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Abstract

Studies have been made of the immunological interactions that

occur between inbred female mice and their hybrid foetuses.

The effectsof maternal sensitization to paternal antigens
have been examined. Contrary to earlier reports, it appears that
allogeneic immunization has no effect on placental size at the
eighteenth day of pregnancy but causes a small consistent
depression of foetal weightf Reduction of litter size, and
implantation number, and an increase in foetal death are sometimes
but not always apparent. The immunization of the mother to
Peromyscus antigens also reduces litter size and increases the
number of foetal deaths, This suggests that non-specific factors
of immunization may be responsible. Non-specific immunization also
depresses foetal weight but the effect is smaller than that caused
by specific immunity. It is suggested that further experiments
involving immunization should take into account the influence of

non-specific factors.

Although the mechanisms protecting the foetus from maternal
sensitization are efficient in the later stages of pregnancy, the

early stages appear to be more susceptible to interference.

Injections of the enzyme hyaluronidase, which increases
placental permeability, have no effect on hybrid foetal and placental
weight at the eighteenth day, but tend. to increase the numbers of
early foetal deaths. The effect is restricted to mother s

sensitized to paternal antigens.



The removal of the spleen from allogeneically immunized
females also fails to affect foetal and placental weights, and
increases early foetal mortality. On the basis of these, and
other observations, it is proposed that the presence of
"enhancing" antibodies may play a role in protecting the early

foetus.

A study was made of the effects of active maternal sensiti-
zation, and passively transferred antiserum, on the development of
the uterine decidual cell response at the seventh day of pregnancy.
The results show that active immunization to paternal antigens
significantly reduces the size of the decidual response. The
effectiveness of passively transferred antisera demonstrateSthat
humoral, rather than cellular, components are responsible, The
use of different methods of activg immunization givesevidence
that the diminished response is dependent on a particular kind of
antibody. The strength of antibody in individual maternal serum

determines the degree of decidual inhibition.

Inbred and hybrid eggs were cultured in the presence and
absence of antiserum. The results show that whereas transplantation
antigens can be demonstrated on the surface o: oviducal embryos,
hybrid embryos appear to be deficient in the expression of paternal

antigens,

The problem of the foetus as a homograft is discussed in the

light of present knowledge.
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Introduction

In most vertebrates the experimental transplantation of living
tissue from one individual to another of the same species is normally
unsuccessful. The widespread existence of genetic polymorphism for
transplantation antigens ensures that in the majority of instances
antigenic differences exist between any two organisms. Normally the
presence of foreign tissue initiates an immune reaction that almost
invariably leads to its destruction. This law of immunology is
violated by one natural homograft - +the foetus. The foetus
possesses antigens received from its father which are foreign to the
mother. The mother possesses antigens which the foetus has not
received. As knowledge has been gained about the fate of normal tissue
grafts, biologists have become increasingly intrigued with the success
of the foetus as a homograft. In 1964 Billingham said "The apparently
unqualified success of the foetus as a homograft has been recognized as
one of the major unsolved problems of transplantation biology

for more than forty years."

1. The foetus as a homograft

a) The antigenicity of the foetus

The antigenic nature of the embryo, except in the very early
stages of development, has been well established. Cells from the
liver of a mouse embryo thirteen days old will induce antibody
production when injected into an adult mouse (Moller, 1963a) and
embryonic tissues from a nine day-old mouse, transplanted into a
pre-immunized allogeneic host, will undergo a classic homograft
rejection (Edidin, 196Y4). Whether embryonic antigens are similar

to adult transplantation antigens or are specifically foetal or tissue



specific has been disputed. The cytotoxic effect on the foetus of anti-
sera resulting from hyper-immunization with malignant tissue (MBller,
1961; Schlesinger, 1965) does not prove the importance of transplantation
antigens, because embryonic and neoplastic tissues may have other
antigenic determinants in common (Abelev, 1963; Gold and Freedman,

1965; Prehn, 1967). In studies specifically involving H-2 antisera
produced against normal tissue Pizarro et al. (1961) failed to
demonstrate these antigens in newborn tissues, but Schlesinger (196L4),
using a different technique, did describe the absorption of H-2

agglutinins by ten and a half day foetuses.

There is some evidence to suggest that embryonic tissues might
express embryo-specific and transient developmental (phase-specific)
antigenicity. Experiments in several mammals have indicated that
embryonic tissues possess antigenic factors which are characteristic
of a particular period of morphogenesis and are absent from the

adult animal (see review by Volkove and Maisky, 1969).

In general embryonic tissues appear to be immunogenically
less reactive than those of adults. In mice, skin homografts from
infant donors survive longer than similar adult grafts on H-2

incompatible recipients (Billingham and Silvers, 196k4).

After the formation of the placenta the antigenicity of this
organ, and in particular the foetal component of trophoblast, is of
greater relevance to the success of the foetus as a homograft than
the tissue of the conceptus. It has been established by grafting
allogeneic placental tissue to specifically preimmunized recipients

that the placenta is susceptible to rejection (Simmons and Russell,



1962; Uhr and Anderson, 1962). Haskova (1963) however, claimed that
Fl hybrid placental tissue was defzcténk in paternal transplantation
antigens. Most of the experiments involving placental grafts have
been criticized because the grafts are likely to have contained

contaminating material.

The trophoblast is the only component of the conceptus to come
into direct contact with maternal tissue. Several theories have
been advanced to ﬁccount for the apparent lack of antigenicity
found in this tissue. They will be considered in a later section

(see p. 8).

The antigenicity of the early embryo has been investigated using
techniques of tissue transplantation, in vitro egg culture and
serology. The results suggest that blastocysts display antigens.
Prior immunization of allogeneic mouse recipients to cells of the
donor strain inhibit the development of eggs transferred to extra-
uterine sites but not of ectopic implanted trophoblastic fragments
(Simmons and Russell, 1966; Kirby et al., 1966). James (1969) indicated
that blastocysts incubated in vitro with immune spleen cells or immune
serum do not develop when transferred under the kidney capsule. The
nature and time of appearance of antigenicity in the pre-blastocyst
egg is unclear. 0lds (1968), using fluorescent antibodies on two-

celled mouse embryos from which the zona pellucida had been removed

claimed to have detected H-2 antigens. However, Sell et al. (see
Gardner and Edwards, 1968) were unable to find them on the unimplanted
blastocyst. Heyner et al. (1969) reported that naked cleaving mouse
eggs from the 8-cell to blastocyst stage were killed when cultured

in vitro with allogeneic cytotoxic antibody, but were unaffected when
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cultured with antiserum directed specifically against H-2 antigens.
These authors suggest that non-H-2 transplantation antigens but not

H-2 are present on the pre-blastocyst egg.

The nature and development of antigenic expression in the
early embryo will be further discussed in the Introduction to

Chapter V.

b) Maternal/foetal exchange

The foetus undoubtedly expresses the antigenic determinants
which are the first requirement for a homograft reaction, The
second requirement is physical contact between the cells of the
foetus and its mother. Trophoblastic cells of foetal origin have
been shown to gain access to the maternal system in considerable
numbers, Syncytial embryonic trophoblast can be detected in the
blood vessels of the uterus of most normsl pregnancies in a variety

of animals (see Billington, 1970).

Evidence that embryonic cells other than trophoblastic cells cross
the placenta in normal pregnancies is limited. Some foetal blood
cells enter the human mother through breaks in the blood vessels of
the placenta and can be demonstrated in the maternal blood (Lee and
Vasquez, 1962). In all likelihood, if red blood cells pass from

foetus to mother, some foetal lymphocytes will also do so.

The majority of reports imply that the reverse passage of cells
from mother to foetus is rarely a feature of normal pregnancies. In
man, despite extensive studies of male abortuses and neonates, maternal

cells have been found in only four instances (Taylor and Polani, 1965;
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Kodaweki et al., 1965; Lischner et al., 1967; Walknowska et al.,
1969)., Human maternal cancer cells have occasionally become
established in newborn infants (Retik et al., 1962). A report of
the passage of large numbers of maternal cells into the mouse foetus
(Tuffrey et al., 1969) has not been confirmed (Billington et al.,

1969; Seller, 1970).

Although cellular exchange between mother and foetus is limited,
the placenta appears to be selectively permeable to immunoglobulins
in which placental passage is apparently controlled by the nature of
the heavy chain (see Brambell, 1966; Wild, 1966). In some mammals IgG
molecules readily cross the placenta whereas IgA molecules, which are
similar in size, and IgM molecules, which are larger, do not. In
other mammals no antibodies cross the placenta, but there is selective
passage across the yolk sac. In the rabbit, maternal antibodies
pass through the placenta and home on specific foetal organs without
apparent harm (Lanman and Herod, 1965). However, in incompatible
blood group matings in man, passage of antibodies may result in

haemolytic disease of the newborn.

c) Maternal immunological response to foetal antigens

There is considerable evidence that the mother does become
immunized to the foreign antigens of her foetus? Parous female
mice have been shown to possess humoral and cellular immunity to
the male strain antigens (Goodlin and Herzenberg, 1964; Kaliss
and Dagg, 196l; Mishell et al., 1963; SBren, 1967). The
immunological consequencesof Rh incompatibility between the human

mother and her foetus have been well documented (McConnell, 1969).
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The protection of the foetus from immunological rejection

There is no doubt that the foetus is potentially a 'good'

homograft. Antigenic foetal cells gain access to the maternal system

which reacts by the production of humoral and cell bound immunity,

At least some components of humoral immunity are capable of passing

back

through the placenta to their foetal targets.

Many hypotheses have been suggested to account for the survival

of the foetus despite its similarity to a homograft. These are:

a)
b)
c)
d)

e)

have

the foetus is antigenically immature.

the uterus is an immunologically privileged site.

the mother is immunologically inert during pregnancy.

the foetus and mother are separated by anatomical barriers,
the mother produces 'barrier' or enhancing antibody which
is capable of protecting the foetus against maternal immune

lymphocytes and cytotoxic antibodies.

In the light of more recent experiments several of these theories
been discarded and will be considered only briefly.

Little in 192k suggested that if the foetus does not possess
transplantation antigens the problems of immunological incompati-
bility do not arise. The evidence for the antigenicity of the
foetus in normal pregnancy has already been reviewed.

The suggestion that foetal survival is due to the immunologically
privileged nature of the uterus has been refuted by experiments
showing that the uterus is not necessary for normal development

(Fawcett, 1960; Kirby, 1960, 1963; McLaren and Tarkowski, 1963;
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Billington, 1965), and that it does not protect implanted
homografts from rejection (Schlesinger, 1962; Poppa et al., 196L),
The rejection of foetal grafts removed from the uterus and placed
in the flank muscles of rabbits and rats showed that pregnant
females were not immunologically inert during pregnancy, even
to their own embryos (Woodruff, 1958). However, there is
evidence that animals of several species react less vigorously
to homografts during pregnancy. Prolongation of skin homografts
occurs in man (Andresen and Monroe, 1962) and in rabbits
(Heslop et al., 1954), but has not been detected in cattle
(Billingham and Lampkin, 1957). It occurs in the presence of
minor histocompatibility differences in mice, not in H-2
incompatible matings (Medawar and Sparrow, 1956; Simmons et al.,
1967). The increased secretion of corticosteroid hormones
(which have immunosuppressive properties) during pregnancy is
thought to be responsible (Medawar, 1953, 1969). Since there
is no evidence that pregnancy can weaken a pre-existing state
of immunity, it is unlikely that the lower immunological
response of pregnancy is an important factor in foetal protection.
Billingham‘gglgg, (1951) have made the interesting suggestion
that hormones secreted by the placenta might act locally to
interfere with maternal lymphocyte and foetal cell interactions.

Separation of maternal and foetal tissues by anatomical barriers

1. The placental barrier

Close physical connection between mother and foetus is
vital to the embryo for the exchange of nutrients and excretory
products. This connection is minimized by the provision of

separate maternal and foetal circulations in the placenta, which
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undoubtedly reduces the immunological contact between the two
organisms. The dangers of a common circulation are seen in
the situations of 'runting' or transplantation disease
(Billingham, 1967). However, it is difficult to see how a lack
of blood connections could cause a failure to elicit maternal
sensitization or provide a resistence to it? Transplants of
the avascular tissue of the epidermis in rabbits and guinea-pigs
induce immunity and are rejected in a normal manner (Billingham
and Sparrow, 1954).

In 1928 Oettingen and Witebsky were the first to put
forward the idea that the placenta couldfunction as a barrier
if its trophoblast cells were non-antigenic. This suggestion
was made as a result of their findings that human placental villi
are deficient in blood group antigens. Medawar (1953) restated
the thesis that the presence of a physical barrier between the
foetus and the mother might be responsible for foetal survival
from the homograft reaction,

The only component of the conceptus that comes into
direct contact with maternal tissue after the formation of the
placenta is the trophoblast, and this part of the placenta
has been shown to persist throughout pregnancy (Bradbury,
Billington and Kirby, 1965). The essential role of the trophoblast
in the immunological problem of pregnancy has been shown by
transplantation studies, Trophoblastic grafts and blastocysts
transplanted to extra—uterine sites develop successfully
without rejection in mice (Kirby, 1960, 1963; Simmons and Russell,
1962; McLaren and Tarowski, 1963), in rats (Kirby, 1962), in

guinea-pigs (Bland and Donovan, 1965) and in hamsters (Billington,
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1966). Even xenogeneic grafts grow and proliferate success-—
fully: mouse in rat (Kirby, 1962; Simmons and Russell, 1967b) and
mouse in hamster (Billington, 1966). Trophoblastic grafts grow
in extra-uterine sites in the presence of a pre-existing immunity
in mice while embryonic implants in the same situation are

destroyed (Simmons and Russell, 1967Ta; Kirby et al., 1966)

These experiments indicate that trophoblastic tissue is
either non-antigenic in situations where the rest of the embryonic
tissue is clearly expressing antigenicity, or is somehow capable

of resisting immunological attack.

The failure of the trophoblast to express histocompatibility
antigens has been demonstrated serologically in mice, using
haemagglutination inhibition techniques and in human trophoblast
using immune absorption techniques (Schlesinger, 196k4; Seigler

and Metzgar, 1970).

Although trophoblast does not express histocompatibility
antigens in the normal manner, there is some evidence that it is
not entirely devoid of all antigenicity. Simmons and Russell
(1967b) have demonstrated species-specific trophoblastic anti-
gens in the rat and mouse., The possession of tissue specific
antigens has also been suspected from reports that antibodies to
trophoblast appear in the post—partum period in normal human
pregnancies and in the serum of women after abortion (Hulka et
al., 1963). Anti-trophoblastic antibodies cannot be detected
during a normal pregnancy and may only occur after normal or

abnormal separation of the placenta.



The mechanism by which the trophoblast fails to express
antigens expressed by the rest of the foetal tissue is disputed.

Two main hypotheses have been put forward.

In 1964, Kirby et al. postulated that transplantation antigens

are present on trophoblastic tissue but their expression is prevented

by an extracellular layer which they called the fibrinoid layer.
Simmons and Russell (1966), in contrast, believe that trophoblastic

cells fail to develop histocompatibility antigens.

Conflicting exprigimental evidence about the nature and properties

of the fibrinoid layer has led to disagreement about its capacity
to mask trophoblastic antigenicity. Histochemical and electron-
microscopic observations of trophoblastic tissue supported the
existence of a 'masked' antigenicity. The physital presence of
a darkly staining surface coat of mucoprotein rich in sialic and
neuraminic acids was identified around murine trophoblast cells
and seemed to form a boundary layer between maternal and foetal
tissue (Bradbury et al., 1965)., The first appearance of this
extracellular layer was found to coincide with the time at which
an embryonic implant did not succumb to a pre-existing immunity
when transplanted to an extra-uterine site (Potts, 1965). The
presence of this extracellular layer has subsequently been

identified in the placenta of many mammals, including man (Wynn,

1967; Boyd et al., 1968; Bradbury et al., 1969). However, other workers

have failed to detect the presence of an extracellular layer round

murine trophoblastic cells (Simmons et al.,, 1967). It does not appear

to be present on rabbit trophoblast (Tai and Halacz, 1967), and in the

rat, where fibrinoid is present, it has been reported not to form an

intact barrier between trophoblast and decidua (Martinek, 1970).
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Experimental evidence supporting the presence of a barrier
surface coat surrounding trophoblast cells has come from the
observations of Currie and Bagshawe (1967)T They showed that
when choriocarcinoma cells (malignant trophoblast) were treated
with trypsin, and cultivated with allogeneic lymphocytes in vitro,
they died, whereas syngeneic tissue survived., This experiment is
open to criticism as choriocarcinoma cells were not tested with

syngeneic lymphocytes as a control.,

Currie and Bagshawe have suggested a possible mechanism by
which the fibrinoid barrier could function, from a consideration
of the behaviour of cancer cells which appear to be surrounded by
a similar substancef They postulate that tumour antigens and
trophoblastic antigens escape recognition in the same way, and
believe that sensitized lymphocytes, which are known to be
negatively charged, could be electrostatically repulsed if a
similar negative charge was present on the extracellular layer.
Stoward (1968) added some support for the presence of a negative
charge on the fibrinoid layer by showing that a high degree of
sulphation occurred in the mucoprotein component of fibrinoid
material, Sulphation is known to be associated with negatively
charged cells, but the possession of such electro-chemical
properties by the sialomucins of the extracellular layer has been
disputed by Good (1967), who believes that electrostatic repulsion
in an agueous medium would not be possible without damaging the
tissues. The nature of the non-antigenicity of the trophoblastic

tissue remains to be clarified.
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2. Barriers before the formation of the placenta

The establishment of antigenicity in the early embryo
has stimulated investigation into the possible mechanisms

protecting the unestablished embryo.

Before implantation, the egg is enveloped in the zona
pellucida and several investigators have suggested that this
membrane might limit immunological contact between the maternal
system and the unimplanted egg (Simmons and Russell, 1966, 1967a;
Shelesnyak et al., 1967; James, 1969; Heyner et al., 1969).
However, in lactational delay, the zona is shed at about the
normal time but implantation is successful four days later. In
ovariectomized, progesterone-maintained pregnant females, highly
immunized to paternal antigens, no effect on blastocyst viability
was observed after ten days of zona-free existence (Kirby,

1969b, 1970). The presence of the zona pellucida is, therefore,

not essential for embryonic viability and development.

Kirby et al., (1966) have put forward the hypothesis that

after the shedding of the zona pellucida at implantation the

decidual cell reaction of the uterus might act as an immunological
barrier. This subject is discussed in the Introduction to

Chapter VI,

; ; 2yl ; .
Tolerance or unresponsiveness induced by "enhancing'antibodies

The most recent theory to account for the success of the foetus
as a homograft has been suggested by the finding in mice that
multiparity leads to a long lasting, specific tolerance to

paternal skin grafts (Woodruff, 1957; Breyere and Barrett, 1960;
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Breyere and Burhoe, 1963) despite the presence of humoral
and cell-bound immunity to the male strain antigens (Goodlin and
Herzenberg, 196l; Kaliss and Dagg, 196k4; Mishell et al., 1963;
S8ren, 1967). On the basis of these observations Kaliss and
Dagg (196L4) suggested that immunological enhancement "a frustration
of both the antigenic stimulus and the host's cellular immune
response by humoral antibody" rather than conventional tolerance
might account for specific maternal unresponsiveness. The
contribution of this phenomenon to foetal protection will be

discussed in the introduction to Chapter IV,

3. Evidence for immunological interactions between mother and foetus

A, Studies not involving manipulation of the mother's immunological

status

Genetical studies, other than those of parity, have produced
only circumstantial evidence of immunological interaction between
mother and foetus. Genetic dissimilarify between mother and conceptus
may affect many aspects of pregnancy. The mechanisms underlying
these phenomena are not understood. Mouse spermatozoa carrying the
't' allete of the tailless (T) locus have an advantage over other
spermatozoa (Braden, 1958). In an inbred line of rats, Michie and
Anderson (1966) have suggested that continuing heterozygosity at a
locus determining transplantation antigens, might be due to a

process of differential fertilization.

It has been suggested that in some respects the mother's immune
reaction may actually favour the embryo (Kirby et al., 1966). The

evidence favouring this suggestion has come from several sources.
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In mice a series of crosses showed deficiencies of maternal
genotypes, for coat colour and transplantation antigens, among the
offspring (Hull, 1964, 1969). Similar results were obtained with
transplantation antigens in rats (Palm, 1969), Clarke and Kirby (1966)
suggested that the mother's immunological reaction against her
heterozygous offspring might cause an increased trophoblastic growth,

and so improve their fitness,

Fl hybrid placentae are usually heavier than inbred placentae
(Billington, 196k4; McLaren, 1965; McCarthy, 1965). This has usually
been attributed to hybrid vigour. In experiments involving egg transfer
in mice Billington (1964) found that inbred A2G eggs transferred to &
C5T BL mother gave rise to larger placentae than C5T7 BL eggs grown
in a C57 BL mother. He argued that in this situation hybrid vigour
was eliminated and suggested that immunological factors might be
involved. However, egg transfer experiments do not exclude the
involvement of other phenomena, such as genotypic complementation, in
which each genotype compensates for the deficiencies of theother.,
Furthermore, the size to which a placenta develops is known to be

affected by the genotype of the conceptus (McLaren, 1965; McCarthy,

1965).

Support for the hypothesis that immunological interaction might
be responsible for the larger size of hybrid placentae came from an
investigation into the degree of trophoblastic invasion in extra-
uterine sites made within and between strains of mice differing at
the H~-2 locus., Billington (1965) claimed that trophoblastic transplants
showed an increased invasiveness in the testes of allogeneic hosts,

compared to those in isogeneic testes. He suggested that
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invasiveness was increased when graft and host differed antigenically.
If placental weight depended on the degree of trophoblastic invasion,
increased invasiveness could explain the larger Fl placenta found in

interstrain matings.

B. Studies involving manipulation of the mother's immunological state

Studies of pregnancy after maternal immunization to paternal
antigens have usually produced negative results. The majority of
workers have reported that the survival of the foetus is unaffected by
the immunological status of the mother (in mice, Mitchison, 1953;
Medawar and Sparrow, 1956; Haskova, 1961: in rats, Woodruff, 1958: in

rabbits, Heslop et al., 1954; Woodruff, 1958).

Rabbit blastocysts transferred to the uterus of females hyperimmunized
to the antigens of both parents survived without apparent harm (Lanman

et al., 1962).

Contrary to these findings, studies of James (1965, 1967) have
suggested that in mice the immunological state of the mother is an
important determinant of foetal and placental growth. Pre-immunization
of females to paternal antigens increased the foetal and placental
‘growth and decreased the time of gestation, In females rendered
tolerant, foetal and placental weights were reduced and gestation time
was increased. These results supported the view that the greater
placental weight found in' the presence of genetic disparity had an
immunoiogical basis. They firmly indicated that immunological reactivity

strongly influenced foetal and placental growth.

These considerations led Clarke and Kirby (1966) to postulate that
tocioun lf\C\

improved foetal growth could provide a selective mechanism capable of N
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balanced polymorphism at histocompatibility loci.

h? Nature of the proposed work

During the B.Sc, course in Edinburgh in 1967 I carried out an
experiment designed to investigate the nature of trophoblastic growth
transplanted to the testis of allogeneic recipien‘tsf Trophoblastic
tissue was transplanted between and within two strains of mice and
the Fl ].'l.y'torid_0 In addition, transfer was made in the presence or
absence of prior immunization of the recipient to donor antigens,
The published paper resulting from this work (Clarke, 19469) is

enclosed in Appendix 1.

In contrast to the results of Billington (1965) I failed to
detect any difference in the degree of trophoblastic invasion between
isogeneic and allogeneic transfers. I also failed to find any
effect of pre-immunization. It appeared that non-specific factors,
namely the size of the donor tissue transplanted and the genetic
constitution of the receipient testis, determined the extent of

trophoblastic growth,

In confirmation of these findings James (unpublished data), using
the mouse testis as the graft site, and Koren et al., (1968), using
the mouse kidney, have reported an absence of correlation between the extent

of trophoblastic invasion and the degree of antigenic difference?

The work described in this thesis arose from the discovery that
trophoblastic invasion did not, after all, appear to be influenced by
genetic disparity between graft and recipient, or by the immunological
status of the recipient, It therefore seemed important to clarify the

effects of immunization on placental and foetal growth.
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Chapter II describes some experiments showing that, contrary to
earlier reports, allogeneic pre-immunization has no effect on placental

size, and may reduce foetal weight.

The work in Chapter II led me to investigate further the
deleterious effects of allogeneic immunization on the outcome of a
pregnancy, Chapter III describes attempts to alter the properties of
the placental barrier by the use of enzymes known to affect placental
permeability and reputed to disrupt the extracellular layer around
trophoblasticcells in vitro. It was concluded that the enzyme hyalu-
ronidase, increases early foetal death and that this effect appears to
occur only in the presence of allogeneic immunityT Chapter IV describes
an experiment on the role of the spleen in foetal protectionf The
presence of the spleen has been shown to be essential for the induction
of "enhancing" antibodies in the protection of tumour homografts. The
results suggest that the phenomenon of enhancement may also be involved

in the protection of the early foetus,

These investigations led me to consider the immunological factors
concerned with protecting the early embryo before the formation of a
definitive placenta. Chapter V describes experiments attempting to
detect the first appearance of paternal transplantation antigens on
the Fl hybrid embryo. The results of culturing eggs in the presence
of antiserum indicate that oviducal hybrid embryos are deficient in
paternal antigens. Chapter VI was concerned with the hypothesis that
immunological reactions occur between the mother and her foetus at the
time of implantation. An investigation was made on the effects of
active immunization and of passively transferred isoantisera on the

development of the uterine decidual cell reaction at implantation? The
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results show that allogeneic immunization to paternal antigens
significantly lowersthe decidual response, These experiments also
give evidence that a particular kind of humoral immunity is responsible
for the effect., The effectiveness of passively transferred
isoantisera in reducing the decidual cell reaction clearly

demonstrates the importance of this humoral antibody factor,

The general implications of the experimental results are

discussed in Chapter VII,



Chapter II

The effects of maternal preimmunization on

placental and foetal size
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The effects of maternal preimmunization on placental and foetal size

Introduction

The work of James (1965, 1967) provided experimental evidence of
the theory postulated by Kirby et al. (1966) that the determination
of placental size. in the presence of genetic disparity had an
immunological basis. C57 BL mice preimmunized by two skin grafts and

three spleen cell injections from the paternal A G strain gave rise to

2
Fl hybrid offspring which had significantly larger placentae than non-
immunized controls. In addition, foetuses were larger from sensitized
mothers, When, however, females were rendered tolerant to paternal
antigens by neonatal spleen cell injection, foetal and placental weight
were decreased. These results suggested that the immunological status
of the mother in H2 incompatible matings was an important determinant
of placental and foetal growth. The present experiments were carried
out to re-examine the effect of maternal sensitization on placental

and foetal weight. A publication reporting these results is enclosed

in Appendix 2.3.

Materials and Methods

The first experiment utilized the same strain combination as that
used by James (1967). In the second experiment, a different paternal
strain was used and an additional group of females was immunized
xenogeneically to a Peromyscus species. This latter group was included
to investigate the effect of a general non-specific heightening of the
immune response, and the effect of stress experienced by the females

during the immunization procedure.



Experiment I

C5T BL female mice, aged approximately 6 weeks, were divided into
three groups. The first group was immunized against A2G male mice either
with five spleen-cell injections (a half-spleen equivalent each), or five
spleen-cell injections and two skin grafts, or two spleen-cell injections
and two skin grafts. All treatments were given at fortnightly intervals.
Full thickness skin grafts were applied using the method of Gottfried
and Padnos (1959). The degree of immunity was measured by the human
serum dextran technique (Gorer and Mikulska, 1954). The mice were then
weighed, and mated to A2G males. The second group was left untreated
but also mated to A G males. The third group was untreated and mated

2
to C5T7 BL males.

A fourth group of C57 BL female neonatal mice was injected with

either 5 to 8 million A_G spleen cells or with 16 million F, C5T BL

2

female x AQG male spleen cells to render them tolerant to the paternal
strain. Injections were made into the anterior facial vein within

2L hr of birth.

All mice were killed on the 18th day of pregnancy (1st day =
day of vaginal plug). Embryos and placentae were removed from the
uterus, blotted and weighed to the nearest milligram on a torsion
balance. The size of a litter (live foetuses) and the number of
deaths during early and middle pregnancy ('moles') were recorded.

The reciprocal mating, AEG females x C5T7 BL males, was not studied.



Experiment II

C5T7 BL female mice, aged approximately 10 weeks, received three
spleen-cell injections (a half-spleen equivalent each), and two skin

grafts from either CBA males or from Peromyscus polionotus polionotus

(the deer mouse). A control group was not immunized. All females
were mated to CBA males and their embryos were recovered as previously
described. This experiment was carried out in a different laboratory
from that in which Expt. I was conducted and utilized a different

population of mice.

Results

Experiment I

The inbred controls had significantly smaller foetuses and
placentae than the two outbred groups (p < 0.001; see Table 2.1
and Appendix 2.1 for data details); this finding is in agreement
with McCarthy (1965) and McLaren (1965). No significant
difference was found, however, between the immunized and non-immunized
mothers in the weight of the hybrid foetuses and placentae. Neverthe-
less, immunization appeared to have adverse effects on the outcome
of a pregnancy. It significantly decreased the size of a litter
(p < 0.01) and among those females whose litters contained early and
middle deaths ('moles'), there were larger numbers of moles within
the immunized mothers (p < 0.05, Fisher's exact test). The total
number of implantations in a litter (live embryos + moles) was
significantly lower in immunized females than in non-immunized or in
inbred controls (p < 0.05; see Table 2.2). The number of young in a

litter is known to affect placental and foetal weights (Healy, McLaren
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and Michie, 1960). Regression analysis allows these weights to be
corrected to a standard litter size. Regression of foetal weight on
litter size (b = -14.80; 0.1 > p > 0.05) is just below significance
but regression of placental weight on litter size is significant

(b = -4.20; p = 0.01). Although the correction for litter size reduces
the mean foetal weight of the immunized group where litter sizes were
small, the adjusted means of the control and immunized groups are

not significantly different (p > 0.05). This result is not in agree-
ment with James (1967) who found an increase in placental and foetal
weight after maternal immunization. The data in Table 2.1 show, if

anything, a decrease in foetal weight.

The degree of immunity of immunized females as measured by the
human serum dextran technique was extremely variable and could not be
correlated with the mode of immunization. Haemagglutination titres
ranged from 1/16 to 1/16,384. Litter sizes, foetal and placental
weights and the number of moles in a litter could not be correlated
with the rejction times of the second immunizing skin grafts (6.0 * 2 days),
or with the titres of circulating antibody.

nechatally )
Of the forty-eight C57 BL female mice that WereAinjected with

A2G male spleen cells, all but two developed runt disease. Varying
degrees of the typical symptoms (cessation of growth and development,
the presence of diarrhoea, sparse hair from about 2 weeks of age)

were followed at varying intervals by death. The two survivors
received skin grafts at 8 weeks but normal rejection times (10 * 2 days)
showed the absence of tolerance. The sixty-four neonates receiving

Fl (C57 BL female x AEG male) spleen cells,in an attempt to overcome

runt disease,also showed no tolerance. Ten individuals grafted with

AG male skin at maturity showed rejection times that were normal.



Experiment IT

The results (Table 2.3 and 2.4, see Appendix 2.2 for data details)
were essentially similar to those of the first experiment. Analysis
showed that the mean Fl foetal weights from mothers specifically
pre-immunized to the paternal antigens were, in this case, significantly
smaller than those from control non-immunized mothers (p < 0.02).
Females immunized against the non-specific antigens of Peromyscus

polionotus polionotus gave a mean foetal weight intermediate between

the allogeneically immunized and non-immunized groups, but was not
significantly different from either of them. Placental weights were
similar in all three groups. Although the litter sizes and the total
number of implantations were lower in the two immunized groups, the
differences were not significant. The overall number of moles was
too small for a valid comparison to be made (Table 2.4). As in
Expt. I, the regression of foetal weight on litter size was not
significant (b = -10.73; p > 0.05) and the regression of placental
weight was significant (b = -2.1; p < 0.05). Correction of foetal
and placental weights to a standard litter size of T.5 reduced the
significance of the difference in foetal weight between specifically

immunized and non-immunized females (p = 0.05).

Discussion

The results of the two experiments indicate that maternal
immunization to specific paternal antigens does not enhance placental
and foetal growth. Indeed, both experiments show no effect on
placental growth but a reduced foetal growth after allogeneic

immunization, although this was significant only in Expt. II. These
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results therefore conflict with those of James (1965, 1967), who

found an increase in placental and foetal weight after maternal
immunization. Both of the present experiments suggest that

immunization reduces litter size, although the effect was significant
only in Expt. I. This was not apparent in the experiments of James,

who did not include litters containing less than five young, or’

litters containing moles. The present findings are in agreement

with those of Breyere and Sprenger (1969) who reported a decreased litter
size at birth in CST BL females specifically immunized against DBA/2
sarcoma, and mated to DBA/2 males, but no decrease when C57 BL females
were immunized non-specifically to 03H adenocarcinoma. Recently,

Boshier and Moriarty (1970), working with sheep, were unable to find

any effect of presensitization of the ewe to the mating ram on fertility,
fecundity, placental weight or foetal weight. The present findings

in Expt. II also indicate that non-specific xenogeneic immunization does
not reduce foetal weight significantly, but some effect of stress, or the
raising of a general immune response,on foetal weight and litter size can-

not as yet be excluded.

Attempts to induce tolerance to A2G spleen cells in C5T7 BL female
neonates failed because of the occurrence of fatal runt disease
(Expt. I). James (personal communication) found only a 5% incidence
of runt disease in this strain combination using similar doses of

spleen cells.

Billingham and Brent (1959) found the A/C5T BL strain combination
the least liable to produce tolerance of many strains tested. They
obtained low tolerance in the A into C57 BL combination and in the

reciprocal combination (C57 BL into A), they found 100% fatal runt
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disease., The A2G strain was derived about fifty generations ago

from the A strain and is unlikely to have acquired many changes at the
histocompatibility loci during this time., This has been confirmed by
Davies (personal communication) who has typed the histocompatibility

loci of the A2G strain and found them similar to the A strain.

Tnh C57 BL neonates injected with Fy (C5T BL females x A,G males), the

o
spleen cells should not be capable of responding to the antigens of the
C57BLstrain, Nevertheless, difficulty was experienced in bringing
these mice through weaning. Billingham and Brent (1959) also report

reactions to Fl cells in the C5T7/A strain combination,

No satisfactory explanation can be found to account for the difference
in the incidence of runt disease between the animals in this study
and those of James (196T)f The possibility exists that the significantly
smaller foetuses and placentae and longer gestation length which James
obtained from female mice rendered 'tolerant' to the paternal antigens
could have been due in part to subclinical runt disease, Husain and
Ketchel (1965) found no influence on the time of parturition in rats

which had acquired an immunological tolerance to their hosts.

Additional data on the influence of maternal presensitization
to the paternal antigens on these aspects of pregnancy are reported
in later chapters. In order to draw conclusions from all the available

experiments discussion is referred to Chapter VII, section l,



Chapter IIT

The effect of neuraminidase and hyaluronidase

on pregnancy in the mouse
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The effect of neuraminidase and hyaluronidase

on pregnancy in the mouse

Introduction

Several investigators have noted that when the glycosidase
enzyme, hyaluronidase, is injected into pregnant rabbits, placental
permeability is increased. The nature of the changed relationship is
not known but there is no doubt that it has immunological consequences.
If skin grafts from female rabbits are transferred to their offspring,
rejection is delayed when the mothers have received hyaluronidase
during pregnancy. Tolerance to maternal antigens is thoughtto be
induced by the passage of abnormally large numbers of maternal cells

to the foetuses.

Nathan, Gonzalez and Miller (1960), working with rabbits showed
that in one half of the progeny of mothers injected with hyaluronidase,
the survival of maternal grafts was moderately prolonged. In the same
species, using higher doses of enzyme, Najarian and Dixon (1963)
obtained complete tolerance to maternal skin grafts in 25% of the
offspring and partial tolerance in 30%. They also claimed a similar
degree of tolerance on the part of the mothers to grafts from their
offspring. However, the evidence for the maternal response has not
been consistent. Tai and Halasz (1967), although confirming the
existence of partial tolerance in the offspring of hyaluronidase
treated mothers,.found some indication of reduced survival of skin
grafts transferred from offspring to mothers. This suggests that

sensitization, rather than tolerance, to foetal antigens had occurred.

The action of hyaluronidase on the course of pregnancy and on
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the survival of skin grafts exchanged between mother and offspring

has not been studied in the mouse.

There are indications that another enzyme, the sialidase
neuraminidase cou'ldalter the normal immunological relationship
between mother and foetus. Currie and Bagshawe (1968) claimed that
mouse trophoblastic tissue, cultured in the presence of neuraminidase,
was capable of inducing immunity when transplanted to allogeneic
recipients. Untreated trophoblast did not do so. Currie and Bagshawe
suggested that heuraminidase disrupts the extracellular layer around
trophoblastic cells (the periplacental fibrinoid material postulated
by Kirby et al., 1964), and exposes the transplantation antigens
present on the cell surfaces. The action of neuraminidase on

trophoblastic tissue in pregnancy has not, however, been studied.

The experiments reported in this chapter were designed to
investigate the effect of neuraminidase and hyaluronidase on pregnancy
in the mouse. Particular attention was given to the effects of these

enzymes when the mother had been sensitized to paternal antigens.

The first experiments were carried out using Q strain mice. They
were designed to determine the tolerance of females and their foetuses
to repeated injections of the enzymes, and to discover if the time
taken by the offspring to reject maternal skin was altered. Later
experiments sudied the effects of hyaluronidase and neuraminidase on
preimmunized inbred C57 BL mice. It was hoped that by altering
placental permeability, the influence of allogeneic immunization on
the various parameters of pregnancy (reported in Chapter IT) might

be clarified.



Experiment T

The effect of neuraminidase and hyaluronidase on the number of live

offspring and skin graft survival between mother and offspring in Q

strain mice
Materials and Methods

Outbred Q strain virgin female mice approximately 10 weeks old,
were mated to inbred CBA males. The pregnant mice were divided into
four groups. The first group were given 6 or 8 injections of
neuraminidase, in total receiving 16 or 36 international units oy
of enzyme between the Lth or 5th and the 10th or 1lth day of pregnancy
(vaginal plug = 1st day). The second group were injected with
hyaluronidase, receiving a total of 2,0000r 4,500 I.U. The third
group were given a mixture of both enzymes and the fourth received saline.
The enzymes were commercial preparations, supplied by British Drug

Houses Ltd. (Neuraminidase from Vibrio cholerae (Mucopolysaccharido

N-acetyl neuraminylhydrolase 500 I.U./ml) and hyaluronidase from ovine
testes (Hyaluronate lyase, 350-500 I.U./mg). The enzymes were made
up in sterile P.B.S. (phosphate-buffered saline) and injections of

0.2 ml were given by the intraperitoneal route.

The number of live offspring (litter size) was recorded at birth.
Litters were either allowed to grow to maturity or killed and the
female subsequently remated. The remating was carried out to discover
if the administration of enzymes during a first pregnancy altered the
properties of the placental barrier and allowed the development of an,
abnormal immunological relationship between mother and foetus. Since

immunity takes time to arise, its effects might be detectable only in

subsequent pregnancies.
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Full thickness skin grafts were transferred when the litters

were eight weeks old, either from the mothers to several of their

female offspring or from two of the female offspring to their mother.

From the 5th postoperative day the grafts were examined daily and the

time of rejection was recorded at the first sign of hardening and

separation of the donor skin from the graft bed.

Results
il The number of live offspring born to mothers treated with
the enzymes

Repeated injections of enzymes were well tolerated by
pregnant females and did not inhibit the normal development of
foetuses. Table 3.1 shows that the mean litter sizes of first
or second pregnancies were not significantly reduced by any of
the enzyme treatments. There is some indication (Table 3.la)
that neuraminidase-treated mothers gave smaller litters than
others, but this is not sfatistically significant (t = 1.5;
d.f. 26; P > 0.05; Student's t test). Details of the data are given
in Appendix 3.1.

The survival times of skin grafts exchanged between mothers and

offspring

The results of skin grafting between mother and offspring do
not indicate that there is any significant effect of enzyme
treatment on survival time (Table 3.2). Overall rejection
times were noticeably short. Whether this was due to the
particular strain combination used (outbred Q and Q x CBA Fl hybrid)
is not known. A search of the literature did not reveal any

similar studies. The very short survival times were not technical
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failures of primary healing; all grafts included in the analysis
had healed in satisfactorily prior to rejection. They may be due,
in part, to my estimation of rejection time. This was taken at
the first sign of hardening of the donor skin, that is the
beginning and not the end of rejection.

Offspring born to hyaluronidase treated mothers, seem to
have a tendency to reject maternal skin a little $Sleter than
offspring carrying skin grafts from mothers not treated with
hyaluronidase. There are also indications that the maternal
response to skin grafts from their offspring in hyaluronidase
treated mothers is slightly faster than in mothers which have not
received the enzyme (Table 3.2a - details in Appendix 3.1).

The data however, are not sufficient to show any but a large
alteration of rejection time. It is not possible to know if the
slight differences in response indicate the presence of immunity
in mothers and tolerance in the offspring. Neuraminidase treat-
ment does not follow this pattern, if anything, its administration

slightly quickens rejection time in both mothers and progeny.



Table 3.1

The effects of neuraminidase and hyaluronidase on litter size at birth

lst Pregnancy 2nd Pregnancy
Frantnent Total enzyme
dose (I.U.) Mice | Mean Litter Mice | Mean Litter
No. Size + s.e. No. Size t s.e.
INeuraminidase 16 or 36 1 - 3 e 5 6,452 0205
Hyaluronidase £ 000 inx 4 |10.8 ¥ 1.4 3 | 11.3 F 1.8
4,500
Neuraminidase 16
and and 8 | 9.3 1.0 o (- B R
Hyaluronidase 2,000
Saline - 5 | 11.8 + 2.0 - NT

NT - not tested



Table 3.la

The effect of neuraminidase treatment compared to other treatments on

litter size

lst Pregnancy

2nd Pregnancy

Treatment
Mice Mean Litter Mice Mean Litter
No. Size (¥ s.e.) | No. Size (% s.e.)
Neuraminidase 19 il 1 ;] 7.6 + 1.58
Non neuraminidase g TlaEnt: N2 3 135304 1,9




Table 3.2

The effect of neuraminidase and hyaluronidase on the survival time (days)

of skin grafts exchanged between mother and offspring

Neuraminidase
Group Neuraminidase | Hyaluronidase and Saline
Hyaluronidase
Mother to T, 65 5: T T: 5: 5: Ts 89 85 8: Ts T 59 83 T
Offspring 9s Ts T
(Average) (6.3) (6.9) (725 (6.7)
Offspring Ty B4 6; 5 6, 6 Te 85 8
to Mother 95 T: 9
(Average) (6.3) (5.0) (6.0) (8.0)
Table 3.2a

The effect of hyaluronidase on the survival time (days) compared to

survival time in other groups

Group Hyaluronidase Non-Hyaluronidase
Mother to Ts D 5: Ta 89 9: 7: 69 Sis Ts 5:' 8: it
Offspring T, T: 8: 8: Ta T
(Average) (7.1) (6.4)
Offspring 5, 6, 6 Ts: 65,6 Ty B 85 9
to Mother Ta 9
(Average) (5.7) (7.4)




Experiment II

The effect of neuraminidase and hyaluronidase on pregnancy in

allogeneically preimmunized mice

Materials and Methods

C57 BL female mice approximately 6 weeks old, were immunized to
paternal strain antigens with two full thickness skin grafts followed
by three spleen cell injections (2 spleen equivalent each) from CBA
male mice at fortnightly intervals. This group, and a control group
of similar age were mated to CBA males. Both groups were given daily
intraperitoneal injections (from the 5th day to the 15th day of
pregnancy) of a mixture of neuraminidase and hyaluronidase. The
enzymes were made up in sterile PBS and were given in 0.2 ml doses.
The mice received a total of 90 I.U. of neuraminidase and 2,600 I.U.
of hyaluronidase. On the 18th day of pregnancy (lst day = vaginal plug),
the animals were killed and the following measurements were recorded;
foetal weights, placental weights, litter sizes (the numbers of live
embryos), the numbers of dead embryos (moles) and the implantation

numbers (live and dead embryos).

Moles were classified into early, middle and late foetal deaths

using the following criteria:

a) Early moles - foetal deaths occurring early in pregnancy and
forming small nodules with no distinguishable foetal form and

no division into foetal and placental tissue.

b) Middle moles - deaths occurring around 123 to 133 days of
pregnaency and forming larger tissue masses with indications of

foetal form e.g. some eye and tail features. Foetal and placental

components are separate.
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c) Late moles - deaths occurring in the last third of pregnancy;

fully-formed embryos and placentae.

Statistical analysis of results

Foetal and placental weights were compared using the regressions
of foetal and placental weight on litter size (Healey, McLaren and
Michie, 1960). Litter size and implantation number were compared
using the Student t test or the analysis of variance. Heterogeneity
xe, and Fishers exact test was used for statistical comparison of the
incidence (%) of females who had moles and for the mean number of total

moles (early, middle and late), and middle moles only.

Results

The mean foetal weights, placental weights and litter sizes are
given in Table 3.3. Further details about the data can be found in
Appendix 3.3a. The regression of foetal weight on litter size was
not significant (b = 6.88 + 10.71; p > 0.05). When the mean foetal
weights were corrected for litter size, the difference between the
immunized and the non-immunized groups fell just short of statistical
significance (F = 4.06 d.f. 1 and 15; 0.10 > p > 0.05). When this
result is compared with the results reported in the previous chapter,
there is nothing to suggest that the enzymes have altered the basic
pattern of response to immunization. The foetal weights are, however,
considerably lower than those found in the earlier experiments,
suggesting that the enzymes have 'non specifically' lowered the foetal

weights in both groups.



The regression of placental weight on litter size was negative
but not significant (b = -1.12 + 0.82; p > 0.05). When the placental
weights were corrected for litter size, there was no evidence of any
difference between the immunized and the control groups. The
placental weights do not differ from those found in earlier experiments

without enzyme treatment,

The mean litter size and the mean number of implantations were
lower in the immunized group, but not significantly so. There is also
some suggestion that the proportion of females containing moles is
higher in the immunized group, but again the difference is not
significant., The suggestion is strongest when only 'middle' moles
are considered (Table 3.3.a). The results are similar to those

obtained in earlier experiments without enzyme treatment.
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Experiment ITI

The effect of hyaluronidase on pregnancy in allogeneically and

xenogeneically immunized mice

This experiment reinvestigated the effect of hyaluronidase

injections on the pregnancy of allogeneically immunized mice.

Materials and Methods

Five groups of C57 BL female mice were used. They were either
preimmunized allogeneically to the antigens of the paternal strain,
xenogeneically to Peromyscus antigens or left unimmunized. The
preimmunized animals were either injected with a total of 12,400 I.U.
of hyaluronidase or with saline daily from the 5th day to the 15th day

of pregnancy. Unimmunized mice were injected with saline.

The methods of preimmunization, enzyme injection, the recovery
of foetuses and placentae, classification of moles and statistical
analysis were as previously described in the last experiment. In
addition, middle moles were weighed (to the nearest mg) in order to

determine the approximate time of death.

Results
Table 3.4 summarizes the foetal weights, placental weights,
litter sizes and implantation numbers in the five groups of mice.

Individual data are recorded in Appendix 3.3.

The regression of foetal weight on litter size was negative but
not significant (b = -5.89 *+ 3.87; p > 0.05). There was a significant
heterogeneity in adjusted mean foetal weight (F = 2.99; d.f. 4 and 42;

P < 0.05). This heterogeneity was removed when control data were
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excluded from the analysis. Between the other groups, foetal weights

were homogeneous (F = 1.55; d.f. 3 and 4; p > 0.05). The adjusted mean
foetal weights in both allogeneically immunized groups were

significantly lower than those of the control weights (F = 7.2;

d.f. 1 and 16; p < 0.05; and F = 6.3; d.f. 1 and 14; p < 0.05 respectively).
Xenogeneic immunization in the presence of hyaluronidase also gives a
significantly lower foetal weight than that of the control (F = 9.8;

d.f. 1 and 153 pi<:0.01).

Although the difference between them is not significant, the
group of mice xenogeneically immunized and treated with hyaluronidase
gave a lower foetal weight than similarly immunized saline injected
animals. There is no similar depression among the allogeneically

immunized groups.

The regression of placental weight on litter size was significant
(b = -2.33 £ 0.67; p < 0.05). Adjusted mean placental weights were
similar in all groups. There were no significant differences in mean
litter size. This was also true of implantation numbers, with the
exception of the xenogeneically immunized mice injected with saline
(Table 3.L4a). This group showed a significantly lower number of
implantations than any other (F = 4.0; d.f. 4 and 43; p < 0.01). Since
the tendency is not found in the other xenogeneically immunized group,

it is difficult to interpret.

There was no overall heterogeneity between the groups in the
proportion of females showing moles or in the mean number of moles
they possessed (Table 3.la). However, individual comparison of the

allogeneically immunized group injected with hyaluronidase, with that
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similarly immunized but injected with saline, showed the former group
had both a significantly higher percentage of females which had moles

(p < 0.05) and a significantly higher mean number of moles (p < 0.05).

BEarly moles in all groups had a similar appearance and size but
middle moles showed large individual variation. Table 3.lka records
the mean weight of middle moles in each group. The mean weight in the
hyaluronidase treated allogeneically immunized group was larger than
that found in the other groups. Statistical analysis was not possible

as in some groups so few females had middle moles.



General Discussion

There is no evidence that enzyme treatment enhances the effects
of allogeneic immunity in depressing foetal weight. However, it
appears to have a tendency to reduce foetal weight in the xenogeneically
immunized group. The lack of effect on allogeneically immunized
females may be due to those latter weights being already depressed

by allogeneic immunity.

Hyaluronidase has an effect on foetal death which appears to be
specific to the presence of allogeneic immunity. It increases both
the percentage of females that possess moles and the number of moles
they have. In addition the middle moles are considerably heavier than
those of other groups. If the weight of a mole is an indication of
the time during pregnancy at which foetal death occurs, it would
suggest a small percentage of foetuses are dying at a later stage

than normal.

In a study to determine whether hyaluronidase would alter placental
permeability so as to allow maternal leukaemic cells to cross to the
foetuses of pregnant female mice, Loewenstein, Hughes, Hofer and
Ketchel (1971), reported foetal death from leukaemia in 3 out of 20
foetuses. The absence of leukaemia in the litter mates indicated
that cell passage from hyaluronidase treated mothers was not a general
phenomenon but occurred to a limited extent. It is possible that the
increased incidence of foetal death in allogeneically immunized
mothers treated with hyaluronidase is the result of a similar
phenomenon. Alteration of placental permeability in the presence
of a materhal immunity to paternal antigens leads to foetal death

in a small percentage of the litter. This damage is represented,



on the 18th day of pregnancy, by an increased number and incidence of
moles. Whether the damage is caused by an increase in the passage of
maternal antibodies or to an increased exchange of foetal and/or

maternal cells cannot be distinguished by those experiments.



Chapter IV

The effects of splenectomy on pregnancy in allogeneically

immunized and non-immunized C5T7 BL mice.
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The effects of splenectomy on pregnancy in allogeneically immunized.

and non-immunized C57 BL mice

Introduction

Investigations into the immunological state of the mother during
and after pregnancy have demonstrated that, although immunologically
competent, she shows a degree of partial unresponsiveness to foetal and
paternal skin grafts (Woodruff, 195T7; Breyere and Barratt, 1960). A
similar state of partial unresponsiveness has been found to occur
following immunization against certain tumours. In these circumstances,
tumour graft survival appears to be increased by immunization, and the
phenomenon has been termed immunological enhancement (Kaliss, 1957;

1958; Moller, 1963b; 1965; Hellstrfm and Hellstr8m, 1969).

The parallels between the two phenomena have been emphasized by
Kaliss and Dagg (1964). Immunological enhancement of tumour homografts
is apparently mediated by circulating 'barrier' antibodies in the
presence of immune lymphocytes (Kaliss, 1957), while foetal survival
also occurs in the presence of antifoetal antibodies (Lanman and Herod,
1965) and immune lymphocytes (Soren, 1967). Tumour enhancement only
occurs with tumours which differ from the host with respect to the H-2
locus. These tumours have surface antigens in a low concentration
(Moller, 1963b) and are analogous to foetal trophoblast, which is

similarly weakly antigenic.

Although immunological enhancement has only been adequately
demonstrated in response to tumour proliferation, experimental evidence
is available to suggest that the phenomena might occur in the foetal-
maternal relationship. In this situation it is supposed that in the
presence of circulating antifoetal 'barrier' antibodies, exposed

antigenic sites on trophoblast cells become coated by these antibodies

QAWY- £\
(= )
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and thereby protected from attack by sensitized maternal lymphocytes,

Enhancing antibodies produced in response to the presence of a
tumour in an allogeneic host can be passively transferred by iso-
antisera (Kaliss, 1957; 1958 )_ This property of passive
transfer distinguishes enhancement from conventional tolerance. There
is no direct or conclusive evidence that maternal unresponsiveness to
paternal skin grafts can be passively transferred. Initial attempts
to demonstrate such a transfer, using serum from multiparous females,
were not successful (Kaliss and Dagg, 1964). Pregnancy haemagglutinins,
however, have a short half-life on transfer (Rubinstein and Kaliss, 196.4)
and, in & similar study with more extensive immunization, Currie (1969)
claims to have passively transferred enhancement to allogeneic tumours

and skin grafts by the injection of allogeneic pregnant serum.

Serum taken from pregnant mice has been shown to be capable of
protecting foetal cells in vitro from attack by im%une lymphocytes
(HellstrBm, HellstrBm and Brawn, 1969). These workers have shown that
lymphocytes from mice carrying antigenically foreign foetuses inhibit
the growth of foetal cells of the same genetic type. When serum from
the pregnant mice was added to the cultures the cells remained viable,
The authors point out that it cannot be concluded that the protective
serum factor is an immunoglobulin. However, in tumour systems, a
similarly acting factor, which results in protection from immune
lymphocytes, was demonstrated to be a TS immunoglobulin (Hellstr8m,

Hellstr8m and Pierce, 1968; HellstrBm and Hellstr8m, 1969).

Evaluation of the mechanisms of maternal host unreactivity in
pregnancy has involved attempts to break the 'enhancement' and leave

the embryo relatively unprotected. Avery and Hunt (1968) have shown that
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the nature of the maternal response to a post-partum ;kin graft after

an inter-strain pregnancy may depend on the route of administration

and dose of the immunizing stimulus given during pregnancy. Thus, the
low doses of antigens received by the mother from the foetal circulation
might induce enhancement while the larger doses of antigens given in
pre—-immunization experiments might result in sensitization. Halpern
and his colleagues (1963) found that non-specific stimulants of cellular
immunity overcome the enhancement of tumours, and Currie (1969) found
that foetal reabsorptions increased in inter-strain pregnancies when

female mice were given several injections of the adjuvant Corynebacterium

parvum. Currie (1969), however, using large doses of paternal spleen
cells, found that immunization did not affect litter size or the number
of implantation sites. When doses of paternal tumour cells were used

for pre-immunization, foetal death rate tended to be increased.

The kinetics of immunological enhancement are uncertain and many
of these attempts to overcome specific unreactivity in pregnancy may have
used inappropriate conditions. However, it is clear that the presence
of enhancement must depend on some humoral balance between enhancing
antibodies and the cytotoxic antibodies involved with the immune

lymphocytes in sensitization.

The role of the spleen has been shown by several workers to be
critical in the induction of tumour enhancement. Removal of the spleen
in mice inhibits the growth of incompatible tumours (Prehn, 1959; 014,
Clarke, Benacerraf and Stockert, 1962; M8ller, 1965; Ferrer, 1968a). Since
the spleen is an important source of humoral antibody (Rowley, 19503
Adler, 1965) the idea has been advanced that the increased resistance
of splenectomized mice to tumour rejection is due to the removal of a

major source of enhancing antibody (0ld et al., 1962). The growth of
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tumour can be experimentally increased in mice previously implanted
with a graft of the same tumour (Ferrer, 1968a). The effect is
specific and is significantly reduced in splenectomized animals,
Moreover, serum from mice splenectomized prior to immunization with
tumour is significantly less effective in producing passive

enhancement of the tumour than serum from controls (Ferrer, 1968b).

The experiment reported here is an investigation into a possible
role of the spleen in foetal protection. It was hoped that the
combination of splenectomy and immunization would lead to sensitization

of the mother without the protective presence of enhancing antibodies.

Materials and Methods

Four groups of C57 BL mice, of similar age were usedf Group A
and Group B were splenectomized. On the following day Group A and
Group C were immunized to the paternal strain, receiving one skin
graft and one spleen cell injection (7 spleen equivalent each) from
CBA males. The fourth group (D) was neither splenectomized nor
immunized, All mice were mated to CBA males. The methods of
immunization, of the recovery of foetuses and placentas on the 18th
day of pregnancy, and of the statistical analysis have been described

in earlier chapters.

Results

The results suggest that splenectomy does not affect foetal weight,
placental weight, litter size or implantation number whether in the
presence or absence of immunity. Foetal mortality seems to be

unaffected by splenectomy alone but is clearly increased by splenectomy

in the presence of immunity.
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Table 4,1 records the mean foetal weights, placental weights and
litter sizes in the four groups. The regression of foetal weight on
litter size was negative but not significant (b = -7.75 + 4.1; p > 0.05).
Mean foetal weights adjusted for litter size were not significantly
heterogeneous. The group of mice receiving immunization alone, as in
garlier experiments, showed a tendency to have lower foetal weights
than the other groups. Immunized mice which had also been splenectomized

did not show this tendency.

The regression of placental weight on litter size was significantly
negative (b = -2.77 * 0.73; p < 0.05. Mean adjusted placental weights
were similar in all groups. Litter size and implantation number were

also homogeneous (Table L.2).

The incidence of foetal death is shown in Table 4.2. The
percentage of females showing moles appears to be greatly increased by

splenectomy in immunized mice.

The heterogeneity between groups is clearly significant
(X2(3) = 11.85; p < 0.01) and comparisons between individual pairs show
that this heterogeneity arises from the fact that Group A differs
significantly from Groups B and D (p = 0.025), and from Group C
(p = 0,01). When, however, the mean number of moles per female was
examined, there were no significant differences between the groups.
The division of foetal deaths into early, middle, and late was not
appropriate in this series because, with one exception, all deaths

were early.

There was no difference in the time of skin graft rejection

between groups (8 + 2 days). A negative correlation exists in
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Group A between the number of days from splenectomy (and immunization)
to the onset of pregnancy (day of plug) with the number of foetal deaths.

The correlation was not, however, significant.

Discussion

On the basis of the present experiments, there appears to be no
direct correspondence between the role of the spleen in tumour
systems and its role in pregnancy. In the tumour system the growth
of incompatible tumours is increased by prior immunization of the
recipients with a similar graft. This increased growth is prevented

by the removal of the spleen,

The removal of the spleen from females preimmunized to maternal
strain antigens does not significantly affect the weight of hybrid
18th day foetuses, but does increase the incidence of early foetal
death. This result suggests that the spleen (and enhancing antibodies)
might play a role in protecting the early embryo (perhaps before the
establishment of trophoblastic barriers). It does not, however,
appear to affect later development. It is, of course, possible that
after splenectomy other organs of the immune system take over the role

of the spleen,

Although mean foetal weights did not differ significantly between
the groupsthere is a tendency towards higher foetal weights in
splenectomized animals., This is true of comparisons within both the
immunized and the non-immunized groups. If this observation were to
be repeated and found to be genuine it would suggest that the spleen
has an influence on general foetal growth. One could speculate that

the apparent lack of effect of immunization on foetal weight after
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splenectomy was due to the lowered immune response to injected antigen.

The removal of the spleen would then effectively reduce the effects of

preimmunization.,

Under the conditions of this preliminary investigation the

phenomenon of enhancement would appear to be involved in the protection

of the early foetus.



Chapter V

Studies on the expression of transplantation

antigens in early development
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Studies on the expression of transplantation antigens in early

development

Introduction

The existence of transplantation antigens in the early mammalian
embryo has been well established. However, the time of development,
the first appearance and the nature of paternal antigenic expression
has not yet been clarified. From the immunological point of view
the expression of paternal antigens is more important than maternal

antigenic expression.

A recent study has shown that, by the 6th day of pregnancy in
the mouse, the hybrid pattern of glucose phophate isomerase-l is
discernible (Chapman, Whitten and Ruddle, 1971). This locus is,
therefore transcribed and translated before the 5th day. Thus
at least part of the paternal contribution to the genome of the egg

is active at this early stage.

The experiments reported in this chapter were undertaken to
determine whether paternal transplantation antigens could be
detected on the surface of early hybrid eggs. Zona-pellucida-free
tubal eggs were cultured in the presence of antibody, prepared

against tissues of the paternal inbred strain.

Experiments I, II and III were preliminary studies prior to an
experiment (IV) on hybrid eggs. Experiments I and II were designed
to determine if the proposed culture system was capable of supporting
egg development. Experiment I tested the viability of hybrid eggs in
the presence of guinea pig serum (GPS) and mouse serum. Experiment II

involved the use of various commercial preparations of GPS to discover



a source which was not toxic to eggs. Experiment III was concerned
with the effects of anti-CBA serum on CBA eggs, and set out to
determine if the system of culture was capable of showing
immunological effects. The comparative study on the development of

C57 BL x CBA F. hybrid eggs in the presence of anti-CBA serum is

1

reported in Experiment IV.



General Material and Methods

A. In vitro Culture

Eggs were collected on the afternoon of the third day of pregnancy
(first day = vaginal plug) by flushing the oviducts with phosphate-
buffered saline (PBS) to obtain 8-cell embryos. They were cultured in
microdrops under liquid paraffin (Brinster, 1963), using the medium of
Brinster (1965). The cultures were maintained for several days at 37°C
in an atmosphere of 5% 002 in air. The eggs collected from each
female were randomized between treatments and placed singly in culture
drops to avoid spontaneous fusion. Culture drops were made up fresh
each day and were allowed to equilibrate for two hours in the incubator
before eggs were added. Guinea pig serum (GPS) was used as a source of
complement for the initiation of cytotoxic antigen-antibody reaction.
The appropriate experimental antiserum or control serum was added, with
GPS, to Brinsters medium in making up the culture media. The removal
of the zona pellucida was carried out by placing the eggs in dialysed
pronase solution (0.5% in phosphate-buffered saline with 10 mg/ml of
polyvinyl pyrrolidone) for about ten minutes (Mintz, 1967). Eggs were
removed when the zona pellucida swelled and thinned and were washed in
two rinses of PBS before being placed in the appropriate culture
drops. Eggs which did not lose the zona remnant in the rinses
were discarded. As far as possible, eggs collected each day were
distributed equally between all treatments, so that comparisons of
subsequent development would be as free from 'day-to-day' variables as

possible.

B Preparations of Antiserum and Estimation of Titre

Antiserum was collected from females which had been immunized by

two full thickness skin grafts and three spleen cell injections (half
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spleen equivalent each) from the paternal strain? Imunization was
given at fortnightly intervalsf Collection of antiserum was made

one week after the last injection and the serum was stored at -30%¢
until required. Antiserum from each female was kept separately and

in most cases was tested before use for haemagglutination titre using
the human serum dextran method (Gorer and Mikulska, 1954). Estimations
of antibody titre were made in an attempt to determine if antisera

of high titre would have a greater effect on growth and -development
than those of a low titre. Titres of antiserum varied from 32_1 to
512_ . In experiments for which decomplemented antiserum was required,
the antiserum was heated in a water bath at 5600 for thirty minutes

before use, Control non-immune serum was collected from females of

i : : o] :
a similar age to those immunized, and stored at -30 C until use.

Cs Criteria for assessing Development of Eggs

Eggs were examined at least once a day for several days. After
twenty four hours of culture the presence of dead eggs and morulae
was recorded., After forty eight hours the formation of blastocysts was
similarly recorded, and subsequent blastocyst attachment and the presence
of trophoblastic outgrowth were followed for several more days. In
later experiments two additional criteria were added, in the light of
knowledge gained in the first experiments: (1) The time at which
cavitation occurred at the beginning of blastocyst development, and
(2) The normality or abnormality of blastocysts, classified
macroscopically. Blastocysts were counted as abnormal if there was
permanent formation of more than one cavity, if only a proportion of
the cells had contributed to the blastocyst or if large extrusions

of dead cells were present on the surface of the embryo. Eggs were



classified as normal if at any time they formed fully expanded
blastocysts. Photographs of normal and abnormal blastocysts were

taken.,

Experimental days in which there was no development to the

blastocyst stage in any treatment group were not included in the data.

b Analysis of Results

Each experiment involved the setting up of several cultures of
eggs. These cultures were established on different days and consequently
there was inevitably variation between cultures, within experiments.

The figures in the Tables represent the sums of all cultures for each
experiment, The individual figures for each culture are given in

Appendix 5,

The individual, rather than the overall, figures were used for
statistical analysis. This enabled direct comparisons to be made
between the developmental capacities of eggs grown in different media,
but otherwise subjected to the same conditions of culture., The
Binomial Test and the Mann-Whitney U Test (Siegel, 1956) applied to
the percentages, allowed the results of individual comparisons to be
combined, The conventional x2 was not used because the numbers of
eggs cultured on each day were too small, and a test of the sums of

cultures is not valid because it combines heterogeneous data.

Weighted regression analyses were employed to discover if there
was any relationship between the levels of antibody in a given antiserum,
and the pattern of egg development., The regressions on antibody titre
of the following variables were examined: percentage of eggs forming

blastocysts; percentage of blastocysts showing normal development;
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and percentage of normal blastocysts developing into trophoblastic
outgrowth. In each case the percentages were transformed into angles
and weighted by the number of observations in the sample (Fisher and

Yates, 1963).



Individual Materials and Methods

Experiment I

The culture of C57 BL x CBA F. eggs to test the viability of eggs in
a medium containing antiserum and GPS

A preliminary experiment was carried out to test the viability

of C57 BL x CBA F, hybrid eggs in the proposed culture system of

1
antiserum and complement, and to assess the optimum conditions for

culture.

Eight-cell eggs, with or without the zona pellucida, were
cultured in 1% of either C5T7 BL anti—CBA serum or C5T7 BL anti-
Peromyscus serum with 25%, 10% or in the absence of GPS (Preserved
guinea pig serum, Wellcome Labs,). The group of eggs cultured in
C57 BL anti-Peromxscus serum was included to detect any non-specific
effects of antiserum on egg development. A group cultured in

Brinster's medium alone was also included,

Experiment IT

The culture of outbred (Q) eggs to investigate the relative toxicity of
various sources of complement

Because the GPS was toxic, the conditions in Experiment I were
evidently unsatisfactory for either a comparative study of development
between eggs cultured in antiserum and control serum or an investi-
gation of the effects of different antisera., It was therefore

necessary to find a source of complement that did not kill eggs.

Culture drops were set up containing either C5T BL anti-CBA serum
(immune serum), or non-immune Q strain serum, in the presence or absence
of three types of GPS 1) preserved GPS (Wellcome Labs.), 2) freeze-

dried GPS (Wellcome Labs.) or 3) fresh GPS. Sera and GPS were either
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untreated or were heat inactivated for thirty minutes at 5600 to
remove complement. All eggs were treated with pronase to remove the
zona pellucida. Culture drops using preserved GPS were set up in the

following combinations in an attempt to determine the cause of toxicity:

l. Culture medium only.

2 8 Inactivated immune serum and GPS,

3 Inactivated immune serum and inactivated GPS.
4, Immune serum and GPS.

5. Immune serum and inactivated GPS.

6., TImmune serum only.

Too GPS only.,.

8. Inactivated immune serum only.

9. Inactivated @ serum and GPS,

10, Q serum only.

Experiment IIT

In vitro culture of inbred CBA eggs in the presence of C5T7 BL anti-CBA
serum

CBA, zona-pellucida-free, 8-cell eggs were cultured in Brinster's
medium containing either 10% C5T7 BL serum, or 10% immune serum. 10%
fresh GPS was used as the complement source. Antiserum was heat
inactivated at 5600 for thirty minutes to remove mouse complement.
Fresh GPS was untreated. The titre of antibody in the antisera was

recorded,

Experiment IV

In vitro culture of C57 BL x CBA F. eggs in the presence of C5T7 BL

anti-CBA serum &

C57 BL x CBA F, hybrid, zona-pellucida-free, 8-cell eggs were
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cultured in Brinster's medium containing 10% C57 BL anti-CBA serum and
either 1% (Series I) or 10% (Series II) fresh GPS. Inbred C57 BL and
inbred CBA eggs were cultured in the same medium, Antisera was heat
inactivated at 5600 for thirty minutes to remove mouse complement.
Fresh GPS was untreated. The titre of antibody in the antisera was

recorded in Series II.



Results

Experiment I

Table 5.1 shows that GPS was toxic to all developing eggs. In
the presence of 25% GPS none of the eggs cleaved, and the zonas (on eggs
that possessed them) were swollen. 10% GPS allowed some development
of 'zona intact' eggs (to the morula stage but rarely beyond), but there
was no cleavage of 'zona free' eggs. The antisera were also toxic,
but to a much smaller degree. In the absence of GPS, anti-CBA
serum had little effect on 'zona intact' eggs (83% of them formed
blastocysts) but was significantly toxic to 'zona free' eggs (1L4%
blastocysts). Anti-Peromyscus serum appeared to be toxic to both
types of egg. The greater toxicity of the latter serum is difficult
to understand, but its higher titre may have revealed the effects of

cross-reacting antibodies,

Experiment IT

The results shown in Table 5.2 show the preserved GPS is toxic
to egg development. The percentage of eggs developing to the
blastocyst stage is approximately halved in the presence of 10%

GPS. Heat inactivation largely removes the toxic effects, the
percentage of blastocysts in this group being comparable to that found
in the control group. Of the 54 eggs cultured in the presence of
untreated GPS, 14 (25.9%) reached the blastocyst stage. With heat
inactivated GPS, 14 out of the 20 eggs (70.0%) became blastocysts
compared to 18 out of the 22 (81,8%) eggs cultured without GPS. These
results indicate that a heat-labile component of GPS (perhaps the

complement component) is responsible for egg death,

The presence of immune serum and Q serum does not significantly

affect the development of blastocysts compared to that obtained in



TABLE 5.1

Invitro culture of C57BL and CBA Fl hybrid eggs in immune serum and GPS.

Antiserum |Eggs |Mor=- Bleshqoysis
titre No., |ula No. %
No.
CBA antiserum 4,006 4 0 0 0
Zona ,
AFEGS Peromyscus antiserum 132,'?‘68”l 3 0 0 0
25% GPS 1
Zona CBA antiserum 4,096 4 0 0 0
Bl Peromyscus antiserum 32,768-1 4 0 0 0
CBA antiserum sz~ [} = 7 1 |12.5
Zona
Intact Peromyscus antiserum - 8 8 2 |125.0
10% GPS =1
CBA antiserum 512 8 0 0 0
Zona i
FEae Perbmyscus antiserum - 8 0 0 0
CBA antiserum 256~ 6 6 5 |83.3
Zona
Ared Lotaot Peromyscus antiserum 32,768-1 7 74 0 0
W iy CBA antiserum st el e | a s
only Zona
ZLL Peromyscus antiserum 32,?68-1 6 6 0 0
Zona 4 4 4 | 100
Intact
Culture| zgpa 4 4 3 175.0
Medium Free
only




Table 5.2

In vitro culture of zona pellucida free Q strain eggs in 10% GPS and
mouse serum

Trophoblastic outgrowth
Culture Eggs | Morula Blast. -
Medium No. No. No. (%) = % of %
* | Total Eggs| of Blast.

Cullee 23 19 16 (69.6) | 11 (47.8) 68.8
Medium alone ' '
Inactivated
immune serum 13 12 4 (30.8) 3 (23.1) 75.0
and GPS
Tnactivated
immune serum
Lt 9 9 6 (66.7) 3 (33.3) 50.0
GPS
Immune serum »
B o 6 3 0 (0) 0 (0)
Immune serum
& inactivated 1hf 9 8 (72.7) 5 (45.4) 62.5
GPS
Immune serum
STy 5 5 3 (60.0) NT NT
GPS only 19 19 6 (31.6) NT NT
Inactivated
A T 6 6 (85.7) 3 (42.9) 50.0
Inactivated
Q serum and 16 16 L (25.0) 1 (6.3) 25,0
GPS
e i tEs 10 10 9 (90.0) | 3 (30.0) 33,3
@ serum

NT - DNot tested
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culture medium only. Heat inactivation of mouse serum seems to give
eggs a particularly good chance of becoming blastocysts (with
inactivated immune serum, 85.7% blastocysts, with Q serum, 90.0%

blastocysts).

The presence of GPS does not appear to affect the formation of
trophoblastic outgrowths once eggs have managed to develop to the

blastocyst stage.

There was no improvement in the percentage of eggs developing
to the blastocyst stage using a freeze-dried preparation of GPS,

See Table 5.3,

Fresh GPS was found to be as toxic to zona-pellucida-free eggs
at a 10% concentration as both the commercial preparations. When the
concentration was decreased to 1%, 80% of eggs developed to the

blastocyst stage. Results are given in Table 5.k,

Experiment III

The results of development of CBA eggs cultured in antiserum
and control non-immune serum are given in Table 5.5. Details are
given in Appendix 5.1. A selection of eggs was sacrificed during
culture to be photographed at various stages of developmentf Plates
1-5 show examples of the egg stages recorded and typical examples of
normal and abnormal blastocysts. Blastocyst formation was significantly
lower (p = 0.002) in the antiserum group when paired observations
were compared by culture days and analysed by the Binomial test.
Subsequent development of embryos to trophoblastic outgrowth was also
significantly lower in the presence of antiserum whether as a

proportion of the total eggs set up in culture (p = 0.011) or of



TABLE 5.3

Invitro culture of Q strain eggs with 10% freeze dried GPS and
10% Q mouse serum.

: Eggs Morula Blastocysts

Haciu, No. No. No. %
Culture
Madiam 6 5 4 66.6
Mouse serum 10 7 5 50.0
GPS 10 6 2 20.0
Inactivated
serum & GPS 8 A0 4 3048
Inactivated
serum and 12 10 S i
inactivated GPS

TABLE E.h

Invitro culture

of Q strain eggs with 10% or 1% fresh GPS.

: Eggs Morula Blastocysts
Hieg Lt No. No. No. %
Chltnze 10 9 5 50.0
Medium
10% GPS 17 10 5 29.4
1% GPS 10 9 3 80.0




TABLE 5, 5%

Invitro culture of inbred CBA eggs in 10% C57BL anti-CBA serum or
10% C57BL serum,

Morula Blastocysts [Trophoblastic Outgrowth
Eggs
GROUP No. % % of
No. % No. % No. [of Total| blast.
eggs

C57BL
anti-CBA | 70 67 95.7 33 47.1 15 21.4 45,5
serum

C57BL
serum

65 61 93.8 48 73.8 36 55.4 75.0

TABLE 5.6%

Normal blastocyst development of CBA eggs in 10% C57BL anti-CBA serum
or 10% C57BL serum.

Blastocyst Normal % Normal
GROUR No. No. Blastocysts
C57BL
anti-CBA 33 14 42.4
serum
EetaL 48 40 83.3
serum

* these figures represent the sums of daily series of experiments

for individual figures. See Appendix 5.1.




Plates of oviducal eggs to show

the stages of development recorded.

Magnification x 40O



Plate I

(a) Eight-cell egg with zona pellucida removed ready
for culture.

(b) Morula stage after 24 hours in culture.



Plate 2

(a) A dead egg - 24 hours in culture.

(b) Cavitation - U42 hours in culture.
The cavitation chamber is forming on the
left=hand side of the egg.



Plate 3

(a) Normal blastocyst with single cavity - U8 hours in
culture.,

(b) (e)

Abnormal blastocysts. (b) extrusion of dead cells on surface and
several separate cavitations - L8 hours in culture. (c) no dead
cells but three separate cavitations - 54 hours in culture.



Plate 4

(b)

Abnormal blastocysts., (b) extrusion of two blebs which have
cavitated separately. (c) only small % of cells have
contributed to the blastocyst - 58 hours in culture.



Plate 5

(a) Blastocyst attachment, Blastocyst has collapsed onto surface
of petri dish and is firmly attached - T2 hours in culture.

(b) Trophoblastic outgrowth., Cells have spread in a thin film
over petri dish surface - 96 hours in culture,
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the number of blastocysts (p = 0,035)0 The weighted regression of
percentage of blastocysts on serum antibody titre was negative and
statistically significant (F = 6.046, d.f. 1 and 14, p < 0.05),
showing that the number of eggs developing into blastocysts falls
as the titre of antibody increases (See Figure 1). Data from CBA

egg culture in Experiment IV were included in this analysis.

Table 5.6 shows that there is a significant reduction in the
proportion of normal blastocysts when eggs were grown in antiserum
(p = 0.035). However, regression analysis of the percentage normal
blastocysts on titre was not significant (F = 2,54, d.f. 1 and 12,

p < 0.20) although in the expected direction.,

There was no correlation between the success of a blastocyst
in forming a trophoblastic outgrowth and the antibody titre of the

serum in which it was cultured.

It was was noted in the course of recording blastocyst development
that CBA eggs in the immune serum took longer to become blastocysts
than eggs in the control serum. The time of cavitation of eggs was
therefore calculated. Eggs were divided into the percentage of
eggs which had cavitated by forty eight hours in culture and the
percentage which cavitated after forty eight hours (see Appendix 5,1
for details). Table 5.7 shows that whereas 92.5% of eggs in the
control serum had cavitated by forty eight hours, only 66.7T% of those
in antiserum had done so. Eggs grown in antiserum showed a delay
of eight hours in cavitation compared to eggs grown in control serum.
However, when only eggs were compared which later formed normal
blastocysts, this eight hour difference was reduced to one hour

difference. (See Figure 2)., Data from CBA egg culture in Experiment IV



TABLE 5.7

The time of cavitation of CBA eggs grown in 10% antiserum or control serum.

CAVITATION by 48 hours CAVITATION later than 48 hours
GROUP Total Eggs Normal Blast. Total Eggs Normal Blast.
No. % No. % Nos % Noe. %

C57BL

anti-CBA 22 66.7 12 54.5 11 3343 2 18.2
serum

ool 37 | 92.5 | 31 | 83.8 3 7.5 | 2 | 66.7
serum
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were included in this analysis. From this experiment it is not possible
to distinguish whether eggs which are destined to form abnormal
blastocysts take longer to cavitate than eggs which will form normally or

eggs which are delayed and cavitate late are more likely to be abnormal.

Experiment IV

The results of development to the blastocyst stage of C5T7 BL x
CBA Fl’ C57 BL and CBA eggs in anti-CBA serum are given in Tables 5.8
and 5.9. The numbers of normal blastocysts formed in the two series
are given in Table 5.,10. Data details can be found in Appendices
5.2 and 5.2a. The results of the two series did not differ
significantly from each other in any respect and for the purpose of
analysis they can be pooled. Table 5.11 gives a summary of the

pooled results of blastocyst formation.

CBA blastocyst development was significantly lower than that
in the C57 BL eggs (p < 0.025, one-tailed) and among those blastocysts
that did develop, a higher proportion were abnormal (p < 0,001, one-
tailed). Hybrid egg blastocyst development was similar to that of
C57 BL eggs, a significantly larger number of hybrid eggs forming
blastocysts than the CBA eggs (p < 0.05) and a lower proportion fbrmhﬂ
abnormalities (p < 0.002). Hybrid eggs do not differ significantly
from C57 BL eggs in blastocyst development but do in the proportion

of abnormal blastocysts (p < 0.05),

There was no significant difference between the three groups
in the percentage of blastocysts which formed trophoblastic out-
growths. Blastocyst abnormality did not appear to affect the
capacity of an egg to attach amloutgrow. Information on attachment

and trophoblastic outgrowth was limited in Series I because of a



TABLE 5,

8%

In vitro culture of C57 BL x CBA, C57 BL and CBA eggs in 10% C57 BL

anti-CBA serum and 1% GPS - Series I.
T—— Rlasbocysts Tr;phoblastlc Ou;growth
GROUP | Eggs ~ O'f 2 3
No. A A of egg|l o of egg o
Py h Nos 7 Ihotal [BlastdTotal | Blast.
C5T BL i
" 75 | 64 | 85.3 [ e |85.3 | L | 2L |s67 | 651
CBA 30 2
1k 1L
C57 BL 65 61 93.8 b9 | 75.Lk == o7 IS¢ jlite
19 19
CBA 80 6L 80.0 51 |63.8 50 55 38.0 76.0
TABLE 5,9%

In vitro culture of C57 BL x CBA, C57 BL and
anti~CBA serum and 10% GPS

- Series IT.

CBA

eggs in 10% C5T7 BL

Marais Blastocysts Trophoblastic Outgrowth
GROUP Eﬁfs - = % =
& O or e
s % s 7 Total Blast.
C57 BL
x 36 AL 86.1 26 T2.2 22 61l.1 84,6
CBA
C57 BL 34 34 |100.0 31 91.2 25 73.5 80.6
CBA bo | W7 | 95.9 | 2T | 55.1 20 L0.8 | Th.

¥ These figures represent the sums of daily series of experiments.

For individual figures see Appendices 5.2 and 5.2a.




TABLE 5.10

Normal blastocyst development of C57BL x CBA F. hybrid, CS57BL and CBA eggs
in C57BL anti-CBA serum and 1% or 10% GPS.

GROUP NO. BLAST. NO. NORMAL % NORMAL
C57BL
« CBA 59 53 890.8
Series
I
10%
antiserum C57BL 33 29 87.9
1%
GPS
CBA 21 4 19,0
E57 %
Series CBA 2 28 i
(I
10%
antiserum
10% C57BL 31 31 100.0
GPS
CBA 27 14 51.9




Table 5.11

Summary of blastocyst formation

Eggs

% blastocyst

% blastocyst

development normality
Hybrid 81.1 85.0
C5T7 BL 80.8 93.7
CBA 60.5 37.5




technical difficulty. A 1% solution of calf serum is normally added

to culture drops after forty eight hours in order to promote egg
attachmentf However, on the several occasions it was added, all further
development was arrested., When this addition was not made, attachment
and outgrowth occurred spontaneously. Information on attachment

and outgrowth was made only from cultures in which calf serum was

not added, It is likely that its presence, in addition to the mouse

and guinea pig serum already present in the medium raised the concen-

tration of serum too high for egg viability.

The regressions on antibody titre of the percentage of eggs
developing into blastocysts and the percentage showing normal
development were not statistically significant in any of the three

gI‘OupS .



Discussion

a) The toxicity of guinea pig serum to developing eggs

Previous studies involving the use of GPS in egg culture
experiments have taken little or no account of the problem of its
toxicity to 'zona free' eggs. Heyner et al. (1969) examined the
influence of immune serum and complement on the development of tubal
mouse eggs, but did not state the source of GPS used., Personal
communication to Dr. A. McLaren has established that fresh GPS was
used, They claim that development was unaffected by the presence of
GPS. However, inspection of their results shows that eggs cultured
in 25% GPS formed fewer blastocyst aggregates when compared with eggs
cultured without GPS. Heyner et gl. lowered the concentration of
GPS from 25% in the first experiment to 10% in later experiments
and compared the results of egg development. Since the presence of
10% GPS in their cultures did not appear to cause a deficient
formation of blastocyst aggregates, it does not seem advisable to
compare egg development in cultures containing different amounts

of GPS,.

James (1969) using Bacto complement (Difco) in a 10% solution

reports toxic effects on 'zona free' blastocyst formation.

Thus, in the experiments of Heyner et al., 10% GPS gave no
evidence of toxic effects, in James' experiments it showed some
degree of toxicity, and in my cultures it showed considerable toxicity.
These facts suggest that much may depend on the particular batch of GPS
used. This suggestion is supported by the lower toxicity of the GPS
used in Experiments III and IV (see next sections), which allowed the

use of 10% GPS despite the discouraging results of Experiments I and II.
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The presence of mouse serum or antiserum in the culture medium
does not significantly affect blastocyst formation, whether heat
inactivated or notf However, the percentage of blastocysts was
non-significantly higher after inactivation, suggesting that mouse

complement may have had some slight toxic effect.

b) The effect of anti-CBA serum on CBA egg development

The effect of anti-CBA serum in reducing the capacity of CBA
eggs to form blastocysts appears to be due spec ifically to the
presence of anti-CBA antibodies., This observation is strengthened
by the finding that the percentage of eggs successfully developing
into blastocysts significantly falls as the titre of serum antibody
to which they are subjected increases. This result is in agreement
with the findings of Heyner et al. (1969) that blastocyst formation
is reduced when 'zona free' C3H eggs are cultured with DBA/2 anti-C3H

serum,

Several other parameters of CBA egg development are also
affected by the presence of antiserum, A significantly higher
proportion of eggs that reached the blastocyst stage are abnormal
when development occurred in antiserum, although the proportion of
abnormal blastocysts was not dependent on antibody titre. Heyner et al.
(1969) do not report a similar occurrence of abnormal blastocysts
but it is doubtful if their method of culture would allow a distinction
to be made between normal and abnormal blastocysts. They did not
culture eggs singly in drops but put eggs undergoing one treatment
in one drop. Eggs which have had the zona pellucida removed adhere

in a culture drop to form a variable number of large aggregate
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blastocysts rather than forming one blastocyst for each egg., Under
these conditions abnormality of individual blastocysts is likely

to be obscured.,

In addition to the effect on blastocyst development, anti-CBA
antibodies impair subsequent development of trophoblastic outgrowth,
which also appears independent of antibody titre. This is consistent
with the results of James (1969) in an in vivo study of trophoblastic
development., He found that C57 BL blastocysts cultured in the presence
of C3H anti-C5T BL serum showed lower trophoblast viability when
transplanted to C3H kidney capsules than eggs which had been cultured

in non-immune serum.,

The adverse effects of antiserum result in the formation of
fewer blastocysts, increased abnormality and retarded cavitation.
These results indicate the presence of transplantation antigens
on eggs prior to blastocyst formation. The retarded appearance of
a cavitation chamber is strongly associated with the formation of an
abnormal blastocyst. It is not known whether the formation of an
abnormal blastocyst is directly due to the action of antiserum or
whether it is a secondary effect resulting from retarded development.
The presence of antiserum may retard development by interfering with
cell division, leading to both late caviation and to abnormality,
This could be tested by comparing cell counts of eggs culture in

immune serum and non-immune serum,

c) The effects of anti-CBA serum on C57 BL x CBA Fl hybrid egg

development

The results of growing CBA eggs in anti-CBA serum agree with the

results in the last experiment.
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The results from culture of hybrid eggs show their viability
in antisera is much nearer that of C57 BL eggs than that of CBA eggs.
However, although C57 BL and hybrid egg development was similar in
respect to blastocyst formation, hybrid eggs did form larger numbers
of abnormal blastocysts. In this respect they are less viable
than C57 BL eggs. This suggests that paternal antigens can be
detected in the hybrid blastocyst but their expression is proportionally

much weaker than would be expected from a consideration of gene dosage.

It might be argued that CBA eggs are inheritgntly less viable
than C57 BL under the conditions of culture and that the intermediacy
of hybrids is a consequence of gene dosage. This possibility is
excluded by the results of Experiment III, CBA egg viability in the
absence of antiserum in Experiment III is very similar to the viability

of C5T7 BL eggs in the present experiment.

It would be interesting to test directly for the low density
of paternal antigens on hybrid eggs by using two types of antisera
on fertilized eggs from reciprocal crosses, If it is a genuine
phenomenon, weak expression of paternal antigens may contribute to
protecting the early embryo against the adverse effects of maternal

immunity.



Chapter VI

The effects of active and passive preimmunization

on the decidual cell reaction of pregnancy
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The effects of active and passive preimmunization on the decidual cell

reaction of pregnancy

Introduction

While the placenta may form & barrier that prevents the immunological
rejection of the foetus, some other mechanism must be involved during
implantation and before the formation of the definitive placenta. The
actual process of implantation involves a complex series of interactions
between endometrium and blastocyst, the nature and control of which
are poorly understood. This phase of the reproductive cycle is,
nevertheless, of great importance, for it is during this period that
the highest mortality of embryos occurs (Hertig, Rock, Adams and Menkin,

195T7; Brambell, 1948; Adams, 1955).

There are a number of observations which have led to the suggestion
that immunological reaction could occur between mother and foetus at
the time of implantation. In the rabbit, accumulations of lymphocytes
occur in the sub-epithelial space at the site of implantation (Potts,
1965), and antigens present in the blastocoelic fluid have been recovered
from the uterine stroma and lumen (Beier, 1968). In the rat, uterine
cells transfer substances into the sub-epithelial space at the site of
implantation (Vokaer, 1952). These observations indicate that the
passage of substance between blastocyst and uterus is possibly quite

frequent.

One of the early signs of implantation in many mammals is the
development of decidual tissue in the uterine stroma in the region of
the blastocyst. When pre-trophoblastic stages of development are

transplanted to ectopic sites they are rejected if the host has been
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sensitized to the transplantation antigens of the donor. When
transferred to the uteri of similarly prepared hosts, in the presence
of decidual tissue, rejection does not occur (Kirby et al., 1966).

This observation led to the suggestion that decidual tissue may provide
protection from immunological consequences of maternal/foetal
incompatibility during this early stage of development. The nature

of the protection is unclear, as decidual tissue is well supplied with
blood and lymphatic vessels. The presence of tight junctions between
cells in decidusl tissue, reported by Finn and Lawn (1967), may be
relevant in limiting cellular contact and passage of cells between the

mother and conceptus at this stage.

There is only meagre evidence that immunological interactions
around the time of implantation significantly affect development.
From measurements of the amount of decidual tissue in mice on the Tth
day of pregnancy Hetherington (1970) has postulated that during the
pre-implantation phase of pregnancy an immunological reaction occurs
which affects either the blastocyst's ability to induce the decidual
cell reaction or the mother's ability to respond. Variations in the
amount of decidual tissue were not due to differences in the rate of
development of the pre-implantation blastocyst, which is known to
depend on both the blastocyst genotype and the maternal environment

(Whitten and Dagg, 1961; Gates, Doyle and Noyes, 1961; McLaren, 1968).

This observation induced an investigation into the effects on the

decidual cell reaction of maternal preimmunization to paternal antigens.

Studies were made on both the effects of active immunization
(Experiments I & II) and the effects of passively transferred isoantisera

(Experiments III & IV). Experiments I and II were designed to investigate



the decidual response in females actively immunized to the antigens

of the mating male. Experiment I compared the effects on decidual
weights of allogeneic and xenogeneic immunization. Experiment II, in
addition, examined the results of using different methods of allogeneic
immunization. Experiments IIT and IV used passive immunization to
determine the effects of humoral factors in the absence of cellular

imunity.

Experiment I and Experiment IV were carried out in collaboration
with Dr. C. Hetherington. A publication reporting the results of

Experiment I is enclosed, (Appendix 6.h4).
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A. The effects of active immunization — Experiments I and IT

s General Materials and Methods

Female C57 BL mice aged between eight and twelve weeks were
distributed at random into groups. Mice were either immunized
allogeneically to CBA male tissue, xenogeneically to Peromyscus antigens
or left as unimmunized controls. In Experiment I one group of mice was
immunized allogeneically, while in Experiment II three groups were
immunized allogeneically using different methods of preimmunization.

The methods of skin grafting and spleen cell injection were carried

out as described in previous chapters. All treatments were given at

14 day intervals. Six days after the last injection of spleen cells

all the mice were mated to CBA males. On the seventh day of pregnancy
(vaginal plug = 1lst day) the mice were killed and dissection was carried
out in P.B.S. to remove the decidual tissue from the uterus. No attempt
was made to remove the tissue of the conceptus. The decidua from each
uterus were blotted lightly, pooled, and weighed to the nearest 0.1 mg.
The mean decidual weight per implantation site was calculated for

each female. At autopsy the females were bled to determine the levels
of serum antibody against CBA and Peromyscus red blood cells.
Haemaggluti_nation was carried out using the human serum dextran

method of Gorer and Mikulska (1954). In Experiment I, lumbar lymph
nodes and spleens were dissected from each female at autopsy and were

weighed.

The mean decidual weights of the groups were compared using the
analysis of variance. Individual group means were compared using the
Student's t test. The regression of decidual weight on antibody titre

was also examined.
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In Experiment II, Student's t test was used to compare the titres

obtained by different methods of immunization.



24 Experiment I

Allogeneic and xenogeneic immunization was carried out with two
full thickness skin grafts and three injections of spleen cells. Autopsy

was carried out on the morning of the Tth day of pregnancy.

Results

The results are recorded in Table 6.1, and more detailed information
is given in Appendix 6.1. The mean decidual weight for females
immunized to CBA antigens was significantly lower than the mean weight
of either the untreated controls, or the group immunized to Peromyscus
antigens (for heterogeneity between groups; F = 10.11; d.f. LT & 2;
p < 0.001). There was no significant difference between the untreated
controls and the xenogeneically immunized group. The effect of
immunization with cells of the paternal strain is therefore specific,
and neither the result of a general non-specific heightening of

immunity, nor of stress experience during immunization.

Sera from allogeneically immunized females produced
haemagglutination titres ranging from 1/8 to 1/4,096. Sera from
xenogeneically immunized mice gave high titres (1/1,024 to 1/32,768)
when tested against Peromyscus red blood cells. Sera from control

animals showed no activity with either antigen.

Mice immunized both allogeneically and xenogeneically had
significantly larger lymph nodes (F = 15.00; d.f. 46 and 2; p < 0.001),

and spleens (F = 4.01; d.f. 47 and 2; p < 0.05) than controls.

The mean implantation number in the allogeneically immunized mice

was lower than in the other groups but the reduction was not significant.
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The slope of the regression of decidual weight on antibody titre
was negative but was not significant (b = -0.05 * 0.0L4; p > 0.05: see

Figure 1).
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35 Experiment IT

Three groups of mice were immunized allogeneically to paternal
antigens. The first group (A) received, as in the last experiment,
two skin grafts and three spleen cell injections. The second (B)
received two skin grafts and the third (C) was immunized with three
injections of spleen cells. It was hoped that the different methods
of immunization would throw light on the type of immunity responsible
for decreased decidual size. Immunization with skin grafts is known
to lead to a high level of cellular immunity, whereas injections of
spleen cells lead to a relative predominance of humoural immunity.
Xenogeneically immunized mice (Group D) received two full thickness
skin grafts and three spleen cell injections from Peromyscus. Autopsy

was carried out in the afternoon of the seventh day of pregnancy.

Results

The results are summarized in Table 6.2 and data details are given
in Appendix 6.2. Mean decidual weights were significantly heterogeneous
(F = 3.65, d.f. 4 and 62; p = 0.001). DNot all methods of allogeneic
immunization were equally effective in depressing decidual weight. The
mean decidual weight from females immunized by both skin grafts and
spleen cells (Group A) was significantly lower than the control group

3.29; d.f. 22; p < 0.01) and the xenogeneically immunized group

(t

(t 2.3; d4.f. 25; p < 0.05). This result agrees with that found in the
last experiment. Group B, immunized with spleen cells only, showed a
significantly lower mean decidual weight than the controls (t = 2.6;
d.f. 22; p < 0.02) but not the xenogeneically immunized group.

Immunization with skin grafts (Group C) gave an intermediate mean decidual

weight that did not differ significantly from any other group.
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Sera from the three allogeneically immunized groups gave
haemagglutination titres ranging from -ve to 1/2,048. Antibody titres
of sera from Group A females were considerably higher than those of
Group Bor C. (F = T7.81; d.f. 2 and 34; p < 0.01). Titres from females
immunized with both skin grafts and spleen cells were significantly
higher than those from females immunized by spleen cells (t = 4.95;

d.f. 23; p < 0.001) or skin grafts (t = 2.3; d.f. 21; p < 0.05). There

was no significant difference in titres between Groups B and C.

It is apparent therefore, that immunization using skin grafts alone
gives antibody titres similar to those obtained using spleen cells alone.
However, whereas the immunity produced by spleen cells significantly

reduces decidual weight, the immunity produced by skin grafts does not.

The regressions of decidual weight on antibody titre show that
decidual weight is dependent on antibody titre in Groups A and B but
not in Group C (immunized with skin grafts only; see Figure 2). The
slopes of the three regressions are significantly heterogeneous
(F=17.90; d.f. 2 and 31; p < 0.01). There is a significant negative
relation between decidual weight and antibody titre in Group A
(b = -0.19 + 0.08; p < 0.05) and Group B (b = -0.13 + 0.06; p < 0.05).
There was no such pattern in Group C where the regression was positive

but not significant (b = 0.12 * 0.31; p > 0.05).

There is no difference between the slopes of Groups A and B
(b = =0.15 + 0.04; F = 0.29) nor do their elevations differ (F = 1.66;
d.f. 1 and 22; p > 0.05). Group C however, shows a slope significantly
different from the other two groups (from A; F = 10.9; d4.f. 1 and 19,

p < 0.01: from B; F = 9.96, d.f. 1 and 22; p < 0.01).
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There was no significant difference between the groups in mean

numbers of implantations.
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B. The effects of passive immunization - Experiments III and IV

Ls Experiment IIT

a) Materials and Methods

The experiment was carried out in two series. In the first
series C57 BL females, pregnant to CBA males, received immune or non
immune anti-sera. The immune sera came from C57 BL female mice which
had been immunized to CBA antigens with one skin graft and one injection
of spleen cells. In the second stage, pregnant mice received either
sera obtained by immunization with two skin grafts and three spleen

call injections, or non immune sera.

The immune sera were collected by bleeding immunized mice eight
days after their last spleen cell injection. The blood was pooled,
kept at room temperature for two hours and left overnight at 4° ¢ to
clot. It was then centrifuged. The serum was removed and kept at
-20° C until use. Haemagglutination titres were not measured. 0.05 ml
of serum was injected intraperitoneally on the third and fifth days of
pregnancy (first day = day of vaginal plug). The recovery of decidua
was made on the afternoon of the Tth day of pregnancy. Statistical

analysis was carried out as described above.

b) Results
In the first series, mice receiving immune serum showed no
reduction of decidual weight. In the second series, however, the
reduction was significant (t = 3.39; d.f. 6; p < 0.02; see Table 6.3
and Appendix 6.3 for detailed data). There was no significant effect

on implantation numbers at either stage.

These results suggest that the effect of immune serum depends upon

the strength of the immunity.



Serum from weakly immunized donors does not reduce decidual
weights, but serum from strongly immunized donors seems to be

effective.
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2. Experiment IV

a) Materials and Methods

This experiment was similar to the second series of Experiment
ITI. It was carried out at the Clinical Research Centre of Northwick
Park Hospital, and used their populations of mice. Immune serum was
obtained from C57 BL female mice that had been immunized to CBA males
by two full-thickness skin grafts, followed by three spleen cell
injections. On the third day of pregnancy (first day = day of vaginal
plug), C57 BL mice mated to CBA males received 0.5 ml of either immune
or non-immune serum. On the 4th day the mice received a further 0.2 ml
of serum. Mice were killed on the morning of the Tth day of pregnancy

and the decidua were harvested as before.

b) Results
Mice receiving immune serum showed a significant reduction
of decidual weight (t = 2.42; d.f. 16; p < 0.05). See Table 6.4 and
Appendix 6.3 for details. There was no effect on the implantation

number. This result confirms the earlier experiment.
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General Discussion

Experiments I and II show that active immunization against the
paternal strain significantly lowers the decidual cell response at
implantation. Following the use of different procedures for immunization,
Experiment II has suggested the interesting possibility that the response
is dependent on a particular kind of immunity. Immunization with spleen
cells significantly reduces decidual size, whereas immunization with
skin grafts does not. Although the sera produced after skin grafting
show haemagglutination titres similar to those obtained after injection
of spleen cells, their effects on decidual weight appear to be different.
As far as the decidual cell response is concerned, there seem to be

two kinds of humoral antibody.

This view is supported by the observation that the regressions
of decidual size on antibody titre, are significantly heterogeneous
when we compare the different methods of immunization. Increasing
titres of humoral antibodies induced by spleen cell injections
progressively reduce decidual weights. Increasing titres of antibodies

induced by skin grafts have no such effect.

The reduction of decidual weight by the use of passively transferred
isoantisera (shown in Experiment III and IV) clearly demonstrates the
importance of humoral immunity. The proportional reduction in decidual
weight brought about by passive transfer is approximately equal to that
brought about by active immunization. Thus there is no evidence that

cellular immunity is implicated.

There are several possible explanations for the reduction of
decidual size. The time of implantation of the embryo may be delayed

by the presence of antibodies, the decidual stimulus produced by the
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blastocyst may be reduced, or the mother's ability to respond to the
inducing stimulus may be impaired. Alternatively, specific immunization
may directly decrease the rate of growth of the decidual tissue. It is

not possible at present to distinguish between these alternatives.

The existence of two kinds of antibody, and the effectiveness of
passively transferred antiserum in depressing the decidual weight,
suggest a parallel with the phenomenon of immunological enhancement (see
ChapterIV). An anti-tissue isoantibody raised in mice may exhibit
haemagglutinating, hemolytic, cytotoxic and enhancing activity (Amos,
1962; Gorer, 1956). In tumour enhancement, the strength of an enhancing
antiserum is generally measured by its ability to protect a tumour
implant from rejection. It is usually considered that an antiserum of
high titre is the most effective in producing enhancement (see Kaliss,
1969). The route of administration of antigen may be decisive in
determining the relative amounts of enhancing or cytotoxic antibody in

an antiserum (Prehn, 1959; Medawar, 1963).

If humoral antisera induced by skin grafts contain a relatively
high degree of enhancing activity, one would expect that the decidua
would be relatively less affected by increasing antibody titre; an

interpretation that is in accord with the results.

On the other hand, it is equally plausible to speculate that
'spleen cell' immunity results in relatively high levels of enhancing
antibodies. If, as several workers have suggested (Tyler, 1961; Kirby,
1967) the process of implantation is dependent on an immunological
interaction between embryonic and maternal tissue, the presence of
enhancing antibody might interfere with this reaction and so result in

smaller deciduas. The interference, of course, might merely be mechanical.
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If the decidual cell reaction is as responsive to the presence of
antibodies as these experiments suggest, and if the reaction discriminates
between enhancing and cytotoxic antibodies, the results may have practical
importance. The degree of decidual development could be a sensitive

tool for detecting the enhancing capacities of an antiserum.



Chapter VII

Conclusions
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Conclusions

1 [ The effects of immunization on the later stages of pregnancy

In common with the majority of attempts to prejudice the outcome
of a pregnancy by maternal sensitization, the experiments reported in
this thesis have confirmed the efficiency of the mechanisms protecting

the foetus.

Tables 7.1l and 7.2 summarize the data on the effects of allogeneic
and xenogeneic immunization on an 18th day pregnancy. The tables
give the ratios of the mean values for allogeneically immunized and
control groups (Table T.l), for allogeneically and xenogeneically
immunized groups and for xenogeneically and control groups (Table T.2).
If immunization had no effect, the expected ratio in each case would

be unity.

There is evidence from the combined data of the five experiments
that allogeneic immunization causes a small but consistent specific
depression of foetal weight. Foetal weights, adjusted for litter size,
are lower than control groups, significantly so in two out of the
four comparisons. Hyperimmunization may be necessary to produce
a reduction of foetal weight, as immunization with one skin graft
and a single injection of spleen cells is ineffective (Experiment V,

Table T.l).

The foetal weights of xenogeneically immunized groups fall
between the allogeneically immunized and the control values, but
are not significantly different from either (Table T7.2). Although some
depression may be brought about by non-specific factors, it is

smaller than the effect of specific immunity.
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The reduction of foetal weight could be due either to a continuous
retardation of foetal growth or to some event early in pregnancy that
influenced later development, The work on decidual weights,

reported in Chapter VI, support the latter explanation,

Although placental weights are apparently independent of the
decidual response, foetal weights may be affected by the diminished
decidual response characteristic of allogeneically immunized
females (Chapter VI). Support for this suggestion comes from the
results of genetic crosses, where the decidual response on the
Tth day and the foetal weight on the 18th day are positively correlated
(Hetherington, 1970). Whether the effect on foetal weight is the
direct consequence of changes in the decidual response, or whether
both foetal and decidual weight are dependent on a third factor,

is not known.

Non-specific consequences of immunization do appear to influence
other features of pregnancy. The effects of allogeneic immunization
on litter size, implantation number and the incidence of foetal death
(moles) are evident but inconsistent. Although clearly significant

results were obtained in the C57 BL x A_G mating, the C57 BL x CBA

2
strain combination also showed signs of disturbance, It is not

known whether these effects are caused by maternal stress or by =a

heightening of the generalized immune response. Evidently, further
experiments involving immunization should take into account the

influence of non-specific factors.

Placental weights appear to be unaffected by any method of

immunization.



R O

It is difficult to account for the difference between these results
and those of James (1965), who found that pre-immunization increases
both placental and foetal weights. It is particularly difficult
because in Experiment I the same strain combination was used. The two
sets of results may not be strictly comparable, since James (personal
communication) discarded all litters containing under five embryos
and those containing moles. However, the hypothesis that the size
of the placenta and the foetus is strongly influenced by the specific

immunological status of the mother is no longer tenable.

In many genetical studies, phenomena associated with normal
pregnancy have been interpreted in terms of immunological reactions
between mother and foetus, to the exclusion of other equally plausible
explanations such as hybrid vigour or genetic complementation., The
experimental evidence that antigenic disparity between mother and
offspring favours increased foetal growth and survival (Billington,
196k4) has not been confirmed. Nor has the claim been substantiated
that placental weight is increased in the presence of antigenic
differences. Observations on the mouse (Hetherington, 1971),
the deermouse (Rogers and Dawson, 1970) and man (Jones, 1968;
Seppala and Tolonen, 1970) have shown no such effect. It would

seem that the usual tendency for F. placentae to be heavier is due to

1

conventional hybrid vigour.

Reports of increased trophoblastic invasion in the presence
of antigenic disparity (Billington, 1965) have also failed to find

support (Clarke, 1969 and above).

However, in rare and abnormal situations of pregnancy maternal-

foetal incompatibility may have strong immunological consequences.



The death of goat/sheep hybrid embryos may be the result of immunological
damage to the placenta (Dent et al., 1971). In man Rh incompatibility
and ABO blood group incompatibility lead to haemolytic disease of the

foetus (see McConnell, 1969).

In recent years there have been several speculations based on
the hypothesis that antigenic disparity between mother and foetus would
favour embryonic survival. These have included explanations of the
maintenance of histocompatibility polymorphisms (B, Clarke and Kirby,
1966), of the human sex ratio (Kirby et al., 1967), of hybrid vigour
(Billington, 196L), of the difference in growth rate between the
sexes (Ounsted and Ounsted, 1970), and of the effects of parity on
placental and foetal weight (Jones, 1968; Warburton and Naylor,

1971). There is now little evidence to support such hypotheses.

24 The immunological susceptibility of the early foetus

The experiments reported in this thesis indicate that while
the protective mechanisms preventing foetal rejection are clearly
quite adequate for the established foetus in normal pregnancy,
there is reason to believe that at earlier stages of development

the embryo is potentially more vulnerable to immunological damage.

The results of Chapter III have shown that increasing placental
permeability in allogeneically immunized females specifically increases
early foetal death although it does not affect foetal weight on
the 18th day of pregnancy. The attempts to prevent the formation
of enhancing antibodies by splenectomy in allogeneically immunized
females (Chapter IV) failed to prejudice the fate of the
established foetus but significantly increased the incidence of early

foetal death.
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Chapter VI has shown that a significant reduction in the amount
of maternal decidual tissue occurs in females specifically immunized
to the paternal antigens of their embryos. The exact function of
the decidual tissue is not known but an immunological protective role
has been suggested. Experiments with pre-immunized mice show that
blastocysts are destroyed when transplanted to extrauterine sites,
yet develop normally when transferred to the uterus (Kirby'gg al., 1966).
Since the implanting embryo is responsible for the induction of the
decidual response, the effects of passively transferred antisera
indicate some sort of specific reaction between maternal tissue and
the tissue of antigenically foreign embryos. Some other recent
experiments also support a protective role for the decidua.
Allogeneic skin grafts transplanted to the uterus of female rats
during the preimplantation stage of pregnancy (when decidual tissue
develops beneath the grafts) survive for a significantly longer
time than similar grafts placed in non-pregnant females (Beer gE_gLf,
1971). However, in these experiments, the decidual tissue was
incapable of giving protection to grafts in the presence of
sensitivity to the graft. Although the protective role of the
decidua would not seem to be complete it may be sufficient for

the requirements of early pregnancy.

The specific effects of antisera on the decidual response
indicate that the hybrid embryo is expressing paternal antigens
during implantation. However, the experiments reported in
blastocysts and trophoblastic

1L

outgrowths in vitro are deficient in paternal antigens. If these

Chapter V have suggested that F

statements are both correct, they suggest that, in the mouse, a

significant increase of paternal antigenic expression occurs within
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a few days. Further experiments on the precise effects of antiserum
on the decidual response are needed before a firm conclusion can be
attempted., We need to know exactly when passively administered
immune serum is acting, the time course of decidual growth in
actively immunized animals, and the comparative embryonic development

associlated with the smaller deciduas.

The importance of the immunization procedure has been clearly
demonstrated by studies on the deciduaT Active immunization with
allogeneic spleen cells influences the decidual response dramatically
whereas immunization with skin grafts has no demonstrable effect.

The use of passively transferred isoantiserum indicates that humoral
rather than cellular components are responsible for the response.

The evidence for two kinds of humoral antibody (Chapter VI) suggests
the participation of enhancing antibody. Recent work by Ralph et al.
(1972) on the types of antibody produced during pregnancy have suggested
a promising candidate for this enhancing factor. They have shown that
the recently isolated immunoglobulin IgG3 is preferentially synthesised
during pregnancy at the expense of IgM, They suggest that IgG3 could
prevent complement fixing cytotoxic maternal antibody (IgM, IgG2) and
sensitized maternal lymphocytes from killing foetal or placental
tissue, IgG3 immunoglobulin has been shown not to fix complement

and to be preferentially transported to the foetus (Grey et al., 1971;

Gitlin, 1971).

3. A summary of the mechanisms protecting the foetus

In the light of the experiments described here, and of other
recent work it would seem desirable to attempt a summary of foetal

protection,
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The existence of physical barriers between the mother and embryo,
namely the trophoblast and possibly also, earlier in pregnancy, the

zona pellucida and the decidual cell reaction, limits maternal-foetal

antigenic exchange and minimizes the consequences of maternal cellular

mechanisms.

Because these barriers are incomplete, the circulation of the
mammalian mother receives small doses of foetal antigens. These
antigens cause the formation of conventional cytotoxic anti-foetal
antibodies, sensitized lymphocytes, and enhancing antibodies.

These latter antibodies protect the foetus by attaching to trophoblast,
preventing sensitized maternal lymphocytes and cytotoxic antibodies
from damaging foetal cells. The trophoblastic barrier thus serves the
dual function of limiting antigenic contact and acting as a target site
for the attachment of enhancing antibody. The incomplete nature of the
trophoblastic barrier and the weak antigenicity of trophoblast cells

could well be essential for the production of this type of immunity.

Enhancing antibodies may well have evolved to meet the immunological
problems of viviparity. There seems to be no obvious selective
advantage in their demonstrated action on tumour growth. It would be
interesting to discover if enhancing antibody is present in animals

that are not viviparous.

Although the foetus appears to be isolated from the effects of
maternal cellular immunity it is not isolated from some anti-foetal

humoral components of the maternal immunological response.

The placenta is a barrier to the passage of most maternal

immunoglobulins but IgG 7S immunoglobulins are readily transferred
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across it (Cann et al., 1951; Gitlin and Morphis, 1969). It should be
noted that, in animals where transmission is by the yolk sac, there
is no evidence of selectivity (see Brambell, 1970), However, in
general, the yolk sac route is of less importance than later colostral

transmission (Brambell and Halliday, 1956).

Enhancing antibody has generally been considered to act at the
trophoblastic barrier. There seems, however, no reason why it should
not also pass through the placenta into the conceptus and frustrate
the action of any cytotoxic antiserum which has managed to pass the

first barrier.

Study of the immunological development of the embryo itself could
provide some clues about how embryonic cells escape damage from IgG TS
antibodies. On the one hand, the foetus appears capable of humoral
immunoglobulin synthesis (see Adinolfi and Wood, 1969; Solomon, 1971)
and it possesses competent cellular immunity as shown by its capacity
to reject skin grafts in utero (Silverstein and Lukes, 1962). On the
other hand, there have been reports of foetal inability to produce some

components of complement and of the inefficiency of foetal phagocytes.

IgG 7S immunoglobulin consist of two major components, cytotoxic
antibody and cytophilic antibody, both of which need the participation

of other factors to cause cell damage.

Cytotoxic antibody requires complement to lyse cells. It appears
that although mammalian foetuses produce some complement, the levels
are relatively much lower than in adults and the production of some
components is deficient until late in foetal life. The concentration

of complement in newborn humans is half that in the mother (Fireman
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et al., 1969; Gewurz et al., 1968), Foetal and newborn lambs have no
complement in early pregnancy and very little until after birth (Rice
and Silverstein, 196L4), Complement is present in foetal pigs at 40 days,
but the level is much lower than that in the adult, and component Ch is

extremely low until birth (Day et al., 1969).

In mammals, the several components of complement in the presence
of specific antibody act sequentially to produce cell lysis. Only
one of the components need be absent, or present in inadequate amounts,
for the complement system to be ineffective. Lack of an effective system

could protect the embryo from maternal anti-foetal cytotoxic antibody.

If protection operates in this way, it is necessary that maternal
transfer of complement to the foetus does not occur. In the few cases
in which it has been studied, the placenta has been found to be

impermeable to complement (Tachibana and Rosenberg, 1966).

In this context, it should be noted that although the maternal
antibodies responsible for rhesus and ABO haemolytic disease are TS IgG
immunoglobulins, haemolysis of red blood cells is not dependent upon

complement (Wang and Desforges, 19T1).

Cytophilic antibody can only kill cells with the help of the
phagocytes. The antibody acts by attaching to specific foreign cells
and the complex is then engulfed by the phagocyte and destroyed. In
foetal rats, Reade and Jenkin (1964) have found that although
phagocytes are present and are capable of engulfing foreign particles
coated with appropriate antibody, they have no bactericidal capacity,
a property readily manifested by adult phagocytes. The phagocytic

activity of leucocytes from premature babies has been shown to be very
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inefficient in vivo (Gluck and Silverman, 1957).

It is suggested, therefore, that the apparent lack of complement
and the inefficiency of phagocytes in the foetal system could act
as a last resort or fail-safe mechanism. This idea has been formulated

in a review article published by Dr. C.M. Hetherington and myself (see

Appendix T).

Knowledge of the protective mechanisms of the early foetus before
the formation of the trophoblastic barrier are less well understood
than those of the established foetus. The deficient antigenicity of
the embryo may well be a contributing factor. IgG cytotoxic antibody
only kills target tissue with a high density of surface antigenic sites
(Linscott, 1970; Humphrey and Dourmashkin, 1969), and may therefore not
affect the early embryo. Although the mechanisms are not known, the

decidua, and earlier the zona pellucida, may function to some degree

as anatomical barriers. The results of splenectomy in sensitized mothers
suggest that the presence of enhancing antibody might also play a role

in protecting the early embryo. Pregnant mice show an increase in serum

IgG antibody synthesis at day 5 after immunization (Ralph et al., 1972).

Considerable levels are present by day T.

In my experiments a reduced viability of F. blastocysts was caused

1
by humoral antibody. The experiments of James (1969) also indicated
that humoral antibodies as well as cellular components affect the
development of blastocysts in vitro. However, Vanderputte and Sobis
(1972) found that the immunological reaction inhibiting the outgrowth

of allogeneic blastocysts in vivo was based on a cell-mediated mechanism.

Transferred humoral antibodies were not active. As Vanderputte and
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Sobis point out, blastocysts may be sensitive to humoral antibodies

only in the presence of heterologous complement, The presence of mouse
complement and antibodies may be ineffective in the natural situation of
pregnancy. Humoral rather than cell-mediated mechanisms appear to be

responsible for lowered decidual response.

Figure 1 is an attempt to summarize foetal protection., If it is
representative of the truth we must conclude that the development of
viviparity has demanded the evolution of several protective systems.
Among them are the presence of the trophoblastic and other anatomical
barriers, the low density or masked surface antigens of the foetus, the
semi-permeability of the placenta, the induction of enhancing "barrier"
antibody, and possibly, the retarded development of some subsidiary

immunological capacities of the foetus,



NOILOHLOYd TVLIIOA A0 AUVININAS V "I 2andig

Apoqijup

J21JJDq |DIU2>D|d
|pus230w Bujduoyu 2 1J4Dq |DYu20D)

s23A>0ydwA| n_\
|DUJ2}DW s234>06oyd
JO oD
S/ ApPoqIiuD |ous23jow
J W2w2|dwod |pus23DW A/
S6| APOQIjuD [DUJ2}DW A m
sju2uodwo>
su2bijup 0324 JU2Ww2|dwod

2WOS JO ¥2D



Acknowledgements

I have been extremely fortunate to have as a supervisor
Dr. Amne McLaren., Her particular blend of encouragement,
criticism and help has been very greatly valued. I am also
indebted to her for splenectomizing the mice for the experiment
reported in Chapter IV, I am most grateful to my husband,
Bryan Clarke, who has been an understanding and patient
statistical advisor and critic of the manuscript. I have also
very much appreciated the many discussions with him about the
problems of the foetus as a homograft. I would also like to
thank the friends and colleagues who have helped in many ways.
Dr, C.M. Hetherington, Miss Teresa Menke, Dr. P. Grant and
Mr, J. Ansell deserve special mentionf My thanks are also
due t5 Miss H. Macrae and her mouse house staff for providing
such excellent facilities, and to Miss P. Warren for typing
the manuscript. The work was carried out during the tenure
of a M.R.C. research studentship, at the Institute of Animal
Genetics, Edinburgh, I am very grateful to Professor D. Falconer

for the facilities he has provided.,



Bibliography



BIBLIOGRAPHY

ABELEV, G,I, (1963) Study of the antigenic structure of tumours.
Acta Un. int. Cancr. 19, 80-82,

ADAMS, C.E. (1955) Studies on prenatal mortality in the rabbit
Oryctotagus cuniculus, The amount and distribution of loss
before and after implantation. J. Endocr, 13, xix-xx.

ADINOLFI, M, & WOOD, C.B.S. (1969) Ontogenesis of immuno-
globulins and components of complement in man, In: Immunology
and Development: Clinics in Developmental Medicine, 34, p. 27-61
Ed. M, Adinolfi, Spastics International Medical Publications,
London,

ADLER, F.L. (1965) Studies on mouse antibodies. I The response
to sheep red cells, J. Immunol, 95, 26-38,

AMOS, D.B. (1969) Genetic & antigenetic aspects of human
histocompatibility systems, Advan., Immunol. 10, 251-29T7.,

AMOS, D.B. (1962) The use of simplified systems as an aid to the
interpretation of mechanisms of graft rejection. Progr.
Allerg. 6, 468-538,

ANDRESEN, M.D. & MONROE, C.W. (1962) Experimental study of the
behavior of adult human skin homografts during pregnancy.
American J. Obstet, Gynecol., 84, 1096-1100.

AVERY, G.B. & HUNT, C.V. (1968) Maternal sensitization after
pregnancy in mice - result of increasing exposure to foetal
antigens. Fert, Steril., 19, 826-833.

BEER, A.E., BILLINGHAM, R.E. & HOERR, R.A., (1971) Elicitation
and expression of transplantation immunity in the uterus.
Transplant, Proc. 3, 609-611.

BEIER, H.M. (1968) Uteroglobin: a hormone-sensitive endometrial
protein involved in blastocyst development. Biochim.
biophys. Acta, 160, 289-291,

BILLINGHAM, R.E. (1964) Transplanatation immunity and the maternal-
fetal relation. New Engl. J. Med. 270, 667-672 and T20-T25.

BILLINGHAM, R.E. (1967) The biology of graft-versus-host reactions.
Harvey Lect. 62, 21-T8.

BILLINGHAM, R.E. & BRENT, L. (1959) Quantitative studies on tissue
transplantation immunity. Phil. Trans. R. Soc. B, 242, 439

BILLINGHAM, R.E., KROHN, P.L. & MEDAWAR, P.B. (1951) Effect of
locally applied cortisone acetate on survival of skin homografts
in rabbits. Brit. Med. J. 2, 1049-1053.



BILLINGEAM, R.E, & LAMPETH, G.H. (1957) Further studies im tissue
homotransplantation in cattle. J. Embrycl, Exp. Morphol. 5,

BILLINGHAM, R.E. & SILVERS, W.K. (196}k) Studies on homografts of
foetal and infent skin and Purther ohserwvations on the zmomalous
properties of pouch skin grafts in hamsters. Proc. Roy. Soc.,
Ser. B, 161, 168-190.

BILLINGHAM, R.E. & SPARROW, E.M. (195%) Studies on_the nsture of
immmity to homologous grafted skim, with specisl referemce
to the use of pure epidermsl grafts. J. Fxp., Biol., 31, 16-38.

BILLINGTON, W.D. (196%) Influence of immumological dissimilarity
of mother amd foetus on size of placenta in mice. Netwre, Lond.
202, 317-318.

BILLINGTON, W.D. (1965) The invasiveness of tramsplamted mouse
trophoblast and the influence of immmological factors. J.
Reprod. Fert, 10, 343-352.

BILLINGTON, W.D. (1966) Vascular migrstion of transplamted
trophoblast im the golden hamster. Nature, Lomd. 211, 988-980.

EILLINGTON, W.D. (1970) Trophoblast extensions from the placemta.
Proc. R. Soc. Med. 63, 57-58.

BILLINGTON, W.D., KIRBY, D,R.S., ONEN, J.J.T., RITTER, M.A.,
BURTONSHEAW, M.D., EVANS, E.P., FORD, C.E., GOULD, I.K. &
MeLAREN, A. (1969) Placentzsl barrier to matermal cells.
Vature, Lond. 224, TOL-TO6.

BLAND, K.P., & DONOVAN, B.T. (1965) Experimemtal ectopic implamtation
of eggs and early embryos in guinea-pigs. dJ. Reprod, Fert. 10,
189-196.

BOSEIER, D.P. & MORTARTY, X.M. (1970) Some effects on the comcepbus
of prior immmological semsitizetiom of ewes to the sire,
J. Rm@ﬂ.o ]Fm' ﬂ m%m.

BOYD, J.D., BAMILTON, W.J. & BOYD, C.A.R. (1968) The surface of the
syncytium of the humen choriomic villus. J. Amst. 102, 553-563.

BRADBURY, S., BILLINGTON, W.D, & KIRBY, D.R.S. (1965) A histo-
chemical and electrom microscopical study of the Ffibrimoid of
the mouse placenta, JL R, microse. Soc, 8k, 199-211.

BRADBURY, §., BILLINGTON, W.D., KIRBY, D.R.S. & WILLITAMS, E.A. (1969)
The surface mucin of humen trophoblast. Mm, J. Obstet. Gymee.
1ok, ké6-k18,

ERADEN, AWM, (1958) Influence of time of meting om the segre—
gation ratio of alleles at the T locus im the house mouse.
Netuwre, Lond, 181, T86-787.



BRAMBELL, F.W.,R., (1948) Prenatal mortality in mammals., Biol. Rev.
23, 370-Lk07.

BRAMBELL, F.W.R. (1966) The transmission of immunity from mother
to young and the catabolism of immunoglobulins. Lancet, ii,

1087-1099.

BRAMBELL, F.W.R. (1970) The transmission of passive immunity from
mother to young. In: Frontiers of Biology, Vol. 18, pp 1-305,
North Holland Publishing Company, Amsterdam.

BRAMBELL, F.W.R. & HALLIDAY, R. (1956) The route by which passive
immunity is transmitted from mother to foetus in the rat,
Proc. R. Soc. B, 145, 170-178.

BREYERE, E.J. & BARRETT, M.K. (1960) ‘'Tolerance' in postpartum
female mice induced by strain specific matings. J. natn. Cancer Inst.

24, 699-705,

BREYERE, E.J. & BURHOE, S.0. (1963) The nature of the partial
tolerance induced by parity. J. natn, Cancer Inst., 31, 179-188,

BREYERE, E.J. & SPRENGER, W.W., (1969) Evidence of allograft
rejection of the conceptus. Transplantn., Proc. 1, T1-T5.

BRINSTER, R.L. (1963) A method for in vitro culture of mouse ova
from two-cell to blastocyst. Exp. Cell. Res. 32, 205-208.

BRINSTER, R.L. (1965) Studies on the development of mouse
embryos in vitro., IV Interaction of energy sources. J.
Reprod. Fert, 10, 227-2L0.

CANN, J.R., BROWN, R.A., GAJDUSEK, D.C., KIRKWOOD, J.G. &
STURGEON, P. (1951) Fractionation of Rh antiserum by
electrophoresis—convection. J. Immun, 66, 137-1LL,

CHAPMAN, V.M., WHITTEN, W.K. & RUDDLE, F.H. (1971) Expression
of paternal glucose phosphate isomerase-1 (Gpi-1) in
preimplantation stages of mouse embryos. Devl Biol, 26, 153-158.

CLARKE, A.G. (1969) Factors affecting the growth of trophoblast
transplanted to the testes. J. Reprod. Fert. 18, 539-5k41,

CLARKE, A.G. (1971) The effects of maternal pre-immunization on
pregnancy in the mouse. J. Reprod. Fert. 24, 369-375.

CLARKE, B.C. & KIRBY, D.R.S. (1966) Maintenance of histocompatibility
polymorphisms. Nature, Lond. 211, 999-1000,

CURRIE, G.A. & BAGSHAWE, K.D. (1968) Effect of neuraminidase on
immogenicity of early mouse trophoblast. Nature, Lond. 219,
191~192.



CURRIE, G.A. (1969) The foetus as an allograft: the role of
maternal unresponsiveness to paternslly derived foetszl antigens.
In: Foetal Autonomy, pp. 32-58 Ciba Fdn Symp., Churchill,
London.

CURRIE, G.A. & BAGSHAWE, K.D. (1967) The masking of antigens on
trophoblast and cancer cells., Lancet, i, T08-710.

DAY, N.K.B., PICKERING, R.J., GEWURZ, H. & GOOD, R.A. (1969)
Ontogenetic development of the complement system.
Immunology, 16, 319-326.

DENT, J., McGOVERN, P,T, & HANCOCK, J,L. (1971) TImmunological
implications of ultrastructural studies of goat x sheep
hybrid placentas. Nature, Lond. 231, 116-11T7.

EDIDIN, M. (1964) Transplantation antigen levels in the early mouse
embryo., Transplantation, 2, 627-637T.

FAWCETT, D.W. (1950) Development of mouse ova under capsule of
kidney., Anat, Proc., 108, 71-97.

FERRER, J.F. (1968a) Enhancement of the growth of sarcoms 180
in splenectomised and sham operated AKR mice, Transplantation,

6, 160-166.

FERRER, J.F. (1968b) Role of the spleen in passive immunological
enhancement, Transplantation, 6, 167-1T72.

FINN, C.A. & LAWN, A.M., (1967) Specialized junctions
between decidual cells in the uterus of the pregnant mouse,
J. Ultrastructure Res. 20, 321-327.

FIREMAN, P., ZUCKOWSKI, D.A. & TAYLOR, P.M. (1969) Development
of the human complement system, J. Immun, 103, 25-31.

FISHER, R.A. & YATES, F. (1963) Statistical Tables for Biologiczl,
Agricultural, and Medical Research, Oliver & Boyd Ltd.,
Edinburgh.

GARDHER, R.L. & EDWARDS, B.G. (1968) Control of the sex ratio
at full term in the rabbit by transferring sexed blastocysts,
Nature, Lond., 218, 346-348,

GATES, A.H., DOYLE, L.L. & NOYES, R.W. (1961) A physioclogical
basis for heterosis in hybrid mouse fetuses. Am. Zoologist,

1, kho-ks0,

GEWURZ, H., PICKERING, R. & COOD, R, (1968) Complement and
complement component activities in diseases associated with
repeated infections and malignancy, Int, Archs Allergy
appl., Immun, 33, 368-388.

GITLIN, D. (1971) In: Immunological Incompetence, 3, Ed. B.J. Kagan
and E.R., Stiehm. Year Book Medical Publ., Chicago.



GITLIN, D. & MORPHIS, L.G. (1969) Systems of materno-fetal transport
of yG immunoglobulin in the mouse, Nature, Lond., 223,

GLUCK, L. & SILVERMAN, W. (1957) Phagocytes in premature infants.
Pediatrics, Springfield, 20, 951-956,

GOLD, P. & FREEDMAN, S.0, (1965) Specific carcinoembryonic
antigens of the human digestive system. J. exp. Med, 122,

14-67"1*81 .
GOOD, W. (1967) Masking of antigens on trophoblast. Lancet, i, 1156,

GOODLIN, R.C. & HERZENBERG, L.A, (1964) Pregnancy induced
haemagglutinins to paternal H-2 antigens in multiparous mice.
Transplantation, 2, 357-361.

GORER, P.A. (1956) Some recent work on tumor immunity. Advan.
Cancer Res, 4, 149-186,

GORER, P.A. & MIKULSKA, Z.B. (1954) Improved methods of antibody
detection, Cancer Res. 14, 651-655,

GOTTFRIED, B. & PADNOS, M, (1959) A simple rapid method for skin
grafting in mice., Transplantation Bulletin, 6, 427-429.

GREY, H.M,, HIRST, J.W. & COHN, M., (1971) A new mouse immuno-
globulin: IgG3. J. Exp. Med., 133, 289-30L,

HALPERN, B.N., PREVOT, A.R., BIOZZI, G., STIFFEL, C., MOUTON, D.,
MORARD, J.C., BOUTHILLIER, Y. & DECREUSEFORD, C. (1963)
Stimulation de l'activite phagocytaire du systeme reticulo-
endothelial provoquée par Corynebacterium parvum. Jnl.
reticuloendoth, Soc. 1, TT7-96.

N -
HASKOVA, V. (1961) The relationship between the tissues of mother
and foetus and tissue incompatibility., Folia Biol. (Prague).
13 322_331 .

s -~ « 5 .
HASKOVA, V., (1963) Differences in the antigenic effectiveness of the
foetal part of mouse placenta depending on the strain
combination employed, Folia Biol, (Prague) 9, 99-103.

HEALY, M.J.R., McLAREN, A. & MICHIE, D. (1960) Foetal growth in the
mouse, III Proc. R. Soc. B., 153, 367-379.

HELLSTROM, I. & HELLSTROM, K.E. (1969) Studies of cellular immunity
and its serum-mediated inhibition in Moloney virus induced
mouse sarcoma. Int, Jnl Cancer (Den.), 4, 587-600.

HELLSTROM, I., HELLSTROM, K.E, & PIERCE, G, (1968) In vitro studies
of immune reactions against autochthonous and syngeneic
mouse tumours induced by methylcholanthrene and plastic discs,
Int. Jnl Cancer (Den.), 3, 46T7-482.



HELLSTROM, K.E., HELLSTROM, I. & BRAWN, T. (1969) Abrogation of
cellular immunity to antigenically foreign mouse embryonic
cells by a serum factor., Nature, Lond, 224, 91k-015,

HERTIG, A.T., ROCK, J., ADAMS, E.C, & MENKIN, M.F. (1957) Thirty
four human ova, good, bad and indifferent recovered from 210
women of known fertility. A study of biological wastage in
early human pregnancy. Pediatrics, N,Y, 28, 202-211,

HESLOP, R.W., KROHN, P.L. & SPARROW, E.M, (1954) The effect of
pregnancy on the survival of skin homografts in rabbits,.
J. Endoer. 10, 325-332,

HETHERINGTON, C.M. (1970) A study of the processes of deciduoma
formation and placentation in the mouse. Thesis, University of
Edinburgh.

HETHERINGTON, C.M. (1971) The decidual cell reaction, placental
weight, foetal weight and placental morphology in the mouse.
J. Reprod, Fert., 25, L17-k2k,

HEYNER, S., BRINSTER, R.L. & PALM, J. (1969) Effect of iso-antibody
on preimplantation mouse embryos. Nature, Lond. 222, T83-78.4.

HULKA, J.F., BRINTON, V., SCHAAF, J. & BANEY, C. (1963) Appearance
of antibodies to trophoblast during the post-partum period in
normal human pregnancies. Nature, Lond. 198, 501-502.

HUMPHREY, J. & DOURMASHKIN, R. (1969) The lesions in cell membranes
caused by complement. Adv. Immunol., 11, T5-115.

HULL, P. (1964) Equilibrium of gene frequency produced by partial
incompatibility of offspring with dam. Proc. natn, Acad. Sci,

U.S.A. 51, L61-L6L,

HULL, P. (1969) Maternal-foetal incompatibility associated with
the H-3 locus in the mouse. Heredity, Lond. 24, 203-209.

HUSAIN, R. & KETCHEL, M.M. (1965) Normal pregnancy and parturition
in rats with acquired immunological tolerance to their mates,

Nature, Lond. 206, 522-523,

JAMES, D.A. (1965) Effects of antigenic dissimilarity between
mother and foetus on placental size in mice., Nature, Lond,
205, 613-61k,

JAMES, D.,A., (1967) Some effects of immunological factors on
gestation in mice, J. Reprod. Fert. 1k, 265-275.

JAMES, D.A. (1969) Antigenicity of the blastocyst masked by the
zona pellucida. Transplantation, 8, 846-851,

JONES, W.R. (1968) Immunological factors in human placentation.
Nature, Lond. 218, 480.



KALISS, N. (1957) The survival of homografts in mice pretrested
with antisera to mouse tissue, Am, N.Y, Acad, Sci. 64, 9T77-990

KALISS, N. (1958) Immunological enhancement of tumour homografts in
mice. A review. Cancer Res., 18, 992-1003.

KALISS, N. (1969) Immunological enhancement, Intern. Rev,
Exp. Path. 8, 241-276,

KALISS, N. & DAGG, M.F. (1964) Immune response engendered in mice
by multiparity. Transplantation, 2, 416-L425,

KIRBY, D.R.S. (1960) The development of mouse eggs beneath the
kidney capsule, Nature, Lond. 187, TOT-T08.

KIRBY, D.R.S. (1962) Reciprocal transplantation of blastocysts
between rats and mice. Nature, Lond., 194, T85-786.

KIRBY, D.,R.S. (1963) The development of mouse blastocysts
transplanted to the spleen. J. Reprod. Fertil., 5, 1-12,

KIRBY, D.R.S. (1967) Inhibition of egg implantation and induction
of abortion in mice by heterologous immune serum, Nature, Lond.
216, 1220

KIRBY, D.R.S. (1969a) Is the trophoblast antigenic? Transplantn,
Proc. 1., 53+60.

KIRBY, D.R.S. (1969b) Immunologic function of the zona pellucida.
Fert, Steril. 20, 933-937.

KIRBY, D.R.S. (1970) The egg and immunology. Proc. R. Soc. Med.
63, 59-61.

KIRBY, D.R.S., BILLINGTON, W.,D., BRADBURY, S. & GOLDSTEIN, D.dJ.
(1964) Antigen barrier of the mouse placenta. Nature, Lond.
20k, 548-5L9,

KIRBY, D.R.S., BILLINGTON, W.D. & JAMES, D,A., (1966) Transplantation
of eggs to the kidney and uterus of immunised mice. Transplantation,

H‘_’ 713—718 .

KIRBY, D.R.S., McWHIRTER, K.G., TEITELBAUM, M.S, & DARLINGTON, C.D.
(1967) A possible immunological influence on the sex ratio.
Lancet, ii, 139-1L0.

KODAWAKI, J., THOMPSON, R.I., ZUELZER, W.W., WOOLLEY, R.V., BROUGH, A.J.
& GRUBER, D. (1965) XX/XY lymphoid chimaerism in congenital
deficiency syndrome with thymic alymphoplasia. Lancet, ii,
1152-1155.

KOREN, Z., ABRAMS, G. & BEHRMAN, S.J. (1968) The role of host
factors in mouse trophoblastic tissue growth, Am. J. Obstet.
Gynec. 100, 570-575.



LANMAN, J.T., DINERSTEIN, J. & FIKRIG, S. (1962) Homograft immunity
in pregnancy: lack of harm to fetus from sensitisation of mother.
AII]. N.Yo Acado SCi. %, 706'—716.

LANMAN, J.T. & HEROD, L, (1965) Homograft immunity in pregnancy.
The placental transfer of cytotoxic antibodies in the rabblt.
Je eXP. Med. 122, 579-586.

LEE, R.E. & VASQUEZ, J.J. (1962) Immunocytochemical evidence

for transplacental passage of erythrocytes. Lab, Invest., 11,
580-584.

LINSCOTT, W.D. (1970) Effect of cell surface antigen density
on immunological enhancement. Nature, Lond. 228, 824-827,

LISCHNER, H.W., PUNNETT, H.H. & DI GEORGE, A.M, (1967) Lymphocytes
in congenltal absence of the thymus. Nature, Lond, ?lh,
580—582 Y

LITTLE, C,C. (1924) The genetics of tissue transplantation in
memmals. J, Cancer Res, 8, 75-95.

LOEWENSTEIN, D., HUGHES, W.L., HOFER, K.G. & KETCHEL, M.M. (1971)
Impermeability of the mouse placenta to maternal leukaemia
cells. Nature, Lond. 231, 389-390,

McCARTHY, J.C. (1965) Genetic and environmental control of foetal
and placental growth in the mouse. Anim, Prod. 7, 347-361,

McCONNELL, R.B. (1969) The immunological relationship between
mother and foetus, In: Immunology and Development: Clinics
in Developmental Medicine, 34, 159-185 Ed. M, Adinolfi.
Spastics International Medical Publications, London,

McLAREN, A, (1965) Genetics and environemntal effects on foetal
and placental growth in mice. J. Reprod. Fert. 9, 79-98.

McLAREN, A, (1968) Mechanisms affecting embryo development, In:
The Mammalian Oviduct, pp. 477-490, Eds. E.S.E., Hafez and
R.J. Blandau. The University of Chicago Press, Chicago and
London.

McLAREN, A. & TARKOWSKI, A.K. (1963) Implantation of mouse eggs in
the peritoneal cavity. J. Reprod. Fert. 6, 385-392.

MARTINEK, J.J. (1970) Fibrinoid and the fetal-maternal interface
of the rat placenta. Anat. Rec. 166, 587-603.

MEDAWAR, P.B. (1953) Some immunological and endocrinological
problems raised by the evolution of viviparity in vertebrates.
Symp. Soc. exp. Biol. T, 320-339,

MEDAWAR, P,B, (1963) The use of antigenic tissue extracts to
weaken the immunological reaction against skin homografts in
mice, Transplantation 1, 21-38,



MEDAWAR, P.B. (1969) Immunosuppressive agents, with special
reference to antilymphocytic serum. Proc. Roy. Soc., Ser. B,
174, 155-1T2.

MEDAWAR, P.B. & SPARROW, E.M. (1956) The effects of adrenocortical
hormones, adrenocorticotrophic hormone and pregnancy on
skin transplantation immunity in mice. J. Endocr. 1k,
240-256,

MICHIE, D. & ANDERSON, N.F. (1966) A strong selective effect
associated with a histocompatibility gene in the rat., Ann.
NcY. Acad. Scin 129, 88_93.

MINTZ, B. (1967) Mammalian embryo culture. In: Methods of
Developmental Biology Ed. F.H. Wilt and N.K, Wessells
PP 379-400, T.Y. Cromwell, New York, i

MISHELL, R.I., HERZENBERG, L.A. & HERZENBERG, L.A. (1963)
Leukocyte agglutination in mice, Detection of H-2 and
non-H-2 isocantigens. J. Immun, 90, 628-633.

MITCHINSON, N,A. (1953) The effect on the offspring of maternal
immunisation in mice. J. Genet. 51, L406-L20.

MOLLER, G, (1961) Studies of the development of the isoantigens
of the H-2 system in newborn mice., J. Immun, 86, 56-68.

MOLLER, G, (1963a) Phenotypic expression of isoantigens of the H-2
system in embryonic and newborn mice. J, Immun, 90, 271-279.

MOLLER, G. (1963b) Studies on the mechanism of immunological
enhancement of tumour homografts. I. Specificity of
immunological enhancement, Jnl. natn, Cancer Inst. 30,

MOLLER, G, (1965) Interaction between tumour and host during
progressive neoplastic growth in histoincompatible recipients.
Jnl natn, Cancer Inst. 35, 1053-1059.

NAJARIAN, J.S. & DIXON, F.J. (1963) Induction of tolerance to
skin homografts in rabbits by alterations of placental
permeability. Proc. Soc. Exp. Biol. Med. 112, 136-138.

NATHAN, P., GONAZALES, E. & MILLER, B.F. (1960) Tolerance to
maternal skin grafts in rabbits induced by hyaluronidase.
Nature, Lond. 188, T7-T8.

OETTINGEN, Kj. V. & WITEBSKY, E. (1928) Muenchen. Med. Wochenschr.
75, 385-386. (Quoted by Beer, A.E. and Billingham, R.E. (1971)
Tmmunobiology of Mammalian Reproduction.Advances in Immunol. 1k,

1-84),

OLD, L.J., CLARKE, D.A., BENACERREF, F. & STOCKERT, K. (1962)
Effects of prior splenectomy on the growth of sarcoma 180
in normal and Bacillus Calmette—-Guerin infected mice.
Experientia 18, 335-336.



OLDS, P.J. (1968) An attempt to detect H-2 antigens on mouse eggs.
Transplantation 6, 478-4T9.

OUNSTED, C. & OUNSTED, M. (1970) Effect of Y chromosome on fetal
growth-rate., Lancet 2, 857-858.

PAIM, J. (1969) Association of maternal genotype and excess
heterozygosity for Ag-B histocompatibility antigens among
male rats, Transplant., Proc, 1, 82-8k,

PIZARRO, O., HOECKER, G., RUBINSTEIN, P. & RAMOS, A. (1961)
The distribution in the tissues and the development of H-2
antigens of the mouse. Proc. natn, Acad. Sci. U.S.A. 47,
1900-1907,

POPPA, G., SIMMONS, R.L., DAVID, D.S. & RUSSELL, P.S. (1964) The
uterus as a recipient site for parathyroid homotransplantation.
Transplantation 2, 496-502,

POTTS, D.M. (1965) Implantation. An electronmicroscopical study
with special reference to the mouse, Ph,D, thesis, Cambridge
University. '

PREHN, R.T. (1959) The immunity inhibiting role of the spleen
and the effect of dosage and route of antigen administration
in a homograft reaction, In: Symposium on Biological
Problems of Grafting, 12, 163-173. Eds. F. Albert and
P.B. Medawar. Blackwell Scientific Publications, Oxford.

PREHN, R.T. (1967) The significance of tumour distinctive histo-
compatibility antigens. In: Cross-reacting Antigens and
Neoantigens, p. 105-114, Ed. J.J. Trentin., Williams &
Wilkins, Baltimore.

PROPP, R.P. & AITER, C.A. (1968) C'3 synthesis in the human
foetus and lack of transplacental passage. Science 162,

672-673.

RALPH, P., NAKOINZ, I. & COHN, M. (1972) IgM-IgGl,2,3 relationship
during pregnancy. Nature, Lond. 238, 3u4L-3L5,

READE, P.C, & JENKIN, C.R. (1964) Aspects of the development
of the immune response in rats, In: The Reticul oendothelial
System, Morphology, Immunology and Regulation. Proc. IVth
int. Symp. on the Reticuloendothelial System, p. 288-297.
Nissha Printing Company, Kyoto, Japan. y

RETIK, A., SABESIN, S.M., HUME, R., MALMGREN, R.A. & KETCHAM, A.S.
(1962) The experimental transmission of malignant melanoma
cells through the placenta. Surgery Gynec. Obstet. 11k,
h85_)"'89¢

RICE, C.E. & SILVERSTEIN, A.M. (1964) Haemolytic complement
activity of sera of foetal and new-born lambs., Can. dJ.
comp. Med. 28, 34-37.



ROGERS, J.F. & DAWSON, W.D. (1970) Foetal and placental size in a
Peromyscus species cross., J. Reprod, Fert., 21, 255-262,

ROWLEY, D.A. (1950) Effect of splenectomy on formation of circulating
antibody in adult male albino rat, J. Immunol. 64, 289-295,

RUBENSTEIN, P. & KALISS, N, (1964) Survival times of passively
transferred hemagglutinins in mice., Transplantation, 2, 543-545,

SCHLESINGER, M. (1962) Uterus of rodents as site for manifestation
of transplantation immunity against transplantable tumours.
J. Nat, Cancer Inst. 28, 927-945.

SCHLESINGER, M, (196L4) Seralogic studies of embryonic and tropho-
blastic tissues of the mouse., J. Immun., 93, 255-263.

SCHLESINGER, M. (1965) Immune lysis of thymus and spleen cells of
embryonic and neonatal mice., J. Immun. 94, 358-36L,

SEIGLER, H,F. & METZGAR, R.S. (1970) Embryonic development of human
transplantation antigens. Transplantation 9, 4T78-486.

SELLER, M.J. (1970) Lack of porosity of the mouse placenta to
maternal cells. Nature, Lond. 225, 1254-1255,

SEPPALA, M, & TOLONEN, M., (1970) Histocompatibility and human
placentation, Nature, Lond. 225, 950-951.

SHELESNYAK, M.C., MARCUS, G.J., KRAICER, R.F. & LOBEL, B.L. (1967T)
Experimental study of decidualisation, Int, J. Fert, 12,

391-397.

SIEGEL, S. (1956) Nonparametric statistics for the behavioural sciences,
McGraw—Hill Book Co.

SILVERSTEIN, A.M. & LUKES, R.J. (1962) Foetal response to antigenic
stimulation., Lab. Invest. 11, 918-932,

SIMMONS, R.L., CRUSE, V. & McKAY, D.G. (1967) The immunologic
problem of pregnancy. II. Ultrastructure of isogeneic and
allogeneic trophoblastic transplants. Am. J. Obstet. Gynec.

97, 218-230,

SIMMONS, R.L. & RUSSELL, P.S. (1962) The antigenicity of mouse
trophoblast. Ann, N.Y. Acad. Sci. 99, TIT-T32.

SIMMONS, R.L. & RUSSELL, P.S, (1965) Histocompatibility antigens
in transplanted mouse eggs. Nature, Lond. 208, 698-699.

SIMMONS, R.L. & RUSSELL, P.S. (1966) The histocompatibility antigens
of fertilised mouse eggs and trophoblast. Ann, N.Y., Acad.
Sei. 129, 35-45,



SIMMONS, R.L. & RUSSELL, P.S. (1967a) Immunologic interactions between
mother and foetus., In: Advances in Obstetrics and Gynecology.
Eds. S.L. Marcus and C.C. Marcus. Williams & Williams, Baltimore.

SIMMONS, R.L. & RUSSELL, P.S. (1967b) Xenogeneic antigens in mouse
trophoblast. Transplantation, 5, 85-88.

SOLOMON, J.B. (1971) Ontogeny of immunoglobulin synthesis. In: Foetal
and Neonatal Tmmunology. North Holland Research Monographs.
Frontiers of Biology, 20, 190-201. Eds. E.L. Tatum and
A. Neuberger. North Holland Publishing Company, Amsterdam.

SOREN, L. (1967) Immunological reactivity of lymphocytes in multi-
parous females, after strain-specific matings. Nature, Lond. 213,
621-622,

STOWARD, P.J. (1968) The histochemical reactions of methanolic
thionyl chloride with anionic groups the basic protein components
of sulphated mucosubstances. J1 R. microsec. Soc. 88, 119-131.

TACHIBANA, D.K. & ROSENBERG, L.T. (1966) Fetal synthesis of Hcl,

a component of mouse complement, J. Immun. 97, 213-215.

TAI, C. & HALACZ, N.A. (1967) Histocompatibility antigen transfer
in utero: Tolerance in progeny and sensitisation in mother.
Science, N.Y. 158, 125-126,

TAYLOR, A.J. & POLANI, P.E. (1965) XX-XY mosaicism in men. Lancet, i,
1226,

TUFFREY, M., BISHUN, N.P. & BARNES, R.D. (1969) Porosity of the mouse
placenta to maternal cells. Nature, Lond. 221, 1029-1030.

TYLER, A. (1961) Approaches to the control of fertility based on
immunological phenomena. J. Reprod. Fertil. 2, 4T73-506.

UHR, J.W. & ANDERSON, S.G. (1962) The placenta as a homotransplant.
Nature Lond. 194, 1292-1293,

VANDERPUTTE, M. & SOBIS, H., (1972) Histocompatibility antigens
on mouse blastocysts and ectoplacental cones., Transplantation

1k, 331-338,

VOKAER, R. (1952) Recherches histophysiologiques sur 1'endometre
du rat en particulier sur les conditionnement hormonal de ses
propriétés athrocytaires. Archs Biol., Paris, 63, 1.

VOLKOVA, L.S. & MAISKY, I.I. (1969) Immunological interaction
between mother and embryo., In: Immunology and Reproduction.
Ed. R.G. Edward. I.P.P.F., London, p. 211-230.

WALKNOWSKA, J., CONTE, F.A. & GRUMBACH, M.M. (1969) Practical and
theoretical implications of fetal/maternal lymphocyte transfer.
Lancet, i, 1119-1122.



WANG, M.Y. & DESFORGES, J.F. (1971) Complement in ABO hemolytic
disease of the newborn. Pediat. 48, 650-653.

WARBURTON, D. & NAYLOR, A.F. (1971) The effect of parity on
placental weight and birth weight. An immunological phenomenon?
A report of the collaborative study of cerebral palsy. Am. J.
hum. Genet. 23, 41-51.

WILD, A.E. (1966) Protein transmission across the placenta and foetal
membranes. Sci. Prog. (London) 54, 351-365.

WHITTEN, W.K. & DAGG, C.P. (1961) Influence of spermatozoa on the
cleavage rate of mouse eggs. J. exp. Zool. 148, 173-183.

WOODRUFF, M.F.A. (1957) Post partum induction of tolerance to
homologous skin in rats. Ann. N.Y. Acad. Sc. 64, 792-797.

WOODRUFF, M.F.A. (1958) Transplantation immunity and the immunological
problem of pregnancy. Proc. Roy. Soc. Ser. B, 148, 68-75.

WYNN, R.M. (1967) Fetomaternal cellular relations in the human basal
plate: an ultrastructural study of the placenta. Am. J. Obstet.
Gynec. 97, 823-850.



Appendix 1

J. Reprod. Fert. (1969) 18, 539-541

FACTORS AFFECTING THE GROWTH OF
TROPHOBLAST TRANSPLANTED TO THE TESTIS

ANN G. CLARKE*
Department of Zoology, West Mains Road, Edinburgh 9

(Received 8th November 1968)

Despite the probable existence of a protective layer around trophoblastic cells
(Bradbury, Billington & Kirby, 1965; Currie & Bagshawe, 1968), there is
evidence suggesting that antigenic diversity between mother and foetus has
immunological consequences (Billington, 1964; McLaren, 1965; James, 1965).
Billington (1965) reported that trophoblast transplanted to the testis of mice
genetically dissimilar from the donor was more invasive than trophoblast
transplanted to genetically similar mice. The present work was designed to
investigate such an effect of genetic difference and, in particular, to see whether
it was due: (1) to a response by the testis to a foreign trophoblast, (2) to a
response by the trophoblast to a foreign testis, or (3) to a combination of both.
In order to distinguish between these possibilities, transplants were carried out
in various combinations between two strains of mice and their F, hybrid.

The initial series of experiments (1 to 4) was designed to investigate the first
possibility and to determine if prior immunization of the recipient altered the
degree of invasion. The recipient mice were all CBA males aged between 10
and 20 weeks. Half of them were grafted with two full thickness skin grafts
from G57 B1 males with an 11-day interval between grafts (Gottfried & Padros,
1959). Transplantation was made to the right testis, using 7}-day-old ecto-
placental cones of two kinds, either CBA or hybrid F1 (C57 Bl & x CBA Q)
(for technique, see Kirby, 1962). The ectoplacental cones obtained from any
one female were distributed equally amongst the grafted and ungrafted mice
as far as this was possible. Recipient animals were killed 8 days after trans-
plantation. The degree of invasion was estimated in two ways: from the differ-
ence in weight between the treated right testis and the control left testis, as in
Billington (1965), and by dissecting out and weighing the trophoblastic
nodules (see Table 1).

No significant differences were found between these first four experiments.
This result differs from that of Billington (1965), who reported that Balb/C
trophoblast grew to a larger size in G57 BI testis than in Balb/C testis.
Furthermore, in these experiments, prior immunization of recipients against
donor antigens did not significantly affect trophoblastic invasion. Assuming
that placental size depends on the extent of invasion by the trophoblast,
this result is not in agreement with the finding of James (1965) who reported
that prior immunization to maternal antigens resulted in a significant increase
in placental size.

* Present address: Institute of Animal Genetics, West Mains Road, Edinburgh 9.
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During transplantation it was noticed that ectoplacental cones varied
considerably in size, both within individual females and, in particular, between
different females. In Exps. 5 to 10, cones were therefore measured before trans-
plantation. As 7}-day ectoplacental cones are roughly triangular in shape, the
length from the tip of the triangle to the base was measured as representing the
overall size.

The second series of experiments (5 to 8) was designed to investigate the
possibility that the trophoblast responds to foreign antigens present in the
testis. Recipient mice were either hybrid (CBA & x C57 B1 ) or G57 Bl males
and were injected with either CBA or hybrid 74-day ectoplacental cones.

TasLE ]
GROWTH OF TROPHOBLAST TRANSPLANTED TO THE TESTIS
Mean wt of Mean wt of
Series Doner Recipient No. of mice experimental — dissected
(no. of tnvasions) control testis trophoblast
+ S.E. (mg) + S.E. (mg)
1 Hybrid
(CBAZ x CBA 14(13) 18-0 + 8-7 176 + 44
C57 B1g3)
2 Hybrid CBA immunized 15(12) 20-8 + 6-9 18-4 + 6-1
3 CBA CBA 14(12) 23-4 ¥ 49 245 + 46
4 CBA CBA immunized 13(11) 146 + 2-3 166 + 3-1
5 CBA Hybrid 16(14) 88 + 2:5 11:3 ¥ 40
6 CBA C57 Bl 13(11) 94 + 19 47+ 1-3
7 Hybrid Hybrid 12(10) 140 ¥ 5-1 12:6 * 36
8 Hybrid G57 Bl 14(10) 122 & 45 11-8 ¥ 39
9 Hybrid CBA 14(14) 29:9 ¥ 67 29-6 + 54
10 Hybrid CBA immunized 13(13) 276 + 48 30-5 £ 5-7

No significant differences were found between these four experiments (5 to 8)
(see Table). There is, thus, no evidence in these experiments that trophoblastic
growth is enhanced by the presence of foreign antigens in the testis.

Transplantation of hybrid donor tissue into non-immunized and pre-
immunized CBA recipients was then repeated (Exps. 9 and 10). Results (see
Table 1) supported the previous finding that trophoblastic invasion is un-
altered by prior immunization of the recipient.

A significant positive correlation was found between ectoplacental cone size
and the degree of trophoblast invasion (Spearman’s Rank Correlation Method,
P = 0-001). Measurements of cones varied from 1-6 to 8-8 mm, with a mean of
4:0 mm. As the mean ectoplacental cone size in each series of transfers was
similar, correction of the data to a standard 5 mm cone size had little effect
on mean trophoblast weight. The exception was in Exp. 9 where the mean
trophoblastic weight was slightly reduced.

Billington (personal communication) did not measure ectoplacental cone
size or distribute cones obtained from one female randomly between the different
series of transplantation. Although he made several inter-strain transfers, those
of Balb/C into C57 Bl testis provided the only significant example of increased
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invasion in the presence of genetic diversity (Billington, 1965). The results
of these experiments suggest that the ectoplacental cones from the two Balb/C
females used could have been larger than average.

A second factor contributing to the variability in trophoblastic growth was
the different capacity of the three recipient testes (CBA, CBA x C57 Bl and
C57 B1) to support growth of both CBA and hybrid donor tissue (P <0-05).
CBA testes provided the most favourable environment, and C57 Bl the least
favourable. A similar analysis comparing the ability of the two donor tissues
(CBA and hybrid) to proliferate in all testes was not significant (P> 0-5).

These results are interpreted as suggesting that factors other than immuno-
logical influences are determining the growth of 7i-day-old ectoplacental
cones transplanted to the testis. The size of donor tissue transplanted and the
capacity of the recipient tissue to support growth influence the degree of
invasion obtained.

I wish to thank Dr J. G. Howard, Dr Anne McLaren, Dr D. R. S. Kirby and
Dr B. C. Clarke for help and advice.
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Appendix 2.1

18th foetal and placental weights in allogeneically immunized, non-

immunized and inbred C57 BL mice - Expt. I.
Allogeneically immunized CS57 BL x Aag
Mean Foetal Mean Placental Litter Moles Serum
wte. M. wi. mg. size no. antibody
; no. titre of Q
oLé 173 ik 0 -
988 = 2 5 65,536+
803 - T 0 -
837 - 2 5 16,38h"l
1095 - 3 0 -
989 - 1 L e
78l 138 3 0 10871
736 137 4 1 2,0487%
791 112 6 0 256
819 134 1 0 1287t
826 138 3 2 -
oTT 107 3 0 1087%
803 132 8 i 1087%
813 12 5 0 16
915 166 5 L 16
1113 157 1 F 16,3841
936 139 i 0 16,3847
95k 140 8 0 1,024t
662 139 5 0 1,0247"
841 159 6 0 2,0148_:L
1037 155 2 0 =
905 156 3 0 o,0487%
863 185 2 5 8,192+
668 177 3 3 8,192+
803 120 9 0 1674

- Not weighed or tested



Non—-immunized C5T7 BL x A G

2_

Mean Foetal Mean Placental Litter Moles
wt. mg. wt, mg. size no.
no,
899 138 8 0
86k 104 9 0
833 139 5 i
932 139 6 2
938 169 9 2
888 138 8 il
o3k 1hh 6 1
852 155 8 0
911 iHe 6 0
43 125 6 1
910 = 11 0
893 = 9 0
- Not weighed
Inbred C57 BL x C5T7 BL
Mean Foetal Mean Placental Li@ter Moles
wt., mg. wt. mg. size no.
no.
799 112 8 1
T46 121 8 0
819 138 3 0
658 107 6 0
822 105 L 0
694 123 6 2
T1k 105 9 0
Thé 105 9 0
T60 120 5 0
632 110 5 i
733 105 3 2
656 105 3 >
T05 95 9 0




Appendix 2.2

Foetal and placental weight in allogeneically immunized, xenogeneilcally

immunized and non-immunized C57 BL mice - Expt IT

Mean Foetal Mean Placental Litter Moles
Group wt. mg. vt. mg. size no,
Nno.
Mllogeneically 873.6 111.h7 9 0
immunized 884,5 129.73 i 0
873.4 128,21 9 0
8753 122.91 7 0
872.6 123,52 5 2
833.3 120,64 T 0
Xenogeneically 937.8 TN 70 9 0
immunized 930.4 LT 2 T 1
973.2 118.17 T 1
918.4 12T 2T T 0
940.4 126.83 8 2
822.9 113370 8 0
675.6 95.78 9 1
922,1 127.96 3 5
Non-immunized 943.0 113.31 8 0
99T7.T 118.10 8 2l
952;2 112,47 8 0
850.5 13T .20 9 1
886.6 129,34 T 0
94k3.9 118.4%0 10 0
922,3 117,11 7 3
831.8 122,00 9 0
912;7 ’ 12h;8h 6 1
909.2 126,47 9 0
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THE EFFECTS OF MATERNAL PRE-IMMUNIZATION
ON PREGNANCY IN THE MOUSE

ANN G. CLARKE
Institute of Animal Genetics, West Mains Road, Edinburgh 9

(Received 24th April 1970)

Summary. Before mating with males of the A,G or CBA inbred strains
of mice, G57BL females were immunized against either the paternal
strain antigens (allogeneic) or Peromyscus species antigens (xenogeneic).
Evidence is presented which indicates that, contrary to earlier reports,
pre-immunization has no effect on placental size, but may reduce foetal
weight and litter size. The réles of specific immunity and non-specific
‘stress’ are discussed.

INTRODUCTION

During the last 15 years, there have been conflicting reports concerning the
effect on pregnancy of maternal pre-immunization against the paternal strain
antigens. Several experiments have indicated that pre-immunization does not
prejudice foetal survival (Mitchison, 1953; Heslop, Krohn & Sparrow, 1954;
Medawar & Sparrow, 1956; Woodruff, 1957; Haskov4, 1961), whereas
Breyere & Sprenger (1969) and Gurrie (1969) have provided evidence to the
contrary.

There have been suggestions that antigenic differences between the mother
and her foetus have an influence on placental and foetal growth (Billington,
1964; James, 1965, 1967). Billington (1965) reported that trophoblastic
invasion in an extra-uterine site tended to be greater when transplants were
made between two inbred strains of mice than when they were made within
strains. Clarke (1969), however, failed to detect any differences in trophoblastic
invasion between isogeneic and allogeneic transfers using other strain combina-
tions. Moreover, there was no effect of pre-immunization of the recipients
against the donor-strain antigens. James (1967) found that placental and
foetal weights in the mouse were increased by immunizing the female to
paternal antigens and decreased by rendering her tolerant of them. The
present experiments were carried out to re-examine the effect of maternal pre-
immunization on placental and foetal weights and other aspects of pregnancy.

MATERIALS AND METHODS

The first experiment utilized the same strain combination as that used by
James (1967). In the second experiment, a different paternal strain was used
and an additional group of females was immunized xenogeneically to a Pero-
myscus species. This latter group was included to investigate the effect of a

369
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general non-specific heightening of the immune response, and the effect of
stress experienced by the females during the immunization procedure.

Experiment 1

C57BL female mice, aged approximately 6 weeks, were divided into three
groups. The first group was immunized against A,G male mice either with
five spleen-cell injections (a half-spleen equivalent each), or five spleen-cell
injections and two skin grafts, or two spleen-cell injections and two skin grafts.
All treatments were given at fortnightly intervals. Full thickness skin grafis
were applied using the method of Gottfried & Padnos (1959). The degree of
immunity was measured by the human serum dextran technique (Gorer &
Mikulska, 1954). The mice were then weighed, and mated to A,G males. The
second group was left untreated but also mated to A,G males. The third group
was untreated and mated to C57BL males.

A fourth group of C57BL female neonatal mice was injected with either 5 to 8
million A,G spleen cells or with 16 million F; C57BL female x A,G male
spleen cells to render them tolerant to the paternal strain. Injections were made
into the anterior facial vein within 24 hr of birth.

All mice were killed 17 days after the copulation plug was found. Embryos
and placentae were removed from the uterus, blotted and weighed to the
nearest milligram on a torsion balance. The size of a litter (live foetuses) and
the number of deaths during early and middle pregnancy (‘moles’) were
recorded. The reciprocal mating, A,G females x G57BL males, was not studied.

Experiment 2

C57BL female mice, aged approximately 10 weeks, received three spleen-cell
injections (a half-spleen equivalent each), and two skin grafts from either CBA
males or from Peromyscus polionotus polionotus (the deer mouse). A control group
was not immunized. All females were mated to CBA males and their embryos
were recovered as previously described. This experiment was carried out in a
different laboratory from that in which Exp. 1 was conducted and utilized a
different population of mice.

RESULTS

Experiment 1

The inbred controls had significantly smaller foetuses and placentae than
the two outbred groups (P <0:001; see Table 1); this finding is in agreement
with McCarthy (1965) and McLaren (1965). No significant difference was
found, however, between the immunized and non-immunized mothers in the
weight of the hybrid 174-day-old foetuses and placentae. Nevertheless, im-
munization appeared to have adverse effects on the outcome of a pregnancy.
It significantly decreased the size of a litter (P <0-01) and among those females
whose litters contained early and middle deaths (‘moles’), there were larger
numbers of ‘moles’ within the immunized mothers (P <0-05, Fisher’s exact
test). The total number of implantations in a litter (live embryos +‘moles’) was
significantly lower in immunized females than in non-immunized or in inbred
controls (P <0-05; see Table 2). The number of young in a litter is known to
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affect placental and foetal weights (Healy, McLaren & Michie, 1960). Regres-
sion analysis allows these weights to be corrected to a standard litter size
(54 in this case). Regression of foetal weight on litter size (b = —14-80;
0-1>P>0:05) is just below significance but regression of placental weight on
litter size is significant (b = —4-20; P = 0-01). Although the correction for
litter size reduces the mean foetal weight of the immunized group where litter
sizes were small, the adjusted means of the control and immunized groups are
not significantly different (P >0-05). This result is not in agreement with James
(1967) who found an increase in placental and foetal weight after maternal
immunization. The data in Table 1 show, if anything, a decrease.

The degree of immunity of immunized females as measured by the human
serum dextran technique was extremely variable and could not be correlated
with the mode of immunization. Haemagglutination titres ranged from 1/16 to
1/16,384. Litter sizes, foetal and placental weights and the number of ‘moles’ina
litter could not be correlated with the rejection times of the second immunizing
skin grafts (6-0 +2 days), or with the titres of circulating antibody.

Of the forty-eight C57BL female mice that were injected with A,G male
spleen cells, all but two developed runt disease. Varying degrees of the typical
symptoms (cessation of growth and development, the presence of diarrhoea,
sparse hair from about 2 weeks of age) were followed at varying intervals by
death. The two survivors received skin grafts at 8 weeks but normal rejection
times (10 +2 days) showed the absence of tolerance. The sixty-four neonates
receiving F; (G57BL female x A,G male) spleen cells in an attempt to over-
come runt disease also showed no tolerance. Ten individuals grafted with
A,G male skin at maturity showed rejection times that were normal.

Experiment 2

The results (Tables 3 and 4) were essentially similar to those of the first
experiment. Analysis showed that the mean F, foetal weights from mothers
specifically pre-immunized to the paternal antigens were, in this case, significantly
smaller than those from control non-immunized mothers (P <0:02). Females
immunized against the non-specific antigens of Peromyscus polionotus polionotus
gave a mean foetal weight intermediate between the allogeneically immunized
and non-immunized groups, but was not significantly different from either of
them. Placental weights were similar in all three groups. Although the litter
sizes and the total number of implantations were lower in the two immunized
groups, the differences were not significant. The overall number of ‘moles’ was
too small for a valid comparison to be made (Table 4). As in Exp. 1, the
regression of foetal weight on litter size was not significant (b = —10-73;
P>0-05) and the regression of placental weight was significant (b = —2-1;
P <0-05). Correction of foetal and placental weights to a standard litter size of
7-5 reduced the significance of the difference in foetal weight between specifically
immunized and non-immunized females (P = 0-05).

DISCUSSION

The results of the two experiments indicate that maternal immunization to
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specific paternal antigens does not enhance placental and foetal growth. Indeed,
both experiments show no effect on placental growth but a reduced foetal
growth after allogeneic immunization, although this was significant only in
Exp. 2. These results therefore conflict with those of James (1965, 1967), who
found an increase in placental and foetal weight after maternal immunization,
Both of the present experiments suggest that immunization reduces litter size,
although the effect was significant only in Exp. 1. This was not apparent in the
experiments of James, who did not include litters containing less than five
young, and litters containing ‘moles’. The present findings are in agreement
with those of Breyere & Sprenger (1969) who reported a decreased litter size at
birth in G57BL females specifically immunized against DBA/2 sarcoma, and
mated to DBA/2 males but no decrease when C57BL females were immunized
non-specifically to C3;H adenocarcinoma. The present findings in Exp. 2 also
indicate that non-specific xenogeneic immunization does not reduce foetal
weight significantly, but some effect of stress or the raising of a general immune
response on foetal weight and litter size cannot as yet be excluded.

Attempts to induce tolerance to A,G spleen cells in G57BL female neonates
failed because of the occurrence of fatal runt disease (Exp. 1). James (personal
communication) found only a 5% incidence of runt disease in this strain
combination using similar doses of spleen cells.

Billingham & Brent (1959) found the A/C57BL strain combination the least
liable to produce tolerance of many strains tested. They obtained low tolerance
in the A into C57BL combination and in the reciprocal combination (C57BL
into A), they found 100 %; fatal runt disease. The A,G strain was derived about
fifty generations ago from the A strain and is unlikely to have acquired many
changes at the histocompatibility loci during this time. This has been con-
firmed by Davies (personal communication) who has typed the histocompati-
bility loci of the A,G strain and found them similar to the A strain.

C57BL neonates injected with F; (C57BL females x A,G males) spleen cells
should not be capable of responding to the antigens of the A,G strain. Neverthe-
less, difficulty was experienced in bringing these mice through weaning.
Billingham & Brent (1959) also report reactions to F; cells in the C57/A strain
combination.

No satisfactory explanation can be found to account for the difference in the
incidence of runt disease between the animals in this study and those of James
(1967). The possibility exists that the significantly smaller foetuses and placentae
which James obtained from female mice rendered ‘tolerant’ to the paternal
antigens could have been due in part to subclinical runt disease.
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Appendix 3.1

The effect of neuraminidase and hyaluronidase on the number of live

offspring and skin graft survival between mother and offspring in

0 strain mice.

Injection Mean Litter No. Rejection
Enzyme Graft Time
No. [Total (I.U.) lst 2nd exchange Caars)
Pregnancy |Pregnancy ¥
Neuraminidase 8 16 10 10
n n n 3 ﬁ*—-b D 7
n n n 8 3
n n n lU 5
*%
" " " 10 1] i M 7
n n n 15 lD
n n n lU NT NT
1t 6 36 9 Mm >0 65 5y T
" " it 10 4
" " d 5 0 =M Failed
" " \ 12 0 o>NM 6, 6
Hyaluronidase 6 2,000%* 0 15
n n n 10 M —=0 7’ 5’ 5
n n n U lD
" n 4 " 500 a] g
n n n 15 M ——0 7, 8’ g
" n n g =M 5
Neuraminidase
and " ;Guggd 7 M —>0 e
Hyaluronidase g
n n L] 7 ll
n n n lU 15
36 and
n
8 4,500 =] : D oM By 6
n n n 5 3
" " " 12 NT
n n n ll NT
" n " 13 Mm —=0 8, B
Saline 8 - 18 Mm —=0 5, 8
n " - 15 0o &M 7, 8
n " - 10 Mm >0 T
n " = 8 g &M 8 9
" " = B8 0o &M 7, 9

#* Dose given by Nathan (1960) scaled down to 20 gm mouse.
et al,

*¥% M —=0 = Mother to Offspring,

0 +M = Offspring to Mother




Appendix 3.2

The effect of neuraminidase and hyaluronidase on pregnancy in

allogeneically immunized and non-immunized C57 BL mice.

A. Allogeneically immunized + enzymes.

Mean Foetal Mean Placental Moles
wt. mg. wt. mg. Litter size IOYal [ Early |Middle
670 137.8 3 3 1 2
877 127.9 5 0
680 121.8 10 0
622 103.1 7 3 2 i
783 127.4 6 0
874 12262 i 1 0 J:
701 114.4 6 1 1 0
670 131.0 1 4 4 0
478 135.3 2 6 d: 5
B. Non-immunized + enzymes
879 117.4 5 1 il 0
842 125.7 6 0
776 133.1 8 0
999 125.4 7 1 1 0
744 118.2 11 0
704 111.3 3 6 1 5
762 115.4 10 1 0 1
864 118.4 6 2 2 0
923 120.4 7 0




Appendix 3.3

The effect of hyaluronidase on pregnancy in allogeneically immunized,

xenogeneically immunized and non-immunized C57 BL mice.

A. Allogeneically immunized + saline.

Mean Foetal

Mean Placental

Litter Size

Moles

wt. mg. wt. mg. Total | Early | Middle gz?;;.)
902 123.2 8 0
841 118.6 10 0
848 119.1 8 0
888 109.8 8 0
819 119.2 8 0
902 1115 6 2 2 0
841 103.5 7 2 0 2 (57.9)
B32 109.7 9 0
B. Xenogeneically immunized + saline.
929 114.3 8 0
811 131.0 8 0
915 I17.7 7 1 0 i (52.5)
917 109.8 6 i 0 i (82.6)
1007 1122 7 X 3
820 118.1 5 0
870 129.8 3 1 1 0
944 115, 9 1 ik 0
887 97.4 9 0
1066 161.2 1 0
920 1132 6 1 0 1 (85.0)
841 114.9 7 0




C. Allogeneically immunized + hyaluronidase

Mean Foetal

Mean Placental

Litter Size

Moles

ES=T0e el Total |Early [Middle if?;;;l

928 115.0 9 2 2 0

892 116.4 g 3 2 1 (58.3)
891 114.4 6 3 0 3 (91.6)
825 121.8 5 4 0 4 (125.1)
948 119.9 6 0

826 100.5 6 5 0 5 (122.6)
871 127.6 7 1 1 0

785 114.7 10 0

872 103.5 8 1 g, 0

891 123.6 2 8 4 4 (73.9)

D. Xenogeneically immunized 4+ hyaluronidase

793 116.1 12 0

801 112.7 10 1 1 0

819 125.8 2 5 0 5 (73.8)
925 104.7 9 3 3 0

850 109.4 9 1 il 0

923 108.8 8 0

817 122.5 7 0

874 116.2 10 1 1 0

864 12¥5T 7 1 0 2 (74.5)

E. Non-immunized + saline

881 119.0 8 b il 0

967 126.6 6 4 4 0

977 109.8 6 3 3 0

868 109.5 8 1 1 0

915 123.8 7 0

956 115,7 6 0

997 99.0 8 0

878 102.8 7 1 1 0

961 103.3 6 2 1 1 (26.3)




Appendix 4

The effect of splenectomy on pregnancy in allogeneically immunized and

non=immunized C57 BL mice.

A. Immunization and Splenectomy

Mean Foetal |Mean Placental | Litter size Moles

wt. mg. wt. mg. no. Total Early | Middle
932 102.6 8 D

1041 117.4 2 4 4 0
792 113.0 9 1 1 0
818 109.0 4 0
853 1371 5 2 2 0
884 100.5 i L 1 0
959 105.8 5 2 2 0
979 115.1 4 1 1 e
892 11253 8 i & 1 0
862 113.7 5 2 2 0
974 97.8 8 0

1014 108.2 5 4 4 0
918 108.8 7 1 D
904 101.2 8 1 1 0

B. Splenectomy only
Mean Foetal Mean Placental | Litter size Moles

wt. mg. wt. mg. no. Total Early | Middle
960 82.0 8 0
826 105.1 4 3 3 0
996 86.0 8 0
967 94.6 74 1 i 0
848 114.6 6 0
963 81.8 9 0
922 108.4 7 1 X 0
848 119.1 9 0
992 108.1 5 0
975 110.2 7 0
845 102.2 9 0




C. Immunization only

Mean Foetal Mean Placental | Litter size Moles
wt. mg. wt. mg. no. Total Early | Middle
832 106.9 7 0
796 84.3 8 0
843 107.3 8 1 1 (late)
909 108.3 7 0
873 104.4 9 0
867 91.4 9 0
882 112.6 7 0
950 97.8 9 0
858 96.1 5 0
908 91.8 4 1 1 0
962 125.0 7 0
899 97.6 8 0
907 B 1oy S 8 1 1 0
864 105.5 7 0
D. Controls
Mean Foetal Mean Placental| Litter size Moles
wt. mg. wt. mg. no. Total Early | Middle
886 110.2 7 0
891 94.3 2, 0
949 91,2 9 0
972 131.9 3 0
864 124.6 5] 0
857 119.7 8 3 3 0
929 98.5 7 0
916 105.5 7 1 1
1011 123.2 2 0
898 135.6 3 3 & 0
850 92.9 6 0
930 113:6 8 0
920 107.9 5 3 3 0




Appendix 5.1

Invitro culture of inbred CBA eggs in 10% C57BL anti-CBA or 10% C57BL serum, and 10% GPS - Experiment IV.

A. CONTROL C57BL SERUM. e Lo e iy
L Edigs Metililas Blastocysts Trophoblastic Outgrowth Cavitation
No. Noe No. % Abnﬁzmal o Normal y No. o i g Total48 hnﬁgimal Tot;lda Eggagl
. . oggs| of Blast, T No. . N
5/1 6 4 4 6647 2 2 50. 0 3 50.0 75.0 4 2 0 Z
10/1 4 4 4 100.0 0 4 100.0 1 25.0 25.0 3 3 1 1
11/1 6 6 6 100.0 0 6 100.0 6 100.0 100.0 6 6 0 -
13/1% s 8 5 6245 X 4 75.0 4 50.0 75.0 5% - 0% =
14/1 4 4 3 75.0 1 2 6647 3 75.0 100.0 1 i 2 1
16/1 5 5 5 100.0 2 3 60.0 3 60.0 60.0 5 3 0 -
17/1 5 4 4 80.0 0 4 100.0 4 8040 100.0 4 4 0 e
20/1 9 9 6 6647 0 6 100.0 5 55.5 83.3 6 6 0 -
5/2 9 9 4 4444 2 2 5040 1 111 25.0 4 2 0 -
9/2 5 5 4 80.0 0 4 100.0 3 60.0 75.0 4 4 0 -
13/ 4 d 3 75.0 0 3 100.0 3 75.0 100.0 3% : 0% S
i TOTALS 65 61(93.8%) 48 73.8 8(16.7) 40 83.3 36 55.4 75.0 37 31 3 2
B. C57BL ANTI-CBA SERUM.
Blastocysts Trophoblastic Outgrowth Cavitation
Date ggzissﬁﬁm (;‘izi? Eggs Moﬁglae Angular | o Normal Angular 7 7 48 hours | > 48 hours
) : i Nas # Transfacmed No No. % [Trans- | No. bf Total Eggs| of Blast.| Total | Normal| Total| Normal
% formed %

5/1 15 e T (4) 7 7 3 42.9 40.9 3 0 0 0 1 14.3 333 0 - 3 0
10/1 7 32™1 (1) 5 5 4 80.0 63.4 1 3 75.0 | 60.3 4 75.0 100.0 4 3 0 -
11/1 7 327t (1) 6 6 6 100.0 90.0 0 6 | 100.0 | 90.0 6 100.0 100.0 5 5 1 1
13/1% 8 BfomL (5) 7 7 0 0 0 0 0 0 0 0 0 = 0% = 0% =
14/1 g Bt (5) 4 4 1 25.0 30.0 0 1 | 100.0 | 90.0 0 0 0 1 1 0 -
16/1 8 i (5) 3 3 3 100.0 90.0 3 0 0 0 0 0 0 2 0 1 0
17/1 8 a9 i) 7 7 4 57.1 49.1 3| 3 75.0 | 60.0 3 42.9 75.0 2 2 2 1
20/1 58 64~ (2) 10 10 5 50.0 45.0 5 0 0 0 i 10.0 20.0 5 0 0 -
5/2 15 256”1 (4) 13 11 5 3845 38.4 5 0 0 0 0 0 0 il 0 4 0
9/2 1 512™% (5) 5 5 2 40.0 39,2 1 1 50.0 | 45.0 0 0 0 2 1 0 -
13/2% 1 S (5) 3 2 0 0 0 0 0 0 0 0 0 - 0% - 0% -
~_TDTAL5 R 70 67(95.7%) 33 i § 1B(57.6)| 14 4244 15 21.4 45.5 22 12 11 2

* Data not included in cavitation analysis as no eggs cavitated in B.




pe3sa31 joy

(%20°08)
. . . Z 12 ! 16 9 08 sTe3o],
0°9. AmN\mHu 0°8€ 05 61 0°61 1w, n 8°€9
THT 8°C T 9°8¢ ¢ S A L L [T 0 [AVIAS
0°001 GGy 0T 0°0Z z 8 G Gh o1 81 (A4 6T Z1/91
0°001 0°00T 8 - - - 0°001 8 8 8 oy Z1/s1
- - - - - - L°16 44 Va4 72 6T Z1/%1
- 0 0 - 0 0 0 0 € € 6 Z1/21
- - - 0 0 i L*99 i i 9 81 Va0 71/6
(28°€6)
. . - L] S .NUO
6°16 ﬁhm\qﬁu L*9% OF - val 6°L8 €€ 62 €€y, %°GL 6% 19 G9 Te30L
9°87 9°87 b L*G8 Z1 z 0°001 val 71 vl 0 A
0°06 Z°69 6 0°00T 01 0 6°9L 01 71 €1 6T Z1/91
- - - - - - € cc B o1 71 (94 [AVAY
- - ~ - - - L°G8 A 71 71 94 ZT/%1
c ce €-¢ce T 0'00T € 0 0°001 € € € 6 AVEA!
- - - L°99 i 4 £*99 9 8 6 8T 19 LSO Z1/6
(%2€°58)
- L] - L] w uo
s m®ﬁom\hﬁu L*9S OF o LT 8°68 6S /¢ mm\m €°68 %9 %9 GL Te30],
[°68 0°SL 9 G*L8 L 0 G*L8 L L 8 0 AVIAS
VARV 8°8S o1 0°001 VA 0 €°78 vl 71 LT ST z1/91
0°'07 0°0Z I - - - 0°00T S S g ¥4 Z1/st
- - = G°19 8 S S°9L €1 €1 LT 8T vag x | C1/6
- - - 0°96 VA T €°68 (44 ¥4 8¢ 81 14 LSO z1/8
. 83
.ummmw 30 H@Moammo % *oN *oN “oN T i
*ON 7 *ON wunios s339 23e(q
v TeuioN | TewaoN | Jemaouqy BInioll | s88%1 —
yamnoa8ing o213serqoydoag, s3s4£203sBTg .
"I S9TI9g - wniIdg FTJ BIUTIND %I PUB WNISS ygD-TIUB Tg [GD ZOT UT S83° yg) pue Tg LSO ‘VED X Tg LGD JO 9In3Imd 0I3TA U

Z°'G xXIpuaddy




(%6°56)
T 8°0% 0z 6°1S vT o1 TS5 LT LY 6% sTejol
0 0 0 L*99 z T 0°SL g ¥ ¥ (2);.79 95 21/zz
0°00T §°29 g 0°09 g Z G°Z9 § 8 8 ﬁmvﬁgqm 95 Zt/12
g gL p°28 1T g°cs 8 L peIL ST 6T 12 (£);.82T 7 z1/02
0°00T 0°00T T 0 0 T g°ge T g g (2),.82T B 21/61
0°00T T°¢ce g ETER T Z T 8¢ 5, eT et Amv.?mm.m 1 va3 NH\mH
(%0°00T)
9°08 G°¢Cl 52 0°00T 0> 0 16 ¢ > g sTejoL
0°00T 0°00T 0T 0°00T 0T 0 0°00T 0T 0T 0T ﬁmVH-NHm > AW
0 0 0 0°00T ¥ 0 L°99 7 9 9 (2).79 9¢ 21/22
0°08 0°08 8 0°00T 0T 0 0°00T 0T 0T 0T ﬁmvﬁuvo 95 21/12
0°00T G°L8 L 0°00T L 0 S°.L8 L 8 8 ﬁmvaummﬂ v 18453 2T/61
i (%1°98)
9° 98 1°19 44 6°9L 0z 9 z2° 2L 9z > 9¢ sTe30l
0°00T 9°55 g 0°08 14 T 9°8§ S 6 6 ﬁmuﬁlmﬁm g A4S
0°00T c°c8 g 0°08 12 < £*e8 g - u nmvﬁ-qm 95 21/z2
0°00T 0°00T > L°99 Z T 0°00T g > > (2),.82T 7 z1/02
L°99 0°0v z L*99 Z T 0°09 g ¥ g AMVH:mNH 7 IR z1/61
0°0L 8°¢es L 0°08 8 Z 6°9L 0T 0T eT (£); 82T 7 18453 zt/81
“ON SHalale o OV | "ON 3 (Muey) *pN dDIg
*3seTg J0j Te30L 40 °ON TEWION |TelwIoy [feunudy % an *opN *oN 8131l | wnass | san3Tng Bl
—IMOI6ING O TISeTqoqUOIT s3sAoogseTg mmﬂ:maj sb613 Apogtauy | =-T3uy dnoag

*TI setdss - wnaes BTd esUTng YOL PUE WNdes ygj-taue 18250 %0T UT Sbbe ygd Pue J8.G6J 'Y8d X 18450 40 eang[no OIFTAUL

Bg'G XTpuaddy




Appendix 6.1

Decidual weight in allogeneically immunized, xenogeneically immunized

and non-immuniged C57 BL mice — Experiment I

A. Allogeneically immunized

Decidual Implantation | Lumbar node Spleen wt. Serum antibody

wt. mg. titre (no. +ve
wt. mg. no. (no. of nodes) ng. dilutions)
2.19 9 7.5 (2) 137.8 387+ {5)
2.55 iz 6.0 (2) 147.2 3~ {(5)
1.50 5 T (2] 104.6 4,096 1 (12)
2.66 7 6.2 (2) 119.0 3t (5
242 6 5.2 (2) 14,7 4,0906% (12)
2.05 10 5.4 (2) 108.0 Y
2,10 8 5.1 (2) 130.6 1,0247% (10)
2.48 8 4.5 (2) 11k.1 it (6)
3.63 8 8.4 (2) TEL A 12871 (7)
1.79 9 6.9 (2) 119.0 8,1927% (13)
1.84 8 4.3 (2) 97.8 5127 (9)
2T 6 T2 (2) 150.2 8,192 (13)
2.65 > 9.6 (2) 128.8 1,024~ (10)
2.10 T 5.0 (2) 643 I




B.

Xenogeneically immunized

|

B |

Decidual Implantation | Lumbar node Spleen wt. Serum antibody
: wte mg " | titre (no., +ve
wt.  mg | no. I(no, of nodes) mg dilutions)
| —
3.98 ' 11 1,7 (2 145,0 2,048 (11)
3,12 6 ' b7 (2) 110.1 N T,
3.51 8 | 3,5 (1) 117.1 32,768°% (15)
3.01 10 12,0 (2) 108.0 16,3847 (1k)
3.51 9 7.0 (2) 116.0 4,096 (12)
2.15 6 5.4 (1) 167.5 16,3847 (1k)
3.11 8 8.6 (2) 122;6 16,3841 (14)
4,0l 8 7.6 (2) 1004 | 65,5367 (16)
k.55 10 T;T (2) 126,0 65,536 (16)
2;57 T 7.6 (2) 135.1 N.T.
3;29 9 6.2 (2) 13h;6 N.T.
3.1k i 4.6 (2) 1h1;5 8,192 1 (13)
2,08 6 6.6 (2) 109.7 N.T.
1.54 5 6.8 (2) 99.0 65,536 ~ (16)
3433 9 8.6 (2) 129.8 16,38h'l (1k4)
3,88 9 6.5 (2) 132,7 32,7687 (15)
h;38 11 9;2 (1) 1h1é1 N.T.
- Not tested

N.T.



CI

Non=-immunized

Decidual . Implantation KUmbE s Spleen wt.
wt. mg. no. i I mg.
(no. of nodes)
4,09 9 4.6 (2) 128.6
3413 10 2+6: (1) 97.1
2.80 10 2.7 (1) 121.4
4.03 10 2.3 (1) 106.7
2.67 6 5.8 (2) 123.1
3.55 6 6.2 (2) 11723
2.60 10 5.6 (2) 109.3
2.50 8 3.8 (2) 100.0
4.13 9 2.7 (1) 99,1
3.16 11 2.6 (1) 139.0
3.56 9 4.3 (2) 11303
3.94 8 30 (2) 98.7
3.06 8 5.1 £2) 103.0
2.23 8 5.0 (2) 110.9
4.21 9 4.0 (2) 123.0
3.00 8 3.5 (2) 98.8
3.00 8 N.T. 116.8




Appendix 6.2

Decidual weight in allogeneically immunized, Xenogeneically immunized

and non-immunized C57 BL mice - Experiment IT

A. Allogeneically immunized with skin grafts and spleen cell

injections

Decidual wt. mg. Implantation no. S?ig? izzizgiﬂtzizz?
5.25 8 et (6)
k.95 8 51270 (9)
5.38 9 327" (5)
4.0l 10 " Ng)
L.84 9 N.T.
k.52 9 256" (8)
k.60 10 1887 (1)
b3k 12 51271 (9)
bl T N.T.
3.3k 7 51271 (9)
k.50 12 -l )
3.87 9 2,0487F (11)
3.78 9 5127 (g}




B.

Allogeneically immunized with spleen cell

injections only

Decidual wt. mg.

Implantation no.

Serum antibody titre
(no. +ve dilutions)

.28
.20
.56
.3k
.05
.53
.31
.87
.07
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.05
.79
.83
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Allogeneically immunized with skin grafts only

Decidual wt. mg.

Implantation no,

Serum Antibody Titre
(no .+ve dilutions)

.70
.05
.52
.56
.81
.63
.85
22
.93
.78
.79
.16
.01
.58
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10

oo

11

o O WO

1,0247% (10)
2,04871 (11)

32 (5)
51271 (9)
i (6

1E7L (L)
8t (3)
87 (3)




Xenogeneically immunized

Decidual wt. mg.

Implantation no.

15
.30
9L
14
.56
.89
.36
.28
.28
.66
el
.96
51
13
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E.

Non-immunized controls

Decidual wt. mg.

Implantation no.

2]
81
.01
.00
.88
ST
.56
.3k
91
.20
.66
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Appendix 6.3

Decidual weights in passively immunized C57 BL mice

Experiment III

A, Tmmune serum

(1 s g. and 1 s.c.) B. Control serum
Decidual Implantation || Decidual Implantation
wt. mg. no. wt. mg. no.

5.46 T 5.38 8
6.01 9 5.05 e
5.23 8 5.Th 8
5.53 L 6.18 8
L.80 6

.86 5

G Tgune (eexin D, Control serum

(2 s.g. and 3 s.c.) : &
Decidual Implantation || Decidual Implantation
wt. mg. no, wte mg. no.,

5+13 8 5455 9
k.10 10 5457 T
4,98 8 5450 8
4.93 8 6.02 9




Experiment IV

A. Immune serum B. Control serum
(2 s.g. and 3 s.c.)
Decidual Implantation Decidual Implantation
wt. mg. no. wt. mg. no.
2.78 9 L. L 9
36T 9 3450 L
2,33 6 3.1k T
3:75 1:2 3.00 ‘ 9
2.88 8 3.82 11
2.86 T 3.60 >
2.88 8 3.4L 9
3.50 8 3.86 if
L.00 8
3.29 T




Appendix 6.4

(Reprinted from Nature, Vol. 230, No. 5289, pp. 114-115,
March 12, 1971)

Effects of Maternal Preimmunization
on the Decidual Cell Reaction in Mice

ALTHOUGH several hypotheses have been put forward to
explain the success of the mammalian conceptus as a homo-
graft!, there is still no agreement on the exact mechanisms
involved. It has been postulated that during the early stages
of pregnancy the uterine decidual tissue prevents the immunolo-
gical consequences of antigenic differences between mother
and conceptus?. Recent evidence has suggested that the
extent of the decidual cell reaction is reduced when there are
genetic differences between mother and offspring®>. We have
therefore investigated whether the decidual cell reaction is
affected by preimmunization of the mother to paternal
antigens.

CBA/Fa and C57BL/Fa inbred mice which differ at the H,
locus were used. C57BL female mice aged between 8 and
12 weeks were distributed at random into three groups. The
first group was immunized allogeneically to CBA male mice,
the second group was immunized to cells from Peromyscus
maniculatus bairdii and Peromyscus polionotus polionotus (deer
mice), to test the effects of xenogeneic immunization, and the
third group was left untreated, as controls. The immunization
procedure in both instances consisted of two full thickness
skin grafts*, followed by three spleen cell injections (0.5 spleen
equivalent each). All treatments were given at 14 day intervals.
Skin grafts of both Peromyscus and CBA healed satisfactorily,
and second set rejection times were 6+ 2 days for both the
allogeneically and xenogeneically immunized groups. Six days
after the last injection all mice were mated to CBA males. On
the seventh day of pregnancy (the day of vaginal plug repre-
senting the first day) mice were killed, and serum was collected
from each female for titration of antibody. Decidual tissue
was dissected from the uterus, in physiological saline; no
attempt was made to remove the tissue of the conceptus. The
decidua from each uterus were blotted lightly, pooled and
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weighed to the nearest 0.1 mg. The mean decidual weight
per implantation site was calculated for each female.

Data were subjected to an analysis of variance. The mean
decidual weight from females immunized to CBA antigens
was significantly less than the mean weight of either the
untreated control group or the group immunized to Pero-
myscus (P<0.001, Table 1). There was no significant difference
between the untreated controls and the xenogeneically immun-
ized females. The effect of immunization with cells of the
paternal strain in decreasing decidual weight is therefore not a
result of a general heightening of a non-specific immune
reaction nor of stress experienced during immunization.

Maternal antibody to red cells was measured by the serum-
dextran method of Gorer and Mikulska®. Sera from allo-
geneically immunized females produced haemagglutination
titres ranging from 1/8 to 1/4,096. Sera from xenogeneically
immunized mice gave high haemagglutination titres (1/1,024
to 1/32,768) when tested against Peromyscus red blood cells,
but showed no cross reactivity when tested against CBA
antigens. The control females showed no activity with either
antigen. Lumbar lymph nodes and spleens were dissected
from each female at autopsy and weighed. Immunized mice
(both xenogeneic and allogeneic) had significantly larger lymph
nodes (P<0.001) and spleens (P<0.05) than controls. The
mean implantation number in the allogeneically immunized
mice was lower than in the other groups but the reduction
was not significant (Table 1).

There are several possible explanations for the effect of
immunization to paternal antigens. The time of implantation
of the embryo may be delayed, the decidual stimulus produced
by the blastocyst may be reduced or the mother’s ability to
respond to the inducing stimulus may be impaired. Alter-
natively, specific immunization may directly decrease the rate
of growth of the decidual tissue. It is not possible at present
to distinguish between these alternatives.

In previous experiments involving maternal immunization
to paternal antigens Mitchison® found no adverse effects on
the outcome of a pregnancy. James’, however, claimed that
maternal sensitization to paternal antigens increased placental
and foetal weight. Clarke® was unable to confirm these
results and found that when C57BL/Fa females were immunized
to CBA/Fa antigens, placental weight was unaffected although
foetal weight was reduced. This reduction, in conjunction
with the reduction in decidual weight observed in this experi-
ment, is in agreement with the observations of Hetherington?,
who found a positive association between decidual weight on
the seventh day of pregnancy and foetal weight on the
eighteenth day. 1t is not known whether the reduction in



foetal weight is the direct consequence of the reduced decidual
response or whether both foetal and decidual weights are
dependent on a third factor.

We thank Dr M. H. Kaufman for help with skin grafting,
Dr A. McLaren and the Ford Foundation for facilities and
the MRC for financial support.
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IMMUNOGENETIC ASPECTS OF
MATERNAL/FETAL RELATIONS

ANN G. CLARKE* avp C. M. HETHERINGTON

Instituie of Animal Genetics, Edinburgh, aud
Clamigsl Research Cemive, Waiford Road, Harvew, Middlsser

Smmr;r. The evidemos for TR s-;-niﬁ ﬁmﬁemtﬂmm m@ﬁiﬂ tithe
mammalizan mother and her comceptus are reviewed, together widh the
current hypotheses that have been put forward to account for embryonic
indiiffieremoe to the maternal homografi reaction. We propose that
addiitione] factors may be important. The relative deficency of phage-
cytes, znd of some components of complement. within the fetus, may
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When considering the development of the conceptus it is essential to appreciate
the complexity of the interactions that occur, and to consider all these variables
in the interpretation of an experiment aimed at the study of any single para-
meter.

In many instances phenomena associated with normal pregnancy have been
interpreted in terms of immunological reactions between mother and fetus, to
the exclusion of other equally plausible explanations such as hybrid vigour or
phenomena similar to genotypic complementation, in which each genotype
compensates for the genetic deficiencies of the other.

THE EFFECTS OF GENETIC DISSIMILARITY BETWEEN MOTHER AND CONCEPTUS

Genetic dissimilarity between mother and conceptus can apparently affect
the phenotypic ratios found among the offspring. A deficiency of offspring of
maternal genotype has been reported in mice, for coat colour and transplantation
antigens (Hull, 1964, 1969) and in rats, for transplantation antigens (Palm,
1969). In the deermouse, Carham, Birdsall & Cameron (1970) found an excess
of offspring with transferrin phenotype like the mother. The mechanisms
underlying these phenomena are not understood, although in some circumstances
they may involve differential fertilization. In mice, spermatozoa carrying the
‘t’ allele of the tailless (T) locus have an apparent advantage over other sperma-
tozoa (Braden, 1958). In an inbred line of rats Michie & Anderson (1966) have
suggested that continuing heterozygosity at a locus determining transplantation
antigens might be due to differential fertilization.

The development of the conceptus from implantation to parturition depends
both on its own genotype and on the maternal environment. F, placentae and
fetuses in an inbred mother are usually heavier than those of inbred conceptuses
(McLaren, 1965; McCarthy, 1965) and inbreeding random-bred mice reduces
both fetal and placental weight on the 18th day of pregnancy (McCarthy,
1968). There are, however, a few exceptions. The placentae of JU x CBA F,
conceptuses are lighter than those of inbred JU x JU conceptuses (Hetherington,
1971). In crosses between two species of Peromyscus, while the F, placenta is
heavier than that of either parent when the female is of the one species, placental
weight in the reciprocal cross is significantly lighter (Rogers & Dawson, 1970).
The usual tendency for F, placentae to be heavier than inbred placentae led
Billington (1964) to postulate that immunological factors are involved. He
argued that hybrid vigour could not solely account for the larger F, placentae,
because A,G eggs grown in a C57BL mother gave rise to larger placentae
than C57BL eggs grown in a C57BL mother, a situation where hybrid vigour
is eliminated. The results were not significantly different from those obtained
from hybrid matings. However, egg transfer experiments do not exclude the
possibility of complementation phenomena; the mother of one inbred line
perhaps being able to supply the deficiencies of a fetus from the other. In addition,
the size to which a placenta develops is known to be affected by the genotype
of the conceptus (McCarthy, 1965; McLaren, 1965; Hetherington, 1970) and
it is not possible, from the data provided, to exclude the possibility that the
observed differences are simply due to genotype.



Immunogenetic aspects of maternal|fetal relations 101

A study involving F; mothers of three genotypes of mice, in which the effects
of hybrid vigour of the conceptus are minimized, did not substantiate the
hypothesis that placental weight was increased in the presence of antigenic
difference (Hetherington, 1971). Indeed, the data of Jones (1968) on ABO(H)
incompatibility in man suggested that placental weight was increased in
compatible matings, while Seppala & Tolonen (1970) found no effect of the
ABO(H) locus on placental weight, birth weight or gestation length. On the
other hand, Towanen & Hirovanen (1970) found that the placentae of male
fetuses from primiparous females were significantly heavier in incompatible
matings than in compatible matings, but no similar effect was found in other
parities, or among female fetuses. As the human populations that were studied
are outbred, the general failure to observe a correlation between antigenic
differences and placental weight lends support to the alternative hypothesis
that F, placentae are heavier because of hybrid vigour.

Further apparent support for the hypothesis that immunological interactions
might be responsible for the larger size of hybrid placentae came from an
investigation into the degree of trophoblastic invasion in extra-uterine sites
found within and between strains of mice differing at the H-2 locus. Billington
(1965) suggested from an experiment on mice, in which trophoblast was trans-
planted to the testes of allogeneic hosts, that invasiveness was increased when
graft and host differed antigenically. It was suggested that if placental weight
depended on the degree of trophoblastic invasion, this increased invasiveness
could account for the increased placental growth found in the presence of
antigenic differences between mother and conceptus. Clarke (1971) and
James (unpublished data), however, were unable to confirm that antigenic
differences between graft and host influenced trophoblastic invasion in the
mouse testis. Similarly, Koren, Abrams & Behrman (1968) found no correlation
between trophoblastic invasion and antigenic differences, using the mouse
kidney as the graft site.

The hypothesis that antigenic differences between mother and conceptus
result in increased placental and fetal weight and the observations of James
(1967; see below) on the effects of maternal immunization led Clarke & Kirby
(1966) to postulate that improved fetal growth could provide a selective mech-
anism capable of maintaining the balanced polymorphism associated with
histocompatibility loci. However, there is now little confirmed experimental
data to support such a hypothesis.

While maternal/fetal incompatibility under normal conditions apparently
does not affect placental weight, it does sometimes have other effects. Recent
evidence from electron micrographs has suggested that the death of goat/sheep
hybrid embryos may be the result of immunological damage to the placenta
(Dent, McGovern & Hancock, 1971). The immunological consequences of Rh
incompatibility between the human mother and fetus in the occurrence of Rh-
haemolytic disease of the fetus have been well documented (see review by
McConnell, 1969).

Parity increases placental weight in a number of species (Ibsen, 1928;
McKeown & Record, 1953; McCarthy, 1965; Jones, 1968; Warburton &
Naylor, 1971) and can apparently affect the genotypic ratios of the offspring
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(Hull, 1969). Parity also affects the immunological status of the mother; post-
partum female mice show a specific reduction in responsiveness to the transplanta-
tion antigens of the mating male (Breyere & Barrett, 1960; Breyere & Burhoe,
1963; Kaliss & Dagg, 1964).

While exhibiting this reduction in responsiveness, parous female mice never-
theless possess humoral and cell-bound immunity to the male strain antigens
(Goodlin & Herzenberg, 1964; Kaliss & Dagg, 1964; Mishell, Herzenberg &
Herzenberg, 1963; Soren, 1967). It has been suggested, therefore, that the
effects of parity on placental and fetal weight may have an immunological
basis (Jones, 1968; Warburton & Naylor, 1971). Warburton and Naylor
postulated that, if placental and fetal weight increased with parity due to
sensitization to paternal antigens, the parity effect should be reduced when there
is a change of partners between first and second pregnancies and the second
husband differs antigenically from the first. The data they produced on ten
paired comparisons provided some evidence for the hypothesis that the effects
of parity might have an immunological basis, and none for refuting it. However,
in a study involving three different strains of mice, and comparing placental
weight in uniparous females after matings with these three strains, the sire of the
first pregnancy did not affect placental weight in the second pregnancy
(Hetherington, 1970).

THE EFFECTS OF MATERNAL PRE-IMMUNIZATION TO PATERNAL ANTIGENS

In the normal state of pregnancy the fetus is well protected from the homograft
reaction. Studies of pregnancy after maternal immunization to paternal antigens
have produced conflicting results. While some workers have found that pregnancy
is unaffected by the mother’s immunological state (Mitchison, 1953; Heslop,
Krohn & Sparrow, 1954; Medawar & Sparrow, 1956; Woodruff, 1957;
Lanman, Dinerstein & Fikrig, 1962), others have reported changes in various
aspects of pregnancy. James (1967) observed that pre-immunization of mice to
paternal antigens resulted in increased fetal and placental weight and decreased
gestation length. Clarke (1971), however, using the same combination of
strains, was unable to find an effect of pre-immunization on mouse placental
weight, but obtained evidence of a reduction in fetal weight and in the number
of live births. Breyere & Sprenger (1969) have also reported a reduction in the
number of live births. Boshier & Moriarty (1970), working with sheep, were
unable to find any effect of presensitization of the ewe to the mating ram on
fertility, fecundity, placental weight or fetal weight.

There is, therefore, no good evidence that either embryonic or placental
growth is increased by maternal sensitization to paternal antigens in normal
pregnancy. Studies of trophoblast invasiveness in the mouse testes do not indicate
that this is affected by host pre-immunization to donor antigens (Clarke, 1969).

The effects of maternal tolerance to paternal antigens have also been studied.
James (1967) reported that placental and fetal weights were decreased and
gestation length increased in mice rendered tolerant to paternal antigens, but
the effects of non-specific factors was not excluded (Clarke, 1971). Husain &
Ketchel (1965) found no influence on the time of parturition in rats which had
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acquired an immunological tolerance to their mates. Changes in the immuno-
logical status of the mother, either by experimental means or by changes in
parity, have thus lent little support to the hypothesis that the course of pregnancy
may be significantly affected by maternal immunity to paternal antigens, or
retarded by maternal tolerance.

There is some evidence indicating that the expression in the offspring of
paternal alleles at the immunological loci can be altered by pre-immunization.
Isoantigenic differences of the immunoglobulins (allotypes) have been demon-
strated in man (Grubb, 1956; Ropartz, Lenoir & Rivat, 1961; Steinberg, 1962),
rabbits (Oudin, 1960; Todd, 1963) and mice (Herzenberg, Warner & Herzen-
berg, 1965). Heterozygous fetal rabbits in a mother experimentally pre-
immunized to the paternal immunoglobulin do not produce this allotype despite
the presence of the appropriate gene (Dray, 1962; Mage & Dray, 1965; Mage,
1967; Dubiski, 1967). This suppression may be prolonged, possibly life-long,
while the level of the maternally inherited immunoglobulin shows a compen-
satory increase. Reports of a similar suppression in humans have come from
Fudenberg & Fudenberg (1964) and Martensson & Fudenberg (1965). Whether
a suppression of paternally acquired genes occurs in systems other than the
immunoglobulins is unknown. A suppression such as this could provide some
measure of protection to the fetus from the consequences of particular genetic
incompatibility with the mother.

THE FETUS AS A HOMOGRAFT
Antigenic nature of the fetus

The lack of expression of the fetal antigens before birth is a possible mechan-
ism by which the conceptus could avoid immunological rejection.

However, the antigenic nature of the fetus in the normal situation of pregnancy
has been clearly demonstrated. On the other hand, the time of development,
the first appearance and the nature of the antigenic expression in the early
embryo has not yet been satisfactorily established.

The development of antigenicity in the early embryo has been investigated
using techniques of tissue transplantation, in-vitro egg culture and serological
methods. Simmons & Russell (1965) and Kirby, Billington & James (1966)
found that mouse blastocysts transplanted to the kidney capsules of specifically
pre-immunized hosts did not develop. This result suggested that blastocysts
displayed antigens at their surface. In-vitro culture experiments have shown the
presence of antigens on naked eight-cell mouse embryos (Heyner, Brinster &
Palm, 1969) and on blastocysts (James, 1969). Olds (1968), using immuno-
fluorescent techniques, claims to have detected H-2 antigens on zona-free two-
cell mouse embryos but Sell, Coombs and Edwards (see Gardner & Edwards,
1968) were unable to find them on the unimplanted blastocysts.

The antigenic nature of the later embryo has been well established. Thirteen-
day-old mouse embryo liver cells induce antibody production when injected
into host mice (Moller, 1963a) and 9-day-old mouse embryonic tissue, trans-
planted into pre-immunized allogeneic hosts, undergoes classical homograft
rejection (Edidin, 1964).
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Whether these reactions involve transplantation antigens rather than specific-
ally fetal or tissue specific antigens is unknown. The cytotoxic effects on the
fetus of antisera resulting from hyper-immunization with malignant tissue
Moller, 1961 ; Schlesinger, 1965) do not prove the significance of transplantation
antigens, because embryonic and neoplastic tissues may have other antigenic
determinants in common (Abelev, 1963; Gold & Freedman, 1965; Prehn,
1967). In studies specifically involving H-2 antisera produced against normal
tissues, Pizarro, Hoecker, Rubinstein & Ramos (1961) failed to demonstrate
these antigens in newborn tissues, but Schlesinger (1964), using a different
technique, did describe the absorption of H-2 agglutinins by 10}-day fetuses.
Naked cleaving mouse eggs from the 8-cell to blastocyst stage were killed when
cultured in vitro with allogeneic cytotoxic antibody, but were unaffected when
cultured with antiserum directed specifically to H-2 antigens (Heyner et al.,
1969). These authors suggest that non-H-2 transplantation antigens are present
on the pre-blastocyst egg in the mouse.

There have been suggestions that embryonic tissues might express embryo-
specific and transient developmental (phase-specific) antigenicity. Experiments
in several mammals have indicated that, in the tissues of developing embryos,
antigenic factors are present which are characteristic of a particular period of
morphogenesis and absent from the adult animal (see review by Volkova &
Maisky, 1969). Kirby (1969a) has suggested that successive blastocyst implants
from allogeneic or syngeneic donors in extra-uterine sites meet second-set
rejection. Further investigation of this possibility is needed.

While there is evidence that early developmental stages are antigenic, the
time of the first appearance of paternal transplantation antigens in the embryo
has not yet been made clear. Preliminary observations have suggested that the
culture in vitro of 8-cell zona-free C57BL x CBA F, and C57 inbred eggs in
anti-CBA serum does not affect their viability or their capacity to form blasto-
cysts and trophoblastic outgrowths. CBA inbred eggs, however, show reduced
viability under these conditions (Clarke, unpublished observation). If these
results are confirmed they would suggest that oviductal hybrid embryos are not
effectively expressing paternal antigens.

Recent studies on the appearance of enzymic products of paternal alleles in
the mouse have shown that by the 6th day of pregnancy the hybrid pattern
of glucose phosphate isomerase-1 is discernible (Chapman, Whitten & Ruddle,
1971). This locus is, therefore, transcribed and translated before the 5th day,
and consequently it may be concluded that at least part of the paternal contribu-
tion to the genome of the egg is active at this early stage.

Before implantation, the egg is enveloped in the zona pellucida and several
investigators have suggested that this membrane might limit immunological
contact between the maternal system and the unimplanted egg, masking the
presence of antigens on the blastocyst (Simmons & Russell, 1966, 1967a;
Shelesnyak, Marcus, Kraicer & Lobel, 1967 ; James, 1969; Heyner et al., 1969).
However, in lactational delay, the zona is shed at about the normal time but
implantation is successful 4 days later. In ovariectomized, progesterone-
maintained pregnant females, highly immunized to paternal antigens, no
effect on blastocyst viability was observed after 10 days of zona-free existence
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(Kirby, 1969b, 1970). The presence of the zona pellucida is, therefore, not
essential for embryonic viability and development.

Maternal|fetal exchange

The fetus undoubtedly expresses the antigenic determinants which are the
first necessity for a homograft reaction. The second necessity is physical contact
between the cells of the fetus and its mother.

Trophoblastic cells of fetal origin gain access to the maternal system in
considerable numbers. Syncytial embryonic trophoblast can be detected in the
blood vessels of the uterus of most normal pregnancies in a variety of animals
(see Billington, 1970).

Evidence that embryonic cells other than trophoblastic cells cross the placenta
in normal pregnancies is limited. Fetal blood cells gain entry to the human
mother through breaks in the blood vessels of the placenta and can be demon-
strated in the maternal blood (Lee & Vasquez, 1962). In all likelihood, if red
blood cells pass from fetus to mother, then some fetal lymphocytes will also
do so.

The majority of reports imply that the passage of cells from mother to fetus
in normal pregnancies is a rare cccurrence. In humans, despite extensive
studies of male neonates and abortuses, maternal cells have been found in only
four instances (Taylor & Polani, 1965 ; Kodawaki, Thompson, Zuelzer, Woolley,
Brough & Gruber, 1965; Lischner, Punnett & di George, 1967; Walknowska,
Conte & Grumbach, 1969).

Human maternal cancer cells have occasionally become established in
newborn infants (Retik, Sabesin, Hume, Malmgren & Ketcham, 1962) but
leukaemic cells do not apparently reach the fetal circulation in mice (Loewen-
stein, Hughes, Hofer & Ketchel, 1971).

A report of the passage of large numbers of maternal cells into the mouse
fetus (Tuffrey, Bishun & Barnes, 1969) has not been confirmed using similar
techniques (Billington and his colleagues, 1969) or by a different experimental
approach (Seller, 1970). It would seem, therefore, that the placental barrier as
postulated by Medawar (1953) is effective in preventing the interchange of most
maternal and fetal cells.

Although this barrier is effective in preventing cellular exchange, it appears
to act as a selectively permeable barrier to immunoglobulins (see Brambell,
1966, and Wild, 1966). Placental passage is apparently controlled by the nature
of the heavy chain. In some mammals IgG molecules readily cross the placenta
whereas IgA molecules, which are similar in size, and IgM molecules, which are
larger, do not. In other mammals, no antibodies cross the placenta, but there is
selective passage across the yolk sac (see Brambell, 1966). Following incom-
patible blood-group matings in man, transplacental passage of maternal
isoantibodies may result in haemolytic disease of the newborn. However,
Lanman & Herod (1965) have shown that, in the rabbit, humoral antibodies can
pass through the placenta and home on specific fetal target organs without
causing visible harm. .

8
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THE NATURE OF THE TROPHOBLASTIC BARRIER

Medawar (1953) first suggested that the presence of a physical barrier between
the fetus and the mother might be responsible for fetal survival from the homo-
graft reaction. Anatomically, the placenta, which separates maternal and fetal
blood, could provide such a barrier. The only component of the conceptus which
comes into direct contact with maternal tissue is the trophoblast, and this part
of the placenta has been shown to persist throughout pregnancy (Bradbury,
Billington & Kirby, 1965).

The essential role of the trophoblast in the immunological problem of preg-
nancy has been shown by transplantation studies. Trophoblastic growths and
blastocysts transplanted to extra-uterine sites develop successfully without
rejection in mice (Kirby, 1960, 1965; Simmons & Russell, 1962; McLaren &
Tarkowski, 1963), in rats (Kirby, 1962), in guinea-pigs (Bland & Donovan,
1965) and in hamsters (Billington, 1966). Even xenogeneic grafts grow and
proliferate successfully: mouse in rat (Kirby, 1962; Simmons & Russell, 1967b)
and mouse in hamster (Billington, 1966).

Trophoblastic grafts grow in extra-uterine sites in the presence of a pre-
existing immunity in mice (Kirby et al., 1966; Simmons & Russell, 1967a;
Clarke, 1971) while embryonic implants in the same situation are destroyed
(Simmons & Russell, 1967a; Kirby et al., 1966).

The failure of the trophoblast to express strong histocompatibility antigens
has been demonstrated serologically in mice, using haemagglutination inhibi-
tion techniques and in human trophoblast using immune absorption techniques
(Schlesinger, 1964; Seigler & Metzgar, 1970).

Although trophoblast does not express histocompatibility antigens in the
normal manner, there is some evidence that it is not entirely devoid of all
antigenicity. Simmons & Russell (1967b) have demonstrated species-specific
trophoblastic antigens in the rat and mouse. The possession of tissue-specific
antigens has also been suspected from reports that antibodies to trophoblast
appear in the post-partum period in normal human pregnancies and in the serum
of women after abortion (Hulka, Brinton, Schaaf & Baney, 1963). Anti-
trophoblastic antibodies cannot be detected during a normal pregnancy and
may only occur after normal or abnormal separation of the placenta.

The mechanism by which the trophoblast fails to express completely the
antigens expressed by the rest of the fetal tissue is disputed. Two main hypo-
theses have been put forward.

In 1964, Kirby, Billington, Bradbury & Goldstein postulated that transplanta-
tion antigens are present on trophoblastic tissue but their expression is prevented
by an extracellular layer which they called the fibrinoid layer. Simmons &
Russell (1966), in contrast, believe that trophoblastic cells fail to develop
histocompatibility antigens.

Conflicting experimental evidence as to the nature and properties of the
fibrinoid layer has led to disagreement about the existence and capacity of an
extracellular layer to mask trophoblastic antigenicity. Histochemical and
electronmicroscopic observations of trophoblastic tissue supported the existence
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of a ‘masked’ antigenicity. The physical presence of a darkly staining surface
coat of mucoprotein rich in sialic and neuraminic acids was identified around
murine trophoblast cells and seemed to form a boundary layer between maternal
and fetal tissue (Bradbury et al., 1965). The first appearance of this extracellular
layer was found to coincide with the time at which an embryonic implant did
not succumb to a pre-existing immunity when transplanted to an extra-uterine
site (Potts, 1965). The presence of this extracellular layer has subsequently been
identified in the placenta of many mammals, including man (Wynn, 1967;
Boyd, Hamilton & Boyd, 1968; Bradbury, Billington, Kirby & Williams, 1969).
However, other workers have failed to detect the presence of an extracellular
layer round murine trophoblastic cells (Simmons, Cruse & McKay, 1967),
it does not appear to be present on rabbit trophoblast (Tai & Halacz, 1967)
and, in the rat, where fibrinoid is present, it has been reported not to form an
intact barrier between trophoblast and decidua (Martinek, 1970).

Experimental evidence supporting the presence of a-barrier surface coat
surrounding trophoblast cells has come from the observations of Currie &
Bagshawe (1967). They showed that, when choriocarcinoma cells (malignant
trophoblast) were treated with trypsin and cultivated with allogeneic lympho-
cytes in wiro, they died, whereas syngeneic tissue survived. This experiment is
open to criticism as choriocarcinoma cells were not tested with syngeneic
lymphocytes as a control.

Currie and Bagshawe have suggested a possible mechanism by which the
fibrinoid barrier could function, from a consideration of the behaviour of
cancer cells which appear to be surrounded by a similar substance. They
postulate that tumour antigens and trophoblastic antigens escape recognition
in the same way, and believe that sensitized lymphocytes, which are known to
be negatively charged, could be electrostatically repulsed if a similar negative
charge was present on the extracellular layer. Stoward (1968) added some
support for the presence of a negative charge on the fibrinoid layer by showing
that a high degree of sulphation occurred in the mucoprotein component of
fibrinoid material. Sulphationisknown to be associated with negatively charged
cells, but the possession such of electro-chemical properties by the sialomucins
of the extracellular layer has been disputed by Good (1967), who believes that
electrostatic repulsion in an aqueous medium would not be possible without
damaging the tissues.

Currie, van Doorninch & Bagshawe (1968) demonstrated that neuraminidase-
treated mouse trophoblast was capable of inducing immunity when transplanted
to allogeneic recipients, whereas untreated trophoblastic tissue did not have
this property. These authors suggested that neuraminidase enzymatically digests
extracellular fibrinoid and unmasks the transplantation antigens present on
trophoblastic cells.

This result has not been confirmed by Simmons and his colleagues, who
failed to elicit any degree of skin-graft immunity when mouse trophoblast was
incubated with neuraminidase and transplanted into allogeneic hosts. In
addition, incubation of trophoblast with neuraminidase also failed to interfere
with its subsequent proliferation in extra-uterine sites of highly immunized
allogeneic hosts (Simmons, Lipschultz, Rios & Ray, 1971).
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There is some indication that the action of neuraminidase may render cells
generally more immunogenic. Mice receiving allogeneic lymphoid cells treated
with neuraminidase reject allogeneic skin grafts faster than if inactivated neura-
minidase is used. This suggests that the action of neuraminidase does not
unmask specific antigenic determinants on trophoblastic cells, but non-specific-
ally renders them more susceptible to immunological processing by recipients
(Simmons, Rios & Ray, 1971). This is in agreement with earlier findings that
neuraminidase increases the immunogenicity of a variety of cells (Simmons,
Rios & Ray, 1970).

IMPLANTATION

While the placenta may, in some way, form a barrier which prevents the im-
munological rejection of the fetus, some other mechanism must be involved
during implantation and before the formation of the definitive placenta. The
actual process of implantation involves a complex series of interactions between
endometrium and blastocyst, the nature and control of which are poorly under-
stood. This phase of the reproductive cycle is, nevertheless, of great importance,
for it is during this period that the highest mortality of embryos occurs (Hertig,
Rock, Adams & Menkin, 1957; Brambell, 1948; Adams, 1955).

There are a number of observations which have led to the suggestion that
immunological reaction could occur between mother and fetus at the time of
implantation. In the rabbit, accumulations of lymphocytes occur in the sub-
epithelial space at the site of implantation (Potts, 1965), and antigens present
in the blastocoelic fluid have been recovered from the uterine stroma and lumen
(Beier, 1968). In the rat, uterine cells transfer substances into the sub-epithelial
space at the site of implantation (Vokaer, 1952). These observations indicate
that the passage of substances between blastocyst and uterus is possibly quite
frequent.

One of the early signs of implantation in many mammals is the development
of decidual tissue in the uterine stroma in the region of the blastocyst. When
pre-trophoblastic stages of development are transplanted to ectopic sites they
are rejected if the host has been sensitized to the transplantation antigens of the
donor. When transferred to the uteri of similarly prepared hosts, in the presence
of decidual tissue, rejection does not occur (Kirby et al., 1966). This observation
led to the suggestion that decidual tissue may provide protection from immuno-
logical consequences of maternal/fetal incompatibility during this early stage
of development. The nature of the protection is unclear, as decidual tissue is
well supplied with blood and lymphatic vessels. The presence of tight junctions
between cells in decidual tissue, reported by Potts (1968), may be relevant in
limiting cellular contact and passage of cells between the mother and conceptus
at this stage.

There is only meagre evidence that immunological interactions around the
time of implantation significantly affect development. From measurements of
the amount of decidual tissue in mice on the 7th day of pregnancy Hetherington
(1970) has postulated that during the pre-implantation phase of pregnancy an
immunological reaction occurs which affects either the blastocyst’s ability to
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induce the decidual cell reaction or the mother’s ability to respond. Variations
in the amount of decidual tissue were not due to differences in the rate of develop-
ment of the pre-implantation blastocyst, which is known to depend on both the
blastocyst genotype and the maternal environment (Whitten & Dagg, 1961;
Gates, Doyle & Noyes, 1961; McLaren, 1968).

This observation induced an investigation into the effects of maternal pre-
immunization to paternal antigens on the decidual cell reaction. A significant
reduction in the amount of decidual tissue was found in pre-immunized females.
This reduction was due to a specific reaction to paternal antigens and did not
occur when females were immunized to xenogeneic antigens (Clarke &
Hetherington, 1971).

Decidual tissue may protect the developing conceptus (Kirby et al., 1966),
provide nutrition, or contain the invasiveness of trophoblast (Kirby, 1965).
Possible effects on the extent of growth of this cellular reaction, which can
apparently be brought about by immunological phenomena, might affect either
placental or fetal weight in later pregnancy. In no instance, however, where
decidual weight is apparently affected by these reactions, is there an effect on
placental weight. There is, however, an indication that the decidual response
on the 7th day and fetal weight on the 18th day of pregnancy are positively
correlated (Hetherington, 1970; Clarke & Hetherington, 1971).

Whether the effect on fetal weight is the direct consequence of changes in the
decidual response or whether both fetal and decidual weights are dependent on
a third factor is not known.

UNRESPONSIVENESS OF THE MATERNAL IMMUNOLOGICAL SYSTEM

Investigations into the immunological state of the mother during and after
pregnancy have demonstrated that, although immunologically competent, she
shows a degree of partial unresponsiveness to fetal and paternal skin grafts
(Woodruff, 1957; Breyere & Barratt, 1960). A similar state of partial unrespon-
siveness has been found to occur following immunization against certain tum-
ours. In these circumstances, tumour graft survival appears to be increased by
immunization, and the phenomenon has been termed immunological enhance-
ment (Kaliss, 1957, 1958; Moller, 1963b, 1965; Hellstrom & Hellstrom,
1969).

The parallels between the two phenomena have been emphasized by Kaliss
& Dagg (1964). Immunological enhancement of tumour homografts is ap-
parently mediated by circulating ‘barrier’ antibodies in the presence of immune
lymphocytes (Kaliss, 1957), while fetal survival also occurs in the presence
of antifetal antibodies (Lanman & Herod, 1965) and immune lymphocytes
(Soren, 1967). Tumour enhancement only occurs with tumours which differ
from the host with respect to the H-2 locus. These tumours have surface antigens
in a low concentration (Moller, 1963b) and are analagous to fetal trophoblast,
which is similarly weakly antigenic. -

Although immunological enhancement has only been adequately demonstra=
ted in response to tumour proliferation, experimental evidence is available to
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suggest that the phenomena might occur in the fetal-maternal relationship.
In the presence of circulating ‘barrier’ antibodies, any exposed antigenic sites on
trophoblast cells may become coated by these antibodies and thereby protected
from attack by sensitized maternal lymphocytes.

Enhancing antibodies produced in response to the presence of a tumour in an
allogeneic host can be passively transferred by iso-antisera (Kaliss, 1957, 1958;
Gorer, 1958). This property of passive transfer distinguishes enhancement from
conventional tolerance.

There is no direct or conclusive evidence that maternal unresponsiveness to
paternal skin grafts can be passively transferred. Initial attempts to demonstrate
such a transfer, using serum from multiparous females, were not successful
(Kaliss & Dagg, 1964). Pregnancy haemagglutinins, however, have a short
half-life on transfer (Rubinstein & Kaliss, 1964) and, in a similar study with
more extensive immunization, Currie (1969) claims to have passively transferred
enhancement to allogeneic tumours and skin grafts by the injection of allogeneic
pregnant serum.

Serum taken from pregnant mice has been shown to be capable of protecting
fetal cells in vitro from attack by immune lymphocytes (Hellstrém, Hellstrom &
Brawn, 1969). These workers have shown that lymphocytes from mice carrying
antigenically foreign fetuses inhibit the growth of fetal cells of the same genetic
type. When serum from the pregnant mice was added to the cultures the cells
remain viable. The authors point out that it cannot be concluded that the
protective serum factor is an immunoglobulin. However, in tumour systems, a
similarly acting factor, which results in protection from immune lymphocytes,
was demonstrated to be a 7S immunoglobulin (Hellstrém, Hellstrém & Pierce,
1968; Hellstrom & Hellstrom, 1969).

Evaluation of the mechanisms of maternal host unreactivity in pregnancy
has involved attempts to break the ‘enhancement’ and leave the embryo
relatively unprotected. Avery & Hunt (1968) have shown that the nature of
the maternal response to a post-partum skin graft after an inter-strain pregnancy
may depend on the route of administration and dose of the immunizing stimulus
given during pregnancy. Thus, the low doses of antigens received by the mother
from the fetal circulation might induce enhancement while the larger doses of
antigens given in pre-immunization experiments might result in sensitization.
Halpern and his colleagues (1963) found that non-specific stimulants of cellular
immunity overcame the enhancement of tumours, and Currie (1969) found that
fetal reabsorptions increased in inter-strain pregnancies given several injections of
the adjuvant Corynebacterium parvum. Currie (1969), however, using large doses of
paternal spleen cells, found that immunization did not affect litter size or the
number of implantation sites. When doses of paternal tumour cells were used for
pre-immunization, fetal death rate tended to be increased.

The kinetics of immunological enhancement are uncertain and many of these
attempts to overcome specific unreactivity in pregnancy may have used in-
appropriate conditions. However, it is clear that the presence of enhancement
must depend on some humoral balance between enhancing antibodies
and the cytotoxic antibodies involved with the immune lymphocytes in
sensitization.
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The réle of the spleen has been shown to be critical in the induction of tumour
enhancement (Old, Clarke, Benacerref & Stockert, 1962). Enhancement does
not occur after splenectomy in mice (Ferrer, 1968a; Prehn, 1959; Moller,
1965), and sera from splenectomized mice does not result in enhancement on
passive transfer (Ferrer, 1968b).

A preliminary experiment (Clarke & McLaren, unpublished) has suggested
that splenectomy in the presence of immunity to the paternal strain antigens
does not affect fetal or placental weight but may increase the rate of fetal resorp-
tion in inter-strain pregnancies.

Some doubt as to the importance of maternal unresponsiveness during preg-
nancy has been provided by the work of Currie (1970). He found that the
development of male strain fibrosarcoma in pregnant mice previously immunized
to paternal antigens was unaffected by a concurrent pregnancy. This suggested
that pregnancy did not significantly affect the immune state of cell-mediated
immunity to paternal tissue.

DISCUSSION

The two protective mechanisms that have received the most attention have
been: (1) the presence of anatomical barriers separating maternal and fetal
cells, and (2) the participation of ‘enhancing’ or ‘barrier’ antibodies at the
trophoblastic interface.

The existence of physical barriers between the mother and embryo, namely
the trophoblast and possibly also, earlier in pregnancy, the zona pellucida and
the decidual cell reaction, is thought to limit maternal—fetal antigenic exchange
and to minimize the consequences of maternal cellular mechanisms.

Because these barriers are incomplete, the circulation of the mammalian
mother is subjected to small doses of fetal antigens. This antigen stimulation
causes the formation of conventional anti-fetal antibodies and sensitized lympho-
cytes. In addition, it may induce ‘barrier’ antibodies. These latter antibodies
may protect the fetus by attaching to trophoblast and preventing sensitized
maternal lymphocytes from damaging fetal cells. The trophoblastic barrier
thus serves the dual function of limiting antigenic contact and acting as a target
site for the attachment of enhancing antibody. The incomplete nature of the
barrier and the weak antigenicity of trophoblast cells could well be essential for
the production of this type of immunity. The réle of barriers and enhancing
antibodies have been considered in greater detail above (see p. 106 and
p. 109).

We might postulate that ‘barrier’ antibodies have been evolved to meet the
immunological problems of viviparity. There seems to be no obvious selective
advantage in their demonstrated action on tumour growth. This hypothesis
would be disproved if enhancing antibody were demonstrated in animals that
are not viviparous.

Although the fetus appears to be isolated from the effects of maternal cellular
immunity it is not entirely isolated from the humoral components of the
maternal immunological response. Other protective mechanisms must be
present.
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The placenta has been shown to act as a selective barrier to the passage of
maternal immunoglobulins. It is known that only IgG 7S immunoglobulins are
readily transferred across the placenta. IgG 19S5, IgA, IgM and IgE are not
transmitted (Cann, Brown, Gajdusek, Kirkwood & Sturgeon, 1951; Gitlin &
Morphis, 1969). It should be noted that, in animals where transmission is by the
yolk sac, there is no evidence of selectivity (see Brambell, 1970). However, in
general, the yolk sac route is of less importance than later colostral transmission
(Brambell & Halliday, 1956).

The state of immunological development of the embryo itself provides some
possible clues about how embryonic cells could escape damage from IgG 78
antibodies. On the one hand, the fetus appears capable of humoral immuno-
globulin synthesis (see Adinolfi & Wood, 1969; Solomon, 1971) and it possesses
competent cellular immunity as shown by its capacity to reject skin grafts i
utero (Silverstein & Lukes, 1962). On the other hand, there have been reports
of fetal inability to produce some components of complement and of the in-
efficiency of fetal phagocytes.

IgG 7S immunoglobulin consist of two major components, cytotoxic antibody
and cytophilic antibody, both of which need the participation of other factors
to cause cell damage.

Cytotoxic antibody requires complement to lyse cells. It appears that although
mammalian fetuses produce some complement, the levels are relatively much
lower than in adults and the production of some components is deficient until
late in fetal life. The concentration of complement in newborn humans is half
that in the mother (Fireman, Zuckowski & Taylor, 1969; Gewurz, Pickering &
Good, 1968). Fetal and newborn lambs have no complement in early pregnancy
and very little until after birth (Rice & Silverstein, 1964). Complement is
present in fetal pigs at 40 days, but the level is much lower than that in the
adult, and component C, is extremely low until birth (Day, Pickering, Gewurz
& Good, 1969).

In mammals, the several components of complement in the presence of specific
antibody act sequentially to produce cell lysis. Only one of the components
need be absent, or present in inadequate amounts, for the complement system to
be ineffective. Lack of an effective system could protect the embryo from
maternal anti-fetal cytotoxic antibody.

If protection operates in this way, it is necessary that maternal transfer of
complement to the fetus does not occur. In the few cases in which it has been
studied, the placenta has been found to be impermeable to complement
(Tachibana & Rosenberg, 1966).

Cytophilic antibody can only kill cells with the help of the phagocytes.
The antibody acts by attaching to specific foreign cells and the complex is
then engulfed by the phagocyte and destroyed. In fetal rats, Reade & Jenkin
(1964) have found that although phagocytes are present and are capable of
engulfing foreign particles coated with appropriate antibody, they have no
bactericidal capacity, a property readily manifested by adult phagocytes. The
phagocytic activity of leucocytes from premature babies has been shown to be
very inefficient iz vivo (Gluck & Silverman, 1957).

We therefore suggest that the apparent lack of complement and the in-
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efficiency of phagocytes in the fetal system could be factors protecting the
embryo from anti-fetal IgG 7S antibody.

Text-figure 1 is an attempt to summarize fetal protection. Ifit is representative
of the truth we must conclude that the development of viviparity has demanded
the evolution of several protecting systems. Among them are the presence of the

Lock of some
complement

Fetal antigens

components
?
Maternal antibody 195
Maternal complement ?
Maternal antibody 75
Lack of
phagocytes
?
7 Maternal lymphocytes

Placental barrier Enhancing maternal
antibody

Text-F1G. 1. Possible mechanisms for the protection of the mammalian fetus against
the homograft reaction. In some mammals antibody transmission occurs by way of the
yolk sac.

trophoblastic barrier, the semi-permeability of the placenta, the induction of
enhancing ‘barrier’ antibody and, possibly, the retarded development of some
subsidiary immunological capacities of the fetus.
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