (24), and the probable
presence of intrafollicular steroidal (6) and nonsteroidal
(25) aromatase inhibitors, complicate the extrapolation
of these observations to the situation in vivo. However,
to accumulate in follicular fluid, androgens produced by
the theca (26-28) must traverse the lamina basalis and
the granulosa cell layer. There is probably a concentra¬
tion gradient across the granulosa cell layer such that the
cells of the parietal layer are exposed to the highest
concentration of aromatase substrate. These cells are in
closest contact with the extensive network of blood ves¬

sels which surrounds the lamina basalis in the preovula¬
tory follicle (29), and they may have the highest capaci¬
ties for aromatization, since cytochrome P-450 was only
demonstrable in the parietal granulosa cell layer of the
preovulatory rat follicle (23).
Aromatizable androgen levels in the follicular fluid
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Table 3. Plasma 17/2-estradiol (E2) levels before and after unilateral ovariectomy, and follicular diameter, in vitro granulosa cell aromatase
activity, and follicular fluid concentrations of E2, estrone (E,), testosterone (T), and androstenedione (A) in the ovary which was removed

Plasma E2 conc. Aromatase activity , . , . _ . . , . , ,,
, . „ „, , sex steroid conc. in follicular fluid (ng/ml)

„ , (pg/ml) „ ... , Granulosa (ng/10 cellS'3hSub- Follicular diame- „ . , ,cell yield
ject

I II III

ter (mm) (Xl0~6)
e2 e, E, e, t a

t + a/
e2 + e,

d c C c 7, 8 2.1* 0.7"'' 0.7*' 31.0* 10.0* 40* 674* 17.4*
H c c c 6 0.5 8.9* 5.3' 44.0 19.0 96 1056 18.3

7 1.0 0.4' 0.6' 5.1 4.3 112 917 109.5

8 1.1 0.7' 0.8' 13.0 9.1 88 814 40.8
8 1.0 0.2' 0.2' 2.9 4.7 33 972 132.2

15 3.8 6.4' 6.1' 342.0 149.0 71 1167 2.5

15 1.9 2.1* 1.5' 8.5 4.4 113 903 78.0

I c c 25 7 6.5 0.3* 0.2* 2.0 3.3 163 1833 376.6
10 4.1 =£0.1* =£0.1* 1.7 1.0 61 848 336.7
11 j k k £0.2 £0.7 £1 18 s=20.0

13 5.5 =£0.1' 0.1* 0.8 £0.3 25 322 2=315.5
16 i k k 0.3 £0.3 £1 16 3=26.7

21 20.0 173.0' 81.0' 3666.0 313.0 47 1292 0.3

j c 77 66 8 5.4 1.8* 2.2' 119.0 27.0 86 1250 9.2
10 3.8 1.2' 1.3' 53.0 40.0 80 1333 15.2

K c 172 275 5, 5, 5 0.6* 1.5P'' 1.9*' 43.0* 24.0* 71* 739* 12.1*

6, 6, 6 0.6* 3.6* * 2.9*' 74.0* 6.8* 86* 952* 12.8*
11 1.8 0.3' =£0.2' 1.3 5.4 45 1222 189.1

L —c 62 63 6, 7, 7, 8 2.0* —m 4.5* 4.0* 130* 713* 88.7*
M 133 151 38 12 j k 2.2 1.4 31 848 244.2

22 23.0 162.0' 94.0' 2871.0 222.0 20 356 0.1

n 156 289 36 25 47.0 177.0' 54.0' 2716.0 231.0 28 678 0.2

O 129 156 29 26 50.0 144.0' 30.0' 3333.0 226.0 68 1533 0.4

P 296 291 39 28 43.0 144.0' 31.0' 1489.0 156.0 3 206 0.1

Q 46 83 50 8 2.6 0.2* =£0.3* 7.1 8.0 78 1000 71.4
10 3.1 0.2* =£0.3* 3.6 3.3 47 1028 155.8
10 1.2 11.0' 2.8' 32.0 7.3 38 634 17.1

11 2.0 =£0.2' £0.3' 5.9 n n n —"

12 2.6 12.0* 7.7' n n n n —"

12 3.9 65.0* 9.& 1311.0 153.0 32 1194 0.8
14 8.2 47.0' 15.0' 422.0 46.0 27 1450 3.2

° I, Day before surgery; II, morning of (1-2 h (before) surgery; III, day after surgery.
' Diameters of follicles judged to be unhealthy are italicized.
* Specimen not taken.
d Average recovery from pooled follicles.
f Measurement performed on pooled granulosa cells.
' Not stimulated (P > 0.05) in the presence of 90 or 180 mlU hFSH/ml.
* Average value; individual fluids assayed separately.
h Stimulated (P < 0.01) in the presence of 90 or 180 mlU hFSH/ml.
' Stimulated (P < 0.05) in the presence of 90 or 180 mlU hFSH/ml.
' Cystic follicle.
k Granulosa cell recovery too low for measurement of aromatase activity.
' Effect of hFSH not studied.
m Not measured; pooled granulosa cells were studied in monolayer culture (see Fig. 4).
" Insufficient fluid available for the assay to be done.

from follicles yielding granulosa cells with low or non-
measurable aromatase activity were similar to those of
preovulatory Graafian follicles which yielded cells with
an aromatase activity several thousand times higher.
These data indicate a close quantitative relationship
between the supply of aromatase substrate by the theca
and the rate of aromatization in the granulosa. A local
feedback interaction (granulosa on theca) may be in¬

volved in the maintenance of intrafollicular androgen
levels. Estrogen, other steroids, and/or nonsteroidal fac¬
tors produced by the granulosa cells could mediate this
process. In addition, the rising plasma level of LH during
the late follicular phase of the cycle (4) would increase
the rate of androgen production by the theca and, hence,
estrogen biosynthesis in the granulosa (30, 31) without
entailing a net decline in the follicular fluid androgen
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Table 4. Plasma LH concentrations in four women from whom the
active (estrogen-secreting) ovary was removed during the mid-late
follicular phase of the menstrual cycle

80 -i

Subject
Plasma LH conc. (ng/ml)"

I" II III IV

M
N

O
P

12.0
8.0

7.8

13.0

12.5

20.0

8.0
50.0

14.0

12.0

22.0
46.0

14.0

5.0

21.0

29.0

" The RIA standard was hLH-MRC 68/40.
''I, Day before surgery; II, morning of (1-2 h before) surgery; III, 1

day after surgery; IV, 2 days after surgery.

Table 5. Comparison of in vitro aromatase activities of the granulosa
and thecal cell layers from the dominant follicle in the human ovary

during the late follicular phase of the menstrual cycle

Sub¬

ject

Follicle

(mm in
diame¬

ter)

Cell yield
(XKT6)

Aromatase activity"

Granu¬
losa

Theca Granulosa Theca
Granu¬

losa/
theca

O 26 50 3.8" 52.3 (12.2) 0.013 (29.8) 4023
P 28 43 13.3" 75.5 (17.4) 0.104 (19.8) 726
° Measurements were done on collagenase-dispersed thecal cells

(3.8-6.7 X 105 cells/incubation tube) and mechanically dispersed gran¬
ulosa cells (0.2-0.8 X 105 cells/incubation tube) which were also treated
with collagenase as a control. Estrogen production from exogenous
substrate (1.0 X 10 ' m testosterone) was determined over a 3-h
incubation at 37 C. The values given (17/?-estradiol and estrone com¬

bined) are the mean of three to six measurements (the percent coeffi¬
cient of variation is in parentheses) extrapolated on the basis of cell
recoveries to give the estrogen production rate (micrograms per follic¬
ular compartment/24 h).

b Wet weight of tissue before treatment with collagenase = 132 mg.
c Wet weight of tissue before treatment with collagenase = 295 mg.

level in the estrogen-secreting follicle (s). Rising levels of
estrogen in response to stimulation by LH would close
this long loop by feeding back on the hypothalamo-pi-
tuitary axis to further stimulate the rate of pituitary LH
discharge.
This relationship breaks down after the midcycle LH

surge (32). Animal experiments have shown that a shift
occurs in preovulatory follicular steroidogenesis; andro¬
gen and estrogen biosynthesis decline, while progesterone
synthesis increases (2). Similarly, estrogen and androgen
levels in the follicular fluid of the ovulatory human
follicle fall precipitately while the progesterone level rises
sharply after the administration of an ovulating dose of
hCG during the late follicular phase of the cycle (33). We
studied an ovulatory follicle an hour or so after it had
been exposed to the endogenous midcycle LH surge

(patient P; 28-mm follicle). Follicular fluid from this
follicle contained the lowest testosterone and andros-
tenedione levels observed in this series (excluding cysts),

_c

Ol
u

lO
o

c
0)
CTI
O
L_

CO
Q)

cr>
c

>>

'>
o
o

Q)
I/)
O

60

4)

o

E
o

20 -

□ -E2.

T
A

1.0
0

3.5
0

0
1.0

3.5
35.0

Substrate concentration (M x 107)
Fig. 3. The aromatase activity of human granulosa cells as determined
using different substrate conditions in vitro. Incubations were done in
1 ml medium A for 3 h at 37 C using a granulosa cell suspension (0.25
X 105 cells/tube) prepared from the 14-mm follicle present in the ovary
from patient Q (see Table 3). The substrate was testosterone (T) and/
or androstenedione (A) at the concentration (s) shown. Aromatase
activity (□, 17/Lestradiol; estrone) is indicated by the vertical bars
(mean ± se; n = 3). Note that the aromatase activity measured in the
presence of 1.0 X 10~7 m testosterone (the referent substrate concentra¬
tion) was the same as that measured using 3.5 x 10"' m testosterone
plus 35.0 X 10~7 m androstenedione; i.e. a substrate combination similar
to that typically present in follicular fluid in vivo.

and the estrogen level was 50% lower than that observed
in three other dominant follicles (patients M, N, and O)
obtained before the LH surge had started. Conversely,
the progesterone level in this fluid (6.5 /tg/ml) was the
highest observed in this series, being 1.6-5.1 times higher
than the levels present in the three other dominant
follicles (Hillier, S. G., unpublished ovservation). The
granulosa cell aromatase activity of this follicle was still
maximal in vitro. These observations show that a ste¬

roidogenic shift also occurs in the ovulatory human fol¬
licle after exposure to the endogenous midcycle LH surge
and indicate that the initial decline in estrogen biosyn¬
thesis is not due to an alteration in granulosa cell aro¬
matase activity. Presumably, it is caused by a lesion in
the enzymic sequence which converts C-21 steroids to C-
19 steroid aromatase substrates in the theca (2).
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Fig. 4. FSH-stimulable aromatization of testosterone by human gran¬
ulosa cells isolated during the early luteal phase of the cycle. Granulosa
cells from four follicles (6-8 mm in diameter) in the ovary from patient
L (see Table 3) were pooled and incubated as replicate monolayer
cultures (2.0 x 105 cells/dish) in 2 ml medium B with and without 1.0
x 10~' m exogenous testosterone (T) and/or various concentrations of
hFSH (FSH) or hCG (HCG), as indicated. The incubations were done
for 48 h at 37 C. The 17/?-estradiol concentrations of medium collected
at the end of this period are indicated by the vertical bars (mean ± se;
n = 3).

We have obtained evidence that the activity of the
granulosa cell aromatase system influences the intrafol-
licular estrogen content of developing preovulatory folli¬
cles. Absolute and relative (to androgen) intrafollicular
estrogen levels correlate to the androgen-aromatizing
capacity of isolated granulosa cells. The preovulatory
follicle can be identified biochemically as the follicle with
the highest intrafollicular estrogen level (34), the lowest
intrafollicular androgen to estrogen concentration ratio
(15), and yielding granulosa cells with the highest capac¬
ity for androgen aromatization in vitro. Nonovulatory
follicles contain much lower levels of estrogen due to the
limited number of granulosa cells (35) with a low level of
aromatase activity which they contain. Their intrafolli¬
cular aromatizable androgen to estrogen concentration
ratios are invariably greater than unity and increase in
inverse proportion to the declining activity of their gran¬
ulosa cell aromatase system in vitro. These discriminants
have been shown to hold for follicles 5 mm or more in
diameter during the second half of the follicular phase
when the dominant follicle has already been selected.
Whether an increase in granulosa cell aromatase activity
(and attendant alterations in intrafollicular sex steroid
levels) is a determinant of the dominant follicle earlier
on in the ovarian cycle remains to be determined.
FSH contributes to the control of follicular steroido¬

genesis via its action on the granulosa layer (6, 16, 35).
Many nonovulatory follicles studied here yielded granu¬

losa cells with a FSH-responsive aromatase enzyme sys¬
tem. The ability to respond to FSH in this manner was
not obviously connected to the (morphological) health of
the follicle. We have now shown that such follicles persist
into the luteal phase of the cycle. The functional signifi¬
cance of this finding is not clear. Perhaps such follicles
can be rescued from atresia upon exposure to sufficient
amounts of FSH (36). If so, it seems unlikely that they
would undergo complete maturation to the preovulatory
stage. We did not systematically study oocyte morphol¬
ogy, but others have reported that oocytes recovered
from follicles containing relatively high follicular fluid
androgen to estrogen concentration ratios are likely to
be degenerate or unable to resume meiosis in vitro (15).
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The Graafian follicle was identified as a rich source of oestrogenic activity (Allen & Doisy,
1923) several years before chemically pure oestrogens were first recovered from pregnancy
urine extracts (Butenandt & von Ziegner, 1930; Doisy, Veler & Thayer, 1930; Marrian,
1930). The porcine 'ovarian hormone' proved to be oestradiol-17|3 (oestradiol)
(MacCorquodale, Thayer & Doisy, 1936). A quarter of a century elapsed before the
principal oestrogen of the human ovary was also shown to be oestradiol (Zander, Brendle,
von Miinstermann, Diczfalusy, Martinsen & Tillinger, 1959; Smith, 1960).
In the human menstrual cycle, follicular growth proceeds under the joint stimulus of

follicle-stimulating hormone (FSH) and luteinizing hormone (LH). During the second half
of the follicular phase, the rising blood level of oestradiol reflects the secretory activity of the
follicle destined to ovulate in that cycle and coincides with its rapid preovulatory growth
(Baird & Fraser, 1974, 1975).
Oestrogen secreted by the dominant follicle co-ordinates the physiological activities of the

female reproductive system. It feeds back on the hypothalamo-pituitary axis to regulate
gonadotrophin secretion by the pituitary gland and ultimately triggers the ovulatory LH
surge (see Yen, 1978 for review).
Follicular oestrogen is also a vital 'organizer' (Hisaw, 1947) at its site of formation (see

Richards, 1980 for review).
The regulation of follicular oestrogen biosynthesis must be understood before the cyclic

development and function of the ovulatory follicle can be explained. Some current concepts
are surveyed in this article.

Gonadotrophins, follicular maturation and oestrogen formation
Smith & Engle (1927) showed that the initiation and maintenance of normal follicular
function were dependent upon substances secreted by the adenohypophysis. Fevold (1941)
and Greep, van Dyke & Chow (1942) described the active agents, FSH and LH, and showed
that both were required to induce ovarian changes leading to ovulation. Treatment of
hypophysectomized immature female rats with purified LH caused theca/interstitial cell
stimulation but did not stimulate follicular growth or measurable amounts of oestrogen
production. When purified FSH was given alone, follicular development to the stage of
antrum formation occurred in the absence of theca/interstitial cell stimulation: again no
oestrogen was produced. Only if FSH and LH were given simultaneously did all stages of
normal follicular development occur in conjunction with oestrogen formation. These
findings were confirmed by more recent studies (Lostroh & Johnson, 1966; Armstrong &
PapkofT, 1976).
The effects of FSH and LH on gonadal cells are mediated by interactions between the

hormones and specific receptors in the cell membrane (see Davies, Dufau & Catt, 1978 for
review). Follicular granulosa cells are the only ovarian cells known to have measurable FSH
receptors. Luteinizing hormone receptors are located on theca and interstitial cells.
Granulosa cells acquire LH receptors during advanced stages of follicular development
which are stimulated by oestrogen and FSH. Alterations in the distribution and number of
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gonadotrophin receptors among different follicular cell types, and in the activity of
biochemical processes under gonadotrophic control, occur throughout the ovarian cycle
(Richards, 1978). Discrete effects of FSH (on granulosa cells) and LH (on theca/interstitial
cells) co-ordinate follicular growth and oestrogen biosynthesis.

Enzymic basis of oestrogen biosynthesis
Characteristic steroid secretory functions of the ovary, testis and adrenal gland reflect
differences in their histogenesis and the trophic hormones to which they respond.
Qualitatively their steroidogenic potentials are similar. Ryan (1972) has summarized the
evidence for a 'unified concept of steroid formation' in these tissues (Fig. 1). Biosynthetic
pathways from acetate to oestrogen have been mapped in each case. The final enzymic
sequence entails the conversion of 3-oxo-4-unsaturated C19 steroids (testosterone and
androstenedione) to phenolic C18 steroids (oestradiol and oestrone). This step is catalysed
by oestrogen synthetase (aromatase) enzymes (see Engel, 1973 for review).
The ovary, which is the only gland which produces significant amounts of oestrogen in the

non-pregnant female, is a particularly rich source of aromatase activity (Fig. 1). The activity
waxes and wanes with successive waves of follicular growth and is under gonadotrophic
control. It reaches a maximum during the late follicular phase of the menstrual cycle when it
is localized almost exclusively in the oestrogen-secreting follicle(s) destined to ovulate in that
cycle (Hillier, van den Boogaard & van Hall, 1980a; Hillier, Reichert & van Hall, 1981).
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Fig. 1. The unified concept of steroid formation. Characteristic steroid secretory functions of the ovary,
testis and adrenal gland are shown. They can all produce oestrogen but the ovary has the most active
aromatase enzyme system. The pathway from acetate to progesterone is common to all these glands.
(Reproduced with permission from Ryan, Steroid hormones and prostaglandins. In Principles and
management of human reproduction. Eds D. E. Reid, K. J. Ryan & K. Benirschke. Philadelphia: W. B.
Saunders. 1972.)
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Aromatization also occurs at certain non-steroid producing sites in the body (e.g. brain,
muscle and adipose tissue). The importance of peripheral aromatization as a source of
circulating oestrogens is well established (Siiteri & Febres, 1979). During the last trimester of
pregnancy, the placenta is an extremely active site of aromatization. Most of our knowledge
of the mechanism of aromatization is derived from studies with human placental tissue (see
Brodie, 1979 for review).
The placental microsome reaction sequence is currently thought to involve three

hydroxylation steps, each ofwhich uses NADPH and molecular oxygen. Cytochrome P-450
and NADPH-cytochrome C reductase are involved (Siiteri & Thompson, 1975). A similar
reaction sequence is thought to apply to the ovary (Brodie, 1979).
Granulosa cells isolated from preovulatory follicles contain an active aromatase system

(Hillier, van den Boogaard, Reichert & van Hall, 1980a). Testosterone and androstenedione
are equally effective as aromatase substrates in vitro (Fig. 2). Like the placental system, the
reaction sequence probably involves the formation of 19-hydroxylated intermediates
(Dorrington & Armstrong, 1979).
Other androgen metabolizing enzyme systems may interact with the aromatase system.

The human ovary contains CI9 steroid 5a-reductase activity (Smith, Ofner & Vena, 1974).
Granulosa cells have been identified as a site of 5a-reduction in vitro (McNatty, Makris,
Reinhold, De Grazia, Osathanondh & Ryan, 1979). 5ot-Dihydrotestosterone has been
measured in follicular fluid and is sometimes present at micromolar concentrations
(McNatty, Moore-Smith, Makris, Osathanondh & Ryan, 1979). At such concentrations it is
a competitive inhibitor of the granulosa cell aromatase reaction in vitro (Hillier, van den
Boogaard, Reichert & van Hall, 1980a,b). Therefore local alterations in C19 steroid
5a-reductase activity could indirectly influence androgen aromatization rates in vivo
(Hillier, 1980).

Substrate concentration (mol/l)

Fig. 2. Dose-dependent aromatization of testosterone and androstenedione by human granulosa cells in
vitro. The cells were isolated from a healthy 14 mm diameter follicle present during the mid-follicular
phase of the menstrual cycle (subject Q, Hillier el at. 1981). A suspension (0-25 x 105 cells/ml) was
prepared in Medium 199 containing 01% bovine serum albumin. One millilitre portions of the suspension
were incubated for 3 h (37 °C) in the presence of increasing amounts of testosterone (closed symbols) or
androstenedione (open symbols). The production of oestradiol-17p (O,0) and oestrone (A,A) from
exogenous substrate was determined by radioimmunoassay. Each value is the mean result from a triplicate
incubation. The s.e.m., if larger than the symbol, is indicated by a vertical bar (S. G. Hillier, unpublished
results).
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Cellular sites and gonadotrophic control offollicular oestrogen formation
Corner (1938) reviewed the early literature and concluded that 'the most probable site of
oestrogen production in the ovary is the theca interna of follicles ofall sizes'. However, Allen
(1941) thought that 'all ovarian tissues may secrete oestrogen . . . but that the follicular
epithelium is probably the primary source'. There is still no consensus, although modern
evidence increasingly suggests that Allen was right.
The classical micro-dissection/autotransplantation experiments of Falck (1959) showed

that oestrogen formation by the rat follicle depended on a joint action of the theca interna
and granulosa cell layer. This interaction was embodied in a 'two-cell type' theory which
regarded the theca interna as the major site of follicular oestrogen formation using
progesterone produced by luteinized granulosa cells as a substrate (Short, 1962). Ryan,
Petro & Kaiser (1968) showed that theca and granulosa cells from FSH/LH-stimulated
human follicles could each synthesize oestrogen from exogenous labelled acetate in vitro.
However, the yield of labelled oestrogen wasmore than additive when the two cell types were
incubated together. This was the first direct biochemical evidence that the theca interna and
the granulosa cell layer could interact to co-ordinate follicular oestrogen formation.
Present concepts are based on a better understanding of the cellular and biochemical bases

of gonadotrophin action, and on the application of sensitive radioimmunoassays to
determine the steroidogenic potentials of isolated follicular cell types in vitro. A 'two-cell
type, two gonadotrophin' theory has been proposed (Armstrong, Goff & Dorrington, 1978).
It incorporates the joint actions of FSH and LH and acknowledges the requirement for both
cell types (Fig. 3). In this scheme the granulosa cell layer is designated the role of oestrogen
formation using aromatizable androgen produced by the theca interna as substrate.
The theca interna is a major site of follicular androgen biosynthesis (Fortune &

Armstrong, 1977; Moor, 1977; McNatty, Makris, De Grazia, Osathanondh & Ryan, 1979;
Tsang, Moon, Simpson & Armstrong, 1979), and LH plays a primary role in the control of

Fig. 3. Current concept ofgonadotrophin-controlled cellular interactions which co-ordinate preovulatory
follicular oestrogen biosynthesis. Androgen (C19) is biosynthesized from cholesterol (C27) in the
vascularized theca interna due to stimulation by LH. The avascular granulosa cell layer, stimulated by
FSH, acquires an active androgen aromatase enzyme system. Thecal androgen which diffuses across the
lamina basalis serves as the aromatase substrate. Cells in the parietal granulosa cell layer may be the most
active sites ofaromatization and are adjacent to the extensive network of blood vesselswhich encapsulates
the lamina basalis. The oestrogen (C18) they produce diffuses into the blood stream. Some steroid,
androgen and oestrogen, also passes into the antral cavity. The follicular fluid level of oestrogen (absolute
and relative to androgen) increases in proportion to the activity of the granulosa cell aromatase system.
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this function (Baird, 1977; Tsang et al. 1979). Subcellular mechanisms mediating its control
have yet to be elucidated. By analogy with the testicular Leydig cell (Catt & Dufau, 1978), the
primary membrane effector interaction is assumed to stimulate cyclic AMP synthesis and
initiate the sequence of events (cyclic AMP->protein phosphorylation -+?) which lead up to
the stimulation of rate-limiting steroidogenic enzymes, including those involved in
cholesterol side-chain cleavage (Simpson, 1979).
The role of LH is well illustrated by experiments done on sheep. In this species, episodic

pulsatile fluctuations in circulating LH levels occur throughout the oestrous cycle. The
frequency ofpulsatile LH discharge from the pituitary gland increases as the follicular phase
progresses (Baird, 1978). Each pulse of LH is followed by a rise in the rate of
androstenedione (and oestradiol: see below) secretion into the venous drainage of the ovary
which bears the dominant follicle(s) (Baird, 1977). Pulsatile gonadotrophin secretion also
occurs in women, although it is less pronounced and a similar cause-effect relationship has
yet to be shown (Yen, 1978).
Granulosa cells are unable to synthesize important amounts of androgen compared with

the theca (McNatty, Makris, De Grazia et al. 1979; Tsang et al. 1979). This is due to an
apparent deficiency in C21 steroid 17:20 lyase activity (Short, 1962). On the other hand,
those recovered from fully mature, Graafian follicles have a highly active androgen
aromatase system (Hillier, van den Boogaard, Reichert & van Hall, 1980a,6). Increases in
granulosa cell aromatase activity are correlatedwith preovulatory follicular maturity (Fig. 4).
The induction or activation of the granulosa cell aromatase system is controlled by FSH

(Dorrington, Moon & Armstrong, 1975; Armstrong & Papkoff, 1976; Erickson & Hsueh,
1978; McNatty & Baird, 1978; Moon, Tsang, Simpson & Armstrong, 1978; Hillier, van den
Boogaard, Reichert & van Hall, 1980a). Subcellular mechanisms involved in aromatase
induction are poorly defined (Dorrington & Armstrong, 1979). Elevation of the intracellular
cyclic AMP level brought about by follicle-stimulatinghormone seems to be involved (Fig. 5).
The theca cannot be excluded as a site of follicular oestrogen formation. Thecal tissue

dissected from FSH/LH-stimulated human follicles has all the enzymes required for
oestrogen biosynthesis from exogenous acetate in vitro (Ryan et al. 1968). And the theca of
large and small antral follicles recovered at all stages of the human menstrual cycle produced
small but significant amounts of oestrogen when cultured in vitro (McNatty, Makris, De
Grazia et al. 1979). Thus it is possible that the theca in its own right is an important source of
intrafollicular oestrogen, particularly at early stages of development when the aromatase
system of the granulosa cell layer is not (fully) active.
Indeed the primary site of follicular oestrogen formation may be a species-specific variable

(Ryan, 1979). In the mare, the release of labelled oestrogen into the ovarian vein after
follicular fluid instillation was thought to be too slow to consider this compartment an
important source of secreted oestrogen (see the studies reviewed by Edwards, 1974). Thus
Younglai & Short (1970) concluded that the theca interna was the major site of follicular
oestrogen formation in the preovulatory equine follicle. In the Rhesus monkey, surgical
removal of the granulosa cell layer from the preovulatory follicle had no marked effect on the
concentration of oestrogen in the venous effluent from the 'active' ovary. Between 5 and
120 min after surgery the level fell by only approximately 13%, whereas it promptly fell to a
low level when the whole follicle (complete with the theca) was removed (Channing &
Coudert, 1976). However, experiments on ewes bearing an ovarian autotransplant to the
carotid-jugular circulation provided apparently conclusive evidence that a 'two-cell type,
two gonadotrophin' mechanism is operational in the preovulatory ovine follicle (Baird,
1977). Thus the infusion of serum containing high titre anti-androgen antibodies into the
ovarian artery inhibited the episodic secretion of oestradiol into the jugular vein which
otherwise occurred in response to endogenous LH pulses. Assuming that the antiserum had
neutralized extracellular androgens, it was concluded 'that androgens synthesized by the
theca interna or stroma leave the cell and traverse the extra-cellular space and basement
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Fig. 4. Increases in granulosa cell aromatase activity associated with preovulatory follicular maturation
during the rat 4 day oestrous cycle. Granulosa cells were isolated from the largest follicles present in both
ovaries on dioestrus I, dioestrus II and pro-oestrus. Each group comprised four animals which had shown
at least two consecutive 4 day cycles immediately prior to sacrifice. Fifty-six follicles (500-600 pm in
diameter) yielding a total of 3-5 x 106 granulosa cells were obtained from the dioestrous I animals; 47
(600-800 pm) yielding a total of 5-9 xlO6 granulosa cells from the dioestrous II animals; and 32
(700-1000 pm) yielding a total of 61 x 106 granulosa cells from the pro-oestrous animals. The cells were
suspended in Medium 199 containing 01% bovine serum albumin and incubated as 1 ml portions
(containing 0-21 x 106 to 0-33 x 106 cells/ml) for 3 h (37 °C) in the presence and absence of 1-0 x 10"7 mol
testosterone/1. Oestradiol-17 (3 accumulating in the medium was measured by radioimmunoassay and is
shown as the production rate/1-0 x 106 cells in the presence of testosterone (O). De-novo oestradiol-17p
biosynthesis was not measurable on any day of the cycle in the absence of exogenous testosterone. Each
value is the mean result from a triplicate incubation. The s.e.m. (not shown) was <5% in all cases. (Data
redrawn from Hillier, van den Boogaard, Rcichcrt & van Hall, Journal of Endocrinology 84, 409-419,
19806.)

membrane before being converted to oestrogens under the influence of FSH'. A similar
mechanism had been proposed for the porcine follicle (Bjersing, 1967), and it was
experiments with isolated rodent follicular tissues (Makris & Ryan, 1977; Armstrong et al.
1978) which prompted the formulation of the current 'two-cell type, two gonadotroph^'
theory.

Oestrogen formation as a correlate of the preovulatory follicle
The oestrogen-secretory function of the dominant follicle is critically dependent on adequate
stimulation by LH. It coincides with the period of rapid preovulatory growth during the
second half of the follicular phase of the cycle (Baird & Fraser, 1974, 1975). There is a
sustained progressive rise in the plasma LH level and a corresponding decline in the level of
FSH during this phase (Yen, 1978).
The primary requirement for FSH is at an earlier stage(s) of follicular development when

the gonadotrophin acts on the granulosa layer to stimulate cell proliferation, antrum
formation, the aromatase enzyme system, and membrane-associated LH receptors (Hillier,
Zeleznik, Knazek & Ross, 1980) (see below).
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Fig. 5. Effects of FSH and pharmacological stimulants of intracellular cAMP levels on the aromatization
of testosterone by rat granulosa cells in vitro. Granulosa cells were isolated from the ovaries of intact 27-
day-old rats which had been pretreated with oestrogen (a silicon elastomer tubing capsule, 10mm long,
internal diameter 1-575 mm, external diameter 3-175 mm, packed with crystalline diethylstilboestrol and
placed subcutaneously 6 days before sacrifice) to stimulate granulosa cell proliferation. The cells were
suspended in culture medium (Medium 199 and 5% calf serum) and dispensed into replicate culture dishes
(8 0 x 105 cells/culture dish). They were cultured (48 h at 37 °C) in 2 ml medium (final volume) containing
1 -0 x 10 ~ 7 mol testosterone/1 and varying concentrations of human (h) FSH (LER-8/116) (•), hFSH and
10xl0~4mol l-methyl-3-isobutylxanthine/l (O), cholera toxin (CT; A), or 8 bromo-cAMP (A).
Oestradiol-17p in the spent culture medium was determined by radioimmunoassay and expressed as the
amount produced/1 0 x 106 cells in the original inoculum. Each value is the mean result from a
quadruplicate incubation. The s.e.m. (not shown) was <10% in all cases. Note in particular the increased
sensitivity to hFSH in the presence of l-methyl-3-isobutylxanthine, a phosphodiesterase inhibitor (S. G.
Hillier & L. E. Reichert, Jr, unpublished results).

There is indirect in-vitro evidence that the granulosa cell layer is the primary site of
oestrogen formation in the human preovulatory follicle (Hillier, van den Boogaard & van
Hall, 1980ft; Hillier et al. 1981). Thus in-vitro measurements of the aromatizing capacity of
thecal tissue and granulosa cells harvested from oestrogen-secreting follicles showed that
approximately 99-9% of the total follicular aromatizing capacity was located in the
granulosa cells (Fig. 6). In vitro, the aromatase activity of granulosa cells from the
preovulatory follicle was shown to be several orders of magnitude greater than that of cells
from the non-ovulatory follicles in either ovary. And for follicles ^5 mm in diameter (up to
and including the preovulatory follicle which was between 21 and 28 mm in this series) there
was a 97% positive linear correlation between granulosa cell aromatase activity and the
concentration of oestrogen in follicular fluid.
It is not known if rates of granulosa cell androgen aromatization observed in vitro reflect

those which occur in vivo. Androstenedione and testosterone are normally present in
follicular fluid at a concentration ratio approximating 10:1 (McNatty, 1978). Each is present
in the preovulatory follicle at a concentration known to drive the aromatase reaction
maximally in vitro (Hillier et al. 1981). But a large fraction of this steroid may be bound to
proteins in the fluid and unavailable for aromatization (McNatty, 1978). However, to
accumulate in the antral fluid, substances produced by the theca must traverse the lamina
basalis and granulosa cell layer. Presumably there is a concentration gradient across the
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Fig. 6. Comparison between the aromatase activities of granulosa and theca cells isolated from the
oestrogen-secreting follicle in a human ovary. Collagenase-dispersed theca cells (theca interna plus theca
externa) (triangles) and mechanically isolated granulosa cells (also treated with collagenase as a control)
(circles) were incubated separately at varying concentrations for 3 h (37 °C) in 1 ml medium (Medium 199
and 01% bovine serum albumin) containing 10xl0~7mol testosterone/1. Oestradiol-17p (solid
symbols) and oestrone (open symbols) production from exogenous testosterone were determined by
radioimmunoassay. Each value is the mean result from a triplicate incubation. The S.E.M., not shown, was
either < 10% or did not exceed the size of the symbol. The ovary was obtained from a 35-year-old woman
undergoing unilateral ovariectomy during surgical correction of tubal infertility: the operation was
performed during the late follicular phase of the current cycle. The follicle studied was the 'dominant'
follicle: it was 26 mm in diameter and yielded 50 x 106 granulosa cells; the follicle wall, after isolation of
the granulosa cells, weighed 132mg and yielded 3-8 x 106 theca cells; follicular fluid aspirated before the
dissection contained 3-33 pg oestradiol-17(l/ml. (Data taken in part from Hillier, Reichert & van Hall,
Journal of Clinical Endocrinology and Metabolism, 1981, In press.)

granulosa cell layer such that the cells in the parietal layer are exposed to the highest
concentration of aromatase substrate. These cells are in close contact with the extensive
network of blood vessels which encapsulates the lamina basalis in the preovulatory follicle
(Reynolds, 1973), and they may have the highest capacities for aromatization. Cytochrome
P-450 was only detectable in the peripheral granulosa cell layer during a histochemical study
of the preovulatory rat follicle (Zoller & Weisz, 1978).
Stromal and/or interstitial tissue may be an important supplementary source of the

androgen which is aromatized in the follicle (Savard, Marsh & Rice, 1965), but there is
evidence that androgen production occurs locally at a rate which is closely tuned to that of its
aromatization by the granulosa cells. It has been suggested that a local feedback interaction
(granulosa on theca) may be involved (Hillier, van den Boogaard & van Hall, 1980a).
Oestrogens, other steroids, and/or non-steroidal factors produced by granulosa cells could
mediate this process.
The long-loop feedback of follicular oestrogen on pituitary LH release also effects a local

co-ordination of thecal androgen production. In the ewe, this dynamic feedback results in a
gradual increase in the frequency of pulsatile LH discharge (Baird, 1978). In women, it gives
rise to a gradual rise in the integrated peripheral LH level: the importance of pulsatile events
per se has not been defined (Yen, 1978). The response to small increments in the circulating
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LH level (pulsatile or otherwise) is presumably amplified at the follicular level by the local
blood supply. The development of the thecal vasculature is a correlate of advanced stages of
preovulatory follicular development (Reynolds, 1973) and is most conspicuous in the
dominant follicle(s). Each unit increment in the amount ofLH delivered to the theca causes a
corresponding increase in its rate of aromatizable androgen production. This serves to
increase the rate ofoestrogen formed by the granulosa cells as reflected in an increased rate of
oestrogen secretion into the ovarian vein (Baird, 1977). The rising peripheral level of
oestrogen further increases the rate of LH discharge by the pituitary gland which further
stimulates the follicle, and so on.
This interaction breaks down when the mid-cycle LH surge starts (Moor, 1974).

Experiments with laboratory animals have shown that a shift in preovulatory follicular
steroidogenesis occurs: androgen and oestrogen production decline while the production of
progesterone increases (e.g. Ahren, Hamberger, Hillensjo, Nilsson & Norderstrom, 1979;
Saidapur & Greenwald, 1979). In the human ovulatory follicle, follicular fluid levels of
androgen and oestrogen decline abruptly and that of progesterone rises sharply (McNatty,
1978). The surge of LH stimulates the luteinizing granulosa cell layer to produce
progesterone (Channing, Thanki, Lindsey & Ledwitz-Rigby, 1978), but it is not certain at
which level(s) it acts to inhibit the biosynthesis of androgen and oestrogen (Leung &
Armstrong, 1980). It may act on the theca to cause a lesion in the enzymic pathway of
androgen biosynthesis. It is unlikely, but cannot be excluded, that the initial decline in
oestrogen formation is due to a direct effect ofLH on the granulosa cell aromatase systemper
se (Hillier et al. 1981).

Oestrogen formation as a determinant of the preovulatory follicle
Oestrogens act locally to regulate follicular responses to gonadotrophins (Hisaw, 1947). In
the immature rat ovary, oestrogen stimulates preantral follicular growth and reduces atresia.
It stimulates granulosa cell proliferation and hence the FSH-receptor content of the growing
follicle (Goldenberg, Vaitukaitis & Ross, 1972; Louvet & Vaitukaitis, 1976); sensitizes the
FSH-stimulable adenyl cyclase system of the granulosa cell membrane; and is required for
FSH to induce the appearance of granulosa cell LH receptors (Richards, 1980).
Conversely, androgens, the substrate for aromatase, antagonize the stimulatory effects of

oestrogens on early stages of follicular development and promote atresia (Hillier, Zeleznik et
al. 1980).
Cause-effect relationships involving local actions of sex steroids cannot be examined in

women. But there is indirect evidence to suppose that they operate in the human follicle
(Ross & Lipsett, 1978). Measurements of antral fluid sex steroid levels during the menstrual
cycle have associated the highest levels of oestrogen and the lowest androgen/oestrogen
concentration ratios with the healthiest and most advanced growing follicles (McNatty,
Moore-Smith et al. 1979). Absolute and relative (to androgen) intrafollicular oestrogen
levels correlate with the androgen aromatizing capacity of the granulosa cells (Hillier et al.
1981). Thus factors which underlie the activation and modulation of this interfollicular
variable may influence the selection of the preovulatory follicle(s).
The selection of the dominant follicle is usually apparent by about 1 week after the onset of

menses (Goodman, Nixon, Johnson & Hodgen, 1977). Morphologically it can be identified
as the largest non-atretic follicle. Biochemically it is the follicle with the highest follicular
fluid oestrogen level (Baird & Fraser, 1974), the lowest follicular fluid androgen/oestrogen
concentration ratio, and which yields granulosa cells with the highest capacity for androgen
aromatization in vitro (Hillier, van den Boogaard & van Hall, 1980a; Hillier, van den
Boogaard, Reichert & van Hall, 1980a; Hillier et al. 1981).

The preovulatory follicle probably emerges from a cluster of follicles which have attained
a size ^4 mm diameter by the start of the follicular phase of the cycle in which it will ovulate
(Block, 1951; McNatty, Moore-Smith et al. 1979). The plasma level of FSH is raised during
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this phase of the cycle (Yen, 1978). The optimal development and function of the
preovulatory follicle is dependent upon adequate stimulation by FSH during this stage of its
life-cycle (Ross & Lipsett, 1978).
It is not understood why only one (or rarely two) follicle actually progresses to the

preovulatory stage and goes on to ovulate. Concepts of pituitary control derived from
gonadotrophin therapy suggest that interfollicular differences in gonadotrophin respon-
sivitymay be involved. Brown (1978) has collated evidence to show that each of the potential
preovulatory follicles which are present at the beginning of the menstrual cycle has a
'threshold' beyond which it must be stimulated by FSH if it is to complete its maturation. By
initiating the therapy with a low daily dose of FSH and gradually raising it at 4-9 day

Fig. 7. Stimulation by follicle-stimulating hormone of preovulatory follicular maturation: the 'threshold'
phenomenon. Brown (1978) proposed that the ovary has a threshold requirement for FSH below which
follicular maturation, as judged by oestrogen production, does not occur. During ovulation induction by
gonadotrophin therapy, he showed that increasing a sub-threshold dose of FSH by a factor of 10-30%,
causes normal rates of follicle stimulation, while further increases cause excessive stimulation (i.e. the
maturation of more than one follicle). In this example, the response of a 23-year-old oligomenorrhoeic
woman was monitored by daily 24 h urinary oestrogen (•) analyses during the follicular phase, and by
oestrogen and pregnanediol (open bars) analyses during the luteal phase. A human pituitary
gonadotrophin preparation was injected daily (f.) at doses containing the FSH equivalents shown.
Starting at 75 i.u. FSH/day, the dose was raised by 25-50 i.u. every 4-9 days until a dose (250 i.u.
FSH/day: only 25% greater than the penultimate dose) was achieved which induced menstrual bleeding
(<—>•). After 7 days at this dose there was a progressive daily rise in oestrogen production, consistent with the
maturation of a single preovulatory follicle. Ovulation followed by normal luteal activity (based on
oestrogen/pregnanediol excretion) was induced by administering human chorionic gonadotrophin
(HCG) at the doses and on the days indicated. Brown emphasized that different women have different
threshold requirements for FSH. In some cases increments as small as 10% beyond the sub-threshold dose
were effective, with excessive stimulation occurring in the 10-25% increment range. He likened the
follicular response to FSH 'to an off-on switch which operates as the FSH levels exceed the threshold'.
(Redrawn with permission from Brown, Evans, Adey, Taft & Townsend, Journal of Obstetrics and
Gynaecology of the British Commonwealth 76, 289-307, 1969.)
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intervals, a dose is achieved which exceeds the threshold requirement of the most sensitive
follicle. At this dose, the responding follicle undergoes complete preovulatory maturation
and can be ovulated by exogenous human chorionic gonadotrophin (Fig. 7). Interfollicular
requirements for FSH operate within very narrow ranges. The effective dose need only be
10—30% greater than the penultimate dose in the regimen. Brown pointed out that this
increment agrees well with the elevation in the circulating FSH level which occurs early in the
normal cycle.
This hypothetical threshold may be set by one or more variables such as (1) local blood

supply which would regulate the differential delivery of gonadotrophin to each follicle, (2)
follicular cell numbers and/or gonadotrophin receptor numbers/cell which would determine a
differential gonadotrophin uptake and affect the amplification of the response elicited, or (3)
intrafollicular levels of substances which modulate gonadotrophin action which would
establish a differential sensitivity to a fixed amount of gonadotrophin.
The induction or activation of the granulosa cell aromatase enzyme system is likely to be

the 'switch' (Brown, 1978) which is thrown when the threshold level of FSH stimulation is
exceeded. The thecal response to tonic stimulation by LH may prime the potential
responders with low levels of oestrogen (McNatty, Makris, Osathanondh & Ryan, 1980),
but the responding follicle would be the first to aromatize thecal androgen at a rate sufficient
to elevate its oestrogen level and further sensitize its granulosa cells to FSH. At this point, its
destiny as the ovulatory follicle in that cycle may be secured.

A role for intrafollicular polypeptides in the modulation of aromatase induction?
Ovarian follicular fluid contains low molecular weight polypeptides which modulate
gonadotrophin effects on follicular cells in vitro (Channing, 1979). Porcine follicular fluid
contains a factor (estimated mol. wt <2000) known as oocyte maturation inhibitor (OMI)
because it acts to keep the oocyte in the arrested dictyate state in vitro (Tsafriri & Channing,
1975). It also inhibits FSH-stimulated cyclic AMP production by granulosa cells from small
porcine follicles (Channing, Hillensjo & Schaerf, 1978). Another factor, apparently a
polypeptide, has been identified in the 500-1000 mol. wt fraction from bovine (Darga &
Reichert, 1978) and human (Daume, Chari, Hopkinson & Sturm, 1979; Chari, Duraiswami,
Sturm & Daume, 1980) follicular fluid. This inhibits the binding of FSH to granulosa cells in
vitro, apparently via an interaction with the receptor itself or with a receptor-related
membrane domain (Darga & Reichert, 1978). A similar factor is present in human serum;
therefore the follicular origin of the so-called FSH binding inhibitor (FSH-BI) is not certain
(Reichert, Sanzo & Darga, 1979). Channing (1979) has speculated that OMI and FSH-BI
may act on granulosa cells through a common mechanism. But the active principles have yet
to be isolated in a pure form so their physiological role in the control of follicular function
has not been assessed. Preliminary experiments have shown that FSH-BI (LER-2093)
inhibits the induction by FSH of rat granulosa cell aromatase activity in a dose-dependent
manner in vitro (S. G. Hillier & L. E. Reichert, Jr, unpublished observation).
Ying & Guillemin (1979a) have reported on the extraction of a polypeptide fraction

(mol. wt <3500) from rat ovaries treated with pregnant mare serum gonadotrophin
(PMSG) and from spent rat granulosa cell culture medium. This material, designated
'gonadocrinin', was shown to be hypophysiotrophic in vivo and in vitro. Its stimulatory effect
on gonadotrophin production by isolated pituitary cells was inhibited by a competitive LH
releasing hormone (LH-RH) analogue-antagonist. The active principle is a polypeptide
thought to contain about 32 amino-acid residues (Ying & Guillemin, 1980). In-vitro
hypophysiotrophic activity was also associated with acid-ethanol extracts of bovine
follicular fluid (mol. wt <10 000) (de Jong, Welschen, Hermans, Smith & van der Molen,
1979).
These new developments may rationalize the puzzling direct inhibitory effects of the

hypothalamic decapeptide LH-RH and its competitive analogue-agonists on follicular
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function. These include (1) inhibition of PMSG-(Ying & Guillemin, 19796) and FSH-
(Hsueh, Wang & Erickson, 1980) induced folliculogenesis in hypophysectomized rats, (2)
inhibition of the induction by FSH of rat granulosa cell aromatase activity and progestagen
biosynthesis in vivo and in vitro (Hsueh & Erickson, 1979; Hsueh et al. 1980) and (3)
inhibition of the induction by FSH of rat granulosa cell LH receptors in vivo and in vitro
(Hsueh et al. 1980). These effects constitute a pharmacological property of the hypothalamic
decapeptide since its concentration in the peripheral circulation is extremely low (see
Miyake, Kawamura, Aono & Kurachi, 1980, and the literature cited). However, LH-RH
and some of its analogues bind with high affinity to specific receptor sites in ovarian tissue,
including granulosa cells (Clayton, Harwood & Catt, 1979; Pieper & Marshall, 1980), and
the extrapituitary effects of LH-RH are abolished by competitive analogue-antagonists
(Hsueh & Ling, 1979).
The studies of Ying & Guillemin (1979a, b, 1980) suggest that the ovary produces an

endogenous LH-RH-like ligand(s). Until the active principle is purified and its intrafollicular
level correlated with follicular function we can only speculate on its physiological role.
Meanwhile experiments using LH-RH as a surrogate for this principle may be instructive.
The results of an experiment designed to probe its effect on the induction by FSH of
aromatase activity in cultured rat granulosa cells are shown in Fig. 8. The FSH-aromatase
dose-response curve is right-shifted in proportion to the concentration of LH-RH added to
the medium. Taking the 50% maximal response as an arbitrary 'threshold' response (see
above), it may be seen that the level of FSH required to attain this threshold is modulated by
LH-RH. Studies are underway to determine if this intriguing interaction has a physiological
counterpart in the developing follicle.
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Fig. 8. Effect of LFI releasing hormone (LH-RFI) on the induction by FSFI of rat granulosa cell aromatase
activity in vitro. Granulosa cells were isolated from the ovaries of 27-day-old rats which had been
pretreated with oestrogen as described in the legend of Fig. 5. The cells were cultured (4-5 x 105
cells/culture dish) for 48 h in the presence of 1 0 x 10 ~ 7 mol testosterone/1 and varying concentrations of
human (h) FSH (LER-8/116) (O), hFSH plus 1 x l(T9mol LH-RH/1 (A), hFSH plus 1 x l(T8mol
LH-RH/1 (•). or hFSH plus 10 x 10" 7 mol LH-RH/1 (□). Oestradiol-17pin the spent culture medium
was determined by radioimmunoassay and expressed as the amount produced/1 Ox 106 cells in the
original inoculum. Each value is the mean result from a quadruplicate incubation. The S.E.M., if larger than
the symbol, is indicated by a vertical bar (S. G. Hillier & L. E. Reichert, Jr, unpublished results).
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abstract. The aims of the present studies were to deter¬
mine the number, size range, health, and steroidogenic activities
of antral follicles in normal human ovaries during the luteal
phase of the menstrual cycle. Steroidogenic activity was assessed
from the levels of androstenedione, testosterone, and estradiol
in follicular fluid and the levels of extant and FSH-stimulable
aromatase activity and FSH-stimulable progestin synthesis in
the granulosa cells. Data for luteal phase ovaries were compared
to those obtained for ovaries from the late follicular phase.

On average, 94% (range, 70-100%) of the luteal phase follicles
(Sl mm diameter) were atretic as assessed by oocyte viability
and granulosa cell number. The largest healthy follicles during
the mid- to late luteal phase were 4-4.5 mm in diameter; these
contained high levels of aromatizable androgen (500-2000 ng/

ml), low levels of estradiol (<10 ng/ml), and granulosa cells with
an extant level of aromatase activity 200 times lower than that
in a preovulatory follicle. Based on these biochemical criteria,
healthy (luteal phase) follicles were not distinguishable from
atretic follicles. Granulosa cells from the luteal phase follicles
were responsive to FSH with respect to progesterone and estra¬
diol biosynthetic activity; the aromatase system in the cells from
the mid- to late luteal phase follicles was significantly more
responsive to FSH than that in cells from late follicular or early
luteal phase follicles (P < 0.05).

These data suggest that the number of healthy luteal phase
follicles (Si mm diameter) available for subsequent preovulatory
development is limited. (J Clin Endocrinol Metab 56: 1022,
1983)

ALTHOUGH the corpus luteum (CL) is a dominantl feature of the human ovary during the luteal phase
of the menstrual cycle, numerous antral follicles may
also be present on either the luteal or contralateral ovary
or both (1, 2). Remarkably little is known about the
incidence of follicular atresia in luteal phase ovaries. It
has been reported that only a small proportion of follicles
are cystic {i.e. devoid of granulosa cells) and that the
level of steroidogenesis in follicular tissue is low com¬
pared to that in the CL (3-5). Gougeon (6) has estimated
that a human follicle takes about 25 days to grow from a
small antral structure to preovulatory size, and the larg¬
est nonatretic follicle at the onset of menstruation is

reported to be about 4 mm in diameter with high tissue
levels of estradiol and/or androstenedione and testoster¬
one (7). Taken together, these findings suggest that
healthy antral follicles of limited steroidogenic compe¬
tence should be present in luteal phase ovaries.
In recent studies on human ovaries, follicular health
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has been assessed on the basis of granulosa cell number
and oocyte viability (7). In addition, healthy follicles
have been identified as those containing a high level of
estradiol and/or a low androgen to estrogen ratio in
follicular fluid, and in some cases by a certain level of
extant or FSH-stimulable aromatase activity in the gran¬
ulosa cells (8-10).
The aims of the present studies were to identify the

number, size range, health, and steroidogenic activities
of antral follicles in normal human ovaries during the
luteal phase of the menstrual cycle. The health of the
various follicles was determined by counting the number
of granulosa cells in each follicle and subjectively assess¬

ing the viability of the oocyte. Validation of the subjective
criteria used for assessing oocyte viability was sought by
incubating the oocytes with tritiated amino acids and
then comparing the stage of oocyte maturation at the
end of culture with the amount of labeled amino acid

incorporated into new protein. Steroidogenic activity in
the individual ovarian follicles was assessed from the
levels of androstenedione, testosterone, and estradiol in
follicular fluid and the levels of extant and FSH-stimul¬
able aromatase and progesterone biosynthetic activities.
Collectively, the findings for luteal phase ovaries were
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compared to those obtained for ovaries from the late
follicular phase.

amounts of progesterone (i.e. ovaries devoid of a CL, LUF, or
preovulatory follicle) were defined as inactive.

Materials and Methods

Reagents

Medium 199 containing either Hank's or Earle's salts, Hepes
buffer (25 mM), and L-glutamine (0.68 mM) as well as Ham's
F-10 medium with L-glutamine were obtained from Microbio¬
logical Associates (Bethesda, MD) or Gibco Europe (Glasgow,
Scotland, United Kingdom). Calf serum (standing herd) and
the antibiotics were also from Microbiological Associates. BSA
fraction V was from Fluka AG (Buchs, Switzerland). Medium
A (for short term studies or dissection of tissues) was composed
of Medium 199 with Earle's salts supplemented with 0.1% (wt/
vol) BSA, penicillin (50 IU/ml), and streptomycin (50 /ig/ml).
Medium B (for 48-h cell culture) was Medium 199 with Hank's
salts and supplemented with calf serum (5% vol/vol), penicillin
(50 IU/ml), streptomycin (50 jug/ml), and additional glutamine
(2 mM). Medium C (for oocyte culture) consisted of Ham's F-
10 medium with L-glutamine supplemented with 20% (vol/vol)
calf serum (heat inactivated), sodium pyruvate (0.55 mg/ml),
penicillin (50 IU/ml), and streptomycin (50 gg/ml). [17/3-
2,4,6,7-3H]Estradiol (SA, 104 Ci/mmol), [l,2,6,7-3H]testoster-
one (83 Ci/mmol), [l,2,6,7-3H]androstenedione (99 Ci/mmol),
[la,2a(n)3H]progesterone (46 Ci/mmol), and [3H]amino acid
mixture consisting of equal quantities by activity (200 /iCi/1
mCi mixture) of L-[4,5-3H]leucine (138 Ci/mmol), L-[4,5-3H]
lysine (75 Ci/mmol), L-[2,3,4,5,6-3H]phenyl alanine (125 Ci/
mmol), L-[4,5-3H]proline (101 Ci/mmol), and L-[2,3,4,5-3H]
tyrosine (88 Ci/mmol) were purchased from the Radiochemical
Centre (Amersham, United Kingdom). Radiochemical purity
of the steroids was checked by Sephadex LH-20 (Pharmacia,
Uppsala, Sweden) column chromatography. The tritiated
amino acid mixture was used without further purification.
The human FSH used was hFSH, LER-8/116 containing

900 IU FSH/mg and 6 IU LH/mg. The LH activity of the
hFSH preparation was selectively reduced by treatment with
a-chymotrypsin (11). Testosterone was purchased from the
Sigma Cheical Co. (St. Louis, MO).

Source of tissue

Whole ovaries were obtained from 16 endocrinologically
normal young women (aged 27-37 yr) undergoing unilateral
ovariectomy during surgical correction of tubal infertility (12).
The stage of the menstrual cycle was assessed from the date of
the onset of the previous menstrual period, daily basal body
temperature readings, and daily plasma levels of progesterone
and estradiol from 1 or 2 days before surgery to the day of
surgery. The levels of progesterone and estradiol in plasma
were also measured on the day after surgery; these postsurgical
data were useful in determining whether the excised ovaries
were the major sources of the aforementioned steroids. Details
of the subjects and tissues studied are given in Table 1. Ovaries
containing progesterone-secreting tissue [i.e. a CL, a luteinized
unruptured follicle (LUF), or preovulatory follicle] were defined
as active whereas ovaries not containing tissue secreting large

Isolation of follicular fluid, oocytes, and granulosa cells

The ovaries were placed in ice-cold Medium A immediately
after excision and transferred to the laboratory within the next
5-10 min. Gross morphological features were then recorded.
Thereafter, all antral follicles greater than or equal to 1 mm
diameter and CL or luteinized follicles were dissected from each

ovary and placed in Petri dishes (Greinier BV, Alphen a/d Rijn,
The Netherlands) containing fresh Medium A. The diameter
of each dissected follicle was measured and then, under a

stereomicroscope (10-40X magnification), a small slit was
made in the follicle wall to allow expulsion of the antral fluid.
The fluid was aspirated through a finely drawn-out Pasteur
pipette (taking care not to aspirate either the oocyte or clumps
of granulosa cells) into a centrifuge tube and centrifuged at
9000 X g for 5 min. The supernatant was collected for storage
at —20 C until the measurement of steroid levels by RIA as
described below. Most of the granulosa cells, and in some cases
the oocytes, were freed from the walls of the collapsed follicles
by flushing approximately 1-2 ml Medium A into the follicular
cavity. Residual adhering cells were removed by gentle scraping
with a platinum wire loop.
The oocytes in their surrounding cumulus cell matrices were

located and examined carefully under the dissecting microscope
to determine whether the oocytes contained a nucleus [germinal
vesicle (GV)]. Subsequently, oocytes which could be staged as
GV or degenerate were transferred to a 2-ml polystyrene au-
toanalyzer cup (Technicon Instruments Corp., Tarrytown, NY)
containing 50 g\ Medium C, supplemented with approximately
2.5 X 106 cpm tritiated amino acid. The autoanalyzer cups each
containing a single oocyte cumulus complex were placed in the
upturned lid of a 90 x 15-mm plastic disposable Petri dish
fdled with membrane-filtered (22 ^m) distilled water (2-3 mm

deep). A humid environment around each autoanalyzer cup was
then ensured by using the base of the above 90 x 15-mm Petri
dish as a lid. The oocyte-cumulus cell complexes were then
incubated for 48 h at 37 C in a 99% humid incubator gassed
with 5% C02 in air. After 48 h of culture the oocyte was
mechanically separated from its surrounding cumulus cell ma¬
trix by repeatedly drawing the complex up and down a graded
series of glass micropipettes. Once freed of adhering cells, the
naked oocyte was transferred to a bubble of Dulbecco's PBS
(Microbiological Associates) and classified as mature [polar
body extruded (PB)[ meiotically inactive (intact GV), or as

having resumed but not completed the first meiotic division
(PB not extruded but GV broken down). Oocytes were said to
be degenerating if they showed vacuolization, cytolysis, necro¬
sis, or loss of spherical shape. Once classified each oocyte was
transferred to a new autoanalyzer cup with 50 /d Dulbecco's
PBS and the cups containing either the oocyte or the dispersed
cumulus cells were frozen for subsequent determination of the
amount of radioactivity present in the trichloroacetic acid
(TCA)-precipitable fraction described below.
The numbers of dispersed granulosa cells from each follicle

were quantified by hemocytometer. Thereafter, the cells were
washed in excess Medium A and resuspended in fresh Medium
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Table 1. Summary of subjects and tissues studied

Length of Stage of
Weight of ovary
removed (g)d

Total num¬
Diameter of

Diameter of Number of

Subject Age (yr) menstrual

cycle (d)
LMP" menstrual

cyclei,c

ber of folli¬
cles 3d mm

diameter

largest folli¬
cle (mm)

largest
healthy folli¬
cle (mm)c

healthy
follicles
31 mm

1 29 21-35 26 ML 9.42 (a) 11 6.0 4.0 2
2 39 28 LL 9.90 (a) 30 8.2 4.5 3
3 29 28-30 20 ML 23.10 (i) 29 30.0 0
4 30 28 11 LF 5.86 (i) 2 3.5 0
5 27 28-30 20 ML' 4.99 (i) 8 4.0 0
6 37 28 20 ML 10.25 (i) 8 6.5 0
7 33 28-30 20 ML 7.50 (i) 21 9.5 0
8 33 28 19 ML 11.50 (a) 10 10.0 0
9 32 28 18 EL' 14.96 (a) 13 6.0 5.5 4
10 31 28 12 LF 15.70 (a) 30 24.0 24.0 2
11 33 28-32 23 EL 23.00 (i) 47 16.0 4.0 3
12 29 30 15 EL 11.60 (i) 11 9.5 6.0 1
13 34 28 14 EL 8.01 (a) 13 7.5 0
14 29 25-28 20 EL 12.50 (a) 14 10.0 0
16 31 28 10 LF 44.20 (i) 12 9.0 0
18 31 28 12 LF 8.50 (i) 4 4.0 0

° From day of surgery after start of the last menstrual period (LMP).
6 LF, late follicular; EL, early luteal; ML, midluteal; LL, late luteal.
c Based on plasma estradiol and progesterone levels before and after surgery, daily basal body temperature readings, presence or absence of a

CL or LUF as well as LMP.
d (i), Inactive ovary not containing a CL, LUF, or preovulatory follicle, (a), Active ovary containing a CL, LUF, or preovulatory follicle (see

Materials and Methods).
' Healthy follicle adjudged on the basis of granulosa cell number for a given diameter (7) and whether or not the oocyte was free of degenerative

change at 40-100X magnification.
'Excised or contralateral (in situ) ovary contained a LUF with no evidence of a CL.

A and/or B. Cells in Medium A were tested for their ability to
synthesize estradiol from added testosterone substrate during
a 3-h incubation period (the aromatase assay). The optimiza¬
tion of this assay (i.e. effect of cell number, length of incubation
time, and substrate concentration on the reaction rate) has
been reported elsewhere (10). Replicate 0.5-ml portions of each
cell suspension were pipetted into 10 x 100-mm polystyrene
tubes (Falcon 5052, Falcon Plastics, Los Angeles, CA). Testos¬
terone, the aromatase substrate, was added in a further 0.5 ml
Medium A (final concentration 1.0 x 10"7 m). The aromatase
assay was also carried out in the presence of hFSH (100 ng/
ml). All incubations were in triplicate under conditions identi¬
cal to those described (10). Control incubations (no testosterone
added) were also subjected to the same procedures. Blank
estrogen values obtained for the controls (which were uniformly
low) were substracted from the corresponding values for incu¬
bations in the presence of testosterone. Aromatase activity was

expressed as estrogen production (nanograms) per follicle (i.e.
total population of granulosa cells recovered for that follicle)/
3 h. In addition to studying aromatase activity in granulosa
cells over a 3-h period, 48-h cultures were also undertaken.
Replicate monolayer cultures of granulosa cells were estab¬
lished (initial inoculum, ~1.0 x 105 cells) in 2 ml Medium B
using Multiwell (35 x 10 mm) plastic dishes (Greinier BV,
Alphen a/d, Rijn, The Netherlands). Testosterone and/or
hFSH were included in the medium as appropriate. All 48-h
incubations were carried out at 37 C in a humidified incubator
which was gassed with a 5% C02 in air mixture. For both the

3- and 48-h studies, the media were collected, centrifuged, and
the supernatants stored at —20 C until assayed for estradiol
and progesterone. Cell monolayers were fixed with Smearfix
(Raymond A. Lamb, London, United Kingdom), stained with
Giemsa's stain, and examined under the light microscope.

RIA of steroids in incubation medium and follicular fluid

Progesterone and estradiol were measured individually in
unextracted Media A and B as described previously (10, 13).
Androstenedione, testosterone, and estradiol were measured
individually in ether extracts of follicular fluid. Follicular fluid
(0.01-10 yuleq diluted in 100 ^1 PBS, pH 7.4) was extracted with
1 ml diethyl ether (Baker Analyzed Reagent, J. T. Baker
Chemical Co., Phillipsburg, NJ) and the extracts were assayed
for the various steroids as previously reported (10). Details
regarding specificity of antisera for progesterone, testosterone,
and estradiol have been reported elsewhere (10, 13, 14). The
antisera against androstenedione were raised in a rabbit against
androst-4-ene-3,17-dione-7a-carboxyethyl thioether conju¬
gated to BSA. Major cross-reactions were as follows: andros¬
tenedione, 100%; androsterone, 46.3%; 5a-androstene-3,17-
dione, 50%; testosterone, 37%; progesterone, 0.4%; and estra¬
diol and estrone were both less than or equal to 0.001%.

Progesterone and estradiol in serum (100 /d) were also meas¬
ured in ether extracts as described above. All assays were

performed in duplicate or triplicate and the inter- and intraas-
say precision for each steroid was less than 15%.
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Measurement ofprotein synthesis in oocytes and cumulus cells

The contents from the autoanalyzer cups containing either
the isolated oocyte or cumulus cell complexes, which had pre¬

viously been incubated in the tritiated amino acid mixture (see
below), were transferred to a 1.2 ml conically shaped plastic
ampoule at 4 C. Then 50 jd of a cold (4 C) solution of BSA
(5%) in distilled water (wt/vol) and 100-/d solution of TCA
(10%) in distilled water (at 4 C) were added sequentially and
the contents were vortexed, allowed to stand for 20 min at 4 C,
then centrifuged for 15 min at 1000 x g in a refrigerated (0-4
C) centrifuge. The resulting supernatant was discarded and the
pellet was redissolved in 50 pi formic acid. A further 1 ml 10%
TCA was added, the contents vortexed, then allowed to stand
for another 20 min at 4 C, after which time the samples were
centrifuged and the supernatant was discarded as before. The
pellet was redissolved and treated as described above on two
further occasions. Finally, the ampoules containing the pellets
free of supernatants were cut with a scalpel blade so that the
tips of the conical tubes supporting the precipitates were sep¬
arated from the remainder of the tubes. The tip plus precipitate
were transferred to a glass scintillation vial, 1 ml Soluene-350
(Packard Instruments Co., Downers Grove, IL) was added, and
the contents were allowed to stand overnight at room temper¬
ature. Ten milliliters of scintillation liquid (Picofluor-15, Pack¬
ard) were then added and the level of radioactivity was deter¬
mined in a scintillation counter.

Statistical procedures

Unless otherwise stated, the raw data or log-transformed
data were subjected to analysis of variance (ANOVA). When
significant, individual t tests were done to compare pairs of
means using the mean square error from the ANOVA.

rupture site was dissected from the excised ovary. The
center of this structure also contained a pale yellow fluid
in which an oocyte was not sighted. The plasma levels of
steroid before and after ovariectomy were, respectively,
6.1 ng/ml (progesterone), 103 pg/ml (estradiol), 0.6 ng/
ml (progesterone), and 26.1 pg/ml (estradiol). The con¬
centrations of progesterone and estradiol in the cyst fluid
from patient no. 9 were, respectively, 7568 and 44 ng/ml.
The ovaries from patients 5 and 9 containing a LUF
were classified as the active ovaries whereas the contra¬

lateral ovaries devoid of luteal tissue were classified as

inactive.
In the luteal phase ovaries, the number of antral

follicles (3=1 mm diameter) per ovary varied from 8-47
(mean = 17) with 94% (202/2i5) of the follicles adjudged
atretic in terms of granulosa cell number and oocyte
viability. During the early, mid- and late luteal phases
the respective mean (range) numbers of healthy follicles
per ovary were 1.6 (0-4), 0.3 (0-2), and 3 (only 1 ovary
studied). And with the exception of 1 ovary during the
early luteal phase, no 2 healthy follicles in any ovary
were identical in size. The distribution of follicles with

respect to follicle size and stage of the menstrual cycle is
shown in Fig. 1. Despite the presence of large sized antral
follicles in some luteal phase ovaries the respective di¬
ameters of the largest nonatretic follicles were relatively
small. No obvious differences in follicle numbers were

apparent between active (CL or LUF) and inactive (no
CL or LUF) ovaries. The ovaries with the lowest number
of antral follicles (3=1 mm diameter) were the inactive

Results

Follicular data

Twelve of the ovaries were from women in the luteal

phase of the menstrual cycle and four were from women
in the late follicular phase (Table 1). Two of the women
were considered to have a LUF rather than CL. In patient
no. 5 (Table 1), no luteal tissue was found on the excised
ovary but a reddish looking (~40 mm diameter) luteal
body was sighted in the contralateral ovary in situ. The
luteal body was spherical in appearance with no obvious
rupture site and 22 ml of clear yellow fluid (reminiscent
of follicular fluid) was recovered from its antrum. The
fluid was examined without success for the presence of
an oocyte. The plasma levels of progesterone and estra¬
diol before surgery were 2.30 ng/ml and 165 pg/ml,
respectively, whereas on the day after surgery the re¬
spective concentrations of the above steroids were 0.15
ng/ml and 26.6 pg/ml. The concentrations of progester¬
one and estradiol in the cyst fluid were 2560 and 39 ng/
ml, respectively. In patient no. 9 (Table 1), a luteal-like
spherical body (25 mm in diameter) without an obvious
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Fig. 1. Distribution of follicles with respect to follicle diameter and
stage of menstrual cycle. #, Nonatretic follicle; O, atretic follicle; LF,
late follicular phase; EL, ML, and LL, early, mid-, and late luteal phase,
respectively. The number of follicles shown for each stage of the cycle
were obtained from the following numbers of ovaries: LF, n = 4; EL, n
= 5; ML, n = 6; LL, n = 1.
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Table 2. 3H-labeled amino acid (cpm) incorporated into protein dur¬
ing 48-h culture of human oocyte-cumulus cell complexes.

Maturational

change in oocyte
appearance

[3H]amino acid incorporated into
protein No. of ob¬

servations
In oocytes In cumulus cells

GV -> deg 413°,c 42942 31

(287, 596) (26297, 70123)
GV —» GV 638c,d 67169 35

(460, 872) (49772, 90644)
GV -> GVg 1608"«d 74681 14

(1128, 2291) (35925, 155251)
GV —» PB 26T 39417 3

(54, 1268) (2437, 637621)
deg deg 143w 29987 8

(57, 358) (11906, 75531)

Results are expressed as geometric means with 95% confidence limits
indicated in parentheses. GV, GV oocytes; GVg, GV oocytes which
appear healthy looking; GV deg, GV oocytes which appear to be
degenerating; deg, oocytes without a recognizable GV and that have
the appearance of a degenerative structure; PB, oocytes which appear
to be healthy and contain a polar body. No healthy looking oocytes
were observed as having undergone GV breakdown without the for¬
mation and extrusion of a PB (7). The oocyte cumulus complexes were
recovered from all the patients listed in Table 1.

Numbers with same superscript are significantly different from
one another (P < 0.01).

ovaries during the late follicular phase (Table 1); no
healthy antral follicles were observed in these ovaries.

10000:

— 1000:

ANDROSTENEDIONE & TESTOSTERONE

t t

~1 2 3 A 5 6 7 8 9 10 11 12 ^20 30 AO

Follicle diameter (mm)

1000

3 A 5 6 7 8

Follicle diameter (mm)

-H H
10 11 12 20 30 AO

Fig. 2. Concentrations of androstenedione plus testosterone (A4 + T)
and estradiol (E2) in individual follicles from human ovaries

Protein synthesis in oocyte cumulus cell complexes

These data are summarized in Table 2. Individual

oocytes were cultured with their cumulus cell matrices
intact. The number of cumulus cells around each oocyte
was not quantitated. When the amounts (counts per min)
of tritiated amino acid incorporated into protein in the
various cumulus cell matrices devoid of their oocytes
were determined, no significant differences were appar¬
ent with respect to the stage of oocyte maturation at the
end of 48-h culture (Table 2). However, the GV stage
oocytes which were healthy at the end of culture incor¬
porated significantly more [3H]amino acid into protein
than did the oocytes which underwent degeneration or
GV breakdown (P < 0.01) (Table 2).

Steroid levels in follicular fluid

These data for luteal and late follicular phase ovaries
are summarized in Fig. 2.

during the luteal (A4 + T, A; E2, B) and late follicular (A4 + T, C; E2,
D) phases of the menstrual cycle. The individual follicles were recovered
from all the ovaries referred to in Table 1. O, Atretic follicle from
inactive ovary; •, atretic follicle from active ovary (i.e. one containing
a CL, LUF, or preovulatory follicle); A, healthy follicle from inactive
ovary; A, healthy follicle from active ovary; □, fluid from a luteinized
unruptured follicle.
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Androgens. In the luteal phase ovaries the concentrations
of the aromatizable androgens [androstenedione + tes¬
tosterone (A4 + T) ] ranged between 7-2400 ng/ml with
83.2% of the values between 200-2000 ng/ml. No obvious
differences were found between values in healthy or
atretic follicles or between active or inactive ovaries. At
each stage of the luteal phase the mean concentrations
of A4 -I- T in follicular fluid were similar to one another
(early luteal, A4 + T = 775 ± 60 ng/ml, 81 follicles;
midluteal, A4 + T = 752 ± 57 ng/ml, 78 follicles; late
luteal, A4 + T = 625 ± 99 ng/ml, 29 follicles), but overall,
the A4 + T concentrations during the luteal phase were
significantly lower than those during the late follicular
phase (luteal phase, A4 + T = 735 ± 28 ng/ml; late
follicular phase, A4 + T = 1150 ± 97, 45 follicles; P <
0.001).
The ratio of A4/T was relatively constant as the cycle

progressed from the late follicular to late luteal phase
although there was less testosterone relative to andro¬
stenedione during the midluteal phase compared to the
early luteal phase (Table 3).
Estradiol. In the luteal ovaries, the estradiol levels ranged
between 1-500 ng/ml with 85% (n = 188 follicles) of the
values being less than 10 ng/ml). No obvious differences
were found between healthy or atretic follicles or between
active or inactive ovaries. Overall, the ratio of aromatiz¬
able androgen to estrogen was very high during the luteal
phase (Table 3). Indeed, no individual healthy or atretic
follicle (n = 188) during the luteal phase had an andro-
gen-estrogen ratio less than unity.
In the late follicular phase ovaries, the estradiol levels

ranged between 1-2800 ng/ml although 80% (n = 85
follicles) of the values were less than 10 ng/ml and only
2 were in excess of 500 ng/ml (Fig. 2). The 2 follicles
with high estrogen levels were present in one ovary; 1 of
the follicles was severely deficient in granulosa cells and
contained a degenerating oocyte whereas the other (with

the highest estrogen level) was the presumptive preovu¬

latory follicle.

Granulosa cell aromatase activity
The levels of extant aromatase activity in granulosa

cells from individual follicles from either the late follic¬
ular or luteal phase ovaries are shown in Fig. 3. Since
the total number of granulosa cells in each follicle was
known, estrogen production was expressed as nanograms
per total number of granulosa cells (follicle)/3 h. We
reasoned that this would provide a better indication of a
follicle's capacity to produce estradiol than relating pro¬
duction to a uniform number of cells/3 h.
No obvious differences in granulosa cell aromatase

activity were noted in cells from active or inactive ova¬
ries. The only exception noted was for cells obtained
from the preovulatory follicle. In this instance, aroma¬
tase activity was 10-100,000 times higher than that ob¬
served in all other follicles.

Only 5 (~4%) of the follicles contained granulosa cells
capable of producing more than 10 ng estradiol per
follicle/3 h; 4 out of these 5 were atretic follicles from
the early luteal phase and the other was the preovulatory
follicle. The level of extant aromatase activity in granu¬
losa cells from healthy mid to late luteal phase follicles
was less than 5 ng estradiol/follicle-3 h and therefore at
least 200 times less than that present in cells from the
preovulatory follicle.
In healthy follicles, there was a significant correlation

between granulosa cell aromatase activity and follicular
diameter; for all healthy follicles (late follicular and
luteal phase), this relationship could be expressed by the
equation y = 21.55x2 — 15.24x + 2.15 (r = 1.00; P < 0.01)
whereas for the cells from luteal phase (healthy) follicles,
the relationship could be expressed by the equation y =
1.16x2 — 0.76x + 0.19 (r = 0.74; P < 0.05). In both cases

y = the amount of estradiol produced per follicle (nano-

Table 3. Ratio of androstenedione to testosterone (A4/T) and of A4 + T to estradiol (E2) at different phases of the menstrual cycle

Steroid ratio
Phase of menstrual cycle

LF EL ML LL

A4/T All follicles
No. of observations

A4/T Healthy follicles
No. of observations
A4 + T/E2 All follicles
No. of observations
A4 + T/E2 Healthy follicles
No. of observations

10.4 (8.0, 13.5)
40
39.7

1

174 (112,270)iwi
40
0.5
1

7.6 (6.3, 9.2)"
81
6.3
3

74 (54, 104)w
81

89.7
3

12.3 (10.1, 15.0)°
78
8.7
1

384 (276,534)«
78

673
1

9.6 (7.1, 13.2)
29

13.5
3

354 (206,608W
29

548
3

Results are geometric means (±95% confidence limits); n, number of follicles examined. LF, Late follicular; EL, early luteal; ML, midluteual;
LL, late luteal. Numbers with same superscript are significantly different from one another.

a.b.c.ejp < o.OL
* P < 0.05.
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Fig. 3. Extant granulosa cell aromatase activity in late follicular (4
ovaries studied) or luteal phase ovaries (12 ovaries studied) with respect
to follicular diameter. On the y-axis, estradiol per follicle represents
estradiol production per total number of granulosa cells recovered from
individual follicles. ■, Granulosa cells from atretic follicles from an
active ovary in the late follicular phase; □, granulosa cells from atretic
follicles from an inactive ovary in the late follicular phase; G, cells
from a preovulatory follicle during the late follicular phase; ▲, cells
from healthy follicles from active ovary during the luteal phase; A, cells
from healthy follicles from inactive ovary during the luteal phase; •,
cells from atretic follicle from an active ovary during the luteal phase;
O, cells from atretic follicle from an inactive ovary during the luteal
phase. For definition of active and inactive ovaries see Materials and
Methods.

grams)/3 h and x = follicular diameter (mm). For atretic
follicles no significant correlations were found between
granulosa cell aromatase activity and follicular diameter
during the follicular and/or the luteal phase.

Granulosa cell aromatase activity: responsiveness to tes¬
tosterone and FSH with respect to the stage of the men¬
strual cycle

During the late follicular phase, granulosa cells had a

high capacity to metabolize testosterone to estradiol
(median, 26.0 ng/106 cells-48 h; range, 3.0-200.0 ng/106
cells-48 h; data from 6 follicles from 2 ovaries) in the
absence of added FSH. By contrast, during the luteal
phase, the cells had only a low capacity to metabolize
testosterone to estradiol (median, 0.9 ng/106 cells-48 h;
range, <0.03-8.0 ng/106 cells-48 h; data from 71 follicles
from 9 ovaries. No significant change in extant levels
of aromatase activity was recorded between the early,
mid-, and late luteal phases. The amount of estradiol
produced by granulosa cells in the presence of FSH plus
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Fig. 4. Index of granulosa cell responsiveness to FSH in vitro is the
ratio of amount of estradiol produced by human granulosa cells (50-
200 x 103 cells) cultured for 48 h in the presence of 10-7 M testosterone
plus 100 ng/ml hFSH divided by the amount of estradiol produced by
the same cells (50-200 x 103 cells) in the presence of 10~7 M testosterone
alone. Values shown represent geometric means ± 95% confidence
limits. The values at each stage of the cycle refer to the mean for all
follicles tested (numbers in parentheses). During the late luteal (LL)
phase all follicles were obtained from one ovary. During the late
follicular (LF) and early (EL) and mid- (ML) luteal phases, the follicles
studied were obtained from two, three, and five ovaries, respectively.
Values with the same superscript are significantly different from one
another.a,d, P < 0.01; b,c, P < 0.05 (ANOVA on log-transformed data).

testosterone relative to that produced by the same cells
in the presence of testosterone alone provides 1 index of
the responsiveness of granulosa cells to FSH in vitro
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Table 4. Effect of testosterone (1 X 10-7 m), FSH (100 ng/ml), and
testosterone plus FSH on progesterone production by granulosa cells
recovered during the luteal or follicular phase of the menstrual cycle

Hormones added to the culture medium

Stage of menstrual
cycle (n)

Control Testos¬
FSH

Testos-

terone
+ FSH

Luteal phase (74) 2.6 ± OA** 3.6 ± 0.2c,d 10.5 ± 2.0°,c 15.0 ± 3.5M
Late follicular phase 5.0 ± 2A'J 7.3 ± 2.7s 13.2 ± 3.0' 13.7 ± 2A'-"

(8)
Results are expressed as mean ± 1 sem (nanograms per 106 cells/48 h). n,

Number of individual follicles tested. During the luteal phase, the follicles were
obtained from 10 ovaries (early luteal, 3 ovaries; midluteal, 6 ovaries; late luteal,
1 ovary) and during the late follicular phase, the follicles were obtained from 3
ovaries. Values with same superscript are significantly different from one another.

P < 0.01.
'** P < 0.05.

(Fig. 4). The granulosa cell aromatase response to exog¬
enous FSH was significantly greater during the mid- (P
< 0.05) and late luteal (P < 0.01) phases compared to
the responses elicited during the late follicular and/or
early luteal phases of the menstrual cycle (Fig. 4).

Granulosa-cell progesterone secretory activity

The 48-h culture of granulosa cells from follicular or
luteal phase follicles in the presence of FSH but not
testosterone stimulated an increase in progesterone out¬
put above that seen in the control cultures (P < 0.05)
(Table 4). The addition of testosterone with FSH did not
enhance progesterone output above that seen with FSH
alone. A significant correlation existed between the out¬
puts of both progesterone and estradiol by granulosa
cells exposed to FSH plus testosterone. The correlation
existed for both healthy and atretic follicles during either
the luteal or follicular phases of the menstrual cycle. For
all follicles (n = 99) the relationships between estradiol
and progesterone production by granulosa cells could be
expressed by the equation y = 18.1x2 — 0.12x (r = 0.93;
P < 0.01) where x = estradiol output in nanograms per
106 cells/48 h and y = progesterone output in nanograms
per 106 cells/48 h.

Discussion

The present findings confirm the results of earlier
studies (1, 2) which showed that large numbers of antral
follicles (2=1 mm diameter) are not an uncommon feature
of luteal phase ovaries in women despite the presence of
a CL or a LUP. In swine (15), sheep (16, 17), and cattle
(18), it has been reported that the ovary bearing the CL
(i.e. the active ovary) has a greater level of follicular
development than the contralateral nonluteal ovary (i.e.
the inactive ovary). Our findings suggest that an asym¬

metry in follicular activity due to the presence or absence
of a CL does not occur in human ovaries during the early
and midluteal phases. However, definitive evidence on

this point requires an analysis of both ovaries from each
woman.

These studies provide direct evidence that the number
of nonatretic antral follicles during the mid- to late luteal
phase of the menstrual cycle is low (0-3 per ovary) and
that their diameters are relatively small (<5 mm) com¬

pared to the other (atretic) follicles which may be pres¬
ent. From the levels of sex steroids in follicular fluid and
the levels of extant aromatase activity in the granulosa
cells, it was not possible to distinguish any biochemical
differences between healthy and atretic follicles. High
levels of estradiol and a low estradiol-androgen ratio in
follicular fluid are a characteristic of preovulatory folli¬
cles (10, 13, 19) and of individual healthy antral follicles
greater than 5 mm diameter (20). The present study
shows that the nonatretic antral follicles between 1-5
mm in diameter contain high levels of aromatizable
androgen in follicular fluid (50-3000 ng/ml), low levels
of estradiol (<10 ng/ml), and granulosa cells with low
levels of extant aromatase activity under in vitro condi¬
tions (<5 ng/follicle-3 h). The methodology employed to
measure aromatase activity in granulosa cells would not
permit the detection of conjugated forms of estradiol.
Therefore, it is possible that differences might exist
between the granulosa cells of healthy and atretic folli¬
cles in their ability to generate conjugated forms of
estradiol in the presence of substrate. Despite this reser¬
vation, the present data may be interpreted to suggest
that small human ovarian follicles acquire high levels of
androgen before they develop a capacity to enrich their
microenvironment with estradiol.
The viability and metabolic activity of an oocyte is

related, at least in part, to its level of contact with
adjacent somatic cells. Although the involvement of the
somatic cells in facilitating the entry of amino acids into
the oocyte remains unresolved, there is good evidence to
suggest that certain nucleosides and lipid precursors may
enter the oocyte via its adjacent cumulus cells (21). In
the present study the levels of amino acid incorporation
into the cumulus cells of cultured oocyte cumulus cell
complexes were high regardless of the stage of oocyte
maturation at the end of culture. Nevertheless, signifi¬
cantly higher levels of amino acid were incorporated into
healthy GV stage oocytes than into those adjudged de¬
generate or as having undergone GV breakdown. These
results go some way toward justifying the subjective
assessment of oocyte viability when classifying follicles
as healthy or atretic. But, although granulosa cell number
and oocyte viability are useful parameters to use when
judging the health of a follicle, we suggest that biochem¬
ical markers other than sex steroid levels in follicular
fluid and aromatase enzyme activity are required to aid
in the classification of small antral follicles (22, 23).
As stated previously, granulosa cells from luteal phase
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ovaries had uniformly low levels of extant aromatase
activity (i.e. compared to those present in a preovulatory
follicle). Nevertheless, granulosa cells from mid- to late
luteal phase ovaries were significantly more responsive
to FSH in terms of aromatase activity than cells from
either the early luteal or late follicular phase of the cycle.
Presumably this difference in responsiveness was due, at
least in part, to the declining levels of FSH in plasma
and follicular fluid as the menstrual cycle progresses
from the late follicular to the late luteal phase (3, 24). In
healthy but not atretic follicles, a significant positive
correlation was found between extant aromatase activity
in granulosa cells and follicular diameter. And, in healthy
follicles, high levels of androstenedione and testosterone
are present, indicating that aromatase substrate is not
limiting the ability of follicles to synthesize estrogen.
Collectively, therefore, these data support the notion that
at the onset of menstruation, the best developed folli-
cle(s) (i.e. in terms of granulosa cell number for a given
diameter) is the one most likely to be recruited by FSH
for subsequent preovulatory development since the larger
the follicle is, the more rapid the acquisition of estrogen
biosynthetic activity (Fig. 4) (Table 3).
In studies on human ovaries, Hillier et al. (10) showed

that the level of granulosa cell aromatase activity in the
dominant (preovulatory) follicle during the late follicular
phase is 10- to 1000-fold higher than that in adjacent
follicles in the same ovary. The marked dominance of
the preovulatory follicle is confirmed by the results of
the present study. Moreover, we report that the domi¬
nance of the preovulatory follicles extends to the contra¬
lateral ovary; after examination of three inactive late
follicular phase ovaries, no healthy antral follicles (>1
mm diameter) were found.
In several mammalian species, testosterone has been

shown either alone or with FSH to augment progesterone
production by granulosa cells in vitro (25). In the present
studies, neither testosterone nor testosterone plus FSH
increased progesterone production above the levels
achieved, respectively, in the control or FSH-treated
cultures. Perhaps any stimulatory effect of testosterone
on progesterone production by human granulosa cells in
vitro is masked by the high levels of androgen to which
the cells are previously exposed to in vivo (Fig. 1). Pos¬
sible potentiating effects of testosterone on progesterone
production by human granulosa cells may need to be
examined in cells at much earlier (preantral?) stages of
differentiation, i.e. before the cells are exposed to high
local concentrations of androgen in vivo.
In conclusion, our studies suggest that only a small

number of the luteal phase antral follicles are nonatretic
(0-4 per ovary) and that the largest of these during the
mid- to late luteal phase are less than 5 mm in diameter.
Although these small nonatretic follicles contain high

levels of aromatizable androgen and low levels of both
estradiol in follicular fluid and extant aromatase activity,
the membrana granulosa contained a very responsive
FSH-stimulable aromatase system.
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Gonadotropic Control of Human Granulosa Cell
Function: In Vitro Studies on Aspirates of

Preovulatory Follicles
'S.G. Hillier, T.C.M. Trimbos-Kemper, *Leo E. Reichert, Jr.,

and E.V. Van Hall

Department of Obstetrics and Gynaecology, Leiden University Medical Centre,
2333 AA Leiden, The Netherlands; and *Department of Biochemistry, Albany Medical College

of Union University, Albany, New York 12208

Characteristic alterations in the sex steroid profile of follicular
fluid precede ovulation (1). They reflect gonadotropin-controlled
changes in follicular cell functions which may be causally related to
final stages of preovulatory oocyte maturation (4). To obtain informa¬
tion on gonadotropin-responsive steroidogenic processes in the human
preovulatory follicle, we have examined granulosa cells and follicular
fluid in aspiration biopsies from the ovaries of tubal-surgery patients.

MATERIALS AND METHODS

Eight preovulatory follicles were studied, all patients having given
their informed consent. RIA measurements of circulating 178-estradiol
(E), progesterone (P) and LII were used to stage the ovarian cycle (3)
(Table 1), Seven of the follicles were aspirated during laparotomy; an
eighth after resection of the ovary which contained it (patient XXIX
who underwent unilateral salpingo-oophorectomy). A hypodermic syringe
needle (1.0-1.7mm internal diameter) connected to a hand-held 5-ml
syringe via a short length of plastic tubing was used to collect the
biopsy. After the initial aspiration, the follicle was refilled with
Ringer's lactate solution and reaspirated. Follicular fluid was centri-
fuged and stored frozen (-20°C) for subsequent measurements of E, R,
and androstenedione (A) by RIA (3). Granulosa cells were collected,
washed and counted. Sometimes it was necessary to disperse granulosa
by treatment (approximately 15 min at room temperature) with hyaluroni-
dase (230 U/ml). Accumulations of E and P (RIA) in granulosa cell
incubation medium were used as indices of iji vitro steroidogenic capaci¬
ty. To determine extant activity, replicate granulosa cell suspensions
(0.1-1.4 x 104 cells/0.5 ml) were incubated for 3 h at 37°C in medium

Ipresent address: Institute of Obstetrics and Gynaecology, Hammersmith
Hospital, Ducane Road, London W12, England.
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TABLE 1.

HUMAN GRANULOSA CELL FUNCTION

Details of follicular aspiration biopsies

Patient Day of
Cycle

Follicle

diam(mm)

4
Granulosa cells (x 10 ):
Recovered Incubated®

XVII 11 *■ 20 32 1.1
XV111 11 * 20 6 1.4
XXV11 12 19 17 0.8
XXIX 12 25 550b 0.5
XXXI 12 17 18 0.8

XXX111 9 > 20 2 0.1
XXXV 12 o 20 4 0.2
XL1V 12 > 20 24 0.3

a
0.5-ml incubate

^From resected ovary (patient underwent unilateral salpingo-oophorectomy)

_7
199 supplemented with 0.1% BSA. Testosterone (T) (10 M) was added to
the incubate as an aromatase substrate (3). Depending on cell yield,
incubations were also set up in the presence of hFSH (LER 8/116, 50-75
ng/ml), hLH (LER 960, 30ng/ml) and hCG (CR 119, 30ng/ml), respectively.
If *24 x 104 granulosa cells were obtained, another series of incubat¬
ions was set up in culture dishes to assess longer-term gonadotropin
effects on steroidogenesis. The culture medium (199) was supplemented
with insulin (5yg/ml) and calf serum (5%). After 48 h at 37°C, cell

2000-1

1600-

1200-

S

800-

400-

I I aspirated

E3 scraped from follicle wall

□ aspirated + scraped (1:1)

J. r*.

5
y

A
control hFSH hLH

FIG. 1. BASAL AND GONADOTROPIN-STIMULATED P PRODUCTION BY GRANULOSA
CELLS OBTAINED FROM A HUMAN PREOVULATORY FOLLICLE (PATIENT XXIX). THE
ACTIVITIES OF CELLS RECOVERED BY ASPIRATION AND THOSE SCRAPED FROM THE

FOLLICLE WALL ARE SIMILAR. (MEAN AND SE, N = 4.)
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monolayers were rinsed with fresh medium 199 (3x1 ml) and reincubated
for 3 h at 37°C in 0.5 ml medium containing 10"^ M T (2). The medium
was taken for E and P assays, and cell numbers in the trypsinized mono¬
layer were determined with a hemocytometer.

RESULTS AND DISCUSSION

As few as 1000 granulosa cells (per incubate) were adequate for
measurements of extant steroidogenic activities in vitro (Tables 1 and
2). A high aromatase activity (30-498 ng E/10® cells/3 h) coupled with
a high follicular fluid E level (1.5-3.Oyg/ml) and a high E:A concen¬
tration ratio ( >>1) confirmed the preovulatory status of each follicle
(3). Those aspirated during the mid-cycle LH surge had significantly
higher follicular fluid P levels (»3.6yg/ml) and yielded granulosa
cells proportionately more active in P biosynthesis (*141 ng P/10® cells/
3 h) than those punctured beforehand (<0.9yg/ml, and <45 ng/10® cells/3
h). In all cases, basal rates of P biosynthesis were stimulated several-
fold by the presence of hLH or hCG, and to a lesser extent by hFSH. This
is illustrated in Fig. 1. Since in this case the whole follicle was
available for study, granulosa cells in the aspirate were compared with
those scraped from the follicle wall after dissection (3). P biosyn¬
thesis by the two preparations was similar. Aromatase activity was also
comparable: aspirated cells 141; scraped, 147; mixture, 158 (ng E/10®
cells/3 h). Therefore, aspirated granulosa cells seem to express in
vitro steroidogenic properties which reflect those of the follicular
granulosa cell complement as a whole.

When aspirated granulosa cells were cultured for 48 h in the absence
of exogenous gonadotropin, their aromatase activity declined to a
fraction (<20%) of that present initially (3 experiments). However,
the presence of hLH, hCG or hFSH in the medium substantially ameliorated
this decline (Fig. 2). Under the same conditions, basal rates of P

TABLE 2. Follicular fluid steroid levels and in vitro

granulosa cell steroidogenesis

Steroid concn in Granulosa cell
? LH surge follicular fluid steroidogenesis
started® (yg/ml) (ng/10® cells/3 h)b

EPA Ec P

XVII +/-d 1.7 4.1 0.12 498 141

XV111 + 2.0 5.7 0.62 152 374
XXV11 - 3.0 0.9 0.76 100 <13
XXIX + 1.5 6.3 0.02 141 439
XXXI - 2.4 0.7 0.33 30 < 7

XXXI11 - 1.8 0.6 0.97 119 <45

XXXV + 1.8 5.9 0.11 119 795

XL1V + 1.7 3.6 0.53 146 732

®Serum LH *25 mU/ml
bFreshly isolated cells
c10"7 M T present as aromatase substrate
^Preoperative blood specimen not available
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aspirate
48-h culture

FIG. 2. GONADOTROPIN EFFECTS ON P PRODUCTION AND AROMATASE ACTIVITY IN
HUMAN GRANULOSA CELL MONOLAYERS. EXTANT ACTIVITIES OF THE FRESHLY
ASPIRATED CELLS (100%) ARE COMPARED WITH THOSE OF CELLS CULTURED FOR
48 H IN THE PRESENCE OR ABSENCE (C) OF GONADOTROPIN. (MEAN AND SE, N =
4, OR RANGE OF DUPLICATES).

biosynthesis (which did not alter markedly in the absence of
gonadotropin) were markedly increased by culture in the presence of hLH
or hCG and to a lesser extent hFSH (Fig. 2).

These findings show the potential which studies of follicular
aspiration biopsies can have. In particular, they highlight the primary
dependence of preovulatory granulosa cell function on LH. Besides
stimulating P biosynthesis in the merabrana granulosa and aromatase sub¬
strate production by the theca interna, LH may also act directly on the
granulosa cells to sustain the activity of their aromatase system. These
events may contribute to the intrafollicular control of final stages
of oocyte maturation (5-6).
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During the past 10 years much progresshas been made in identifying the mech¬
anisms by which the gonadotropic hor¬
mones, follicle-stimulating hormone (FSH)
and luteinizing hormone (LH), regulate the
maturation of the ovarian follicle. However,
in monotocous species, such as humans and
many other primates, a major problem
remains unsolved: the elucidation of the
mechanism by which a single follicle is
selected to mature during each cycle. This
article provides a working hypothesis de¬
scribing the selection of the preovulatory
follicle. It is based on the wealth of

knowledge regarding hormonal control of
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ovarian function in infraprimate species
together with recent studies performed in
humans and nonhuman primates.

Characteristics of
Follicular Growth

The morphologic and cellular events that
underlie folliculogenesis are addressed ex¬
tensively in an earlier symposium in this
series.' Figure 1 summarizes the salient
features of this process. Primordial follicles
are formed during embryonic development
and perhaps for a short time after birth.
They are characterized by an oocyte sur¬
rounded by a single layer of flat granulosa
cells. By mechanisms that are not at all
understood, folliculogenesis commences
with the transformation of granulosa cells to
a cuboidal shape. This process, accompa¬
nied by the initiation of oocyte growth,
results in the formation of a primary follicle.

Clinical Obstetrics and Gynecology, Vol. 27, No. 4, December 1984
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PRIMORDIAL PRIMARY PREANTRAL

FIG. 1. Stages of mammalian folliculogenesis.

Follicular growth progresses with prolifera¬
tion of granulosa cells and growth of the
oocyte, resulting in the formation of a

secondary (or preantral) follicle. Such fol¬
licles are characterized by four to five layers
of granulosa cells, a fully grown oocyte and
the early beginnings of the theca cell layer.1
The final stages of folliculogenesis involve
the maturation of the large preantral into a

fully mature (tertiary) preovulatory follicle.
The process of follicular growth to the

preantral stage can occur in hypophysec-
tomized rats,2 indicating that in them this
phase of folliculogenesis may be indepen¬
dent of hypophyseal gonadotropin support.
The role of pituitary gonadotropins in
preantral folliculogenesis has not been
studied extensively in primates. Ovarian
biopsies from women with hypogonado-
tropism associated with Kallmann's syn¬
drome reveal only primordial and primary
follicles,3 whereas ovaries from hypophysec-
tomized rhesus monkeys reveal the presence
of some secondary follicles.4 However, in all
mammalian species that have been studied,
the final stages of folliculogenesis—namely,
the maturation of the large preantral follicle
into a preovulatory follicle—are absolutely
dependent upon FSH and LH stimulation.
The major morphologic and cellular

events that occur during the transformation
of the preantral follicle to the preovulatory
follicle are as follows: 1) acquisition of the
antral cavity; 2) induction or activation of

PREOVULATORY

granulosa-cell aromatase; 3) induction or
activation of enzymes involved in proges¬
terone biosynthesis; 4) induction of LH
receptors on granulosa cells. Studies per¬
formed in rodents show that each of these

developmental changes appears to be con¬
trolled by FSH. Morphologically, the most
obvious change is the acquisition of the
antral cavity. Although the complete details
of antral fluid formation are not known, the
production of proteoglycans by the granu¬
losa cells under the influence of FSH and

possibly LH stimulation plays an important
role in this process.5 At the cellular level,
FSH plays an essential role in three other key
events: In combination with androgens
produced by the theca under LH control,
FSH induces or activates the aromatase

system, which enables the follicle to produce
large quantities of estradiol.6"8 In addition,
FSH increases the activity of enzymes

responsible for progesterone production,9 "
a modification that most likely enables the
follicle to rapidly produce progesterone
following its transformation into a corpus
luteum after ovulation. Finally, FSH in¬
duces receptors for LH on granulosa
cells,11'12 a development that enables the
follicle to ovulate and luteinize in response
to the gonadotropin surge.13
The induction of aromatase has been

studied most extensively in primates. It has
been well documented that this event is
associated with the rising levels of estrogen
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seen in the peripheral circulation before
ovulation.14 Exactly when during the fol¬
licular phase that the maturing follicle
acquires LH receptors on its granulosa cells
is not known; however, numerous studies in
rodents have shown that the induction of
LH receptors and the increase in aromatase
activity occur concomitantly.6'"'15

Regulation of Folliculogenesis
During the Menstrual Cycle

Folliculogenesis is typically considered to
begin during the early follicular phase of the
cycle when a group, or cohort, of follicles is
"recruited" and one follicle from this cohort
is "selected" to mature to the preovulatory
stage. This terminology may be useful in
conceptualizing the ovarian events associ¬
ated with preovulatory follicle growth, but
it fails to describe adequately the entire
process of folliculogenesis since it limits the
focus of attention to one specific period of
the menstrual cycle. We will examine the
entire menstrual cycle and from this analysis
provide a model that presents follicular
maturation as a series of continuous events,

culminating in the genesis of a preovulatory
follicle.

Luteal Phase

The luteal phase of the cycle is characterized
by an absence of preovulatory follicular
growth. Although preovulatory folliculo¬
genesis is arrested during this period, earlier
stages of follicular growth still occur. Thus,
morphologic studies on both human16,17and
rhesus monkey18 ovaries obtained during
the luteal phase demonstrated the presence
of small, nonatretic follicles, suggesting that
folliculogenesis to the early antral stage
occurs during this period. This finding was
confirmed in rhesus monkeys by the demon¬
stration that preantral and early antral
follicles in orporate labeled thymidine into
DNA during the luteal phase."
From studies performed in rodents, it is

well established that this pool of proliferat¬

ing preantral follicles provides a ready and
immediate source of follicles for final
maturation to preovulatory stage under the
influence of pituitary gonadotropins.20 This
also appears to be true in primates. Figure 2
demonstrates that when rhesus monkeys
were treated with exogenous human meno¬
pausal gonadotropin during the luteal
phase, there was a prompt and sustained rise
in serum estradiol levels. Visual examina¬
tion of ovaries during gonadotropin treat¬
ment revealed the presence of numerous
large antral follicles.21 The ovarian response
to exogenous gonadotropin during the lu¬
teal phase was identical to that observed
when treatment was initiated during the
follicular phase in another group of animals
(Fig. 3). The similar responsiveness of the
luteal-phase ovary and the follicular-phase
ovary indicates that the supply of gonado-
tropin-responsive follicles is maintained
throughout the entire cycle.
The aforementioned observations are

consistent with the hypothesis that the
failure of follicles to mature to the preovula¬
tory stage during the luteal phase is largely
due to inadequate gonadotropic stimula¬
tion. This contention is strengthened fur¬
ther by data obtained from in-vitro studies of
granulosa cells from human ovaries re¬
moved at various times in the cycle. Thus, a
striking characteristic of the preovulatory
follicle is the ability of its granulosa cells to
convert androgens to estrogens via the
aromatase complex.8,17 Studies of human
granulosa cells removed from small antral
follicles during the luteal phase have
indicated that these cells have minimal
aromatase activity.17 However, as shown in
Figure 4, when cultured for 48 hours in the
presence of FSH and substrate (testosterone),
these previously quiescent granulosa cells
gain the ability to synthesize estrogens,
presumably via the induction of aromatase.7
Thus it appears that the failure of these
follicles to produce estradiol in vivo is not
due to an absolute defect in cellular

responsiveness but rather to insufficient
exposure to gonadotropins.
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FIG. 2. Serum levels of 17^-estradiol and progesterone from a rhesus monkey treated
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FIG. 4. FSH-stimulable aromatizatiort of testosterone by human granulosa cells isolated
during the early luteal phase of the cycle. Pooled granulosa cells from 4 follicles (6-8
mm in diameter) were incubated as replicate cultures with and without exogenous
substrate (testosterone) and/or hFSH or hCG at the concentrations indicated. The
estradiol concentrations of medium collected at the end of the culture period (48 hours)
are indicated by the vertical bars. (From Hillier et al*~ By permission.)
An important conclusion we make from

these studies is that folliculogenesis is not
totally interrupted during the luteal phase.
Follicles continue to exit the primordial
pool and mature to the preantral and early
antral stages, which ensures a readily
available source of follicles for final matura¬
tion to the preovulatory stage. The failure of
folliculogenesis to proceed to fruition dur¬
ing this period is most likely due to the
restraint of pituitary gonadotropin secretion
mediated by the corpus luteum's secretion of
estradiol and progesterone.22,23
Follicular Phase

As steroid production falls off because of the
demise of the previous cycle's corpus

luteum, there is a rise in serum concentra¬

tions of FSH and LH. Because the process of
preantral folliculogenesis, which is ongoing
during the luteal phase, provides a ready
source of follicles for final maturation to the

preovulatory stage, it would seem to be a
straightforward conclusion that the rise in
serum gonadotropins observed during the
early follicular phase is directly responsible
for the initiation of preovulatory follicular
maturation. However, this is not the case.

Hodgen and co-workers have espoused the
view that, although gonadotropins are
required for preovulatory folliculogenesis,
growth and selection of the preovulatory
follicle can occur without a gonadotropin
increase like the one that is observed
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coincidently with luteal regression. In their
model, a primary site of regulation of the
folliculogenic process occurs within the
ovary, via factors that modulate the follicu¬
lar response to the ambient levels of serum
gonadotropins. The reader is encouraged to
consult recent review articles that present
the data upon which this hypothesis is
based.24,25 We submit that the level and

pattern of serum gonadotropin secretion
throughout the follicular phase are of
paramount importance in the selection of
the preovulatory follicle, and the remainder
of this discussion is based upon this thesis.
Figure 5 illustrates the serum concentra¬

tions of FSH, LH, and estradiol during the
follicular phase of the rhesus monkey
menstrual cycle. The early follicular phase
(6-12 days before the midcycle rise in go¬

nadotropin secretion) is characterized by
low concentrations of estradiol and elevated
concentrations of gonadotropins, particu¬
larly FSH. Approximately 6 days before
ovulation, when the presence of a dominant
follicle can be demonstrated morphologi¬
cally and functionally,26,27 peripheral estra¬
diol levels begin to rise and gonadotropin
concentrations decline. Similar patterns of
gonadotropin and estradiol levels are also
seen during the human follicular phase.28 It
is well known that estradiol, which is a

secretory product of the maturing follicle, is
able to suppress gonadotropin secretion by
its negative feedback effects on the hypotha-
lamic-pituitary axis.29 As suggested by Ross
and co-workers in their original description
of the hormone patterns of the human
menstrual cycle,28 the gonadotropin-sup-
pressing effects of ovarian steroids could
provide a mechanism by which one follicle
restricts the maturation of other follicles, by
reducing gonadotropin concentrations to
the extent that other follicles are not

permitted to undergo gonadotropin-depen-
dent maturation. The problem with this
hypothesis is that the extent to which
gonadotropin levels decline during the
midfollicular phase is often quite small and
highly variable between individuals. It is

not known whether reductions in gonado¬
tropin concentrations of 30-50% would be
sufficient to curtail preovulatory folliculo-
genesis. However, Brown's evidence from 30
years of experience in treating infertile
women with pituitary gonadotropins shows
that the ovary can detect and respond to
changes in serum gonadotropins on the
order of 10—30%.30 Such changes are usually
outside the limits of resolution of conven¬
tional radioimmunoassays.
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We tested the hypothesis that follicular
selection is mediated by estrogen-negative
feedback in rhesus monkeys. The goal of the
first study31 was to prematurely elevate
serum estradiol levels during the early
follicular phase so as tomimic the spontane¬
ous estrogen rise that begins during the
midfollicular phase. We predicted that if a
slight rise in serum estradiol levels is the
signal by which the maturing follicle
inhibits the development of other follicles, a
decline in serum gonadotropin concentra¬
tions and a lengthening of the follicular
phase (indicative of a suppression of

folliculogenesis) could be expected in re¬

sponse to the presence of an artificial
maturing follicle. Figure 6 illustrates the
changes in serum FSH concentrations
observed in response to stepwise subcutane¬
ous insertions of estradiol-filled Silastic

capsules. The shaded areas represent mean
± 1 standard error of FSH and estradiol
levels during a control cycle, and the line
graph illustrates the experimental cycles. A
slight rise in serum estradiol (less than 20
pg/ml) significantly suppressed FSH levels.
Figure 7 illustrates profiles of serum FSH,
LH, estradiol and progesterone in a single
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FIG. 6. Serum levels of FSH and estradiol from rhesus monkeys in which estrogen levels
were elevated artificially during days 3-6 of the follicular phase. The shaded areas

encompass I standard error about the mean for 10 control cycles, during which empty
capsules were inserted on days 3 and 4 and removed on day 6. The line graph illustrates
hormone concentrations in these same 10 animals in the subsequent cycle. During this
cycle one estradiol capsule was inserted on day 3, a second capsule on day 4, and both
removed on day 6, as shown by the block diagram at the base of the figure. (From
Zeleznik.i0 By permission.)
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27d 1 34d

FIG. 7. Hormone profiles from a single rhesus monkey during a control cycle ("left) and
a cycle during which exogenous estradiol was administered during days 3-6, as shown in

Figure 6. (From Zeleznik.}] By permission.)

animal during a control cycle (left) and a

cycle during which exogenous estradiol was
given (right). The length of the control
follicular phase was 12 days. In the
experimental cycle, when estradiol levels
were elevated prematurely on days 3-6, the
follicular phase was extended to 19 days.
Moreover, the interval between the removal
of the estradiol capsules on day 6 and
ovulation was 13 days, a value remarkably
similar to the duration of the control
follicular phase. Results identical to these
were obtained in nine other animals.32
These observations clearly demonstrate

that a premature increment of serum
estradiol can suppress folliculogenesis, and
are entirely consistent with the hypothesis
that estradiol secretion by the maturing
follicle is the primary mechanism by which
follicular selection is achieved. We would
also predict, if the hypothesis is correct, that
interference with the negative-feedback ef¬
fect of estradiol during the midfollicular

phase of the cycle should override the
normal selection process. This, in fact, is
exactly what happens. Figure 8 illustrates
the hormone profile in a cynomolgus
monkey that was treated with estradiol
antibodies to neutralize circulating estra¬
diol. This animal underwent one complete
cycle, as shown on the left of the figure (the
normal luteal phase is not shown). During
the next cycle, one ovary was removed on the
fifth day of the follicular phase and
processed for histologic examination. One
day later, the animal began to receive an
infusion of ovine estradiol antibodies,
which continued for 6 days, as shown by the
shaded area. On the final day of antibody
infusion the remaining ovary was removed.
Serum levels of FSH and LH rose after
unilateral ovariectomy, and these levels were
maintained above baseline during antibody
infusion. Serum estradiol concentrations
rose to values that were three to five times

greater than those normally seen during the
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removed; the shaded
area indicates the
duration of antibody
treatment.

follicular phase. The high level of estradiol
is likely due to a combination of increased
production of the steroid plus binding of
estradiol by the circulating antibodies,
thereby resulting in a reduced rate of
metabolic clearance.

Figure 9 shows histologic sections of the
ovary removed before antibody infusion (left
panel) and the ovary removed during
antibody infusion (right panel). Before
antibody infusion, the largest follicle was 1
mm in diameter; following infusion of
estradiol antibodies there were four large
(3-5 mm) maturing follicles. Additional
passive immunization studies are described
elsewhere.33,34 In view of previous observa¬
tions by others, which demonstrate that a

single follicle matures after unilateral ovari¬
ectomy,24'25 results shown in Figures 8 and 9
demonstrate that interfering with the nega¬
tive-feedback effects of estradiol overrides
the normal selection process. Consequently,

DAY OF CYCLE

it may be concluded that estrogen negative
feedback is the essential component of the
the hypothalamic-pituitary-ovarian axis,
which governs the maturation of a single
ovulatory follicle.
If the selected follicle inhibits the matura¬

tion of other follicles by suppressing
gonadotropin secretion, what are the factors
that enable it to continue maturing in a

gonadotropin milieu that is not sufficient to
support the growth of other follicles? Data
exist in the literature that may provide the
basis for an answer to this question. The
foundation for this hypothesis lies in the
well-described developmental changes the
follicle undergoes during the process of
preovulatory folliculogenesis.
Preantral and early antral follicles possess

FSH, but not LH, receptors on their
granulosa cells and accordingly respond to
FSH, but not LH or hCG, with respect to
cAMP production and steroidogenesis (Fig.
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FIG. 9. Ovarian histologic study before and after in-vivo treatment with estradiol
antiserum. The left panel shows the control ovary (removed at first arrow in Figure 8)
and the right panel shows the experimental ovary (removed at second arrow in Figure 8).

4) 8.13.15 jn respQnse lo pSH stimulation, the
granulosa cells of maturing follicles acquire
LH receptors and aromatase. Thus, granu¬
losa cells from preovulatory follicles possess
both FSH and LH receptors. Further, and
most important, granulosa cells that possess
FSH and LH receptors respond identically
to either hormone with respect to cAMP
production and steroid production.13'35
Moreover, granulosa cell responses lo sub-
maximal levels of FSH and LH may be
additive.35 Extrapolating these in-vitro find¬
ings to the in-vivo state suggests that once a
follicle acquires LH receptors, either FSH or
LH or both hormones together may support
its growth.
These development-dependent changes in

gonadotropin receptors—and, hence, go¬

nadotropin responsiveness—could consti¬
tute the mechanism by which follicular
selection is ultimately achieved. As demon¬
strated in the previous section, the rising
levels of estradiol produced by the maturing
follicle during the midfollicular phase

suppress gonadotropin secretion. Studies in
humans have convincingly demonstrated
that FSH is more sensitive than LH to acute

increases in estradiol.36 Because of the

suppressed FSH levels, no other follicles are
able to continue their FSH-dependent
maturation and do not develop granulosa-
cell LH receptors. In the absence of
sufficient FSH, and without the capacity to
respond appropriately to LH because of a
limited number of LH receptors, these
follicles will ultimately undergo atresia. On
the other hand, the maturing follicle,
having developed the capacity to respond to
LH as well as FSH, may be protected from
the decline in serum FSH by becoming
responsive to LH.
Although, this hypothesis has yet to be

tested directly in vivo in primates, evidence
for the basic premise that granulosa cells
from mature follicles are responsive to both
FSH and LH is shown in Figure 10. In this
study37 granulosa cells were recovered from
ovulatory human follicles and aromatase
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FIG. 10. Effects of FSH and LH in

maintaining aromatase activity of
ovulatory follicle granulosa cells.
Granulosa cells were recovered from an

ovulatory human follicle 12-24 hours
after the onset of the midcycle LH surge.
Aromatase was assessed by incubating an

aliquot of the freshly aspirated cells for 3
hours in the presence and absence of 10'1
M testosterone and measuring estradiol
formation by radioimmunoassay. The
assays were repeated 48 hours later in
aliquots of cells that had been cultured as
monolayers in the absence of
gonadotropin or in the presence of either
FSH or LH. Results are expressed as
mean percent activity (±SEM), relative to
that of the freshly isolated cells.

activity was measured on portions of the
freshly aspirated cells, as well as in cells that
had been cultured for 48 hours in the absence
of gonadotropins, or in the presence of
either FSH or LH. When the cells were

cultured in the absence of gonadotropins,
aromatase activity fell to a small fraction of
that observed in freshly isolated cells.
However, when either FSH or LH was

included in the culture medium, the loss of
aromatase was substantially ameliorated.
Contrast these findings with those shown in
Figure 4, which shows granulosa cells from
less mature follicles. In these cells from
immature follicles, FSH but not hCG (LH)
was able to stimulate aromatase, most likely
because the follicles had not achieved

sufficient FSH stimulation in vivo to result
in the induction of LH receptors. Without
the capacity to respond to LH, these
immature follicles would be extremely
susceptible to reduction of FSH support.
Other factors may also provide advantages

to the maturing follicle. It has been shown
recently in rhesus monkeys that the micro¬
vascular networks surrounding maturing
follicles is at least twice as dense as those

surrounding other less mature antral fol¬
licles, and that this difference appears to
allow preferential exposure of the matur¬
ing follicle to gonadotropins.38 A mecha¬
nism that favors gonadotropin and nutrient
delivery to a single follicle when gonadotro¬
pin levels are declining would provide an
advantage to that follicle. Finally, it has
long been known that estradiol increases the
sensitivity of the follicle to gonadotropic
stimulation.39 40 It is likely that the high
level of estradiol present in the antral fluid
of the maturing follicle would serve to
potentiate the cellular responses to either
FSH or LH.

Summary
In this article we presented the process of
preovulatory follicle growth as a series of
continuous events, which under the appro¬

priate gonadotropin milieu leads to the
formation of a single preovulatory follicle.
The model we propose may be summarized
as follows.

Luteal Phase

During this period follicles continue to exit
the primordial pool and in humans reach a
diameter of 4-5 mm.'7 Follicular growth
does not proceed beyond this stage, due to
the lack of sufficient gonadotropic stimula¬
tion.21 The actions of LH are confined to the
theca cells of the follicle, resulting in the
maintenance of intrafollicular androgen
levels17 that serve both as a substrate41 and
costimutant7,8 of aromatase in the follicles
that receive adequate FSH stimulation.
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Early to Mid Follicular Phase

Upon the demise of the corpus luteum,
gonadotropin levels rise and become suffi¬
cient to initiate granulosa cell differentia¬
tion, with FSH being the primary hormone
for granulosa cell maturation and LH
serving in a "permissive" manner by
maintaining theca-cell androgen produc¬
tion. At this time several healthy follicles
may commence early antral development
and, in humans, grow beyond a diameter of
5 mm. It is likely that this gonadotropin-
responsive population of follicles is distrib¬
uted in such a manner that some follicles are
more sensitive than others. This may result
from such factors as developmental state, or
perhaps even physical factors, such as

proximity to ovarian capillaries, as dis¬
cussed by Brown.30 During the course of
FSH stimulation, granulosa cells in the
most sensitive follicles acquire aromatase,
which enables the LH-dependent thecally
produced androgens to be converted to
estrogens. Although no data are available
from primates, numerous studies in rodents
suggest that LH receptors likely begin to
appear on granulosa cells coincident with
the induction of aromatase.

Mldfolllcular Phase to Ovulation

During this period, follicular "selection" is
achieved. Out of the initial distribution of

gonadotropin-sensitive follicles, one follicle
develops aromatase activity to a sufficient
extent that peripheral estradiol levels begin
to rise. This rise in serum estradiol restrains
FSH secretion. The acquisition of sufficient
LH receptors (in parallel with aromatase
activity) protects the follicle from the fall in
FSH while other less mature follicles, being
able to respond only to FSH, lose their
gonadotropin support and undergo atresia.
As the follicle with the greatest aromatase
activity continues its maturation, peripheral
estradiol levels rise exponentially. This rise
in estradiol results in a further restraint of

gonadotropin secretion with the concomi¬
tant withdrawal of support of the other

remaining follicles, which ultimately be¬
come atretic. The maturing follicle may

escape atresia due to its continued acquisi¬
tion of LH receptors, high intrafollicular
estradiol levels, and greater nutritive blood
flow resulting from capillary proliferation.
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CHAPTER 1

Cellular aspects of corpus luteum
function
Stephen G. Hillier and E. Jean Wickings
Institute of Obstetrics and Gynaecology,
Hammersmith Hospital,
DuCane Road,
London W12 OHS, UK

Introduction

The luteal phase of the human menstrual cycle reflects the functional lifespan
of the corpus luteum (Baird et al., 1975). Progesterone is its principal secretion
although it also produces oestrogen: as much if not more than does the pre¬
ovulatory follicle during the follicular phase of the cycle (Young, 1961). The
cellular mechanisms underlying the secretion of both steroids by the human
corpus luteum are discussed here.
Although the beginning of the luteal phase is usually defined as the moment

of ovulation, it actually starts with the onset of the mid-cycle luteinizing hormone
(LH) surge which precedes follicle rupture by some 24 hours or more. This is
when structural and biochemical changes heralding the onset of luteinization
are initiated in the preovulatory follicle (Edwards et al., 1980; World Health
Organization, 1981). It is logical and convenient to consider the cellular basis of
corpus luteum function in three progressive stages defined naturally by the
changes which (1) occur in the preovulatory follicle leading up to the LH surge,
(2) are induced in that follicle during the surge and which culminate in ovula¬
tion, and (3) occur after ovulation as the corpus luteum proper forms (Ross and
Hillier, 1978). These stages are orientated to the normal menstrual cycle pattern
of plasma hormone levels in Figure 1.

1. The Preovulatory Follicle (Before the LH Surge)

Two or three days before the onset of the LH surge, the preovulatory follicle

1
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(-1 Days from LH peak (+)

Figure 1. Stages of corpus luteum formation orientated to the normal menstrual cycle
pattern of plasma hormone levels: (1) preovulatory follicle (before the LH surge); (2)
ovulatory follicle (during the LH surge); (3) corpus luteum proper (after ovulation)

will have emerged as the largest healthy follicle in either ovary (Gougeon and
Lefevre, 1983). Its rate of growth is still linear due to increasing granulosa cell
numbers and accumulation of follicular fluid. By the time the surge starts, it
will be more than 20 mm in diameter (Kerin et al., 1981; McNatty, 1982). At
this time it is characterized biochemically primarily by its tremendous rate of
oestradiol secretion, and, as the almost exclusive source of the oestradiol cir¬
culating in plasma, it can secrete up to about 400 /ug oestradiol per day (Baird
and Fraser, 1974).
Observations in vitro of preovulatory granulosa cells and follicular fluid

have shown that in the dominant follicle the activity of the key enzyme involved
in oestradiol synthesis, aromatase, is 10-100 times higher than in non-ovulatory
follicles present in either ovary (Hillier et al., 1981; McNatty et al., 1983). This
high activity is reflected in a proportionately high follicular fluid oestradiol
level (Figure 2).
The low plasma level of progesterone which is a feature of this stage of the

menstrual cycle (Figure 1) belies the situation with respect to progesterone syn¬
thesis in the preovulatory follicle. The requisite enzyme systems have also
become established but they require full activation by the impending LH surge

(Channing, 1980; Hillier et a!., 1983). This latent potential for progesterone
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'ACTIVE' OVARY (late follicular phase, before LH surge)
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Figure 2. Concentration of oestradiol (upperpanel) and of progesterone (lowerpanel) in
follicular fluid from the individual follicles present in a human ovary shortly before onset
of the LH surge.O, 24-mm diameter preovulatory follicle; • , 8-mm diameter follicle; A,
4-7-mm diameter follicles; ▲, 4-mm diameter follicles. The ovary was resected during
laparotomy on day 12 of a (usually) 28-day menstrual cycle. (This is patient No. 10 in the

series described by McNatty et at., 1983)

secretion is suggested from an examination of follicular fluid steroid levels
(Figure 2). In the dominant follicle, the progesterone level often exceeds
1 pg/m\ and is invariably an order of magnitude or more higher than in the
non-ovulatory follicles that are present (McNatty, 1978).
The granulosa cell layer is the principal site of oestradiol and progesterone

formation in the preovulatory follicle (McNatty et al., 1979; Hillier, 1981; and
see below). Granulosa cell enzyme systems required for the synthesis of both
steroids are under primary follicle-stimulating hormone (FSH) control during
early preovulatory development (Dorrington et al., 1983; Hsueh et al., 1983)
but become responsive to LH later on. Important correlates of FSH action
during granulosa cell differentiation are listed in Table 1. This list includes LH
receptor induction (Zeleznik et al., 1974). Once the granulosa cell LH receptor
system becomes expressed following appropriate stimulation of the cells by
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Table 1. Key granulosa cell functions induced by FSH

• Follicular fluid formation
(secretion of proteoglycans)

• Aromatization of androgens
(oestrogen biosynthesis)

• Steroidogenesis
(progesterone biosynthesis)

• LH and prolactin responsivity
(receptor induction)

FSH and oestradiol (Richards, 1980), biochemical events initially under exclusive
FSH control become directly responsive to LH also (Channing et al., 1978; ,

Hillier et al., 1978). This includes oestradiol and progesterone synthesis. In the a

mature preovulatory follicle (and subsequently the corpus luteum; see below)
each gonadotrophin can interact with its corresponding granulosa cell receptor
system to control these activities via a common cyclic AMP dependent sub¬
cellular mechanism (Birnbaumer and Kirchik, 1983).
Preovulatory granulosa cell aromatase activity reaches a maximum before

the onset of the LH surge when it becomes refractory to further stimulation by
FSH and LH in vitro (Hillier et al., 1983) (Figure 3). However, sustained ex¬

pression of maximal activity in vivo may depend upon appropriate stimulation
by LH at this time (see below).
In contrast, measurements made in vitro before the LH surge show that pre¬

ovulatory granulosa cell progesterone synthesis is minimal (Channing, 1980;
Channing and Reichert, 1983; Hillier et al., 1983) (Figure 3). However, the
addition of FSH or LH to the incubation medium can elicit striking increases in
progesterone production which become readily apparent within 3 h (Hillier et
al., 1983) (Figure 3).
Thus, before the onset of the LH surge the situation with regard to subsequent

corpus luteum function can be summarized as follows: (i) oestrogen secretion
by the preovulatory follicle approaches a maximum and is reflected in the activity
of its granulosa cell aromatase system and high follicular fluid oestradiol level;
(ii) progesterone secretion is still minimal although follicular fluid from the
preovulatory follicle contains the highest level of progesterone suggesting that
active synthesis is under way; (iii) preovulatory granulosa cells have acquired
the capacity to respond to FSH and LH with a rapidly increased rate of pro¬
gesterone production.

2. The Ovulatory Follicle (During the LH Surge)

The mid-cycle LH surge starts at or around the time that the preovulatory follicle
achieves a maximal rate of oestradiol secretion (World Health Organization,
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GRANULOSA CELLS FROM PREOVULATORY FOLLICLES
(before LH surge; n = 4)

Aromatase activity
100 1
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Figure 3. Human granulosa cell aromatase activity (upperpanel) and progesterone pro¬
duction (lower panel) during short-term (3 h) incubation in vitro. Cells aspirated from
the preovulatory follicle 19 mm diameter) in four tubal-surgery patients who under¬
went laparotomy shortly before onset of the mid-cycle LH surge were studied (Hillier el
a!., 1983). Granulosa cell suspensions (approximately 0.5 x 10J cells in 0.5 ml of
medium 199 containing 0.1% bovine serum albumin) were incubated at 37°C in the
presence or absence of FSH (hFSH LER 8/116) or LH (hLH I ER 960) as indicated.
Aromatase activity was determined as oestradiol formation from exogenous precursor
(10"; M testosterone) (Hillier el at., 1981, 1983). Basal activity (no added FSH or LH
present) was taken as 100%. Progesterone production was assessed as steroid ac¬
cumulated in the medium in the absence of aromatase substrate. All steroid
measurements were by radioimmunoassay. Results are the mean (±SEM) from all four
follicles. (Three of these follicles are described in the study by Hillier et al., 1983)
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1980; Testart et al., 1982b; Hoff et al., 1983) (Figure 1). A simultaneous increase
occurs in the plasma progesterone level reflecting the onset of luteinization in
response to LH (Djahanbakhch et al., 1983). As this early progesterone rise
gains momentum there is a sudden precipitate drop in the plasma oestradiol
level which usually occurs 24 h or so before follicular rupture (Hoff et al., 1983).
Within the follicle, a chain of biochemical events is triggered which culminates
in ovulation approximately 37 h after onset of the LH surge (Edwards et al.,
1980) (Table 2). Changes in follicular fluid steroid levels parallel those occurring

Table 2. Intrafollicular events triggered by the LH surge

• Changes in steroid biosynthesis
• Prostaglandin biosynthesis
• Resumption of oocyte meiotic maturation
• Cumulus expansion
• Reduced cumulus cell-oocyte coupling
• Synthesis of preovulatory enzymes

in plasma; oestradiol falls as progesterone rises (Edwards et al., 1980; Testart et
al., 1982a) (Figure 4). A fall in follicular fluid androgen levels is also noted; this
is believed to be directly related to the fall in oestradiol (Edwards et al., 1980)
(see below).
The follicular cell functions underlying these dramatic changes are as follows.
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Figure 4. Changes in human follicular fluid progesterone (P.O), oestradiol (E2, •) and
androstenedione (A, A) levels in the ovulatory follicle after onset of the LH surge.

(Reproduced from Testart et al., 1982a, with permission)
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2.1. Progesterone Biosynthesis

Luteinizing granulosa cells are the primary source of progesterone secreted by
the ovulatory follicle (Channing, 1980; McNatty et al., 1979). The follicle
studied in Figure 5 had grown to a diameter of approximately 28 mm before it
was dissected from a human ovary approximately one day after onset of the LH
surge (Hillier et al., 1981). Granulosa cells and theca cells were separated and
maintained in tissue culture to determine relative abilities to produce pro¬

gesterone in vitro. Although theca cells undertook some production and
responded well to human chorionic gonadotrophin (hCG; used as a surrogate
for LH), granulosa cells produced several hundred times more steroid on a cell-
for-cell basis. That they were also refractory to hCG suggests that maximal
activation had already been achieved during exposure to the surge level of cir¬
culating LH in vivo.

0 3 10 30 100 300 1000
hCG concentration (mIU/mI)

Figure 5. Progesterone production by cultured granulosa cells (upper panel) and theca
cells (lower panel) isolated from a 28-mm diameter human ovulatory follicle approx¬
imately 12-24 h after onset of the mid-cycle LH surge. (This was tubal surgery patient P
in the series described by Hillier el al., 1981.) Monolayer cell cultures were established at
the same cell density (2 x 105 cells per 2 ml of medium 199 containing 5% donor calf
serum); the theca layer was dispersed with 0.05% collagenase. Incubation was for 48 h at
37°C in a humidified incubator gassed with 5% CO; in air. Increasing concentrations of
hCG (CR 119) were present in the culture medium, as indicated. Progesterone accumula¬
tion in culture medium was measured by radioimmunoassay: note the different scales used
for the two cell types. Each datum point is the mean of an incubation in triplicate
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Figure 6. Progesterone (P) concentration in follicular fluid and progesterone production
in vitro by granulosa cells aspirated from human ovulatory follicles before and approxi¬
mately 12-24 h after onset of a spontaneous LH surge (data from Hillier et al., 1981,
1983), and 32—38 h after injection of hCG to induce ovulation in patients undergoing in
vitro fertilization (Hillier el al., 1984). Progesterone production by washed granulosa
cells was assessed as steroid accumulating in the medium over a 3-h incubation at 37°C
(see the legend to Fig. 3 for details) corrected for endogenous steroid levels present in
unincubated (frozen) cell suspensions. Results are the mean (±SEM) of the number of

observations indicated

Examination in vitro of granulosa cell progesterone production in relation to
follicular fluid progesterone concentration reveals the pattern shown in Figure
6. Both parameters increase, if not entirely proportionately, as the follicle ap¬
proaches ovulation. It can be calculated from the data shown that between the
time the LFI surge begins (or that hCG is injected) and the time of follicular rup¬
ture the progesterone-producing capacity of luteinizing granulosa cells increases
more than one hundred fold. There can be no doubt that these cells are the

major source of the rising peripheral progesterone level which occurs between
onset of the LH surge and ovulation.

2.2. Oestradio! Biosynthesis

More than 90% of the preovulatory follicle's capacity for aromatization is
located in its granulosa cells (Hillier et al., 1981). Yet since granulosa cells are
unable to synthesize androgen (required as an aromatase substrate) they depend
upon an extracellular source of substrate for use as the oestrogen precursor
(Armstrong et al., 1978). Theca cells responding to stimulation by LH are
believed to be the primary source of the androgen used by granulosa cells for
this purpose (Baird, 1977a; Moor, 1977; Tsang et al., 1979). It was pointed out
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antral cavity

C18~l

GRANULOSA

Figure 7. Current concept of gonadotrophin-controlled cellular interactions which co¬
ordinate follicular oestrogen biosynthesis in the human preovulatory follicle. Androgen
(C,9) is synthesized from cholesterol (C27) in the vascularized theca interna due to stimula¬
tion by LH. The avascular granulosa cell layer stimulated by FSF1 has an active androgen
aromatase enzyme system. Thecal androgen which diffuses across the lamina basalis
serves as the aromatase substrate. Cells in the parietal granulosa layer may be the most
active sites of aromatization and are adjacent to the extensive network of blood vessels
which encapsulates the lamina basalis. The oestrogen (C,») they produce diffuses back into
the blood stream. Some steroid, androgen and oestrogen also passes into the antral cavi¬
ty. Before onset of the LH surge, the follicular fluid level of oestrogen (absolute and
relative to androgen) increases in proportion to the activity of the granulosa cell
aromatase activity. However, after surge onset this relationship breaks down, as discus¬

sed in the text. (Reproduced from Hillier, 1981, with permission)

earlier (see Table 1) that the initial induction of the granulosa cell aromatase
system depends upon appropriate stimulation by FSH (Dorrington el al., 1983).
Thus the two follicular cell types and both gonadotrophins are thought to inter¬
act in the control of follicular oestrogen synthesis, as illustrated in Figure 7
(Ryan, 1979).
Constant stimulation by FSH and/or LH may be essential for luteinizing

granulosa cells to retain a fully activated aromatase system (Hillier et al., 1983).
This is suggested by observations in vitro of granulosa cells recovered from the
human ovulatory follicle after the onset of the LH surge (Figure 8). In the
example shown, granulosa cell aromatase activity was measured immediately
after follicle aspiration and repeated 48 h later on cultured cell monolayers
derived from the same aspirate. When incubated in the absence of exogenous
gonadotrophins, the activity fell to a fraction (approximately 25%) of that
observed for freshly isolated cells. However, in the continued presence of FSH
or LH this loss was substantially ameliorated.
The relationship between aromatase activity in vitro and the follicular fluid

oestradiol level prevailing at the time of granulosa cell isolation is illustrated in
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G0NAD0TR0PHIC MAINTENANCE OF GRANULOSA
CELL AROMATASE ACTIVITY DURING CULTURE
(ovulatory follicle: LH surge started)

Figure 8. Granulosa cells recovered from an ovulatory human follicle 12-24 h after
onset of the mid-cycle LH surge (patient XXIX in the series described by Hillier et at.,
1983): effect of culture for 48 h in the absence (control) or presence of FSH (75 ng of
hFSH LER 8/116 per ml) or LH (30 ng of hLH LER 960 per ml) on aromatase activity.
Aromatase was assessed by incubating the freshly aspirated cells (0.5 x lO4 cells per
0.5 ml medium 199 containing 0.1% BSA) for 3 h in the presence and absence of 10~7 M
testosterone and measuring oestradiol formation from the substrate by radio¬
immunoassay. The assay was repeated 48 h later on the culture cell monolayers. All in¬
cubations were in quadruplicate. Results are expressed as mean percentage activity

(±SEM) relative to that of the freshly aspirated cells

Figure 9. The fall in follicular fluid oestradiol concentration which occurs as the
LH/hCG-stimulated follicle approaches ovulation is not accompanied by a
commensurate fall in the granulosa cell potential for synthesis of the steroid.
Instead the supply of thecal aromatizable androgen is reduced following the LH
surge (Moor, 1974; Leung and Armstrong, 1980). Thus the fall in follicular
fluid oestradiol concentration is paralleled by a similar fall in androstenedione,
quantitatively the most important androgen produced by the theca of the
human follicle (McNatty etal., 1979; Tsang etal., 1979). It has yet to be explained
how the mid-cycle LH surge acts to modify thecal androgen synthesis in this
way. Possibly a 'desensitization' response is elicited by the gonadotrophin
leading to lesions in the pathways of androgen formation (McNatty et al., 1980;
Fritz and Speroff, 1982).
It might seem paradoxical that thecal androgen formation is suppressed by

surge LH levels whereas the granulosa cell aromatase system is not only retain¬
ed but may even depend upon LH support before the follicle ovulates. How-
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Figure 9. Oestradiol (E) concentration in follicular fluid and aromatase activity in vitro
of granulosa cells aspirated from human ovulatory follicles before and approximately
12 -24 h after onset of a spontaneous LH surge (data from Hillier et at., 1981, 1983), and
32-38 h after injection of hCG to induce ovulation in patients undergoing in vitro
fertilization (Hillier et a/., 1984). The aromatase activity of washed cell suspensions was
determined as described in the legends to Figs. 3 and 8. Measurements of oestradiol were
carried out by radioimmunoassay and the results are the mean (± SEM) of the number of

observations indicated

ever, as discussed below, the retention of active aromatase by granulosa-lutein
cells might be integral to the resumption of oestrogen secretion which the
corpus luteum eventually undertakes.
Thus essential features of the interval between the onset of the LH surge and

ovulation are: (i) the potential for granulosa cell progesterone secretion is ac¬
tivated by LH in the ovulatory follicle; (ii) the potential for granulosa cell
oestrogen synthesis (aromatase activity) is not apparently altered by LH
although follicular oestrogen secretion actually declines due at least in part to a
diminished supply of aromatizable androgen by the theca to the granulosa cells;
(iii) maintenance of an active aromatase system may depend upon appropriate
gonadotrophic support right up until ovulation and this is likely to be essential
as the newly formed corpus luteum gradually resumes the task of oestradiol
secretion (see below).

3. The Corpus Luteum (After Ovulation)

If the ovulatory follicle received the appropriate combination and degree of
gonadotrophic support during the antecedent follicular phase, two factors will
largely dictate how it functions as the corpus luteum. These are its blood supply
and the luteotrophic support it receives from the pituitary gland.
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3.1. Vascular Control of Corpus Luteum Function

With follicular rupture and extrusion of the oocyte, the vasculature previously
confined to the theca layer extends into the granulosa (Harrison and Weir,
1977). Production by granulosa-lutein cells of an angiogenic factor is believed
to be involved (Gospodarowicz and Thakral, 1978). Blood flow to the corpus
luteum increases to a maximum at or about the mid-luteal phase of the cycle
when the vasculature is fully developed (Reynolds, 1973). As this occurs the
process of luteinization, morphological and functional, gains momentum. It
has been estimated that when the plasma progesterone level is maximal during
the mid-luteal phase (Figure 1) the corpus luteum secretes more than 25 mg of
progesterone per day (Baird, 1977b). Since this rate of production is too high to
be sustained by steroid synthesized exclusively from endogenous precursor
cholesterol, an exogenous source must also be used. This is believed to be in the
form of blood-borne lipoprotein cholesterol (Simpson et al., 1980). Granulosa-
lutein cells like many other cells can derive unesterified cholesterol by uptake
and degradation of low density lipoprotein (LDL) (Goldstein and Brown, 1977;
Tureck and Strauss, 1982). The uptake can be stimulated by hCG and requires
interaction of LDL with specific receptors in the cell membrane (Carr et al.,
1981; Ohashi et al., 1982). The biochemistry of LDL uptake and hydrolysis of
cholesterol esters has recently been reviewed (Gwynne and Strauss, 1982).
Carr et al. (1982) have suggested how neo-vascularization of the granulosa

cell layer might be a primary factor in the initiation and maintenance of corpus
luteum progesterone secretion (Figure 10). Thus, before ovulation when the
lamina basalis is still intact, granulosa cells are not exposed directly to blood
although they are in contact with serum-derived factors in follicular fluid
(Edwards, 1974). Measurements of serum protein levels in follicular fluid sug¬

gest the existence of a 'blood-follicle barrier' (Shalgi et al., 1973) (Figure 11).
It seems to behave as a molecular sieve which facilitates passage of protein in
inverse proportion to molecular weight and/or size. High density lipoprotein
(HDL), a relatively small molecule, is found in human preovulatory follicular
fluid at a level similar to that in blood (Simpson et al., 1980; unpublished data
of K.P. McNatty and S.G. Hillier) (Table 3). However, compared to LDL,
HDL has been shown to be an extremely poor source of precursor cholesterol
for human granulosa cells (Tureck and Strauss, 1982; Carr et al., 1981). Con¬
versely, LDL, from which these cells can derive precursor cholesterol, is almost
completely excluded from follicular fluid since it is such a large molecule
(Shalgi et al., 1973; Simpson et al., 1980) (Figure 11 and Table 3). Therefore
although LH-activated granulosa cells possess the potential for progesterone
synthesis (see above), one reason that it is not fulfilled until ovulation might be
that precursor cholesterol derived from LDL is rate-limiting. When the lamina
basalis is breached and blood vessels invade the granulosa layer, granulosa-lutein
cells become exposed to blood-borne LDL cholesterol and undertake the high
rate of progesterone synthesis characteristic of the postovulatory period. The
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Figure 11. The blood-follicle barrier (redrawn from Shalgi et al., 1973, with permis¬
sion). The datum point for HDL is the mean of five measurements on individual
preovulatory human follicular fluids and corresponding serum samples carried out in the
author's laboratory (unpublished data from K.P. McNatty and S.G. Hillier). All the

other measurements are those originally published by Shalgi et al. (1973)

newly developing blood supply allows rapid drainage of the corpus luteum and
dispersal of the steroid. Maximal capillarization is achieved about one week
after ovulation, which corresponds with the time of maximal progesterone
secretion by the corpus luteum (Baird et al., 1975; Bjersing, 1981). Measure¬
ments of LDL in blood-contaminated fluid aspirated from the core of the fully
formed corpus luteum and from luteinized unruptured follicles confirm the
presence of LDL at levels approaching those in serum (Table 3).

3.2. Gonadotrophic Support of Corpus Luteum Function

For the maintenance of progesterone secretion and the resumption of oestradiol
secretion, the corpus luteum requires gonadotrophic support (di Zerega and
Hodgen, 1980; Hutchison and Zeleznik, 1983). An opportunity to evaluate the
gonadotrophic control of granulosa-lutein cell steroidogenesis is afforded by
the availability of follicular aspirates taken shortly before ovulation during the
collection of oocytes for fertilization in vitro (Edwards et al., 1980). Multiple
ovulatory follicles are usually induced in these patients by treatment with
clomiphene citrate and/or human menopausal gonadotrophin (Hillier et al.,
1984). We have separated granulosa-lutein cells from such aspirates and studied
them for up to six days (i.e. equivalent to almost half the luteal phase) as mono¬
layer cell cultures (Hillier et al., 1983). As few as 1000 cells are adequate to
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Table 3. Lipoprotein levels (mg per 100 ml) in human follicular fluid (FF)
and plasma (PL). (Unpublished data from K.P. McNatty and S.G. Hillier)

HDL* LDLt

Fluid source FF PL FF PL

Ovulatory folliclef 370 334 <0.5 405

Ovulatory follicle§ 330 448 <0.5 600

Corpus luteuml 318 422 386 425
Luteinized unruptured follicle^ 246 458 63 349

* Determined by radial immunodiffusion.
t Determined by rocket Immunoelectrophoresis.
t Aspirated approximately 12-24 h after onset of LF1 surge on day 12 of a normally

28-dav menstrual cycle; contained no visible blood (Patient XXXV studied by
Hillier et at., 1983.)'

§ Aspirated approximately 12-24 h after onset of LH surge on day 12 of a normally
28-day menstrual cycle; contained no visible blood. (Patient 18 studied by McNatty
et at., 1983.)

' Aspirated from the core of a mid/late luteal phase corpus luteum on day 27 of a
normally 28-day menstrual cycle; contained blood.

> Aspirated on day 18 of a normally 28-dav menstrual cycle; contained blood. (Patient
9 studied by McNatty et at., 1983.)

establish a culture which retains functional and morphological integrity
throughout the period of experimental observation in vitro (Figure 12).
Given an adequate source of exogenous precursor cholesterol in the form of

lipoprotein (culture medium supplemented with serum), progesterone accumu¬
lates in granulosa-lutein cell cultures at an approximately linear rate over the
first four days even in the absence of exogenous gonadotrophin (Figure 13).
This could be explained by stimulation due to hCG associated with the cells at
the time of isolation (Dennefors et a!., 1983). However, progesterone accumu¬
lation is further stimulated by the addition of exogenous LH to the culture
medium. The effect is usually most dramatic during the first two to three days
of culture and is consistent with the widely accepted role of LH as the primary
human luteotrophin (Marsh, 1976) (Figure 13). Occasional stimulation by FSH
has also been noted (Figure 13). The FSH preparation (human FSH LER 8/116)
used in these experiments was highly pure since it had been treated with a-

chymotrypsin to reduce LH contamination selectively (Reichert, 1967). At the
concentration used (30 ng/ml) there were approximately 27 mlU of FSH per ml
but only approximately 0.15 mlU of LH per ml. Therefore a significant LH-
effect at this dose seems unlikely although it cannot be completely excluded.
Human corpus luteum cells possess measurable receptors for FSH during the
early luteal phase of the cycle (McNeilly et al., 1980) so a role for the gonado¬
trophin in the control of early corpus luteum progesterone secretion is possible.
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Figure 12. Scanning electron micrograph of human granulosa-lutein cells maintained in
tissue culture for 6 days after aspiration from a follicle on the verge of ovulation. Steroid

production by cells aspirated from the same follicle is shown in Figs. 13 and 14

Similar to preovulatory granulosa cells, granulosa cells from the periovulatory
follicle are unable to synthesize oestradiol in the absence of exogenous precur¬
sor androgen (Bjersing, 1981). However, as noted above, a high level of
aromatase activity is present in granulosa-lutein cells at the time of ovulation,
and after aspiration it persists during tissue culture even in the absence of ex¬
ogenous gonadotrophic support (Figure 14). However, the fact that the activity
is further increased by the presence of FSH or LH in the culture medium sug¬
gests a role for either or both gonadotrophins in the regulation of this key
enzyme system of the corpus luteum. Stimulatory effects of FSH on oestradiol
production by human corpus luteum tissue have been described before (Hunter
and Baker, 1981).
These new findings with isolated granulosa-lutein cells can be integrated with

other information on the control of human luteal steroidogenesis as outlined in
Figure 15. The scheme suggests that FSH acting through its own receptor system
might affect steroidogenesis via the same intracellular cyclic AMP dependent
mechanisms known to be under primary LH control (Birnbaumer and Kirchik,
1983). Although LH is probably the most important human luteotrophin
(Marsh, 1976; Bjersing, 1981), the possibility that FSH plays a subordinate
role, particularly during early corpus luteum function, warrants further
attention.
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Figure 13. Progesterone accumulation in human granulosa-lutein cell cultures. The cells
were aspirated from an ovulatory follicle in the ovary of a patient undergoing in vitro
fertilization who was injected with 5000 1U of hCG 37 h earlier; although multiple
follicles (due to clomiphene stimulation) were aspirated to obtain oocytes, only one
aspirate was studied in this experiment (Hillier et at., 1984). After separation from
follicular fluid, the cells were dispersed with hyaluronidase, washed, counted and
distributed into culture wells (Hillier et at., 1983). The cultures (0.5 x 10J cells per
0.5 ml of medium 199 supplemented with antibiotics and 5% donor calf serum) were in¬
cubated for 1 -6 days at 37°C in a humidified incubator gassed with 5% CCL in air. Sets
of cultures (each in quadruplicate) were terminated on each day after incubating in the
absence of exogenous gonadotrophin (O, control), or in the presence of LH (o , 30 ng/ml
hLH LER 960), FSH (•, 30 ng/ml hFSH LER 8/116), or LH plus FSH (■). Pro¬
gesterone in the culture medium was determined by radioimmunoassay. The mean level

of steroid present on each day of culture is shown

If granulosa-lutein cells are a significant site of oestradiol synthesis in the
human corpus luteum (Bjersing, 1981; Mori et al., 1983), what is the source of
the precursor androgen used as the aromatase substrate? Histological examina¬
tion of the newly formed corpus luteum shows that the theca interna is no

longer a discrete cell layer (World Health Organization, 1981). Perhaps this ap¬

parent dearth of theca-lutein cells reflects their demise with respect to androgen
formation after exposure to the mid-cycle LH surge, as discussed above (Fujita
et al., 1981). However, as the newly formed corpus luteum develops and
oestradiol secretion is re-established, the theca-lutein cells become more ap¬

parent as trabeculae among the enlarging granulosa-lutein cells and often in
close proximity to the newly formed blood vessels (Van Look and Baird, 1980;
World Health Organization, 1981). Human theca-lutein cells have been reported
to undertake de novo androgen biosynthesis in vitro (Macnaughton et al.,
1981). The reactivation of this function in the corpus luteum might therefore
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Figure 14. Aromatase activity in human granulosa-lutein cell cultures. (Details of the cell
isolation and culture, and progesterone production by the same cultures are given in Fig.
13 and the corresponding legend.) Aromatase activity was measured in freshly isolated
cells (day 0) as described in the legend to Fig. 8 except that precursor testosterone was added
at 10~6 M. Daily measurement of aromatase in cell cultures was achieved as follows. Sets
of quadruplicate cultures corresponding to each hormone treatment were terminated;
before collecting the medium, testosterone (10"6 M) was added to two of the cultures and
vehicle (5 /A of ethanol) was added to the other two. All cultures were incubated for a
further 3 h at 37°C and the medium was collected to be measured for oestradiol (E) con¬
tent by radioimmunoassay. The level of oestradiol produced in the presence of
testosterone corrected for that which accumulated in its absence (minimal) provided the

aromatase index. The mean result of each daily measurement is shown
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Figure 15. Gonadotrophic control of human granulosa-lutein cell steroidogenesis. LH,
the primary human luteotrophin, acts through its membrane-associated receptor system
to influence the cyclic AMP (cAMP) dependent steps in steroidogenesis illustrated (cf.
March, 1976; Bjersing, 1981; Birnbaumer and Kirchik, 1983). It is suggested that FSH
plays a subordinate role, particularly during early corpus luteum function, by affecting

the same mechanisms via its own receptor system in the cell membrane
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permit adjacent granulosa-lutein cells to recommence oestradiol secretion and
give rise to the raised circulating level of oestradiol which characterizes the mid-
luteal phase of the cycle (Figure 1) (Bjersing, 1981). The role of gonadotrophin
in thecal reactivation has not been studied.
In summary, these studies indicate that corpus luteum function involves: (i)

breakdown of the blood—follicle barrier and vascularization of the granulosa
cell layer, ensuring the availability of LDL cholesterol for use as a precursor for
progesterone synthesis in LF1-activated granulosa-lutein cells; (ii) a major role
for LH as the principal luteotrophin and a subordinate role for FSH, particularly
in the newly formed corpus luteum; (iii) possible involvement of both gonado¬
tropins in the maintenance of granulosa-lutein cell aromatase activity after
ovulation; (iv) reactivated theca-lutein cells as the most likely source of precursor
androgen used by granulosa-lutein cells to synthesize oestradiol.
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Summary. Granulosa-lutein cells were harvested from periovulatory follicles in human
ovaries and cultured for up to 6 days, equivalent to almost half of a normal luteal
phase. The average rate of basal progesterone accumulation in the culture medium was
constant at ~36nmol progesterone/106 cells/day. Oestradiol accumulation was too
low to measure in the absence of precursor androgen. Basal aromatase activity
(measured as oestradiol formed in 3 h from 10" 6 m exogenous testosterone) was high
(average 1-15 nmol oestradiol/106 cells/3 h) at the time of cell isolation (Day 0) but fell
by >90% on Day 1. By Day 2 the activity had partly recovered and averaged 62% of
the Day 0 value, rising to 70% on Day 6. This loss and recovery of aromatase activity
was independent of the addition of gonadotrophic hormones to the culture medium.
However, dose-related increases in aromatase activity occurred in the presence of
highly pure human pituitary LH (0T-30 ng/ml). The increase was observed on Day 4
and was maximal on Day 6 (average 3-fold increase over control) in the presence of LH
concentrations ^ 1 -0 ng/ml. LH also caused dose-related increases in progesterone
accumulation by Day 4 with maximal stimulation on Day 6 (average 3-fold increase
over control) at ^10-0 ng/ml. Dose-related stimulation of aromatase activity by
human pituitary FSH also occurred but maximal stimulation required the presence of
300 ng FSH/ml and progesterone accumulation was hardly affected at this dose. Small
contaminating amounts of LH in the FSH preparation ( ~ 0-5% on a mass basis) may
have caused this stimulation but a specific FSH action was not ruled out. These results
demonstrate time-related changes in steroidogenic potential with enhanced sensitivity
to LH as human granulosa-lutein cells age in culture. Since fully luteinized granulosa
cells retain an LH-responsive aromatase system, they may play a central role in
LH-controlled oestrogen biosynthesis in the corpus luteum.

Introduction

Mechanisms underlying the control of oestrogen secretion by the human corpus luteum are incom¬
pletely understood. Luteinized granulosa cells produce progesterone under LH control but there is
uncertainty over oestrogen (reviews: Dorrington, 1977; Baird, 1985). Studies in vitro with minced or
enzymically dispersed luteal tissue show that oestrogen formation is gonadotrophin-responsive
(Hunter & Baker, 1981; Richardson & Masson, 1981). Although such studies shed no light on the
cellular site of aromatization, it is most likely that luteal aromatase activity is concentrated in
granulosa-lutein cells in the same way that follicular aromatase activity is located mainly in the
granulosa cell layer before ovulation (Hillier, Reichert & van Hall, 1981). Since there is in-vitro
evidence that luteinized theca cells undertake de-novo androgen synthesis (Macnaughton, Kader,
Gaukroger & Coutts, 1981), granulosa-lutein cells in the corpus luteum may use thecal precursor
androgens to synthesize oestrogen in a 'two-cell' type mechanism similar to that proposed for the
preovulatory follicle (Bjersing, 1981).
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The cellular heterogeneity of the fully formed human corpus luteum makes it difficult to isolate
homogeneous granulosa-lutein cell preparations suitable for systematic study in vitro of
gonadotrophin-responsive steroidogenic potential. An alternative approach is to study 'pure'
luteinized granulosa cells harvested from periovulatory follicles as a by-product of aspiration to
obtain eggs for in-vitro fertilization (Hillier, Wickings, Afnan, Margara & Winston, 1984b). We
have used such cells to establish primary granulosa-lutein cell cultures and undertake detailed
studies of time- and gonadotrophin-dependent steroid biosynthesis.

Materials and Methods

Isolation of granulosa-lutein cells. Aspirates were obtained from 8 periovulatory follicles in the
ovaries of 6 patients undergoing in-vitro fertilization treatment (Hillier et al., 1984b). The follicles
were aspirated laparoscopically 34-36 h after i.m. injection of 5000 or lOOOOi.u. hCG (Prophasi:
Serono Laboratories UK Ltd, Welwyn Garden City, Herts, U.K.) to induce follicle rupture. To
promote the development of multiple ovulatory follicles, each patient had received 50 or lOOmg
clomiphene citrate/day for 5 days beginning on Day 4 or 5 of the current menstrual cycle: 5 also
received hMG (Pergonal, Serono) as daily i.m. injections (equivalent to 150 i.u. FSH and 150 i.u.
LH/day) for 2-5 days starting on the last day of clomiphene citrate treatment. The hCG injection
was given when the follicular phase of the cycle was complete as judged by serial measurement of
oestradiol concentrations in serum and of follicle number and diameter (ovarian ultrasound) com¬
bined with a knowledge of the patient's usual menstrual cycle length (Hillier, Parsons, Margara,
Winston & Crofton, 1984a).
Granulosa-lutein cell aggregates were separated from follicular fluid by unit gravity sedimen¬

tation and/or centrifugation (130# for 5 min) depending on the degree of contamination by blood.
After washing once with Dulbecco's phosphate-buffered saline (PBS) (Gibco Ltd, Paisley, U.K.)
containing (w/v) 0T% bovine serum albumin (BSA) (Miles Laboratories Ltd, Slough, Berks,
U.K.), the aggregates were incubated for 10-20 min at 37°C in 0-5 ml PBS-BSA containing (w/v)
0-1% bovine testicular hyaluronidase (Sigma Chemical Co., Poole, Dorset, U.K.). The cell suspen¬
sion was subjected to repeated gentle pipetting to effect maximal dispersion and then diluted by the
addition of 5 ml PBS-BSA. Following centrifugation, the cells were resuspended in culture medium
and counted in a haemocytometer. The culture medium was Medium 199 containing Earle's salts,
extra L-glutamine (2-0 mM), 25 mM Hepes buffer, 5% (v/v) donor calf serum, 50 pg streptomycin/ml
and 50 i.u. penicillin/ml (Gibco). The volume of cell suspension was adjusted with culture medium
to give a cell concentration of 0-31-0-75 x 104 cells/250 pi medium.

Granulosa-lutein cell culture. Plastic multiwell culture dishes (Nunc: supplied by Gibco) were
inoculated with replicate 250-pl samples of the granulosa-lutein cell suspension; human gonado-
trophin was added in a further 250-pl aliquant to give a final incubation volume of 500 pi. The
gonadotrophins and their potencies as determined by bioassay were LH LER-960 (4700 i.u./mg),
hCG CR-119 (13450 i.u./mg) and FSH LER-8/116 (900 i.u./mg). The FSH preparation was treated
with a-chymotrypsin to reduce selectively LH contamination (Reichert, 1967) and contained
~ 6 i.u. LH bioactivity/mg. All control and hormone-treated cultures were done in quadrupli¬
cate. During the time-course experiments, a complete set of control and hormone-treated cultures
was allocated to each time-point. The culture dishes were incubated at 37°C for 1-6 days in an
humidified tissue culture incubator gassed with 5% (v/v) C02 in air.

Measurement of aromatase activity. The aromatase activity in freshly-prepared cells (i.e. the
culture inoculum) was determined as previously described (Hillier et al., 1984b). To measure the
activity present in cultured monolayers, the assay was modified as follows. Exogenous aromatase
substrate (1CU6 M-testosterone) (Sigma) was introduced to two of the culture wells in each
quadruplicate set; the other duplicate received vehicle alone (5 pi absolute ethanol per culture
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well). The testosterone-treated and corresponding control cultures were then re-incubated for 3 h
at 37°C in the tissue culture incubator before the medium was removed and stored frozen at — 20°C
to await assay of oestradiol content (see below). Aromatase activity was expressed as oestradiol
production (nmol/106 cells per 3 h) in the presence of 10~6 M-testosterone after correction for the
oestradiol value in the absence of testosterone (usually not measurable).

Progesterone production. Progesterone accumulation was measured in the medium collected
from the culture wells not treated with testosterone for the aromatase assay. The progesterone con¬
tent of the culture inoculum and the initial rate of progesterone production by the freshly isolated
cells were determined as described before (Hillier et al., 1984b). The results were expressed as nmol
progesterone/106 cells.

Steroid assays. Oestradiol and progesterone levels were measured in unextracted follicular
fluid and culture medium by specific radioimmunoassays validated for this purpose as described
previously (Hillier, Knazek & Ross, 1977; Hillier et al., 1981). In the present study the intra-
assay coefficients of variation were 3-4% for oestradiol and 3-2% for progesterone: the inter-assay
variation was 8-9% for oestradiol and 7-5% for progesterone.

Results

Based upon aspirated follicular fluid volume, follicular fluid steroid concentrations and the
steroidogenic activity in vitro of freshly harvested granulosa-lutein cells, the 8 follicles studied were
judged to have been fully mature at the time of aspiration (Table 1). Seven of them yielded an
oocyte and 4 of these developed into cleaving embryos after in-vitro fertilization. As found pre¬

viously, there was no relationship between the characteristics of follicular steroidogenesis and of
in-vitro fertilization outcome (Hillier et al., 1984b).

Time-dependent changes in granulosa-lutein cell steroidogenesis

Time-dependent changes in cultured granulosa-lutein cell steroidogenesis were examined in the
absence and presence of a fixed gonadotrophin concentration (30 ng/ml). Cell cultures from 5 fol¬
licles were stopped daily or every other day for 6 days. Combined results are shown in Fig. 1.
Important features of the data are as follows.

Table 1. Details of the follicles from which granulosa-lutein cells were obtained

Follicle
No.

Aspirated
volume

(ml)

Granulosa cells
recovered

(x 10~4)

Follicular fluid steroid
conc. (pmol/1)

Granulosa cell steroido¬

genesis (nmol/106 cells/3 h)

Oestradiol Progesterone Aromatase activity* Progesterone

1 3-5 250 1-07 30 0-57 3-53
2 -t 20 -t -t 0-73 0-95
3 7-0 39 1-57 77 0-97 5-41

4+ 5-0 57 2-83 92 2-20 3-85

51 2-5 59 0-92 67 1-28 1-31
6 40 32 206 57 3-76 10-60

7§ 30 19 1-91 29 0-88 1-21

8§ 90 19 3-62 59 0-70 2-10

Mean 4-9 62 200 59 1-39 3-62
s.e.m. 0-9 27 0-36 9 0-39 1-14

*Oestradiol produced from 10" 6 M-testosterone as exogenous substrate.
+Not measured
t§Follicles aspirated from the same patient.
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Aromatase activity, (i) In cultures not treated with exogenous testosterone, oestrogen accumu¬
lation was undetectable, (ii) Aromatase activity in Day-1 cultures was only a fraction (average 8%)
of the level initially present in the culture inoculum but by Day 2 it had partly recovered and was,
on average, 62% of the initial value rising to 70% on Day 6. This early loss and subsequent
recovery occurred irrespective of the presence of exogenous gonadotrophin in the culture medium,
(iii) The presence of LH and to a lesser extent FSH markedly enhanced the level of aromatase
activity in Day-4—6 cultures; maximal LH stimulation (2-1-4-6-fold versus corresponding control)
always occurred on Day 6 whereas the response to FSH was most pronounced (1 -8—2-1 -fold) on or
after Day 4. (iv) The aromatase response to FSH and LH combined could not be distinguished
from that of either gonadotrophin alone (data not shown), (v) hCG exerted quantitatively and
qualitatively the same effect as LH (only Follicle 2 studied: data not shown).

Day of culture

Fig. 1. Aromatase activity (a) and progesterone accumulation (b) in human granulosa-lutein
cell cultures. The cells were isolated from ovarian follicles on the verge of hCG-induced rupture
and cultured for up to 6 days in the absence of exogenous human gonadotrophin (•) and in the
presence of human FSH (A, 30 ng/ml) or human LH (O, 30 ng/ml). Cultures from 3 (Day 1) or
5 follicles were studied at each time point and the results are mean values with the s.e.m. (when
it exceeds the size of the symbol) indicated by an error bar. Asterisks denote a significant
increase over the corresponding control value (*P<0 05; **/><0-0025 by Student's paired t
test).
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Fig. 2. Dose-dependence of LH and FSH-stimulated aromatase activity (a) and progesterone
accumulation (b) in human granulosa-lutein cell cultures. The cells were isolated from ovarian
follicles on the verge of hCG-induced rupture and cultured for 4 days in the absence (hatched
bar) and presence of increasing concentrations of human LH (circles) or human FSH (tri¬
angles). The values are mean results from 5 follicles normalized with regard to corresponding
control values (= 100%). The s.e.m. is denoted by an error bar.

Progesterone accumulation, (i) Even in the absence of exogenous gonadotrophin, progesterone
accumulation rose steadily throughout the entire 6-day culture period, (ii) The presence of LH (or
hCG: not shown) consistently enhanced the rate of progesterone accumulation in Day 4 cultures
(average stimulation 2-6-fold) and its effect was even more pronounced (average 3-fold) on Day 6.
(iii) The presence of FSH had no consistent effect on progesterone accumulation although the
average (1-2-fold) stimulation on Day 4 was statistically significant, (iv) The progesterone response
to LH and FSH combined could not be distinguished from that to LH alone (data not shown).

Gonadotrophin-dependent changes in granulosa-lutein cell steroidogenesis

Gonadotrophin-dependent responses were systematically evaluated in the Day-4 cultures
established with granulosa-lutein cells recovered from Follicles 4—8. Dose-response profiles for LH
(0-1-30-0 ng/ml) and FSH (10-300 ng/ml) are shown in Fig. 2. Specific details are as follows.

Aromatase activity. LH and FSH each exerted concentration-dependent stimulatory effects on

granulosa-lutein cell aromatase activity. Maximal LH stimulation ranged between 1-3 and 2-9-fold
(average 2-0-fold) when the gonadotrophin was present at 1 or 10 ng/ml. The FSH preparation was
much less active and a concentration of 300 ng FSH/ml was required to achieve the same degree of
stimulation caused by 1 or 10 ng LH per ml.

Progesterone accumulation. Progesterone accumulation was less responsive to either gonado¬
trophin than aromatase activity. Maximal stimulation by LH (average 2-4-fold, range 1-5-3-2-fold)
required 10 or 30 ng LH/ml as compared with 1 or 10 ng LH/ml for stimulation of aromatase
activity. Although progesterone accumulation was hardly affected by the presence of FSH at con¬
centrations up to 100 ng/ml, it was increased 1-1-2-0-fold (average 1-4-fold) by the presence of
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300 ng FSH/ml. However, even at this dose the stimulation was only a fraction (about one third) of
that caused by 1 or 10 ng LH/ml.

Discussion

The culture conditions described permit human granulosa-lutein cells to undertake gonadotrophin-
responsive steroidogenesis for at least 6 days. This is equivalent to the first half of the functional
lifespan of the corpus luteum formed in a natural ovulatory menstrual cycle (Baird, Backstrom,
McNeilly, Smith & Wathen, 1984). At the time of cell harvest shortly before ovulation, the
steroidogenic capacity of the aspirated granulosa-lutein cells would be expected to approximate
that of the cells remaining in the follicle to become part of the corpus luteum. Although the cells
came from multiple, pharmacologically induced follicles, we deemed them to have been function¬
ally 'normal' based on conventional biochemical correlates of periovulatory follicularmaturity and
the fact that most of the eggs recovered underwent successful fertilization in vitro. This tissue
culture system can therefore be used to examine the cellular basis of steroid biosynthesis in the
human corpus luteum.
Apart from trophic factors, luteinized granulosa cells require exogenous cholesterol to serve as a

precursor for the high rates of progesterone biosynthesis which they undertake in the corpus
luteum (Gwynne & Strauss, 1982). They are thought to depend mainly upon the cholesterol frac¬
tion which circulates in plasma in association with low-density lipoprotein (Carr, MacDonald &
Simpson, 1982). Presumably, the cultured cells studied here derive adequate amounts of precursor
cholesterol from serum added to the culture medium. The fact that progesterone accumulated at an
increased rate when gonadotrophin was added to the culture medium is evidence that they were not
constrained unduly by the availability of exogenous steroidogenic substrate(s).

Initially the rate of progesterone production was refractory to gonadotrophic stimulation.
This is similar to other experience with short-term (up to 48 h) incubations of human luteinized
granulosa cells (Bieszczad, McClintock, Pepe & Dimino, 1982; Dennefors, Sjogren & Hamberger,
1982; Schmidt, Kendall, Dandekar, Quigley & Schmidt, 1984). It seems likely that progesterone
formation was activated maximally by the ovulation-inducing hCG injection and then sustained
temporarily in vitro, possibly aided by the high degree of residual LH/hCG receptor occupation
which would be anticipated at the time of cell isolation. A similar phase of gonadotrophin refrac¬
toriness occurs in granulosa-lutein cells isolated before ovulation induced by a natural LH surge (B.
Fisch & S. G. Hillier, unpublished data). Other studies with steroidogenic cells separated from
whole corpora lutea at defined stages of the luteal phase in natural ovulatory cycles indicate that
progesterone biosynthesis by these cells in vitro becomes progressively more responsive to the
presence of LH/hCG as the corpus luteum ages in vivo (Fisch, Hillier, Margara & Winston, 1985).

Once gonadotrophin-responsive steroidogenesis is established, cultured granulosa-lutein cells
become highly sensitive to human LH. Since the LH preparation used is so pure (specific activity
10 400i.u./mg as determined by bioassay and radioimmunoassay: L.E. Reichert, Jr, unpublished
data), the lowest stimulatory dose (01 ng LH/ml) was equivalent to ~0-5mi.u. LH/ml. It is not
known whether the mid-luteal phase human corpus luteum develops a similar degree of sensitivity
to circulating LH in vivo. However, there is evidence to suggest that the rhesus monkey corpus
luteum becomes increasingly responsive to fluctuations in the circulating plasma LH concentration
as the luteal phase progresses (Ellinwood, Norman & Spies, 1984) and this is probably the case in
man as well (Vande Wiele et al., 1970).

This study also reveals time- and concentration-dependent changes in gonadotrophin-
responsive granulosa-lutein cell aromatase activity. The activity was high at the time of cell harvest
(ovulation), falling to a fractional level within 1 day of culture. Although partial recovery occurred
thereafter in unstimulated cultures, complete recovery and further increases were gonadotrophin-
dependent. The temporary decline in aromatase activity is difficult to explain in view of the fact that
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progesterone biosynthesis continued unabated. One possibility is that it was due to a non-specific
influence accompanying cell adaptation to culture. It is not known whether a similar decline in
granulosa-lutein cell aromatase activity occurs in the corpus haemorrhagicum. If it does, it would
coincide with the mid-cycle nadir in the circulating oestradiol concentration which is known to
occur shortly after ovulation in the spontaneous cycle (Lenton, Sulaiman, Sobowale & Cooke,
1982).

Luteinized human granulosa cells, like their unluteinized progenitors in the preovulatory fol¬
licle, are unable to undertake significant amounts of oestradiol biosynthesis in vitro unless supplied
with an exogenous aromatase substrate such as testosterone (Hillier et ai, 1981). In the corpus
luteum, LH-stimulated theca-lutein cells are likely to be a source of precursor androgen in the same

way that theca interna cells are believed to be in the preovulatory follicle (Baird, 1983). Histological
studies show how theca-lutein cells become conspicuous at the same time that the corpus luteum
starts to secrete large amounts of oestrogen (Bjersing, 1981; Fujita, Mori, Suzuki, Nihnobu &
Nishimura, 1981). These cells become prominent as trabeculae among the enlarging granulosa-
lutein cells and are often found in close proximity to the newly formed blood vessels which
penetrate the gland (Corner, 1956). When incubated in vitro, human luteal tissue purported to be
rich in theca-lutein cells produced more labelled androgen from 14C-labelled pregnenolone than
did granulosa-lutein cell-enriched preparations (Macnaughton et al., 1981). It is therefore possible
that granulosa-lutein cells adjacent to theca-lutein cells are a major site of luteal oestrogen for¬
mation using theca-derived androgen precursor(s). The suspected role of LH in controlling theca¬
lutein cell androgen biosynthesis in the human corpus luteum remains to be proved experimentally
(Bjersing, 1981; Fujita et al., 1981). However, the present demonstration that the granulosa-lutein
cell aromatase system is itself LH responsive points to a second locus of action through which the
hormone might control oestrogen biosynthesis in the human corpus luteum.

The stimulatory effects of FSH observed during this study could be wholly or partly artefactual.
The human FSH preparation used has perhaps the highest FSH:LH ratio of any which has been
rigorously evaluated by specific and quantitative in vivo bioassays of gonadotrophin activity
(Reichert, 1967). However, the effect of small contaminating amounts of LH (~0-5% of the total
gonadotrophic activity) could be adequate to explain stimulatory effects on steroidogenesis such as
those observed here. This does not explain why aromatase activity was more responsive to the FSH
preparation than was progesterone production (see Fig. 2). Oestradiol but not progesterone bio¬
synthesis by minces of human luteal tissue was reported to be stimulated by the addition of FSH to
incubation medium in the study of Hunter & Baker (1981), and luteal tissue recovered during the
early luteal phase contains specific FSH receptors (McNeilly, Kerin, Swanston, Bramley & Baird,
1980). Therefore, a role for FSH in the control of luteinized granulosa cell function still cannot be
ruled out.

This study was supported by a project grant from the Medical Research Council.
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PRODUCTION OF INHIBIN BIOACTIVITY BY HUMAN GRANULOSA-LUTEIN CELLS : STIMULATION BY LH AND
TESTOSTERONE IN VITRO

C. G. Tsonis, S. G. Hillier and D. T. Baird

Department of Obstetrics and Gynaecology, Centre for
Edinburgh EH3 9EW

ABSTRACT

Granulosa-lutein cells from human preovulatory ovarian follicles
were cultured for up to 12 days to determine their capacity for
production of inhibin in vitro. Using a highly sensitive sheep
pituitary cell bioassay we observed time-related changes in basal
inhibin production, maximal during the first 4 days of culture (48 ±
15 units/million cells every 2 days, means ± S.E.M.; n=5 patients)
falling to values five times lower by day 12. After 4-6 days of
culture in the presence of human LH (hLH) inhibin production
was enhanced in proportion to the hLH dose (maximum five fold
at 10 ng/ml) ; hFSH over the same dose-range had no effect.
Progesterone production in response to hLH followed a similar
pattern to that of inhibin and was also unresponsive to hFSH. In
the absence of exogenous aromatase substrate, basal and
gonadotrophin-stimulated oestradiol production was negligible
after the first 4 days. Addition of testosterone (1 pmol/l) to the
culture medium increased oestrogen formation several hundred¬
fold with no effect on progesterone production. Inhibin production
was also increased by 50-100% in the presence of testosterone.
These results demonstrate that LH and testosterone stimulate

the production of inhibin by granulosa-lutein cells in vitro. It is
suggested that inhibin production occurs under hormonal control
in the corpus luteum as well as in the preovulatory follicle in the
human ovary.

INTRODUCTION

Inhibin, a gonadal glycoprotein, suppresses follicle-stimulating
hormone (FSH) selectively, while not affecting luteinizing
hormone (LH) release from the pituitary (de Jong, 1979; Main,
Davies & Setchell, 1979; Baker, Burger, de Kretseret al. 1983).
Inhibin, from various species, has recently been isolated,
sequenced and cloned by several groups (Robertson, Foulds,
Leversha et al. 1985; Ling, Ying, Ueno et al. 1985; Mason,
Hayflick, Ling et al. 1985; Miyamoto, Hasegawa, Fukudaet al.
1985; Fukuda, Miyamoto, Haseaawaet al. 1986; Forage, Ring,
Brown et al. 1986; Mason, Niall & Seeburg, 1986).

In the female, inhibin is produced by ovarian granulosa cells
and accumulates in follicular fluid (Erickson & Hsueh, 1978;
Henderson & Franchimont, 1981, 1983; Tsonis, Quigg, Leeet al.
1983). FSH and testosterone have been shown to stimulate
inhibin production by granulosa cells in culture under conditions
where LH or human chorionic gonadotrophin (hCG) has no effect,
suggesting a specific function for FSH in the control of follicular
inhibin production (Henderson & Franchimont 1981, 1983;
Henderson, Franchimont, Charlet-Renard & Mc Natty, 1984; Lee,
1984). The aquisition of LH/hCG-responsivness is a hallmark of
granulosa cell maturity associated with preovulatory development
and luteinization (Richards, 1980). However, it is not known if
luteinized granulosa cells produce inhibin or if such a function is
under hormonal control. Here we demonstrate that (1) human
granulosa-lutein cells can produce inhibin bioactivitvin vitro and
(2) this property is under LH, but not FSH, control. We also
present evidence for stimulation by testosterone. These results
suggest that inhibin may be produced by the human corpus
luteum; both LH and testosterone may be important in the
regulation of luteal inhibin formation.

MATERIALS AND METHODS

Isolation of aranulosa-lutein cells Granulosa-lutein cells were
aspirated from multiple ovulatory follicles in the ovaries of five

tive Biology, University of Edinburgh, 37 Chalmers Street,

women undergoing in vitro fertilization. Follicle aspiration was
carried out 30 to 34 h after an injection of 5000 units of hCG
(Serono Laboratories, UK Ltd., Welwin Garden City, Herts.) or
following onset of the endogenous LH surge. Multiple follicular
development was stimulated by clomiphene citrate (150 mg/day
from day 2-6) alone or combined with gonadotrophin therapy from
day 6 until the day of follicle aspiration, as described previously
(Tsonis, Messinis, Templetonet al. 1987).

Granulosa-lutein cell aggregates were separated from follicular
fluid by unit gravity sedimentation and/or centrifugation (150g for
5 min) depending on the degree of contamination by blood. After
washing once with Dulbecco's phosphate-buffered saline (PBS)
(Flow Labs, Rickmansworth, Herts.) containing 0.1% (w/v) bovine
serum albumin (BSA), the aggregates were incubated for 10-15
min at room temperature in 1-2 ml PBS-BSA containing 0.1%
(w/v) bovine testicular hyaluronidase (Sigma, St Louis, MO, USA).
The cell suspension was subjected to repeated gentle pipetting to
effect maximal dispersion. The cells were centrifuged twice,
washing the pellet with PBS-BSA each time. Following
centrifugation, the cells were resuspended in culture medium and
counted in a haemocytometer. The culture medium used was
Dulbecco's Modified Eagle's Medium (DMEM), supplemented
with L-glutamine (2 mmol/l), HEPES buffer (20 mmol/l), 5% (v/v)
donor calf serum, streptomycin (50 pg/ml) and penicillin (50
i.u./ml) (Flow Labs). The volume of cell suspension was adjusted
with supplemented culture medium to give a cell concentration of
20-70 x 103 cells/500 pi medium.

Granulosa-lutein cell culture Plastic 24-well culture plates
(Costar, Flow Labs) were inoculated with replicate 500 pi samples
of granulosa-lutein cell suspension, human gonadotrophins
and/or testosterone substrate to a final volume of 1 ml per culture
well. The gonadotrophins and their potencies as determined by
bioassay were 4700 i.u./mg (LH LER-960) and 900 i.u./mg (FSH
LER-8/116). The FSH preparation was treated with alpha-
chymotrypsin to reduce LH contamination selectively (Reichert,
1967) and contained approximately 6 i.u. LH bioactivity/mg. All
control and hormone-treated cultures were replicated two to ten
times. The culture plates were incubated at 37°C for 2-12 days, in
a humidified tissue culture incubator gassed with 5% CQ in air.
Culture medium was collected (stored frozen at -20°C) and
replaced every 2-4 days.

In vitro inhibin bioassav An extremely sensitive bioassay for
inhibin utilizing sheep pituitary cells has been described in detail
previously (Tsonis, Mc Neilly & Baird, 1986). Briefly, isolated
sheep pituitary cells were prepared using trypsin and cells were
diluted to a final concentration of 180,000 - 200,000/50 pi in
culture medium (supplemented DMEM as above). Cells (50 pi)
were added to individual culture wells which contained
supplemented DMEM (550 pi) and cultured for 48 h without test
samples (preincubation). The medium was then removed, and
replaced with ovine rete testis fluid (oRTF) inhibin standard (50
pi), granulosa-lutein cell culture medium (50-200 pi) previously
stripped of steroids by passing through Ci8 Sep-Pak cartridges
(Tsonis et al. 1986). Steroid antibodies (100 pi) together with
supplemented DMEM were added to a final volume of 600 pi and
cultured for a further 48 h as above. The medium was removed,
stored frozen at - 20°C and later assayed for ovine FSH using a
radioimmunoassay (for details see Tsonis et al. 1986). The
inhibin reference standard used in the bioassay was a stable
lyophylized preparation of oRTF assigned an arbitary potency of 1
unit / mg (Eddie, Baxter, Higginson & Hudson 1979; Tsonis.et al.
1986).
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The inhibin standard (oRTF) and the ovine follicular fluid quality
control were each tested in quadruplicate over a five-dose range
in order to generate an FSH inhibition curve; unknown samples
were tested in triplicate at six dilutions using up to 200 pl/culture
well. The FSH dose-response curves were expressed as a per
cent inhibition of control (without exposure to inhibin). Regression
analysis was performed using a computer program (Scott, Burger
& Quigg, 1980) and the slope, index of precision (lamda) (log 10)
and significance of regression (Finney's g) were calculated
(Finney, 1964). Different samples were compared with the
reference standard (oRTF) and relative potencies (and 95%
confidence limits) were calculated for those samples which
showed no significant departure from parallelism and linearity (P
> 0.05 ; Borth, 1976). The lamda and interassay coefficients of
variation were <11% and < 16% respectively for 33 bioassays.
The limit of sensitivity for samples of granulosa-lutein cell culture
medium was 0.11 units/ml.

Anti-estradiol and progesterone serum Goat anti-oestradiol and
sheep anti-progesterone sera (initial dilution of 1 : 100) were
added to the pituitary cell cultures when determining inhibin
levels to block the action of any 'residual' steroid left after
extracting the granulosa-lutein cell culture medium (for details see
Tsonis et al. 1986; Tsonis et al. 1987).

Steroid assays Progesterone and oestradiol were measured in
unextracted culture medium using specific radioimmunoassays
validated for this purpose. The progesterone assay was as
described previously (Hillier, Knazek and Ross, 1977) with intra-
and interassay coefficients of variation of 5.2% and 16.8%
respectively. The oestradiol assay was a modification of that
described elsewhere (Hillier, Reichert and van Hall, 1981) using
an oestradiol-3-carboxymethyl-ether p25l]-iodohistamine
radioligand (S. G. Hillier, unpublished results). Intra- and
interassay coefficients of variation were 3.8% and 10.9%
respectively.

Statistical analysis The results were analysed using Student's
unpaired t-test, comparing control versus treatment.

RESULTS

In two experiments, granulosa-lutein cells pooled from multiple
ovarian follicles were cultured for up to 12 days to determine time-
related changes in inhibin accumulation in culture medium.
Maximal accumulation occurred during the first 2-4 days of culture
(48 ± 15 units/million cells every 2 days) falling to levels five fold
lower by day 12 (10 ± 2 units/million cells every 2 days, means ±
S.E.M. ; Figs 1a, 2a). After 4-6 days of culture in the presence of
hLH, significant dose-related increases in inhibin accumulation
were observed ; hLH concentrations of 1 and 10 ng/ml increased
inhibin bioactivity up to five fold (P < 0.05) on days 8 and 10 (Fig.
1 a). Human FSH over the same dose-range had no effect on
basal inhibin accumulation (Fig. 2a).

Progesterone and oestradiol accumulations during the first 2
days of culture were not significantly affected by the presence of
hLH, but from days 4 (progesterone) and 6 (oestradiol) onwards
there were dose-related increases in steroid accumulations,
similar to the effect on inhibin (Fig. 2b, c). Human FSH over the
same dose-range had no effect on basal steroid accumulation
(Fig. 2b, c).

In five other experiments, granulosa-lutein cells were cultured
with or without hormones for 8 days changing the medium after 4
days. The presence of hLH (10 ng/ml) or testosterone (1 pmol/l) in
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Fig. 1. Effect of human LH on (a) inhibin, (b) oestradiol, and (c)
progesterone accumulation by human granulosa-lutein cell
cultures. Medium contained no hormone, control (open bars), or
LH : 0.1 (shaded bars), 1 (solid bars) and 10 (hatched bars) ng/ml.
Cells were cultured for 12 days at 37 °C, changing the medium
every 2 days. Data are the mean ± S.E.M.; n= 4 (control), n= 2
(LH treated) replicates. Results compare control versus treatment;
*p < 0.05, **p < 0.01, "*p < 0.001 (Student's t-test).

the culture media significantly stimulated the accumulation of
inhibin bioactivity above that of controls during both periods of
culture, while hFSH (10 ng/ml) had no effect (Fig. 3a).

The addition of aromatase substrate (1 pmol testosterone/I)
increased oestradiol output several hundred fold, from 5 to 3305
ng/million cells every 4 days, while testosterone had no effect on
progesterone accumulation (Fig. 3b, c). The addition of hLH (10
ng/ml) significantly increased progesterone accumulation during
both periods of culture similar to the effect on inhibin
accumulation (Fig. 3c).
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Fig. 2. Effect of human FSH on (a) inhibin, (b) oestradioi, and (c)
progesterone accumulation by human granulosa-lutein cell
cultures. Medium contained no hormone, control (open bars), or
FSFI : 0.1 (shaded bars), 1 (solid bars) and 10 (hatched bars)
ng/ml. Cells were cultured for 12 days at 37°C, changing the
medium every 2 days. Data are the mean ± S.E.M. ; n= 4 (control),
n= 2 (LFI treated) replicates.
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Fig. 3. Effects of human LFi, FSFI and testosterone on (a) inhibin,
(b) oestradioi, and (c) progesterone accumulation by human
granulosa-lutein cell cultures. Medium contained no hormones,
control (open bars), or LFI (10 ng/ml) alone (shaded bars), FSFi
(10 ng/ml) alone (solid bars), testosterone (1 pmol/l) alone (light
diagonal bars), LH plus testosterone (heavy diagonal bars) or
FSFI plus testosterone (hatched bars). Cells were cultured for 8
days at 37 °C, changing the medium after 4 days. Data are the
mean ± S.E.M.; n= 6-10 replicates per treatment. Results
compare control versus treatment ; *p < 0.05, "p < 0.01, "*p <
0.001 (Student's t-test).

DISCUSSION

These data show for the first time that human granulosa-lutein
cells produce significant amounts of inhibin bioactivity when
cultured in vitro and that this inhibin production is enhanced by
the addition to culture of purified human LFI or testosterone, but
not human FSH.

It has previously been shown in vitro that unluteinized
granulosa cells are the main source of ovarian inhibin (Erickson &
Hsueh 1978; Henderson & Franchimont 1981, 1983). The stroma
and corpus luteum of the cow at least, do not produce detectable
levels of inhibin (Henderson & Franchimont, 1983) in culture
suggesting that the follicle is the main source of ovarian inhibin.
Gonadotrophin has been shown to stimulate inhibin production
both in vitro (Henderson et al. 1984) and in vivo (Lee et al. 1981 ;
Tsonis et al. 1987 ; McLachlan, Robertson, Healvet. al. 1986)

while LH (or hCG) has no effect fHendersonet al. 1984; Lee, Mc
Master, Quiaoet al. 1981). LH (or hCG) (together with
gonadotrophin) has been shown to inhibit the gonadotrophin-
stimulated release of inhibin from the ovary fLeeet al. 1981 ;
Tsonis et al. 1987).

In this study, granulosa-lutein cells were cultured for up to 12
days, a time equivalent to the functional lifespan of the corpus
luteum formed in a natural ovulatory menstrual cycle (Baird,
Backstrom, Mc Neillv et al. 1984; Wickings, Hillier & Reichert,
1986). These present data demonstrate that granulosa-lutein cells
(i.e. luteinized granulosa cells destined to become luteal cells)
produce significant amounts of inhibin bioactivity in culture and
this bioactivity is stimulated by hLH or testosterone.

Preliminary data show that when a midcycle surge of LH does
not occur and patients are given an hCG injection, the early luteal

J. Endocr. (1987) 112, R11-R14
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phase increase in inhibin is far greater than that seen during the
follicular phase, suggesting that hCG (LHt in vivo stimulates
luteinized granulosa cells to secrete inhibin into the peripheral
circulation providing further indirect evidence that the human
corpus luteum secretes inhibin (C. G. Tsonis & D. T. Baird,
unpublished observations). These present data suggest that the
human corpus luteum probably secretes inhibin and that both LH
and/or testosterone rather than FSH may be important in its
regulation during the human luteal phase.
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Follicular fluid lactate levels were measured in women

undergoing infertility surgery during the follicular phase or
oocyte recovery for in-vitro fertilization (IVF). In the largest
ovulatory follicle lactate levels were low in the mid-follicular
phase (group I), 1.6-fold higher just prior to the onset of the
luteinizing hormone (LH) surge (group 2) and a further
2.5-fold higher after the onset of the LH surge (group 3). In
IVF patients mean lactate levels in all aspirated follicles were
similar to those in group 3 subjects, but the levels within each
patient were variable and were positively correlated with
follicular volume. Basal granulosa cell lactate accumulation
in vitro was 3-fold higher in group 3 compared with group
2 subjects, but stimulation by FSH or HCG was higher in
group 2 (2- to 3-fold) compared with group 3 (1.4- to 2-fold).
These results demonstrate that human follicular fluid lactate
levels increase as a function of the maturity and size of the
developing follicle. Granulosa cell lactate accumulation in vitro
is under gonadotrophic control, which suggests that the effects
observed in vivo reflect changes in granulosa cell glycolysis
in response to gonadotrophic stimulation. Our findings sup¬

port the concept that low molecular weight energy metabolites
transduce gonadotrophin signals that regulate oocyte
maturation.

Key words: follicular fluid/glycolysis/gonadotrophins/human
granulosa cell/lactate/preovulatory follicle

Introduction

Oocytes are believed to depend on energy metabolites derived
from the surrounding granulosa cells to sustain growth (Brower
and Schultz, 1982) and protein synthesis (Salustri and Martinozzi,
1982). Oocyte maturation may also depend on glycolytic pro¬
ducts of granulosa cells (Biggers et al., 1967), and there is grow¬
ing evidence for a role of gonadotrophins in regulating energy
metabolism during follicular development. Hillensjo (1976) has
shown that luteinizing hormone (LH) and follicle-stimulating hor¬
mone (FSH) stimulate lactate production in whole rat follicles
during culture, and lactate production by follicles in vitro was

higher after exposure to the mid-cycle LH surge in vivo (Nilsson
et al., 1977). More recently, Hillier et al. (1985b) showed that
granulosa cells isolated from immature rats responded to
gonadotrophins by increased lactate accumulation in vitro. This
response was further enhanced by androgen (Hillier et al.,
1985b). Similar effects of gonadotrophins have been demonstrated
in granulosa cells from preovulatory rat follicles (Billig et al.,
1983). However the precise role of gonadotrophins in vivo is
unclear, since the levels of lactate in rat follicular fluid showed
no change during the LH surge (Zeilmaker and Verhamme,
1977).
To examine developmental changes in granulosa cell glycolysis

and clarify the role of gonadotrophins in regulating follicular
energy metabolism in vivo, we have looked at follicular fluid lac¬
tate levels during the follicular phase of women with natural
ovulatory cycles and in preovulatory follicles of patients in an
in-vitro fertilization (IVF) programme. Further, we have
examined the effects of gonadotrophins and androgen on lactate
accumulation by human granulosa cells in vitro.

Materials and methods

Subjects
Women with regular menstrual cycles having corrective or
diagnostic surgery for infertility were asked to participate in the
study. Fifty patients gave informed consent of whom eight were
subsequently excluded due to technical problems in obtaining
samples. The remaining women had a mean age of 31.9 years
(range 23 — 38) and cycle length of 28.5 days (range 21—31).
A further nine women undergoing laparoscopic oocyte collec¬
tion for IVF, following clomiphene/human menopausal
gonadotrophin (HMG)/human chorionic gonadotrophin (HCG)
ovarian stimulation (Hillier et al., 1985a), were included in the
study.

Blood samples
Peripheral blood samples were collected between 0800—1200 h
on the day before, the day of and the day following surgery for
determination of serum LH and oestradiol (see below).

Follicular aspiration
Follicular aspirates from IVF patients were obtained 34 — 36 h
after HCG administration using a standard aspiration device and
procedure (Wood et al., 1981), and fluid was obtained from all
accessible follicles > 15 mm in diameter (Hillier et al., 1984).
For the remaining patients undergoing laparoscopy (n = 29), the
same aspiration system was used, but for laparotomy patients
(n = 13) a 10-ml syringe and 19 gauge needle were used to
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Table I. Classification of follicular aspirates

Group" Number of

patients
Day of cycle when
follicles aspirated
(mean ± SEM)b

Serum Ej on day
of aspiration
(pmol/1)

LH surge
detected

Approximate time to
expected ovulation

Follicular
volume (ml)
(mean ± SEM)

1 16 9.2 ± 0.64 <600 No 3-8 days' 0.68 ± 0.09

2 15 12.2 ± 0.46 >600 Yes (<24 h after 48 h 2.46 ± 0.44

3 11 13.3 ± 0.41 Variable
aspiration)
Yes (<24 h before 24 h 4.39 ± 0.59

4 9 13.7 ± 0.44 Variable
aspiration)
Yes (or HCG injection) 5 h 5.54 ± 0.61d
34—36 h before

aspiration

"Group 1—3 were women with spontaneous ovulatory cycles; group 4 were IVF patients pre-treated with clomiphene and HMG.
bDay 1 = first day of menses
'Estimated from cycle length minus 14 minus day of cycle when follicles aspirated
dn = 33 follicles

aspirate all visible follicles > 8 mm in diameter. In some cases
the follicle(s) were flushed with Dulbecco's phosphate-buffered
saline (DPBS, Gibco-Europe, Paisley, Scotland, UK) to enhance
granulosa cell yield. Fluid was collected in plastic tissue culture
tubes (Falcon: Becton and Dickinson, Cowley, Oxford, UK).

Isolation offollicular fluid and granulosa cells
Follicular fluid volume was measured and granulosa cells (not
IVF aspirates) allowed to separate out from fluid and DPBS
washes under unit gravity and/or centrifugation (150 g, 5 min),
depending on the degree of blood contamination. Up to two
resuspension/separation steps in DPBS containing 0.1% w/v
bovine serum albumin (Miles UK Ltd, Slough, Berks.)
(DPBS—BSA) were included in cases of severe blood contamina¬
tion. When there was no longer visible sign of blood, granulosa
cells were resuspended in 1.0 ml DPBS —BSA containing 0.1%
w/v hyaluronidase (Type I-S, Sigma Chemical Co. Ltd., Poole,
Dorset, UK) and incubated at 37°C for 15 min in a shaking water
bath to achieve maximum cell dispersion. The suspension was
diluted with a further 5 ml of DPBS—BSA, re-centrifuged
(150 g, 5 min) and re-suspended in incubation medium. This was
Medium 199 containing Earle's salts, 25 mM Hepes and
0.68 mM L-glutamine (Gibco), supplemented with 2 mM L-
glutamine, 50 /tg/ml streptomycin, 50 IU/ml penicillin (Gibco)
and 0.1% w/v bovine serum albumin (BSA).
Cell numbers were adjusted to give 0.2—1.0 X 104 viable

cells/0.25 ml medium (viability assessed using trypan blue,
>70%). The remaining follicular fluid was centrifuged (1500 g,
10 min), 2% antiglycolytic agent (860 mM KF1 and 272 mM
EDTA, Boehringer—Mannheim GMbH, supplied by BCL,
Lewes, East Sussex, UK) added and the supernatant stored at
—20°C until the lactate content was measured.

Granulosa cell culture

Nunc plastic culture dishes (4-well, Gibco) were precoated with
serum (aseptic calf serum, Gibco) according to the method of
Hillier and deZwart (1982). Highly purified human FSH
(HFSH—LER/8116, pretreated with a-chymotrypsin to reduce
its LH activity (Reichert, 1967); final biological activity 900 IU
FSH, 6 IU LH/mg) or HCG (CR-119; 13 450 IU/mg), with or
without testosterone, were added in separate 0.25-ml portions
of culture medium (final concentrations: FSH and LH, 30 ng/ml;

12 3 4

Patient Category*

Fig. 1. Serum and follicular fluid lactate levels (mean ± SEM) in
women during spontaneous ovulatory cycles (groups 1—3) and in
IVF patients pretreated with clomiphene and HMG (group 4). (See
text and Table I for details). There was no difference between
serum lactate levels in the four groups (ANOVA: F = 0.97;
df = 3,47; P > 0.2), but follicular fluid levels differed
significantly between groups (F = 14.9; df = 3,73; P = < 0.001).
Bars with different letters are significantly different (P < 0.01,
non-paired r-test).

testosterone 0.1 /tM). The wells were inoculated with 0.25 ml
of medium containing granulosa cells, and the dishes were in¬
cubated at 37°C in a humidified atmosphere of 5% C02 in air.
After 48 h the medium was removed, 2% antiglycolytic agent
added and stored at —20°C until assayed for lactate (see below).

LH and oestradiol measurement in serum

LH was measured using the Serono LH ter radioimmunoassay
(RIA) kit (Serono Diagnostics Ltd, Woking, Surrey, UK). The
interassay coefficient of variation (COV) was 10.6% (n = 6).
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Fig. 2. Follicular fluid volume correlated with lactate concentration in follicles aspirated from nine women at laparoscopic oocyte recovery
for IVF (Group 4, see Table I)- Points joined by a solid line represent follicles from the same patient. The correlation coefficient was
calculated for all follicles (n = 33).

Oestradiol was measured using the [125I]oestradiol direct RIA
kit (ER-155, Steranti Research Ltd, St Albans, Herts., UK).
Interassay variation was 9.1% (n = 6).

Lactate measurement in follicular fluid, serum and culture
medium

Lactate levels in follicular fluid and serum were measured using
the spectrophotometric method of Noll (1974), modified as
follows: lactate standard solutions (BCL, 7.8 — 500 nM/0.1 ml)
were prepared for each assay by doubling dilution in deionized
distilled water (DIDW). Portions of 0.1 ml of standard or
0.025 ml portions of sample (made up to 0.1 ml with DIDW)
were added to 0.385 ml reagent buffer (pH 8.9) containing
3.12 mM /3NAD (nicotinamide adenine dinucleotide-free acid,
grade III-c, Sigma) and 101 mM L-glutamate (free acid, Sigma).
After equilibration at 25°C, 0.035 ml of enzyme solution (2.86
IU/ml lactate dehydrogenase (Type XI, 825 IU/mg, E.C.
1.1.1.2.7, Sigma) and 3.14 IU/ml glutamic—pyruvic trans¬
aminase (in 1.8 M ammonium sulphate, 1000 IU/ml, E.C.
2.6.1.2, Sigma) in 3.2 M ammonium sulphate was added to one
tube (the sample), and 0.035 ml of ammonium sulphate was add¬
ed to the duplicate (the blank). The formation of NADH was
measured spectrophotometrically by the difference in absorbance
(340 nm; visible light) between the sample and the blank.
Unknown lactate concentrations were obtained by interpolation
from the standard curve. The interassay COV was 4.8% (n = 6).
The method was further modified for the measurement of lac¬

tate in culture medium by diluting standards and samples in
unused culture medium instead of distilled water.

Statistical comparisons
Statistical comparisons were made using one-way analysis of
variance (ANOVA) and the non-paired Student's /-test.

Results

Follicular aspirates were classified into four groups (Table I)
based on the level of serum oestradiol and whether an LH surge
(defined as a value of 20 IU/1 or a doubling of the level in the
previous day's sample) was detected. In groups 1 and 2 there
were 7 and 2 subjects, respectively, who had > 1 follicles
aspirated. In these cases the follicle with the highest level of
follicular fluid oestradiol (data not shown) was judged to be domi¬
nant, and other follicles were not included in the analysis.
Mean follicular fluid volume was 6-fold higher in group 3 com¬

pared with group 1 ( Table I), reflecting rapid follicle growth
during the late follicular phase. The mean follicular fluid volume
in group 4 was slightly higher than in group 3, but this difference
was not significant (P > 0.05).
Follicular fluid lactate was lowest (0.70 ± 0.07 /xM, mean

± SEM) in subjects in the mid-follicular phase (group 1) (Figure
1) and was significantly higher (1.23 ± 0.19 /xM, P < 0.01)
in subjects that were within 24 h before the LH surge (group
2). The levels were a further 2.5-fold higher (2.95 ± 0.30 /xM,

—i r
4 5

Lactate mmol/l
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Fig. 3. The effects of FSH or HCG (30 ng/m]) in the presence or
absence of testosterone (T, 0.1 /tM) on basal (C) lactate
accumulation in culture medium by granulosa cells obtained prior to
the LH surge (group 2) or after the LH surge onset (group 3). The
bars represent the mean value expressed as the percentage increase
in the response over basal values. The variation in group 2 is
indicated by the symbols; each different symbol represents the
individual value (mean of quadruplicate incubations) for different
patients (n = 3). In group 3 the variation is shown as the
mean ± SEM (n — 5).

P < 0.001) in subjects where the LH surge had begun (group
3). Pre-ovulatory patients undergoing IVF had follicular fluid
lactate levels (2.57 ± 0.26 /tM) that were not significantly dif¬
ferent from group 3 (P > 0.05). The changes observed were
not a reflection of serum lactate levels, which remained between
1.54—2.0 /tM across all groups and did not differ significantly
(P > 0.2).
Follicular fluid lactate was positively correlated with volume

in group 4, and this trend was also apparent for follicles within
each patient (Figure 2).
In 8 of the spontaneous ovulatory cycles, granulosa cell cultures

were set up for the measurement of lactate accumulation (group
2, n = 3; group 3, n = 5). Mean basal lactate accumulation after
48 h of culture was 3-fold higher in group 3 compared with group
2 (31.8 ± 8.2 versus 12.5 ± 4.9 nmol/103 cells/48 h). In
view of the large variations in basal values within each group,
the results showing the effects of gonadotrophins and testosterone
are expressed as the percentage increase in the response over
control (basal) values (Figure 3). In group 2, FSH or HCG
(30 ng/ml) stimulated granulosa cell lactate accumulation 2- to
3-fold. Testosterone alone was without effect but enhanced the
FSH-induced response a further 2-fold in one experiment. The
responses to gonadotrophins in group 3 were less (1.4- and 2-fold
stimulation by FSH and HCG, respectively), and testosterone

had no effect alone or combined with either gonadotrophin
(Figure 3).

Discussion

Our results are the first detailed study of energy metabolism in
the human ovarian follicle. We have shown a developmental
change in follicular lactate accumulation, and differences in
responsivity to gonadotrophin in vitro, by granulosa cells
recovered before or after the LH surge.
The highest lactate levels in follicular fluid were found after

the onset of the LH surge, in contrast to observations in the rat
(Zeilmaker and Verhamme, 1977). Lactate levels in pre-ovulatory
follicles (IVF patients) increased as a function of follicular size.
These results parallel the relationship found between size and
follicular fluid oestradiol and progesterone levels (Hillier et al.,
1984). However there is controversy over the relationship bet¬
ween follicular fluid steroid levels and oocyte quality (Wramsby
et al., 1981; Hillier et al., 1984). It is possible that a link exists
between follicular fluid lactate levels and IVF outcome, but the
small number of patients in the present study does not allow this
to be investigated.
The rise in follicular fluid lactate seen during development of

the pre-ovulatory follicle has not been described previously. It
is unlikely that this effect is due solely to increased granulosa
cell numbers, since there is a constant relationship between cell
number and follicular volume (Peters and McNatty, 1980). A
more probable explanation is that higher lactate levels reflect in¬
creased metabolic activity of the granulosa cells in response to
FSH stimulation. FSH responsivity in vitro of granulosa cells
from the rat (Hillier et al., 1985b) and human (present study)
provide supporting evidence for these observations. Alternatively,
there may be changes in the oxidation— reduction potential in the
follicle due to the predicted decrease in oxygen tension as folli¬
cle size increases. This would shift the equilibrium between
pyruvate and lactate in favour of lactate. In any event, the pre¬
sent results indicate a relative shortage of lactate in follicles dur¬
ing the mid-follicular phase (lower than serum levels) which
switches to an excess in pre-ovulatory follicles; observations
which support the concept that low molecular weight energy
substrates produced by granulosa cells are important regulators
of oocyte maturation (Biggers et al., 1967).
Granulosa cells derived from subjects prior to the LH surge

(group 2) showed low basal lactate accumulation in vitro but max¬
imum responsiveness to FSH or HCG. This contrasts with the
situation after the LH surge onset (group 3) when basal lactate
accumulation was 3-fold higher but responsiveness to
gonadotrophins was lower. A similar rise in basal levels with
a decline in gonadotrophin responsiveness after the LH surge was
shown for aromatase activity (Hillier et al., 1980) and pro¬
gesterone production (Moon, 1981; Wickings etal., 1986). Thus
it is likely that gonadotrophins activate an increase in lactate
accumulation during the mid-follicular phase, which may then
be more or less independent of gonadotrophic support during the
period after the LH surge to ovulation.
Androgens augment FSH-induced lactate accumulation by im¬

mature rat granulosa cells (Hillier et al., 1985b) and progesterone
accumulation by cells from proestrus rats (Fortune and Vincent,
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1986). Attempts to find a synergistic effect of androgen on human
granulosa cell function have given inconsistent results (Moon,
1981; McNatty et al., 1983), although this may be due to the
variable maturity of the granulosa cells used. The present ex¬
periments do not give clear-cut results. Granulosa cells from one
of the three subjects studied prior to the LH surge were respon¬
sive to androgen, whereas there was no response in the five sub¬
jects tested after the LH surge. This suggests that, if androgens
are stimulatory prior to the LH surge, there is a subsequent loss
of responsivity, as demonstrated for steroidogenic responses in
the rat (Zeleznik et al., 1979).
In conclusion, we have shown that human granulosa cell lac¬

tate accumulation is under gonadotrophic control in vitro. Lac¬
tate levels in follicular fluid increase as a function of follicular
size and maturity, being highest in pre-ovulatory follicles after
the LH surge. These results are supporting evidence for a role
of low molecular weight energy substrates as important regulators
of oocyte function.
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Controle paracrinien dans les ovaires
S.G. Hillier*

Paracrine control in the ovaries

Le controle paracrinien est une forme generali-
see de bioregulation dans laquelle un type de
cellule dans un tissu influence de fagon selective
l'activite d'un type de cellule adjacent par la bio¬
synthese et la liberation de messagers chimiques
qui diffusent dans le parenchyme et agissent de
fagon specifique sur des cellules cibles voisines.
Les follicules ovariens sont composes de deux
principaux systemes de cellules somatiques (gra¬
nulosa et theque folliculaire), dont la croissance,
le developpement et les fonctions de secretion
des steroides sont sous controle endocrinien par
la FSH et la LH. La communication paracri-
nienne entre ces cellules implique la production
locale de bioregulateurs steroldiens et non ste-
roi'diens. Nous decrivons dans cet article certains

aspects de ce systeme paracrinien intra-ovarien.
Les augmentations cycliques de FSH dans le sang
produisent le stimulus endocrinien primaire pour le
developpement pre-ovulatoire, par Fintermediaire
d'une action directe sur les cellules de la granulosa.
La FSH franchit la paroi des follicules a travers
le lit capillaire, penetre dans la theque folliculaire
interne et diffuse a travers la membrane basale
dans la couche des cellules de la granulosa avas-
culaire ou elle stimule les mecanismes intracellu-
laires couples aux recepteurs pour la FSH.

Paru dans : Research review, vol. 19, n" 4, octobre 1987.

Ce signal endocrinien de l'hypophyse anterieure
active la proliferation des cellules de la granulosa
et la cytodifferenciation, impliquant l'induction
d'enzymes steroi'dogenes, y compris les aromata-
ses et l'expression des recepteurs de la membrane
superficielle pour la LH, qui sont fonctionnelle-
ment couples a la biosynthese des hormones ste-
roidiennes. Toutefois, bien avant que les cellules
de la granulosa possedent des recepteurs pour la
LH et repondent directement a la LH, une stimu¬
lation simultanee des follicules par la LH est
necessaire pour que la FSH puisse provoquer ces
changements. Ce besoin en LH s'explique par
les messages paracriniens arrivant dans la couche
de la theque adjacente de la paroi des follicules,
ou sont situes les recepteurs pour la LH, des les
premieres etapes du developpement folliculaire.
La biosynthese des androgenes est une activite
principale de la theque folliculaire controlee par
la LH, qui entrave le developpement et la fonc-
tion des cellules de la granulosa. L'androstene-
dione et la testosterone de la theque folliculaire
traversent la membrane basale, penetrent dans
les couches des cellules de la granulosa et s'accu-
mulent dans le liquide folliculaire. Selon l'etat
du developpement (controle par la FSH), les cel¬
lules de la granulosa ont la capacite enzymatique
pour metaboliser ces androgenes en d'autres ste-
roi'des, y compris les androgenes 5a-reduits

Contraception-fertilit6-sexuaIite - 1988 - Vol. 16, n° 3, pp. 267-269 267



5a-reductase), l'oestradiol (aromatase) et lcs
catecholestrogenes (oestrogenes hydroxylase),
tous les steroi'des ayant des fonctions de bioregu-
lation potentielle dans la paroi des follicules.
Pour plusieurs especes de mammiferes, y compris
un singe de laboratoire (2), il a ete montre que
diverses modifications biochimiques associees a
la cytodifferenciation des cellules de la granu¬
losa, induite par la FSH, sont augmentees lors
d'une culture en presence d'androgenes, aux
concentrations trouvees dans le liquide follicu-
laire. L'action des androgenes par Tintermediaire
de recepteurs specifiques des cellules de la granu¬
losa provoque une augmentation de la produc¬
tion d'AMP cyclique extracellulaire et Tamplifi-
cation des processus biochimiques dependant de
l'AMP cyclique generes par la FSH (13). Les
androgenes actifs comprennent la testosterone et
Tandrostenedione ainsi que leurs metabolites 5a-
reduits, non aromatisables. L'action paracri-
nienne des androgenes dans les cellules de la
granulosa, qui ont atteint des stades avances de
cytodifferenciation, est plus difficile a evaluer.
Etant donne que les cellules de la granulosa
matures contiennent un systeme aromatasique
actif, elles convertissent la testosterone et
Tandrostenedione en cestrogenes, qui reduisent
le potentiel d'action directe des androgenes.
D'autre part, les metabolites androgenes 5a-
reduits peuvent agir comme inhibiteurs d'aroma-
tase et permettre ainsi une suppression de la bio-
synthese des cestrogenes.

II a ete montre que Tcestrogene est un regulateur
autocrine intrafolliculaire (c'est-a-dire qu'il agit
sur la cellule qui le produit) qui stimule les mito¬
ses des cellules de la granulosa et amplifie
Taction de la FSH et de la LH en augmentant le
nombre de recepteurs et en augmentant la sensi-
bilite de divers processus biochimiques a la sti¬
mulation par les gonadotrophines (3). Bien sur,
la theorie populaire pour expliquer comment un
simple follicule "dominant" est choisi pour l'ovu-
lation dans le cycle menstruel est que le follicule
qui augmente le plus rapidement son taux
d'oestrogenes intrafolliculaires par Tinterme-
diaire d'une activation de 1'aromatase des cellules
de la granulosa, induite par la FSH, est favorise
biochimiquement et morphologiquement par
Tactivation d'une boucle de retroactivation locale
dans laquelle les oestrogenes stimulent la prolife¬
ration des cellules de la granulosa et augmentent
la reponse a la gonadotrophine, ce qui entraine
de nouvelles augmentations de formation
d'oestrogenes, etc. (3). Actuellement, cette rela¬
tion de cause a effet n'a pas ete prouvee directe-

ment dans les ovaires des singes. Lors d'une
recente etude sur la cytodifferenciation induite
par la FSH (induction de biosynthese de proges¬
terone et d'activite aromatase) dans la culture de
cellules de la granulosa de ouistitis, Toestradiol
ne possedait pas d'effet stimulant alors que les
steroi'des androgenes (testosterone, 5a-dihydro-
testosterone) possedaient un effet stimulant. De
plus, une recente etude immunocytochimique sur
les ovaires de singes rhesus s'est revelee negative
en ce qui concerne le receptcur oestradiol (4).
L'evaluation d'une action cestrogene intrafollicu¬
laire est d'autant plus compliquee que les cellules
de la granulosa pre-ovulatoires ont une capacite
accrue a metaboliser Toestradiol en catecholestro¬
genes (5). Les catecholestrogenes ont ete identi¬
fies dans le liquide folliculaire ovarien chez diver¬
ses especes, y compris Thomme, et il a ete mon¬
tre que le 2-hydroxyestradiol augmente la biosyn¬
these de progesterone induite par la FSH et l'aro-
matisation dans les cellules de la granulosa culti-
vees (6). Ces resultats impliquent une fonction
regulatoire intrafolliculaire potentielle des cate¬
cholestrogenes.

Ni la FSH ni Tcestradiol n'exercent d'effets mito-

genes sur les cellules de la granulosa in vitro
tandis qu'elles exercent ces effets in vivo. Cela
souleve la question de savoir si des facteurs de
croissance induits localement coordonnent les
actions mitogenes et de differenciation des gona¬
dotrophines et des steroi'des sexuels. Les "candi-
dats" a un tel role comprennent le facteur de
croissance epidermique (EGF), Tinsuline, le fac¬
teur de croissance analogue a l'insuline (IGFs), le
facteur de croissance fibroblastique (FGFs) et le
facteur de croissance des tumeurs (TGFs) (7, 8, 9).
Les cellules de la granulosa possedent des recep¬
teurs pour ces peptides et la FSH module leur
expression durant la cytodifferenciation des cel¬
lules de la granulosa. II est done prouve que la
production intra-ovarienne de ces peptides est con-
trolee par les gonadotrophines et les steroides (7).
Selon les especes animales, les etapes de cytodif¬
ferenciation et les conditions de culture, ces fac¬
teurs stimulent les mitoses des cellules de la gra¬
nulosa ou modulent Texpression de fonctions dif-
ferenciees dans les cultures de cellules au rcpos.
Les effets du TGF6 sont particulierement inte-
ressants car cette peptide est reliee, structurelle-
ment et fonctionnellement, a d'autres peptides
gonadales comprenant diverses formes d'inhi-
bine, d'activine et de MIS (9). Le TGF6 a un
effet biphasique sur la cytodifferenciation induite
par la FSH dans les cellules de la granu-
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losa chez les rats : il s'agit d'un effet stimulant en
cas de faibles concentrations de FSH et d'un effet
inhibiteur en presence de fortes concentrations
de FSH (8). II a ete montre que les cellules inter-
stitielles de la theque produisent des TGF6 (10),
tandis que les cellules de la granulosa secretent
de l'inhibine controlee par les gonadotrophines
et les steroi'des sexuels (11). II a ete montre que
Finhibine purifiee a partir du liquide folliculaire
de la truie exerce des effets inhibiteurs sur la

steroi'dogenese induite par la FSH dans les cultu¬
res des cellules de la granulosa chez les rats (12).
Les recherches futures vont surement reveler des
fonctions regulatoires importantes pour cette
famille de peptides dans l'ovaire.

D'autres "candidats" impliques dans la commu¬
nication paracrinienne intra-ovarienne compren-
nent diverses proteases et substrats/inhibiteurs
de protease, des composants de la matrice extra-
cellulaire, tels que la fibronectine ; des facteurs
angiogeniques, tels que le FGF de base ; des
neuropeptides tels que la substance P., des pepti¬
des intestinaux vaso-actifs, des oxytocines/vaso-
pressine, des neurophysines, des opiaces et des
peptides similaires au GnRH, de la relaxine, des
prostaglandines, des catecholamines ; des
nucleotides adenyl/guanyl, etc. La liste
augmente rapidement etant donne que de nou-
veaux facteurs sont identifies dans les ovaires ou

semblent avoir des effets directs in vivo. Toute-

fois, si Ton evalue leurs fonctions intra-ovarien-
nes, il serait bon de se rappeler que la regulation
paracrinienne necessite la presence d'une subs¬
tance localement biosynthetisee et qu'elle exerce
un effet biologique par l'intermediaire du recep-
teur dans le tissu en question. Le role physiologi-
que significatif de la paracrine comme regulateur
ne sera pas prouve tant que ces criteres n'auront
pas ete remplis.

BIBLIOGRAPHIE

1 - HILLIER S.G. - In Oxford Reviews of Reproductive Biology, 1985, 7, 157.
Edited by Clarke J.R., Clarendon, Oxford.

2 - HARLOW C.R., HILLIER S.G., HODGES J.K. - Endocrinology, 1985,
119, 1403.

3 - HSUEH A.J.W. - Clinics in Endocrinology and Metabolism, 1986, 15, 1174.

4 - HILD-PETITO S., WEST N.B., STOUFFER R.L.. BRENNER R.M. - In
Primate Ovary, Edited by Brenner R.M. and Stouffer R.L. Raven press, New
York, 1987.

5 - SPICER L.J., HAMMOND J.M. - Molecular and Cellular Endocrinology,
1987, 50, 139.

6 - HUDSON K.E., HILLIER S.G. - Journal of Endocrinology. 1985, 106, RI.
7 - HAMMOND J.M., ENGLISH H.F. - Endocrinology. 1987, 120, 1039.

8 - KNECHT M., FENG P., CATT K. - Endocrinology. 1987, 120, 1243.
9 - MASSAGUE J. - Cell., 1987, 49, 437. .

10 - SKINNER M.K., KESKI-OJA J., OSTEEN K.G., MOSES H.L. - Endocri¬
nology, 1987, 121, 786.

11 - BICSAK T.A., TUCKER E.M., CAPPELL S., VAUGHAN J., RIVIER J.,
VALE W., HSUEH A.J.W. - Endocrinology, 1986, 119, 2711.

12 - YING S.Y., BECKER A., LING N. et al. - Biochemical and Biophysical
Research Communications, 1986, 136, 969.

* Laboratoire d'endocrinology - Departement d'obstetrique et de gynecologie -
Street - Edimbourg EH3 9 EW - Ecosse

Universite d'Edimbourg - Centre de biologie reproductive - 37 Chalmers

Contraception-fertilite-sexualite -1988 - Vol. 16, n" 3 269



congres
MONTPELLIER

21-22-23 avril 1988

IIIes Journees de Pericon-
ceptologie (CECOS - GEFF)
Programme :
21 avril : Bilan des CECOS
Symposium : la mobilite du
spermatozoi'de.
22 avril : Communications libres
Conference : l'etat de la stimu¬
lation de Povulation dans les
procreations medicalement
assistees, bilan FIV et techni¬
ques apparentees.
23 avril : Communications libres
Symposium : embryon et implan¬
tation.

Date limite de soumission des
communications libres : 10 Jan¬
vier 1988.

Les communications libres doi-
vent etre adressees au Secreta¬
riat scientifique - IIIes Journees
de Periconceptologie maternite
13, avenue du Pr-Grasset
34059 Montpellier Cedex
• Inscriptions et renseigne-
ments : IIIes Journees de Peri¬
conceptologie - Palais des Con¬
gres de la Grande-Motte
BP 16 - 34280 La Grande-Motte

BORDEAUX

23 avril 1988

VIIIes Journees gynecologi-
ques d'Aquitaine
Sur le theme : sept points capi-
taux en postmenopause.
• Renseignements :
Clinique gynecologique
(Pr G. Brun) - Hopital Saint-
Andre - 33075 Bordeaux
Tel. 56 96 83 83 poste 43371

NICE

29-30 avril 1988

IIIe Seminaire nigois de
medecine de la reproduction

Principaux themes :
- Avortements a repetition :
une origine immunologique ?
- Avortements ultraprecoces
et non implantations embryon-
naires.
- Progres en physiologie et
physiopathologie de l'ovula-
tion.
- Conduite a tenir en cas

d'echec d'induction de Povula-
tion.
- Hypofertilite masculine.
- Insemination artificielle avec

donneur.

• Renseignements :
Dr P. Fenichel
Hopital annexe Republique
06000 Nice
Tel. 93 13 33 05

Hopital de PArchet - 06000 Nice
Tel. 93 86 03 05 poste 305
• Inscriptions :
ICA - 4, villa d'Orleans
75014 Paris

DEAUVILLE

30 avril 1988

Journee nationale d'endo-
scopie gynecologique
Principaux themes :
- Les kystes de l'ovaire.
- L'endoscopie ambulatoire.
- Myomes sous-muqueux.
- Procreations assistees :

GIFT et FIVETE.

• Renseignements : Dr Daniel
Anger - College de gynecologie
de Normandie - 29, rue Thiers
76000 Rouen

TAORMINA
GIARDINI NAXOS (Italie)
22-27 mai 1988

6e Congres mediterraneen
de chimiotherapie.
• Organisation et secretariat
technique : ALM
Via Lattuada 26 - 20135 Milan
Tel. 02/54 65 641

PESSAC

4 juin 1988
College de gynecologie de
Bordeaux et du Sud-Ouest

Symposium de gynecologie
infantile et juvenile
• Secretariat general :
Dr J.C. Emperaire
4, rue Vauban - 33000 Bordeaux
Tel. 56 44 00 20

NICE

17-19 juin 1988
Journees de gynecologie
de Nice

• Renseignements :
Dr Ch. Nahmanovici
8, av. de Verdun - 06000 Nice
Tel. 93 88 55 95

BARCELONE

3-6 juillet 1988
4e Congres annuel
Themes principaux :
- Puberte.
- Differentiation sexuelle et

gonades foetales.
- Ovaires polykystiques.
- Genetique et diagnostic pre¬
natal.
- Procreation assistee.
- Infertility masculine.
• Renseignements :
OTACSA

Sepulveda 45.47
08015 Barcelona - Espagne
Tel. (34.3) 325 25 46

PARIS
(Palais des Congres)
11, 12, 13 novembre 1988
16es Journees sur la Fertilite
et l'Orthogenie
• Renseignements :
CFS - 55, rue des Petits-Champs
75001 Paris - (1) 42 96 97 25

270 Contraception-fertilite-sexualite - 1988 - Vol. 16, n° 3



47
Cellular basis of luteal steroidogenesis in the human ovary

B. Fisch, R. A. Margara, R. M. L. Winston and S. G. Hillier
University of London Institute ofObstetrics and Gynaecology, Royal Postgraduate Medical School,
Du Cane Road, London wnoHS

(B. Fisch is now at Department of Obstetrics and Gynecology, Beilinson Medical Center, Sackler School of
Medicine, Tel Aviv University, Petah Tiqva, Israel)

(S. G. Hillier is now at Reproductive Endocrinology Laboratory, Department of Obstetrics and Gynaecology,
University of Edinburgh Centre for Reproductive Biology, 37 Chalmers Street, Edinburgh eh3 9ew)

received 1 December 1988

ABSTRACT

A primary monolayer cell culture system was
developed to investigate human corpus luteum (CL)
function in vitro. Steroidogenic cells were isolated by
collagenase dispersal and Percoll density-gradient
fractionation from CLs enucleated at progressive
stages of the luteal phase (tubal surgery patients).
'Pure' granulosa-lutein cells were aspirated from
ovulatory follicles at mid-cycle (in-vitro fertilization
patients). The steroidogenic capacity (progesterone/
20a-dihydroprogesterone biosynthesis and aromatase
activity) of isolated luteal cells was assessed in relation
to CL development. Basal luteal cell steroidogenesis
was maximal at around the expected time of ovula¬
tion and declined with CL age during the luteal
phase. Conversely, human chorionic gonadotrophin

(hCG)-responsive steroidogenesis was initially unde¬
tectable but developed as the luteal phase progressed.
These results show that luteal cell steroidogenesis
becomes increasingly dependent upon gonadotrophic
support with CL age. This is evidence that functional
luteolysis in human ovaries (1) is pre-programmed to
occur at the cellular level, (2) is initiated automatically
at the time of ovulation and (3) is reversed at the time
of CL 'rescue' in early pregnancy by the direct action
of trophoblastic hCG on steroidogenic luteal cells.
The culture system described should be of value in
further defining the control of human CL form and
function at the cellular level.
Journal ofEndocrinology (1989) 122, 303-311

INTRODUCTION

The corpus luteum (CL) is the most active steroid¬
ogenic gland in the human body apart from the
placenta (Rothchild, 1981). However, little is known
of the cellular events underlying its formation and
regression during the menstrual cycle, or of its 'rescue'
by human chorionic gonadotrophin (hCG) during
early pregnancy. This is mainly due to problems
with obtaining homogeneous steroidogenic cell popu¬
lations suitable for study in vitro, compounded by a
paucity of accurately dated healthy luteal tissue to
work on.

The present work was undertaken (1) to establish a
simple and reliable method for obtaining enriched
populations of steroidogenically active human luteal
cells, (2) to develop and characterize a primary mono¬
layer culture system for the systematic investigation
of luteal cell function in vitro and (3) to study basal
and hCG-responsive luteal cell steroidogenesis in

relation to CL age. Luteal cell aromatase activity and
progestogen biosynthesis were both assessed, since the
human CL secretes oestradiol as well as progesterone
(Baird, 1977).

MATERIALS AND METHODS

Patients

Corpora lutea were obtained from women with
regular ovulatory menstrual cycles who were under¬
going microsurgical reversal of tubal sterilization.
None of these patients had received hormone therapy
and all had given informed consent to the lutectomy
procedure. Ethical Committee approval was obtained
before beginning the study. Granulosa-lutein cell
aspirates were obtained from a further six patients
undergoing laparoscopic egg collection for in-vitro
fertilization (IVF) treatment. These women were
given standardized therapy with clomiphene citrate

Journal ofEndocrinology (1989) 122, 303-311 © 1989 Journal of Endocrinology Ltd Printed in Great Britain
0022-0795/89/0122-0303 $02.00/0



b. fisch and others • Human luteal cellfunction

and human menopausal gonadotrophin to stimulate
multiple follicular development. Follicle aspiration
was timed to approximately 36 h after onset of a spon¬
taneous luteinizing hormone (LH) surge detected by
LH immunoassay on serum samples taken every 6h
(Hillier, Afnan, Margara & Winston, 1985).

CL enucleation

Lutectomy was carried out during laparotomy before
manipulation of the pelvic organs. Each gland was
excised in toto using microsurgical techniques. A
circular incision through the superficial ovarian cap¬
sule was made around the circumference of the CL
and the entire gland was enucleated by blunt separ¬
ation from the surrounding stroma. The excised gland
was placed in ice-cold Medium 199 (Gibco Ltd,
Paisley, Strathclyde, U.K.) containing 01% (w/v)
bovine serum albumin (BSA; Sigma Chemical Co.
Ltd, Poole, Dorset, U.K.) and immediately trans¬
ported to the laboratory. An operating microscope
was used to view the tissue during the dissection.

CL dating
Classification of CL age (ovulation = day 0) was as
early (ECL; days 1-5, « = 6), mid- (MCL; days 6-10,
n = 6) and late- (LCL; day 11 and beyond, n = 6) luteal
phase, based upon menstrual cycle history and tissue
histology (Corner, 1956; Visfeldt & Starup, 1974).
Assigned ages were corroborated by serum proges¬
terone, oestradiol and LH levels in blood samples
collected before, during and after surgery; in most
cases the actual day of onset of the LH surge was
established. A post-operative decline in circulating
steroid hormone levels confirmed the status of the
resected material as a functional CL of the current
menstrual cycle.

Isolation of cells from luteal tissue

The luteinized inner cell layer was dissected out from
the core of the CL, washed in Dulbecco's phosphate-
buffered saline containing 01% BSA and chopped
into small pieces using scalpel blades. Tissue dispersal
was carried out with an enzyme solution (01%, w/v,
collagenase (Sigma, type I; 175 units/mg solid) and
0-001%, w/v, DNase (Sigma, type I; 330 Kunitz
units/mg protein)) prepared in Medium 199 con¬
taining 01% BSA (Medium 199-BSA). The chopped
tissue was incubated in 5 ml enzyme solution for 30
min at 37 °C using a shaking water bath (160 cycles/
min). The suspension of dispersed cells was collected
and replaced with 5 ml fresh enzyme solution and
digestion was repeated. Cell suspensions from both
incubations were combined and filtered through four
layers of surgical gauze. The cells were then collected
Journal ofEndocrinology (1989) 122, 303-311

by centrifugation (100# for 5 min at room tempera¬
ture), washed and re-pelleted twice from fresh Medium
199-BSA and finally resuspended (1-3 x 106 cells) in
1 ml Medium 199 for density-gradient fractionation.

Isolation of granulosa-lutein cells from ovulatory
follicles

Ovulatory follicles containing at least 2 ml follicular
fluid were aspirated laparoscopically 34-36 h after
onset of the LH surge. Oocyte-cumulus complexes
were taken for IVF, and granulosa-lutein cells
were separated from the aspirates by unit-gravity
sedimentation. Aspirated granulosa cells were sub¬
jected to collagenase dispersal and density-gradient
fractionation in the same manner as luteal cells.

Cell fractionation

The cell suspension (1 ml) was layered on to a 10 ml
30% (v/v) Percoll (Pharmacia, Uppsala, Sweden)
gradient, previously prepared by dilution with
Medium 199 and pre-centrifugation for 30 min at
30 000#. The loaded gradient was centrifuged for 20
min at 800# (20 °C). Twenty 0-5 ml fractions were col¬
lected from the bottom of the gradient by aspiration
through an 18-G lumber puncture needle. The frac¬
tions were diluted with 3 ml culture medium and cell
counts obtained using a haemocytometer. The cells
were classified as 'large' (>25 pm diameter) or 'small'
(<24pm) using an ocular micrometer. Steroidogenic
cells with a density of ~ 1-05 g/ml were used for tissue
culture studies (see Results).

Cell culture

Monolayer cell culture was carried out using Nunc
multi-well plastic dishes and culture medium from
Gibco. The culture medium was Medium 199 contain¬

ing Earle's salts, Hepes buffer (25 mmol/1), donor calf
serum (5%, v/v), streptomycin (50 pg/ml), penicillin
(50 units/ml) and extra l-glutamine (2 mmol/1). Aspir¬
ated granulosa-lutein cells were cultured at a density
of 0-3—1 0 x 104 cells/0-5 ml medium; dispersed cells
from whole CLs were cultured at 2-0 x 104 cells/0-5 ml.
Control and gonadotrophin-treated cultures were set
up in triplicate in medium with and without added
testosterone (1-Opmol/l) as an aromatase substrate.
Gonadotrophins added to the culture medium and
their potencies as determined by bioassay were
hCG CR-119 (13 450 units/mg) or human follicle-
stimulating hormone (hFSH)LER 8/116 (900 units/
mg); hCG was donated by Dr B. Nisula, NICHHD,
National Institutes of Health, Bethesda, MD, U.S.A.,
and hFSH by Dr L. Reichert, Albany Medical College
of Union University, Albany, NY, U.S.A. The hFSH
preparation was treated with a-chymotrypsin to
reduce LH contamination selectively and contained
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~6 units LH/mg (Reichert, 1967). Incubation was at
37 °C in a humidified atmosphere of 5% (v/v) in air
for 4 days, with a medium change at 48 h. Spent
culture medium was stored frozen until steroid assay
(see below). Cells suspended in control medium and
frozen at the beginning of the incubation were used to
estimate the endogenous steroid content of the culture
inoculum.

Steroid assays

Oestradiol, progesterone and 20a-dihydroprogester-
one levels in culture medium were measured by direct
radioimmunoassay as described previously (Hillier,
Reichert & van Hall, 1981a). Aromatase activity was
expressed as oestradiol produced in the presence of
exogenous testosterone after correction for basal
oestradiol accumulation in the absence of androgen
(Hillier, Reichert & van Hall, 19816).

Cytochemistry

Staining for 3P-hydroxysteroid dehydrogenase activity
in density-gradient fractionated cells and cultured cell
monolayers was carried out using a modification of the
procedure described by Steinberger, Steinberger &
Vilar (1966). Intracellular lipids were demonstrated
using the method of Grasso & Crisp (1985).

Electron microscopy
Cultures for electron microscopy (EM) were set up as
described above in culture wells containing a sterile
Thermanox cover slip (Gibco). The cell monolayer
was fixed to the cover slip in a solution of 3%
(v/v) glutaraldehyde in cacodylate buffer (0-1 mol/1)
and then in 0-1% (w/v) osmium tetroxide. After
dehydration and mounting, the cells were examined in
a transmission EM (Hitachi HU 12A) and scanning
EM (Cambridge Instruments).

Statistical analysis

One-way analysis of variance was used to deter¬
mine the statistical significance of observed differ¬
ences among multiple means, and linearity between
two variables was assessed by simple linear regression.
A P value of 0 05 or less was considered to be

significant.

RESULTS

Cell fractionation

Three visible isopycnic cell bands were produced
when enzymically dispersed luteal cells were centri-
fuged on continuous self-generated 30% Percoll
gradients (Text-fig. la). Steroidogenically active cells

were found in fractions 3-7, corresponding to a cell
density of ~ 1-05 g/ml. The steroidogenic cells were
completely separated from blood cells (density
~M4g/ml) and a steroidogenically inactive band
composed mainly of cell debris (density ~ 1 02 g/ml).
Cells aspirated from ovulatory follicles separated as
steroidogenic cells and blood cells at ~ 105 g/ml and
~ 114 g/ml respectively; the band of cellular debris at
~ 105 g/ml was absent (Text-fig. 16).

text-figure 1. Fractionation of steroidogenic human luteal
cells on self-generated continuous 30% Percoll density
gradients. Results are shown for (a) luteal cells from enzymi¬
cally dispersed corpora lutea (average profile from 18 indi¬
vidual corpora lutea) and (6) granulosa-lutein cells aspirated
from ovulatory follicles (average profile from six individual
follicular aspirates). The number of steroidogenic cells
(based on combined morphological, cytochemical and bio¬
chemical criteria) in each 0-5 ml fraction from the gradient is
expressed as a percentage of the total number of steroido¬
genic cells recovered from the entire gradient. Steroidogenic
cells (~ 1 -05 g/ml) separated completely from red blood cells
(^— 1-14 g/ml; hatched bars) and non-steroidogenic cellular
debris (~ 1 02 g/ml; stippled bar); the latter band was absent
from aspirated granulosa-lutein cell preparations.

The total recovery of steroidogenically active (3|3-
hydroxysteroid dehydrogenase positive) cells from
enzymically dispersed CLs ranged between 0-97 and
2-76 x 106 cells/CL and declined with CL age (Table
1). 'Large' and 'small' steroidogenic cells were

Journal ofEndocrinology (1989) 122, 303-311
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table 1. Recovery of steroidogenic luteal cells by enzymic dispersion and
density-gradient fractionation ofwhole CLs enucleated during the early
(ECL), mid- (MCL) and late- (LCL) luteal phases of human spontaneous
menstrual cycles. Values are means + s.d., n = 6

CL weight
(g)

Luteal

development
ECL
MCL
LCL

2-39 + 0-31
3-20 + 0-60
2-44 + 0-66

Total steroidogenic
cells (x 10 ')*

1-97 + 0-87
1-81+0-46
1-32 + 0-24

Large steroidogenic
cells (% of total)f

81-10 + 2-8
48-47 + 20-1
24-22 + 6-7

•Enriched steroidogenic cell fraction recovered from 30% Percoll density gradient (see Text-figs 2
and 3).
tProportion of cells > 25 pm diameter in the enriched steroidogenic cell fraction.

both present in the ~L05g/ml isopycnic cell band
and their absolute and relative proportions were
also related to CL development. Thus 'large' cells
accounted for more than 80% of steroidogenic cells
recovered from ECLs compared with ~24% for
LCLs (Table 1).

Characterization of steroidogenic cells

During monolayer culture for up to 21 days, luteal
cells harvested from the ~ 1 -05 g/ml density-gradient
band displayed the following characteristics consis¬
tent with steroidogenic function: basal and hCG-
responsive steroid production during monolayer
culture (Text-figs 2 and 3), positive cytochemical stain¬
ing for 3P-hydroxysteroid dehydrogenase activity (not
shown), presence of lipid inclusion bodies (not
shown) and presence of intracellular organelles con¬
sistent with active steroidogenesis as detected by
transmission EM (Plate 1, fig. 1).
Ultrastructurally distinct cell populations were not

identified within the steroidogenically active cell band.
However, steroidogenic cells from ECLs were charac¬
teristically spherical in shape, contained numerous
dark cytoplasmic granules and accumulated a yellow-
pigmented deposit over the cell surface (Plate 1, fig. 2).
They exhibited multiple foldings of the surface mem¬
brane and possessed numerous microvilli and cilia-
like structures (Plate 1, fig. 3). In contrast, cells from
LCLs tended to be elongated and flat with a clear
agranular cytoplasm, and yellow-pigmented deposits
over the cell surface were rarely seen (Plate 2, fig. 4).
Scanning EM showed these cells to have smooth
surfaces and to be joined together by long intercon¬
necting processes (Plate 2, fig. 5). Cells from MCLs
were intermediate with those of ECLs and LCLs (not
shown).

Steroid biosynthesis in vitro
The steroidogenic capacity of cultured luteal cell
monolayers was related to CL development at the
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text-figure 2. Progesterone formation by fractionated
human luteal cells. Enzymically dispersed luteal cells from
the mid-luteal phase were centrifuged on a self-generated
continuous 30% Percoll density gradient. A portion ofeach
0-5 ml fraction from the gradient was cultured for 96 h in the
absence (O) and presence (•) of human chorionic gonado¬
tropin (30 ng/ml). Progesterone accumulation in the cul¬
ture medium was determined by radioimmunoassay. Results
are means of triplicate incubations and are presented as (a)
per fraction and (b) per cell.

time of cell isolation (Text-figs 4 and 5). Progestogen
biosynthesis and aromatase activity were highest in
the granulosa-lutein cells which were aspirated from
ovulatory follicles. Rates of steroidogenesis in luteal
cells obtained from enucleated CLs were at least 50%
lower and declined progressively with CL age (Text-
fig. 4). The presence of hCG (30 ng/ml) in the culture
medium significantly enhanced steroid biosynthesis;
the responses elicited (% increase over basal) were
proportional to CL age and inversely related to
basal rates of steroidogenesis (Text-fig. 5). Whereas
aspirated granulosa cells were relatively insensitive to
hCG, the gonadotrophin enhanced steroid biosyn-
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text-figure 3. Aromatase activity in fractionated human
luteal cells. Enzymically dispersed luteal cells from the mid-
luteal phase were centrifuged on a self-generated continuous
30% Percoll density-gradient. A portion ofeach 0-5 ml frac¬
tion from the gradient was cultured in medium containing
1-0 pmol testosterone/1, with (•) and without (O) human
chorionic gonadotrophin (30 ng/ml). Oestradiol accumu¬
lation in the culture medium was determined by radio¬
immunoassay. Aromatase activity during the second half of
the incubation (49-96 h) is shown (mean result from tripli¬
cate cultures). Results are presented as (a) per fraction and
(b) per cell.

thesis in LCL cultures five- to sixfold. Despite the
increased responsiveness to hCG shown by LCL cul¬
tures, hCG-stimulated levels of steroidogenesis in
these cells remained only a fraction of the basal rates
of steroidogenesis associated with the luteal cells from
ovulatory follicles and newly formed CLs.

Basal oestradiol production (no exogenous testos¬
terone) by cultured luteal cells did not exceed
0-7 fmol/cell per 48 h but was increased by hCG in
proportion to CL age. The increase in oestradiol
accumulation stimulated by hCG averaged 142, 177,
222 and 495% for aspirated granulosa-lutein cells and
ECL, MCL and LCL luteal cells respectively.
The presence of hFSH (30 ng/ml) in luteal cell

culture medium had no consistent effect on steroido¬
genesis (data not shown).

Relationship between luteal cell steroidogenic capacity
in vitro and serum steroid levels at the time of lutectomy
To correlate luteal cell steroidogenesis in vitro with
steroid secretion in vivo, CLs were dated precisely to
one of five 3-day periods of the luteal phase (Text-fig.
6). During the first 3 days when luteal cell steroido¬
genesis in vitro was maximal, serum progesterone
levels were minimal. Thereafter, steroidogenesis in
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text-figure 4. Basal steroidogenic capacity of human luteal
cells in relation to corpus luteum development. Density-
gradient fractionated steroidogenic cells were cultured for
96 h in medium without added hormone (to assess progesto¬
gen biosynthesis) or with 1 0 pmol testosterone/1 (to assess
aromatase activity). Progestogen production ((a) progester¬
one and (b) 20a-dihydroprogesterone) during 0-96 h of cul¬
ture, and (c) aromatase activity (oestradiol) during 49-96 h
of culture were determined by radioimmunoassay. Ov,
granulosa-lutein cells aspirated from ovulatory follicles;
ECL, MCL and LCL, luteal cells from early, mid- and late-
luteal phase corpora lutea respectively. Results are
means ± s.d. (« = 6).

vitro fell precipitously (P<0005), while serum pro¬
gesterone increased steadily towards a luteal phase
peak 7-9 days after ovulation. The age-related decline
in basal steroidogenesis in vitro was partially offset
by a corresponding increase in hCG responsiveness.
However, by days 13-15, basal steroidogenesis in
vitro was barely detectable and serum progesterone
had fallen sharply, consistent with functional luteal
regression.

DISCUSSION

Centrifugation of enzymically dispersed human luteal
cell suspensions on continuous self-generated Percoll
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text-figure 5. Human chorionic gonadotrophin (hCG)-
responsive steroidogenic capacity of human luteal cells in
relation to corpus luteum development. Density-gradient
fractionated steroidogenic cells were cultured for 96 h with
and without hCG (30 ng/ml) in the absence (to assess pro¬
gestogen biosynthesis) or presence (to assess aromatase
activity) of 1 0 prnol testosterone/1. Progestogen production
(solid bar, progesterone; hatched bar, 20ct-dihydroproges-
terone) and aromatase activity (stippled bar, oestradiol)
were determined by radioimmunoassay and are expressed as
percentage stimulation due to hCG (hCG/basal x 100). Ov,
granulosa-lutein cells aspirated from ovulatory follicles;
ECL, MCL and LCL, luteal cells from early mid- and late-
luteal phase corpora lutea respectively. Results are
means ± S.d. (w = 6).

gradients yields enriched steroidogenic cell prep¬
arations of up to 90% purity. Luteal cells isolated
and enriched in this way can be cultured for
extended periods as steroid-secreting gonadotrophin-
responsive cell monolayers. 'Pure' granulosa-lutein
cells can be aspirated from ovulatory follicles at the
onset of CL formation (Wickings, Hillier & Reichert,
1985). Using the same culture system to study steroid¬
ogenic cells from ovulatory follicles and accurately
dated CLs, we have related steroidogenic luteal cell
function in vitro to CL development in vivo during the
luteal phase of the menstrual cycle.
At least two steroidogenic cell populations identifi¬

able by size and appearance are present in the human
CL. 'Large' luteal cells >25 pm in diameter predomi¬
nate in newly formed CLs, but they gradually decline
and are supplanted by 'small' cells as the luteal phase
progresses. Multiple steroidogenic cell types with
distinctive morphology and functional characteristics
have previously been shown to coexist in the mam¬
malian CL (Wilkinson, Anderson & Aalberg, 1976;
Lemon & Loir, 1977; Ursely, Darbon & Leymarie,
1981; Lemon & Mauleon, 1982; Rodgers, O'Shea &
Bruce, 1984), including simian (Gulyas, Stouffer &
Hodgen, 1979) and human tissue (Ohara, Mori, Taii
et al. 1987). Ohara et al. (1987) used discontinuous
Percoll density gradients to separate cells with
diameters of 5-20 and 20-30 pm from human MCLs
and provided steroidogenic evidence that the two cell
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text-figure 6. Relationship between circulating progester¬
one levels and luteal cell steroidogenic capacity in vitro dur¬
ing the luteal phase of the human menstrual cycle, (a) Serum
progesterone level at the time of lutectomy; (b) basal and (c)
human chorionic gonadotrophin (hCG)-responsive pro¬
gesterone production by density-gradient fractionated luteal
cells. Steroidogenesis in vitro was assessed as described in the
legends to Text-figs 4 and 5. Three or four corpora lutea
(patients) were studied at each stage of luteal development
indicated (ovulation on day 0). Results are means ± s.d.

fractions represented granulosa-lutein cells and theca¬
lutein cells respectively. The density-gradient fraction¬
ation conditions we used did not resolve distinct luteal
cell types and both 'large' and 'small' steroidogenic
cells were present in a single isopycnic band. There¬
fore, we were unable to determine whether the two
cell sub-populations have qualitatively or quantita¬
tively distinct steroidogenic properties. However, we
interpret our morphological and biochemical data to
suggest that as the CL ages, 'large' steroidogenic cells
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which predominate in the newly formed CL gradually
dedifferentiate and become transformed into smaller
cells with a more fibroblast-like morphology. This
transition from 'large' to 'small' seems to be a
continuum in the luteal cell cycle which occurs hand-
in-hand with a developmentally related decline in
steroidogenic capacity.
Previous studies of primate luteal function in vitro

have failed to establish a clear relationship between
steroidogenesis and CL age (Stouflfer, Nixon, Gulyas
& Hodgen, 1977; Hunter & Baker, 1981; Richardson
& Masson, 1981; Dennefors, Sjogren & Hamberger,
1982; Casper & Cotterell, 1984). The present work
with enriched steroidogenic cell preparations from
accurately dated CLs reveals that the steroidogenic
capacity of human luteal cells diminishes progress¬
ively during the course of the luteal phase. Paradoxi¬
cally, human luteal cells possess highest capacities for
progestogen and oestradiol biosynthesis at around the
time of ovulation when luteal steroid secretion rates

are relatively low. On the other hand, peak steroid
secretion rates by the gland are attained in the mid-
luteal phase when luteal cell steroidogenic capacity is
markedly diminished. A likely explanation is that due
to incomplete vascularization, precursor cholesterol
in the form of circulating low-density lipoprotein
(LDL) limits the rate of steroid biosynthesis such
that luteal cells express only a fraction of their full
steroidogenic potential in the ECL (Carr, MacDonald
& Simpson, 1982; Gwynne & Strauss, 1982). How¬
ever, once blood flow to the CL becomes fully
developed in the mid-luteal phase, LDL-cholesterol
no longer limits the rate of steroidogenesis (Carr
et al. 1982) and progesterone secretion proceeds
maximally despite the diminished overall cellular
capacity for steroidogenesis.
Divergence of luteal aromatase activity and plasma

oestradiol during the luteal phase may also reflect
changes in CL vascularity. Human granulosa cells
do not undertake significant oestradiol biosynthesis
unless supplied with an exogenous aromatase sub¬
strate (Hillier et al. 19816). Theca-lutein cells are
believed to be a source of precursor androgen which is
aromatized to oestrogen by granulosa-lutein cells in
the CL (Bjersing, 1981). Thus a 'two-cell' type mech¬
anism of oestradiol biosynthesis appears to operate in
the human CL analogous to that in the preovulatory
follicle. Histological studies show that theca-lutein
cells become conspicuous at the same time that
the human CL commences high rates of oestrogen
secretion (Corner, 1956; Fujita, Mori, Suzuki et al.
1981; Macnaughton, Kader, Gaukroger & Coutts,
1981; Mori, Nihnobu, Takeuchi et al. 1983) and theca
cells undertake de-novo androgen biosynthesis from
cholesterol in vitro (Bjersing, 1981). Therefore, the
rate of androgen biosynthesis in theca-lutein cells

(hence aromatization in granulosa-lutein cells) is
probably limited by the availability of extracellular
steroidogenic precursors during the early luteal
phase. This would explain why the luteal phase
pattern of oestradiol mirrors that of progesterone,
attaining a maximum in the mid-luteal phase when
luteal aromatase activity is actually declining.
This study shows that both progesterone biosyn¬

thesis and androgen aromatization in human cells
respond directly to LH/hCG but not to hFSH. Stimu¬
latory effects of FSH on luteal steroidogenesis have
been reported in several previous studies in vivo
(MacDonald & Greep, 1972) and in vitro (Hunter &
Baker, 1981; Ohara et al. 1987). However, they were
probably artifactual results caused by LH contami¬
nation of the FSH preparations used. The hFSH
preparation which we used has perhaps the highest
FSH:LH ratio of any which has been rigorously
evaluated by specific and quantitative in-vivo bio-
assays of gonadotrophin activity (Reichert, 1967),
confirming that hFSH is unlikely to be an important
luteotrophic hormone in women (Wickings et al.
1985).
Our results support the theory that the newly

formed CL is transiently 'autonomous' but becomes
increasingly dependent upon gonadotrophic support
as the luteal phase of the menstrual cycle progresses
(Sheehan, Casper & Yen, 1982; Wilks & Noble, 1983;
Fraser, Baird, McRae et al. 1985). Initially, luteal
steroidogenesis is refractory to hCG but as basal
steroidogenic capacity wanes, luteal cells become
increasingly responsive to the gonadotrophin. Maxi¬
mal hCG responsiveness is attained during the mid- to
late-luteal phase when trophoblastic hCG secretion
would begin to result in CL 'rescue' in a conception
cycle (Lenton, Neal & Sulaiman, 1982). This is consis¬
tent with the in-vivo evidence that luteal responsive¬
ness to exogenous hCG increases with CL age
(Ottobre & Stouffer, 1984) and helps explain why
luteal progesterone secretion becomes episodic and
synchronous with LH pulses during the second half of
the luteal phase in non-conception cycles (Ellinwood,
Norman & Spies, 1984; Fillicori, Butler & Crowley,
1984).
Finally, these data shed new light on the mech¬

anism of cyclic luteal regression in women. The
simplest interpretation of our results is that 'luteo-
lysis' (1) is pre-programmed at the cellular level, (2) is
initiated at the time of ovulation and (3) is only
reversible by a direct action of trophoblastic hGG
when pregnancy occurs. It is unnecessary to invoke an
active luteolytic mechanism to explain the onset of
luteal regression during the human menstrual cycle.
The culture system described here provides the
means to gain a better understanding of the cellular
mechanisms involved.
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DESCRIPTION OF PLATES

Plate 1

figure 1. Transmission electron micrograph of a density-
gradient fractionated human luteal cell showing intra¬
cellular organelles associated with active steroidogenesis,
including many mitochondria, lipid droplets and smooth-
surfaced endoplasmic reticulum ( x 14 500).

figure 2. Phase-contrast light micrograph ofdensity-
gradient fractionated human luteal cells from the early luteal
phase aftermonolayer culture for 2 days, showing numerous
dark cytoplasmic granules and the accumulation of a
yellow-pigmented extracellular matrix which appears in
black-and-white as a dense refractile deposit on the cell
surface (x 140).

figure 3. Scanning electron micrograph ofdensity-gradient
fractionated human luteal cell from the early luteal phase
after culture for 2 days, showing a localized patch of surface
projections (x 1000).

Plate 2

figure 4. Phase-contrast light micrograph of density-
gradient fractionated human luteal cells from the late-luteal
phase after monolayer culture for 2 days. The cells are flat
and fibroblastic in appearance; cytoplasmic granules and
accumulations of yellow-pigmented extracellular matrix are
rarely seen (cf Plate 1, fig. 2) ( x 140).

figure 5. Scanning electron micrograph ofdensity-gradient
fractionated human luteal cell from the late-luteal phase
after culture for 2 days, showing smooth cell surface with
long interconnecting processes (cf Plate 2, fig. 3) ( x 1000).
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44. OVARIAN STEROID HORMONES

STEPHEN G. HILLIER

The human ovary produces three types of hormonally
active steroids—Clg oestrogens, Cl9 androgens and
C2i progestogens—whose synthesis and secretion is
controlled by follicle-stimulating hormone (FSH) and
luteinizing hormone (LH). The two most important
ovarian steroids are oestradiol-17/? and progesterone,
and their sequential secretion during the menstrual
cycle coordinates normal functioning of the female
reproductive system. The follicular phase of the men¬
strual cycle is characterized by increased oestradiol
secretion, reflecting the specialized endocrine function
of the preovulatory follicle. Progesterone secretion
dominates after ovulation in the luteal phase, during
the functional lifespan of the corpus luteum.
Although ovarian androgens are secreted in normally
ovulating women, they are also vital as oestrogen pre¬
cursors and in addition have intrafollicular regulatory
functions (Hillier, 1985).
This chapter is concerned with the cellular basis and

gonadotrophs control of ovarian steroid synthesis in
relation to follicular development and ovulation,
including consideration of intraovarian control of
steroidogenesis and the role of ovarian steroids them¬
selves in these processes.

THE OVARIAN CYCLE

The human ovarian cycle lasts approximately 28 days,
encompassing preovulatory follicular development
(10-14 days), ovulation, and the functional lifespan of
the corpus luteum (12-15 days). The cyclic patterns of
peripheral plasma gonadotrophin and sex steroid
levels associated with the different ovarian events are

well established and are illustrated in Fig. 44.1 (Yen,
1986).

Days from LH peak

Fig. 44.1. Peripheral plasma steroid and gonadotrophin levels
during the human menstrual cycle. Redrawn from Ross (1985).

Follicular Steroids

Oestradiol, the primary hormonal secretion of the
preovulatory follicle, regulates physiological function
throughout the reproductive tract. It is released into
the blood stream in highest amounts in the late folli¬
cular phase as the follicle destined to ovulate com-
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pletes preovulatory development. A preovulatory
follicle can secrete up to 400pg (about I.5pmol) of
oestradiol a day and is responsible for more than 90%
of secreted oestrogen (Baird, 1977).
The key steroidogenic enzyme in oestrogen syn¬

thesis is aromatase (see below) which is 10-100 times
more active in granulosa cells of the preovulatory foll¬
icle than in any other follicle (Fig. 44.2). This is re¬
flected in proportionately high levels of oestradiol and
oestrone in preovulatory follicular fluid (Table 44.1)
(Hillier, 1981).
The C2| and C]9 intermediates in oestrogen biosyn¬

thesis via the classic A5 and A4 steroidogenic pathways
all accumulate in follicular fluid. Progesterone levels
in preovulatory fluid are elevated even before the onset
of the surge (see Table 44.1). Granulosa cells pos¬
sess all the enzymes needed to synthesize progesterone
at this stage but their steroidogenic potential is not
fully expressed until after LH-induced follicular rup¬
ture. The androgen content of follicular fluid rises
only slightly during preovulatory follicular develop¬
ment (Table 44.2), the C,9 follicular steroids being pre¬
dominantly of thecal origin (McNatty, 1981).
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Fig. 44.2. Preovulatory increases in granulosa cell aromatase activ¬
ity in primate ovaries. Marmoset follicles were obtained during the
late phase (data from 5 animals); small follicles were < 1.0 mm in
diameter, medium follicles 1 .0-1.9 mm and large follicles S 2.0 mm
Human follicles were obtained during the mid-late follicular phase
of spontaneous ovarian cycles (data from 11 women): small follicles
were <10mm. medium follicles Il-I9mm and large follicles
£ 20 mm. From Hillier et al. (1988).

Plasma progesterone is low throughout the follicular
phase of the cycle but begins to rise shortly before the
LH surge (Yen, 1986). Follicular fluid levels of pro¬
gesterone and of its principal metabolite 17-hydroxy-
progesterone increase simultaneously, heralding
transition of the preovulatory follicle into a corpus
luteum. With ovulation two days later, the luteinized
granulosa cells acquire a blood supply and start syn¬
thesizing progesterone at a high rate (see below) which
is maximal in the mid-luteal phase at over 25 mg
(80 pmol) progesterone daily (Baird, 1977).
The human corpus luteum also secretes as much, if

not more, oestradiol than preovulatory follicles
during the follicular phase. However, the follicular-
luteal phase transition entails a temporary decline in
oestrogen secretion, peripheral and ovarian venous
plasma oestradiol falling precipitously with the mid-
cycle LH surge. A concomitant decline occurs in folli¬
cular fluid oestradiol concentration of the ovulatory
follicle and also in oestrogen precursors (androstene-
dione and testosterone) in follicular fluid, reflecting
LH-induced suppression of thecal C19 steroid syn¬
thesis (see later). Aromatase activity in luteinized gra¬
nulosa cells, however, remains high, facilitating the
onset of luteal oestrogen secretion (see below).

Steroidal Control of Cycle Length
The oestrogen-secretory function of the corpus
luteum is a major determinant of follicular-phase
length, the endocrine function of the preovulatory
follicle and corpus luteum being temporally disso¬
ciated in humans (Baird et al., 1975). Since the com¬
bined feedback action of progesterone and oestradiol
on the hypothalamo-pituitary axis is more potent
than that of progesterone alone, FSH and LH are sup¬
pressed to such an extent during the luteal phase that
follicular development to the preovulatory state does
not occur. Preovulatory follicular development is
therefore not reinitiated until after the corpus luteum
regresses and gonadotrophin levels rise on withdrawal
of steroid feedback at the end of the luteal phase. The
most developmentally advanced follicle then needs

Table 44.1
steroid hormone concentrations in follicular fluid from the six largest follicles in a human

ovary during the late follicular phase of the menstrual cycle

Follicular
diameter
(mm)

Androstenedione Testosterone

(nmol/1)
Oestrone Oestradiol Progesterone

7 1.80 0.03 <0.02 <0.02 <0.1
10 1.80 0.03 <0.02 <0.02 <0.1
10 2.02 0.06 <0.02 <0.02 <0.1
10 3.88 0.14 <0.02 <0.02 <0.1
13 4.27 0.29 0.11 0.96 0.23
20 3.98 0.11 0.97 11.86 6.26

From Hillier et al. (1980).
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sustained gonadotrophic stimulation for at least 10
days to complete its oestrogen-secretory phase of
development and ovulate. The mechanism underlying
selection of this ovulatory follicle is considered below.

ENZYMIC BASIS OF OVARIAN STEROID
HORMONE SYNTHESIS

The endocrine functions of steroid-secreting endo¬
crine glands (ovaries, testes and adrenals) reflect dif¬
ferences in their histogenesis and the trophic
hormones to which they respond. Although the bio-
synthetic pathway from acetate to progesterone is
common to all and each has the enzymic capacity to
synthesize oestrogen, major quantitative differences in
the expression of key steroidogenic enzyme systems
subserve the steroid secretory function of each gland
(Ryan, 1972) (Fig. 44.3).

Precursor Cholesterol

The substrate for steroid hormone synthesis in all ster¬
oidogenic tissues is cholesterol (Ci7). Although in ster¬
oidogenic cells cholesterol is synthesized de novo from
acetate, the amounts produced by this means are in¬
sufficient to sustain steroid secretion. Plasma lipo¬
proteins are the main extracellular source of precursor
cholesterol for steroid hormone synthesis, mainly low-

density lipoprotein (LDL) in humans. LDL-
cholesterol esters are taken up by receptor-mediated
endocytosis and can either be stored or used immedi¬
ately for steroid hormone synthesis. LH and human
chorionic gonadotrophin (HCG) stimulate LDL-
cholesterol uptake and cholesteryl-ester hydrolysis in
steroidogenic ovarian cells. The rate-limiting enzyme
in cholesterol synthesis from acetate, 3-hydroxy-3-
methylglutaryl coenzyme A (HMGCoA) reductase, is
positively regulated by gonadotrophin, and intra¬
cellular ovarian proteins transporting free cholesterol
to the mitochondria are also thought to be under
gonadotrophic control (Miller, 1988).

Major Steroidogenic Enzymes
Five major enzymic steps are crucial to ovarian ster¬
oid hormone biosynthesis, and each is under gonado¬
trophic control (Fig. 44.4). These enzymes are all
members of the cytochrome P450 superfamily of oxi¬
dases which reduce atmospheric 0; utilizing NADPH
as cofactor.

Cholesterol Side-Chain Cleavage
Cholesterol side-chain cleavage is the first rate-limit¬
ing enzymic step in steroid hormone synthesis. The
reaction is catalyzed by mitochondrial cytochrome

acetate

I
cholesterol

\
— pregnenolone

I
progesterone

L_jL
Ovary

Side-chain cleavage
to

ovarian androgens

I
Aromatization

to

oestrogens

Fig. 44.3. The unified concept of steroid biosynthesis in steroid-secreting endocrine glands.
Major steroidogenic activities of the ovary, testis and adrenal gland are shown Each can
produce oestrogen but the ovary expresses the highest level of aromatase. localized to
granulosa cells in the preovulatory follicle and corpus luteum. The pathway from acetate to
progesterone is common to each gland. From Ryan (1972) with permission.

Adrenal

Hydrolation
to
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H,C CHjCHJ CH,!\/\>\/ 3
CH CH2 CH

Fig. 44.4. Pathways of ovarian steroid hormone synthesis. Enzymes: A cholesterol side-chain
cleavage (P450,,.); B 5-ene-3(3-hydroxysleroid dehydrogenase/A' 5 isomerase (3P-HSD
isomerase); C 17-hydroxylase'C-l7.20-lyase (p450,,,); D 17-oxoreductase: E aromatase
(p450iraJ. Steroids: I cholesterol: 2 pregnenolone: 3 17-hydroxypregnenolone: 4 progester¬
one; 5 17-hydroxyprogesterone; 6 dehydroepiandrosterone; 7 androstenedione, 8 oestrone. 9
androstenediol; 10 testosterone; II oestradiol.

P450 (P450SCC) and entails the conversion of choles¬
terol (C:7) to pregnenolone (C,,) by cleaving the cho¬
lesterol side-chain between carbon atoms 20 and 22.

5-ene-3/I-Hydroxysteroid Dehydrogenase/
A4"5 Isomerase (3/f-HSD/Isomerase)
Pregnenolone is then 17a-hydroxylated to 17-hydro¬
xypregnenolone (metabolism via the A5 pathway) or

converted to progesterone (metabolism via the A4
pathway); both routes of metabolism operate in
human ovaries (Savard et al., 1965). Conversion of
pregnenolone to progesterone (and 17-hydroxypreg-
nolone to 17-hydroxyprogesterone) is controlled by
microsomal 3^-HSD/isomerase. It is uncertain if the
3/?-hydroxysteroid dehydrogenation and A5-A4 iso-
merization steps are catalyzed by a single protein or
by different proteins with distinct enzymic properties
(Miller, 1988).
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17-HydroxyIase/C-17,20-lyase
Pregnenolone and progesterone are converted into C|9
steroids via 17a-hydroxylation followed by cleavage at
the C-17,20 carbon bond. Dehydroepiandrosterone
(DHA) is produced from pregnenolone (A5 pathway)
and androstenedione is produced from progesterone
(A4 pathway). These steps are catalyzed by a single
microsomal cytochrome P450 (P450]7j) with both
17a-hydroxylase and C-17,20 lyase activity (Miller,
1988). P450:7l is located in ovarian thecal and intersti¬
tial cells and is absent from granulosa cells (Richards
et al., 1987). Granulosa cells are therefore incapable of
de novo androgen synthesis and depend upon the
theca to supply extracellular androgen for use as oes¬
trogen precursor (see below).

17-Oxoreductase

This granulosa cell enzyme reversibly metabolizes
androstenedione to testosterone; 17-oxoreductase
also catalyzes the interconversion of DHA and
androstenediol. All four androgens accumulate in fol¬
licular fluid but 17-oxoandrogens (androstenedione
and DHA) are present at concentrations 10 times or
more greater than the corresponding 17-hydroxyan-
drogens (testosterone and androstenediol) (Table
44.1). The inlerconversion of oestrone (17-oxo) and
oestradiol (17-hydroxy) is also catalyzed by 17-oxore¬
ductase. The 17-hydroxyoestrogen congener (oestra¬
diol) predominates in follicular fluid (Table 44.1).

Aromatase

The final step in oestrogen synthesis is the aromatiza-
tion of 3-oxo-4-ene C!9 substrates (androstenedione
and testosterone) to phenolic C|8 steroids (oestradiol
and oestrone) catalyzed by aromatase (P450aiom). The
reaction sequence entails three hydroxylation steps,
each requiring a pair of electrons donated by NADPH
via P450 reductase. The first two hydroxylations
occur at the C-19 methyl group and a third at C-2,
leading to loss of C-19 and aromatization of the A
ring. All of these transformations occur at a single
metabolic site (Fishman, 1982).
As the only gland in the non-pregnant female that

produces significant amounts of oestrogen, the ovary
is a rich source of aromatase activity. P450aIom is local¬
ized almost exclusively to granulosa cells in the pre¬
ovulatory follicle and (post-ovulation) the corpus
luteum (Sasano et al., 1989). Aromatization also
occurs at certain non-steroid producing sites in the
body (e.g. brain, muscle and adipose tissue) and the
importance of peripheral aromatization as a source of
circulating oestrogen is well documented. During the
third trimester of pregnancy, the placenta is also an
highly active site of aromatization.

Other Steroidogenic Enzymes
Quantitatively less important metabolic steps in the
ovary result in the formation of corticosteroids, 5a-
reduced androgens, 19-norandrogens, catechol oestro-
gens and steroid-sulphate conjugates. These ovarian
steroids do not usually exert important endocrine
effects in normal women but are implicated in parac¬
rine control of ovarian function (see below).

HISTOGENETIC BASIS OF OVARIAN
STEROID SYNTHESIS

Steroid biosynthesis and metabolism occurs in three
major ovarian cell types: stroma, theca and granulosa.

Stromal Steroid Synthesis

Secondary interstitial cells derived from the thecae of
degenerated follicles are primary sites of C,9 steroid
synthesis in the ovarian stroma. Androgen is quantit¬
atively the major class of steroid which these cells pro¬
duce, since they lack aromatase. Stromal androgen
synthesis is under LH control mediated by LH recep¬
tors and intracellular cyclic AMP. This function is
initiated long before puberty onset, is sustained
throughout the reproductive years and persists after
the menopause. Postmenopausal ovaries contain
relatively large amounts of secondary interstitial tissue
with little or no steroidogenically active follicular or
luteal tissue. Steroid-secretory cells morphologically
similar to testicular Leydig cells, are prominent in the
hilar region of these ovaries. Androgen (mainly
androstenedione) is therefore the major ovarian
endocrine secretion after the menopause (Ross, 1985).

Thecal Steroid Synthesis
The theca interna regulated by LH is the major folli¬
cular site of C19 steroid synthesis. The vascularized
theca has direct access to blood-borne LDL-choles-
terol and undertakes cholesterol synthesis de novo
from acetate. C:1 precursors formed in the granulosa
cell layer also serve as substrates for thecal androgen
synthesis. Theca cells contain P4501?i and the 17-
hydroxylase/C-17,20 lyase enzymic step, rate-limiting
in androgen synthesis, is positively regulated by LH.
Thecal and interstitial 3/?-HSD/isomerase activity
appears to be constitutive, but aromatase is absent or
expressed at extremely low levels (Sasano et al., 1989).
During the follicular phase of the human menstrual

cycle, the ovary contributes about 30% of the total
blood androstenedione and the adrenal accounts for
the rest. Towards mid-cycle, the ovarian contribution
rises to about 60% due to increased synthesis and
secretion of the steroid by the LH-stimulated theca of
the preovulatory follicle, reflecting its role as a precur¬
sor for oestradiol (Baird, 1977).
Thecal androgen synthesis in the preovulatory foil-
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icle is suppressed at mid-cycle. The mechanism is
poorly understood but seems to involve a form of LH-
induced 'desensitization' due to the temporary but
extreme elevation in the circulating LH level. Thecal
17-hydroxylase/C-17,20 lyase activity is inhibited and
intrafollicular oestrogen may mediate this effect of
LH.

Granulosa Cell Steroid Synthesis
Granulosa cells are unable to synthesize aromatizable
androgens de novo because they do not express 17-
hydroxylase/C- 17,20 lyase. They are, however, intra¬
follicular sites of androgen metabolism and express
17-oxo reductase, 3/?-HSD/isomerase and aromatase.
These enzymic activities increase during preovulatory
development. Granulosa cells in the preovulatory foll¬
icle contain more than 99% of the follicle's total
aromatizing capacity (Hillier, 1981; Sasano et al.,
1989). They also express 5a-reductase activity and are
sites of steroid conjugation (McNatty, 1981; Hillier,
1985).
Progesterone synthesis is only a minor granulosa

cell function before onset of the LH surge. However,
the LH-responsive enzymes that sustain luteal proges¬
terone synthesis are induced by FSH during preovu¬
latory development. Thus granulosa cells isolated
from preovulatory follicles undertake high rates of
progesterone synthesis and respond directly to LH/
HCG-stimulation (i.e. undergo functional luteiniza-
tion) in vitro. However, inside the follicle, granulosa
cell progesterone synthesis is constrained by restricted
access to precursor cholesterol (see below).

GONADOTROPHIC CONTROL OF OVARIAN
STEROID SYNTHESIS

Cyclic ovarian steroid secretion depends on appropri¬
ate stimulation by adequate amounts of FSH and LH.
The primary action of FSH is to induce the LH-re-
sponsive steroidogenic enzymes in granulosa cells
which sustain steroid synthesis in the preovulatory
follicle and corpus luteum. LH exerts tropic control
over these ephemeral steroid-secretory tissues, anala-
gous to LH- and ACTH-regulation of testicular and
adrenal steroid synthesis.

FSH Function

The major stimulus for preovulatory follicular devel¬
opment is cyclic increase in blood FSH. FSH acts
directly to stimulate cell proliferation and cytodiffer-
entiation in the granulosa cell layer. Biochemical hall¬
marks of FSH action are induction of steroid synthetic
enzymes, induction of LH receptors, and increased
FSH- and LH-responsive steroid formation
(Richards, 1980; Hsueh et al., 1984).

FSH Mechanism of Action

Granulosa cells are the only ovarian cells that possess
FSH receptors. FSH binding to its receptor on the
cell surface activates intracellular adenyl cyclase and
cyclic AMP-dependent protein kinases, leading to in¬
creased expression of genes that encode steroidogenic
enzyme proteins, including P450SCC and P450arom
(Richards et al., 1987). FSH-induced granulosa cell
LH-receptor expression also involves adenylyl cyclase
signalling.

LH Function

The steroid secretory functions of the preovulatory
follicle and corpus luteum are critically dependent on
LH. Increased follicular oestrogen secretion occurs
during the second half of the follicular phase when the
frequency of pulsatile LH discharge by the pituitary
increases and FSH secretion declines. At mid-cycle,
oestrogen secretion is suppressed by the mid-cycle LH
surge which simultaneously initiates follicle rupture,
corpus luteum formation and onset of luteal proges¬
terone secretion. Thereafter, tonic ovarian stimulation
by LH transiently sustains the steroid-secretory func¬
tion of the corpus luteum. If pregnancy occurs, the
functional lifespan of the corpus luteum is extended by
the direct action of trophoblastic HCG (see below).

LH Mechanism of Action

Granulosa cells in the preovulatory follicle possess
LH receptors, and LH acts directly on these cells to
stimulate steroid-synthesizing enzyme systems prein-
duced by FSH (Hsueh et al., 1984). LH receptors are
also located on thecal and interstitial cells, and steroi¬
dogenesis at these sites is under direct LH control
throughout the menstrual cycle. LH acts via its recep¬
tor on mature granulosa cells, and thecal and intersti¬
tial cells to activate adenylyl cyclase signalling, which
increases precursor cholesterol uptake and sustains
high levels of steroidogenic enzyme activity (Carr et
al., 1982) (Fig. 44.5). Intracellular signal transmission
via inositol lipid hydrolysis and activation of the dia-
cyglycerol/'protein-kinase C pathway may also be in¬
volved in LH action on luteal steroidogenesis.

Selection of the Dominant Follicle

The induction by FSH of LH-responsive granulosa
cell aromatase activity is central to the mechanism
whereby one oestrogen-secretory follicle develops and
ovulates in the human menstrual cycle. When the
plasma FSH level rises at the beginning of each cycle,
the ovaries contain multiple follicles with varying
potentials for FSH-dependent development. Each foll¬
icle present requires a different degree of stimulation
by FSH for it to undergo preovulatory development.
The follicle which eventually matures and ovulates is
thought to be the one whose granulosa cells most
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Oestradiol Progesterone

Fig. 44.5. LH control of granulosa cell steroid biosynthesis. LH acts
through its receptor on granulosa cells in the preovulatory follicle
and corpus luteum to stimulate cAMP-dependent steps in steroido¬
genesis: LDL uptake; LDL-cholesterol ester hydrolysis; cholesterol
synthesis from acetate; cholesterol metabolism to progesterone; and
aromatization of androstenedione (A'dione).

rapidly acquire high levels of aromatase and LH
receptor in response to the intercycle FSH rise: i.e. the
one with the lowest FSH 'threshold' (Brown, 1978;
Hillier, 1981). During the mid-follicular phase, oestra¬
diol secretion by this follicle begins to increase and the
steroid feeds back to negatively regulate pituitary
FSH secretion. This causes a progressive reduction in
the circulating FSH level and thereby limits FSH-de-
pendent development of other follicles with relatively
high 'threshold' FSH requirements. Thus only one foll¬
icle becomes fully mature, protected against the fall in
circulating FSH by its high responsiveness to both
FSH and LH. Local actions of oestrogen within the
dominant follicle may further enhance its gonadotro¬
pin responsiveness, as discussed below.

Superovulation Strategy
The mechanism regulating selection of the dominant
follicle in a spontaneous ovarian cycle can be overrid¬
den to achieve multiple follicular development for
clinical purposes. This is important in certain forms
of assisted reproduction such as in vitro fertilization
(IVF) or GIFT, where the usual aim is to collect
several mature oocytes in order to maximize the likeli¬
hood of starting a pregnancy by these procedures. The
drugs most commonly used for this purpose are
human menopausal gonadotrophin (HMG) and clo-
miphene citrate, individually or in combination.
Treatment during the early to mid-follicular phase of
the cycle increases the number of follicles entering pre¬
ovulatory stages of maturation through exogenous
(HMG) or endogenous (clomiphene citrate) gonado¬
trophs stimulation of the ovaries. Continued treat¬
ment during the mid to late follicular phase ensures

that the selection process is overridden, thereby sus¬
taining multiple preovulatory follicular development
(Hillier et al., 1985).

FOLLICULAR OESTROGEN SECRETION

Oestrogen secretion by the preovulatory follicle
depends on the coordinate steroid synthetic functions
of its theca and granulosa cells, controlled by FSH
and LH (Fig. 44.6).

Vascular Control

The theca interna of the preovulatory follicle is highly
vascularized and contains large numbers of steroido-
genically active cells which are richly endowed with
surface receptors for LH and LDL. It is therefore
ideally equipped to take up blood-borne precursor
cholesterol and respond to circulating LH with in¬
creased rates of androgen synthesis. The avascular
granulosa cell layer is exposed to high concentrations
of aromatizable androgen which reach it by diffusion
from the theca interna. Cells in the outermost (mural)
granulosa cell layer are thought to be particularly
active sites of aromatization since they have higher
cytochrome P450 and LH-receptor levels than the
cells located distally to the lamina basalis. Mural gra¬
nulosa cells are in closest contact with the thecal vas¬
culature, being separated from blood vessels only by
the lamina basalis in many regions of the follicle wall.

Lamina basalis

Fig. 44.6. Contemporary 'two-cell, two-gonadotrophin' model of
follicular oestradiol biosynthesis. Androstenedione (C,») synthesis
from cholesterol (C;i) and C;, steroid intermediates occurs in the
theca under LH control. Aromatase, the granulosa cell enzyme that
converts androstenedione to oestradiol (C„), is induced by FSH.
FSH also induces granulosa cell LH receptors coupled to aromatase.
Therefore, oestrogen precursor synthesis and aromatization are
both under direct LH control in the preovulatory follicle. Only the
lamina basalis stands between mural granulosa cells and thecal
blood vessels in many regions of the follicle wall. Thus much of the
oestradiol formed is discharged into the ovarian vein, accounting
for the follicular phase increase in ovarian oestradiol secretion.
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They can, therefore, respond directly to changes in the
circulating LH level and the oestrogen they produce
discharges into the venous effluent of the preovulatory
follicle (Zeleznik et al., 1981).

Gonadotrophic Control
In the 'two cell, two gonadotrophin' model of oestro¬
gen synthesis (Armstrong and Dorrington, 1979), LH
stimulates precursor androgen synthesis in the theca
and FSH stimulates granulosa cell aromatase. This
model has been modified to accommodate direct LH-
stimulation of granulosa cell aromatase activity in the
preovulatory follicle (Fig. 44.6). Since thecal andro¬
gen synthesis and granulosa cell aromatase can each
respond to LH, oestrogen synthesis at the theca-
granulosa cell interface in the preovulatory follicle
is presumed to be under direct LH control. Secreted
oestradiol effects positive feedback control of pitui¬
tary LH release and thereby stimulates its own forma¬
tion. This dynamic interaction leads to a gradual
increase in the integrated circulating LH level and
each pulse of LH delivered to the preovulatory follicle
stimulates concurrent bursts of androstenedione and
oestradiol discharge into the ovarian vein. Rates of
androgen synthesis in the theca appear to be closely
tuned to rates of aromatization in the granulosa cell
layer. A local feedback loop (granulosa on theca) may
be operative, mediated by oestradiol, other follicular
steroids and/or tissue-specific regulatory proteins (see
below). This relationship breaks down when the LH
surge is triggered and follicular oestrogen secretion
declines (Yen. 1986).

LUTEAL STEROID SECRETION

The endocrine function of the corpus luteum emerges
as a continuum of preovulatory follicular develop¬
ment. Assuming adequate gonadotrophic stimulation
during the antecedent follicular phase, steroidogenic
enzymes subserving progesterone synthesis in the
corpus luteum are already maximally induced by
the time of follicular rupture. Thereafter, steroid
secretion rates are controlled mainly by the luteal vas¬
culature and the level of tropic support from LH or
HCG.

Vascular Control of Progesterone Secretion
Granulosa cell progesterone synthesis remains par¬
tially suppressed until corpus luteum formation
begins. This is because granulosa lutein cells require
precursor cholesterol derived from plasma in the form
of LDL to sustain high rates of C;i steroid hormone
synthesis (Carr et al., 1982). The lamina basalis of the
preovulatory follicle gates the passage of plasma pro¬
teins across the follicle wall in inverse proportion to
their size, creating a 'blood-follicle barrier' (Shalgi et
al., (1973). LDL is a large protein moledule (molecular

weight about 1 x 106) which is effectively excluded
from follicular fluid. However, when the lamina basa¬
lis is breached at the time of ovulation, granulosa
lutein cells are exposed to plasma containing LDL-
cholesterol and can commence progesterone synthesis
at a rate commensurate with early luteal phase proges¬
terone secretion.
Neovascularization of the granulosa cell layer is

stimulated by LH, mediated by locally produced
angiogenic factors such as basic fibroblast growth
factor. The new blood supply allows luteal cells in¬
creased access to steroid precursors, and permits rapid
drainage of the corpus luteum and dispersal of the
progesterone produced. Maximal capillarization is
achieved about one week after ovulation, correspond¬
ing with maximal progesterone secretion (Carr et al.,
1982).
Paradoxically, as the luteal progresterone secretion

rate increases, cellular progesterone syntesizing capa¬
city falls (Fig. 44.7) (Fisch et al., 1989). Luteal pro¬
gesterone secretion is maximal in the mid-luteal phase
when its vasculature is fully developed, despite the
reduced net capacity for progesterone synthesis which
characterizes this stage of luteal development. Thus the
number of LDL receptors on the surface of luteal cells
and their access to LDL seem to be of overriding im¬
portance in controlling the luteal progesterone secre¬
tion rate.

Oestradiol Secretion

Granulosa lutein cells cannot undertake significant
oestradiol synthesis unless supplied with extracellular
aromatase substrate, similar to granulosa cells in the
preovulatory follicle (Wickings et al., 1986). Theca
lutein cells are presumed to provide the precursor
androgen which is aromatized by granulosa lutein
cells in an extension of the 'two-cell' mechanism of
oestrogen synthesis in the preovulatory follicle. High
rates of C)9 steroid synthesis in the theca depend on
access to extracellular precursor cholesterol. As luteal
oestradiol secretion increases, theca lutein cells
become histologically conspicuous as trabeculae in
close proximity to newly formed blood vessels within
the granulosa lutein cell layer. Presumably, androgen
synthesis in theca lutein cells (hence aromatization in
granulosa lutein cells) is facilitated by the develop¬
ment of the luteal vasculature. This would explain
why the luteal phase pattern of oestradiol mirrors pro¬
gesterone in attaining a maximum in the mid-luteal
phase, even though total luteal aromatase activity is
declining at this time (Fisch et al., 1989).

Luteotrophie Mechanisms
The steroid secretory function of the newly formed
corpus luteum is transiently autonomous but becomes
increasingly responsive to LH and HCG as the
luteal phase progresses. Luteal-phase LH levels in
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non-conception cycles are inadequate to sustain the
functional lifespan of the corpus luteum beyond two
weeks. However, if pregnancy is begun, HCG secreted
by the implanting embryo acts via luteal cell LH
receptors to effect corpus luteum rescue. Luteal cell
HCG responsiveness is highest in the mid to late luteal
phase which is when trophoblastic HCG secretion
begins (Fig. 44.6). In the absence of pregnancy, func¬
tional luteal regression occurs, as reflected in reduced
rates of steroid secretion which becomes episodic and
synchronous with LH pulses (Yen, 1986). FSH is not
an important luteotrophic hormone in women.

Luteolysis
At the cellular level, luteolysis reflects progressive
dediflerentiation and degeneration of the terminally
differentiated steroidogenic cells present when corpus
luteum formation begins. The decline in luteal cell
steroidogenic capacity is initiated spontaneously at
around the time of follicular rupture and continues
progressively throughout the luteal phase. Luteolysis
is pre-programmed during the antecedent follicular
phase and only reversed by trophoblastic HCG. It is
not necessary to invoke an active luteolytic mechan¬
ism involving locally produced regulatory factors such
as steroids, prostaglandins or regulatory peptides to
explain onset of functional luteolysis in the human
menstrual cycle. However, the mechanism whereby
HCG reverses luteolysis has yet to be elucidated
(Fisch et al„ 1989).

PARACRINE CONTROL OF OVARIAN
STEROID SYNTHESIS

Paracrine control is a generalized form of bioregula-
tion whereby one cell type in a tissue selectively in¬
fluences the activity of an adjacent cell type through
the synthesis and release of chemical messengers
which diffuse into the parenchyma and act specifically
on neighbouring target cells. Ovarian follicles are
composed of two principal somatic cell systems (gra¬
nulosa and theca) whose growth, development and
steroid secretory functions are under endocrine con¬
trol by FSH and LH. Paracrine communication
between these cells involves locally produced steroidal
and non-steroidal bioregulators. Selected aspects of
this ovarian paracrine system are assessed here.
Before granulosa cells develop LH receptors and

respond to LH directly, tonic follicular stimulation by
LH is required for FSH to stimulate normal develop¬
ment of the granulosa cell layer. This is presumably
due to paracrine control arising from adjacent theca
and interstitial cells responding directly to LH.
Androgen biosynthesis is a major LH-regulated

theca cell function which impinges on granulosa cell
development and function. Besides serving as an
obligatory granulosa cell oestrogen precursor, thecal
androstenedione is metabolized to other steroids

t 4-6 7-9 10-12 13-15
CL age (days)

(c)

Fig. 44.7. Relationship between the circulating progesterone level
and basal and HCG-responsive luteal cell progesterone synthetic
capacity in the human menstrual cycle, (a) Serum progesterone level
at the time of lutectomy; (b) and (c) basal and HCG-responsive pro¬
gesterone production by steroidogenic luteal cells in vitro. Corpora
lutea (CLs) were enucleated during the luteal phase of spontaneous
menstrual cycles (ovulation on day 0). Steroidogenic luteal cells
were isolated by collagenase dispersal and Percoll density-gradient
fractionation, and cultured for 96 h as cell monolayers in the pres¬
ence and absence of HCG (approximately 200 u/1). Progesterone
accumulation in the culture medium was determined by radioim¬
munoassay. Basal steroid production is given in relation to cell
number, HCG responsiveness is expressed as percentage stimula¬
tion due to HCG i.e. (HCG/basal) * 100. Results are mean ±SD.
Three or four CLs (patients) were studied at each time-point. From
Fisch et al. (1989) with permission.
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including testosterone, 19-norandrogens, 5a-reduced
androgens and catechol oestrogens. Each of these
steroids has potential regulatory effects on granulosa
cell steroidogenesis. For example, in rat granulosa cell
cultures, FSH stimulation of lipoprotein uptake, pro¬
gesterone synthesis and aromatase activity is aug¬
mented by exposure to androgens at concentrations
present in follicular fluid. The mechanism of androgen
action is via specific androgen receptors and entails
amplification of cyclic AMP-dependent intracellular
mechanisms controlled by FSH (Hillier, 1985).
Paracrine androgen action in granulosa cells at ad¬

vanced stages of preovulatory development is more
difficult to assess. Since mature granulosa cells con¬
tain aromatase they convert testosterone and andros-
tenedione to oestrogens which reduces the potential
for direct androgenic action. Further, 5a-reduced
androgen metabolites act as competitive aromatase
inhibitors and may suppress granulosa cell oestrogen
synthesis (Hillier et al., 1980).
Granulosa cell oestrogen is generally regarded as an

autocrine regulator that stimulates granulosa cell
mitosis and amplifies FSH and LH action through
raising receptor numbers and increasing gonadotro¬
pin responsiveness (Richards, 1980). During selec¬
tion of the dominant follicle, locaily produced
oestrogen is thought to stimulate granulosa cell prolif¬
eration and enhance gonadotrophin-responsive ster¬
oid synthesis in an intrafollicular feedback loop which
further augments oestrogen formation, and so on
(McNatty, 1981; Hsueh et al., 1984). In fact, there is
no direct experimental evidence to support this mode
of oestrogen action in the human ovary. On the con¬
trary, in primate (common marmoset) granulosa cells,
oestradiol does not augment FSH-induced steroido¬
genesis in vitro (progesterone synthesis and aromatase
activity) under conditions where androgens (testo¬
sterone and 5a-dihydrotestosterone) to (Hillier et al.,
1988).
Assessment of intrafollicular oestrogen action is

complicated by the fact that granulosa cells have the
capacity to metabolize oestradiol to catechol oestro¬
gens such as 2-hydroxyoestradiol which may have
intrafollicular regulatory functions in their own right.
Non-steroidal substances such as growth factors

and other proteins may also modify ovarian steroid
hormone synthesis (Hsueh et al., 1984; Miller, 1988;
Schomberg, 1988). Other factors that have been impli¬
cated in the ovarian paracrine system include cytok¬
ines, neuropeptides, vasoactive peptides, opiates,
prostaglandins, catecholamines, and more. The list
continues to grow as potentially active factors are
found in the ovary or are shown to have effects on
ovarian steroid synthesis in vitro. However, in assign¬
ing paracrine function, evidence is needed that the
substance is present, is locally synthesized, and exerts
a significant biological effect on the cell type in ques¬
tion. A paracrine regulatory function is not proven
unless each of these criteria is met.
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A ROLE FOR EPIDERMAL GROWTH FACTOR IN THE

FOLLICULAR PARACRINE SYSTEM?
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Edinburgh EH3 9EW, UK

Granulosa and thecal cells in ovarian follicles undergo development-related changes in
responsiveness to FSH and LH which underpin initiation, maintenance and termination
of oestrogen secretion by the preovulatory follicle. The interaction between granulosa
and thecal cells is a form of epithelio-mesenchymal interaction similar to that which
occurs during general tissue morphogenesis in the embryo. There is increasing evidence
that as well as sex steroids, paracrine agents in the ovaries include diverse protein 'growth
factors' such as epidermal growth factor (EGF), transforming growth factors (TGFs),
insulin-like growth factors, heparin-binding growth factors (e.g. fibroblast growth factor)
and the inhibin/activin family of proteins. The paper by H. D. Mason et al. in this issue of
Clinical Endocrinology highlights the inhibitory action of EGF on FSH-stimulated
oestradiol synthesis in primary human granulosa cell cultures. This extends into the
clinical realm results of earlier experiments with animal ovarian tissues showing that
EGF/TGFa promotes granulosa cell proliferation (Gospodarowicz& Bialecki, 1979) and
interferes with the induction by FSH of functional granulosa cell differentiation
(expression of LH receptors, aromatase activity and progesterone synthesis, inhibin
synthesis) (Jones et al., 1982; Knecht & Catt, 1983; Franchimont et al., 1986; Steinkampf
et al., 1988).
EGF and TGFa are closely related gene products with similar properties and which

bind to the same receptors (Massague, 1983; Derynck, 1986). The active factors are

polypeptides consisting of about 50 amino acids which have been shown to modulate
development of epidermis, breast, and gut; act as angiogenic factors, and may mediate
hypercalcaemia (Gill et al., 1987; Waterfield, 1989). Granulosa cells express hormonally
regulated receptors for EGF/TGFa (Feng et al., 1987). Intrafollicular expression of
TGFa has been localized to the theca interna (Kudlow et al., 1987). Consequently, EGF/
TGFx of thecal origin seems likely to be involved in the paracrine control ofgranulosa cell
responsiveness to FSH, serving to enhance cell proliferation and inhibit steroidogenesis.
Whether inhibitory actions of EGF/TGFa on granulosa cell function which have been

observed in vitro have unique implications for human ovarian pathophysiology remains a
matter for conjecture. It should be recalled that EGF/TGFa is just one of the myriad
paracrine factors which are produced and act in the ovaries. All such factors are likely to
have interdependent functions, some being merely facilitative. Of interest in this regard is
that no overt ovarian abnormalities have been described in transgenic mice which
overexpress TGFa, and they are obviously fertile (Sandgren et al., 1990).
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SUMMARY

To examine the relationship between circulating levels of bioactive FSH
(B-FSH) and immunoactive inhibin and oestradiol we studied five women
during ovulatory cycles. Daily blood samples were collected from each subject
during one menstrual cycle. B-FSH was measured using a modified, highly
sensitive in-vitro rat granulosa cell bioassay. The inclusion of IGF-1 (10 /tg/1)
and transferrin (50 mg/1) in the assay system enhanced granulosa cell
responsiveness to FSH and resulted in increased assay sensitivity. Inhibin was
measured by a heterologous radioimmunoassay (RIA) using an antibody raised
against 31 kDa bovine inhibin. Bioactive FSH (B-FSH) levels were closely
correlated to those of immunoactive FSH (I-FSH, r= 0-79, P< 0-001) through¬
out the cycle. Peak levels of B-FSH were observed during the early follicular
phase (day — 13, 44-7 + 9-6 IU/1, mean + SEM) and during the midcycle surge
(35-2 + 6-2 IU/1); lowest levels occurring during the luteal phase (nadir 3-9+0-27
IU/1). Plasma oestradiol levels increased significantly during the follicular phase
(P< 0-001) to a peak on day — 1 and were negatively correlated with B-FSH
during the late follicular phase (day — 8 to — 1; r= — 0-45. P < 0-02). There was
no change in the concentration of inhibin (range 55-3-72-3 U/l) during the
follicular phase until day —2 after which an increase to a midcycle peak of
139± 10-6 U/l was observed. No correlation was observed between inhibin and
B-FSH during the follicular phase. A second increase in the concentration of
inhibin was seen during the luteal phase; peak levels occurred by day 6
(311+25-8 U/l), remained elevated until day 12, and were negatively correlated
with B-FSH (/•=-0-53, P< 0-001). No correlation was observed between
oestradiol and inhibin or B-FSH during the luteal phase. We conclude that (1)

Correspondence: Dr K. Reddi. Department of Obstetrics and Gynaecology, University of Edinburgh,
37 Chalmers St. Edinburgh EH3 9EW. UK.
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oestradiol secretion from the growing follicle is primarily responsible for the
negative feedback regulation of B-FSH resulting in a change from peak levels in
the early follicular phase to basal levels in the late follicular phase; (2) significant
and sustained increase in peripheral inhibin concentrations occurmostly during
the luteal phase; and (3) regulation of FSH secretion by inhibin occurs primarily
in the luteal phase. These results suggest a temporal relationship between
oestradiol and inhibin in the negative feedback regulation of FSH in vivo.

Follicle stimulating hormone (FSH) is a pituitary glycoprotein essential for gonadal
development and steroidogenesis. The feedback regulation ofFSH by the human ovary is
attributed to the combined effects of oestradiol and the glycoprotein hormone, inhibin.
The development of a heterologous immunoassay has permitted measurement of
peripheral concentrations of human inhibin (McLachlan et al., 1986) and recent studies
have demonstrated clear differences in the profiles of oestradiol and inhibin concentra¬
tions during the menstrual cycle (McLachlan et al., 1987; Robertson et al., 1988). Peak
levels of oestradiol occur in the follicular phase whereas those of inhibin are highest in the
mid luteal phase. Measurement of peripheral serum inhibin bioactivity during the
menstrual cycle using an in-vitro sheep pituitary ceil culture assay has indeed confirmed
peak activity in the luteal phase (Robertson et al., 1988). These results indicate potential
differential effects of inhibin and oestradiol on FSH regulation in vivo. Inhibin
immunoactivity and localization of the mRNA for the inhibin subunits in the human
corpus luteum have recently been described (Davis et al., 1987), providing evidence of a
potential source of the increased inhibin concentrations observed during the luteal phase.
Studies of negative feedback regulation of FSH during the human menstrual cycle

have, to date, relied on immunoassays for FSH. The anterior pituitary gland synthesizes
and secretes FSH in multiple heterogeneous forms which differ in carbohydrate
composition, receptor binding activity and consequently bioactivity in vivo and in vitro
(Bogdanove et al., 1974; Chappel et al., 1984). Studies using sensitive assays capable of
measuring circulating bioactive FSH (B-FSH) have yielded conflicting data on the
changes in bioactive :immunoactive FSH ratio (B/I ratio) during the menstrual cycle (Jia
et al., 1986; Padmanabhan et al., 1987). Changes in B/I ratios are further emphasized in
situations of altered gonadotrophin secretion, where treatment ofmen and women with a

gonadotrophin antagonist resulted in a substantial decrease in the bioactivity of FSH
with minimal changes in immunoactivity (Dahl et al., 1986. 1988).
Using a modified rat granulosa cell bioassay for human FSH, the present study set out

to examine the profile and the relationship of B-FSH to both inhibin and oestradiol
during spontaneous ovulatory cycles.

MATERIALS AND METHODS

Subjects

The five women studied (ages 29-36), were of normal weight, had regular menstrual cycles
of 28-31 days and had not been on oral contraceptives for at least 1 year. Blood samples,
obtained daily for I menstrual cycle from each subject, were collected into lithium heparin
tubes and centrifuged at 3000 £. Plasma thus obtained was stored in aliquots at — 20'C
until assay. Informed consent was obtained from all subjects and the study was approved
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by the Lothian Health Board Ethics Committee. Additional human samples obtained
were: plasma pools from post menopausal women (PMP), from women during ovulation
induction (IVF pool) and plasma from normal men (n = 3).

Hormones and reagents

Medium 199 (containing Earle's salts and 25 mM Hepes), L-glutamine and antibiotics
were obtained from Gibco (Paisley, Scotland). All steroids including diethylstilboestrol
(DES), human chorionic gonadotropin (hCG), porcine insulin, transferrin, l-methyl-3-
isobutylxanthine (MIX) and polyethyleneglycol (PEG) were purchased from Sigma
Chemical Co. (Poole, Dorset). Crystalline bovine serum albumin (BSA) was obtained
from ICN Biomedicals (Bucks, UK). Human FSH (CPDSM-1; biopotency = 4684 IU/mg
using the Second International Reference Preparation IRP 78/549) was kindly supplied
by Dr S. Lynch, Women's Hospital, Birmingham. Insulin like growth factor-1 (IGF-1)
was provided by Dr T. A. Bramley, University of Edinburgh.

Granulosa cell aromatase bioassay (GAB)

Plasma bioactive FSH was measured using a modification of the in-vitro GAB described
by Jia et al. (1986). To obtain the necessary level of sensitivity the following changes were
made to the original method. Medium 199 was substituted for McCoys 5a medium and in
addition to the standard medium supplements (testosterone (1 ^m), DES (10 nM), MIX
(200 /tM), insulin (1 mg/1), hCG (100 IU/1)) we included IGF-1 (10 ng/1), transferrin (50
mg/1) and progesterone (100 nM). Granulosa cells (5 x 104 viable cells/0-5 ml) were
obtained from DES-pretreated immature rat (Wistar) ovaries (Hillier et al., 1977) and
cultured in 24-weil plastic culture plates (Nunc; supplied by Gibco) for 72 h at 37°C in
hormone-enriched medium supplemented with extra (2 mM) L-glutamine, 100 U/ml
penicillin and 50 mg/1 streptomycin. For standard curves increasing concentrations (004-
4-68 IU/1) of human pituitary FSH standard (CPDSM-1) were added in triplicate to
cultures containing 20 y\ polyethyleneglycol (PEG)-pretreated, gonadotrophin-free
human (hypophysectomized male) plasma. Test samples (5-20 /d; at three doses) were
assayed in triplicate and a constant plasma volume (20 /d) was maintained in all cultures
by the inclusion of appropriate volumes of PEG-pretreated. gonadotrophin-free human
plasma. Oestradiol accumulation in the medium at 72 h was measured by specific
radioimmunoassay (Hillier et al., 1980). Before assay all test samples were pretreated with
(PEG. 12% v/v final concentration) as described by Jia et al. (1986). Recovery of FSH
following PEG treatment was assessed by preincubation of plasma samples with l25I
hFSH.

Radioimmunoassays

Anti-bovine 31 kDa inhibin (designated 1989) and purified bovine 31 kDa inhibin for
iodination were purchased from Monash University, Melbourne. Australia. As standard,
a partially purified human follicular fluid preparation (sHFF-1) was obtained as follows:
human follicular fluid, obtained from patients during oocyte retrieval, was pooled,
adjusted to pH 7-2 and applied to a Red Sepharose (Pharmacia) column (Miyamoto et al.,
1985). The inhibin-containing fraction thus obtained was further purified by immunoaffi-
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sHFF-1 (U/t) or IVF pool (yxl)

Fig. 1. Dose-response curves of •, the partially purified human follicular fluid preparation
(sHFF-1) and O, plasma pool obtained from women during ovulation induction (IVF pool) in the
inhibin RIA. Results are mean of duplicates.

nity chromatography using an antibody raised against a synthetic N-terminal 1-26 amino
acid porcine inhibin a-subunit peptide. The inhibin-containing fraction was eluted in 8 m
urea, 1 M potassium chloride and dialysed against 10 mM phosphate buffer pH 7. The
bioactivity of this material as measured against an ovine rete testes standard material
(oRTF) using an in-vitro sheep pituitary cell bioassay (Tsonis et al., 1986) was 26-0 ± 1-2
U/l (mean + SEM). Plasma inhibin concentrations were measured by the heterologous
immunoassay described by McLachlan et al. (1987). Iodination of 31 kDa inhibin and
subsequent purification of tracermaterial was performed as prescribed (McLachlan et al.,
1987). Standards (100 ^1 sHFF-1; range 3-6-230 mU), plasma samples (200 ^1) and
antiserum (1/3000 in 100 fil assay buffer (10 mM phosphate, 0-15 m sodium chloride
(NaCl), 0-5% BSA, pH 7-0) containing 1/600 normal rabbit serum) were incubated
overnight at room temperature (RT) before addition of l25I bovine inhibin (10000-12000
c.p.m. in 100 /xl assay buffer with 01% Triton X-100). After 24 h at RT goat anti-rabbit
serum 1/64 (100 /d) was added and the incubation continued overnight at 4°C. After
addition of 1-5 ml 0-15 m NaCl the tubes were centrifuged for 45 min at 2500 g, the
supernatant aspirated and the precipitate counted. A constant volume of plasma (200 /d)
was maintained in all tubes by the addition of appropriate amounts of inhibin-free
postmenopausal plasma. Parallel dose-response curves were obtained for sHFF-1 and
the IVF plasma pool in the inhibin immunoassay (Fig. 1). The sensitivity (ED|0) of the
assay was 7-5 mU/tube with an ED50 and ED20 of 27-5 and 74-5 mU/tube respectively
(n = 12). The interassay variation was calculated to be 11 % and the intra-assay variation
at the upper and lower end of the curve was 9 and 6% respectively. Addition of
postmenopausal plasma (200 /d) did not result in significant displacement of the inhibin
tracer when compared to assay buffer alone. The cross-reactivities of a variety ofpituitary
glycoproteins, mature inhibin subunits and growth factors using this assay system have
been previously reported to be minimal (Robertson et al., 1988). More recently,
significant cross-reaction of the antibody has been found to pro AC, an extended form of
the a-subunit. isolated from bovine follicular fluid (Robertson et al.. 1989). It is yet to be
established whether this form of inhibin, which is devoid of biological activity, is secreted
into the peripheral circulation.
Plasma immunoactive FSH was measured by specific RIA (Chelsea kit) using the

second IRP 78/549 as standard and plasma LH, oestradiol and progesterone were
determined using specific RIAs as previously described (Glasier et al., 1989).
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Statistical analysis
FSH bioactivity was determined at three dilutions. Tests of parallelism of the log dose-
response curves and assumptions of potency of unknown samples were calculated using
procedures described by Borth (Borth et al., 1957; Borth, 1960). Immunoactive hormone
levels were obtained at one dilution using a computerized iterative curve-fitting analysis.
For the purpose ofanalysis and description the menstrual cycle was divided into the early
follicular (EF) phase (days — 14 to —9), late follicular (days —8 to — 1) and luteal phase
as days 1 to 14. The effect of time on changes in hormone concentration during the cycle
was assessed by the repeated sample analysis of variation on untransformed data. The
interrelationship of the various hormone profiles was assessed by correlation and
regression analyses.

RESULTS

FSH bioassay

The recovery of 125I-FSH following PEG treatment of plasma samples was 96 + 3%
(n= 13).
In the present study the further addition of IGF-1 (10 /zg/1) and transferrin (50 mg/1) to

the assay system enhanced granulosa cell responsiveness, thus decreasing the minimum
effective dose of FSH twofold. Using these conditions the sensitivity of the assay was
0 06-0-09 mlU/culture corresponding to a plasma concentration of 3-0-4-5 U/l (Fig. 2).
The index of precision (lambda) was calculated to be 0-05. Interassay variation (PMP
pool) was 13 + 3% (n= 15). Increasing volumes of PEG-treated samples from women at
various stages of the menstrual cycle, postmenopausal women, and normal men resulted
in dose-response curves parallel to the human pituitary FSH preparation, CPDSM
(Fig. 2).

The menstrual cycle

The data for the various hormone determinations are presented relative to the LH surge
(day 0). The mean (+ SEM) of plasma oestradiol, LH, I-FSH and progesterone observed
throughout the cycle in the present study are in keeping with those previously reported
(Fig. 3). Plasma B-FSH and I-FSH were closely correlated throughout the cycle
(r= 0-789, P< 0-001; Fig. 3).

Follicular phase
Days —14 to —9. A peak of both I-FSH and B-FSH was observed during the early

follicular (EF) phase (day — 13; I-FSH, P<005, B-FSH, P<0-02) with concentrations
falling to a baseline steady state between days —9 and — 1 (Fig. 3). This peak was more

pronounced for B-FSH than I-FSH in all five patients. Highest B/I FSH ratios were
observed on days — 13 and — 12 (5-6 ±2-2). Although the mean B/I FSH ratios tended to
be higher during the EF phase (3-7 + 0-6; Table 1) this was not statistically different from
the rest of the cycle. A steady increase in plasma oestradiol was seen from day —12
continuing into the LF phase. No change in inhibin concentrations (range 55-3—72-3 U/l)
was observed during this period (Fig. 3).
Days —8 to —I. The levels of both I-FSH and B-FSH remained low during the LF

phase with a mean B/I ratio of 2-1 +0-1 (mean + SEM; Fig. 3). A significant increase in
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Sample (/il)

FSH (IU/l)

Fig. 2. Mean dose-dependent stimulation of oestradiol production by human pituitary FSH
preparation (CPDSM-1) and plasma from adult men and women. Triplicate granulosa cell
cultures were treated with 0-047-4-7 IU/l hFSH or increasing aliquots of plasma (5-20 /d)
obtained from women during the menstrual cycle (♦, follicular phase; O, midcycle; □, luteal
phase); •, postmenopausal women and ■, an adult male.

oestradiol concentration was observed throughout the LF phase (,P< 0-001), peak levels
occurring on day —1. However, inhibin concentrations remained unchanged until day
— 2 and then increased to a midcycle peak of 139±10-6 U/l (P<0-05). A significant
correlation was found between oestradiol and inhibin during the LF phase (r= 0-345,
F<0-05). Oestradiol and FSH were inversely correlated during the LF phase (I-FSH,
r= — 0-34, F = 0-02; B-FSH, r= — 0-45, P<002). No significant correlation was
observed between I-FSH, B-FSH and inhibin during the LF phase.

Luteal phase
After a midcycle surge both I-FSH and B-FSH decreased to reach a nadir on day 4

(P<0-02); lowest levels of B-FSH were observed during the luteal phase and were
sometimes below the assay sensitivity. The mean B/I FSH ratio for the luteal phase was
1-9 + 0-2 (mean + SEM). A secondary increase in oestradiol occurred after day 4
(F<0-05) before reaching EF phase levels by day 12. After the midcycle surge inhibin
concentrations fell to a nadir on day 2 (P< 0-05) before increasing to a luteal peak of 292-
311 U/l on days 6-10. Levels of inhibin on days 6-12 were significantly greater than those
at the midcycle surge (P<0-02). Plasma inhibin was inversely related to both I-FSH and
B-FSH during the LP (I-FSH. r= -0-36. P<0002; B-FSH. r= -0-53, PcO-OOl) but
directly correlated with plasma progesterone (r = 0-45, P< 0-002). No significant
correlation between inhibin and oestradiol was observed during the luteal phase.



Oay of cycle (l_H surge)

Fig. 3. Mean ( + SEM) of a. • . plasma oestradiol. O. LH: b. •. immunoactive FSH (I-FSH), O.
bioactive FSH (B-FSH); c. O. progesterone. •. inhibin throughout the menstrual cycle (n = 5).
Results are expressed relative to the midcycle LH surge (day 0). I-FSH and B-FSH were
determined using reference preparations standardized against the 2nd IRP (78/549).
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Table I. Plasma bioactive and immunoactive FSH during the menstrual cycle. Results
shown are mean and range* for each phase of the cycle

B-FSH I-FSH
Phase of cycle (IU/1) (IU/1) B/I

Early follicular phase (days —14 to —9) 29-5 (15^4-9) 7-9 (5-2-11-1) 3-7 (0-9-9-1)
Late follicular phase (days —8 to — 1) 9-3 (6-5-11-3) 4-5 (4-1-5-4) 2-1 (0-9-3-7)
Midcycle (day 0) 36-5 (21-9-69-2) 17-6 (10 3-32 9) 2-1 (0-7-5-6)
Luteal phase (days 1-14) 8-2 (3-5-10-6) 4-1 (3-2-5-2) 2-0 (0-7-4-9)

* These values depict the range of the mean value for each stage of the cycle in individual
subjects.

DISCUSSION

The present study demonstrates that circulating bioactive FSH levels are maximal 12-13
days before the onset of the midcycle LH surge. This is precisely the time when
recruitment of the cohort of follicles occurs from which the next preovulatory follicle is
selected. The importance of this intercycle FSH rise in initiating the preovulatory phase of
follicular development, although widely accepted, is not always evident from serial
measurements ofcirculating immunoactive FSH levels. It would appear that this EF peak
in FSH bioactivity is a continuation of the increase observed during the late luteal phase
and possibly consequent upon the hormonal milieu during this time. Roseff et al. (1989)
have demonstrated a significant negative correlation between the increase in I-FSH
during the luteal-follicular transition period and the gonadal hormones (oestradiol,
progesterone and inhibin). A similar detailed analysis of bioactive FSH and these gonadal
hormones during the luteal-follicular intercycle period in a larger sample study may be
useful in further characterization of the relative roles of these hormones in the EF phase
FSH activity and folliculogenesis.
It is clear that despite a wide variation in the absolute values observed during the early

follicular phase, all five subjects demonstrated a more pronounced increase in B-FSH
than I-FSH during this time, resulting in a higher B/I FSH ratio on day —13. While this
may well be related to the variation in the results observed for both I-FSH and B-FSH in a
small number of subjects, it is tempting to speculate on possible mechanisms altering the
bio to immuno-potency as a cause for this observation. Changes in bio to immuno-active
FSH ratios have previously been demonstrated in women and men treated with a

gonadotrophin releasing hormone antagonist (Dahl et al.. 1986, 1988), possibly related to
differences in glycosylation of FSH. The idea of hormonally induced alterations in the
type of FSH released from the pituitary is attractive and may also be in keeping with the
concept of different gonadal hormones each capable of differentially regulating pituitary
FSH release in vivo.
It is also possible that immature granulosa cells are exquisitely responsive to selective

increments in FSH isomers not easily identified in many immunoassays for FSH. A small
increase in circulating FSH, occunng at a time when granulosa cells are most receptive to
the actions of FSH, may be all that is necessary to trigger an intracellular cascade ofevents
leading to an amplified expression of FSH-induced steroidogenesis. The sensitivity of the
present granulosa cell bioassay certainly permits the detection ofminimal changes in FSH
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bioactivity. However, the desired sensitivity was achieved only after modification of the
original method described by Jia et al. (1986). This was due to the addition of IGF-1 to the
culture medium and was observed in the presence of supraphysiological levels of insulin.
This may be explained by the presence of high-affinity IGF-1 receptors in cultured rat
granulosa cells (Adashi et al., 1987). FSH has been shown to augment the binding of IGF
-1 to cultured granulosa cells (Adashi et al., 1987) thus resulting in greater amplification of
FSH-induced steroidogenesis in vitro. The effect of transferrin was, however, to minimize
the loss of cellular responsiveness to the higher doses of FSH presumably by maintaining
adequate intracellular levels of iron (Aleshire et al., 1989).
The profile ofcirculating inhibin levels during the menstrual cycle reported in this study

is similar to that described previously (McLachlan et al., 1987). However certain features
of the present data warrant comment. Firstly the levels in the present study are

approximately four-fold lower than those reported by McLachlan et al. (1987). Since the
inhibin immunoassay in both studies is the same, this discrepancymay be due to the use of
different standard material. Both human follicular fluid and the sHFF-1 material used in
this study resulted in parallel dose response inhibition to that of the oRTF inhibin
standard in the in-vitro sheep pituitary cell bioassay (data not presented). This
discrepancy obviously highlights the need for a reference human inhibin preparation for
accurate measurement of peripheral inhibin levels.
The present study further highlights the absence of any significant increase in inhibin in

the early and mid-follicular phase (McLachlan et al., 1990), a time when a significant
decline in B-FSH is also observed. Thus there is a clear divergence in the relationship
between oestradiol and inhibin to FSH activity in the follicular phase. It therefore appears
that the acute endocrine negative feedback regulation of FSH during the follicular phase
is primarily due to the significant increase in oestradiol secreted by the developing follicle.
This is supported by the negative correlation observed between oestradiol and FSH, but
not inhibin, during this time.
While there is no doubt that FSH stimulates inhibin production by granulosa cells in

vitro (Channing et al., 1982; Tsonis et al., 1987), significant increase in inhibin
concentration during the mid-follicular phase in vivo has been demonstrated only in
situations of exogenous FSH treatment both in humans (Buckler et al., 1988) and other
primates (Fraser et al., 1989). This treatment often results in an increase in the number of
stimulated follicles which accounts for the observed endocrine profile. In such situations
interpretation of physiological negative feedback mechanisms becomes difficult.
During the periovuiatory period, a simultaneous peak of FSH and inhibin was

confirmed (McLachlan et al., 1990). The endocrine milieu responsible for the preovula¬
tory gonadotrophin surge, in particular the overriding positive effect of oestradiol, may
contribute to the loss of any inhibin feedback regulation of FSH. Alternatively, the
inhibin release by the large preovulatory follicle may be directly related to the midcycle
surge in FSH and/or a changing architecture of the preovulatory follicle.
The lesser increase in oestradiol during the luteal phase associated with the lowest levels

of bioactive FSH measured, suggests that factors in addition to oestradiol may contribute
to the regulation of FSH secretion during this time. The peak inhibin concentration,
inversely correlated with FSH, strongly supports a role for inhibin in the feedback
regulation of FSH during the luteal phase. The bioactivity of circulating inhibin
previously shown to peak during the luteal phase (Robertson et al., 1988), further
supports an endocrine role for inhibin in the regulation of FSH secretion. It is possible
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that steroidal regulation of FSH during the luteal phase may in part be also related to the
effect of progesterone, and that this, together with inhibin and oestradiol, is responsible
for the marked suppression in the secretion of FSH bioactivity at this time. However,
there is no direct evidence that progesterone plays a role in the negative feedback
regulation of FSH secretion in vivo. It is noteworthy that the increase in FSH bioactivity
observed in the late luteal phase is more closely associated with a rapid decline in levels of
inhibin than ofoestradiol. This finding supports the view that withdrawal of inhibin in the
late luteal phase might contribute to the early follicular phase peak in FSH bioactivity
necessary for follicle selection and growth (Roseff et al., 1989).
The results of the present study certainly suggest that the relative contributions of

oestradiol and inhibin to the acute regulation of circulating FSH bioactivity during the
normal menstrual cycle are temporally dissociated. There is growing evidence that the
human corpus luteum is the source of the increased circulating inhibin measured during
the luteal phase (Davis et al., 1987; McLachlan et al., 1989). We suggest that the acute
regulation of FSH during the follicular phase is primarily due to oestradiol (of follicular
origin) whereas that during the luteal phase is due also to the increased circulating inhibin
(of corpus luteum origin).
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Summary

OBJECTIVE The aim was to determine the relation

between stage of antral follicular development and granu¬
losa cell production of immunoactive inhibin.
DESIGN Primary granulosa cell cultures in serum-free
Medium 199 were incubated at 37°C for 96 hours with a

change of medium at 48 hours. Inhibin and steroid levels in
culture medium were determined by radioimmunoassay.
The inhibin assay was based on the N-terminai 1-26 amino
acid sequence of the a-chain of porcine 32 kDa inhibin
using pla1~26-GLY27-TYR28 as the immunogen, tracer and
standard.

PATIENTS Granulosa cells were obtained from the ovaries

of women with regular menstrual cycles undergoing
hysterectomy with unilateral or bilateral oophorectomy to
treat non-malignant gynaecological disease.
RESULTS Basal production of immunoactive inhibin by
granulosa cells from presumptive preovulatory follicles
(>15 mm diameter) was 5-13 times higher than that by
granulosa cells from immature (<10 mm diameter) or

intermediately mature (10-15 mm diameter) follicles.
Basal production of progesterone and oestradiol followed
a qualitatively similar pattern, establishing a positive
relation between functional granulosa cell maturity and
inhibin production. Treatment of granulosa cell cultures
from immature follicles with follicle-stimulating hormone
(FSH), but not luteinizing hormone (LH), increased inhibin
production, time and dose dependently. FSH, but not LH,
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Franceville, Gabon.

Correspondence: Dr Stephen G. Hillier, Reproductive
Endocrinology Laboratory, University of Edinburgh Centre for
Reproductive Biology, 37 Chalmers Street, Edinburgh EH3 9EW,
UK.

also brought about similar increases in steroid hormone
synthesis by granulosa cells from immature follicles. The
stimulatory effect of FSH on granulosa cell inhibin produc¬
tion was augmented at least twofold by the presence of
testosterone or 5a-dihydrotestosterone (10 ^mol/l) but
was unaffected by oestradiol. Granulosa cells from inter¬
mediately mature follicles undertook variable degrees of
both FSH and LH-responsive inhibin production which
generally corresponded with gonadotrophin-responsive
steroid production. Granulosa cells from presumptive
preovulatory follicles showed inconsistent inhibin re¬

sponses to FSH. However, LH caused marked (at least
twofold) increases in inhibin production, paralleling LH-
responsive steroid production.
CONCLUSION These results show that for human beings,
granulosa cell capacity to produce immunoactive inhibin
in vitro increases with follicular maturity. FSH, but not LH,
stimulates inhibin production by immature granulosa cells
and this response to FSH is subject to modulation by
androgen. During preovulatory follicular development,
production of inhibin, like steroids, becomes increasingly
responsive to LH. Such a development-related pattern of
granulosa cell inhibin production helps explain how, post-
ovulation, the corpus luteum is able to secrete inhibin as

well as steroids. It is also compatible with the concept that
locally produced inhibin could participate in the paracrine
control of follicular development during the human men¬

strual cycle.

Secretion of immunoactive inhibin by the human ovary

broadly parallels that of progesterone, increasing during
final stages of preovulatory follicular development to reach a
maximum in the luteal phase of the menstrual cycle
(McLachlan et al., 1989, 1990; Illingworth et al., 1990). The
function of inhibin in women remains uncertain but it is

implicated in the endocrine control of pituitary FSH secre¬
tion and may have local regulatory functions within the
ovary (reviews: de Jong, 1988; Ying, 1988).
Information on the cellular basis of inhibin synthesis has

come mainly from in-vitro research on animal tissues.
Inhibin was initially isolated and purified from bovine and
porcine follicular fluid as two distinct forms composed of a
common a subunit and one of two /i subunits, /iA and pB
(Ling et al., 1985; Miyamoto et al., 1985; Rivier et al., 1985;
Robertson et al., 1985; Vale et al., 1988; Ying, 1988). The

71
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Table 1 Details of patients and classification of the follicles studied

Age Cycle length" Phase No. and size (mm) Progesterone
Patient (years) (days) LMPb of cycle" of dissected follicles (/rmol/l)d Classific

1 36 30 _r _r 2 (4-5)g 004 small

1 (12) h medium

1 (14) 0-60 medium

1 (15) 0-43 medium

2 48 28 22 L 1 (8) 002 small

3 33 28 16 L 9 (2—5)g h small

4 42 37 21 F 8 (4—5)e h small

9 (6—7)8 h small

1 (25) 805 large

5 51 32 11 F 2 (10)8 0-13 medium

I (16) 3-03 large

6 28 30 12 F 3 (8)8 006 small
1 (16) 1-54 large

7 29 29 28 L 4 (4-5) 004 small

2(7-8) 0-04 small

" Length of previous menstrual cycle.
b Days since last menstrual period.
c Follicular (F) or luteal (L), confirmed by presence of a preovulatory follicle or corpus luteum.
d Concentration in follicular fluid.
e Based on follicular diameter: small, < 10 mm: medium, 10-15 mm; large, > 15 mm.
1 Not known.
8 Granulosa cells pooled.
h Follicular fluid not collected.

three inhibin subunits are encoded by separate genes (Forage
etal., 1986; Mason era/., 1985, 1986; Esch era/., 1987)whose
expression in granulosa cells is developmentally regulated
(Woodruff el al., 1988) and inducible by FSH (Woodruff er
al., 1988; Turner er al., 1989). The inductive action of FSH
may be subject to secondary paracrine control, since in vitro
various regulatory steroids and peptides are able to modulate
granulosa cell production of inhibin subunit rnRNAs
(Turner et al., 1989; LaPolt et al., 1990) and inhibin protein
(Henderson & Franchimont, 1983; Bicsak et al., 1986;
Suzuki etal., 1987; Bicsak etal., 1988; Hillier etal., 1989). In-
vitro experiments using granulosa cells from rats (Bicsak er
al., 1986; Suzuki er al., 1987) and monkeys (Hillier er al.,
1989) also suggest that as follicles mature, inhibin produc¬
tion by granulosa cells becomes increasingly responsive to
direct stimulation by LH,
Inhibin a- and /f-subunit genes are expressed in the human

ovary (Mason et al., 1986; Davis er al., 1987) but the
endocrine and paracrine mechanisms which regulate biosyn¬
thesis and secretion of inhibin protein(s) by human granu¬
losa cells have yet to be defined. Production of inhibin

bioactivity by granulosa-lutein cells obtained as a by¬
product of oocyte collection from in-vitro fertilization (IVF)
patients was increased by incubation with LH in vitro (Tsonis
et al., 1987). However, these patients were treated with
exogenous gonadotrophins to stimulate multiple follicular
development and there are no equivalent data on granulosa
cell inhibin production during spontaneous ovulatory cycles.
The present study was therefore undertaken to examine more
precisely the relation between stage of follicular development
and granulosa cell production of inhibin during the human
menstrual cycle.

Patients and methods

Patients

Ovarian tissue was obtained from cyclic women undergoing
hysterectomy with uni- or bi-lateral oophorosalpingectomy
because of severe dysmenorrhoea and/or uterine fibroids
(Table 1). The patients had given informed consent to the
procedure and the project was approved by the local ethics
committee.
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Granulosa cell isolation and classification

Tissue was transported to the laboratory in ice-cold culture
medium (Medium 199 containing Earle's salts, 25 mmol/1
HEPES buffer, 50 U penicillin/ml 50 g.g streptomycin/ml,
0 1% bovine serum albumin (BSA) and extra (2-0 mmol/1)
L-glutamine) (Gibco Ltd, Paisley, Renfrewshire). The time
which elapsed between oophorectomy and granulosa cell
recovery did not exceed 3 hours. All follicles >3 mm in
diameter were dissected free from ovarian stroma, using a

zoom-stereomicroscope fitted with an ocular micrometer for
visualization. Only macroscopically normal follicles were
studied. Each follicle was hemisected using iris scissors and
granulosa cells were harvested into culture medium by gently
scraping the follicle wall with the curved edge of a pair of
watch-maker's forceps. Granulosa cells from follicles of < 10
mm in diameter were pooled; larger follicles were studied
individually. Follicles were classified as small (<10 mm),
medium (10-15 mm) or large (> 15 mm) according to their
diameters. Retrospective analysis of follicular fluid progest¬
erone levels confirmed that this classification reflected

functional follicular maturity, since progesterone concentra¬
tions in follicular fluids of follicles between 10 and 15 mm in

diameter ranged between OT and 0-6 ;«nol/l, as compared
with > 1 -0 nmo\/\ for follicles with diameters > 15 mm

(Table 1). Granulosa cells were sedimented by centrifugation
for 5 min at 800 g and resuspended in fresh culture medium.
Cell counts were done using a haemocytometer. Cell via¬
bility, checked by trypan blue dye exclusion, was consistently
>50%.

Granulosa cell culture

Multiwell plastic dishes (Linbro from Flow Laboratories,
Rickmansworth, Herts.) were precoated with donor calf
serum (Gibco) and washed with Dulbecco's phosphate
buffered saline before use (Hillier & de Zwart, 1982). Culture
wells were inoculated with replicate 250-/d portions of a cell
suspension containing 1-6 x 104 live granulosa cells. Hor¬
mones were previously added in culture medium to give a
final incubation volume of 500 p\. The gonadotrophins were
human FSH (LER-8/116: biopotency 900 U FSH/mg and
~6 Li LH/mg) (Reichert, 1967) and human LH (LER-1972:
biopotency 5179 U LH/mg and 2-5 U FSH/mg). The steroids
were testosterone, 5a-dihydrotestosterone or oestradiol
(Sigma Chemical Co., Poole, Dorset). Granulosa cell cul¬
tures were incubated at 37°C in a humidified tissue culture

incubator gassed with a 95% air/5% C02 mixture. Incuba¬
tion was for 96 hours with a medium change at 48 hours.
Medium collected at each time-point was stored frozen at
— 20°C until analysis of inhibin and progesterone content.

Medium from incubations in the presence of exogenous
testosterone (aromatase substrate) was also assayed for
oestradiol.

Inhibin radioimmunoassay

Immunoactive inhibin levels in culture medium were deter¬

mined using a previously described radioimmunoassay
which is based on the N-terminal 1-26 amino acid sequence
of the a-chain of porcine 32 kDa inhibin (plod 26) (Hillier et
al., 1989; McNeilly et al., 1989). The immunogen, tracer and
standard for the assay was pla1 26-GLY27-TYR28, synthe¬
sized and provided by Dr J. Rivier (Rivier et al., 1985). The
sensitivity of the assay (90% B/Bo) was approximately 0-3
fmol pla126 per assay tube. 'Inhibin' values in culture
medium were presumed to reflect total (native plus free a-

subunit) inhibin immunoactivity and are expressed as fmol
pla126 standard. Intra and inter-assay coefficients of varia¬
tion were 6 and 11%, respectively.

Steroid radioimmunoassays

Progesterone and oestradiol radioimmunoassays were car¬
ried out on unextracted culture medium and follicular fluid,
as described previously (Hillier et al., 1977, 1981). The intra
and inter-assay coefficients of variation were less than 15%
for both assays.

Statistics

One-way analysis of variance and the Neuman-Keul's test
were used to assess differences among experimental treat¬
ments and controls. Differences with P^O-05 were accepted
as statistically significant.

Results

Relationship between preovulatory follicular development
and granulosa cell production of inhibin and progesterone

Basal levels of immunoactive inhibin production by granu¬
losa cells from small and medium-sized follicles averaged
between 0-6 and 1-2 fmoles inhibin/1000 cells over the full
96-hour culture period. Inhibin production by granulosa
cells from more mature follicles was 5-13 times higher
(/><0-01) (Fig. 1). Progesterone production followed a

qualitatively similar pattern but the differential between
small/medium and large follicles was much greater, being 55-
92 (Fig. 1).

Induction of granulosa cell inhibin production by FSH
and its modulation by androgen

Treatment of cultured granulosa cells from immature fol¬
licles with FSH (30 ng/ml), but not LH (30 ng/ml), caused
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Fig-1 Relation between follicular development and production of a,
inhibin and b, progesterone by human granulosa cells in vitro.
Granulosa cells from follicles within the size ranges indicated were
cultured for □, 96 hours with a medium change at ■. 48 hours.
Inhibin and progesterone levels in the culture medium were
determined by radioimmunoassay. Composite data are shown from
observations made on all follicles dissected from the ovaries of seven

women, as listed in Table 1. Values aremeans+ SE (for follicles < 10
mm in diameter, « = 8; 10-15, n = 4; >15, n= 3). *P<005,
**/><0'01 significant difference vs other categories of follicle.

significant increases in inhibin production in five out of six
separate experiments. Whether the cells came from immature
follicular or luteal phase follicles did not measurably affect
inhibin production or responsiveness to FSH. Time-depen¬
dent stimulation by FSH with no effect of LH on inhibin
production by granulosa cells pooled from two 4- and 5-mm
diameter follicles is illustrated in Fig. 2. The effect of FSH
was dose dependent, paralleling its stimulatory effect on

progesterone production and aromatase activity (Fig. 3).
Separate experiments were carried out to determine

whether androgens (testosterone or 5a-dihydrotestosterone)
or oestradiol might influence FSH-inducible inhibin produc¬
tion by human immature granulosa cells. In 3 out of 3
experiments, presence ofandrogen (1 -0 /«nol/l) in the culture
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Fig. 2 Time-dependent stimulation by FSH, but not LH, of inhibin
production by granulosa cells from immature follicles in a human
ovary. Granulosa cells pooled from two follicles of 4 and 5 mm in
diameter were cultured for □, 96 hours with a medium change at ■.
48 hours. The medium contained a, no hormone (control); b, FSH
(30 ng/ml); or c, LH (30 ng/ml). Inhibin accumulation in culture
medium was determined by radioimmunoassay. Values are
means+ SE (n — 3). *P<001 significant stimulation vs the control
value for the corresponding period of culture.

medium augmented the inductive action of FSH on granu¬
losa cell inhibin production by at least twofold (/><0-01). At
this dose, neither androgen had a measurable effect on
inhibin production in the absence of FSH. Oestradiol (10
/tmol/1) had no measurable effect on inhibin production in
either the presence or absence of FSH. Synergism between
FSH and androgen and lack of interaction between FSH and
oestradiol on granulosa cell inhibin production are illus¬
trated in Fig. 4.

Stimulation by FSH and LH of inhibin production by
granulosa cells from medium-sized follicles

In 4 out of 4 experiments on granulosa cells from medium-
sized follicles, FSH (30 ng/ml) and LH (30 ng/ml) each
stimulated (F<0 01) inhibin production several-fold, paral¬
leling their stimulatory effects on steroid production (not
shown). Data from an experiment on granulosa cells from a

single 12-mm follicle are shown in Fig. 5.
Presence of testosterone (10 /imol/1) alone in culture

medium had no effect in inhibin production by granulosa
cells from this class of follicle; however, the androgen
augmented FSH and LH-stimulated inhibin production
approximately twofold (7° < 0-01).

Stimulation by LH of inhibin production by granulosa
cells from large follicles

In 3 out of 3 experiments on granulosa cells from large
follicles, LH (30 ng/ml) caused at least twofold stimulation
(P <001) of inhibin production which closely paralleled the
corresponding steroidogenic responses to LH, as illustrated
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Fig. 3 Dose-dependent stimulation by FSH
of a, inhibin; b, progesterone; and c,
oestradiol production by granulosa cells
from an immature follicle in a human

ovary. Granulosa cells from a follicle 8 mm
in diameter were cultured for 96 hours with
a medium change at 48 hours. The medium
was supplemented with 1 0 /rmol/1
testosterone as an aromatase substrate and
contained FSH as indicated. Inhibin and
steroid levels in culture medium collected

at 96 hours were determined by
radioimmunoassay. Values are means (with
range) from incubations in duplicates.
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Fig. 4 Androgenic modulation of FSH-stimulated inhibin produc¬
tion by granulosa cells from immature follicles in human ovaries.
Granulosa cells pooled from nine follicles of between 2 and 5 mm in
diameter were cultured for 96 hours with a medium change at
48 hours. The culture medium contained □, no FSH or EJ, FSH
(30 ng/ml) a, without steroid; b, with 1 0 /imol/1 oestradiol; or c, with
TO /mtol/1 5a-dihydrotestosterone. Inhibin accumulation in culture
medium collected at 48 hours was determined by radioimmunoassay
and results are shown as means+ SE (« = 3). *F<001 significant
stimulation by DHT in the presence of FSH vs all other treatments.

in Fig. 6. FSH (30 ng/ml) had a less consistent effect on
inhibin production by granulosa cells from this class of
follicle, significant stimulation occurring in only 2 out of 3
experiments (data not shown).

Discussion

These results show that the capacity of human granulosa
cells to produce immunoactive inhibin, like oestradiol and
progesterone, is developmentally regulated. Initially, FSH
acts directly to induce inhibin production and steroidogene¬
sis in non-differentiated human granulosa cells. But as these
cells undergo preovulatory development, production of
inhibin and progesterone become increasingly responsive to
direct stimulation by LH. This is consistent with the idea
that, post-ovulation, granulosa-lutein cells are eventual sites
of LH-responsive inhibin as well as steroid synthesis in the
corpus luteum.
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£k 1
Fig. 5 Stimulation of inhibin production by granulosa cells from an

intermediately mature follicle in a human ovary by both LH and
FSH in vitro. Granulosa cells from a single 12-mm diameter follicle
were cultured for □, 96 hour with a medium change at H, 48 hours.
The medium contained a, no hormone (control); b, FSH (30 ng/ml);
or c, LH (30 ng/ml). Inhibin accumulation in culture medium was
determined by radioimmunoassay and results are given as
means+ SE (« = 3). *P <0 05, **P<0-01 significant stimulation us
the control value for the corresponding period of culture.

The identification of granulosa cells from preovulatory
human follicles as sites of LH-responsive immunoactive
inhibin production complements previous evidence for LH-
responsive production of inhibin bioactivity in vitro Joy
human granulosa-lutein cells (Tsonis et al., 1987). However,
whereas the latter studies were carried out on granulosa cells
aspirated from the ovaries of superovulated in-vitro fertiliza¬
tion (IVF) patients, the present work was carried out
exclusively on granulosa cells collected during spontaneous
ovarian cycles. Thus the present results firmly establish the
ability of spontaneously matured human granulosa cells to
undertake LH-responsive inhibin production. The actual
relations between gonadotrophin responsiveness and pres¬
ence of either FSH or LH receptors or both on human
granulosa cells have not been established. However, the
finding of FSH-responsive inhibin production by granulosa
cells from all follicle size categories studied is consistent with
presence of granulosa cell FSH receptors throughout antral
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follicular development. Moreover, the ability of granulosa
cells from follicles > 10 mm in diameter consistently to

respond to LH with increases in inhibin and steroid produc¬
tion indicates the presence of LH receptors coupled to both
inhibin and steroid synthesis at intermediate stages from
preovulatory development onwards. A possible caveat to the
data is that three of the seven patients studied were over 40
years of age. However, these older women were still having
menstrual cycles and their ovaries yielded follicles which
were morphologically and biochemically indistinguishable
from those of the younger women studied. Consequently,
data from the group as a whole are assumed to be broadly
representative of the normal menstrual cycle.
Before this study, knowledge of development-related

granulosa cell inhibin formation was confined to studies on
rats (Bicsak eta/., 1986, 1988; Davis etal., 1986; Suzuki eta/.,
1987; Woodruff et a/., 1987; Zhang et al., 1988) and non-
human primates (Hillier et a/., 1989). Our new evidence that
FSH directly induces inhibin production by human granu¬
losa cells suggests that the mechanisms of ovarian inhibin
biosynthesis in human beings and the other mammals which
have been studied are similar. Expression of all three inhibin
subunit mRNAs is inducible by FSH in rat granulosa cells
and secondary paracrine levels of control by steroidal and
non-steroidal factors are also thought to operate in vivo. In-
situ hybridization studies indicate that expression of //-
subunit mRNAs is relatively high in granulosa cells from
immature antral follicles compared with cells in larger,
presumptive preovulatory follicles (Schwall et al., 1990). On
the other hand, expression of the a-subunit increases in
relation to preovulatory development, becoming maximal in
periovulatory follicles and/or corpora lutea (Woodruff et al.,
1988; Schwall et al. 1990). Free inhibin protein subunits and
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§ Fig. 6 Coordinate stimulation by LH of
b inhibin and progesterone production by
E granulosa cells from a preovulatory follicle
— in a human ovary. Granulosa cells from a
— single I6-mm diameter follicle were
2 cultured for 96 hours with a medium

change at 48 hours. The culture medium
contained no addition or LH. as indicated.
O, Inhibin and •, progesterone levels in
culture medium were determined by
radioimmunoassay. Values are means+ SE
(n= 3).

their precursors, related peptide fragments and mature
dimeric forms of inhibin have all been identified in ovarian

follicular fluid (Ling etal., 1985, 1986; Miyamoto et al., 1985;
Robertson et al., 1985; Tsonis & Sharpe, 1986) and are likely
to be produced in varying amounts by granulosa cells in vitro
(Bicsak et al., 1988). The inhibin radioimmunoassay used
here is directed against the N-terminal sequence of the
porcine inhibin a-subunit and detects free inhibin a-subunit
as well as dimeric forms of inhibin containing the a-subunit
(Bicsak et al., 1988; McNeilly et al., 1990; Knight et al.,
1989). Accordingly, we interpret our results as evidence that
human granulosa cells undertake development-related in¬
creases in the production of intact inhibin and/or the free
inhibin a-subunit. It remains to be determined, however,
exactly which molecular form(s) of inhibin is hormonally
regulated.
These results also provide new evidence for regulatory

steroid action in human granulosa cells. Testosterone and
5a-dihydrotestosterone, but not oestradiol, augmented
FSH-induccd production of inhibin by granulosa cells from
immature follicles, effectively increasing cellular sensitivity
to the gonadotrophin. Similar augmentative effects ofandro¬
gens on FSH-responsive production of inhibin have been
observed for bovine (Henderson & Franchimont, 1983), rat
(Suzuki et al., 1987; Bicsak et al., 1986) and marmoset
monkey granulosa cells (Hillier et al., 1989), suggesting
broad relevance to mammalian granulosa cell function.
Interestingly, testosterone and its non-aromatizable counter¬
part 5a-dihydrotestosterone were equally effective in aug¬

menting FSH-stimulated inhibin production by human
granulosa cells whereas oestradiol at an equivalent dose was
without effect. Such a class-specific regulatory steroid effect
contrasts with the situation in rat and marmoset granulosa
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cells where androgens and oestrogens each synergize with
FSH to promote inhibin production in vitro (Bicsak et al.,
1988; Hillier et al., 1989). It is noteworthy that rats and
marmoset monkeys arc both polyovulators whereas women
are monovulatory. We speculate that androgen-responsive
inhibin production may have particular relevance to mon¬

ovulatory species. Inhibin has been shown to augment LH
responsive androgen production by rat (Hsueh et al., 1987)
and human thecal cells (Hillier etui., 1991) in vitro. Androgen
produced by the theca interna and inhibin produced by
granulosa cells therefore have the potential to act recipro¬
cally and amplify follicular responsiveness to gonado-
trophins. This type of positive-feedback loop could be a
feature of the paracrine mechanism which ensures that
usually only one follicle is 'selected' to mature and ovulate
during the human menstrual cycle. Further studies of
regulatory steroid action on granulosa cells and of inhibin/
activin action on thecal cells are under way to test this
hypothesis.
In summary, this study shows that human granulosa cells

share with non-human primate and non-primate granulosa
cells certain similarities with respect to hormone-dependent
immunoactive inhibin production: (1) inhibin production
increases coordinately with steroidogenesis during preovula¬
tory follicular development in vivo; (2) treatment of im¬
mature granulosa cells with FSH induces inhibin production
in vitro; (3) induction of inhibin production by FSH is
modulated by androgen; and (4) inhibin production becomes
directly responsive to LH during advanced preovulatory
development. This development-related pattern of LH re¬

sponsiveness helps explain how the corpus luteum, once

formed, can secrete inhibin as well as progesterone. It is also
compatible with the concept that locally produced inhibin
could contribute to the paracrine control of preovulatory
follicular development during the human menstrual cycle.
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Summary

Effects of inhibin (recombinant human inhibin-A) on ovarian androgen synthesis were tested in vitro
using serum-free monolayer cultures of human thecal cells. Treatment for 4 days with inhibin alone at
doses between 10 and 100 ng/ml caused modest (approximately 2-fold) increases in production of
androgen (androstenedione and dehydroepiandrosterone); similar to the maximal level of stimulation
caused by luteinizing hormone (LH) (10 ng/ml) alone but only about one-third of that caused by
insulin-like growth factor I (IGF-I) (30 ng/ml) alone. Combined treatment with LH and inhibin elicited
additive effects on androgen production whereas LH and IGF-I were synergistic, giving rise to androgen
production rates at least 40 times greater than control. Additional presence of inhibin caused up to 10-fold
augmentation of the response to LH + IGF-I. Activin (recombinant human activin-A) was previously
shown to inhibit LH + IGF-I-induced androgen synthesis in this human thecal cell culture system. In the
present study we found that the additional presence of inhibin (> 1 ng/ml) completely neutralized this
inhibitory action of activin (10 ng/ml). These effects of inhibin were dose-dependent (ED50 1-10 ng/ml)
and maximal at —100 ng/ml. Inhibin stimulation of androgen synthesis occurred in the absence of
measurable effects on progesterone production, and cell numbers in cultured cell monolayers were
unaltered by the protein. It is concluded that inhibin exerts potent and selective stimulation of human
thecal cell androgen synthesis in vitro. These results a paracrine role for inhibin(s) in modulating follicular
androgen biosynthesis in the human ovary.
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Introduction

Inhibin is an — 32 kDa glycoprotein which has
been isolated from ovarian follicular fluid as a

heterodimer of a common a-subunit inhibin with
one of two /J-subunits: /?A (inhibin-A) or ySB (in-
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hibin-B) (Vale et al., 1988; Ying et al., 1988). The
three subunits are encoded by separate mRNAs
(Forage et al., 1985; Mason et al., 1985, 1986;
Esch et al., 1987) which are expressed in granulosa
cells under the control of follicle-stimulating
hormone (FSH) (Woodruff et al., 1987, 1988;
Turner et al., 1989). An endocrine function for
ovarian inhibin(s) has been proposed, based on
the ability of the protein to inhibit FSH release by
pituitary cells (Vale et al., 1988; Ying et al., 1988).
However, an intraovarian function(s) for inhibin is
also likely, supported by evidence that inhibin
purified from porcine follicular fluid stimulates
luteinizing hormone (LH)-stimulated androgen
production by rat ovarian thecal/interstitial tis¬
sues in vitro (Hsueh et al., 1987).
To determine if inhibin might regulate thecal

function in the adult human ovary, we tested the
effect of recombinant human inhibin-A (inhibin)
on steroid production by primary monolayer cul¬
tures of human thecal cells. Here, we report that
when thecal cell steroid synthesis is induced by
treatment with LH and (or) insulin-like growth
factor I (IGF-I), presence of femtomolar con¬
centrations of inhibin in serum-free culture
medium causes a selective stimulation of androgen
(androstenedione and dehydroepiandrosterone
(DHA)) production. We also show that inhibin
overcomes the previously described (Hillier et al.,
submitted) inhibitory action of activin on human
thecal androgen synthesis. These data therefore
provide in vitro evidence that inhibin(s) may func¬
tion as a paracrine modulator of androgen synthe¬
sis in the human ovary.

Patients and methods

Patients. Ovarian tissue was obtained from
three women who underwent surgery (hysterec¬
tomy with uni- or bilateral oophorectomy) to treat
severe uterine fibroids, endometriosis, and/or
heavy and painful menstrual bleeding (Table 1).
The study had local ethics committee approval.

Isolation of thecal cells. Resected ovarian tis¬
sue was placed in ice-cold physiological saline,
transported to the laboratory and transferred to
culture medium which was also used for follicular
dissection: medium 199 containing Earle's salts,
25 mM Hepes buffer, extra (2 mM) L-glutamine,

TABLE 1

DETAILS OF PATIENTS AND OVARIAN FOLLICLES

STUDIED

Experiment Patient Age LMP a
(years) (day)

No. and diameter (mm)
of follicles studied

I F 38 27 17 (3-5) b
II G 48 24 3 (7-8) b
III H 34 8 3 (10-11) b
IV 2(14-15) b
a
Last menstrual period; b Pooled.

50 U/ml penicillin, 50 jug/ml streptomycin (all
from Gibco, Paisley, Renfrewshire, U.K.) and 0.1%
(w/v) bovine serum albumin (from ICN Biomedi¬
cals, High Wycombe, Bucks, U.K.). Dissection of
follicles (Table 1) and isolation of thecae were
carried out with visualization using zoom-stereo-
microscopic optics, as described previously (Hil¬
lier et al., 1981). Only thecae from apparently
healthy follicles were studied, i.e. yielding straw-
coloured follicular fluid, granulosa cells and (usu¬
ally) a cumulus-enclosed oocyte. After scraping all
visible granulosa cells from the lamina basalis,
hemisected thecae from individual or pooled fol¬
licles were rinsed in fresh medium and transferred
to more of the same medium (2 ml) containing
0.1% (w/v) collagenase type II from CI. histolyti-
cum and 0.01% (w/v) deoxyribonuclease I (both
from Sigma Cemical Company, Poole, Dorset,
U.K.). Complete dispersal into a cellular suspen¬
sion was achieved by incubating the tissue in the
enzyme solution for two successive 15 min periods
at 37 °C in a shaking water bath, with repeated
pipetting after each incubation. The cells were
sedimented by centrifugation (5 min at 800 X g),
resuspended in fresh culture medium containing
5.0% (v/v) donor calf serum (Gibco) and counted
in a haemocytometer. Cell viability, determined by
staining with 0.4% (w/v) trypan blue, was con¬

sistently > 90%.
Thecal cell culture. Twenty-four-well plastic

dishes (Linbro Space Savers from Flow Laborato¬
ries, Rickmansworth, Herts, U.K.) were inoculated
with replicate 500 /xl portions of thecal cell sus¬
pension (2.0-5.0 X 104 viable cells per well) in
culture medium containing 5% donor calf serum.
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Preincubation in serum-containing medium to al¬
low cell anchorage and recovery from the en¬

zymatic dispersal procedure was for 24 h at 37 ° C
in a humidified tissue-culture incubator gassed
with 95% air/5% COz. After removal of serum-
containing medium and washing with 1 ml pre-
warmed (37 °C) Dulbecco's phosphate-buffered
saline, the cultures received 500 ju.1 serum-free
medium containing human LH (LER-1972:
donated by Dr. L.E. Reichert, Jr.), recombinant
human IGF-I (CGP-35'-126: donated by Dr. H.H.
Peter and Dr. K. Scheibli), recombinant human
activin-A (Schwall et al., 1989) and/or recombi¬
nant human inhibin-A (Mason, 1988). Incubation
at 37 °C was then for 4 days with a medium
change on day 2. Media collected on days 2 and 4
of culture were stored frozen at — 20 °C until

assayed for steroid content, as described below. In
some experiments the cultured cell monolayers
were trypsinized (Hillier and de Zwart, 1982) on
day 4 and cell number was estimated with a
Coulter counter.

Assay of steroids in thecal cell culture medium.
Androstenedione and progesterone in unextracted
culture medium were measured individually by
radioimmunoassay, using standard procedures and
antisera as described previously (Hillier et al.,
1981; McNatty et al., 1983). The DHA radioim¬
munoassay was similar, using a sheep antiserum
against DHA-3-hemisuccinyl-ovalbumin pur¬
chased from Steranti Research, St. Albans, Herts,
U.K. (product code A005). The inter- and intraas-
say precision for each steroid was less than 15%.
Steroid production rates are expressed as pmol
steroid/1000 cells/48 h, related to the number of
viable cells used to inoculate each culture well.

Statistics. Analysis of variance with the Neu-
man-Keuls test was used to analyze differences
between experimental and control observations.
Differences assigned a P value of < 0.05 were

regarded as statistically significant.

Results

Production of androstenedione and DHA was

increased approximately 2-fold by inhibin at con¬
centrations between 10 and 100 ng/ml (Fig. 1).
Inhibin was compared with other factors previ¬
ously shown to stimulate androgen synthesis in
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Fig. 1. Stimulation of androgen synthesis in cultured human
thecal cells by inhibin. Thecal cells (5.0 xlO4 viable cells per
culture well) pooled from 17 follicles between 3 and 5 mm in
diameter (Experiment I, Table 1) were incubated for 4 days in
serum-free culture medium containing inhibin at the con¬
centrations shown. Androstenedione (A4) and dehydroepi-
androsterone (DHA) accumulation in medium collected on day
4 are shown. Data are mean ± SEM, n — 3. * P < 0.05, * * P <

0.01 vs. treatment without inhibin.

the same thecal culture system. As shown in Fig.
2, the stimulatory effect of inhibin was approxi¬
mately equivalent to a maximal stimulatory dose
of LH (10 ng/ml) and the effects of inhibin and
LH were additive. However, the response to a
maximal stimulatory dose of inhibin was only a
fraction (approximately one-third) of that to IGF-I

(A) <B)

O CD

< i. o.io

□ - LH
S+ LH

0.15

0.12

0.09

0.06

0.03

0

I1
Control Inhibin IGF-I Control Inhibin

Treatment

Fig. 2. Relative effect of inhibin and IGF-I on basal and
LH-stimulated androgen synthesis in cultured human thecal
cells. Thecal cells (5.0 X 104 viable cells per culture well) pooled
from 17 follicles between 3 and 5 mm in diameter (Experiment
I, Table 1) were incubated for 4 days in serum-free culture
medium containing inhibin (30 ng/ml) or IGF-I (30 ng/ml) in
the presence and absence of LH (10 ng/ml), as indicated.
Androstenedione (A) and dehydroepiandrosterone (B) accu¬
mulation in medium collected on day 4 are shown. Data are
mean ± SEM, n = 3. * P < 0.05, * * P < 0.01 vs. corresponding

control treatment with or without LH.
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Fig. 3. Dose-dependent augmentation by inhibin of LH + 1GF-
I-induced androgen synthesis in culture human thecal cells.
Thecal cells (5.0 X104 viable cells per culture well) pooled
from three follicles between 10 and 11 mm in diameter (Ex¬
periment III, Table 1) were incubated for 4 days in serum-free
culture medium containing LH (10 ng/ml) plus IGF-I (30
ng/ml) and increasing concentrations of inhibin, as indicated.
Androstenedione (A4), dehydroepiandrosterone (DHA) and
progesterone (P) accumulation in medium collected on day 4
are shown. Data are mean±SEM, n = 3. * P < 0.01 vs. treat¬

ment without inhibin.

(30 ng/ml) and there was synergism between
IGF-I and LH on androgen production.
Additional presence of inhibin in the medium

substantially augmented androgen synthesis in re-
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Fig. 4. Dose-dependent neutralization by inhibin of the inhibi¬
tory effect of activin on LP! + IGF-I-induced androgen synthe¬
sis in cultured human thecal cells. Thecal cells (5.0 X104 viable
cells per culture well) pooled from two follicles of 14 and 15
mm in diameter (Experiment IV, Table 1) were incubated for 4
days in serum-free culture medium containing LH (10 ng/ml)
plus IGF-I (30 ng/ml) and inhibin in the absence and presence
of activin (10 ng/ml), as indicated. Androstenedione (A) and
dehydroepiandrosterone (B) accumulation in medium col¬
lected on day 4 are shown. Data are mean ± SEM, n = 3.
* P < 0.05, * * P < 0.01 vs. corresponding treatment without

activin.

sponse to LH plus IGF-I (Fig. 3). This action of
inhibin was concentration-dependent (ED50 1-10
ng/ml) and maximal (up to 10-fold stimulation)
at a dose of approximately 100 ng/ml. Stimula¬
tion by inhibin of androgen production was not
associated with a corresponding increase in pro¬

gesterone production (Fig. 3). Moreover, culture
in the presence of inhibin had no measurable
effect on cell number in trypsinized thecal cell
monolayers (data not shown).
Activin was previously shown to inhibit LH +

IGF-I-stimulated androgen synthesis by cultured
human thecal cells (Hillier et al., submitted). As
shown in Fig. 4, inhibin at concentrations > 1
ng/ml completely overcame the inhibitory action
of activin (10 ng/ml).

Discussion

These results reveal a potent and selective
stimulatory action of inhibin on androgen produc¬
tion by human thecal cells in vitro. Synthesis of A4
(androstenedione) and A5 (DHA) androgens is
stimulated by femtomolar concentrations of the
protein, consistent with a physiologically signifi¬
cant paracrine mode of action. In addition, they
show that inhibin overcomes the inhibitory action
of activin on androgen synthesis. Additional ex¬
periments are needed to determine the mechanism
of action involved. However, preferential stimula¬
tion of C19 steroid production relative to pro¬
gesterone production points to an action of in¬
hibin on 17-hydroxylase/C17_20 lyase, the rate-
limiting enzyme in thecal androgen synthesis.

The concept that inhibin produced by granulosa
cells might function as a paracrine modulator of
thecal androgen synthesis was initially suggested
by results of in vitro experiments using prepu¬
bertal rat tissues (Hsueh et al., 1987). However,
quantitative and qualitative changes in the pattern
of ovarian androgen synthesis precede onset of
puberty in rats (e.g. Hillier, 1985), raising the
question if inhibin action on androgen synthesis in
prepubertal rat ovaries has any relevance to the
situation in adult human beings. The present data
remove this doubt and increase the likelihood that

locally produced inhibin plays a physiologically
significant paracrine function in the adult human
ovary.
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Simulation by inhibin of human thecal cell
androgen synthesis is most pronounced in the
presence of LH and IGF-I. In the absence of
inhibin, IGF-I itself enhances basal and LH-re-
sponsive androgen synthesis but the additional
presence of inhibin augments what would other¬
wise be maximal steroidogenic responses to IGF-I
and LH. Previous studies showed that treatment
with insulin or IGF-I enhances basal and LH-
stimulated synthesis of androgen in cultured the¬
cal/interstitial cells from rat ovaries (Erickson et
al., 1985; Cara and Rosenfeld, 1988; Hernandez et
al., 1988), as well as stromal tissue explants from
human ovaries (Barbieri et al., 1984, 1986). The
present study complements and extends these
earlier findings, showing that IGF-I and inhibin
coordinately enhance LH-stimulated androgen
synthesis. An intrafollicular paracrine function(s)
for IGF is suggested by the evidence that IGF-I
receptors are present on human thecal cells (Poret-
sky et al., 1985), and that granulosa cells are
intrafollicular sites of IGF-I mRNA expression
(Oliver et al., 1989) and protein synthesis regu¬
lated by FSH (Hammond et al., 1985; Adashi et
al., 1989). Inhibin protein formation in human
granulosa cells is also controlled by FSH in vitro
(Hillier et al., 1990). The present data therefore
suggest that inhibin derived from granulosa cells
in vivo has the potential to interact with IGF-I
and perhaps other locally produced factors to
modulate androgen synthesis in the theca interna.
However, the existence of inhibin receptors on
human thecal cells and the nature of the post-re¬
ceptor mechanisms which mediate the regulatory
action(s) of inhibin on these cells remain to be
established.

Thecal androgens play fundamental roles in the
ovary, serving as oestrogen precursors and having
local regulatory actions (Hillier, 1985). Studies of
follicular fluid levels of androgen and oestrogen in
relation to granulosa cell aromatase activity indi¬
cate that the capacity of the theca interna to
generate aromatase substrate (androstenedione)
increases hand-in-hand with granulosa cell aroma¬
tase activity in the human preovulatory follicle
(Hillier et al., 1981). It is of interest, therefore,
that in human ovaries, inhibin is produced in
greatest amounts by granulosa cells from large
preovulatory follicles which synthesize greatest

amounts of oestrogen (Hillier et al., 1990). Equiv¬
alent data on activin production by human
granulosa cells are not yet available. However, in
rhesus monkey ovaries, the inhibin-/3B gene encod¬
ing activin-B is expressed at particularly high levels
by granulosa cells in immature antral follicles,
falling to low or undetectable levels in preovula¬
tory follicles. This contrasts with the correspond¬
ing pattern of inhibin a-subunit gene expression,
being low in immature follicles and maximal in
preovulatory follicles (Schwall et al., 1990). All
available evidence therefore points to the existence
of development-related increase in granulosa cell
inhibin production, possibly associated with a re¬
ciprocal decline in activin production. This would
be consistent with a paracrine function for inhibin
in positively regulating thecal androgen synthesis
during preovulatory follicular development in the
human ovary.
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Effect of recombinant inhibin on androgen synthesis in cultured human
thecal cells
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We have noticed a small but significant error
in Fig. 3 of our above-mentioned paper, which
appeared in Volume 75 (February 1991) pp. Rl-
R6 (MOLCEL 02462). The 'zero inhibin' datum
points for androstenedione (A4) and proges¬
terone (P) are incorrectly plotted. We here pre¬
sent a corrected version of the figure.

■Bl
O OJ

"o "5

P o
O r-

<D ~0
CO E

0 0.1 1 10 100

Inhibin concentration (ng/ml)

Address for correspondence: Dr. Stephen G. Hillier, Re¬
productive Endocrinology Laboratory, University of Edin¬
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Fig. 3. Dose-dependent augmentation by inhibin of LH + IGF-
I-induced androgen synthesis in cultured human thecal cells.
Thecal cells (5.0 X 104 viable cells per culture well) pooled
from three follicles between 10 and 11 mm in diameter
(Experiment III, Table 1) were incubated for 4 days in
serum-free culture medium containing LH (10 ng/ml) plus
1GF-I (30 ng/ml) and increasing concentrations of inhibin, as
indicated. Androstenedione (A4), dehydroepiandrosterone
(DHA) and progesterone (P) accumulation in medium col¬
lected on day 4 are shown. Data are mean + SEM, n = 3.

* P < 0.01 vs. treatment without inhibin.
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Effect of Recombinant Activin on Androgen Synthesis in
Cultured Human Thecal Cells*
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ABSTRACT. The effect of activin-A on ovarian androgen
synthesis was tested in vitro using serum-free monolayer cultures
of human thecal cells. Maximal rates of androgen (androstene-
dione and dehydroepiandrosterone) production were induced by
treating the cells for 4 days with LH (10 ng/mL) in the presence
of insulin-like growth factor-I (>30 ng/mL). The additional
presence of recombinant activin-A (1-100 ng/mL) in culture
medium caused dose-dependent suppression of thecal cell andro¬
gen production, with 50% maximal inhibition occurring at an

activin-A concentration of about 10 ng/mL. Progesterone pro¬
duction was only suppressed by high dose (100 ng/mL) activin-
A, and inhibition of steroid production occurred without inhi¬
bition of DNA synthesis (tritiated thymidine uptake). These
results reveal a potent and selective inhibitory action of activin-
A on thecal cell androgen synthesis, consistent with a paracrine
function for activin(s) in modulating follicular androgen biosyn¬
thesis in the human ovary. (J Clin Endocrinol Metab 72: 1206-
1211, 1991)

ACTIVIN is an approximately 24-kDa protein thathas been isolated from ovarian follicular fluid as a

homodimer of the inhibin/activin /3A-subunit (activin-
A) or a heterodimer of the inhibin/activin /3A- and (3B-
subunits (activin-AB) (1, 2). Both inhibin/activin sub-
units are encoded by separate mRNAs (3-6) expressed
in granulosa cells under the control of FSH (7-9). Based
on the pattern of /3B-subunit mRNA expression that
occurs in cyclic monkey ovaries, it is likely that a (3B/
/3B-activin homodimer is also produced, particularly by
granulosa cells in small antral follicles (10). An endocrine
function for ovarian activin(s) has been proposed, since
it stimulates FSH release by pituitary cells in vitro (11,
12). However, an intraovarian function(s) for the protein
is also likely, supported by evidence that activin-A puri¬
fied from porcine follicular fluid inhibits LH-stimulated
androgen production by rat ovarian thecal/interstitial
tissues in vitro (13).
To determine whether activin might regulate thecal

function in the adult human ovary, we tested the effect
of recombinant human activin-A on steroid production
by primary monolayer cultures of human thecal cells.
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Address all correspondence and requests for reprints to: Dr. Stephen
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* This work was supported by MRC Programme Grant PG8929583
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Here, we report that when thecal cell steroid synthesis
is induced by treatment with LH and (or) insulin-like
growth factor-I (IGF-I), the presence of femtomolar con¬
centrations of activin-A in serum-free culture medium
causes a selective inhibition of androgen [androstenedi-
one and dehydroepiandrosterone (DHA)] production.
These data provide direct support for the concept of
activin(s) as a paracrine modulator of androgen synthesis
in the human ovary.

Subjects and Methods

Patients

Ovarian tissue was obtained from six women who underwent

surgery (hysterectomy with uni- or bilateral oophorectomy) to
treat nonmalignant gynecological disease (severe uterine fi¬
broids, endometriosis, and/or heavy and painful menstrual
bleeding; Table 1). The study had the approval of the local
ethics committee.

Isolation of thecal cells

Resected ovarian tissue was placed in ice-cold physiological
saline, transported to the laboratory, and transferred to culture
medium, which was also used for follicular dissection: medium
199 containing Earle's salts, 25 mM HEPES buffer, extra (2
mM) L-glutamine, 50 IU/mL penicillin, 50 ng/mL streptomycin
(all from Gibco Ltd., Paisley, Renfrewshire, United Kingdom),
and 0.1% (wt/vol) BSA (from ICN Biomedicals, High Wy-
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combe, Bucks, United Kingdom). Dissection of follicles (Table
1) and isolation of thecae were carried out with visualization
using zoom stereomicroscopic optics, as described previously
(14). Only thecae from apparently healthy follicles were studied,
i.e. yielding straw-colored follicular fluid, granulosa cells, and
(usually) a cumulus-enclosed oocyte. After scraping all visible
granulosa cells from the lamina basalis, hemisected thecae from
individual or pooled follicles were rinsed in fresh medium and
transferred to more of the same medium (2 mL) containing
0.1% (wt/vol) collagenase type II from CI. histolyticum and
0.01% (wt/vol) deoxyribonuclease-I (both from Sigma Chemical
Co., Poole, Dorset, United Kingdom). Complete dispersal into
a cellular suspension was achieved by incubating the tissue in
the enzyme solution for two successive 15-min periods at 37 C
in a shaking water bath, with repeated pipetting after each
incubation. The cells were sedimented by centrifugation (5 min
at 800 X g), resuspended in fresh culture medium containing
5.0% (vol/vol) donor calf serum (Gibco), and counted in a

hemocytometer. Cell viability, determined by staining with
0.4% (wt/vol) trypan blue, was consistently more than 90%.

Thecal cell culture

Twenty-four-well plastic dishes (Linbro Space Savers from
Flow Laboratories, Rickmansworth, Herts, United Kingdom)
were inoculated with replicate 500-/xL portions of thecal cell
suspension (2.0-5.0 X 104 viable cells/well) in culture medium
containing 5% donor calf serum. Preincubation in serum-con¬
taining medium to allow cell anchorage and recovery from the
enzymatic dispersal procedure was carried out for 24 h at 37 C
in a humidified tissue culture incubator gassed with 95% air-
5% C02. After removal of serum-containing medium and wash¬
ingwith 1 mLprewarmed (37 C) Dulbecco's phosphate-buffered
saline, the cultures received 500 gL serum-free medium con¬

taining human LH (LER-1972: donated by Dr. L. E. Reichert,
Jr.), recombinant human IGF-I (CGP-35'-126, donated by Drs.
H. H. Peter and K. Scheibli), and/or recombinant human
activin-A (15). Incubation at 37 C was then performed for 4
days, with a medium change on day 2. Media collected on days

Table 1. Details of patients and ovarian follicles studied

Exp
no.

Patient Age (yr) LMP (day)

No. and diam¬
eter (mm) of
follicles stud¬

ied

I A 45 13 1 (14)
II A 45 13 1 (18)

III B 31 a 20 (4-5)'
IV B 31 a 6 (6-7)'
V C 44 8 3 (2-5)'

VI D 36 8 1 (7)
VII D 36 8 1(8)
VIII E 57 27 16 (3—8)6

IX F 38 27 17 (3-5)"

LMP, Last menstrual period.
" Acyclic.
' Pooled.

2 and 4 of culture were stored frozen at —20 C until assayed for
steroid content, as described below.

Assay of steroids in thecal cell culture medium

Steroids in unextracted culture medium were measured in¬

dividually by RIA using standard procedures, as previously
described (14). The androstendione assay used a rabbit anti¬
serum to androst-4-ene-3,17-dione-7a-carboxyethyl thioether
conjugated to BSA. Major cross-reactions were: androsten¬
dione, 100%; androsterone, 46.3%; 5cv-androstene-3,17-dione,
50%; testosterone, 37%; and less than 0.5% for all other steroids
tested. The DHA assay used sheep anti-DHA-3-hemisuccinyl-
ovalbumin purchased from Steranti Research Ltd. (St. Albans,
Herts, United Kingdom; product code A005). Major cross-
reactions were: DHA, 100%; DHA sulfate, 141%; 5«-andro-
stane-3,17-dione, 7.9%; testosterone, 4.4%; androstenedione,
3.3%; and 0.5% or less for all other steroids tested. The proges¬
terone antiserum was sheep antiprogesterone-lla-hemisucci-
nyl-BSA with major cross-reactants of: progesterone, 100%,
lla-hydroxyprogestrone, 35.5%; deoxycorticosterone, 25.3%;
11-ketoprogesterone, 15.8%; and 20/3-hydroxyprogesterone,
12%. The sensitivity (90% B/B.) of each assay was approxi¬
mately 0.05 pmol steroid/assay tube. The inter- and intraassay
precisions for each steroid were less than 15%. Steroid produc¬
tion rates are expressed as picomoles of steroid per 1000 cells/
48 h, related to the number of viable cells used to inoculate
each culture well.

Measurement of tritiated thymidine untake by cultured thecal
cell monolayers

Incorporation of tritiated thymidine into cultured thecal cell
monolayers was determined using a modification of the method
described by May et al. (17). Briefly, after the collection of
spent culture medium on day 4, each monolayer was incubated
for a further 18 h in 500 gL serum-free culture medium con¬

taining 2 gCi [methy(-3H]thymidine (1.5 Ci/mmol; Amersham
International, Aylesbury, Bucks. United Kingdom). The mono¬
layer was then washed twice with 0.1 M phosphate-buffered
saline and incubated for 20 min at 4 C in 1.0 mL 5% (wt/vol)
trichloroacetic acid. The fixed monolayer was then washed once
with 5% trichloroacetic acid and twice with methanol. The cells
were dissolved by incubation for 5 min at room temperature in
500 gL 0.5 M NaOH. After neutralization by the addition of
500 gL 0.5 M HC1, the solution was taken for liquid scintillation
counting.

Statistics

Analysis of variance with the Neuman-Keuls or paired Stu¬
dent's t test was used to analyze differences between experi¬
mental and control observations. Differences assigned a P value
less than 0.05 were regarded as statistically significant.

Results

Stimulation of thecal cell androstenedione production by
LH and IGF-I

Maximal rates of androgen production by thecal cell
cultures occurred in medium containing LH plus IGF-I.
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If neither LH nor IGF-I was present, the average rate of
androstenedione accumulation in the medium was 0.064
± 0.020 pmol/1000 cells-48 h (mean ± SE; n = 7) on day
2, falling to 0.024 ± 0.008 pmol/1000 cells-48 h on day
4. The presence of LH (1-100 ng/mL) alone did not
prevent this decline, whereas IGF-I (>30 ng/mL) re¬
versed it completely (Fig. 1, left panel). IGF-I also in¬
creased thecal cell responsiveness to LH (Fig. 1, right
panel). Thus, whereas LH (10 ng/mL) alone increased
androstenedione accumulation on day 4 of culture by less
than a third, the response was about 15 times greater if
IGF-I (30 or 100 ng/mL) was also present (Fig. 2).
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Fig. 1. Dose-related stimulatory effect of IGF-I on androstenedione
production by human thecal cell cultures. Left panel, In the absence of
LH; right panel, in the presence of LH (10 ng/mL). Thecal cell
monolayers (5.0 x 104 viable wells/culture well) pooled from 20 follicles
between 4-5 mm in diameter (Exp III) were incubated for 4 days in
serum-free culture medium containing IGF-I with and without LH.
Androstenedione accumulation in medium collected on days 2 and 4 of
culture is shown. Data are the mean ± se (n = 4). Asterisks denote
significant stimulation by IGF-I relative to the corresponding treat¬
ment without IGF-I (★, P < 0.05; *★, P < 0.01).
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Fig. 2. Interaction between IGF-I and LH on androstenedione pro¬
duction by human thecal cell cultures: composite data from Exp III-
IX. Thecal cell monolayers were incubated for 4 days in serum-free
culture medium without (control) and with LH (10 ng/mL), IGF-I (30
or 100 ng/mL), or IGF-I plus LH. Androstenedione accumulation is
shown in medium collected on day 4. Data are the mean ± SE. Asterisks
denote significant differences between the group means indicated (★,
P < 0.05; P< 0.001).

Inhibition of thecal cell androstenedione production by
actiuin-A

Activin-A did not modify basal androgen production.
However, the presence of activin-A in culture medium
dose-dependently inhibited the production of andro¬
stenedione in response to treatment with LH and/or
IGF-I. Fifty percent maximal inhibition occurred at an
activin-A concentration approaching 10 ng/mL (Fig. 3).
Inhibitory effects of activin-A (10 ng/mL) on IGF-I- and
LH- plus IGF-I-stimulated androstenedione production
from five individual experiments are summarized in Fig.
4.

Selective action of activin-A on thecal cell steroid
production

The increased production of androstenedione due to
combined treatment with LH and IGF-I was paralleled
by increased production of DHA and progesterone. How¬
ever, whereas only 1 ng/mL activin-A significantly re¬
duced the production of androstenedione and DHA by at
least 20%, 100 ng/mL of the protein were required to
inhibit progesterone production by a similar degree (Fig.
5). Thus, in five of five experiments in which it caused
an average 50% reduction in androstenedione produc¬
tion, activin-A (10 ng/mL) had no significant effect on
LH- plus IGF-I-stimulated progesterone production (P
= 0.098, by Student's paired t test).
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Fig. 3. Dose-dependent inhibitory effect of activin-A on androgen
production by human thecal cell cultures. Thecal cell monolayers (2.0
x 104 viable wells/culture well) from a single follicle (7 mm in diameter;
Exp VI) were incubated for 4 days in serum-free culture medium
containing IGF-I (100 ng/mL) alone, LH (10 ng/mL) alone, or IGF
plus LH, with and without activin-A at the concentrations indicated.
Androstenedione accumulation is shown in medium collected on day 4.
Data are the mean ± SE (n = 3). Asterisks denote statistically significant
inhibition due to activin-A (★, P < 0.05; P < 0.01).
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Fig. 4. Inhibition by activin-A of LH-, IGF-I-, and LH- plus IGF-I-
stimulated androstenedione production by human thecal cell cultures:
composite data from Exp V-IX. Thecal cells were incubated for 4 days
in serum-free culture medium in the absence and presence of activin-
A (10 ng/mL) without (control) and with LH (10 ng/mL), IGF-I (30 or
100 ng/mL), or IGF-I plus LH. Androstenedione accumulation is shown
in medium collected on day 4. Data are the mean ± SE. Asterisks denote
significant inhibition by activin-A (★, P < 0.05; P < 0.001).
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Fig. 5. Relative inhibitory effect of activin-A on production of andro¬
stenedione (left panel), DHA (center panel), and progesterone (left
panel) by human thecal cell cultures. Thecal cells (2.0 x 104 viable
wells/culture well) from a single follicle (7 mm in diameter; Exp VI)
were incubated for 4 days in serum-free culture medium containing
IGF-I (100 ng/mL) plus LH (10 ng/mL), with and without activin-A
at the concentrations indicated. Steroid accumulation is shown in
medium collected on day 4. Corresponding basal rates of steroid accu¬
mulation (i.e. in the absence of LH and IGF-I) were 0.006 ± 0.002
(androstenedione), 0.012 ± 0.003 (DHA) and 0.006 ± 0.001 (progester¬
one) pmol steroid/1000 cells-48 h. Data are the mean ± se (n = 3).
Asterisks denote statistically significant inhibition due to activin-A (★,
P < 0.05; ★*, PcO.Ol).

No effect of activin-A on IGF-I-stimulated uptake of
tritiated thymidine by thecal cell monolayers
Treatment with IGF-I (30-300 ng/mL) elicited an

approximately 20-fold increase in tritiated thymidine
uptake by cultured thecal cells, regardless of the presence
of LH (10 ng/mL). This response was not significantly
altered by the presence of activin-A at a dose (10 ng/
mL) that was sufficient to cause about 50% inhibition of
androstenedione production (Fig. 6).

Discussion

These results reveal a potent and selective inhibitory
action of activin-A on androgen production by human

20 000

15 000

IGF-I alone IGF-I + LH

d 10 000 -

5 000 -

300

IGF-I concentration (ng/ml)

Fig. 6. Lack of effect of activin-A on IGF-I-stimulated uptake of
trit.iated thymidine by human thecal cells. Thecal cell monolayers (2.0
X 104 viable wells/culture well) pooled from 16 follicles between 3-8
mm in diameter (Exp VIII) were incubated for 4 days in serum-free
culture medium containing IGF-I at the concentrations shown in the
absence (left panel) or presence (right panel) of LH (10 ng/mL), with
and without activin-A (10 ng/mL). Uptake of tritiated thymidine was
determined as described in Subjects and Methods. Data are the mean
± se (n = 3).

thecal cells in vitro. Synthesis of A4 (androstenedione)
and A5 (DHA) androgens was suppressed by femtomolar
concentrations of the protein, consistent with a physio¬
logically significant paracrine mode of action. Additional
experiments are needed to determine the mechanism of
action involved. However, preferential inhibition of Ci9
steroid production relative to progesterone production
points to an action at the level of 17-hydroxylase/Ci7_2o
lyase, the rate-limiting enzyme in thecal androgen syn¬
thesis.
Previous studies of the effect of activin on steroidogen¬

esis in ovarian cells have been confined to experimental
animal tissues. In rat granulosa cell cultures, activin-A
purified from bovine follicular fluid enhanced FSH-stim-
ulated aromatase activity, but inhibited progesterone
production (18). Augmentation of aromatase activity by
recombinant activin-A was also observed using cultured
granulosa cells from a nonhuman primate (common mar¬
moset, Callithrix jacchus) (19). The concept that activin
produced by granulosa cells might function as a paracrine
modulator of thecal androgen synthesis initially arose
from in vitro experiments using prepubertal rat tissues
(13). However, quantitative and qualitative changes in
the pattern of ovarian androgen synthesis precede the
onset of puberty in rats (20), raising the question of
whether activin inhibition of androgen synthesis has any
relevance to the situation in adult ovaries. The present
data are novel in showing not only that activin inhibition
of thecal androgen synthesis extends to humans, but also
that it persists into adulthood, at least in women. It
should be noted, however, that this study of activin-A
action was confined to thecal cells from follicles 8 mm

or less in diameter (Exp V-IX, Table 1). Further studies
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on more mature follicles are necessary to determine how
the protein affects thecal function at later stages of
preovulatory development in the human ovary.
The use of serum-free conditions of culture highlighted

a striking ability of IGF-I to enhance basal and LH-
responsive androgen synthesis in thecal cell monolayers.
Previous studies have shown that treatment with insulin
or IGF-I enhances basal and LH-stimulated synthesis of
androgen in cultured thecal/interstitial cells from rat
ovaries (21-23) as well as stromal tissue explants from
human ovaries (24, 25). The present study complements
and extends these earlier findings, showing IGF-I stim¬
ulation of thecal cell DNA synthesis as well as androgen
synthesis. An intrafollicular paracrine function(s) for the
growth factor is suggested by the evidence that IGF
receptors are present on human thecal cells (26), and
granulosa cells are intrafollicular sites of IGF-I mRNA
expression (27) and IGF-I synthesis regulated by FSH
(28, 29). Despite its marked stimulatory effect on thy¬
midine uptake, IGF-I does not measurably increase the¬
cal cell number under the conditions and duration of
culture used here (Yong, E. L., and S. G. Hillier, unpub¬
lished observation). Nevertheless, we interpret these data
to suggest that IGF-I of granulosa cell origin has the
potential to exert positive paracrine control over the
growth of the theca interna as well as modulate its
steroidogenic function in vivo. The evidence that activin-
A overrides IGF-I-stimulated thecal androgen produc¬
tion without suppressing thecal DNA synthesis further
indicates that a complex functional interaction is likely
to exist between these two factors in the follicular para¬
crine system.
Thecal androgens play fundamental roles in the ovary,

serving as estrogen precursors and having local regula¬
tory actions (20). Studies of follicular fluid levels of
androgen and estrogen in relation to granulosa cell aro-
matase activity indicate that the capacity of the theca
interna to generate aromatase substrate (androstenedi-
one) increases hand in hand with granulosa cell aroma¬
tase activity in the human preovulatory follicle (14). It
is of interest, therefore, that in primate ovaries, inhibin/
activin dB-subunit mRNA is expressed in the greatest
amounts by granulosa cells in small antral follicles, de¬
creasing to undetectable levels during preovulatory fol¬
licular development (10). Activin-A and -B exhibit sim¬
ilar actions in pituitary and erythroid differentiation
assays in vitro (30). Presumably, therefore, they also
share the inhibitory action on thecal androgen synthesis
that has been described here, in which case a develop¬
ment-related reduction in granulosa cell activin synthesis
might constitute a paracrine mechanism for positively
regulating thecal androgen synthesis in the human preo¬

vulatory follicle.
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Commentary

Regulatory functions for inhibin and activin in human
ovaries

S. G. Hillier

The classic endocrine function of ovarian inhibin is
negative feedback control of pituitary FSH secretion
(sec de Jong, 1988 for a review). There is, however, a
long-harboured suspicion that inhibin and related
proteins such as activin could have local regulatory
roles at or near their sites of formation in the gonads
(e.g. Ying. 1988). Here, I survey recent developments
in inhibin and activin research which support this
likelihood, proposing paracrine functions for both
proteins in the regulation,of preovulatory follicular
development and ofestrogen synthesis in human
ovaries.

Inhihin, activin and related regulatory proteins
Mature inhibin is a 32kDa glycoprotein which has
been isolated from ovarian follicular fluid as two

distinct forms composed of a common a-subunit and
one of two P-subunits, PA and PB (Ling. Ying. Ueno el
al. 1985; Miyamoto, Hasegawa, Fukuda el al. 1985;
Rivicr, Spiess, McClintock el al. 1985; Robertson,
Foulds, Leversha el al. 1985). Treatment of pituitary
cell cultures with inhibin suppresses follicle-stimulating
hormone (FSI!) secretion whereas treatment with the
homodimeric PA, PA form of inhibin, termed activin
(Vale, Rivier, Vaughan el al. 1986) or FSH-releasing
protein (Ling, Ying, Ueno el al. 1986) stimulates FSH
release.
It is still uncertain whether the effects of inhibin and

activin on pituitary FSH release in vitro reflect physio¬
logically important functions of these proteins in
the human endocrine system. However, intragonadal
function(s) for inhibin and activin seem likely,
suggested by the high degree of structural homology
(30-40%) between these and other members of a
family of'growth factors' which are synthesized from
precursors of high molecular weight and expressed
during embryogenesis and organogenesis across a
wide range of animal phyla (for reviews see Roberts,
Flanders, Kondaiah el al. 1988 and Vale, Rivier,
Hsueh el al. 1988). Members of this gene family

include transforming growth factor-P, Miillerian
duct-inhibiting substance (causes Mullerian duct
regression in males), decapentaplegic gene complex
(active during insect embryogenesis) and vgl protein
(a mesoderm-inducing factor in frog embryos). More¬
over, bone marrow expresses inhibin PA mRNA,
human lukaemic cells produce activin (Eto, Tsuji,
Takezawa el al. 1987), and both inhibin and activin
modulate erythroid differentiation in vitro (Yu,
Shao, Lemas el al. 1987). Inhibin, activin and related
proteins may therefore have fundamental roles in
the regulation of tissue growth and differentiation,
including the gonads.

Expression of inhibin and activin genes in the ovary

The three inhibin/activin subunits are encoded by
separate genes (Mason, Hayflick, Ling el al. 1985;
Forage, Ring, Brown el al. 1986; Mason, Niall &
Seeburg, 1986; Mayo, Cerelli, Spiess el al. 1986;
Esch, Shimasaki, Cooksey el al. 1987) whose expres¬
sion in granulosa cells is developmentally regulated
(Woodruff, D'Agostino, Schwartz & Mayo, 1988),
induced by FSH (Davis, Dench, Nikolaidis et al.
1986; Woodruff, Meunier, Jones el al. 1987; Turner,
Saunders, Shimasaki & Hillier, 1989), and modulated
by steroids and growth factors in vitro (Turner el
al. 1989; LaPolt, Piquette, Soto el al. 1990). In pri¬
mate ovaries, expression of inhibin/activin p-subunit
mRNA is relatively abundant in granulosa cells from
immature antral follicles as compared with the cells in
larger, presumptive preovulatory follicles (Schwall,
Mason, Wilcox el al. 1990). Conversely, inhibin
a-subunit mRNA expression increases during preovu¬
latory development and persists in the corpus luteum
(Davis, McLachlan & Burger, 1987; Schwall el al.
1990). Such a pattern of inhibin/activin mRNA
expression would be expected to give rise to relatively
high rates of PP homodimeric protein (activin)
expression in immature follicles, whereas preferential
production of aP heterodimeric protein (inhibin)

Journal of Endocrinologv (1991) 131, 171 175 © 1991 Journal of Endocrinology Ltd Printed in Great Britain
0022 0795/91/0131 0171 102.00/0



Commentary

would be predicted in preovulatory follicles. In-vitro
measurements of immunoactive inhibin confirm that
human (Hillier, Wickings, Illingworth et al. 1991(7)
and non-human primate (Hillier, Wickings, Saunders
et al. 1989) granulosa cells undertake development-
related increases in a-subunit production but patterns
of P-subunit protein production have not yet been
determined.

Development-dependent granulosa cell inhibin
synthesis
Secretion of inhibin protein by rat (Erickson &
Hsueh, 1978; Suzuki, Miyamoto, Hascgawa et al.
1987; Bicsak, Cajander, Vale & Hsueh, 1988; Zhang,
Lee, Carson & Burger, 1988), bovine (Henderson &
Franchimont, 1983), human (Tsonis, Hillier & Baird,
1987; Hillier et al. 1991(7) and non-human primate
granulosa cells (Hillier et al. 1989) is regulated by
gonadotrophins and sex steroids in vitro. Using an
antibody directed against the inhibin a-subunit it has
been shown that immunoactive inhibin production by
human granulosa cells is induced by FSH in vitro and
increases during preovulatory development in vivo
(Hillier et al. 1991(7). Onset of luteinizing hormone
(LH) -responsive inhibin production coincides with
the preovulatory increase in LH-responsive granulosa
cell steroid synthesis, consistent with a paracrine
role for granulosa-derived inhibin in the control of
follicular androgen synthesis as proposed below.

Regulatory actions of inhibin and activin on thecal
cells

Thecal cells in the human preovulatory follicle are
principal sites of the synthesis of androgens which are
obligatory substrates for oestrogen synthesis in the
granulosa cell layer. There is in-vitro experimental
evidence that both inhibin and activin can act directly
to modulate androgen synthesis in the theca interna
(Hsueh, Dahl, Vaughan et al. 1987). Treatment of
cultured human thecal cells with recombinant activin

potently inhibits the stimulation of androgen (andro-
stencdionc, dihydroepiandrosterone and testosterone)
production by LH and insulin-like growth factor-I
(IGF-I) (Hillier, Yong, Illingworth el al. 1991/)).
Conversely, femtomolar amounts of recombinant inhi¬
bin markedly augment LH/IGF-stimulated androgen
production. Inhibin also dose-dependently overrides
the inhibitory action of activin on androgen synthesis
in rat (Hsueh et al. 1987) and human (Hillier et al.
199Ir) thecal cells. Both inhibin and activin selectively
modulate C,9 as opposed to C2I steroid production in
vitro, although mechanisms of action have yet to be
elucidated (Hillier et al. 1991/),c). These data lend
strong support to the concept of granulosa-derived
activin and inhibin as selective paracrine modulators

of thecal androgen (and hence follicular oestrogen)
synthesis in the human ovary (Hsueh et al. 1987).

Regulatory actions of inhibin and activin on granulosa
cells

Activin is also a potential autocrine modulator of the
aromatization of androgen in granulosa cells. Potent
augmentation by activin of FSH-inducible aromatase
activity has been convincingly demonstrated both in
rat (Hutchison, Findlay, de Vos & Robertson, 1987)
and non-human primate (Hillier, 1990) granulosa cells
in vitro. The role of inhibin in this regard is uncertain
since the protein purified from porcine (Ying, Becker,
Ling et al. 1986) but not bovine (Hutchison et al.
1987) follicular fluid inhibited aromatase activity in rat
granulosa cell cultures, and there are no equivalent
data regarding inhibin action on human or non-human
primate granulosa cells.

Inhibin and activin, and 'selection' of the dominant
follicle

The aforementioned effects of inhibin and activin on

thecal and granulosa cell steroid synthesis in vitro
suggest how these proteins might act locally to modu¬
late preovulatory follicular growth and oestrogen
synthesis in vivo. When plasma FSH levels rise at
the beginning of the follicular phase of the human
menstrual cycle, the ovaries contain multiple follicles
with varying potential for subsequent FSH-dependent
development. These follicles require differential
stimulation by FSH to continue development, and the
follicle which matures and ovulates in that cycle will
be the one whose granulosa cells most rapidly acquire
high levels of aromatase and LH receptor: i.e. the one
with the lowest 'threshold' requirement for stimu¬
lation by FSH (Brown, 1978; Hillier, 1981). During
the mid-follicular phase, oestradiol secretion by this
follicle begins to increase and the steroid feeds back
to regulate pituitary FSH secretion negatively. This
causes a progressive reduction in the circulating FSH
level and suppresses the development of other follicles
with relatively high FSH thresholds. Thereby a single
follicle is selected to mature, protected against the fall in
circulating FSH by its relatively high responsiveness to
both FSH and LH.
The questions arise: "What establishes the low FSH

threshold of the follicle which is destined to ovulate?"
and "Once it has been selected, how is oestrogen syn¬
thesis in this follicle sustained?" Studies of follicular
fluid levels of androgen and oestrogen in relation to
granulosa cell aromatase activity indicate that the
capacity of the theca interna to generate aromatase
substrate (androstenedione) increases hand-in-hand
with aromatase activity in the human preovulatory
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nc.URE I. Hypothetical regulatory functions of inhibin and activin in the
control of follicular oestrogen synthesis, (a) Earlyfollicular phase. Activin
produced by granulosa cells in immature follicles enhances the inductive
action of FSH on aromatasc activity, simultaneously suppressing thecal
androgen synthesis at a time when oestrogen synthesis is still minimal. (h)
Latefollicular phase: Granulosa cells in the preovulatory follicle respond to
stimulation by FSH and LH with increased production of inhibin, paralleling
the preovulatory increase in aromatase activity. Inhibin acts locally to pro¬
mote LH/IGF-stimulatcd androgen synthesis in the thcca interna. As inhibin
production increases, possibly in association with reduced production of
activin, a positive feedback loop is created through which thecal androgen
synthesis is amplified to sustain oestrogen synthesis in the granulosa cell layer
(Hillier, 1991: reproduced with permission from Seminars in Reproductive
Endocrinology).

follicle. It has therefore been proposed that a positive
feedback loop (granulosa on theca) exists which pro¬
motes thecal androgen synthesis, and hence oestrogen
synthesis in this follicle (Hillier, Reichert & van Hall,
1981). The discovery that inhibin production in vitro is
greatest by granulosa cells isolated from preovulatory

follicles strongly implicates inhibin as a component of
this feedback loop (Hillier el al. 1991a). There are no
data on activin production by human granulosa cells
since suitable assays have not yet been developed.
However, in rhesus monkeys the gene encoding activin-
B is expressed at particularly high levels by granulosa
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cells in immature antral follicles, falling to low or
undetectable levels in preovulatory follicles (Schwall
ct al. 1990). Activin protein(s) is therefore likely to be
produced in greatest amounts during the early stages
of growth when preovulatory follicular selection
begins.
The following hypothetical functions of inhibin and

activin in the local regulation of preovulatory fol¬
licular development and oestrogen synthesis therefore
seem justified, based upon the pattern of inhibin/
activin gene expression which occurs in vivo and the
actions which these proteins exert on follicular cells in
vitro (Fig. I).

Hypothesis I. A local role for activin in the
establishment offollicular FSH thresholds
During the first half of the follicular phase of the
cycle, before follicular selection occurs, interfollicular
differences in granulosa cell production of activin
could contribute to the establishment of variable folli¬
cular threshold responses to FSH. The follicle whose
granulosa cells are producing greatest amounts of
activin subunit(s) would be expected to be most
responsive to FSH Activin would also act simul¬
taneously to constrain thecal androgen synthesis
within this follicle, at a time when its requirement for
an aromatase substrate was still minimal.

Hypothesis II. A local role for inhibin in the regulation
ofpreovulatory follicular oestrogen synthesis and
maintenance offollicular dominance
By the mid-follicular phase in the follicle responding
most rapidly and extensively to FSH. granulosa cell
aromatase activity, inhibin production and LH-
receptor expression will have risen to critical levels.
Since aromatase activity and inhibin production are
coupled to the LH receptor, this follicle is selected and
becomes destined to ovulate. During the second half
of the follicular phase, LH-responsive granulosa cell
inhibin production in the preovulatory follicle con¬
tinues to increase, paralleling aromatase activity
and oestrogen secretion. The inhibin produced acts
locally to enhance LH (and IGF)-stimulated andro¬
gen synthesis in the theca interna, creating a paracrine
positive feedback loop through which granulosa cells
secure the increased supply of aromatase substrate
required to sustain preovulatory rates of oestrogen
secretion.

Conclusion

In-vitro data exist which support hypothetical func¬
tions for inhibin and activin in the local regulation of
preovulatory follicular development and oestrogen
synthesis in human ovaries. Challenges for the future
are to verify such functions in vivo and determine how

these proteins interact with myriad other components
of the paracrine system upon which gonadotropin
action depends.
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Abstract

The aim of this study was to assess development-related interactions between

gonadotropins and insulin-like growth factor (IGF-I) on DNA synthesis and

steroidogenesis in human granulosa cells. 'Immature' granulosa cells were obtained

from follicles during the late luteal phase or first half of the follicular phase; 'mature'

granulosa cells came from follicles during the second half of the follicular phase but

before the midcycle LH surge; and granulosa-lutein cells were obtained as a by-product

of in-vitro fertilisation. Granulosa cells were cultured for 96 h in serum-free medium

199 with and without LH or FSH, and in the presence and absence of IGF-I. The cell

monolayers were then incubated with [3H]methyl thymidine to assess DNA synthesis.

Spent culture medium was assayed for progesterone and estradiol content. Immature

granulosa cells: Tritiated thymidine uptake in granulosa cell cultures from immature

follicles were significantly increased by IGF-I. FSH was able to maintain or increase

basal and IGF-I stimulated growth whereas LH had no effect. Basal progesterone

production was low and not increased by either FSH or LH. However, treatment with

FSH, but not LH, increased aromatase activity. Mature granulosa cells: IGF-I also

stimulated thymidine uptake. However, whereas FSH either maintained or increased

thymidine uptake by these cells, LH dose dependently suppressed thymidine uptake.

This inhibitory action of LH was accentuated by the presence of IGF-I. Despite the

inhibitory effect of LH on thymidine uptake, the gonadotropin markedly stimulated

steroid production and the maximal steroidogenic response to LH was ~3 fold greater

than that to FSH. Granulosa-lutein cells: Patterns of basal and IGF-I- and

gonadotropin-stimulated steroid synthesis were similar to those observed for mature

granulosa cells but steroid production rates were higher. Suppression of basal and

IGF-I-stimulated thymidine uptake by LH was even more pronounced. These results

suggest that the granulosa cell LH receptor, once expressed, negatively regulates cell

growth and, simultaneously, positively regulates steroid synthesis. This development

related event could be crucial to the mechanism whereby granulosa cells cease to divide

and commence maximal rates of steroid synthesis in response to the LH surge.



During the follicular phase of the human menstrual cycle, granulosa cells proliferate

and differentiate under FSH control, to become eventual sites of LH-responsive

steroid hormone synthesis in the preovulatory follicle and corpus luteum (1). FSH

initiates this programmed sequence of events through binding to its receptor on the

granulosa cell surface which activates intracellular adenylyl cyclase and cyclic AMP-

dependent protein kinase(s), leading to increased expression of genes encoding

steroidogenic enzymes (2) and the LH receptor. The LH receptor is also functionally

coupled to steroid synthesis via adenylyl cyclase. However, post-ovulation, when LH

stimulates increased secretion of progesterone, the follicle luteinizes and ceases to grow

(3). Thus FSH appears to support both cytoproliferation and differentiation while LH

stimulates cell function (steroidogenesis) but not proliferation. Elucidation of the

subcellular mechanism (s) which mediates these distinctive properties of FSH and LH

would have fundamental implications for our understanding of gonadotropin action and

might aid the development of improved strategies for stimulating ovarian function in

infertile women.

FSH-supported granulosa cell proliferation is difficult to demonstrate in vitro in the

absence of serum or serum-derived growth factors, emphasizing the crucial function of

these factors in vivo. Insulin-like growth factors (IGFs) are of obvious interest in this

regard because they are present in relatively high concentrations in plasma, being

hepatic in origin, and are also produced in the ovaries (4,5). Paracrine and autocrine

actions of IGF-I on isolated granulosa cells have been demonstrated in vitro (6) and

there is increasing evidence that the effects of FSH on granulosa cell growth and

differentiation is subject to positive regulation by IGFs (7,8).

The aims of the present study were (a) to assess development related effects of FSH

and LH on the growth and steroidogenic function of human granulosa cells; and (b) to

determine how the cytoproliferative and cytodifferentiative activities of IGF-I are

affected by gonadotropins.



Patients and Methods

Patient selection and granulosa cell classification

Ovarian granulosa cells were obtained from three sources (Table 1). Immature

granulosa cells (IG) from whole follicles measuring S 15 mm in diameter were

obtained during the late luteal or early follicular phase of the menstrual cycle from three

women undergoing surgery for benign uterine conditions who also had oophorectomy.

The first two cases provided two groups of follicles with diameters < 8 mm (IG-1, IG-

2). The third patient provided another two groups of follicles measuring 10-11 mm

(IG-3) and 14-15 mm (IG-4). Mature granulosa cells (MG) were laparascopically

aspirated during the late follicular phase of the cycle from follicles measuring 18-30

mm in diameter from another three cyclic parous volunteers undergoing elective tubal

sterilisation (MG-1, MG-2, MG-3, MG-4). To program the operation, Norethisterone

(5 mg daily) was administered from Day 21 of the menstrual cycle and withdrawal

bleeding was induced such that the date of follicular aspiration fell on Day 12 of the

following cycle. Clomiphene citrate (150 mg daily) was administered for 5 days from

Day 2 of the cycle to stimulate follicular growth. These cycles were monitored with

daily urinary total estrogen, pregnanediol and LH from Day 4 of the cycle, and 12

hourly serum estradiol and LH from the day preceding the operation. Subjects with

abnormal hormonal dynamics or premature LH surges were excluded from the study.

Follicular diameter was measured in two dimensions by vaginal ultrasound and

confirmed visually at the time of laparascopy. Informed consent and local ethical

committee approval were obtained. The full protocol has been described elsewhere

(12). Granulosa lutein (GL) cells were obtained from follicular aspirates of 4 patients

undergoing in-vitro fertilisation and embryo transfer (GL-1, GL-2, GL-3, GL-4).

These patients had received intranasal Buserelin (a gonadotropin releasing hormone

analog) at a dose of 500 pg daily in divided doses from Day 21 of the cycle to suppress

pituitary gonadotropin release. This was continued till human chorionic gonadotropin

(hCG) was given. Pergonal (Serono.UK) was administered im at an dose of 225 IU (3

ampoules)/day after 15 days of buserelin. HCG (10,000 IU) was administered im



when the leading two follicles achieved a mean diameter of 16 mm. Follicular

aspiration was done 34 hours later.

Isolation and culture ofgranulosa cells

Whole follicles: Resected ovarian tissue was placed in ice-cold physiological saline,

transported to the laboratory, transfered to culture medium: medium 199 containing

Earle's salts, 25mM Hepes buffer, extra (2mM) L-Glutamine, 50 pg/ml streptomycin

(all from Gibco Ltd., Paisley, Renfrewshire,UK) and 0.1% (wt/vol) BSA (from ICN

Biomedicals, High Wycombe, Bucks, UK). Dissection of follicles and isolation of

granulosa cells was carried out using stereomicroscopic optics as described previously

(9). Only granulosa cells from apparently healthy follicles were studied, i.e. those

yielding straw coloured follicular fluid, appropriate numbers of granulosa cells and

(usually) a cumulus enclosed oocyte. Cell viability, as determined by staining with

0.4% (wt/vol) trypan blue, was between 30 and 50%. Follicular aspirates: The

aspirates were collected in medium and transported ice cold to the laboratory where

they were washed several times with Dulbecco's phosphate-buffered saline (DPBS) till

clear of red blood cells. The cells were then centrifuged at 800x g for 5 minutes,

resuspended in fresh culture medium and counted. Granulosa cell culture: Serum

precoated (10) twenty-four well plastic dishes (Linbro Space Savers from Flow

Laboratories, Rickmansworth, Herts. UK) were inoculated with replicate portions of

granulosa cell suspensions (20,000 viable cells per well) in culture medium. Some

culture wells had a 13-mm coverslip over their base so that cultures labelled with

tritiated thymidine could be assessed by autoradiography (see below). Human pituitary

LH (LER-1972: biopotency 5179 IU LH/mg and 2.5 IU FSH/mg) or FSH (LER-

8/116:biopotency 900 IU FSH/mg and -6 IU LH/mg) (11) and/or recombinant human

Insulin-Like Growth Factor-l(IGF-I)(CGP-35'-126: donated by Dr. H.H. Peter and

Dr. K. Scheibli) were added in culture medium to give a final volume of 500pL. In

some experiments testosterone (Sigma Chemical Co., Poole, Dorset, UK) was also

added to the wells as aromatase substrate. Testosterone at the dose used (10"6 M) did



not appreciably affect thymidine uptake or progesterone synthesis. Incubation at 37 C

was for 96 hours (with medium change at 48 hours) in a humidified tissue culture

incubator gassed with 95% air/5% CO2. All experiments were done in triplicate.

Measurement ofDNA synthesis

[3H]methyl thymidine incorporation (scintillation counting): Following the

collection of spent medium after 96 hours, each well received 500 pi fresh medium

containing lpCi [3H]methyl thymidine (1.5Ci/mmol; Amersham International,

Aylesbury, Bucks. UK) and incubation at 37 C was continued for a further 18 h. The

subsequent steps were performed on ice. The monolayer was washed twice with DPBS

and precipitated with lmL of 5% (wt/vol) trichloroacetic acid (TCA) for 20 minutes.

The cells were washed once with 5% TCA , fixed with methanol and then dissoved in

0.5M NaOH for 5 minutes. After neutralisation with 0.5M HC1, the solution was

aspirated for liquid scintillation counting. Results were recorded as disintegrations per

minute (dpm) per culture. The nuclear labelling index of these cells were also studied.

Replicates of the cells, cultured on cover slips, were similarly labelled with [3H]methyl

thymidine. At the end of the labelling period, the cover slips were washed twice with

ice cold DPBS and fixed with 1 ml methanol for 15 minutes at -20 C . The coverslips

were then washed once with methanol, air dried and attached to glass slides with nail

varnish. The slides were coated with NTB2 Nuclear Track Emulsion (Eastman Kodak

Co., Rochester, NY) at 40 C in the dark, dried and then exposed for 3 days at 4 C.

The slides were then developed using D-19 Developer (Eastman Kodak Co.), washed

and fixed (F-10 Fixer, Eastman Kodak Co.) at 14 C. The developed slides were

stained with hematoxylin and eosin and examined by light microscopy. Cells that had

incorporated [3H]methyl thymidine were easily distinguished by the presence of

numerous grains in their nuclei. Cells with nuclei that had more than 25 grains were

considered to have been specifically labelled. The percentage of labelled nuclei was

obtained from counts of at least 400 cells per slide. Each treatment was assessed in

triplicate. Slides with mechanical or staining artifacts were rejected.



Trypsinisation and cell counting: The cell monolayer to be counted was rinsed with

DPBS and incubated for 15 minutes with 250|iL trypsin/EDTA (Gibco Ltd., Paisley,

Renfrewshire, UK) at 37 C. Donor calf serum (250|iL) was added to inhibit the

tryptic activity and the cell suspension was diluted to 11 mLs with DPBS. Cell number

was determined using a Coulter Counter (Coulter Electronics, Luton England).

Assay of steroids in spent medium

Progesterone and estradiol in unextracted culture medium were measured

individually by radioimmunoassay using standard procedures and antisera as described

previously (9,13). The inter- and intra-assay precision for each steroid was less than

15%. Steroid production rates were expressed as pmol/culture/48h.

Statistics

One way analysis of variance followed by Student's t test was used to examine

differences between experimental and control observations. Differences assigned a P

value of < 0.05 were regarded as statistically significant.



Results

Inverse relationship between steroidogenesis and thymidine uptake.

Granulosa-lutein (GL 1-4) cells showed markedly higher basal rates of

progesterone production as compared with mature (MG 1-4) and immature (IG 1-4)

granulosa cells (means: 67.6, 13.9 and 4.18 pmol progesterone/culture/48 h,

respectively). Aromatase activity was highest in the mature granulosa cells followed by

granulosa-lutein and immature granulosa cells (means: 11.5, 8.43 and 4.18 pmol

estradiol/culture/48 h, respectively) reflecting the secretory pattern in vivo. Conversely,

granulosa-lutein cells had lower basal levels of thymidine incorporation compared with

the mature and immature groups (means: 1895, 5675 and 5636 dpm/culture,

respectively). Thus, the thymidine uptake:steroid secretion ratio in immature granulosa

cells was at least ten-fold that in granulosa-lutein cells, as illustrated in Fig. 1.

Development related effects of gonadotropins on thymidine uptake and

steroidogenesis.

Effects of FSH and LH on granulosa cell steroid synthesis and thymidine uptake

were related to follicular development (Fig. 2). Immature granulosa cells: LFI (10

ng/ml) did not affect steroid production or thymidine incorporation as compared with

controls. However FSH (lOng/ml) significantly increased thymidine uptake in 2/4

cases. Aromatase activity was also enhanced by FSH in these two cases (not shown)

but progesterone was unaffected. Mature granulosa cells: LH (10 ng/ml) but not FSH

(10 ng/ml) significantly stimulated progesterone production. FSH, like LH, had no

effect on basal thymidine uptake except fof one experiment in which FSH stimulated

uptake. Granulosa lutein cells: Presence of LH suppressed thymidine uptake by a

mean of 63.8% (significantly in 3/4 experiments) whilst progesterone production was

significantly increased on average 2.8 fold in 4/4 experiments. FSH did not

significantly change progesterone production or thymidine uptake. Development related

increases in LH responsiveness were thus associated with reduced uptake of thymidine



and increased production of progesterone. To further examine these differential effects

of FSH and LH on steroid synthesis and thymidine uptake, a full dose-response study

was carried out using mature granulosa cells (MG-4) (Fig. 3). FSH at concentrations

between 10 and 100 ng/ml significantly stimulated thymidine uptake whilstmoderately

stimulating progesterone production. However, whereas LH at concentrations between

30 and 100 ng/ml stimulated progesterone production to levels which were greater than

twice the maximal response to FSH, these concentrations of LH dramatically

suppressed thymidine incorporation. LH, at low doses (1 to 10 ng/ml), stimulated

greater estradiol production compared to equivalent doses of FSH; but maximal

estradiol production to both FSH and LH was the same.

Stimulatory effect of IGF-1 on DNA synthesis and steroidogenesis

Regardless of granulosa cell maturity, the presence of IGF-I dose-dependently

stimulated both thymidine uptake and progesterone production. At a maximal

stimulatory dose (30ng/mL), the growth factor significantly increased thymidine

incorporation relative to control on average 3.6 fold (range 2.2 to 8 fold) in all three

groups of cells (9/11 experiments). IGF-I (30 ng/ml) also enhanced steroidogenesis

independently of cell maturity, increasing progesterone production 5 fold (range 2.1 to

13 fold) in 8/11 experiments and aromatase activity 7.3 fold (range 4 to 14 fold) in 8/8

experiments.

Development related effects of FSH and LH on IGF-I stimulated steroidogenesis

and thymidine incorporation

Relative effects of FSH and LH on IGF-I-stimulated steroid synthesis and

thymidine uptake were also related to granulosa cell maturity (Fig.4). Immature

granulosa cells: Neither FSH nor LH (10 ng/ml) significantly affected thymidine uptake

in IGF-I (30 ng/ml) treated cells but they increased progesterone production relative to

treatment with IGF-I alone (4/4 experiments). Mature granulosa cells: LH (10 ng/ml)

suppressed thymidine incorporation by an average of 42% (significantly in 2/3 cases),



at the same time significantly increasing progesterone production 6.7 fold (3/3 cases).

FSH (10 ng/ml) maintained IGF-I stimulated thymidine uptake but increased

progesterone production on average 1.8 fold (significantly in 1/3 cases). Granulosa

lutein cells: In these highly differentiated cells where LH responsiveness would be

expected to greatest, LH (10 ng/ml) suppressed IGF-I-stimulated thymidine uptake

significantly by a mean of 84% in 4/4 experiments. However, the gonadotropin

increased IGF-I-stimulated progesterone production by the same cells on average 9.8

fold. In contrast, FSH (10 ng/ml) suppressed thymidine uptake by a mean of 21.5%

and increased progesterone production moderately, on average by 1.8 fold; the effect

being significant in only 2/4 experiments. Effects of FSH and LH on IGF-I-

stimulated aromatase activity generally paralleled their effects on progesterone

production (data not shown). Thus overall, as the follicles matured and acquired LH

responsiveness, exposure to LH increasingly stimulated progesterone production (2.7,

6.7 and 9.8 fold) while simultaneously inhibited thymidine uptake (by 8, 42 and 84%)

in immature, mature and granulosa-lutein cells respectively.

Relationship between DNA synthesis, cell number and cell morphology.

To confirm that the observed effects of gonadotropins and IGF-I on thymidine

uptake reflected corresponding alterations in rates of cell division, the overall uptake of

tritiated thymidine by cell monolayers was compared with the nuclear labelling index of

individual cells as determined by autoradiography and absolute cell numbers

determined by cell counting after trypsinizing the monolayers. As shown in Fig. 5,

there was complete agreement between all three parameters of cell growth. Treatment

with IGF-I increased cell numbers and the percentage of thymidine labelled nuclei

compared to controls. Addition of LH, but not FSH, to IGF-I stimulated cells

markedly reduced nuclear size and the nuclear labelling index. LH treated cells

appeared rounded, clumped together, and tended to detach from the monolayer (see

Fig. 6).



These results reveal a development related inverse relationship between proliferation

and expression of differentiated function in human granulosa cells. Maximal

progesterone production is associated with virtually complete cessation of DNA

synthesis and cell proliferation. This trend is apparent in the absence of gonadotropic

stimulation but is accentuated by exposure to physiological amounts of gonadotropins

in vitro. In granulosa cells from immature follicles, FSH maintains cellular

proliferation/DNA synthesis and initiates steroid synthesis. As follicles mature and

granulosa cell LH receptors are expressed, basal and LH-responsive steroid synthesis

increase and cellular proliferation declines. Thus LH appears to activate a 'switch' in

mature granulosa cells which causes proliferation to cease and expression of maximal

differentiated function (steroid synthesis) to begin.

These disparate effects of FSH and LH on steroid synthesis and cellular

proliferation appear to represent intrinsic properties of the two gonadotropin molecules.

Over a wide range of concentrations, FSH enhanced both steroid synthesis and DNA

synthesis in granulosa cells recovered from preovulatory follicles before onset of the

LH surge. However, the maximal steroidogenic response to LH was several times

higher than the maximal response to FSH, and DNA synthesis was simultaneously

suppressed by LH. This suggests that in mature granulosa cell LH receptors become

coupled positively to steroid synthesis and negatively to growth. Such a development-

related change in LH-responsiveness could be crucial to the mechanism whereby

granulosa cells cease to divide and commence maximal rates of steroid synthesis at

around the time of ovulation in response to the midcycle LH surge.

Our study also shows that cessation of cell division is a correlate of granulosa cell

luteinization, explaining why the number of steroidogenic cells in the human corpus



luteum no longer increases during the luteal phase (14). Interestingly, LH treatment in

vitro luteinizes and inhibits the growth of cells not already exposed to the ovulation-

inducing LH surge in vivo. This finding may shed light on the pathophysiology of

anovulatory states related to polycystic ovarian disease characterized by chronically

elevated serum levels of LH. Thus our results would predict that inappropriate

exposure of LH-responsive granulosa cells in immature follicles to LH would halt

granulosa cell proliferation, thereby preventing preovulatory follicular development and

causing the accumulation of multiple immature follicles that are unable to grow any

further and therefore become atretic (15).

Previous studies of the control of granulosa cell proliferation have been mainly

confined to animal models (16). In the rat there is in-vitro evidence granulosa cell

division and steroidogenesis are inversely related (17) and that luteinized follicles do

not incorporate tritiated thymidine (18). Ultrastructural studies show that before

exposure to LH, rat granulosa cells exhibit both high nuclear:cytoplasmic ratio and high

proliferative activity. However, after exposure to gonadotropin, the mitotic index falls

and there is a pronounced increase in cytoplasmic volume (19). Morphometric analysis

of human ovaries has demonstrated that granulosa cell mitoses occur most frequently in

the early follicular phase and drop by a factor of 10 after the LH surge (20). These,

the only relevant human data we are aware of, agree remarkably well with the present

in-vitro data where LH suppressed DNA synthesis in granulosa-lutein cells by 84% .

These experiments reveal a hitherto unappreciated ability of LH, but not FSH, to

suppress the cytroproliferative action of IGF-I on LH-responsive granulosa cells.

Various lines of evidence indicate that granulosa cells are intrafollicular sites of IGF

production (4,5), reception (21) and action (7,22,23) and autocrine regulatory

functions have been invoked for this growth factor which may contribute to the

sensitization of granulosa cells to gonadotropins in the maturing preovulatory follicle.

Whereas gonadotropins exert primary endocrine control of granulosa cell growth and



differentiation, growth factors such as

cytoproliferative (FSH), cytostatic (LH)

responses to gonadotropic signals.

IGF-I appear to amplify the various

and cytodifferentiative (FSH and LH)

The picture drawn is of course not completely representative of the in vivo situation

in which the granulosa cell is exposed to the combined influence of myriad systemic

and locally produced factors. In addition, the mature granulosa and granulosa lutein

cells studied here were obtained from norethisterone/clomiphene and

Buserelin/Pergonal stimulated cycles respectively and are therefore not strictly natural

cycles. Clomiphene has been reported to have a direct estrogenic, rather than anti¬

estrogenic efffect, on granulosa cells in-vitro (24) and can augment gonadotropin

stimulated aromatase activity. The theoretical mild androgenic effect of norethisterone,

with an elimination half-life of is 8-9 hours (25), should be insignificant. Meiotically

competent oocytes were aspirated from most of these follicles indicating the healthy

state of the granulosa cells.

In conclusion, the present in-vitro approach emphasizes the striking ability of IGF-I

to facilitate the development related effects of both FSH and LH on human granulosa

cell growth and steroidogenic function. It further suggests that the acquisition of LH

responsiveness is of paramount importance to the manner in which the balance between

growth and steroidogenesis is regulated. Thus the LH surge has the capacity to activate

a subcellular 'switch' that diverts the maturing granulosa cell from a predominantly

proliferative mode to a terminally differentiated state characterised by minimal cell

division and maximal steroid synthesis. A challenge for the future is to determine the

mechanism by which LH exerts this effect.
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Legends

FIG 1. Development related change in basal tritiated thymidine uptake and steroid

synthesis in cultured human granulosa cells. Results are expressed as a ratio of

thymidine uptake (dpm/culture) to progesterone production (pmol/culture/48h). The

first four experiments (IG-1, IG-2, IG-3, IG-4), all in triplicate, were performed on

immature cells from 3 separate patients; the next 4 experiments (MG-1, MG-2, MG-3,

MG-4) from mature cells from 4 patients and the last four (GL-1, GL-2, GL-3, GL-4)

from aspirates of in-vitro fertilisation patients representing granulosa lutein cells (see

Table 1). The cells were incubated in serum-free medium for 4 days without added

gonadotropin or growth factor. Data are mean ± SE.

FIG 2. Development related effect of FSH and LH on tritiated thymidine uptake and

steroid synthesis in cultured human granulosa cells. Details of the follicles studied are

given in the legend to Figure 1. The experiment was not carried out on MG-1 because

insufficient cells were obtained. The granulosa cells were incubated with LH

(lOng/mL) or FSH (lOng/mL) as indicated for 4 days. Control cultures were not

treated with gonadotropins. The data are expressed as percentage change in thymidine

incorporation (upper panel) and progesterone production (lower panel) compared to

controls. + denotes percentage stimulation while - denotes percentage inhibition.

Asterisks denote significant changes: *P<0.05; **P<0.01.

FIG 3. Dose dependent effect of FSH and LH on thymidine uptake, progesterone and

estradiol production on mature human granulosa cells (MG-4) (see Table 1). The cells

were incubated with FSH or LH at doses ranging from 1 to 100 ng/mL as indicated for

4 days. Upper panel indicates thymidine uptake; the middle, progesterone production;

and the lower estradiol production. Asterisks denote significant changes as compared to

basal values: *P<0.05; **P<0.01. Data are mean ± SE.



FIG 4. Effect of LH and FSH on thymidine uptake and progesterone production on

IGF-I treated human granulosa cell cultures. Details of the follicles studied are given in

the legend to Figure 1. The experiment was not carried out on MG-4 because

insufficient cells were obtained. All wells were incubated with IGF-1 (30ng/mL) and

either LH (lOng/mL) or FSH (lOng/mL) as indicated for 4 days. Control cultures

were treated with IGF-I (30ng/mL) alone. The data are expressed as percentage change

of thymidine incorporation by scintillation counting (upper panel) and progesterone

production (lower panel) compared to controls exposed only to IGF-I. + denotes

percentage stimulation while - denotes percentage inhibition. Asterisks denote

significant changes: *P<0.05; **P<0.01.

FIG 5. Effect of gonadotropins and IGF-I on tritiated thymidine uptake, nuclear

labelling index and cell number on mature human granulosa cells (experiment MG-2,

see Table 1). DNA synthesis was assessed after 4 days of culture by scintillation

counting (upper panel) and determining the percentage of labelled nuclei by

autoradiography (centre panel) following an 18 hour pulse with tritiated thymidine.

Cell number was determined by coulter counting after 6 days of culture (lower panel).

The cells were treated with either LH or FSH (lOng/mL) and IGF-I (30ng/mL) as

indicated. Control cultures were not exposed to gonadotropins. Data are mean ± SE.

The columns with asterisks were significantly different from control and LH+IGF-1

treatment groups (**P<0.01).

FIG 6. Autoradiographs of mature human granulosa cell monolayers following an 18 h

exposure to tritiated thymidine. The cells, in experiment MG-2 (see Table 1), had been

incubated for 96 h with gonadotropin or growth factor as indicated. A) Control wells;

B) With IGF-I alone (30ng/ml); C) and D) with IGF-I (30ng/ml) and either FSH or

LH (lOng/mL) respectively. Thymidine labelled cells have more than 25 grains in their

nuclei. Photomicrographs all taken at 200X magnification.



Table 1. Patient parameters and size of follicles used.

Experiment Patient age(yrs) day of cycle No. and
Diameter of
follicles (mm)

IG-1 F 38 27 17 (3-5)
IG-2 G 48 24 3 (7-8)
IG-3 BH 34 8 13 (10-11)
IG-4 1 12 (14-15)

MG-1 1 37 12 1(18)
MG-2 2 37 12 4(20-25)
MG-3 3 35 12 2(18-20)
MG-4 4 31 12 3(25-28)

GL-1 11 31 a 18 (18-30)b
GL-2 12 36 a 9 (18-22)b
GL-3 13 32 a 20 (18-28)b
GL-4 14 35 a 16 (18-26)b

Experiments IG 1-4, MG 1-4, and GL 1-4 were performed on immature, mature and
granulosa-lutein cells respectively, a: The day of aspiration for in-vitro fertilisation
patients was determined by follicular size and hormonal parameters as some patients
did not have proper menstrual periods following Buserelin. b: Follicles smaller than
18mm were not used. Cells from follicles in each experiment were pooled.
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Paracrine Control of Follicular
Estrogen Synthesis
S.G. Hillier, Ph.D., M.R.C.Path.

Endocrine actions of FSH and LH on the ovarian
follicle are transduced bymultiple regulatory factors
that are produced and have actions within the follicle
wall. Such a local (paracrine) type of control is em¬
bodied in the "two-cell, two-gonadotropin" model of
follicular estrogen synthesis1 that not only provided
the first satisfactory explanation of the cellular basis
of follicular estrogen synthesis but also laid the foun¬
dations for modern concepts of a follicular paracrine
system.2 The purpose of this article is to survey
current knowledge of this paracrine system, focus¬
ing on certain development-related interactions be¬
tween granulosa and thecal cells that underpin ovar¬
ian estrogen synthesis in women.

GONADOTROPIC CONTROL OF
ESTROGEN SYNTHESIS

Granulosa and thecal cells in ovarian follicles un¬

dergo development-related changes in responsive¬
ness to follicle-stimulating hormone (FSH) and lu¬
teinizing hormone (LH) that collectively explain the
initiation, maintenance, and termination of estrogen
secretion by the preovulatory follicle (Fig. I).3-6 FSH
receptors are located on granulosa cells and LH re¬
ceptors on thecal cells throughout antral follicular
development. Incipient (<5mm diameter) preovula¬
tory follicles, present at the beginning of a menstrual
cycle, continue to develop in response to the inter¬
cycle rise in plasma FSH levels. By the midfollicular
phase, a single dominant follicle emerges as the larg¬

est (>10 mm diameter) healthy follicle in either
ovary. Due to stimulation by FSH, granulosa cells in
this follicle will have proliferated, acquiring LH re¬
ceptors and aromatase cytochrome P450.7"9 Increased
expression of aromatase is a hallmark of granulosa
cell differentiation and explains the role of these cells
as exclusive sites of estrogen synthesis in the pre¬
ovulatory follicle1 (Fig. 2).
During the mid to late follicular phase, as pre¬

ovulatory follicular growth continues and estrogen
synthesis increases, granulosa cells become increas¬
ingly responsive to FSH and LH.1<W2 Ovulation is
eventually induced by the midcycle LH surge, which
is released when the dominant follicle has fully ma¬
tured and its estrogen secretion rate is maximal. The
cellular mechanisms that govern these events will
now be considered.

Granulosa Responsiveness to FSH

Binding of FSH to its receptor on the granulosa cell
surface activates adenylyl cyclase-mediated intra¬
cellular signaling, leading to increased expression of
diverse mRNAs encoding proteins required during
cell proliferation and differentiation.6 FSH-inducible
proteins of particular relevance to estrogen synthesis
are aromatase8-13 and the LH receptor.14 Addition¬
ally, estrogen itself and/or other proteins induced
by FSH may act locally to modulate estrogen syn¬
thesis. Among such factors, the inhibin/activin fam¬
ily of proteins15-16 and the insulin-like growth factors
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PARACRINE CONTROL OF FOLLICULAR ESTROGEN SYNTHESIS—Hillier

Gonadotropic Control ol Granulosa Cell Endocrine Function

Induction expression
FSH-dependent LH t FSHregulated

[ <5 mm ] to- [-10 mm | to- | >20 mm ]

Figure 1. Development-dependent stages in granulosa
cell responsiveness to FSH and LH. Follicular diameters
between <5 mm and ~10 mm: FSH stimulates proliferation
and functional differentiation of granulosa cells, including
induction of LH receptors, aromatase activity and inhibin
synthesis; LH maintains thecal function including synthesis
of androgens, which sensitize granulosa cells to FSH. Fol¬
licular diameters >10 mm: basal levels of LH continue to
maintain thecal androgen synthesis; granulosa cells become

FSH increasingly responsive to(LH such that declining levels of
FSH and basal levels of LH are sufficient to sustain preovula¬
tory follicular growth and estrogen secretion. (Reproduced
with permission from Hillier.5)

(IGFs)17 have attracted special interest and these are
dealt with below.
The responsiveness of granulosa cell aromatase

activity to FSH increases markedly during preovula¬
tory follicular development,10-1! which is an impor¬
tant reason why the preovulatory follicle, once se¬
lected, is still able to grow and secrete estrogen
during the late follicular phase of themenstrual cycle
when FSH levels are declining.18-19 This cytodiffer-
entiative response to FSH is reflected in an enhanced
cellular responsiveness to cyclic adenosine mono¬
phosphate (cAMP)20-21 and involves increased for¬
mation of the regulatory RII(3 subunit of type II
protein kinase A.22

Granulosa Responsiveness to LH

The associated increase that occurs in granulosa
cell responsiveness to LH3-12 is another reason why
the preovulatory follicle can still grow and secrete
estrogen when plasma FSH levels are declining.19-20
The key to this critical development is induction by
FSH of cell-surface LH receptors, which are func¬
tionally coupled to the same cAMP-mediated signal¬
ing pathway(s) that transduces the action of FSH.6

Theca Responsiveness to LH

The theca interna, regulated by LH, is the principal
cellular site of follicular androgen synthesis.23 Thecal
cells express 17-hydroxyIase/Ci7_2o lyase (P450cl7),

Cell-specific expression of aromatase
cytochrome P450 mRNA In the human ovary

-2.5 kb

Figure 2. Granulosa-specific expression of aromatase
cytochrome P450 mRNA in the human ovary. Northern blot
analysis of 15 ng total RNA extracted from granulosa (left-
hand lane) and thecal (right-hand lane) cells of a human
preovulatory follicle. Total RNA (15 p.g) was separated by
electrophoresis on an agarose-formaldehyde gel and trans¬
ferred to a nylon membrane that was probed with a 32P-
labelled (random priming) 2.5-kb human aromatase cyto¬
chrome P450 cDNA obtained from Dr. Evan Simpson (Cecil
H. and Ida Green Center for Reproductive Biology Sciences,
The University of Texas Southwestern Medical School, 5323
Harry Hines Boulevard, Dallas, Texas 75235). Exposure of
the autoradiogram to Kodak XAR-5 film was overnight at
-70°C using an intensifying screen. The ~3.0 kb and —2.5
kb aromatase mRNA signals (arrowed) are visible in granu¬
losa but not theca RNA.

which catalyzes the rate-limiting conversion of C21
steroidal substrates to androgens.9 Granulosa cells
do not express this enzyme, which is why they de¬
pend on theca-derived substrate to undertake estro¬
gen synthesis. LH receptors are present on thecal
cells throughout antral follicular development,24
coupled to P450cl7 via cAMP-mediated postreceptor
signaling.25 Thecal cells also possess IGF recep¬
tors,26 which are functionally coupled to androgen
synthesis.27-28 Presence of IGF-I in human thecal cell
culture medium promotes LH/cAMP-stimuIated an¬
drogen synthesis in vitro (Fig. 3),29 consistent with a
major role for IGFs in modulating thecal androgen
synthesis in vivo, as discussed below.

Coordinate Granulosa-Theca
Responsiveness to LH

As granulosa cells proliferate and differentiate in
response to stimulation by FSH, they acquire LH
receptors coupled to aromatase. Consequently, LH
can regulate both androgen synthesis (in thecal cells)
and aromatization of androgen (in granulosa cells) in
the preovulatory follicle. Estradiol secreted by this
follicle stimulates its own formation via positive
feedback control of pituitary LH release.30 Positive
paracrine signaling (granulosa on theca) has also
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Control LH IGF-I LH + IGF-I

Treatment
Figure 3. Interaction between IGF-I and LH on andro-

stenedione production by human thecal cell cultures. Thecal
cell monolayers were incubated for four days in serum-free
culture medium without (control) and with LH (10 ng/ml),
IGF-I (30 or 100 ng/ml), or IGF-I + LH. Androstenedione
accumulation is shown in medium collected by day 4. Data
are mean ± SE. Asterisks denote significant differences be¬
tween the group means indicated: *p < .05; **p < .001.
(Reproduced with permission from Hillier et al.29)

been invoked to explain the coordinate increase in
thecal androgen synthesis and granulosa cell aroma-
tase activity that occurs in the preovulatory follicle.7
However, the active agent(s) in this paracrine inter¬
action does not appear to be estrogen (see below).

PARACRINE CONTROL OF ESTROGEN
SYNTHESIS

The interaction between granulosa and theca cells
in developing follicles can be viewed as a generalized
epitheliomesenchymal interaction analogous to that
associatedwith tissue morphogenesis in the embryo.35
Each cell type responds selectively to endocrine
stimulation by FSH (granulosa) and LH (theca) by
producing steroidal2 32 33 and nonsteroidal34 regula¬
tory factors and extracellular matrix,35 which affect
paracrine and autocrine control of cell proliferation,
differentiation, and migration in the maturing folli¬
cle. Elements of this paracrine system that have a
particular impact on estrogen synthesis will be ex¬
amined here.

Theca-Derived Paracrine Control

The theca interna produces diverse steroidal and
nonsteroidal factors that would be expected to influ¬
ence granulosa cell function in vivo. Androgen bio¬
synthesis is an LH-regulated thecal cell function that
is of paramount importance.25 Besides service as the
obligatory precursor for estrogen synthesis,1 theca-

derived androstenedione is metabolized by granu¬
losa cells to testosterone and other androgens that
are able to augment the cytodifferentiative actions of
FSH. This regulatory effect appears to be mediated
via specific androgen receptors and entails ampli¬
fication of cAMP-mediated intracelluar signaling.2
Aromatase activity33-36 and inhibin production37 are
conspicuous among the FSH-inducible granulosa
cell functions promoted by androgens in vitro.37
Conversely, and intriguingly, inhibin is able to pro¬
mote LH-dependent thecal androgen synthesis in
vitro.36'39 Thus, the potential exists for a reciprocal
interaction between granulosa-derived inhibin and
theca-derived androgen, which may give rise to
development-related increases in estrogen synthe¬
sis, as discussed below.

Granulosa-Derived Paracrine Control

FSH-induced granulosa cell differentiation is asso¬
ciated with increased production of diverse steroidal
and nonsteroidal factors with putative paracrine
and/or autocrine functions in the follicle wall.32
Other than estrogen, relevant factors about which
our knowledge is increasing include IGFs, inhibin,
and activin; and these will be considered here.

Estrogen
The raised follicular fluid estrogen level in the

preovulatory follicle is generally assumed to contrib¬
ute to the local mechanism whereby a single pre¬
ovulatory follicle is selected to ovulate in the human
menstrual cycle. However, this assumption is based
solely on evidence that estrogens can augment FSH
action in rat granulosa cells.6-21-40 There is no direct
evidence to support such a regulatory action of estro¬
gen in human granulosa cells. Granulosa-derived
estrogen is, however, implicated as a negative regula¬
tor of thecal cell function and may be involved in
suppression of thecal androgen synthesis in re¬
sponse to the midcycle LH surge.25-41

Insulin-like Growth Factors
There is increasing evidence that stimulatory ef¬

fects of FSH on granulosa cell growth and differen¬
tiation are augmented by IGFs.42'43 The IGFs are low
molecular weight single-chain peptides that share
considerable structural and functional homologies
with proinsulin.44 IGF-I and IGF-II each cross-react
with the insulin receptor, and receptors for insulin
and both IGFs are present on most cells in the body.45

Receptors for insulin and IGF-I also share
structural and functional similarities, including in¬
tracellular signaling involving tyrosine kinases.46
Both types of IGF exert endocrine effects on tissue
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growth throughout the body, being secreted by the
liver under the control of growth hormone (GH).
IGFs are also synthesized and act locally in various
tissues other than gonads, including muscle and
bone.31
Granulosa cells express IGF-I receptors that in¬

crease in number after treatment with FSH in vitro.42
Stimulation of steroidogenesis, LH receptors, depo¬
sition of proteoglycans, and responsiveness to p-ad-
renergic agonists by FSH are all augmented by the
presence of physiological concentrations of IGF-I,
or supraphysiological concentrations of insulin, in
granulosa cell culture medium. The responses to
insulin are apparently due to cross-reaction with
granulosa cell IGF-I receptors. IGF-I also synergizes
with estradiol to promote steroidogenesis in porcine
granulosa cells.47 The action of IGF-I on FSH-induced
cytodifferentiation entails amplification of intracellu¬
lar cAMP action by a mechanism that is not yet
understood.42
Granulosa cells also express IGF mRNA(s)48-49 and

produce IGF protein(s),17 which is regulated by go¬
nadotropins and estrogens. Presence of a neutraliz¬
ing monoclonal antibody to IGF-I in porcine granu¬
losa cell culture medium inhibited the stimulatory
effects of FSH, estradiol, GH, and charcoal-treated
follicular fluid on progesterone production.50 Granu¬
losa cells also synthesize IGF-binding proteins that
are likely to participate in the regulation of local
responses to IGFs.51-52 Thus, there is a wealth of
evidence to propose that granulosa cell growth and
differentiation are subject to autocrine control by
IGFs.
Thecal cells are not sites of discernible IGF-I gene

expression,48 but they do possess IGF-I receptors.26
Moreover, both basal and LH-stimuIated synthesis of
androgen by cultured thecal/interstitial cells are en¬
hanced by the presence of insulin or IGF-I.27-28-53
Under serum-free conditions of culture, IGF-I has a

striking ability to enhance DNA synthesis as well
androgen synthesis in human thecal cell monolayers
(Fig. 3).N Thus, IGF of granulosa cell origin has the
potential to exert positive paracrine control over the
growth of the theca interna as well as modulate its
steroidogenic function in vivo.

Activin and Inhibin
An FSH-inducible family of proteins, increasingly

implicated in the local regulation of gonadal func¬
tion, are the inhibins and activins. Mature inhibin is
a 32-kDa glycoprotein that has been isolated from
ovarian follicular fluid as two distinct forms com¬

posed of a common a subunit and one of two 3
subunits, pA and Pb.54-59 Treatment of pituitary cell
cultures with inhibin suppresses FSH secretion,
whereas treatment with the homodimeric PA, PA
termed activin60 or FSH-releasing protein,61 stimu¬

lates FSH release.62 Whether all these properties are
physiologically important functions of inhibin and
activin in the human endocrine system is still uncer¬
tain.59-63 However, there is a growing body of evi¬
dence that both inhibin and activin serve local regu¬
latory functions that influence follicular growth and
estrogen secretion, as will be considered here.
Interest imputative intragonadal function(s) for

activin and inhibin has been fueled by the high de¬
gree of structural homology (30-40%) that exists
between them and the members of a family of
growth factors, which are synthesized from precur¬
sors of high molecular weight, and are expressed
during embryogenesis and organogenesis across a
wide range of animal phyla.58-64 Members of this
gene family include TGFp, mullerian duct-inhibit¬
ing substance (MIS; causes mullerian duct regres¬
sion in males), decapentaplegic gene complex (DPPC;
active during insect embryogenesis) and vgl protein
(a mesoderm-inducing factor in frog embryos). Bone
marrow expresses inhibin pA mRNA and human
lukemic cells produce activin.65 Moreover, both ac¬
tivin and inhibin modulate erythroid differentiation
in vitro,66 further emphasizing the likelihood that
these proteins, or their subunits, play fundamental
roles in the regulation of tissue growth and differen¬
tiation.
Secretion of inhibin protein by rat,67-71 bovine,72

human,37-73 and nonhuman primate granulosa cells74
is regulated by gonadotropins and sex steroids in
vitro. The three inhibin subunits (a, pA and pB) are
encoded by separate genes,75-79 whose expression in
granulosa cells is developmentally regulated and in¬
ducible by FSH.1516-80 In situ hybridization studies
indicate that expression of (3-subunit mRNAs is rela¬
tively high in granulosa cells from immature antral
follicles when compared with cells in larger, pre¬
sumptive preovulatory follicles.81 On the other hand,
expression of a a-subunit increases concomitantly
with preovulatory follicle development, becoming
maximal in periovulatory follicles and/or corpora lu-
tea.80-81 Interestingly, expression of a and pB subunit
mRNAs (which jointly encode inhibin) in cultured
rat granulosa cells is enhanced by the presence of
estradiol in vitro, whereas expression of PA subunit
mRNA (which encodes activin-A) does not respond
in this way under identical experimental condi¬
tions.16 Thus, in the rat, locally produced estrogen
might influence relative rates of granulosa cell inhibin/
activin subunit synthesis during follicular develop¬
ment in vivo.
Inhibin production by human granulosa cells is

also developmentally regulated.37 During advanced
preovulatory development, granulosa cell inhibin
production increases and becomes directly respon¬
sive to LH.37-73 This pattern of LH responsiveness
parallels granulosa cell aromatase activity and is

i
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compatible with the paracrine role for inhibin in the
control of preovulatory follicular estrogen synthesis
proposed below.
Treatment with FSH coordinately induces aroma-

tase and immunoreactive inhibin production by hu¬
man granulosa cells in vitro.37 The inhibin response
to FSH by cells from immature follicles is augmented
by the presence of androgen, but not estrogen37 (Fig.
4). This contrasts with rat68 and marmoset monkey74
immature granulosa cells, in which both androgen
and estrogen synergize with FSH to promote inhibin
production in vitro. Androgenic modulation of in¬
hibin production may thus have particular relevance
to monovulatory species such as the human.
There is in vitro experimental evidence that inhibin

and activin can act directly on thecal cells to modu¬
late androgen synthesis.38 Relevant data from experi¬
ments on human thecal cell cultures are shown in

Figures 5 through 7.29-39 Presence in culturemedium
of recombinant human inhibin-A potently enhances
the stimulatory action of LH plus IGF-I on A4 (andro-
stenedione) and A5 (DHA) androgen production39
(Fig. 5). Conversely, recombinant human activin-A
suppresses LH- and/or IGF-I stimulated androgen
production29 (Fig. 6). Moreover, inhibin dose-depen-
dently overrides the inhibitory action of activin (Fig.
7). The underlying mechanisms of action remain to
be elucidated, but both inhibin and activin exert their
effects preferentially on androgen synthesis (see,
e.g., Fig. S).29-39 These data thus support the concept
that inhibin and activin may serve paracrine func¬
tions in modulating thecal androgen synthesis in
vivo.38
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Figure 4. Androgenic augmentation of FSH-stimulated
inhibin production of granulosa cells from immature follicles
in human ovaries. Granulosa cells pooled from nine follicles
of between 2 and 5 mm diameter were cultured from 96
hours with a medium change at 48 hours. The culture me¬
dium contained no additions, or FSH (30 ng/ml) with and
without 1.0 p.mol/1 estradiol (E2) or 5a-dihydrotestosterone
(DHT), as indicated. Inhibin accumulation in culture me¬
dium collected at 48 hours was determined by radioimmuno¬
assay and results are shown as means ± SE (n = 3). Asterisk
denotes significant stimulation (p <0.01) by DHT in the
presence of FSH versus all other treatments. (Reproduced
with permission from Hillier et al.37)
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Figure 5. Dose-dependent augmentation by inhibin of

LH plus IGF-l-induced androgen synthesis in cultured hu¬
man thecal cells. Thecal cells (5.0 x 104 viable cells per
culture well) pooled from three follicles between 10 and 11
mm in diameter were incubated for 4 days in serum-free
culture medium containing LH (10 ng/ml) plus IGF-I (30 ng/
ml) and increasing concentrations of inhibin, as indicated.
Androstenedione (A4), dehydroepiandrosterone (DHA), and
progesterone (P) accumulation in medium collected on day 4
are shown. Data are mean ± SE, n = 3. *p < .01 versus
treatment without inhibin. (Reproduced with permission
from Hillier et al.39)
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Figure 6. Inhibition by activin-A of LH-, IGF-I, and LH

plus IGF-I stimulated androstenedione production by human
thecal cell cultures. Thecal cells were incubated for four
days in serum-free culture medium in the absence and pres¬
ence ofactivin-A (10 ng/ml) without (control) and with LH (10
ng/ml), IGF-I (30 or 100 ng/ml), or IGF-I + LH. Androstene¬
dione accumulation is shown in medium collected on day 4.
Data are mean ± SE. Asterisks denote significant inhibition
by activin-A: *p < .05; **p < .001. (Reproduced with per¬
mission from Hillier et al.29)
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Figure 7. Dose-dependent neutralization by inhibin of

the inhibitory effect of activin on LH plus IGF-l-induced
androgen synthesis in cultured human thecal cells. Thecal
cells (5.0 x 104 viable cells per culture well) pooled from two
follicles of 14 and 15 mm in diameter were incubated for 4
days in serum-free culture medium containing LH (10 ng/ml)
plus IGF-I (30 ng/ml) and inhibin in the absence and pres¬
ence of activin (10 ng/ml), as indicated. Androstenedione (A)
and dehydroepiandrosterone (B) accumulation in medium
collected on day 4 are shown. Data are mean ± SE, n = 3. *p
< .05; **p < .01 versus corresponding treatment without
activin. (Reproduced with permission from Hillier et al.39)
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Figure 8. Augmentation by activin of FSH-induced es¬

tradiol synthesis in granulosa cells from immature follicles in
ovaries from a cyclic marmoset monkey (Callithrix jacchus).
Granulosa cells from immature follicles («£1 mm diameter)
were cultured for 4 days in serum-free medium 199 (contain¬
ing 1.0 p.M testosterone as an aromatase substrate) with and
without hFSH (1 ng/ml) in the presence of recombinant
activin-A, as indicated. Medium was replenished on day 2 of
culture, and estradiol accumulation (mean ± SE, n = 3)
during the subsequent 2 days is shown.

Inhibin and activin are also potential modulators
of androgen aromatization in granulosa cells. Such a
function for inhibin is equivocal since the protein
purified from porcine,82 but not bovine83 follicular
fluid, inhibited aromatase activity in rat granulosa
cell cultures. In addition, there are no relevant data
for human or nonhuman primate granulosa cells.
However; potent augmentation of FSH-inducible aro¬
matase activity by activin has been convincingly
demonstrated both in rat83 and marmoset monkey84
granulosa cells, as illustrated in Figure 8.

PARACRINE CONTROL OF DOMINANT
FOLLICLE SELECTION

The eli^dfc^tion of paracrine mechanisms that give
rise to the "selection" of a preovulatory follicle is
essential to our understanding of the cyclic control of
ovarian estrogen synthesis. When plasma FSH levels
rise at the beginning of the follicular phase, multiple
follicles with varying potential for FSH-dependent
development are present in the ovaries. These folli¬
cles therefore require varying degrees of stimulation
by FSH to continue development, and the follicle that
actually matures and ovulates is thought to be the
one whose granulosa cells most rapidly acquire high
levels of aromatase and LH receptor in response to
the intercycle FSH rise; i.e., the one with the lowest
FSH "threshold".85 86 During the midfollicular phase,
estradiol secretion by this follicle begins to increase
and the steroid feeds back to negatively regulate
pituitary FSH secretion. This causes a progressive

reduction in the circulating FSH level and thereby
limits FSH-dependent development of other follicles
with relatively high threshold FSH requirements.
Thus, a single follicle becomes fully mature, pro¬
tected against the fall in circulating FSH by its high
responsiveness to both FSH and LH.
Activin and inhibin may make particularly impor¬

tant contributions to the local control of these pro¬
cesses. This is implicit from the effects of these pro¬
teins on thecal and granulosa cell function in vitro
and the development-related pattern of inhibin/
activin subunit gene expression that occurs during
granulosa cell maturation in vivo. Studies of follicu¬
lar fluid levels of androgen and estrogen in relation
to granulosa cell aromatase activity indicate that the
capacity of the theca interna to generate aromatase
substrate (androstenedione) increases hand-in-hand
with granulosa cell aromatase activity in the follicle
that is destined to ovulate.7 It is therefore of consid¬
erable interest that in human ovaries, immunoreac-
tive inhibin is produced in greatest amounts by gran¬
ulosa cells from large preovulatory follicles that also
synthesize the largest amounts of estrogen.37 There
are no data regarding activin production by human
granulosa cells. However, in rhesus monkey ovaries,
the inhibin-(3B gene encoding activin-B is expressed
at particularly high levels by granulosa cells in im¬
mature antral follicles, falling to low or undetectable
levels in preovulatory follicles. Activin protein(s),
which sensitizes granulosa cells to FSH in vitro, is
therefore likely to be produced in greatest amounts
during relatively early stages in follicular develop¬
ment when follicular selection is occurring.
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Thus, both direct and indirect lines of evidence
exist to support hypothetical functions for activin
and inhibin in the follicular paracrine system, which
46 described as follows (Fig. 9).

Establishment of Follicular FSH Thresholds
•

During the first half of the follicular phase of the
cycle, before follicular selection has occurred, inter-
follicular differences in granulosa cell production of
activin could contribute to the establishment of vari¬
able follicular threshold responses to FSH. The follicle
whose granulosa cells express the greatest amounts
of activin subunit(s) might be most responsive to
FSH. At this stage of follicular development, theca-
derived androgen and IGF-I of hepatic and/or granu-
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Figure 9. Hypothetical regulatory functions of inhibin
and activin in the control of follicular estrogen synthesis.
A, Early follicular phase: Activin produced by granulosa
cells in immature follicles enhances the inductive action of
FSH on aromatase activity, simultaneously suppressing the¬
cal androgen synthesis at a time when estrogen synthesis is
still minimal. B, Late follicular phase: Granulosa cells in the
preovulatory follicle respond to stimulation by FSH and LH
with increased production of inhibin, paralleling the pre¬
ovulatory increase in aromatase activity. As inhibin produc¬
tion increases, possibly in association with reduced activin
production, it promotes LH/IGF-l-stimulated androgen syn¬
thesis in the theca interna. Thereby a positive feedback loop
is created through which inhibin autoamplifies the rate of
thecal fef androgen synthesis to sustain increased aromatiza-
tion and estrogen synthesis in the granulosa cell layer.

losa cell origin would also be expected to increase
granulosa responsiveness to FSH.

Selection and Maintenance of Follicular
Dominance

At the midfollicular phase, in the follicle that is
most responsive to FSH, granulosa cell aromatase
activity, inhibin production, and LH-receptor ex¬
pression would increase to critical levels. Since both
aromatase activity and inhibin production are cou¬
pled to the LH receptor, that follicle is "selected" and
thereby becomes destined to ovulate.
During the second half of the follicular phase,

uniquely in the dominant follicle, LH-responsive
granulosa cell inhibin production continues, paral¬
leling aromatase activity and estrogen secretion. The
inhibin produced would enhance LH plus IGF-I-
stimulated thecal androgen synthesis within that
follicle, thereby creating a paracrine positive feed¬
back loop by which its granulosa cells are able to
secure the increased supply of aromatase substrate
required to sustain the preovulatory rise in estrogen
secretion.

CONCLUDING REMARKS

Given our present limited knowledge of paracrine
control in the ovaries, it is imprudent to assign partic¬
ular status to any one factor or set of such factors that
might be operational in the follicular paracrine sys¬
tem. However, it can be adduced that activin/inhibin
subunit genes are developmentally regulated and
expressed in granulosa cells in a manner that serves
to coordinate and reinforce the endocrine effects of
both FSH and LH on their cellular targets in the
follicle. Thus, there are teleological, as well as evi¬
dential grounds, to propose that activin and inhibin
have specific regulatory functions that contribute to
the paracrine regulation of follicular development
and estrogen synthesis in the ovaries.
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Luteal Maturation and Luteal Phase Defect

GRIFF T. ROSS
STEPHEN G. HILLIER

Growth and differentiation of cellular components of the follicular complex,
in response to gonadotrophins prior to and following ovulation, culminate
in the formation of a functional corpus luteum, consisting of luteinized
granulosa cells and the theca of the preovulatory follicles. Substances
secreted by the functional corpus luteum not only condition the endometrium
for reception and nidation of the blastocyst should fertilization occur, but
also participate in timing the next ovulation in cyclic ovulators. The correla¬
tion ofhormone profiles in peripheral venous blood, in ovarian venous blood,
and in follicular antral fluid with normal and abnormal corpus luteum func¬
tion in humans and other mammals was facilitated by the advent of sensitive
radioligand assays for follicle stimulating (FSH) and luteinizing (LH) hor¬
mones, prolactin (PRL), sex steroid hormones and prostaglandins. Further¬
more, these methods have been applied to study the effects of altering the
hormonal composition of incubation and culture media on the secretory
activity of mammalian granulosa cells in vitro. Results of such studies will
be summarized to facilitate understanding the basis for diagnosis and rational
therapy of aberrant corpus luteum function in women.

HORMONAL CORRELATES OF NORMAL CORPUS LUTEUM
FUNCTION

In Peripheral and Ovarian Venous Blood
Similar patterns of change in peripheral blood concentrations of FSH, LH,
PRL, oestradiol-17/J, 17x-hydroxyprogesterone and progesterone through¬
out normal ovulatory menstrual cycles have been described by many investi¬
gators. Moreover, these profiles have been correlated with concurrent
changes in ovarian venous blood concentrations and with follicular morpho¬
logy to indicate the following relationships. Under the stimulus of rising
levels of FSH and LH during the first half of the follicular phase, follicle
growth progresses. Rising peripheral blood levels of 17x-hydroxyproges-
terone and of oestradiol-17/f during the second half of the follicular phase
reflect the secretory activity of the ovary containing the follicle destined to
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ovulate in that cycle and coincide with its rapid preovulatory growth. These
rising steroid hormone levels initially stimulate LH and inhibit FSH secre¬
tion, and later participate in initiating the mid-cycle preovulatory surge in
blood LH and FSH. During the postovulatory period, progesterone levels
rise progressively while 17x-hydroxyprogesterone and oestradiol-17/J levels
initially decline and then rise again in mid-luteal phase, finally subsiding
again prior to menses. These steroid hormones, reflecting the secretory
activity of the ovary containing the corpus luteum, inhibit pituitary secretion
of LH and FSH to levels inadequate either to sustain growth in extant antral
follicles, which undergo atresia, or to initiate growth of new preantral fol¬
licles. However, in view of the requirement of the corpus luteum for con¬
tinued LH stimulation, prevailing luteal phase levels of LH and FSH must
be adequate for this response.
Rising levels of FSH and LH, beginning late in the luteal phase, provide

the gonadotrophic and steroid hormone support required for initiating
growth in the preantral follicles, one of which will ovulate in the succeeding
cycle.
Studies of PRL concentrations in serum and plasma have failed to show

consistent changes related to time in the normal menstrual cycle (McNeilly
and Chard, 1974; Robyn et al, 1977). Moreover, profiles of other hormones
or periodicity were not altered in normal cycling women receiving bromo¬
criptine. which suppressed serum PRL to immeasurable levels (del Pozo et
al, 1975a), suggesting that measurable levels of PRL in serum are not obliga¬
tory for normal cyclic ovulation and menstruation.
Peripheral blood concentrations of prostaglandins do not show any syste¬

matic variation throughout the normal menstrual cycle (Wilks, Wentz and
Jones, 1973). A recent study of the prostaglandin-F;:<(PGF2J) content of
ovarian venous plasma (Aksel. Schomberg and Hammond, 1977) further
demonstrated that the values in plasma obtained from the 'active' ovary (con¬
taining the follicle destined to ovulate) could not be distinguished from those
in plasma collected from the contralateral ovary during the follicular stage
of the cycle. However, during the luteal phase, PGF23 levels were between
1.9 and 4.7-fold greater in venous effluent from that ovary containing the
newly formed corpus luteum, suggesting that luteal function was in some
way related to PGF2i production.

In Antral Fluid

Studies of the regulation of ovarian follicle growth, atresia, and steroid hor¬
mone secretion in animal model systems in vivo have shown that ovarian
sex steroid hormones act locally to mediate and modulate follicular growth
responses to gonadotrophins. Similarly oestrogens interact with FSH to
stimulate granulosa cell proliferation, and induce LH receptors in granulosa
cell membranes. Androgens serve as substrate for the synthesis of oestrogens,
modulate the stimulatory effects ofoestrogens on follicle growth and enhance
atresia in vivo, and enhance basal and hormone-stimulated progesterone syn¬
thesis by granulosa cells in vitro.
If the conclusions based on animal model systems are relevant to follicular
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growth and steroid hormone synthesis in human ovaries, some effects of
antral fluid hormone levels on these parameters are to be expected.
Sanyal et al (1974), McNatty and Sawers (1975), McNatty et al (1975.

1976), Baird and Fraser (1975), Kemeter et al (1975) and Fowler et al (1977)
measured sex steroid hormones and gonadotrophin concentrations in antral
fluid from Graafian follicles of varying sizes harvested at different times dur¬
ing the follicular and luteal phases of the cycle. In general smaller follicles,
$8 mm in diameter, contained less FSFI, LH. oestradiol. and progesterone
but more PRL and more androgen than larger follicles harvested at the same
time in the cycle. Sanyal et al (1974) correlated these changes with follicular
growth and maturity and McNatty and Sawers (1975) with in vitro proges¬
terone secretion by granulosa cells from these follicles (see below).
McNatty, Sawers and McNeilly (1974) examined the relationship

between endogenous PRL and progesterone concentrations of human antral
fluid throughout the menstrual cycle. Their data showed maximal PRL con¬
centrations during the menstruation-early follicular phase at a time when
progesterone concentrations were minimal. On the other hand, PRL levels
fell precipitately as the follicular phase progressed, reaching a nadir at the late
follicular phase of the cycle when progesterone concentrations were maximal.
These interesting observations indirectly suggest an inverse relationship
between the prevailing endogenous levels of PRL and the steroidogenic
potential of the follicular complex in women. The abundance of data derived
from clinical studies which are consistent with this hypothesis will be
reviewed in the following section.
Systematic studies of the prostaglandin content of antral fluid from human

ovaries have not been described. However, endogenous prostaglandin levels
within rabbit and rat Graafian follicles are increased immediately prior to
ovulation (LeMaire, Yang and Behrman, 1973; LeMaire, Leidner and
Marsh, 1975). The significance of these observations, if any, has yet to be
established, although it has been suggested that PGF2, synthesis by the
human follicle may play a role in ovulation and in part mediate other actions
of LH in the ovary (Plunkett et al, 1975).

HORMONAL CORRELATES OF ABNORMAL CORPUS LUTEUM
FUNCTION: LUTEAL PHASE DEFECTS

The effects of spontaneous and induced changes in these hormone profiles
on corpus luteum function in vivo, and ofmanipulating the hormonal com¬
position of incubation and tissue culture media on progesterone secretion
by granulosa cells in vitro, will be examined to facilitate understanding of
hormonal regulation of corpus luteum function in the normal cycle.

LH in Corpus Luteum Formation and Function
The formation of a corpus luteum is a sequel to ovulation, which is initiated
by LH in spontaneous cycles and by LH or a surrogate, human chorionic
gonadotrophin (HCG), in cycles induced with exogenous gonadotrophins.
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Vande Wiele et al (1970) have shown that normal corpus luteum function
is dependent upon continued stimulation by repeated injections when LH
is used as the ovulatory hormone in ovulation induction. Progesterone secre¬
tion by the corpus luteum of the cycle in rhesus monkeys and women can
be stimulated and prolonged by administration of HCG (Segaloff, Sternberg
and Gaskill, 1951; Strott et al, 1969; Knobil, 1973). The presence of specific
LH/HCG receptors in membranes of human corpus luteum cells (Lee et al,
1973), and the demonstration that LH stimulates cyclic AMP production and
progesterone secretion by human corpus luteum cells (Savard, Marsh and
Rice, 1965) are all consistent with a stimulatory role for LH and HCG in
corpus luteum function in the cycle and in early gestation.
On the basis of the established role of LH in stimulating ovulation and

postovulatory corpus luteum function in women, failure of either the positive
feedback effects of oestrogens on tonic secretion or of an adequate 'surge'
of LH at mid-cycle would be expected to result in an inadequate corpus
luteum.
Glass et al (1975) compared LH and FSH levels in serum specimens col¬

lected before and 24, 48, 56, 72 and 96 hours after giving 1 mg of oestradiol
benzoate to 14 women with amenorrhoea and hyperprolactinaemia. Levels
of FSH and LH were reduced in all patients but the increase in FSH or LH
seen in normal women failed to occur in 13 of these 14 women. These data
were interpreted to suggest an abnormality of oestrogen feedback mechan¬
isms in women with hyperprolactinaemia, temporarily reversible with bro¬
mocriptine, which also reduces prolactin levels.

FSH in Corpus Luteum Formation and Function
In hypophysectomized immature female rats, Goldenberg et al (1972a and
b) have shown that FSH and oestrogens interact in stimulating granulosa
cell proliferation during follicle growth. Ross (1976) has drawn attention to
failure of follicle growth when gonadotrophins are suppressed in women
receiving oral contraceptives, in women with genetic deficiency of gonadotro-
phin secretion, and in women whose ovaries fail to produce oestrogens in
response to gonadotrophins, suggesting that FSH and oestrogens are essen¬
tial for follicular growth in human ovaries. Zeleznik, Midgley and Reichert
(1974) have shown that FSH and oestradiol-17/? are required for the induc¬
tion of LH receptors in granulosa cells of preovulatory follicles. Channing
and Ledwitz-Rigby (1975) have shown that granulosa cells from immature
porcine ovarian follicles neither bind HCG nor secrete progesterone when
the hormone is added to media for culturing these cells.
McNatty and Sawers (1975) have shown that granulosa cells from follicles

less than 8 mm in diameter, in which no FSH or oestradiol could be measured
in antral fluid, secreted less progesterone in vitro than cells from follicles
in which both hormones were detected. Moreover, addition of FSH and
oestradiol to the culture medium stimulated progesterone production by such
cells.
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FSH/LH Ratios in Corpus Luteum Formation and Function
Strott et al (1970), Ross et al (1970) and Sherman and Korenman (1974) have
shown that a decrease in the serum FSH/LH ratio occurring during the fol¬
licular phase is associated with reduced serum levels of 17a-hydroxyproges-
terone and oestradiol-17/? during the follicular phase and marked reductions
in serum oestradiol-17/?, 17a-hydroxyprogesterone and progesterone during
the luteal phase in women with short luteal phase cycles. Since follicular
phase levels of 17a-hydroxyprogesterone and oestradiol-17/? reflect the secre¬
tory activity of the ovary containing the preovulatory follicle, these changes
were equated with an abnormality of that follicle. Ross et al (1970) postulated
that the abnormality resulted from ovulation of an immature follicle, inade¬
quately stimulated by gonadotrophins during the preovulatory period.
Wilks, Hodgen and Ross (1976) described similar changes in serum FSH/
LH profiles and confirmed that ovulation had occurred by laparoscopic ex¬
amination of the ovaries in rhesus monkeys with short luteal phases.
Evidence consistent with this hypothesis of ovulation of an immature fol¬

licle is derived from the experiments of Channing (summarized in Channing
and Ledwitz-Rigby, 1975), who studied HCG binding, cyclic AMP produc¬
tion and progesterone secretion by granulosa cells from small, medium and
large porcine Graafian follicles in vitro. Cells from smaller (less mature) fol¬
licles bound less HCG, produced less cyclic AMP, and secreted less proges¬
terone basally and after LH stimulation than cells from large preovulatory
follicles. McNatty and Sawers (1975) and McNatty et al (1975b) measured
progesterone secretion daily for 10 days or more in cultures of granulosa
cells from human Graafian follicles and correlated these with the hormonal
composition ofantral fluid in the follicle from which the cells were harvested.
Antral fluid from smaller follicles contained less FSH, LH, oestradiol-17/?
and progesterone but more prolactin and more androgen than antral fluid
from larger follicles. Furthermore, granulosa cells harvested from follicles
containing no measurable FSH, LH or oestradiol-17/? secreted much less pro¬
gesterone than cells from follicles containing measurable levels of these hor¬
mones. Adding FSH, LH and oestradiol-17/? to the incubation medium
stimulated progesterone secretion by granulosa cells from follicles deficient
in these hormones.
Collectively, these observations are consistent with the concept that in¬

adequate preovulatory FSH stimulation may result in inadequate corpus
luteum function. The role, if any, of FSH in the luteal phase is unknown.

Prolactin in Corpus Luteum Formation and Function
The role of prolactin in regulating preovulatory follicle growth, steroid hor¬
mone synthesis and postovulatory corpus luteum formation and function in
primates remains controversial. The available evidence is consistent with
both hypothalamic-pituitary and ovarian sites of dysfunction in hyperpro-
lactinaemic states in women (Robyn et al, 1977).
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Hypothalamic-pituitary function in hyperprolactinaemic states

The association of elevated serum PRL concentrations with alterations in
hypothalamic-pituitary regulation ofPRL and gonadotrophin secretion has
been well documented. Sassin et al (1972) measured plasma PRL levels in
blood specimens collected at 20-minute intervals for 24 hours from six normal
adults, three men, and three nulliparous women. Sleep-wake cycles were
monitored polygraphically. PRL levels, always measurable, varied episodic¬
ally, being lowest during waking hours. Concentrations rose 60 to 90 minutes
after onset of sleep and reached a peak 30 minutes later on the average, but
no clear relationship was seen between these PRL peaks and sleep stages.
Furthermore, patterns ofprolactin secretion were not consistently correlated
with changes in secretion of other hormones.
Boyar et al (Boyar, Kapen and Finkelstein, 1974; Boyer et al, 1976) showed

that the nocturnal PRL elevation was abolished in five of seven women with
hyperprolactinaemia with or without radiological evidence of a pituitary
tumour. Pulsatile secretion of LH was either abolished or reduced in ampli¬
tude during periods of maximal PRL secretion.
Bohnet et al (1976) showed that pulsatile LH secretion was restored with

bromocriptine in six ofnine women with hyperprolactinaemia, amenorrhoea,
and galactorrhoea. Increments of serum LH and FSH following stimulation
with gonadotrophin releasing hormone (GnRH) were shown to be norma!
or exaggerated with about equal frequency, whereas FSH responses were
normal in 14 of 15 women with amenorrhoea and galactorrhoea studied by
Mortimer et al (1973). Responses were not correlated with basal PRL levels
in this study.
Glass (1975), see above, observed an initial reduction but no subsequent

increment in serum FSH or LH levels following administration of one milli¬
gram ofoestradiol benzoate to 13 of the 14 women with amenorrhoea, galac¬
torrhoea, and hyperprolactinaemia. These data suggest that positive feed¬
back responses of the hypothalamic-pituitary unit to oestrogens are inhibited
in these women.

Ovarian function in hyperprolactinaemic states

There is considerable evidence that PRL acts on the ovary to inhibit steroid
hormone synthesis and follicle growth. Studies of normal hormone profiles
and responses to exogenous gonadotrophins in parturient women and in
women with amenorrhoea-galactorrhoea of diverse aetiologies provide con¬
vincing evidence for these effects of PRL on human ovaries.
Inpuerperalamenorrhoea andgalactorrhoea. Reyes, Winter and Faiman(1972)
measured serum PRL, FSH. LH/HCG, oestradiol-17/^ and progesterone in
specimens collected at intervals of two to three days from delivery until the
45th postpartum day in four women, two of whom were lactating adequately.
Serum PRL concentrations, initially elevated, progressively declined over a
period of 20 to 30 days to levels consistent with those seen in the follicular
phase of non-parturient cycling women. Serum FSH levels, initially low, rose
after 12 to 18 days to levels consistent with those prevailing during the follicu-
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lar phase in normally cycling women. Serum LH/HCG levels, initially ele¬
vated, achieved follicular phase values after two weeks. Serum oestradiol-
17/i levels reached a low point by the seventh postpartum day and remained
low until seven to eight days after the rise in FSH levels, consistent with the
initiation of follicle growth. This increment in oestradiol-17/f was delayed
in the two normally lactating women.
Rolland et al (1975a and b) determined plasma levels of PRL, FSH, LH,

oestradiol-17/i and progesterone in serial blood specimens from late preg¬
nancy until the first menses postpartum in 10 normally lactating women and
in 10 women given bromocriptine to suppress lactation. As long as lactation
persisted in normally lactating women. PRL levels exceeded values seen dur¬
ing the normal menstrual cycle. For periods up to 18 days (average 14 days)
serum FSH levels remained below the lower limits of normal for the follicular
phase of the normal cycle, but rose to levels outside the range of normal
follicular phase values by the 13th to the 37th postpartum day and remained
elevated until PRL levels returned to normal. In contrast, LH levels remained
below the range of values for the follicular phase of the cycle until serum
oestradiol levels began to rise. After an initial decline, serum oestradiol levels
began to rise but only after PRL levels had returned to normal in seven of
eight women in whom the relationship could be established, suggesting an
inhibitory effect of PRL on oestradiol-17/i synthesis in the face of elevated
levels of FSH and LH.
In a comparable group ofwomen given bromocriptine to inhibit lactation,

serum PRL declined rapidly, FSH levels rose earlier but not to supranormal
levels, and LH levels rose earlier, as did levels ofoestradiol-17/7. While prolac¬
tin levels remained abnormal despite treatment with bromocriptine, oestra-
diol-17/f levels remained low even in the face of elevated plasma FSH and
LH levels, suggesting an antigonadotrophic effect of the hormone. Finally,
those women whose serum PRL levels had been suppressed to normal
ovulated earlier than did lactating women with elevated serum PRL, sug¬
gesting that follicle growth progressed more rapidly when serum PRL was
normal.
Zarate, Canales and Soria (1972) showed that ovaries of parturient women

were refractory to exogenous gonadotrophins. More recently, del Pozo et
al (1975b) compared serum oestradiol-17/f levels before and on the fifth day
after giving 300 units of Pergonal 500 to groups of nine parturient women
lactating normally, nine parturient women receiving bromocriptine to sup¬
press lactation, and nine non-parturient women with amenorrhoea and
hyperprolactinaemia. Serum oestradiol-17/f levels rose about five-fold after
Pergonal in the non-parturient women but no changes were seen in either
parturient group. Furthermore, GnRH failed to increase serum FSH levels
in either group of parturient women but the non-parturient women
responded normally to the hypophysiotrophic hormone. In these experi¬
ments, then, hyperprolactinaemia per se did not appear to account for refrac¬
toriness to gonadotrophins. However, comparing responses in the non-par¬
turient women before and after giving bromocriptine would have provided
more meaningful data on the interactions of prolactin and gonadotrophins
in steroid hormone synthesis.
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Andreassen and Tyson (1976) measured serum oestradiol levels prior to
and following bolus injections of 100 /ig GnRH to a series of parturient
women. Increments in serum oestradiol-17/1 were positively correlated with
increments in serum LH following administration of GnRH in nine of the
ten women studied between the 28th and the 87th postpartum day. In con¬
trast, no changes in serum steroid hormone levels were observed in five
women studied from the 4th to the 21st postpartum day, suggesting that
ovarian responsiveness increases as the postpartum interval increases. It is
noteworthy that tests were performed prior to the 21st postpartum day in
parturient women described as failing to respond to gonadotrophins by
Zarate, Canales and Soria (1972) and by del Pozo et al (1975b).

In non-puerperalamenorrhoea andgalactorrhoea. In most series ofwomen with
non-puerperal amenorrhoea, galactorrhoea and hyperprolactinaemia. basal
serum FSH and LH levels are within the range of those seen in the follicular
phase of normal menstrual cycles. However, basal serum oestradiol levels
are frequently less than those seen at any time during the normal cycle, includ¬
ing menstruation, suggesting that the ovary is not responding to follicular
phase levels of gonadotrophins.
Jacobs et al (1976) found evidence consistent with a dose-related dele¬

terious effect of PRL on ovarian oestrogen production in studies of 29 non-
parturient women with amenorrhoea and hyperprolactinaemia. Basal serum
oestradiol-17/llevels in 17 of these women were below the lowest levels seen
even during menstruation in norrrtal women, and 21 of these failed to bleed
following a progestogen withdrawal test. Lowest basal levels of oestradiol-
17/i were seen in patients with highest serum PRL levels. Although Tyson
et al (1975) did not comment on the matter, a similar relationship is seen
in their data on 13 women with hyperprolactinaemia, amenorrhoea and
galactorrhoea following withdrawal from oral contraceptives. In six women
with basal oestradiol-17/J levels less than 30pg/ml, serum PRL levels ranged
from 75 to 189 (mean= 109) ng/ml, while in seven women with basal oestra-
diol-17/J levels ranging from 34 to 70pg/ml. serum PRL levels ranged from
22 to 93 (mean = 53) ng/ml.
In view of the essential role of oestrogens in stimulating follicle growth

in the human ovary, inhibition of ovarian oestrogen synthesis would be
expected to inhibit preovulatory follicle growth and predispose to inadequate
postovulatory corpus luteum function even when gonadotrophins are present
in 'normal' quantities. It is not surprising therefore that short luteal phases
might occur in women with galactorrhoea and hyperprolactinaemia who
resume menses despite persistent minimal elevation of PRL following
treatment with bromocriptine; Seppala, Hirvonen and Ranta (1976), del
Pozo et al (1976), Bohnet et al (1976), Friesen and Tolis (1977) and Tyson
et al (1975) have all described such patients.
Further direct and compelling evidence for an adverse effect of PRL on

human granulosa cell steroidogenesis was adduced from the in vitro studies
ofMcNatty et al (1974) using granulosa cell cultures. When PRL was added
to the culture medium at concentrations between 25 and 100 ng/ml they
observed a dose-dependent decrease in daily progesterone secretion by the
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cell cultures. Moreover, this effect persisted even when LH and/or FSH con¬
centrations were increased 50-fold and it could be obtained with granulosa
cells harvested at any stage of the menstrual cycle.
In summary, it remains to be determined whether the effects of hyperpro-

lactinaemia on ovarian follicle growth and steroidogenesis result from altera¬
tions in hypothalamic-pituitary function, from a direct effect of PRL on the
maturing follicle, or from both sites of action. Since ovarian follicle growth
and steroidogenesis are interrelated and both are dependent upon gonado¬
trophs stimulation, alterations in gonadotrophin secretion, known to occur
concomitantly with hyperprolactinaemia, might provide an adequate
explanation for the failure of follicle growth and steroidogenesis observed
in hyperprolactinaemic states. In women with amenorrhoea and galactor-
rhoea, changes in frequency and amplitude of LH secretory spikes in speci¬
mens collected serially at short intervals have been observed more con¬
sistently than have reductions in basal FSH and LH to levels below those
characteristic of the follicular phase of normal cycles in randomly collected
serum specimens. A reduction in integrated gonadotrophin secretion to levels
inadequate to stimulate follicle growth might eliminate the necessity to in¬
voke an inhibitory effect of prolactin at the level of the follicle to explain
anomalies of follicle growth and steroidogenesis occurring in hyperprolac¬
tinaemic states.

Oestradiol-17/I in Corpus Luteum Formation and Function

Oestradiol-17/J acts both systemically and locally to regulate corpus luteum
function. As noted earlier, rising levels of oestradiol-17/I in the second half
of the follicular phase of the cycle feed back on the hypothalamic-pituitary
unit to stimulate secretion of LH. inhibit secretion of FSH, and activate the
preovulatory surge in FSH and LH. Furthermore, oestradiol-17/7 has been
shown to interact with FSH in stimulating granulosa cell proliferation and
inducing LH receptors in granulosa cells (see above). In vitro, oestrogen
modulates progesterone secretion by granulosa cells from preantral follicles
(Hillier, Knazek and Ross, 1977).
There is some evidence that oestradiol-17/f is luteolytic in humans and

monkeys. Hoffman (1960) compared lengths of menstrual cycles following
introduction of micro-crystalline oestradiol-17/i into the ovary containing
the corpus luteum or the contralateral ovary of women undergoing laparo¬
tomy during the early secretory phase of the menstrual cycle. Cycles were
shortened only when the oestrogen was implanted in the ovary containing
the corpus luteum.
Systemic administration of oestrogen to women is also luteolytic. Gore,

Caldwell, and Speroff (1973) reported that oral administration of diethylstil-
boestrol (DES) (50mg/day for five days), initiated on the third day following
ovulation, resulted in a marked reduction in serum progesterone levels which
was evident in four of five treatment cycles within the third day of treatment.
The luteal phase in thesewomen was reduced by two to four days. Board, Bhat-
nagar and Bush (1973) reported similar effects following oral administration
of DES to a group of six normally cycling women.
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Knobil (1973) has reviewed the evidence for a luteolytic effect of oestradiol-
17ji in rhesus monkeys. Either bolus injections or prolonged maintenance
of serum oestrogen levels with sustained release devices results in an acceler¬
ated decline in serum progesterone and earlier onset of menses. No con¬
sistent effects of the steroid on prevailing serum LH levels were noted in either
case. More recent studies suggest that the luteolytic effect of oestrogen may
be mediated by the action of prostaglandins. Thus, Auletta et al (1972)
reported that oestrogen-induced luteolysis in monkeys was associated with
an increase in peripheral PGF2y levels, and in sheep and monkeys co-adminis-
tration of indomethacin with DES was shown to reverse oestrogen-induced
luteolysis (Auletta, Caldwell and Speroff, 1976).

Prostaglandins in Corpus Luteum Formation and Function
There is increasing evidence indicating that prostaglandin synthesis may play
an important role in ovulation and in part mediate other actions of LH in
the mammalian ovary (Goldberg and Ramwell. 1975). A requirement for
prostaglandin synthesis during ovulation in primates was evinced by the
studies ofWallach et al (1975a and b) with rhesus monkeys, which showed
that human menopausal gonadotrophin (HMG)-HCG induced ovulation
was inhibited in eight of nine treatment cycles when indomethacin, an inhibi¬
tor of prostaglandin synthesis, was administered at a dose of lOmg/kg per
day. Ovulation was restored in 13 out of 19 subsequent treatment cycles by
co-administration of PGF2> at a dose of 3 mg s.c. daily. As yet the relevance
of these observations to the situation in women remains to be established.
In vitro, prostaglandins of the E series have been shown to mimic the

actions of gonadotrophins inasmuch as they promote morphological lutein-
ization, and stimulate progesterone secretion by human (McNatty, Hender¬
son and Sawers, 1975) and monkey (Channing, 1972) granulosa cell
cultures. Moreover, this effect was shown to increase as a function of granu¬
losa cell maturity. On the other hand, PGF2, in vitro exerts an inhibitory
effect on both basal and gonadotrophin-induced progesterone production
by human granulosa cells (McNatty et al, 1975a). This latter effect of PGF2i
in vitro may have some bearing on its putative action as a physiological luteo-
lysin (Henderson and McNatty, 1977).
In all sub-primate mammalian species examined to date, PGF2j has been

shown to exert a luteolytic effect when administered in vivo. Results of
repeated attempts to demonstrate a luteolytic effect of PGF2, in women and
sub-human primates have been less consistent (see Karim, 1975, for reviews
of the relevant literature). The concept of a luteolytic factor (PGF2i) released
by the uterus and acting distally upon the ovary, as has been postulated for
many domestic animals (Anderson, Bland and Melampy, 1969; McKracken
et al, 1972), is not relevant to the situation in women, where normal regression
of the corpus luteum has been described following hysterectomy (Beavis,
Brown and Smith, 1969) or in the congenital absence of a uterus (Fraser et
al, 1973). However, in view of the ability of human luteal tissue to synthesize
PGF2i in vitro (Challis et al, 1976) and in vivo (Swanston, McNatty and
Baird, 1977), the demonstration of a PGF;, receptor in human corpora lutea
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(Powell et al, 1974), and the occasional reports of luteolysis induced in women
by high local concentrations of PGF:, (e.g. Korda et al, 1975), a role for
this substance as a luteolytic agent produced and acting locally within the
human ovary cannot be dismissed.

CLINICAL CORRELATES OF NORMAL CORPUS LUTEUM
FUNCTION

Role of Corpus Luteum in Cyclic Ovulation
Baird et al (1975) have discussed the length of the follicular phase in relation
to corpus luteum function. They propose that progesterone and oestradiol-
17/1 secreted by the corpus luteum inhibit pituitary gonadotrophin secretion
so that extant growing follicles become atretic and new follicles do not begin
to grow. Rising levels of gonadotrophins resulting from declining levels of
the steroids late in the luteal phase initiate development of a new cohort of
follicles.
Goodman et al (1977) measured blood FSH, LH. oestradiol-17/i and pro¬

gesterone levels prior to and following surgical excision of the corpus luteum
four to six days after the mid-cycle LH surge in rhesus monkeys. Serum pro¬
gesterone levels fell dramatically, followed by the onset of menses within
three to four days. However, preoperative LH and FSH levels were sustained
for approximately 12 to 13 days, whereupon characteristic gonadotrophic
surges accompanied by ovulation from the contralateral ovary were observed
in four out of five cases. Thus, it appeared that luteectomy had effectively
advanced the initiation of the follicular phase of the new cycle by that period
of time which would otherwise have elapsed before the onset of normal
menses if luteectomy had not been performed. Moreover, if. following luteec¬
tomy, typical mid-luteal-phase blood progesterone levels were sustained by
a subcutaneous progesterone implant for 10 to 11 days following luteectomy,
onset of menses was forestalled until withdrawal of the exogenous proges¬
terone source (approximately 16 days following the previous mid-cycle LH
surge) when progesterone levels fell precipitately. FSH and LH levels were
sustained in the presence of progesterone and after removal of the capsule,
and the next LH surge occurred approximately 13 days later (Goodman and
Hodgen, 1977). In a further experiment, these authors observed that when
a small repository source of progesterone was implanted into the con¬
tralateral ovary at the time of luteectomy, ovulation from that ovary occurred
three days later (15.8 days following luteectomy) than in animals which had
a progesterone implant placed in the ovary from which the corpus luteum
had been removed. In both groups of animals serum progesterone fell to very
low levels within 24 hours of luteectomy and remained so until the next LH
surge.
The foregoing experiments indicate that progesterone secreted during the

luteal phase is responsible for the inhibition of folliculogenesis during this
period in the primate menstrual cycle. They further suggest that this action
may be exerted locally at a level within the ovary rather than via suppression
of pituitary gonadotrophin secretion.
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Role of Corpus Luteum in Early Pregnancy

Despite conflicting reports in the early literature (reviewed by Ask-Upmark,
1926) it has since been established that the maintenance of pregnancy in
women is contingent upon the presence of a functional corpus luteum until
around the seventh week of gestation (see Csapo et al, 1972, for references).
Luteectomy performed during this period, but not later, results in a precipi¬
tate decline in peripheral progesterone levels followed by abortion. Since pro¬
gesterone substitution therapy initiated at the time of luteectomy prevents
abortion (Csapo, Pulkkinen and Wiest, 1973) it may be concluded that an
adequate supply of progesterone secreted by the corpus luteum is critical for
the maintenance of pregnancy during this period.
It is generally agreed that the trophic stimulus for progesterone secretion

by the corpus luteum during early pregnancy is chorionic gonadotrophin
(CG) produced by the placenta (Hisaw, 1944). During the late-luteal phase
of the fertile cycle in women (Yoshimi et al, 1969) and monkeys (Knobil,
1973) a marked increase in circulating progesterone levels is encountered at
a time when the function of the waning corpus luteum of the non-fertile cycle
would otherwise be described by a steady reduction in progesterone levels.
In the rhesus monkey, this increase in progesterone immediately follows the
initial attachment of the blastocyst to the endometrium between the ninth
and tenth day of pregnancy and is thought to reflect the 'rescue' of the corpus
luteum by CG secreted by the implanting blastocyst (Knobil, 1973; Hodgen
et al, 1974). A similar temporal relationship exists between nidation, the onset
ofHCG secretion and the elevation in peripheral progesterone levels during
the late-luteal phase of the fertile cycle in women (reviewed by Vaitukaitis.
1977).
Up until the third or fourth week of gestation in women, plasma proges¬

terone levels continue to increase in response to rising titres of circulating
HCG. At this time progesterone levels start to decline, reaching a nadir at
six to eight weeks, despite the sustained increases in circulating HCG which
occur throughout this period (Yoshimi et al, 1969). Shortly thereafter, pro¬
gesterone levels rise again and remain elevated until the later stages of preg¬
nancy. It is during the 6th to 8th week ofpregnancy that the placenta becomes
the major source of circulating progesterone while the corpus luteum
becomes refractory to HCG and is no longer essential for the maintenance
of pregnancy.
If the corpus luteum of the fertile cycle has not attained an appropriate

stage of maturity to assume the secretory functions outlined above, or if in¬
adequate trophic support is available for its maintenance in a functional state,
or if premature luteolysis sets in, the conceptus will be aborted.

CLINICAL CORRELATES OF LUTEAL PHASE DEFECTS

Incidence

Estimates of the incidence of inadequate corpus luteum function vary from
5 to 20 per cent, depending, in part, upon the criteria used for diagnosis and
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in part upon the population of.patients under consideration. Among women
who ovulate spontaneously, but seek treatment for infertility or repeated
early abortions, inadequate corpus luteum function is less common than
among women with anovulation who fail to conceive or sustain pregnancies
following any induced ovulations.
In either case, although incidence varies, diagnosis of an inadequate luteal

phase is clinically important to the physician and the patient.

Diagnosis
All presumptive indicators ofovulation are progesterone dependent. Indirect
tests assay effects ofprogesterone on vaginal epithelium, endocervical glands,
endometrium, and the hypothalamic thermoregulatory centre. Direct tests
consist in either measurement of progesterone per se in plasma or serum or
of its urinary metabolite, pregnanediol. It follows, then, that presumptive
tests for ovulation become tests of the adequacy of corpus luteum function
as well. However, since the quantity of progesterone required to achieve
elevations in basal body temperature is less than that required for adequate
secretory transformation of the endometrium, the tests are not equally reli¬
able.
Jones (1976) has drawn attention to the unreliability of basal body tem¬

perature as an indexofluteal function, stressing that the thermogenic response
may not reflect quantitative progesterone insufficiency unless a marked defect
exists.

Currently, the two most widely used and meaningful tests are endometrial
biopsies and measurements ofserum or plasma progesterone concentrations.
For both tests, timing the sample collection is critical, and the most valid
reference point is the first day of the next menses. Israel, March and Kletsky
(1976) measured serum progesterone levels in 51 women with regular menses
attending an infertility clinic. Endometrial biopsies were obtained on the
same day as the blood specimen in 42 of these women. In this study, secretory
endometrium was found in 41 of these 42 women whose serum progesterone
exceeded 3 ng/ml in specimens collected as early as the eleventh and as late
as the fourth day prior to the onset of the next menses.

Since one is a chemical test and the other is a biological test, it is not surpris¬
ing that discrepant results might be obtained. Since the biological response
of the host is the ultimate determinant of effectiveness of progesterone, the
endometrial biopsy might be expected to provide the more critical diagnostic
information, as suggested by Jones (1976) and Soules et al (1977). Moreover,
evaluation of endometrial histology may be the more accessible of the two
tests.

Histological features of endometrial biopsies are 'dated' by the criterion
ofNoyes, Hertigand Rock (1950) in terms of an idealized 28-day cycle, using
the onset of menses following the biopsy as a reference point. Jones, Aksel
and Wentz (1974) added the day of basal body temperature elevation to the
onset of menses in dating the endometrial biopsy, requiring that all agree
within two days. In addition, Jones, Aksel and Wentz (1974) required devia¬
tions of three days or more in these parameters in two consecutive cycles
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for diagnosis. In a series of 10 patients meeting these criteria, they found
the area under curves depicting mean serum progesterone levels to be signifi¬
cantly less than that in 28 women with normal corpus luteum function. How¬
ever, single serum progesterone determinations were regarded as inadequate
for diagnosing luteal phase defects. Soules et al (1977) used retardation of
three days or more in specimens collected in two consecutive menstrual cycles
to diagnose luteal phase deficiency in 16 women with infertility and ovulatory
cycles.
In women with ovulatory cycles associated with occult hyperprolac-

tinaemia, determination of serum PRL levels provides clinically useful infor¬
mation. Such women merit careful continued scrutiny for developing signs
of a pituitary tumour.
In women with anovulation and amenorrhoea, the date of initiating

treatment can be used effectively for timing blood and endometrial sampling.

Treatment

With progesterone (substitution)
Since endometrial retardation is associated with low serum progesterone
levels, giving progesterone might be expected to be effective treatment. Mos-
zkowski. Woodruff and Jones (1962) showed that progesterone given in¬
tramuscularly or per vaginum, corrected the endometrial retardation. More
recently, both routes of administration have been shown to increase proges¬
terone blood levels by Jones, Aksel and Wentz (1974). Successful pregnancy
follows this 'substitution' therapy in about 50 per cent of cases diagnosed
on the basis of the stringent criteria utilized by Jones et al. Soules et al (1977)
initiated substitution therapy with twice daily insertion of rectal or vaginal
suppositories containing 25 mg of progesterone powder on the third day of
basal body temperature elevation in 14 patients with luteal phase defects.
Treatment was continued either until menses occurred or until pregnancy
was diagnosed following delayed menses. After pregnancy was diagnosed,
250 mg of 17a-hydroxyprogesterone caproate was injected once weekly for
12 to 20 weeks. Pregnancy was achieved in eight patients, six of which had
terminated in term birth of infants without apparent congenital anomalies
at the time of the report. It is important to emphasize that synthetic progestins
should not be used for these purposes, since Johansson (1971) has shown
that these substances depress serum progesterone levels. Moreover, a
majority of the synthetic progestins which are currently available are known
to possess androgenic properties, which could give rise to anomalous dif¬
ferentiation of the fetal gonads or of accessory sexual tissues in utero (see
Griffin and Wilson, Chapter 11).

With inhibitors of prolactin secretion
In women with ovulatory cycles and short luteal phases associated with
hyperprolactinaemia. Seppala, Hirvonen and Ranta (1976) and del Pozo et
al (1976) have shown that suppressing PRL secretion with bromocriptine
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leads to normalized corpus luteum function. Since the agent has not been
approved for other than experimental use in the USA, this treatment is not
available outside centres doing clinical investigations with the drug.

With clomiphene

Radwanska, McGarrigle and Swyer (1976) gave 50 to 150 mg of clomiphene
daily for three to five days beginning on the third day of the cycle to 69 men¬
struating infertile women with mean mid-luteal progesterone levels of 8.6 ng/
ml. Following this treatment, mean mid-luteal plasma progesterone levels
rose to 17.9 ng/ml. Eighteen patients, who did not respond to clomiphene
alone, were given clomiphene followed by HCG. These regimens resulted
in pregnancy in 39 of these women.

With gonadotrophins
In amenorrhoeal women, ovulatory cycles induced with clomiphene are fre¬
quently associated with short luteal phases (Van Hall and Mastboom, 1969).
Improvement in both ovulatory response and pregnancy rates has been
reported to result from giving ovulatory doses of HCG timed appropriately
after giving clomiphene (Bettendorf, 1976; Radwanska, McGarrigle and
Swyer, 1976). In these women, abnormalities in steroid hormone feedback
regulation of LH secretion may be the pathophysiological basis of their
failure to ovulate.
In ovulation induction with gonadotrophins, effectiveness can be altered

by manipulating total dose, schedules of administration of FSH/LH ratios
of gonadotrophins used to induce follicle maturation, and by total dose and
timing of administrations of HCG as an ovulatory hormone (Crooke et al,
1964; Rosemberg, 1973). In the light of the foregoing discussion, some of
the increased efficacy of these manipulations may operate by improving
corpus luteum function.
In conclusion, it should be pointed out that although effective in correcting

the defect temporarily, none of the therapies available currently is curative.
Since the weight of the evidence favours hypothalamic dysfunction as the
locus of these disorders, curative therapy seems unlikely.
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ABSTRACT

Twenty-three in-vitro fertilization (IVF) treatment
cycles (four unstimulated and 19 clomiphene-
stimulated) were assessed retrospectively to discern
relationships among serum oestradiol (OE2) titre on
the day that human chorionic gonadotrophin (hCG)
was given and the number and size of ovulatory
follicles available for aspiration of oocytes during
laparoscopy 32-38 h after hCG injection. Since 12 of
the cycles succeeded to the stage of embryo replace¬
ment and two normal term pregnancies resulted, the
series as a whole offers a useful referent data base.
When only one ovulatory follicle developed (n — 8) the
average volume of aspirated follicular fluid was
approximately 6 ml, equivalent to a follicular diameter
between 22 and 23 mm. When multiple follicles
developed (mean 2-7/patient, n = 15), average fluid
volume/follicle was not significantly different,

averaging approximately 5-5 ml. Serum OE2 titre on
the morning before hCG was injected ranged between
0-9 and 5-5 nmol/1 and corresponded to the number of
follicles aspirated at laparoscopy. There was a highly
significant linear correlation (r = 0-85, P< 0-001)
between this OE2 value (Xnmol/1) and total aspirated
fluid volume (Y ml) where Y= 2-07 + 3-65 X. Thus
taking 6 ml as the 'typical' fluid volume, the calibration
line and its 95% confidence limits could be used to
establish provisional 'ideal' pre-hCG serum OE2 titre
ranges corresponding to the development of one, two
or three mature ovulatory follicles. This information,
combined with a knowledge of the number of pre¬
sumptive preovulatory follicles present (assessed by
ovarian ultrasound), can aid the timing of the hCG
injection before IVF.
J. Endocr. (1984) 101, 113-118

INTRODUCTION

Oocyte retrieval for in-vitro fertilization (IVF) may be
conveniently timed after an ovulatory dose of human
chorionic gonadotrophin (hCG) (Edwards & Steptoe,
1975). However, in pre-empting the spontaneous
luteinizing hormone (LH) surge it is imperative that
the preovulatory phase of follicle/oocyte maturation
still be allowed to attain completion (Talbot, Dooley,
Leeton et al. 1976). This may be judged by ultrasound
measurement of follicular diameter (Hackeloer,
Fleming, Robinson et al. 1979; Kerin, Edmonds,
Warnes et al. 1981) and/or assay of blood or urinary
oestrogen levels (Edwards, 1981; Trounson, Leeton &
Wood, 1982a). Although attainment of a 'critical' folli¬
cular diameter, usually between 18 and 22mm, has
been taken as a sole criterion for hCG (e.g. Lopata,
Johnston & Speirs, 1982; Quigley, Wolf, Maklad et al.
1982), it has generally proved to be unreliable since

follicular diameter at the time of ovulation is so vari¬
able (Garcia, Seegar-Jones & Wright, 1981). This
problem is further compounded in IVF patients whose
ovaries are distorted by pelvic adhesions. In such
patients, accurate follicular ultrasound measurements
may not be possible (e.g. Bryce, Shuter, Sinosich et al.
1982). Serial measurement of circulating oestrogen
levels is then the most direct means of monitoring
follicular function (Kerin, 1982).
In the spontaneous menstrual cycle, the serum

oestradiol (OE2) concentration usually rises steadily
during the second half of the follicular phase to reach a
peak 1-2 days before ovulation (e.g. Testart, Frydman,
Nahoul et al. 1982); the ovulatory LH surge is
normally triggered as the OE2 titre approaches or
attains this maximum (World Health Organization,
1980). In IVF patients, the cycle is often controlled
with exogenous gonadotrophins or clomiphene citrate
to stimulatemultiple follicular development (Edwards,
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1981; Trounson et al. 1982a) and the preovulatory
peak serum OE2 concentration will be raised accord¬
ingly (Vargyas, Marrs, Kletzky & Mishell, 1982). There¬
fore, to serve as a reliable criterion for hCG injection,
absolute serum OE2 titre can only be interpreted if the
number of potential ovulatory follicles is known.
To establish a quantitative relationship among

serum OE2 titre on the day of hCG injection and
follicle size and number at laparoscopic oocyte
retrieval 32-38 h later, we have assessed retrospectively
23 IVF cycles which were monitored by serial serum
OE2 measurement and ovarian ultrasonography. Over
half (12) of these succeeded to the stage of embryo
replacement and two term pregnancies were estab¬
lished; they therefore constitute a useful referent series.

MATERIALS AND METHODS

Patients

The 23 subjects were offered IVF treatment because of
their long-standing, inoperable tubal infertility. They
were aged between 28 and 40 years and had a history of
generally regular 26- to 34-day menstrual cycles. They
were selected for review from a larger series of patients
(Hillier, Parsons, Margara et al. 1983) because access
was gained to both ovaries at laparoscopy, all visible
follicles ^ approximately 15 mm diameter were fully
aspirated and the volume of aspirate was measured to
the nearest 0-5 ml. Of these cycles, four were un¬
stimulated and 19 were controlled with clomiphene
citrate (50-150 mg/day on days 5-9 of the cycle).

Follicular phase monitoring and ovulation induction
A blood sample and an ovarian ultrasonogram were
obtained once during the first 4 days of the cycle before
starting any hormone therapy. This was repeated
during the mid-follicular phase (usually on or around
day 8) and at daily intervals thereafter until hCG was
given. In those patients with regular ^ 28-day cycles,
daily monitoring was started on day 10. Blood samples
were collected by venepuncture, usually between 08.00
and 11.00 h. In some cases second (approximately
13.00h) and third (16.00-18.00) blood samples were
also drawn. After centrifugation, serum was separated
and stored at — 20 °C until assay. Serum OE2 was
measured using a commerical radioimmunoassay kit
(Steranti Research Ltd, St Albans, Herts) selected
because it was highly specific for OE2, required no
extraction step, used a 125I-radiolabelled ligand, and
could be processed within 3 h. It gave results (a) which
were almost identical to those (b) of a previously
validated extraction assay for OE2 (Hillier, Reichert
& Van Hall, 1981): for serum OE2 values ranging
between 1 and 10nmol/l, a = 103 6 — 0-03 (r = 0-94,

R< 0-001). Portions (25 pi) of serum were assayed in
duplicate. The intra-assay coefficient of variation
averaged 5% and the interassay coefficient of varia¬
tion was 12%. To nullify any effect of interassay
variation on the results, the previous sample was
assayed along with the new one in any current series so
that an 'overlap' was obtained. Occasionally, rapid
measurement of serum LH was needed to check if the
spontaneous LH surge had started: the Amerlex 125I-
labelled LH radioimmunoassay kit (Amersham
International pic, Bucks) was used for this purpose.
Ovarian ultrasonography was carried out using a
Kretz-Technik Combison 100 real-time scanner fitted
with a 2-5 MHz rotating head containing five trans¬
ducers (Kretz-Technik UK Ltd, Crawley, Sussex)
(O'Herlihy, De Crespigny & Robinson, 1980).
Follicular diameter was measured as the largest
diameter and its bisecting perpendicular diameter ob¬
served in both transverse and longitudinal planes
(Hackeloer et al. 1979). Human chorionic gonado-
trophin (Profasi, Serono Laboratories UK Ltd,
Welwyn Garden City, Herts) was given if two of the
following criteria were fulfilled: (1) a deceleration,
plateau or fall in serum OE2 titre following a steady
rise over at least three consecutive daily measurements;
(2) ovarian ultrasound measurement of ^ 1 follicle
with a diameter > 18 mm; (3) arrival of the expected-
day-of-ovulation-minus-two based upon previous
menstrual cycle history. Human chorionic gonado-
trophin (5000 i.u.) was injected intramuscularly at
approximately 23.00 h so that the laparoscopy could
be arranged 32-38 h later when an operating theatre
was available. An ovarian ultrasonogram was
obtained 2-3 h before the laparoscopy to check that
ovulation had not already occurred.

Follicular aspiration, IVF and embryo replacement
All visible follicles ^ approximately 15 mm in
diameter were completely aspirated during laparo¬
scopy. General anaesthesia was employed and
pneumoperitoneum was established with C02 only.
The device used for aspiration was identical to that
described by Renou, Trounson, Wood & Leeton
(1981): the internal diameter of the Teflon-protected
needle was 1 -0 mm. Except for minor details, methods
for follicle aspiration (Wood, Leeton, Talbot &
Trounson, 1981), oocyte and sperm processing, IVF
and embryo culture (Trounson, Mohr, Wood &
Leeton, 19826) and embryo replacement (Leeton,
Trounson, Jessup & Wood, 1982) followed closely
those published by the Monash University group from
Melbourne, Australia (Trounson et al. 1982a). Eleven
of the treatment cycles did not proceed to embryo
replacement: no oocyte recovered (3); oocyte not in¬
seminated (2); oocyte inseminated but not fertilized
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due to known sperm pathology (2); oocyte inseminated
but not fertilized due to technical error (2) or unknown
cause (1); oocyte fertilized but embryo fragmented (1).

RESULTS

Most patients showed a deceleration, plateau or fall in
serum OE2 titre on the day of hCG injection: 83%
(10/12) of the treatment cycles which progressed to
embryo replacement fulfilled this criterion.
The day of hCG injection varied between 9 and 17

(median 12) and was usually within the range indicated
by previousmenstrual cycle history. When the decision
to give hCG was made, the largest follicular diameter
ranged between 14 and 25 mm (median 20 mm) in
those patients where reliable ultrasound was possible
(19/23). In most cases (17/19) the number of follicles
measuring ^ 14mm in diameter before hCG was the
same as the number of follicles from which >2ml
follicular fluid was aspirated at the subsequent laparo-
scopy.
A single ovulatory follicle (i.e. one yielding ^2 ml

aspirated follicular fluid) developed in eight cycles:
four spontaneous and four clomiphene-stimulated.
Multiple ovulatory follicles (mean 2-7, range two to
five/patient) developed in the other 15 clomiphene-
stimulated cycles. The mean ( + S.E.M.) volume of folli¬
cular fluid aspirated from single (6-1 ±0-4ml) and
multiple follicles (5-5 ±0-3 ml) did not differ signifi¬
cantly. Thus follicular diameter at laparoscopy
averaged 22-23 mm.

tu
o
s
3

No. of ovulatory follicles
figure 1. Pre-human chorionic gonadotrophin (morning)
serum oestradiol (OE2) titre (mean ±s.e.m.) in relation to
the number of ovulatory follicles (> approximately 15 mm
diameter) present at laparoscopic oocyte retrieval from
in-vitro fertilization patients. For one follicle, n = 8 (four
unstimulated, four clomiphene-stimulated); for two
follicles, n = 10; for ^ three follicles, n = 5 (all clomiphene-
stimulated).

Serum OE2 concentrations on the morning before
hCG was injected ranged between 0-91 and 5-48 nmol/1
and were proportionate to the number of ovulatory
follicles aspirated (Fig. 1). Complete profiles of folli¬
cular phases which culminated in the development of
single and multiple ovulatory follicles are illustrated in
Figs 2 and 3 respectively.
A quantitative relationship between ovulatory folli¬

cular development and pre-hCG serum OE2 titre was
established by linear regression analysis where
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figure 2. Serum oestradiol (OE2) titre (O) and ultrasound
measurements of follicular diameter (A) before a successful
in-vitro fertilization attempt. The 32-year-old patient had
a history of 24- to 30-day menstrual cycles. She received
clomiphene citrate (50mg/day; hatched bar) on days 5-9
of the treatment cycle although only one ovulatory follicle
developed. The 19mm 'cyst' present in one ovary on day 3
had disappeared by day 8 when daily ultrasound measure¬
ments and serum OE2 assays (three samples/day) were
started. Fluman chorionic gonadotrophin (hCG) (5000 i.u.)
was injected intramuscularly at 23.00 h on day 10; laparo¬
scopy (LAP) was at 12.30 h on day 12 (arrows). An oocyte
was aspirated in 6ml follicular fluid. After fertilization in
vitro with the husband's sperm, it developed into a four-cell
embryo which was replaced transcervical^ in the uterus at
17.45 h on day 14. A normal term pregnancy resulted.

J. Endocr. (1984) 101, 113-118



116 s. g. hillier and others • Follicular function before IVF

hCG LAP

4-8 r-

Clomiphene (150mg/day)

g 3-6
c

22

18

a 14

o
u.

10 I i I I I I I I I I I I I I lA I I I Ah I I I I I

6 7 8

Day of cycle

10 11 12 13

figure 3. Serum oestradiol (OE2) (O) and LH (•) titres,
and ultrasound measurements of follicular diameter (A)
during the follicular phase of a successful in-vitro fertiliza¬
tion attempt. The 34-year-old patient had a history of 25- to
27-day menstrual cycles. She received clomiphene citrate
(150mg/day; hatched bar) on days 5-9 of the cycle: multiple
ovulatory follicles developed. Daily follicular ultrasound
measurements and serum OE2 assays were started on day 8
(two and three blood samples were collected on days 10 and
11 respectively). Since OE2 appeared to peak on day 11,
serum LH was also measured to check that the LH surge
had not already started. Human chorionic gonadotrophin
(hCG) (5000 i.u.) was injected intramuscularly at 00.30 h
on day 12; laparoscopy (LAP) was at 10.45 h on day 13
(arrows). Three aspirates were collected: 2ml containing an
oocyte, another 2 ml containing an oocyte and 13 ml con¬
taining two oocytes. The latter presumably represented two
follicles which had been aspirated simultaneously. At
19.00 h on day 15 (i.e. 50 h after insemination with the
husband's sperm) one egg from the 13 ml aspirate had de¬
veloped into a six-cell embryo and another from one of the
2 ml aspirates had progressed to four cells: both were re¬
placed transcervically to the uterus. A normal (singleton)
term pregnancy resulted.

X = serum OE2 concentration (nmol/1) on the
morning before hCG was given and Y = total volume
(ml) of follicular fluid aspirated at laparoscopy. There
was a highly significant (PcO-OOl) linear correlation
(r = 0-85) described as Y = 2-07 + 3-65 X. The fitted
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figure 4. Relationship between the pre-human chorionic
gonadotrophin (hCG; morning) serum oestradiol (OE2)
titre and total aspirated follicular fluid volume in in-vitro
fertilization patients: least-squares linear regression analysis
showing the fitted line and 95% confidence limits on pre¬
dicted mean follicular fluid volume (T) values (dotted lines)
and on predicted individual Y values (broken lines). Treat¬
ment cycle not progressing to embryo replacement (▲);
treatment cycle progressing to embryo replacement without
pregnancy (A); treatment cycle progressing to embryo re¬
placement and subsequent full-term pregnancy (O)-

line and the 95% confidence limits on predicted mean
and individual Y values are shown in Fig. 4.

DISCUSSION

In spontaneous and clomiphene-stimulated menstrual
cycles, ovulatory follicle size and number (expressed
jointly as total follicular fluid volume) are related
linearly to the follicular phase peak serum DE2 level.
The fitted line and its confidence band can therefore be
used to assess objectively how high serum OE2 should
be allowed to rise before inducing ovulation with hCG
during future treatment cycles. Taking 6 ml as a
'typical' ovulatory follicular fluid volume (but see
below) and using the confidence limits on predicted
mean Y values to read off corresponding X values
(Fig. 4) pre-hCG serum OE2 titre ranges of ^ 1-8,
2-2-3-3 or ^3-7 nmol/1 correspond to the subsequent
development of one, two or three 'ideal' ovulatory
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follicles respectively. This rule-of-thumb requires that
the number of potential ovulatory follicles (i.e.
those with a diameter ^ approximately 14mm) be
enumerated by ultrasound although exact dimensions
need not be known.
The present 'target' pre-hCG OE2 titre ranges are

provisional and will need to be revised to include addi¬
tional information as our experience with monitoring
clomiphene/hCG-controlled IVF cycles continues.
Their usefulness must await correlation with (1) suc¬
cessful embryo transfers or at least successful fertili¬
zation and cleavage, and (2) oestrogen levels in those
patients exposed to natural LH surges. Meanwhile, the
analysis suggests that the attainment of a serum OE2
concentration corresponding to an upper limit of
approximately 2-0nmol/l (Figs 1 and 4) for each pre¬
ovulatory follicle indicates that the hCG injection is
due. This is similar to the rule-of-thumb advocated
empirically by Trounson etal. (1982a) and is consistent
with the pattern established for spontaneous ovulatory
cycles where only one ovulatory follicle normally
develops: normal ranges for the preovulatory peak
serum OE2 value have a similar upper limit (e.g. Kerin,
1982; Testart et al. 1982).
Because of intrinsic individual variability, it seems

most unlikely that a statistically significant indication
will emerge from the relationship between serum OE2
titre and ovulatory follicular size and number. As
shown in Fig. 4, the datum points are too scattered for
the wider confidence limit on predicted individual Y
values to be of practical use.
It should also be emphasized that there is probably

no 'ideal' size for an ovulatory follicle (Buttery,
Trounson, McMaster & Wood, 1983). Although preg¬
nancies have been initiated following IVF of oocytes
obtained from follicles of approximately 6ml (e.g.
Figs 2 and 3) and it is reasonable to regard these as
typical, successes have also been reported with eggs
from smaller and larger follicles (Buttery et al. 1983).
In clomiphene-stimulated cycles, not only are multiple
ovulatory follicles present but there is usually a wide
variation in their size: typically between 4 and 8 ml, as
seen here. Thus the qualitative serum OE2 profile must
be taken into account as well as the absolute serum

OE2 value in relation to follicle size/number on any
given day. This is illustrated in Fig. 3: a treatment cycle
which led to pregnancy. In this case it was the indi¬
cation that the OE2 value was oscillating about a
maximum which actually prompted the hCG injection.
Recent evidence that mature oocytes for IVF are

more likely to be aspirated from follicles containing
particularly high follicular fluid OE2 levels (Carson,
Trounson & Findlay, 1982) suggests how the OE2
measurement might be important. By reflecting the
attainment of a critical rate of follicular OE2 secretion
(Baird & Fraser, 1974), measurement of a com-

mensurately high OE2 level per preovulatory follicle
gives a direct biochemical indication that the pre¬
ovulatory phase of follicle/oocyte maturation is
approaching completion and that the LH surge (or
hCG injection) is due. The micromolar level of OE2 in
follicular fluid at this time (Hillier et al. 1981) might be
essential for final stages of oocyte maturation to
proceed normally during the exposure to LH/hCG
(Moor & Trounson, 1977; Moor & Osborn, 1982;
Trounson et al. 1982a).
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Granulosa Cell Steroidogenesis Before In Vitro Fertilization
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ABSTRACT

Endocrine and gametogenic functions of the ovulatory follicle may be linked. To verify this, we
studied granulosa cell steroidogenesis in relation to oocyte fertilization and preimplantation embryo
development in vitro. Multiple follicles were stimulated in in vitro fertilization patients with clomi-
phene citrate and ovulation was induced with human chorionic gonadotropin (hCG). Oocytes were
fertilized with husband's sperm and normal embryos were replaced 48 h later. Granulosa cells were
separated from follicular fluid from 64 follicles and incubated for 3 h with and without aromatase
substrate (1 /aM testosterone). Progesterone and estradiol levels were measured in follicular fluid
and incubation medium.

Follicular fluid steroid levels and granulosa cell steroidogenesis showed no significant differences
for oocytes which cleaved normally and those which did not. Granulosa cell aromatase activity was
high in all follicles, suggesting that the low periovulatory follicular fluid estradiol level is not
explained by a fall in granulosa cell aromatase after hCG. High granulosa cell progesterone produc¬
tion and follicular fluid progesterone were consistent with advanced granulosa cell luteinization.
Oocytes undergoing polyspermic activation were from larger follicles with elevated follicular fluid
progesterone levels, suggesting that follicular size and follicular fluid progesterone are corre¬
lated with "over-ripeness" and polyspermy.

No simple relationship exists between oocyte function and the present indices of granulosa cell
steroid metabolism.

INTRODUCTION

Initiation of the final stages of oocyte
maturation, including resumption of meiosis,
and stimulation of steroidogenesis in luteinizing
granulosa cells, are two major sequelae of the
ovulatory luteinizing hormone (LH) surge.
These responses may be intrinsically related as
there is evidence that follicular sex steroids,
especially estrogens and their precursor an¬
drogens, act locally to influence cytoplasmic
and nuclear maturation of the oocyte (Moor et
al., 1980; Osborn and Moor, 1983; Eppig et al.,
1983; Racowsky, 1983).

Recent experience with clinical in vitro
fertilization (IVF) suggests that mature oocytes
most likely to undergo fertilization and normal
preimplantation development in vitro are
derived from follicles containing the highest
concentrations of estrogen (Carson et al., 1982)
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and progesterone (Wramsby et al., 1983; Marrs
et al., 1983) in follicular fluid at the time of
oocyte aspiration. Since these steroids are

produced primarily by granulosa cells in the
human preovulatory follicle (McNatty, 1981),
the present study was undertaken to determine
if the oocyte's developmental potential is re¬
lated to granulosa cell steroidogenesis. Thus, we
studied the egg, granulosa cells and follicular
fluid aspirated from the ovaries of patients
undergoing IVF.

MATERIALS AND METHODS

Patients

Thirty-one patients (aged 26—40 yr) underwent
IVF treatment because of long-standing, inoperable
tubal infertility. All had a history of generally regular
(23—38 days) menstrual cycles. To induce multiple
preovulatory follicles, clomiphene citrate (150 mg/day
for 5 days starting on Days 2—5) was given during the
treatment cycle. Ovulation was induced by i.m.
injection of 5000 or 6000 IU human chorionic gonado¬
tropin (hCG; Prophasi, Serono Labs., UK Ltd., Wel-
wyn Garden City, Herts., UK) if two of the following
criteria were fulfilled: 1) a deceleration, plateau or fall
in serum estradiol levels following a steady rise over at
least 3 consecutive daily measurements; 2) ovarian
ultrasound measurement of >1 follicle with a diameter
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>18 mm; or 3) arrival of the expected-day-of-ovulation-
minus-two based upon previous menstrual history (Hil-
Her et al., 1984).

Egg Collection
Laparoscopic egg retrieval was carried out 32—38 h

after the hCG injection. All follicles > approximately
15 mm diameter (n=64) were completely aspirated.
General anesthesia was employed and pneumoperi¬
toneum was established with CO, only. The device
and procedure used for aspiration were identical
to those described by Renou et al. (1981) and Wood
et al. (1981); the internal diameter of the Teflon-
protected needle was 1.0 mm. Oocyte-cumulus com¬
plexes were located in the operating theater and trans¬
ferred immediately to plastic, 17 X 100-mm tubes
(Falcon, Becton & Dickinson, Cowley, Oxford, UK)
containing 1 ml equilibrated culture medium.

IVF and Embryo Culture
Medium equilibration and all incubations were

carried out at 37°C in loosely capped tubes in a
humidified atmosphere of CO, :0, :N, (5:5:90, v/v/v).
The culture medium was Whittingham's T6 (Whitting-
ham, 1971) with the bicarbonate content reduced to
20 mM. Eggs and embryos were manipulated during
observation in handling medium which had a similar
formulation but contained 10 mM Hepes buffer and
only 5 mM bicarbonate to minimize pH increases in
air. ■ Both media were used at the same osmolarity
(280 — 285 mOsmol/kg) and pH (7.3). Culture medi¬
um contained patient's heat-inactivated (56°C for 30
min) serum (7% v/v); handling medium contained
0.4% (w/v) human serum albumin (Sigma Chemicals,
Ltd., Poole, Dorset, UK).

Each egg was preincubated for 5—8 h before
insemination with the husband's sperm (Trounson et
al., 1982a). The semen specimen was produced by
masturbation at least 6 h before insemination. One ml

liquefied semen was layered under 2 ml culture
medium in a 17 X 100-mm culture tube. After incuba¬
tion for 1—2 h, the upper portion of the medium
(approx. 0.5 ml containing highly motile sperm) was
retrieved, diluted to 2 ml with fresh medium, and
centrifuged (130 X g for 5 min). The sperm pellet was
washed with recentrifugation and suspended in fresh
medium. Motile sperm counts were carried out with a
hemocytometer; insemination tubes were prepared
containing 1 ml culture medium with 0.5—2.0 X 105
motile sperm.

Oocyte-cumulus complexes were transferred to
insemination tubes and incubated for approximately
18 h. Usually, the egg could then be liberated from its
cumulus investment by gentle manipulation with a
finely drawn glass micropipette. After inspection for
the presence of pronuclei, culture was continued for a
further 20—30 h in serum-enriched (14%, v/v) culture
medium. Fertilized eggs had usually cleaved to between
2 and 6 cells by this time. Embryos were scored ac¬
cording to the number and symmetry of the blasto-
meres, number of visible nuclei and degree of fragmen¬
tation. Unfragmented embryos were replaced trans-
cervically to the patient's uterus in 10—20 ql culture

medium using the Craft Intrauterine Embryo Transfer
Set (R57.535, Rocket, Watford, Herts., UK).

Isolation and Incubation of Granulosa Cells
The volume of follicular fluid was measured and

granulosa cell aggregates were isolated by unit gravity
sedimentation and/or centrifugation (130 X g for 5
min), depending upon the degree of blood contamina¬
tion. The cells were combined in a similar volume of
Dulbecco's phosphate-buffered saline (Gibco Europe,
Paisley, Scotland) containing 0.1% (w/v) bovine serum
albumin (Miles Labs. Ltd., Slough, Berks, UK) (DPBS-
BSA) and collected by centrifugation. The pellet was
resuspended in 0.5 ml DPBS-BSA containing 0.1%
bovine testicular hyaluronidase (Sigma) and incubated
for 10—20 min at 37°C. After repeated, gentle pipet¬
ting to effect maximum dispersal, the cells were
counted in a hemocytometer. The suspension was
diluted with 5 ml DPBS-BSA and recentrifuged. The
pellet was then resuspended in incubation medium:
Medium 199 (Gibco), containing Earle's salts, 25 mM
Hepes buffer, 0.68 mM L-glutamine and supplemented
with BSA (0.1% (w/v); Miles], 50 ug/ml streptomycin
and 50 IU/ml penicillin (Gibco) to give a concentration
of 0.24—0.75 X 104 cells/0.25 ml medium. After cell
isolation, follicular fluid was centrifuged (1200 X g for
10 min) and the supernatant was stored at —20°C
until steroid measurements were done.

Replicate 0.25-ml portions of each cell suspension
were added to incubation tubes containing an equal
volume of medium with and without testosterone

(final concentration, 1 ;iM) as an aromatase substrate.
All treatments were in triplicate, including incubated
and unincubated controls. The incubation tubes were

gassed with 5% CO, in air, capped and incubated for 3
h in a 37°C shaking water bath. At the end of the
incubation, the tubes were centrifuged and the medium
was collected and stored at —20°C until analysis.
Unincubated control tubes were frozen immediately.

Steroid Radioimmunoassays in
Incubation Medium and Follicular Fluid

Estradiol and progesterone were measured in
unextracted incubation medium and follicular fluid
using radioimmunoassays validated for these purposes
(Hillier et al., 1980, 1981a,b). In the present series of
experiments the interassay coefficients of variation
were 13.3% and 8.3%, respectively.

Granulosa cell "aromatase activity" was derived
from estradiol produced in the presence of testoster¬
one, corrected for that measured in the incubated con¬
trol tubes in the absence of testosterone (Hillier et al.,
1981a, 1983a). Progesterone levels in the incubated
control tubes were corrected for those found in the
unincubated controls to give the "progesterone
production." Results were normalized as nmol steroid
produced per 10' cells*3 h.

Statistical Analysis
Statistical analysis was on logarithmically trans¬

formed data using Student's unpaired t test after anal¬
ysis of variance.
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RESULTS

Only three patients did not develop > 1
follicle suitable for aspiration; 9 had 2, 10 had
3, 5 had 4, 3 had 5 and 1 had 6.

Table 1 summarizes the data. No pregnancy
was initiated during this study, therefore
steroid concentrations from 4 follicles of 3

patients from an earlier phase of work where
embryo transfer resulted in pregnancy (Hillier
et al., 1983b, 1984) are included for reference.
The 64 follicles studied were assigned to 5
groups: 1) oocyte collected, fertilized and
cleaving embryo replaced (n=24); II) oocyte
collected, fertilized but fragmented (n=9); III)
oocyte collected but underwent polyspermic
activation (n=5); IV) oocyte collected but did
not fertilize (n=13); and V) no oocyte collected
(n=13).

Overall, the average volume of follicular
aspirate was 6.0 ml (range 1.5— 18 ml). The
largest follicles were found in the group where
polyspermic activation occurred (P<0.01 for
Group III compared to all other groups).
Intrafollicular progesterone concentrations were
also highest in this group (P<0.05 for Group 111
compared to all other groups). Follicles yielding
oocytes which did not fertilize were significantly
smaller than those yielding oocytes which
fertilized and cleaved normally (P<0.05). No
significant differences between groups for the
other parameters were identified: granu¬
losa cell aromatase activity and progesterone
production, and intrafollicular estradiol concen¬
trations did not correlate with the outcome of
IVF.

Intrafollicular hormone levels and granulosa
cell steroid production are expressed as a
function of aspirated fluid volume in Figs. 1
and 2. For this analysis, the follicles were
grouped as small (1.5—4.5 ml), medium (5.0—7.0
ml) or large (>7.0 ml). Progesterone concentra¬
tion increased significantly with increasing fol¬
licular volume (P<0.01). Estradiol concentra¬
tions were significantly lower in smaller follicles
(<5 ml) than in larger follicles (P<0.025). No
significant differences in granulosa cell steroid
production were found between the three
groups.

Table 2 lists the results from three individual

patients where multiple oocytes were collected
but insemination with the same sperm prepara¬
tion did not uniformly result in fertilization
and embryonic development. The follicular
parameters showed no clear trends in these
three instances. However, the progesterone level
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Follicular fluid volume (ml)
FIG. 1. Progesterone concentrations in follicular fluid and progesterone production by granulosa cells aspir¬

ated from 64 ovulatory follicles ranked according to the volume of follicular fluid collected. All patients had
received hCG 32—38 h before laparoscopy. Values are means ± SEM; *P<0.01; **P<0.0005.

FIG. 2. Estradiol concentrations in follicular fluid and aromatase activity in granulosa cells aspirated from 64
ovulatory follicles ranked according to the volume of follicular fluid collected. All patients had received hCG
32—38 h before laparoscopy. Values are means ± SEM; *P<0.025.
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in Follicle 1 of Patient I was highest; in this
case polyspermy occurred after insemination.

DISCUSSION

Granulosa cells aspirated from the human
ovulatory follicle show a pattern of steroido¬
genesis in vitro which is quantitatively and
qualitatively similar to that of the cells which
can be scraped from the follicle wall (Hillier et
al., 1983a). The cells aspirated with follicular
fluid at the time of egg collection for 1VF
therefore can be used to study granulosa
cell metabolism in relation to oocyte function.
When multiple ovulatory follicles are aspirated,
insemination of all oocytes with the same

sperm preparation allows valid interfollicular
comparisons to be made.

The interfollicular comparisons made here
show no obvious relationship between granulosa
cell steroidogenesis and IVF outcome. However,
marked differences between follicles with

respect to steroidogenesis were evident, perhaps
reflecting asynchronous follicular maturation in
response to the superovulation therapy. In the
two patients whose eggs were not all fertilized
(Patients II and III, Table 2), those which did
could not be distinguished by the steroidogenic
end points from those which did not. Interest¬
ingly, the follicle from Patient I which contained
a high follicular fluid level of progesterone
yielded an egg which underwent polyspermy.

Taking the series as a whole, there was a
clear relationship between polyspermy and high
intrafollicular progesterone levels. Moreover,
oocytes predisposed to polyspermy were
usually aspirated from particularly large follicles,
suggesting that "over-ripeness" was a factor in
this outcome. Retrospective examination of the
serum estradiol pattern preceding ovulation
induction showed that two of the three patients
from whom polyspermic eggs were obtained
received hCG after the estradiol levels had

peaked (data not shown). It is well known that
some patients do not have a normal midcycle
LH surge after taking clomiphene (Edwards,
1981). In such cases, there is always a risk that
the hCG injection is given too late: this might
have been the case here. (Also, it should be
emphasized that clomiphene citrate and hCG
treatmentsmay notmimic endogenous processes
of the normal menstrual cycle.)

High intrafollicular progesterone levels have
also been associated with oocyte degeneration
in experimental animals (Tyler and Collins,
1980; Matson et al., 1981). However, it has not

been possible to distinguish putative direct
effects of progesterone on oogenesis (Williams
et al., 1972) from the overall consequences of
follicular aging. Matson et al. (1981) showed
that both the intrafollicular progesterone level
and oocyte degeneration increased in aged
follicles after stimulation of immature hamster
ovaries with pregnant mare's serum gonadotro¬
pins. Abnormalities of fertilization due to egg
aging are well established (reviewed by Bedford,
1982). There is evidence (discussed by Wolf,
1981) that the cortical reaction, which underlies
the mammalian egg's block to polyspermy, is
deficient in aged eggs. The present study con¬
firms that polyspermy can be a significant com¬
plicating factor in clinical IVF (Wentz et al.,
1983) but suggests that it might be minimized
by careful timing of the ovulatory hCG injection.

Steroid values in follicular fluid are in broad

agreement with other measurements on fluid
aspirated from clomiphene/hCG-stimulated ovu¬
latory follicles (Fishel et al., 1983;Marrs et al.,
1983 ;Testart et al., 1982;Wramsby etal., 1981),
although the estradiol values reported here and
in these latter studies tend to be lower than those

reported by Carson et al. (1981). These workers
claimed that eggs obtained from follicles in
which the concentration of estradiol exceeds 7

juM are most likely to undergo fertilization in
vitro and subsequently give rise to pregnancy.
In our experience, borne out by others (Fishel
et al., 1983 ;Testart et al., 1982; Wramsby et al.,
1981), such high estrogen levels are rarely, if
ever, encountered in the fluid of human follicles
on the verge of ovulation: they resemble more
closely the level expected in the preovulatory
follicle before onset of the LH surge (Hillier et
al., 1983a). We cannot explain this discrepancy,
particularly since the first pregnancies which
occurred in our IVF program were initiated
with oocytes collected from follicles with un¬
remarkable estradiol levels (Table 1) (Hillier et
al., 1984). Thus, apart from the aforementioned
link between progesterone and polyspermy, IVF
outcome and follicular fluid progesterone and
estradiol levels were not correlated. While it is
axiomatic that critical "threshold" levels of
steroid are achieved during the development of
a follicle which ultimately yields a fully mature
oocyte (e.g., Fowler et al., 1978) their attain¬
ment per se does not appear to guarantee the
oocyte's quality.

Granulosa cell progesterone biosynthesis in
vitro was on the average at least 10 times higher
than that measured previously under identical
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conditions for cells aspirated from the preovu¬
latory follicle before the onset of the LH surge;
average follicular fluid progesterone levels were
at least 100 times higher (Hillier et al., 1983a).
These increases undoubtedly reflect the onset
of luteinization in response to hCG (Fowler et
al., 1977). It is difficult to account for the
lack of overall correlation between the two

parameters. One possibility which we are
currently investigating is that the intrafollicular
metabolic profile of progesterone differs from
that which occurs in the in vitro system.
Intrafollicular variations in the level of the

putative luteinization inhibitors could be
another factor (Channing et al., 1982).

Not unexpectedly, granulosa cell aromatase
activity in vitro and the follicular fluid estradiol
level did not correlate in this series. Before LH

surge onset, the follicular fluid estradiol level of
the preovulatory follicle is raised in direct pro¬
portion to the activity of its granulosa cell
aromatase system (Hillier et al., 1981a). As
confirmed here, the activity remains elevated
throughout the interval between hCG injection/
LH surge and ovulation (Hillier et al., 1983a;
Hillier and Wickings, 1984). On the other hand,
the follicular fluid estradiol level declines

precipitately over the same period (Testart et
al., 1982). This decline is thought to be due to
suppression of aromatizable androgen biosyn¬
thesis in the theca in direct or indirect response
to the LH surge (Leung and Armstrong, 1980;
Magoffin and Erickson, 1982; Moor, 1974;
Fritz and Speroff, 1982). Thus, the fall in
follicular fluid estradiol is paralleled by a
similar drop in androstenedione: quantitatively
the most important human follicular androgen
(Testart et al., 1982; McNatty, 1981). The fact
that high levels of granulosa cell aromatase were
encountered irrespective of IVF outcome is
further evidence that intrafollicular threshold

requirements for estrogen even if fulfilled do
not necessarily ensure that the oocyte's develop¬
mental potential will be complete.

Experiments on the control of oocyte
maturation in sheep follicles point to a major
role for sex steroids, especially estrogens, in the
regulation of cytoplasmic maturation before
and in the period immediately after the ovula-
tion-inducing gonadotropin surge or injection
(Moor et al., 1980; Osborn and Moor, 1983;
Eppig et al., 1983; Trounson et al., 1982b). In
view of the dramatic changes which subsequently
occur in intrafollicular sex steroid metabolism,
periovulatory indices of granulosa cell steroido¬

genesis such as those measured here may have
little bearing on relationships which prevail
around the time that the ovulatory stimulus is
applied.
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PULSATILE GONADOTROPIN ADMINISTRATION IN
IN-VITRO FERTILISATION

Sir,—In in-vitro fertilisation (IVF) the best way of ensuring that
viable oocytes mature in the follicle for subsequent collection is
undecided. Superovulation regimens are unphysiological, and there
is the risk that too little stimulation may result in inadequate
follicular development and too much in a deranged steroid milieu.
Human menopausal gonadotropin (hMG)1 '2 given in the usual daily
boluses is frequently associated with uneven or irregular follicular
development and sometimes eggs are collected which do not
subsequently become fertilised. We wish to report a case where
hMG was given by pulsatile injection after follicular development
had been initiated by administration of ciomiphene citrate.
A 34-year-old woman had had secondary infertility after bilateral

salpingectomy done 10 years previously. Three attempts at IVF in
1982 produced single eggs which failed to be fertilised, probably
because the oocytes were not mature. After the administration of
ciomiphene citrate 150 mg for five days in February, 1983, one egg
was obtained but transcervical replacement of an eight-cell embryo
did not result in implantation. In September, 1983, ciomiphene
citrate 50 mg was started on day 3 of the menstrual cycle and
continued for five days. Therapy was continued with hMG on day 8
and two ampoules (150 IU FSH/LH), divided into boluses, were
administered intravenously via battery-operated pump given every
90 min throughout the day. Two more ampoules of hMG were
similarly given on day 9 and 10 of the cycle and a further single
ampoule was given on day 11 (figure). Steady follicular development
was monitored daily by ultrasound, two follicles being seen in the
left ovary and four in the right. Daily measurements of oestradiol-
17/3 were started on day 6 of the cycle and these showed a steady
linear rise until day 13 (6532 pmol/1). So that any spontaneous surge
in LH should not be missed, plasma was taken 6-hourly for LH
assay, beginning on day 12. Human chorionic gonadotropin (10 000
IU) was given at 1300 h on day 13 of the cycle with the intention of
laparoscopic egg collection 36 h later. Subsequent evaluation of
plasma samples confirmed, however, that the endogenous LH surge
had started 17 h before hCG had been given, so laparoscopy was
done 37 h after the surge, at 2100 h on day 14. Seven oocytes were
collected and six became fertilised. Two fertilised eggs subsequently

1. Jones G. In: Edwards RG, Purdy JM, eds. Discussion on ciomiphene stimulation in
human conception in vitro. London: Academic Press, 1982: 67.

2. Trounson A. Manipulation of endocrine requirements for in vitro fertilization. Proc
Endocr Soc Aust 1982; 25: (suppl 1): 1-6.

Ciomiphene hMG hCG
MM I

Day of cycle

Treatment cycle: hormone levels and ultrasound measurements of
follicular diameter in relation to egg collection at laparoscopy, IVF,
and embryo replacement.

showed evidence of fragmentation and the remaining four embryos
were replaced at the two or four cell stage, 48 h after egg collection.
The risks of this were carefully explained to the patient who
requested that all her embryos be replaced in the uterus. Subsequent
ultrasound examination revealed one intrauterine pregnancy had
implanted and pregnancy has subsequently continued normally.
The powerful combination of ciomiphene with hMG given in

single daily injections can produce effective superovulation in IVF
treatment cycles. We feel that the administration ofgonadotropins
given in a pulsatile fashion more closely mimics the physiological
release of pituitary hormones and may be more likely to produce
controlled development of follicles with maturation of their
contents.

We thank Mrs Dina Packham for the endocrine assays.
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Technique and results of ovarian microsurgery in
preparation for in vitro fertilization

R.M.L. Winston, R.A. Margara and S.G. Hillier
Institute of Obstetrics and Gynaecology, Hammersmith Hospital, Du Cane Road, London W12 OGS, U.K.

A microsurgical technique was used to free the ovaries in women with severe adnexal adhesions,
specifically to facilitate subsequent egg retrieval for in vitro fertilization. The surgical technique is
described in detail. Eighteen of these patients had a single attempt at laparoscopic collection of oocytes.
From 15 women in whom ovariolysis had been successful, 27 eggs were obtained (mean 1.8 eggs per

patient). Three conceptions occurred following embryo transfer and one other patient conceived sponta¬
neously. These results suggest that ovariolysis before extra-corporeal fertilization is worthwhile in selected
cases.

ovarian adhesions; oophorolysis; tuboplasty

Introduction

A number of patients with irreversible tubal damage are now treated by in vitro
fertilization (i.v.f.). Most of these women have had pelvic inflammatory disease or
failed surgery for endometriosis. These two common conditions often cause disrup- *
tion of the ovarian anatomy and periovarian adhesions. Laparoscopic collection of
mature oocytes for i.v.f. is often difficult or impossible in these patients because of
limited access. We describe here our surgical methods for retrieving and repairing
the ovaries to improve the chances of subsequent laparoscopic egg collection. Many
of these microsurgical principles were formulated during time spent by one author
(R.W.) in the department of Professor Renaer during 1976-7 and we are privileged
to offer this article on the occasion of his retirement.

Selection of patients

All the patients who had ovarian surgery in this study had had at least one failed
macrosurgical attempt at tuboplasty. Most of them had what appeared to be a
'hopeless' pelvis and some had already had three laparotomies by conventional
techniques. Ovarian clearance surgery was considered appropriate when at least 50%
of the total ovarian surface was completely adherent to related tissues and when
laparoscopic access was bad. Before ovariolysis, all patients had preliminary laparos-

0028-2243/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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copy during the luteal phase. Occasionally, laparoscopy was done using the 'open'
technique to safeguard the bowel, and in all cases the pelvis was thoroughly
documented using 35-mm still photography. Photographs of good quality were
obtained using a Storz 11-mm laparoscope with twin integral fibre-optic cables.
Illumination was provided using a high-intensity flash generator (500 joules) and/or
a Xenon light source. Serial pictures of the anterior abdominal wall, the uterine body
and each appendage were taken; this record was filed for future reference. The
thickness of adhesions and degree of fibrosis was recorded and the amount of
undamaged capsule calculated. Before laparoscopy, a hysterosalpingogram was
taken using a water-based medium. If there was doubt about the integrity of the
uterine cavity, hysteroscopy with dextran 70 was also performed.

Some patients had such extensive disease that ovarian clearance surgery was not
possible. Patients who had irregular periods or prolonged bouts of amenorrhoea
were excluded as were women with high fluctuating levels of luteinising or follicle-
stimulating hormone. Some patients with abnormal androgen secretion were also
excluded once this study had been in progress as our early experience with these
women was unfavourable. Ovarian clearance was not attempted when the uterine
cavity showed evidence of congenital malformation or if submucosal fibroids were
present. At present, it seems unjustified to offer myomectomy to women who may be
candidates for ovariolysis in view of an increased risk of recurrent adhesions.

Patients with mild intrauterine synechiae were first treated hysteroscopically and
the presence of an adequate uterine cavity was confirmed radiologically before any

laparotomy. Severe synechiae were regarded as an absolute contraindication to
further treatment. Ovarian clearance surgery was not offered to women whose
partners had a poor sperm count (<10 million sperm and/or <40% motility)
unless they wished to consider donor insemination. The chance of successful i.v.f.
seemed so small in this group that major surgery appeared unjustified.

Surgical methods

Our surgical approach was geared to minimization of recurrent adhesions. Micro¬
surgical methods (Winston, 1974) were used throughout, although an operating
microscope was usually employed only when this was necessary for dissection and
repair of the ovarian surface. Low-power magnification (X 6) was generally used and
rarely magnifying loupes (X2.5) were substituted for the microscope. Constant
irrigation with Ringers lactate solution was used to keep tissues moist and low-inten¬
sity unipolar (Swolin, 1975) and bipolar diathermy were used for dissection and
complete haemostasis. Blood clots were carefully rinsed from the peritoneal cavity
before closure in view of evidence that clots can lead to adhesion formation if left in
the peritoneal cavity (Lehman and Boys, 1940). For similar reasons, talc was
vigorously cleaned from surgical gloves before commencing surgery (Fienberg,
1937).

Exposure

A large incision was invariably employed, thus increasing access to the pelvis
whilst reducing the amount of retraction, and hence peritoneal trauma, to a
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Fig. 1. Czerny incision. The left rectus muscle (arrow) has just been reflected from the pubis. Note the use
of unipolar diathermy for complete haemostasis.

Fig. 2. Czerny incision. The peritoneum has been incised bloodlessly, just above the bladder. Care needs
to be taken at 'A', where a branch of the recurrent epigastric vessels can be seen. Pubis at 'B'. Rectus
muscles at 'C'.
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minimum. Most procedures were done through a modified Czerny incision which we
have found to be optimal for this kind of surgery. This approach involves a
transverse skin incision with reflection of the rectus muscles (Fig. 1) from the pubic
tubercle. The peritoneal incision was made transversely just above the fundus of the
bladder, care being taken to either avoid or ligate the recurrent epigastric vessels
(Fig. 2). We feel that a transverse peritoneal incision is advantageous as it avoids
damage to the peritoneum near the umbilicus, reducing the difficulty of subsequent
laparoscopy. Once the peritoneum was opened, a plastic Steridrape (3M) was used to
protect the peritoneal edge and a modified four-bladed Kirschner retractor was
inserted to compress and retract wound edges (Winston, 1980).

Omentectomy

Most patients had omental adhesions. Consequently, subtotal omentectomy was
performed routinely in these women. Work in primates (Eddy, unpublished data)
confirms that omentectomy improves subsequent laparoscopic access and that it
may be undertaken without postoperative complications. Omentectomy has now
been done in over 200 women undergoing tuboplasty at Hammersmith Hospital and
some patients have now been followed for up to 4 years after operation. There have
been no complications attributable to this procedure. When removing the omentum,

Fig. 3. An omental adhesion, which had been left long on the ovarian capsule after omentectomy, is now
removed under magnification (X4). Note the use of fine unipolar needle for dissection/haemostasis.
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we first divided adherent omental fringes which involved the pelvic organs. Omental
adhesions were cut long on the uterus and appendages and the distal part of these
adhesions were subsequently removed under low magnification (Fig. 3) with the
microscope in position. When adherent, the omentum was stripped from the anterior
wall and the periumbilical area and all bleeding points secured. The transverse colon
and greater curve of the stomach were then retracted downwards and the omentum
was resected. Pedicles were ligated with fine linen thread. Several authors (Wilkie,
1911; Davis, 1917; McGehee and Tendler, 1942) have reported on the inadvisability
of using omentum as a graft to cover raw peritoneal surfaces and we therefore
discarded resected omental tissue.

Dissection of the appendages

If the fallopian tubes were present, they were carefully assessed under the
operating microscope. Whenever feasible, the tubes were reconstructed (Figs. 4 and
5) rather than removed. Salpingolysis, fimbrioplasty or salpingostomy were possible
on one side in about 10% of cases, but tubo-cornual anastomosis was not attempted
when cornual disease was present. Tubal reconstruction was not done when it was

Fig. 4. Tube being dissected from the ovary. Note the use of a glass rod to elevate the adhesion. This tube
was originally completely incarcerated around the ovary, following two attempts at removal of endome-
triomata. Ovary at 'A'; tubal ampulla at 'B'; firmbria at 'C'.
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felt that this would greatly extend the operating time and thus expose the patient to
an added risk of infection.

Ovariolysis

Low-intensity unipolar diathermy (12 W) delivered through a fine needle was our
main instrument for dissection. Liberation and reconstruction of ovaries was con¬

ducted by one of three methods depending on the nature of periovarian adhesions.
(a) Severe fibrous adhesions between the lower pole of the ovary and the

peritoneum of the broad ligament and the lateral pelvic wall (ovarian fossa): this
type of damage, commonly encountered following severe pelvic inflammatory dis¬
ease, was treated by incision of the fibrous scar tissue between the ovary and the
fossa peritoneum. Occasionally, it was helpful to open up a tissue plane by fluid
injection. Once the initial incision had been made, blunt dissection was employed
until the whole ovary could be elevated from the broad ligament. Damage to the
uterine and ovarian blood supply and the vessels running in the lateral pelvic wall
was carefully avoided. Occasionally, the ureter was first dissected free in order to
protect it. Bleeding from vessels in the raw broad ligament was controlled using
bipolar diathermy. This was then closed using sutures of 4/0 or 5/0 polypropylene
amide (prolene). The suture line was fashioned vertically, bringing the peritoneal

Fig. 5. Same patient as in Fig. 4. Note complete salpingolysis with surprisingly good fimbria. Neither
appendage could be identified at preliminary laparoscopy, but this patient should now have a substantial
chance of conception without the need for i.v.f.
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edge of the ovarian fossa together from side to side. This method of suturing allowed
the formation of a 'ridge' of peritoneum under the ovary, thus elevating it slightly.
The ovary was then inverted temporarily on its hilus and raw capsule excised.
Healthy ovarian capsule was then approximated over the cut ovarian surface with
continuous 5/0 prolene sutures. It was generally possible to leave a completely
smooth undersurface to the ovary which was more or less fully mobile.

(b) Fibrous and flimsy ovarian adhesions loosely incarcerating the whole ovary:
these adhesions were carefully stripped from the ovary under low magnification
(X 4). Small raw or bleeding areas on the ovary were treated with bipolar diathermy.
Larger areas were treated by wedge resection, taking care to minimize stromal
excision. Where possible, subsequent ovarian reconstruction was made without
suturing the stroma. If stromal sutures were required for haemostasis, 3/0 or 4/0
polyglycolic acid (Vicryl or Dexon) sutures were used sparingly. The ovarian capsule
was then repaired under the microscope with 6/0 prolene.

(c) Ovaries totally incarcerated by solid and fibrous adhesions: heroic attempts to
fully mobilize such ovaries often met with failure. In some patients, only a small part
of the 'working surface' of the capsule could be free and in two such cases
subsequent laparoscopic egg retrieval was unsuccessful. In cases operated more
recently, the caudal surface of the ovary was delivered through an incision in the
broad ligament, bringing the ovary through the parametrial tissues and suturing it
anteriorly in a healthy pocket of peritoneum immediately anterior and lateral to the
uterus, behind the bladder. This 'marsupialization' procedure was more satisfactory
when the lateral surface of the ovary was not adherent to the broad ligament or
ovarian fossa peritoneum.

Many ovaries, operated by one or other methods enumerated above, contained
endometriosis or follicular cysts. These areas were treated by excision, having first
carefully established a tissue plane. Ovarian reconstruction then proceeded as
described in group b. Ovariopexy (suturing the ovary to the uterine cornu) was done
infrequently, as this may reduce subsequent ultrasound visualization of the ovary. '
Generally the ovarian ligament was merely plicated with 4/0 prolene, unless there
appeared to be a mjaor risk of readherence. When one ovary was obviously much
more adherent and cystic than the other, the more severely damaged ovary was
excised completely, in the hope of guaranteed egg recovery from a single gonad. This
approach may have advantages when ultrasound is subsequently used for monitoring
follicular growth.

Peritoneal repair and grafting

Care was taken to close all raw peritoneal surfaces. Fine inert non-absorbable
suture was used (6/0-8/0 nylon or prolene) when defects were not extensive. When
larger areas required closure and there could be considerable tension at the suture
line, Z-plasty was used to mobilize suitable peritoneal flaps. When this was not
possible, free peritoneal grafts were used as cover. Grafts were either taken from the
loose peritoneum between the uterus and bladder, or from the bowel mesentery or
anterior abdominal wall. Providing that all fat and areolar tissue was carefully
stripped from the underside of the graft, we found that grafted tissue invariably
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'took'. Grafts were sutured into position using 6/0 prolene, having first established
that the raw recipient surface was well scarified and bleeding freely. The donor site
was then repaired with fine inert sutures. Raw surfaces on the bowel or mesentery
were sutured with 4/0 prolene; the sigmoid colon was sutured into the pouch of
Douglas if there were large raw areas in this region.

Salpingectomy

Salpingectomy was rarely employed. Only very fibrous and dilated tubes were
removed and only if we felt certain that there was no hope of tubal function.
Although removal of tubes containing large hydrosalpinges simplifies subsequent
ultrasound monitoring and improves laparoscopic access, we felt that the psychologi¬
cal disadvantages of total salpingectomy outweighed any technical considerations.
When salpingectomy was performed, only fine inert sutures were used for vascular
pedicles, and the cornual and mesosalpingeal peritoneum was meticulously repaired.
Care was taken not to jeopardize the vasculature of the ovarian hilus during
salpingectomy.

Meticulous peritoneal closure

Considerable care was taken to avoid recurrent anterior wall adhesions. Before
closure of the peritoneum, all raw surfaces on the anterior abdominal wall were
inverted with continuous 3/0 Dexon. Peritoneal closure was achieved with an
inverting mattress suture through the peritoneal edges, using 3/0 Dexon. This
method of suturing ensured that the cut peritoneal edge would not present inside the
peritoneal cavity.

Adjunctive anti-adhesive treatment

Broad-spectrum antibiotic cover was given routinely and was commenced with
the first incision. Generally, tetracycline and metranidazole were given by in¬
travenous injection during anaesthesia and these drugs were continued for 5 days
postoperatively.

There was no evidence of clinical infection in any patient.
Corticosteroids were given routinely, unless there was damage to the bowel wall

when it was felt that steroids might mask fecal peritonitis. Our standard regime was
as follows:

1. 200 mg hydrocortisone succinate by intravenous injection (i.v.) during induc¬
tion of anaesthesia.

2. 200 mg hydrocortisone succinate i.v. during surgery; 2 g hydrocortisone
acetate (in insoluble suspension) in the pelvic cavity before abdominal closure.

3. 200 mg hydrocortisone succinate i.v. after abdominal closure.
4. 8 mg dexamethasone in divided doses orally during the first day after surgery.
5. Dexamethasone given in diminishing doses postoperatively for a further 4

days.
If steroid therapy was contraindicated, 250 ml high molecular weight (70000)

dextran was left in the pelvis. Heparin (5000 I.U.) was given topically in three cases.
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We encountered no serious side-effects with the use of steroids, dextran or heparin,
although three patients experienced delayed wound-healing after steroid administra¬
tion.

Check laparoscopy

Postoperative laparoscopic examination was not performed routinely. We felt that
it was unjustified to subject patients to a further surgical procedure. However, check
laparoscopy was performed 6 weeks postoperatively in 4 patients who had had
extensive peritoneal grafting. In all four we were able to confirm that the grafts were
in good condition, and that recurrent adhesion formation was minimal. Laparo¬
scopic adhesiolysis was carried out in one of these women and eggs were successfully
retrieved during an i.v.f. treatment cycle.

Once patients had recovered from surgery, they entered the i.v.f. programme.
Generally a period of at least 3 months was allowed before attempts at superovu-
lation and egg recovery.

Results

A total of 47 patients who had been previously regarded as 'hopeless' by other
surgeons had ovarian clearance surgery, specifically for the purpose of improving the
chance of egg collection for i.v.f. Eighteen of these patients have already had a single
attempt at egg collection for i.v.f. Three patients had successful egg recovery and
pregnancy after ovariolysis and one of these women delivered recently at term. One
other woman, who had a single embryo transferred, failed to become pregnant but
subsequently conceived normally as a result of concurrent tubal surgery performed
at the time of ovariolysis. This patient had already had two unsuccessful attempts at
conventional tubal surgery. The results of egg collection in these women are
recorded in Table I. The results are compared with the results of egg collection in a
further 60 patients in whom i.v.f. was routinely attempted during the same period of
time (August 1982-May 1983).

From Table I, it can be seen that laparoscopy failed in 3 patients (16.6%)
following ovariolysis due to severe recurrent adhesions; Egg collection failed on 18
occasions (27.6%) in unoperated patients. This high failure rate was due to prior
ovulation in 7 cases, as it was our policy at this stage in our programme to delay egg
retrieval until the last possible moment. Other technical reasons were responsible in
3 cases. In the remaining 8 unoperated women (12.5%), periovarian adhesions
resulted in failure to collect an egg.

TABLE I

Egg collection following ovarian surgery

Patients Mean age Number of Failed Total eggs Eggs per
(yr) laparoscopics laparoscopy collected laparoscopy

Ovariolysis 18 33.6 18 3 27 1.5
No ovariolysis 60 33.7 65 18 92 1.4
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Discussion

Our experience with ovariolysis, even in the most severe cases, suggests that this
procedure is worth considering in selected patients before commencing extra-corpo¬
real fertilization. Three of our patients (16.6%) conceived at the first attempt at i.v.f.
after ovariolysis. One other patient conceived spontaneously following tuboplasty
done at the same time as ovarian surgery. Although surgery failed to liberate the
ovaries in 3 women, the failure to collect mature eggs from these women was not
significantly different from our failure to collect an egg from less severely damaged
ovaries.
It is the feeling of several workers (Gordts; Hedon; personal communications,

1983) that ovaries surrounded by severe adhesions do not always produce good
pre-ovulatory follicles. The effect of ovariolysis in these women needs further
evaluation, but our data suggest that sufficient eggs (1.5 per operated patient
compared with 1.4 in a control group) can be obtained to make such surgery
worthwhile. If patients in whom ovarian surgery failed completely are excluded, then
the mean number of eggs recovered after ovariolysis was 1.8 per patient.

Percutaneous egg collection under ultrasound control is a highly promising
technique (Lenz et al., 1981), which may replace the need for ovariolysis in many
patients. Nevertheless, ultrasonic egg collection is a relatively blind procedure and is
accompanied by the risk of perforation of the bowel or great vessels. Although bowel
perforation with a fine needle may not be very dangerous, it carries a substantial risk
of infection of the cultured oocyte. It seems unlikely that percutaneous aspiration of
oocytes will be practicable when the ovaries are surrounded by dense bowel
adhesions, as was true in many of our patients. In such cases it seems likely that
careful microsurgery will have a permanent place if the maximum chance of
collecting mature undamaged oocytes is to be achieved.
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IVF "VERSUS NATURE

Sir,—Father Fleming and Ms Iglesias (Jan 19, p. 168) cite an
isolated finding by Whittaker et al,' who suggested that human
embryo wastage in nature is only 8%. They ignore all other data (see
review by Biggers2) which show natural wastage to be much higher
than this. The paper by Whittaker and co-workers contains a basic
flaw. Whittaker et al gave as evidence ofan ovulatory cycle a single-
shot estimation of plasma progesterone greater than lng/ml. This is
unacceptable, and fertility specialists are unhappy about regarding
single-shot levels even ten times higher than this as definite
evidence of a fertile cycle. It is highly probable that Whittaker et al
were not studying fully fertile cycles, which would explain why they
found such a low incidence ofpregnancy and why their data do not
agree with more detailed studies by others. Moreover, a single
negative human chorionic gonadotropin value during the luteal
phase does not prove that conception did not occur in the cycles they
studied.
Fleming and Iglesias state that in vitro fertilisation (IVF) and

embryo transfer (ET) "are experimental procedures that are
enormously wasteful of human life". The fact is that IVF and ET
are established treatments, practised successfully in over twenty
countries. We doubt if the once-desperate mothers of over 800
babies would agree with your correspondents. On the contrary,
human life in these cases would have been impossible without IVF.
Of course, results will improve with more research. Had their
argument been applied, for example, to renal transplantation in its
early stages when this procedure carried a high mortality, the most
successful means of preserving human life for patients with renal
failure would never have been established.

Institute of Obstetrics and Gynaecology,
Hammersmith Hospital,
London W120HS

Robert Winston
Stephen Hillier

1. Whittaker PG, Taylor A, Lind T. Unsuspected pregnancy loss in healthy women.
Lancet 1983; i: 1126-27.

2. Biggers JD. Risks of in vitro fertilization and embryo transfer in humans. In:
Crosignani PG, Rubin BL, cds. In vitro fertilization and embryo transfer. New
York: Academic Press, 1983: 393-410.
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Superovulation Strategy Before
In Vitro Fertilization

S. G. HILLIER
A. M. M. AFNAN
R. A. MARGARA
R. M. L. WINSTON

The number ofmature oocytes that is collected can have a major impact on the
outcome of an in vitro fertilization (IVF) treatment cycle. When more than
one embryo is replaced in the uterus, the chances of starting a pregnancy
increase dramatically (e.g., Edwards and Steptoe, 1983; Lopata, 1983; Kerin
etal, 1984c; Trounson and Wood, 1984; Hillieretal, 1985) (see Table l).Thus
it is now common practice to attempt ovarian stimulation (superovulation)
before IVF to promote the development ofmultiple preovulatory follicles and
to maximize the number ofmature eggs available (Wood and T rounson, 1984).
The design of effective superovulation therapy requires a knowledge of

basic concepts of follicular dynamics and of the respective roles of follicle-
stimulating hormone (FSH) and luteinizing hormone (LFI) in regulating the
development of a single ovulatory follicle in the spontaneous ovarian cycle.
This chapter will review that knowledge, outline the major superovulation
strategies which have developed from it, and illustrate their application to
clinical in vitro fertilization.

FOLLICULAR DEVELOPMENT IN NATURAL OVARIAN CYCLES

In a natural ovarian cycle, usually only one preovulatory follicle develops and
ovulates. When it ruptures, about ly days after onset of the mid-cycle
gonadotrophin surge, it is normally 20-25 mm in diameter and has spent some
12 weeks or so following the growth trajectory illustrated in Figure 1
(Gougeon, 1982).

Intermediate follicular development

Morphometric data suggest that it can take about 10 weeks for a primordial
follicle (oocyte surrounded by a single layer of granulosa cells) to develop into

Clinics in Obstetrics and Gynaecology—Vol. 12. No. 3. September 1985 687
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Table I. Hammersmith Hospital IVF programme:
effect of number of embryos replaced on the preg¬
nancy rate (September, 1983-June, 1984).

Number of

embryos Number of Number of Pregnancy
replaced patients pregnancies rate (%)

1 39 2 5
2 34 14* 41
3 24 3t 13
4 10 5J 50
5 3 1 33
6 5 3§ 60

* 1 multiple implantation (heterotopic)
f I multiple (twin) pregnancy; 1 multiple implan¬

tation (heterotopic)
| 1 multiple (quadruplet) pregnancy
§ 2 multiple pregnancies (1 twin, 1 quadruplet)

Time (weeks)

Figure I. Growth trajectory of a primordial follicle to the point of follicle rupture in the human
ovary (based upon morphometric data published by Gougeon, 1982).
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a potential preovulatory follicle (Gougeon, 1982), that is to say, a follicle
capable of undergoing complete maturation and ovulating within about two
weeks (the length of a normal follicular phase) provided it receives appro¬
priate gonadotrophic stimulation. Ovarian follicles at this 'precursor' stage of
development are around 2-5 mm in diameter, they have a fluid-filled antrum
and contain at least one million granulosa cells and a single healthy oocyte
(McNatty et al, 1983).
The preovulatory follicle develops from the quota of precursor follicles

present as the follicular phase begins. These represent only a fraction of the
total number of follicles that start the growth sequence shown in Figure I.
Several hundred primordial follicles probably start to grow every month but
no more than 20 or so precursor follicles are likely to be present at the
beginning of each new menstrual cycle (Baker, 1982). All the others undergo
atresia at an early stage of development. Although very little is known of the
factors that control these early stages of follicular development, it is certain
that preovulatory growth and function is absolutely dependent upon
adequate ovarian stimulation by the pituitary gonadotrophins.

Late luteal-early follicular phase
Changes in circulating gonadotrophin levels which stimulate the start of
preovulatory follicular development occur in most women around the onset
of menses (Ross et al, 1970; Vande Wiele et al, 1970). Most importantly,
pituitary FSH secretion increases as the previous corpus luteum regresses
(Baird et al, 1975) (see Figure 2). The intercycle FSH rise is thought to propel
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Figure 2. Intercycle FSH rise in women with regular menstrual cycles. Datum points are the mean
( + s.e.) results from eight individuals.
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suitably responsive precursor follicles into the final phase of their growth
trajectory, as illustrated schematically in Figures I and 5 (Ross and Lipsett,
1978; Gougeon, 1982). Follicles which attain precursor status at any other
stage of the cycle will not receive adequate FSFI stimulation and so become
atretic.

Early-mid-follicular phase
The preovulatory follicle emerges as the 'dominant' follicle during the mid-
follicular phase of the cycle but the events leading up to its 'selection' start as
the cycle begins (Flodgen, 1982). The underlying mechanism is complex and
only partly understood. It seems to involve variations between follicles and
the responsiveness to stimulation by FSH which lead to critical differences in
oestrogen biosynthesis and ultimately LH sensitivity within the developing
precursor pool. The evidence to support this has been reviewed and will now
be summarized (Zeleznik and Hillier, 1984).

FSH

The avascular granulosa cell layer is the primary FSH-responsive unit of the
follicle: granulosa cells are the only ovarian cells with measurable FSH
receptors in their cell membrane and the only cells capable of responding
directly to the hormone. The biochemical basis of FSH action on granulosa
cells has been reviewed elsewhere (e.g., Dorrington et al, 1983; Hsueh et al,
1984; Hillier, 1985). Probably all functions of differentiated granulosa cells
depend upon stimulation of the granulosa cell layer by FSH. Those known to
be under FSH control are listed in Table 2. Note that this list includes

oestrogen biosynthesis (aromatase induction) and direct LH responsivity
(LH-receptor induction) (Richards, 1980).

LH

Granulosa cells do not develop membrane-associated LH receptors until they
have undergone an advanced degree of FSH-stimulated preovulatory de¬
velopment. The theca interna, however, seems to be LH-responsive well
before the follicle attains precursor status; LH receptors are located in or on
theca cells from the time that the theca interna is formed (Uilenbroek and van
der Linden, 1983). Moreover, since the theca is vascularized, relatively low

Table 2. Gonadotrophin-dependent granulosa cell functions
(Hillier, 1985).

Cyclic AMP production
Steroid biosynthesis (including aromatase enzyme induction)
Hormone responsivity (including induction of LH receptors)
Proteoglycan synthesis (major component of follicular fluid)
Plasminogen activator synthesis (involved in ovulation)
Inhibin production
Carbohydrate metabolism
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circulating LH concentrations may be sufficient to maintain theca cell
function in immature follicles (Zeleznik et al, 1981).
Androgen biosynthesis is a major theca cell function and is under direct LH

control (Tsang et al, 1979). Precursor follicles present at the end of the luteal
phase of the cycle contain high levels of aromatizable androgen (androstene-
dione and testosterone) in their follicular fluid (McNatty et al, 1983). There is
experimental evidence that androgens may act directly in immature granulosa
cells to amplify biochemical responses to FSH (Hillier, 1985). Note that the
induction of aromatase—the key enzyme system involved in oestrogen
biosynthesis—is also subject to modulation by androgen (Daniel and
Armstrong, 1980; Hillier and de Zwart, 1981).

Oestrogen biosynthesis
When granulosa cells develop aromatase activity (induced by FSH in the
presence of androgen) they can utilize androgens produced by LH-stimulated
theca cells to synthesize oestrogen (Baird, 1977; Armstrong et al, 1978) (see
Figure 3). Since availability of intrafollicular androgen is not rate-limiting in
precursor follicles (see above), increases in aromatase activity probably result
in commensurate increases in the intrafollicular oestrogen level (Hillier, 1981).
In the human ovary, healthy antral follicles >5 mm diameter are character¬
ized by relatively high follicular fluid oestrogen levels and proportionately
high granulosa cell aromatase activity (Hillier et al, 1981; McNatty. 1982).
The follicle's ability to synthesize oestrogen is believed to have a major

effect on subsequent gonadotrophin-controlled stages of maturation
(McNatty, 1978; Richards, 1980). Experimental work with rat granulosa cells

Figure 3. Current concept of gonadotrophin-controlled cellular functions which coordinate
oestrogen biosynthesis in the pre-ovulatory follicle. Androgen (C™) is biosynthesized from
precursor cholesterol (Cn) in the vascularized theca interna in response to stimulation by LH. The
avascular granulosa cell layer stimulated by FSH develops an active androgen aromatase system,
and thecal androgen, which diffuses across the lamina basalis, serves as the substrate. Granulosa
cells closest to the lamina basalis may be the most active sites of aromatization and are in close
contact with blood vessels in the adjacent theca. (From Hillier, 1985, with permission.)

antral
cavity
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suggests that oestrogens act directly in these cells to further sensitize them to
the action of FSH, leading to enhanced activation ofaromatase and induction
of LH receptors (Richards, 1980; Hsueh et al, 1984; Hillier, 1985). There is
also evidence that FSH and oestrogen interact to increase granulosa cell
proliferation and hence overall gonadotrophin responsivity (Goldenberg et
al, 1973; McNatty and Baird, 1978). Thus the combined evidence points to
early onset of oestrogen biosynthesis as an important feature of sustained
development beyond the precursor stage of the follicle's life-cycle.

LH responsivity
In response to direct stimulation by FSH and intrafollicular sex steroids,
granulosa cells in the preovulatory follicle eventually acquire functional LH
receptors (Richards, 1980). When this occurs, the granulosa cells can respond
directly to both FSH and LH with respect to cyclic AMP formation and
steroid hormone synthesis (Kolena and Channing, 1972; Zeleznik et al, 1977).
Thus once granulosa cells acquire LH receptors, either FSH or LH or both
hormones can support subsequent follicular development. This might explain
how the preovulatory follicle once 'selected' is able to continue to mature
during the mid-late follicular phase of the cycle when the circulating FSH
level is actually falling (see later) (Zeleznik and Hillier, 1984).

'Selection'

It seems likely that the precursor follicle that most rapidly acquires significant
amounts of granulosa cell aromatase activity and LH receptors is eventually
'selected' as the next ovulatory follicle. The most plausible explanation for this
is that the follicle which actually assumes preovulatory status has the lowest
requirement for sustained FSH stimulation. Brown (1978) adduced evidence
from the treatment of anovulatory women with exogenous gonadotrophins
that each follicle in the precursor pool has its own threshold requirement for
FSH stimulation if it is to undergo preovulatory development. He showed
that by starting treatment with a low daily dose of FSH and systematically
raising it every 4-9 days, a dose could be achieved which exceeded the
threshold requirement of the most sensitive follicle. At this dose, the
responding follicle could undergo complete preovulatory development (LH
was also present in the FSH preparation) and be induced to ovulate with
human chorionic gonadotrophin (HCG). Most importantly, by increasing the
dose of FSH by only 10-30% beyond this minimally effective dose, the
threshold requirements of other less sensitive follicles could be exceeded
resulting in multiple preovulatory follicular development.
'Threshold' FSH requirements may be set by various factors including

granulosa cell numbers and total gonadotrophin responsivity; development of
the local blood supply; and levels of intrafollicular paracrine factors which
may modulate gonadotrophin action. The precursor follicle with the lowest
FSH threshold requirement might simply be the largest and most develop-
mentally advanced follicle present as the intercycle FSH rise starts. Thus,
emergence of a single preovulatory follicle might be explained by chance: the
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product of development-dependent changes in gonadotrophin responsive¬
ness, reinforced as the follicle enters its oestrogen-secretory phase of
development in the mid late follicular phase of the cycle, as described below.
The induction/activation of granulosa cell aromatase in this follicle could be
the 'switch' (Brown, 1978) which is thrown when its requirement for FSH is
exceeded (Hillier, 1981).

Mid-late follicular phase
When it is about one week away from ovulation, the preovulatory follicle can
be recognized as the largest healthy follicle in either ovary, having grown to a
diameter of around 10 mm or more (Gougeon and Lefevre, 1983). During the
next 4-5 days it doubles in diameter and by the time of LH surge onset it
typically contains around fifty million granulosa cells and about 6 ml
follicular fluid (McNatty, 1982). It is during this period of rapid growth that
the preovulatory follicle assumes its primary endocrine function and becomes
the source of more than 90% of secreted oestradiol (Baird, 1983a).
The preovulatory follicle is characterized biochemically as the follicle

whose follicular fluid contains the highest oestrogen level (Baird and Fraser,
1975) and the lowest ratio of androgens to oestrogens and which yields
granulosa cells with the most active aromatase system, as determined in vitro.
Since almost all the follicular aromatase activity is located in granulosa cells,
the granulosa cell layer is the primary site of oestrogen biosynthesis in the
preovulatory follicle (Hillier, 1981).
The control of preovulatory follicular oestrogen biosynthesis is currently

conceptualized as illustrated in Figure 3 (Armstrong et al, 1978; Hillier, 1981).
The diagram highlights the fact that granulosa cell aromatase and thecal
androgen production are both under direct LH control in the mature follicle
(Baird, 1977; Hillier et al, 1983). This LH dependency of oestrogen synthesis
helps explain how the preovulatory follicle continues to grow and secrete
increasing amounts ofoestradiol in the face ofdeclining circulating FSH levels
during the second halfof the follicular phase. The oestrogen released from the
follicle suppresses release of FSH, but has less of an effect on LH (Marshall et
al, 1983). Because the FSH level falls below their threshold requirements, less
advanced precursor follicles cannot continue their FSH-dependent phase of
development (Zeleznik, 1982), their granulosa cells do not develop fully
activated aromatase or a full complement of LH receptors and they eventually
undergo atresia. Only the preovulatory follicle can respond appropriately to
LH as well as FSH and therefore is protected from the reduction in circulating
FSH (Zeleznik and Hillier, 1984).

LH surge and ovulation
In women with normal menstrual cycles, the LH surge usually starts between
days 12 and 16 and is between one and two days in duration (Mcintosh et al,
1980; Hoff et al, 1983). Follicle rupture generally occurs about 36 h after the
detection of the onset of the surge (e.g., Testart and Frydman, 1982). Some of
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the important intrafollicular changes initiated by the LH surge are listed in
Table 3.
The signal for onset of the mid-cycle gonadotrophin surge is generally

believed to be oestradiol secreted by the preovulatory follicle (Liu and Yen,
1983). Serum oestradiol concentrations usually rise steadily during the
follicle's final growth phase and reach a peak level 1-2 days before ovulation
(Testart et al, 1982). The LH surge is triggered as the oestradiol level
approaches or attains this maximum (Hoff et al, 1983). It appears that
initiation of the LH surge requires 2y days of sustained and incremental
oestradiol priming and perhaps also the attainment of a critical oestradiol
level in the circulation—somewhere around 500 pmol/1 (Baird, 1983b; Hoff et
al, 1983; Liu and Yen, 1983). The low but increasing amount of progesterone
secreted by the follicle around the time of the onset of the LH surge may
amplify the duration of the LH surge and augment the effect of oestradiol (Liu
and Yen, 1983).
That oestradiol may not be the only follicular secretion involved in the

regulation of the onset of the LH surge is suggested by follicular phase serum
oestradiol profiles in women responding to superovulation therapy (see later).
Their oestradiol levels often surpass the usual follicular phase maximum up to
a week before the LH surge starts; when the surge starts at mid-cycle, serum
oestradiol can be as much as 10 times normal (see Figure 4). Perhaps another
factor(s) secreted by the maturing follicle acts in the hypothalamo-pituitary
axis to interfere with the positive feedback action of oestradiol until
preovulatory development is complete. The nature of this factor and its
possible relevance to the control of LH surge onset in the spontaneous ovarian
cycle remain obscure.

SUPEROVULATION STRATEGY

Principles
Three stages of follicular development are potentially amenable to super¬
ovulation therapy (see Figure 5). They are:
(1) precursor formation and development during the preceding luteal phase;

Table 3. Intrafollicular changes in the
preovulatory follicle, triggered by the LH
surge or by an ovulation-inducing HCG
injection (Hillier and Wickings, 1985).

Changes in steroid hormone biosynthesis
Prostaglandin biosynthesis
Resumption of oocyte meiotic maturation
Cumulus expansion
Reduced cumulus cell-oocyte coupling
Synthesis of preovulatory enzymes
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-4 - 3 -2 -1 0

Day from LH surge onset

Figure 4. Serum LH and oestradiol levels during the late follicular phase oflVF patients treated
withclomiphene and HMG (see text ). Daily (morning) values (mean + s.e.) are given for four days
before LH surge onset (day 0): on that day, the three 6-8 hourly LH values culminating in the first
'surge' LH value are shown with the single morning oestradiol value. These are results from ten
women who had multiple egg collection timed approximately 38 h after the last baseline LH value.
Five of these patients also received HCG (5000 or 10000 iu) after the first 'surge' LH value
although five did not: all ten became pregnant following intrauterine embryo replacement in the
treatment cycle.

(2) development beyond the precursor stage during the first half of the
follicular phase; and
(3) the preovulatory (oestrogen-secretory) stage.
At present the first is of theoretical interest only since it is not known if the
number of precursor follicles can be regulated by extrinsic factors. The second
and third are of practical importance because they constitute the basis of
current clinical therapy. Thus either of the drugs in most common use—
human menopausal gonadotrophin (HMG) and clomiphene citrate (clomi-
phene)—can be used to increase the number of follicles that enter and
complete the preovulatory stage ofmaturation through increasing exogenous
(HMG) or endogenous (clomiphene) gonadotrophic stimulation of the
ovaries. Whichever is used, the strategy should be similar: to overcome the
gonadotrophin 'threshold' requirements of multiple precursor follicles (treat¬
ment in the early-mid follicular phase) and then to sustain multiple
preovulatory follicular development by overriding the follicular 'selection'
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(-) Day (ovulation day 0) (+}

(?) INCREASE THE NO. OF 'PRECURSOR' FOLLICLES

(?) RAISE THE STIMULUS FOR PREOVULATORY GROWTH

(D OVERRIDE THE 'SELECTION' PROCESS

Figure 5. Super-ovulation strategy before IVF. The diagram depicts the continual development of
'precursor' follicles throughout the spontaneous menstrual cycle, emphasizing that only those
present at the time of the intercycle FSH rise (vertical dotted lines) will begin the pre-ovulatory
phase of development. As discussed in the text, the most developmentally advanced "precursor"
follicle is probably less dependent on sustained FSH levels than the others present at this time. The
oestrogen it secretes during the second half of the follicular phase suppresses pituitary FSH
secretion such that the circulating FSH level cannot meet the 'threshold' (Brown, 1978)
requirements of less advanced follicles. Since these last cannot continue their FSH-dependent
phase of development they become non-ovulatory and undergo atresia (downward-turned arrow
heads). Only the pre-ovulatory follicle can respond appropriately to LH as well as FSH and so is
protected from the reduction in circulating FSH. Three strategies for super-ovulation therapy are
indicated. '1' is not practicable since follicular development to the 'precursor' stage is probably
not controllable by extrinsic factors. '2' and '3' constitute the basis of conventional super-
ovulation therapy and can be achieved using clontiphene and/or HMG (see text).
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process (treatment during the mid late follicular phase). Practical consider¬
ations concerning the use ofHMG or clomiphene and other drugs before IVF
will be dealt with later.

Limitations

Ovarian and endocrine function in IVF patients is usually 'normal' and will
have been ruled out as a primary cause of their infertility (Wood and
Trounson, 1984). Thus, unlike the treatment of ovulatory dysfunction where
the aim is to promote new follicular activity, ovarian stimulation before IVF
must be designed to modify extant cyclic ovarian function. Whatever strategy
is employed, its success in terms of the number of viable eggs which can be
collected for IVF will be limited by the innate properties of the spontaneous
ovarian cycle. Moreover, if the objective is to replace embryos in the uterus
during the luteal phase of the treatment cycle, corpus luteum and uterine
function consistent with the initiation and maintenance of pregnancy must
not be unduly compromised by the superovulation therapy. The therapy used
must therefore be guided by the following principles.

Duration of the preovulatory phase offollicular development
It seems to require at least 10 days of appropriate hormonal stimulation for
the most developmentally advanced precursor follicle to undergo complete
preovulatory development so that it and the oocyte it contains can respond
appropriately to the spontaneous LH surge or an ovulation-inducing injection
of HCG (Goodman and Hodgen, 1983; Baird et al, 1984). The aim should
therefore be to start ovarian stimulation around 10 days before the expected
day of spontaneous LH surge onset (McBain and Trounson , 1984). This can
be estimated from knowledge of the patient's average menstrual cycle length
(Mcintosh et al, 1980). Note, however, that the menstrual and ovarian cycles
ofdifferent women may not be equally synchronous. Inter-patient variation in
the day of onset of the intercycle FSH rise can be considerable, even when the
menstrual cycle length is similar. Knowing the expected day of the LH surge
onset also aids timing of the HCG injection if the spontaneous surge is to be
pre-empted (see later). Timing is critically important, since injection too early
can cause deranged follicular/oocyte function and compromise subsequent
corpus luteum function (Hodgen, 1983).

Multiple follicular development: asynchrony
The number and 'quality' of preovulatory follicles that can be stimulated to
develop will be constrained by the number of precursor follicles and the
spectrum of gonadotrophin-responsivity among them at the beginning of the
treatment cycle. This is likely to be set by intrinsic factors, including age,
genetic constitution and previous ovarian disease. It seems that regardless of
how many follicles can be encouraged to develop during treatment, interfolli-
cular variation in developmental status will be retained to a greater or lesser
extent. This means that the population of follicles ultimately available for egg
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collection will be asynchronous: it is unlikely that any two follicles will possess
identical morphological or functional qualities when the LH surge occurs or
the HCG injection is given (Kerin et al, 1985). Thus oocyte and subsequent
embryo viability will be compromised by the degree of follicular asynchrony
which occurs in response to superovulation therapy.

Pharmacological stimulation of the uterus

During successful superovulation therapy, circulating sex steroid levels can be
expected to increase according to the number of follicles undergoing
preovulatory development (see below). Thus the uterus can be exposed to
unusually high oestradiol levels, especially during the second half of the
follicular phase. This might compromise endometrial function and hence
implantation during the subsequent luteal phase (Edwards et al, 1984). (The
drugs used to stimulate the ovary, especially clomiphene, may also act directly
to interfere with uterine function: see later.)

Aims

The superovulation regimen employed should therefore be designed to (1)
maximize the number of follicles that mature; (2) minimize the degree of
asynchrony among them; and (3) minimize deleterious effects on the functions
of the corpus luteum and uterus. As we will see later, none of the methods in
current use consistently fulfils all of these criteria.

MONITORING SUPEROVULATION TREATMENT

Oocyte collection for IVF can be conveniently timed after an ovulatory dose
of HCG (Edwards and Steptoe, 1975). The aim should be to give the HCG
injection as close as possible to the time of spontaneous LH surge onset. If it is
given before the preovulatory phase of follicle and oocyte maturation is
complete, the eggs obtained may be immature and of reduced developmental
potential (Hodgen, 1983). Therefore accurate monitoring of the response to
superovulation therapy is essential to determine when the HCG injection is
due or to measure the start of the spontaneous gonadotrophin surge if the
HCG injection is left too late.
Techniques for monitoring ovarian function before IVF usually involve

measurement of oestrogen in blood or urine (Edwards, 1981; Kerin, 1982;
Vargyas et al, 1982; Trounson et al, 1983) and/or measurement of follicular
diameter by ultrasound (Hoult et al, 1981; Kerin, 1982; Quigley et al, 1982).
These procedures are complementary and are most effective if a reliable
estimate of the patient's usual follicular phase length is available (Mcintosh et
al, 1980; Buttery et al, 1983).

Blood oestradiol

In the spontaneous menstrual cycle, serum oestradiol concentration rises
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steadily during the second half of the follicular phase to reach a peak 1-2 days
before ovulation (e.g., Testart et al, 1982) and the LH surge is normally
triggered as the steroid approaches or attains its maximum concentration
(World Health Organization, 1980). Normal ranges for preovulatory peak
oestradiol levels in serum generally have an upper limit of around 2 nmol/1
(e.g., Kerin, 1982), and in IVF patients responding to superovulation therapy
the peak level is increased in proportion to the number of oestrogen-secretory
follicles present and their developmental status (Figure 6). Figure 4 shows that
in patients stimulated with clomiphene and HMG, serum oestradiol concen¬
trations at the time of the onset of the LH surge can be up to 10 times greater
than the peak value in a spontaneous cycle. The fact that in such patients the
onset of the surge still occurs close to the time predicted from previous
menstrual cycles is evidence that the onset of the LH surge after superovula¬
tion treatment is controlled by factors other than follicular oestradiol alone
(see above).
Oestradiol levels cannot therefore be interpreted if the number and

developmental status of the follicles present are not known. This information
can be obtained by ultrasound measurements (see below). Where considerable
follicular asynchrony occurs (e.g., during treatment with HMG alone) even
this information may not be helpful since individual follicles at different stages

Number of ovulatory follicles
Figure 6. Relationship between the number of'ovulatory' follicles aspirated at laparoscopy and
circulating oestradiol (E) titre on the day of HCG injection in clomiphene-stimulated IVF
patients. (Reproduced from Hillieret al, 1984b. with kind permission of the authors and the editor
of Journal of Endocrinology.)
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of preovulatory development may make variable contributions to total
ovarian oestrogen secretion rates (see earlier). However, if fewer or more
synchronous follicles develop (e.g., when clomiphene is given alone or before
HMG: see later) the ultrasound data can be extremely helpful. Thus if
potential ovulatory follicles are defined as those equal to or greater than 14
mm diameter on the day of HCG injection, the serum oestradiol concentra¬
tion on that day is related linearly to the number of 'ovulatory' follicles
present (Hillier et al, 1984b: see Figure 7). This relationship can be used to
judge how high the serum oestradiol concentration should be allowed to rise
before giving HCG. As a rule of thumb, Trounson et al (1983) advocate HCG
injection if the oestradiol level is equivalent to 1.5-1.8 nmol/1 for each large
follicle present at least 17 mm in diameter. At Hammersmith Hospital, we do
not normally inject HCG unless at least three large follicles (at least 15 mm in
diameter as assessed by ultrasound) develop. Usually, HCG is not injected
until at least one of these follicles is at least 17 mm in diameter (Trounson et al,
1983). However, regardless ofactual follicle size, the injection is withheld until
the serum oestradiol concentration is commensurate with the presence of at
least three large follicles, i.e., >3.3 nmol/1 (Hillier et al, 1984b; see Figure 7).

>N

o

1.8 2.2 3.3 3.7
'Target' pre-hCG serum E concentration (nmol/1)

Figure 7. 'Target' serum oestradiol (E) values which are helpful in timing HCG administration to
clomiphene-stimulated IVF patients (Hillier et al, 1984b). The number of follicles at least 14 mm
diameter as determined by ultrasonography sets the number ofovulatory follicles expected. For I,
2 or 3 'ideal' follicles, the serum oestradiol titre (nmol/1) should rise to ^ 1.8, 2.2-3.3 or >3.7,
respectively before HCG is given. (Every clinic should calibrate its own oestrogen assay and
follicular ultrasound data with respect to IVF outcome to set up an 'in-house' reference range.)
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Ovarian ultrasound

Ultrasound measurement of follicular diameter affords an invaluable index of
follicular maturity (Hackeloer et al, 1979; Kerin et al, 1981; Vargyas et al,
1982) but it is doubtful if follicular size alone can provide a reliable indication
for HCG (Buttery et al, 1983). This is because follicle size at ovulation can be
highly variable (Garcia et al, 1981) and there seems to be no particular 'ideal'
diameter at which ovulation should be induced (Buttery et al, 1983). Usually,
however, at least one follicle will be between 17 and 20 mm in diameter when
HCG is given appropriately. The primary benefit of follicular ultrasonogra¬
phy seems to be in determining the number of responding follicles and hence
the peak serum oestradiol level to be expected before HCG is due (see above).

Follicular phase length
Women with regular 28-day menstrual cycles generally start their sponta¬
neous LH surge between days 12 and 16 of the cycle (Mcintosh et al, 1980).
Because of the relationship between the lengths of the menstrual cycle and the
follicular phase, the latter can be estimated from menstrual cycle history and
used to predict the most likely day of LH surge onset (and hence the most
suitable day for HCG injection) during the IVF treatment cycle (Buttery et al,
1983; Lopata, 1983; McBain and Trounson, 1984).
If the patient records the length of at least six consecutive menstrual cycles,

the 95% confidence interval of the predicted day of the onset of the LH surge
(Mcintosh et al, 1980) can be taken as the 'critical period' during her IVF
treatment cycle when the most intensive monitoring should be undertaken
(Trounson, 1983 personal communication). Unless the preovulatory LH
surge is inhibited by superovulation therapy (see later), timing of surge onset
appears not to be markedly altered by the development of multiple
preovulatory follicles (see Figure 4) (Kerin et al, 1985).

HCG injection and/or detection of the LH surge

Based on oestrogen assays, follicular ultrasound and predicted follicular
phase length, the aim should be to give an ovulation-inducing injection of
HCG (usually between 3000 and 10 000 IU) not more than 24 h before onset of
the endogenous gonadotrophin surge (Kerin et al, 1985). This inevitably
means that a proportion of patients will have started their surge by the time
that HCG is given (McBain and Trounson, 1984). Unless this is detected,
spontaneous follicular rupture may occur before egg collection. If the time of
surge onset is known, the egg collection can be brought forward accordingly.
If this is inconvenient, the egg-collection can be cancelled and an unnecessary
operation avoided.
In the Hammersmith Hospital IVF programme, blood for serum LH

measurement is drawn one day before the estimated 'critical period' begins
(see above) and is continued up until HCG is injected. The samples are drawn
at approximately 00.00 h. 08.00 h, 14.00 h and 20.00 h. A rapid (3 h) serum LH
radioimmunoassay (Hillier et al, 1984b) is done once daily on the four samples
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collected during the previous 24 h. The LH surge can be detected as the value
that is twice as high as the average baseline value and that is followed
immediately by another raised value. The egg collection is timed for
approximately 36 h after the last baseline serum LH value if a surge starts, or
34 h after the HCG injection if the surge is successfully pre-empted.

Between September 1983 and June 1984 we timed 60/151 (40%) laparo¬
scopic egg collections to onset of an LH surge which started before HCG was
given: 14 (23%) of the laparoscopies resulted in pregnancy. This compares
favourably with the 91/151 (60%) laparoscopies timed to HCG, where 14
(15%) led to pregnancy, although the difference is not statisticaly significant.
Several other centres have reported a trend towards higher success rates after
egg collections timed to the spontaneous LH surge (Edwards and Steptoe,
1983; Lopata, 1983; McBain and Trounson, 1984). However, any deficiencies
following HCG are most likely to be consequences of its inappropriately early
administration.

Blood progesterone

In spontaneous ovulatory cycles, small increases in the blood progesterone
level can be detected as the LH surge starts (Hoff et al, 1983). This early rise is
amplified if multiple preovulatory follicles are present in the ovaries
(Trounson et al, 1983). Serial progesterone assay can therefore be done to
confirm the onset of the LH surge or possibly even to time egg collection
without doing LH assays (Trounson and Calabrese, 1984) (Figure 8).
Measurement of both hormones can be particularly useful if the interval
between blood samples is relatively long (> 4 h) such that borderline changes
in LH are difficult to interpret on their own.

DRUGS IN CLINICAL USE

HMG

Early attempts to stimulate ovarian function before IVF used HMG followed
by HCG to time egg collection (Edwards and Steptoe, 1975; Talbot et al,
1976). However, successful IVF pregnancies using this drug combination were
not obtained until relatively recently (see Jones et al, 1984). It is not known if
the early failures were due to the treatment protocols used or (more likely) to
deficiencies in 'state of the art' IVF as it was being developed as a clinical
procedure over the last decade (Edwards, 1981). Either way, since the first
clinical successes came from single eggs collected during spontaneous cycles
(Edwards et al, 1980), the use ofHMG as a single superovulation agent before
IVF became unpopular and seems to have remained so ever since.
As a partially purified extract ofpostmenopausal women's urine, the drug is

usually supplied lyophilized in ampoules containing approximately 75 IU
each of FSH and LH bioactivity (Schwartz and Jewelewicz, 1981). It is
reconstituted and injected intramuscularly daily or every other day. The need
to inject repeatedly and its high cost are major practical disadvantages of the
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Day of treatment cycle
Figure 8. Relationship between serum progesterone and serum LH concentrations in the late
follicular phase of IVF treatment cycles (three examples from the Hammersmith IVF
programme). These patients received sequential clomiphene/HMG therapy (see Figure 10) and
had multiple eggs collected at laparoscopy timed for 36-37 h after the last baseline LH value
(indicated by an arrow): all became pregnant after IVF and embryo replacement in the cycle
shown. Progesterone levels were measured retrospectively; note how they tend to mirror the
change in LH.
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Table 4. Use of HMG alone for superovulation
therapy before IVF.

Advantages
Numerous (5=4) follicles can develop—
multiple embryos

Disadvantages
Expensive and inconvenient—
daily injection

How to judge dose and duration of therapy—
danger of ovarian hyperstimulation

Difficult to monitor and to time HCG—
LH surge might be blocked

Asynchronous follicles—
variable egg/embryo quality

Luteal phase abnormalities—
progesterone support may be necessary

use ofHMG before IVF (see Table 4). In addition, the 1 : 1 ratio of FSH to LH
is unphysiological (Jacobson and Marshall, 1969) and severely compromises
the results that are likely to be achieved. In most IVF clinics, HMG is now
only used in combination with clomiphene (see below) but its successful use
alone in two different modes has been reported.

Individualized HMG therapy (Jones et al, 1983, 1984). In this regimen, 2-3
ampoules (150-225 IU) HMG are injected daily for variable periods
beginning on days 2 or 3 of the cycle. The precise dose and duration of therapy
is varied according to clinical and biochemical indices of follicular maturity
and number. Treatment is stopped when multiple oestrogen-secreting follicles
develop. HCG is injected 2-3 days after the last HMG injection. Numerous
eggs (an average of up to four per treatment cycle) can be collected following
such treatment although a high proportion of these may be immature or
degenerate (Acosta et al, 1984). Clinical success can occur after IVF using
mature eggs and with immature eggsmatured in vitro (Veeck et al, 1983; Jones
et al, 1984).

High-dose HMG therapy (Laufer et al, 1983). In this regimen, usually at least
three ampoules (225 IU) ofHMG are given daily for five days starting around
day 3 of the cycle. If necessary, the dose can then be raised gradually by one or
two additional ampoules per day for another 1-4 days, depending on the
ovarian response. Up to 33 ampoules per cycle may be necessary to elicit a
suitable response (Laufer et al, 1983). Monitoring is by daily follicular
ultrasonography and serum oestradiol measurement. HCG is generally given
when at least two large follicles between 16 and 18 mm in diameter are
visualized. Again, multiple eggs are often collected (average 3-4 per treatment
cycle) but many of these are immature, post-mature or degenerate (Laufer et
al, 1984a, 1984b). A treatment cycle based on 'high-dose' HMG is shown in
Figure 9.
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Figure 9. Successful IVF cycle based on high dose HMG therapy. The 29-year-old patient had
menstrual cycles averaging 32 days in length. She was given four ampoules HMG (300 iu) daily for
six days starting on day 5. On the morning of day 11, two 15 17 mm follicles and several others
~ 12 mm in diameter were seen by ultrasound; serum oestradiol was 6.6 nmol/1 and still rising.
HCG (5000 iu) was injected at 00.00 h on day 12; a spontaneous LH surge had not started so the
laparoscopy was at 11.15 h on day 13 (arrows). Six follicles giving between 1.0 and 5.0 ml follicular
fluid were aspirated: four of these yielded an egg. The eggs were inseminated with the husband's
sperm at 20.15 h on day 12.At 17.30hon day 15 (45^ h after insemination) four 4-8 cell embryos
had developed and all were replaced transcervically in the uterus. A singleton pregnancy resulted.

In these regimens, HMG is used initially to increase the level of gonadotro-
phin exposure received by the precursor follicles present at the beginning of
the cycle and then to maintain stimulation into the mid-late follicular phase in
order to override the follicular 'selection' process (see Figure 5). The main
problem with HMG seems to be that LH is unavoidably given along with the
FSH and thereforemay activate LH-dependent processes during intermediate
stages of preovulatory follicular development that require only tonic
stimulation by LH. This appears to exacerbate the problem of follicular
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asynchrony through causing early luteinization or atresia (Laufer et al, 1984b;
Shalev et al, 1984). Another problem is that HMG treatment may cause
suppression of the spontaneous LH surge in some patients (Ferraretti et al,
1983). If this occurs and HMG treatment is unduly prolonged, substantial
degrees of follicular asynchrony can be expected following the late HCG
injection (Laufer et al, 1984a). The eggs that result seem to be variable in
quality and the uterus can be compromised by the excessively prolonged
exposure to oestrogen (Acosta et al, 1984; Laufer et al, 1984a, 1984b). Corpus
luteum function following aggressive HMG therapy and mistimed HCG
injection may also be affected adversely (Hodgen, 1983) and lead to a
shortened or otherwise abnormal luteal phase (Dlugi et al, 1984; Gronow et al,
1984). All of these factors could contribute to the high embryonic loss after
multiple embryo replacements in HMG/HCG stimulated treatment cycles
(Ben-Rafael et al, 1983; Laufer et al, 1983; Jones et al, 1984). Many of the
clinics which use HMG successfully give exogenous progesterone after
embryo replacement to support the luteal phase (Laufer et al, 1983; Muasher
etal, 1984).
Since multiple asynchronous follicular development tends to occur in

response to HMG, serum oestradiol measurements are difficult to interpret so
the decision about when to give HCG has to be arbitrary. Ultrasound
measurement of'critical' follicular diameters (e.g., 16-18 mm: Laufer et al,
1983) or a fixed 'coasting' interval after HMG treatment is stopped (e.g., 50 h:
Jones etal, 1982) are the major criteria used. Oestrogen measurements provide
an overall index of the follicular response and are essential with ultrasonogra¬
phy to avoid causing the ovarian hyperstimulation syndrome (Borenstein et
al, 1981; Trounson and Wood, 1984).
Recently, an HMG preparation has been developed with most of its LH

bioactivity removed (Metrodin. Serono Laboratories UK Ltd). Early trials
with this 'pure' FSH suggest that it will be a useful adjunct to HMG since it
may allow the opportunity to vary in a controlled manner the exact ratio of
FSH and LH bioactivity being given (Jones et al, 1984). This may minimize
the many disadvantages associated with the use of HMG alone before IVF
(see Table 4). Our own experience with 'pure' FSH is discussed later.

Clomiphene
The successful application of clomiphene to the control of IVF treatment
cycles was first reported by Trounson et al (1981) and Johnston et al (1981).
The drug was used for IVF in the same way as it is usually employed to treat
women with secondary amenorrhoea (see Thorneycroft, 1984). Usually this
involves daily administration of 50-150 mg of clomiphene citrate for a
maximum of five days beginning during the early follicular phase; HCG can
then be injected at midcycle to induce ovulation and time egg collection (Kerin
etal, 1983).
Treatment with clomiphene alone or in combination with HMG (see below)

is probably the most popular superovulation regimen in current use before
IVF (McBain and Trounson, 1984). Tamoxifen, which, like clomiphene
citrate, is a triphenylethylene derivative (Adashi, 1984), can also be used
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(Edwards et al, 1984). The mechanisms involved in the action of these drugs
on the ovary are not fully understood but depend upon their biological
properties as mixed agonistic/antagonistic oestrogens that enhance pituitary
FSH and LH secretion through action(s) in the hypothalamo-pituitary axis
(Adashi, 1984). Given the unphysiological properties of HMG (see above),
the fact that clomiphene stimulates the ovary through increasing circulating
levels of endogenous gonadotropins may be an advantage of its use before
IVF (see Table 5).
The effective use of clomiphene before IVF depends upon its dosage and

time of administration during the treatment cycle (Marrs et al, 1984; Quigley
et al, 1984a). It is usually given for five days starting on day 5 of the cycle
(Trounson et al, 1981), when the circulating FSH level should still be raised
(Figures 2 and 5). Thus the strategy is to supplement and extend the period of
spontaneous FSH elevation and then to go on and override the follicular
'selection' process. Usually an average of 2-3 ovulatory follicles suitable for
egg collection will develop in response to a satisfactory course of clomiphene
treatment (Lopata, 1983). A reasonable degree of follicular synchrony seems
to be possible, as evidenced by the high rate of twin pregnancy that has been
reported to occur following multiple embryo replacement (Kerin et al, 1983;
Fopata, 1983).
In women with 28-30 day menstrual cycles, rates of oocyte recovery,

fertilization and embryo transfer were reported to be highest when therapy
was started on day 5 as compared with days 3, 4, or 7 (Marrs et al, 1984).
McBain et al (1984) have advocated the adjustment of the onset of treatment
to individual menstrual cycle length with women who have particularly short
menstrual cycles (24 days or less) starting on day 3. This might make good
sense if the intercycle FSH rise were known to begin early, i.e., in the late luteal
phase. However, in practice, such 'fine-tuning' probably is not warranted
since synchrony between the ovarian and menstrual cycles in individual

Table 5. Use of clomiphene alone for super-
ovulation therapy before IVF

Advantages
Cheap and convenient-
tablets

Pituitary function stimulated—
ovary responds to endogenous gonadotrophins

Multiple (2-3) follicles can develop—
moderate synchrony

Easy to monitor and time HCG—
oestrogen assays and follicular ultrasound

Disadvantages
How to judge dose and duration of therapy—
abnormal endocrine responses possible

LH surge might be blocked—
follicular cysts and/or 'premature-luteinization'

Anti-oestrogenic action—
uterine function may be affected
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patients may be variable. A useful compromise is to start the treatment on day
2 if there is a consistent history of relatively short cycles (< 28 days) or on day
5 if the cycle is relatively long (^29 days) (see Figure 10).
The dose of clomiphene is particularly important during IVF treatment

cycles because of its potential for syn- and anti-oestrogenic action in the uterus
(Clark and Guthrie, 1981), hypothalamo-pituitary axis (Marut and Hodgen,
1982) and perhaps even the ovary (Adashi. 1984). At high doses (^100 mg/
day) there may be aberrant endocrine responses, such as an early gonadotro-
phin surge starting during therapy (perhaps due to the drug's oestrogenic
moiety) or suppression of the spontaneous mid-cycle LH surge (presumably
due to its anti-oestrogenic activity) (Kerin et al, 1983). Therefore it may be

= 28-day menstrual cycle:

HMG

y; Ay; v.1 50 IU/dy.y

Clomiphene citrate
50 mg/d

I I I I I I I L

£29-day menstrual cycle:

Tyti-y" HMG ■

///Ml 50 IU /d .'v/:;yy -'
Clomiphene citrate

50 mg/d

1 1 1 I 1

5 6 7 8 9 10 11 12

Day of treatment cycle

HMG R stop:
* Lead follicle £16 mm diam

HCG (5 000 IU) :

* Expected day of LH surge
* £3 follicles £15 mm diam

(lead follicle £17 mm diam)
* Serum E2=3.5 nmol/l (rising)

Egg collection:
* 34 h after HCG (or LH surge)

Figure 10. Simplified protocol for sequential clomiphene/HMG therapy based on the methods
described by McBain et al (1984).
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beneficial to confine the dose to 50mg/day (Quigley et al, 1984a) or even lower
in suitably responsive cases. Currently the most popular dose given before
IVF is 100 or 150 mg/day (Kerin et al, 1983; Johnston et al, 1984) A treatment
cycle using the higher dose is illustrated in Figure 11. The period of treatment
is usually confined to five days. Extended courses of clomiphene before IVF
do not seem to be beneficial (Lopata. 1983) and could increase the incidence of
undesirable anti-oestrogenic side-effects (Garcia et al, 1977).
Since LH secretion as well as FSH is increased by clomiphene (Adashi,

1984), inappropriate LFI action in follicles developing during the early mid
follicular phase may compromise the responses to FSH and lead to early
luteinization, atresia and the development of large cystic follicles. This is most
likely if the spontaneous LH surge is blocked and the HCG injection is given
too late (Kerin et al, 1983). Such over-ripe or cystic follicles yield follicular
fluid with particularly high progesterone levels and if an egg is obtained it is
likely to be 'post-mature' and prone to polyspermy or other disorders
(Trounson et al, 1983; Hillier et al, 1984c; Kerin et al, 1985). This so-called
'premature luteinization' syndrome can be recognized during monitoring by
rising serum progesterone with an abrupt fall in oestradiol in the absence ofan
LH surge (Kerin et al, 1985).

Because of the untoward sequelae of premature HCG injection (Williams
and Hodgen, 1980) and the possibility that the spontaneous LH surge may be
blocked if the injection is left too late, the timing of HCG administration is
critical during clomiphene-treated IVL cycles. However, since usually only
2-3 relatively synchronous follicles develop, it is often relatively easy (as
compared with HMG stimulation) to judge the follicular response and time
the HCG injection using oestrogen measurements and ultrasound (see
earlier). It seems that IVF outcome following egg collections timed to HCG or
the spontaneous LH surge (if it occurs) is similar as long as the HCG injection
is given as close as possible to the time of onset of the spontaneous LH surge
(McBain and Trounson, 1984; Kerin et al, 1985).
Corpus luteum function should not be affected adversely by appropriate

clomiphene therapy during the follicular phase (Woodet al, 1981; Lrydman et
al, 1982). In some clinics it is routine procedure to support the luteal phase
with exogenous progesterone (Marrs et al, 1984; Quigley et al. 1984) or HCG
(Sher et al, 1984) although there is no objective evidence that this confers any
benefit.

Clomiphene and HMG
The most popular method of superovulation induction before IVF currently
involves clomiphene combined with HMG, supported by HCG to induce
ovulation and time egg collection (Lopata, 1983; McBain and Trounson,
1984). Simultaneous or sequential clomiphene/HMG therapy can give rise to
more follicles suitable for egg collection than with clomiphene alone (Tables 5
and 6). Thus more viable eggs can be collected and more embryos suitable for
intrauterine replacement frequently result (Lopata, 1983; Trounson and
Wood, 1984). Surprisingly, overall pregnancy rates do not seem to be
improved (Lopata, 1983; Quigley et al, 1984b; Kerin et al, 1985). Another
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Figure II. Successful IVF cycle based on clomiphene therapy. The 34-year-old patient had 25-27
day menstrual cycles. She received clomiphene citrate (150 mg/day for five days) starting on day 5.
Daily follicular ultrasound measurements and serum oestradiol (E) assays were started on day 8
(two and three samples were collected on days 10 and 11, respectively). Serum oestradiol appeared
to peak (4.4 nmol/1) on day 11 although the largest follicles seen by ultrasound were only 14 mm
diameter. HCG (5000 iu) was injected at 00.30 h on day 12; a spontaneous LH surge had not
started so the laparoscopy (LAP) was done at 10.45 h on day 13 (arrows). Three aspirates were
collected: 2 ml containing an oocyte, another 2 ml containing an oocyte and 13 ml containing two
oocytes. The latter presumably represented two follicles which were aspirated simultaneously. At
19.00 h on day 15 (50 h after insemination with the husband's sperm) one egg from the 13 ml
aspirate had developed into a six-cell embryo and another from one of the 2 ml aspirates had
progressed to four cells. Both were replaced transcervically in the uterus and a singleton
pregnancy resulted. This was the first term pregnancy initiated in the Hammersmith Hospital IVF
Unit (Hillier et al, 1984b).
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Table 6. Use of sequential clomiphene/HMG for super-
ovulation therapy before IVF.

Advantages
Pituitary function stimulated—
ovary responds to endogenous gonadotrophins

Numerous (>4) follicles can develop—
multiple embryos

Moderate synchrony—
acceptable variability in egg/embryo quality

Reasonably easy to monitor and time HCG
oestrogen assays and follicular ultrasound

Disadvantages
Expensive and inconvenient—
daily injections

How to judge dose and duration of therapy—
two drugs

Abnormal endocrine responses possible—
LH surge may be blocked; 'premature-luteinization'

Antioestrogenic action (Clomiphene)—
uterine function may be affected

advantage of combination therapy is that follicular asynchrony may be
reduced compared with the use of HMG alone. This is suggested by the fact
that multiple pregnancy seems to be rare even when up to eight embryos are
replaced to the uterus after HMG-induced superovulation (e.g., Laufer et al,
1983; Jones et al, 1984) whereas there is a variable but real risk of multiple
pregnancy occurring if three or more embryos are replaced after successful
clomiphene/HMG combination therapy (Wood and Trounson, 1984).
Usually the clomiphene is given as described above and the HMG (150 or

225 IU: 2 or 3 vials) is injected daily or every other day for a variable period of
time, starting during or immediately after the five-day course of clomiphene
tablets. Typical treatment regimens have been described by Lopata (1983),
Belaisch-Allart et al (1984), McBain and Trounson (1984) and Kerin et al
(1985). The sequential mode of therapy (McBain et al, 1984) is most often used
in our clinic at Hammersmith (see Figure 10); a complete treatment cycle is
illustrated in Figure 12. Combination therapy is perhaps best reserved for
those patients who do not respond satisfactorily to the sequential regimen
(Kerin et al, 1985). Multiple precursor follicles can be expected to begin
preovulatory development in response to the clomiphene-stimulated endo¬
genous gonadotrophin level (further supported with HMG if the drugs are
given jointly); by starting (or continuing) HMG injections when clomiphene is
stopped, the 'selection' process can be fully overridden so that the attrition of
potential 'ovulatory' follicles which otherwise occurs once clomiphene is
withdrawn is minimized (Figure 5). Thus along with the 2 3 preovulatory
follicles which can be anticipated following the course of clomiphene
treatment (see above), others, which presumably still depend on supranormal
gonadotrophin levels, can be sustained by HMG. These can then go on to
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Figure 12. Successful IVF treatment cycle based on sequential clomiphene/HMG therapy. The 26-
year-old patient had regular 29-day menstrual cycles so clomiphene (50 mg/day for five days) was
started on day 5 (see Figure 10). Two ampoules ofHMG (150 iu) were given daily starting on day
9, the last day of clomiphene therapy. On day 14, after five days of HMG therapy, serum
oestradiol peaked at 10.9 nmol/1 in the morning falling to 9.4 nmol/1 in the afternooon. Four
follicles between 15 and 17 mm diameter and at least 3 others ~ 12 mm were seen by ultrasound:
no more HMG was given since the lead follicle was > 16 mm diameter (see Figure 10). HCG
(10000 iu) was given at 23.00 h on day 14; a spontaneous LH surge had not started so laparoscopy
was done at 11.15 h on day 16 (arrows). Seven follicles giving between 1.5 and 9.0 ml follicular
fluid were aspirated and six of them yielded eggs. The eggs were inseminated with the husband's
sperm at 17.30 h on day 16. Approximately 49 h later, six 4-cell embryos had developed and all
were replaced transcervically in the uterus. A twin pregnancy resulted.

achieve variable stages of advanced preovulatory development by the time of
spontaneous LH surge onset or HCG injection (Figures 10 and 12).
Some of the problems associated with the use of clomiphene or HMG alone

(Tables 4 and 5) can be compounded by using them together (Table 6). The
dose and duration of therapy with each drug must be carefully judged;
intensive monitoring is essential to decide when to start or stop HMG and
then to ensure that HCG is given appropriately (McBain and Trounson,
1984). Multiple indices of ovarian function (i.e., serum oestrogen measure¬
ment, follicular ultrasonography and the day of the cycle) are essential to
make these judgments successfully. As with the use of clomiphene alone,
serum oestradiol 'target ranges' (cf. Figure 7) can be useful in the interpreta¬
tion of serum oestradiol in relation to the number of'ovulatory' folicles that
can be visualized by ultrasound (see earlier). In the Hammersmith IVF
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programme, HCG is injected as close as possible to the expected time of LH
surge onset (Mcintosh et ah 1980) but only if at least three follicles 5= 15 mm in
diameter (with at least one of these ^ 17 mm in diameter) are visualized by
ultrasound and if the serum oestradiol titre is commensurate with the presence
of three such follicles i.e., 5=3.5 nmol/1 and rising. With rare exceptions, the
treatment cycle is cancelled if all of these criteria are not met. This protocol
ensures maximal likelihood that multiple oocytes suitable for IVF will be
available for collection (Figure 10) and is justified by the poor results obtained
when only a single embryo is replaced in the uterus (Table 1) (Hillier et al,
1985).
As with the use of HMG or clomiphene alone, it is possible in some cases

that the spontaneous LH surge may be blocked following combination
therapy (Kerin et al, 1985). Therefore care must be taken to time HCG
injection optimally if the sequelae of inappropriately early or late injections
are to be avoided. If an ordered course of clomiphene/HMG therapy is given
followed by timely ovulation induction with HCG (or the spontaneous LH
surge), subsequent corpus luteum function should be adequate and the length
of the luteal phase normal (e.g., Cohen et al, 1984; Quigley et al, 1984b; Kerin
et al, 1985). Potential side-effects of clomiphene and/or of supraphysiological
oestrogen levels on the uterus remain a likely problem and could interfere with
implantation (Edwards et al, 1984). Luteal phase support with progesterone is
often given empirically although there is no objective evidence that this is
necessary (Kerin et al, 1985).

New developments

Properly controlled clinical trials designed to evaluate the relative merits of
HMG and/or clomiphene used in connection with IVF have never been
undertaken and cannot be until other important variables in the overall
procedure have been optimized. Multi-centre collaboration with full standar¬
dization of all laboratory and clinical procedures will be required to study
enough treatment cycles in suitably selected patients to provide a statistically
valid answer. Meanwhile no firm conclusions on the most suitable form of
superovulation therapy for use with IVF can be drawn from the results
published to date, even by the largest and most active IVF centres (Lopata,
1983; Edwards et al, 1984; Jones et al, 1984; Trounson and Wood, 1984).
Overall pregnancy rates obtained using the methods described so far are
comparable regardless of the superovulation regimen used (Kerin et al, 1985).
This suggests that the present methods for manipulating follicular develop¬
ment before IVF are constrained by the same intrinsic features of the ovarian/
uterine cycle and are unlikely to be significantly improved until new
information concerning the factors which control follicle, oocyte and uterine
function becomes available. We conclude this article with a brief look at some
of the more obvious possibilities.

'Pure' FSH

It seems likely that FSH-enriched HMG preparations will be clinically useful
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on their own or as an adjunct to conventional treatment with HMG to achieve
more physiological FSH:LH ratios (Kerin et al, 1985). Whether this will
improve the best results which can be obtained with HMG alone remains to be
determined although the early results seem to be encouraging (Jones et al,
1984).
Another possibility is that FSH can be used before clomiphene and/or

HMG to enhance the synchronous development ofmultiple precursor follicles
at the beginning of the IVF treatment cycle (Figure 5). A course of FSH
treatment early in the cycle might act as a 'synchromeslT so that conventional
superovulation therapy can be started regardless of individual variations in
the timing of the spontaneous inter-cycle FSH rise (Hillier et al, 1984a). This
could help standardize the therapy and improve the response to it. An IVF
treatment cycle based on sequential FSH/clomiphene/HMG therapy is
illustrated in Figure 13. Note that four eggs were collected from this patient,
four embryos were replaced and a quadruplicate pregnancy resulted,
suggesting that a high degree of follicular synchrony was achieved. Prelimin¬
ary results using this regimen are encouraging since egg collection has only
been undertaken in nine FSH/clomiphene/HMG-treated patients and four of
them became pregnant (Hillier et al, 1984 unpublished observation).

Luteinizing hormone releasing hormone
The use of luteinizing hormone releasing hormone (LHRH) or LHRH
analogues in two different modes is currently under investigation in several
IVF clinics. In one mode, the strategy is to enhance endogenous gonadotro¬
pin secretion using pulsatile LHRH infusion; in the other, the strategy is to
suppress pituitary function and use exogenous gonadotropin as the exclusive
source of ovarian stimulation.

Ovarian stimulation with LHRH. Pulsatile administration of LHRH via
intravenous or subcutaneous routes is an established treatment for ovulation
induction and pregnancy in patients with hypogonadotrophic amenorrhoea
(e.g. Hurley et al, 1983; Mason et al, 1984; Reid and Sauerbrei, 1984). A major
advantage of LHRH treatment is that the ovarian-pituitary feedback loop is
left intact and there is therefore a lower risk ofmultiple preovulatory follicular
development and hence of multiple pregnancy (see e.g., Hurley et al, 1983).
However, multiple pregnancy has occurred after intravenous pulsatile LHRH
infusion (e.g., Heineman et al, 1984) and development of multiple preovula¬
tory follicles has been documented in women with normal menstrual cycles
following this form of therapy (Liu et al, 1983; Afnan et al, 1984b).
Intravenous pulsatile LHRH infusion may therefore have potential as a
means of superovulation therapy before IVF, although early experience with
the subcutaneous route of administration seems to have been discouraging
(Kerin et al, 1984a, 1984c).

Pituitary suppression with LHRH analogue. A major reason for the variable
response to gonadotrophin therapy in women with normal menstrual cycles
could be interference due to the actions of endogenous gonadotrophins



SUPEROVULATION BEFORE IVF 715

Clomiphene hCC
hFSH f/.//>V/A hMG

I I II 1 I II I I I I I I I I I

o
E
c 4H

"D

b 2'
i/i
o
O

? 0'
E

E
ro

TO

'

20 -

16-

12

16 -

X
_l

/

II I I I I I I I II I I I I I I

Patient: CW

Age: 29 yr

Superovulation:
hFSH dd 1-5
150 lU/d,1750 IU

Clomiphene dd 5-9
1 00 mg /d
XZZZZZZA
hMC dd 8-12
150 IU, 1750 IU

I I I I I II I I I I I I I I I I

V'
v-°

c
01
E

0 01
>■ u
V. to

c aE oi
01 c.

JJ.I I I I I I I I I I I I I I I I I
1 3 5 7 9 11 13 15 17 22

"I T
27 30

200

- 100 O
U
x

Day of cycle

Figure 13. Successful IVF treatment cycle using sequential FSH/clomiphene/HMG therapy. The
29-year-old patient had an average cycle length of 28 days. 'Pure' FSH (Metrodin, Serono
Laboratories UK Ltd) was given from days 1-5 (two ampoules, 150 iu FSFI/day) to act as a
'synchromesh' for subsequent clomiphene/HMG therapy (Hillier et al. 1984a). Clomiphene (100
mg/day for five days) was started on day 5; HMG (two ampoules, 150 iu/day) was started on day
8. The last dose of HMG was given on day 12 since on day 13 four follicles between 14 and 17 mm
diameter were seen by ultrasound: serum oestradiol on the morning of day 13 was 4.4 nmol/1 and
still rising. HCG (5000 iu) was injected at 03.00 h on day 14: since a spontaneous LH surge had not
started, laparoscopy was done at 15.30 h on day 15 (arrows). Four follicles giving between 4.5 and
7.0 ml follicular fluid and a fifth yielding only 1.0 ml were aspirated: each of the four large ones
gave up an egg. The eggs were inseminated with the husband's sperm at 21.20 h on day 15. At
13.50 h on day 17 (40l h after insemination) four 4-cell embryos had developed and all were
replaced transcervical^ to the uterus. A quadruplet pregnancy resulted.

(Hodgen, 1984). This line of reasoning has led to the development of a
successful method for treating infertile women with abnormal hormone
profiles (Fleming et al, 1982). The strategy is to suppress pituitary gonadotro-
phin secretion by administering a course of high-dose LHRH analogue
therapy and then to stimulate follicular growth and ovulation with exogenous
gonadotrophins. The application of this strategy to women with normal
menstrual cycles could constitute an improved form of superovulation
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therapy before IVF (Fleming et al, 1984): theoretical benefits being that
variability in the response to gonadotrophin treatment might be minimized
and that once pituitary suppression has been accomplished, onset of
gonadotrophin therapy could be adjusted according to the availability of egg
collection facilities 10-12 days later. (This assumes that precursor follicular
development is not adversely affected during the transient hypogonadotro-
phic state.) Experiments with cynomolgus monkeys, which show that multiple
preovulatory follicles can be induced by treatment with HMG or 'pure' FSH
following pituitary suppression with an LHRH antagonist (Kenigsberg et al,
1984a, 1984b), have been confirmed in the context of human IVF.

Pulsatile gonadotrophin administration

Pituitary gonadotrophins are secreted in episodic pulses (see Knobil, 1980)
and characteristic changes in the frequency and amplitude of pulsatile
gonadotrophin release occur throughout the human menstrual cycle (Yen,
1978; Backstrom et al, 1982). Therefore the ovarian response to exogenous
gonadotrophin treatment might be improved by pulsatile modes of adminis¬
tration, which more closely mimic the physiological release of pituitary
hormones. This is feasible using combinations of HMG and 'pure' FSH (to
mimic physiological FSH:LH ratios) infused intravenously or subcuta-
neously using portable battery-operated pumps which deliver calibrated
hormone 'pulses' at set intervals throughout each day of treatment. Subcuta¬
neous pulsatile infusion of HMG has been used to stimulate ovarian function
in patients with ovulation dysfunction (Kemmann et al, 1983) and we have
reported a successful IVF treatment cycle where HMG was given by
intravenous pulsatile infusion after follicular development had been initiated
by administration of clomiphene (Afnan et al, 1984a) (see Figure 14).
However, there is no evidence that either mode of pulsatile infusion has any
benefit over once daily intramuscular injections. The intravenous mode is
uncomfortable for the patient and can be hazardous. Thus it remains to be
established ifpulsatile hormone therapy will find a role in routine clinical IVF.

SUMMARY

This chapter reviews current understanding of the control of spontaneous
preovulatory follicular development in the natural ovarian cycle as a basis for
the design and use of superovulation strategy before clinical IVF. The
principles, limitations and practical aims of therapy using clomiphene citrate
and HMG to stimulate multiple follicular development are outlined together
with details of methods in current use to monitor ovarian response to these
drugs and to time ovulation induction and egg collection with HCG.
Examples of successful IVF treatment cycles are given. It is stressed that
properly controlled clinical trials to judge the relative merits of the various
superovulation methods in current use for IVF have not been undertaken.
Possible new approaches to ovarian stimulation before IVF include the use of
'pure' FSH, LHRH and pulsatile gonadotrophin administration.
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Figure 14. Successful IVF treatment cycle based on sequential clomiphene/HMG therapy using
pulsatile HMG administration. The 34-year-old patient usually had 25-28 day menstrual cycles.
Clomiphene (50 mg/day for five days) was started on day 3. Therapy was continued with HMGon
day 8: two ampoules (150 iu FSH/LH) divided into boluses were administered intravenously via a
battery-operated pump given every 90 min throughout the day. Two more ampoules were given in
the same way on days 9 and 10 and a fifth single ampoule was given on day 11. On the morning of
day 13, four follicles between 15 and 20 mm diameter and two others around 12 mm were seen by
ultrasound: serum oestradiol was 6.5 nmol/1 and still rising. HCG (10000 iu) was injected at 01.00
h on day 14: however an LH surge had started approximately 13 h earlier so laparoscopy was done
at 21.00 h on day 14 (arrows). Eight follicles giving between 0.5 and 6.5 ml follicular fluid were
aspirated and seven of these yielded eggs. The eggs were inseminated with the husband's sperm at
03.00 h on day 15. At 10.30 h on day 17 thee were four embryos at the 2-4 cell stage of
development. All were replaced transcervically and a singleton pregnancy resulted (Afnan et al,
1984a).
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Computer-assisted measurement of sperm swimming speed in
human semen: correlation of results with in vitro fertilization
assays*
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A semiautomatic computerized technique for the measurement of sperm swimming
speed is presented. The equipment is easy to use and would be suitable for routine
clinical laboratories. The value of the sperm speed measurements obtained from over
100 individuals in relation to fertility has been studied by the correlation of these
results with human in vitro fertilization (IVF) data and sperm penetrating capability
in the zona-free hamster egg assay. The results show that sperm speed measurements
correlate very well with those of the IVF, both human and hamster, and can be used
successfully, in conjunction with multivariate statistical methods, to predict the
outcomes of such techniques with about 75% accuracy. Fertil Steril 44:112, 1985

Among the parameters available for the as¬
sessment of human semen quality, the quantita¬
tive determination of sperm swimming speed has
been shown to be one of the most useful diagnostic
aids.1"6 A recent review by Blasco7 assesses and
evaluates the various options available for semen
analysis.
This measurement differs from the less clearly

defined concept of "sperm motility," which is a
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composite term encompassing both speed pf pro¬
gression and proportion of motile cells. In clinical
practice, sperm motility is usually assessed and
graded subjectively by an experienced observer,
although image analysis8, 9 and laser/Doppler10
techniques for monitoring the degree of overall
movement within sperm suspensions have been
developed.
The precise measurement of sperm velocity has

mainly been confined to the research laboratory
because of the time-consuming nature of the
methods available. In general, these techniques
require the recording of sperm movements by
timed exposure photography, videomicrography,
or cinemicrography, followed by the analysis of
sperm trajectories.
To make the sperm speed measurement rou¬

tinely available to the clinician, there is an ur¬

gent need to develop equipment which eliminates
the laborious steps mentioned above, yet main¬
tains accuracy. To this end a rapidly performed
but accurate method for the direct measurement
of sperm swimming speed, which meets the above

112 Holt et al. Sperm swimming speed and fertility Fertility and Sterility



Figure X
The microscope used for sperm swimming speed measure¬
ments is shown here connected via the video camera to the
Apple microcomputer and graphics tablet. A video image, to¬
gether with the randomly positioned sampling area, is visible
on the television monitor screen.

requirements and which has recently been devel¬
oped in this laboratory, is described in this arti¬
cle.
In an effort to examine the diagnostic value of

sperm speed measurements in relation to fertil¬
ity, the ability of spermatozoa to penetrate zona-
free hamster eggs and intact human eggs has
been correlated with speed measurements taken
from untreated semen samples. Only those pa¬
rameters which could be obtained by direct mea¬
surement were included in the data analysis;
therefore, we have concentrated upon sperm den¬
sity and total count in addition to sperm swim¬
ming speed.

MATERIALS AND METHODS

SOURCE OF SAMPLES

A total of 137 semen samples from 124 individ¬
uals attending the in vitro fertilization (IVF) clin¬
ic at Hammersmith Hospital, London, were ex¬
amined during the course of this study. Before
their selection for the IVF program, these pa¬
tients had undergone routine clinical semen
analysis and were regarded as normal on this
basis.

Sperm speed measurements and zona-free ham¬
ster egg penetration assays were performed with
the same semen sample. Swimming speed mea¬
surements on spermatozoa in undiluted semen
were performed within 4 hours of collection, the
delay being caused by the transfer of specimens
from the hospital to the laboratory. The first se¬

men dilution for the zona-free hamster egg sperm
penetration assay was carried out at the hospital
within 1.5 hours of the semen collection. The
techniques used in this assay have been described
previously11; sperm concentrations and number
were the same in each test, i.e., 0.5 ml of sperm
suspension containing a total of 1 million sperma¬
tozoa. The procedures involving human IVF were

performed with semen collected approximately 10
days after these initial laboratory tests with the
use of techniques described elsewhere12; these in¬
seminations were carried out in 1 ml of culture
medium containing 0.5 to 2.0 x 105 motile sper¬
matozoa.

EQUIPMENT

Sperm swimming speed was measured with a
semiautomatic image analysis system (Video In¬
teractive Display System [VIDS], Analytical
Measuring Systems, Ltd., Saffron Walden, UK)
which comprised an Apple II + microcomputer
(Apple Computer, Inc., Cupertino, CA) and an
Apple graphics tablet linked to a video camera
(Fig. 1). The computer/camera interface allowed
the projection of real-time images onto the tele¬
vision monitor screen along with the Apple text
or graphics displays. The video camera was
mounted on a Zeiss Standard microscope (Zeiss
OpMi, Oberkochen, West Germany) equipped
with a x 40 phase-contrast objective and heated
stage (30°C).

SPERM SPEED MEASUREMENTS

For examination, 5 to 6 pi of undiluted semen
were placed in a Helber bacterial cell-counting
chamber (Weber, UK) to give a uniform specimen
depths of 20 pm. The thickness of glass in these
chambers (1 to 2 mm), comparable with normal
glass slides, was suitable for good-quality phase-
contrast microscopy. The images of moving sper¬
matozoa were then displayed on the television
monitor screen together with a mobile cursor, the
position of which was controlled by the operator
via the graphics tablet.
Measurement of sperm speed was achieved by

tracking the chosen spermatozoon with the cur¬
sor. Each track was then displayed as a series of
points, 10 points/second being plotted (Fig. 2).
The computer program was written to calculate
the total length of the track thus produced with
the use of X and Y coordinates generated by the
graphics tablet; the average speed of each sper-
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Figure 2
In this figure, taken directly from the video monitor, a number
of spermatozoa are visible. From the randomly positioned
sampling box 35 x 35 pm, a series ofpoints representing the
path of a single spermatozoon can be seen to terminate in a
small cross, the controllable mobile cursor. For the purposes of
illustration, this photograph actually shows an air-dried
preparation of spermatozoa.

matozoon was then calculated from the distance
traveled and the time taken to the nearest 0.1
second.
In an effort to avoid bias in the selection of

spermatozoa for tracking, a randomly positioned
box, approximately 35 x 35 (xm, was displayed on
the monitor screen as a guide to sampling. Each
spermatozoon was tracked over distances of 100
to 200 (im, the computer rejecting automatically
any measurements completed in less than 1 sec¬
ond. This condition usually applied only when the
cells were moving especially fast. In this study, 50
to 60 spermatozoa from each semen sample were
routinely measured this way; the term "mean
swimming speed" will be used here when refer¬
ring to the single mean figure obtained this way.
In addition to measuring the mean swimming
speed for every sample examined, the frequency
distributions of sperm speeds were used to deter¬
mine the proportion of spermatozoa exhibiting
swimming speeds of 20 p.m/second and below. The
frequency distributions were also examined for
departure from statistical normality by the use of
a chi-square test.13

VALIDATION OF THE COMPUTER TECHNIQUE

So that we could confirm the accuracy of the
computer method for the measurement of speed, a
number of semen samples were photographed

with long (2-second) exposures taken with dark
ground microscopy. As in previous descriptions of
this method (see Katz and Dott, 19758), the sperm
paths were visible as tracks of various lengths.
Track lengths were measured with the normal
functions of the VIDS system, and sperm speeds
were calculated from 10 to 15 such tracks per
sample. The results obtained in this way were
correlated with the computer measurements ob¬
tained from the same samples.

SPERM DENSITY AND SEMEN VISCOSITY

MEASUREMENTS

Sperm density was measured for each sample
by the use of a hemocytometer. Semen volume
was also recorded together with a subjective es¬
timate of the proportion of moving spermatozoa.
In order for us to obtain a comparative and objec¬
tive measure of seminal viscosity, a series of 60
semen samples was examined with the use of a
simple apparatus consisting of a vertically posi¬
tioned, 0.1-ml glass pipette, where the distance
between the tip and the 0.1-ml mark was 24 cm.
For use, the pipette was filled with 0.1 ml of un¬
diluted semen; then outflow time was measured
with a stopclock. This procedure was always per¬
formed in a thermostatically controlled room at
37°C; the same pipette was used for every deter¬
mination.

DATA ANALYSIS
t

For data analysis, each semen sample was allo¬
cated to one of two groups, depending upon the
outcome of the zona-free hamster sperm penetra¬
tion assay. Samples were classified as "fertile"
when penetration was achieved; otherwise, they
were regarded as "infertile." The various statisti¬
cal procedures applied to the analysis of this data
were performed by computer with the use of the
general statistical program Genstat (Numerical
Algorithms Group, Ltd., Oxford, UK) implement¬
ed on the University of London computer net¬
work.

RESULTS

The technique used here for the measurement
of sperm swimming speed was simple to perform
and required little operator training. The exami¬
nation of 50 to 60 spermatozoa in a sample could
be completed in 10 to 15 minutes, thus allowing
results to be obtained very quickly. The results of
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Table 1. Sample Means from 137 Ejaculates ( ± Standard
Error of the Mean), Classified as Fertile or Infertile on the
Basis ofZona-Free Hamster Egg Penetration

Parameter Fertile Infertile F ratio

Mean speed 34.2 ± 0.85 24.2 ± 1.2 33.58°
(pm/second)

Sperm density 94.4 ± 7.5 62.1 ± 11.7 3.48"
(x 106)

Total count ( x 106) 309 ± 29.0 198 ± 40.5 3.22"
Proportion of slow 23.8 ± 2.0 57.9 ± 4.6 55.8°

swimming sper¬
matozoa (% < 20
pm/second)

No. of samples 107 30

aP < 0.005.
bP < 0.1.

the two methods used to determine sperm speed
showed good correlation (r = 0.85, R2 = 1.02, n =
14).
Of the 137 samples examined in this study,

zona-free hamster egg penetration was achieved
in 107 cases. In this article, these samples will be
regarded as fertile. The remaining 30 samples,
classified as an infertile group, showed no sperm
penetration.
Based on this grouping, values for four mea¬

surable semen parameters—sperm density, total
sperm count, mean swimming speed, and per¬
centage of spermatozoa moving at < 20 p.m/
second in any given sample—were examined in
one-way analyses of variance. The group means
derived from these variates are shown in Table 1.
The two measurements derived from sperm
swimming speed determinations showed highly
significant differences, the higher swimming
speeds being associated with egg penetrating
ability. The distribution of sample mean speeds in
the two groups (Fig. 3) underlines the difference
between the two groups in this respect.
Consistent, but barely significant (P < 0.1), dif¬

ferences between the two groups were also evi¬
dent in the sperm density and total sperm count
data, higher values again being found in the fer¬
tile group.
To test the effectiveness of the four measure¬

ments made here in predicting the results of the
zona-free hamster egg penetration tests, we used
the statistical technique of canonical variate
analysis.14 This technique involved the calcula¬
tion of a set of coefficients for the four variates
(Table 2), then the use of these for reassignment
of each individual sample to either of the two
groups.

Given that the effectiveness of the reassign-
ments will be overestimated when the coefficients
are both calculated from, then reapplied to, a par¬
ticular data set, a Genstat routine entitled "Jack-
nife"15 (Numerical Algorithms Group, Ltd.) was
used in performing the reassignments. This pro¬
gram removed each set of four variates in turn
from the data, calculated the coefficients from the
remaining N - 1 sample values, then reassigned
the extracted sample. On this basis each reassign¬
ment was independent of all the others and pro¬
vided a more realistic assessment of the predic¬
tive value of the variates. The results of this dis¬
criminant analysis, shown in Table 3, clearly in¬
dicate that a good correlation can be obtained
between the results of the heterologous ovum
penetration test and the four variates used here.
Also shown in Table 3 is the correlation be¬

tween the heterologous ovum penetration test
and the human IVF results. The group in which
hamster egg penetration was achieved correlated
very well with the fertilization rate observed with
human eggs, there being 81.8% agreement be¬
tween the two procedures. However, in none of
the cases where hamster egg penetration failed
was failure also observed in the human.
Table 2 shows the canonic coefficients calculat¬

ed from all 137 samples for the discrimination of
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Figure 3
Histograms showing the distribution of sample mean sperm
speeds in the two groups of patients defined as fertile or infer¬
tile, depending upon the outcome of the zona-free hamster egg
penetration test. Each observation used to plot these his¬
tograms was the mean of 50 to 60 sperm speed measurements.
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Table 2. Discriminant Function Coefficients Used to Predict
the Outcome of the Zona-Free Hamster Egg Sperm Penetration
Assay"

Discriminant
Parameter function coefficient

Speed (pm/second) Vj 0.0189
Proportion of spermatozoa V2 0.0502
swimming < 20 pm/second
(%)

Density (106/ml) V3 -0.0043
Total count (106) V4 0.0004

Constant C -1.9202

"For use, the discriminant function coefficients are substi¬
tuted into an equation of the form z = Vj (speed) + V2 (< 20)
+ V3 (density) + V4 (total count) + C; z values > 0.451 are

interpreted as infertile, and vice versa.

the two allocations described. Mean discriminant
scores for the two groups were 1.2478 and
-0.3499 for the infertile and fertile groups, re¬
spectively; the discriminating boundary may
therefore be taken as the midpoint between the
two groups, i.e., 0.451. Use of this boundary value
gave identical reassignments to those obtained
with the use of the more elaborate Jacknife pro¬
cedure.
In 12 of the 124 individuals examined in this

study, semen samples were obtained two or three
times; the results obtained for each sample are
detailed in Table 4. In most of these cases, the
mean swimming speeds showed little change be¬
tween samples, differing by approximately half a
standard deviation (SD) in all but two individ¬
uals. Zona-free hamster egg penetration was
achieved consistently in 6 of the 12 repeated sam¬
ples, and inconsistent results were obtained in
the other 6. The discriminant function analysis
reflected these findings to a certain extent, incon¬
sistent allocations being given in 5 of the 12 cases
(Table 4).
With the Genstat computer program, the four

parameters used in the discriminant function
analysis, i.e., sperm swimming speed, percentage
of spermatozoa exhibiting speeds < 20 pm/
second, sperm density, and total sperm number,
were examined with the use of a cluster analysis.
A minimum spanning tree16 was constructed
from the data, in which samples showing greatest
similarities became grouped together. No account
was taken of the results obtained with the zona-

free hamster egg sperm penetration test in this
analysis. The minimum spanning tree derived
from this analysis consisted essentially of four
clusters; the table ofmeans, together with the egg

penetration results associated with this grouping,
is shown in Table 5.

Viscosity measurements on 60 samples, ex¬
pressed as outflow times from a standard small¬
bore pipette, showed a significant correlation
with sperm density (r = 0.286, P < 0.05) (Fig. 4).
No significant correlation was observed between
viscosity and sperm swimming speed.

DISCUSSION

The difficulties inherent in the measurement of

sperm swimming speed have so far seriously lim¬
ited the routine clinical use of this parameter as a
diagnostic aid. The computerized equipment de¬
veloped in this laboratory and described in this
article therefore represents a significant advance,
because results can be made available very quick¬
ly with little time spent on the measurement pro¬
cedure.

Sperm swimming speed has emerged from the
present study as one of the most important diag¬
nostic parameters for the assessment of human
male fertility. With the use of the penetration of
zona-free hamster eggs as an assay ofsperm func¬
tion,17, 18 it was possible to predict, to about 75%
accuracy, the outcome of this test by the combina¬
tion of data derived from sperm speed and density
measurements. Some caution has to be exercised
in the interpretation of the zona-free hamster egg
test as an indicator of fertility in men; however, a
number of reports justify its use for this purpose,
and we regard its outcome as a good basis for
discriminating between "good" and "bad" semen
samples. Although Rogers et al.19 found that the
proportion of hamster eggs penetrated varied in¬
versely with the time that spermatozoa were ex¬
posed to seminal plasma, with decreases being
detected from 30 minutes onward, Matson et al.20
demonstrated that the presence or absence of

Table 3. Correlation Between the Results of the Zona-Free
Hamster Egg Sperm Penetration Assay, Human IVF Results,
and Discriminant Function Predictions

Hamster egg
penetration

Human IVF

+ - matching predictions

30 negatives 9/9 0/9 22/30 (73%)
107 positives 36/44 8/44 87/107 (80%)

130 total 109/137 (79%)

"Discriminant function analysis based on four variates:
mean sperm speed, sperm density (x 106), total sperm count
(x 106), and percentage of spermatozoa < 20 pm/second.
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Table 4. Mean Swimming Speeds (:
Penetration Assay Results

SD) Obtained from Repeated Semen Analyses, Together with the Actual and Predicted Sperm

Predicted'
Patient Sample date Mean speed ± SD t-test" penetration penetr

A 2/10/83
10/6/83

24.9
33.8

± 7.8
± 7.2

P < 0.001
+

+ +

B 4/28/83
10/6/83

54.6
44.4

± 8.8
± 8.7

P < 0.001
+

+

+

+

C 5/19/83 32.6 ± 9.8
P < 0.05

+ +

10/6/83 28.0 ± 8.2 + +

D 3/24/83 40.3 ± 10.6
P < 0.05

+ +

9/22/83 35.8 ± 10.4 + +

E 3/24/83 45.4 ± 16.2
P < 0.05

+ +

10/20/83 40.0 ± 8.6 + +
F 2/3/83

1/12/84
24.2
28.9

± 8.3
± 6.1

P < 0.005
+

+ +

G 4/21/83 29.3 ± 6.4 - +

9/22/83 26.6 ± 10.9 NS + -

1/12/84 30.2 ± 7.0 + +

H 3/17/83 29.9 ± 9.0
NS

- +

2/9/84 28.4 ± 6.5 + +

J 4/14/83 32.3 ± 8.9
P < 0.01

+ +

10/6/83 25.6 ± 6.9 - +

K 10/13/83 36.4 ± 9.9
P < 0.01

- +

11/24/83 26.4 ± 6.5 + -

L 10/13/83 32.1 ± 9.1
NS

+ +

11/10/83 30.2 ± 7.9 - +

M 3/17/83 29.2 ± 10.4
NS

- -

11/10/83 27.0 ± 6.8 + +

"/-tests to compare mean swimming speeds, sample sizes 50 to 60. NS, not significant.
'Predicted hamster egg penetration from the discriminant function analysis.

penetrations was consistent for individuals tested
repeatedly on different occasions. This latter find¬
ing supports the use of the hamster egg penetra¬
tion test as a way of identifying functionally defi¬
cient ejaculates.
In general, a good correlation was also found

between penetration of zona-free hamster eggs
and the IVF of human eggs, as reported by Wolfet
al.21 and Margalioth et al.18 A small number of
cases were found, however, where different re¬
sults were obtained in the two systems. The rea¬
sons for this are unclear, partly because the two
procedures were performed on different dates; but
factors such as blocks to normal fertilization at

the level of the zona pellucida or eggs which are
in some way defective might be involved.

Where different samples from the same indi¬
vidual were tested, the mean sperm swimming
speeds were mostly within 1 SD of each other,
even though there sometimes were significant dif¬
ferences between the two values. In practice, this
meant that mean sperm swimming' speeds re¬
mained within a relatively narrow range when
measured in different ejaculates. Katz et al.4 sim¬
ilarly noted that sperm swimming speed was a
relatively stable parameter, in contrast to charac¬
teristics such as sperm density, and inferred that
this made it of greater value for distinguishing
between fertile and infertile individuals.
The multivariate analyses used in this study

provided evidence that mean sperm swimming
speed was of lesser importance as a predictor of

Table 5. Results of the Cluster Analysis
tt < 20 Positive Positive

Cluster n Speed Density Total count ixm/second hamster test human IVF

nmsecond x icf X 10s

1 37 24.7 60.75 82.4 59.2 21/37 7/9
2 59 38.7 59.3 192.2 14.9 55/59 24/27
3 19 26.4 124.7 402.2 65.5 10/19 9/9
4 22 36.9 200.5 775.3 11.9 21/22 4/8
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Figure 4
Scatter diagram showing the relationship between sperm
density and semen viscosity. Viscosity is expressed as outflow
time from a standard small-bore pipette.

hamster egg penetration than the proportion of
slow-swimming cells (i.e., < 20 p.m/second). Simi¬
lar findings have been reported by Aitken and
colleagues,5, 6 where an analogous measurement,
i.e., proportion of spermatozoa swimming faster
than 25 p.m/second, was shown to be of impor¬
tance. These investigators showed that this par¬
ticular parameter differed between normal fertile
men and those classed as oligozoospermic or hav¬
ing unexplained infertility.
The importance of mean swimming speed has

been both asserted and disputed by previous in¬
vestigators. Milligan et al.2 observed that sper¬
matozoa from fertile and infertile men could be

distinguished on the basis of sperm speed and
suggested a value of 30 p.m/second as a discrimi¬
nating boundary. The results presented in this
article tend to support that proposal; only 5 of 30
samples (16.6%) in the nonpenetrating group
showed mean speeds of 30 p.m/second or above,
whereas 73 of 107 (68.2%) such samples were
found in the penetrating group.
Milligan et al.2 distinguished their two groups

with respect to proven fertility or long-standing
infertility, an important difference from the crite¬
ria used in the present study. In these individ¬
uals, the infertility may have been due to inade¬
quate sperm transport to the site of fertilization
as well as defective fertilization mechanisms. The
similarly low sperm speeds observed in the infer¬
tile groups classified by the two different criteria
emphasizes the diagnostic importance of this pa¬
rameter.

By the use of an indirect method based on prob¬
ability theory for the determination of human
sperm velocity, Bartak22 demonstrated signifi¬

cant velocity differences among ejaculates from
normal, asthenospermic, and oligospermic men.
The results presented in this article do not sup¬
port this apparent relationship between sperm
density and sperm velocity, which has almost cer¬
tainly been overestimated; Bartak's method22 is
based on estimates of sperm density and time for
a given number of cells to traverse a particular
opening within a counting chamber. It is note¬
worthy, however, that Bartak's results, which
were based on 2100 samples, showed a greater
time-dependent decline in sperm velocity in the
two subfertile groups than in the normal group.
This finding is of some significance because it

implies that sperm velocity measurements made
some time after ejaculation are more likely to
discriminate more successfully between fertile
and subfertile individuals than measurements
made immediately. It also suggests that the sur¬
prisingly good sperm-speed-based discrimination
observed in this study between samples which
penetrated hamster eggs and those that did not
was partly due to the unavoidable delay experi¬
enced while samples were transported from the
hospital to the Institute of Zoology. Further stud¬
ies of this effect may confirm that a time delay is
actually useful in diagnosing subfertile individ¬
uals.
In contrast to the results presented in this arti¬

cle, Hope et al.23 found that mean $perm swim¬
ming speeds were not significantly different in
two groups of men. The fertility status of these
two groups was rather ill-defined, however, one
consisting of "presumed normal" men and the
other drawn from husbands in couples attending
an infertility clinic. Because individuals in the
latter group are likely to have varied widely in
their semen quality, little significance can be at¬
tached to this aspect of the study.
The results of the cluster analysis are of some

interest because they emphasize the obvious cor¬
relation between the hamster egg penetration re¬
sults and the two inversely related parameters
involving sperm swimming speed. The analysis
also draws attention to an unexpected subgroup-
ing of the samples according to sperm density and
total sperm numbers. This appears to provide the
justification for distinguishing between clusters 1
and 3 and clusters 2 and 4. The hamster egg pene¬
tration rates confirm, however, that these two
parameters are the least effective predictors of
fertilization in vitro. When the results of the clus¬
ter analysis are compared with the penetration
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rates achieved with zona-intact human eggs, it is
apparent that none of the parameters show much
predictive value. Fertilization rates were rela¬
tively high in each of the four clusters, with the
possible exception of cluster 4; insufficient data
were available here, however, to show whether or
not this was a spurious result.
The viscosity measurements made on undiluted

semen samples in this study are of some interest
because a statistically significant correlation
with sperm density was detected (r = 0.287). No
satisfactory explanation of this relationship can
be given at present other than that increases in
sperm concentration might inhibit the ability of
seminal plasma to flow in the glass pipette. No
correlation was observed between sperm swim¬
ming speed and viscosity, although systematic
experiments with bull spermatozoa have previ¬
ously shown that raised viscosity reduces flagel¬
lar beat frequency24 and sperm velocity.25
The results presented in this article show that

the objective assessment of sperm movement
characteristics is of considerable value in the as¬

sessment of human male fertility. They underline
and confirm the belief that useful information can

be extracted from the semen sample, provided
objective techniques can be developed. The work
of Aitken and colleagues5, 6 illustrates this prin¬
ciple further, where the use ofmultiple exposure
photography, sperm track measurement, and
multivariate statistical methods enabled normal,
fertile individuals to be identified with a high
degree of certainty with the use of factors describ¬
ing the quality of sperm motility. The identifica¬
tion of the appropriate parameters, together with
the development of equipment to facilitate their
measurement, is therefore an important goal in
the immediate future.
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INTRODUCTION

Biochemical maturation of the mammalian oocyte continues throughout the antral

phase of follicular growth after the gamete itself has stopped growing. Maternal

macromolecules (protein and RNA) synthesized during the preovulatory period are

thought to affect the subsequent development of the embryo. These biochemical

events occur in a microenvironment rich in sex steroids produced by gonadotrophin-

stimulated granulosa and theca cells in the surrounding follicle wall. An order¬

ed sequence of change in the intrafollicular sex steroid profile occurs right up

until ovulation and perturbation of this sequence leads to anomalies in fertiliz¬

ation and embryogenesis (1).

This article summarizes current knowledge of the intrafollicular changes in

steroid metabolism preceding ovulation in man; examines the results of recent

studies on possible relationships between these changes and the developmental

potential of the oocyte; and considers the implications of results from experi¬

ments in vitro designed to explore biochemical consequences (for the oocyte) of

steroid action in gonadotrophin-stimulated granulosa/cumulus cells.

STEROIDS IN THE PREOVULATORY FOLLICLE

The sequence of change in intrafollicular sex steroid levels which character¬

izes the development of an ovulatory follicle in the human ovary is illustrated

schematically in Fig. 1. During the follicular phase of the ovarian cycle in

which it will ovulate, this follicle grows in a curvilinear manner to reach a

diameter of 2 cm or more when the mid-cycle gonadotrophin surge begins. At this

time it is the source of most secreted oestrogen (2) and usually contains 10-

1,000 times more oestradiol (E) in its follicular fluid than any other (non-

ovulatory) follicle in either ovary (3) (see Fig. 2).

Before the oestrogen secretory phase of follicular development begins, andro¬

genic steroids formed in luteinizing hormone (LH) stimulated thecal/inter-

stitial cells predominate (4). Experimental evidence suggests that functional

granulosa cell differentiation is initiated at this time through joint stimula¬

tion by follicle-stimulating hormone (FSH) and androgen (5). As the follicle

begins its preovulatory phase of development, its granulosa cells develop an

active androgen aromatizing enzyme system (aromatase). The activity of this

enzyme system increases during subsequent follicle growth and is a primary factor

43 65
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Fig. 1. Schematic sequence of change in the intrafollicular
sex steroid profile of an ovulatory follicle.

in the local control of the intrafollicular oestrogen level (5).

Other intermediates of oestrogen biosynthesis along the classic A14 and

routes of steroid hormone synthesis also accumulate in follicular fluid (5).

Even before LH-surge onset, the progesterone (P) concentration in follicular

fluid from the preovulatory follicle is markedly raised (Fig. 2); after the surge

or when an ovulation inducing dose of human chorionic gonadotrophin (HCG) is

given the P level rises rapidly and progressively until follicle rupture about lo

days later (7) (see Fig. 1). This change reflects LH/HCG induced granulosa cell

luteinization and heralds the transition of the preovulatory follicle into the

corpus luteum (6).
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Fig. 2. Follicular fluid E and P levels in the 27 largest follicles
present in a human ovary just before expected LH surge onset (6).
Both levels are highest in the 24-mm diameter preovulatory follicle.

Follicular E synthesis declines shortly after the LH surge or HCG injection (5).

Levels of E and precursor androgen — androstenedione (A) and testosterone (T) —

in follicular fluid decline precipitately as the P level rises over the LH/HCG-

ovulation interval (8,9) (see Fig. 1). The primary lesion underlying this

dramatic steroidogenic shift is probably in LH/HCG-controlled thecal/interstitial

androgen formation: there is evidence that granulosa cell aromatase activity

does not decline (6) (see Fig. 3). There appears to be a form of thecal/inter¬

st itial 'desensitization' analagous to that caused by high-dose LH/HCG in testi¬

cular Leydig cells (cf. ref. 10). Oestrogen itself might be instrumental in this

inhibitory effect of LH/HCG (5).

In summary, the life cycle of an ovulatory follicle is terminated with a 'hyper-

progestogenic' episode shortly before the follicle ruptures. For a brief period

before the onset of the mid-cycle gonadotrophin surge, E is the most abundant
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steroid metabolism to oocyte function based upon the outcome of IVF (14,15).

Moreover, since multiple ovulatory follicles are usually aspirated after super-

ovulation therapy, insemination of all the patient's eggs with the same sperm

preparation allows valid interfollicular comparisons to be made (15).

We studied ovulatory follicles (i.e., those containing at least 2 ml follicular

fluid) aspirated laparoscopically 32-38 h after injecting 5,000 IU HCG to induce

ovulation. Sixty-four aspirates (granulosa cells and matched follicular fluid)

came from 27 patients treated for five days with clomiphene citrate (50-150 mg/

day starting between days 2-5 of the treatment cycle); 158 aspirates (follicular

fluid and occasional matched granulosa cells) were from women treated sequentially

with clomiphene citrate and human menopausal gonadotrophin (HMG: 150-225 IU each

of FSH and LH given once a day for up to four days starting on the day after the

last day of clomiphene treatment). Eggs were taken for IVF using the husband's

sperm (14,15); morphologically normal embryos were transferred to the patient's

uterus two days later. Granulosa cells were separated from follicular fluid, dis¬

persed with hyaluronidase, counted and then incubated for 3 h at 37°C in Medium

199 containing 0.1% (w/v) bovine serum albumin. Incubations were in triplicate

with and without 1.0 yM T as the aromatase substrate (15,16). E and P were meas¬

ured by radioimmunoassay in follicular fluid and granulosa cell incubation medium;

TABLE 1

FOLLICULAR FLUID STEROID LEVELS AND GRANULOSA CELL STEROIDOGENESIS IN RELATION

TO IVF OUTCOME: ASPIRATES FROM CLOMIPHENE CITRATE/HCG-STIMULATED PATIENTS

Values are means + GEM (data from ref. 15)

Follicular fluid Cranulosa cell steroidogenesis
Follicular steroid concn (pM) (nmol /I 0 cells 13 h)

IVF outcome N vol (ml) E P Aromatase P production

No egg 1 3 5.7±0.8 2. 9±0.4 50. 8+11.5 2. 18+0.65 2. 70±1.31

No fertilization 1 3 4. 2+0. 3 2.9±0.2 34.4± 7.9 1.25±0.22 1. 53±0.35

Polyspermy 5 11.0±2.3* 4.3±1.5 65. 4± 4. 8* 1. 36±0.90 2. 07±1.12

Fragmentation 9 5.4±0.8 2. 9±0.2 37. 3± 6. 0 1. 73±0.48 1. 33±0.35

Embryo replaced 24 6. 3±0.7 3. 2±0. 3 39. 9± 4. 6 1. 46±0. 31 1.2710.26

Pregnancy** 4 4.1 ±1.2 2.5±0.3 42. 2± 8. 8 - -

* Croup mean significantly different from all others (P<0.05)
** Referent data from a previous series in which pregnancies were established

(see ref. 14); granulosa cell steroidogenesis not measured
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TABLE 2

FOLLICULAR FLUID STEROID LEVELS IN RELATION TO IVF OUTCOME: ASPIRATES
FROM CLOMIPHENE CITRATE/HMG/HCG-STIMULATED PATIENTS

Values are means _+ SEM (unpublished data)

Follicular fluid

Follicular steroid concn (pM)

IVF outcome No. follicles vol (ml) E PA

No egg 72 3. 6±0. 3 3. 1+0. 2 50±5. 0 0.7+0.1

No fertilization 1 8 4. 8±0. 6 3. 1±0. 5 62±8. 5 0. 6±0. 1

Fragmentation 2 - - - -

Embryo replaced 40 5. 5±0. 5 3. 0±0. 4 63±4. 5 0.6±0.1

Pregnancy* 26 6. 3±1. 0 3. 1+0. 2 60±7.5 0.8±0.1

* Six pregnancies resulting from the transfer of multiple embryos
(2-6 on each occasion): combined data from the 26 follicles involved
are presented

TABLE 3

FOLLICULAR FLUID STEROID LEVELS AND GRANULOSA CELL STEROIDOGENESIS

IN VITRO IN RELATION TO IVF OUTCOME IN A PATIENT WHO RECEIVED

CLOMIPHENE CITRATE/HMG/HCG THERAPY

Treatment cycle resulting in triplet pregnancy with delivery of healthy
quadruplets (two monozygotic) following replacement of six embryos

Follicle no. 1 2 3 4 5 6 7 8

Fluid vol (ml) 6. 0 5.5 3. 0 4. 5 6. 0 2. 8 4.5
q

No. granulosa cells (x 10 ) 1 9 16 7 5 40 Qb) 8 17

Egg present + + + - - + + +

Blastomeres in embryo* 6 5 2

_c)
- 4 4 4/5

Fluid E concn (pM) 1.8 3. 4 2.6 3. 6 2. 8 0. 4 2. 9

Fluid P concn (pM) 27 56 23 _c) 57 106 1 9 41

Fluid A concn (pM) 1. 7 1. 0 1. 4 _c) 1.1 0. 5 3. 2 0. 9

Aromatase activity** 0. 56 0. 71 0. 34 0. 97 _c) _c) 1 . 65 0. 28

P production*** 0. 39 0. 54 0.21 0. 72 _c) 0. 88 0. 21

* Embryos replaced 47 h after insemination
** nmol E/10^ cells/3 h using 1.0 pM T as substrate
*** nmol P/10® cells/3 h
a) aspiration incomplete
b) too few to count
c) not measured
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A radioimmunoassay was carried out on follicular fluid only. Results grouped

according to IVF outcome are summarized in Tables 1-3 (15).

Overall, follicular fluid steroid levels and granulosa cell steroidogenesis

showed no significant differences for eggs which fertilized and cleaved normally

and those which did not. Granulosa cell aromatase activity was usually high and

comparable with that known to be characteristic of the preovulatory follicle before

exposure to the mid-cycle gonadotrophin surge (see Fig. 3). Conversely, as was

expected, follicular fluid E and A levels were much lower than they would have

been before the surge (see above). Follicular fluid P concentrations and granu¬

losa cell P production in vitro were invariably high and commensurate with the

advanced stages of granulosa cell luteinization expected immediately before ovul¬

ation (7). In patients not treated with HMG, oocytes which became polyspermic

usually came from very large follicles with particularly high follicular fluid P

levels indicating follicle 'over-ripeness' and oocyte 'post-maturity' (see Table

1). Those oocytes which fertilized, implanted and developed into term pregnancies

came from follicles with apparently unremarkable steroidogenic properties (Tables

1-3).

In summary, these data from superovulated IVF patients suggest that oocyte

function is not simply related to indices of follicular steroid metabolism which

can be measured in follicular aspirates made just before the expected time of

ovulation induced by HCG.

SEX STEROIDS AND GRANULOSA CELL 'NURSE-CELL' FUNCTION

Since dramatic changes in the intrafollicular sex steroid profile precede

ovulation, measurements made on periovulatory follicular products do not reflect

the intrafollicular sex steroid environment which prevails before the LH/HCG surge

begins. This is probably a time when intrafollicular factors such as steroids

affect the oocyte's developmental potential: by direct action in the gamete (17)

and/or by affecting granulosa cell 'nurse-cell' function.

There is experimental evidence to suggest that ovarian steroids act as local

bioregulators to control the onset and expresssion of gonadotrophin-stimulated

granulosa cell functions which could affect the oocyte (5). These functions in¬

clude cyclic AMP formation (18), lactic acid accumulation (19), and the develop¬

ment of functional granulosa cell LH receptors which enable granulosa cells (and

hence the oocyte) to respond to the LH/HCG surge. Cyclic AMP is believed to be

an important chemical signal which granulosa cells in the cumulus oophorus trans¬

mit to the oocyte (21). Moreover, the oocyte cannot utilize complex carbohydrates

like glucose as energy substrates (22) so it is thought to depend on granulosa

cells for a supply of low molecular weight substrates such as pyruvate and lactate

which it can use (23).
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Zeilmaker and Verhamme (24) have shown that lactate is one of several discrete

energy sources which the rat oocyte can utilize to fuel its nuclear maturation

in vitro. They have also shown that lactate accumulates at high levels in mature

preovulatory follicles (25). More recently, Billig et_ al_. , (26) reported direct
evidence that lactate production by mural and cumulus granulosa cells isolated

from rat preovulatory follicles is subject to gonadotrophic control in vitro.

Our own recent studies have shown that FSH-sensitive lactate accumulation in

granulosa cell cultures (prepared from immature follicles in the rat ovary) is

Fig. 4. Stimulatory action of testosterone (T) on FSH-sensitive
lactate accumulation in mouse granulosa cell cultures. Oocyte/
cumulus complexes and mural granulosa cells were isolated from
immature (preantral/early antral) follicles in prepubertal
mouse ovaries. Replicate cultures (8-12 oocyte/cumulus complexes
or approximately 50,000 viable mural granulosa cells/culture) were
set up in calf serum-precoated plastic culture wells using Medium
199 containing bovine serum albumin (0.1%, w/v) (500 yl/well).
(See ref. 18 for description of Methods.) Control, no hormones
added to the medium; FSH, hFSH LER-8/116 (100 ng/ml) added;
T, 0.1 yM T added; FSH + T, both FSH and T added. Incubation

o
was for 48 h at 37 C; lactate in the medium was measured enzym-

atically. Values are means +_ SEM; each treatment in quadruplicate.
(Harlow, C.R. & Hillier, S.G. unpublished.)
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augmented by the presence of androgenic steroid (T or 5a-dihydrotestosterone) in

the culture medium. The effect is dose-dependent and is not mimicked by E or P

over the same concentration range (0.01-1.0 yM) (19). Similar results have been

obtained from culture experiments using mouse granulosa cells (see Fig. 5).

It remains to be determined if sex steroid effects like these operate within

the intact follicle. Meanwhile they suggest how changes in granulosa cell 'nurse-

cell' function could be involved in the effects of intrafollicular sex steroids

on the oocyte during the preovulatory phase of follicular development.
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Embryo culture: Quality control in clinical
in vitro fertilisation

Dr S. G. Hillier, Dr K. J. Dawson, Dr M. Afnan,
Dr R. A. Margara, Dr T. A. Ryder, Dr E. J. Wickings
and Mr R. M. L. Winston

SUMMARY

1. Details are given of the materials and laboratory methods currently used to handle
human eggs, sperm and embryos in the Hammersmith Hospital IVF Unit. Their
continued evaluation using weekly cultures of mouse preimplantation embryos as a
quality control check is described.
2. Preliminary results from the clinical IVF programme are presented. During
September 1983 to June 1984, 151 laparoscopics for egg collection were carried out on
tubal infertility patients receiving successful superovulation therapy. At least one egg
was recovered on 141 (93.4%) occasions and 81.6% (115/141) of the successful
laparoscopics led to embryo replacement. Twenty-eight clinical pregnancies were
established from the 115 embryo replacements, giving an overall success rate of
approximately 24%. These results are discussed in relation to the number of embryos
replaced on each occasion and the prevailing conditions of embryo culture in vitro.
3. Our experience shows that scrupulous attention to detail at all stages of gamete/
embryo culture and handling is essential in order to establish and maintain a successful
clinical IVF programme.

INTRODUCTION

The success of an in vitro fertilisation (IVF) programme depends upon rigorous control
of several disparate but intrinsically linked steps (Table 1). To improve any one
component of the overall procedure, all others must be held constant. Since the first
Hammersmith Hospital IVF pregnancy was initiated in September 1982 our gamete
handling and embryo culture methods have undergone little change so that potential
improvements in other areas such as the control of ovarian function might properly be
assessed."-2) Our laboratory methods and the measures which we undertake to ensure
their consistent and reliable application are summarised here. A preliminary
assessment of our current clinical results is also presented.
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Table I Critical steps towards IVF success

* Patient assessment/selection

* Pretreatment (surgery, antibiotics etc.)
* Ovarian stimulation

* Egg collection
* Sperm processing
* Fertilisation and embryo culture
* Embryo replacement
* Luteal phase support

MATERIALS AND METHODS

Chemicals

With the following exceptions, all chemicals used for the preparation of culture medium
were Analar grade from BDH Chemicals Ltd, Poole, Dorset: sodium pyruvate (Type
II), sodium lactate (Grade DL V, 60% syrup) and crystalline human serum albumin
were from Sigma Chemical Co., Poole, Dorset; HEPES (Ultrol "free acid") was from
Calbiochem—Behring (Cambridge Bioscience, Hardwick, Cambridge); water ("water
for injections" BP) was from Boots pic, Nottingham.-

Glassware

Reusable glassware used in the preparation of culture medium was cleaned in chromic
acid. After soaking overnight in the acid, each item was rinsed at least 25 times in
running tap water, 5 times in once-distilled water, and then 5 times in Boots' water.
Pasteur pipettes (used only once) were soaked for 2 h in a 2% (v/v) solution of IX
detergent (Flow Laboratories Ltd, Irvine, Ayrshire) in once-distilled water and then
rinsed for 12 h under running tap water. They were then rinsed twice in once-distilled
water and then twice in "sterile water for irrigation" from Travenol Laboratories Ltd,
Thetford, Norfolk. After draining, all glassware was dried in a hot-air oven at55°C. The
Pasteur pipettes were also sterilised in a hot-air oven by heating for 2 h at 160°C.

Preparation of culture medium
The medium used to culture eggs and embryos was Whittingham's T6 modification of
Tyrode's solution.(3) To flush follicles and handle gametes and embryos outside the
CCb-controlled incubator, a handling medium containing 10 mm HEPES buffer was
used. These media were formulated for use at a pH between 7.32 and 7.34 and an

osmolarity of 280—283 mOsmol/kg (Table 2). Concentrated stock solutions used to
prepare working solutions of each medium are described in Table 3. A fresh working
solution was prepared from these at least once every two weeks as described in Table 4.
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Culture medium used in the Hammersmith Hospital IVF programme
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Component Culture medium" Handling medium'1

NaCI 5.719 97.84 6.084 104.10

KC1 0.106 1.42 0.106 1.42

MgClj6H20 0 096 0.47 0.096 0.47

Na2HP04 12H20 0.129 0.36 0.129 0.36

CaCI22H20 0.262 1.78 0.262 1.78

NaHCOj 1.786 21.25 0.420 5.00

Na pyruvate 0.052 0.47 0.052 0.47

Na lactate 2.791 24.90 2.791 24.90

Glucose 1.000 5.56 1.000 5.56

Penicillin G 0.060 — 0.060 —

Streptomycin S04 0.050 — 0.050 —

Phenol red 0.010 — 0.010 —

HEPES — — 2.383 10.00

HSA — — 4.000

" Whittingham'sT6 pH 7.32—7.34 when equilibrated with 5% C02;
Osmolaritv 280-283 mOsmol/kg

h pH 7.3 in air; osmolarity 280-283 mOsmol/kg

All the pipettes and storage vessels used to prepare medium were plastic disposables
from Falcon (Becton and Dickinson. Cowley, Oxford). Fluid volumes in excess of
approximately 20 ml were sterilised by filtration using 0.22pm Falcon filter units
(product no. 7103F). Smaller volumes were forced through 0.22pm Millex-GS units
(Millipore UK Ltd. Harrow, Middlesex) using acid-washed glass syringes.

Serum

Medium used to culture mouse embryos (see "quality control" below) was
supplemented with donor calf serum (10% v/v) obtained from Gibco Europe, Paisley.
It was heat inactivated (30 min at 56°C), filtered (0.22pm Millex-GS), and stored
frozen at —20°C until used.
For human IVF and embryo culture, the medium was supplemented with the

patient's own serum. Approximately 30 ml blood was drawn by venepuncture using a
plastic disposable syringe (B-D from Becton and Dickinson) at least 3 days before egg
collection. The blood was dispensed into screw-capped glass tubes (Lab UK, Rochdale.
Lancashire) and centrifuged for 5 min at 700 x g (room temperature). The fibrin clot
was then gently compressed with a sterile plastic bacteriological loop (Nunc, Gibco
Europe) to liberate serum and then the tube was immediately recentrifuged. The serum
sunernatant was transferred to a fresh tube and recentrifuged. The cell-free serum was
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Table 3 Concentrated stock solutions used for the preparation of
culture medium used in the Hammersmith Hospital IVF programme

Solution Maximum time kept3 Component g/lOOml g/lOml

Stock A(10x)b 1 month NaCl 5.719

KC1 0.106

MgClj6HjO 0.096

Na2HP0412H20 0.129

Na lactate 4.651*

Glucose 1.000

Penicillin G 0.060

Streptomycin SQ4 0.050

Stock B, (10x)b 2 weeks NaHCOj 2.101

Phenol red 0.010

Stock B2 (10x)b 1 month NaCl 1.461

Phenol red 0.010

Stock B3 (10x)b 1 month HEPESd 5.958

Phenol red 0.01

Stock C(100x)c 1 week Na pyruvate —

Stock D (10x)c 1 month CaCl22H2Q —

3 Stored at 4°C in the dark
b Sterilised using Falcon 0.22/rm filter unit (product no. 7103F);
stored in Falcon tissue culture flasks (product no. 3024F)

c Sterilised using Millex-GS 0.22fim Filter;
stored in Falcon culture tubes (product no. 5052)

d Adjusted to pH 7.3 with 0.2n NaOH
e 60% syrup

finally transferred to another fresh tube which was capped and sealed with paraffin
film. After heat-inactivation (30 min at 56°C), the serum was filtered (0.22/xm
Millex—GS) into plastic culture tubes (Falcon product no. 5052) which were capped
and stored at 4°C.

Quality control
Each batch of culture medium was tested for its ability to support the development in
vitro of mouse embryos. Twenty-four hours before embryo recovery, the medium was
supplemented with donor calf serum (10%, v/v) and dispensed (2 ml) into the central
well of plastic organ culture dishes (Falcon product no. 3037) or (1 ml) into 12 x 75 mm
plastic culture tubes (Falcon product no. 2003F). When organ culture dishes were used,
3 ml Dulbecco's phosphate-buffered saline (Gibco Europe) was added to the outer
moat to minimise osmotic changes in the culture medium added to the central well. The
dishes or tubes (loosely capped) were placed in a humidified tissue culture incubator
(TR Heraeus Ltd, Brentwood, Essex) which was set at 37.5°C and gassed with a
5% C02: 95% air mixture.
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Table 4 Preparation of culture medium used in the Hammersmith
Hospital IVF programme from concentrated stock solutions

Stock solution Culture medium2
(ml)

Handling medium
(ml)

a 10.0 10.0

b, 8.5 2.0

b2 0— l.5h 2.5 — 4.0"

b3 — 4.0

c 1.0 1.0

d 1.0 1.0 *

hjo to 100.0 to 100.0

a Total volume 100 m! sterilised using Falcon 0.22/am filter unit (product no. 7103F)
and stored in Falcon plastic tissue culture flask (product no. 3024F) kept at 4°C in
the dark

b Variable volume to permit fine osmolarity adjustment
c Boots'water for injections BP

The embryos were flushed from the oviducts of superovulated C57BL x MF1 F,
hybrid female mice. Every week, six 4—5-week-old animals were injected
intraperitoneally with 5 IU pregnant mares' serum gonadotropin (Intervet Lab. Ltd,
Cambridge) followed 48 h later by 5 IU human chorionic gonadotrophin (F1CG)
(Intervet). Immediately after the HCG injection, the animals were caged overnight with
stud males (2 females/stud). The following morning they were returned to their own
cages. Exactly 48 h after the HCG injection, the animals were killed. Oviducts were
removed and flushed with handling medium using a 34 G needle and a 1 ml plastic
disposable syringe (Monoject, Ballymoney, County Antrim. N. Ireland). Embryos
were combined in handling medium in an acid-washed embryo watch glass kept warm
on a 37°C metal block. Healthy looking 2-cell embryos were dispensed into pre-
equilibrated culture dishes/tubes (usually at least 15 embryos/culture) and incubated
for 72 h in the tissue culture incubator. The number of hatching blastocysts was then
counted to give the "embryo hatch rate". A quality control chart was constructed using
consecutive weekly results.

Patients

A hundred and fifty-one patients with tubal infertility underwent attempted egg
collection for IVF between September 1983 and June 1984. They were between 26 and
40 years of age, had at least one healthy ovary with evidence of normal uterine function
and their menstrual cycles were generally regular. Their husbands had no known sperm
pathology. Superovulation therapy (usually clomiphene citrate combined with human
menopausal gonadotrophin) was given to stimulate the development of multiple pre¬
ovulatory follicles. Follicular maturation was monitored by serial measurement of
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serum oestradiol levels combined with ovarian ultrasonography*'). Egg collection was
timed for approximately 34 h after injecting 5,000 IU HCG (Prophasi, Serono
Laboratories UK Ltd, Welwyn Garden City, Herts) or onset of an LH surge as
determined by radioimmunoassay in serum. Full details of the endocrine management
of these patients will be presented elsewhere.'4'

Egg collection

Laparoscopic egg collection was done using general anaesthesia. Usually pneumo¬
peritoneum was established with C02 only. The device and procedure used for
aspirating follicles were identical to those described by Renou et alW andWood et al. <6)
The internal diameter of the Teflon-coated needle was 1.0 mm. Oocyte—cumulus
complexes were located in the operating theatre and transferred immediately into
plastic 12 x 75 mm culture tubes containing 1 ml pre-equilibrated medium. Follicles
were flushed repeatedly with handling medium if the egg was not aspirated in follicular
fluid.

IVF and human embryo culture
Culture medium was supplemented with the patient's heat-inactivated serum (7 or
10%, v/v) at least 24 h before egg collection. Tubes or dishes containing the medium
were equilibrated at 37.0—37.5°C inside a Flow "modular incubator chamber" (cat. no.
61-530-00) kept inside the tissue culture incubator. The module was flushed with
C02:02:N2 (5:5:90, v/v/v) and sealed during use. An open Petri dish containing sterile
water was always present in the module to ensure that it was humidified. Most human
oocyte and embryo cultures were done in this module.
Each egg was preincubated for 5—12 h before insemination with the husband's

sperm.'7) The semen sample was produced by masturbation at least 6 h before
insemination. Approximately 1 ml liquefied semen was layered under 2 ml culture
medium in a 12 x 75 mm culture tube. After incubation for 1—2 h at 37°C, the upper
portion of the medium (approximately 0.5 ml containing highly motile sperm) was
collected, diluted to approximately 2 ml with fresh medium, and centrifuged (130 x g
for 5 min). The sperm pellet was resuspended in fresh medium and recentrifuged if
necessary. Motile sperm counts were done with a haemocytometer; insemination tubes
(containing 1 ml medium) or organ culture dishes (containing 2 ml medium) were
prepared containing 0.5—2.0 x 105 motile sperm/ml medium. These were placed in the
incubator several hours before insemination.

Oocyte—cumulus complexes were transferred to insemination tubes or dishes and
cultured for a further 36—40 h. (If the medium contained only 7% serum this was
adjusted to 14% after approximately 18 h.) By this time, fertilised eggs had usually
cleaved to between 2 and 4 cells. To inspect the embryos, each was transferred to the
central well of an organ culture dish containing 1—2 ml handling medium. Usually the
embryos could then be quickly divested of the surrounding corona—cumulus cells by
gentle manipulation with a series of finely drawn micropipettes. After examination
under a stereo dissecting microscope, the embryo was transferred to a culture-tube
containing unused equilibrated medium and returned to the incubator until
replacement into the patient's uterus.
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Embryo replacement

Embryos were replaced in approximately 20 /ul medium using a "Wallace embryo
replacement catheter" (H.G. Wallace Ltd, Colchester, catalogue no. 1816) attached to
a 1 ml plastic disposable syringe (Monoject). The transfer medium was handling
medium containing 0—75% (v/v) equilibrated patient's serum. The loaded polythene
catheter was passed through the cervix with the patient unanaesthetised in the dorsal or
knee—chest position. The droplet with embryos was expelled with approximately 40 /j.1
air close to the uterine fundus. Beginning immediately after catheter withdrawal, the
luteal phase was supported for 5 days with intramuscular progesterone injections
(25 mg tds for 3 days then 25 mg bd for 2 days). Usually this support was continued for a
further 8 days with the use of intravaginal progesterone pessaries. Blood samples for
serum 6HCG measurement were collected 7, 12 and 14 days after the replacement.

RESULTS AND DISCUSSION

Quality control
The culture conditions permit timely development of 2-cell mouse embryos to the
hatched blastocyst stage and beyond. Figure I shows the stage of development usually
observed at 72 h when the cultures were scored. The hatch rate over 14 consecutive
weeks is presented as a quality-control chart in Figure II. When the system was "in
control" usually approximately 80% of the embryos would be hatching at 72 h.

Figure I
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Hatching mouse embryos after culture for 72 h from the 2-cell stage
(phase contrast; X 1,000).
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Figure II

1 2 3 U 5 6 7 8 9 10 11 12 13 14

Week no.

Quality-control chart generated from 14 consecutive weekly mouse cultures (•). Results of
embryotoxity tests on 3 types of embryo replacement catheter are also shown: O, "Wallace embryo
replacement catheter", Wallace, Colchester (catheter A); A, "Craft intrauterine embryo transfer
set", Rocket, London (catheter B); □, "Bourn Catheter" Portex, Hythe. For each test, the tip of
an unused catheterwas present in the embryo culture medium throughout the entire 72 h incubation.

This highly consistent result depended upon scrupulous attention to detail in the
laboratory. The use of acid-washed glassware and highly purified water to prepare the
culture medium and the introduction of a HEPES-buffered handling medium made
major contributions to the overall quality of the culture system.
Various known factors adversely affected the performance of the culture system. The

most dramatic effect was observed over a 6-week period in March—April, 1984 when
hospital corridors in the vicinity of the embryo culture laboratory were being repainted.
During this time, the embryo hatch rate fell progressively and for 3 weeks the system
was completely "out of control" (Figure III). Presumably this was due to the
accumulation in culture medium of the volatile substances given off by wet paint. This
disaster coincided with a particularly unsuccessful phase of clinical IVF activity, as
discussed below.
All the materials which might come into contact with human gametes and embryos

were checked for potential toxicity using the mouse embryo culture system. This
included each new batch of water, chemicals, filters etc. used to prepare the medium as
well as such articles as the disposable syringes used to collect blood for serum
preparation and to flush follicles during egg collection, surgeons gloves and embryo
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Figure III
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transfer catheters. Although many of these factors had no deleterious effect on the
mouse embryos, this was no guarantee that human embryos would be similarly
unaffected. However such a result offered a measure of reassurance. Perhaps more
importantly, repeated and meticulous application of this quality-control test
encouraged the assiduous, even obsessive, approach which is necessary if trouble is to
be avoided before it occurs. This can be illustrated by our experience with the choice of
a suitable catheter for embryo replacement.
Three different catheters were checked for embryotoxicity (Figure II). Two of them

had no discernible effect on the hatch rate whereas one of them inhabited development
completely. One of the non-toxic catheters had already been in use during an earlier
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phase of our clinical IVF programme'2' but we were concerned that it might be
damaging the endometrium since on several occasions (10/16: 62.5%) there was blood
on its tip upon withdrawal from the uterus (catheter B in Figures II and IVB).
Microscopic examination of representative catheters showed the frequent presence of
irregular surfaces or even a "leading edge" which probably caused the bleeding
(Figure IVB). Catheter A was not only non-toxic (Figure II) but it rarely caused
bleeding over a comparable series of embryo replacements (2/15: 13.3%). This
catheter is now in routine use (see Figure IVA).

Scanning electron micrographs ofembryo transfer catheter tips.
A, "Wallace embryo replacement catheter" (catheter A);
B, "Craft intrauterine embryo transfer set" (catheter B).

IVF and human embryo culture
Current clinical results are summarised in Table 5. Over the period covered (September
1983— June 1984) 93.4% (141/151) of the laparoscopics resulted in the collection of at
least one egg; 81.6% (115/141) of the successful laparoscopics led to the development of
at least one cleaving embryo suitable for replacement to the patient's uterus.
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Table 5

Hammersmith Hospital IVF programme: clinical results for September 1983 to
June 1984

1983 1984

September— January— May— Total
December April June

Laparoscopv 39 46 66 151
S 1 egg collected 33 44 64 141
^ 1 egg fertilised 27 36 52 115
S 1 embryo replaced 27 36 52 115

Pregnancy 6* 4b 18c 28

a All safely delivered: 4 singleton. 1 twin, 1 quadruplet
h 2 singletons safely delivered; 2 singletons ongoing
c 10 singletons, 1 twin and 1 quadruplet ongoing; 1 spontaneous abortion at 17 weeks
gestation. 3 first trimester abortions, 1 ectopic, 2 heterotopic (one with the intra¬
uterine pregnancy ongoing)

Most embryo replacements were done between 40 and 49 h after insemination and on
most occasions (76/115: 66%) more than one embryo was replaced (Table 6). The
developmental stage of the most advanced embryo at the time of replacement was
related to the length of culture (Figure V). Of 91 replacements done at 40—49 h,
71 (78%) included at least one embryo with 4—6 blastomeres. If replacements were
done earlier, the most advanced embryo usually (5/7: 71%) had only 2 or 3 blastomeres;
later transfers usually (11/17: 65%) involved at least one 3=8-cell embryo. This pattern
of cleavage for the human preimplantation embryo is similar to that observed by others
in vitro.,8)

Table 6
Hammersmith Hospital IVF programme: effect of number of embryos replaced

on the pregnancy rate (September 1983 to June 1984)

No. embryos replaced No. patients No. pregnancies %

1 39 2 5
i 34 14a 4
3 24 3b 13
4 10 5C 50
5 3 1 33
6 5 3d 60

a 1 multiple implantation (heterotopic)
h I multiple (twin) pregnancy; 1 multiple implantation (heterotopic)
c I multiple (quadruplet) pregnancy
d 2 multiple pregnancies (I twin. 1 quadruplet)

As shown in Table 6. the pregnancy rate increased markedly when multiple embryos
were replaced: double replacements were eight times more successful than single ones.
Multiple implantation occurred after 6 (7.9%) of the multiple embryo replacements.
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Clinical results in relation to mouse embryo quality-control data
Clinical success (measured as pregnancy/embryo replacement) varied dramatically at
different times during the 10-month period covered here (Table 5). Although numerous
interacting variables would have been expected to contribute to this variability, it is
noteworthy that the lowest rate of success (11% in January to April 1984) corresponded
with the collapse of the mouse embryo quality-control system (Figure II). These data
provide convincing evidence that the mouse embryo culture system can be used
effectively to monitor the conditions under which the human material is processed. The
conclusion is inescapable that the inadvertent exposure to paint fumes could also have
adversely affected the developmental potential of human embryos. When this problem
had cleared up and the clinical programme was restarted, the mouse embryo culture
system was back "in control" and the clinical success rate rose to 35% (18 clinical
pregnancies from 52 embryo replacements).
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ABSTRACT: Human chorionic gonadotropin (HCG) may be injected to time ovulation and plan oocyte retrieval
for clinical in vitro fertilization (IVF). Neither clinical nor experimental data on effects of subtle alterations in
timing of the HCG injection on oocyte fertilizability in vitro were available. We induced follicular development
in immature hybrid mice with an injection (4 IU) of pregnant mare serum gonadotropin (PMSG). In the first se¬
ries of experiments, HCG was given 42, 46 or 50 hours later. We collected cumulus-enclosed, oviducal oocytes
for IVF using capacitated mouse sperm 13 hours after the last HCG injection. The fertilization incidence (mean,
three experiments) fell as the PMSG-HCG interval was reduced (50 hours, 64%; 46 hours, 40%; 42 hours 24%),
but this could be explained by a corresponding increase in spontaneous oocyte activation caused by prolonging
the HCG-oocyte collection interval. In the second series of experiments, the latter was fixed at 13 hours; the PMSG
interval was altered by staggering the initial PMSG injection. No spontaneous activation occurred, but oocytes
collected after "early" HCG injection still showed significantly lower fertilization incidences (42 hours, 36%; 46
hours, 46%) compared with the 50-hour injection (66%). The possible clinical implication of this finding is
discussed.

INTRODUCTION

Exogenous gonadotropins or drugswhich enhance endogenous hormonal activity
are widely used to control preovulatory follicu¬

lar development in in vitro fertilization (IVF) pa¬
tients.12 The object is to induce multiple follicular de¬
velopment and control the expected time of ovulation.
In most regimens, human chorionic gonadotropin
(HCG) is given to preempt the endogenous luteinizing
hormone (LH) surge and to induce the final stages of
oocyte maturation which precede ovulation. However,
unlike the normal spontaneous ovarian cycle, in which
ovarian-hypothalamic-pituitary feedback systems en¬
sure that the midcycle LH surge is released only when
the preovulatory follicle(s) is sufficiently mature, we
give exogenous HCG empirically depending upon bi¬
ochemical (e.g., serum or urinary estrogen titre) or ge¬

ometric (i.e., ovarian ultrasound) indices of follicular
maturity.2
Gross errors in timing the ovulatory HCG injection

inevitably have extreme consequences. If left too late,
ovulatory follicles may rupture spontaneously in re¬
sponse to endogenous LH.1 If given too early, follicles
may cease to develop and undergo atresia,3 or at best
shed primary oocytes surrounded by immature cumu¬
lus cells.4
It has not been established if more subtle alterations

in the timing of the HCG injection can affect the fer¬
tilizability in vitro of the oocytes shed during induced
ovulations; in vivo studies suggest that they might.5
Therefore, we have studied cumulus-enclosed, ovidu¬
cal oocytes from mice induced to ovulate by HCG
given at various times after we had initiated multiple
preovulatory follicular development with a single in¬
jection of pregnant mare serum gonadotropin
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(PMSG).6 Using a previously described mouse IVF
system,7'8 we have obtained evidence that inappropri¬
ate administration of HCG can adversely affect oocyte
fertilizability in vitro.

MATERIALS AND METHODS

Ovulation induction

F1 hybrid (C57bl x MF1) immature, female mice were
supplied by the Medical Research Council Laboratory
Animals Centre (Carshalton, U.K.). They were kept in
temperature and light-controlled quarters (14 hours
light, 10 hours dark; lights on 0700-2100 h) and had
unlimited access to food and water. They were be¬
tween 4 and 7 weeks old when used. In the first se¬

ries of experiments (A-C), six mice received 4 inter¬
national units (IU) of PMSG (Folligon, Intervet
Laboratories, Ltd) given intraperitoneally at 1800 h on
day 0. These mice were injected with 4 IU HCG
(Sigma) 42, 46 or 50 hours later (two animals per
group). The animals were killed at 0900 h on day 3;
oviducal oocytes were collected as described below. In
the second series of experiments (D-F), six mice were
treated as three pairs: 4 IU PMSG was given at 1800,
2200 (day 0) or 0200 h (day 1), respectively. Four IU
HCG was given to all of the animals at 2000 h on day
2, and they were all killed for egg collection at 0900 h
on day 3.

Oocytes

Modified Tyrode's solution9 was made up, but with
1.54 mM pyruvate and 8 mg crystallized bovine serum
albumin/mL (BSA, Sigma) for all experiments.8 Eggs
were collected by tearing the distended ampulla in Ty¬
rode's medium at room temperature (23-25°C).
Cumulus-enclosed eggs from both animals in each
group were combined in a 100-^L insemination drop
prepared as described below.

Spermatozoa

The basic sperm suspension was prepared as
described previously.8 One blood-free cauda
epididymis and vas deferens from each of two F1 hy¬
brid male mice, 2-3 months of age, was squeezed into
a 35 x 10 mm Petri dish containing 2 mL medium un¬
der paraffin oil (BDH, Dorset, U.K.). The dish (Falcon
Plastics, USA) was then placed in a humidified incu¬
bator (37°C) gassed with 5% CO2 in air. After about
20 minutes, a portion of the resulting sperm suspen¬

sion was taken and diluted 10-fold in fresh medium.

Replicate 100-/xL drops of the dilution containing 15-
20 x 104 spermatozoa (at least 90% motility) were
placed under oil and returned to the incubator for 1
hour to allow epididymal sperm capacitation.

Fertilization

The dish, containing cumulus-oocyte masses in in¬
semination drops under oil, was incubated at 37°C in
a humidified incubator gassed with 5% CO2 in air. To
get an optimum assessment of penetration, 5 hours
were allowed. The eggs were then removed, washed
in fresh medium and fixed overnight in 10% formalin
with 0.25% glutaraldehyde (to fix zonae). They were
then stained with 0.5% lacmoid in acetic acid and ex¬

amined by phase-contrast microscopy for pronuclei
and fertilizing sperm tails. In experiments A-C, some
eggs which did not fertilize underwent "spontaneous
activation" (see Results). This means that both polar
bodies were extruded, but there was no male
pronucleus or visible sperm in the vitellus.10

RESULTS

Apparently mature, expanded cumulus masses con¬
taining well dispersed cumulus cells were recovered
regardless of the PMSG-HCG interval used. Oocyte
recovery per animal was close to that expected from
natural ovulations (average 8-22), and was also un¬
affected by PMSG-HCG interval within the time-frame
studied.

Experiments A-C

Fertilization incidences are listed in Table I and illus¬
trated in Figure 1. The incidence (average from the
three experiments) was highest (64%) for oocytes shed
following the 50-hour HCG injection. It fell to 40%
and 24% after the 46-hour and 42-hour HCG injection,
respectively. These differences were statistically sig¬
nificant (x2 = 17.16; P < 0.001). However, this ex¬

perimental design (clock-time of PMSG constant;
clock-time of HCG injection variable) introduced a sec¬
ond variable: delay between ovulation and egg collec¬
tion. This interval increased as the time of the HCG

injection relative to that of PMSG was reduced. As
shown in Figure 1, the increased delay was associated
with an increased incidence of spontaneous oocyte ac¬
tivation. No spontaneous activation occurred after the
50-hour HCG injection (oocytes collected 13 hours
later), whereas the average incidence was 20% rising
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TABLE I
in vitro fertilization of mouse
oocytes: effect of giving HCC to
induce ovulation 42, 46 or 50 hours
after giving PMSG (Exp. A-C).

Experiment * 42 hours 46 hours 50 hours

A 4/241 11/25 14/32

(17) (44) (44)
B 4/18 9/20 12/18

(22) (45) (67)
C 6/19 5/15 13/16

(32) (33) (81)
*PMSG (4 IU) was injected at 1800 h on day 0; HCG (4 IU] was

given at 1200, 1600 or 2000 h on day 2. Oviducal cumuius-oocyte
masses were collected at 0900 h on day 3. There were six animals
in each experiment (two animals/group).
INumber of oocytes fertilized/total number of oocytes; percent fer¬

tilization in parentheses. Degenerate oocytes (never more than two
groups] are excluded.

to 39% following the 46-hour (oocytes collected 17
hours later) and 42-hour (oocytes collected 21 hours
later) injections, respectively. Parthenogenetic egg de¬
velopment is known to increase in incidence if the
time between ovulation and IVF is unusually long1112
and might explain the reduced incidence of fertiliza¬
tion after the "early" HCG injections. The
gonadotropin injection regimen was altered to elimi¬
nate this variable from the second series of exper¬
iments.

Experiments D-F

In this series the clock-time at which PMSG was in¬

jected was staggered by 4-hour intervals such that the
experimental groups received HCG at the same time
(2000 h) on day 2 but 42, 46 or 50 hours after PMSG
was given. Oviducal oocytes for IVF were then col¬
lected from all animals 13 hours later. Under these
conditions spontaneous activation did not occur.
Nevertheless, as shown in Table II, oocytes shed af¬
ter the 42-hour and 46-hour HCG injections showed
lower fertilization rates than those collected after the
50-hour injection. Again, the differences were statisti¬
cally significant (x2 = 13.44; P < 0.01).

DISCUSSION

In these experiments with mice, moderate decreases
(4 or 8 hours) in the overall period of follicular matu¬

ration, which elapsed before inducing ovulation with
HCG, caused consistent and marked reductions in the
fertilizability in vitro of cumulus-enclosed, oviducal
oocytes. The reduced incidence of sperm penetration
associated with ovulations induced by early HCG in¬
jection could be ascribed in the first series of experi¬
ments to the increased incidence of spontaneous acti¬
vation caused by prolonging the interval between
giving HCG and oocyte collection.1112 However, the
elimination of this variable from the second series re¬

vealed a direct association between the PMSG-HCG
interval and oocyte fertilizability in vitro. This finding
complements existing data indicating the importance
of the PMSG-HCG interval to fertilization in vivo.5

Although cumulus-denuded mature oocytes can be
fertilized by capacitated sperm in vitro, fertilization in¬
cidence is usually much higher if the cumulus is not

80
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Time (h) of hCG injection

FIG. 1: In vitro fertilization and spontaneous activation of
mouse oocytes: Effect of giving HCG to induce ovulation 42,
46 or 50 hours after PMSG. For details, see foot note to
Table I. Mean ( + SE) percent responses from experiments
A-C are shown.

Int J Fertil 30



Fertilization in Vitro ■ 37

TABLE II
in vitro fertilization of mouse
oocytes: effect of giving HCG to
induce ovulation 42, 46 or 50 hours
after giving PMSG (Exp. D-F).

Experiment * 42 hours 46 hours 50 hours

D 2/20f 5/15 10/18

(10) (33) (56)
E 16/35 13/30 19/28

(46) (43) (68)
F 23/43 13/21 30/41

(53) (62) (73)
*PMSG (4 IU) was injected at 1800, 2200 (day 0) or 0200 h (day

1); HCG (4 IU) was given at 2000 h on day 2. Oviducal cumulus-
oocyte masses were collected at 0900 h on day 3. There were six
animals in each experiment (two animals/group).
tNumber of oocytes fertilized/total number of oocytes; percent fer¬

tilization in parentheses. Degenerate oocytes (never more than
two/group) are excluded.

removed.13 Sperm capacitation and the acrosome
reaction are presumably facilitated during passage
through the mature cumulus mass.14 Cumulus matu¬
ration involves increased deposition of hyaluronic
acid-enriched proteoglycan moieties in intercellular
spaces and a breakdown in the cytoplasmic processes
connecting cumulus cells to the oocyte.1516 These
changes accompany the increase in cumulus cell
steroid biosynthesis and resumption of oocyte meiotic
maturation which precede LH/HCG induced ovula¬
tion.1718 As with other aspects of LH/HCG dependent
granulosa cell function, their full expression in the
ovulatory follicle is likely to depend upon an adequate
period of gonadotropin (follicle-stimulating hormone)-
controlled programming during an earlier stage(s) of
follicular maturation.19 In this study, no differences
among treatment groups were noted with respect to
(morphological) cumulus transformation and subse¬
quent cumulus cell dispersal during the incubation in
vitro with sperm suspensions (which contain soluble
hyaluronidase activity).13 This does not, however,
eliminate the possibility that deficiencies in cumulus
cell biochemistry might be caused by reductions in the
PMSG-HCG interval within the time-frame studied.20
The zona pellucida may also have to undergo a

"maturation" process before it can permit sperm at¬
tachment and penetration.13 However, evidence
against this has been adduced from IVF experiments
with several animal species. In the hamster,21 rab¬
bit,22 and dog,23 immature eggs have been reported to

be as readily penetrable by spermatozoa as are the zo¬
nae of mature eggs. The zonae of immature follicles
from the human ovary are also reported to be readily
penetrable in vitro.24 Therefore, it seems improbable
that the present findings are explicable at the level of
zona pellucida function.
Although further studies are needed to determine

the underlying cellular mechanisms, these experimen¬
tal observations may be pertinent to the use of ovula¬
tion induction in clinical IVF treatment. In monoto-

cous species such as humans, in whom follicular
development is not synchronized,25 superovulation
therapy presumably "forces" the development of a
spectrum of preovulatory forms. Inevitably, these will
be in different phases of maturation when the ovula¬
tory HCG dose is given.126 If the timing is optimal
for some it will be too early for others. These may pro¬
duce the eggs least likely to be penetrated by sperm
or undergo further normal development in vitro.27 If
only one preovulatory follicle is present, precise tim¬
ing of the HCG injection may be crucial.
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SPONTANEOUS FOLLICULAR DEVELOPMENT, SUPEROVULATION
AND OOCYTE MATURATION IN HUMAN OVARIES

S.G. Hillier

Introduction

The widespread use of in vitro fertilization (IVF) technology to treat various forms
of female infertility has focussed attention on the relationship between the endo¬
crine and gametogenic functions of ovarian follicles. Ovarian function in most IVF
patients is 'normal', having been ruled out as a primary cause of their infertility.
However, they are usually given hormone treatment to stimulate multiple pre¬

ovulatory follicular development (superovulation) with the goal of collecting several
mature oocytes suitable for IVF. This is because multiple embryo replacements give
dramatically increased changes of starting pregnancy (Seppala, 1985). However, the
natural tendency of adult human ovaries is to shed a single fertilizable egg during
each spontaneous ovarian cycle. Therefore, successful superovulation requires an

understanding of follicular dynamics controlled by endogenous gonadotrophins in
spontaneously functioning ovaries. This article briefly summarizes the current level
of understanding, outlines the major superovulation strategies which have evolved
from it, and discusses the effects of superovulation on oocyte function. It is
stressed that major limitations on the therapeutic objectives are imposed by the

apparent association between superovulation and reduced oocyte developmental
potential, combined with a lack of knowledge concerning the intrafollicuiar
mechanisms which affect oocytes.

Spontaneous follicular development

In a spontaneous ovulatory cycle, the preovulatory follicle develops from a limited
number (less than 20 or so) of 'precursor' preovulatory follicles present in the
ovaries when the follicular phase begins (Baker, 1982). Follicles at this stage of
development are around 2-5 mm in diameter with a fluid-filled antral cavity, con¬

taining at least one million granulosa cells and an oocyte (McNatty et al. 1983):
they are the residue of several hundred primordial follicles which will have com¬

menced growth some 2-3 months earlier, the majority having ceased to grow 3nd
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become atretic at earlier stages of development (Gougeon, 1982). Little is known of
the factors that control these early stages of follicular development but the sub¬
sequent preovulatory phase of follicular growth and maturation is absolutely depen¬
dent upon adequate ovarian stimulation by FSH and LH (see Zeleznik and Hillier,
1984 for a review). As the previous corpus luteum regresses, the serum FSH level
rises to force these follicles into the final phase of their growth trajectory, as

illustrated in Fig. 1. By the mid-follicular phase of the cycle one preovulatory
follicle becomes 'dominant' and continues to grow to a diameter of 20-25 mm when
it ovulates at mid-cycle. Critical events leading up to the 'selection' of this follicle
start as the cycle begins. Intrinsic variation in individual follicular responsineness
to FSH seems to lead to critical differences in oestrogen biosynthesis and even¬

tually LH sensitivity within the developing precursor pool. Thus the precursor

follicle with the lowest 'threshold' requirement for stimulation by FSH probably
becomes the next ovulatory follicle because it most rapidly acquires significant
amounts of granulosa cell aromatase activity and LH receptors (Brown, 1978,
Hillierj 1981). This follicle becomes the first to secrete significant amounts of
oestrodiol (and possibly inhibin) which feeds back to suppress pituitary FSH secre¬

tion with less effect on LH. Because the circulating FSH level is suppressed below
their individual threshold requirements, other less advanced precursor follicles
cannot continue their FSH-dependent phase of preovulatory maturation and so their
granulosa cells do not develop a fully activated aromatase system or a full comple¬
ment of LH receptors. Therefore these follicles gradually cease to grow and be¬
come stretic. Only the preovulatory follicle can respond appropriately to LH and is
therefore protected from the reduction in circulating FSH.

Superovulation

Beased on this theory, three major strategies can be considered for superovulation
before IVF, as out-lined in Fig. 1 (Hillier et ai., 1985a). In practice, strategy 1 is of
theoretical interest only since it is not known if the number of precursor follicles
present at the beginning of an ovarian cycle can be regulated by extrinsic factors.
Strategies 2 and 3 are of practical importance and constitute the basis of popular
clinical practice. The drugs commonly used are exogenous gonadotropins (HMG or

FSH) and clomiphene citrate. Individually or in combination, they can be given to
overcome the individual FSH 'threshold' requirements of multiple precursor follicles
(treatment in the early-mid follicular phase) and then to sustain multiple pre¬

ovulatory follicular development by overriding the follicular 'selection' process

(treatment during the mid-late follicular phase). For IVF, the aim is to I) maximize
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the number of follicles that respond, 2) minimize the degree of asynchronous
follicular development, and 3) minimize deleterious side-effects on luteal and
uterine function.

(-) Day (ovulation day 0) (+)

(7) INCREASE THE NO. OF 'PRECURSOR* FOLLICLES
(2) RAISE THE STIMULUS FOR PREOVULATORY GROWTH

(D OVERRIDE THE 'SELECTION' PROCESS
FIGURE 1.

Superovulation strategy before 1VF. The diagram depicts the continual development
of 'precursor' follicles throughout the spontaneous ovarian cycle, emphasizing that
only those present at the beginning of the intercycle FSH rise (vertical dotted lines)
begin the preovulatory phase of their development. Three strategies for superovula¬
tion therapy are indicated. 1 is not practicable since follicular development to the
precursor stage is probably not controllable by extrinsic factors; 2 and 3 constitute
the basis of conventional superovulation therapy before IVF (Hillier et al., 1985a).

However, the number and 'quality' of preovulatory follicles that is stimulated to

develop will be constrained by the number of precursor follicles available and the
spectrum of gonadotrophin-res|>onsivcncss within this pool. This may be influenced



48

intrinsic factors including ^ge, genetic constitution and any previous ovarian
disease. No matter how many follicles are stimulated to grow during superovulation
therapy, interfollicular variation in developmental status will be retained to some

extent. A variable degree of asynchrony among the multiple preovulatory follicles
which develop is therefore inevitable, and the developmental potential of the
oocytes obtained from these follicles can be expected to vary accordingly.

Oocyte quality

The well recognized association between superovulation and increased embryo
abnormality in animal breeding also applies to the treatment of human infertility.
The drugs commonly used to stimulate ovarian function appear to affect oocytes
directly and/or indirectly through affects on granulosa and theca cells which con¬
trol the intrafollicular environment. Deficiencies in granulosa cell function as¬

sociated with follicular asynchrony (see above) and suboptimal timing of HCG to
induce ovulation become manifest as variable disorders of germinal development.

1. Chromosomal abnormalities

Many forms of chromosomal abnormality which may be lethal to the embryo in¬

cluding trisomy, monosomy and polyploidy can arise in human oocytes (Angell et al.,
1983). Karotypes carried out on aborted material show that these genetic abnor¬
malities make a major contribution top the high rate of foetal loss associated with
human pregnancy (Exalto and Rolland, 1985)) Poland et al., 1981). The exact mater¬
nal contribution of genetic anomalies is difficult to assess because of the paucity of
normal oocytes which become available for cytogenic analysis (Warburton, 1987).
There is no direct evidence that superovulation per se influences oocyte aneuploidy
but it is well known that the abortion rate is higher in pregnancies which begin
after ovarian stimulation with HMG and HCG (Den-Rafael et al., 1981). It has also
been shown that as many as half of the preovulatory oocytes that can be collected
from infertile women undergoing clomiphene stimulation may have abnormal karyo-
topes (Wramsby et al., 1987). Moreover, the clinical experience with IVF is that less
than 10% of single embryos replaced in the uterus following superovulation develop
to full term as compared with a fecundity rate in vivo of about 25% during un¬
stimulated cycles (Diggers, 1981) Edmonds et al., 1982) Scppala, 1985). Many of
these failures are probably caused by chromosornally abnormal oocytes

(Schlesselman, 1979) although other damage effects of superovulation on luteal and
uterine function must also be taken into account.
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2. Oocyte metabolism

Germinal matabolic deficiency could also contribute to early embryo loss after

superovulation. Pathways of energy metabolism in the preimplantation embryo are

laid down in the egg before fertilization (Biggers et al., 1967), and the preovulatory
oocyte synthezes various maternal macromolecules including R.NA and proteins
which are essential to early preimplantation development (Moor et al., 1983). Since
cumulus granulosa cells influence these processess in the egg (Donahue and Stern,
1968; Moor et al., 1983), deficient granulosa cell function caused by superovulation
could also be manifest as deficiencies in egg biochemistry. A recent study showed
that individual eggs at the same stage of preimplantation development after
ovarian stimulation and IVF show considerable variation with respect to their
capacity for glucose metabolism to lactic acid and CC>2 (Wales et al., 1987).
However, the relationship, if any, between this particular metabolic parameter and
the developmental capacity of the embryo has not been determined.

3. lntrafollicular steroids

Optimal fertilizability and developmental potential of the oocyte depends upon an

ordered sequence of change in the intrafollicular sex steroid profile during the
interval between LH surge-onset and ovulation (Moor et al., 1982). Steroids alter
granulosa cell functions which influence the oocyte and might act in the egg direct¬
ly (Osborn and Moor, 1983; McGaughey, 1983). Steroids also influence gonadotropin
action on the proliferating granulosa cell layer at earlier stages of follicular devel¬
opment (Hillicr et al., 1985b). Experiments on sheep have shown that ovarian stim¬
ulation eith exogenous gonadotropins leads to aberrant patterns of protein syn¬

thesis and disorders of fertilization in superovulated oocytes (Moor et al., 1985).
Many of these abnormalities could be direct and/or indirect consequences of the

derranged intrafollicular steroid environment caused by superovulation (Moor et al.,
1980). Clinically, no clear cause-effect relationship has been established between
intrafollicular steroids and oocyte status after superovulation (Hillier et al., 1984;
1985b). However, the oocytes which come from asynchronous follicles with an

abnormal intrafollicular steroid profile often do not fertilize or do so abnormally,
and thereby contribute to the high rates of fertilization failure and embryonic loss
associated with superovulation and in vitro fertilization.

Concluding remarks

Exogenous gonadotropins or drugs which enhance endogenous hormonal activity are

widely used to stimulate multiple preovulatory development in IVF patients. Since
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women are naturally single ovulators in whom preovulatory follicular development
is not synchronous superovulation therapy can only succeed by overcoming endo¬
genous gonadotropic constraints on extant cyclic ovarian function and "forcing"
the development of a wide spectrum of follicular forms. Inevitably, the responding
follicles and the oocytes within them will have arrived at diverse stages of pre¬

ovulatory development when the stimulus to ovulate (LH surge or HCG injection) is
applied. The timing of this stimulus may be more or less optimal for a few follicles
but it will inevitably be too early or too late for many others. Such immature and
over-mature follicles produce the eggs which are least likely to be fertilized or

undergo normal development post-fertilization. The clinical experience with super¬

ovulation and IVf- has exposed a complete void in our understanding of the gonado-
trophin-controlled intrafollicular mechanisms which govern the nuclear and cyto¬

plasmic maturation of the oocyte during spontaneous preovulatory follicular devel¬
opment. In the absence of more definite information, the practical goal of super¬

ovulation is to maximize the number of mature follicles which develop while
minimizing the degree of asynchrony among them using ovarian ultrasound and
oestrogen assays to assess these parameters. However, no matter which strategy is
used, rarely more than 2-3 relatively synchronous follicles will develop due to the
innate tendency of the human ovary to produce only a single ovulatory follicle. And
even then there will be intrinsic variability in the developmental competence of
their oocytes.
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1VF OUTCOME IN RELATION TO MODE OF OVULATION INDUCTION:

LH SURGE VERSUS HCG INJECTION

S.G. Hillier, R.A. Margara and R.M.L. Winston

Summary

The clinical outcome of IVF was assessed in relation to the method of ovulation

induction used to time oocyte collection: natural LH surge or HCG injection. 122
laparoscopic egg collections were carried out on tubal infertility patients who
received sequential with clomiphene citrate followed by HMG to stimulate multiple
preovulatory follicular development. Ovarian response was judged by follicular
ultrasonography and daily serum oestradiol assays, six-hourly blood samples were

drawn to pint-point spontaneous LH surge onset if it occurred before HCG was

injected. The algorithm used to time HCG injection ensured that a minimum of
three mature eggs was available for egg collection 34 h later. 54 (44%) of the
laparoscopics were timed to onset of a spontaneous LH surge which occurred within
24 h of the time that HCG other wise would have been given; the remainder (50%)
were timed to HCG.

IVF outcome at all stages including egg recovery and fertilization rates, number of
intrauterine embryo replacements and the clinical success rate was similar for both
methods of ovulation induction. Approximately one-fifth of the laparoscopics led to
live births and twenty-two babies were born (19 singletons, two twins and one

triplet). We conclude that IVF outcome using the present ovarian stimulation
regimen is independent of the method of ovulation induction used to time egg

collection. The protocol described ensures that HCG is injected as close as possible
to the time of onset of the spontaneous LH surge and thereby maximized the likeli¬
hood that multiple eggs with full developmental potential become available for IVF.

Introduction

Oocyte collection for IVF can be timed to an ovulation-inducing injection of HCG
or to the onset of a spontaneous LH surge but it is known if IVF success rates (i.e.,
birth of live children) are influenced by the method used (Trounson el al., 1983).
Currently, the most popular methods of ovarian stimulation before IVF use various
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combinations of clomiphene citrate and HMG with the oocyte collection timed to

HCG. Using oestrogen assays, follicular ultrasound and predicted follicular phase
length, the usual aim is to give HCG within 29 h before onset of the spontaneous LH
surge (McBain <3c Trounson,. 1989). Since a proportion of patients on these stimula¬
tion regimens will begin an LH surge before HCG is given, serum LH can be
monitored to time the egg collection to an LH surge if necessary. This article
evaluates the most recent "Hammersmith" IVF results according to the method of
ovulation induction used: LH surge versus HCG injection.

Patients and methods

Ovarian stimulation and monitoring
Between September 1989 and July 1985, 122 laparoscopic egg collections for 1VF
were performed on patients receiving a standardized regimen of ovarian stimulation
based upon that outlined in Fig. 1 (McBain et ai., 1985a). Most of the women had
tubal infertility and were less than 90 years old with regular menstrual cycles.
Their husbands had no known sperm pathology. Clomiphene citrate (Clomid from
Merrell) was given for five days beginning on day 2 for women with relatively short
(28-day) menstrual cycles or day 5 for those with relatively long (29-day) cycles.
Most patients (97) received 50 mg clomiphene/day but 18 received 100 ing/day and
seven received 150 mg/day since they previously had not responded adequately to a

lower dose of the drug HMG (Perganol from Serono Laboratories UK: 150 1U LH and
150 IU FSH) was injected iin once daily beginning on day 7 (28-day cycles) or day 9

(29-day cycles). Ovarian response was assessed by ultrasonography and serial
measurements of serum oestradiol (Hillier, Parsons, Wiston & Crofton, 1989b).
Blood samples for rapid LH assay (LH Maiaclone from Serono Diagnostics) were

drawn every 6 hours starting on the day before the first likely day of LH surge

onset as calculated from previous menstrual history (Mcintosh et al., 1980). HMG

injections were stopped when one or more follicle reached an average diameter of
16mm. Unless an LH surge occurred, HCG (Profasi from Serono Laboratories UK:
5.000 IU) was in jected im when there were at least three follicles 15 diameter with
at least one follicle 17 mm diameter, and serum oestradiol titre had risen to 3.5
nmol/1. Patients not meeting all of these criteria did not receive HCG or have their
oocytes collected. Oocyte collection was timed for approximately 39 h after the
HCG injection. If an LH surge occurred (defined as an LH value twice as high as the
average baseline LH value followed immediately by another raised value) the egg

collection was carried out approximately 36 h after the last baseline LH value
(llillier ct al., 1985a).
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Oocyte collection

Laparoscopic egg collection was using general anaesthesia with the pneumoperi¬
toneum established using CO2 only. The device and procedure used for aspirating
follicles were identical to those described by Renou et al., (1981) and Wood et al.,
(1981). The internal diameter of the Teflon-coated needle was approximately 1.0
mm.

1VF and embryo culture

The culture medium was Whittingham's T6 (Whittingham, 1971) with the bicar¬
bonate content reduced to 21.25 mM. Eggs and embryos were manipulated during
observation in "handling" medium with a similar formulation but containing 10 mM
Hepes buffer and only 5 mM bicarbonate to minimize any pH increase in air (Hillier
et al., 198<#b). Handling medium was also used to flush follicles during the oocyte
collection. Both media were used at an osmolarity of 280-283 mOsmol/Kg and pH
7.32-7.39. The culture medium contained patient's heat-inactivated serum (10%,
v/v) and the handling medium contained 0.9% (w/v) human serum albumin (Sigma).

Oocyte-cumulus complexes were picked out o' follicular fluid or follicle flushings
and transferred immediately into plastic 12x75 mm culture tubes (Falcon) con¬

taining 1 ml pre-equilibrated culture medium. These "egg tubes" were prcincubated
at 37.0-37.5 °C in a humidified tissue culture incubator gassed with CC^tC^tNj
(5:5:90, v/v/v) for 5-12 h before insemination with the husband's sperm (Trounson et

al., 1982). The semen specimen was produced by masturbation at least 6 h before
insemination. Approximately 1 ml liquefied semen was layered under 2 ml culture
medium (approximately 0.5 ml containing highly motile sperms) was collected,
diluted to approximately 2 ml with fresh medium, and centrifuged (130xg for 5
min). The sperm pellet was resuspended in fresh medium and motile sperm counts
were done with a haemocytometer. "Insemination tubes" were prepared containing
0.5-2.0x10^ motile sperm in 1 ml culture medium and left in the incubator for
several hours before receiving an egg.

Pre-incubated ocyte-cumulus complexes were transferred from the egg tubes to the
insemination tubes (one egg per tube) and cultured for a further 36-90 h at 37.5 °C.
By this time, fertilised eggs had usually cleaved to between 2 and 9 cells. To in¬
spect the embryos, they were transferred to the central well of a plastic organ

culture dish (Falcon) containing 1-2 ml prewarmed (37 °C) handling medium.
Usually the conceptus could the quickly be divested of any surrounding corona-
cumulus cells by gentle manipulation with a series of finely drawn micropipettes.
After examination under a stero dissecting-microscope, it was transferred to a
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culture tube containing unused equilibreated culture medium and returned to the
incubator to await replacement to the patient's uterus.

Embryo transfer

Up to a maximum of four embryos were replaced in approximately 20 ul medium
using a "Wallace embryo replacement catheter" (H.G. Wallace Ltd) attached to a 1
ml plastic disposable syringe (monoject). The tranfer medius was handling medium
supplemented with patient's serum: usually 66% v/v. The loaded polythene catheter
was passed through the cervix with the patient unanaesthetized in the dorsal or

knee-position. The droplet with embryos was expelled with approximately <>0 ul air
close to the uterine fundus. Beginning immediately after catheter withdrawal, the
luteal phase was supported for 5 days with im progesterone injections (25 mg tds for
3 days then 25 mg bd for 2 days). The support was continued for a further 10 days
using 200 mg intravaginal progesterone pessaries (one per day). Blood samples for
serum BHCG measurement were collected 7, 12 and ft days after the replacement.
Only clinical pregnancies confirmed by ultrasonic visualization of gestation sac(s)
and fetal heart-beat were considered in this analysis.

Results

The results are summarized in Table 1. A spontaneous LH surge started in 56/122
(66%) treatment cycles and the oocyte collections in these cases were timed accor¬

dingly. The median day of laparoscopy in LH-timed egg collections was day 13
(range 11-15) as compared with day 16 (range 11-18) for HCG-timed egg collec¬
tions. IVF outcome at all stages of the treatment was comparable for LH- and
HCG-timed collections. 51/59 (86%) multiple embryo transfers resulted from egg

collections timed to HCG as compared with 28/63 (65%) multiple embryo replace¬
ments resulting from LH-timed egg collections; this difference was not statistically
significant. In both groups, pregnancy rates tended to increase with the number of
embryos replaced to the uterus averaging 50% when four embryos were replaced
(Table 2). Irrespective of the method of ovulation-induction used, approximately 1
in 5 laparoscopics led to the birth of at least one live infant. 50% (27) of the LH-
induced ovulations were supported with HCG (given inadvertently after an LH surge

had already started). However, 6 of the 9 deliveries in this group came from egg

collections timed to LH surges but not supported with HCG, confirming that HCG
support was not beneficial.
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SEQUENTIAL

CLOMIPHENE/HMG1

ALL LH HCG

LAPAROSCOPIES 194 54 68

EGGS COLLECTED 730 177 249

FERTILIZATION RATE 65% 64% 68%

EMBRYO TRANSFERS 166 43 59

PREGNANCIES 36 9 15

PREGNANCY RATE

PER LAPAROSCOPY 19% 17% 22%

PER TRANSFER 22% 21% 25%

MISCARRIAGES 4 0 2

MISCARRIAGE RATE

PER PREGNANCY 11% 0% 13%

DELIVERIES 32 9 13

DELIVERY RATE

PER LAPAROSCOPY 16% 17% 19%

PER TRANSFER 19% 21% 22%

BABIES BORN 42 9 17

SINGLETON 26 9 10

TWIN 3 0 2

TRIPLET 2 0 1

QUADRUPLET 1 0 0

1 LAPAROSCOPY TIMED TO LH SURGE (LH) OR HCG INJECTION (HCG)

Discussion

IVP outcome using the present ovarian stimulation protocol is unaffected by the
method of ovulation induction used. The protocol ensures that HCG is injected as

close as possible to the expected time of LH surge onset and permits sufficiently
accurate pin-pointing of the LH surge if it occurs. Since '»'»% of the patients have
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IVF PREGNANCIES IN RELATION TO METHOD OF OVULATION

INDUCTION AND NUMBER OF EMBRYOS REPLACED

METHOD OF OVULATION INDUCTION

EMBRYOS HCG LH HOG or LH OVERALL

1 0/8 2/15 2/23 8.7%

2 3/20 0/4 3/24 12.5%

3 3/17 3/12 6/29 20.7%

4 9/14 4/12 13/26 50.0%

* REPLACEMENTS/PREGNANCIES

LH surges, the LH assays make a major contribution to the high overall rate of
success.

An important practical feature of this protocol is that HCG is given only if at least
three follicles 15 mm in diameter (with at least one of these 17 mm in diameter)
are visualized by ultrasound and when the serum oestradiol titre is commensurate

with the presence of three such follicles i.e., 3.5 nmol/1 and rising (Hillier et at.,
1985a). Moreover, oocyte collections timed to LH are not undertaken unless similar
criteria are fulfilled at the time of spontaneous LH surge onset. With rare excep¬

tions, the treatment cycle is cancelled if all of these criteria are not met. This
ensures maximal likehood that multiple oocytes suitable for IVF will be available
for collection and is justified by the poor results obtained when only a single em¬

bryo is replaced to the uterus. Patients not responding satisfactorarily go on to
receive a more agressive stimulation regimen such as clomiphene and HMG given
simultaneously or high-dose HMG alone (Hillier et a!., 1985a).
Combination clomiphene/HMG therapy seems to give rise to more follicles suitable
for egg collection than clomiphene alone, so more mature eggs can be collected and
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more embryos suitable for intrauterine replacement frequently result (Kerin et al.,
1985). Another advantage is that follicular asynchrony seems to be less compared
with the use of HMG alone. This is borne out by the fact that the multiple-pregnan¬
cy rate is relatively low even when up to eight embryos are replaced to the uterus
after HMG-stimulated follicular development (e.g., Laufer et al., 1983; Jones et al.,
1989) whereas, as confirmed here, there is a variable but high risk of multiple
pregnancy occurring if three or more embryos are replaced after careful ovarian
stimulation with clomiphene and HMG (Wood and Trounson, 1989).

= 28-day menstrual cycle:

HMG

.V'' ISO IU/d

Clomiphene citrate
50 mg Id

I I I I I I I I I I I ' i

= 29-day mcnslrual cycle:

HMG
ISO lU/d

Clomipttcnr citrate
SO mg/d

1 1 1 1 1

5 6 7 8 9 10 11 12

Day of treatment cycle

HMG Rx stop.
* Lead follicle =1G mm diam

HCG (5 000 IU):
* Expected day of Lll surge
* =3 follicles =15 mm diam

(lead follicle =17 inm diam)
* Serum £^=3.5 nmol/l (rising)

Egg collection:
* 31 h after HCG (or LH surge)

The present sequence and duration of clomiphene and HMG treatment evidently
does not block or markedly after the timing of the spontaneous LH surge In most
women. However, the median day of egg collection after HCG was day 19 as com-
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pared with egg collections timed to LH. It is impossible to tell if those patients who
did not have an LH surge before they received HCG would have gone on to have a

normal surge but in some cases it might have been suppressed (Kerin et al., 1985).
In any case, they benefited from a timely HCG injection thereby avoiding the
sequelae of an inappropriately late or inadequate stimulus to ovulate, such as

oocyte 'post-maturity' proneness to polyspermic activation or other disorders of
fertilization and early preimplantation development (Hillier et al., 198<ta; Kerin et

al., 1985). Certainly, these clinical results reveal that the "quality" of the LH-surge
when it does occur following the present form of ovarian stimulation is often
(usually?) adequate to induce the maturation of multiple oocytes with full develop¬
mental potential (Lopata, 1983; McBain and Trounson, 198^).

In conclusion, IVF outcome is dependent of the method of ovulation induction used
to time egg collection if multiple preovulatory follicular development is stimulated
with an ordered course of clomiphene and IIMG, as described here. This protocol
ensures that HCG is injected as close as possible to the time of onset of the spon¬

taneous LH surge so that multiple eggs with maximum developmental potential
become available for 1VF.
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summary. This paper reports on the provision of a clinical biochemistry service
for serum oestradiol. The pathophysiology and recognised applications of
oestradiol assays are discussed and the current availability of assay reagents and
methodologies reviewed. Data are presented on the analytical performance of
assays for serum oestradiol in the UK External Quality Assessment Scheme
(UKEQAS) and general guidance is offered to laboratories providing a diagnostic
service for this analyte.

Oestrogens—biosynthesis and physiology
Oestradiol is a C|« steroid with a phenolic A
ring and is found in both females and males. In
the female, oestrogens stimulate growth of the
female sex organs and development of secon¬
dary sexual characteristics; their main action
being on the growth and functioning of the
reproductive tract. Oestrogens also have other
effects in the female, influencing gonado¬
tropin secretion by the anterior pituitary gland
and bone homeostasis. In the male the role of
oestradiol is less well defined, although it is
thought to be involved with testosterone in the
regulation of gonadotrophin secretion.
More than 20 oestrogens have been identified

in human body fluids. Of these only oestrone
and oestradiol are of major clinical importance
except in pregnancy when maternal oestriol
levels provide an index of foeto-placental func¬
tion. Oestradiol is the most potent oestroger
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Analytical Methods Working Party of the Scientific
Committee of the Association of Clinical Biochem¬
ists, but does not necessarily reflect the views of the
Scientific Committee.

Correspondence: Dr W A Ratcliffe

and the biological activity of oestrone may
depend on its conversion to oestradiol at the
cellular level by the enzyme 17j3-hydroxysteroid
dehydrogenase which is widely distributed
throughout the body.
There are five main sites of synthesis of

oestrogens: the ovaries, testes, adrenal cortex,
peripheral tissues and the foeto-placental unit
in pregnancy.1' 2 Serum oestradiol is also de¬
rived by hydrolysis of oestrogen conjugates
such as oestrone sulphate. Throughout a
woman's reproductive life the pre-ovulatory
follicle in the ovary is the main source of
oestrogen. Ovarian theca and granulosa cells
co-operate functionally in the biosynthesis of
oestrogens from androgen precursors involving
enzymes of the aromatase system, with highest
levels of aromatase being located in pre¬
ovulatory granulosa cells. The pathway for
oestrogen formation by the ovary is shown in
Fig 1. Oestradiol is the main oestrogen secreted
by the ovary with lesser amounts of oestrone.
Secretion is episodic resulting in short-term
fluctuations of oestradiol in peripheral blood.3
Although the ovary is the main source of
oestrogen in premenopausal women, a signifi¬
cant proportion (10-30%) of oestradiol in the

466
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isomerase; 3=17 a-hydroxylase; 4=17, 20 lyase (desmolase); 5=17 [5-hydroxysteroid dehydrogenase;
6 = Aromatase.

circulation is formed in peripheral tissues from
androgen precursors. The aromatase enzyme
complex is also found in muscle, skin, liver and
neural tissues, but the major site for the
peripheral formation of oestrogen is adipose
tissue.

Approximately 1-3% of oestradiol in plasma
is present in a non-protein bound state.4 About
40% in the female and 20% in the male is
bound with high affinity to sex-hormone bind¬
ing globulin (SHBG), a transport protein for
both oestradiol and testosterone. The remain¬
der is bound with lower affinity to albumin. It
has been generally considered that only free
oestradiol is able to diffuse across cell mem¬

branes and interact with the oestrogen recep¬
tor. Recent studies, however, have suggested
that steroids bound to albumin may, by rapid
dissociation during transit through some
tissues, also be biologically available.5 The
possibility that steroids bound to SHBG may, in
some as yet undefined manner, be taken up by
some tissues has also been proposed.6
The mechanism of action of oestradiol in

common with that of other steroid hormones is

by interaction with a specific target tissue
receptor protein. Recent studies7, * have led to
a re-evaluation of the location of the oestrogen
receptor within the cell. The presence of
oestrogen receptors in the cytoplasm as mea¬
sured by binding techniques is now thought to
be artefactual and the receptor is now believed

to be primarily located in the nucleus. Interac¬
tion between oestrogen and the receptor results
in modification of protein synthesis.
Oestrogen metabolism involves interconver-

sion of oestradiol and oestrone by 17(1-
hydroxysteroid dehydrogenase, hydroxylation
of the oestrogen nucleus at positions 2 and 4,
and at other aliphatic carbon atoms, with 16
hydroxylation and subsequent reduction being
quantitatively most important. There is little
evidence to suggest a major biological role for
these oestrogen metabolites although the rate
and pathway of metabolism are influenced by
sex and body weight, and affected by thyroid
and liver dysfunction. The major pathway for
elimination of oestrogen is by conjugation as
glucuronides and sulphates in the liver to form
water soluble metabolites which are secreted in
the bile. These conjugates subsequently under¬
go an enterohepatic circulation to a much
greater extent than the neutral steroids. Diet
influences this process and reduced enterohepa¬
tic circulation in vegetarians results in de¬
creased serum oestrogen concentrations in
these subjects.9

Serum ocstradiol levels

childhood and puberty

Serum oestradiol is generally less than 60
pmol/L10 in both sexes during infancy and
childhood although concentrations up to 294
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pmol/L have been reported in female infants
between 4 and 12 months." In the female,
levels start to rise around 11 years and then rise
progressively throughout puberty reflecting the
onset of cyclical ovarian activity.12 Oestradiol
also increases in the male during puberty,
largely reflecting peripheral aromatisation of
testosterone.

adult female

In the premenopausal female, the changes in
secretion of oestradiol during the normal men¬
strual cycle are dependent on the release of
gonadotrophins from the pituitary. Oestradiol
in turn exerts a negative feedback effect on the
release of gonadotrophins by acting at hypotha¬
lamic and pituitary levels to control the release
of gonadotrophin releasing hormone (GnRH)
and gonadotrophins, respectively. In the late
follicular phase, the sustained increase in oes¬
tradiol secretion by the maturing Graafian
follicle exerts a positive feedback effect result¬
ing in a surge of LH which initiates ovulation.
There is a biphasic pattern of oestradiol secre¬
tion during a normal ovulatory cycle (Fig. 2);
the mid-cycle peak (around 1000 pmol/L) re-
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Fig. 2. Serum oestradiol concentrations in women

with normal menstrual function. Serum oestradiol
concentrations (Mean±2SD) are related to the day of
the LH peak (Day 0). Concentrations less than the
detection limit of the assays (100 pmol/L) are
indicated by an arrow. These data should be used for
guidance only, and each laboratory should deter¬
mined its own reference ranges. Specimens were
collected daily from 31 subjects with normal menstrual
function, nine of whom conceived during the cycle
studied. All specimens were assayed by RIA follow¬
ing ether extraction of serum, either in the Repro¬
ductive Endocrinology Laboratory, Department of
Obstetrics and Gynaecology, University of
Edinburgh (10 subjects) or in the University Depart¬
ment of Obstetrics and Gynaecology, University of
Glasgow (21 subjects).

fleets secretion by the pre-ovulatory follicle and
the second peak in the mid-luteal phase reflects
secretion by the corpus luteum.13 In postmeno¬
pausal women when ovarian secretion of oes¬
trogen has ceased, the major source of oestra¬
diol is aromatisation of androstenedione sec¬

reted by the adrenals and ovaries. Serum
oestradiol concentrations are generally less
than 100 pmol/L.14

adult male

Serum oestradiol concentrations are in the

range 77-261 pmol/L (Mean 125: Mean and
absolute range in 34 males—MJ Reed, un¬
published results) and the major proportion of
oestradiol is derived by peripheral aromatisa¬
tion of androgens secreted by the testes and
adrenals. Oestrone and oestradiol concentra¬
tions have been shown to correlate with the

percentage ideal body weight.15 Only 20% of
serum oestradiol is secreted by Leydig cells of
the testes, and a small amount is also secreted
by the adrenal glands. Testicular secretion of
oestradiol and testosterone are dependent on
luteinising hormone (LH). Although, the con¬
trol of LH secretion was thought to be mediated
by negative feedback effects of oestrogen
metabolites, recent evidence suggests that LH
secretion is modulated independently by both
androgens and oestrogens.16

Clinical uses of oestradiol assays

Serum oestradiol is the most widely used test
for the assessment of oestrogen status in infants
and adults and it is general practice to collect
the specimen at any time of the day.
Secretion of oestradiol by the ovaries and

testes'7 is episodic, but fluctuations in the
serum concentration are not significant except
in the pre-ovulatory period in the female when
variations of up to 50% have been shown to
occur within a 30 min period.3, I4, lx This
necessitates serial (eg daily) measurements of
oestradiol during the pre-ovulatory period for
accurate assessment of follicular growth and
also for monitoring the exponential increase in
serum oestradiol which occurs in both spon¬
taneous and stimulated cycles (Fig. 3).|y
Measurement of oestradiol alone is seldom of

diagnostic use, except for monitoring follicular
development or in patients with oestrogen
secreting tumours when oestradiol is signifi¬
cantly raised. In other clinical conditions,
results of additional hormone assays are re¬
quired for interpretation and differential
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Fig. 3. Oestradiol response to human menopausal
gonadotrophin (hMG) therapy. The exponential
increase in oestradiol during the mid-late follicular
phase in response to therapy with hMG (Pergonal) is
plotted against time. Reproduced by permission of
the author1'' and publisher.

t

diagnosis. These tests should be selected
appropriately from the following: gonado¬
tropins. prolaetin, testosterone, human
chorionic gonadotrophin (hCG) and progester¬
one.

The recognised applications of oestradiol
assays are outlined below and guidelines are
given to assist in the interpretation of results.
The reader is also referred to earlier reviews in
this series on the diagnostic applications of
pituitary2" 21 and steroid hormone assays22' 23
which are complementary to those of oestradiol
in certain conditions.

investigation of ovarian dysfunc¬

tion and infertility

Many forms of ovarian dysfunction are associa¬
tion with disorders of ovulation and infertility.24
In patients with absent (antenorrhoea) or
irregular menstrual cycles (oligomenorrhoea)
serum oestradiol provides an index of follicular
development, although measurement of other
selected pituitary and steroid hormones are
essential for interpretation. Measurement of
oestradiol is most useful in the investigation of
amenorrhoea or oligomenorrhoea to identify or
investigate hypo-oestrogenie states. Single-
point investigations are of limited diagnostic
use in patients with regular menstrual cycles,

and the findings may be difficult to interpret in
view of the variability of oestradiol during the
menstrual cycle. In women who are otherwise
healthy with amenorrhoea or oligomenorrhoea
the diagnosis usually falls to one of the three
following broad categories.
(a) Primary hypogonadism. These disorders,
are associated with failure of follicular develop¬
ment, usually due to absent (eg premature
menopause. Turner's Syndrome) or unrespon¬
sive follicular tissue (eg resistant ovary syn¬
drome). Serum oestradiol is consistently low
and in the postmenopausal range, and follicle
stimulating hormone (FSH) is chronically ele¬
vated due to the absence of negative feedback
on the hypothalamus and pituitary.
(b) Secondary hypogonadism. In this wide
range of clinical conditions, the lack of follicu¬
lar development is secondary to abnormal
gonadotrophin secretion due to disorders of the
hypothalamus or pituitary or is associated with
hyperprolactinaemia. Hypothalamic causes of
infertility and amenorrhoea include failure of
oestrogen-mediated positive feedback on LH
secretion, deficiency or suppression of GnRH,
and hypothalamic lesions affecting GnRH
secretion. Pituitary causes relate to impaired
LH and FSH secretion due to the presence of
pituitary tumours which may be functional or
non-functional. In the case of prolactinoma,
serum prolactin is consistently raised (usually
>2000 mU/L).2' Serum oestradiol is generally
in the postmenopausal range and basal gonado-
trophins may be low or normal, and show
impaired responses to GnRH.2"
(c) Anovulatory dysfunction. Measurement of
oestradiol is of limited diagnostic use in condi¬
tions such as polycystic ovary syndrome where
ovulation may be infrequent or absent and
oestradiol and gonadotrophin levels are erratic
or asynchronous.25 However, serial hormone
measurements during the menstrual cycle may
be useful in combination with ultrasonography
for the investigation of disorders of ovulation.2"

prediction of ovulation

In spontaneous menstrual cycles, serial
measurements of oestradiol are used to monitor
follicular growth and predict the day of ovula¬
tion in order to arrange procedures such as
ovum collection or artificial insemination.1''
Serum oestradiol should rise steadily during the
second half of the follicular phase, reaching a
peak 1-2 d before ovulation when the mean
oestradiol concentration is approximately 1000
pmol/L.14
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INDUCTION OF OVULATION

A common application of oestradiol assays in
the infertile female is to monitor follicular

growth during ovarian stimulation with
clomiphene and/or human menopausal gonado¬
tropin (hMG).27 Because serum oestradiol
and follicular size (and number) determined by
ultrasonography are closely correlated in both
spontaneous and induced ovulation, these two
parameters are used to avoid hyperstimulation
of the ovary and predict when optimal follicular
maturity has been attained.26 It is usual to
measure oestradiol daily during the induction of
ovulation, and results should be available
within half a working day to allow time for the
administration of hCG to induce ovulation.

(a) Ovulation. In patients with anovulation, the
aim of therapy is to stimulate growth and
ovulation of one or at most two follicles, and to
avoid ovarian hyperstimulation and the risk of
multiple pregnancy. Serial (eg daily) measure¬
ments of oestradiol combined with ovarian
ultrasound are used to assess the number of

developing follicles. The rise in oestradiol
induced by hMG is usually exponential during
the late follicular phase (Fig 3). so that the
serial measurements can be extrapolated to
predict the day when a satisfactory 'threshold'
oestradiol concentration suitable for inducing
ovulation by injection of hCG will be achieved.
A serum oestradiol above approximately 2000
pmol/L indicates an excessive response and is
an indication for withholding hCG to avoid
multiple ovulation and the risk of a multiple
pregnancy.21"
(b) Superovulalion Before in vitro fertilisation
(IVF) and embryo transfer, infertile women
with normal ovarian function may receive
ovulation-induction therapy with clomiphene
and/or hMG to stimulate multiple follicular
development. This is because the chance of
starting a pregnancy after IVF increases sub¬
stantially if two or more embryos are placed in
the uterus.2'' Serum oestradiol in the follicular

phase often reaches supranormal levels and up
to 10 000 pmol/L would not be unusual, so that
assays with a higher working range, or pre-
dilution of the specimen are required. From the
relationship between follicular number, size
(diameter) and oestradiol concentration, it is
possible to assign a 'target' oestradiol concen¬
tration (approximately 1000-1200 pmol/L for
each ovulatory follicle) to be attained before
hCG is injected to induce ovulation, and time
egg collection.3" As a rule of thumb, the
number of preovulatory follicles over 14 mm in

diameter as determined by ultrasonography
predicts the number of ovulatory follicles even¬
tually yielding a mature egg and the serum
oestradiol is allowed to rise accordingly before
hCG is injected.23 However, the relationship
between oestradiol and follicle numbers is not

well defined when more than three follicles

develop since the responding follicles are inevit¬
ably of a range of sizes and at different stages of
oestrogen secretory development. Laboratories
are advised to calibrate their own oestrogen
assay and ultrasound data empirically to gener¬
ate algorithms which suit local clinical require¬
ments.

Oestradiol assays are also used to assess the
quality of the ovarian response during super-
ovulation therapy. Ideally the rise in oestradiol
should be progressive, a fall in concentration
indicating the developing follicles have become
atretic, providing grounds for abandoning the
course of treatment.3"
(c) Ovulation induction with GnRH analogue
Low dose pulsatile infusion of GnRH analogue
is an alternative to hMG/hCG therapy in
certain forms of anovulatory infertility resistant
to treatment with clomiphene.26 Oestradiol
assays and ultrasonography are used to monitor
the response to treatment and typically a single
preovulatory follicle develops and ovulates
spontaneously.

PRECOCIOUS PUBERTY

In the female, puberty is defined as pre¬
cocious when it starts before the age of 8 years.
True precocious puberty is associated with
activation of the hypothalamic-pituitary-gonadal
axis and increased gonadotrophin and oestrogen
secretion. In 75-90% of cases no aetiology is
found. In the remainder, puberty may result
from lesions of the hypothalamic-pituitary
region, primary hypothyroidism or be asso¬
ciated with other syndromes such as the
McCune-Albright syndrome. Although
oestradiol and gonadotrophins are generally
increased, undetectable levels have been
reported in rare cases.31
In pseudoprecocious puberty serum oestra¬

diol levels are increased as a result of oestrogen
secretion usually by ovarian or adrenal
tumours, or by stimulation of the ovaries by
hCG from an hCG secreting tumour. Pituitary
gonadotrophins are within the pre-pubertal
range or undetectable. Premature thelarche or
menarche may result from ingestion of exoge¬
nous oestrogens, or from episodic or premature
ovarian activity.
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delayed puberty

The use of oestradiol and gonadotrophin
measurements in the investigation of delayed
puberty in the female was discussed by Beastall
et al. (1987).-" Serum oestradiol is generally low
or in the pre-pubertal range while gonado¬
tropins are increased in primary causes and
undectectable or low normal in secondary
causes of this condition.

oestrogen-secreting tumours

Serum oestradiol assays are essential for the
diagnosis of oestrogen-secreting tumours which
occur rarely in both males and females of all
ages associated with a significant elevation of
serum oestradiol and other oestrogens and
complete or partial suppression of gonado¬
tropins. Clinical features in the male include
gynaecomastia and hypogonadism and in the
female pseudoprecocious puberty, amenor-
rhoea, and postmenopausal bleeding. In both
sexes tumours most frequently occur in the
gonads arising from interstitial cells in the
testis12 or granulosa or theca cells in the
ovary.13 Tumours secreting oestrogens rarely
arise in the adrenals14 and may be associated
with increased adrenal androgen secretion.
Localisation of tumours is by scanning techni¬
ques or by assay of oestradiol specimens col¬
lected at selective venous catheterisation.

gynaecomastia

The physiological and pathological causes of
gynaecomastia were reviewed by Ismail el al.
(1986).22 Measurement of oestradiol is useful
for diagnosis and exclusion of conditions in
which oestradiol is significantly increased.
These conditions are rare and include tumours

which secrete oestradiol or hCG and true

hermaphroditism. Serum oestradiol may be
modestly raised in patients with obesity,11
hyperthyroidism and liver disease11 reflecting
increased peripheral aromatisation of
androgens or a decrease in the clearance rate of
oestradiol.

the menopause and hormone

replacement therapy (hrt)
The diagnosis of primary ovarian failure is
made on the basis of a consistently raised FSH
level,20 and measurement of oestradiol is of
little additional value. In patients with post¬
menopausal bleeding, measurement of oestra¬
diol is useful to exclude an oestrogen secreting
tumour as the primary cause.
Patients with ovarian failure may receive

11RT for relief of troublesome symptoms due to
hypo-oestrogenism or for prevention of post¬
menopausal bone loss. Preparations contain
either natural or synthetic oestrogens which
may be given alone or in combination with
progestogens or testosterone. Where HRT is
given in the form of oestradiol or an oestrogen
converted to oestradiol in vivo, serum oestra¬

diol concentrations increase in response to
treatment. Since the effectiveness of treatment
is generally based on clinical rather than
biochemical evidence, there are few indications
for monitoring oestradiol in these patients
except to check compliance, the duration of
effectiveness of an implant, or the persistence
or return of symptoms which may reflect
inadequate HRT.

Requirements for assay of oestradiol

specimen

A minimum of 1 0 mL of serum is required and
haemolysed, lipaemic and icteric specimens
should be avoided. Oestradiol appears to be
stable in serum at ambient temperature for
several days so that specimens may be sent to
the laboratory by first class post. Specimens
should be stored at or less than -20°C.

assay management

Assays should be performed at least weekly and
should consist of standards, internal QC speci¬
mens and unknowns assayed in duplicate. The
availability of results within 2 weeks is satisfac¬
tory for most clinical purposes, however assays
for monitoring the induction of ovulation need
to be performed at least daily and results should
be available within 3-4 h. Where the workload
is less than 50 specimens per month, the
laboratory should consider referring the speci¬
mens to a regional centre. All laboratories
providing a diagnostic service for oestradiol
should participate in the UK EQAS.
Guidelines have been prepared previously to

encourage good performance of gonadotrophin
assays by staff training, effective laboratory
management and sound laboratory practice.20
These guidelines are equally applicable to
assays for oestradiol.

displacement of oestradiol from

binding-proteins

Because oestradiol circulates mainly bound to
SI1BG and albumin, it requires extraction (eg
by solvent) or quantitative displacement from
binding-proteins prior to assay. The displacing
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agents employed in commercial methods are
usually not disclosed by the manufacturers. The
blocking agents used in direct luminescence
assays were a combination of danazol (10-5 ng),
5a-dihydrotestosterone (10-5 ng) and mestero-
lone (0-28 ng) for 50 pL serum36 or 8-
anilinonaphthalene sulphonic acid (100 pg) for
20 pi serum.37

EXTRACTION

The extraction of oestradiol from serum (50-
500 pL/tube) by diethylether is similar to that
described in detail for testosterone.3* The
extraction step in a steroid immunoassay is a
common source of imprecision and bias unless
steps are taken to achieve consistent and
essentially quantitative recovery of steroid from
all specimens.
Determination of the extraction efficiency of

a steroid from serum has already been
described.33 In practice this should be greater
than 90% with differences between specimens
of less than 5%. Provided this is achieved it is
seldom necessary to correct for loss during the
extraction. Where recoveries are less than 90%
and/or variable, the extraction efficiencies of
individual specimens should be monitored and
corrections applied. The use of peroxide-free
ether of AnalaR grade is advised since perox¬
ides can produce losses of oestradiol during the
extraction and evaporation stages. This may be
avoided by opening a fresh 500 mL bottle of
ether for each assay.

STANDARDISATION

Crystalline, anhydrous oestradiol (obtainable
from several suppliers) is dissolved in absolute
ethanol (eg 1 mg/mL) and diluted appropriately
in either ethanol, assay diluent or oestrogen-
free serum to cover the working range of the
assay. 'Matrix effects' arising from extraction
residues of solvents or the presence of serum
may be present in both direct and extraction
assays and can result in significant bias unless
steps are taken to equalise these effects in
standards and unknowns. Standards in direct
kit methods are generally serum-based whereas
ethanolic standards are commonly used in
extraction assays. The latter are stable at 4°C
for many weeks provided evaporation is
avoided.

ANTISERUM

Oestradiol antisera of high specificity and avid¬
ity have been produced to the immunogen
oestradiol-6-(0-carboxymethyl) oxime- bovine

serum albumin.36 Cross-reactivity with other
C|8 steroids may vary according to the separa¬
tion method and tracer employed. Most anti-,
sera in use have been selected because they
cross-react less than 5% with oestrone and
oestriol, and this degree of specificity is gener¬
ally acceptable for most clinical purposes.
However, laboratories need to be aware of the
potential for interference arising from steroidal
drugs or metabolites of steroids. For example,
the Coat-A-Count and Double Antibody direct
kits from Diagnostic Products have been shown
to give spuriously elevated oestradiol concen¬
trations in patients receiving preparations con¬
taining oestrone sulphate (Harmogen and
Premarin)4" and in male and female neonates
up to 11 weeks after birth.41 These interfer¬
ences were attributed to cross-reactivity of the
antisera with steroid conjugates and may reflect
the use of a 3-linked immunogen for production
of the antisera, rather than a 6-linked im¬
munogen as is usually the case.
Antisera for extraction assays are widely

available from a number of commercial
sources, including Steranti Research Ltd, St
Albans AL1 1TA; Bioclin Services Ltd. Cardiff
UK and Guildhay Antisera Ltd. Guildford UK.
Although selected antisera of high specificity
suitable for direct assays are used in in-house
chemiluminescence assays36' 37 and commercial
kits, these reagents are in limited supply and
not generally available for the development of
in-house direct assays.

TRACER

All laboratories participating in UK EQAS
currently assay oestradiol by R1A. and most
in-house extraction assays employ tritiated
oestradiol as tracer. Oestradiol labelled with
tritium in four positions, [2. 4, 6, 7-3H]
oestradiol (specific activity 85-110 Ci/mmol,
3T-4-1 TBq/mmol) is commercially available
(Code TRK 322, Amersham International,
Aylesbury, UK). It is stable for at least 6
months, although changes in the performance
characteristics of the assay may reflect a
deterioration in the immunoreactivity of the
tracer which should be replaced or purified (eg
by thin layer chromatography). Oestradiol-6-
(0-carboxymethyl)oxime-[ l25I]-histamine (speci¬
fic activity 2000 Ci/mmol, 74 TBq/mmol) is
available from Amersham International (Code
IM135). It can be prepared by a similar pro¬
cedure to that already described in detail for
Cortisol - 3 - (O-carboxymethyl)oxime - [l23I]-
histamine,42 although iodination should be res-
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tricted to laboratories with expertise and suit¬
able facilities. Extraction and direct chemilu-
minescence assays with peroxidase and isolumi-
nol labels have been described,2"- 27 • 42 but they
are not in routine use in the UK possibly
because of the limited availability of reagents
and luminometers, a situation which may
change in the future.
Although iodinated tracers are preferred in

steroid immunoassays because of the conveni¬
ence and lower cost of counting, their use has
been restricted by the phenomenon of 'bridge
recognition'.44-'"' This has been a problem in
the development of iodinated tracers for several
steroids and arises in homologous assay systems
where the same site and linkage to the steroid
(eg -6-(carboxymethy!) oxime) is present in
both immunogen and tracer. Antibodies bind
the common linkage region in the tracer,
thereby reducing its displacement by free
steroid, resulting in a significant impairment in
the detection limit of the assay. This problem
may be overcome in a homologous assay system
by using a selected antiserum which does not
show preferential binding of the l25I- labelled
tracer. Alternatively, a sensitive assay may be
obtained using a heterologous assay4" system
where the site of attachment and linkage to the
steroid in the tracer (eg -3-carboxymethyl
ether) differ from that in the immunogen (eg -6-
carboxymethyl oxime) (S G Hillier, un¬
published results).

SEPARATION METHODS

The separation techniques commonly employed
with ['~5I] and [2H] steroid tracers have already
been reviewed.2* In the case of oestradiol. the
choice of separation is an important factor for
rapid assays, and non-centrifugation techniques
such as magnetisable solid phase or coated tube
methods may be advantageous in this context.

PERFORMANCE REQUIREMENTS

Highly sensitive immunoassays are required
because of the low levels of oestradiol in serum

(eg 50-2000 pmol/L). Assays with detection
limits of around 50-100 pmol/L and working
ranges of 50-3000 pmol/L are satisfactory for
most clinical applications, although a sensitivity
of less than 50 pmol/L is desirable for the in¬
vestigation of piecocious puberty. Rapid assays
with a higher working range (eg up to 15 nmol/
L) are required for monitoring the induction of
ovulation. Most manufacturers of kits re¬

commend pre-dilution of specimens with very
high oestradiol concentrations, although this

approach may be compromised by the small
volume of zero calibrator serum provided. Such
samples pre-diluted with the appropriate matrix
such as zero calibrator serum (direct kits) or
saline (extraction assays) should give a response
in the assay which parallels that of the stan¬
dards.

Some commercial methods use standards

covering a 400-fold range in concentration
which is exceptionally wide for a competitive
immunoassay. In any assay the highest and
lowest standards should not be used as a guide
to the effective working range of the assay,
which is best established from data collected by
the laboratory, eg from a precision profile. The
within-batch precision over the working range
of the assay should be less than 7-5%(CV).
Laboratories should also ensure that the curve-

fitting procedure employed is satisfactory at
both extremes of the standard curve.

Where results are required within 3-4 h, an
alternative assay protocol may be required
involving a shorter period of incubation, work
simplification, and the use of rapid separation
methods.

INTERNAL QC

Aspects of the principles and practice of inter¬
nal QC procedures were dealt with in earlier
reviews2"' 22 and suitable material is available
from a variety of suppliers (Table 1). Assigned
target values for oestradiol are generally in the
range 50-3000 pmol/L. Laboratories receiving
specimens from patients undergoing ovulation
or superovulation treatment should include
pools with oestradiol concentration similar to
those in patient specimens. Because of the lack
of commercial material containing the high
concentrations required there may be a need to
prepare pools by spiking serum (hepatitis B
antigen and HIV negative) with known concen¬
trations of oestradiol.
The majority of direct methods have been

shown by EQAS to under-recover oestradiol
(Table 2). Until the cause of this analytical
problem is established it is desirable that each
laboratory should assess this aspect of the per¬
formance of its own method by determining the
accuracy of recovery of exogenous oestradiol
added to a serum pool.

Methods available for assay of oestradiol
Serum oestradiol immunoassay methods for
diagnostic use measure the total concentration
in serum, either after extraction in solvent or
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Table 1. Commercial sources of quality control sera for oestradiol

Supplier Product Code Pack Contents
Approximate
Values

Beckton-Dickinson UK Ltd
Between Towns Road

Cowley Oxford 0X4 3LY
(0865) 777722
Bio-Rad Laboratories Ltd
Caxton Way
Hollywell Industrial Estate
Watford, Herts WD1 8RP
(0923) 40322
Ciba-Corning Diagnostics
Halstead
Essex
C092DX
(0787) 472461
Diagnostic Products (UK) Ltd
Unit 4
Rockfort Industrial Estate
Hithercroft Road

Wallingford, Oxon OXIO 9DA
(0491) 34556/34565
Lome Diagnostics
Unit 11 Cratfield Road
Moreton Hall Industrial
Estate, Bury St Edmonds
Suffolk 1P32 7DF
(02384) 3242/3
Baxter Healthcare Ltd
Wallingford Road
Compton, Nr Newbury
Berks RG16 OOW
0635 200020

RIATRAC PLUS
levels 1, 2 and 3
Lot KL 6001, 2, 3

Lyphocheck immunoassay
control serum levels
1, 2 and 3

Lot 20000

Gilford
Tri-Level Ligand
Control Serum
Levels A, B and C
Lot 602

CON6 levels 4, 5 and 6
Lot 009

259390 5x5 mL at each
level

C370-5 4x5 mL at each
level

9760 5x5 mL at each
level

CON6 2x6 mL at each
level

Lome immunoassay
control sera

levels 1, 2 and 3

Lot 1 Rll, 2 R11 3 R11

EIR Control Sera Kit
levels 1, 2 and 3
Lot 8602
Stratus immunoassay
controls levels
1, 2 and 3

046-843 1x5 mL at each
level

ER-10 2x1 mL at each
level

B5700-5 2x5 mL at each
level

93,1380, 2800

245, 900, 3030

418, 1620, 3270

700, 1830, 5070

226, 1030, 2110

67, 1070, 3480

74, 470, 1200

Wellcome Diagnostics Wellcome immunoassay BC22 5x3 mL 179
Temple Hill 2 SVRS Serum
Dartford
Kent
DAI 5AH

The values quoted are intended for guidance only, and may vary with the assay method.

following its displacement from plasma pro¬
teins. Although methods have been described
for measuring free or protein-bound oestradiol
in serum, these are research techniques and
their possible clinical applications remain to be
assessed.1 Because of the ease of collection of
saliva and urine, measurement of salivary
oestradiol or urinary oestrogens have been used
for monitoring ovarian function. Salivary
oestradiol is measured by RIA after solvent
extraction.47' 4* Extremely sensitive assays are

required, as the concentration in saliva is
approximately 1% of that in serum. Physio¬
logical changes in oestradiol secretion are re¬
flected in changes in salivary oestradiol,
although the exact relationship between the
concentration in saliva and the free fraction in
blood remains to be established.
A simple non-invasive approach to monitor¬

ing ovarian function in women is provided by
radioimmunoassay of urinary oestrone glu-
curonide,4'1 the major urinary metabolite of



Oestradiol assays 475

Table 2. Recovery of oestradiol from serum. Recovery pools E83. E84 and E85 were distributed by EQAS in
November 1986 and contained 152. 305 and 495 pmol/L of oestradiol added to basal pool E82. Trimmed means
for all laboratories (Al.TM). direct method laboratories (GLTM-DIRECT) and extraction method laboratories
(GLTM-EXTRACTION) arc given, together with the untrimmed means for the individual method subgroups.
The percentage recovery of added oestradiol is given in brackets.

Pool designation E82 E83 E84 E85
Oestradiol (pmol/L) added 0 152 305 495

Trimmed means

ALTM (59 labs) 169 279 (72) 387 (71) 538 (75)
GLTM-extraction (13 labs) 201 364 (107) 480 (91) 668 (94)
GLTM-direct (43 labs) 160 259 (65) 368 (68) 506 (70)
Untrimmed method means

Home extraction (13 labs) 201 368 (110) 490 (95) 665 (94)
Steranti (18 labs) 157 270 (74) 394 (77) 543 (78)
DPC C-A-C (17 labs) 150 234 (55) 325 (57) 434 (57)
Sorin ( 5 labs) 161 263 (67) 379 (71) 543 (77)
Serono ( 2 labs) 156 277 (80) 351 (64) 520 (74)
Farmos ( 1 lab) 184 309 (82) 472 (94) 654 (95)
DPC double-AB ( 1 lab) 166 262 (63) 332 (54) 435 (54)

Method codes relate to the following kits: Steranti: Steranti ER-155 kit (Steranti Research or Baxter Healthcare
Ltd from April 1988) DPC C-A-C and DPC double-AB: Coat-A-Count kit TKE 21, and double antibody kit
KE2 D1 (Diagnostic Products Corporation); Sorin: SB-ESTR kit (CIS); Serono: oestradiol-TER kit (Serono
Diagnostics); Farmos: Spectria kit (Organon Teknika).

oestradiol. Although oestrone glucuronide
measurements reliably detect the fertile period
and yield similar information on follicular
development to that provided by serum
oestradiol,Ml these methods have not been
widely used for monitoring the induction of
ovulation.

methods

The majority of laboratories participating in the
UK EQAS use serum oestradiol direct kits
obtained from five of the seven suppliers
currently marketing kits in the UK (see Appen¬
dix). A survey of the reagents and protocols of
commercial kits can be obtained on request by
contacting Mr G Carter, Department of
Chemical Pathology, Charing Cross Hospital,
Fulham Palace Road, London, UK. Both
Steranti Research and Immunodiagnostics offer
kits which are intended for measuring the high
levels of oestradiol occurring in the induction of
superovulation. Four manufacturers Sorin (CIS
Ltd), Farmos (Organon Teknika), Serono
(Serono Diagnostics) and Biotecx (Biogenesis
Ltd) include at least one vial of quality control
serum in the kit, although internal QC pro¬
cedures should not be based on the use of this
material alone. Assay conditions used in direct
kits vary considerably with sample volumes

ranging from 25 to 200 pL and incubation times
of 60 to 195 min. although shorter periods of
incubation are recommended for rapid assays.
The major procedural difference is the separa¬
tion step, where coated tube and magnetisable
solid phase methods have advantages of speed
and simplicity over double antibody methods
which involve centrifugation. Many laborator¬
ies attempt to cut the cost of reagents by
reducing reagent volumes, but this is inadvis¬
able unless it can be clearly demonstrated that
the analytical performance of the assay is
unaffected. Manufacturers differ in the amount

on information provided on assay specificity,
although all give cross-reactivity data for
oestriol (less than 2%) and oestrone (less than
5% with the exception of 20% in the Farmos
kit). Cross-reactivities with glucuronide and
sulphate conjugates are generally quoted as
below 1%.
In-house extraction assays show little uni¬

formity in the reagents used or in practical
aspects of their methodologies. A protocol for
an extraction assay provided by Mr Colin Selby,
City Hospital, Nottingham, is outlined in Fig. 4.
The assays are standardised independently and
the oestradiol antisera used are from a variety
of sources. Tritiated tracers, rather than iodin-
ated tracers are still used by the majority of
laboratories because of the problems arising
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Unknown scrum

(500 |iL)
l

Quuliiv control serum

(500 pL)

Add freshly distilled ether (5 mL)
and 0-4 M NaOH (200 uL)

Shake 15 min

I
Centrifuge or freeze
to separate phases

I
Pipette 2 mL ether into

duplicate borosilicate tubes (12x75 mm)

"Assay buffer
0 025m phosphate pH 7-4
0-1% gelatine
0 01% thiomersal

Standard solutions in buffer*
(6-25-20O pg/10O uL)
Include zero standard and
non-specific binding

Evaporate to dryness
(60°C stream nitrogen)

Dissolve residue in
buffer* (100 uL)

Antiserum in buffer" (100 uL)
(lmmunogcn:ocstrndiol-6-
carboxvmethvl oxime conjugate)

Mix
Incubate 45 min (room temp)

pH]-oestradiol
in buffer* (1(H) uL)
(eg 30 pg; 5000 cpm)
Include total counts

Dextran coated
charcoalf (500 uL)

NB Add 500 itL buffer*
to total counts

Mix
Incubate 4-16 h

Mix
Incubate 15 min

Centrifuge 1500 A*
I

All manipulations
performed at 4°C

Remove 500 uL supernatant
add to scintillation fluid (3 mL) mix well

+50 ing dextran T70
500 mg RIA grade charcoal
in 100 mL assav buffer

Count in (5-counter 200-300 s

Interpolate using appropriate transform

Fig. 4. A protocol for the radioimmunoassay of scrum ocstradiol. This protocol was provided by Mr Colin
Selby. NaOH is included in the extraction to selectively extract ocstradiol (92-94%), compared with ocstrone
and oestriol (approximately 30-40% in each case).
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from 'bridge recognition' which have already
been discussed.
In spite of attempts by a number of laborator¬

ies in the UK to develop a direct RIA for
oestradiol. none has been successful in estab¬

lishing a reliable assay suitable for clinical
application. This may reflect the problem of
displacing oestradiol from binding proteins.
However, the lack of suitable reagents (particu¬
larly antisera) is undoubtedly a contributing
factor.

Performance of oestradiol assays in the UK
External Quality Assessment Scheme
The organisation of the UK EQAS for steroid
hormones, including its relationship with Steer¬
ing Committees and the Advisory Panel, has
been described previously.18 UK Steroid
EQAS is supported by the Department of
Health and Social Security and the Welsh
Office, and is organised by Dr J G Middle from
the Tenovus Institute for Cancer Research,
Cardiff. Six human serum pools are distributed
each month, with oestradiol concentrations
generally in the range 200-1500 pmol/L. Until
July 1987, the all-laboratory trimmed mean
(ALTM) of results for each pool was taken as
the target value for the assessment of bias and
variability of the bias (VAR). From August
1987 the ALTM was replaced by the appro¬
priate grouped laboratory trimmed mean
(GLTM) for either extraction or direct
methods. This was recommended by the
Hormone EQAS Steering Committee in view
of a 15% difference in the results of direct and
extraction assays and because the dominant
influence of direct methods on the ALTM was

adversely affecting the assessment of per¬
formance of the extraction method group. Gas
chromatography-mass spectrometry (GCMS)
values have been provided by the Tenovus
Institute since 1985. Their status as targets for
oestradiol is discussed below. Cumulative bias
and VAR are calculated for each laboratory
based on results from the previous six distribu¬
tions (maximum of 36 data). In 1987 the limits
of acceptable performance set by the Steering
Committee were ± 15% (reduced from ± 20%
during 1986) for bias and less than 20% for
VAR. Criteria for referral of persistent poor
performers to the Advisory Panel for further
assistance have been given previously.38
The number of laboratories participating in

UK EQAS increased steadily from 44 in 1982 to
75 in May 1987. Those using in-house extrac¬

tion assays declined from 29 (66%) in 1982 to 14
(19%) in 1987, whilst those using direct kit
methods increased from 13 (30%) in 1982 to 61
(81%) in 1987. In May 1987, 61 participants
used the following commercial kits. Diagnostic
Products Coat-A-Count (26), Steranti/EIR
(17), Serono (7). Sorin (5), Diagnostic Products
Double Antibody (5) and Farmos (1). The
addresses of suppliers are given in Appendix I,
The workload of participating laboratories is
extremely variable, ranging from less than 10 to
1500 specimens per month with a median of
100.

GCMSTARGET VALUES FOR OESTRADIOL

The Tenovus Institute has provided GCMS
results for pools distributed by EQAS, although
their validity as reference targets has been less
well established than that of other steroid
hormones.51' 52 The variability of the relation¬
ship between the ALTM and the GCMS value
for each pool led to a reappraisal of the relia¬
bility of GCMS as a reference method for
oestradiol, and resulted in a recommendation
by the Steering Committee in July 1987 that
GCMS values should be withdrawn until such
time as the method was fully validated. This
recommendation was based on the data shown
in Fig 5. which relates the ALTM. GLTM-
extraction and GLTM-direct to the GCMS
value for pools distributed between January
1985 and April 1987. The ALTM of pools E31,
E41, E45, E47, E75 and E76 showed an

atypical relationship to GCMS with pools E31,
E47, E75 and E76 being positively biased and
pools E41 and E45 being negatively biased. In
addition three groups of pool-related behaviour
were apparent.
(1) When pools E35-46 were distributed dur¬

ing 1985, the ALTM was 10-15% higher
than GCMS values, a difference which at
the time was assumed to reflect a degree of
positive bias in all methods, with the
GCMS value representing the more specific
or true result.

(2) When pools E47-64 were distributed
between mid 1985 and mid 1986. the bias of
the ALTM increased to 15-20% higher
than the GCMS value. There were also

large differences between the GLTMs dur¬
ing this period with the GLTM-extraction
always being positively biased to the
GLTM-direct.

(3) When pools E65 onwards were distributed
from mid 1986, a marked discontinuity
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Fig. 5. Relationship between the all-laboratory trimmed mean (ALTM). group laboratory trimmed means for
extraction (GLTM-extraction) and direct (GLTM-direct) methods and GCMS targets for oestradiol in the UK
EQAS, January 1985 to April 1987. Each symbol represents the average percentage bias of the trimmed mean
from the GCMS target for the pool indicated on the horizontal axis. Open circles: ALTM; closed circles:
GLTM-direct; closed triangles: GLTM-extraction.

occurred in the relationship to GCMS, with
the ALTM and GLTM-direct becoming
increasingly negatively biased to GCMS
and the GLTM-extraction staying
positively biased to GCMS.

Because the ALTMs and GLTMs were re¬

latively stable for pools distributed on different
occasions (CV's generally less than 5%), the
data suggested that the GCMS values were
unreliable. Pools E47-64 were originally analy¬
sed by GCMS as a single batch and a recent
repeat analysis suggested that certain results in
the original analysis may have been falsely low.
The possibility that GCMS values for pools
E65-90 were inappropriately high would also
explain the recent negative bias of the ALTM
and GLTM-direct, but the consistent positive
bias of GLTM-extraction is unexplained.
The divergence of the GLTMs of direct and

extraction assay is of particular concern and this
may be partly explained by the results of a
recovery experiment conducted by EQAS in
November 1986 (Table 3). Whereas extraction
assays gave essentially quantitative recovery of
added oestradiol, the direct methods (with the
exception of the Farmos kit), under-recovered
by an average of 32%. Recovery pools were dis¬
tributed on more than one occasion and this

may have contributed to the divergence in the
GLTM of the method groups. Reasons for the
under-recovery of the direct methods are uncer¬
tain, although problems relating to standard¬
isation seem a possiblity. For pools distributed
in June 1987, differences in the means of the
two method groups varied from 6-9-30% with a
mean of 14-6%. Further studies are planned by
EQAS to investigate various aspects of assay
performance including standardisation and
recovery in an attempt to explain the differ¬
ences in results of direct and extraction
methods.

performance data

The performance of laboratories participating
in oestradiol EQAS in May 1987 and based on
the ALTM is given in Tables 3 and 4. In May
1987 59 out of 67 (88%) laboratories had accept¬
able bias (ie less than ± 15%). Although five of
the six laboratories with unacceptable bias
greater than + 15% used extraction methods,
this probably reflects differences in bias
between extraction and direct methods and the

strong influence of direct methods on the
ALTM. A further 9 laboratories with accept¬
able bias had unacceptable VAR indicating that
the assessment of their bias was unreliable.
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Table 3. Assessment of bins of oestradiol methods in the UK EOAS

Unacceptable bias Acceptable bias Unacceptable bias
Total

Method labs -40 -30 -25 -20 -15 -10 -5 0 +5 + 10 + 15 +20 +25 + 30 +

All 67 0 0 0 1 1 6 14 27 6 6 1 0 2 2 1
Home extraction 13 0 0 0 0 0 0 0 2 3 3 1 0 1 2 1
DPC C-A-C 24 0 0 0 0 0 1 5 16 1 1 0 0 0 0 0
Steranti 17 0 0 0 1 0 4 7 5 0 0 0 0 0 0 0
Serono 4 0 0 0 0 0 0 1 0 1 2 0 0 0 0 0
Sorin 4 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0
DPC double-AB 4 0 0 0 0 1 1 1 0 1 0 0 0 0 0 0
Farmos 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Performance table of percentage bias from the all laboratory trimmed mean (ALTM) are based on data for the
6-month period up to May 1987. (— 10=bias between —10 and -14-9). See Table 2 for details of the methods

Table 4. Assessment of variability of the bias of oestradiol methods in UK EOAS

Acceptable variability Unacceptable variability

Method
Total
labs <5 5-9-9 10-14 15-19-9 20-24-9 25-29-9 30-39-9

All 67 0 11 24 21 9 1 1
Home extraction 13 0 0 3 5 3 1 1
DPC C-A-C 24 0 1 8 9 6 0 0
Stcranti 17 0 7 9 1 0 0 0
Serono 4 0 2 1 1 0 0 0
Sorin 4 0 1 1 2 0 0 0
DPC Doublc-AB 4 0 0 2 0 0 0
Farmos 1 0 0 0 1 0 0 0

Performance tables for variability of the percentage bias from the all laboratory trimmed mean (ALTM) are
based on data for the 6-month period up to May 1987. See Table 2 for details of the methods.

Eighty four per cent (56 of 67) of the partici¬
pants had acceptable VAR. Of the 11 labor¬
atories with VAR greater than 20%, five used
extraction methods and six used the Diagnostic
Products Coat-A-Count kit. Thus, 5 of 13
(38%) of extraction users had unacceptable
variability of the bias which may reflect the
technical complexity, and/or lack of uniformity
and robustness of the methodology. While the
performance of commercial direct kits is largely
acceptable, that of the Coat-A-Count kit is of
concern since 25% of users show unacceptable
variability of the bias and many new partici¬
pants in the previous 15 months had selected
this method. It is understood that the manufac¬
turers have identified a problem with the kit
which has now been corrected.

conclusion

It is clear from the above data that there are

major problems facing the UK EOAS for
oestradiol at this time. The first concerns the

reliability of GCMS as a reference method.
Efforts are currently being made to
re-investigate the GCMS protocol and to
undertake collaborative studies with other
centres with a view to re-establishing confi¬
dence in the technique. The availability of
reliable target values for oestradiol is urgently
needed to assess accuracy, improve between-
laboratory agreement, and help to resolve the
second major problem concerning the di¬
vergence of the results of extraction and direct
methods.
Laboratories should contact Dr J Middle for

current information on the performance of
oestradiol methods, and to discuss progress in
solving these problems.

Summary of Recommendations

(1) At least 50 specimens per month is the
approximate minimum workload required
for establishment of a serum oestradiol
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service. For the investigation of
gynaecomastia, precocious puberty, oestro¬
gen secretion by tumours, or for single
measurements of oestradiol in the investi¬

gation of the hypothalamic-pituitary-
ovarian axis, results should be available
within 2 weeks. The induction of ovulation
involves monitoring oestradiol daily, or
more frequently, and results are required
within half a working day.

(2) Internal quality controls should employ
human serum containing oestradiol at three
concentrations (eg 200, 500, 1000 pmol/L).
An assay with a working range of 50-3000
pmol/L is satisfactory for most clinical
applications. A higher working range or
pre-dilution of the specimen may be
required for monitoring induction of ovula¬
tion and the concentration of oestradiol in
QC pools should be increased pro¬
portionately.

(3) Assays should satisfy the following require¬
ments of performance and validity, (a) For
extraction assays, the efficiency of extrac¬
tion of oestradiol should exceed 90%, with
differences between specimens of less than
5%. (b) Dilution of specimens in a suitable
matrix should produce responses which do
not differ significantly in linearity from that
of the standard, (c) Recoveries of
oestradiol from spiked pools should be
between 90-110% of theoretical, (d) A
detection limit of 50-100 pmol/L is satis¬
factory for most applications. Within-batch
imprecision should be less than 7-5%
(CV%) across the working range of the
assay.

(4) Antisera in certain direct kits lack adequate
specificity and oestradiol concentrations
are overestimated in neonates and post¬
menopausal females taking certain forms of
oestrogen-replacement therapy.

(5) All laboratories measuring oestradiol for
clinical purposes should participate in the
UK External Quality Assessment Scheme
(EQAS). The limits of acceptable perform¬
ance up to July 1987, based on the all-
laboratory trimmed mean (ALTM) were ±
15% bias from the ALTM and less than
20% variability of the bias (VAR). Subse¬
quent assessments of bias and VAR have
been based on the grouped laboratory
trimmed mean (GLTM) of extraction and
direct methods because of divergence of the
means of these two method groups. An
update of performance figures based on the

GLTM is included and discussed in Appen¬
dix II.

(6) EQAS has revealed differences in the
accuracy of various methods. Following
divergence of GLTM of extraction and
direct kit assays during 1986-87, the GLTM
of extraction assays is currently approxi¬
mately 15% higher than that of direct kit
methods. Furthermore, extraction assays
recover oestradiol quantitatively whereas
most kits under-recover by 32% on aver¬
age. Although gas chromatography-mass
spectrometry (GCMS) was used for assess¬
ment of bias until 1987, it has been with¬
drawn from EQAS pending the availability
of information on the reliability of the tech¬
nique.

(7) Because of their intrinsic lack of robustness
and complexity, extraction methods for
oestradiol cannot be recommended for
laboratories without experience of such
assays for steroids. Diiect assays are simple
to perform and the majority of users
achieve acceptable precision. However, the
majority of direct methods under-recover
and the results are approximately 15%
lower than extraction methods.
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Appendix I

SUPPLIERS OF OESTRADIOL KITS IN THE UK

Size
Distributor Manufacturer Code Format (tube)
Biogenesis Ltd Pantex RKI-047 Liquid (extraction) 100
12 Yeomans Way
Yeomans Way Pantex RKI-374 Coated tube (direct) 100
Bournemouth BH8 OBJ

(0202) 522896 Biotecx UKI-240 Liquid (direct) 100

CIS (UK) Ltd Sorin SB-ESTR Liquid (direct) 100
Unit 5 Biomedica
Lincoln Park Business Centre
Lincoln Road

High Wycombe
Bucks HP12 3RD

(0494) 35922
Diagnostic Products (UK) Ltd Diagnostic TKE 21 Coated tube (direct) 100
Unit 4 Products TKE 25 Coated tube (direct) 500
Rackfort Industrial Estate Corporation TKE 2X Coated tube (direct) 1000
Hithercroft Road KE2 D1 Liquid (direct) 100
Wallingford KE2 D5 Liquid (direct) 500
Oxon OX10 9DA

(0491) 34556/34565
Immunodiagnostics Ltd Immunodiagnostics
Usworth Hall

Washington 65F1 Coated tube (direct) 100

Tyne & Wear NE37 3HS 65F2 Coated tube (direct) 200
091 417 6530
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SUPPLIERS OF OESTRADIOL KITS IN THE UK

Distributor

Medgenix Ltd
19 Castle Street

High Wycombe
Bucks
HP13 6RU
0494 44846

Organon Teknika
Science Park

Manufacturer

IRE-Medgenix

Code Format
Size
(tube)

E2-RIA Solid phase (direct) 100

Farmos Diagnostica

Milton Road 0015 Coated tube (direct) 100

Cambridge CB4 4FL
(0223) 313650
Serono Diagnostics Serono 12264 Liquid (direct) 120
21 Woking Business Park (Magnetic Separation)
Albert Drive

Woking
Surrey GU21 5JY
(04862) 27033
Steranti Research Ltd EIR* ER-150 Liquid (extraction) 100
141 London Road ER-155 Liquid (direct) 100
St Albans GK-155 Liquid (direct) 500
Herts AL1 1TA ER-850 Solid phase (direct) 100

(0727) 67196/51498 GK-850 Liquid (direct) 500
ER-950 Coated tube 100

'Baxter Healthcare Ltd. Wallingford Road, Compton, Nr Newbury, Berkshire RG16 OOW (0635)
200020, will be distributors for EIR kits from April 1988.

Appendix II

UPDATE ON UK EQAS FOR OESTRADIOL BASED ON PERFORMANCE FIGURES FOR
DECEMBER 1987
In December 1987, the number of participants had increased to 81, including two laboratories using
as yet unknown methods. In-house extraction assays were used by 12 (15%) and 66 (81%) used
commercial direct kits. From May to December 1987 the number of laboratories using DPC
Coat-A-Count, Steranti and Sorin methods remained fairly constant at 25, 18 and 5, respectively and
there was a modest increase in users of Serono and DPC double antibody methods (9 and 8,
respectively in December).
Performance figures in December 1987 were based on 6 months assessment of bias and VAR

using the Grouped Laboratory Trimmed Means (GLTM) of extraction and direct method groups
rather than the ALTM as used in May 1987. The proportion of participants with acceptable bias and
VAR was similar to that in May, (39% and 86%, respectively). However, only two out of 10
laboratories using extraction assays had unacceptable bias relative to the GLTM, compared with five
out of 13 in May when the ALTM was used for assessment of bias. The performance of laboratories
using direct kits was substantially unaffected by the change to use of the GLTM.
The number of laboratories using the DPC Coat-A-Count kit with unacceptable variability of the

bias decreased from six out of 24 in May to three out of 23 in December, suggesting that the
production problem referred to in the text may have been resolved.
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In Vitro Fertilisation

There are over 250 000 infertile couples in the UK
and for some in vitro fertilisation (IVF) is often the
only successful treatment. IVF treatment comprises
several key procedures (Table 23.1). After assess-

Table 23.1

Steps Involved in IVF Treatment

Patient assessment/selection
Ovarian stimulation

Egg collection
Sperm processing
Fertilisation and embryo culture
Embryo replacement
Luteal phase support

given here are from the protocols used in the
Hammersmith Hospital IVF programme.

PROCEDURES INVOLVED IN CLINICAL IVF

Patient Selection and Pretreatment

IVF is becoming the treatment of choice for women
whose fallopian tubes are absent or have been
irreparably damaged due to disease or previous
surgery. Those couples most likely to succeed in
achieving a viable pregnancy will usually fulfil the
selection criteria listed in Table 23.2. If other

pathology exists, it should be resolved before IVF
treatment begins. It is axiomatic that the general

ment and pretreatment, if necessary, the woman is
given a course of hormone therapy designed to
stimulate the development of multiple follicles in
her ovaries. The eggs which ripen (ideally at least
three) are removed from the follicle by aspiration at
laparoscopy, or non-laparoscopically using ultra¬
sound control. They are then fertilised in a test-tube
or dish using her husband's sperm or that of a
donor. The embryo that develops from each egg is
cultured for 1-2 days in culture medium at 37°C.
Those embryos whose cells appear to divide nor¬
mally are replaced into the uterus. When possible,
three embryos are replaced simultaneously. This
increases the chance of a pregnancy, but it is
unusual for more than one baby to develop.
This chapter examines in some detail the major

steps involved in a course of IVF treatment, and
considers the results currently being obtained, the
future developments and the political controversies
which can be anticipated. Because it is a new
clinical procedure, there is no general consensus on
a standard treatment regimen. Specific details

Table 23.2

Patients Most Suited to IVF Treatment

Age
Cause of infertility
Menstrual cycles
Endocrine status

Ovaries
Uterine cavity
Cervix
Semen

s=35 yr
Tubal

Ovulatory (±28 d)
'Normal'

Accessible
'Normal'
Sounded*
'Normal'*

* Embryo transfer catheter can be passed
t Total count S40 x 106/ml

Motility S40%

health and psychological condition of both partners
should be adequate to undergo this as for any other
form of infertility treatment.

317
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The Male Partner

Up to a fifth of the husbands of women whose
infertility can be treated by IVF can be expected to
have abnormal semen. Although IVF still might be
possible, the results are unacceptably poor in most
cases. Thorough assessment of the male is, there¬
fore, needed to exclude a pathological semen pro¬
file. 'Normal' values for a semen analysis are those
given on p. 313. The analysis should be repeated
shortly before the IVF treatment cycle is due to
begin. It should be emphasised here that semen
specimens which do not fulfil all 'normal' criteria
are not necessarily infertile and vice versa. Probably,
the most meaningful parameter is the number of
sperm and their motility. Viscous semen or pro¬
nounced sperm clumping can cause problems in the
isolation of motile sperm for IVF.
Semen can contain many potentially pathogenic

organisms, although their effect of IVF outcome is
unknown. It is expedient to carry out a microbiolo¬
gical examination and, if pathogens are isolated,
give appropriate chemotherapeutic agents before
the IVF treatment starts. Prophylactic antibiotic
therapy in the week leading up to semen production
for IVF may also be beneficial.
Limited IVF success has been obtained for men

with oligospermia (semen with low sperm concent¬
ration) and asthenospermia (low sperm motility).
However, in these cases or if there is sterility due to
absence of sperm (azoospermia), donor insemina¬
tion can be considered.

The Female Partner

For the woman, factors which have a major impact
on IVF outcome are age; the condition of her
ovaries, uterus and cervix; and ovarian accessibility
for egg collection. A woman is born with her full
complement of about one to two million eggs; they
diminish in number and age, as she grows older.
The eggs which are ovulated by older women are
more likely to develop abnormally if they are
fertilised. Miscarriage rates and the incidence of
various birth anomalies such as Down's syndrome
increase with age. For these reasons, IVF is rarely
ofTered to women over 40 years of age.

Pelvic examination

Preliminary laparoscopy is needed to determine the

extent ofany pelvic disease and assess the accessibi¬
lity of the ovaries for oocyte collection. Active pelvic
inflammatory disease, endometriosis, tubo-ovarian
masses and ovarian cysts are contraindications for
IVF. If the ovaries are inaccessible, it may be
possible to remove adhesions and/or resite them
surgically as appropriate.

Ovarian and uterine function
A history of regular approximately 28-day men¬
strual cycles is important evidence that ovarian
function is 'normal'. Average menstrual cycle
length can also be used to predict the length of the
follicular phase and hence to help time egg collec¬
tion in the IVF treatment cycle. Therefore, the
patient should keep a daily temperature chart and/
or record the first day of full menstrual flow for at
least six consecutive cycles before IVF treatment
begins. Progesterone measurements in blood
collected during the midluteal phase of one of these
cycles are a minimal requirement to determine if
they are 'ovulatory'. Values of >30 nmol/1 suggest
normal luteal development.
The best evidence that uterine function is normal

is previous parity. A hysterosalpingogram is advis¬
able. Certain abnormalities, such as fibroids or

congenital malformations of the uterus, may inter¬
fere with implantation or cause early miscarriage.

Cervix

Transcervical replacement ofembryos to the uterus
is the climax of an IVF treatment cycle; it is
essential that this step is carried out quickly and
easily. This is facilitated if depth, curvature and
ease of uterine sounding are checked during a
pretreatment menstrual cycle.
Infections in the cervix may be carried into the

uterus by the embryo replacement catheter. Micro¬
organisms and/or the local tissue responses which
they engender in the uterine cavity may interfere
with implantation. Some pathogens can even infect
the baby at birth. A cervical swab should be taken
to exclude the presence of harmful organisms and
prophylactic antibiotic therapy can be given at the
time of embryo replacement.

Endocrine status

Plasma levels of luteinising hormone (LH), follicle-
stimulating hormone (FSH), oestradiol, testoster-
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one, progesterone, prolactin and thyroid-stimulat¬
ing hormone (TSH) should be within the normal
ranges for women with regular ovulatory menstrual
cycles.

Ovarian stimulation

The number of ripe eggs which can be recovered
from the ovaries is a major factor limiting the
outcome of IVF. Success rates increase dramati¬

cally ifmultiple embryos are replaced in the uterus.
Since either ovary produces only one ripe egg in a
spontaneous menstrual cycle, the follicular phase
before IV'F must be supplemented with exogenous
hormones in order to stimulate the number of eggs
which develop for collection. To appreciate the
underlying strategies involved in successful 'super-
ovulation', it is necessary first to consider how
preovulatory follicular development is regulated in
a spontaneous ovarian cycle. This has been des¬
cribed in detail in Chapter 3.
When the preovulatory follicle has become fully

mature and the circulating oestradiol level is at a
zenith, the pituitary gland suddenly discharges
increased amounts of LH. This midcycle gonado-
trophin surge initiates the final stages of follicle and
oocyte maturation culminating in rupture of the
ripe preovulatory follicle approximately 37 h later.
Among the important intrafollicular changes stimu¬
lated by the LH surge is the deposition by granulosa
cells in the cumulus oophorus of a viscous mucopo-
lysaccharide-rich matrix. The egg is embedded in
this large sticky mass (up to 5 mm diameter), and
the entire oocyte-cumulus complex becomes
detached from the follicle wall at the time of follicle

rupture. This development aids the rapid retrieval
and identification of the egg for IVF.

Superovulation
To increase the number of ripe follicles available
for egg collection, the ovaries must be exposed to
supraphysiological gonadotrophin levels during the
follicular phase of the IVF treaiment cycle. The
strategy is to increase the stimulus to follicular
recruitment and override the process of follicular
selection, whereby only one follicle would otherwise
mature and ovulate. Usually, this is accomplished
by giving clomiphene citrate, a mixed oestrogen
antagonist/agonist, to increase pituitary secretion
of endogenous LH and FSH and/or by injecting
human menopausal gonadotrophin (HMG) which

is an extract of postmenopausal women's urine rich
in both LH and FSH activity.
Because of the innate tendency to produce only

one ripe egg in each cycle, even ifmultiple follicles
are induced, egg maturity is usually variable at the
time of follicle aspiration. Often, the eggs do not all
fertilise and some of those that do give rise to
embryos with variable potential for further develop¬
ment. This problem of follicular 'asynchrony' is
presently a major barrier to consistent IVF success.
Another problem is that the uterus may be

overstimulated by the high level of oestrogen sec¬
reted by multiple preovulatory follicles, so even if
several embryos are produced by IVF, implan¬
tation may be impaired.

Follicular phase monitoring
To assess the ovarian response to superovulation
therapy, follicular development is usually moni¬
tored by ultrasound scanning of the ovaries com¬
bined with serial measurements of oestrogen in
blood or urine. Using modern ultrasound equip¬
ment, it is possible to visualise follicles within the
ovaries and measure their diameters reasonably
accurately when they exceed approximately 1.0 cm.
At this size and beyond, preovulatory follicles begin
to secrete important amounts of oestrogen; during
the second half of the follicular phase, oestrogen
levels correlate with the number and size of the
follicles which are developing.
When the follicular phase is completed as judged

by the combination of ovarian ultrasound, oestro¬
gen measurements and predicted follicular phase
length, an injection of human chorionic gonadotro¬
phin (HCG) is given shortly before the expected
onset of the LH surge. The egg collection has to be
carried out within approximately 36 h after giving
the HCG, since ovulation usually occurs at about
37 h. Egg collection can also be timed to the onset of
the LH surge. However, this is often inconvenient
since the surge can occur at any time ofday and the
facilities and staff required to collect eggs at the
right time may not always be available.

Egg collection
Approximately 24 h after HCG injection or onset of
the LH surge, cumulus expansion in preovulatory
follicles starts and the oocyte-cumulus complex
begins to loosen its attachment to the follicle wall
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and, by 36 h, it can be 'free-floating' in the follicular
fluid. During this time, the egg undergoes the final
stages of meiotic maturation so that, by the time of
follicular rupture, it should contain only the haploid
number of chromosomes, ready for fertilisation.
Egg collection is usually timed to take place 34-

36 h after HCG injection shortly before the
expected time of follicular rupture. Usually, it is
done laparoscopically employing general anaesthe¬
sia. If the egg is not present in the first aspirate, the
follicle can be refilled with culture medium and the

aspiration repeated. A more recent development is
to collect the eggs transvesically or transvaginally
using ultrasonic visualisation and local anaesthesia.
In this technique, preovulatory follices are located
and the aspirating needle is usually passed along a
guide attached to the ultrasound transducer into
the follicles.
The cumulus-oocyte complex, easily visible with

the naked eye, is picked up from the follicular fluid
with a pipette and transferred into a plastic test-
tube containing 1.0 ml culture medium kept at
physiological pH (7.4) and temperature (37°C). The
egg is cultured under these conditions for at least
5 h, before it is inseminated (Fig. 23.1). This is to
make sure that the egg is fully mature before
fertilisation is attempted. Particularly immature
eggs may need to be incubated for up to 24 h or
more before insemination.

LABORATORY PROCEDURES

Culture Medium

The culture medium used for human IVF must be
formulated with chemical reagents of the highest
quality, which includes the water. As a 'quality-
control' check, each batch of medium should be
tested for its ability to sustain the development of
two-cell mouse embryos to the hatching blastocyst
stage. Anything with which the medium is liable to
come into contact during the clinical procedure
should also be checked for potential embryotoxicity
using mouse embryo cultures.

Sperm Preparation

An hour or so before egg collection, the male
partner produces a semen sample by masturbation

into a sterile, non-toxic plastic pot. He should
refrain from ejaculation for at least three days
beforehand to keep his sperm-count as high as
possible. After liquefaction is complete, 0.5-1.0 ml

EGG PREPARATION

Separate from follicular fluid
Wash with culture medium

Incubate at 37°C

meiotic maturation
is completed

SPERM PREPARATION

Separate from liquified semen

Wash with culture medium

Incubate at 37°C

capacitation and the
acrosome reaction
are completed

>5 h

INSEMINATION

Combine each egg with 106 sperms
Incubate at 37°C

40-50 h fertilisation and early
embryonic cleavage occur

EMBRYO ASSESSMENT

Remove cumulus cells

Inspect embryo
Reincubate at 37°C

<8 h further embryonic
cleavage occurs

EMBRYO REPLACEMENT

Select cleaving embryos
Load into replacement catheter
(<4 embryos in 20 pi medium)
Deposit transcervically into uterus

Fig. 23.1 In vitro fertilisation technique.

semen is carefully layered under 2.0 ml culture
medium in a testtube which is then incubated at

37°C in the tissue culture incubator. During the
next hour or so, the most motile spermatozoa in the
semen will swim up into the culture medium above.
This 'swim-up' method is a highly effective way of
collecting motile sperm free from other cellular
material and debris present in semen. The sperms
collected in this way are diluted in fresh culture
medium, pelleted by gentle centrifugation and then
resuspended in more culture medium. Washed
spermatozoa are then incubated for up to a further
5 h or so to ensure that capacitation and the
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acrosome reaction are completed before IVF is
attempted.

Insemination and Embryo Culture
Each egg is cultured in a test-tube containing
approximately 100 000 motile sperm per ml culture
medium. After 40 h or so at 37°C, fertilisation and
the first and second cleavage steps normally should
have occurred, producing a 4-cell embryo. The
stage of development is assessed by inspection
under a stereodissecting microscope.

Embryo Replacement and Luteal Phase
Support

Rapid and symmetrical cell cleavage in vitro is a
sign of embryo vitality. A limited number (<4) of
the most well-developed embryos should be
selected for replacement to the uterus. The aim is to
deposit the embryo(s) in the uterine cavity close to
the fundus, avoiding contamination with blood and
without traumatising the endometrium or cervix.
The catheter is loaded with a small drop of

medium (about 20 pi) containing the embryos and
gently passed through the cervical canal into the
uterus. The embryo droplet is displaced into the
fundus of the uterus with a small amount ofair (<40
pi) and the catheter is withdrawn immediately.
To offset the consequences ofuterine hyperstimu-

lation by high circulating oestrogen levels caused by
ovarian stimulation in the follicular phase, the
women can be given a course of progesterone
therapy as injections or pessaries to support corpus
luteum function. This is usually started immedia¬
tely after embryo replacement and continued for the
remainder of the luteal phase. Blood samples for
serum (3HCG measurement are drawn at intervals
after the replacement. If implantation occurs,
serum (5HCG should be raised on Days 10-12 after
replacement and should approximately double
every 1-2 days thereafter if a viable pregnancy
develops. Clinical pregnancy should be confirmed
by ultrasonic visualisation of the gestation sac
approximately 4 weeks after embryo replacement.

RESULTS

Several thousand babies conceived by IVF have
now been born, and almost every major city in

Western Europe, Australia, Japan and the USA has
at least one centre specialising in IVF and related
techniques. The incidence of abnormalities in these
'test-tube' babies appears to be lower than that in
the population at large.
The success of IVF as a clinical procedure can be

influenced by numerous variables (see Table 23.1).
Most internationally recognised centres are report¬
ing overall results (pregnancy rate/embryo replace¬
ment) of around 25-30%, although this seems to
vary with the type of patient treated. The best
results are consistently achieved in younger women
(^35 years of age) with accessible ovaries, no
endocrine dysfunction and whose male partner is
free from sperm pathology. A majority of these can
be expected to succeed within several successive
IVF attempts.
Using current IVF methods, the most dramatic

influence on pregnancy rates is the number of
embryos replaced at any one time to the uterus. The
success rate is less than 10% if only one embryo is
replaced, but it rises to 50% when four or more are
replaced. However, this benefit is offset by the
increased incidence ofmultiple pregnancy which is
approximately 15% in women receiving four
embryos.

FUTURE DEVELOPMENTS

The development of IVF has advanced the treat¬
ment of human infertility. However, much further
research is needed using human eggs, sperm and
embryos if these techniques are to be perfected and
made available to more couples.
Gamete Intra-Fallopian Tubal Transfer (GIFT)

is a recent development being increasingly used by
clinical departments which lack the laboratory
facilities for IVF. Ovulation induction, egg collec¬
tion and sperm washing are the same as for IVF.
The oocytes and 100 000 sperm are then injected
into the fimbrial ends of each tube at laparoscopy.
Research is also needed to be able to use these

techniques to detect and prevent inherited diseases
and the birth of deformed babies. For example,
research with animal embryos indicates that it is
possible to remove and culture cells from the
preimplantation conceptus without causing it any
harm. Chromosomal and molecular diagnostic
tools could then be used to screen for defects while
the embryo is held in storage (see below). I n this way,
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only embryos free from recognisable defects (e.g.
Down's sndrome or thalassaemia) need be removed
from storage and replaced in the woman. This
would be an immensely valuable advance, since it is
estimated that genetic defects affect about 1% of
babies born (about 70 000 babies per year in the
UK). Moreover, over half of the 250 000 sponta¬
neous abortions occurring every year in the UK
have recognisable chromosome abnormalities.
IVF-related research could also lead to the develop¬
ment of safer and more effective means of contra¬

ception.
Several babies have now been born from embryos

which were stored in liquid nitrogen at — 196°C. It
would seem that the embryo can be kept for an
unlimited period of time if stored frozen in this way.
So far, the pregnancy rate following freezing of the
embryo is as good as, and possibly better than, the
success rate after immediate transfer. Since the
hormone treatment used to stimulate the ovary may
cause suboptimal conditions for embryo implan¬
tation, it might be better to return the embryo(s)
one month later under the hormonal conditions of a
normal menstrual cycle. When multiple embryos
develop from one IVF attempt, repeated embryo

replacements could be undertaken at monthly
intervals until pregnancy occurs. This would be
convenient, easy to organise, and would minimise
the risk of multiple pregnancy if the number of
embryos replaced on each occasion was restricted to
three or less. Ethically, it might be more acceptable
to store eggs and sperm separately rather than to
store embryos. However, successful fertilisation and
embryonic development after the freezing of a
human egg in liquid nitrogen is as yet very limited.

FURTHER READING
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son W., Joyce, D.N., Newton,J.R. eds.) pp. 125—
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Fertilization. Berlin: Springer Verlag.
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Superovulation with exogenous gonadotropins does not
inhibit the luteinizing hormone surge

Anna Glasier, M.D.* Stephen G. Hillier, Ph.D.
Samuel S. Thatcher, Ph.D. David T. Baird, D.Sc.
E. Jean Wickings, Dr.rer.Medic

Department of Obstetrics and Gynaecology, University of Edinburgh, Centre for Reproductive Biology, Edinburgh, Scotland

The administration of human chorionic gonadotropin to women undergoing superovu¬
lation with exogenous gonadotropins was delayed in order to document the occurrence of a
surge of luteinizing hormone (LH). An LH surge was seen to occur in 10 of 10 women
receiving clomiphene citrate (CC) and pulsatile human menopausal gonadotropin (hMG);
in 10 of 12 women treated with pulsatile hMG alone; and in 12 of 14 women treated with
single daily injections of hMG without CC. The height of the surge was attenuated in all
cycles and the timing of its onset was significantly earlier among women receiving single
daily injections of hMG. Possible mechanisms for these findings are discussed. Fertil
Steril 49:81, 1988

Superovulation with exogenous gonadotropins is
reported to result in the failure of a luteinizing
hormone (LH) surge in both monkeys1,2 and
women.3,4 In most superovulation regimes, human
chorionic gonadotropin (hCG) is given to stimulate
oocyte maturation. The timing of hCG administra¬
tion depends on predefined threshold levels of es¬
tradiol (E2) and the diameters of developing folli¬
cles, and precedes the estimated day of the sponta¬
neous LH surge in most women. Withholding hCG,
Messinis et al.5 demonstrated the presence of an
LH surge in 12 of 12 women treated with a combi¬
nation of clomiphene citrate (CC) and human
menopausal gonadotropin (hMG) administered in
a pulsatile manner. A permissive role for CC and
the pulsatile nature of hMG administration were
both proposed as possible explanations for the
presence of a surge in these women.
We have treated three groups of women with

pulsatile hMG, with and without CC, and with

Received June 8, 1987; revised and accepted October 13, 1987.
* Reprint requests: Dr. Anna Glasier, Department of Obstet¬

rics and Gynaecology, University of Edinburgh, Centre for Re¬
productive Biology, 37 Chalmers Street, Edinburgh EH3 9EW,
Scotland.

hMG alone given as a single daily injection to de¬
termine whether the development of an LH surge is
facilitated by either the mode of administration of
hMG or by the additional use of CC.

MATERIALS AND METHODS

Patients

Twenty-seven women (mean age, 30 years;

range, 24 to 37 years) with regular spontaneous
menstrual cycles undergoing in vitro fertilization
(IVF) and embryo transfer (ET), because of tubal
infertility (n = 13) or a partner with oligozoosper-
mia (n = 14), were treated in the following manner.

Group A (Oligozoospermia)

hMG 225 IU/day as a single daily intramuscular
injection was administered from day 3 of the cycle
for 5 days. When urinary estrone excretion—mea¬
sured in a single early morning urine specimen
(EMU)—was >180 pg/gm creatinine/24 hours,
with the diameter of the leading follicle measuring
more than 16 mm in ultrasound scan, 5000 IU hCG
was given intramuscularly. Laparoscopic oocyte re¬
covery was performed 34 to 36 hours after hCG.
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Group B (Tubal Infertility)

Thirteen women were randomly allocated to one
of two treatment schedules. Nine women com¬

pleted both treatments.

Schedule I

hMG 225 IU/day was given subcutaneously into
the anterior abdominal wall by pulsatile infusion
pump6 starting on day 2 or 3 of the cycle. Pulse
frequency was either one pulse every 2 hours (pulse
amplitude, 18.75 IU hMG) or every 3 hours (pulse
amplitude, 28.1 IU hMG), depending on availabil¬
ity of pumps. If an LH surge had not been identi¬
fied by day 17 or 18, 5000 IU hCG was administered
intramuscularly and hMG administration stopped.
Laparoscopic oocyte recovery was carried out 32
hours after the start of a spontaneous LH surge or
34 to 36 hours after hCG.

Schedule II

hMG was administered, hCG given, and laparos-
copy performed in a manner identical to that in
schedule I, but all women received 150 mg CC or¬

ally for 5 days from the hMG start day.

Monitoring

The response to treatment was monitored by
daily measurements of urinary estrone and preg-
nanediol excretion in early morning specimens of
urine and results were corrected to reflect 24-hour
values by determining the ratio to creatinine.7
Daily ultrasound scans were performed using a
real-time sector scanning machine (3.5 MHz Dia-
sonics DS1-RF, BMS [Scotland] Ltd., Strathclyde)
to determine follicle number and diameter. Daily
venous blood samples were collected at 8:30 A.M.
for LH estimation and sampling frequency was in¬
creased for the women in group B to 6 hourly when
urinary estrone excretion exceeded 60 pg/gm creat¬
inine/24 hours or when the diameter of the largest
follicle exceeded 16 mm. Serum was stored at

—20°C for later estimation of progesterone (P) and
gonadotropins.
The start of an LH surge was identified when the

LH concentration in one blood sample showed an
80% increase relative to the mean value of the four

previous samples.8 The presence of a surge was
confirmed by a combination of three criteria: (1) a
continued rise in LH concentration; (2) a rise in
urinary pregnanediol levels following the surge to a
level of >1 mg/gm creatinine that was sustained for

more than 24 hours; and (3) a rise in serum P con¬
centration to about 1.4 ng/ml (also sustained for
more than 24 hours).

Hormone Assays

Serum LH concentrations were measured in a

rapid radioimmunoassay (RIA).9 The results were

expressed in U/l of the standard preparation IRP
68/40. The sensitivity of the assay was 2 U/l; the
intra- and interassay variations were 2.9 and
12.7%, respectively.
P concentrations in serum were measured by

specific RIA following extraction with petroleum
ether (40°C to 60°C). The detection limit of the
assay was 0.125 ng/ml and the intra-assay varia¬
tion was 10%; all samples were analyzed in the
same assay.10
Urinary estrone-3-glucuronide levels were mea¬

sured by specific RIA. The sensitivity of the assay
was 6 ng; the intra- and interassay variations were
7.9 and 15.8%, respectively. Pregnanediol was
measured in urine by gas chromatography follow¬
ing hydrolysis, extraction, and acetylation of the
sample.11 Urinary steroids were expressed as a
ratio of the creatinine concentration, measured co-

lourimetrically, in the EMU sample.

Statistical Analysis

Results were analyzed using Student's t-Test for
paired log-transformed data.

RESULTS

Group A (Oligospermia—Single Daily Injections
of Human Menopausal Gonadotropin)

A spontaneous LH surge was detected in 12 of
the 14 women in group A before the criteria for
hCG administration was reached (Fig. 1A). The
surge started at a mean of 7.9 ± 0.8 days (range, 5.0
to 10.0). The 2 remaining women received hCG on
day 11 of the cycle. A mean peak value for the
height of the surge cannot be calculated because of
the infrequency of blood sampling at this time.

Group B (Tubal Disease—Pulsatile Human
Menopausal Gonadotropin with Clomiphene
Citrate)

A spontaneous LH surge was identified in all ten
women; the onset was at a mean of 10.5 ± 1.1 days
(range, 10 to 13) with a mean peak LH value of 25.0

82 Glasier et al. LH surge during superovulation Fertility and Sterility



"■*u TV 3 HJ/Oiv

-a

-7

• 2000-

| 1400-

-a 5 1200-

-5 J f ~
4 I
■3 •

O

0-

so-

-2 3 40-

0

-1
C 30-
3

•0

X
■J 20-

3 4 3 6 7 0 0 10 11 12 13
OAYS OF CYCLE

. . T 1 1—1 1 1—
3 4 3 6 7 0 0 10 1 1 12 13 14

DAYS OF CYCLE

Figure 1 (A) A spontaneous LH surge started on day 8 of the
cycle in one woman treated with daily injections of hMG. Preg¬
nandiol excretion rose accordingly on day 9, with the increase
maintained. (B) An LH surge occurred on day 12 of the cycle in
one woman treated with pulsatile hMG and CC. A rise in serum
progesterone is seen on day 11.

± 5.0 IU/1 (range, 15.7 to 62.6). Results from a
single woman are shown in Figure IB.

Group B (Tubal Disease—Pulsatile Human
Menopausal Gonadotropin Alone)

A spontaneous LH surge was detected in 10 of
the 12 women receiving pulsatile hMG without CC
(Fig. 2B). The onset of the surge occurred at a
mean of 9.2 ± 1.1 days (range, 8 to 14), with a mean
peak LH value of 29.3 ± 6.0 IU/1 (range, 13.4 to
47.3). Results from an individual woman in whom
no surge occurred are shown in Figure 2A.
There was no significant difference in either

serum LH or follicle-stimulating hormone (FSH)
concentrations over 5 days preceding the onset of
the surge among the three treatment groups, al¬
though LH levels tended to be higher among
women taking CC during the days of actual CC
administration. During the 5 days before the LH
surge, urinary estrone levels were, however, signifi¬
cantly higher among women receiving pulsatile
hMG and CC than among those treated with pul¬
satile hMG alone (P < 0.05) or daily hMG injec¬
tions (P < 0.02) (Fig. 3). Mean estrone concentra¬
tions before and after the surge and pregnandiol
concentrations after the surge for all three groups
are shown in Figure 3.
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Figure 2 (A) No increase in urinary pregnanediol/creatinine
ratio (O O) is seen during 14 days of treatment with hMG
alone until the patient is given 5000 IU hCG (|) on days 16 to 17
of the cycle. (B) A spontaneous LH surge started on day 10 in
one woman treated with pulsatile hMG alone. A rise in serum
progesterone (O O) confirms the identification of the
surge.

The day of the surge was significantly earlier (P
< 0.001) in the group of women treated with single
daily injections of hMG when compared with
women receiving pulsatile hMG with or without
CC. Table 1 shows the day of the surge and mean

peak value of LH for both groups of women, com¬
paring the results with those obtained during pre¬
vious studies in our program5 of women treated

DAYS RELATIVE TO LH SURGE

Figure 3 Mean ± SEM urinary estrone ng/gm creatinine and
urinary pregnanediol mg/gm creatinine around the LH surge in
all three treatment groups. (A) Pulsatile hMG + CC. (B) Pul¬
satile hMG alone. (C) Daily hMG.
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Table 1 Day of LH Surge and Mean Peak Value for Each Treatment Cycle Compared with Spontaneous Cycles

Treatment LH surge/total women Day of onset Peak value

Spontaneous cycles" 11/11 13.6 ± 0.6 58 ± 5
CC only" 9/9 13.7 ± 0.3 (NS) 53 ± 6 NS
CC + pulsatile FSH' from day 6 11/11 13.2 ± 0.4 (NS) 34 ± 4rf
CC + pulsatile hMG from day 6 11/11 12.8 ± 0.3" 28 ± 3'
CC + pulsatile hMG from day 2 10/10 10.5 ± 1.1' 29.3 ± 5'
Pulsatile hMG only from day 2 10/12 9.2 ± l.U 25.0 ± 5'
hMG only from day 2 (daily injection) 12/14 7.9 ± 0.8'

° Data from reference 12. paired t-test) CP < 0.05; *P < 0.01; 'P < 0.001.
b Data from reference 5. NS, not significant.
Significance of the difference with spontaneous cycles (un-

with CC alone, CC and gonadotropins from day 6,
and in spontaneous cycles.12

DISCUSSION

There recently have been a number of reports at
variance with the original observation that super-
ovulation regimes using exogenous gonadotropins
inhibit the onset of the LH surge5'13 even when
administered without CC.14'15 Even the Norfolk
group that originally reported inhibition of the
surge3,4 recently described the identification of a
surge in up to 20% of women occurring "prema¬
turely" (that is, before the administration of exoge¬
nous hCG).16 The fact that the height of the surge is
always attenuated and may occur either very early
in the cycle or else may not have occurred by the
time of exogenous hCG administration suggests
that, in earlier studies, the LH surge may have been
simply missed rather than absent. The LH surge
may have occurred earlier in the group treated with
single daily injections of hMG as compared with
pulsatile administration because injections were
stopped routinely after 5 days of treatment, while
pulsatile hMG was continued according to the pa¬
tient's response.
Messinis et al.5 suggested that either the admin¬

istration of hMG in a pulsatile manner or the addi¬
tional use of CC may facilitate the development of
a surge. In this study, we have shown that a surge
will occur in 22 of the 26 cycles without CC treat¬
ment, regardless of the mode of administration of
gonadotropins. The administration of CC did, how¬
ever, result in much higher levels of estrone excre¬
tion being reached before the onset of the LH
surge. Despite this difference, there were no signifi¬
cant differences in either the number of follicles

aspirated or the number of oocytes obtained among
the three treatment groups. This observation sup¬
ports that of Templeton et al.17

84 Glasier et al. LH surge during superovulation

In a recent article, it was claimed that an LH
surge failed to occur in five of ten women treated
with "pure" FSH from day 2 of the cycle.18 How¬
ever, an increase of LH concentration of over 100%
on day 10 was observed in the five women who were—

designated as having failed to produce an LH
surge, although there was no evidence of luteiniza-
tion, as indicated by a subsequent rise in the con¬
centration of progesterone. Thus, in all women
treated with FSH, a discharge of LH occurred
about day 10 at a time coincidental to the preovu¬
latory LH surge. It was suggested that the smaller
antral follicles (10 to 15 mm in diameter) secreted a

substance(s) that drastically modified the magni¬
tude of the midcycle LH surge. Inhibin is secreted
in large amounts by the developing follicles during
cycles stimulated with gonadotropin.19'20 In large
amounts, follicular fluid inhibits the secretion of
LH and it may be that inhibin will delay the gener¬
ation of an LH surge.21 It has been suggested that
the preovulatory follicle(s) secretes another factor
that prevents the positive feedback effect of estro¬
gen.22,23 However, the nature of this* factor and its
possible role in the control of the LH surge in the
normal cycle is obscure.

Acknowledgments. We are grateful to the Chelsea Hospital for
Women, London, UK, for supplying the reagents for the LH
assays; to the National Institute of Biological Standards and
Control, London, UK, for the standard preparation for the LH
assays; to Dr. Padmananda Samarajeewa, Ph.D., Department of
Biochemistry, University College, London, UK, for supplying
the reagents for the urinary estrone-3-glucuronide assays; to
Sisters A. Michie and H. Hillier for management of patients; to
Tom McFetters and Ten Pinner for illustrations; and to Mar¬
garet Harper for typing the manuscript. This work was sup¬
ported, in part, by MRC Programme grant no. G 426375.

REFERENCES

1. Shenken RS, Hodgen GD: Follicle stimulating hormone in¬
duced ovarian hyperstimulation in monkeys: blockade of

Fertility and Sterility



the luteinizing hormone surge. J Clin Endocrinol Metab
57:50, 1983

2. Collins R, Williams RF, Hodgen GD: Endocrine conse¬

quences of prolonged ovarian hyperstimulation: hyperpro-
lactinaemia, follicular atresia and premature luteinization.
Fertil Steril 40:436, 1984

3. Ferraretti AP, Garcia JE, Acosta AA, Jones GS: Serum lu¬
teinizing hormone during ovulation induction with human
menopausal gonadotropin for in vitro fertilization in nor¬
mally menstruating women. Fertil Steril 40:742, 1983

4. Garcia JE, Jones GS, Acosta AA, Wright G Jr: Human
menopausal gonadotropin/human chorionic gonadotropin
follicular maturation for oocyte aspiration: phase I, 1981.
Fertil Steril 39:167, 1983

5. Messinis IE, Templeton AA, Baird DT: Endogenous lutein¬
izing hormone surge during superovulation induction with
sequential use of clomiphene citrate and pulsatile human
menopausal gonadotropin. J Clin Endocrinol Metab
61:1076, 1985

6. Sutherland IA, White S, Chambers GR, Rothwell D, Mason
WP, Tucker M, Jacobs HS: A miniature infuser for the
pulsatile administration of LHRH. J Biomed Eng 6:129,
1984

7. Metcalf MG, Livesey JH: Use of small samples of urine to
monitor gonadotrophins in menopausal women. Clin Chim
Acta 94:287, 1979

8. Testart J, Frydman R, Feinstein MC, Thebault A, Roger M,
Scholler R: Interpretation of plasma luteinizing hormone
assay for the collection ofmature oocytes from women: defi¬
nition of a luteinizing hormone surge-initiating rise. Fertil
Steril 36:50, 1981

9. Djahanbakhch O, McNeilly AS, Hobson BM, Templeton
AA: A rapid method luteinizing hormone radioimmunoas¬
say for the prediction of ovulation. Br J Obstet Gynaecol
88:1016, 1981

10. Backstrom CT, McNeilly AS, Leask RM, Baird DT. Pulsa¬
tile secretion of LH, FSH, prolactin, oestradiol and proges¬
terone during the menstrual cycle. Clin Endocrinol 17:29,
1982.

11. Chamberlain J, Contractor SF. A gas-liquid chromato¬
graphic method for the rapid estimation of pregnanediol
and allopregnanediol in non-pregnancy urine. J Obstet
Gynecol 101:649, 1968.

12. Djahanbakhch O, McNeilly, AS, Warner PM, Swanston IA,
Baird, DT. Changes in plasma levels of prolactin, in relation
to those of FSH, oestradiol, androstenedione and proges¬

terone around the preovulatory surge of LH in women. J
Clin Endocrinol 20:463, 1984.

13. Navot D, Margalioth EJ, Laufer N, Mor-Josef S, Schenker
JG. Asynchronous ovulation in human menopausal gona¬
dotropin induction of ovulation for in vitro fertilization.
Fertil Steril 42:806, 1984.

14. Vargyas JM, Morente C, Shangold G, Marrs, RP. The effect
of different methods of ovarian stimulation for human in
vitro fertilization and embryo replacement. Fertil Steril
42:745, 1984.

15. Messinis IE, Templeton AA, Baird DT: Endogenous lutein¬
izing hormone surge in women during induction ofmultiple
follicular development with pulsatile follicle stimulating
hormone. Clin Endocrinol 24:193, 1986

16. Van Uem JFHM, Garcia JE, Liu HC, Rosenwaks Z: Clinical
aspects with regard to the occurrence of an endogenous LH
surge in gonadotropin-induced normal menstrual cycles. J
In Vitro Fert Embryo Transfer 3:345, 1987

17. Templeton AA, Messinis IE, Baird DT: Characteristics of
ovarian follicles in spontaneous and stimulated cycles in
which there was an endogenous luteinizing hormone surge.
Fertil Steril 46:1113, 1986

18. Messinis IE, Templeton AA: Endocrine and follicle charac¬
teristics of cycles with and without endogenous luteinizing
hormone surges during superovulation induction with pul¬
satile follicle-stimulating hormone. Hum Reprod 2:11, 1987

19. McLachlan RI, Robertson DM, Healy DL, deKretser DM,
Burger HG: Plasma inhibin levels during gonadotropin-in¬
duced ovarian hyperstimulation for IVF: a new index of
follicular function? Lancet 1:1233, 1986

20. Tsonis CG, Messinis IE, Templeton AA, McNeilly AS,
Baird DT: Gonadotropic stimulation of inhibin secretion
into peripheral blood by the human ovary during the follicu¬
lar and early luteal phase of the cycle. J Endocrinol Metab.
In press

21. Stillman RJ, Williams RF, Lynch A, Hodgen GD: Selective
inhibition of follicle stimulating hormone by porcine follicu¬
lar fluid extracts in the monkey: effects on midcycle surges
and pulsatile secretion. Fertil Steril 40:823, 1983

22. Retton V, Siler-Khodr TM, Paverstein CJ, Smith CG, Asch
RH: Effects of porcine follicular fluid on gonadotropin con¬
centrations in rhesus monkeys. J Clin Endocrinol Metab
54:500, 1982

23. Littman BA, Hodgen GD: Human menopausal gonadotro¬
pin stimulation in monkeys: blockade of the luteinizing
hormone surge by a highly transient ovarian factor. Fertil
Steril 41:440, 1984

Vol. 49, No. 1, January 1988 Glasier et al. LH surge during superouulation 85



73
Human Reproduction vol.3 no.8 pp.935-938, 1988

Effects of preovulatory tamoxifen in regularly cycling
women on folliculogenesis, oocyte recovery and luteal
function
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Forty women undergoing elective sterilization and oocyte
donation were randomized in a trial to study the effects of
administration of 30 mg of tamoxifen 12 h before injection
of human chorionic gonadotrophin and 48 h before oocyte
capture. Cycles were regulated for advanced operative
scheduling with norethisterone given in the luteal phase of
the previous cycle and 150 mg of clomiphene given in the early
follicular phase of the recovery cycle. Tamoxifen cycles
showed a delay of peak urinary oestrone excretion by 2 days,
associated with a slight decrease in total excretion. Tamoxifen
administration lengthened treatment cycles by 0.5 days and
the luteal phase by 0.4 days. The urinary excretion peak of
pregnanediol was 3 days later than in controls. Total
pregnanediol excretion was slightly elevated. There were no
differences in oocyte recovery rate although cleavage rate was
decreased (0.84 versus 0.65, not significant at P > 0.05).
Intrafollicular oestradiol levels were similar (794 ± 97 versus
735 ± 102 ng/ml). Intrafollicular progesterone levels were

marginally lower in tamoxifen cycles (3.5 ± 0.5 versus
2.3 ± 0.8 jig/ml).
Key words: anti-oestrogen/IVF/luteal/ovary/preovulatory

Introduction

The preovulatory period is a time of critical importance for the
maturing follicle and its oocyte. Oestradiol produced by the
preovulatory follicle primes the hypothalamic-pituitary— ovarian
(HPO) axis for the ovulatory surge of gonadotrophins, prepares
the uterus to receive the conceptus and may participate in the
complex scheme of ovarian, and especially intrafollicular,
dynamics. Modulation of granulosa cells by oestradiol may have
important consequences for steroidogenesis, follicular and oocyte
maturation, ovulation and luteal function. Anti-oestrogens block
oestradiol responses by reversibly binding to the oestradiol
receptor (Clarke and Markaverich, 1982; Jordan. 1984) and could
have either detrimental or advantageous effects, depending on

the specific target organ and the endogenous endocrine
environment. Clomiphene citrate, which is the most widely used
anti-oestrogen for follicle stimulation and ovulation induction,
may derive its therapeutic benefits by affecting one or all
components of the HPO axis (Adashi, 1984). However,
clomiphene may not be the optimal model for study of
anti-oestrogen action. As commercially available, it is a racaemic
mixture with each isomer possessing different oestradiol
agonist —antagonist potentials. Alternatively, tamoxifen
(Novadex, ICI46474, ICI Ltd, Cheshire, UK) is a synthetic non¬
steroidal anti-oestrogen structurally related to clomiphene, which
may have an important advantage, in that its isomers and their
metabolites are closely allied anti-oestrogens (Jordan, 1984). In
the present study, tamoxifen was used in a single preovulatory
dose to determine effects on oocyte recovery, fertilization and
cleavage rates and subsequent luteal phase length and function.

Materials and methods

Subjects
Forty healthy parous unpaid volunteers between the ages of 26
and 41 with histories of regular cycles, requesting elective
laparoscopic sterilization, were recruited from the Gynaecology
Outpatient Clinics at the Royal Infirmary of Edinburgh. They
agreed to participate, and were randomized, in a study using a
fixed schedule for follicular augmentation and laparoscopic oocyte
recovery. The study was approved by the area human investi¬
gation committee, the Voluntary Licensing Authority and the
Royal College of Obstetricians and Gynaecologists. Patients using
oral contraceptives discontinued their use two cycles before the
treatment cycle.

Experimental protocol
Patients received either 2.5 or 10 mg of norethisterone (Schering
Pharmaceutical Division. Burgess Hill, West Sussex, UK) daily
for 5—14 days beginning on day 21 of the cycle prior to the IVF
cycle. The last day of norethindrone use was designated as day
0. Use of norethisterone enabled the day of oocyte capture to
be fixed and greatly facilitated operative scheduling. Withdrawal
vaginal bleeding usually occurred 1—3 days after stopping
norethisterone although the day of bleeding did not influence the
pre-arranged protocol of ovarian stimulation and oocyte capture.
Seven days after stopping norethisterone. 150 mg of clomiphene
citrate [Serophene, Serono Laboratories (UK) Ltd, Welwyn
Garden City, UK] was taken orally each day for the next 5 days
(days 7—11). Laparoscopy was scheduled for 17 days (day 17)
after stopping norethisterone and 36 h after an injection of
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5000 IU of human chorionic gonadotropin (HCG) [Profasi,
Serono Laboratories (UK) Ltd]. Twleve hours before HCG and
48 h before laparoscopy (day 15), 30 mg of tamoxifen was given
orally to 17 patients. Twenty-three patients treated in the same
manner, except for omission of tamoxifen administration, were
used as controls.

Endocrine monitoring
Cycles were monitored retrospectively by urinary oestrone
glucorinide (E,) and pregnanediol measurements made at the
end of the study from daily first voided morning urine collections
starting the second day after stopping norethisterone until the 14th
day after laparoscopy. Urinary LH concentrations were measured
from cycle day 2 until the day before HCG administration (day
14), by adapting a previously reported method using reagents
supplied by the Chelsea Hospital for Women, London, UK
(Djahanbakhch et al., 1981). The results were expressed in IU/1
of the standard preparation IR 68/40 obtained from the National
Institute of Biological Standards and Control (London, UK). The
sensitivity of the assay was 2 IU/1; the intra- and interassay
variations were 2.9 and 12.7%, respectively. Pregnanediol
concentrations were measured in urine by gas chromatography
following hydrolysis, extraction and acetylation (Chamberlain and
Contractor, 1968). Urinary oestrone-3-glucuronide was measured
by specific radioimmunoassay (Aldercreutz et al., 1982), using
reagents supplied by the Department of Biochemistry, University
College (London, UK). The sensitivity of the assay was 6 ng/ml;
the intra- and interassay variations were 7.9 and 15.8%,
respectively. The urinary steroid concentrations are expressed
as a ratio of colorimetrically determined urinary creatinine
concentration in grams. Radioimmunoassay on follicular fluids

day

Fig. 1. Mean (± SEM, n = 8—12 patients/day) oestrone
glucuronide excretion throughout the experimental cycle. ANOVA
on tamoxifen and control groups on days 15-26, P = 0.099 with
/-tests on days 21—23 showing P = 0.08, 0.12 and 0.16
respectively.

for oestradiol, progesterone (Hillier et al., 1984), and prosta¬
glandins E (PGE) and F2a (PGF) (Kelly et al., 1986) were
performed as previously described.

In-vitro technique
Oocytes were recovered during routine laparoscopy using a C02
pneumoperitoneum. Follicular aspirates were examined for
oocytes and, when identified, placed into a culture dish containing
a drop of Earles medium with 10% maternal serum under liquid
paraffin. Alternatively oocytes were placed in a culture tube with
1 ml of Whittingham's T-6 medium containing 10% maternal
serum. After 4—6 h incubation at 37°C in a 5% C02
atmosphere, insemination was performed with — 100 000 sperm
per oocyte using previously frozen sperm from volunteers with
normal semen analysis and proven capacity to fertilize oocytes
in vitro. The following day, the cumulus cells were carefully
removed and the culture examined for fertilization and cleavage.

Statistics

Statistical analysis was performed using computerized programs
for Student's /-test and multivariate analysis. Significance is
expressed as P < 0.05.

Results

Patient population
The patients were similar in each group with respect to age,

parity, and previous contraceptive use. Mean lengths of the
pretreatment cycles (27.7 ± 0.5 versus 27.2 ± 0.5 days) and
norethisterone cycles (29.8 ± 0.6 versus 30.1 ± 0.4 days) were
similar and suggested comparable cohorts of patients. Of 40
patients recruited, four patients in the control and three patients
in the tamoxifen group were excluded retrospectively from the
study, because of poor or delayed response to clomiphene as
judged by urinary E| and pregnanediol, or failure to find
preovulatory follicles or early corpora lutea at laparoscopy. There
were no adverse effects or complications of treatment in either
group.

Cycle characteristics
Excretion of E, through the first 14 days of the cycle was very
similar in the tamoxifen and control groups (Figure 1), and similar
follicle counts by ultrasound and laparoscopy were found in each
group (Table I)- These findings suggest again that the cohorts
of patients were similar. An endogenous LH surge, judged as
>200% rise in urinary LH excretion in advance of tamoxifen
or HCG administration, was found in 5 of 14 tamoxifen and 4
of 19 control group patients. All but one of the patients in whom

Table I. Number of follicles, oocytes captured and in- vitro characteristics (mean ± SE)

Preovulatory Aspirate Oocytes Cleavage
follicles" n mlb Per patient n Per patient Per aspirate n Per oocyte

Control 2.5 ± 0.3 53 4.7 ± 0.4 2.7 ± 1.7 37 1.9 ± 0.2 0.7 31 0.84 ± 0.3
Tamoxifen 2.7 ± 0.4 35 6.7 ± 1.3 2.5 ± 1.8 26 1.9 ± 0.2 0.7 17 0.65 ± 0.2

"Preovulatory follicles and fresh corporaJutea determined by ultrasound and laparoscopy.
bP = 0.1, no other values reaching significance at P < 0.1.
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a spontaneous surge was seen had received 2.5 as opposed to
10 mg of norethistherone in the previous cycle. The tamoxifen
group showed a 0.5 day prolongation in cycle length (29.2 ± 0.6
versus 29.7 ± 0.8 days). The luteal phase, defined as the number
of days from the LH surge or HCG injection to the day before
onset of the next menses, was increased in the tamoxifen-treated
patients by an average of 0.4 days (14.7 ± 0.7 versus
15.1 ± 0.6 days). This is not significant at P < 0.5. Peak Ei
excretion was delayed from day 14 in controls to day 16 in
tamoxifen-treated patients. This was accompanied by a modest
decrease in total excretion. Peak pregnanediol excretion while
occurring three days later in the tamoxifen-treated patients, was
marginally higher in the tamoxifen group (Figure 2).

Laparoscopic findings and follicle aspiration
There was an average of 2.5 and 2.7 aspirates per patient in the
control and tamoxifen groups respectively (Table I). Some
aspirates were from follicles not meeting the morphological
criteria for a preovulatory follicle of 2 ml or 15 mm. The mean
follicular volume was 2 ml greater (4.7 versus 6.7 ml, P = 0.1)
in the tamoxifen group with nearly identical numbers of oocytes
recovered per patient and per follicle (Table I). The control group
had 23 of 53 (43%) follicles of aspirate volume >5 ml which
was similar to the 16 of 35 (48%) follicles in the tamoxifen group.
Four patients in each group had one follicle aspirate > 10 ml.
The difference in mean aspirate volume came from a pro¬
portionately higher number of aspirates <2 ml in the control
group. This group had nine aspirates from follicles >2 ml
yielding five eggs, whereas the tamoxifen group had three
aspirates yielding but one egg. Three eggs were recovered from
the retrouterine pouch of a patient in the tamoxifen group, who
had an endogenous LH surge and ovulation prior to laparoscopy.

day

Fig. 2. Mean (± SEM, n = 8 — 12) pregnanediol excretion
throughout the experimental cycle. ANOVA on tamoxifen and
control groups on days 21 —26, P = 0.086 with t-tests on days
24—26 showing P = 0.11, 0.18 and 0.08, respectively.

Table II. Intrafollicular endocrinology (mean ± SE)

Sample Estradiol Progesterone PGE PGF

(n) (ng/ml) 0ig/ml) (pg/ml) (pg/ml)

Control (37) 749 ± 97 3.5 ± 0.5 71.0 ± 14.2 36.6 ± 24.8

Tamoxifen (27) 735 ± 102 2.3 ± 0.8 135.2 ± 6.8 41.1 ± 29.9

Significant at P < 0.05.

Follicular endocrinology
There was no difference in mean follicular oestradiol concen¬
tration between the control and tamoxifen groups (Table II).
When the follicles were group by size, follicles > 5 ml had higher
oestradiol levels than follicles <5 ml, but further distinction
could not be made. A relationship was also sought between
intrafollicular oestradiol concentration and cleavage rate. It
appeared that cleavage was more likely in follicles with mid-range
oestradiol concentrations, but normally cleaving oocytes were
obtained from follicles with a vast range of oestradiol concen¬
trations. Intrafollicular progesterone levels in the control group
were higher than the tamoxifen-treated group and urinary
pregnanediol excretion on the day of laparoscopy was lower
(0.9 ± 0.3 versus 1.4 ± 0.5 mg/ml). Neither of these
observations reached statistical significance of P< 0.5. The
tamoxifen group had significantly higher levels of intrafollicular
PGE. In most cases PGF levels were higher in larger follicles
and higher PGF levels were associated with higher PGE levels
but, the wide range excluded possible significance.

Discussion

Anti-oestrogens are used to augment folliculogenesis for a variety
of indications in infertility practice. In this setting of elevated
oestradiol concentrations, it is difficult to dissociate the known
stimulatory effects of anti-oestrogens on folliculogenesis from
their possible inhibitory effects. For this reason a single dose
of tamoxifen, relatively pure anti-oestrogen, was given at the time
of suspected peak oestradiol secretion in an IVF cycle. This
resulted in an attenuation of the preovulatory oestrogen rise with
the peak in E! excretion postponed by two days. Luteal phase
Ei excretion was lowered, this did not reach significance.
Likewise, the peak of pregnanediol excretion was delayed,
however in contrast, the luteal phase pregnanediol excretion was
modestly increased. Due to the use of a pre-time HCG injection
and oocyte recovery, it is impossible to determine if the LH surge,
or ovulation, would have been delayed. Certainly, an insufficient
amount was given to block HCG-induced ovulation as
demonstrated by the recovery of viable oocytes from the
retrouterine pouch.
High levels of circulating oestradiol resulting from exogenous

ovarian stimulation can impair luteal function (Edwards, 1985;
Messinis et al., 1986). Anti-oestrogens may have a buffering
effect on the actions of oestradiol and therefore decrease its

luteolytic activity. This is substantiated in spontaneously cycling
macaques, in that clomiphene given in the post-ovulatory period
can block the luteolytic effect of exogenous oestradiol while not
altering spontaneous luteal regression (Westfahl and Resko,
1983). Clomiphene cycles in regularly cycling women tend to
be somewhat longer and LH surges delayed (Thorneycroft et al.,
1984). Prolongation of the luteal phase is also seen when
clomiphene cycles are compared to exogenous gonadotrophin-
stimulated cycles (Dlugi et al., 1985). This is in agreement with
the studies in other primates (Marut and Hodgen, 1982) and
suggests an attenuation of ovarian steroidogenesis. Luteal phase
E) and pregnanediol excretion found in the present study suggest
that tamoxifen may marginally decrease E! excretion, enhance
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progesterone production, and prolong the luteal phase. The
discrepancies that exist in the IVF literature on luteal function
and the need for exogenous support may have, in part, arisen
from different degrees of ovarian stimulation and antioestrogen
use. Perhaps, the greater the stimulation and oestradiol
concentration, the more need there is for luteal phase support.
Anti-oestrogens, such as clomiphene and tamoxifen, may in part
obviate this need by a protective influence on luteal function.
The association of plasma and intrafollicular steroid levels and

oocyte viability is controversial. In pharmacological
concentrations, clomiphene administered to mice in the late
follicular phase caused a dose dependent reduction in ovulation
and in-vitro oocyte and embryo development (Laufer et al., 1983;
Schmidt etal., 1986). Conversely, sustained pre-ovulatory
elevations of circulating oestradiol have been shown to be
embryotoxic in rats, an effect which can be partially blocked by
antisera to oestradiol (Butcher and Pope, 1979). This is consistent
with the anti-atretic effect of anti-oestrogens that has been reported
(Sherman et al., 1979). In the present study the number of
oocytes recovered per cycle was the same, although a slightly
lower cleavage rate was observed in the tamoxifen group. There
appeared to be no other culture characteristics which distinguished
the two groups. An association between successful IVF outcome
and lower intrafollicular progesterone levels has been made by
Hillier et al. (1984). Since the control group had modestly higher
progesterone levels this might suggest that tamoxifen may exert
a protective influence on the oocyte. Concentrations of prosta¬
glandins, oestradiol and progesterone at various times after HCG
injection, in a similar cohort to the present study, have been
previously reported (Lumsden et al., 1986). They demonstrated
a nadir of PGE synthesis at 24 h after HCG. The significantly
lower PGE in the control group of the present study possibly
represents a change in timing, but it is not clear whether this
is an advance or delay. A direct enhancement of gonadotrophin-
stimulated ovarian aromatase and oestrogen biosynthesis by
clomiphene has been shown (Zhaung et al., 1982). This may be
reflected in the larger mean diameter of follicles from the
tamoxifen group however, there were no differences in the mean
intrafollicular oestradiol concentrations between the experimental
groups.
In summary, tamoxifen and probably other synthetic anti-

oestrogens, attenuate the follicular phase and possibly potentiate
the luteal phase. It is impossible from the present study to
determine whether this represents a direct ovarian action or an
indirect ovarian response facilitated by changes in
gonadotrophins. These effects appear not to be deleterious with
respect to cyclic ovarian function or oocyte capture in an IVF
cycle. Oocyte viability judged by cleavage rates may be reduced,
although this needs confirmation.
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The effects of clomiphene citrate on the histology of
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Thirty-six women with histories of regular cycles undergoing elective laparoscopic ster¬
ilization volunteered to participate in a research program of endometrial biopsy, oocyte
donation, and in vitro fertilization (IVF). One half of the volunteers received 5 days of 150
mg of clomiphene citrate (CC) ending 5 days before human chorionic gonadotropin injec¬
tion and 6.5 days before laparoscopy and biopsy. The control patients were treated iden¬
tically, except they received no CC. CC cycles were more uniform in duration and follicular
response better, enabling a prescheduled IVF regimen. Control cycles were complicated by
poor follicular response or untimely endogenous surges of luteinizing hormone (LH). The
mean urinary estrone glucuronide excretion per follicle was the same in each group, and
there was no evidence of a luteal defect by either luteal phase length or urinary pregnan¬
diol excretion. Although there were minor differences in mitotic rate and basal vacuola-
tion of glandular epithelium in biopsies, no specific deleterious effect of CC could be seen.
Fertil Steril 49:296, 1988

Nidation is possible only during a few days of
each endometrial cycle and requires a relatively
precise sequence of estrogen and progestin priming
of the endometrium. Changes in either the amount
of stimulation or the capacity of the endometrium
to respond to this stimulation may result in a sub-
optimal environment for the conceptus, and thus in
failure of pregnancy. Clomiphene citrate (CC) can
act as either an estrogen agonist or antagonist on
estrogen-sensitive tissues, depending on the endog¬
enous hormonal environment.1 CC in pharmaco¬
logic doses is reported to inhibit estradiol (E2)-in-
duced increases in glycogen, water, and glucose,
and block implantation in the rat.2 CC also may
block vasodilation and permeability changes im¬
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1987.
* Reprint requests and present address: Sam S. Thatcher,

M.D., Ph.D., Department of Obstetrics and Gynecology, Yale
University School of Medicine, 333 Cedar Street, New Haven,
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portant for extravasation of plasma constituents
hypothesized as mediators of implantation.3 CC
also may reduce E2-induced uterine synthesis of
specific proteins.4 Previous reports on the effects of
CC on the human endometrium have suggested
decreased estrogen stimulation and a lagging en¬
dometrial development,6 advanced secretory
changes,6 or minimal, if any, effect.7 The midcycle
endometrium is notoriously difficult to date pre¬
cisely because of its transitional status. However, it
may be the endometrial changes within this inter¬
val that determine whether implantation occurs,

especially after in vitro fertilization (IVF). The aim
of the present study was to determine whether CC,
given in a single cycle to previously fertile and regu¬

larly cycling females, altered midcycle endometrial
development.

MATERIALS AND METHODS

Thirty-six healthy parous volunteers between 24
and 38 years of age with histories of regular cycles
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who were requesting elective laparoscopic steriliza¬
tion were recruited from the Gynaecological Out¬
patient Department at the Royal Infirmary of Ed¬
inburgh. They agreed to participate and were ran¬
domized in a study of fixed schedule of laparoscopic
oocyte recovery and endometrial biopsy, as pre¬
viously approved by the local Reproductive Medi¬
cine Ethical Committee, the Voluntary Licensing
Authority, and the Royal College of Obstetricians
and Gynaecologists.
To facilitate operative scheduling, patients re¬

ceived either 2.5 or 10.0 mg of norethisterone
(Schering Chemicals Ltd., West Sussex, UK) for 5
to 14 days beginning on day 21 of the previous cycle
in a regimen similar to that of Templeton et al.8
Bleeding usually occurred 1 to 3 days after the dis¬
continuation of norethisterone. Those volunteers

taking oral contraceptives stopped their usage in
the cycle prior to the cycle in which norethisterone
was given. Patients were randomized into two
groups, one to receive 150 mg of CC (Serophene,
Serono [UK] Ltd., Welwyn Garden City, UK) daily
for 5 days, while the second group received no CC,
but otherwise was treated in an identical fashion.
CC was given on days 7 to 11 (day 1 was the first
day after stopping norethisterone) with biopsy, lap¬
aroscopic sterilization, and oocyte recovery 6 days
after CC was stopped. All patients received 5000 IU
of human chorionic gonadotropin (hCG) (Profasi,
Serono, UK) 34 to 36 hours prior to laparoscopy. At
least one ultrasound scan was made before laparos¬
copy.
Biopsy specimens were taken from the anterior,

posterior, and right or left fundus using a Sharman
curette with the specimen placed in cold neutral
formalin and subsequently embedded in paraffin.
Sections were made at 5 jtm and stained with he¬
matoxylin and eosin (H and E) for dating or peri¬
odic acid-Schiff (PAS) (acid fuchsin, Gurr, British
Drug Houses, Poole, England) and/or alcian blue
(alcian blue 8GX, Gurr, British Drug Houses,
Poole, England) at pH 2.5 in association with dias¬
tase controls for study of complex carbohydrates.9
The comparison criteria of Noyes et al.10 were

used to date and study the relative estrogen and
progestin status. Biopsies were judged ranging
from 0 (absent) to 8 (marked), according to level of
pseudostratification, mitosis, vacuolation and se¬
cretion of epithelium and mitosis of stroma and
edema. Observations were made by two of the au¬
thors independently, without knowledge of patient
status. In most cases, interpretations were similar
and the mean value used. Major discrepancies in
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interpretations were reviewed by the two observers
and a concensus reached.
Determinations of pregnanediol,11 estrone (Ex),12

and luteinizing hormone (LH)13 were made from
the daily first voided urine from the second day
after norethisterone until the day of the next
menses. Urinary LH11 concentrations were mea¬
sured by adapting a previously reported method
using reagents supplied by the Chelsea Hospital for
Women (London, UK). The results were expressed
in IU/L of the standard preparation IR 68/40 ob¬
tained from the National Institute of Biological
Standards and Control (London, UK). The sensi¬
tivity of the assay was 2 IU/L; the intra- and inter-
assay variations were 2.9 and 12.7%, respectively.
Pregnanediol concentrations were measured in
urine by gas chromatography following hydrolysis,
extraction, and acetylation.12 Urinary estrone-3-
glucuronide was measured by specific radioimmu¬
noassay.13 The sensitivity of the assay was 6 ng/ml;
the intra- and interassay variations were 7.9 and
15.8%, respectively. The urinary steroid concen¬
trations are expressed in grams as a ratio of colori-
metrically determined urinary creatinine concen¬
tration.

RESULTS

Patient and Cycle Characteristics

Biopsies adequate for dating were obtained
without complication from all patients. There were
no clinical features that distinguished biopsies
from CC-treated patients from those with unstimu¬
lated cycles, although those patients later judged to
be anovulatory or with markedly prolonged cycles
had scant tissue recovered. Of the 18 patients with
unstimulated cycles, 9 were excluded from final
analysis because of inadequate follicular develop¬
ment, as judged from urinary Ex < 40 ng/gm by
cycle day 14. All of these patients had reported
regular cycles of 26 to 32 days at the time of the
initial interview. Five patients from this group had
been using oral contraceptives in the cycle prior to
norethisterone. These patients had reported regu¬
lar cycles before oral contraceptive use. Of the re¬
maining 9 patients, 8 were judged to be postovula-
tory at laparoscopy. This observation was made by
finding an early corpus luteum, and usually fluid in
the retrouterine pouch. Retrospectively, these pa¬
tients all had elevated LH levels prior to hCG in¬
jection. The calculated surge, or hCG injection, was
3.8 (±0.6) days before biopsy in the unstimulated
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Figure 1 Mean hormonal concentrations of estrone glucuro¬
nic^ and pregnanediol in clomiphene and unstimulated cycles.
Number of preovulatory follicles by ultrasound and laparoscopy
were 2.4 ± 0.3 in the clomiphene group and 1 in the unstimu¬
lated group. No difference is seen when estrone or pregnanediol
concentrations are adjusted for number of preovulatory follicles
or corpora lutea. Error bars represent standard errors of the
mean. 'Significant at P <. 0.05.

group and 1.6 (±0.3) days before biopsy in the CC
group (P < 0.05). Of the 18 CC-treated cycles, 16
were judged to be preovulatory. Retrospectively, 4
of 16 had LH elevations in advance of hCG injec¬
tion. Oocytes were recovered in 13 of 16 CC cycles.
There was an average of 2.4 preovulatory follicles/
corpora lutea per CC cycle, as judged by ultrasound
and laparoscopy. In contrast, the unstimulated pa¬
tients yielded one oocyte in nine attempted recov¬
eries, with each of the remaining eight showing a
newly formed corpus luteum. There was no differ¬
ence in the mean Ex or pregnanediol excretion
when results were corrected for mean preovulatory
follicle/corpus luteum number (Fig. 1).
CC cycles had a mean length of 29.4 (±0.7) days

compared with 28.2 (±0.9) days of the unstimulated
cycles (Table 1). The luteal phase was defined
using day of urinary LH elevation of 200% of base¬
line as 0, and counting the days until the day before
the next vaginal bleeding. The luteal phase of CC
cycles was prolonged by 0.6 days (12.8 ± 0.5 versus
12.1 ± 0.8), which is not statistically significant.
The mean menstrual day at biopsy and the ad¬
justed day of biopsy were similar between the two
groups (Table 1). The adjusted biopsy day was de¬
rived from the next menses by using the length of
the luteal phase in the CC cycle and calculating the

follicular phase so that the total cycle length is
equal to 28 days. The biopsy day was the best esti¬
mate derived from the combined histologic param¬
eters (including gland shape), closely corresponded
to the menstrual day, as calculated from the first
day of the next menstruation, showing no evidence
of lag in biopsy dating.

Histology

Biopsies showed marked local and regional vari¬
ations in response to stimulation, and therefore re¬
sults were based on the most representative area.
While it was possible to make discrete observations
on glandular and surface epithelium, the stroma
showed such variation that precise determinations
were impossible. Figures 2 and 3 compare biopsies-
from CC and unstimulated cycles and show the less
advanced development (mean biopsy date of 14.4
compared with 15.3), which characterized the CC
cycles. There were no differences in epithelial cell
size or gland formation to suggest hypertrophy or
hyperplasia. Endometrial glands were less dilated
and obvious subnuclear vacuolation was present.
These vacuoles were strongly PAS-positive and
failed to stain after diastase digestion. No quanti¬
tative difference in PAS staining, regardless of day
of cycle, was seen between the two groups. The
apical glandular epithelium was strongly alcian
blue positive in both groups at all biopsy times
(Figs. 2E and 3E), indicating acid mucopolysac-
charrides and probably sialic acid residues. Intra¬
luminal deposits of secretion were found to be
unreliable as a dating parameter. Most specimens
predated the period of maximum secretion and
showed a small amount of nonspecific deposit. The
degree of pseudostratification generally paralleled
mitosis. Mean counts of both cells in mitosis and
vacuole content of the endometrial cells were lower
in CC cycles (Table 1). The vacuole content is con¬
sistent with day of biopsy, using the criteria of
Noyes et al.,10 but the mitotic index was lower than

Table 1 Cycle Characteristics (Means ± Standard Error)

N
Length
(days)

Luteal
phase
(days) A

Biopsy dating"

B C
Mitosis
index

Vacuolation
index

Clomiphene-stimulated
16 29.4 ± 0.9 12.8 ± 0.5 16.7 ± 0.8 14.4 ± 0.5 14.8 ± 0.4 2.6 ± 0.56 2.8 ± 0.66

Unstimulated
9 28.2 ± 0.7 12.1 ± 0.8 16.1 ± 0.6 15.3 ± 0.7 15.2 ± 0.8 4.3 ± 0.6 4.9 ± 0.8

" A, cycle day of biopsy calculated from first day of bleeding;
B, histologic dating; C, cycle day of biopsy adjusted to 28-day

cycle calculated from day before next bleeding.
6 Significant at Ps 0.05.
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Figure 2 Representative histologic sections of endometrium from unstimulated cycles. Original
magnifications were as follows: (A) X40; (B) X100; (C), (D), and (E) X420. Endometrial glands are
tortuous, but show little dilation and accumulation of secretion (A and B). The early stages of
vacuolation are seen in (C) (arrows), which also shows scattered cells in mitosis. (D) A gland stained
with periodic acid-Schiff. The heavily stained basal portion of the gland (arrows) was diastase
digestible, suggesting glycogen composition. (E) Acid complex carbohydrates in the apical portion of
the glandular epithelium (arrows) are stained with alcian blue at pH 2.5.

would be expected. When histologic parameters
were compared with the predicted biopsy date de¬
rived from the LH surge or hCG injection, there
was good agreement with those using bleeding
alone.
In general, there were no specific histologic find¬

ings that could be repeatedly, and with statistical
significance, correlated with CC stimulation.

DISCUSSION

The present study has attempted to determine
whether CC given to regularly cycling women af¬

fects the histologic characteristics commonly used
to date the endometrium and evaluate amount of
endometrial stimulation. Previous studies have in¬
volved small patient populations usually undergo¬
ing infertility investigation with therapy of re¬

peated cycles in various doses of CC and often with
limited monitoring techniques. If CC is used in reg¬

ularly cycling women, it is usually to increase the
number of follicles for oocyte capture in conjunc¬
tion with gamete or embryo transfer. In these
cycles, biopsy is avoided because of inherent risk of
endometrial disturbance. Therefore, little is known
about CC's effect in these situations. The present

B ;.. .'£*£<VD \ • E . ;

Figure 3 Representative histologic sections from clomiphene-stimulated cycle. Original magnifi¬
cations and techniques as in Figure 2 with the exception of (B), which has been less enlarged. The
histologic composite is lagging by approximately 2 days. Glands are tortuous, but less dilated com¬
pared with Figure 2. Although a scant amount of basal vacuolation is seen (C) (arrows), the early
stages of glycogen accumulation are evident along the basement membrane (D) (arrows). No qualita¬
tive differences can be seen in the alcian blue-stained apical glandular epithelium (E) (arrows).
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study still may have insufficient numbers to fully
document subtle changes, but it has the advantage
of using previously fertile and regularly cycling fe¬
males in a fixed schedule of ovulation induction.
Even in this group of reportedly regularly cycling
patients, anovulation, as judged by urine hormonal,
ultrasonic, and laparoscopic parameters, is com¬
mon. The high exclusion rate of 50% of unstimu¬
lated cycles is probably due to a combination of age
of the patients, previous oral contraceptive use of
some patients, and the random occurrence of an¬
ovulation in the otherwise regular cycle. CC has
been demonstrated in the present study to aug¬
ment folliculogenesis and delay the surge of gonad¬
otropins, making more follicles available for oocyte
collection. Less clear is whether the endometrial

response is deleterious.
There was no evidence that CC adversely af¬

fected pregnanediol excretion of the luteal phase in
that the ratio of pregnanediol per corpus luteum
was identical in each group. The luteal phase and
follicular phase each were 0.6 days longer in the CC
cycles. Thorneycroft et al.14 reported that CC given
to regularly cycling volunteers caused no difference
in luteal phase length, but delayed the LH surge
and thus prolonged the follicular phase by 2.2 days.
The above observations support this study, al¬
though the precise length of the follicular phase
and timing of the LH surge cannot be determined
because of use of hCG.
No significant quantitative differences have been

discerned between the histology of endometrial
biopsies from CC and unstimulated cycles; how¬
ever, several observations warrant comment. Basal
vacuolation of endometrial glands is used as pre¬
sumptive evidence of ovulation,10 and the present
results showing a higher mean vacuole count in
unstimulated cycles are in general agreement with
dating parameter rather than an effect of CC. Bir-
kenfeld et al.6 have described advanced secretory
changes as judged by subnuclear vacuolation in
biopsies from the mid-proliferative phase of pre¬
viously anovulatory infertile patients treated with
CC. This is far in advance of that expected using
standard dating parameters and it is unclear
whether this represents a specific pharmacologic
effect or a discordant endometrial development.
Poteat and Bo15 have associated vacuolation in lu¬
minal uterine mucosa from castrate rats with phar¬
macologic rather than physiologic effects of CC.
The present study could neither support nor con¬
tradict this finding in that vacuolation would be
expected in these patients at the time of biopsy.
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Eight biopsies from CC-treated patients showed
less vacuolation than might be expected for the
ascribed stage of the cycle using the Noyes et al.10
dating criteria, but these patients also had lower
levels of pregnanediol excretion at time of biopsy.
This is similar to the pattern described by Lamb et
al.,5 who have reported a temporarily retarded en¬
dometrial development and associated delay of the
basal body temperature shift in CC-treated infertil¬
ity patients, but with no change in luteal phase
histology. In a quantitative biochemical study of
endometrial glycogen content, Fukuma et al.16
showed that CC cycles are associated with glycogen
levels indistinguishable from normal cycles. It
would seem that the capacity of the endometrium
to make and store glycogen is not adversely ef¬
fected in CC cycles and this should not be the bar¬
rier to implantation. Sundstrom et al.7 have shown
that CC has no consistent effect during the peri-
ovulatory period on the surface epithelium in re¬

gard to cell distribution and apical protrusions,
suggesting that the surface should be as able to
readily accept the conceptus as the unstimulated
endometrium at a comparable time.
If the follicular/proliferative phase has been

prolonged or the luteal/secretory phase postponed
in CC cycles, it would be expected, using standard
dating criteria, that the relative mitosis count of
the endometrium would be higher. However, in the
present study, mean mitosis is lower, suggesting a
partial block of the mitogenic effect of E2. Poteat
and Bo15 have reported that CC blocks E2-induced
endometrial hyperplasia, but promotes cellular hy¬
pertrophy in rats. However, these findings were not
substantiated in women at the dosages given. No
evidence of abnormal cellular hypertrophy could be
found in biopsies of the present study.
The mean Ei excretion was identical in the two

groups when corrected for preovulatory follicle
number, which averaged 2.4 per cycle. However,
while the follicle has the same capacity to secrete
estrogens after CC, the uterus is subjected to over
twice the normal estrogen concentration. By find¬
ing no significant effect of CC on the endometrium,
it may be that acting as an antiestrogen is actually
negating the hyperstimulatory effects of CC. It is
possible that CC may be protective against the hy¬
perstimulatory effects of elevated estrogen con¬
centrations, which can be embryotoxic.17
In summary, CC allows more precise cycle man¬

agement and can be an important adjuvant for
ovarian stimulation. There has been no evidence of
temporal, hormonal, or histologic luteal insuffi-
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ciency after CC use. CC neither impeded nor ad¬
vanced histologic endometrial development, al¬
though there was a slight decrease in mitotic index.
More sophisticated and controlled studies using
"normal" endometrial samples are needed to in¬
terpret what, if any, effect CC is having on the
human endometrium at this most critical stage of a
pregnancy.
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Twenty-four patients undergoing elective laparoscopic sterilization were randomized in
a fixed schedule of follicular augmentation, oocyte recovery, and in vitro fertilization
(IVF) using either 2.5 or 10 mg of norethisterone (NE) in the luteal phase of the previous
cycle. The objectives of the study were to determine the effect of a synthetic progestin,
given for 5 to 14 days beginning on day 21 of the cycle before the IVF cycle, on folliculogen-
esis, estrogen secretion, the luteinizing hormone (LH) surge, luteal function, and IVF
success. It was found that this treatment was easy to administer and well tolerated by
patients. At the 10-mg dose, patients uniformly had vaginal bleeding 2 to 4 days after NE,
whereas 40% of patients using the 2.5-mg dose bled before NE was discontinued. Signifi¬
cantly lower estrone glucuronide excretion in the early follicular phase and lower luteal
phase pregnanediol excretion in patients receiving 10 mg NE suggested a delay or reduc¬
tion of developing follicles after luteal phase suppression. No spontaneous LH surges were
found in the 10-mg group, compared with surges in 5 of the 13 cycles of the 2.5-mg group.
There were no differences between regimens in cycle or luteal phase length. It is postu¬
lated that NE, by suppressing folliculogenesis in the luteal phase, may provide for a
smaller, but more homogenous cohort of follicles available for exogenous stimulation and
recovery. Fertil Steril 49:848, 1988

Norethisterone (NE) (norethindrone), and simi¬
lar synthetic progestins, are used for menstrual
cycle regulation and have been used in our center in
conjunction with a fixed schedule of follicle aug¬
mentation and oocyte recovery in volunteers don¬
ating oocytes at the time of elective laparoscopic
sterilization.1 This regimen enables advanced
scheduling of time of surgery, as well as providing
an endocrinologic starting point for comparison of
different experimental protocols. Although oocyte
capture rate may be lowered in individuals cycles,
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two theoretical advantages may be gained by using
NE in the luteal phase of the cycle before an in
vitro fertilization (IVF) cycle. It may provide a less
heterogeneous cohort of follicles for stimulation
during the IVF cycle and suppress unwanted pre¬
mature surges of luteinizing hormone (LH), each of
which can lessen the chances of success with the
IVF cycles.

MATERIALS AND METHODS

Patient Selection

Twenty-four healthy, parous volunteers with
histories of regular cycles, who were requesting
elective laparoscopic sterilization, were recruited
from the Gynaecological Outpatient Clinics at the
Royal Infirmary of Edinburgh. They agreed to par¬
ticipate and were randomized in a fixed schedule of
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Figure 1 Fixed regimen of follicle stimulation for oocyte re¬
covery and IVF.

follicle augmentation and laparoscopic oocyte re¬
covery, as previously approved by the local ethical
committee, The Voluntary Licensing Authority,
and the Royal College of Obstetricians and Gynae¬
cologists (Fig. 1). In determining the efficacy of NE
to postpone menses, an additional 40 patients, who
had the same pretreatment characteristics but
were subsequently used in other studies, also were
included. Twenty of these patients also were in¬
cluded in the study the estrone (E^ concentrations
during the first 10 days of the IVF cycle. These
additional patients are only included in the portion
of the study defined by Figures 2 and 3.

Experimental Protocol

Thirteen patients received 2.5 mg and 11 pa¬
tients received 10 mg of NE (Schering Pharmaceu¬
tical Division, Burgess Hill, West Sussex, UK)
daily for 5 to 14 days starting on cycle day 21 of the
cycle prior to the sterilization (IVF) cycle. Seven
days after stopping NE, 150 mg of clomiphene ci¬
trate (CC; Serophene, Serono Laboratories [UK]
Ltd., Welwyn Garden City, UK) was taken orally
each day for the next 5 days. Laparoscopy was
scheduled for 17 days after stopping NE and 36
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Figure 2 Comparison in ability to support the endometrium
and prevent withdrawal bleeding between 2.5 and 10 mg of NE.
Day 0 represents the last day NE was used. Negative values
represent patients who reported vaginal bleeding while using
NE in the late luteal phase of the previous cycle.
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Figure 3 Comparison of estrone glucuronide/creatinine ex¬
cretion during the early follicular phase using 2.5 or 10 mg ofNE
in the late luteal phase of the previous cycle.

hours after an injection of 5000 IU of human chori¬
onic gonadotropin (hCG; Profasi Serono Laborato¬
ries [UK] Ltd.). Approximately one half of the pa¬

tients, equally divided between the experimental
groups, previously had been using oral contracep¬
tives for birth control. These were discontinued in
the cycle immediately prior to the one in which NE
was used. Lengths of pretreatment, NE, and IVF
cycles were compared, as well as day of LH surge,
number of oocytes recovered, and luteal phase
length. Cycles were monitored retrospectively by
LH, E1; and pregnanediol from daily first voided
morning urine collections starting 2 days after
stopping NE to the next bleeding. From one to
three pelvic ultrasound determinations of follicular
diameters were made on the 3 days prior to recov¬

ery. All recoveries were by laparoscopy performed
for the primary reason of elective sterilization.

Hormone Analysis

At our center, we use urinary Ej, pregnanediol,
and LH levels as routine monitoring for cycle
monitoring in our reproductive medicine clinics
and therapeutic IVF program. The same laboratory
and assay techniques were used in the present
study; however, samples were assayed retrospec¬
tively in groups of complete cycles. Urinary LH
concentrations were measured by adapting a pre¬

viously reported method.2 The results were ex¬

pressed in micrograms per milliliter of the standard
preparation IR 68/40 obtained from the National
Institute of Biological Standards and Control
(London, UK). The sensitivity of the assay was 2
/2m/ml; the intra- and interassay variations were
2.9 and 12.7%, respectively. Pregnanediol concen¬
trations were measured in urine by gas chromatog¬
raphy following hydrolysis, extraction, and acetyla-
tion.3 Urinary estrone-3-glucuronide was measured
by specific radioimmunoassay.'1 The sensitivity of
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the assay was 6 ng/ml; the intra- and interassay
variations were 7.9 and 15.8%, respectively. The
urinary steroid concentrations are expressed in
grams as a ratio of colorimetrically determined uri¬
nary creatinine concentration.

In Vitro Technique

Oocytes were recovered during routine laparos-
copy using a C02 pneumoperitoneum. Oocytes
from follicular aspirates were placed into a culture
dish containing a drop of Earle's medium with 10%
maternal serum under liquid paraffin. Alterna¬
tively, oocytes were placed in a culture tube with 1
ml of Whittingham's T-6 medium containing 10%
maternal serum. After 4 to 6 hours' incubation at

37°C in a 5% C02 atmosphere, insemination was

performed with about 100,000 donor sperm per oo¬
cyte per ovum. The following day, the cumulus cells
were carefully removed and the culture examined
for fertilization and cleavage. Total culture period
was less than 10 days, during which time the pre-
embryos were allotted to cytogenetic studies.

Statistics

Statistical analysis was performed using comput¬
erized programs for Student's paired t-test and
multivariate analysis of variance. Significance is
expressed as P < 0.05.

RESULTS

Patient Characteristics

The patients of both the 2.5- and 10-mg NE
groups were similar in age (31.9 ± 1.2 and 32.6 ± 2.0
years, respectively) and parity (2.3 ± 0.3 and 2.2
± 0.2 children, respectively). No adverse effects
from the use ofNE were reported and both dosages
were tolerated well. Occasionally, a patient re¬
ported premenstrual symptomatology, but this was
unrelated to dose or days of usage. In the 2.5-mg
group, five patients had been using oral contracep¬
tives, six had used barrier or no contraception, and
two had intrauterine devices, which were removed
at laparoscopy. In the 10-mg group, eight patients
had used oral contraceptives, two barrier or no
contraception, and one had an intrauterine device
removed at laparoscopy. No parameter could be
found that differentiated those who had used the

pill from those who had not. Patient age, days using
NE; lengths of pretreatment, NE, and IVF cycles;
hormonal parameters; and success with IVF were
similar between the 2.5 and 10 mg cohorts.

As a prerequisite for continuation in the study,
all patients had to have ovulatory levels of E! and
pregnanediol, as well as evidence of preovulatory
follicles or early corpora lutea at the time of lapa¬
roscopy. This resulted in the exclusion of 3 pa¬
tients, to arrive at the final study population of 24.
Of those excluded, 1 patient initially included in
the study had poor E! responses to CC and was
found at laparoscopy to have polycystic ovaries.
Also, 2 patients previously using oral contracep¬
tives had only smaller follicles at laparoscopy and,
later in the cycle, showed ovulatory levels of Ej,
indicating delayed return of cyclic function. The
length of the pretreatment cycles of 28.4 and 28.5
days are not significantly different and, again, sug¬
gest a similarity in pretreatment groups. The num¬
ber of days of NE usage, 8.5 ± 0.9 in the 2.5-mg
group and 7.8 ± 0.5 in the 10-mg group, as well as
the length of the cycle in which NE was used, 30.3
± 0.8 in the 2.5-mg group and 30.6 ± 0.6 in the
10-mg group, were similar (Table 1). In the patient
group for the study of menstrual regulation, 14 of
37 patients using 2.5 mg ofNE had vaginal bleeding
on, or before, day 0, which was the last day in which
NE was taken. In contrast, no patients using a
10-mg dose had a bleeding until after NE was dis¬
continued, and all but one patient in this group
bled on days 2, 3, or 4 (Fig. 2).

Endocrine Parameters

The mean length of the IVF cycles of 29.8 ± 1.0
days in the 2.5-mg group and 28.5 ± 0.6 days in
10-mg group is not statistically different. No sta¬
tistical differences were found on the day of peak
Ei excretion (14.9 ± 0.7 days in the 2.5-mg group
and 14.7 ± 0.3 days in the 10-mg group) or the day
of peak pregnanediol excretion (22.1 ± 0.7 days in
the 2.5-mg group and 21.8 ± 0.4 days in the 10-mg
group). The luteal phase was defined as the number
of days from the day of a significant rise in urinary
LH concentration to the day before the next vagi¬
nal bleeding. This was found to be nearly identical:
14.7 ± 0.5 days in the 2.5-mg group and 14.6 ± 0.6
days in 10-mg group. While no differences were
found in pattern of steroid secretion, clear differ¬
ences existed in amounts of pregnanediol and E^
The group of 23 patients that had used 10 mg NE,
had significantly lower urinary E] levels during the
first 4 days of the IVF cycle when studied by multi¬
variate analysis (Fig. 3). There also was a signifi¬
cant difference from days 14 to 16. The 10-mg
group had significantly lower peak E! and luteal
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Table 1 Norethisterone Cycle Characteristics

Cycle lengths (days)0

IVF
Luteal
phase Ei max" P max"

Follicles"
(n)

Oocytes"
(n)

Cleavage
rate

2.5 rag
10 mg

13
11

29.8 ± 1.0
28.5 ± 0.6

14.7 ± 0.5
14.6 ± 0.6

eglgm'

339 ± 97
183 ± 21

mg/gm*

9.2 ± 1.3
5.0 ± 0.5

2.8 ± 0.4
2.1 ± 0.2

1.9 ± 0.6
1.4 ± 0.3

0.76
0.87

" Mean ± standard error of the mean.
' P =s 0.05.

phase pregnanediol excretion when compared with
the 2.5-mg group by paired t-test (Table 1). While
multivariate analysis failed to show a difference in
excretion pattern when the entire luteal phase was

compared, a significant difference was seen in the
mid-luteal phase (Fig. 4). Five of 13 patients in the
2.5-mg group were determined retrospectively to
have had LH surges, defined as a 200% increase in
urinary LH, before the hCG injection. No evidence
of spontaneous LH surges were found in the 10-mg
group.

In Vitro Fertilization Outcome

There was a reduction in the 10-mg group, which
did not reach statistical significance, in number of
preovulatory follicles observed and oocytes recov¬
ered per cycle. There is a suggestion of an improve¬
ment in cleavage rate in the 10-mg group, but again
this did not reach statistical significance (Table 1).
While statistical significance was not reached, a
trend toward improved IVF outcome in the 10-mg
group was identified.

DISCUSSION

The benefits of a fixed regimen of ovarian stimu¬
lation and oocyte recovery in IVF protocols has the

8 -

- 5 cO O) o -

o

10 12 14 16 18 20 22 24 26 28

day

Figure 4 Comparison of pregnanediol /creatinine excretion
during the late follicular and luteal phases using 2.5 or 10 mg of
NE in the late luteal phase of the previous cycle.

obvious advantage of advanced scheduling, less
monitoring, and therefore greater convenience and
less expense. An important aspect of fixed induc¬
tion protocols is the use of synthetic steroids for
menstrual regulation. Their use can allow schedul¬
ing the day of oocyte recovery several months in
advance, without a detrimental effect on recovery
or cleavage rates.5,6
Fixed scheduled IVF cycles often include a pro¬

gestational agent for menstrual regulation. If a
progestin is defined as a substance that will sup¬
port the endometrium and prevent withdrawal
bleeding, then 2.5 mg of NE has not fulfilled this
requirement. Certainly, this is a sufficient amount
to suppress ovulation and allow timely withdrawal
bleeding when used in even smaller quantities in
oral contraceptives, but this dose will not prevent
menses when given during the luteal phase of a
normal ovulatory cycle. Caution should be used in
prescribing steroids as part of fixed regimens of
ovulation induction, to avoid both subtherapeutic
amounts or duration of treatment.
Success of a follicular augmentation scheme is

dependent on the suppression of the normal selec¬
tion process that allows a single preovulatory folli¬
cle to develop. At the time of oocyte recovery, a
range of maturity of oocyte-cumulus complexes are
seen7 with both immature and postmature oocytes
showing less viability in vitro.8 Undoubtedly, there
is a variation among follicles of the same cohort,
but it is also likely that all follicles brought forward
for oocyte recovery in an IVF cycle vary in develop¬
mental stage. It would be advantageous that the
most homogenous cohort of healthy follicles is
available for aspiration.
In regular spontaneous cycles, the cohort of fol¬

licles, from which a dominant follicle will be se¬

lected for ovulation, begins its development in the
late luteal phase of the previous cycle, at which
time it is most sensitive to follicle-stimulating hor¬
mone (FSH).9,10 When follicular augmentation reg¬
imens begin, usually IVF cycle days 3 to 5, the dom-
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inant follicle has been selected with the next cohort
needing 15 days before preovulatory size can be
reached.11,12 Since luteal FSH can be suppressed by
NE,13 this may prevent the emergence of a single
dominant follicle in the early follicular phase be¬
fore exogenous stimulation is started. With follicu¬
lar augmentation protocols, whether by exogenous
gonadotropins, clomiphene, or in combination, a
cohort of endocrinologically similar follicles may be
selected without interference of a single leading
follicle. This more homogeneous cohort may allow
monitoring with ultrasound and serum estradiol
measurements to reflect more accurately the ovar¬
ian composite. In the present study, the difference
in early follicular phase estrogen levels between the
two dosages of NE suggests that the maturation of
follicles developing in the luteal phase may be de¬
layed or prevented by either suppression of endoge¬
nous gonadotropin stimulation, or a direct effect of
NE on the ovary. Lower peak Et and pregnanediol
levels suggest that fewer preovulatory follicles and
corpora lutea developed after pretreatment with 10
mg of norethisterone. The trend of fewer preovula¬
tory follicles developing and oocytes collected was
identified in the IVF data. Statistical significance
may have been obscured in the small difference
that would be expected if only one follicle, the dom¬
inant follicle emerging in the luteal phase, had been
suppressed.
Suppression of intercycle FSH secretion is

thought to result in both shortened and inadequate
luteal phases.14 Certainly, it did not appear that the
luteal phase was shortened in the present study. No
patients had a cycle length of less than 27 days and
day of peak pregnanediol excretion was the same.
Luteal pregnanediol excretion was significantly
less with the higher dose of NE. This might indi¬
cate abnormal luteal function, but again, an alter¬
native explanation is that lower urinary steroid
levels reflect smaller cohorts of preovulatory and
nonpreovulatory steroid secreting follicles.
In spontaneous cycles, the LH surge is a re¬

sponse to the positive feedback of the leading, or
dominant follicle. In IVF cycles, the LH surge may
occur in response to a single dominant follicle, or
several co-dominant follicles that are more ad¬
vanced, but unrepresentative of a cohort which is
larger in number, but smaller in size, that has de¬
veloped from exogenous ovarian stimulation. The
most mature follicles are not necessarily the ones
most likely to fertilize and cleave.7 The less mature
cohort, which may hold the greatest potential for a
successful IVF cycle, may be jeopardized by pre-
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mature luteinization, which has been shown to de¬
crease the effectiveness of IVF cycles.15,16 Suppres¬
sion of endogenous LH surges during IVF cycles
has been accomplished with analogs of gonadotro-
pin-releasing hormone (GnRH). This method has
shown no adverse effects on the follicular stimula¬
tion.17,18 It is, however, costly and somewhat diffi¬
cult to administer. NE, the progestin component of
many oral contraceptives, may achieve the same
final effect of gonadotropin suppression5 without
the disadvantages discussed previously.
No patients receiving 10 mg of NE were found to

have urinary LH values suggestive of a midcycle
surge prior to the administration of hCG. This is
thought not to be due to direct suppression of LH
release, but to delay or synchronization of follicular
growth, and therefore the IVF cycle. It might be
extrapolated from the data that patients receiving
no NE would show more unwanted surges than the
2.5-mg group. NE therapy is offered as an alterna¬
tive to use of GnRH analog for gonadotropin sup¬

pression for use in both fixed and individualized
induction regimens.
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Chromosome anomalies in early human embryos
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Summary. A study of the chromosome constitution of an unselected group of human
preimplantation embryos fertilized in vitro showed that, of 30 studied, 7 (23%) were
abnormal: 6 were aneuploid, half being trisomic and halfmonosomic. If the increased
maternal age of the oocyte donors and the lethality of autosomal monosomy is taken
into account, the frequency of this kind of error is of the same order as in clinically
recognized pregnancies. One oocyte had a structural abnormality. The cause of this
kind of error is unknown but could be due to errors arising in spermatozoa or oocytes
or the effect of environmental factors. A 'reject' group of oocytes with 3 pronuclei
showed heterogeneity with respect to their chromosome complements, only one being
triploid. The frequency of tripronucleate oocytes after in-vitro fertilization appears to
be higher than in clinically recognized pregnancies, presumably because of the
influence of superovulation on the oocytes and, under our conditions, this frequency is
9%. Therefore, if the selected and 'rejected' groups of embryos are considered together,
10 out of 33 (30%) embryos can be considered as abnormal.

Keywords', chromosome; human; embryo; anomalies

Introduction

A remarkable feature of man in comparison to many other species is the relatively high rate of
reproductive failure (Short, 1979). Based on analysis of karyotypes of aborted material, it seems
likely that a major cause is due to inherent chromosome anomalies. Until recently there has been no
access to material in the early stages of pregnancy, therefore any indication of the frequency of
chromosome anomalies at conception or in the preimplantation stage has been by inference from
data on clinically recognized pregnancies. Extensive studies on the frequency of chromosome
anomalies in clinically recognized pregnancies have been carried out in different centres throughout
the world. It has been shown that 0-56% of live-born babies carry a chromosome abnormality (see
review by Evans, 1977), whereas in spontaneous abortions the frequency is much higher being in
excess of 50% according to the survey of Hassold et al. (1980a). A combination of the live-born and
spontaneous abortion data gives a figure of about 9% of all clinically recognized conceptions being
chromosomally abnormal on the basis that 15% of pregnancies will end in spontaneous abortion.
However, 9% must be regarded as a minimal estimate since it takes no account of products of
conception which fail to implant, which at least will include all the monosomies, and other lethal
chromosome anomalies.

New developments can provide a much clearer picture of chromosome anomalies in the
gametes themselves and direct information from early cleaving embryos. The ability to be able to
visualize sperm chromosomes has arisen through the development by Yanagimachi et al. (1976)
of a method of testing the fertilizability of human spermatozoa. This depends on the ability of
the spermatozoa to penetrate zona-free hamster eggs and to form male pronuclei. The technique
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was advanced further by Rudak et al. (1978) who grew the hamster eggs fertilized by human
spermatozoa for a further 18 h at which point the pronuclei had condensed into haploid chromo¬
somes sets which could then be fixed and stained. Most subsequent work on developing the
technique has been carried out by Martin et al. (1983), Brandriff et al. (1985) and Kamiguchi &
Mikamo (1986). The extensive and detailed work of Brandriff et al. (1985) showed a low frequency
of numerical errors ranging from 0-6% to 3-1 % in different individuals with chromosomes from the
G group being the most frequent aneuploids and an unexpectedly high frequency of structural
aberrations, the level of anomalies being constant for any one individual, and ranging from 1 -9 to
15-8%. They believe that the high frequency of structural aberrations represents an intrinsic
biologically significant phenomenon.

The development of in-vitro fertilization techniques (Edwards et al., 1980) has meant access to
oocytes and the potential to investigate the frequency of chromosome abnormalities in female
gametes. The results from several studies of oocytes which remained unfertilized after in-vitro
fertilization have ranged in frequency from 34% normal (Wramsby & Fredga, 1987) in 61 oocytes;
68% normal in a series of 151 oocytes (Plachot et al., 1987); and 77% normal oocytes in a series of
117 oocytes (Veiga et al., 1987). Studies have also been carried out of freshly ovulated oocytes
before fertilization. Martin et al. (1986) examined 50 such oocytes and found that 66% were
normal. Martin et al. (1986) found more hypohaploid than hyperhaploid oocytes which they
believed might be caused by anaphase lag during oogenesis. Wramsby et al. (1987) also investigated
freshly ovulated unfertilized eggs and concluded that only about 50% had a normal karyotype.
When there is such a wide range in the frequency of abnormality found by different groups, there is
the possibility of technical problems at fixation, which in turn gives problems in the analysis of the
chromosomes (Edwards, 1983; Warburton, 1987; Hansmann, 1987).

A few studies have also been carried out on early cleaving embryos and zygotes. Mostly the
embryos have been 'spares' from clinical programmes and from research programmes using
donated gametes. Plachot et al. (1987) looked at 'spare' embryos from oocytes with 2 pronuclei that
were morphologically healthy and found 12-5% anomalies, and from fragmented embryos where
there were 37% abnormal. Seven were karyotyped, three being normal 46,XX (2), and one 46,XY,
and four abnormal. They also examined 19 embryos originating from single pronucleate oocytes
and found 5 to be aneuploid (36%). Watt et al. (1987) reported an accurately analysed karyotype
from a healthy 8-cell embryo. The remarkable feature confirmed by C banding was that the karyo¬
type was clearly 47,XY, + 1, the first ever reported case, as it has not been found in spontaneous
abortions.

The results presented in this paper are from a consecutive series of early cleaving embryos in
which the chromosome constitution could be unequivocally determined, and is an extension of a
previous study (Angell et al., 1986a). The aim of the work is to determine the frequency of chromo¬
some abnormalities in early cleaving embryos, and to compare and contrast the results with the
data from clinically recognized pregnancies.

Material

The Department of Obstetrics and Gynaecology in Edinburgh runs a clinical programme of
in-vitro fertilization and embryo transfer in parallel with a research programme investigating
various aspects of oocyte maturation. The material for this study has come from (1) donated
oocytes from the research programme fertilized by donated spermatozoa and (2) 'spare' and 'reject'
embryos from the clinical programme. 'Spare' embryos were those in excess of the 3 most rapidly
and evenly dividing embryos which were routinely transferred back to the patient and 'reject'
embryos were those originating from oocytes with 3 pronuclei after fertilization. This study was
carried out with the approval of the Voluntary Licensing Authority, London, and the Repro¬
ductive Medical Subcommittee of the Lothian Area Ethics of Medical Research Committee.
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Methods

Ovulation induction. Details of the ovulation induction procedures used in the research programme
have been described by Templeton et al. (1984) and for the clinical programme by Messinis et al.
(1985). Briefly, multiple follicular development was induced with clomiphene citrate from Days 2-7
with or without supplementation with human menopausal gonadotrophin (hMG). Laparoscopic
oocyte recovery was carried out 36 h after injection of 5000 units hCG. General anaesthesia was
used and pneumoperitoneum was established with C02 only. An unlined aspiration needle of
1-0 mm diameter was used to aspirate all follicles identified.

Oocyte culture and fertilization. The cumulus mass was identified in a laboratory adjacent
to Theatre and immediately transferred to a tube containing 1 ml Earls or T6 tissue culture
medium + 10% human serum, gassed with 5% C02 and kept at 37°C, or transferred to a drop of
tissue culture medium under liquid paraffin. The oocytes were inseminated routinely after 4-6 h
incubation to give a final concentration of 100 000 motile spermatozoa per oocyte. Oocytes were
examined for the presence of pronuclei 12-20h after insemination by carefully dissecting away

surrounding cumulus cells using a fine micropipette. Subsequent observations were made twice
daily, and colcemid (TO pg/ml) was added ~6 h before the anticipated time of cell division. If the
embryos were at the 2-cell stage before division into 4 cells, nuclear membrane breakdown could be
observed and the time for fixation more accurately assessed.

Cytogenetic methods. The technique for fixing the chromosomes to the slide was designed to
minimize chromosome scatter but at the same time to allow sufficient spreading of the chromo¬
somes for them to be analysed. The oocyte was placed in a solution of pronase (0-02%) in
phosphate-buffered saline for 5 min, then transferred to KC1 (0-075 m) for 3 min and then to a small
drop (<3 pi) of distilled water on a slide to complete removal of the zona pellucida. A drop of
methanol:glacial acetic acid (3:1, v/v) was dropped onto the oocyte from a height of about 1 cm
and then more fixative was added slowly from the side of the egg over a period of about 10 sec. The
fixative was left to evaporate and, at the point of flattening, a further drop of fixative was very

gently expelled to wash over the oocyte and remove remaining cytoplasm from above the chromo¬
somes. The slide was then vigorously fanned to help flatten and dry the metaphase plates. Slides
were stained with Giemsa, examined, and restained when practicable, with spermidine 6w-acridine
or DAPI/distamycin, or used for DNA-DNA in-situ hybridization to detect the presence of a Y
chromosome.

Results

There are technical problems in analysing the chromosomes from cleaving embryos accurately
and we have been highly selective in including only those that give an unambiguous chromo¬
some result. Any nullisomic or monosomic results were included only if at least 2 blastomeres
from the same preparation gave the same result. The overall success rate from all cleaving
embryos attempted was therefore only 20%. The most successful time to obtain accurate
chromosome results is at the 2-cell stage before division into 4 cells: the division time can be
monitored more accurately by observing the breakdown of the nuclear membranes and the time
in colcemid is minimized. Preparations attempted at this stage gave a success rate of at least
50%.

The chromosome results of the 33 accurately analysable embryos are presented in Table 1: 24
were from the research programme, 6 were 'spare' embryos from the clinical programme and 3 were
'rejects' with 3 pronuclei also from the clinical programme. Results from embryos in the research
group were unselected except in as much as they were successful technically: 19 were normal, 10
being 46,XX and 9 46,XY. Five were abnormal: 1 of these was 22,X,— 15, i.e. haploid and, at the
same time, nullisomic for chromosome No. 15, the identity of the missing chromosome being
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Table 1. Cytogenetic details of preimplantation embryos and maternal age of oocyte donors

Cytogenetic details
Oocyte donors

Age
rotai lime mi
in culture after No. of

INO. OI

mitotic figures Chromosome
No. (years) insemination blastomeres analysable result

Research
ES 83/33B 35 80 8 1 46,XY
ES 83/22 29 100 6 1 46,XY
ES 83/49 29 56 7 1 46.XY
ES 84/4 33 91 7 1 46,XX
ES 84/27 38 74 5 1 46,XX
ES 84/37 37 73 5 1 46,XX
ES 85/17 34 48 2 2 46,XY
ES 85/20 36 31 1 1 46,XX
ES 85/24 30 52 2 2 46,XX
ES 85/25 31 52 2 2 46,XY
ES 85/28 33 53 2 2 46,XX
ES 85/43 29 48 2 2 46,XX
ES 86/6 27 41 3 1 46.XY
ES 86/8 29 44 2 2 46,XY
ES 86/10 39 43 2 1 46,XY
ES 86/15 29 48 2 2 46,XX
ES 86/16 34 41 2 1 46,XX
ES 87/11 37 48 2 1 46,XX
ES 87/13 36 90 11 3 46,XY
ES 82/33A 35 79 8 3 22,X, —15
ES 82/37 31 79 6 1 47,XY, +D
ES 83/5 39 78 8 4 45,XY, —15
ES 85/19 32 79 6 1 46.XX -face
ES 86/72 38 44 2 2 45,XY,-G

'Spares'
Melbourne n.a. 80 8 1 46,XY
ER 99 31 66 4 1 46,XY
ER 155 34 50 2 2 46,XY
ER 232 26 8 days 107 2 46.XY
ER 133 39 66 1 1 47,XX, +G
ER 155 34 56 3 1 47,XY,+G

'Rejects'
Melbourne n.a. 78 4 2 46,XX
ER 111A 34 49 2 2 70,XXX,+G
ER 11 IB 34 71 6 2 38,-8

n.a. = not available.

deduced by staining with spermidine to-acridine. ES 82/37 was 47,XY, + D the extra D being
unidentified. ES 83/5 was 45,XY, — 15 the missing No. 15 being deduced (by staining with DAPI-
distamycin) in all 4 analysable metaphases. ES 86/72 also had an autosomal chromosome missing,
in this case in the G group. The two metaphases were subsequently examined using Y probe in-situ
hybridization and it was shown that the G group included a Y chromosome (Fig. 1). The fifth
chromosomally abnormal embryo had 46,XX apparently normal chromosomes with 2 additional
paired fragments of chromosomes which must have arisen from a chromosome break (Fig. 2a).
There was only one metaphase plate in the preparation and 5 interphase nuclei.

Chromosome preparations from 6 'spare' embryos from the clinical programme were success¬
ful: 4 were normal with a 46,XY chromosome complement in each case and 2 were abnormal, both
having an extra G group chromosome. In the 'reject' group 3 preparations were successful, one
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Fig. 1. Karyotype 45,XY, —G from Embryo ES 86/72 at the 2 blastomere stage after in-vitro
fertilization. The Y chromosome was identified by means ofDNA-DNA in-situ hybridization
with a DNA probe for Y chromosome DNA.

being 46,XX, one 70,XXX, + C, a triploid with an extra C group chromosome, and the third a
grossly abnormal chromosome complement in the two metaphases available each having 38
chromosomes with the same chromosomes missing. Despite the fact that the 'rejects' were a highly
selected group on the basis pf their pronucleate status, they were very heterogeneous with respect to
their chromosome complement.

Discussion

The frequency of chromosome abnormalities found in the preimplantation embryos is discussed
below according to the type of chromosome error found: aneuploidy, structural chromosome
errors and errors of ploidy arising from oocytes with 3 pronuclei and I pronucleus. Those with 3
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pronuclei will not be included in the initial assessment of frequency because they were so highly
selected. The overall number of chromosome abnormalities found in the 30 embryos in the research
and 'spares' groups was 7 (23%), 6 of which were aneuploid, and one carried a structural
abnormality.

Aneuploidy was the most frequent kind of anomaly, just as it is in clinically recognized
pregnancies and unfertilized oocytes, but not in sperm chromosomes. However, whereas
aneuploids in clinically recognized pregnancies virtually all carry an extra chromosome, early
cleaving embryos and oocytes show equal frequency of gain or loss of a chromosome, and this must
be because most monosomies are lethal, although their lethality is not expressed in the early
cleavage stages. From our results, for example, the karyotypes 22,X, — 15 and 45,XY, — 15 have not
been observed previously, but 45,XY, — G has been found rarely in spontaneous abortions (Ohama
& Kajii, 1972). Also, the observation of Watt et al. (1987) of an 8-celled cleaving embryo with
trisomy for chromosome No. 1 was particularly interesting as trisomy 1 is the one trisomy which
has not been found in clinically recognized pregnancies.

A further similarity to the data from clinically recognized pregnancies and unfertilized oocytes
was the fact that those with aneuploidy had a higher maternal age (35 years) than those with
normal chromosomes (33 years). The increase was not statistically significant but this was not
surprising in view of the small sample size. Data from clinically recognized pregnancies
(Warburton, 1987) show that the frequency of gametes with an extra chromosome is at least 2%
at maternal age 25 years, and increases to 6% at age 35 years (i.e. 12% if monosomies in early
cleavage stages are considered). Therefore in our sample, in which the mean maternal age was 35
years, and the number of gametes plus or minus a chromosome (6 out of a total of 59 gametes)
the frequency was 10%, and of the same order as in clinically recognized pregnancies for that age
group.

The pattern of aneuploidy in the early cleaving embryos showed some similarities to and some
differences from the pattern in clinically recognized embryos. The specific chromosomes involved
in the aneuploidy were No. 15 (2 cases), D group (1 case) and G group (3 cases), all of which
are known to be associated with a significantly increased maternal age in clinically recognized
pregnancies (Hassold et al., 1980b). The two single most common abnormalities found in clinically
recognized pregnancies, X monosomy and trisomy 16, were not found in our sample, possibly
because their incidence does not increase significantly with maternal age. However, the possibility
that some cases of aneuploidy, particularly of the G group chromosomes were of paternal origin
cannot be dismissed. The evidence from BrandrifF et al. (1985) showed that in sperm chromosomes
the frequency of aneuploidy of G group chromosomes is double that of other chromosomes. Also
there are data from Hassold et al. (1984) to show that, whereas the majority of cases of aneuploidy
arise through maternal non-disjunction at first meiotic anaphase, a significant proportion of cases
of trisomy 21 arise through non-disjunction at paternal first meiotic division. In fact one case of
Down's syndrome in which the mother had had in-vitro fertilization and embryo transfer treatment
was shown to be trisomy 21 of paternal origin but to have arisen at the 2nd meiotic division
(Hejtmancik et al., 1985).

Structural anomalies, although less common than aneuploidy, are particularly interesting
because the aetiology is undoubtedly heterogeneous. Structural anomalies form 4-3% of abnor¬
malities in clinically recognized pregnancies. The one case in our sample had two small additional
chromosome fragments (Fig. 2a) and a possible way in which they arose is by a break in one of the
chromosomes in the oocyte after fertilization but before replication (Fig. 2b): the chances of
survival beyond implantation would have been low. It is quite clear from the data of Brandriff et al.
(1985) that the spermatozoa in some men can have a high frequency of structural anomalies (up to
15%) at least after penetration of hamster oocytes. Although equivalent observations for human/
human fertilization are not known, Brandriff et al. (1985) believe that the abnormalities represent
an inherent biological phenomenon. Chromosome breaks have also been observed by most authors
in second meiotic metaphase chromosomes in unfertilized human oocytes, but the significance of
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Fig. 2. Embryo ES 87/17 showing acentric fragments: (a) metaphase, (b) possible mode of
formation of error shown in (a).

these is difficult to assess because the oocytes have often been in culture for at least 2 days before
fixation and some degeneration may have occurred. The frequency in any case is far less than in
sperm chromosomes.

The possibility of influences of the environment acting around the time of fertilization also
cannot be dismissed. For example, clomiphene used for follicular induction in treatment of
infertility is an unknown factor. Its effects on exposure to oocytes in rodents have been conflicting
and the whole area is very much understudied (Schmidt et al., 1986).

With reference to errors of ploidy, oocytes with 3 pronuclei are commonly observed after
in-vitro fertilization. The frequency seems to be influenced by conditions of superovulation and
may range from 2% after clomiphene treatment to 12% after stimulation with human menopausal
gonadotrophin (Wentz et al., 1983), although 6% is more common in established in-vitro fertiliza¬
tion centres (Plachot et al., 1987). Most oocytes with 3 pronuclei after in-vitro fertilization cleave
normally, but only half become triploid the other half becoming diploid or approximately diploid.
One likely mechanism to account for some of the latter cases is the formation of a tripolar spindle
followed by division into 3 cells at first cleavage division (Angell et al., 1986b). The 3 embryos in
our sample followed this pattern; one regular triploid, one 46,XX with an unknown mechanism of
origin, and one with 38 chromosomes, possibly having arisen from a tripolar spindle. The
presumed mechanism of the formation of 3 pronuclei in the oocyte is by dispermy, rather than by
maternal non-disjunction, but there are very few examples that have been informative. Those that
have, have had two Y chromosomes (Rudak et al., 1984; West et al., 1987). Clearly, 69,XYY
embryos are viable in the early cleavage stages, despite their lethality in clinically recognized
pregnancies.
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Triploidy forms 15% of all chromosome abnormalities in clinically recognized pregnancies, i.e.
1-2% of all conceptions. Detailed studies of triploidy (Jacobs et al., 1978) have shown that 66% are
due to dispermy, 24% to diploid spermatozoa, and 10% result from breakdown of meiosis in the
female. There appears to be no maternal age influence and all evidence from in-vitro fertilization
points to the fact that oocytes of suboptimum maturity are more prone to entry by more than one
spermatozoon.

Haploidy has been found in embryos arising from oocytes with one pronucleus (Angell et al.,
1983; Plachot et al., 1987; Veiga et al., 1987). Its frequency lies between 1 and 2% (Plachot et al.,
1987). Whether its occurrence is influenced by in-vitro fertilization techniques is open to debate
(Edwards, 1983). It is obviously a condition lethal beyond implantation. Tetraploidy, which forms
7% of the abnormalities in clinically recognized pregnancies, was not observed.

Despite the small sample size, the pattern of chromosome anomalies discussed clearly bears
some similarities to the frequency of errors found in clinically recognized pregnancies: aneuploidy
is the most common anomaly, and is associated with increased maternal age. Its frequency is of
roughly the same order, if one takes into account the fact that aneuploidy in early cleavage stages is
twice as common because monosomies are not lethal at that stage. As far as we can say, in-vitro
fertilization procedures appear to have no influence on the frequency of this type of anomaly.
Structural anomalies clearly occur in both groups, and it will be important to establish the
frequency of this type of error in in-vitro fertilized embryos to see if there are causal factors associ¬
ated with the procedure. The frequency of triploidy or tripronucleate oocytes is one factor which
probably is influenced by in-vitro fertilization techniques, and may lead to double or triple the
frequency found in in-vivo fertilization. Under our conditions 9% of the oocytes had 3 pronuclei.

On the basis of our small sample, the overall frequency of anomalies is 23% excluding the
tripronucleate oocytes and 30% if they are included. If one takes into account the high maternal
age and the lethality of monosomies, the frequency differs very little from that found in clinically
recognized pregnancies. The reason for the relatively high incidence of reproductive failure
associated with chromosome abnormalities in man is not known. Because of the increased

frequency with maternal age it is likely that environmental influences, operating over a prolonged
period of up to 50 years, may induce chromosome abnormalities in the surviving gametes.

We thank Linda Harkness for excellent technical assistance; Margaret Harper for typing
the manuscript; and Professor Allan Templeton, Department of Obstetrics and Gynaecology,
Aberdeen University, for his work on the project up to July 1985. The work was supported in part
by Medical Research Council Grant No. 426375.
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We have measured the activity of glucose phosphate isomerase
(GPI-1) in 12 unfertilized human eggs and five human pre-
embryos relative to the GPI-1 activity in C57BL/01aWs mouse
eggs. The GPI-1 activity in the human eggs was ~6 times
that in the C57BL mouse eggs. This implies that human eggs
have approximately tw ice the activity per unit volume of the
C57BL mouse eggs but no more than certain other strains
of mice. The activity in five human pre-embryos, the most
advanced of which was an early blastocyst, was similar to
that seen in the human eggs. No change in GPI-1 activity was
seen in mouse pre-embryos up to 2V4 days (8- to 12-celI stage)
but the activity had declined by 3lA days (compacted morula
and early blastocyst stages). It seems that high levels of GPI-1
activity are maintained during the early preimplantation
development of both species.
Key words: GPI-1 /pre-embryos/mouse/human

Introduction

The advent of human in-vitro fertilization and embryo transfer
as a treatment for infertility has aroused considerable interest in
the early human embryo (or 'pre-embryo'; McLaren, 1986). This
interest stems partly from a need to be able to fertilize eggs and
culture the resultant pre-embryos under optimum conditions to
ensure the maximum chance of further development once it is
returned to the uterus. The development of suitable culture
conditions has been largely dependent on several decades of
experience of handling and culturing pre-embryos from other
mammalian species, notably the mouse.
There is also a considerable body of information concerning

the biochemistry and metabolism of mouse pre-embryos. For
example, the activities of some enzymes (such as alpha-
galactosidase, beta-galactosidase, beta-glucuronidase, uridine
kinase, hypoxanthine guanine phosphoribosyltransferase and
adenine phosphoribosyltransferase) are low in the mouse egg but

increase rapidly during preimplantation development. The
activities of many other enzymes are relatively high in the egg
and remain stable or may even decline during the preimplantation
period of development. Examples of such enzymes include
glucose-6-phosphate dehydrogenase, glucose phosphate iso¬
merase, lactate dehydrogenase and phosphoglycerate kinase_
(Epstein, 1975; West, 1982). Comparative biochemical studies
of human and mouse eggs and pre-embryos should provide a basis
for determining how far the mouse can be used as a model for
understanding human embryology.
A number of embryological differences between mammalian

species are already known (McLaren, 1985; Solter, 1987). For
example, gene expression in mouse pre-embryos occurs at the
2-cell stage (Johnson, 1981; Magnuson and Epstein, 1981; Flach
et al., 1982; Bolton et al., 1984) but is delayed until the 8- to
16-cell stage in sheep (Crosby et al., 1988). Other embryological
events such as blastocyst formation, commitment of cells to either
the trophectoderm or inner cell mass lineages and ultrastructural
changes of nucleoli (Calarco and McLaren, 1976) also seem to
be delayed in sheep embryos. Conversely, blastocyst formation
in the pig begins one division earlier than in the mouse
(Papaioannou and Ebert, 1988).The human pre-embryo is a
blastocyst after five cleavage divisions like the mouse but
transcription may be delayed until after the 4-cell stage (Braude
et al., 1988) and ultrastructural changes of nucleoli that occur
in the mouse 2-cell pre-embryo do not occur until the 6- to 8-cell
stage (Tesarik et al., 1986a). It is not known how far other
embryological events in the human follow the mouse pattern.
The possibility of measuring enzyme activities in samples of

cells taken from pre-embryos in order to diagnose a genetic
disorder provides another important reason for studying enzyme
activities in eggs and pre-embryos. A mouse model has already
been developed to diagnose hypoxanthine guanine phosphoribo¬
syltransferase (HPRT) deficiency by assaying HPRT activity in
a small number of cells removed from the pre-embryo (Monk
et al., 1987, 1988). In order for this approach to be feasible in
the human it is essential to know the proportions of enzyme that
are encoded by the maternal and embryonic genome respectively
at different stages of preimplantation development. Otherwise
a pre-embryo carrying an inherited enzyme deficiency could be
diagnosed as normal if the assay was performed at a stage when
oocyte-coded (maternally coded) enzyme persisted.
The transition from oocyte-coded to embryo-coded glucose

phosphate isomerase (GPI-1; EC 5.3.1.9) in the mouse has been
extensively studied by exploiting genetic variants (Chapman et
al., 1971; Brinster, 1973; West and Green, 1983; Duboule and
Burki, 1985; Gilbert and Solter, 1985; West etal., 1986). These
studies have shown that in the mouse oocyte-coded GPI-1 activity
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is stable until the 8-cell stage at 2'/2 days post coitum (p.c.) and
then declines. Embryo-coded GPI-1 is readily detectable in the
3 '/2 -day blastocyst and sometimes detected in the early morula
stage. Total GPI-1 activity falls to a minimum at the blastocyst
stage (3'/i—4'/2 days p.c.) and then increases rapidly after
implantation (5 'A days onwards).
Glucose phosphate isomerase is a clinically significant enzyme

and because severe haemolytic anaemia may result from a GPI
deficiency in man, prenatal diagnosis is sometimes offered to
couples at risk for this disorder (Dallapiccola et al., 1986).
We now report a study of GPI-1 activity in 12 unfertilized

human eggs and five human pre-embryos, ranging from the 3-cell
stage to the early blastocyst. Results from a similar study of
mouse eggs and pre-embryos are also presented for the purpose
of comparison.

Materials and methods

Mouse eggs and pre-embryos
Mice of the inbred strain C57BL/01aWs were maintained in the
Centre for Reproductive Biology under conventional conditions
(dark period 6.00 p.m. to 5.30 a.m.). Female mice were induced
to ovulate with intraperitoneal injections of 5 IU pregnant mare's
serum gonadotrophin (PMS) given at 12 noon followed 48 h later
by 5 IU human chorionic gonadotrophin (HCG). Unfertilized
eggs were collected the following morning. Females used for
the production of pre-embryos were collected on successive
mornings at V2 to 4'/2 days post coitum (p.c.). Mating was
assumed to occur around midnight after the HCG injection.
Unfertilized eggs were released from the oviducts of unmated

females into Hepes-buffered M2 medium (Quinn et al., 1982),
cumulus cells were removed in a solution containing 100 units
of hyaluronidase per ml of phosphate-buffered saline (PBS).
Preimplantation pre-embryos were flushed from the reproductive
tract in M2 medium. Samples of eggs or pre-embryos were stored
at -20°C as described by West and Green (1983).

Human eggs and pre-embryos
The 12 unfertilized human eggs used in this study were donated
from the Edinburgh clinical in-vitro fertilization programme
having failed to cleave 40—65 h after insemination. One of the
five fertilized pre-embryos (ER232-1G) was also donated from
this clinical programme as a 'reject' pre-embryo with three
pronuclei and two more (ER261-1.6 and ER263-1.9) were
donated as 'spare' pre-embryos (another three normal pre-
embryos were transferred to each patient). The remaining two
pre-embryos in this study were produced in the concurrent
research programme from donated gametes, as previously
described (Angell et al., 1986). The eggs and three of the
pre-embryos were cultured in T6 medium (Quinn et al., 1982)
containing 10% maternal serum, in an atmosphere of 5% C02
in air. The two youngest pre-embryos were cultured in Earle's
medium with 10% maternal serum. At the end of the culture

period any adhering cumulus cells were removed by gentle
pipetting and the eggs or pre-embryos were transferred to M2
medium and stored at —20°C in the same way as the mouse eggs
and pre-embryos. This study was carried out with the approval

of the Paediatrics/Reproductive Medicine Sub-Committee of the
Lothian Area Ethics of Medical Research Committee and the
MRC/RCOG Voluntary Licensing Authority, London.
Glucose phosphate isomerase densitometric assays
The activity of GPI-1 in individual eggs or pre-embryos (test
samples) was estimated relative to that in standard samples that
contained a known number of C57BL/01a strain mouse eggs.
This was done by applying test and standard samples to adjacent
positions on a cellulose acetate electrophoresis plate and passing
sufficient current to move the GPI-1 from the origin and then
staining for GPI-1 and quantifying the bands by scanning
densitometry (West and Fisher, 1984; Peterson etal., 1985; West
et al., 1986). The samples were applied to 76 X 60 mm Helena,
Titan III electrophoresis plates and run for 30 min at 100 V, using
the pH 8.5 Tris—glycine buffer (3.0 g Tris base + 14.4 g
glycine/1) described by Eicher and Washburn (1978). After
electrophoresis the plates were stained for GPI-1 activity as

previously described (West and Green, 1983; West and Fisher,
1984) and the activity in the test sample was estimated relative
to that in the standard sample by scanning across both tracks with
a Helena Process-24 scanning densitometer fitted with a 4 mm
slit and a 550 nm filter. The relative GPI-1 activity in the test
sample was normalized by dividing by the number of C57BL/01a
eggs in the standard sample (in practice one or five eggs) and
converted to units of nmol NADPH per h at 35 °C by multiplying
by the published figure (1.92) for the mean GPI-1 activity in
C57BL/6J eggs (Peterson et al., 1985).

Results

Technical controls

In order to validate the densitometric assay for GPI-1 activity,
groups of 1 -5 C57BL/01a mouse eggs were run as test samples
adjacent to single C57BL/01a eggs as standard samples. The
results (Figure 1) show that the quantification was good when

Fig. 1. GPI quantification controls showing relationship between
densitometric measurement of relative glucose phosphate isomerase
activity and the number of C57BL/01a strain mouse eggs in test
sample.
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the expected ratios of test: standard activity were 1:1, 2:1 or 3:1.
When this ratio was 4:1 or 5:1 the activity of the major band
(test sample) was underestimated as previously noted for mixtures
of liver homogenates (West and Green, 1983). For this reason
the number of C57BL/01a eggs used in the standard samples was
adjusted to match the expected GPI-1 activity in the test samples
(one egg for assays of mouse eggs and pre-embryos and five
C57BL/Qla eggs for assays of human eggs and pre-embryos).

Table I. Relative glucose phosphate isomerase activity in individual
C57BL/01aWs mouse pre-embryos

Age Stage No. of Mean relative

(days embryos GPI-1 activity
post coitum) (± SE)

>A 1 -cell 14 0.920 ± 0.035
VA 2-cell 12 0.932 ± 0.071
2'A 8- to 12-cell 12 1.003 ± 0.043
3 \A compacted 5 0.418 ± 0.095"

morula

3'A blastocyst 23 0.447 ± 0.028"
4'A expanded 2 0.275 ± 0.075"

blastocyst
4'A hatched 31 0.515 ± 0.040"

blastocyst

"The mean relative activities at Vh and 4'A days are all significantly lower
than the relative activity at SA day (P < 0.001 in each case) by /-tests.

Table II. Glucose phosphate isomerase activity in twelve unfertilized human
eggs

Egg Hours after Hours after Relative GPI-1 activity
laparoscopy insemination GPI-! activity (nmol/egg/h

at 35°C)a

ER201-3E 48 43 5.71 10.96

ER201-3G 48 43 4.64 8.91

ER215-1GI 50.5 45 10.29 19.76

ER215-1G2 50.5 45 7.25 13.92

ER215-1H 50.5 45 7.11 13.65

ER201-5C 70 65 6.52 12.52

ER248-1.1 49.5 40 6.24 11.98

ER248-1.2 49.5 40 6.31 12.12

ER240-3.2 49.5 42 6.71 12.88

ER240-3.3 49.5 42 5.87 11.27

ER240-3.9 49.5 42 6.09 11.69

ER255-1.2 48.75 43 6.76 12.98

"Calculated assuming that GPI-1 activity in C57BL/01a strain mouse eggs is
1.92 nmol NADPH/egg/h at 35 °C (Peterson et at.. 1985).

GPI-1 activity in mouse eggs and pre-embryos
The mean relative GPI-1 activity in C57BL/01a eggs used in the
standard samples is by definition 1 arbitrary unit. (As explained
in the Materials and methods section this is equivalent to 1.92
nmol NADPH per h at 35°C.) Ten test samples of single
C57BL/01a eggs were used to produce the first point in Figure
1 and provide an estimate of the sample variability. The mean
relative GPI-1 activity (± SE) for these 10 eggs was 1.065 ±
0.049. The coefficient of variation was 14.7% and the range was
0.80-1.27.
The mean relative GPI-1 activity in C57BL/01a mouse pre-

embryos is shown in Table I and follows a similar pattern to that
shown by (129 9 x C57BLcr) F) hybrid pre-embryos (West
et al., 1986). The GPI-1 activity is similar at 1 -cell, 2-ceIl and
8- to 12-eell stages but significantly lower at the compacted
morula and blastocyst stages.
GPI-1 activity in human eggs and pre-embryos
The first human egg was assayed against a standard sample
containing a single C57BL/01a mouse egg and was found to have
a relative GPI-1 activity of 5.71. All subsequent human samples
were assayed against test samples containing five C57BL/01a
eggs. The results for all 12 human eggs are shown in Table II.
The mean relative GPI-1 activity (± SE) was 6.625 ± 0.389.
The coefficient of variation was 20.3% and the range was 4.64 —

10.29. (If the highest value is excluded the mean for the remaining
11 eggs is 6.292 ± 0.220; the coefficient of variation is 11.6%
and the range is 4.64—7.25.)
Glucose phosphate isomerase activities for the five human

pre-embryos that were assayed (Table HI) all fell within the range
seen for the human eggs.

Discussion

Our observations show that the activity of glucose phosphate
isomerase in human eggs is —6 times that of a C57BL mouse
egg. Lewis and Wright (1935) compared the volumes of various
mammalian eggs and found that the human egg is —3.07 times
the volume of the mouse egg. Thus, the GPI-1 activity per unit
volume in human eggs is only double that of the C57BL mouse

egg. Moreover, although the GPI-1 activity of C57BL mouse
eggs is probably 'typical', other strains of mice carry genetic
variants that cause GPI-1 activity per egg to be reduced to
20 — 30% or elevated 2- or 3-fold (Peterson and Wong, 1978;
West and Fisher, 1984; Peterson et al., 1985). The GPI-1 activity
per unit volume in the human eggs in our present series would
be similar to that in mouse eggs from the strain with the highest

Table III. Glucose phosphate isornerase activity in five human pre-embryos

Pre-embryo No. of

pronuclei
Hours after

laparoscopy
Hours after
insemination

Embryonic
stage

Relative
GPI-1 activity

GPI-1 activity
(nmol/pre-embryo/h at 35°C)"

ER261-1.6 2 46.5 41 3 cell 5.65 10.85

ER263-1.9 2 47 40 4 cell 8.89 17.07

ES86/53D 2 77.5 73 8-12 cell 7.47 14.34

ER232-1G 3 80 75 12-16 cell 6.99 13.42

ES86/53D NK 111.5 107 early blastocyst 6.11 11.73

"Calculated assuming that GPI-1 activity in C57BL/Ola strain mouse eggs is 1.92 nmol NADPH/egg/h at 35°C (Peterson et al.. 1985).
NK = not known.
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levels of activity. It is possible that the human population has
similar polymorphisms for GPI-1 activity levels but the coefficient
of variation for the human eggs was similar to that for the eggs
of the inbred C57BL strain of mice and this suggests that the
group was relatively homogenous. The high GPI-1 activity per
unit volume in human eggs stands in contrast to the relatively
low numbers of ribosomes (Tesarik et al., 1986b).
The results from the few human pre-embryos analysed indicate

that a high level of GPI-1 activity is maintained during the early
preimplantation period. This is similar to the pattern seen in the
mouse although there was no convincing evidence of a significant
decline in activity in the single human early blastocyst. The
present results give us no clues as to whether the embryo-coded
GPI-1 genes have been activated in the human blastocyst because
without genetic variants we cannot distinguish between oocyte-
coded and embryo-coded enzyme.
As noted earlier, a number of other enzymes show a pattern

of activity in mouse embryos similar to that for GPI-1 whereas
other enzymes are initially present at much lower levels and
increase rapidly during the early cleavage stage. Future studies
of other enzymes in human eggs and pre-embryos will be of
interest to determine to what extent the enzyme profile in the
human egg and pre-embryo parallels that of the mouse. It will
also be interesting to determine whether the larger volume of
the human egg is reflected by higher activities per egg for all
enzymes or only for those that are initially present at relatively
high activities in the mouse.
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FSH AND THE CONTROL OF
FOLLICULAR GROWTH
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Summary—During 70 days or so from the time of recruitment until just before the beginning of
the cycle during which a follicle is destined to ovulate, folliculogenesis is a continuous process
dependent on gonadotrophins but independent of the fluctuations in their concentrations occurring
during this time. For follicle growth to continue beyond the 2-4 cell antral stage FSH concentrations
must rise above a certain threshold level at the correct time. Once threshold levels are exceeded a

single follicle becomes dominant suppressing FSH concentrations to subthreshold values. The
period during which FSH concentrations are above threshold can be imagined as a gate through
which a follicle must pass if it is to ovulate.

INTRODUCTION

In the human female 99% of oocytes formed during
fetal life undergo atresia or degeneration [1] and
normally only one preovulatory follicle develops to
the point of ovulation. In this paper we shall consider
the role of gonadotrophins and in particular of FSH
in folliculogenesis and in the process of follicle selec¬
tion and dominance.

RECRUITMENT

The ovarian follicle destined to ovulate is drawn
from a pool of non-growing primordial follicles, each
consisting of an oocyte, a few granulosa cells and a
basement lamina. Within the ovary at any one time
90-95% of all follicles are primordial and only a few
are recruited into the growing pool. The cohort of
growing follicles undergoes a process of development
and differentiation which takes about 85 days and
spans three ovarian cycles [2], During this process
normally only one follicle will eventually ovulate, the
rest undergo atresia at various stages of development.

MECHANISMS OF RECRUITMENT

Mechanisms involved in the process of recruitment
are poorly understood, but appear to be independent
of pituitary control and probably depend on ovarian
paracrine mechanisms [3], The number of primordial
follicles recruited into the growing poo! is not con¬
stant but varies with age, being greatest in early life
[4] and decreasing progressively with advancing
years. In addition the fraction of primordial follicles
recruited is probably a function of the actual size of

Proceedings of the XIII Meeting of the International Study
Group for Steroid Hormones (Rome, Italy, 30
November-2 December 1987).

the total pool available which appears to be affected
by testosterone [5] and may be influenced by other
factors such as nutrition, activity of the thymus gland
and opioid peptides.

INTERMEDIATE FOLLICULAR DEVELOPMENT

Over the next few weeks the recruited follicles
undergo development and differentiation. The num¬
ber of granulosa cells increases; the oocyte becomes
fully grown and a zona pellucida develops; theca cells
align outside the basement lamina and the follicle
acquires an independent blood supply [6]. Only a
fraction of the total number of follicles that started
the growth sequence reach the stage of becoming
potential ovulatory follicles, i.e. follicles capable of
undergoing maturation to the point of ovulation. At
the start of the menstrual cycle there are probably

A

I
I
0
1

v i

Q A /o-Q-d °N J,
12-

8-

r 1 600

-1200

■800

O
m
cn
H
H
>
o

T
CO
u.

4-

0-

CJ

3
•400 °

'-O

I T
24 1

~r
12

DAYS OF CYCLE

Fig. 1. Intercycle FSH rise •—• stimulating follicle
growth and oestradiol production O—O in a spontaneous

normal menstrual cycle.

167



168 Anna F. Glasier el al.

15 10 15

15 10 15

400 "

I 300 -

1
Q 200 -
a

2
Si '00 -
UJ

0L
I I I I I ' I I I I I I I I I—I
15 10 15

DAYS

Fig. 2. From Zeleznik A. J. and Kubik C. J. (1986)
Endocrinology 119 2025-2032. Plasma gonadotropin and
oestradiol concentrations in a cynomolgus monkey infused
with hFSH and hLH at a frequency of 1 pulse,h. The first
arrow indicates the initiation of hFSH and hLH infusion.
The subsequent double arrows indicate a doubling of the
amount of FSH given per pulse. After the initial rise in
serum oestradiol concentration, the amount of FSH was

reduced by 12.5%/day.

only about 20 or so precursor follicles [1] 2-4 mm in
diameter capable of further development, a process
which depends on the appropriate gonadotrophin
stimulation.
As the previous corpus lutuem regresses, FSH

secretion increases [7] (Fig. 1). This rise in FSH is
thought to propel suitably responsive precursor fol¬
licles into the final phase of their growth cycle.
Follicles which reach this stage of development at any
other time will not receive adequate LH stimulation
and will become atretic [8]. It may be that by
increasing the amount of FSH available or pro¬
longing the duration of the late luteal phase rise more
follicles would be available for development in the
follicular phase of the next cycle. For follicular
development to occur at all, gonadotrophin concen¬
tration must be above a certain threshold require¬
ment. Treating women with hypogonadotrophic hy¬
pogonadism, Brown 1978 [9] showed that ovaries
remained unresponsive to subthreshold levels of go¬
nadotropins even if the same dose was continued
indefinitely. The threshold varies between individuals
by as much—in the case of exogenous gonadotrophin
therapy—as a factor of 10. A stepwise increase in the
dose of gonadotrophins will identify the threshold
requirement and when this is attained follicular devel¬
opment begins. In a given individual the difference
between a subthreshold dose and a dose sufficient to
stimulate follicular development may be as little as
20%. While early follicular phase rises in FSH con¬
centrations are only small, the increase is nevertheless
enough to initiate follicular development beyond
4 mm. If this early follicular phase rise is inhibited by
oestradio! injection or by the injection of follicular
fluid, follicular development is suppressed [10].
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hypogonadism treated with LH 4.7 U/pulse and a dose of FSH increased by 30% after 5 days. Following
the initial oestradiol response FSH was reduced ▼ by 10%/day—follicular development continued to

ovulation.
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There is good evidence from the work ofGoodman
[11] in the rhesus monkey, and Nilsson in the human
[12], that follicular development at this stage is
subject to critical phases. Destruction of either the
dominant follicle or the corpus luteum results in a
delay of about 14 days before a second follicle reaches
the same stage of development. This suggests that at
the time of ablation the follicle destined to ovulate
has already been irrevocably selected and no other
follicle is capable of substituting for it. The dominant
follicle inhibits growth of both new follicles and less
mature follicles and the next follicle to ovulate is the

product of a new cohort of follicles which develop
subsequently.

SELECTION

Developing follicles acquire FSH receptors during
the early stages of differentiation. Binding of FSH
stimulates the induction of aromatase systems en¬
abling the aromatisation of androgens, produced by
theca cells under the influence of LH, to oestrogens.
In response to stimulation by FSH and oestradiol the
precursor follicles eventually also acquire LH recep¬
tors. The follicle which most rapidly acquires aro¬

matase activity and LH receptors probably becomes
the dominant follicle [8],
In natural cycles normally only one follicle is

destined to ovulate. Once a follicle has acquired
dominance its presence appears to inhibit the growth
of less mature follicles.
Zeleznik and Kubik [13] 1986 recently reported the

results of a study in macaque monkeys demonstrating
that after stimulation by elevated FSH concen¬
trations, follicles can continue to mature in the
presence of FSH concentrations which are unable to
support the growth of less mature follicles. Animals
were treated with a GnRH antagonist to block
endogenous gonadotrophin secretion. Follicular de¬
velopment was then initiated with a constant dose of
LH and a dose of FSH which was increased every 3-4
days until the initiation of oestrogen secretion, i.e.
until the threshold level for follicular growth was
reached. A progressive reduction in FSH dose over
the subsequent 5 days to concentrations below the
threshold dose was accompanied by continued pre¬
ovulatory follicular growth (Fig. 2).
In Edinburgh, we are carrying out a similar study

in women with hypogonadotrophic hypogonadism.
Follicular development is initiated with a constant
dose of LH given subcutaneously in a pulsatile
manner. The dose of FSH, also given in a pulsatile
manner, is increased every 5 days by 30% until the
threshold level—determined by increasing oestradiol
secretion and ultrasound evidence of follicular

growth—is reached. FSH administration is^then ei¬
ther continued at the threshold dose or decreased by
10% each day (Fig. 3). In the women who have so far
completed treatment, reducing the dose of FSH
below threshold levels results in a reduction in fol¬
licular diameter in the majority of developing follicles
(Fig. 4).
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A comparison of the effects on follicular development
between clomiphene citrate, its two separate isomers and
spontaneous cycles
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An investigation of the effects on follicular development of
clomiphene citrate and its two isomers En clomiphene and
Zu clomiphene given separately was carried out on 19
normally cycling women being treated with donor
insemination. All women received clomiphene citrate in the
first cycle and, following a washout control cycle, were treated
with either En clomiphene or Zu clomiphene alone. The
number of follicles present, follicular phase oestrogen
secretion and luteal phase pregnanediol excretion were not
significantly different when Zu clomiphene cycles were
compared with control cycles, but were significantly increased
in En clomiphene and clomiphene citrate cycles. It is
concluded that the En isomer, which has largely anti-
oestrogenic properties, is the isomer active in inducing
follicular development. The oestrogenic properties of Zu
isomer did not appear to protect it from the possibly
detrimental effects on sperm — cervical mucus interaction
observed in both isomers and in the combined preparation.
Key words: clomiphene/Zu clomiphene/En clomiphene/follicle

Introduction

Clomiphene citrate (CC) is widely used to induce ovulation in
women with anovulatory infertility and to stimulate multiple
follicular development for in-vitro fertilization and GIFT. A non¬
steroidal triphenylethylene compound with a structure similar to
that of stilboestrol, the commercially available form of CC is
a mixture of two isomers En clomiphene and Zu clomiphene.
While there is extensive clinical experience with the use of CC,
little is known about the pharmacology of its isomers and the
literature is confusing and in some cases erroneous (Ernst et al.,
1976). Animal studies suggest that the Zu isomer is the more
oestrogenic of the two, while the En isomer has more potent anti-
oestrogenic properties (Clark and Markaverich. 1982; Huang and
Miller, 1983). In the human, it is clear that clomiphene citrate
may act as an oestrogen or anti-oestrogen, depending on the
clinical situation when administered (Adashi, 1984). Even though
it is the Zu clomiphene isomer which is widely considered to
be the active isomer in the induction of ovulation (Van
Campenhout et al., 1973; Schmidt et al., 1986), the relative

potencies of the two isomers in inducing ovulation in the human
is unknown. This study reports the results of an investigation
into the effects on follicular development of clomiphene citrate
and of the two isomers given separately.

Patients and methods

Twenty-six normoprolactinaemic women with regular menstrual
cycles and patent Fallopian tubes, mean age 32 years, on the
waiting list for donor insemination (DI) were recruited to the
study. The study had received ethical approval from the Local
Ethical Committee and all women gave informed written consent.
Patients with endometriosis were excluded. Women were treated

with 100 mg clomiphene citrate daily from day 2 of the first cycle
for 5 days and following a 'washout' cycle were then randomized
to receive 50 mg of either the En or the Zu isomer daily from
day 2 of the third cycle for 5 days. Monitoring was carried out
in an identical manner throughout all three cycles. Women
collected a daily specimen of urine (EMU) first thing each
morning for the duration of the study. Samples were stored at
—4°C and later assayed for oestrone. pregnanediol, LH and
creatinine excretion. Single samples of venous blood were taken
on days 2 and 4 of each cycle and daily from day 10, until the
day after donor insemination had been carried out. A further
sample of blood was taken 7 days after the day of the LH peak.
Blood samples were centrifuged and assays carried out each day
for LH and 17/3-oestradiol. An aliquot of serum was stored at
-4°C for later estimation of 17/3-oestradiol, LH, FSH and
progesterone on which occasion all samples from all three cycles
of each patient were assayed in the same batch. Donor
insemination was carried out in all three cycles 24 — 34 h after
the onset of the LH surge. Prior to insemination a pelvic
ultrasound scan was performed using a real-time sector scanning
machine [3.5 mHz Diasonics DSI-RF. BMS (Scotland) Ltd,
Strathclyde] to determine follicle number and diameter.

Sperm—cervical mucus interaction
In order to examine the effects of CC and its isomers on

sperm—cervical mucus interaction, a sample of endocervical
mucus was aspirated just before donor insemination using a
mucus-sampling syringe (Rolon Disposables, Rocket London).
Samples were stored at 4°C until analysis. The quality of the
mucus was assessed using the criteria established by the World
Health Organization (1987) for volume and spinbarkheit.
Spermatozoa were obtained from a pool of cryo-stored semen
obtained from normo-spermic donors. The ability of spermatozoa
to penetrate the mucus was determined by measuring the distance
travelled by sperm through a mucus column and by calculating
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the percentage of successful collisions of sperm with the cervical
mucus, according to the techniques described by Katz et al.
(1980) and Aitken et al. (1986).

Hormone assays

Urinary oestrone-3-glucuronide levels were measured by specific
RIA. The sensitivity of the assay was 6 ng; the intra- and inter-
assay variations were 7.9 and 15.8%, respectively. Pregnanediol
was measured in urine by gas chromatography following
hydrolysis, extraction and acetylation of the sample (Chamberlain
and Contractor, 1968). Urinary steroids were expressed as a ratio
of the creatinine concentration measured colorimetrically in the
EMU sample.
Serum and urinary gonadotrophins were measured by standard

radioimmunoassays, using reagents supplied by Chelsea Women's
Hospital, London and a liquid phase double antibody (SAPU,
Carluke), to separate the bound and free fractions. The standard
preparation was the IRP 68/40 and results were expressed as U/l
(serum) or U/g creatinine (urine). The sensitivity of the LH assay
was 2 U/l and the intra- and inter-assay variability was 2.9 and
12.7%, respectively. The sensitivity of the FSH assay was 0.125
U/l and the respective intra- and inter-assay coefficients of
variation were 3.8 and 11.1%.
Serum oestradiol concentrations were measured by specific

radioimmunoassay following diethyl ether extraction of serum.
Recovery experiments showed that >90% of added
[3H]oestradiol was recovered by the extraction procedure, so
that results were not corrected for losses occurring during
extraction. The oestradiol-[l25I]iodohistamine tracer was

prepared essentially as described by Hunter et al. (1975), with

the modified extraction procedure which increased the recovery
of radiolabelled product after iodination (Hillier and Read, 1975).
Tracer and a specific sheep anti-oestradiol antibody (1/8 x 106,
final dilution; donated by Dr R.Webb, ABRO, Midlothian) were
incubated with the dried ether extract for 2 h at room temperature,
before dextran-coated charcoal separation at 4°C. The sensitivity
of the assay was 25 pmoi/1; the intra- and inter-assay coefficients
of variation were 4.0 and 15.8%, respectively.
Serum progesterone was measured by radioimmunoassay,

invoking the extraction of plasma according to the method
previously described (Scaramuzzi et al., 1975).

Statistical analysis
Results were analysed using paired /-tests on log-transformed
data.

Results

Follicular development
Of the 26 women recruited to the study, four failed to complete
all three cycles, one conceiving in the first cycle on clomiphene
citrate, one in the second 'washout cycle' and two withdrawing
from the programme for personal reasons. Three other women
completed all three treatment cycles, but the data w ere insufficient
for analysis. Nineteen women completed all three cycles with
almost complete data, nine were treated with the En isomer and
10 with the Zu. Two of the nineteen conceived in the third cycle,
one on each isomer. These figures give an overall pregnancy rate
of 6% per cycle which is lower than the 10% normally achieved
in this clinic.
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Mean daily urinary oestrone and pregnanediol excretion for
the 9 days before and after the LH peak as identified in plasma
samples are shown in Figure 1, which compares the mean values
of the 10 women taking the Zu isomer with values obtained in
their 'washout' or spontaneous cycle and in Figure 2, which
compares the values for the nine women taking the En isomer
with those obtained from the same nine women while taking CC
in the first cycle. There were no significant differences in urinary
oestrone and pregnanediol excretion between the Zu isomer and
spontaneous cycles, or between the En isomer and CC cycles.
Serum E2 concentrations on the day of, and the day preceding,
the LH peak were significantly higher (P < 0.01) in CC cycles
and in En isomer cycles (P < 0.02 for day 0 and P < 0.01
for day — 1), when compared with the spontaneous cycles. These
values are shown in Table I.
The mean number of follicles > 16 mm in diameter identified

by ultrasound was 2.4 ± 0.3 SEM in CC cycles and 2.1 ± 0.3
SEM in En isomer cycles. There were significantly more follicles
in these cycles (P < 0.01 and P < 0.05, respectively) than in
either the spontaneous or the Zu isomer cycles. The differences
in follicle number are reflected in the mean luteal phase
progesterone concentrations which are also shown in Table I with
the significance levels. There were no significant differences
between any of the cycles in the length of the luteal phase. There
is, however, a suggestion that the day of the LH peak is delayed
by treatment with CC and with the En isomer when compared
with spontaneous cycles and brought forward by administration

Table I. Mean serum oestradiol and progesterone concentrations, follicle
number and day of LH peak ± SEM for the four groups of cycles

Clomiphene Spontaneous En isomer Zu isomer
citrate

Ei day 0 pmol/1 3388 ±530** 1022 ±141 *2595 ±500 1176 ±171

Ei dav 1 3772 ±614** 1236±158 **3262 ±638 1232 ± 169
LP Pj nmol/1 95 ± 14** 43 ±4 **95 ±15 44 ± 8

Follicle no. 2.4±0.3** 1.2 ±0.3 2.1 ±0.3 1.2±0.2

Day of LH peak 14.9±0.4 13.9±0.6 15.2 ±0.3 a 13.3 ±0.4

P < 0.05. *P < 0.02. **P < 0.01. significant differences compared with
spontaneous cycles.
a P < 0.01: significant difference compared with clomiphene citrate cycles.

of the Zu isomer when the day of the peak occurred significantly
earlier (P < 0.01) than in CC treated cycles (see Table I).
No difference could be found between any of the cycles when

both LH and FSH concentrations on days 2 and 4 were compared.
The daily urinary LH: creatinine ratio was measured in fifteen
completed cycles, but no differences could be seen either during
the follicular phase or during the LH surge.

Sperm—cervical mucus interactions
The characteristics of the mucus and results of the sperm—mucus
interaction tests are shown in Table II. Neither the ability to
collect mucus nor the volume obtained appeared to be affected
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Table II. Mucus characteristics and results of sperm - mucus interaction tests. Mean ± SEM from the three treatment cycles and control cycle

% of cycles Volume (ml) Spinbarkheit Mean distance % Successful
mucus collected (cm) travelled (mm) collisions

Spontaneous 45 0.19 ±0.03 18.5 ± 1.7 23.0±2.6 8.1 ± 1.9

CC 35 0.19 ±0.03 7.9± 1.2** 21.5 ± 1.8 7.3 ± 1.2
En isomer 50 0.15 ±0.02 8.6 ± 1.2* 17.8 ±3.7 6.6± 1.8

Zu isomer 38 0.19±0.04 16.8 ±3.0 17.4 ±5.6 5.6± 1.6

*P < 0.005, compared with spontaneous cycles.
**P <0.001.

by the different treatments. Compared with normal cycles
however, the spinbarkheit of the mucus was significantly reduced
in CC treated cycles (P < 0.001) and En isomer treated cycles
(P < 0.005), but there was no reduction in Zu isomer treated
cycles. The distance which spermatozoa were able to migrate
into mucus tended to be shorter when women were treated with
CC and either isomer compared with spontaneous cycles, but
the differences were not significant. Similarly, the percentage
of successful collisions of spermatozoa with the mucus interface
tended to be lower amongst all treated cycles, but this was not
significant.

Discussion

Although the Zu isomer has previously been considered to be
the active isomer in the induction of ovulation in the human, in
these studies the results suggest no difference between the Zu
isomer given alone and the normal cycle in terms of the numbers
of preovulatory size follicles determined by ultrasound scan,
preovulatory concentrations of oestradiol or progesterone during
the luteal phase. Similarly, results obtained from women treated
with the En isomer alone were indistinguishable from those
achieved by the administration of clomiphene citrate. This would
suggest that it is in fact the En isomer which is the active one.
The mechanism of the action of clomiphene citrate is not
completely understood. An increase in the number of
preovulatory follicles available for ovulation is likely to be the
result of an increase in the amount of LH and particularly FSH
during the early part of the follicular phase. Kerin et al. (1985),
using serial blood sampling for 8 h, showed a significant rise
in the frequency of LH pulses and in mean FSH levels after 3
days of treatment with clomiphene citrate compared with
spontaneous cycles. This study was unable to detect any difference
between the two isomers in LH or FSH concentrations before
and 2 days after the start of treatment. However, as no difference
in gonadotrophin concentrations between those in spontaneous
cycles and in any of the treated cycles was detected, this probably
reflected the inadequacy of the sampling schedule.
Thorneycroft et al. (1984) reported that CC given to regularly

cycling volunteers caused no difference in the length of the luteal
phase, but delayed the LH surge. A slight but not significant delay
was noted here in both CC and En isomer treated cycles, perhaps
due to the anti-oestrogenic effects of the preparations. The
oestrogenic properties of the Zu isomer may account for the
advancement of the day of the LH peak noted in this study.
While most studies of induction of ovulation with clomiphene

citrate result in a success rate of 70% or higher, pregnancy rates

are commonly <50% (Lunenfeld and Insler, 1978). Luteal phase
inadequacies (Seegar-Jones et al., 1970), cervical mucus hostility
(Insler et al., 1973; Gysler et al., 1982), an increase in the
abortion rate (Kistner, 1965) and a detrimental effect on the
endometrium (Lamb et al., 1972) have all been suggested as
possible explanations for this discrepancy. No evidence was found
of luteal phase inadequacy in any of the cycles monitored during
this study in normal women. Urinary pregnanediol concentrations
were significantly higher during the luteal phase in women treated
with CC and its En isomer, when compared with normal cycles
and pregnanediol concentrations in Zu isomer cycles were not
statistically different from those of the spontaneous cycles. No
difference in luteal phase length was observed.
Previous studies have clearly demonstrated that clomiphene

citrate will antagonize the effects of exogenously administered
ethinyl oestradiol upon the cervical mucus of ovariectomised
women, producing a marked reduction in mucus volume and
spinbarkheit (Van Campenhout et al., 1968). In this study no

change was detectable in mucus volume but a significant reduction
in spinbarkheit with both CC and its En isomer. Interestingly,
and presumably due to its oestrogenic properties, the Zu isomer
did not appear to reduce spinbarkheit. Unfortunately, however
fertile the mucus looked to the naked eye in Zu isomer cycles
tests of sperm -mucus interaction were no different from those
obtained in CC or in En isomer cycles and in all treatments a
trend was noted towards mucus 'hostility'. Clearly, this aspect
of the effects of the two isomers quite separately warrants further
investigation.
In conclusion, this study was unable to distinguish any

differences, in terms of follicular development and ovulation,
between En isomer alone and clomiphene citrate. The Zu isomer
alone, at least in normal women, appears to confer no advantage
over the normal cycle and moreover, despite its oestrogenic
properties its presence in the combined preparations seems to
have no positive effect on sperm—mucus interaction. The Zu
isomer has a much longer half-life than the En isomer and after
a single dose administration is detectable in human plasma for
longer than one month and appears to accumulate following
chronic treatment (Mikkelson et al., 1986). Follicular fluid levels
of the Zu isomer are also considerably elevated compared with
the En isomer in infertile women undergoing stimulation with
clomiphene citrate (Oelsner et al., 1987). In the light of concerns
about the possible toxic effects of clomiphene citrate on oocytes
and embryos (Laufer et al., 1983; Schmidt et al., 1986). perhaps
the time is right for a reappraisal of the composition of
clomiphene citrate.
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Gonadotrophic Control
of Granulosa Cell Function

S.G. Hillier
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■ The aim of this article is (1) to reiterate basic concepts of gonadotrophin-
dependent granulosa cell function in the preovulatory follicle, emphasizing the
individual roles of FSH and LH in regulating oestrogen biosynthesis; and (2) to
consider the implications of this basic knowledge for superovulation strategy in
conjunction with IVF and GIFT.

BASICS

Oestrogen biosynthesis as an Index of Preovulatory Granulosa Cell Function

Oestradiol synthesized in the granulosa cell layer is the primary endocrine
secretion of the preovulatory follicle which coordinates physiological function
throughout the reproductive tract It is released into the blood stream in greatest
amounts as the follicle destined to ovulate completes preovulatory development
in the late follicular phase. Aromatase is the key steroidogenic enzyme in
oestrogen synthesis (10). It is located exclusively in granulosa cells (13) where it
is expressed during preovulatory follicular development in response to endocrine
stimulation by FSH. Granulosa cell aromatase activity in the preovulatory follicle
is typically 10-100 times greater than that of granulosa cells from less mature
(nonovulatory) follicles and this is reflected in the proportionately high level of
oestrogen present in preovulatory follicular fluid (4,9).

The Two-Cell. Two-Gonadotrophin' Model of Follicular Oestrogen Synthesis

Both FSH and LH are required to stimulate preovulatory follicular
development and oestrogen synthesis. In the model originally proposed by
Armstrong and Dorrington (1), FSH stimulates granulosa cell aromatase activity
and LH stimulates precursor androgen biosynthesis in the theca. However, the
granulosa cell aromatase system, once induced, is also LH responsive (7,8).
Thus, in the preovulatory follicle, androgen synthesis and aromatization at the
theca-granulosa cell interface are both under direct LH control. The relative
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contributions of FSH and LH to the onset and maintenance of this
LH-responsive, oestrogen-secretory phase of follicular development are
considered below.

FSH in the Early Follicular Phase

Granulosa cells are the only ovarian cells which possess FSH receptors
and cyclic increases in blood FSH levels stimulate preovulatory granulosa cell
development. The biochemical hallmarks of FSH action are steroid hormone
synthesis, increased responsiveness to FSH and induction of receptors for LH
(8,11,12).

LH in the Early Follicular Phase

Before granulosa cells develop LH receptors and respond to LH directly,
tonic follicular stimulation by LH is required for FSH to stimulate normal
development of the granulosa cell layer. This is presumably due to steroidal and
nonsteroidal paracrine signalling arising from adjacent theca/interstitial cells
responding directly to LH (5,8).

Androgen biosynthesis is a major LH-regulated theca cell function which
influences granulosa cell development. Besides serving as an obligatory
granulosa cell oestrogen precursor, thecal androgen (androstenedione) is
metabolized to testosterone and other androgens which have the potential to exert
regulatory effects on granulosa cell steroidogenesis. For example, in non-primate
and primate granulosa cell cultures, the induction of aromatase activity by FSH is
augmented during concomitant exposure to testosterone or

5a-dihydrotestosterone at concentrations similar to those found in human
follicular fluid (5,7,8). The mechanism of androgen action is via specific
androgen receptors and entails amplification of the cyclic AMP-dependent
intracellular response to FSH (5). This could help to explain the ovarian
requirement for tonic stimulation by LH during the early follicular phase and
points to a mechanism whereby intrafollicular paracrine signalling (controlled by
LH) might modulate granulosa cell responsiveness to FSH (7).

FSH in the Mid-Late Follicular Phase

Granulosa cells acquire increased responsiveness to FSH during
preovulatory development in the mid-late follicular phase (3,7,14). At this stage
of development, granulosa cells respond with increased steroidogenesis
(including aromatization) to levels of FSH which have little or no stimulatory
effect on granulosa cells from less mature follicles (3). This increased
responsiveness to FSH coincides with the reduction in the circulating level of
FSH which occurs in the second half of the follicular phase and may contribute
to the mechanism whereby the dominant follicle, once 'selected', can continue to
develop (14) (see below).

LH in the Mid-Late Follicular Phase

Increased follicular oestrogen secretion occurs during the second half of the
follicular phase when the frequency of pulsatile LH discharge by the pituitary
increases and FSH secretion declines. This is when granulosa cells express
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LH-responsive aromatase activity and the oestrogen-secretory function of the
preovulatory follicle becomes critically dependent on LH (7).

Selection of the Dominant Follicle

The induction by FSH of LH-responsive granulosa cell aromatase activity
is central to the mechanism whereby one oestrogen-secretory follicle develops
and ovulates in the human menstrual cycle. When the plasma FSH level rises at
the beginning of each cycle, the ovaries contain multiple follicles with varying
potentials for FSH-dependent development. Each follicle present requires a
different degree of stimulation by FSH for it to undergo preovulatory
development. The follicle which eventually matures and ovulates is thought to be
the one whose granulosa cells most rapidly acquire high levels of aromatase and
LH receptor in response to the intercycle FSH rise: i.e. the one with the lowest
FSH 'threshold' (2,6). During the midfollicular phase, oestradiol secretion by
this follicle begins to increase and the steroid feeds back to negatively regulate
pituitary FSH secretion. This causes a progressive reduction in the circulating
FSH level and thereby limits FSH-dependent development of other follicles with
relatively high 'threshold' FSH requirements. Thus only one follicle becomes
fully mature, being protected against the fall in circulating FSH by the high
responsiveness of its granulosa cells to both FSH and LH.

IMPLICATIONS FOR IVF AND GIFT

The mechanism regulating selection of the dominant follicle in a
spontaneous ovarian cycle can be overriden to achieve multiple follicular
development for clinical purposes. This is important in certain forms of assisted
reproduction such as IVF or GIFT where the aim is to collect several mature
oocytes to maximize the likelihood of starting a pregnancy. The drugs most
commonly used for this purpose are human menopausal gonadotrophs (HMG)
preparations which contain FSH and LH bioactivity either in similar amounts or
enriched with respect to FSH (i.e. FSH:LH21) (e.g., 'Pergonal' and
'Metrodin', respectively, as supplied by Serono Laboratories (UK) Ltd). During
early stages of treatment, the aim is to give HMG at a dose which excedes the
FSH 'threshold' requirements ofmultiple immature follicles, thereby increasing
the number of follicles which begin preovulatory stages of development.
Treatment is then continued during the mid-late follicular phase to override the
normal selection process and sustain multiple preovulatory follicular
development to the point of ovulation induction with HCG (6).

Follicles which develop in response to FSH:LHkl therapy frequently
display a high degree of asynchrony, and many yield under- or over-mature
oocytes which either do not fertilize or undergo abnormal post-fertilization
development. A likely explanation for this is that sustained stimulation by
exogenous FSH during the mid-late follicular phase causes under-mature
follicles to continue with FSH-dependent stages of development at a time when
they would otherwise undergo regression in a spontaneous ovarian cycle. This is
also when granulosa cells in more mature follicles (i.e. those expected to provide
the 'best' oocytes) will have become directly responsive to LH.
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A Working Hypothesis

The progression from FSH-dependent to LH-responsive granulosa cell
function which occurs during preovulatory follicular development has practical
implications for improving ovarian stimulation therapy before IVF or GIFT.
Thus by combining treatment with an LH-rich gonadotrophs preparation and a
currently available FSH:LH>1 preparation, it would be possible to selectively
reduce the dose of FSH being given relative to LH. On theoretical grounds, a
switch to FSH:LH<1 might be made in the late follicular phase when multiple
follicles have begun LH-responsive oestrogen-secretory stages of development
in response to an initial course of FSH.LH21. This might permit the selective
stimulation/maintenance by LH of a relatively synchronous group pf
preovulatory follicles, at the same time restricting the development of less mature
(FSH-dependent) follicles. This hypothesis can be tested once 'pure' LH
preparations suitable for clinical use become available.
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Steroid Hormones

OVARIAN STEROIDS AND INFERTILITY
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The sequential secretion of oestradiol-17p (oestradiol) and progesterone by the ovaries
during the menstrual cycle co-ordinates the function of the entire female reproductive
system. The aim of this article is to (1) outline factors which govern cyclic ovarian
steroid secretion during normal menstrual cycles, and (2) briefly survey current usage
of steroid hormone tests in the investigation and management of female infertility.

THE NORMAL OVARIAN CYCLE

The human ovarian cycle lasts approximately 28 days, encompassing preovulatory
follicular development (10-14 days), ovulation and the functional lifespan of the corpus
luteum (12-15 days). Peripheral plasma sex steroid and gonadotrophin levels
throughout the cycle are illustrated in Fig. 1.

Days from LH peak

Fig. 1. Peripheral plasma steroid and gonadotrophin levels during the human
menstrual cycle. Redrawn from Ross (1985).

93



Proceedings - EQAS'90 Participants Meeting, Cardiff

The Follicular Phase

Cyclic ovarian steroid secretion depends on appropriate stimulation of the ovaries by
adequate amounts of FSH and LH. The primary action of FSH is to induce the LH-
responsive steroidogenic enzymes in granulosa cells which sustain steroid synthesis in
the preovulatory follicle and corpus luteum. LH exerts tropic control over these
ephemeral steroid-secretory tissues, analagous to the manner in which LH and ACTH
regulate testicular and adrenal steroid synthesis.

Follicular Oestrogen Secretion

Oestradiol is the primary endocrine secretion of the preovulatory follicle. It is released
into the blood stream in greatest amounts as the follicle destined to ovulate completes
preovulatory development in the late follicular phase. At this time the preovulatory
follicle secretes up to 400 pg (-1.5 pmol) oestradiol a day and is the source of more
than 90% of secreted oestrogen (Baird, 1977).

In the "two-cell, two gonadotropin' model of oestrogen synthesis (Armstrong and
Dorrington, 1979), LH stimulates precursor androgen synthesis in the theca and FSH
induces granulosa cell aromatase. LH also stimulates granulosa cell aromatase activity
directly in the preovulatory follicle (Fig. 2). Oestrogen synthesis at the theca-granulosa
cell interface in the wall of the preovulatory follicle is therefore under direct LH control.
Secreted oestradiol effects positive feedback control of pituitary LH release and thereby
stimulates its own formation. This dynamic interaction leads to a gradual increase in the
integrated circulating LH level and each pulse of LH delivered to the preovulatory
follicle stimulates concurrent bursts of androstenedione and oestradiol discharge into the
ovarian vein. Rates of androgen synthesis in the theca

Lamina basalis

Fig. 2. Contemporary '2-cell, 2-gonadotrophin' model of follicular oestradiol
biosynthesis. Synthesis of androstenedione (Ci9) from cholesterol (C27) and C21
intermediates occurs in the theca under LH control. Aromatase, the granulosa cell
enzyme which converts androstenedione to oestradiol (C18), is induced by FSH. FSH
also induces granulosa cell LH receptors coupled to aromatase. Oestrogen precursor
synthesis and aromatization are, therefore, both under direct LH control in the
preovulatory follicle. Only the lamina basalis stands between mural granulosa cells and
thecal blood vessels in many regions of the follicle wall. Thus much of the oestradiol
formed is discharged into the ovarian vein, accounting for the follicular-phase increase
in ovarian oestrogen secretion. Modified from Armstrong & Dorrington (1979) and
Hillier (1985).
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appear to be closely tuned to rates of aromatization in the granulosa cell layer. A local
feedback loop (granulosa on theca) may be operative, mediated by oestradiol, other
follicular steroids and/or tissue-specific regulatory proteins. This relationship breaks
down when the LH-surge is triggered and follicular oestrogen secretion declines (Yen,
1986a).

Selection of the Preovulatory Follicle

The induction by FSH of LH-responsive granulosa cell aromatase activity (Hsueh et al.
1984; Richards et al. 1987) is central to the mechanism whereby a single oestrogen-
secretory follicle develops and ovulates in the human menstrual cycle. When the plasma
FSH level rises at the beginning of a new cycle, the ovaries contain multiple follicles
with varying potentials for FSH-dependent development. Each follicle present requires
a different degree of stimulation by FSH for it to undergo preovulatory development.
The follicle which eventually matures and ovulates is thought to be the one whose
granulosa cells most rapidly acquire high levels of aromatase and LH receptor in
response to the intercycle FSH rise, i.e. the one with the lowest FSH 'threshold'
(Brown, 1978; Hillier, 1981). During the midfollicular phase, oestradiol secretion by
this follicle begins to increase and the steroid feeds back to negatively regulate pituitary
FSH secretion. This causes a progressive reduction in the circulating FSH level and
thereby limits FSH-dependent development of other follicles with relatively high
'threshold' FSH requirements. Thus only one follicle becomes fully mature, protected
against the fall in circulating FSH by its high responsiveness to both FSH and LH.
Local actions of oestrogen within the dominant follicle may serve to further enhance its
responsiveness to gonadotrophins (Hsueh et al. 1984; Hillier, 1985; Richards et al.
1987).

Superovulation Strategy

The mechanism which regulates selection of the dominant follicle in a spontaneous
ovarian cycle can be overriden to achieve multiple follicular development for clinical
purposes. This is important in assisted reproduction such as in-vitro fertilization (IVF)
or gamete intra-fallopian transfer (GIFT) where the aim is to collect several mature
oocytes in order to maximize the likelihood of starting a pregnancy by these procedures
(see below). The drugs most commonly used for this purpose are human menopausal
gonadotrophin (HMG) and clomiphene citrate, individually or in combination.
Treatment during the early-mid follicular phase of the cycle increases the number of
follicles which enter preovulatory stages of maturation through exogenous (HMG) or
endogenous (clomiphene citrate) gonadotrophic stimulation of the ovaries. Continued
treatment during the mid-late follicular phase ensures that the 'selection' process is
overridden, thereby sustaining multiple preovulatory folliclar development (Hillier et
al. 1985).

The Luteal Phase

The endocrine function of the corpus Iuteum emerges as a continuum of preovulatory
follicular development. Assuming adequate gonadotrophic stimulation during the
antecedent follicular phase, steroidogenic enzymes subserving luteal progesterone
synthesis in the corpus luteum are already maximally induced by the time of follicular
rupture (Fig. 3). Thereafter, steroid secretion-rates are controlled mainly by the luteal
vasculature and the level of trophic support by LH (or, if pregnancy occurs, by HCG).
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LH

Fig.3. Control by LH of steroid biosynthesis in luteinized granulosa cells. LH acts
through its receptor on granulosa cells in the preovulatory follicle and corpus luteum to
stimulate cyclic AMP (cAMP) dependent steps in steroidogenesis: uptake of LDL;
hydrolysis of LDL-cholesterol ; cholesterol synthesis from acetate; metabolism of
cholesterol to progesterone; and aromatization of androstenedione (A'dione). From
Hillier (1990).

Luteal Progesterone Secretion

Plasma progesterone levels remain low throughout the follicular phase of the cycle but
begin to rise shortly before LH surge onset (Yen, 1986a). Follicular fluid levels of
progesterone and its principle metabolite 17-hydroxyprogesterone also increase at this
time, heralding transition of the preovulatory follicle into a corpus luteum. When the
follicle ovulates 1-2 days later, luteinized granulosa cells acquire a blood-supply and
are exposed to blood-borne steroidogenic precursor in the form of cholesterol asociated
with low-density lipoprotein (LDL) (Carr et al. 1982) (Fig. 3).

Luteal progesterone secretion becomes maximal in the mid-luteal phase at over 25 mg
(-80 pmol) per day which is when the luteal vasculature also becomes maximally
developed. Paradoxically, as luteal progesterone secretion increases during the early
luteal phase, luteal cellular capacitiy for progesterone synthesis is falling (Fisch et al.
1989) (Fig. 4) Presumably the number of LDL receptors on the surface of luteal cells
and their access to LDL are of overriding importance in controlling the luteal
progesterone secretion rate.
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a)

b)

c)

CL age (days)

Fig. 4. Relationship between the circulating progesterone level and basal and HCG-
responsive luteal cell progesterone synthetic capacity in the human menstrual cycle, (a)
Serum progesterone level at the time of lutectomy; (b) and (c) basal and HCG-
responsive progesterone production by steroidogenic luteal cells in vitro. Corpora lutea
(CLs) were enucleated during the luteal phase of spontaneous menstrual cycles
(ovulation on Day 0). Steroidogenic luteal cells were isolated by collagenase-dispersal
and Percoll™ density-gradient fractionation, and cultured for % h as cell monolayers in
the presence and absence of HCG (30 ng/ml). Progesterone accumulation in the culture
medium was determined by radioimmunoassay. Basal steroid production is given in
relation to cell number, HCG-responsiveness is expressed as percentage stimulation due
to HCG (HCG/basaMOO). Results are mean ± SD. Three or four CLs (patients) were
studied at each time-point. Reproducedfrom Fisch et al. (1989).

The steroid-secretory function of the newly formed corpus luteum is transiently
'autonomous' but becomes increasingly responsive to LH and HCG as the luteal phase
progresses. Luteal-phase LH levels in non-conception cycles are inadequate to sustain
the functional lifespan of the corpus luteum beyond two weeks. However, if pregnancy
is begun, HCG secreted by the implanting embryo acts via luteal cell LH receptors to
effect corpus luteum rescue. Luteal cell HCG-responsiveness is highest in the mid-late
luteal phase, which is when trophoblastic HCG secretion begins if pregnancy occurs
(Fig. 4). In the absence of pregnancy, functional luteal regression occurs, as reflected
in reduced rates of steroid secretion which become episodic and synchronous with LH
pulses (Filicori et al. 1984). FSH is not an important luteotrophic hormone in women.
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Luteal Oestrogen Secretion

As well as progesterone, the human corpus luteum also secretes as much if not more
oestradiol than the preovulatory follicle does during the follicular phase of the cycle.
However, the transition of the preovulatory follicle into the corpus luteum entails a
temporary decline in ovarian oestrogen secretion. When the mid-cycle LH surge begins,
peripheral and ovarian venous plasma oestradiol titres drop precipitously. At the ovarian
level, this is reflected in a concomitant decline in the concentration of oestrogen in
preovulatory follicular fluid. Levels of oestrogen precursor (androstenedione and
testostereone) within the follicle also fall at this time, reflecting suppression of thecal
C19 steroid synthesis due to hyperstimulation by LH. The aromatase activity of
luteinizing granulosa cells remains at a high level during this time, facilitating onset of
luteal oestrogen secretion when the LH surge subsides (Fisch et al. 1989).

Similar to granulosa cells in the preovulatory follicle, granulosa-lutein cells in the
corpus luteum are unable to undertake significant synthesis of oestradiol unless
supplied with an extracellular aromatase substrate (Wickings et al. 1986). Theca-lutein
cells are a source of precursor androgen which is aromatized by granulosa-lutein cells in
an extension of the 'two-cell' type mechanism of oestrogen synthesis in the
preovulatory follicle (Fig. 3). High rates of Ci9 steroid synthesis in corpus luteum also
depend on cellular access to LDL-choIesterol. As luteal oestradiol secretion increases,
theca-lutein cells become histologically conspicuous as trabeculae in close proximity to
newly formed blood vessels within the granulosa-lutein cell layer. Presumably
androgen synthesis in theca-lutein cells (hence aromatization in granulosa-lutein cells) is
thereby facilitated by the development of the luteal vasculature. This would explain why
the luteal-phase blood oestradiol pattern mirrors that of progesterone in attaining a
maximum in the mid-luteal phase even though luteal aromatase activity is declining
(Fisch et al. 1989).

OESTROGEN ASSAYS AND INFERTILITY

Clinically relevant determinations of oestrogenic status can be made in blood (serum or
plasma), urine or saliva. Whichever matrix is used, serial (daily) sampling is essential
to assess accurately the cyclic changes in oestradiol secretion which characterize
spontaneous or induced ovarian follicular activity (Jeffcoate, 1983).

Serum remains the preferred matrix for the assessment of oestrogen status. Nowadays,
commercial oestradiol radioimmunoassay kits are widely used for this purpose
(Ratcliffe et al. 1988). Modern methods are generally rapid (£ 3 h) and do not require
sample extraction. In normal premenopausal women, the mid-cycle serum oestradiol
peak is usually between 700 and 1000 pmol/1 with a second peak of 400-500 pmol/1
occurring during the mid-luteal phase. Because ovarian oestradiol secretion is episodic,
serum oestradiol levels may vary up to 50% within 5 min during the preovulatory
period. Serial (daily) analyses are therefore necessary to accurately assess follicular
growth and monitor exponential increases in serum oestradiol which occur in both
spontaneous and stimulated cycles. This can be inconvenient for the patient and has the
disadvantage that trained personnel are required to collect blood.

The major urinary metabolite of oestradiol is oestrone glucuronide, levels of which in
24-h urine collections or early morning urine (EMU) specimens (corrected for creatinine
excretion) correspond well with oestradiol in plasma (Collins, 1983). Urinary oestrone
glucuronide:creatine ratios throughout spontaneous ovulatory cycles measured by
radiommununoassay are shown in Fig. 5. Normal mid-cycle peak values range between
15 and 77 pmol/mol creatinine. A theoretical advantage of urinary assay is that the
result should reflect oestradiol production rate, being an integral of plasma
measurement. The major disadvantage, particularly for ovulation prediction, is that
preovulatory peak oestrogen levels in urine occur 1-2 days after the peak level of
oestradiol in peripheral blood. An important practical benefit of urinary steroid analysis
is that serial collections of urine can be made and stored by the patient at home, and
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assays can subsequently be done on batched samples to 'track' ovarian function over
prolonged periods of time.

Measurement of oestradiol in saliva is also possible, having the advantage that sample
collection is easy and non-invasive (Jeffcoate, 1983). Salivary oestradiol levels may
reflect the non-protein-bound and hence biologically-active fraction of the hormone in
blood. The major disadvantage is that salivary oestradiol levels are approximately 100-
times lower than corresponding blood levels, making necessary extremely sensitive
assays.

Investigation of Anovulation

Many forms of infertility are associated with disorders of ovulation (anovulation)
(Ross, 1985). In patients with absent (amenorrhoea) or irregular menstrual cycles
(oligomenorrhoea) serial measurement of oestradiol provides an index of follicular
status, although other steroid and pituitary hormone tests are usually essential for its
interpretation (Ratcliffe et al. 1988).

Primary Hypogonadism

In patients with primary hypogonadism (due to absent or unresponsive follicular tissue
- e.g. Turner's Syndrome, premature menopause or resistant ovary syndrome), serum
oestradiol is consistently low in the postmenopausal range. FSH in such patients is
chronically elevated due to absence of positive feedback on the hypothalamus and
pituitary.

Secondary Hypogonadism

In these conditions, lack of follicular development is secondary to hypothalamo-
pituitary dysfunction or hyperprolactinaemia. Hypothalamic amenorrhoea is associated
with decreased frequency and amplitude of GnRH secretion in the presence of normal
prolactin secretion. Common causes are low body-weight, substantial weight loss,
excessive exercise, stress, certain psychiatric conditions and occasionally cessation of
oral contraceptives. Pituitary causes may be associated with hyperprolactinaemia or
impaired FSH and LH secretion due to presence of a pituitary tumour. Serum oestradiol
will usually be in the postmenopausal range. Basal gonadotrophins may be low or
normal, and show impaired responses to GnRH (Yen, 1986b).

Anovulatory Dysfunction

In patients with conditions such as secondary amenorrhoea, hirsutism or polycystic
ovarian disease, ovulation is usually infrequent or absent. Oestradiol levels and
gonadotrophin levels are erratic and do not show synchronous cyclic changes. Serial
oestradiol measurements combined with ovarian ultrasound can be of help in
diagnosing such conditions and monitoring their response to therapy (Yen, 1986c).

Induction of Ovulation

Curently the most common application of oestrogen assays in the infertile female is to
monitor follicular growth during ovarian stimulation with clomiphene and/or HMG
(Muse & Wilson, 1986). Serum oestradiol levels correspond closely with follicular size
(and number) determined by ultrasonography and these two parameters can be used to
avoid ovarian hyperstimulation and determine when optimal follicular maturity has been
attained. Oestradiol is usually measured daily during ovarian stimulation so that HCG
can be administered to induce ovulation when appropriate.
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Treatment of Anovulation

In anovulatory women, the aim is to stimulate growth and ovulation of one or at the
most two follicles, thereby minimizing the risk of hyperstimulation and multiple
pregnancy. Serial oestradiol assays combined with ovarian ultrasound can be used to
assess the number of preovulatory follicles which develop in response to therapy. The
rise of serum oestradiol induced by HMG is usually exponential and results of several
serial measurements can be extrapolated to predict the day when ovulation should be
induced. A serum oestradiol titre rising much above -2000 pmol/1 indicates an
excessive response and is grounds for withholding HCG to avoid multiple ovulation
and the attendant risk of a multiple pregnancy (March, 1984).

Superovulation

Before undergoing treatment by IVF, GIFT or related assisted-reproduction techniques,
infertile women with normal ovarian function may receive ovulation-induction therapy
to stimulate multiple follicular development. This is because the likelihood that treatment
will succeed increases ifmultiple fertilizable oocytes can be aspirated from the ovaries
(Hillier et al. 1985). Folliclar phase oestradiol levels during such therapy often reach up
to ten-times normal, therefore the assays used to monitor them must be optimized to
operate over a much wider range of values than those used to monitor spontaneous
follicular function (Trounson et al. 1983). Relationships exist between ultrasonically
measured follicular number/size and serum oestradiol titre which can be used to judge
when ovulation should be induced with HCG and to avoid ovarian hyperstimulation.

Many ovarian stimulation regimens in current usage include the administration of a
GnRH analogue to suppress endogenous gonadotropin release (Coutts, 1985). In
such cases, measurement of serum oestradiol is used to ascertain that spontaneous
follicular activity has ceased before treatment with HMG is begun.

Oestradiol assays are also useful in assessing the 'quality' of the ovarian response
during superovulation therapy. Ideally, there should be a progressive rise in serum
oestradiol titre. A fall in concentration provides grounds for abandoning the course of
treatment (Trounson et al. 1983).

Ovulation induction with low-dose pulsatile infusion of GnRH is an alternative to
HMG/HCG therapy in certain forms of anovulation resistant to treatment with
clomiphene. Oestradiol assays and ultrasonography are used to monitor responses to
treatment. Typically a single preovulatory follicle develops which ovulates
spontaneously (Tan & Jacobs, 1985).

Prediction of Ovulation

In spontaneous menstrual cycles, serum oestradiol concentrations can be measured to
monitor follicular growth and predict the day of ovulation to arrange procedures such as
oocyte collection or artificial insemination (Jeffcoate, 1983). Serum oestradiol should
rise steadily during the second half of the follicular phase, reaching a peak 1-2 days
before ovulation when the mean oestradiol concentration is approximately 1000 pmol/1.
Urinary oestrogen measurements can also be used for this purpose (Collins, 1983)
(Fig. 5).
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Fig. 5. Urinary steroid levels during the menstrual cycle. Oestrone-3-glucuronide
{upper panel) was determined by an in-house radioimmunoassay (Samarajecwa &
Kellie, 1975); preganediol-3a-glucuronide (lower panel) was determined by in-house
enzyme-immunoassay (I.A. Swanston, A.S. McNeilly, J.K. Hodges, G.F. Johnston,
E.J. Wickings, S.G. Hillier, unpublished). Mean (±SD) values are given for daily
EMU specimens obtained from six women with presumptively normal menstrual
cycles. Normal data from the Reproductive Endocrinology Laboratory, Edinburgh.

PROGESTERONE ASSAYS AND INFERTILITY

Progesterone assays are used to detect ovulation (Wood et al. 1985). Measurement of
progesterone in blood or saliva is readily accomplished using modern commercially
available immunoassays which do not require prior sample extraction and are quick and
simple to do. The relative merits of blood and saliva as matrices for determination of
progesterone are similar to those applying to oestradiol assays (see above), although
progesterone levels are usually at least 10-100 times higher than oestradiol and present
fewer analytical problems.

In normally ovulating women, serum progesterone levels are usually less than 1 nmol/1
during the follicular phase, showing a slight rise just before the mid-cycle LH surge.
After the LH surge, progesterone levels rise sharply to a mid-luteal peak of >30-80
nmol/1, usually between days 19 and 23 of the cycle.
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The major metabolite of progesterone in urine, pregnanediol-3a-glucuronide, can be
assayed quickly and simply by direct immunoassay, and has many of the advantages
and disadvantages associated with assay of urinary oestrone-3-glucuronide (see above)
(Collins, 1983; Jeffcoate, 1983). Urinary pregnanediol-3a-glucuronide:creatinine ratios
determined by enzymeimmunoassay during normal menstrual cycles are shown in Fig.
5. Luteal-phase values of £ 0.5 mmol pregnanediol-3a-glucuronide/mol creatinine are
consistent with ovulation.

Urinary oestrone-3-glucuronide levels are also elevated during the luteal phase (Fig. 5).
Measurement of oestrone-3-glucuronide and pregnanediol-3a-glucuronide in batched
EMU specimens (collected weekly for 8 weeks, stored at home and brought to the clinic
by the patient) constitutes a simple and convenient way of tracking ovarian function
before instituting less convenient and more costly hormone-testing on blood, should
this prove to be necessary.

Luteal Insufficency

A progesterone estimation on a single mid-Iuteal phase serum specimen can provide
evidence for the occurence of ovulation. However, although progesterone levels above
3 ng/ml (-10 nmol/1) are usually accompanied by a secretory endometrium, they do not
provide proof indicate that follicular rupture has actually occurred (Israel et al. 1972;
Nadji et al. 1985). Large fluctuations (levels between -6 and -128 nmol/1) have been
reported from measurements on samples obtained within a single day and several
investigators have shown lack of correlation between endometrial development and
single mid-luteal progesterone values in individual patients (Filicori et al. 1984). Thus if
luteal insufficiency is suspected, three or more samples taken around the mid-luteal
peak approximately 4-11 days preceding menstruation are needed to provide clinically
useful information (Wood et al. 1985).

Short Luteal Phase

The short luteal phase was originally defined as a luteal phase of 8 days or less in
duration in otherwise healthy women (Strott et al. 1970), but luteal phases of 10 or 11
days duration are probably also abnormal (Lenton et al. 1984). The incidence of short
luteal phases in infertile women has been reported to be between 3 and 11%. Peak luteal
phase progesterone levels are not necessary lower than normal during short luteal
phases and serial (daily) measurements of serum progesterone or urinary preganediol
levels are necessary to unequivocally identify this condition (Coutts, 1985).

Luteinized Unruptured Follicle Syndrome (LUFS)

A syndrome of follicular/luteal dysfunction has been described in which the observed
defect is failure of the preovulatory follicle to rupure in response to the LH surge (Marik
& Hulka, 1978). The incidence of LUFS in women with regular menses is reported to
be 4.9% (Kerin et al. 1983) and varies considerably in infertile patients. It is likely to be
a significant cause of inertility only when it occurs in repeated cycles (Katz, 1988).
Daily ultrasonographic examination of the ovaries with direct visualization of the
unruptured follicle constitutes direct evidence for LUF. Early-mid luteal phase
progesterone levels may be significantly reduced in LUF cycles but serial (daily)
progesterone measurements are necessary to detect these differences (Killick & Ellstein,
1987).
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Structure and function in the

polycystic ovary

S.G. Hillier

INTRODUCTION

Polycystic ovarian syndrome (PCOS) and related forms of chronic
hyperandrogenic anovulation are significant causes of infertility in
women. Endocrinological^, they are characterized by circulating plasma
gonadotrophin levels which do not show normal cyclic patterns
consistent with ovulation, and chronically elevated circulating androgen
levels. Classically, the luteinizing hormone (LH) level is abnormally
high in the face of a low to normal follicle-stimulating hormone (FSH)
level1. Here, I analyse the regulatory actions of FSH and LH on follicular
development in ovulatory menstrual cycles as a basis for understanding
the contributions of ovarian understimulation by FSH and overstimul¬
ation by LH to the development of PCOS. This lecture has previously
been published elsewhere in a substantially similar form2.

FSH FUNCTION AND PRE-OVULATORY FOLLICULAR
DEVELOPMENT

Intercyclic increases in blood FSH provide the endocrine stimulus for
pre-ovulatory follicular development in spontaneous ovulatory cycles'*.
FSH acts directly to stimulate cell proliferation and cytodifferentiation
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in the granulosa layer of follicles of around 5 mm in diameter at the
beginning of the follicular phase. Hallmarks of FSH action are increased
follicular steroid (oestradiol) and secretory protein (inhibin) synthesis,
associated with increased responsiveness to FSH and LH4-6.

Mechanism of FSH action

Granulosa cells are the only ovarian cells which possess FSH receptors.
FSH binding to its receptor on the cell surface activates intracellular
adenyl cyclase and cyclic adenosine monophosphate-dependent protein
kinase(s), leading to expression of genes encoding the proteins which
co-ordinate granulosa cell growth and differentiation7.

Granulosa cell aromatase activity

Expression of aromatase activity is the primary steroidogenic marker of
granulosa cell differentiation. This FSH-induced cytochrome ,P450
steroidogenic enzyme catalyses the final rate-limiting step in oestrogen
biosynthesis using androgenic precursors produced by the LH-stimulated
theca interna (see below). During the mid-late follicular phase of the
cycle, the oestrogen-secretory follicle which is destined to ovulate is
recognizable by its highly active granulosa cell aromatase system and
proportionately elevated follicular fluid oestrogen level8. Besides its
classic endocrine function, follicular oestrogen serves local regulatory
functions. Experiments in rats have shown that oestrogen stimulates
granulosa cell proliferation and augments granulosa cell responsiveness
to FSH and LH4'7. The mechanism and functional significance of
regulatory oestrogen action in human granulosa cells is uncertain.
However, using the common marmoset as a non-human primate model,
it has been shown that oestradiol augments FSH-induced granulosa cell
inhibin production in vitro9. In rat granulosa cell cultures, oestrogen
stimulates the expression of both a- and /?A-inhibin subunit mRNAs.
This is potentially important since inhibin (a,/? dimer) and activin (/?,/!
dimer) proteins are implicated in the follicular paracrine system as
modulators of granulosa cell aromatase activity101
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Granulosa cell responsiveness to FSH

The pre-ovulatory follicle has a diminished requirement for stimulation
by FSH during the late follicular phase of the ovarian cycle12. Thus the
aromatase activity of granulosa cells isolated from the pre-ovulatory
follicle is many times higher and more sensitive to FSH than that of
granulosa cells from immature follicles13.

Granulosa cell responsiveness to LH

Granulosa cells also acquire increased responsiveness to LH during
advanced pre-ovulatory follicular development4"7. Experiments with
human and non-human primate ovarian tissues have shown that
granulosa cells from pre-ovulatory follicles express an LH-responsive
aromatase system, which is absent in the granulosa cells from immature
follicles14. The key to this change is the induction by FSH of granulosa
cell LH receptors4"6.

Granulosa cell responsiveness to gonadotrophins and selection
of the dominant follicle

The induction by FSH of FSH- and LH-responsive granulosa cell
aromatase activity is central to the mechanism whereby a single
oestrogen-secretory follicle develops and ovulates in the human men¬
strual cycle. When the plasma FSH level rises at the beginning of each
cycle, the ovaries contain multiple follicles around 5 mm in diameter
with varying potentials for FSH-dependent development. Each follicle
present requires a different degree of stimulation by FSH for it to
undergo pre-ovulatory development. The follicle which eventually
grows to a diameter of over 20 mm or so and ovulates is thought to be
the one whose granulosa cells most rapidly acquire high levels of
aromatase and LH receptor in response to the intercycle FSH rise, i.e.
the one with the lowest FSH 'threshold'1516. During the mid-follicular
phase, oestradiol secretion by this follicle begins to increase and the
steroid feeds back to negatively regulate pituitary FSH secretion. This
causes a progressive reduction in the circulating FSH level and thereby
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limits FSH-depcndent development of other follicles with relatively
high 'threshold' FSH requirements. Thus only one follicle becomes fully
mature, protected against the fall in circulating FSH by its high
responsiveness to both FSH and LH'3. Local actions of oestrogen
within the dominant follicle may further enhance its gonadotrophin
responsiveness, as discussed above.

CONSEQUENCES OF INADEQUATE OVARIAN
STIMULATION BY FSH IN PCOS

Measurements of immuno- and bioactive FSH levels'17 in serial daily
blood samples have shown that the early follicular phase and midcycle
FSH peaks which characterize ovulatory menstrual cycles are absent in
PCOS. This appears to be the major reason why the follicles present in
polycystic ovaries do not undergo advanced stages of pre-ovulatory
development'8.

FSH-dependent granulosa cell function in PCOS

Studies of FSH-dependent granulosa cell function have been undertaken
using cells recovered from the follicles in wedge biopsies from polycystic
ovaries'8. Results show that granulosa cells from PCOS follicles evince
'normal' FSH responsiveness, based on measurements of aromatase
activity in vitro. PCOS follicles seem to fall into two categories: relatively
small follicles < 5 mm in diameter which are morphologically healthy
and yield FSH-responsive granulosa cells, and larger follicles which are
more likely to be undergoing atresia. Granulosa cells from < 5 mm
diameter PCOS follicles have higher levels of basal and FSH-responsive
aromatase activity compared with those from larger follicles in the same
wedge (Hillier, S.G., unpublished observation).

Follicular fluid oestrogen levels in PCOS

Oestrogen levels in PCOS follicular fluid are low, similar to those in
fluids from follicles of a similar size in normal ovaries'9. This is
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consistent with the lack of oestrogen-secretory pre-ovulatory follicular
development in polycystic ovaries.

Functional FSH inadequacy as the basis of anovulation in
PCOS

An ovulatory menstrual cycle can often be induced in a PCOS patient
by treatment with exogenous FSH20. This, combined with evidence
that granulosa cells from many of the follicles in polycystic ovaries
can respond normally to treatment with FSH in vitro, suggests that
inappropriate ovarian stimulation by FSH is the major cause of chronic
anovulation in PCOS. The cortical region of polycystic ovaries is
typically packed with follicles similar in size and morphology to the
largest healthy follicles which are present in 'normal' ovaries at the
beginning of an ovulatory menstrual cycle, i.e. around 5 mm in
diameter1719,21'22. However, in PCOS, the ovaries do not receive the
intercyclic FSH signal required to initiate pre-ovulatory follicular
development. In the absence of this signal, FSH-dependent follicular
development ceases. Thus granulosa cells do not acquire a fully
activated aromatase system and remain unresponsive to LH. Oestrogen
biosynthesis is suppressed and atresia sets in. This explains why most of
the relatively large follicles in polycystic ovaries are degenerate.

LH FUNCTION AND PRE-OVULATORY FOLLICULAR
DEVELOPMENT

Ovarian stimulation by LH is required to maintain the development of
the theca interna in follicles at all stages of antral development. The theca
interna regulated by LH is the major follicular site of androgen synthesis.
Secondary interstitial cells derived from the thecae of degenerated
follicles are also sites of LH-regulated androgen synthesis in the stroma23.

LH mechanism of action

LH receptors are located on thecal/interstitial cells and androgen synthesis
at these sites is under direct LH control throughout the menstrual cycle.
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LH acts via its receptor on thecal cells to activate adenyl cyclase signalling
which increases precursor-cholesterol uptake and sustains the CI 7-
hydroxylase/C-17,20 lyase functions of cytochrome P45017j, the rate-
limiting enzyme in androgen synthesis22.

Thecal control of granulosa cell function

During normal pre-ovulatory follicular development, androgens
(androstenedione and testosterone) synthesized in the LH-stimulated
theca are used by granulosa cells as precursors for oestrogen synthesis24.
The granulosa cell aromatase system induced by FSH during the first
half of the follicular phase becomes directly responsive to LH during
the second half of the follicular phase (see above).
The 'two-cell, two-gonadotrophin' mechanism explains how theca

and granulosa cells interact to synthesize oestrogen24 and highlights the
manner whereby the theca imposes local regulatory control over
granulosa cell function via paracrine signalling5. During earlier stages
of pre-ovulatory follicular development, before granulosa cells acquire
LH receptors, androgens and possibly non-steroidal factors produced
by LH-stimulated thecal cells appear to modulate granulosa cell respon¬
siveness to FSH. There is increasing evidence that androgens5 and
transforming growth factor jS (TGF-/?)25,25 may function as positive
paracrine factors which promote the expression of FSH-inducible
function (steroidogenesis and protein secretion) during early antral stages
of follicular development. Other thecal non-steroidal factors, including
transforming growth factor a (TGF-a), are implicated in the regulation of
granulosa cell replication and may inhibit the expression of differentiated
granulosa cell function27 2S. Although LH is a major factor in the control
of thecal androgen synthesis, its role in regulating non-steroidal paracrine
signalling by the theca interna remains to be established.

Thecal androgens augment FSH-inducible granulosa cell function via
amplification of cyclic AMP-mcdiated intracellular signalling. Many
FSH-dependent cell functions including steroidogenesis, inhibin pro¬
duction and expression of LH receptors are susceptible to augmentation
by androgens in this way5.

The stimulatory effects of androgen on FSH-dependent granulosa
cell function diminish as the cells differentiate and acquire direct
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responsiveness to LH. During advanced pre-ovulatory development
androgen becomes ineffective or inhibitory. Thus, whereas induction
by FSH of aromatase activity in granulosa cells from immature follicles
is markedly augmented by testosterone and 5a-dihydrotestosterone in
vitro, these androgens suppress the stimulatory effect ofFSH on aromatase
activity in more mature granulosa cells14.
Naturally-occurring 5a-reduced androgen metabolites such as 5a-

dihydrotestosterone and androsterone are competitive inhibitors of the
granulosa cell aromatase reaction in vitro29. Small quantities of these 5a-
reduced androgens are present in human ovarian follicular fluid30, and
5a-reductase activity is present in both theca and granulosa cells31.
However, nothing is known about the regulation of this enzymic
activity or its functional significance in human ovaries. Whether 5a-
reduced androgens play significant roles as competitive inhibitors of
aromatization or as paracrine regulators of granulosa cell function in
vivo is also uncertain.

IMPLICATIONS OF EXCESSIVE OVARIAN

STIMULATION BY LH IN PCOS

The hyperandrogenic state in PCOS is due to increased androgen
secretion by the ovaries and adrenal glands32,33. The ovarian contribution
is secondary to increased pulsatile release of LH by the pituitary gland
and excessive stimulation of the ovaries by LH1. Polycystic ovaries
contain relatively abundant amounts ofhypertrophied stromal interstitial
tissue (hyperthecosis) as compared with 'normal' ovaries, and the thecae
of the multiple follicles which are present may display variable degrees
of hypertrophy21. The hyperthecosis is caused by an increased accumul¬
ation of secondary interstitial tissue due to the relatively high rate of
follicular atresia which occurs in polycystic ovaries. It is doubtful if the
thecae of individual PCOS follicles undertake excessive rates ofandrogen
synthesis as compared with the thecae of'normal' follicles at equivalent
stages of development34,35. However, stromal androgen production is
increased in PCOS ovaries35. Thus chronic stimulation by LH combined
with the overall increased amount of androgen-secrctory stromal and
thecal tissue present arc major reasons for the excessive rate of ovarian
androgen secretion in PCOS.
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Insulin may also augment androgen production by polycystic ovaries.
This is suggested by the strong relationship between hyperandrogenism
and hyperinsulinism36, the presence of insulin receptors in stromal and
thecal tissue37, and the demonstration that insulin can stimulate stromal
androgen production in vitrois. Insulin-like growth factor 1 (IGF-1) also
stimulates stromal and thecal androgen production in vitroiS. However,
IGF-1 levels in follicular fluid from PCOS do not appear to differ
significantly from those in 'normal' follicular fluids39, and there is no
evidence that thecal cells from polycystic ovaries are unusually responsive
to IGF-1 in vitro.

Follicular fluid androgen levels in PCOS

Androgen levels in PCOS follicular fluids are either slightly elevated19
or within the ranges observed for normal and atretic follicles of
equivalent sizes in 'normal' ovaries31. 5a-reduced androgens (potential
aromatase inhibitors: see above) are present in follicular fluid from
polycystic ovaries, but they do not appear to exceed the levels present
in 'normal' follicular fluids33'35. However, it is difficult to know what
constitutes an appropriate control against which to assess the steroid
content of PCOS follicular fluid since marked interfollicular differences
in androgen levels exist among follicles of a similar size in 'normal'
ovaries22.

t

Negative regulation of granulosa cell development by thecal
androgens

The granulosa cell layer is literally drenched in androgen throughout
most of the pre-ovulatory follicle's antral stages of follicular development
in 'normal' ovaries6, therefore it is difficult to invoke a negative
regulatory action of androgen which is peculiar to PCOS. However,
from basic experimental work with hypophysectomized immature
female rats6 it is known that treatment with androgen or LH (without
FSH) interferes with the limited development of the preantral follicles
which persist after hypophysectomy. Moreover, oestrogen given alone
increases preantral follicular development, and this effect is inhibited by
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co-treatment with androgen or LH. Thus in the absence of FSH,
androgen promotes follicular atresia in rat ovaries. Given the functionally
inadequate FSH status of PCOS patients, excessive intra-ovarian
androgen levels would also seem likely to exacerbate follicular atresia
in polycystic ovaries.

CONCLUDING REMARKS

Anovulation in most forms of PCOS appears to be due to a quantitative
deficiency in the circulating FSH level needed to promote degrees of
granulosa cell proliferation and differentiation consistent with normal
pre-ovulatory follicular development. Healthy follicles in polycystic
ovaries rarely develop beyond a diameter of ~ 5 mm because their
granulosa cell aromatase systems do not become fully activated, and LH
receptors are not expressed. These follicles cease to develop normally
and eventually become atretic because their granulosa cells are unable
to synthesize adequate amounts of oestrogen or respond directly to LH.
Chronic ovarian hyperstimulation by LH, compounded by hyperin-

sulinaemia in many cases, is a primary cause of hyperandrogenism in
PCOS. Ovarian rates of aromatizable and non-aromatizable androgen
secretion are enhanced in PCOS, but it is not clear if they are due to
LH-stimulated increases in androgen synthesis within the thecae of
individual follicles or to a net increase in the overall number ofandrogen-
secretory atretic follicles which accumulates. However, the increased
rate of follicular atresia results in the build-up of secondary interstitial
tissue in the ovarian stroma (hyperthecosis) which is a major site of
excessive androgen synthesis in polycystic ovaries.

In the absence of appropriate stimulation by FSH, follicular androgens
produced by LH-stimulated thecal cells inhibit granulosa cell function,
further increasing the incidence of follicular atresia. Thecal non-steroidal
factors may also suppress granulosa cell responsiveness to FSH. It seems
unlikely that the paracrine factors which affect granulosa cell function
in polycystic ovaries are quantitatively or qualitatively different from
those which regulate granulosa cell function in 'normal' ovaries.
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Ovarian manipulation with pure gonadotrophins
S. G. Hillier

The gonadotrophins follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) were first iso¬
lated in more or less pure forms over half a century
ago. Purified pituitary gonadotrophins were used by
Fevold (1941) and Greep, Van Dyke & Chow (1942)
in their classic experiments which demonstrated
unequivocally the need for both FSH and LH to
stimulate normal ovarian follicular development and
oestrogen secretion in hypophysectomized rats.
Human pituitary gonadotrophins of equivalent purity
have never been widely available for clinical use, but
within the next few years pharmaceutical grades of
human recombinant FSH and LH are both likely to
become so (e.g. Keene, Matzuk, Otani et al. 1989).
Taking account of recent advances in our understand¬
ing of gonadotrophin action at the cellular level, it
should be possible to use these pure human gonado¬
trophins to devise improved strategies for stimulating
ovarian function in infertile women.

Development-dependent follicular responsiveness to
gonadotrophins
FSH receptors are located on granulosa cells and LH
receptors on thecal cells throughout antral follicular
development. Incipient (< 5 mm diameter) preovula¬
tory follicles present at the beginning of a menstrual
cycle develop further in response to the intercycle rise
in the plasma level of FSH (Baird, 1987). By the mid-
follicular phase, a single dominant follicle emerges as
the largest (>10mm diameter) healthy follicle in
either ovary (Gougeon & Lefevre, 1983) (Fig. 1). Due
to the inductive action of FSH, granulosa cells in this
follicle will have proliferated, acquiring LH receptors
and steroidogenic enzymes (Richards, Jahnsen, Hedin
et al. 1987), including aromatase cytochrome P450
which is crucial for follicular oestrogen synthesis
(Hickey, Chen, Besman et al. 1988). During the mid to
late follicular phase, preovulatory follicular growth
continues and oestrogen synthesis increases in
response to joint stimulation by FSH and LH. As the
preovulatory follicle matures, its granulosa cells
become increasingly responsive to both gonado¬

trophins (Zeleznik & Kubik, 1986; Glasier, Baird &
Hillier, 1989; Shaw, Harlow, Hillier & Hodges, 1989).
Ovulation is induced by the mid-cycle LH surge,
released when follicular diameter is >20 mm and

oestrogen secretion rate is maximal.

The follicular paracrine system
The interaction between granulosa and thecal cells in
developing follicles is a form ofepithelio-mesenchymal
interaction analogous to that associated with tissue
morphogenesis in the embryo (Slack, 1989). Each cell
type responds selectively to endocrine stimulation
by FSH (granulosa) and LH (theca) by producing
steroidal (Hsueh, Adashi, Jones &Welsh, 1984; Hillier,
1985; Daniel & Armstrong, 1986) and non-steroidal
(Adashi, 1989; Hsueh, Bicsak, Xiao-Chi et al. 1989;
Tonetta & DiZerega, 1989) regulatory factors and
extracellular matrix (Amsterdam & Rotmensch, 1987)
which effect paracrine and autocrine control of cell
proliferation, differentiation and migration in the
maturing follicle. Androgen biosynthesis is an LH-
regulated thecal cell function which is of particular
importance to follicular development (Erickson,
Magoffin, Dyer & Hofeditz, 1985). Besides serving as
an obligatory precursor for granulosa cell oestrogen
synthesis (Armstrong & Dorrington, 1979), thecal
androstenedione is metabolized to other steroids
including testosterone and 5a-reduced androgens with
potential local regulatory effects. For example, in
non-primate (Daniel & Armstrong, 1986) and primate
(Harlow, Hillier & Hodges, 1986) granulosa cells,
induction of aromatase activity by FSH in vitro is
augmented by exposure to testosterone or 5a-
dihydrotestosterone at concentrations similar to those
in follicular fluid. The mechanism of androgen action
is via specific receptors and entails amplification of
cyclic AMP-mediated intracellular responses to FSH
(Hillier, 1985). This points to a mechanism whereby
paracrine signalling controlled by LH might modulate
granulosa cell responsiveness to FSH. It may also
explain why tonic stimulation with LH is required to
sustain antral follicular development, even when
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Gonadotrophic control of granulosa cell endocrine function
Induction (FSH-dependent) Expression (LH- and FSH-regulated)

< 5 mm 10 mm > 20 mm

figure 1. Development-dependent stages in granulosa cell responsiveness to FSH and LH. Follicular
diameters between < 5 mm and ~ 10 mm: FSH stimulates proliferation and functional differentiation
of granulosa cells, including induction of LH receptors and aromatase cytochrome P450; LH main¬
tains thecal function including synthesis of androgens which sensitize granulosa cells to FSH. Follicu¬
lar diameters > 10 mm: basal levels of LH continue to maintain thecal androgen synthesis; granulosa
cells become increasingly responsive to FSH and LH such that declining plasma levels of FSH and
basal levels of LH are sufficient to sustain growth and expression ofendocrine function (oestrogen
secretion).

granulosa cells do not possess LH receptors (Hillier,
Harlow, Shaw et al. 1988). FSH-induced granulosa
cell factors (notably insulin-like growth factors,
inhibin and oestradiol)may act reciprocally to sensitize
the theca to LH and/or exert autocrine effects within
the granulosa cell layer (Adashi, 1989). Thereby,
a preovulatory follicle, once selected, becomes
increasingly responsive to both gonadotrophins.

Preovulatory follicular selection
The induction by FSH of LH-responsive granulosa
cell aromatase activity is central to the mechanism
whereby a single oestrogen-secretory follicle develops
and ovulates in the human menstrual cycle (Zeleznik
& Hillier, 1984). When the plasma FSH level rises at
the beginning of each new cycle, the ovaries contain
multiple follicles with varying potentials for FSH-
dependent development. Each follicle present requires
a different degree of stimulation by FSH for it to
undergo preovulatory development. The follicle
which eventually matures and ovulates is thought to
be the one whose granulosa cells most rapidly acquire
high levels of aromatase and LH receptor in response
to the intercycle FSH rise: i.e. the one with the lowest
FSH 'threshold' (Brown, 1978; Hillier, 1981). During
the mid-follicular phase, oestradiol secretion by this
follicle begins to increase and the steroid feeds back to
regulate pituitary FSH secretion negatively. This
causes a progressive reduction in the circulating FSH
Journal ofEndocrinology (1990) 127, 1-4

level and thereby limits FSH-dependent development
of other follicles with relatively high FSH thresholds.
Thus only one follicle becomes fully mature, being
protected against the fall in circulating FSH by the
relatively high responsiveness of its granulosa cells to
both FSH and LH (Zeleznik & Kubik, 1986; Glasier
et al. 1989).

Superovulation
The mechanism which governs selection of the domi¬
nant follicle in a spontaneous ovarian cycle can be
overridden to achieve multiple follicular development
for clinical purposes (Hillier, Afnan, Margara &
Winston, 1985; Baird, 1987). This is important in
certain forms of assisted reproduction such as in-vitro
fertilization (IVF) and gamete intrafallopian transfer
(GIFT) where the aim is to collect several mature
oocytes so that the likelihood of starting a pregnancy
is maximized. Until recently, human menopausal
gonadotrophin (hMG) was the only pharmaceutical
human gonadotrophin preparation widely available
for use in this way. hMG usually contains both FSH
and LH bioactivities, either in similar amounts
(e.g. Pergonal; Serono Laboratories (UK) Ltd) or
enriched with respect to FSH (e.g. Metrodin; Serono
Laboratories (UK) Ltd). The aim of superovulation
therapy with hMG should be to provide exogenous
FSH at a dose exceeding the threshold FSH require¬
ments of multiple immature follicles, such that the
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number of follicles entering preovulatory stages of
development is increased relative to a spontaneous
ovarian cycle. Treatment is then continued during the
mid to late follicular phase-overriding the natural
selection process and sustaining multiple preovulatory
follicular development to the point of ovulation
induction (Hillier et al. 1985). Nowadays it is
becoming common practice to suppress endogenous
gonadotrophin secretion by chronically administering
a luteinizing hormone-releasing hormone (LHRH)
agonist during therapy with hMG (Fleming & Coutts,
1986). This prevents inappropriate release of a spon¬
taneous LH surge and allows optimal timing of oocyte
collection to an ovulation-inducing injection of
human chorionic gonadotrophin.
Most women respond adequately to standard

superovulation regimens using hMG. However, the
multiple follicles which develop are asynchronous and
many yield under- or over-mature oocytes which
either cannot be fertilized or undergo normal post-
fertilization development. This seems to be because
sustained high-level stimulation with exogenous FSH
during the mid to late follicular phase causes imma¬
ture and intermediately mature follicles to undertake
FSH-dependent development when they would other¬
wise undergo regression due to the fall in plasma FSH
level in a spontaneous ovarian cycle. This is when
granulosa cells in more mature follicles (those
expected to provide the 'best' oocytes) become
directly responsive to LH (Fig. 1). It has been noted
that in patients undergoing IVF and GIFT with no
overriding ovarian or pituitary pathology, treatment
with hMG practically devoid of LH activity can
stimulate multiple follicular development as effec¬
tively as hMG containing equal proportions of FSH
and LH (Poison & Healey, 1990). This is presumably
because endogenous LH levels in such women are
adequate to sustain thecal androgen synthesis, and
hence follicular oestrogen secretion. Pituitary down
regulation with LHRH agonist still allows sufficient
endogenous LH to be produced for hMG devoid of
measurable LH activity to stimulate multiple follicular
development.
The transition from FSH-dependent to LH-

responsive granulosa cell function during preovula¬
tory follicular development has practical implications.
Once recombinant forms of human FSH and LH are

available, it should be possible to administer pure
FSH and LH (or isoforms with altered bioactivities
and/or metabolic half lives) separately or combined
such that the stimulus due to either principle can be
more precisely controlled. To ensure adequate thecal
development, low-level stimulation with LH might be
given throughout a course of treatment; stimulation
with FSH would initially be at a high dose, switching
to lower doses during the late follicular phase once

multiple oestrogen-secretory follicles had begun to
develop. Such a biphasic mode of treatment might
allow the selective maturation of a relatively synchro¬
nous group of preovulatory follicles, yielding those
oocytes which are best suited for use in IVF or GIFT
procedures.

Treatment of anovulation

For patients with certain types of anovulatory dis¬
order, the object of treatment with exogenous gon-
adotrophins is to stimulate the development of a
single ovulatory follicle so that conception might
occur in vivo. In such cases, the availability of pure
LH could be particularly beneficial. Once a single
preovulatory follicle had begun to develop in re¬
sponse to a supra-threshold dose of FSH (given in
combination with a tonic stimulatory dose of LH),
stimulation with FSH could gradually be reduced
whilst maintaining tonic stimulation with LH. This
would approximate the situation in a natural ovar¬
ian cycle and would be expected to encourage the
selective maturation of a single LH-responsive pre¬
ovulatory follicle, minimizing the likelihood of
multiple ovulation occurring.

Conclusion

Follicular requirements for stimulation by FSH and
LH vary characteristically with preovulatory develop¬
ment. Current usage of hMG containing fixed pro¬
portions of FSH and LH to stimulate ovarian function
does not take this into account. Improved regimens
are likely to be developed in the future using molecu-
larly pure forms of FSH and LH. Put to optimal
effect, they might be used to manipulate the ovarian
paracrine system selectively along the lines suggested
here.
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