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ABSTRACT

In current systems for production of bovine embryos in vitro, the frequency of

development to the blastocyst stage and subsequently production of live offspring is

lower than that observed in vivo. Oocytes are aspirated from a wide range of follicle

sizes (2-8 mm in diameter) for in vitro maturation and fertilisation. During

development oocytes increase in size with enlargement of follicles, this may reflect

different cytoplasmic maturation levels of the oocytes. Oocytes from larger follicles

have a higher developmental competence. In other word, oocytes from small antral

follicles which are more abundant on the ovaries, have an intrinsic deficiency in some

vital factors, which are important for embryonic development. In vivo, follicle enclosed

oocytes are arrested at germinal vesicle (GV) stage. When aspirated from the follicle

they are released from the inhibitory function of the follicle wall and develop to

metaphase of the second (Mil) meiotic division. It was hypothesised that if oocytes

could be cultured in vitro under conditions which maintain GV arrest, prior to in vitro

maturation, then the oocyte may have the opportunity to synthesise or modify the

factors which are required for subsequent embryonic development.

To this end a system was established for culture of intact large antral follicles of 3-8mm

in diameter for different periods of time up to 7 days. The majority of oocytes (96.8%)

recovered following 24 hours of follicle culture remained at the GV stage. After

recovery, 80% of these oocytes resumed meiosis and developed to the Mil stage.

However, with increasing periods of follicle culture, both the number of oocytes

remaining arrested at GV stage and also the number able to resume meiotic maturation

were significantly reduced. On the basis of these results, follicle culture for a period of

24 hours was used for the following experiments. In a comparative study, follicle

culture derived oocytes resulted in a significantly higher rate of blastocyst production

than directly aspirated oocytes used as the control group. However, there was no
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difference in embryo quality based on total cell number. It was concluded that oocytes

gain a higher developmental competence during follicle culture.

Histological and ultrastructural aspects of both the follicles and oocytes were analysed

following different periods of follicle culture. With increasing periods of follicle

culture, the number of pycnotic cells in the granulosa and cumulus compartments

increased and some oocytes resumed meiosis within the follicle. The cumulus cells

became expanded and abnormal chromatin condensation was observed in the GV. The

ultrastructure of oocytes was analysed using transmission electron microscopy.

Immature oocytes recovered following 24 hours of follicle culture and exhibited

characteristics typical of immature oocytes. However, oocytes recovered following

longer periods of follicle culture, showed some abnormal ultrastructure. It was

concluded that follicle culture up to 24 hours has no detrimental effect on oocyte

quality and structure.

The patterns of total and de novo proteins of oocytes were studied. During oocyte

maturation, some new protein bands were observed as evidenced by both 1D and 2D-

SDS PAGE followed by silver staining. There were differences in both the protein

profile and concentrations of some individual proteins between immature oocytes from

aspirated and follicle cultured groups. Any differences in de novo protein synthesis

during follicle culture could not be demonstrated by J5S methionine labelling due to

technical difficulties. Following maturation, oocytes from both groups showed identical

protein profiles. It was concluded that follicle culture has no detrimental effect on

protein synthesis in the oocyte.

Insulin is a known regulator of ovarian function and is also a follicular survival factor.

The effects of addition of insulin (5pg/ml) during bovine antral follicle culture on

oocyte quality and development, protein profile and Insulin-like Growth Factor Binding

Proteins (IGFBPs) expression were examined. Insulin adversely affected the cleavage

rate, however, there were no differences in the proportion of cleaved embryos which
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subsequently developed to blastocyst stage. The ultrastructure and total protein profile

of oocytes from the insulin positive group indicated that these oocytes gain a

cytoplasmic structure similar to Mil oocytes. IGFBPs profiles in follicular fluid and

culture media in small (<4mm) and large (>4mm) follicles were demonstrated. Two

strong bands of 25 (IGFBP-4) and 34 (IGFBP-2) kDa disappeared from both the

follicular fluid and culture media in large follicles. Since the concentrations of these

proteins have been reported to increase during follicular atresia, it was concluded that

insulin prevents follicular atresia in larger follicles and promotes cytoplasmic features

of oocyte maturation. However, insulin does not improve oocyte quality or pre

implantation embryo development in vitro.

Apoptosis is known to be the mechanism by which large follicles become atretic. Many

hormones and growth factors have been reported as follicular survival factors in vivo.

The effects of various factors on prevention of apoptosis in the granulosa cells from

large antral follicle were assessed both individually and in combinations by adding to

the culture media during 2 days of follicle culture. Growth hormone (GH) and

luteinising hormone (LH), did not prevent apoptosis. In contrast, IGF-I and FSH

supported follicle survival and addition of a combination of oestradiol, FSH, LH, IGF-

I, EGF and GH completely prevented apoptosis. When the above combination was

added to the culture media in the presence or absence of 10% FCS there were no

differences between the two groups, whilst follicles cultured in the absence of both

showed a severe pattern of apoptotic cell death.

In conclusion, culture of bovine large antral follicles in vitro for up to 24 hours

maintain GV arrest and has no subsequent detrimental effect on oocyte quality. In fact

during this culture period it appears that the oocytes acquire a greater developmental

competence perhaps by de novo synthesis of proteins, mRNAs or other factors which

are necessary for subsequent embryonic development or by post translational or post

transcriptional modifications. The addition of factors which support follicular survival
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to the culture media did not improve the rate of subsequent embryo production

following follicle culture. Therefore to improve oocyte quality other known or

unknown factor (s) may be required to supplement the culture media. Alternatively

improvements may be achieved through changes in the composition of culture media or

the follicle culture system.
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Chapter 1: Review of literature

Chapter 1

1.1. Introduction

The aim of animal breeding is to combine many required qualities in a single

animal. Since the early days of domestication, man has selected and bred from animals,

which had certain desirable traits. Genetic progress is achieved by the selection of

heterozygotes and the breeding of multiple offspring from parents of high merit. One

problem with natural breeding is embryo yield. A single cow can produce only 6-10

calves during its lifetime. The use of superovulation and embryo transfer techniques

can increase this to approximately 10 per year or 100 during the life of a single cow.

Further increases in embryo number can be achieved by the use of modern

biotechnology techniques for the production of embryos in vitro.

Techniques for embryo production in vitro include oocyte maturation,

fertilisation and culture to a stage for transfer to a final surrogate recipient. Oocytes for

use in these processes may be obtained from a variety of sources including: collection

of oocytes in the slaughterhouse from normal, non-productive or sick animals, or

following accident. Alternatively oocytes may be collected from live animals using

transvaginal puncture of follicles of elite donors (Bungartz et al., 1995; Bols et al.,

1995). The use of these techniques has a number of advantages including the selection

of phenotypes for genetic improvement programmes within a short period (Lohuis,

1995), the production of numerous offspring in a single generation, or the sexing of

embryos to produce selected calves for farmers.

Since the late 1960's, many workers have used a variety of systems for the in

vivo and in vitro culture of early bovine embryos. The use of oviducts as an in vivo

culture system helped to focus attention on the unique properties of this part of the

reproductive system. In vitro the use of an oviductal cell monolayer culture system in
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Chapter 1

sheep marked a particularly important milestone (Gandolfi, et al., 1986; Gandolfi and

Moor, 1987). Subsequently, it became apparent that a wide variety of other somatic

cells can be used successfully in such a co-culture system. Research on embryo

metabolism and their requirement for different energy substrates and other essential

nutrients made it possible to develop a chemically defined cell-free medium which

supported bovine embryo development (Pinyopummintr and Bavister, 1991).

Although significant progress has been made in understanding oocyte

maturation, there are still clear differences between ova obtained following in vitro

maturation and those matured in vivo. Oocytes obtained by laparoscopy or surgery

following in vivo maturation have a greater potential for subsequent development

(Bracket et al., 1982; Sirard and Lambert, 1986; Bousquet et al., 1995). However, very

few studies have compared these two approaches at the same time (Leibfried-Rutledge

et al., 1987; Marquant Le Guienne et al., 1989). When comparing oocytes matured in

vivo versus those matured in vitro, no apparent differences were observed in the level

of nuclear maturation, in the rates of fertilisation or cleavage, but differences were

observed in the developmental competence of the oocytes (Sirard and Blondin, 1996).

These observations suggested that cytoplasmic competence might be different between

in vitro and in vivo matured oocytes. In addition to this functional difference, a few

studies revealed additional discrepancies between in vivo and in vitro matured oocytes

both at the ultrastructural level (Hyttel et al., 1986a; Hyttel et al., 1986b; Hyttel et al.,

1989a; Hyttel et al., 1989b) and at the chromatin level in the morulae and blastocysts

subsequently obtained (King et al., 1988).

One of the problems associated with the in vitro culture of bovine embryos

stems from the existence of a developmental block at the 8-16 cell stage that coincides

with the onset of zygotic transcription (Camous et al., 1984). Although the majority of

in vivo and in vitro culture systems that have been developed are able to overcome this

block, bovine embryo production in vitro is still hampered by a great loss of embryos
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during early development. The efficiency rates of embryo production, in terms of the

number of transferable embryos obtained per 100 cumulus oocyte complexes (COC's)

fertilised, are inferior to those of in vivo production systems. Furthermore, pregnancy

rates and freezability of in vivo produced bovine morulae and blastocysts still exceed

those of embryos produced in vitro (Greve and Madison, 1991). Several reports have

demonstrated that when using in vitro co-culture systems 40% - 80% of COC's develop

to the 2 cell stage (Lu et al., 1988; Xu et al., 1987; van der Sandt et al., 1990) however,

only a low percentage of these will subsequently develop to the blastocyst stage. There

are two possible explanations for the differences observed between oocytes matured in

vitro and in vivo: the culture conditions used or the initial intrinsic competence of the

oocyte. It is certainly feasible to improve culture conditions during maturation, but

after years of effort by many research centres, it seems that specific signals or

components are missing rather than the culture conditions being toxic. This lack of

developmental competence may be related to the oocyte environment within the follicle

prior to maturation. In vitro, oocytes resume meiotic maturation spontaneously on

release from the follicle. In vivo, the onset of maturation is a controlled event and

oocyte developmental competence may be determined by other signals or selection

procedures prior to the onset of meiotic maturation.

At birth, a female calf has approximately 150,000 immature oocytes as

primordial follicles within her ovaries. A single layer of flat epithelial cells surrounds

each oocyte; in due course these primordial follicles will grow, the oocytes increase in

size and the epithelial cells around the oocyte proliferate to form secondary or Graafian

follicles. When the correct hormonal balance occurs, the Graafian follicle fully

develops and the oocyte matures and ovulates (normally only one in cattle)(Figure 1.1).

The recruitment signal for initiation of follicle development is unknown, but in

response to it, dramatic changes occur within the follicle leading to growth and

differentiation. It is now generally accepted that follicular development is induced
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Figure 1.1. Follicle and oocyte development in cattle. During foetal life, follicles develop
from primordial to antral stages of less than 4mm in diameter and the oocytes become
arrested at diplotene stage of first meiotic division. After puberty with commencement of
oestrus cycles, under the influence of FSH the follicles grow and develop (recruitment).
Follicle selection occurs at the size of 9mm in diameter among the recruited follicles.
Dominant follicle is selected at the size of 15mm in diameter, which develops to the
preovulatory stage. The oocyte increase in size with follicular growth. Around ovulation,
oocytes resume meiosis under the influence of gonadotrophins and develop to metaphase
(Mil) of the second meiotic division. Following fertilisation, the oocyte completes meiotic
division and forms the zygote which continues meiotic divisions during subsequent
embryo development.
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independent of follicle stimulating hormone (FSH) in the early stages (Tonetta and di

Zerega, 1989; Gougeon, 1996). Follicle growth is therefore a developmental process

during which the follicle progressively acquires a number of properties, each of which

is a prerequisite for further development. Follicle growth and oocyte development is

controlled by complex relationship between the intra-follicular milieu of steroid

hormones, growth factors, extra-ovarian factors and the pituitary-ovarian feed back

system (Campbell and McNeilly, 1996). Failure to acquire these essential factors at the

correct time and in an exact sequence will lead to failure of developmental processes

resulting in deterioration of the follicle through atresia and degeneration of the oocyte

(Campbell and McNeilly, 1996).

Oocytes remain arrested at the diplotene or prophase stage of the first meiotic

division until the pre-ovulatory stage of follicle development. The diplotene-arrested

oocyte is characterised by a prominent nucleus, termed the germinal vesicle, containing

decondensed chromatin that is transcriptionally active. Critical developmental changes

occur in GV-stage mammalian oocytes as they near completion of their growth phase.

These changes pertain to the acquisition of competence to undergo both nuclear and

cytoplasmic maturation and are essential for the formation of a competent oocyte,

which has the capacity for fertilisation and development to live offspring. During the

growth phase, the germinal vesicle-stage oocyte prepares itself for later development

by stockpiling mRNA, proteins and other macromolecules needed for the completion of

meiosis, fertilisation and early embryonic development. Nuclear maturation

encompasses the processes inducing the resumption of meiotic division and subsequent

arrest at metaphase of the second meiotic division (Mil). The mature oocyte remains

arrested at Mil until fertilisation occurs. Competence to undergo nuclear maturation

and reach Mil is acquired in a stepwise manner during oocyte growth. Cytoplasmic

maturation refers to the processes that prepare the egg for activation, formation of

pronuclei, and preimplantation development (Eppig, 1996). For example, the capacity

6



of oocytes to undergo activation by releasing intracellular stores of Ca2+ in response to

microinjection of inositol trisphosphate (IP3) is relatively low during early stages of

maturation, but reaches maximum sensitivity about the time that nuclear maturation has

progressed to Mil stage (Fujiwara et al., 1993).

An important developmental event in growing GV-stage oocytes is the

acquisition of competence to undergo germinal vesicle breakdown (GVBD), the most

obvious morphological manifestation of resumption of meiosis. Competence to

undergo cytoplasmic maturation is also acquired by GV-stage oocytes in a stepwise

manner. For example, mouse oocytes first acquire competence to undergo fertilisation

and development to the 2-cell stage, but further development of GV-stage oocytes is

required before the oocytes become competent to develop from the 2-cell stage to the

blastocyst stage (Eppig and Schroeder, 1989). Thus, the developmental changes taking

place in growing GV-stage oocytes relate not only to the appropriate segregation of

chromosomes and maintenance of ploidy, but also to the ability of the embryos to

complete the early stages of development, even beyond the time of zygotic gene

activation, which in the mouse occurs at the 2-cell stage.

When cumulus-enclosed or denuded oocytes from a number of mammalian

species are isolated from ovarian follicles and cultured in vitro, they resume meiosis

spontaneously. A proportion of such oocytes are able to undergo normal development

however, the proportion which can give rise to blastocyst stage embryos and

subsequently develop to live offspring is lower than that obtained from oocytes

matured in vivo. The reasons for this lower developmental competence are unclear but

it may reflect an inability of the oocyte to undergo or complete part of normal

development. Thus deficiencies may arise due to lack of or insufficient synthesis of

individual proteins or mRNA's, post transcriptional or translational modification of

mRNA or proteins, or changes in structure or function relationships. This inability may

in part be due to the uncontrolled resumption of meiotic maturation in vitro.
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In the ovary there is a syncitial relationship between the theca cells, cumulus

cells, granulosa cells and the oocyte (Fig. 1.2). Throughout follicular development the

granulosa cells are able to communicate with each other and the oocyte via specific

membrane structures known as gap junctions (Albertini and Anderson, 1974, Colonna

and Mangia, 1983). Granulosa cells are also coupled to each other (Anderson and

Albertini, 1976). These highly specialised membrane connections mediate the transfer

of small (<2000 dalton) metabolites and regulatory molecules from one cell to another

(Lawrence et al., 1978). Cyclic adenosine monophosphate (cAMP), which is one of the

low molecular weight molecules, is not taken up efficiently through the oocyte plasma

membrane and is exchanged through these channels (Heller et al., 1981). Cyclic AMP

participates in cellular signalling mechanisms (Lawrence et al., 1978). In addition,

certain classes of molecules, such as nucleosides and phospholipids, enter the oocyte

almost exclusively through gap junctions from the surrounding somatic cells (Heller

and Schultz, 1980; Moor et al., 1980a), whilst others such as amino acids, are

effectively transported across the oolemma even in the absence of somatic support

(Eppig, 1979). Somatic cells may secrete glucose metabolites such as pyruvate and

oxaloacetate for uptake by the oocyte. Cell-cell interactions ultimately determine the

fate of developing ovarian follicles that undergo atresia or fully develop to ovulation.

Recently, it was shown that theca cells produce hepatocyte growth factor (HGF) a

87kDa protein and keratinocyte growth factor (KGF) that can stimulate granulosa cell

growth in bovine ovaries (Parrott and Skinner, 1998a,b). These types of cell

interactions between the theca and granulosa cells are important for follicular

development (Parrott and Skinner, 1997). These factors may be essential for hormone

induced granulosa proliferation and establishment of the microenvironment for oocyte

maturation in the ovary. In mice, cumulus cells of COCs secrete meiosis-activating

sterols (MAS) when stimulated with FSH and triggers resumption of meiosis in oocytes

in vitro (Byskov et al., 1997). The production of this substance is dependent on the
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Figure 1.2. Follicle diagram depicting sites of gap junctional inhibitor transfer. Cells of
follicle wall components; granulosa (G) and cumulus (C) are in direct contact with each
other through junctions forming a syncitial structure with the enclosed oocyte. Follicle
wall components transfer an inhibitory factor(s) to the oocyte termed Oocyte
Maturation Inhibitor (OMI) which maintains the nucleus at the germinal vesicle stage.
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oocyte. Granulosa cells surround the developing oocyte, providing a critical

microenvironment for follicular growth. In addition, granulosa cell feedback to the

surrounding theca cells helps to regulate growth and differentiation of ovarian somatic

cells (Roberts and Skinner, 1990). It has been shown that granulosa cells produce c-kit

ligand (KL) or stem cell factor, that promotes oocyte development in the ovarian

follicle (Motro et al., 1991; Manova et al., 1993). In situ and immunohistochemical

studies in rodents demonstrated that the c-kit receptor is highly expressed in oocytes,

supporting the role of KL in granulosa cell-oocyte interactions (Motro et al., 1991;

Keshet et al., 1991). KL (also named mast cell factor, or steel factor) and its tyrosine

kinase receptor c-kit are encoded at the steel (SI) and white (W) spotting loci of the

mouse, respectively (Chabot et al., 1988; Geissler et al., 1988; Anderson et al., 1990;

Williams et al., 1990). During embryonic development in mice, KL and c-kit are

essential for germ cell migration (McCoshen and McCallion, 1975). The lack of

follicle development, infertility and absence of androgen production in theca cells have

all been attributed to a defect in granulosa cell-oocyte interactions via KL / c-kit (Parrot

and Skinner, 1997).

The co-operation of granulosa cells in oocyte metabolic processes is probably

essential for normal oocyte development. Oocyte development is also affected by

regulatory signals from the granulosa cells. Protein phosphorylation and

dephosphorylation are common mechanisms for the regulation of cell function.

Granulosa cells regulate the pattern of protein phosphorylation in oocytes and this is

dependent upon the maintenance of gap junctional coupling (Colonna et al., 1989). In

addition signals from granulosa cells regulate the progression of meiosis in oocytes

(Eppig, 1991a).

The clear effect of somatic cells on the oocyte is mirrored by an equally clear

reciprocal action of the oocyte on the granulosa compartment. The oocyte is

responsible for the proliferation, development and function of the granulosa cells, and
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in the absence of germ cells in the ovary, no organised follicles are formed (Hirshfield,

1991). The follicles will undergo premature luteinisation following removal of the

oocyte (Buccione, et al., 1990a). Likewise, micro-surgical removal of the oocyte

cytoplasm prevents the characteristic mucification of the cumulus cells (produced by

cumulus expansion enabling factor) which normally occurs in pre-ovulatory follicles

(Buccione et al., 1990b). Partial characterisation of the cumulus expansion enabling

factor showed that the factor is probably a protein or depends upon a protein for its

activity (Eppig, et al., 1993). Furthermore, other studies showed that oocytes can

produce paracrine factors to regulate granulosa cell proliferation (Vanderhyden, et al.,

1992), steroidogenesis (inhibition of progesterone and enhancement of oestradiol

production by granulosa cells) (Vanderhyden et al., 1993; Vanderhyden and

Macdonald, 1998), deposition of extracellular matrix (Buccione, et al., 1990a; Salustri,

et al., 1990) and Tissue Plasminogen Activator (tPA) protein production (Canipari, et

al., 1995). Together these observations emphasise the closely associated functions of

the two cell types that comprise the ovarian follicle unit. The role of germ cell in the

differentiation and development of granulosa cells has been investigated further by

Vanderhyden et al., (1990). These authors reported that only oocytes competent to

resume meiosis are capable of secreting the enabling factor. It was also observed that

the granulosa cells of pre-antral follicles were unable to differentiate into cumulus cells

(as assessed by their ability to undergo FSH-induced expansion) in vitro unless in close

association with the oocyte throughout the period of culture. In mice, oocytes also

secrete a growth factor that modulates somatic cell function in vivo (McGrath et al.,

1995). A novel study in mice by Dong et al., (1996), showed synthesis of mRNA for

growth differentiation factor-9 (GDF-9) occurs in oocytes from the one-layer follicle

stage until after ovulation. These authors reported that in GDF-9 deficient female mice,

the primordial and primary one-layer follicles could be formed, but there was a block

in follicular development beyond the primary one-layer follicle stage, which led to
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complete infertility. In these animals, oocyte growth and zona pellucida formation

proceeded normally, but other aspects of oocyte differentiation were compromised,

including a lack of cortical granules and clustering of the majority of the organelles

around the germinal vesicle.

1.2. Follicle development

Early in embryonic development, primordial germ cells migrate from the extra

embryonic yolk sac to the gonadal ridge which will form the ovary (Byskov, 1986).

Survival and successful migration of these cells is thought to depend on the local

production of cytokines, including to-ligand and transforming growth factor (31

(TGFpi) (Gosdon, 1995). Once established in the developing ovary primordial germ

cells lose their motility and are referred to as oogonia. The oogonia multiply and

differentiate into immature ova or oocytes. Initially each oocyte is surrounded by a

single layer of flattened epithelial-like cells (granulosa cells) termed a primordial

follicle. Primordial follicles represent a pool of non-proliferating population of female

germ cells, which must last throughout the female's reproductive lifespan. This pool

develops during foetal life in some species (e.g. primates, ruminants), but in others it

develops during early neonatal period (e.g. rodents, rabbits) (Marion, 1971; Hirshfield,

1991). Initiation of follicle growth involves the passage of primordial follicles from the

quiescent to growth phase and is characterised by three main events: changes in shape

of granulosa cells from squamous to cuboidal, proliferation of granulosa cells and

enlargement of the oocyte (Hirshfield, 1991). When a single layer of cuboidal cells

surrounds the oocyte, the follicle is called a primary follicle (Baw-Tal and Yossefi,

1997). Simultaneously, the oocyte increases in size to about 45 pm in diameter (Lussier

et al., 1987). Another feature of the primary follicle is the appearance of a distinct basal

lamina that separates the follicular (granulosa) cells from the stroma.
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The nature of the signals that initiate follicular growth and the mechanisms that

ensure that follicles leave the resting pool gradually, are unknown. It is now generally

believed that FSH has no role in the initiation of follicular growth from the primordial

stage (Tonetta and di Zerega, 1989; Hsueh, et al., 1994) and that putative intraovarian

factors are responsible for early folliculogenesis. Once a follicle begins to grow,

growth seems to be continuous until the follicle meets one of two fates, ovulation or

atresia (Fortune, 1994). However, a recent study claimed that follicles have a dormant

stage at the primary follicle stage before developing to later stages (Mizunuma, et al.,

1999). These authors claimed that activin produced by larger follicles is the main factor

that prevents growth and development of primary follicles and proposed that a local

decline of activin as a result of atresia of adjacent follicles initiates early

folliculogenesis.

Follicular growth involves both proliferation of granulosa cells and an increase

in oocyte size. The primary follicles enlarge to contain 8-12 layers of granulosa cells,

this follicle is defined as secondary follicle. A homogenous glycoprotein layer called

the zona pellucida begins to be laid down around the oocyte shortly after the initiation

of follicular growth (Epifano and Dean, 1994). In mouse, secretion of zona proteins is

the exclusive responsibility of the oocyte (Wassarman, 1988). During this stage of

follicular growth and development, there is free exchange of nutrients between the

oocyte and the follicular somatic cells. In the rabbit it has been shown that both the

granulosa cells and the oocyte are involved in the formation of the zona pellucida (Lee

and Dunbar, 1993). At this stage of development some stroma cells near the basal

lamina become aligned parallel to each other. As the follicle enlarges, this surrounding

connective tissue stratifies and differentiates into two layers termed the theca interna

and the theca externa.

The appearance of an antral cavity begins with the development of small

irregular fluid-filled spaces of 40 pm among the granulosa cells. These spaces
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gradually coalesce to form a single cavity known as the follicular antrum (Gosden et

al., 1988). Antrum formation occurs at a follicular diameter of 0.2 - 0.4mm in sheep

and 0.4 - 0.8mm in cattle (Turnbull et al., 1977; Lussier et al., 1987). Having reached

its mature size (125-150 pm) the oocyte, embedded in a mound of granulosa cells,

moves / attaches to the edge of the antrum, called the cumulus oophorus. Attached to

the zona pellucida, which surrounds the oocyte, is a small ring of granulosa cells called

the corona radiata. Upon ovulation, these cells will be expelled with the oocyte.

Further, growth of the follicle is under the influence of follicle stimulating hormone

(FSH) (Gougeon, 1996). The follicle is then called the Graafian follicle. The oocyte

and the surrounding cumulus cells form together a COC. When the proper hormonal

balance is present, normally one Graafian follicle in monoovulatory mammals

(primates, ruminants, equidae), and several in poly ovulatory animals (rodents,

porcine) fully develop and the oocyte(s) matures and ovulates (Hafez 1993) (Fig 1.1).

1.3. Factors controlling follicular growth in mono-ovulatory animals

Folliculogenesis is associated with the development of a group of follicles at

various stages of development from which a species-specific number of follicles is

selected for continued growth (Webb et al., 1992; Fortune 1994). According to

Goodman and Hodgen (1983), folliculogenesis can be divided into three separate

stages: 1) recruitment, the stage during which a pool of growing follicles begins to

grow rapidly; 2) selection, a process whereby follicles are selected for further growth,

and 3) dominance, the process whereby the dominant follicle(s) undergoes rapid

development while the growth of subordinate follicles is suppressed. This pattern of

follicle development is associated with changes in expression of mRNA encoding

gonadotrophin receptors (Xu et al., 1995a) and steroidogenic enzymes (Xu et al.,

1995b) and allows selected follicles, when exposed to the requisite hormonal

environment, to ovulate in response to a pre-ovulatory gonadotrophin surge. Endocrine
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signals (for example, gonadotrophins, inhibins and steroid hormones), as well as

locally produced growth factors, are responsible for the control and coordination of

these processes (Armstrong and Webb, 1997).

A functional model of folliculogenesis in the ewe has been proposed

(Scaramuzzi et al., 1993) based on the physiological processes underlying follicle

growth and development. The functional model consists of five follicular classes based

on their dependency and sensitivity to gonadotrophins. Follicles can be quiescent (i.e.

primordial), committed to growth (preantral and antral), ovulatory or atretic.

Committed follicles become responsive to gonadotrophins, but do not have an absolute

dependence on gonadotrophins for growth until a later stage (Findlay and Risbridger,

1987). At advanced stages of growth, committed follicles may be gonadotrophin

sensitive. According to this model, follicles greater than 3mm in sheep (McNeilly et

al., 1991) and 4mm in cattle (Gong et al., 1996) are termed gonadotrophin-dependent

as they are not observed in animals where endogenous gonadotrophins have been

suppressed by removal or inhibition of gonadotrophin releasing hormone (GnRH)

(Campbell and McNeilly, 1996).

Follicle stimulating hormone and luteinising hormone (LH) are the primary

extragonadal hormones necessary for folliculogenesis. The differential secretion of the

gonadotrophins at various stages of follicular growth are associated with initiation and

continued growth of follicles toward ovulation, or atresia at different stages of growth.

It is likely that FSH is the most important hormone associated with initiation and early

growth of antral follicles and that LH becomes more important with increasing

development and maturation of follicles (Lucy et al., 1992). Final growth and

maturation of the follicle probably depends on an increased pulse frequency of LH

acting on 1) theca cells to provide androgen substrate for aromatisation to oestradiol-

17P by granulosa cells and 2) granulosa cells to provide additional stimulus along with
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FSH for increased aromatase activity. At this stage FSH concentrations are declining in

association with increasing size of the dominant follicle (Richards et al., 1987).

Follicular growth and steroidogenesis are dependent on the coordinated actions

of FSH and LH with their receptors on granulosa cells and theca cells of ovarian

follicles. The most accepted model for follicular growth and steroidogenesis suggests

that granulosa and theca cells are involved in production of oestradiol-17p (two

cell/two gonadotrophin model; Armstrong, et al., 1979; Fortune and Quirk, 1988). In

this model, granulosa cells contain FSH receptors and theca cells contain LH receptors

during earlier stages of development. Both cell types are presumed to have the

cytochorome P450 side-chain cleavage enzyme (P450scc) necessary for conversion of

cholesterol to C-21 steroids (progestins). The progestins, pregnenolone or

progesterone, are precursors for synthesis of androstenedione in theca cells. Binding of

LH to its receptor on theca cells stimulates activity of the cytochorome P450 17a-

hydroxylase enzyme (P450ci7) necessary for conversion of progestins to

androstenedione. Androgens are then metabolised to oestradiol-17P by cytochorome

P450 aromatase enzyme (P450arOm) in the granulosa cells (Fortune, 1986).

Preantral and early antral follicular development up to 2 to 4mm in diameter in

cattle is believed to be gonadotrophin-independent because growth of antral follicles

larger than 4mm is not observed when endogenous concentrations of gonadotrophins

are suppressed by hypothalamic stalk transection (Awotwi et al., 1984) or by removal

or inhibition of gonadotrophin secretion by GnRH agonist (Campbell et al., 1995;

Gong et al., 1996). Expression of mRNA for FSH receptor has been first localised

within primary follicles with one to two layers of granulosa cells, presumably before

the formation of theca interna and basement membrane (Xu et al., 1995a). Following

formation of theca interna around the granulosa cells, mRNA for LH receptor, P450SCc,

P450ci7, 3p-hydroxysteroid dehydrogenase (3P-HSD) are expressed in theca cells

about the time of antrum formation, and expression generally increases with growth of
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early antral follicles (Xu et al., 1995a,b; Bao et al., 1997a,b,c). These results indicate

that follicles at early stages of development are able to synthesise androgens. However,

expression of P450arom in granulosa cells was not detectable in preantral and early

antral follicles (<4mm), suggesting that these follicles are not able to convert

androgens to oestradiol-17p in granulosa cells (Bao et al., 1998). Moreover, granulosa

cells of preantral and early antral follicles (<4mm) do not express P450scc and 3P-HSD

mRNA indicating that granulosa cells of bovine follicles less than 4mm in diameter are

not able to convert cholesterol to pregnenolone and subsequently to progesterone.

Therefore, the main source of follicular fluid steroid hormones (pregnenolone,

progesterone and androgen) at this stage of development is theca cells (Bao et al.,

1998).

1.4. Follicular growth at later stages of development
A requirement for FSH in the later stages (4-9mm in diameter) of follicular

growth is supported by the observations that peripheral FSH concentrations during the

oestrous cycle in cattle display a pattern of recurrent increases, each such increase

closely preceeding a wave of follicle development (Adams et al., 1992; Gong et al.,

1995). It would appear that key stages during bovine follicular development occur at

approximately 4mm and 9mm in diameter. In cattle, the gonadotrophic requirement for

the later stages of follicular growth and maturation has been shown (Gong, et al.,

1996). When pulsatile LH secretion was suppressed, by GnRH agonist treatment for

three weeks, the growth of follicles was arrested at 7-9mm diameter (Gong et al.. 1995,

1996). This occurred even though peripheral FSH concentrations had risen

significantly, presumably due to reduced oestradiol negative feed back because of the

inhibition of pulsatile LH release. Subsequently, after 4-5 weeks of GnRH agonist

treatment, when FSH concentrations were also suppressed, no antral follicles larger

than 4mm in diameter were observed (Gong et al., 1996). Thus, the growth of follicles
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up to 4mm in diameter does not appear to require acute gonadotrophs support,

whereas for later stages of follicular development in cattle there is a requirement for

FSH for growth between approximately 4 and 9mm in diameter, while LH pulses are

required for follicle development beyond 9mm in diameter (Webb and Armstrong,

1998). Furthermore, mRNA expression of LH receptors and 3 P-hydroxysteroid

dehydrogenase (HSD) (Bao et al., 1997c) in bovine granulosa cells can only be

detected when follicles are larger than 9mm in diameter. From approximately 4mm in

diameter, P450scc mRNA expression can be detected in granulosa cells coupled with

increased P450arom mRNA expression in healthy follicles (Xu et al., 1995b; Bao et al.,

1997b). Following recruitment of a cohort of follicles, expression of mRNA for P450scc

and P450arom is first detected simultaneously in granulosa cells of the majority of early

recruited follicles of 4 to 6mm in diameter. During later stages of recruitment, mRNA

expression for P450scc and P450arom in granulosa cells was observed in all follicles 6 to

9mm in diameter (Bao and Garverick, 1998).

1.5. Regulation of follicle function throughout follicular growth
Little is known about the control mechanisms of follicle growth and

development from primordial to preovulatory stages. Data obtained in models where

gonadotrophin concentration is minimal (hypophysectomy: Dufour et al., 1979), in

vitro culture in the absence of gonadotrophins (Wandji et al., 1996), knock out of the

FSHP gene: (Kumar et al., 1997) suggest that local (autocrine and paracrine) regulation

is of key importance at this stage. In preantral follicles C-kit protein and its mRNA has

been shown in mouse oocytes (Manova et al., 1990) and both protein and mRNA for

transforming growth factor a (TGFa) have been detected in granulosa cells (Singh and

Armstrong, 1995). The proto-oncogene, c-kit, a transmembrane receptor protein with

tyrosine kinase activity and its mRNA have been shown in mouse oocytes of preantral

follicles whilst its natural ligand (KL) and mRNA have been shown in granulosa cells
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(Manova et al 1993; Tisdal et al., 1997). In this stage of follicle development the

receptors for both epidermal growth factor (EGF) and fibroblast growth factor (FGF)

are found on bovine granulosa cells (Wandji et al., 1992a). In this particular study, the

125I-bFGF values were high in granulosa cells from preantral follicles, but decreased in
1 9 S

early antral follicles to a constant level. In addition, I-EGF binding values were very

low in preantral follicles but showed a 2.5 and 5.0-fold increase in both granulosa and

theca cells from antral follicles. Other proteins including tumour necrosis factor

(TNFoc) (Marcinkiewicz et al., (1994), TGF(31 (Chegini and Flanders, 1992), and FGF

(Van Wezel et al., 1995) were found in the oocyte of preantral follicles. Northern blots

showed that ovaries in the adult, neonate, and foetus all contained mRNA for TNFa. In

addition, immunohistochemistry in adult rat ovaries showed that the ooplasm of the

oocytes the primary site of TNFa localisation in the follicle. Flowever, foetal oocytes

did not contain immunoreactive TNFa (Marcinkiewicz et al., (1994). These studies

indicated that TNFa may appear in the oocyte around the time of birth.

In antral follicles the insulin like growth factor (IGF-1) receptor was detected in

bovine granulosa cells but not theca cells (Wandji et al., (1992b). In women, ovaries

produce TGFp-1 and TGF[32, and although TGF[3-1 is present in most ovarian cell

types, TGFP-2 is only produced by theca cells (Chegini and Flanders, (1992). In situ

hybridisation localised mRNA encoding inhibin a subunit to the granulosa cells of

most, but not all healthy ovine antral follicles, and to no other ovarian cell types

(Tisdall et al., 1994). In contrast, expression of its Pa subunit was confined to

granulosa cells of large healthy antral follicles (Braw-Tal, 1994). Follistatin mRNA

was also detected in the granulosa cells of ovine preantral, antral and early atretic

follicles at all stages of oestrous cycle ((Tisdall et al., 1994).

Paracrine signalling between the oocyte and granulosa cells occur for FGF and

EGF which are expressed in oocytes and whose receptors are present in granulosa cells.
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This conclusion is also valid for c-kit that is present on the oocyte, while its ligand

(KL) is produced by granulosa cells (Driancourt and Thuel, 1998).

Additional regulatory factors, which may become functional when follicles

form an antrum, are insulin IGF-I and IGF-II because of the appearance of IGF

receptor at this stage. Their importance is shown by the observation that in IGF-I null

mice, there are no antral follicles (Baker et al., 1996).

1.6. Local regulation of ovarian function
The characteristic waves of follicle growth observed during the mammalian

oestrous cycle are associated not only with morphological and functional changes in

granulosa and theca cells, but also with changes in the vasculature and nervous system

of the developing follicle (Armstrong and Webb, 1997). Distinct groups of locally

produced factors can be defined that are associated with the controlled development of

each of these processes. The disruption of any of these mechanisms will affect

folliculogenesis and it is assumed that the development of follicular dominance and

ovulation require the correct integration of all of these processes at each stage of

follicular development. Four well defined local regulatory systems are used to

highlight the different mechanisms available for the temporal and spatial control of

ovarian function, namely the IGF system, components of the TGFp super-family, the

FGFs and EGF / TGFa family.

1.6.1. Insulin-like growth factor system

The IGF system is composed of different elements: two ligands (IGF-I and

IGF-II), two receptors and six IGF-binding proteins. IGFs function as modulators of

gonadotrophin action at the cellular level and stimulate granulosa and theca cell

proliferation and differentiation. They show distinct species-specific patterns of

expression in follicular tissue. In rodents (Oliver et al., 1989) and pigs (Zhou et al.,
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1996), the expression of mRNA encoding IGF-I is confined to granulosa cells. In

contrast, in humans, mRNA encoding IGF-II, but not mRNA encoding IGF-I, is

localised to granulosa cells (Zhou and Bondy, 1993). IGF-I is a single-chain

polypeptide containing 70 amino acids and IGF-II consists of 67 amino acids

(Rinderknecht and Humbel, 1978). The type I receptor mediates most of the

somatomedin-like actions of both IGF-I and II (Steele-Perkins et al., 1988). It is a

a2(32 tetramer structurally and functionally related to the insulin receptor (Poretsky et

al., 1990). In the sheep, unlike in the rat, pig and human, no detectable follicular

expression of IGF-I mRNA was found by in situ hybridisation (Perks et al., 1995;

Monget et al., 1996). Furthermore, the concentrations of IGF-I in large healthy (highly

vascularised) follicle are positively correlated to serum concentrations (Monget et al.,

1993). In addition, after immunisation against GH-releasing factor in heifers, both

serum and intra-follicular concentrations of IGF-I are strongly reduced (Cohick et al.,

1996), reinforcing the hypothesis of an endocrine origin of IGF-I in the ovary of

domestic ruminants. IGF-I stimulates oestradiol synthesis in rat and porcine granulosa

and it synergises with FSH to promote granulosa cell steroidogenesis (Adashi et al.,

1985; Mason et al., 1992). In the presence of a maximally effective dose of IGF-I, the

stimulatory effect of FSH on oestradiol production is greatly amplified. In synergism

with FSH, IGF-I stimulates aromatase activity, enhances proteoglycan biosynthesis,

induces LH receptor, potentiates LH action and increases progesterone secretion

(Adashi et al., 1985). The expression of mRNA encoding IGF-II was detected in theca

cells bovine follicles (Webb and Armstrong, 1997) and a similar spatial distribution has

been described in sheep (Perks et al., 1995). However, attempts to detect IGF-I mRNA

expression failed (Gutierrez et al., 1997). These findings imply that IGF-II is the major

intra-ovarian IGF in the cow.

The bioactivity of IGFs is controlled by their association with a family of

specific IGF binding proteins (IGFBPs). To date, six distinct IGFBPs have been
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characterised, following either their purification or cDNA isolation and sequencing

(Clemmons et al., 1993). In sheep and cow follicular fluid, the presence of IGFBP-3

(42-44kDa), IGFBP-2 (35kDa), IGFBP-5 (28.5-32kDa) and IGFBP-4 (24kDa) was

shown by western ligand blotting and immunoblotting experiments (Echternkamp et

al., 1994; Besnard et al., 1996; Cohick et al., 1996). As with the IGFs, the spatial

expression of these binding proteins within ovarian follicles is species-specific. In

cattle for example, IGFBP-4 is produced by theca cells (Armstrong et al., 1996a),

whereas in the pig this binding protein is expressed in granulosa cells (Grimes et al.,

1994). It has been suggested that IGFBPs have a regulatory role in follicle

development in cattle (Echternkamp et al., 1994). These scientists and others (de la

Sota et al., 1996) have observed that IGFBP-2 and possibly IGFBP-4 and -5, were high

in small and medium-sized follicles and in follicular fluid of large atretic follicles, but

were markedly reduced or non-detectable in follicular fluid of large or dominant

follicles. Indeed, the low amounts of IGFBP-2 in large dominant follicles, and

increased theca cell LH receptors in these follicles may be related to the establishment

of the dominant follicles.

In ovarian cell culture systems examined so far, all IGFBPs have been shown to

attenuate the actions of IGFs (Monget et al., 1993). A decrease in follicular IGFBPs

production would therefore be expected to result in the increase in biological activity of

locally produced IGFs and thus increase the response to gonadotrophins (Webb and

Armstrong, 1998).

1.6.2, Transforming Growth Factor p superfamily (TGFP)

The TGF-P superfamily is made up of a number of proteins with potential to act

as intra-ovarian regulators of ovarian function (TGF-Ps, activin / inhibin family).

Bovine luteal cells have been shown to produce TGF-Ps in culture (Lobb and

Dorrington, 1992b) and TGF-Ps have been shown to inhibit both granulosa and theca
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cell proliferation, while enhancing gonadotrophin-stimulated steroidogenesis (Skinner

et al., 1987; Roberts and Skinner, 1991).

The activin / inhibin system is being increasingly recognised as an important

component of intra-ovarian regulatory mechanisms (Findlay, 1994; Knight, 1996).

Activin and inhibin have opposite effects on certain ovarian functions and the pattern

of expression of the activin and inhibin subunits and follistatin in granulosa cells in

vivo indicates that activin acts in an autocrine manner to promote FSH responsiveness

in undifferentiated rat granulosa cells (Knight, 1996). Recently, it has been shown that

inhibin has both autocrine and paracrine actions in enhancing gonadotrophin-

stimulated steroid secretion by both ovine granulosa and theca cells (Campbell and

Webb, 1995).

Administration of bovine inhibin to ovariectomised heifers reduced plasma

concentrations of FSH (Beard et al., 1990). In addition, antibodies either native or

recombinant DNA-derived inhibins, or against synthetic fragments of the a subunit,

effectively neutralise the biological activities of inhibin, resulting in an increase in

peripheral FSH concentrations in cattle (Glencross et al., 1992, 1994; Kaneko et al.,

1993). These results provide compelling evidence to support an endocrine role for

ovarian inhibin in the negative feedback regulation of pituitary FSH release in cattle.

1.6.3. Fibroblast Growth Factors (FGFs)

The FGFs are a family of heparin-binding growth factors, the effects of which

are mediated via tyrosine kinase receptors (Kalgsbrun and Baird, 1991). Basic FGF

(bFGF) is abundant in ovaries, whereas acidic FGF (aFGF) is more restricted to brain

and other neural tissues (Slack, 1989). Production of FGF-2 has been demonstrated in

bovine granulosa cells (Neufield et al., 1987) and it is mitogenic for bovine theca cells

(Gopodarowicz and Ferrara, 1989; Spicer and Stewart. 1996). FGFs are potent
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angiogenic factors through their stimulatory effect on endothelial cell proliferation

(Redmer and Reynold, 1996).

1.6.4. EGF / TGF-a

Epidermal growth factor is a polypeptide growth factor containing 53 amino

acids and having both mitogenic and differentiating effects. EGF and its structural

homologue TGF-a are mitogenic factors which act through a common granulosa cell

receptor (Massague, 1983) and stimulate bovine theca and granulosa cell proliferation,

while inhibiting gonadotrophin-stimulated differentiation (Skinner and Coffey, 1988;

Campbell et al., 1995). Using the ovarian autotransplant model in sheep, EGF (Murray

et al., 1994) and TGF-a (Campbell et al., 1994) were shown to inhibit ovarian

function. The expression of mRNA for EGF has not been observed, but TGF-a is

expressed in bovine theca tissue (Lobb and Dorrington, 1992a). EGF alone or in the

presence of FSH has no effect on [3H]thymidine incorporation into granulosa cells.

However, EGF acts in concert with TGF-P, and with IGF-I, to promote DNA synthesis

(Bendell and Dorrington, 1990). Therefore, EGF has opposite actions on DNA

synthesis and consequently on the endocrine environment within the follicle.

Depending on presence or absence of FSH, it either inhibits or stimulates DNA

synthesis.

1.7. Oocyte development

Oogenesis begins with primordial germ cell formation. The first follicles are

formed around day 70 of pregnancy in the ewe and sow (Mariana et al., 1991), and day

130 of pregnancy in the cow (Erickson, 1966a). Oocytes grow and increase in size

during follicular development. In many animals the growth of the oocyte is biphasic in

relation to the growth of the follicle (Mandl and Zuckerman. 1951). Thus in the rabbit,

the oocyte reaches 80% of its maximum size when the follicle reaches only half of its
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preovulatory size, 80pm, (Mariana and de Pol, 1986). During later development the

growth of the oocyte is slow compared to the follicle growth. In mice and rats, the

oocytes start to grow when there are about 10 cuboidal granulosa cells in the largest

cross-section of the follicle (Lintern-Moore and Moore, 1979). In human and sheep, the

oocyte enters the growth phase when it is surrounded by 15 cuboidal granulosa cells

(Cahill and Mauleon, 1981). In cow, the oocytes increase in size from 29.74 ± 0.30 pm

(mean ± sem) in primordial follicles to 92.90 ± 4.50 pm in small antral follicles (Braw-

Tal and Yossefi, 1997) and to 135 pm in preovulatory follicles (Lussier et al., 1994).

Mammalian oocytes pass through leptotene, zygotene and pachytene stages of

meiotic prophase I before arresting at diplotene. It is during the preleptotene stage that

the final DNA replication takes place in preparation for meiosis. The premeiotic DNA

synthesis introduces the first meiotic division. The germ cell then contains 4c DNA and

a chromosome number of 2n as in normal diploid cells (StrOmstedt and Byskov, 1998).

By the time of birth, the majority of oocytes have entered late diplotene (diffuse

diplotene) or the so called dictyate stage, where they will remain until stimulated to

resume meiosis at the pre-ovulatory stage of follicular development (Eppig, 1992).

The oocyte therefore can remain arrested at the prophase for years depending

upon the species. At this stage (dictyotene stage of prophase I), the nucleus of the

oocytes is termed the Germinal Vesicle (GV) stage. At ovulation, gonadotrophin

stimulation, causes the nuclear membrane to break down and the oocyte proceeds to

metaphase II of second meiotic division where again it will be arrested. After

fertilisation under the stimulation of sperm or by artificial activation, the oocyte

completes the second meiotic division by extruding the second polar body and forms a

zygote which continues its development as an embryo (Eppig et al., 1992).

26



Chapter 1

1.8. Control of the resumption of meiotic maturation in mammalian

oocytes

Oocytes of many species arrest at specific cell cycle stages during their

development. An external signal from a hormone (Ayalon, et al., 1972) or the

fertilising sperm (Whitaker and Patel, 1990) causes them to resume the cell cycle. The

control of meiotic arrest can be usefully formulated in terms of the interactions

between cell signaling mechanisms and the protein machinery that controls the cell

cycle. Oocytes from the majority of species pause twice during meiotic maturation, the

first usually at prophase of the 1st meiotic division and the second in metaphase of the

2nd meiotic division (Whitaker, 1996). The first meiotic arrest is broken by a hormonal

signal acting when the oocyte is still in the ovary. This causes the oocyte to resume 1st

meiosis, which is completed, the oocyte then arrests in metaphase of the second

meiotic division, a process called oocyte maturation. Cytoplasm from an oocyte

arrested in meiosis can cause resumption of meiosis in an immature oocyte (Masui and

Clark, 1979). This cytoplasmic activity has been termed MPF (maturation / mitosis /

meiosis- promoting factor). MPF is a heterodimeric protein kinase composed of a

regulatory subunit, cyclin B, and a catalytic subunit, P34cdc2 (Norbury and Nurse,

1992), which is activated at the onset of oocyte maturation and whose activity peaks at

both metaphase I and metaphase II (Choi, et al., 1991). Oocytes arrested in prophase of

1 st meiosis contain high levels of inactive P34cdc2 jn tyrosine-phosphorylated form.

The simplest cases are the starfish and clam oocyte, where the pre-formed P34cdc2_

cyclin complex is found; in clam oocytes, it is sequestered (Westendorf et al., 1989)

whereas in starfish it is present in the cytoplasm and moves into the germinal vesicle as

it is activated (Ookata et al., 1992). Application of the hormone, 1 -methyladenine,

leads to germinal vesicle breakdown (GVBD) and resumption of meiosis.

The second meiotic arrest in metaphase II is maintained by second cytoplasmic

activity termed cytostatic factor (CSF) (Masui and Clarke, 1979). CSF is in part, or
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entirely the gene product of Mos, the second meiotic arrest is due to transcription of

Mos as the oocyte matures and this activity prevents undesirable DNA replication or

parthenogenetic activation prior to fertilisation (Furuno et al., 1994). Mos is an

oncogene which is expressed early during oocyte maturation and disappears

immediately after fertilisation (Sagata et al., 1989; Watanabe et al., 1989). Mos is

indeed expressed at this stage of oocyte development, and the first meiotic arrest can

not be broken in the presence of Mos antisense oligonucleotides. These observations

suggest that it is the product of Mos that needs to be synthesised to take oocytes

through the G2/M transition (Minshull, 1993).

1.8.1. Spontaneous versus ligand-induced maturation

If fully-grown oocytes are removed from mature Graafian follicles and cultured

in a simple buffered medium, they spontaneously undergo GVBD and progress to

metaphase of the second meiotic division in the absence of hormonal inducement.

Such behavior led to the idea that components of the follicle imposed a constraint upon

the oocyte that maintained it in meiotic arrest (Buccione et al., 1990a). Accordingly,

release from the follicular environment would eliminate this inhibitory influence and

allow meiosis to proceed unimpeded.

Two principle types of in vitro model systems have been employed for the

examination of meiotic control mechanisms. The first involves isolation of denuded or

cumulus cell-enclosed oocytes and an analysis of the effects of various inhibitory

agents on spontaneous GVBD. Oocytes are removed from the natural inhibitory

constraints of the follicle and released into permissive conditions that leads to a

resumption of meiotic maturation. This is an obvious departure from the intrafollicular

environment and, therefore, spontaneous maturation of the oocyte may be considered

to be artificial, because in vivo GVBD requires hormonal stimulation. Furthermore, the

response of the oocyte to inhibitory agents may be altered due to severed
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communication with the cumulus cells or membrana granulosa, the possibility exists

that this response does not mimic that occurring in vivo. On the other hand, use of

isolated oocytes greatly simplifies conditions in that conflicting or competing

interactions are not maintained during the experiment. As a result, the direct effects of

agents on the oocyte or cumulus cell-enclosed oocytes can be examined.

The second system involves the stimulation of maturation by addition of

various ligands either in follicle-enclosed oocytes or in cumulus cell enclosed oocytes

maintained at the germinal vesicle stage by meiotic inhibitors. This system more

closely reflects conditions in vivo, because oocytes maintained in meiotic arrest in vitro

are induced to undergo GVBD by a stimulatory ligand. This approach enables the

examination of interactions between the ligands and the somatic compartment of the

follicle or oocyte-cumulus cell complex as it relates to the subsequent meiotic response

of the oocyte. Studies of this nature established that the somatic follicular cells mediate

the action of the stimulatory ligand on oocyte maturation and thus are important

participants in meiotic control mechanisms (Richard and Sirard, 1996b).

1.8.2. Cyclic adenosine monophosphate and meiotic arrest

Many studies have provided evidence in support of a role for cyclic nucleotides

in mediating meiotic arrest in mammalian oocytes. Spontaneous maturation of oocytes

from several mammalian species can be prevented by supplementing culture medium

with compounds that maintain elevated cAMP levels, including; cAMP analogues such

as dibutryl cAMP (dbcAMP) or inhibitors of the cAMP-degrading enzyme

phosphodiestrase (PDE), such as 3-isobutyl-l-methylxanthine (IBMX) (Eppig &

Down, 1984; Schultz, 1986; Sirard, 1990). The gonadotrophin FSH and

pharmacological agents like forskolin, cholera toxin, pertussis toxin, sodium fluoride

and prostaglandin E2 which generate increased cAMP through activation of adenylate

cyclase, have also been shown to block GVBD in vitro (Eppig & Down, 1984; Schultz,
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1986; Bilodeau et al., 1993). In one particularly novel study, invasive adenylate

cyclase from Bordetella Pertussis increased cAMP in rat oocytes and prevented GVBD

(Aberdam et al., 1987). Bornslaeger et al (1984) demonstrated that the relative

efficiency of different cAMP PDE inhibitors in suppressing cAMP catabolism was

directly proportional to their meiosis arresting potency. Furthermore, microinjection of

PDE along with an inhibitor of the catalytic subunit of cAMP dependent protein kinase

(PKA) into GV stage mouse oocytes can overcome meiotic arrest maintained by

dbcAMP or IBMX (Bornslaeger et al., 1986). Thus, activation of PKA and subsequent

phosphorylation of specific proteins are important processes involved in the control of

meiotic maturation (Schultz, 1986).

Measurement of cAMP levels has shown that in the mouse a drop in oocyte

cAMP is associated with GVBD and that preventing this drop is sufficient to block

oocyte maturation (Schultz et al., 1983a; Schultz et al., 1983b; Aberdam et al., 1987).

In fact, if mouse oocytes are cultured in inhibitor-free medium, thereby allowing a

decrease in cAMP, the oocytes become committed to mature such that transfer of these

germinal vesicle stage oocytes to medium containing normally inhibitory

concentrations of cAMP analogues or PDE inhibitors does not prevent GVBD (Schultz

et al., 1983a). Specific protein dephosphorylations that occur during this period are

evidently responsible for mediating the oocyte's irreversible commitment to resume

meiotic maturation (Schultz, 1986).

Cells within the ovarian follicle are closely associated with one another through

gap junctions. These cell-cell contacts produce a syncytium through which the oocyte

and follicle cells are metabolically coupled to one another (Larsen and Wert, 1988).

The follicle cells can communicate directly with the oocyte through cellular processes

from the cumulus oophorus, which traverse the zona pellucida to form small gap

junctions at the oolema. Therefore, informational signals from the somatic

compartment can conceivably travel through gap junctional channels to impose
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regulatory control on meiotic maturation. It has been hypothesised that cAMP

originating in the somatic compartment of the follicle is transferred to the oocyte

through gap junctions and is responsible for maintaining meiotic arrest (Dekel and

Beers, 1980). Thus, if this theory is valid, cAMP should increase within the oocyte.

When examined in the rat, pig, hamster and mouse systems, an increase in cyclic

nucleotide was observed in the cumulus cell-enclosed oocyte (Racowsky, 1985a,b;

Bornslaeger and Schultz, 1985; Sherizly et al., 1988). Although cAMP increases in the

cumulus cell-enclosed oocyte, one cannot assume that it originated in the somatic

compartment. Products of cumulus cell metabolism could influence the oocyte to

maintain higher levels of cAMP by modulating cAMP synthesis and / or catabolism

within the oocyte itself. Such a mechanism may explain why a higher frequency of

cumulus cell-enclosed than denuded mouse oocytes is maintained in meiotic arrest by a

given concentration of dbcAMP (Schultz, et al., 1983b). In this study it was proposed

that the cumulus cells produced a factor, other than cAMP, in response to dbcAMP

exposure, that somehow acts on the oocyte in an inhibitory capacity.

All cAMP analogues do not produce the same effect on oocyte maturation.

Whilst dbcAMP is a potent inhibitor of spontaneous maturation in rat and mouse

oocytes, 8-bromo-cAMP (8BrcAMP) has little inhibitory activity (Tornell et al., 1984;

Eppig, 1989). Interestingly, 8BrcAMP is more potent than dbcAMP in blocking GVBD

in bovine oocytes (Homa, 1988). Also, whereas dbcAMP prevents gonadotrophin-

induced GVBD in follicle-enclosed rat oocytes, persistent exposure to 8BrcAMP

stimulates GVBD in the absence of gonadotrophin (Hillensjo et al., 1978).

Furthermore, although 8BrcAMP has little inhibitory action on the meiotic maturation

of cumulus cell-enclosed rodent oocytes, it nevertheless is more effective than

dbcAMP in stimulating cumulus cell progesterone production (Tornell et al, 1984) and

expansion of the cumulus oophorus (Eppig, 1989). Because dbcAMP and 8BrcAMP

have differential affinities for binding to the regulatory subunit of cAMP-dependent
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PKA, the above observations may reflect the presence of different PKA isozymes in

the germ and somatic compartments of the follicle. This idea has been supported by

preliminary experiments with mouse oocytes using site-selective analogues of cAMP

that preferentially stimulate either the type I or type II isozyme of PKA. Treatments

that stimulate type I PKA are inhibitory to oocyte maturation, whereas those that

stimulate type II PKA promote cumulus expansion and trigger GVBD, the latter

response following transient exposure of cumulus cell-enclosed oocytes to high

concentrations of analogues (Downs, 1995).

It is important to emphasise that many of the studies implicating cAMP in the

regulation of mammalian oocyte maturation have been carried out with rodent oocytes,

which are particularly sensitive to this cyclic nucleotide (Downs, 1995). The

spontaneous maturation of oocytes from some species may be difficult to suppress

persistently with agents that elevate cAMP (Jagiello et al., 1981). For example, several

studies have shown that high levels of cAMP-elevating agents exert only a transient

suppression of GVBD in bovine oocytes (Homa, 1988; Sirard and First, 1988; Sirard,

1990). Findings such as these may question the universality of cAMP as the primary

meiotic regulator. Whilst cAMP is likely to be involved in at least some capacity in

most species, there may be species differences in the relative contribution of other

inhibitory factors to meiotic regulation. One such possibility for the bovine is a thecal

cell contribution that modulates granulosa cell- mediated meiotic arrest (Kotsuji et al.,

1994).

1.8.3. Follicular components and meiotic arrest

The accumulation of follicular fluid during follicle growth results from

secretions of follicular origin as well as contributions from the thecal vasculature

(Gosden et al., 1988). Since the developing oocyte is exposed to this antral fluid, it is

logical to address the possibility that factors present within the fluid participate in
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maintaining meiotic arrest. Indeed, Chang (1955) reported that follicular fluid from

rabbits prevented spontaneous meiotic maturation of rabbit oocytes in vitro. Follicular

fluid was subsequently shown to suppress maturation in hamster, rat, pig, and mouse

oocytes in a species-independent manner (Tsafriri et al., 1982; Eppig and Down,

1984). The efficiency of follicular fluid as a suppresser of meiosis is related to the

stage of follicular development. Studies indicate that as a follicle matures, the

inhibitory activity within the antral fluid declines (Charming et al., 1983).

The meiotic-arresting activity of follicular fluid alone in oocyte cultures can be

somewhat limited. Supplementing culture medium with 50% porcine follicular fluid or

low molecular weight fractions thereof, arrested the spontaneous maturation of

approximately 25% of pig oocytes after 43-48 hrs of culture (Tsafriri and Channing,

1975a). Porcine follicular fluid and a partially purified fraction of follicular fluid also

delayed the spontaneous maturation of mouse oocytes by less than 30 min (Down and

Eppig, 1984). This limited effect may explain why several laboratories have failed to

demonstrate an inhibitory action of follicular fluid on oocyte maturation. For example,

when the effects of porcine follicular fluid were tested on rat oocyte maturation, no

suppression of GVBD was observed after 10 hrs of culture (Fleming et al., 1983). In

fact several factors affect the potency of follicular fluid including differences in oocyte

isolation procedures, the choice of culture medium and the source and treatment of the

follicular fluid itself (Tsafriri and Channing, 1975b; Stone et al., 1978; Sirard et al.,

1992).

Although follicular fluid alone exhibits a modest effect on oocyte maturation,

the inhibitory activity can be profoundly increased by elevating cAMP. A low

molecular weight fraction of porcine follicular fluid synergised dramatically with

dbcAMP to maintain meiotic arrest in both denuded and cumulus cell-enclosed mouse

oocytes (Down and Eppig, 1984). A similar interaction of follicular fluid was observed
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with forskolin in denuded oocytes and with FSH in cumulus cell-enclosed oocytes

(Charlie et al., 1983).

The source of the inhibitor present in follicular fluid has been shown to be the

granulosa cells. Co-culture of oocytes with granulosa cells results in suppressed

meiotic maturation, and this effect is dependent upon the viability and the number of

granulosa cells (Tsafriri and Channing, 1975a; Sato and Ishibashi, 1977; Sirard and

Bilodeau, 1990a,b). Similarly, the addition of follicle walls to porcine and bovine

oocyte cultures prevents GVBD (Tsafriri and Channing, 1975b; Leibfried-Rutledge

and First, 1980b; Richard and Sirard, 1996a). In addition, granulosa cell extracts and

medium conditioned by granulosa cells have been shown to exhibit inhibitory activity

in porcine oocytes (Tsafriri et al., 1976; Centola et al., 1981; Sato and Koide, 1984;

Anderson et al., 1985), demonstrating that physical contact between germ and somatic

cells is not required for this effect. Nevertheless, contact between somatic follicular

components and the oocyte may facilitate transfer of inhibitory factors to the oocyte,

perhaps via gap junctions (Fig 1.2), thereby maximising the suppressive influence of

this tissue (Leibfried-Rutledge and First, 1980b; Sato et al., 1982; Racowsky and

Baldwin, 1989; Sirard and Bilodeau, 1990b; Motlik et al., 1991). Sirard and Coenen

(1993), demonstrated that the inhibitory action of follicular hemi-sections upon the

meiotic resumption of bovine oocytes was directly related to the amount of tissue and

did not require direct physical contact between the cumulus and follicular wall. More

recently the effects of the follicular wall on bovine oocytes was studied by De Loos et

al (1994), they showed that co-culture of COC's in continuous contact with the

follicular wall maintains the oocytes at the GV stage. Furthermore, when they co-

cultured separated oocytes in contact with follicular wall, an arrest at metaphase I

occurred in most of the oocytes. These authors concluded that maintenance of contact

between the oocyte and the follicular wall is necessary for the maintenance of meiotic

arrest. In fact, uncoupling the oocyte from somatic cell inhibitory input has been
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shown to induce meiotic maturation (Yilian et al., 1980; Racowsky and Baldwin,

1989).

That the inhibitory factor in follicular fluid was chemically similar to that in

granulosa cell extracts and conditioned medium was demonstrated by Centola et al

(1981). Partial characterisation of the porcine follicular fluid factor identified a small

molecular weight (under 1000-2000 Dalton), heat stable peptide (Tsafriri et al., 1976).

The inhibitory activity of bovine follicular fluid was also heat stable (Gwatkin and

Anderson, 1976). Stone et al (1978) described several peaks of inhibitory activity

(using pig oocytes) when a low molecular weight fraction of pig follicular fluid was

partially purified by chromatography with QAE-Sephadex; purification was

approximately 80,000-150,000-fold. A similar type of molecule can also be isolated

from porcine granulosa cell extracts, this appears to be a small (1,450-3,000 Dalton)

heat-stable polypeptide (Sato and Ishibashi, 1977; Sato and Koide, 1984).

The granulosa compartment is not necessarily the only somatic source of

inhibitory factors within the ovary. A recent study by Kotsuji et al (1994)

demonstrated that when bovine cumulus cell-enclosed oocytes were co-cultured with

granulosa cells, little inhibition of spontaneous meiotic maturation occurred unless

bovine thecal cells were also included in the cultures. This effect was augmented by

addition of FSH, however FSH was ineffective in the absence of thecal cells.

Moreover, the inhibitory influence of thecal cells required the presence of granulosa

tissue. Thus, the data indicate a co-operative interaction between granulosa and thecal

cells that may be important physiologically in the mechanisms which regulate bovine

meiotic arrest (Kotsuji et al., 1994). These results were confirmed by Richard and

Sirard (1996b) who demonstrated the highest frequency of meiotic arrest occurred

when bovine oocytes were cultured in contact with both thecal and granulosa cells. In

these experiments monolayers of different follicular cells including granulosa cells,

theca interna, theca externa, or both types of theca cells together were used. The studies
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demonstrated that the thecal cells are the most important compartments of the follicular

wall for maintaining oocytes at the GV stage. However, when the oocytes were

denuded of their cumulus cells and co-cultured with thecal cells, only 3% were

maintained at the GV stage. These observations provided evidence of the essential role

of cumulus cells in maintaining meiotic arrest. The authors concluded that the

inhibitory factor(s) produced by theca cells is soluble in the medium and acts through

the cumulus cells.

Specific molecules found in follicular fluid that have been implicated in the

control of meiotic maturation include steroids, fatty acids and purines. Racowsky

(1993) has reviewed a possible role for steroids. Oestradiol and testosterone exert a

negative effect on GVBD whilst progesterone tends to provide a positive influence.

Furthermore this author proposed that shifts in the ratio of progesterone: oestradiol

may be instrumental in modulating the oocyte's meiotic status. Homa and Brown

(1992) reported that a major fatty acid in bovine follicular fluid, linoleic acid,

maintained bovine oocytes in meiotic arrest in vitro. The finding that the proportion of

linoleic acid in bovine follicular fluid declined with follicular development raised the

possibility that this fatty acid serves as an important negative regulator of oocyte

maturation (Yao et al., 1980). Purines are a third type of specific molecule thought to

be involved in meiotic control and will be the focus of the next section of this review.

1.8.4. Purines and meiotic arrest

Working with a low molecular weight fraction of porcine follicular fluid and a

mouse oocyte maturation assay system, Downs and Eppig (1984) reported that the

inhibitory component which had a molecular weight of less than 1000 Dalton, was

charcoal-extractable but was resistant to heat treatment, acid hydrolysis, proteolysis

and other extractions. Further characterisation using ion exchange and high-pressure

liquid chromatography identified not a protein, but hypoxanthine, as the principal
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inhibitory component (Downs et al., 1985). This purine base has been found in mouse

follicular fluid, along with the nucleoside adenosine, both in millimolar concentrations

(hypoxanthine: 2-4 mM; adenosine: 0.35-0.7mM) (Eppig et al., 1985). These

concentrations of purines are higher than those usually reported in biological fluids,

however hypoxic conditions within the follicle, due to its avascular nature, may

promote increased purine release into the follicular fluid. At these concentrations these

two purines acted synergistically to maintain nearly 100% of cultured cumulus cell-

enclosed mouse oocytes arrested at the GV stage (Eppig et al., 1985). The inhibitory

effect of purines on spontaneous maturation in vitro has been confirmed in oocytes

from a number of species including: mice, rats, cows, and monkeys (Downs et al.,

1989; Downs, 1990; Levesque and Sirard, 1995). Nevertheless, oocytes from different

species may exhibit variable susceptibilities to putative inhibitory molecules such as

hypoxanthine. Indeed, Racowsky (1993) found that maintaining meiotic arrest in

hamster oocytes required significantly higher concentrations of this purine base than

mouse oocytes. In cattle, Motlik et al (1990) reported that the sensitivity of cattle

oocytes to puromycin depends upon the concentration of hypoxanthine in the culture

medium.

1.9. Resumption of meiotic maturation

Oocytes within healthy Graafian follicles do not resume meiotic maturation

unless stimulated to do so by a pre-ovulatory surge of gonadotrophic hormones. Whilst

the mechanism controlling this process in vivo remains unknown, two models have

been proposed which both offer an explanation of these events: 1) loss of inhibitory

input and 2) positive stimulation.
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1.9.1. Loss of inhibitory input

As discussed earlier, the syncytial nature of ovarian follicles enables the

transfer of small molecules and ions from the somatic compartment directly to the

oocyte. One of the follicular responses to the pre-ovulatory gonadotrophin surge is

mucification and expansion of the cumulus oophorus, with attendant loss of coupling

and termination of the syncytial relationship (Hyttel., et al 1986a). As a result, the

oocyte can no longer receive direct regulatory signals via gap junctions. It has been

proposed that this loss of intracellular communication serves as the trigger for

resumption of meiotic maturation in vitro (Dekel and Beers, 1980). Similarly, GVBD

would occur as a result of deprivation of somatic inhibitory input. This may be

supported by the spontaneous resumption of meiosis upon removal of the oocyte from

the follicle.

In many studies the inhibitory factor implicated is cAMP, however, this fact has

not been unequivocally established. It is generally accepted that the effects of

gonadotrophins result from their binding to membrane receptors, followed by signal

transduction to adenylate cyclase, with a subsequent elevation of intracellular cAMP

levels. A similar mechanism functions in ovarian follicles. Gonadotrophins generate

increased cAMP in follicle cells that mediate a multitude of follicular responses, one of

which is the resumption of meiosis (Linder et al., 1974). Thus, this nucleotide has both

inhibitory and stimulatory actions on meiotic maturation.

Following gonadotrophin stimulation in situ, cAMP levels in mouse pre¬

ovulatory follicles increase whilst levels in the oocyte decline prior to GVBD (Schultz

et al., 1983a). A similar decrease precedes GVBD in both mouse and rat oocytes

cultured in vitro (Aberdam et al., 1987). These observations support the hypothesis that

interruption of the transfer of follicle cell-derived cAMP to the oocyte is instrumental

in the mechanism triggering GVBD. However, in other species such as sheep (Moor

and Heslop, 1981), hamster (Racowsky, 1985b; Hubbard, 1986), rabbit (Yoshimura et
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al., 1992) and pig (Racowsky, 1985a; Mattioli et al., 1994), a decline in oocyte cAMP

from basal levels is not observed prior to the resumption of meiosis. Therefore, nuclear

maturation is not always associated with a decrease in cAMP. The inhibitory effect of

cAMP on meiotic maturation in the bovine oocytes has been reported in several studies

(Sanbussiho et al., 1992; Aktas et al., 1995). In a recent study, a compartmentalisation

and opposing change of cAMP levels in bovine follicular somatic and germ cells has

been reported (Tsafriri et al., 1996). Spontaneous GVBD was blocked in isolated

oocytes by specific inhibitors (milrinone and cilostamide) of type 3 PDE. In contrast,

treatment with an inhibitor of type 4 PDE (rolipram) was ineffective. In addition,

oocytes expressed type 3 but not type 4 PDE and increases in intra oocyte cAMP

suppressed GVBD. Furthermore, in situ hybridisation studies showed that PDE

subtypes 4 and 3 are located in follicle somatic and germ cells respectively. Preferential

inhibition of PDE3 in the oocyte may lead to a delay in oocyte maturation without

affecting the cAMP-induced ovulatory process in the somatic cells. Conversely,

selective suppression of granulosa cell cAMP-PDE may enhance the gonadotrophin

induction of ovulation and oocyte maturation (Tsafriri et al., 1996).

In eukaryotic cells cAMP exerts its effects by the activation of specific protein

kinases via mechanisms involving dissociation of an inactive holoenzyme complex of

regulatory and catalytic subunits (Mailer and Krebs, 1977).

Temporary increases in the levels of cAMP within the oocyte itself may also

play a role in the maturation response. In isolated rabbit follicles stimulated with either

human chorionic gonadotrophin or forskolin (an activator of adenylate cyclase)

(Yoshimura et al., 1992), a transient rise in oocyte cAMP levels was observed within

0.5 hrs, levels then decreased significantly by 4 hrs, at which time GVBD had been

initiated. Under these conditions, 60-70% of oocytes had resumed meiosis within 6 hrs

when oocyte cAMP was either at, or well above the basal level. These results suggest

that a fall in cAMP may trigger the resumption in meiotic maturation even though
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oocyte cAMP does not necessarily fall below the level present at the germinal vesicle

stage. This is consistent with the finding that, if isolated cumulus cell-enclosed rodent

oocytes are maintained in meiotic arrest with cAMP analogues and stimulated with

gonadotrophin, GVBD will occur despite the continued presence of the cAMP

analogue (Dekel & Beers, 1978; Downs et al., 1988).

1.9.2. Positive stimulation

Instead of depriving the oocyte of inhibitory substances originating in the

follicle cells, gonadotrophins could induce maturation by a mechanism that bypasses

the meiosis-arresting pathway. This process would involve the production of a positive

factor by the follicle cells that acts directly upon the oocyte to trigger GVBD, despite

the continued presence of inhibitor. This potential mechanism has a precedent in other

well-characterised systems. For example, in the frog the follicle cell-derived

stimulatory molecule has been identified as progesterone (Liu and Patino, 1993), whilst

in starfish it is 1-methyladenine (Longo et al., 1995; Mita et al., 1998).

The frequency of maturation in cumulus-enclosed oocytes is greater than that in

denuded oocytes. It has often been observed that the degree of inhibition in vitro by a

particular inhibitory molecule is greater when cumulus cells enclose the oocyte. Thus,

removal of the cumulus cells renders oocytes less susceptible to the inhibitory

influence. The greater inhibition observed in cumulus cell-enclosed oocytes may result

either from uptake of the inhibitory substance by the cumulus cells and transfer to the

oocyte, alternatively the cumulus cells may metabolise the substance to form factors

more inhibitory to the oocyte. The fact that a significantly greater number of cumulus

enclosed oocytes are stimulated to resume maturation suggests that the cumulus cells

produce a positive factor in response to ligand treatment, that bypasses the negative

effect to bring about meiotic maturation. Also, since cAMP analogues and cAMP PDE

inhibitors can act directly on the oocyte to maintain meiotic arrest, the positive action
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of stimulatory ligands on cumulus cell-enclosed oocytes maintained in meiotic arrest

by such agents is direct evidence that GVBD can be triggered despite the continued

influence of the inhibitor (Dekel & Beers, 1978; Bilodeau et al., 1993).

Different signal transduction cascades mediate the actions of these ligands on

oocyte maturation, leading to activation of different protein kinases. Thus, PKA,

protein kinase C or tyrosine-phosphorylated growth factor receptors can each generate

a signal for meiotic maturation. Presumably at some point distal to kinase / receptor

activation these signals converge on a common triggering pathway (Johnson and

Vaillancourt, 1994), In bovine oocytes cultured on a thecal cell monolayer, inhibition

of cAMP-dependent protein kinase A by H-89 (N-[2-(bromocinnamylamino) ethyl]-5-

isoquinole-sulfanamide), a protein kinase A inhibitor, maintained oocytes in meiolic

arrest (Richard et al., 1997). Cross talk between the various pathways may exist such

that the activity of one may lead to activation or inhibition of another (Wu et al., 1993;

Hubbard, 1994). Additionally, more than one signaling pathway may be involved in

the activation of a common mediator, as is the case of mitogen activated protein kinase

(Anderson et al., 1990). Other possibilities are that multiple pathways of stimulation

may be present that only quite distally involve common substrates, or dual coupling

may occur, where more than one pathway is stimulated by the same ligand, providing

potential redundancy for meiosis stimulating pathways (Davis et al., 1987; Berridge

and Irvine, 1993). However, it is still not clear how various signaling pathways interact

to control meiotic resumption. The physiological relevance of gonadotrophins in

promoting the resumption of meiotic maturation has been established (Lindner et al.,

1974), but the possible involvement of other non-gonadotrophic ligands such as growth

factors cannot be discounted (Park and Lin, 1993; Khamsi and Armstrong, 1997).
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1.10. Role of calcium and phosphoinositol

Phosphoinositides comprise an important second messenger system that

responds to a variety of external signals. Phospholipase C, in response to a G-protein or

tyrosine-phosphorylation-mediated stimulus, hydrolyses phosphatidylinositol 4,5-

bisphosphate to form IP3 a Ca2+-releasing ligand and diacylglycerol, an activator of

calcium-dependent protein kinase C (PKC) (Nishizuka, 1986; Berridge & Irvine,

1993). Both Ca2+ and PKC may be involved in the control of meiotic maturation.

Calcium ions have been shown to be vital for the mechanisms controlling cell

cycle progression (Whitaker and Patel, 1990), and there has been a significant amount

of research aimed at elucidating the potential role of calcium in the resumption of

maturation in mammalian oocytes. Intracellular calcium mobilisation is required for

nuclear envelope breakdown in mitotic cells (Tombes et al., 1992). An increase in

intracellular calcium is required for spontaneous maturation of oocytes in both mouse

(DeFelici et al., 1991) and pig (Kaufman and Homa, 1993).

The phosphoinositide pathway is of prime importance in mobilising Ca2+ within

cells. IP3 binds to receptor / channel complexes within the cell to release Ca2+ from

internal stores (Berridge and Irvine, 1993). Elevating intra oocyte IP3 levels in oocytes

by microinjection, electroporation or photorelease elicits Ca2+ transients within the

oocyte (Carroll and Swann, 1992; Rickords and White, 1993). Microinjection of IP3

into bovine oocytes arrested with IBMX leads to GVBD (Homa et al., 1991). IP3

produced in the follicle cells in response to ligand stimulation, may enter the oocyte via

gap junctions, promote calcium release from internal oocyte stores and trigger GVBD

(Homa et al., 1991).

1.11. RNA and protein synthesis

The addition of protein synthesis inhibitors to culture medium does not affect

GVBD in rodent oocytes, however it does prevent the completion of maturation (i.e.
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progression to metaphase II) (Stern et al., 1972; Wassarman et al., 1976). In

mammalian species demonstrating slower kinetics of GVBD, protein synthesis

inhibitors have a significant inhibitory effect on the resumption of maturation (Moor

and Crosby, 1986; Hunter and Moor, 1987; Fulka et al., 1991).

To determine whether protein synthesis required for GVBD is dependent upon

pre-existing mRNA transcripts or new RNA synthesis, transcriptional inhibitors have

been used. The spontaneous maturation of sheep, cow and rabbit oocytes is sensitive to

transcriptional inhibition (Osborn and Moor, 1983; Hunter and Moor, 1987; Motlik,

1989; Fairn and Yang, 1994), however oocytes of the mouse or pig are not (Crozet and

Szollosi, 1980; Motlik, 1989). Cumulus cells are apparently required to mediate this

inhibitory effect suggesting that RNA produced by the somatic cells is involved in the

control of meiotic maturation. Gonadotrophin-stimulated oocyte maturation in rat

follicles does not appear to be susceptible to inhibition of transcription (Tsafriri et al.,

1973). However, induction of maturation of porcine (Meineck and Tileman, 1993) and

mouse cumulus cell-enclosed oocytes by FSH or EGF is significantly suppressed by a-

amantin. In addition the gonadotrophin-stimulated maturation of bovine oocytes was

suppressed by the transcriptional inhibitor, 5, 6-dichloro-l-B-D-

ribofuranosylbenzimidazole (Farin and Yang, 1994).

1.12. The cell cycle in relation to oocyte growth and maturation

Numerous studies on invertebrates, mice and other mammals have shown that

oocytes have an unusual cell cycle. A generalised typical cell cycle consists of a gap

phase before replication of DNA (Gl), a period during which DNA replication occurs

(S), a gap after DNA replication (G2), and then segregation of genetic material by

Mitosis (M) followed by cell division. Progression through the phases of the cell cycle

are regulated by a series of complex internal clocks and check points where events do

not proceed until completion of the previous event (Murray and Kirschner, 1989).
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Three critical control points exist in the mitotic cell cycle (Whitaker and Patel, 1990).

The first is referred to as START, or the restriction point, referring to a commitment by

the cell to leave G1 and begin S phase. The second control point is called ENTRY and

occurs during G2; at this time the cell commits to enter M phase. The final control

point is at the end of M and is called EXIT (Parrish et al., 1992).

In the foetal ovary, primary oocytes pass through G1 and S via START and

ENTRY of meiosis 1. They arrest immediately afterwards (probably at EXIT) as a

germinal vesicle (GV) forms at dictyotene (a nucleated stage of diplotene) and this

introduces an elongated G2 phase. The follicle pool is thereby established in the

neonatal ovary and oocyte development is arrested at the diplotene stage as primordial

follicles form. The GV persists in oocytes until just before ovulation, when an LH

surge activates the preovulatory follicle.

The meiotic cycle remains arrested in prophase I as the follicle and oocyte

begin to grow and leave the pool of resting or quiescent follicles (see section 1.2).

Growing oocytes of many species, including human, synthesise and store ribosomal,

transfer and polyadenylated RNA, especially ribosomal RNA (Davidson, 1986).

Growing oocytes also incorporate or synthesise amino acids, ribonucleotides,

ribonucleosides and proteins such as a and B-tubulin, B and y-actin and approximately

400 others (Wassarman, et al., 1981).

1.13. Meiotic competence and oocyte maturation

The growing follicle is unable to respond to gonadotrophin stimulation until the

oocyte is almost fully-grown. Neither can oocytes undergo germinal vesicle breakdown

and resume meiosis in response to the LH surge until they have acquired 'meiotic

competence'. This correlates with the cessation of nuclear transcription and the

synthesis of proteins required for maturation. Meiotic competence has been defined as
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the initiation of the G2 to M transition involving the initial stimulus for the re¬

activation of meiosis (Edwards, 1995).

Meiotic resumption is characterised by GVBD, condensation of the chromatin,

assembly of the spindle, completion of the 1st meiotic division and development to

metaphase of the second meiotic division, where they undergo a second arrest. The

occurrence of these events is accompanied, and probably regulated by a substantial

increase in the oocyte's cytosolic kinase activity (Crosby et al., 1984) (see section 1.8).

An important component of this activity is the cyclin B-p34cdc2 kinase complex, MPF

(Draetta and Beach, 1988). MPF plays a pivotal role in driving meiotic resumption and

has been detected in all eukaryotic species studied to date (reviewed by Nurse, 1990).

Activation precedes or occurs simultaneously with GVBD (Hashimoto and Kishimoto,

1988), and MPF is able to phosphorylate many of the proteins involved in nuclear

membrane formation, chromatin condensation, and microtubular reorganisation (Verde

et al., 1992). Active MPF is a protein dimmer serine-threonine kinase composed of

cyclin B and p34cdc2 (Hunt, 1989). Phosphorylation of histone HI is commonly used

to assess the catalytic activity of p34cdc2 as histone HI kinase. However, other kinases

have been demonstrated to be activated before or concurrently with MPF during

meiotic resumption (Cicirelli et al., 1988). Moreover, the finding that during the MI to

Mil transition, chromatin behavior becomes dissociated from MPF activity (Kubiak et

al., 1992) and the chromosomes stay condensed despite a temporary drop in HI kinase

activity suggest that other kinases may contribute to regulate oocyte maturation.

One of these kinases is the family of mitogen-activated protein (MAP) kinases

(Ruderman, 1993). It has been shown that p44MAPKl/ERKl ancj / or p42MAPK2/ERK2
are activated in response to growth factors in numerous cell types (reviewed by Cobb

et al., 1991), during fertilisation in clam oocytes (Shibuya, et al., 1992) and during

oocyte maturation in Xenopus, murine and bovine oocytes (Ferrel et al., 1991; Verlhac,

et al., 1993; Fissore et al., 1996). MAP kinases are serine/threonine kinases that require
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dual phosphorylation on both threonine and tyrosine residues to become fully activated

(Posada and Cooper, 1992). The target proteins of MAPKs are numerous and include

both cytosolic and nuclear locations, some of the latter are thought to act as

transcriptional activators (Seger and Krebs, 1995). Among the cytosolic substrates are

cytoskeletal proteins (Verlhac et al., 1993; Minshull et al., 1994), and nuclear lamins

(Peter et al., 1992) both of which are likely to play a role during oocyte maturation.

One protein that has been shown to be important in the control of meiotic

maturation is the proto-oncogene product of c-mos. The Mos protein, a 39-KDa

serine/threonine kinase, most likely acting through MAPKK, activates MAPK, which

in turn and together with HI kinase, appears to be responsible for initiating GVBD

(Posada et al., 1993; Kosako et al., 1994). C-mos is a natural activator of MAP kinases

in Xenopus oocytes (Nebreda and Hunt, 1993). In these oocytes, the Mos protein, has

been demonstrated to be the sole initiator of oocyte maturation (Sagata et al., 1989)

and is present in Xenopus oocytes only during progesterone-induced maturation

(Sagata et al., 1988). Injection of antisense oligonucleotides specific for pp39mos into

immature frog oocytes prevented expression of the protein and suppressed hormone-

dependent GVBD; conversely, injection of synthetic c-mos RNA induced GVBD in the

absence of progesterone (Sagata et al., 1989).

In mouse oocytes which do not require protein synthesis for resumption of

meiosis, Mos does not appear necessary for the initiation of maturation, but it is an

indispensable component of CSF which is responsible for Mil arrest (Hashimoto et al.,

1994) (see section 1.8). In bovine oocytes, which like those of Xenopus require protein

synthesis for meiotic resumption, the activatory role of MAP kinase during the

initiation and progression of meiosis has been reported (Fissore et al., 1996).
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1.14. Cytoplasmic maturation of oocytes

Rodent oocytes acquire meiotic competence after reaching their full size,

contemporary with the formation of the antral cavity of the follicle (Chuinard, 1971;

Erickson and Sorensen, 1974). In cattle and pigs, the follicular antrum is fully

differentiated in follicles of 0.5pm in diameter, however only a limited proportion of

these oocytes are able to initiate resumption of meiosis (Motlik, 1989). Arlotto et al

(1990) observed that resumption of meiotic competence correlates not only with the

size of both oocytes and follicles but also with the morphology and transcriptional

activity of oocyte nuclei and nucleoli (Motlik et al., 1984). Whilst in cattle, oocytes

used for in vitro maturation are usually collected from follicles between 2 to 8 mm in

diameter, oocytes resuming meiosis in vivo originate from dominant follicles of

approximately 15mm in size. In addition, the in vitro maturation period lasts only 24h,

whilst in vivo the dominant follicle grows from 4 to 15mm during approximately a 5

day period prior to maturation (Driancourt, 1991).

In systems currently employed for the in vitro maturation and fertilisation of

oocytes, the rate of embryo production is lower than that observed in vivo. Although

the culture media employed may not be optimal (Fukui et al., 1991), variations in

media have not increased blastocyst production (Eyestone and First, 1989). The

increased rates of development obtained with oocytes matured in vivo suggest that

oocytes matured in vitro are less developmentally competent. In fact Hyttel et al

(1989a) demonstrated differences in ultrastructure resulting from in vitro maturation of

bovine oocytes as compared with those matured in vivo.

The size of the follicle seems to be an important factor in the developmental

potential of oocytes matured in vitro. Several reports found that bovine oocytes

originating from follicles smaller than 2mm in diameter could not develop beyond the

8-cell stage, whereas oocytes obtained from follicles with diameters measuring 2-4mm

and >4mm possessed greater developmental competence (Tan and Lu, 1990; Pavolk et
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al., 1992). These authors obtained identical proportions of hatched blastocysts and

similar rates of pregnancies, showing the comparable biological qualities of the

embryos from medium-sized (2-4mm) and large (>4mm) follicles.

In vivo, many follicles with diameters >1 mm undergo atresia (Kruip and

Dielman, 1982; Driancourt, 1991), resulting in a heterogenous population. The first

signs of atresia are manifested by degeneration of the granulosa cells, whereas the

oocyte is affected in the very last stages of atresia (Kruip and Dielman, 1982). Moor et

al (1980b) reported that an oocyte requires a specific follicular steroid environment for

complete maturation and normal fertilisation. This suggests that the constantly

changing microenvironment of the oocyte throughout follicular growth (whether the

follicle is healthy or atretic) may be related to its acquisition of developmental

competence. In fact, Blondin and Sirard (1995) showed that bovine oocytes acquire

developmental competence late in the follicular phase, possibly when the first signs of

atresia have appeared. Furthermore those oocytes displaying early morphological signs

of degeneration (designated class 3) develop significantly more than all other classes.

Class 3 oocytes originated from follicles that were generally atretic and therefore in the

latter phases of follicular growth, suggesting that oocytes which have been subjected to

the follicular microenvironment, for longer time periods are more competent (possibly

at the cytoplasmic level) than other classes of oocytes.

Calf oocytes resume meiosis and become arrested at the Mil stage at rates

similar to that of adult animals. However, fewer of the zygotes derived from calf

oocytes can cleave and develop to the blastocyst stage (Damiani et al., 1996). The

causes of these lower developmental rates are not known. The use of nuclear

maturation, which can be easily assessed on morphological criteria, may not be a

reliable indicator of developmental ability. Eppig et al (1994) reported that oocytes

from prepubertal mice could complete nuclear maturation; however, only a small

fraction of those oocytes were able to develop to the blastocyst stage. In oocytes from
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prepubertal goats, Martino et al (1994) reported normal rates of nuclear maturation

when compared to adult goats, but developmental competence was not determined.

These studies indicate intrinsic ooplasmic deficiencies in immature animals.

1.15. Coordination of nuclear and cytoplasmic maturation

As follicular development progresses, the proportion of oocytes competent to

complete nuclear maturation increases and so does the proportion of oocytes competent

to undergo complete cytoplasmic maturation (Eppig and Schroeder, 1989; Eppig,

1991b; Pavolk et al., 1992; Lonergan et al., 1994). Nevertheless, some oocytes that are

only partially competent to undergo nuclear maturation can undergo fertilisation and

preimplantation development. Moreover, some oocytes competent to complete nuclear

maturation are not able to develop to the blastocyst stage, which is indicative of

deficient or defective maturation (Eppig et al., 1994). The ability to develop to the

blastocyst stage is an important indicator of the completion of cytoplasmic maturation.

Thus, the developmental programs of oocytes that regulate the acquisition of

competence to undergo nuclear and cytoplasmic maturation are not always

coordinated.

The accumulation of maternal mRNAs and proteins in oocytes is undoubtedly

critical for successful preimplantation development. The concept of cytoplasmic

maturation should be considered in a broader context to include earlier stages of oocyte

development, wherein maternal mRNAs and proteins critical for preimplantation

development are synthesised and stored (Eppig, 1996). It is clear that some aspects of

cytoplasmic maturation do not occur until the initiation of nuclear maturation. These

aspects may be initiated as a result of mixing of the contents of the GV with the

cytoplasm (Borsuk, 1991). In fact it has been shown in the frog that the contents of the

GV are essential for maturation and more specifically, the maturation-specific

deadenylation of mRNAs in frog oocytes requires an activity derived from the GV and
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does not occur in anucleate fragments (Varnum et ai, 1992). Thus, although the

developmental program of the GV-stage oocyte for acquiring competence to complete

preimplantation development does not appear to be linked to the acquisition of

competence to complete nuclear maturation, GVBD is probably essential for activating

some critical aspects of cytoplasmic maturation, particularly those aspects related to

fertilisation and activation. Although nuclear and cytoplasmic maturation are normally

coordinated by this mechanism requiring the mixing of GV contents with the

cytoplasm at the time of GVBD, some processes of cytoplasmic maturation related to

successful preimplantation development probably still occur independently of nuclear

maturation. Thus, continued differentiation of GV-stage oocytes is necessary even after

the acquisition of competence to undergo nuclear maturation, to allow for the

deposition of maternal factors required for the development of preimplantation embryo

beyond the 2-cell stage (Eppig, 1996).

1.16. Aims and objectives

The information presented above shows that throughout oocyte development,

follicle support is fundamental to provide the germ cell line with nutrients and growth

regulators to ensure progression through the protracted growth phase. Conversely, the

oocyte actively promotes growth and differentiation of the follicular cells. The overall

objective of the studies presented here was to define conditions that may improve

oocyte quality, in order to increase the rate of embryo production in vitro. It was

hypothesised that if oocytes could be maintained in vitro at the GV-stage for a limited

period of 24-168 hrs prior to the onset of meiotic maturation, then the developmental

competence of the cytoplasm may be increased. In previous reports, chemicals and cell

monolayers of follicle wall compartments have been reported to maintain oocytes in

meiotic arrest in vitro. However, the efficiency of these methods was either low or
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failed to produce developmentally competent oocytes (Bornslaeger et al., 1984;

Schultz, 1986; Homa, 1988; Sirard and First, 1988; Sirard, 1990; Aktas et al., 1995).

Culture of intact antral follicles will provide the combination of inhibitory

factors from follicle wall compartment and the follicular fluid on nuclear maturation of

the oocytes. During the first step of this research a culture system was established in

which oocytes could be maintained at the GV-stage in a physiologic environment. First

the conditions which may improve the quality of follicles during culture were assessed.

Then, two approaches were adopted to evaluate the effects of maintenance of meiotic

arrest on quality of the oocytes: i) Previous reports have shown that bovine oocytes

remaining attached to part of the follicle wall can be maintained in culture at the GV-

stage for 24 hrs (De Loos et al., 1994). However, longer-term cultures or development

studies on such oocytes have not been reported. These experiments were repeated and

extended to establish whether these oocytes were maintained in meiotic arrest, and

could undergo subsequent maturation to metaphase II. The quality of these oocytes was

assessed morphologically, ii) Bovine antral follicles of 4-8 mm in diameter were

isolated and cultured for periods up to 7 days. These size rang of follicles are routinely

aspirated for in vitro production of bovine embryos. The rates of oocytes maintained at

the GV and developed to Mil stages were compared with other methods. In addition

the developmental capacity of oocytes recovered following 24 hrs of follicle culture

was assessed after fertilisation and embryo culture.

Development of a successful culture system for culture of large antral follicles

provides a physiologically based model, which is more similar to the actual in vivo

system. Possible applications for such a culture system are mentioned in the last

chapter of thesis. Apart from production of oocytes with high developmental

competence, this system simulates the interactions between follicle wall compartments

and the oocyte in a model similar to physiologic environment. In order to use this

culture system to improve our knowledge on basic understanding of follicle oocyte
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interactions during later stages of development, follicles should be cultured for longer

periods of time. Hence, some of the experiments described in this thesis were

conducted to give a better understanding of changes in the structure of follicle wall

compartment and the oocyte following follicle culture. Oocyte and follicle quality after

periods of follicle culture was assessed histologically by both light and transmission

electron microscopy.

The pattern of protein synthesis during oocyte maturation and the effects of

follicle culture on both total protein and de novo content were studied. The effects of

previously reported follicular survival factors, FSH (Carson et ah, 1979; Uilenbroek et

al., 1980), LH (Chun et al., 1994), IGF-1 (Adashi et al., 1985), oestradiol (Richards et

nl
, 1976), EGF (Tilly et ah, 1992a), GH (Eisenhauer et al., 1995) and insulin (Gong et

al., 1993a) were assessed by addition to the follicle culture medium. Oocyte quality,

subsequent embryo development and the prevention of apoptosis in the granulosa cells

by these factors were then analysed.
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Chapter 2:
General Materials and Methods

2.1. Ovary collection and preparation

Ovaries were obtained from a local abattoir and maintained at 30-35°C during

transport to the laboratory (1-2 hrs). Individual ovaries were dissected from the rest of

the reproductive tract and transferred into a beaker containing 200-300 ml of PBS

(Phosphate-Buffered Saline; Unipath Ltd.,Basingstoke, UK) with lp.1 gentamycin

(Sigma, Dorset, UK) per ml in a clean glass beaker. They were then washed once in

IMS (Industrial Methylated Spirits) at 39°C, rinsed in PBS and maintained in PBS at

39°C.

2.2. Follicle isolation and selection

For isolation of follicles a pair of modified forceps were used. One of the tips

of the forceps was sharpened to facilitate cutting of the connective tissues around the

follicles. Follicles were isolated in a two step procedure; In the first step, intact

follicles together with some connective tissues were removed from ovaries using the

sharpened forceps and placed into a culture dish containing previously warmed

dissection medium (TCM199 with Earle's salts [Gibco BRL, Life Technologies Ltd.,

Paisley, UK], containing 75.0 mg/1 kanamycin [Sigma], 7.08 g/1 Hepes [Sigma],

supplemented with 10% foetal calf serum (FCS) (Globepharm, Surrey, UK) [pH: 7.8,

osmolarity 279mOsmol / kg H2O]. In the second step follicles of 4-8mm diameter (Fig

2.A) were dissected from the surrounding connective tissues, non atretic follicles were

selected based upon morphological criteria including translucency, lack of free particles

and the presence of blood vessels (Kruip and Dieleman, 1982) (Fig 2.B). Healthy

follicles are characterised by a uniform arrangement of blood vessels, which are nicely
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Figure. 2.1. Bovine antral follicles following dissection from the ovary. A) Range of

follicle sizes (4-8mm in diameter). B) Good quality follicle showing translucency and

presence of blood vessels used as selection criteria.
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branched to nourish follicular cells. In contrast, atretic follicles display a discontinuous

and degenerating arrangement of blood vessels.

2.3. Oocyte preparation and maturation

Cumulus oocyte complexes were aspirated from follicles 3-10mm in diameter

using a 10ml syringe fitted with hypodermic needle (1.2mm internal diameter). The

aspirated follicular fluid was placed into sterile universal containers (Nunc, Rosklide,

Denmark) in a warm air chamber (39°C) and allowed to settle for 10-15 min. The

majority of follicular fluid was then removed by surface aspiration and the remaining

follicular material diluted with an equal volume of Dissection Medium (see section 2.2)

supplemented with 10% FCS. The diluted follicular fluid was transferred into an

85mm petri dish (Bibby Sterilin, Stone, UK) and examined for COCs under a

dissecting microscope (X40) (Wild M3Z, Heerbrug, Switzerland). Oocytes were

selected based upon morphological criteria. Good quality oocytes with an evenly

distributed cytoplasm and 3-4 layers of compact cumulus investment were selected for

maturation. Poor quality oocytes including oocytes with heterogeneous ooplasm,

denuded and irregularly shaped ones were removed. Selected COCs were washed twice

in dissection medium. Groups of 50-60 oocytes were then transferred into 500pl

droplet of Maturation Medium (TCM199 with Earles salts [Gibco BRL], 75 mg/1

kanamycin [Sigma], 4.750 g/1 Hepes [Sigma], 2.29 g/1 NaHco3 [Sigma] [pH: 7.8,

Osmolarity 280 mOsmol / kg H2O]) supplemented with 10% FCS [Globepharm],

0.006 IU/ml of each FSH and LH (Pergonal, human menopausal gonadotrophin;

Serono Laboratories, Herts, UK) containing 4 pieces of cumulus cell complex

(approximately 1.0 x 10^ cells). The COCs were then cultured for 24hrs at 39°C in a

humidified atmosphere of 5% CO2 in air. Oocytes from follicle culture treatments were

collected after opening the follicles with forceps. All of the oocytes recovered

following follicle culture were matured as described above.
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2.4. In vitro fertilisation

2.4.1. Sperm preparation

Throughout the course of these studies the frozen sperm used for fertilisation

was from one ejaculate of a single bull. Prior to these experiments the optimal sperm

concentration for fertilisation in vitro was found to be 2.0 x 10^ live sperm per ml. The

straws containing frozen sperm were placed into warm water at 40°C for 20 sec. The

thawed semen was then transferred to a 10ml conical tube containing 8ml of Calcium-

Free Medium (Appendix I) and centrifuged at 220g Relative Centrifugal Force (RCF)

for 5 min at 15 - 20°C. The supernatant was removed, the pellet was then resuspended

in 5ml calcium-free medium and recentrifuged. After centrifiigation the supernatant

was aspirated, the sperm pellet was then resuspended in 0.9ml Fertilisation Medium

(Appendix II). The spermatozoa were able to undergo both capacitation and

fertilisation in this medium. In a 1ml test-tube, 20pl of this mixture was added to 80 pi

of 3% NaCl and mixed, lOpl of this sperm / NaCl mixture was pipetted into an

improved Neubauer Counting Chamber and allowed to stand for 2 min. The

spermatozoa were then counted and the concentration of the washed sperm adjusted to

2.0 x 10^ live spermatozoa / ml by addition of fertilisation medium. Drops of the sperm

suspension (45pil) were placed into a 50mm non-tissue culture dish, overlaid with

embryo-tested mineral oil (Sigma) and placed into humidified incubator at 39°C and

5% CO2. Immediately after sperm preparation the oocytes were prepared for

fertilisation.

2.4.2. Oocyte preparation:

After 24 hr culture the oocytes were examined microscopically for cumulus cell

expansion and quality based on appearance of the cytoplasm. Poor quality oocytes i.e.

those with an uneven / granular cytoplasm or no cumulus expansion were discarded.

With a 1-ml Gilson automatic pipette the selected COCs were gently repeatedly
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pipetted until only 3-5 layers of cumulus cells remained surrounding the oocyte. The

oocytes were then washed twice in 4-5 ml of Oocyte Wash Medium (Appendix III) per

100 oocytes prior to fertilisation.

2.4.3. Fertilisation

From now on the oocytes, zygotes and embryos were only transferred using a

mouth controlled glass pipette, hand pulled from a Pasteur pipette (250 pm diameter).

In a volume of approximately 5 pi, groups of 9-11 oocytes were removed from the

Oocyte Wash Medium and transferred into a 45pl fertilisation drop. The spermatozoa

were visually checked to ensure that they were active. The fertilisation drops were then

placed into an incubator at 39°C in a humidified atmosphere of 5% CO2 in air for

48hrs. During this period the oocytes were fertilised, initiated cell divisions and

developed to embryos containing 4-8 cells.

2.5. Oocyte fixation and staining

Oocytes recovered after follicle aspiration, those derived after follicle culture

and in vitro matured oocytes were fixed and stained to assess the nuclear / chromatin

status. Oocyte cumulus cell complexes were incubated in 50pl dissection medium

droplets containing 300 units hyaluronidase enzyme (Sigma) for 15 min. After

incubation, the COCs were transferred into 35mm dishes containing serum-free

dissection medium, and the cumulus cells removed by repeated pipetting. Groups of 5

oocytes completely denuded from cumulus cells, were transferred to a previously

cleaned glass slide. A coverslip was attached using a small amount of a mixture of

solid paraffin wax (10%) and Vaseline (90%) applied to two of its edges. Whilst

observing the oocytes, the coverslip was gently pressed down until the oocytes were
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held but intact. The mounted oocytes were then fixed in freshly prepared methanol :

acetic acid (3:1).

Oocytes were left in the fixative solution for a minimum of 24hrs and then

stained with 1% orcein (Nature red 28, Sigma, Cat. no. 0-7380). For preparation of

orcein solution, lg of orcein was completely dissolved in 45 ml of glacial acetic acid

by boiling. After cooling, 55 ml distilled water was added and the suspension filtered

through a Whatman filter paper (11pm pore size) (Whatman International Ltd.

Maidstone, UK). Prior to use the aceto-orcein was refiltered.

For staining, individual slides were removed from the fixative and placed under

a dissecting microscope. The oocytes were examined to ensure attachment. Using a

filter paper to provide suction, 1% orcein solution was drawn into the oocyte

compartment. After 3 min, the orcein was removed by washing with a solution

containing water, acetic acid and glycerol in the proportions 3:1:1 respectively.

2. 6. Histology

2.6.1. Fixation

Following different periods of culture, follicles were collected, washed in fresh

medium and transferred into Bouin's solution (70% picric acid, 25% formaldehyde, 5%

glacial acetic acid) and fixed overnight at room temperature. The volume of Bouin's

solution varied depending on follicle size, but in all cases the follicles were completely

immersed. The fixative was then removed and replaced with 70% methanol. Follicles

were then stored in 70% methanol until processed.

2.6.2. Processing of samples

Fixed follicles were dehydrated by repeated changes through an increasing

series of alcohol concentrations from 70% to 100%. Absolute ethanol was then

replaced with cedar oil (BDH, Poole, Dorset, UK) for a minimum of 24 hrs. After
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removal from the cedar oil, follicles were cleared in 10ml toluene (in a fume hood) for

30 min and placed into plastic baskets containing paraffin wax (Sherwood Medical

Company, St. Louis, Mo, USA) in a 60°C oven. Every hour for 4 hrs the molten

paraffin wax was replaced in order to remove all traces of toluene. Following the final

change, individual follicles were manoeuvred into the centre of the basket with warm

forceps and the blocks cooled in cold water.

2.6.3. Sectioning and mounting

Wax mounted follicles were cut using a microtome (Leica, model Jung

RM2035, Nussloch, Germany) to give 6pm sections. The sections were then floated

onto gelatine coated slides (Chance Proper Ltd., Warley, UK) in a water bath at 42°C

and allowed to dry overnight in a 37°C oven. Some of the slides were prepared in the

lab by dipping in a solution of 1% gelatine (Sigma), 0.1% chromic potassium sulphate

(May and Baker Ltd., Dagenham, UK) in distilled water.

2.6.4. Staining

Slide mounted sections were dewaxed in xylene for 15 minute and then

rehydrated in 70% and then 64% ethanol. The slides were then rinsed in running tap

water and stained in Heamatoxylin solution (Appendix IV) for 5 min. The slides were

then rinsed in running tap water until the sections became colorless. They were then

counterstained in Eosin solution (Appendix IV) for 2 min. After staining, the sections

were dehydrated by washing through increasing concentrations of alcohol, 64% then

70% followed by two consecutive washes in xylene. Stained sections were mounted

under alcohol-cleaned glass coverslips using DPX (BDH). Sections were examined

using a Nikon microscope to visualise the histological features of the follicle wall and

its connection with the enclosed oocyte.
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2.7. Transmission electron microscopy

Intact bovine antral follicles were cultured for different periods of time from 1

to 7 days. Recovered oocytes were then processed for electron microscopy using a

modification of the protocol described by Hyttel and Madsen (1987) as below:

Cumulus oocytes complexes were fixed in 3% glutaraldehyde in 0.1M

Millonigs buffer (PH: 7.4), (Appendix V) for one hour at 4°C, then washed 3 times

each for 20 min in 0.2M buffer and post fixed in 1% osmium tetroxide (OSO4) in 0.1M
buffer for one hour at 4°C. The oocytes were then washed in distilled water for 30 min,

placed in 0.5% Uranyl acetate (TAAB Laboratory Equipment Ltd., Reading, UK) for 2

hrs, and dehydrated with increasing concentrations of ethanol: two rinses with 50%

ethanol for 5 and 10 min, 95% ethanol (2 x 20 min), absolute alcohol (2 x 25 min),

followed by (2 x 5 min) wash in Inhibisol (l.l.l.Trichloroethane, Bassington Industrial

Estate, Northumberland, UK). The oocytes were then placed into a 50:50 v/v solution

of Inhibisol / Araldite overnight. The following morning the Inhibisol / Araldite was

replaced with fresh Araldite. After 24 hrs, the oocytes were again transferred to fresh

Araldite in plastic racks and placed in a 39°C oven for at least 2 days to harden the

Araldite prior to making blocks for sectioning.

2.7.1. Sectioning

Samples were trimmed with glass knives and oriented for ultramicrotomy.

Ultrathin sections (300 Angstrom) of oocytes were cut perpendicular to the plating

surface. Serial sections were taken to increase the possibility of having the oocyte

nuclei in the sections. Sections were floated onto water and mounted on 200 pm mesh

copper grids.
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2.7.2. Staining

Oocyte sections were stained for 3 min with uranyl acetate (25% Uranyl acetate

in 50% ethanol; Watson, 1958) and 7 min with lead citrate (Reynols, 1963) (Appendix

V) using the following procedure. First a thin layer of dental wax was poured into the

bottom of two petri dishes and allowed to solidify. Uranyl acetate and lead citrate were

centrifuged at lOOg for 10 min to remove particulate matter. Drops of Uranyl acetate

and lead citrate (1-2 ml) were placed into waxed dishes and grids were placed in uranyl

acetate for 3 min. The grids were then washed thoroughly in 10% alcohol and then

distilled water. In the next step the grids were placed into lead citrate solution for 7 min

(some KOH pellets were placed in the dish to absorb moisture). The stained grids were

then washed thoroughly in two dishes of distilled water each for 20 times. The grids

were then air-dried. Ultra-structural observations were made using a Philip EM300

electron microscope (Eindhoven, Netherlands).

2.8. Poly Acrylamide Gel Electrophoresis of oocyte proteins

Oocytes were denuded of cumulus cells and the total protein profile was

demonstrated using one and two-dimensional SDS-PAGE followed by silver staining.

2.8.1. Oocyte preparation

Oocytes collected from different treatment groups were transferred into 500pl

drops of dissection medium containing 300 units Hyaluronidase / ml (Sigma) and

incubated at 39°C for 15 min. After incubation, the oocytes were transferred into

dissection medium and the cumulus cells removed by repeated pipetting. Denuded

oocytes were placed into eppendorf tubes (0.5 ml) containing 15 pi of Sample buffer

(Appendix VI). The oocytes were then lysed by multiple rapid freeze thaw in liquid

nitrogen and methanol respectively. The prepared samples were stored at -20°C until

PAGE analysis.
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2.8.2. 1D-SDS-PAGE

A 6% Acrylamide gel (Appendix VI) for protein separation and 4% Stacking

gel were freshly prepared in a vertical Bio-Rad Gel electrophoresis unit (Bio-Rad,

Hercules, Ca, USA). Prepared samples were thawed on ice, boiled for 3 min to

denature the proteins and then stored on ice until loading into the gel. Molecular

weight markers (29,000 - 116,000) (Sigma, Cat. no: M-5505) were run on each gel to

ascertain the molecular weight in kilo Dalton (kD) of the separated proteins. A total of

5 oocytes were loaded / sample well. The gel was then run for 6 hrs at a constant

voltage of 200V. After running gels were fixed in a solution of 10% glacial acetic acid,

40% methanol in distilled water for one hour.

2.8.3. Two-dimensional Electrophoresis

A serious limitation of one-dimensional electrophoretic methods is that, using

any particular procedure, proteins are separated on the basis of only one of their

physico-chemical proteins (e.g. size, charge or hydrophobicity). The discrete bands

which are detected after electrophoresis are not therefore necessarily homogenous

proteins. Each band may contain all the proteins in the sample with the same

properties, which have been exploited for the separation.

Two-dimensional PAGE has opened new possibilities for studying complex protein

mixtures comprising several thousands proteins and for resolving the proteins showing

similar physico-chemical properties. Ideally the methods used for each dimension are

chosen so that they separate proteins according to different, independent criteria. Thus,

if two such methods are selected, which when used alone are capable of separating 100

protein zones, then theoretically up to 10,000 proteins may be resolvable. Two-

Dimensional (2D) electrophoresis is a multi-step protocol.
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In the procedure used in this work, immobilised pH gradient (IPG) strips

(Immobiline Drystrips, Pharmacia Biotech, St. Albans, Herts, UK) were used for the

first dimension to separate proteins according to their net charge or isoelectric point.

SDS-Polyacrylamide gels were used for the second dimension where the isoelectric

focused proteins were separated according to their molecular weight.

2.8.3.1. Sample preparation and solubilisation

Groups of oocytes (n = 50) were lysed and the proteins solubilised by adding

90pl solubilising solution containing: 9M Urea, 2% Chaps (3-[(3-cholamidopropyl)

dimethyl ammonio]-l-propanesulfanate) (Sigma), 1% Dithiothreitol (DTT) (Sigma),

2% v/v carrier ampholytes (pH: 3-10), 0.005% phenol blue. The solution was then

subjected to 10 cycles of fairly rapid freezing and thawing in liquid nitrogen and a

37°C water-bath. The solution was then homogenised in an eppendorf microcentrifuge

tube with a close fitting PTFE (Polytetrafluoroethylene) pestle and left at room

temperature for 30 min. The tube was then centrifuged at 15,000 g for 5 min at room

temperature. The supernatant was then removed and used for analysis.

2.8.3.2. Immobilised pH gradient (IPG) first dimension separation and

equilibration

Isoelectric focusing (IEF) was done using the multiphor II electrophoresis

system (Pharmacia Biotech, St. Albans, Herts, UK) and the Immobilin Drystrip Kit.

Immobilin Drystrips (pH: 3-10 non-linear) were rehydrated with reswelling buffer (8M

Urea, 0.5 % Chaps, 0.2% DTT, 0.025% v/v carrier ampholyte (pH: 3-10), 0.001%

Orange G) overnight according to the manufacturer recommendations.

Sample solutions were pipetted into Pharmacia sample applicator cups (100 pi

maximum volume) and positioned at the anode end of the rehydrated IPG strips lying

in the Drystrip kit tray. The IEF run program was as follows: 1 hour at 150V, 1 hour at
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300V, 1 hour at 1500V, 21 hrs at 3500V, all at mA maximum current, 2.5W maximum

power and 20°C. Gel strips were stored at -75°C until required for the next step.

Prior to running the second dimension, the IPG strips were equilibrated for 15

min. in buffer containing: 50 mM Tris - HC1 (pH: 6.8), 2% SDS, 1% DTT, 6M urea,

0.025% Bromophenol Blue, followed by 15 min in the same buffer supplemented with

5% Iodoacetamide to alkylate any free DTT.

2.8.3.3. Second dimension separation

The second dimension was run as a modification of Laemmli (1970)

electrophoresis system using the Protean II multi-cell (Bio-Rad). Equilibrated IPG

strips were laid on top of the polymerised separating gel (6.0% T, 3.33% C acrylamide

/ bisacrylamide gels, 375 mM Tris-HCl, pH: 8.8, 0.1% SDS, 0.10% v / Temed, 0.05%

Ammonium persulphate), and sealed in place with molten agarose (1% in electrolyte

solution). The system was set up according to the manufacturer's instructions and the

required volume of electrolyte solution (0.384 M glycine, 0.05 M Tris, 0.1% SDS, pH:

8.25) were added to the anode and cathode tanks. Electrophoresis was run at 40 mA /

gel and 500 Vmax with circulating coolant maintaining the electrolyte at 7.5-10°C until

the bromophenol blue marker dye had just passed off the bottom of the gel (~ 3 Vi hrs).

2.8.3.4. Silver staining and gel drying

The gels were fixed and stained by a modification of the silver staining method

of Blum et al., (1987). The silver staining protocol is described in appendix VII. After

staining, the gels were dried between two sheets of cellophane in the Easy Breeze gel

Dryer (Pharmacia Biotech, St. Albans, Herts, UK) as per the manufacturer's

instructions.

65



Chapter 3

Chapter 3

Development of a method for culture of bovine large
antral follicles

3.1. Introduction

In current in vitro bovine embryo production protocols, oocytes are aspirated

from a wide size range (2-8 mm in diameter) of follicles from ovaries collected after

slaughter. Oocytes from small antral follicles that complete nuclear maturation as

indicated by progression to metaphase II and the emission of the first polar body often

have a low fertilisation rate and rarely develop to the blastocyst stage (Pavolk et al.,

1992). The factors that control the complex processes of oocyte growth and

differentiation have so far proved difficult to study. In ruminants, approximately 40

days are needed for an early antral follicle to reach the preovulatory stage in vivo

(Lussier et al., 1987). The development of systems able to support oocyte growth in

vitro would provide a system to study and identify some of the factors essential for the

acquisition of full developmental competence of oocytes in addition to providing a

method for in vitro production of developmentally competent oocytes.

The earliest experiments on oocyte growth in vitro, involved culturing the whole

ovary (Martinovitch, 1938). Organ culture has the advantage of maintaining normal cell

contacts but there are serious disadvantages in maintaining this type of culture over a

long period of time due to perfusion problems. The culture of cortical slices was

developed to overcome these physical problems. However, follicle development cannot

be sustained beyond early preantral stages in either cortical slices or whole organ

culture. Therefore, other culture systems for primordial and preantral follicles have been

developed, which in the mouse have resulted in the production of fertile pups following

IVM / IVF and IVC (Spears et al., 1994; Eppig and O'Brien, 1996). The ultimate
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objective of follicle culture is to produce developmentally competent oocytes from

primordial follicles. These are most abundant within the ovary and their number does not

vary either during the oestrus cycle or the annual breeding seasons. Using micro¬

dissection techniques follicles of different stages of development have been isolated as

preantral (105-160 pm) and as large preantral/ early antral (150-200pm) (Ralph, 1996).

The successful culture of large antral follicles in cattle has not been reported so far. In

sheep, a system was developed for culture of antral follicles to study steroidogenesis

within the follicle in vitro (Moor et al., 1973). However, in these experiments the

quality of follicle enclosed oocytes and their subsequent developmental competence

were not assessed after follicle culture. Antral follicles are less abundant within the

ovary, however, oocytes from this category have been in the follicular environment for a

longer period and so acquire a greater developmental competence than oocytes from

smaller sizes / earlier stage follicles. The development of a system for culture of large

antral follicles, which supports both the follicle and the oocyte, may have the advantage

of producing more developmentally competent oocytes. The scarcity of large antral

follicles may then be resolved by hormonal stimulation of animals prior to slaughter.

The aim of present studies was to develop a culture system for culture of bovine antral

follicles. To achieve this goal first the effect of follicle culture as immersed in the

culture medium or inserted on the top of netwell inserts, on development of oocytes

following 24 hrs follicle culture was assessed. Then, the effects of various culture

conditions including; gaseous atmosphere, osmolarity and volume of culture medium

and the presence of FCS and FSH were evaluated.

3.2. Methods

3.2.1. Follicle collection

Bovine ovaries were obtained from local abattoirs and transported to the

laboratory using warm water filled flasks, at 28-31°C. The maximum period of time
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between slaughter of the animals and receipt of ovaries was less than 4 hrs. Non-atretic

follicles (4-8 mm in diameter) were dissected from ovaries and cultured in vitro (see

section 2.2).

3.2.2. Treatments

The objective of these experiments was to establish a culture system for large

bovine antral follicles which is able to maintain the oocyte with an intact GV in

prophase of first meiotic division after 24 hrs of follicle culture. In addition when

removed from follicles and cultured under suitable conditions, these oocytes should

resume meiosis and develop to the metaphase II stage. During all of these experiments,

follicles were cultured in Waymouth medium MB752/1 (Gibco BRL, Life Technologies

Ltd., Paisley, UK) supplemented with 0.23 mM pyruvic acid (Sigma, Dorset, UK), 50

mg/L streptomycin sulphate (Sigma), 75 mg/L penicillin G, 3mg/ml BSA (A-6003,

Sigma), 5 pg/ml insulin (Sigma), 5 pg/ ml transferrin (Sigma), 5 ng/ml selenium (Sigma)

pH: 7.4 for 24 hrs. Unless otherwise stated all culture media were supplemented with

10% heat inactivated FCS (Globepharm, Surrey, UK). The FCS was previously heat

inactivated by heating at 56°C for 15min, aliquoted and stored at -20°C until required.

A range of procedures were used for follicle culture, after each culture period a

proportion of the oocytes were matured in maturation medium for 24 hrs. Matured and

non-matured oocytes were fixed and stained with 1% aceto-orcein as previously

described (section 2.5). For all of these systems follicles were cultured using 6 well

tissue culture dishes (Costar, Cambridge, USA) with 3 follicles cultured in each well.

3.2.3. Effect of method of follicle culture on oocyte quality

A total of 153 follicles were cultured either immersed in the culture medium (6

replicates, n=90) or on the top of an insert membrane (Costar) (5 replicates, n=63). In
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the latter situation the follicles just touched the medium and a thin layer of culture

medium covered the follicle by capillary action (see figure 3.1).

3.2.4. Effect of okadaic acid on oocyte maturation

Okadaic acid (OA) has been shown to induce a rapid appearance of maturation

promoting factor (MPF) activity in Xenopus and Starfish oocytes (Picard et al., 1989)

and to accelerate germinal vesicle breakdown in both cattle and pig oocytes (Kalous, et

al., 1993). Oocytes recovered following culture of antral follicles immersed in the

culture medium did not resume meiosis upon subsequent maturation in vitro. The effects

of OA in such oocytes was evaluated. Antral follicles were cultured immersed in

medium using 6 well tissue culture dishes (Costar) without netwell insert membranes for

24 hrs (3 replicates, n=36). Oocytes were subsequently recovered and transferred into

maturation medium containing gonadotrophic hormone (see section 2.3) and 0.5pM OA

(Sigma).

3.2.5. Effect of serum on follicle/oocyte

The beneficial effects of the addition of serum to the media used for preantral

follicle culture and oocyte maturation has previously been reported (Leibfried-Rutledge

et al., 1986; Telfer and Robertson, 1995). During the studies reported here large antral

follicles were cultured in Waymouth culture medium (Gibco BRL) in the presence (3

replicates, n=68) or absence (3 replicates, n=68) of 10% FCS (Globepharm) on netwell

insert membranes (Costar). Following 24 hrs of follicle culture, oocytes were recovered,

half of them were transferred into maturation medium, the remainder were fixed to

examine nuclear and chromatin morphology to assess cell cycle stage and quality.

69



Chapter 3

3.2.6. Effect of osmolality of follicle culture medium on oocyte quality

In current in vitro protocols for the culture of bovine oocytes, the osmolarity of

the culture medium is generally adjusted to 280 mOsmol. However, preliminary

measurements of the osmolarity of follicular fluid from different sizes of follicle and

from pools of several follicles showed a range from 300-320 mOsmol. Follicles (4-8mm

in diameter) were aspirated and the follicular fluid from some of individual follicles and

pools of at least 10 follicles were collected separately in small tubes. The tubes were

allowed to stand for 10 min at room temperature in order for free particles to settle. The

osmolarity of both individual and pools of follicular fluid were then measured using a

osmolarimeter (model 3MO plus, Advanced Instruments, Ma, USA). To compare the

effects of osmolarity of the culture medium, two Waymouth culture media with

osmolarities of 280 and 310 mOsmol were used for follicle culture. Antral follicles were

cultured (2 replicates, n=60) on insert membranes in a gaseous atmosphere of 45% O2,

5% C02 and 50% N2 at 39°C for 24 hrs.

3.2.7. Effect of volume of culture medium on follicle and oocyte quality

Follicles were cultured in volumes of 500pl, 1ml, 2ml, and 2.6ml of medium per

follicle (3 replicates, n=112). Diagrammatic explanation of the methods of follicle

culture for different volumes of culture medium is presented in figure 3.2. For all of

these systems follicles were cultured using 6 well tissue culture dishes (Costar) however,

for the volume of 500 pi, follicle culture was performed in the absence of netwell insert

(Figure 3.2). Follicles were cultured on the insert membrane in a gaseous atmosphere of

45% 02, 5% C02 and 50% N2 at 39°C for 24 hrs..

3.2.8. Effects of gaseous atmosphere during follicle culture on oocyte quality

Follicles were cultured either in an atmosphere of 5% CO2 in air (low oxygen,

LO) using an incubator (n=52) or an atmosphere of 45% Oxygen, 5% CO2, 50%
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Nitrogen (high oxygen, HO) using a sealed culture jar (n=48). The cultures were

maintained under each condition in a humidified atmosphere at 39°C for 24 hrs. A

proportion of the oocytes (n=28 per treatment) recovered from both treatments were

subsequently matured in maturation medium in a gaseous atmosphere of 5% C02 in air

for 24 hrs at 39°C.

3.2.9. Effect addition of FSH to the follicle culture on oocyte quality

It has previously been demonstrated that addition of ovine FSH (Sigma) at a

concentration of 25mIU to bovine preantral follicle culture supports both granulosa

proliferation and oocyte growth (Ralph, 1996). Bovine antral follicles larger than 4mm

in diameter are more responsive to administration of FSH in vivo. The effects of FSH on

antral follicle culture were assessed by adding ovine FSH (Sigma, 97% purity) 25 (CI),

50 (C2) and 100 (C3) mlU were added to the culture medium and comparing with the

control group (no FSH). Follicles (3 replicates, n=100) were cultured on insert

membranes in a gaseous atmosphere of 45% O2, 5% CO2 and 50% N2 for 24 hrs at 39°.

3.3. Statistical analysis
The data from different experiments were compared by chi-square statistical

analysis using Minitab (version 10.5 Extra) in computer. In order to minimise the

variability between replications, the same number of follicles in each well (n=3) and the

same batch of heat-inactivated FCS were used.

3.4. Results

3.4.1. Effect of method of follicle culture on oocyte quality

A total of 90 antral follicles were cultured (6 replicates) immersed in culture

medium for 24 hrs. Forty-two oocytes were fixed immediately after follicle culture and

the remainder (48 oocytes) were cultured in maturation medium for 24 hrs. All of the
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oocytes examined directly after follicle culture remained at the GV stage (Fig. 3.3).

Although a proportion showed some chromatin condensation (n=13) the nuclear

membrane was still present (Fig.3.4A). A total of 63 oocytes (5 replicates) were

recovered from follicles following culture on netwell inserts. In this group, 94% of

recovered oocytes (n=30) remained at the GV stage following 24 hrs of follicle cultured

and no chromatin condensation was observed (Fig. 3.4B). Subsequently 85% of the

recovered oocytes cultured in maturation medium (n=33) resumed meiosis and

developed to the Mil stage (Fig. 3.3, 3.5). This protocol for antral follicle culture was

used in all subsequent experiments.

3.4.2. Effect of FCS on oocyte quality

Oocytes were recovered following follicle culture in the presence or absence of

serum. The majority of oocytes observed after 24 hrs follicle culture in both groups (32

out of 34 in serum negative (94%) vs. 30 out of 34 in serum positive (89%)) remained at

the GV stage (Fig. 3.3). Following subsequent maturation, 29 out of 34 (85%) in serum

negative vs. 31 out of 34 (91%) in serum positive progressed to the Mil stage. There

were no differences in the maturation and GV rates between these two groups.

However, oocytes from follicle culture in the presence of serum maintained a more

normal chromatin structure at both GV and Mil stages. A normal GV is located

peripherally and has an intact homogenous membrane whilst in many of these oocytes

the GV was found located in the central area with a non-homogenous membrane

appearance. The shape and location of chromosomes on the metaphase plate should

appear regular, however in the serum negative group oocytes acquired an irregular

shape.
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3.4.3. Effect of osmolarity of follicle culture medium on oocyte quality

A total of 60 follicles (2 replicates) were cultured in media of different

osmolarities (280 and 310 mOsmol /I Waymouth medium) for 24 hrs. No differences

were observed either in the number of oocytes remaining at the GV stage (14 out of 15

(93.3% in both groups) or those able to resume meiosis and progress to Mil (13 out of

15 (86%) in 280 vs. 12 out of 15 (80%) in 310) (Fig. 3.3). For all further studies the

osmolarity of the follicle culture medium was adjusted to 280 mOsmol/1.

3.4.4. Effects of volume of the follicle culture medium on oocyte quality

A total number of 112 follicles (3 replicates) were divided and cultured in 0.5, 1,

2 or 2.6 ml culture medium / follicle. Fourteen oocytes recovered from each group were

subsequently cultured in maturation medium, the remainder were fixed and stained for

assessment of nuclear morphology. The number of oocytes remaining at the GV stage in

the different treatment groups were 14, 14, 13 and 13 respectively. Following

subsequent maturation there were significant differences in the rate of development to

Mil stage between treatments (14.2%, 21.4%, 85.7% and 85.7% respectively) (Fig. 3.3)

(p<0.001). These differences were between treatments 1-2 and 3-4. There were no

differences between 2.0 or 2.6 ml culture medium / follicle.

3.4.5. Effects of gaseous atmosphere during follicle culture on oocyte quality

A total of 100 antral follicles (3 replicates) were cultured in two gaseous

atmospheres consisting of a) 5% C02 in air (n=52) and b) 45% O2, 5% CO2 and 50%

N2 (n=48). All of the oocytes recovered following follicle culture in both atmospheres

remained at the GV stage (Fig. 3.3). Following subsequent culture in maturation

medium, there was a significant difference between the two groups in the number of

oocytes which resumed meiosis and matured to Mil (5 out of 28 (17.8%) vs. 26 out of

28 (92.8%), respectively) (p<0.01).
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3.4.6. Effects of addition of FSH during follicle culture on oocyte quality

A total of 100 antral follicles (3 replicates) were cultured in four groups of the

control and 25(C1), 50(C2) and 100(C3) mlU treatments. The percentages of oocytes

(n=50) remaining at the GV stage following 24 hrs follicle culture were 91.6%, 91.6%,

83.3% and 71.4% respectively (Fig. 3.3). The percentage of oocytes which reached Mil

stage after maturation in the control and FSH treatment groups were 83.3%, 83.3%,

100% and 85.7% respectively (Fig. 3.3). After maturation, the majority of those oocytes

recovered from C2 and C3 groups were found to be totally or partially denuded of

cumulus cells.

74



Chapter 3

Figure 3.1. Diagrammatic representation of the system for culture of antral follicles.
Follicles (3 in each well) were cultured on the top of netwell inserts for 24 hours.
Culture media (2.6ml per follicle) were gassed in anaerobic jar with a gas mixture of
45% O2, 5% CO2, 50%N2 and warmed at 39°C at least 2 hours prior to follicle culture.
In order to maintain optimal humidity in the jar, some distilled water was added to it. A
proportion of oocytes collected from follicles was cultured in maturation medium for
an additional 24 hours and then fertilised.
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Fig. 3.2. Diagrammatic representation of the system for culture of follicles with
different volumes of culture media. Follicles were cultured in 4 different volumes of

500pl, 1ml, 2ml or 2.6ml per follicle of Waymouth medium for 24 hours. Netwell
inserts (500 pm mesh size) were fitted in 6 well dishes and 3 follicles were cultured in
each well. When 500pl/follicle was used no netwell was inserted in the culture dishes.
In this system, follicles were not immersed in the culture medium and just touched the
surface of medium which covered the netwell membrane. When larger volumes of 2
and 2.6ml culture medium/follicle were used, the netwell inserts were pulled up using
pieces of glue or a plastic ring around the neck of the netwell insert.
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Figure 3.3. The percentage of oocytes at germinal vesicle stage (GV) and the second

metaphase of meiotic division (Mil). Follicles were cultured in the following
conditions: presence or absence of FCS, two different osmolarities of culture medium,
different volumes of culture medium / follicle and three different concentrations of

FSH (mlU/ml culture medium) in a gaseous atmosphere of 45% O2 5% CO2 50% N2

(HO). This gas atmosphere was also compared with 5% CO2 in air (LO) using the same

conditions of culture.
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Figure 3.4. GV stage oocytes recovered following 24 hours of culture. A)
photomicrograph showing part of an oocyte recovered following follicle culture by
immersing in the culture media. Note the abnormal chromatin condensation and the
presence of the germinal vesicle. Scale bar = 11.5pm. B) Oocyte recovered following
culture of follicle on the netwell inserts. Note the healthy uncondensed chromatin in
intact GVs. Scale bar = 23 pm.

Figure 3.5. Photomicrograph showing an example of oocyte at the second metaphase of
meiotic division. Oocytes were collected following 24 hours of antral follicle culture
and then matured in vitro. Note the widened previtelline space (PS) and extruded the
first polar body (PB). Scale bar = 23pm.
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3.5. Discussion

These experiments were designed to establish a culture system in which both

the follicle and oocyte remained viable. Results from these preliminary experiments

provided valuable information on the culture of antral follicles. Oocytes obtained

from follicles immersed in the culture medium did not develop on subsequent

maturation. In contrast the majority of oocytes obtained from follicles cultured on

netwell inserts subsequently developed to the Mil stage. One explanation for these

differences is that oocytes cultured in immersed follicles may be restricted in their

access to oxygen and therefore do not survive. In vivo the follicle would be

oxygenated by its blood supply.

It has been previously been reported that FCS contains serum anti-apoptotic

factor (SAF), this factor regulates Fas mediated apoptosis (Kikutchi et al., 1995).

Thus it has been considered that the inclusion of FCS in culture media may reduce

the incidence of apoptotic cell death. Recent work on the effects of the presence of

serum in the culture media used for culture of murine preantral follicles has shown

that it cannot prevent apoptosis within the first 24 hours of culture. However, SAF

inhibits further apoptotic cell death after the initial 24 hour culture period (Telfer,

1996). It has been proved that FCS is beneficial for oocyte cytoplasmic maturation

and nuclear development to Mil during maturation in vitro (Leibfried-Rutledge et

al., 1986; Sanbussiho and Threlfall, 1988; Younis et al., 1989). In these experiments

no differences in the maintenance of GV arrest in the presence or absence of serum

in the follicle culture medium were observed. However, a higher number of oocytes

obtained from follicles cultured in the presence of serum subsequently matured to

MIL In addition, the chromatin of these oocytes appeared morphologically more

normal, as defined by degree of condensation. Whether the differences observed in

the chromatin morphology between the two groups of oocytes was caused by the

start of apoptotic changes in the oocytes needs to be investigated.

It has also been shown that serum inhibits hardening of zona pellucida (ZP)

during oocyte maturation (Downs, et al., 1986; Choi, et al., 1987). In contrast,
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during oocyte maturation in serum free medium, changes occur in the zona pellucida

that render it less soluble to proteolytic digestion by a-chymotrypsin and inhibit

fertilisation (DeFelici and Siracusa, 1982). Among these changes is the proteolytic

cleavage of ZP2, one of three major glycoprotein components of the mouse zona

pellucida, resulting in the formation of ZPzf (Bleil et al., 1981). This change in the

structure of ZP2 occurs normally during fertilisation and is thought to constitute a

block to polyspermy (Moller and Wassarman, 1989). Serum and follicular fluid

prevent ZP2 to ZP2f conversion and zona pellucida hardening during oocyte

maturation in vitro (De Felici et al., 1985). Fetuin, a major component of newborn

calf serum, inhibits the in vitro maturation-associated modifications of the ZP (Eppig

et al., 1992). Fetuin is an acidic glycoprotein originally isolated from foetal bovine

serum and has been found in several other species (Nie, 1992). Other components of

serum such as sulphated glycoaminoglycans can also inhibit the zona hardening

reaction (DeFelici, et al., 1985), suggesting that multiple inhibitory components

might be present in this fluid. In another study when mouse oocytes were matured in

vitro in the absence of serum, cortical granule exocytosis resulted in modification of

zona pellucida components that are known to constitute the zona pellucida block to

polyspermy (Kalab, et al., 1993). During the studies reported here this aspect of

oocyte morphology was not examined. Whether the oocytes recovered following

follicle culture in the absence of serum have been exposed to this premature

exocytosis of cortical granules and hardening of ZP that can inhibit fertilisation of

these oocytes has not been tested.

Changes in the osmolarity of the follicle culture medium had no effect on

oocyte development. In the current procedures for IVM/IVF/IVC of bovine oocytes,

osmolarities between 270-280 mOsmol are used for the culture medium, it appears

that this level of osmolarity, provides a suitable microenvironment for oocyte.

The volume of the culture medium was found to have a crucial role in follicle

and oocyte survival and development. In these experiments, the majority of oocytes

cultured in 500pl of medium / follicle did not develop to Mil on subsequent
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maturation. In contrast the frequency of maturation increased when the volume of

culture medium was increased to 2ml / follicle. It appears that the major problem

with a lower volume of culture medium, is due to changes in the pH of culture

medium. As a result of cellular metabolism, the pH becomes acidic, small volumes

of culture medium cannot buffer these changes and this is thought to cause oocyte

death. On the other hand when the volume of culture medium is too large, efficiency

may be reduced, as locally produced factors become diluted. The same condition

was evidenced during culture of animal cells (Clark and Hirtenstein, 1981).

Different gaseous atmospheres are used in current protocols for oocyte

maturation and embryo production in vitro. Oocytes require a higher concentration

of oxygen than embryos (Pinyopummintr and Bavister, 1994). For culture of

preantral and early antral follicles the same gas system of 5% CO2 in air is used,

however this is not optimal for large antral follicles as was demonstrated in these

studies. For the culture of large antral follicles, possibly because of the large amount

of tissue or due to poor absorption by the follicle, a higher concentration of O2 is

required. The oxygen concentration of 45%, which was used in these experiments,

was first used for culture of ovine antral follicles (Moor, et al., 1973). Oocytes start

developing even inside the follicle when cultured with very high concentrations of

oxygen (Kruip, personal communication). In addition, this level of O2 may produce

free oxygen radicals, which are toxic for development. However in these studies an

increased O2 concentration was found to be beneficial to oocyte survival and to their

subsequent maturation capacity.

Follicle stimulating hormone has different effects on the oocyte and the

follicle. For the oocyte, it has been shown that treatment of cattle with FSH for

superovulation leads to serious abnormalities in oocyte ultrastructure and a reduction

in subsequent development (Sirard and Blondin 1996). These abnormalities have

been attributed to a reduction of intrafollicular oestradiol and progesterone

concentrations. On the other hand the size range of follicles, which were cultured (4-

8 in diameter), has already been classified as FSH-dependent (Gong et al., 1995).
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Presence of FSH, as evidenced by other studies would be expected to protect

follicular wall cells against atretic changes during culture (Carson et al., 1979;

Uilenbroek et al., 1980). In the present experiments, FSH at increasing

concentrations was added to the follicle culture medium. There were significant

differences in the rate of oocytes remaining at GV stage. The observed differences in

the rate of GV-arrested oocytes were probably caused by higher concentrations of

FSH. It seems that use of high concentration of FSH, led to mucification of cumulus

cells. As a result the oocytes were released from the inhibitory effect of the follicle

wall and GV break down occurred. The mucification in the cumulus cells was

further evidenced by observation of the denuded oocytes in C2 and C3 treatments

following maturation in vitro compared with the control and CI oocytes. In the

present studies FSH was added to follicle culture medium in the presence of insulin.

A recent report by Eppig et al., (1998) showed that addition of FSH to medium

containing insulin had deleterious effect on the percentage of mouse mature oocytes

competent to the blastocyst stage, whilst oocyte growth, general morphology, and

competence to resume meiosis appeared unaffected. This effect was not investigated

in the present experiments on percentage of cattle oocytes developing to the

blastocyst stage.

Establishment of a culture system for culture of large antral follicles in vitro

would result in a better understanding of follicular dynamics in cattle. The follicular

somatic cell viability and its responsiveness to gonadotrophic hormones, production

of locally produced growth factors that mediate the action of gonadotrophins may be

studied in a controlled environment. One of the proposed applications of such a

follicle culture system may be to study the mechanism involved in the phenomenon

of follicular dominance in cattle. From a large group of developing early-antral

follicles, a species specific number is selected, establishing dominance over the

remaining follicles, the subordinate follicles, in the cohort (Hirshfield, 1991). These

dominant follicle(s) proceed to the preovulatory stage, subordinate follicle failing to

grow and terminate development in atresia. Although a fall in FSH accessibility
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(Zelezink and Hillier, 1984) or production of inhibitory factor (Ireland, 1987)

compromises the development of subordinate follicles, the initial mechanism behind

the selection mechanism has not been clarified. In the mouse, it was shown that co-

culture of preantral follicles led to establishment of follicular dominance during

culture (Spears et al., 1996). In cattle, such a phenomenon has not yet been reported.

Culture of follicles on the top of netwell inserts resulted in viable oocytes

which had the developmental competence to proceed to Mil stage. It is not known

whether these oocytes still have the competence to develop to the blastocyst stage or

even may gain a greater cytoplasmic maturation that result in a higher developmental

competence than the same size of oocytes treated in the routine IVF system.

The results of the experiments reported here, show that the requirements for

culture of large antral follicles are entirely different from those required for preantral

or early antral follicles. In order to maintain oocyte viability during follicle culture,

oocytes must have access to oxygen, which can be achieved by using high O2

concentrations. This is supported by the poor results following culture of large,antral

follicles immersed in culture medium. This may constrain the oxygen accessibility to

the follicle and thus lead to oocyte death. Additionally the volume of culture

medium has a vital role and the presence of serum is beneficial for oocyte

development. The addition of factors, which support follicular survival, may

improve both oocyte and follicle viability and development. However the identity

and concentrations of such factors remains to be investigated. Some factors have

already been reported to rescue follicles from atresia in vitro including IGF-1

(Adashi et al., 1985; Harper and Brackette, 1993), growth hormone (GH)

(Eisenhauer et al., 1995), EGF (Tilly et al., 1992), oestradiol (E2) (Richards et al.,

1976) and FSH (Carson et al., 1979). Whether a justified combination of these

factors would benefit both follicle and viability needs to be clarified.
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3.6. Summary

The results of the experiments described above indicate that a suitable basic

culture system for culture of large antral follicles is different from that required for

primordial or pre-antral follicles. These studies demonstrate that culture of follicles

on the top of an insert membrane in a gaseous atmosphere of 45% Cb, 5% CCb and

50% N2 in Waymouth culture medium MB752/1 (GIBCO BRL) supplemented with
0.23 mM pyruvic acid, 50 mg/L streptomycin sulfate, 75 mg/L penicillin G, 3 mg/ml

BSA (A-6003, Sigma), 5 pg/ml insulin, 5 pg/ ml transferrin, 5 ng/ml selenium

(Sigma) pH: 7.4, adjusted to 280 mOsmol osmolarity and supplemented with 10%

FCS in a volume of 2.6ml of culture medium per follicle (3 follicles in each well)

results in the highest rate of GV arrest in the oocytes following 24 hrs of culture. The

oocytes recovered following follicle culture in these conditions, resulted in the

highest rate of development to the metaphase II stage upon subsequent maturation in

vitro. This culture system was used for the rest of studies described in the following

chapters of this thesis.
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Chapter 4

Maintenance of bovine oocytes in meiotic arrest and
subsequent development in vitro: A comparative
evaluation of antral follicle culture with other methods

4.1. Introduction

Modifications to the culture conditions used for oocyte maturation, fertilisation

and embryo development has increased the frequency of bovine oocytes matured and

fertilised in vitro. However, embryo production is still hampered by high losses during

early development. The ineffectiveness of in vitro embryo production systems may be

due to sub-optimal conditions during the maturation, fertilisation or culture procedures.

Alternatively, this may reflect the developmental competence or status of the oocyte

prior to the onset of maturation.

In vivo, oocyte development and maturation occurs within the follicle. In

contrast, in vitro, when oocytes are removed from the follicle, maturation resumes

spontaneously (Pincus and Enzmann, 1935). The relationship between developmental

competence and oocyte development is unclear. However, it is hypothesised that if

oocytes can be cultured in vitro under conditions, which maintain meiotic arrest at the

GV stage, then they may have the opportunity to acquire greater developmental

competence. To date treatment of oocytes with chemicals which elevate intracellular

levels of cAMP including dibutryl cAMP (Cho et al., 1974), inhibitors of the cAMP-

degrading enzyme PDE, IBMX (Bornslaeger et ai, 1984; Schultz, 1986; Sirard, 1990;

Aktas et al., 1995) activators of adenylate cyclase, forskolin, cholera toxin, and

prostaglandin E2 (Bilodeau et al., 1993) have been used in different species. In

addition, protein synthesis inhibitors (Sirard, et al., 1989), phosphorylation inhibitors

such as 6-Dimethylaminopurine (6-DMAP) (Fulka, et al., 1991), protease inhibitors
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such as p-amino-benzamidine (Motlik, 1989) and RNA synthesis inhibitors such as a-

amantine or sodium fluoride (Sirard, 1990) have been also used. Various studies have

shown that treatments which maintain high levels of cAMP exert only a transient

suppression of GVBD in bovine oocytes (Homa, 1988; Sirard and First, 1988; Sirard,

1990), otherwise a toxic concentration of these chemicals are used (Sirard and Coenen,

1993) which may cause damage to the cytoskeleton.

Other studies have attempted to establish physiological methods for the

maintenance of meiotic arrest including addition of follicular fluid to the culture

medium (Lebfried-Rutledge and First, 1980a,b; Tsafriri et al., 1982; Racowsky and

Baldwin, 1989), culture of oocytes on monolayers of granulosa or theca cells (Sirard

and Bilodeau, 1990b; Tsafriri and Channing, 1975a; Richard and Sirard, 1996a) within

follicle hemi-sections (Sirard and Coenen, 1995; Richard and Sirard, 1996b), or

attached to a small part of the follicular wall (De Loos et al., 1994). An alternative to

these methods is to isolate and culture intact antral follicles- This would supply a

combination of the effects of follicular components to the enclosed oocyte. There is

only one published report relating to the culture of intact bovine antral follicles (Kruip

and Dieleman, 1989). Several studies on ovine follicular steroidogenesis utilised an

antral follicle culture system (Hay and Moor, 1973; Moor et al., 1973; Moor and

Walters, 1979). None of these reports studied the quality of oocytes following follicle

culture. The aim of the experiments presented here was to evaluate the ability of the

culture system that was developed for the culture of intact, large bovine antral follicles

(chapter 3) to maintain bovine oocytes in meiotic arrest. The ability of oocytes,

subsequently released from follicles cultured for 24 hrs to resume meiosis and the

developmental competence of the resultant embryos up to the blastocyst stage was also

examined. In addition the maintenance of meiotic arrest by antral follicle culture was

compared with oocytes cultured either in follicle hemi-sections or attached to a small

part of the follicular wall.
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4.2. Materials and Methods

4.2.1. Culture of antral follicles

Ovaries were obtained from local abattoirs and maintained at 28-35°C during

transport to the laboratory (1-2 hrs). Follicles of 4-8mm diameter were dissected from

the surrounding connective tissues. Selected follicles were cultured in Waymouth

medium MB752/1 (Gibco BRL, Life Technologies Ltd., Paisley, UK) supplemented

with 0.23 mM pyruvic acid (Sigma, Dorset, UK), 50 mg/L streptomycin sulfate

(Sigma), 75 mg/L penicillin G (Sigma), 3 mg/ml BSA (A-6003, Sigma), 5 pg/ml

insulin, 5 pg/ ml transferrin, 5 ng/ml selenium (all from Sigma) pH: 7.4, Osmolarity

280mOsmol. Foetal calf serum (Globepharm, Surrey, UK) 10% was added prior to

gassing. A gaseous atmosphere of 45% 02 50% N2 5% CO2 was used according to

Moor et ah, (1973). Selected follicles were transferred into either 6-well culture dishes

(Costar, Cambridge, USA) fitted with netwell inserts (Costar) of 500pm pore diameter

containing the above culture medium. The culture medium was gassed for 5 min and

kept at 39°C in a sealed jar containing the correct gas mixture for two hours prior to

culture. After transferring the follicles into the culture dishes, they were gassed again

by the same system for 5 min. Culture was continued for up to 2 days without changing

the medium. For longer periods of culture, the medium was changed every 2 days.

4.2.2. Culture of oocytes in hemi-sections of follicular wall

Follicles were dissected from ovaries as previously described (see section 2.2)

and selected follicles (4-8 mm diameter) were completely trimmed from the remaining

stromal tissues. The position of the oocyte was located within each follicle using a

stereomicroscope. The follicle wall was then pierced at the side opposite to the oocyte.

After gently flushing out the follicular fluid, using slight pressure the collapsed follicle

was cut in half using fine scissors, the oocyte remaining in one half of the follicle.
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Oocytes which detached during the process and others isolated by aspiration were

placed inside follicle hemi-sections. Two oocytes were placed into each hemi-section.

Three follicle hemi-sections were transferred to 500 pi drops of Waymouth medium

supplemented with 10% FCS under mineral oil (Sigma) in a 35 mm tissue culture dish

(Nunc, Roskilde, Denmark) and maintained in an atmosphere of 5% C02 in air at 39°C

for 24 hrs.

4.2.3. Culture of oocytes attached to part of the follicle wall

Follicles were dissected from the ovaries as previously described (section 3.2).

Selected follicles were cut according to De Loos et al (1994). Briefly the COC was

located using a stereomicroscope . Directly opposite the point of attachment of the

COC to the follicle wall, the follicle was pierced with a needle and the follicular fluid

gently flushed out leaving a collapsed follicle. Three areas of the collapsed follicle were

cut away using fine scissors to leave a sandwich of follicular wall with its COC

positioned centrally. By pulling back the upper part of this sandwich and trimming the
">

follicular wall around the COC, a preparation of follicular wall (2-3 mm" ) with a COC

attached was obtained (Fig. 4.1).

An alternative method which was also employed for the isolation of oocytes

attached to part of the follicle wall was a vacuum aspiration system. An 18 gauge

needle connected to a vacuum line was inserted into individual follicle. During

aspiration the needle was used to gently scratch the follicular wall. Using this

technique, the majority of the oocytes isolated were attached to part of the follicular

wall. Five to ten isolated COC follicular wall complexes were cultured in 500pl

Waymouth culture medium supplemented with 10% FCS in an atmosphere of 5% C02

in air at 39°C for 24 hrs.

92



Chapter 4

Figure 4.1. Schematic diagram of antral follicle dissection for the preparation of follicle

hemi-sections or isolation of oocytes attached to part of the follicle wall. Isolated

follicles were pierced, collapsed follicle walls were cut in three places. Oocytes

attached to hemi-sections of follicle wall were cultured for 24hrs.

93



Antral
follicle

Sliced
Follicle

DissectedFollicle
Wall



Chapter 4

4.2.4. Aspiration and selection of oocytes

After dissecting and washing of the ovaries, cumulus oocyte complexes were

aspirated from follicles of 4-8 mm in diameter using a 10 ml syringe fitted with an 18

gauge hypodermic needle (1.2 mm internal diameter) as explained in section 2.3.

Oocytes were assessed on morphological criteria (see section 2.2) and good quality

oocytes with a homogenous evenly distributed cytoplasm and 3-4 layers of compact

cumulus investment were selected for maturation.

4.2.5. Oocyte viability and determination of meiotic arrest

After 24 hrs, oocytes from all culture procedures were recovered. A proportion

of the oocytes was tested for viability by dye exclusion using 0.5% trypan blue (Sigma,

cell culture tested). Viable oocytes exclude trypan blue whilst non-viable oocytes take

up this dye and stain blue (Cook and Mitchell, 1989).

Nuclear morphology was determined microscopically. Oocytes were denuded

by incubating in Dissection Medium (see section 2.3) containing hyaluronidase

(Sigma), (500 IU/ml) for 10 min followed by repeated pipetting. Completely denuded

oocytes were recovered and transferred to cleaned glass slides of 3 pi drops of

dissection medium. A mixture of Vaseline and Paraffin wax (10:2) was used to attach a

coverslip to the glass slide holding the oocytes in position without excessive pressure.

Mounted oocytes were then fixed in freshly prepared methanol: glacial acetic acid (3:1)

for 24 hrs, stained with 1% acetic-orcein and examined under phase contrast at 100X

and 400X magnification. Oocytes were classified as GV stage if the nuclear membrane

was present and the chromatin was uncondensed.

4.2.6. Reversibility of meiotic arrest

After 24 hrs culture, isolated COCs were washed twice in dissection medium

(see section 2.2) and cultured in pre-gassed maturation medium (see section 2.3)
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supplemented with 0.006IU/ml of each human FSH and LH (Pergonal, Serono

Laboratories, Herts, UK) and 10% FCS in 35 mm tissue culture dishes (Nunc). In

addition, for the experiments that evaluated the developmental competence of oocytes

to the blastocyst stage, the maturation medium was supplemented with 4 pieces of

cumulus cells (approximately number of 106). These cells were collected during search

of oocytes from aspirated follicles. COCs were then incubated in a humidified

atmosphere of 5% C02 in air at 39°C for 24 hrs. After culture, the oocytes were

denuded, fixed, stained with aceto-orcein and examined by phase contrast microscopy.

4.2.7. In vitro fertilisation

In vitro matured oocytes were fertilised according to the method described by

Vergos and colleagues (Vergos et al., 1989). Briefly, COCs were transferred into

oocyte wash medium (Appendix III) and gently pipetted in order to remove adhering

mucified granulosa cells and break up aggregated COCs. Desegregated COCs were

then washed again in oocyte wash medium and transferred into 45 pi microdrops of

fertilisation medium (5-10 oocytes / drop) containing sperm (1.5 x 10 /ml) maintained

for 48 hrs at 39°C in a humidified incubator of 5% CO2 in air.

4.2.8. In vitro embryo culture

At 46-48 hrs after co-incubation of the spermatozoa and oocytes, cleaved

embryos with at least 4 cells were selected, washed twice in 5 ml HEPES (Sigma)-

buffered Synthetic Oviductal Fluid (HEPES-SOF) medium and transferred to 20pl

droplets of Synthetic Oviductal Fluid (SOF) (Thompson et al 1991) medium

supplemented with 4mg/ml Pentex Crystalline BSA (Bayer) under oil in 35 mm tissue

culture dishes (Nunc) at 39°C, in a humidified incubator with a gaseous atmosphere of
5% CO2, 5% 02 90% N2.
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4.2.9. Estimation of total cell number

Day 8 blastocyst stage embryos were incubated for 15 min in dissection

medium containing 5pg/ml Bisbenzimide (Hoechst 33258. Sigma). The embryos were

then placed onto clean glass slides in 5pl drops of DABCO (Sigma) under cover slips.

Nuclear number was determined by fluorescence using an inverted, differential

interference contrast microscope fitted with epifluorescence (Nikon, Japan).

4.3. Design of experiments and statistical analysis

4.3.1. Experiment l(maintenance of meiotic arrest)

This experiment compared the ability of three different methods of oocyte

culture to maintain meiotic arrest. A total number of 196 oocytes were cultured for 24

hrs either: attached to the follicle wall (n=73), within follicle hemi-sections (n=59) or

as intact antral follicles (n=64). They were then fixed, stained with aceto-orcein and

examined microscopically. Oocyte quality was visually assessed based upon the

organisation of chromatin in the germinal vesicle of arrested oocytes.

4.3.2. Experiment 2 (oocyte maturation following antral follicle culture)

In this experiment the effect of longer periods of antral follicle culture on the

maintenance of meiotic arrest was evaluated. In total 367 antral follicles were cultured

for 24 hrs (n=T05), 48 hrs (n=82), 72 hrs (n=84) and 168 hrs (n=96). At the end of each

culture period a proportion of the oocytes were fixed and examined to assess the cell

cycle stage based upon chromatin morphology. The remaining oocytes were cultured in

maturation medium for 24 hrs, fixed, stained with aceto-orcein and examined using

phase contrast microscopy.
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4.3.3. Experiment 3 (embryo development following antral follicle culture)

This experiment was designed to evaluate the developmental competence of

oocytes derived from antral follicles cultured for 24 hrs prior to oocyte maturation. A

total of 94 oocytes derived from cultured follicles (7 replicates), and 186 oocytes (7

replicates) directly aspirated from follicles of the same size were matured for 24 hrs.

Matured oocytes were fertilised and after 48 hrs assessed for cleavage. Embryos with 4

or more cells were transferred to pre-gassed 20pl droplets of SOF medium (5pl /

embryo). Embryo development from the 4 cell to the blastocyst was assessed at day 8.

The total cell numbers of blastocyst stage embryos was then determined.

4.4. Statistical analysis

For experiment 1, which compared the effects of follicle culture, the proportion

of oocytes at the GV stage were analysed as binomial data by the marginal model of

Breslow and Clayton (1993). For experiment 3, the same model was used allowing for

differences between days to analyse the proportion of oocytes cleaving and the

proportion of cleaved oocytes becoming blastocysts. An equivalent analysis of variance

used to analyse total cell numbers. For experiment 2, the effects of different periods of

culture on the proportion of oocytes at the GV stage, or reaching metaphase II were

assessed by fitting polynomials of periods in a generalised linear model with binomial

errors (Nedler and Wedderburn, 1972).

4.5. Results

4.5.1. Maintenance of meiotic arrest

The number of oocytes cultured and the percentage of germinal vesicle stage

oocytes derived from each of the three culture methods are shown in table 4.1. Oocytes

recovered following 24hrs culture of intact antral follicles maintained the highest

frequency of GV arrest (96.8%). This contrasted with 62.7% of oocytes cultured within
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2

follicle hemi-sections (X ,= 37.1, P<0.001) which in turn was greater than 24.6% for
2

oocytes attached to a portion of the follicle wall (X {= 48.5, P<0.001). Microscopical

assessment of oocyte quality suggested that the oocytes cultured within follicle hemi-

sections wall showed an abnormal, slightly condensed chromatin morphology (Fig.

4.2A). However oocytes derived from whole follicle culture had a normal appearance

(Fig. 4.2B).

On prolonged culture of intact antral follicles the percentage of the oocytes

which remained at the GV stage after 24, 48, 96 and 168 hrs were 96.8. 89.1, 28.5 and
2

30.9% respectively (Fig. 4.3). This gave a significant cubic decline with time (X ,=

8.53, P<0.01). Oocytes which resumed meiosis within the antral follicle during culture

were found at different stages of maturation up to and including second metaphase and

also showed clear signs of degeneration (Fig. 4.4). Visual assessment of oocyte quality

showed that the oocytes which were recovered showed GVBD (Figs. 4.2B. 4.2C). The

percentage of degenerated oocytes following 2, 4 and 7 days of follicle culture were

5.5, 51.5 and 56.5 respectively.

4.5.2. Oocyte maturation following antral follicle culture.

The percentage of oocytes recovered from each follicle culture period after

maturation which developed to the metaphase II stage were 80.0 (24 hrs.), 68.8 (48hrs),

22.8 (96hrs) and 24.0 (168hrs) respectively (Fig. 4.3). The number of oocytes able to

resume meiosis and develop to metaphase II, decreased with the increasing period of
2

antral follicle culture in an approximately linear response (X ,= 36.2, PO.OOl). The

percentages of non-matured, maturing and matured oocytes in different stages of the

cell cycle are shown in figure 4.4. The oocyte group classified as intermediate includes

all of the oocytes with condensed chromatin, those at metaphase or telophase of the 1st
meiotic division or those which had degenerated. The percentage of degenerated in

99



Chapter 4

vitro matured oocytes following 2, 4 and 7 days of follicle culture were 31.2, 77.2 and

76 respectively.

4.5.3. Embryo development following antral follicle culture.

The development of oocytes cultured for 24 hrs within intact antral follicles

prior to maturation, fertilisation and culture was compared to control oocytes which

were matured directly following aspiration. Photomicrograph of some of the blastocysts

produced from follicle culture-derived oocytes is presented in figure 4.5A. The results

from this comparison are summarised in table 4.2. 68.6% of control oocytes developed

to the 4+ cell stage 48 hrs after fertilisation compared to 54.6 % of oocytes following

antral follicle culture. Statistical analysis showed that there was a significant difference
2

(X j = 7.2, P<0.01) in the cleavage rates between the control and follicle culture

oocytes. The number of blastocyst stage embryos produced after 8 days culture in vitro

were 45 (32.8 %) and 25 (48.4 %) for the control and follicle cultured groups,
2

respectively. Statistical analysis of this data showed a significant difference (X , =

109.8, P<0.001) between these two groups. There were no significant differences in

terms of embryo quality based on total cell numbers (Fig. 4.5B) which were 144.6 ± 7.3

and 152.0 ± 8.4 in the control and treatment groups.
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Figure 4.2. Germinal Vesicle (GV) stage oocytes isolated following various

methods of culture. A) GV stage oocyte following 24 hrs culture inside a hemi-

section of the follicle wall. The nuclear membrane remains intact, and the

chromatin shows abnormal chromatin condensation in the presence of an intact

nuclear membrane. Scale bar = 11.5pm. B) Oocyte collected following 48 hrs

of antral follicle culture showing condensed chromatin in the presence of

nuclear membrane (arrows). Scale bar = 23pm. C) Oocyte collected following

7 days of antral follicle culture showing condensed chromatin and GVBD. Scale

bar = 23 pm.
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Figure 4.3. Maintenance of meiotic arrest in oocytes cultured within antral follicles for

increasing time periods and subsequent maturation to metaphase of the second meiotic

division. Antral follicles were cultured for different periods of 24, 48, 96 and 168 hours

n vitro. Following each period of follicle culture, oocytes were collected. A proportion

of collected oocytes were fixed and stained with aceto-orcein staining and remainder of

were matured for 24 hours in vitro. The number of oocytes remained at GV stage

(P<0.01) and at the Mil P<0.001) stages were measured. Different symbols represent

the significant differences.

Figure 4.4. Graph showing the distribution of cell cycle phases in oocytes cultured

within intact antral follicles. GV = intact germinal vesicle, Int = Intermediate i.e.

between GV and Mil, M = arrested at Metaphase II. The stage in cell cycle of both

immature oocytes collected following different periods of antral follicle culture and

subsequently matured in vitro. On prolonged antral follicle culture, immature oocytes

resumed meiosis and were found at intermediate and metaphase II stages. Different

symbols represent the significant differences, in non-matured oocytes: GV (p< 0.01),

Int (pO.OOl), Mil (p<0.05) and in matured oocytes: Int (p<0.01), Mil (p<0.001).
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Figure 4.5. Example of blastocysts produced from oocytes recovered following 24 hrs
of culture of antral follicles. A) Expanded blastocysts following 8 days of embryo
culture. Arrowhead points to a hatched blastocyst. Scale bar = 100pm. B) One of the
blastocysts stained with bisbenzamide (Hoechst staining) showing the total cell
number. Scale bar = 40pm.

Figure 4.6. Example of oocytes recovered after longer periods of antral follicle culture.
An oocyte following 3 days of follicle culture showing expanded cumulus cells layer
and detachment from follicle wall. Scale bar - 35pm.
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TABLE. 4.1. Number of oocytes and percentage remaining at the germinal vesicle

stage after 24hrs culture in three different culture systems. Oocytes were cultured

within intact antral follicles, attached to part of the follicle wall or in hemi-sections of

follicular wall for 24 hrs. Culture of intact antral follicles resulted in a significant

number of oocytes remaining at GV stage (p<0.01).

TABLE. 4.2. Development competence of oocytes following 24 hrs of antral follicle

culture. Oocytes were matured and fertilised in vitro. The table shows the total number

of oocytes, 4+ cell embryos (cleavage rate; p<0.01), and blastocysts produced on day 8

(p<0.001). The total cell numbers of blastocyst stage embryos was determined for each

group.
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Table 4.1.

Culture Method No.of Replicates Total No.of Oocytes No. Oocytes at GV stage(%)

Follicle Wall 6 73 18 (24.6)a

Hemi-sections 6 59 37 (62.7)a

Antral Follicle 7 64 62 (96.8)b
Different letters are significantly different (P<0.01)

Table 4.2.

N°. Oocytes" N°. 4+cell embryos
(%)*

N°. Blastocysts
(%)**

Total Cell Number

Control 186 131 (68.6 ± 8.6)a 45 (32.8 ± 10.8)c 144.6 ±7.3

Follicle
Culture

94 51 (54.6 ± 13.9)b 25 (48.4 ± 8.4)d 152.0 ±8.4

# 7 replicates. * a,b P<0.01, ** , c,d P<0.001
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4.6. Discussion

The results of these studies on the role of the follicle wall in the maintenance of the

germinal vesicle stage in bovine oocytes is supported by recently published data

(Carbonneau and Sirard, 1994; De Loos et al., 1994; Sirard and Coenen, 1993; Richard

and Sirard, 1996b; Van Tol and Bevers, 1998). The work conducted by above research

laboratories showed that theca cells are have the major role in maintaining oocytes in

meiotic arrest and a higher percentage of meiotic arrest can be observed when

granulosa cells are co-cultured with the theca cells. In fact these cellular layers appear

to interact with each other to maintain the enclosed oocyte in meiotic arrest (Kotsuji et

al., 1994). In the present study, the percentage of oocytes which were maintained at the

GV stage was significantly greater when oocytes were cultured within intact antral

follicles. The majority (96.8%) of the oocytes obtained following 24 hrs follicle culture

were arrested in the GV stage. In contrast oocytes cultured within hemi-sections or

attached to part of the follicle wall maintained 62.7% and 24.6% of oocytes at the GV

stage, respectively. The nuclear morphology of oocytes from each method was

assessed microscopically. Those derived from follicle wall or follicle hemi-section

cultures showed a variety of patterns of abnormal chromatin condensation from

partially, to totally condensed, whilst maintaining an intact nuclear envelope. The same

abnormalities were observed when intact antral follicles were cultured submerged in

the culture medium (see chapter 3). These abnormalities may have arisen from

inappropriate culture conditions leading to unsuitable microenvironment for oocyte.

Oocyte viability assessed using trypan blue exclusion indicated that these oocytes were

dying at early stages of maturation. There are a few reports (Aktas et al., 1995;

Lonergan et al., 1997) regarding the quality of meiotically arrested oocytes and their

subsequent ability for maturation, fertilisation and development in vitro. In these

previously reported studies meiotic arrest was induced using a range of chemical

inhibitors including, cycloheximide, 6-DAMP or vanadate, following these treatments
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a significantly lower frequency of development to the blastocyst stage was obtained

than in control oocytes which were matured directly after aspiration. The system of

whole antral follicle culture mimics the oocyte condition in vivo. In fact the inhibitory

effects of follicle wall components on resumption of meiosis in the oocytes is intact. In

the cow, there is only one particular report, in which the authors cultured intact antral

follicles using the system similar to the method that was used in the present

experiments (Fukui et al., 1987). In the latter study, they reported a very low

percentage of cleaved oocytes following fertilisation of follicle culture-derived oocytes.

In contrast to the results of current experiments, they did not report any blastocyst

production following 8 days of embryo culture.

During the studies reported here it was observed that when culturing oocytes

either attached to part of the follicle wall or inside hemi-sections of follicles, the

volume of culture medium is critical. When a small volume was used, changes in pH

appeared to adversely affect the oocytes. Even though the oocytes remained at the GV

stage, an abnormal chromatin morphology was observed. In contrast when a large

volume of culture medium was used, a lower percentage of oocytes remained arrested

at the GV stage. This may reflect the dilution of an inhibitory factor/s produced by the

follicular components.

When oocytes were cultured in intact antral follicles for different culture

periods it was shown that shorter periods (24 and 48 hrs) resulted in significantly

higher rates of GV arrest and subsequent maturation than follicles maintained for

longer periods. In addition during prolonged follicle culture, oocytes resumed meiosis

within the follicle. The reasons for this are presently unknown, however one possibility

is that the follicles themselves may degenerate, releasing the oocytes from the

inhibitory effect/s of follicular components, allowing the resumption of meiosis (Fig.

4.6). In these experiments there was no supplementation of the culture medium with
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specific hormones or growth factors which have previously been reported as necessary

for follicular viability and growth i.e. gonadotrophins (Carson et al., 1979; Uilenbrek et

al., 1980), oestradiol (Richards et al., 1976), IGF-1 (Chun et al., 1994; Wandji et al.,

1996), EGF (Hsu et al., 1987; Westergraad and Andersen. 1989; Tilly et al., 1992b)

and bFGF (Shikone et al., 1992).

The differences in developmental competence between in vivo and the in vitro

culture oocytes is mainly expressed 4 to 5 days post fertilisation (Sirard and Blondin,

1996). This long period supports the hypothesis that competent oocytes must store

important factors either in the form of proteins or in the form of stable mRNA. When

the oocytes are aspirated from the follicles, their ability to synthesise proteins is not

affected, but they lose the capacity to make RNA in less than 2 hrs unless meiotic

arrest is artificially maintained (Sirard and Coenen, 1994). Since, over the last 10 years,

a wide variety of in vitro maturation conditions have not produced any significant

improvement in the developmental rates of oocytes, it is logical to support the

hypothesis that possibly specific mRNA accumulation is affected. This hypothesis

suggests that competency is acquired before the beginning of nuclear condensation,

which starts a few hrs after the aspiration from the follicle or the LH surge. The data

presented here suggests that the culture of intact bovine antral follicles is an efficient

method for the maintenance of meiotic arrest. In addition oocytes derived following 24

hrs of antral follicle culture have significantly higher developmental competence than

oocytes aspirated directly from follicles 4-8mm in diameter. This suggests that during

the culture period, follicle enclosed oocytes acquire greater developmental competence.

This observation is in agreement with the above hypothesis and recently published data

(Blondin et al., 1997) which demonstrated that oocytes acquire developmental

competence prior to maturation. An explanation of these observations is that during the

period of follicle culture, the oocytes are able to translate or post-translationally modify

essential proteins or to transcribe mRNAs which are essential for further embryonic
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development. The process in which oocytes acquire higher developmental competence

is so called cytoplasmic maturation. It is the level of cytoplasmic maturation of oocytes

that gives higher developmental competence to oocytes from larger follicles (Lonergan

et al., 1994) and oocytes from adult cows have a higher developmental capacity that

oocytes from calves (Damiani et al., 1996). The effect of cytoplasm in developmental

competence of oocytes has become even evident in nuclear transfer technology.

Oocytes used in nuclear transfer experiments must be enucleated in order to be used as

recipient oocytes. Aspiration of about one third of the cytoplasm, adjacent to the first

polar body of an oocyte arrested at the second metaphase of meiotic division, is the

technique most frequently used. Recipient oocytes do not have their complement of

cytoplasm and this could be one reason for their limited developmental capacity

(Greising et al., 1994). Further evidence was provided by injection and fusion of the

same amount of cytoplasm removed during enucleation, into the recipient oocyte

which improved the rate of morulae / blastocyst production in comparison with others

(Greising et al., 1994). It has also been observed that a decrease in the

nucleocytoplasmic ratio produced by experimental manipulation is deleterious for early

mouse development (Kaufman and Sachs, 1976). These results emphasise the

importance of cytoplasmic maturation in developmental capacity of oocyte following

cleavage.

Follicular atresia mimics some of the post LH changes occuring in follicles

(Wise et al., 1994). These include a rapid decrease in oestradiol, a rise in androgen and

progesterone, a rise in prostaglandin E2 (PGE2) and inflammatory mediators and a

decrease in protection against free radicals. In the human, oocytes obtained from

follicles with decreasing aromatase activity show higher development (Kobayashi et

al., 1991). It is hypothesised that the oocyte of an early atretic follicle may be fooled by

these changes and respond similar to an oocyte in a preovulatory follicle (Sirard and

Blondin, 1996). In the present experiments, follicles showed clear signs of atresia
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during longer periods of culture. Following 24 hrs of follicle culture, the follicles did

not show signs of atresia (see chapter 5) but they possibly were at an early stage of

atresia, a condition similar to that of the follicle cells in preovulatory stage.

In the present study the percentage of embryos which developed to 4 cells or

more during the first 48 hrs of culture was greater in the control group (68.6%) than the

treatment group (54.6%). The higher cleavage rate in the control oocytes may arise

from the process of selection of directly aspirated oocytes prior to maturation. Oocytes

from non-atretic follicles were aspirated and selected for culture based on

morphological criteria. In contrast the selection for the treatment group was imposed at

the follicle culture stage. Although only healthy, non-atretic follicles were isolated for

culture, it seems that judgement based solely on follicle morphology may not be a

precise method for selection of non-atretic oocytes. There are many apparently normal

follicles which may include atretic oocytes. In addition the process of atresia itself

consists of different stages (Hsueh et al., 1994). Further research on antral follicle

culture and the role of specific factors which support follicle growth is necessary.

In conclusion, intact antral follicle culture is an efficient method for

maintaining bovine oocytes in meiotic arrest for a period up to 48 hrs. During antral

follicle culture the enclosed oocytes acquire a greater developmental competence than

oocytes matured directly following aspiration. This would suggest that oocytes acquire

developmental competence late in the follicular phase and must reside long enough in

this follicular environment to be fully competent. The factor(s) responsible for

increasing developmental competence of oocytes during follicle culture needs to be

investigated. In addition the effects of follicle culture on follicle wall compartments

and the oocytes in relation to time in culture of follicles needs to be investigated.
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Chapter 5

Histological and ultra-structural evaluation of follicle
and oocyte following different periods of follicle
culture

5.1. Introduction

Study of the ultrastructure of oocytes allows a detailed analysis of the features

of immature and mature oocytes. As described in chapters 3 and 4, a culture system

was developed for the culture of intact bovine antral follicles in vitro. Ultra-structural

aspects of immature, maturing and in vitro or in vivo matured bovine oocytes have been

previously reported. Immature bovine oocytes are characterised by: large numbers of

evenly distributed membrane bound vesicles, peripheral mitochondrial clusters, large

peripheral clusters of cortical granules, well developed peripherally located golgi

complexes and well developed cisternae of smooth endoplasmic reticulum (SER)

(Kruip, et al., 1983). Moreover a close spatial relationship between the mitochondria

and vesicles exists throughout the SER. These organelle interactions possibly serve

metabolic functions. The oocyte is encapsulated by the zona pellucida which is

penetrated by numerous projections from the cumulus cells. These projections end in

zona pellucida invaginations of the oolema. The perivitelline space between the oocyte

and zona pellucida is small or occluded. These features are found in oocytes classified

in categories 1 and 2 (de Loos et al., 1989). These authors classified oocytes into four

categories based on the criteria observed under light microscope. These features were

then compared at the ultrastructural level and their developmental capacity after

maturation in vitro was assessed. The oocytes in category one, had compact

multilayered cumulus investment, homogenous ooplasm and total COC was light and

transparent. Category two oocytes showed multilayered cumulus investment,
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homogenous ooplasm but with a coarse appearance and a darker zone at the periphery

of the oocyte and total COC was slightly darker and less transparent. The oocytes

classified in categories 3 and 4 showed less compacted or expanded cumulus

investment which in the later group were scattered in dark clumps in a jelly matrix. The

total COC was dark and irregular.

During maturation of the preovulatory oocyte, as investigated in superovulated

cattle, the perivitelline space develops, junctions between cumulus cell projections and

the oolema become disconnected concomitant with the breakdown of the oocyte

nucleus. Other reported changes include: a spatial rearrangement of the mitochondria

from peripheral clusters to an even distribution throughout the ooplasm, migration of

cortical granules to solitary positions located along the oolema and a decrease in the

size of golgi complexes (Hyttel et al., 1986a). These changes have also been reported

to occur during oocyte maturation in vitro (Hyttel et al., 1989a).

The ultrastructure of bovine oocytes within preantral follicles (Fair et al., 1997),

and granulosa cells culture in vitro (Gutierrez, PhD thesis, 1997) have also been

studied. However, there are no reports of ultrastructural features of the bovine antral

follicle compartment and oocyte during or after culture in vitro. The aims of this study

were to investigate the effects of antral follicle culture in vitro on the histological and

ultrastructural features of both the follicle and oocyte. These studies will provide a

precise measure for changes in both follicle wall and the oocyte in relation to the time

course of culture of large antral follicles.

5.2. Materials and methods

Ovaries were collected from local abattoirs, antral follicles of 4-8 mm in

diameter were dissected from ovaries, trimmed from connective tissues and cultured in

Waymouth culture medium (Gibco BRL, Life Technologies Ltd., Paisley, UK)

supplemented with 10% heat-inactivated FCS (Globepharm, Surrey, UK), penicillin,
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streptomycin, pyruvic acid and sodium bicarbonate (all from Sigma, Dorset, UK) in a

gas atmosphere of 45% O2, 5% CO2, 50% N2 at 39°C on the top of netwell inserts as

previously described (see figure 3.1).

5.2.1. Histological examination of follicles

The morphology of both the follicular wall compartments and oocytes were

assessed in relation to the period of follicle culture. The methods for sample

preparation and histological examination were as previously described (chapter 3).

Histological evaluation of follicles was carried out using a Nikon microscope. During

histological examinations the following criteria were used to evaluate follicular

structure. Healthy follicles were identified by the absence of degenerated or pycnotic

cells in the different compartments of the follicle, a well organised granulosa and theca

layer, well shaped blood vessels in the theca layer, a continuous basal lamina and

visible germinal vesicle. Degenerating or atretic follicles were identified by the

presence of pycnotic bodies in the different compartments of the follicle wall and in the

antral cavity, disturbance and thickening of the theca layer, disorganised and collapsed

capilaries with many pycnotic nuclei, detachment of granulosa cells and chromatin

condensation with fragmented vacuoles in the nucleus.

5.2.1.1. Counting the number of pycnotic cells

In order to quantify the rate of atresia in cultured follicles, the number of

pycnotic cells were counted in the largest cross section of each follicle that included the

oocyte. Follicles were collected following different periods of culture. In these

experiments, the number of pycnotic cells was counted in one quarter of each follicle in

the theca layer, granulosa layer and the cumulus cells. The counted number was then

multiplied by four to calculate the total number of pycnotic cells in each follicle. Then,

the total number of cells in each cell layer was counted in the same way and the
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proportion of pycnotic cells in each layer was calculated by dividing the number of

pycnotic cells by the total cell number in that layer.

5.2.2. Transmission electron microscopy

The methods for sample preparation and examination of the ultrastructure of

oocytes were previously described (chapter 2). The ultrastructure of oocytes recovered

from antral follicles following 24 hrs culture in vitro were compared with oocytes

aspirated directly from antral follicles. Matured oocytes from both groups were

compared directly after 24 hrs of maturation in vitro. In addition the ultrastructural

characteristics of oocytes recovered following different periods of follicle culture was

assessed.

5.2.3. Treatments

The ultrastructural features of oocytes from four treatments groups were

compared: non-mature oocytes aspirated directly from follicles (NM) (n = 163 and 3

replicates) and following 24 hrs maturation (M) (n = 18 and 3 replicates) in vitro were

used as controls. These were compared with non-mature oocytes recovered following

24 hrs follicle culture (FNM) (n = 15 and 3 replicates) and follicle-cultured oocytes (24

hrs) subsequently matured in vitro for 24 hrs (FM) (n = 15 and 3 replicates). To study

the effects of different periods of follicle culture on the ultrastructure of oocytes,

oocytes (n = 27) were recovered and fixed following 2 days (n = 15 and 2 replicates)

and 5 days (n = 12 and 2 replicates) of follicle culture.

For evaluation of the effect of the duration of follicle culture on follicle

structure, follicles (n = 54 and 3 replicates) were fixed on day 0 (control, n = 10), day 1

(n = 10), day 2 (n = 12), day 5 (n = 11) and day 7 (n = 11) of culture for histological

assessment.
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5.2.4. Statistical analysis

A computerised Minitab program (version 10.5 extra) was used for statistical

analysis. The data from the proportion of pycnotic cells in different somatic cells of

follicle wall in the control groups and following different periods of follicle culture was

analysed using a two-way analysis of variance. The number of pycnotic cells was

compared in relation to the cellular layer of follicle wall and the length of time of the

follicle culture. The interactions between these two parameters on the proportion of

pycnotic cells were determined. In addition the Pearsons correlation between the

number of pycnotic cells and the duration of follicle culture was assessed by

measurement of correlation coefficient (r).

5.3. Results

5.3.1. Histological examination of follicle structure

After 24 hrs of antral follicle culture, the follicle wall compartment exhibited

morphology indistinguishable to that of freshly isolated follicles (Fig 5.1 A). The blood

vessels within the theca layer maintained a tight structure. Theca layers were

distinguishable from each other, based on cellular morphology; the theca externa was

characterised by the presence of long fibrous cells and the theca interna by cuboidal cell

morphology. Granulosa cells were still attached to the follicle wall and few pycnotic

cells were present. The cumulus cells surrounding the oocyte formed a multi-layer

compartment which was attached to granulosa cells (Fig. 5.2A).

After 2 days of culture, the follicle wall showed signs of atresia. Blood vessels

appeared to collapse (Fig. 5.IB). The follicle wall at the point of contact with the

netwell insert membrane slightly increased in thickness. The thickness of the fibrous

theca externa layer increased and the distinction between the theca layers decreased. A

large number of pycnotic cells were found in the granulosa layer. The cumulus cells

became atretic and only a single layer of corona radiata surrounded the oocyte.
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However, the morphology of the oocytes within the follicle appeared normal,

maintaining an intact GV with uncondensed chromatin (Fig. 5.2B).

Following 5 days of culture, both the follicle wall and oocyte showed clear

signs of atresia. A complete collapse of blood vessels was observed with an increase in

the diameter of endothelial cells, this was especially prominent at the point of contact

between the follicle wall and the insert membrane. The thickness of the follicle wall

further increased (Fig. 5.1C) and this thickening spread to other parts of the follicle.

The number of granulosa cells increased and many of them became detached from the

follicle wall. Pycnotic cells appeared throughout the follicle wall. Granulosa cells were

found mainly pycnotic with detachment from remainder of follicle wall. The cumulus

cells were mostly detached from the oocyte and appeared pycnotic. Within the oocyte,

the chromatin became condensed and the oocyte lost its normal appearance exhibiting a

heterogeneous cytoplasm and a disturbed zona pellucida (Fig. 5.2C). These features of

both follicle wall and oocytes were still visible following 7 days of culture, however,

the features associated with atresia increased (Figs. 5.3A and 5.3B).

The results of the measurements of pycnotic cells in different compartment of

follicle wall are summarised in table 5.1 and figures 5.4A - 5.4B. Statistical analysis

showed that there were significant differences in the number of pycnotic cells in

relation to the type of follicular cell layer and also the time of follicle culture (p<0.001).

In addition granulosa cells showed the highest rate of atresia than the cumulus and

theca cell layers. The correlation coefficient of the number of pycnotic cells in the

theca, granulosa and cumulus cells and the duration of follicle culture were r = 0.92, r =

0.98 and r = 0.97 respectively.

5.3.2. Ultrastructure of the oocyte

Immature, directly aspirated oocytes (NM) and in vitro matured (M) oocytes

showed the same features as mentioned above. The ultrastructure of NM oocytes are
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presented in figures 5.5 - 5.8. The ultrastructural features of FCNM oocytes are shown

in figures 5.9-5.11. These oocytes showed the typical ultrastructural features of

immature oocytes. The oocytes were characterised by peripheral clusters of both

mitochondria and golgi apparatus, an abundance of fat globules (Fig. 5.9), an

undeveloped perivitelline space, cytoplasmic processes through the zona pellucida and

uncondensed chromatin within the GV (Fig. 5.10).

Following maturation in vitro, the cortical granules became located along the

marginal area under the zona pellucida (5.12); the mitochondria became evenly

distributed throughout the cytoplasm and an enlarged perivitelline space developed

(Fig. 5.13). The same features were identified in FM oocytes (Figures 5.14-5.15).

The ultrastructure of oocytes recovered following 2 and 5 days of follicle

culture exhibited a number of changes. In oocytes recovered following 2 days of

follicle culture, organelle-free areas appeared in the oolema. The number of vesicles

reduced and some small vesicles fused forming syncitia or giant vesicles, however the

clusters of mitochondria and golgi apparatus remained mainly peripherally located (Fig.

5.16).

Following 5 days of follicle culture, the oocytes showed a more abnormal

structure, the features becoming more similar to those observed in matured oocytes.

The cortical granules became located individually in the marginal area under the

membrane (Fig. 5.17) and the mitochondria became evenly distributed throughout the

ooplasm, although some appeared to have an abnormal structure. The SER became

swollen, organelle-free areas became apparent and large vesicles formed (others

appeared small and shrunken) (Fig. 5.18).
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Figure 5.1. Histological features of follicle wall following time increasing culture of
antral follicles. The sections were stained with Heamatoxilin and Eosin staining
method. A) Follicle wall after 24 hours of follicle culture. Note the distinct theca (Th)
and granulosa (Gr) layers and the presence of intact blood vessels (arrows). Scale bar =

100p.m. B) Follicle wall following 2 days of follicle culture. Note the appearance of
pycnotic cells in the granulosa layer and collapse of blood vessels (arrow). Scale bar =

50pm. C) Follicle wall following 5 days of follicle culture. Increased number of
pycnotic cells in the granulosa layer and even in the theca layer (arrows). Scale bar =

50pm.
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Figure 5.2. Histological features of oocyte following increasing time of follicle culture.
The sections were stained with Haematoxilin and Eosin staining procedure. A) Oocyte
within follicle recovered following 24 hours of follicle culture. Note the intact germinal
vesicle (GV) and multilayered cumulus cells (Cu) surrounding the oocytes and a few
pycnotic cells in the follicular cavity (arrowhead). Scale bar = 35jam. B) Oocyte within
the follicle recovered following 2 days of follicle culture. Intact cumulus cells (2-3
layers) still surrounding the oocyte but the other cells are expanded. Scale bar = 31 jam.
C) Oocyte within the follicle recovered following 5 days of follicle culture. Note the
increase number of pycnotic cells, partially detachment of cumulus cells from the
oocyte and GVBD and the condensed chromatin (arrow-head). Scale bar = 35p.m.
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Figure 5.3. Histological features of follicle following 7 days of culture. The sections
were stained with Haematoxilin and Eosin staining procedure. A) Photomicrograph
showing part of follicle wall. Note the increased number of pycnotic cells (arrows) and
the thickening of follicle wall. In the inner surface of follicle wall a layer of newly
produced cells appeared (arrowheads). Scale bar = 50pm. B) Oocyte within the follicle
showing detachment of the majority of cumulus cells and almost all cumulus cells
became atretic (arrow). Arrow-head points to the condensed chromatin in the nucleus.
Scale bar = 40pm.
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Figure 5.4. Number of pycnotic cells in follicles cultured in vitro. Graph showing linear
(A) and histogram (B) presentation of the number of pycnotic cells in follicle wall
compartments (theca, granulosa and cumulus cells). Bovine intact antral follicles were
cultured for different periods of 24, 48, 120 and 168 hours on the top of netwell inserts.
Following each period of culture follicles were collected and processed for histological
examination. The sections were stained with heamatoxylin and eosin staining. The
number of pycnotic cell increased with increasing time of follicle culture. 0 = control
(freshly collected and processed from the same batch of ovaries as the treatments).
(pcO.OOl).

Table 5.1. Number of pycnotic cells in follicle wall compartment. The data represents
the proportion of pycnotic cells to the total cell numbers in each cell layer. The
granulosa layer showed the highest proportion of pycnotic cells at all times (p<0.001).



Fig. 5.4A

Days of follicle culture

Fig. 5.4B
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Different symbols and letters show the significant difference.
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Figure 5.5. Electron micrograph showing part of an immature oocyte. Note the cluster
of mitochondria (M) and cortical granules (CG) and golgi apparatus (G) located
peripherally. The nuclear membrane is intact containing uncondensed chromatin and a

prominent nucleolus. Fat globules occur throughout the cytoplasm. Magnification x
3300. ZP: Zona Pellucida, N: Nucleus, Chr: Chromatin.
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Figure 5.6. Electron micrograph showing part of the nuclear membrane in an immature
oocyte. Note the bilayer membrane in which the nuclear pores are indicated by arrows.

The nucleus and cytoplasm exchange many factors during oocyte growth and
development. Magnification x 40,500.
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Figure 5.7. Electron micrograph showing the nucleolus in an immature oocyte.
Nucleoli are the sites of rRNA transcription and subsequent synthesis of ribosomal
subunits. The actively transcribing nucleolus consists of a fibrillar component, which
can typically be subdivided into the fibrillar centres surrounded by the dense fibrillar
component, and a granular component, i.e. it is fibrillo-granular. The fibrillar centres-
contain the enzymatic apparatus required for rRNA transcription, e.g. RNA Polymerase
I and rRNA-genes have also been localised to this structure and the dense fibrillar
component (Wachtler and Stahl, 1993). Chr: chromatin, Magnification x 40,500.

133



 



Chapter 5

Figure 5.8. Electron micrograph showing a cluster of mitochondria (M) and cortical
granules (CG) in an immature oocyte. These organelles are located as clusters in the
peripheral area. As the oocyte matures the mitochondria relocate becoming evenly
distributed throughout the cytoplasm, the cortical granules disperse to form a layer in
the marginal area. V: fat vesicles, Magnification x 23,700.
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Figure 5.9. Electron micrograph showing part of an immature oocyte following 24
hours of follicle culture (FNM). Note the clusters of mitochondria (M) and both cortical
granules (CG) and golgi apparatus (G) located peripherally. ZP: zona pellucida,
Magnification x 5,850.
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Figure 5.10. Electron micrograph showing part of an immature oocyte following 24
hours of follicle culture (FNM). Note the cluster of golgi apparatus (G) located
peripherally and its connection to the nuclear membrane. The nuclear membrane
remains intact and the chromatin uncondensed. N: nucleus, Chr: Chromatin, ZP: zona

pellucida, Magnification x 10,200.
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Figure 5.11. Electron micrograph showing part of an immature oocyte following 24
hours of follicle culture (FNM). Note the clusters of mitochondria (M) and peripheral
location of the cortical granules (CG). Some of the oocyte microvilli pass through the
small perivitelline space into the zona pellucida (ZP) (arrow). V: Fat vesicle,
Magnification x 33,700.
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Figure 5.12. Electron micrograph showing part of a in vitro matured control oocyte.
Note relocation of the mitochondria (M) throughout the cytoplasm and location of the
cortical granules (CG) in the marginal area. The number of fat vesicles (V) has reduced.
ZP: zona pellucida, Gr: granulosa cell, Magnification x 5850.
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Figure 5.13. Electron micrograph showing part of a in vitro matured control oocyte.
Note relocation of the cortical granules (CG) from cytoplasmic clusters to becoming
individually located in the marginal area. ZP: zona pellucida, V: fat vesicles, M:
mitochondria, Magnification x 13,800.
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Figure 5.14. Electron micrograph showing part of an in vitro matured oocyte following
24 hours of follicle culture (FM). Note movement of mitochondria (M) and golgi
apparatus (G) towards the central area. Cortical granules (CG) are located peripherally
and the perivitelline space has increased. The number of fat vesicles (V) has reduced.
ZP: Zona Pellucida, Magnification x 5850.
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Figure 5.15. Electron micrograph showing part of an in vitro matured oocyte following
24 hours of follicle culture (FM). Note relocation of cortical granules (CG) in the
marginal area. The perivitelline space (PS) has increased and the microvilli have
become disconnected from the zona pellucida (ZP) (top arrow). V: fat vesicle,
Magnification x 23,700.

149



150



Chapter 5

Figure 5.16. Electron micrograph showing part of an immature oocyte following 2 days
of follicle culture. The perivitelline space (PS) is small, mitochondria (M) are evenly
distributed throughout the cytoplasm. Small fat vesicles (V) have fused together
forming giant vesicles and most of small vesicles are shrunken. CG: Cortical Granule,
Magnification x 5850.

151



 



Chapter 5

Figure 5.17. Electron micrograph showing part of an immature oocyte following 5 days
of follicle culture. The mitochondria (M) are distributed throughout the cytoplasm.
Some of the small vesicles have fused together forming giant fat vesicles (V) and the
majority of small vesicles are shrunken. Organelle-free areas are formed in different
parts of oocyte. ZP: zona pellucida, Magnification x 10,200.
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Figure 5.18. Electron micrograph showing part of an immature oocyte following 5 days
of follicle culture. Oocytes have gained the features of matured oocytes. Cortical
granules (CG) are located individually in the marginal area. ZP: zona pellucida,
Magnification x 45,500.
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5.4. Discussion

In these experiments, the major histological features of both follicle wall

compartments and oocytes were assessed. Several previous studies have categorised

oocytes on the basis of size, cell cycle stage of the nucleus, appearance of the ooplasm,

the presence and number of cumulus layers and developmental competence following

fertilisation (Pavolk, et al., 1992; Blondin and Sirard, 1995; Carolan. et al., 1996).

According to these features, oocytes have been classified into six groups. Oocytes in

classes of 1 to 4 had >5 cumulus layers. In contrast, oocytes belonging to groups 5 and 6

were denuded and showed variable texture of ooplasm. Oocytes belonging to groups 1

and 2 had a compact cumulus layer and the texture of ooplasm was either homogenous

(group 1) or showed a dark zone around the periphery (group 2). Oocytes classified as

group 3 and also oocytes from larger healthy follicles had a higher developmental

competence in vitro (Blondin and Sirard, 1995). The oocytes in this group were

characterised by slight atresia and expansion in the outer cumulus cells and slight

granulation in the appearance of ooplasm. Oocytes in category 4 had fully expanded

cumulus layer that contained dark clumps and the ooplasm showed heavy granulation.

Follicles have also been classified based on gross morphology into healthy or

atretic groups (Kruip and Dieleman, 1982). Healthy follicles are distinguished by a

uniformly bright appearance, extensive and very fine vascularisation, a regular granulosa

layer and an absence of free-floating particles in the follicular fluid. In contrast, follicles

were classified as atretic if they had a dull, grey appearance, blood vessels either

irregularly filled with clotted blood or empty, partial detachment of the granulosa layer

and many large free floating globules in the antral cavity.

The studies reported here show that following 24 hrs of follicle culture, all of the

compartments of the follicle maintained a normal appearance. Granulosa and theca cell

layers could be identified by their histological features and several layers of cumulus

cells surrounded the oocyte. In the follicle wall, blood vessels were still intact and very
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few pycnotic cells could be identified in the granulosa layer. However, after 2 days of

culture some structural changes were observed in some follicles. In the granulosa cell

layer the number of pycnotic cells increased dramatically. The follicle wall at the point

of contact with the netwell membrane, increased in thickness, and the granulosa cells

became mixed with the theca cells. At this point a fibrous matrix appeared between

individual cells. The number of cumulus cell layers surrounding the oocyte decreased.

These changes are characteristic of the follicle becoming atretic (Hsueh et al., 1994).

During follicular atresia in vivo oocytes become affected at later stages of

development (Hsueh, et al., 1994). In the oocytes themselves, atresia is characterised by

GVBD and chromatin condensation. Oocytes recovered following 5 days of follicle

culture, showed a morphology more related to atresia. The chromatin was condensed, the

number of cumulus cells was reduced and they became partially detached from the

oocyte. The follicle wall at the point of contact with the membrane became thickened.

This thickening extended around the follicle wall. Expansion of the cumulus cells with

an increased number of pycnotic granulosa and cumulus cells were signs suggesting

occurrence of atresia in the follicle. These indications became more obvious in both the

follicle wall and the oocyte after 7 days of culture.

In these experiments, the granulosa layer showed the highest rate of atretic cells

in comparison with the other cell layers. These data are in agreement with others who

reported nuclear pycnosis in granulosa cells as the most common occurrence in early

atresia (Tilly et al., 1991; Hughes et al., 1994; Manabe et al., 1996). Changes in

granulosa health status will affect transfer of nutrients to the cumulus cell and the

enclosed oocyte. As a consequence of these degenerative changes in the somatic cells,

oocytes are deprived of essential nutrients and the meiosis inhibitory factor of the follicle

wall which causes pseudomaturation of the oocytes. The same phenomenon occurs in

oocyte cumulus complexes at the final stage of follicular development which induces

oocyte maturation in vivo (Sirard and Blondin, 1996). Oocytes receive nutrients through
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gap junctional proteins like connexin 43 throughout follicular growth and development.

In the preovulatory stage of follicular development, the surge of LH reduces the

connexin-43 mRNA and protein and therefore disrupts the transfer of oocyte inhibitory

factor to the oocyte (Granot and Dekel, 1994; Weisen and Midgley, 1994). These

changes lead to resumption of meiosis and GVBD in the oocytes. This fact will be

discussed later in this discussion in relation to the ultrastructural observations.

Theca cells showed the lowest rate of atresia in comparison with the other

somatic cells in the culture follicles. The changes in theca cells were noted mainly as a

thickening or increase in the diameter of this layer. However, it is not known whether the

increase in the diameter of theca layer arose from the proliferation of theca cells,

invasion of fibrous material between cells or a combination of these factors. These

features shows differentiation and luteinisation of theca cells during follicle culture, a

problem of cell culture systems commonly reported for granulosa and theca cell

monolayer cultures. The outcome of theca cell luteinisation and granulosa cell

degeneration would be accumulation of androgen and progesterone in the culture

medium and reduction in the concentration of oestradiol with the duration of follicle

culture (Skinner and Osteen, 1988; Campbell et al., 1989; Luck et al., 1990; Spicer et

al, 1993).

In vivo, follicular atresia is a hormonally controlled apoptotic process (Hsueh, et

al., 1994). Several hormones including FSH, LH, GH and other growth factors have

been shown to suppress atresia (Kaipia and Hsueh, 1997). The follicles that were

cultured in these experiments (4-8mm in diameter) are categorised as FSH-dependent

follicles (Gong et al., 1996). The presence of gonadotrophins in the culture medium

rescues early atretic follicles from atresia (Hay and Moor, 1973). In these studies, none

of these factors were added to the culture media. Apart from the lack of growth

promoting factors in the culture media, the higher rate of atresia in large follicles during

culture in vitro may result from low proliferation rate of granulosa cells in this size range
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of follicles (Roy and Greenwald, 1986; Bartholomeusz et al., 1988). In all the species,

the mitotic index of granulosa cells is higher in small antral follicles (Maiana et al.,

1991). In the cow, as follicle increases in size, a progressive decline in the ability of

granulosa cells to proliferate in agar occurs and the proliferative potential of these cells

as measured by colony size also decreases (Bartholomeusz et al., 1988). The same

pattern of growth or cellular proliferation of antral follicles has been reported in gilts

(Frick et al., 1996). The proliferation rate in different compartments of follicles has been

measured by co-incubation of the follicle with 3'H-Thymidine during culture followed

by histological evaluation, or extraction of total DNA and flow cytometric measurement

(Tsafriri and Braw Tal, 1984). These authors measured granulosa and theca cell

proliferation rate during follicular phase of the oestrus cycle found a decrease in

proliferation rates throughout the final stages of follicular development.

Kruip and Dieleman (1989) reported the effects of contact between the follicle

and the support membrane on the histological features of follicle wall and the oocyte.

They compared three systems for the culture of antral follicles: static, rolling tube and a

continuous flux system. The follicle wall after 48 hrs in both the static and rolling tube

systems showed signs of degeneration. In these studies the granulosa cells expanded and

pycnotic cells were present in the cumulus oophorus cells. In contrast, in the continuous

flux system only the outer zone of the follicle (theca externa) showed atretic bodies. The

data from these previous studies and the observations reported here suggest that atresia

occurs in all systems, however the severity may depend upon the method of culture.

The studies on the culture of follicles for different periods of time were carried

out to evaluate the quality of oocytes after each period. Oocyte quality can be affected

by the micro-environment within the follicle. During follicle culture, follicles became

more atretic with increasing periods of time. This can affect the quality of the oocytes,

and supports the results of the studies described in chapter 4 on the reduction of

maintenance of meiotic arrest during longer periods of follicle culture.
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During follicular development, oocytes grow from 25pm in primordial follicles

to about 140pm in preovulatory follicles. This tremendous enlargement of the cells is

indicative of periods of intense metabolic activity, which in turn, is reflected by marked

changes in oocyte ultrastructure, including the appearance of some novel organelles such

as cortical granules and the zona pellucida (Sotelo and Porter, 1959; Blanchette, 1961;

Adams and Hertig, 1964; Baca and Zamboni, 1967; Wassarman and Josefowick, 1978).

These changes are involved in the preparation of oocytes for successful fertilisation.

Oocyte growth is also accompanied not only by a substantial increase in the number of

mitochondria present but also by marked changes in mitochondrial ultrastructure

(Wischitzer, 1967; Stern et al., 1971). Small (~20pm) oocytes contain elongated

(~1.5pm long) mitochondria with numerous transversely oriented cristae in the so-called

orthodox configuration and, in most cases, contain a single vacuole. Continued oocyte

growth is accompanied by accumulation of round and oval-shaped mitochondria, which

are vacuolated and beginning to display columnar-shaped arched cristae. Throughout

this growth period, the mitochondria are closely associated with smooth endoplasmic

reticulum and are present in increasing numbers. Many dumbbell-shaped mitochondria

are found, indicative of extensive mitochondrial growth and division. Fully-grown

oocytes contain round or oval, highly vacuolated mitochondria (-105 in mouse oocyte)

(Piko and Matsumoto, 1976; Michaels et al., 1982). Consequently, the morphology of

mitochondria in fully-grown oocytes is radically different to that of mitochondria in non-

growing and small oocytes.

As in the case of mitochondria, the Golgi complex undergoes dramatic

ultrastructural changes during oocyte growth; these changes are indicative of increasing

Golgi activity (Wassarman and Josefowicz, 1978). In small oocytes, Golgi membranes

appear as flattened stacks of arched lamellae and are associated with few, if any,

vacuoles or organelles. During the early stages of oocyte growth, Golgi membranes

become more active, as evidenced by lamellae that are spaced further apart (swelling at
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termini of lamellae), by the appearance of vacuoles and by the proximity of numerous

lipid vesicles (Wassarman and Josefowicz, 1978). In the middle to late stages of oocyte

growth, Golgi membranes exhibit increased numbers of very swollen, stacked lamellae

that are associated with numerous vacuoles, granules, coated vesicles and lipid vesicles

(Szollozi et al., 1972). These changes are consistent with increased participation of the

Golgi in processing and concentration of secretary products (e.g. zona pellucida

glycoproteins) and cortical granule formation during oocyte growth. It is noteworthy

that, concomitant with the conversion of fully grown oocytes to fertilised eggs, there is a

dramatic decrease in the amount of recognisable Golgi membrane and an increase in the

number of small membrane vesicles (Wassarman and Josefowicz, 1978).

Cortical granules are small, spherical, membrane bound organelles that are found

in the cortical region of unfertilised oocytes and are thought to resemble lysosomes

(Gulyas, 1980; Ducibella et al., 1988a). These granules fuse with the oolema at

fertilisation and. by releasing their content (including proteinases) into the perivitelline

space, alter properties of the zona pellucida (secondary block to polyspermy)

(Wassarman, 1987a). Mouse oocytes contain approximately 4500 cortical granules

(ranging in diameter from 200 to 600 nm) within about 2pm of the plasma membrane

(Nicosia et al., 1977). Although it is not clear that cortical granules are derived from

Golgi, certain reports suggest that there is a contribution from multivesicular bodies as

well as from the granular endoplasmic reticulum (Ducibella et al., 1988b).

Morphological studies suggest that the cortical granule population is heterogenous with

respect to contents, with some granules even containing ordered crystalline arrays. It is

unclear whether this heterogeneity of cortical granule content reflects functional

differences or simply different extents of granule maturation (Ducibella et al., 1988b). In

any case, it is clear that oocyte growth is accompanied by formation and accumulation of

increasing numbers of cortical granules in anticipation of ovulation and fertilisation

(Wassarman, 1987b).
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In the present studies the ultrastructure of oocytes recovered following follicle

culture when compared with oocytes directly aspirated, suggests that antral follicle

culture for up to 24 hrs has no detrimental effect on oocyte structure. These oocytes had

the characteristics of non-mature oocytes in category one as described by de Loos et al

(1989). Following maturation in vitro, oocytes from both groups gained the

ultrastructure of in vitro or in vivo matured oocytes (Hyttel et al., 1986a,b). In vivo, at 0-

2 hrs after the LH peak the perivitelline space develops, at 9-12 hrs the junction between

the cumulus cell projections and the oolema disconnects and the concomitant breakdown

of the nuclear membrane occurs, at ~15 hrs there are spatial rearrangements in the

ooplasm, mitochondrial clusters relocate from a peripheral to an even distribution and fat

vesicles from an even distribution to a more central location. At ~19 hrs there is

abstriction of the first polar body with dislocation of mitochondrial clusters and vesicles

towards the site of polar body formation. At 21-22 hrs there is migration of cortical

granules to solitary positions along the oolema a decrease in the sizes of Golgi

complexes and on some occasions, the smooth endoplasmic reticulum (Hyttel et al.,

1986b).

The indirect effects of follicle culture on cytoplasmic maturation of oocytes were

evaluated through assessment of the rate of progression to the second metaphase stage of

meiotic division, cleavage rate after fertilisation and development to the blastocyst stage.

However, the direct effects of follicle culture on quantification of cytoplasmic

organelles, in both immature and matured oocytes were not evaluated. One of the

characteristic features of cytoplamic maturation of oocytes which may be reflected in the

structure of oocytes is increase in the number of mitochondria. Counting the number of

mitochondria in sections of transmission electron microscopy has been done in mouse

oocytes (Cran, 1985). This method may not give a precise number of mitochondria in a

single oocyte, as there is the possibility of losing some sections during sectioning. An

alternative is visualisation of mitochondria using a green fluorescent protein coupled
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with confocal microscopy (Kanazawa et al., 1997). However, the present data shows that

culture of bovine antral follicles up to 24 hrs does not damage the ultrastructural

organisation of the oocytes. In addition, the recovered oocytes have been able to

rearrange their cytoplasmic components and gain the features of matured oocytes.

Oocytes recovered following longer periods of follicle culture, showed clear

sings of degeneration. Degeneration of the oocyte results in so-called pseudomaturation

in several species (Byskov, 1978). Pseudomaturation has been described mainly in

terms of the apparent resumption of meiosis at the nuclear level. In species such as

sheep and cattle, no such pseudomaturation has been reported (Kruip and Dieleman,

1982). In the present studies, oocytes recovered following 5 days of culture showed

clear signs of maturation as identified by changes in histology, chromatin condensation

and cumulus cell expansion. The ultrastructure of these oocytes also showed

rearrangement of cytoplasmic organelles characteristic of maturation. The mitochondria

became located more centrally and the cortical granules were lined up next to the plasma

membrane. These features are similar to the characteristics of oocytes described in

categories 3 and 4 (oocyte from atretic follicles). In humans immature cortical granule

release has been described as a pathologic phenomenon of an atretic oocyte (Szollosi, et

al., 1986).

The other changes that were observed in these studies were exclusively related to

the process of oocyte degeneration such as organelle-free areas, non-penetrating cumulus

cell processes (CCPE) and degenerating mitochondria. The observations reported here

indicate that longer periods of follicle culture lead to follicular atresia and these effects

can be observed both in the follicular wall and the oocyte.
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Chapter 6

Total and de novo protein synthesis in bovine oocytes
during follicle culture and maturation

6.1. Introduction

Mammalian oocytes remain arrested at the diplotene stage of prophase-I until

stimulated to resume meiosis by the preovulatory surge of gonadotrophins prior to

ovulation. This inhibition of meiotic progression is imposed on the oocyte by factors

produced by follicle wall compartments. When artificially released from follicles,

oocytes resume meiosis and develop to the Mil stage in suitable culture conditions

(Pincus and Enzmann, 1935; Edwards, 1965). Oocytes are aspirated from a range of

different sized follicles for oocyte maturation and embryo production in vitro. These

size differences have been shown to reflect developmental competence of oocytes after

fertilisation (Tan and Lu, 1990; Pavolk et al., 1992; Pavolk et al., 1993; Lonergan et

al., 1994). Oocytes from large healthy or slightly atretic follicles have a higher

developmental competence to the blastocyst stage than the oocytes of small follicles

(Blondin and Sirard, 1995). In cattle, oocytes increase in size concurrent with follicle

growth and development, these differences in sizes and related developmental

competence may reflect differences in cytoplasmic maturation which affects

subsequent embryonic development.

The results of the studies presented in chapter 4 showed that maintenance of

meiotic arrest by culture of intact antral follicles prior to maturation and fertilisation,

resulted in a significantly higher development to the blastocyst stage. Other studies

have also shown that oocytes collected 4 hrs after slaughter have a higher

developmental competence than those collected immediately (Richard and Sirard,

1996c). It is postulated that during follicle culture, the oocyte remains arrested at the
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GV stage allowing the synthesis or modification of factors which are beneficial for

preimplantation embryo development. The nature of such factors is unknown but may

be proteins or mRNAs which are required for early development.

Changes in protein synthesis and the phosphorylation patterns of bovine oocytes

have been demonstrated by Kastrop et al. (1990a,b). These changes are specific and

occur in a temporal pattern during bovine oocyte maturation. The major changes were

observed before GVBD between 3 to 6 hrs after the onset of maturation. These changes

were also reported in protein synthesis and phosphorylation profiles of goat oocytes

during maturation in vitro (Legal, et al., 1992; Gall, et al., 1993). The mean protein

content of oocytes is 0.126 pg, this increases after fertilisation as embryos increase in

both length and width. A correlation between total protein content and the stage of

development of bovine embryos contained both a linear and a quadratic component

(Grealy, et al., 1996). These information show the essential role of proteins during both

oocyte and embryo development.

The aims of the experiments reported here were to assess whether, protein

synthesis is the major or a contributory factor for oocyte cytoplasmic maturation during

follicle culture in vitro. To address this question, total protein and de novo protein

synthesis were determined in non-matured and in vitro matured oocytes.

6.2. Materials and methods

6.2.1. Follicle culture

Ovaries were collected from local abattoirs and prepared for experiments as

described in chapter 2. Non-atretic follicles were dissected from follicles and trimmed

from extra connective tissues and cultured for 24 hrs in Waymouth culture medium

(Gibco-BRL, Life Technologies Ltd., Paisley, UK) supplemented with 10% heat-

inactivated FCS (Globepharm, Surrey, UK), penicillin, streptomycin, pyruvic acid and

sodium bicarbonate (all from Sigma, Dorset, UK) and cultured on netwell inserts
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(Costar, Cambridge, USA) in a gas atmosphere of 45% O2, 5% CO2, 50% N2 at 39°C

for 24 hrs as described in chapter 3.

6.2.2. Oocyte collection

Non-mature oocytes were directly aspirated from follicles of 4 - 8 mm in

diameter. Oocyte maturation was performed according to the protocol described in

chapter 2. After 24 hrs of follicle culture, COCs were collected and some of these were

matured in vitro. Oocytes from different treatments were completely denuded of

cumulus cells by incubation in dissection medium (see section 2.2) containing

hyaluronidase (300 pg/ml) for 15 min followed by repeated pipetting in serum-free

dissection medium (see section 2.2). Denuded oocytes were collected in eppendorf

tubes, 15 pi of sample buffer was added to each tube and the oocytes lysed by snap

freezing in liquid nitrogen. The samples were stored at -80°C until use.

6.2.3. Total protein profile

Total protein content was analysed by one dimensional gel electrophoresis (1D-

SDS-PAGE) and 2D-SDS-PAGE followed by silver staining (see chapter 2). For each

experimental sample in 1-D-SDS-PAGE, a pool of 5 oocytes and for 2-D-gels pools of

50 oocytes were lysed for analysis.

6.2.4. Gel electrophoresis

The methods of gel preparation and electrophoresis are explained in chapter 3.

Molecular weights were assessed by using high range (14,000 - 220,000 KDa) (^C)-
labelled molecular weight markers (Amersham, Buckinghamshire, UK). 5pi of the

marker was added to 15 pi of sample buffer. Frozen samples were thawed and were

kept on ice. Before loading, the samples were solubilised by boiling for 3 min. The gel

was run at 200V constant voltage for approximately 5 hrs or until the bromophenol
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blue tracking dye was approximately 1 cm from the bottom of gel. The gels were then

removed from the tank and fixed in 40% methanol: 10% acetic acid for one hour at

room temperature. After fixation, gels containing S labelled proteins were placed in

the fluorographic reagent AmplifyTM solution (Amersham. Code: NAMP 100) for 30

min. The gels were then dried in a vacuum heating gel dryer at 80°C for 2 hrs. Dried

gels were exposed to Kodak Biomax-MR film (Cat. no: 870 1302) for 8 days. The

films were developed using an automatic X-O-graph Compact X2.

6.2.5. Radio labelling proteins

In order to study de novo protein synthesis in the oocytes during oocyte

maturation, and during follicle culture, oocytes were cultured in methionine free

Dulbecco's modified Eagle's medium (DMEM) (Cat. no: D0422, Gibco-BRL),

supplemented with 10% FCS (Globepharm), 4 mg/ml HEPES (Sigma), 0.1 mg/ml L-

Glutamine (Sigma), 0.075 mg/ml Kanamycin monosulphate (Sigma). For follicle

culture, DMEM was supplemented with 10% FCS, 3 mg/ml BSA (Sigma), 0.075mg/ml

Penicillin G (Sigma), 0.05mg / ml Streptomycin sulphate (Sigma), 0.23M Pyruvate Na

and 0.584g/l L-Glutamine. Radioactive (35S) Methionine (CH3S(CH2)CH(NH2)C02E1,

Amersham Cat. no: AG 1094) was added at a concentration of 100 pCi / ml medium.

For detection of protein synthesis in the oocytes during follicle culture,3 S Methionine

was added to the culture medium (50 pCi / ml), or injected into the follicle using a fine

hand made glass Pasteur pipette attached to a rubber tube (20-40 pi / follicle dependent

upon the follicle size).

6.2.6. Measurement of incorporated radioactivity in the follicle compartment

Follicles were collected following 24 hrs of culture in the presence of 35S-
Methionine as described in section 6.2.5. Follicles were opened and the follicular fluid

from pools of 12 follicles was collected (total of 24 follicles in 2 replicates). COCs
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were collected separately in dissection medium, the oocytes were denuded of cumulus

cells by repeated pipetting. The denuded oocytes were then transferred into a

scintillation vial and the remaining suspension was centrifuged at 1 OOOg for 5 minutes

in order to collect the cumulus cells. Granulosa cells were harvested by scratching the

inner surface of follicle wall using a scalpel blade and transferred to a scintillation vial,

the remaining follicle walls were also pooled separately. To all samples lml of sample

buffer (Appendix VI) was added, these suspensions were repeatedly pipetted using a

lml Gilson pipette in order to break cell wall and produce a homogenate suspension.

The culture media from each well (lml sample) was collected separately in scintillation

vial as well. 2.5 ml of scintillation fluid (OptiPhase "Hisafe", Liquid Scintillation

Cocktail, Wallac, Turku, Finland) was added to each tube and the radioactivity then

was determined using a Wallac 1410 (Wallac) liquid scintillation counter. Distribution

radioactivtive label was analysed by comparison of the relative counter per minute

(cpm) in each sample.

6.3. Measurement of molecular weight

The pattern of protein profile from both the total and the de novo proteins were

determined using the profile of standard molecular weight markers supplied by the

manufacturer (Amersham). The molecular weights of markers were first identified by

comparison of the pattern standard profile with the pattern on the gel or the radio¬

graphic films. A diagram was drawn on the basis of migration in centimetres of each

standard band from the bottom of gel. This gave a steady oblique line showing that

heavy proteins migrated lower distance than the lighter proteins. The molecular weights

of distinguished protein bands were then identified on the diagram through the

migration from the base of the gel.
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6.4. Design of experiments

1. 1D-SDS-PAGE followed by silver staining for defining the total proteins

profile. Four experimental groups were compared. Directly aspirated oocytes (NM)

(total of 40 oocytes in 8 replicates) and follicle-cultured non-mature oocytes (FNM)

(total of 30 oocytes in 6 replicates) were compared for changes in protein bands during

follicle culture. In vitro matured oocytes after aspiration (M) (total of 40 oocytes in 8

replicates) and follicle cultured (24 hrs) then matured oocytes (FM) (total of 30 oocytes

in 6 replicates) were compared to assess the effects of follicle culture on oocyte

cytoplasmic maturation. For these experiments a total of 6 gels were run.

2. Time course study of changes in protein synthesis during oocyte maturation.

A total number of 30 oocytes in each replication (3 replicates, total of 3 gels) were
35

cultured in maturation medium containing S methionine and collected at 4 hour

intervals (5 oocytes at each time) during oocyte maturation. Changes in total protein

profile during oocyte maturation were also assessed by silver staining.

3. Two dimensional gel electrophoresis of oocytes to study the detailed changes

in individual proteins in four groups of NM, FNM, M and FM oocytes (2 replications,

total of 8 gels). Group of 50 oocytes was used for each replication from each group.

4. Radio labelling of de novo protein synthesis in oocytes during follicle culture

(total of 50 oocytes in 10 replications, total of 5 gels). In addition a time course of

changes in protein synthesis in FNM oocytes was investigated by 35§ methionine

labelling during subsequent oocyte maturation (total of 50 oocytes in 2 replications,

total of 2 gels).
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6.5. Results

6.5.1. Total protein profile

6.5.1.1. One dimensional SDS-PAGE

A typical one-dimensional gel electrophoresis protein profile of oocytes

followed by silver staining is presented in figure 6.1. Two proteins with molecular

weights of 34kDa and 46kDa present in NM oocytes disappeared in FNM oocytes. A

protein of molecular weight approximately lOOkDa appeared in FNM oocytes. After

maturation both M and FM oocytes showed the same pattern of protein content.

6.5.1.2. Two dimensional SDS-PAGE

Examples of 2-D gel electrophoresis of oocytes from the different groups are

presented in figures 6.2. 6.3. There were no major differences between the observed

protein profiles of oocytes from non-mature and matured groups with the following

exceptions. In NM oocytes five proteins with approximate molecular weights between

40-46kDa were present whilst in the FNM group these proteins either completely

disappeared or reduced in concentration. Another protein with a molecular weight of 60

kDa which was present in NM group disappeared in FNM group, in contrast a protein

of 70 kDa appeared FNM oocytes. The concentrations of some individual proteins also

appeared to vary in these groups. Following maturation, three proteins with molecular

weights of 55 KDa, 60 kDa and 70 kDa disappeared in follicle cultured oocytes whilst

4 proteins with molecular weights of about 39 kDa appeared.

6.5.2. Changes in protein synthesis during oocyte maturation

During oocyte maturation in vitro, proteins with molecular weights of 17 kDa,

20kDa, 28kDa and 90kDa were synthesised (Figure 6.4). These new proteins became

apparent following 8 hrs of maturation. The concentration of all proteins increased

during oocyte maturation with major increases observed following 12 hrs of culture.
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6.5.3. De novo protein synthesis during follicle culture

Attempted radio labelling of de novo protein synthesis in oocytes during follicle

culture was unsuccessful (Fig. 6.5). This was possibly due to an inaccessibility of

oocytes to radio-labelled methionine. The distribution of injected 35S Methionine in the

culture medium, follicular wall, follicular fluid, granulosa and cumulus cells was

measured. From the total amount of injected 35S inside the follicles, 30% leaked into

the culture medium, 40% was found in the follicular wall, 15% in the follicular fluid,

10% in the granulosa cells and only 0.5% was in the oocytes. However, when the

follicle culture derived oocytes were labelled during maturation in vitro they showed

the same pattern of de novo protein synthesis as directly aspirated controls.
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Figure 6.1. Effects of culture of large antral follicles on the total protein profile of
bovine oocytes. Total proteins in non-matured oocytes: directly aspirated from follicles
(NM), following 24 hours of follicle culture (FNM) and matured oocytes from these
two previous groups: M and FM were analysed. Note the presence of two protein bands
with molecular weights of 34KDa and 46KDa in NM which disappeared in FNM and
the appearance of a protein of molecular weight 1 OOKDa band in FNM oocytes. After
maturation both M and FM oocytes gained the same pattern of total protein profile.
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Figure 6.2. A two-dimensional gel electrophoresis display of the effects of culture of
large antral follicles on the total protein profile in bovine oocytes. Total proteins in
different groups of 50 oocytes from non-matured oocytes: directly aspirated from
follicles (non matured), following 24 hours of follicle culture (follicle culture non

matured). Note the presence of proteins of 40-46 KDa (a), 60 KDa (b) in NM group

and a 70 KDa (c) in follicle culture non matured oocytes.

175



pi

4.1
5.3

5.9

6.2

j

i

i

i

6.5

6.9

7.0

97.4kDa66.3
-

55.939.0

Follicle
culture

.non-mature



Chapter 6

Figure 6.3. Two-dimensional gel electrophoresis of the effects of culture of large antral
follicles on the total protein profile in bovine oocytes. Total proteins in groups of 50
oocytes from matured oocytes: directly aspirated from follicles and then matured in
vitro (matured), 24 hours of follicle culture and then matured in vitro (follicle culture
matured). Note the presence of proteins of 55 KDa (a) and 60 KDa (b) and 70 KDa
(arrow, c) in matured group and a protein of 39 KDa (d) in follicle culture matured
oocytes. There are apparent differences in the concentrations of individual proteins
between the two groups.
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Figure 6.4. l.D-SDS PAGE of de novo protein synthesis during oocyte maturation in
vitro. Groups of 5 ooytes from the same batch of ovaries were labelled with 35S-
Methionine during maturation and collected at 4, 8, 12, 16, 20 and 24 hours from the
beginning of culture. All samples were processed for SDS-PAGE and fluorography as
described in materials and methods.
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Figure 6.5. l.D-SDS PAGE, analysis of de novo protein synthesis of oocytes during
follicle culture and after subsequent maturation. 35S-Methionine was injected into the
follicle antrum or added to the follicle culture medium for detection of protein synthesis
during follicle culture (FC). To compare the difference in the pattern of de novo protein
synthesis after maturation, aspirated oocytes (M) and the oocytes collected after 24
hours of follicle culture were matured in the presence of 35S-Methionine for 24 hours
(FM).
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6.6. Discussion

Oocyte growth involves not only a substantial enlargement of the cell but also a

major reorganisation of its metabolism and gene expression. The increase in oocyte

volume is accompanied by a proportional increase in the amino acid pool and a linear

increase in protein synthesis (Wassarman et al., 1981). Detailed electrophoretic

analysis of proteins at different stages of growth revealed that the synthesis of

structural and other housekeeping proteins is accompanied by a change in the pattern of

stage-specific proteins (Moor and Gandolfi, 1987). The experiments reported here were

carried out in order to study the cytoplasmic maturation of bovine oocytes in relation to

protein content and synthesis. In cattle, protein synthesis is not required for male

pronucleus formation, as it is not blocked by cycloheximide a protein synthesis

inhibitor (Chian and Sirard, 1996). The role of protein synthesis in cytoplasmic

maturation has been studied previously by comparing oocytes from calves and cow

(Khatir, et al., 1996). No differences were observed between the constitutive proteins

of cow and calf oocytes. However, when follicular fluids were compared, quantitative

differences were demonstrated by an increase in intensity of bands of molecular weight

34 and 45kD proteins in the cow. These authors concluded that the differences in

developmental ability between calf and cow oocytes would appear to be not solely

linked to differences in oocyte protein patterns.

In these experiments the rate of protein synthesis reduced in both in vitro

matured oocytes from either aspirated and following follicle culture. These

observations were also reported in mouse oocytes. The size of methionine pool and

absolute rates of protein synthesis during meiotic maturation of mouse oocytes in vitro

have been determined (Schultz et al., 1978). As meiotic maturation progressed from

dictyate stage to metaphase II, the size of the intracellular methionine pool decreased

from about 56 to 35 fmole per oocyte and the absolute rate of protein synthesis

decreased from about 42 to 33 pg/hr per oocyte. The decrease in absolute rate of
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protein synthesis during this period was not simply because of the decrease in size of

intracellular methionine pool. Because the absolute rate of protein synthesis in ovulated

eggs is nearly identical to that in oocytes matured in vitro, the decrease observed

during meiotic maturation is of physiological significance. Since the rate of RNA

synthesis decreases dramatically following breakdown of the nuclear envelope and

chromosome condensation (Schultz et al., 1978; Osburn and Moor, 1983), it is likely

that the modest decrease in absolute rate of protein synthesis during meiotic maturation

reflects turnover of oocyte RNA and / or translational control mechanisms. Cessation

of ribosomal RNA synthesis apparently is associated with dissolution of the nucleolus

upon mixing of nucleoplasm and cytoplasm (Rodman and Bachvarova, 1976).

Furthermore, as much as one-half of the poly-adenylated RNA accumulated during

oocyte growth is either degraded or deadenylated during meiotic maturation

(Bachvarva et al., 1985).

The decrease in overall protein synthesis during meiotic maturation of oocytes

is reflected in the behavior of a variety of specific proteins. For example, the rate of

synthesis of tubulin, actin, histon and ribosomal proteins decrease by about 30% to

50% and the rate of synthesis of lactate dehydrogenase (LDH) decreases by 80% to

90% during meiotic maturation (Van Blerkom and McGaughey, 1978). Synthesis of

zona pellucida glycoproteins decreases to extremely low levels during meiotic

maturation. In this context, electrophoretic analysis of nascent proteins have revealed

many changes in the overall pattern of protein synthesis during meiotic maturation of

oocytes (Schultz and Wassarman, 1977; McGaughey et al., 1979; Richter and

McGaughey, 1981; Crosby et al., 1984). Both the appearance and disappearance of

particular protein species have been noted. Virtually all of the changes observed in

protein synthesis occur subsequent to nuclear envelope dissolution but are not

dependent on other events such as spindle formation or polar body emission. Oocytes

that remain arrested at the dictyate stage, with an intact nuclear envelope, either in the
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presence or absence of drugs, do not exhibit these changes in protein synthesis (Warnes

et al., 1977; Wassarman and Schultz, 1979; Richter and McGaughey, 1981). It is likely

that many of the changes in protein synthesis accompanying meiotic maturation result

from mixing of the oocyte's nucleoplasm and cytoplasm and would be expected to

participate in the regulation of meiotic cell cycle progression. Candidate proteins

whose synthesis and / or degradation have been implicated in cell cycle control include

the catalytic and regulatory subunits of MPF, p34cdc2 and cyclins, respectively, as well

as putative MPF-stabilizing proteins such as cytostatic factor (CSF) and c-mos

(Wickramasinghe and Albertini, 1993). It is becoming increasingly apparent that, in

addition to translational control, post translational modifications of the cell cycle

proteins constitute a critical mechanism by which meiotic progression is regulated

(Albertini, 1992).

In the studies described here, no new protein synthesis was detected during

follicle culture due to technical difficulties. The majority of radio-labelled methionine

was either leaked into the culture medium or absorbed by follicular somatic cell

compartments. Only a very low incorporation was counted in the oocyte. These

constrains might have caused the failure in detection of new protein synthesis in the

oocytes during follicle culture. On the other hand these results may indicate the lack of

new protein synthesis in the oocytes during follicle culture. However, total protein

profiles indicated some differences between NM and FNM groups. The disappearance

of a 34KDa protein in one-dimensional electrophoresis of immature oocytes following

follicle culture in the experiments reported here, may reflect the decrease in the

concentration of this subunit of MPF during meiotic arrest in follicle cultured oocytes.

Phosphorylation changes in p34cdc2 protein kinase are now recognised as the basis for

regulation of MPF activity during M phase of the eukaryotic cell cycle. MPF is

activated at the onset of oocyte maturation and whose activity peaks at both metaphase

I and metaphase II (Choi, et al., 1991). It is not known the 34 KDa protein is a p34cdc2,
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if so it appears that cytoplasmic factors influencing the phosphorylation status of

p34cdc2 play pivotal roles in both meiotic arrest and resumption (Gavin et al., 1991).

Another speculation about disappearance of this protein may relate it to the appearance

of the high molecular weight protein of lOOKDa observed in the oocytes following

follicle culture. In fact it might be produced by binding of three molecules of 34KDa

together which made a high molecular weight protein of 102KDa protein.

The results of two-dimensional SDS-PAGE were also in agreement with the

radio labelling data. Only minor changes, mainly in the concentration of some proteins

were observed. One of the remarkable differences between NM and FNM oocytes is

the presence of proteins with molecular weights of 39 kDa in FM oocytes. A review of

the literature suggests that it might be the p39cmos. The c-mos proto-oncogene is the

cellular homologue of the transforming gene v-mos form Moloney murine sarcoma

virus (Oskarsson et al., 1980). It is a member of the serine / threonine protein kinase

family. Unlike many proto-oncogenes, expression of c-mos in mice is restricted to a

few tissues, most notably ovary and testis (Propst and Van de Woude, 1985). Results of

in situ hybridisation analysis suggest that c-mos expression occurs specifically in

growing and fully grown oocytes within the ovary (Goldman et al., 1987; Mutter and

Wolgemuth, 1987). Quantification of these results indicates that c-mos messenger

RNA accumulates to a steady level at about 105 copies per fully-grown oocytes during

oocyte growth. Northern blot and in situ hybridisation analyses have revealed the

pattern of c-mos expression during meiotic maturation of mammalian oocytes, as well

as during early embryogenesis (Goldman et al., 1988; Mutter et al., 1988; Wu et al.,

1997). During meiotic maturation, the level of c-mos transcripts decreases by about

20%. This decrease does not occur until oocytes have entered metaphase II and the first

polar body has been extruded (Mutter et al., 1988). In addition, the size of c-mos

transcripts increases from 1.40 kilobase to 1.65 kilobase because of post-transcriptional

polyadenylation of pre-existing cytoplasmic transcripts (Goldman et al., 1988). The
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levels of c-mos continues to fall following fertilisation, such that c-mos messenger

RNA is undetectable at the two-cell stage of development and remains undetectable

through the blastocyst stage of development. Overall, the pattern of c-mos expression

described is consistent with the behaviour of the bulk of maternal poly (A) mRNA in

mammalian oocytes (Bachvarova et al., 1985). But it is not known whether the higher

concentration of c-mos in oocytes (as observed in follicle-cultured oocytes in the

present study) results in higher developmental competence after fertilisation.

During oocyte maturation in vitro, both qualitative and quantitative changes

were observed in the oocytes. The most obvious qualitative changes were observed

after 8 hrs of oocyte maturation and after 12 hrs only quantitative changes in the

protein bands were identified. One explanation is that the qualitative changes observed

are the production of proteins necessary for germinal vesicle breakdown. In cattle,

GVBD occurs between 6.6 and 8.0 hrs after start of oocyte maturation in vitro. Protein

synthesis is required for GVBD, chromatin condensation (8.0 to 10.3 hrs), and

progression to metaphase I (10.3 to 15.4hrs) (Sirard et al., 1989). The pattern of.protein

synthesis in ovine oocytes was shown by studies of Sun and Moor, (1991). They

identified consistent differences in three low molecular weight polypeptides classes of

9KDa, 18KDa and 28KDa. The latter protein (28KDa) was synthesised between the

initiation of maturation and germinal vesicle breakdown and sequestered in the oocyte

nucleus, and represented at least 9% of the total labelled polypeptide transferred to the

oocyte nucleus during 4hrs of maturation. In the experiments presented in this chapter,

proteins of 17kDa, 20kDa, 28kDa and 90KDa were labelled with 35Methionine during

oocyte maturation and again the 28kDa showed the highest concentration compared

with the others. It seems that, this protein has a major role in maturation of both ovine

and bovine oocytes. In cattle, there is only one particular study on protein synthesis in

in-vivo matured oocytes (Kastrop et al., 1992). In these studies, they collected oocytes

following PMSG stimulation of ovaries and compared the pattern of protein synthesis
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in individual oocytes derived from 3-8mm in diameter follicles with that of pre¬

ovulatory follicles. These authors reported that oocytes from non-atretic follicles of 3-

8mm, collected between 3 and 20hrs after LH peak exhibited consistent protein

synthesis and phosphorylation patterns similar to those oocytes from pre-ovulatory

follicles collected 3-8hrs after the LH peak in the germinal vesicle stage. In particular,

a phosphorylation band of 19kDa and the two heavily phosphorylated proteins with

apparent molecular weights between 50 and 60 kDa were present in pattern of oocytes

in the germinal vesicle stage (Kastrop et al., 1992). It seems that there are no

remarkable changes in the protein profile of oocytes during later stage of follicle

development. The lack of differences in the protein profile of GV oocytes from both

medium and large oocytes may partly explain the failure in the detection of new protein

synthesis in immature follicle-cultured oocytes in the experiments reported here. In

another study Wu et al., (1996) reported the pattern of protein synthesis in bovine

cumulus oocyte complexes during oocyte maturation in vitro. They reported the

synthesis of 39kDa and 27-28kDa proteins during oocyte maturation. The patterns of

protein profile in the oocytes reported in this thesis are more in agreement with the

above study.

The results of present studies indicated some presumptive proteins which

maybe important for cytoplasmic maturation of oocytes. However, the exact identity of

these proteins was not determined. Since the protein bands or spots were appeared after

silver staining of the gels, it is difficult to identify the fixed proteins on the gel. In order

to identify a protein, a non silver-stained gel should be used. After running the gel, the

protein would be blotted on nitrocellulose paper and the exact location of the

presumptive protein will be separated from paper. The protein should then be extracted

and the sequence of 10 amino acids from the 3'-end on the polypeptide will used for

identification of the protein.
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In the studies reported here the protein profile of oocytes after 24h of

maturation (M and FM) were similar as demonstrated by de novo protein synthesis in

oocytes labelled with 35s methionine. These results suggest that follicle culture had no

apparent detrimental effect on subsequent protein synthesis in the recovered oocytes.

The data presented here suggests that the increased frequency of embryo development

observed following follicle culture might be the result of the production or

disappearance of the proteins that were identified in the total protein profile.

Alternatively other non-protein factor(s), such as mRNA, post-translational

modification of proteins or post-transcriptional modification of maternal mRNA may

be involved.
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Chapter 7:

Effects of addition of insulin to follicle culture medium

on oocyte quality, embryo development, IGBPs and
protein profile

7.1. Introduction

Regular progression of pre-implantation development depends upon the spatial

or temporal expression of specific genes and on a continuous supply of energy,

hormones and growth factors. Studies in a number of vertebrate and invertebrate

embryos have suggested that growth factors and their receptors may play important

roles in cell proliferation and differentiation (reviewed in Mattson et al., 1989). Insulin,

a hormone produced in the pancreas has proved its physiological importance in the

regulation of glucose concentrations in the circulation, in relation to diabetes in insulin

deficient humans. Insulin regulates cell growth and development in a wide variety of

human cell lines (Starus, 1981; Hsueh, et al., 1984). The importance of insulin as a

regulator of ovarian function was revealed in patients with altered insulin

concentrations. Insulin-dependent diabetes mellitus in women is commonly

accompanied by ovarian hypo function and amenorrhoea, whilst hyperinsulinaemia is

associated with ovarian hyperstimulation and hyperandrogenism (Portesky and Kalin,

1987; Poretsky, 1991; Fulghesu et al., 1997). In cattle, early studies (McClure, 1968)

showed that hypoglycaemia induced by insulin on day 17 to 20 of the oestrous cycle

delayed oestrus.

With regard to follicular development and maturation, pharmacological levels

of insulin are known to alter several processes. High insulin concentrations in non-

lactating heifers were associated with increased numbers of small follicles (<4mm)

(Gong et al., 1993a) and an increased response to superovulatory treatment (Gong et
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al.. 1993b). Administration of insulin alone at the time of a superovulatory regime of

FSH did not affect the number of follicles. However, cows treated with insulin

maintained more oestrogenic follicles for longer periods than control cows (Simpson et

al., 1994).

In vitro, insulin has repeatedly been reported to stimulate proliferation and

steroidogenesis of granulosa and theca cells (Campbell et al., 1995; Spicer et al., 1995;

Duleba. et al., 1997) and is routinely included in tissue and cell culture media. In

porcine (May and Schomberg, 1981) and human (Hill and Osteen, 1992) ovarian tissue,

insulin stimulates granulosa cell progesterone secretion, granulosa cell luteinisation

(Channing et al., 1967) and induces granulosa cell LH / hCG receptors (May et al.,

1980; Anderson et al., 1980). It also increases rat granulosa cell oestrogen and

progestin production in response to FSH (Davoren and Hsueh, 1984). Insulin and FSH

facilitate morphological differentiation of the granulosa cells in a synergistic manner,

stimulating gap junction and microvili formation and enhancing development of the

mitochondria, endoplasmic reticulum, and golgi complex (Amesterdam, et al., 1988).

A role for insulin in Xenopus oocyte maturation has been described (El-Etr, et

al., 1979). Tsafriri and Channing (1975b) demonstrated that insulin stimulates

maturation of pig oocytes beyond first metaphase and extrusion of the first polar body.

Subsequently, Lessman and Schultz (1981) reported that insulin facilitates germinal

vesicle breakdown in oocytes from leopard frogs (Rana pipiens).

The role of insulin in embryo development was investigated during concurrent in vitro

and in vivo studies of embryo metabolism in the mouse (Kaye et al., 1992). In this

study protein synthesis increased in the presence of insulin at the compacted morulae

stage of development. The same results were also reported by Rao et al., (1990). The

appearance of the insulin receptor in both inner cell mass (ICM) and trophobast cells at

this time (compact morulae stage) has been confirmed by immunohistochemical studies

with a specific anti-insulin receptor IgG (Harvey and Kaye 1991). In cattle, mRNAs
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encoding receptors for insulin, IGF-I, and IGF-II have been detected at all embryonic

stages from the 1 -cell zygote to the blastocyst (Schultz, et al., 1992). However, insulin

does not improve bovine oocyte maturation (Stubbings, 1989) and has no effect on the

fertilisation rate or subsequent development of oocytes (Stubbings et al., 1990).

However, in a separate report addition of insulin (0.5pg/ml) to SOF medium stimulated

the development of bovine embryos to the morulae stage in the presence of amino

acids, this effect was mediated through the IGF-I receptor (Matsui, et al., 1997).

The insulin-like growth factors are small proteins, structurally related to

proinsulin, that stimulate growth and differentiation of a wide variety of cell types

(Jones and Clemmons, 1995). In the circulation and body fluids, IGFs are complexed

with specific binding proteins (IGFBPs). Six distinct IGFBPs have so far been

characterised following their purification and / or cDNA isolation and sequencing

(Clemmons, 1993; Rechler, 1993). The association of IGFs with their binding proteins

in the circulation prolongs their half-life by decreasing their clearance rate (Jones and

Clemmons, 1995).

The IGFBP content of ovarian follicular fluid from a number of species has

been examined using Western ligand blots and immunoblots. In sheep, for example,

four groups of binding proteins have been identified, according to molecular mass,

using Western ligand blots: 42-44, 35, 28.5-32 and 24 kDa (Monget. et al., 1993).

Similarly, in the cow, binding proteins of molecular mass 40-44 kDa (IGBP-3), 34 kDa

(IGBP-2), 29-27 kDa (IGBP-5), and 22 kDa (IGBP-4) have been identified

(Echternkamp, et al., 1994). The concentration of IGBP-3 increases during follicle

growth, whereas the concentrations of the smaller binding proteins show an inverse

relationship to follicular maturity (Funston et al., 1996). To date the actions of IGFs in

ovarian cell cultures have been shown to be inhibited by IGFBPs (Mason et al., 1992;

Monget et al., 1993). A decrease in follicular IGFBP production would therefore be

expected to increase the biological activity of locally produced IGF and thus increase
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the sensitivity of the follicle to gonadotrophins. The observed changes in the

concentration of IGFBPs in follicular fluid during follicle development agree with this

hypothesis and indicate that IGFBPs are key autocrine and paracrine regulators of

ovarian function.

The aims of experiments reported here were to elucidate the effects of addition

of insulin as a follicular survival factor to the follicle culture medium on the quality of

recovered oocytes. Follicles were cultured in the presence or absence of insulin for 24

hrs. Embryo development to the blastocyst stage and the quality of embryos was

assessed. The effect of insulin on oocyte quality was also assessed by examination of

ultrastructure of immature oocytes derived following follicle culture in the presence of

insulin. In addition, the effects of insulin on the total protein profile of oocytes and

IGFBPs profile in follicular fluid and culture media was investigated.

7.2. Materials and methods

7.2.1. Follicle culture conditions

Ovaries were collected from local abattoirs, non-atretic follicles were

dissected and then trimmed of all connective tissues. Follicles of 4 to 8 mm in diameter

were used for the study of the effect of insulin supplementation in the follicle culture

medium on developmental competence, protein profile and ultrastructure of oocytes.

For experiments on IGFBPs, follicles were divided and cultured (3 replicates) as two

size groups of <4 mm and >4 mm in diameter in the presence or absence of insulin.

Follicle culture was performed as described in chapter 3. Groups of 3 follicles

were cultured on each netwell insert (see section 3.6). Unless otherwise indicated, in

these experiments, in order to remove the possible effect of insulin in FCS, follicle

culture was performed in the absence of FCS.

In the experiments evaluating the effects of insulin supplementation to the

follicle culture media on the developmental competence of oocytes following follicle
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culture, insulin at a concentration of 5ug/ml was added to the culture media (10

replicates). In the control group, follicles were cultured in the same conditions but in

the absence of insulin.

7.2.2. Oocyte maturation, fertilisation and embryo culture

After 24 hrs of follicle culture, oocytes from both groups (n = 106 in insulin

positive and n = 98 in insulin negative groups) were collected, washed in dissection

medium and cultured in maturation medium for 24hrs and then fertilised (see section

2.3). Forty eight hrs after fertilisation, cleaved embryos were selected and transferred

to SOFaa plus BSA medium for a further 6 days as described in chapter 4.

7.2.3. Sample collection for blotting

Following follicle culture in the presence or absence of insulin for 24 hrs,

follicular fluid from individual follicles and the culture media from each well were

collected separately in eppendorfs and stored at -20°C until processing.

7.2.4. Assessment of embryo quality

On day 8 after fertilisation, blastocyst stage embryos were collected and stained

with Hoechst dye (as described in section 4.2.9). Embryo quality was assessed based

on the total number of cells as counted using a UV light microscope.

7.2.5. IGFBPs detection

7.2.5.1. Gel electrophoresis and sample preparation

A 12% denaturing gel (12 ml Acrylamide / Bisacrylamide 37.5:1, 7.5 ml 1.5M

Tris-HCl, pH:8.6, 10.05ml dH20, 0.3ml 10% SDS, 0.15ml 10% Ammonium

persulphate, 0.01ml TEMED) was used for separation of different fractions. A 5%

stacking gel (2.5ml Acrylamide / Bisacrylamide 37.5:1, 3.75ml 0.5M Tris-HCl pH:6.8,
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8.56ml dhbO, 0.15ml 10% SDS, 0.15ml 10% ammonium persulphate, 0.01ml

TEMED) was poured on top of the running gel for sample insertion. Samples of

follicular fluid were diluted (2pl of follicular fluid + 23pi dEbO), 25pi of follicular

sample or 25pi of culture media were mixed with 25pi of Laemmli sample buffer

(10ml 0.5M Tris-HCl, pH:6.8, 10ml 10% SDS, 10ml Glycerol, containing bromo-

phenol blue in 100ml dH20).

Samples were solubilised by heating to 100°C for 5 min. cooled and loaded onto

the gel. Electrophoresis was carried out at using constant current 40mA. until the

samples ran into the stacking gel and then 100mA. The running buffer consisted of 72g

Glycine, 15g Tris and 50ml of 10% SDS in 5 litre dH20. Molecular weight markers

(16.5-175 KDa) from New England Biolab (Cat. no: 7708L) were run alongside the

samples.

7.2.5.2. Blotting

After electrophoresis the gel was blotted onto Hybond nitro-cellulose C-pure

(Amersham Cat no: RPN 303W) for 24 hrs using a semi-dry blotter (Hoefer semiphor

unit. Cat No: TE 77, Hoefer, Sanfransisco, CA) at 125 volts. The transfer buffer

consisted of 192mM Glycine, 25mM Tris pH:8.3, 1.3mM SDS (0.1%), 20% Methanol.

7.2.5.3. Ligand blots

After electrophoresis and blotting onto nitro-cellulose (2 replicates), the blots

were washed for 30 mins in 3% Nonidet P40 in TS buffer (150mM NaCl, lOmM Tris-

HCl pH:7.4) then in 1% BSA (Sigma, Cat. no:A77888 RIA grade) in TS buffer

followed by two washes each of 20 mins in 0.1% Tween 20 in TS buffer. The blot was

then left overnight in 1% BSA, 0.1% Tween 20 in TS buffer containing 3 x 106 cpm

125I labeled ligand (in 20ml). After labeling, the blots were washed four times each of

30 min in 0.2% Nonidet P40 in TS buffer. All washing steps were performed at 4°C.

195



Chapter 7

The nitrocellulose was then dried and exposed to a Cronez 4 film (Sterling Diagnostic

Imaging) for 3 days. The films were developed using an autoradiograph developer.

7.2.6. Total protein profile of oocytes

Non-mature oocytes were collected following 24 hrs of follicle culture (total of

54 oocytes in 3 replicates) in the presence (n = 27) or absence (n = 27) of insulin.

Following sample preparation (see section 2.8.1) proteins were separated on a 6%

denaturing gel (total of 3 gels) alongside matured oocytes from both groups. The gel

was then silver stained as described in appendix VII.

7.2.7. Ultrastructure of oocyte

Cumulus oocyte complexes were collected following 24 hrs of follicle culture

(n = 36) in the presence (n = 18) or absence (n = 18) of insulin. Oocytes were

processed for examination of ultrastructure by transmission electron microscope as

described in section 2.7.

7.2.8. Statistical analysis

The data from the proportion of oocytes which cleaved after fertilisation and the

proportion of cleaved embryos which became blastocysts were analysed by fitting

replicates as a source of random variation in a general linear mixed model (Breslow

and Clayton, 1993).

7.3. Results

7.3.1. Effect of insulin on embryo production

The effects of addition of insulin to follicle culture media are summarised in

table 7.1. There was a significant difference in the proportion of cleaved embryos

between the two groups (mean ± sem; 0.61 ± 0.032 in the control group vs 0.52 ± 0.029
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in insulin treated group) (P< 0.05). However, there was no significant difference in the

proportion of cleaved embryos that became blastocyst (0.28 ± 0.047 in the control

group vs 0.30 ± 0.038 in insulin positive group) nor the quality of embryos between

two groups (based on total cell number of 124.6 ± 6.95 in control group vs 137 ± 8.53

in the treatment).

7.3.2. Insulin -Like Growth Factor-Binding Proteins

The IGFBPs present in follicular fluid and the culture media in the presence or

absence of insulin are shown in figure 7.1. There are major qualitative differences in

insulin positive culture medium and follicular fluid in comparison with the insulin

negative group. In insulin treated follicles two strong bands corresponding to IGFBPs

25 and 34 disappeared in both the follicular fluid and the culture media of follicles of >

4 mm in diameter. In contrast smaller follicles retained the same pattern of IGFBPs.

7.3.3. Total protein profile in the oocytes

A representative profile of total proteins in the oocytes is shown in figure 7.2.

Non-matured oocytes recovered from follicle culture in the presence of insulin have a

remarkably different profile from control oocytes. The insulin positive group showed a

profile more similar to that of matured oocytes. There were no detectable differences

in the total protein profile between the two groups following subsequent maturation.

7.3.4. Ultrastructure of oocytes

The ultrastructure of immature oocytes recovered following 24 hrs of follicle

culture in the presence of insulin are shown in figures 7.3 and 7.4. In these oocytes,

cortical granules changed their position from being in clusters to becoming individually

located in the marginal area. The mitochondria also dispersed throughout the

cytoplasm. The number of fat vesicles reduced, and these moved towards the central
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area. The oocyte microvilli remained attached to the zona pellucida however some of

them terminated in the previtelline space.
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Figure 7.1. Effects of addition of insulin during culture of bovine antral follicle on
insulin like growth factor binding protein profile. Follicles from two size ranges of < 4
and >4 mm in diameter were cultured in the presence (I+) or absence of insulin (I").
Follicular fluid (FF) and culture medium (CM) were collected from two size groups of
follicle following 24 hours follicle culture. In the insulin positive group two bands with
25 (IGFBP-4) and 34 kDa (IGFBP-2) were reduced to undetectable levels in both
follicular fluid and culture medium of larger follicles.
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Figure 7.2. Effects of addition of insulin during culture of bovine large antral follicles
on total protein profile of oocytes. Follicles were cultured in the presence of 5pg/ml
insulin. Protein profile was displayed from groups of five oocytes after running on a
6% 1D-SDS-PAGE followed by silver staining. Immature oocyte from insulin treated
follicles (FNMI) displayed a protein profile identical to matured oocytes. There was no
difference in the protein profile of oocytes after maturation. NM = non-mature, FM =
24 hours follicle culture + 24 hours oocyte maturation, M = 24 hours oocyte
maturation.
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Figure 7.3. Electron micrograph showing part of an immature oocyte following culture
of large antral follicles in the presence of insulin. The oocyte gained the features of a

matured oocyte. The mitochondria (M) became evenly distributed throughout the
cytoplasm. Some of the small vesicles fused together and formed giant vesicles (V).
Note the organelle free area in the marginal area. The cortical granules (CG) became
located individually in the margin of oocyte. Magnification x 4,500.
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Figure 7.4. Electron micrograph showing part of an immature oocyte following culture
of large antral follicles in the presence of insulin. The oocyte gained the features of a

matured oocyte. Cortical granules (CG) are located individually in the margin of
oocyte. Many of microvilli are disconnected and terminated in the perivitelline space

but some of them still penetrated into the zona pellucida (ZP). Magnification x 23,700.
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Table 7.1. Effect of addition of insulin during follicle culture on the developmental
competence of the recovered oocytes. Follicles were cultured in the presence or

absence of insulin (5pg/ml) for 24 hours. Oocytes were recovered, matured and
fertilised in vitro. Cleaved embryos were counted and cultured until day 8 after
fertilisation. The number of blastocysts were counted and the quality of the blastocysts
assessed by total cell counting. Insulin adversely reduced the cleavage (p<0.05) rate but
there were no differences in either the number or quality of blastocysts between the two

groups. The values are presented as men ± sem.
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Table 7.1

No

oocytes
Cleaved

(%)*
Blastocysts

(%)
Cell

Numbers

Control 98 61 ±3.28 28 ± 4.74 124.6 ± 6.95

Insulin 106 52 ± 2.92 30 + 3.81 137.4 ± 8.53
* P< 0.05
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7.4. Discussion

Insulin family growth factors, ligand and receptor genes have been detected in

bovine preimplantation embryos and oviduct cells (Watson et al., 1992; Schmidt et al.,

1994). It is suspected that insulin family growth factors influence the development of

preimplantation embryos in vivo (Matsui, et al., 1997). In vitro studies demonstrate that

insulin stimulates amino acid uptake (Kaye, 1986) and protein synthesis (Harvey and

Kaye, 1988; Kaye et al., 1992) of mouse preimplantation embryos. Transcripts for

receptor genes of insulin and IGF-I were detected at all stages of preimplantation

bovine embryos (Watson et al., 1994). The results of the present experiments

demonstrated that insulin adversely affected the frequency of cleavage of fertilised

oocytes. However, the rate of blastocyst production was not affected following 8 days

of in vitro culture. There are a limited number of studies on the effects of insulin on

preimplantation bovine embryo development. Matsui et al (1997) reported that insulin

at concentrations of 0.5 to 10 pg/ml had a beneficial effect on the rate of development

to the morulae stage on day 5 of embryo culture and that this stimulation of embryonic

development was mediated through the IGF-I receptor. However, these authors did not

report the frequency of development to the blastocyst stage.

In the studies reported here, insulin at a concentration of 5pg/ml was added to

the follicle culture medium. This level of insulin, which is routinely used for culture of

preantral follicles, is higher than physiologic concentrations of insulin in biological

fluids (0.5-10 ng/ml) (Diamond et al., 1985). However, although this high

concentration of insulin resulted in a decrease in oocyte cleavage, the frequency of

blastocyst production was not affected. In addition the quality of blastocysts produced

(as assessed by total cell number) was not significantly different between the two

groups.

In vivo studies on the effects of insulin on follicular dynamics are indicative of

being stimulatory rather than suppressive. Administration of insulin increased ovulation
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rate in cyclic gilts (Cox et al., 1987), and this response seemed to be independent of

any changes in gonadotrophin concentrations indicating a possible direct effect of

insulin on the ovary. The most consistent effect of exogenous insulin in gilts is a

marked reduction in atresia of medium-sized and small follicles (Matamoros et al.,

1991). Pulsatile infusion of bovine insulin increased the ovulation rate in response to

FSH (Harrison and Randel, 1986). Administration of insulin to pregnant mares serum

gonadotrophin (PMSG)-treated prepubertal gilts almost doubled the concentration of

IGF-I in the fluid of medium-sized follicles, but did not affect peripheral concentrations

(Matamoros et al., 1991). In cattle it was shown that insulin increased granulosa cell

proliferation in vitro (Langhout et al., 1991) and has an stimulatory effect on follicle

growth in vivo (Simpson et al., 1994). Whether the numbers of insulin receptors change

as follicles develop is unclear. In swine, granulosa cells from small follicles have fewer

insulin receptors than do cells from medium or large follicles (Otani et al., 1985).

Similarly, in women, granulosa and theca cells from dominant follicles have more

insulin receptor mRNA than do cells from small antral follicles (El-Roeiy et al., 1994).

However, numbers of total ovarian insulin receptors do not change during the menstral

cycle in women (Jarrett et al., 1985).

Any effects of the insulin family of growth factors on the oocyte in vivo are

probably regulated by IGFBPs because dramatic differences exist in IGFBPs in

follicular fluid from follicles at different stages of development (Funston et al., 1996).

The data from the effects of insulin on IGFBPs in both culture media and follicular

fluid indicate that in insulin treated follicles of >4mm in diameter, two protein bands of

34 and 25 kDa disappeared. These bands represent the IGFBP-2 and IGFBP-4

respectively. Factors belonging to the IGF family can support growth of small antral

follicles by enhancing granulosa cell proliferation (Monniaux et al., 1997). In large

antral follicles, IGF bioactivity increases and enhances the amplification of

gonadotrophin action on follicular cells. In contrast, atresia is characterised by an
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increase in the expression of IGFBP-2, -4 and -5 mRNAs and a decrease in proteolytic

degradation of the corresponding proteins, resulting in an increase in their intra

follicular concentrations (Monniaux et al., 1997). In these studies protein bands

belonging to IGFBP-2 and IGFBP-4 decreased to an undetectable level in the presence

of insulin. One possible explanation for these data is that the presence of insulin in the

culture medium protects larger follicles against atresia. In small follicles insulin did not

support follicles against atresia, so the concentrations of IGFBPs increased and were

subsequently detected. During follicular development the IGFBP-3 content of follicular

fluid increases (Armstrong et al., 1996a). In these experiments there was no effect of

effect of addition of insulin to the culture medium on IGFBP-3, so it may be postulated

that follicular growth and development was not stimulated by insulin. In these

experiments, there was no FCS in the follicle culture medium. Serum has been already

shown to be beneficial for follicular survival in vitro (Telfer and Robertson, 1995). In

addition, follicles larger than 4mm in diameter are FSH-dependent (Gong et al., 1995).

Absence of serum and FSH may preceed the process of follicular atresia in larger

follicles.

IGFBPs have a regulatory role in follicle development (Echternkamp et al.,

1994) and are developmentally regulated in bovine granulosa and theca cells (Roberts

and Echternkamp, 1995). These authors and others (de la Sota et al., 1996) have

observed that IGFBP-2 and possibly IGFBP-4 and -5 were high in small and medium

sized follicles, but were markedly reduced or become undetectable in follicular fluid of

large or dominant follicles. These findings may also relate the differences observed in

the bands belonging to IGFBP-2 and 4 in the present experiments to developmental

regulation of IGFBPs during follicle growth. On the basis of this hypothesis, the

disappearance of two protein bands may be explained by intrinsic changes in the

follicle and any effect of insulin is ignored.

211



Chapter 7

Analysis of ultrastructural features of the recovered oocytes indicates that

insulin treated follicles yield oocytes that have features of maturing oocytes. This may

explain the reduced cleavage rate after fertilisation. As these oocytes were cultured in

maturation medium for another 24 hrs, early-matured oocytes became hypermature or

aged thus results in a lower fertilisation rate in comparison to the control group. In

porcine (May and Schomberg, 1981), human (Hill and Osteen, 1992) and bovine

(Spicer et al., 1993) ovarian tissue, insulin stimulates granulosa cell progesterone

secretion, granulosa cell luteinisation (Charming et al., 1967) and induces granulosa

cell LH / hCG receptors (Anderson et al., 1980; May and Schomberg, 1980). In the

experiments presented here, the levels of progesterone was not compared between two

groups. If insulin supplementation increases progesterone level in the follicular fluid,

then it mimics the phenomenon at the preovulatory surge of luteinising hormone that

leads to resumption of meiosis in the oocytes. However, follicle culture in the presence

of insulin has no detrimental effect on oocyte structure, but appears to promote

cytoplasmic maturation.

These data suggest that insulin does not improve bovine oocyte quality or pre-

implantation embryo development in vitro, but may prevent the process of atresia in the

follicle.
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Chapter 8:

Effects of hormones / growth factors supplementation
of follicle culture media on apoptosis in granulosa cells
and the developmental competence of oocytes

8.1. Introduction

In mammals, it has been long recognised that the majority (>99%) of follicles at

birth become atretic with only less than 1% achieving ovulation (Mariana, et al., 1991).

Thus, the normal fate of each individual follicle is to disappear by entering a process

that may be considered normal, allowing the ovary to produce cyclically the ovulatory

quota. The predominant form of physiological cell death in eukaryotic cells is

apoptosis, first described by Kerr et al., (1972). Apoptosis has a complementary but

opposite role to mitosis in the regulation of animal cell populations. It is a remodelling

process required to remove cells that are no longer needed, that fail to develop properly

or that are damaged genetically (Guthrie et al., 1995). It can be initiated or inhibited by

a variety of environmental stimuli, both physiological and pathological. Apoptosis

requires energy utilisation, mRNA and protein synthesis and is often regulated at the

level of transcription (Guthrie et al., 1995a). In most cells this means the active

transcription of new genes. Loss of function of these genes prevents cell death by

apoptosis (Billig et al., 1994).

It is now widely recognised that apoptotic cell death is an underlying

mechanism of cell loss during follicular atresia (Tilly et al., 1991; Guthrie et al.,

1995b). Apoptosis, defined as a sequence of programmed intracellular events leading to

cell death, consists of activation of an endogenous Ca2+ / Mg2+ dependent

endonuclease, loss of plasma membrane integrity, condensation of nuclear structure,

and reduction of protein content and cell size (Guthrie et al., 1994).

213



Chapter 8

Throughout follicular development the granulosa cells can communicate with

each other and the oocyte via gap junctions (Albertini et al., 1974; Colonna et al.,

1989). These channels allow transfer of nutrient and regulatory factors. The co¬

operation of granulosa cells in oocyte metabolic processes is probably essential for

normal oocyte development. In addition signals from the granulosa cells regulate the

progression of meiosis in oocytes (Eppig, 1991a). Granulosa cell apoptosis may occur

in healthy follicles during the luteal phase of the oestrous cycle and / or very early in

the process of atresia, before other morphological or biochemical changes are detected

(Tilly et al., 1992b). As a result of endonuclease activity, genomic DNA is cleaved

into nucleosomal oligomers of 180-200 base pair nucleosomal units before apoptosis

becomes morphologically evident (Jolly et al., 1994). These oligonucleosomes exhibit

a typical ladder after gel electrophoresis fractionation of cellular DNA.

For the detection of apoptosis of granulosa cells, sensitive methods have been

developed that rely upon either the electrophoretic analysis of 3'-end labelled

fragmented DNA (Tilly et al., 1991) or on DNA fluorescence flow cytometry (Guthrie

et al., 1994).

The aim of these studies was to assess the follicular somatic cell and the

enclosed oocyte interactions and whether the beneficial effects of follicular somatic cell

survival factors also improved the cytoplasmic maturation of oocytes. Oocyte

development is affected by the follicular microenvironment. During follicular

development, healthy follicles provide a suitable environment for oocyte growth and

development. The hypothesis was that if the isolated follicles are rescued from atretic

changes during culture in vitro, then they might provide a better environment for the

oocyte. These oocytes may have superior developmental competence than the control

oocytes. Several hormones and growth factors have already been shown to support

follicular growth in vivo and prevent apoptosis in cultured granulosa cells and enhance

in vitro maturation of cattle oocytes including IGF-1 (Adashi et al., 1985; Harper and

214



Chapter 8

Brackette, 1993; Pawshe et al., 1998), growth hormone (GH) (Eisenhauer et al., 1995;

Izadyar et al., 1996), epidermal growth factor (EGF) (Tilly et al., 1992a: Park and Lin,

1993; Lorenzo et al., 1995; Lonergan et al., 1996), oestradiol (E2) (Richards et al.,

1976), FSE1 (Carson et al., 1979; Uilenbroek et al., 1980) and LH (Chun et al., 1994).

To test this hypothesis, the effect of these factors individually and then in combination

on prevention of apoptosis in cultured bovine antral follicles was evaluated. Then the

developmental competence of oocytes was assessed in a comparative study following

follicle culture in the presence or absence of these factors in the follicle culture media.

8.2. Methods

8.2.1. Follicle isolation and culture

Follicles were isolated as described previously (see section 2.2). Isolated

follicles were cultured in serum free Waymouth culture medium on a insert membrane

as described in chapter 3 in a gaseous atmosphere of 45% O2, 5% CO2, 50% N2 for 2

days at 39°C. In the experiments which assessed the effects of follicular survival factors

on oocyte quality, follicles were cultured for 24 hrs.

8.2.2. Treatments

In these experiments different growth factors and hormones and a combination

of them were added to the follicle culture medium. Growth factors that were used were:

50 ng/ml epidermal growth factor (EGF), 100 ng/ml insulin-like growth factor-1 (IGF-

1), 100 ng/ml growth hormone (GH) and 5 pg/ml insulin. Hormones were included:

FSH at three concentrations of 25, 50 and 100 mlU/ml, 100 ng/ml LH and E2 atlO

M/ml. All of the above growth factors were purchased from Sigma, Dorset, UK. The

experiments were repeated 3 time for each treatment.

In the first experiment, effects of addition of ovine FSH (Sigma) at three

increasing concentrations mentioned above, on prevention of apoptotic cell death
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during 2 days of follicle culture were assessed. In the second experiment effects of the

following factors were assessed by supplementation to the culture medium as: LH +

GH, LH + IGF-1, GH + IGF-1, LH + GH + IGF-1, FSH (50 mlU). In the third

experiment effects of addition of a mixture of FSH+LH + GH + IGF-1 + E2 + EGF in

the presence or absence of 10% FCS (Globepharm, Surrey, UK) were assessed. In the

fourth experiment effects of addition of insulin was assessed in two size ranges of

follicles (smaller or larger than 4mm in diameter) in the presence or absence of FCS.

In the last experiment the effects of supplementation of the above follicular

survival factors on the developmental competence of oocytes was assessed. In this

experiment follicles were cultured in Waymouth culture medium supplemented with

ITS (5pg/ml insulin, 5ng/ml selenium, 5ng/ml transferrin (all three from Sigma)) and

10% heat inactivated FCS as the control (Co). In the treatment group (T), the follicle

culture media was supplemented with ITS, FCS and FSH+LH + GH + IGF-1 + E2 +

EGF and the above concentrations.

8.2.3. Granulosa cell collection

After 48 hrs of culture, follicles were opened and the granulosa cells collected

by either shaking or scratching of the follicle wall. Harvested granulosa cells were

transferred into eppendorfs and stored at -20°C until used.

8.2.4. Low molecular weight DNA extraction

Granulosa cells collected from 3 follicles cultured in the same well were pooled

into one tube for DNA extraction. 400 pi of homogenisation buffer called 'mouse tail

solution' (0.5% SDS, 0.1 M NaCl, 0.05 M Tris, pH: 8.0, 2.4 mM EDTA) and 0.06 pg

proteinase K (Sigma) were added to each tube, mixed briefly and incubated at 57°C for

5-6 hrs. Once the tissue was fully dissolved, the tubes were supplemented with 75 pi

8M potassium acetate and 500 pi chloroform. The mixture was vortexed and then
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refrigerated for a minimum of one hour. After cooling, the samples were centrifuged

for 8 min at lO.OOOg at 4°C. After centrifugation, the upper aquous layer was

transferred to a clean tube, 500 pi of ice cold isopropanol (Sigma) was added, mixed by

inversion and allowed to precipitate at -70°C for a minimum of 2 hrs.

After thawing, the samples were centrifuged at 14,000g for 25 min to pellet the

precipitated DNA. The supernatant was then carefully removed, 1ml of 80% cold

ethanol (4°C) was added to each eppendorf, the pellet washed and then centrifuged at

14,000g for 10 min. The ethanol was removed carefully, and the DNA pellets air-

dried. After completely drying, the pellet was re-suspended in 20 pi of dH20 and left

at room temperature for 20 min to allow the DNA to dissolve.

The total amount of DNA in each sample was calculated using a

spectrophotometer (Beckman DU-65). A 1 in 200 dilution (3 pi sample into 600 pi

dHbO) was read against a blank of the diluent at 260 and 280nm. The ratio of the two

readings must be above 1.7 to ensure a sufficient level of purity. The absorbance at

260nm was used to determine the quantity of nucleic acid (pg DNA) in the sampLe

using the following formulae:

reading x 50 = pg / ml

pg / ml x 200 = total in sample

(remaining DNA volume / 100) x total in sample = pg remaining DNA

lOpg DNA is required to run on an electrophoresis gel stained with ethidium bromide.

In those samples where the total amount of extracted DNA was below that limit, DNA
19

was 3-end radiolabeled with P-ATP.

8.2.5. 3'end labeling of DNA

All procedures using 32P labelled ddATP were conducted behind lead loaded

perspex screens, with double gloves and radiation monitoring in accordance with local

rules. To 2pg of the DNA to be labelled (or 0.2 pg of the DNA ladder (DNA size
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standard (low range), Bio-Rad Laboratories, Richmond. Ca, USA)) 10 p.1 of 5X

reaction buffer (1M sodium carbonate, 0.125M tris HC1, 1.25mg / ml BSA, pH: 6.6),

5pl lOmM C0CI2, 3pl [a-32P]ddATP (50 mCi) (Amersham. Buckinghamshire. UK)

(lpl for ladder) and lpl of terminal transferase (calf thymus) (0.5pl for ladder) (Sigma)

were added and incubated at 37°C in a water bath for 60 min. The reaction was stopped

by the addition of 5pl 0.25M EDTA.

8.2.6. Separation of labelled DNA from free 32P ddATP

Sephadex spin columns (Quick spin columns, cat. No. 1273 965, Boehringer

Mannhein. Sussex, UK) were used to remove unincorporated ddATP from the labelled

DNA. The prepared columns were centrifuged for 3 min at 1500 g, washed with PBS

and recentrifuged for 3 min at 1500 g. The DNA sample was added to the top of the

column and centrifuged for 3 min at 1500 g. During centrifugation the purified

radiolabelled DNA was eluted into the collection tube. This step of the work was done

at room temperature.

8.2.7. Gel electrophoresis

The electrophoresis unit was a large Hybaid unit (Hybaid. Middlesex, UK).

This required 750mg agarose dissolved in 50 ml xl TAE (24.2g Tris base, 57.1 ml

glacial acetic acid, 37.2g EDTA into 1 litre water) plus 50pl ethidium bromide (Sigma,

UK) which was added in order to visualise the DNA under UV light. This was poured

into the unit and left to set for half an hour. For visualisation of DNA movement on the

gel a 10X tracking dye as 10% sample volume was added to each sample before

placing them in the wells.

The electrophoresis unit was then connected to a powerpack and run at 60V for

4-5 hrs, by which time the leading band of dye was 2/3 of the way across the gel, with

DNA lagging slightly behind. The gels were then viewed using an image analysis
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system. This allows images to be stored on computer for future reference and

photographs to be taken of the results.

8.2.8. Drying and exposure of gels

For the experiment that DNA was radio labelled, the gels were first dried and

then exposured to the film for developing. Gels were lightly blotted with filter paper,

wrapped in cling film and placed on a bed of filter paper in the gel dryer. It was

allowed to dry in a vacuum (without heat) until wafer thin.

After drying, the gel was wrapped in a second layer of cling film and placed in a

developing box and overlain with x-ray film (X-OMAT AR, Eastman Kodak Co.,

Rochester. NY, USA). The gel was exposed to the film at -80°C for 1 hour initially.

The x-ray film was developed and used to give an indication of the best exposure time.

8.2.9. Oocyte maturation, fertilisation and embryo culture

After 24 hrs of follicle culture, oocytes from both groups (7 replicates, n = 86 in

control group (Co) and n = 86 in treatment group (T)) were collected, washed in

dissection medium and cultured in maturation medium for 24hrs and then fertilised (see

section 2.3). Forty eight hrs after fertilisation, cleaved embryos were selected and

transferred to SOFaa plus BSA medium for a further 6 days as described in section

4.2.8.

8.2.10. Assessment of embryo quality

On day 8 after fertilisation, blastocyst stage embryos were collected and stained

with Hoechst dye (as described in section 4.2.9). Embryo quality was assessed based

on the total number of cells as counted using a UV light microscope.

219



Chapter 8

8.2.11. Statistical analysis

The data from the proportion oocytes which cleaved after fertilisation and the

proportion of cleaved embryos which became blastocysts were analysed by fitting

replicates as a source of random variation in a general linear mixed model (Breslow

and Clayton, 1993).

8.3. Results

8.3.1. Effects on apoptosis

These studies assessed the effects of different hormones and growth factors on

prevention of apoptotic cell death in granulosa cells from large antral follicles during 2

days of culture. The images of extracted DNA are presented in figures 8.1-6. In all

replications, the control groups showed DNA laddering characteristic of apoptotic cell

death as a result of DNA fragmentation into multiples of 180-200 base pairs. These

cells were recovered from follicles that were cultured with Waymouth culture medium

alone. When the culture medium was supplemented with ITS (insulin, transferrin, and

selenium) and FCS no apoptosis was observed (Fig.8.3).

GH or LH singly or in combination did not prevent apoptosis (Figs. 8.1, 8.2). In

contrast insulin-like growth factor-1 alone and in combinations with FSH or GH could

support follicle viability and prevent programmed cell death (Fig 8.3). The effect of the

addition of insulin to the follicle culture medium on granulosa cells is presented in

figure 8.4. In follicles from both size groups insulin prevented DNA fragmentation.

However, follicles from both groups showed features of apoptotic cell death in the

absence of FCS and insulin.

The effects of addition of FSH at three concentrations are shown in figure 8.5.

FSH alone did not prevent apoptosis and there were no differences among the

concentrations that were used. Addition of a combination of FSH with GH and IGF-1

prevented apoptosis in granulosa cells.
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The result of addition of a combination of several factors is presented in figure

8.6. The culture media in the treatment (T) groups were supplemented with LH, FSH,

GH, IGF-1, EGF, E2, ITS in the presence (S+) or absence (S~) of foetal calf serum. No

differences were observed between the two treatment groups, whilst the control group

showed severe signs of apoptotic cell death. The effects of addition of FCS alone to the

culture medium on prevention of apoptosis in follicles of two range sizes of medium

(M) (4-6mm) and large (L) (7-10mm) were also assessed. Follicles were cultured in

Waymouth culture medium supplemented with 10% FCS for two days. FCS did not

prevent apoptotic cell death in the granulosa cells as characterised by clear signs of

DNA fragmentation in DNA samples from both size classes (Fig.8.6).

8.3.2. Effects on developmental competence of oocytes

The results of supplementation of different growth factors and hormones during

culture of antral follicles is summarised in table 8.1. Although the cleavage rate

increased in the treatment group but there were no statistical differences between two

groups. The rate of blastocyst production from cleaved embryos was higher in the

control group (Co) than the treatment (T). However, statistical analysis showed that

there were no significant differences between these two groups. The quality of

produced blastocyst was not different based on the total number of blastomers in the

day 8 embryos.
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Figure 8.1. Effects of addition of different factors on suppression of apoptosis in
granulosa cells. Follicle of 4-8mm in diameter were cultured in serum free Waymouth
culture medium in the presence of either lOOng/ml Growth Hormone (GH), lOng/ml
Luteinising Hormone (LH), lOOng/ml Insulin like growth factor-I or absence of these
factors (Co). Apopototic cell death characterised by DNA fragmentation (arrows)
which is displayed by ladders of 180-220 base pairs DNA fragments was present in all
treatments except for the combination of IGF-I and LH.
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Figure 8.2. Effects of addition of different factors on suppression of apoptosis in
granulosa cells. Follicles of 4-8mm in diameter were cultured in serum free Waymouth
culture medium in the presence of different combinations of lOOng/ml Growth
Hormone (GH), lOng/ml Luteinising Hormone (LH), lOOng/ml Insulin like growth
factor-I or absence of these factors (Co). Aopototic cell death characterised by DNA
fragmentation (arrows) which is displayed with ladders of 180-220 base pairs DNA
fragments was present in all treatments except for the combination of IGF-I and GH.
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Figure 8.3. Effects of addition of different factors on suppression of apoptosis in
granulosa cells. Follicles of 4-8mm in diameter were cultured in serum free Waymouth
culture medium in the presence of lOOng/ml Insulin like growth factor-I (IGF-I) or
lOOng/ml Growth Hormone (GH) and different combinations with 50 mlU/ml Follicle
Stimulating Hormone (FSH) or a mixture of insulin, transferrin and selenium (ITS)
with serum. Apopototic cell death characterised by DNA fragmentation which is
displayed with ladders of 180-220 base pairs DNA fragments was present only in the
follicles treated only with GH. There was no difference between other groups.
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Figure 8.4. Effects of insulin on prevention of apoptotic cell death in granulosa cell
from cultured bovine antral follicles. Autoradiograph showing granulosa cell DNA
separated by agarose gel electrophoresis. Follicles of two range sizes of <4mm and
>4mm in diameter were cultured in serum free Waymouth culture medium in the
presence(+) or absence(-) of insulin (I). The control follicles were from medium size
range of 4-6mm in diameter. Apopototic cell death, characterised by DNA
fragmentation (arrows) which is displayed by ladders of 180-220 base pairs DNA
fragments was present in all groups however, insulin suppressed apoptosis in large
follicles.
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Figure 8.5. Effects of FSH on prevention of apoptotic cell death in granulosa cells.
Autoradiograph showing DNA separated by agarose gel electrophoresis. Follicles of 4-
8mm in diameter were cultured in serum free Waymouth culture medium in the
presence of three concentrations of 25, 50 and 100 mlU Follicle Stimulating Hormone
(FSH). Apopototic cell death characterised by DNA fragmentation (arrows), which is
displayed by ladders of 180-220 base pairs DNA fragments, was present in all groups
and there were no differences between treatments.
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Figure 8.6. Effects of addition of different factors on suppression of apoptosis in
granulosa cells. Follicles of 4-8mm in diameter were cultured in Waymouth culture
medium supplemented with lOOng/ml Insulin like growth factor-I, lOOng/ml Growth
Fiormone, lOng/ml Luteinising Hormone (LH), 50mIU/ml Follicle Stimulating
Hormone (FSH), 50ng/ml Epidermal Growth Factor, lO^M Oestradiol, 5pg/ml insulin,
5pg/ml transferrin and 5ng/ml selenium in the presence or absence of Foetal Calf
Serum (FCS). Control group follicles were cultured either only in the culture medium
(Co) or in the presence of FCS (Co*). Apopototic cell death characterised by DNA
fragmentation (arrows) which is displayed by ladders of 180-220 base pairs DNA
fragments was suppressed in the presence of growth factors and hormones. M =
medium size (4-6mm), L = Large size (7-10mm).
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Table 8.1. Effects of hormone and growth factor supplementation of follicle culture on
oocyte development. Bovine antral follicles were cultured in the presence (T) or
absence (Co) of different follicular survival factors. Oocytes were collected and
subsequently matured in vitro for another 24 hours, them fertilised. After 48 hours, 4
plus cell embryos were counted (cleavage rate) and cultured in SOFaa+BSA medium
for 6 days. Number of produced blastocysts was recorded and the total cell numbers
were counted. Presence of additional hormones and growth factors in follicle culture
media reduced the cleavage rate but increase the rate of blastocyst production.
However, there were no significant differences between these two groups.
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Table
8.1

No.

Oocytes
Cleaved
(%)

Blastocyst
(%)

Cell

number

Co

87

54.0
±

4.9

43.4
±

3.8

120.4
±

0.05

T

87

59.0
±

5.0

35.7
±

10.1

126.6
±

7.20

T:

Waymouth
culture
media
+

ITS
+

10%
FCS
+

lOOng/ml
IGF-I,
lOOng/ml
GH,

50ng/ml
EGF,

10~4M/ml
Oestradiol,
lOOng/ml
LH,

25mIU
FSH

Co:

Waymouth
culture
media
+

ITS
+

10%
FCS

7

replicates,
mean
±

sem,
P>0.05
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8.4. Discussion

In these studies the effects of a range of factors which have previously been

shown to function as follicular survival factors were assessed for their ability to prevent

granulosa cell apoptosis. The results indicate that IGF-1 was most effective at

preventing granulosa cell apoptosis. In cattle, IGF-1 has been found to stimulate

granulosa cell proliferation and mitogenesis and enhance FSH induced steroidogenesis

by granulosa cells (Spicer, et al., 1993). In addition, the presence of high affinity, low-

capacity binding sites for insulin and IGF-1 in granulosa cells of pigs and cattle has

been demonstrated (Baranao, et al., 1984; Maruo, et al., 1988; Spicer, et al., 1994).

The granulosa cell layer is the major site for IGF-I binding in bovine follicles and the

binding level increases with follicular growth and development (Wandji, et al., 1992b).

In contrast to IGF-I, LH did not prevent apoptotic cell death in the granulosa

cells. In ewes, low aromatase activity has been associated with a reduced capacity of

granulosa cells to respond to FSH and LH by producing cAMP, which is thought to

mediate intracellular actions of these hormones when they interact with specific plasma

membrane receptors (Henderson, et al., 1985). Measurement of cAMP production by

bovine granulosa cells cultured with FSH and LH in vitro indicates the responsiveness

of granulosa cells to gonadotrophin stimulation. The cAMP response to LH was

generally low or undetectable in granulosa cells from 4-8mm follicles; it then increased

linearly with increasing follicle diameter >8mm (Jolly, et al., 1994). These authors also

reported that FSH stimulated cAMP synthesis in a dose-dependent manner (near-

maximum cAMP responses were stimulated by 1000 ng/ml FSH) in granulosa cells

from all follicles examined (>4mm), but only 36% of these had appreciable aromatase

activity. In the present study, follicles of 4-8 mm in diameter were cultured for the

study of the effects of individual follicular survival factors on prevention of apoptotic

cell death in granulosa cells. The lack of support by LH may be due to low aromatase

activity in this size rage of follicles. In addition, there are no LH receptors in the
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granulosa cells in the bovine antral follicles smaller than 9mm in diameter (Bao et al.,

1997c). This will also explain the lack of positive effects of LH alone in prevention of

apoptosis in the granulosa cells. Further, the supportive effects of IGF-I and LH

together may be explained by the stimulatory effects of IGF-I on LH receptor

expression in the theca and granulosa cells of cultured follicles. If so, the concentration

progesterone should have increased in the follicular fluid and culture media.

Gonadotrophins are known as follicular survival factors and part of the

apoptosis suppressive action of gonadotrophins is mediated by endogenously produced

IGF-1 (Chun, et al., 1994). IGF-1 synergises with gonadotrophins in the stimulation of

a variety of granulosa cell functions, including oestrogen and progesterone production

as well as the formation of LH / hCG receptors (Adashi, et al., 1985; Davoren, et al.,

1986). In the present study adding a mixture of IGF-1 with either FSH or LH

suppressed apoptotic cell death in granulosa cell, this effect was more marked with

FSH. This effect was apparently enhanced when GH was added along with FSH and

IGF-1.

Growth hormone stimulates the proliferation and differentiation of a wide

variety of cell types, and numerous studies suggest that GH also plays a role in

regulating ovarian differentiation (Lobie, et al., 1990; De La Sota, et al., 1993; Gong,

et al., 1993a). GH is recognised as a suppressive factor of follicular apoptosis

(Eisenhauer, et al., 1995) and part of its action is mediated by locally produced IGF-1.

In the present study GH alone or when was added with LH failed to prevent apoptotic

cell changes in granulosa cells.

Foetal calf serum (FCS) or foetal bovine serum (FBS) is routinely used in cell

culture. It was previously reported that the absence of serum in culture of bovine

preantral follicles results in suppression of follicular growth due to smaller size

granulosa cells. However, omission of serum from the culture medium had no effect on

the percentage of BrdU-labelled cells (Hulshof, et al., 1995). In another study when
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bovine preantral or early antral follicles were incubated in the absence of serum, they

became atretic as shown by a typical pattern of DNA fragmentation (Bosu, et al.,

1996). In the present study addition of 10% FCS alone to the culture medium reduced

the level of necrotic and apoptotic cell death in comparison with control follicles.

However, follicles cultured in the presence of FCS showed clear signs of DNA

fragmentation in the granulosa cells. Addition of a combination of hormones and

growth factors (LH, FSH, E2, EGF, IGF-I, GH) blocked the occurrence of apoptosis

and addition of serum further enhanced this effect. The beneficial effect of serum was

further enhanced by the addition of ITS to the culture medium. Whether this effect was

solely attributed to the presence of insulin or to the additive effect of FCS is unknown.

The effects of addition of insulin during antral follicle culture on oocyte quality

and development and also on IGFBPs were examined in chapter 7. It was shown that in

larger follicles (>4mm) addition of insulin eliminated IGFBP-2 and IGFBP-5 in the

follicular fluid. These binding proteins increase during follicular atresia (Monniaux, et

al., 1997). In the present study insulin reduced apoptotic cell death in larger follicles.

Insulin negative follicles showed severe signs of apoptotic cell death. However, insulin

alone was not completely able to block apoptosis in the granulosa cells of cultured

follicles.

In the last experiment effects of different hormone and growth factors which

have already been shown to be follicular survival factor on the quality of oocytes was

assessed. The results indicate that additional supplementation of a combination of

hormones and growth factors to antral follicle culture media, subsequently increased

the cleavage rate of the oocytes, whilst the development to the blastocyst stage was

reduced in comparison with the control oocytes. However, these differences were not

statistically significant. It might be speculated that the presence of follicular survival

factors for a limited period of 24 hours was not long enough to improve the

cytoplasmic maturation of oocytes. Aging of mammalian oocytes decreases the
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fertilisation rate and subsequent development (Maurer and Foote, 1971; Seidel et ai,

1976). In nuclear transfer procedures, the relationship between activation and aging of

recipient oocytes is a factor which affects the development of reconstituted embryos

(Tanaka and Kanagawa, 1997). Aged oocytes can be easily activated by a single Ca2+
elevation stimulation (Presicce and Yang, 1994). The explanation for the higher

cleavage rate in the treatment group oocytes in the present experiments might be

because of the higher level of cytoplasmic maturation and aging of these oocytes. Upon

subsequent maturation for another 24 hours, these oocytes should be considered as

aged and easily activated oocytes. This can cause the higher cleavage rate in these

oocytes. Apart from the cytoplasmic maturation of oocytes, the development to the

blastocyst stage of oocyte of parthenogenetically activated oocytes depends on the

proper stimulation that releases sufficient calcium for subsequent intracellular events

related to cell division. If the stimulus is not strong enough to orchestrate the whole

activation elements, the oocytes die on the way toward the blastocyst stage.

These data provide further information on the effects of different hormones and

growth factors on the prevention of apoptotic cell death in granulosa cells of cultured

bovine large antral follicles. It was shown that the presence of IGF-I in the culture

medium had the greatest effect in preventing apoptotic changes in the granulosa cells.

The gonadotrophins FSH and LH, and also GH alone did not function as follicular

survival factors but a combination of these hormones with IGF-1 enhanced the

supportive effect of IGF-I. The presence of serum increased the effect of a range of

factors. Whether the effects of IGF-1 during culture of bovine antral follicles is

mediated through proliferation of receptors for gonadotrophins needs to be

investigated. The developmental competence of oocytes was not affected by the

presence of follicular survival factors in the follicle culture media.
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Chapter 9: Conclusions and general discussion

9.1. Conclusions

The method of follicle culture was found to be critical to oocyte quality and

survival after culture. When follicles were immersed in the culture medium the

recovered oocytes were unable to resume meiosis. The culture of follicles on netwell

inserts or as reported by other investigators on grids may facilitate oxygen uptake by

the follicle.

A higher oxygen concentration is necessary to provide the required tension for

oocytes. Culture of follicles in low oxygen does not result in viable oocytes.

The volume of culture medium has a crucial role on the health status of oocytes

following follicle culture. The pH of culture medium changes rapidly when the ratio of

culture medium volumes / number of follicles used is small. However the small

volumes of culture medium results in a high percentage of GV arrest but the majority of

these oocytes fail to resume meiosis and develop to the Mil stage on subsequent

culture.

The osmolarity of the culture medium and the presence of FCS and FSH in the

culture medium do not affect the percentage of oocytes either remaining at GV, or

subsequently developing to Mil stages.

Presence of serum in the follicle culture medium up to 24 hrs did not affect the

rate of oocytes at both GV and Mil stages. However, morphological assessment of the

oocytes recovered from serum negative treatment showed some abnormalities in

chromatin morphology.

Presence of FSH at high concentrations during follicle culture does not affect

the maturation rate of oocytes. However, it reduced the number of oocytes at GV stage

perhaps via mucification of cumulus cells and reduction of the inhibitory effect of

follicle wall on resumption of meiosis.
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On prolonged periods of follicle culture, the number of oocytes remaining at

GV stage following 48 hrs of follicle culture was still high. However, following culture

for 4 days or longer a significant number of oocytes were unable to maintain GV arrest.

In addition the percentage of GV oocytes which resumed meiosis and developed to the

second metaphase stage was also significantly reduced. A large number of immature

oocytes recovered following 4-7 days of follicle culture showed GVBD and were at the

interphase stage.

Oocytes gain a higher developmental competence when cultured in the follicle

for 24 hrs. The rate of embryo development to the blastocyst stage from cleaved

embryos was higher in follicles cultured than directly aspirated oocytes.

Histological examination of the follicle wall showed an increased number of

atretic cells in both the follicle wall and in the cumulus cells. During these longer

periods of culture, cumulus cell expansion occurred as the oocytes became

disconnected from the follicle wall and the nucleus resumed meiosis.

Studies of the ultrastructure of oocytes from different periods of follicle culture

indicated that follicle culture up to 24 hrs has no detrimental effect upon oocyte quality.

Follicle-cultured and subsequently matured oocytes had an organelle distribution

pattern identical to immature and matured aspirated oocytes. However immature

oocytes recovered following longer periods of follicle culture showed abnormalities in

their organelle arrangement and structure. It was concluded that follicle culture for

more than 2 days has a detrimental effect upon oocyte structure and development.

These changes may be correlated with atresia in the follicular cells.

Oocytes synthesise new proteins during maturation to Mil stage. The majority

of proteins are produced within the first 8 hrs of maturation. These proteins may be

necessary for GVBD in bovine oocytes.

It was not possible to detect protein synthesis during follicle culture in the

oocytes. Study of total proteins by 1 and 2D gel electrophoresis indicated changes in
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the pattern of total proteins in follicle cultured oocytes. However, both aspirated and

follicle cultured oocytes exhibited the same pattern of de novo protein synthesis after

24 hrs of maturation. It was concluded that follicle culture up to 24 hrs has no

detrimental effect on protein synthesis in the oocytes.

It is not clear whether the increased rate of embryo production achieved from

follicle cultured oocytes is the result of production of new proteins in the oocytes

during follicle culture or due to other factors such as post translational protein

modifications, mRNA transcription or post transcriptional modifications of maternally

inherited mRNAs.

In antral follicle cultures, insulin at the concentration of 5pg/ml had no effect on

subsequent development to the blastocyst stage. However, it adversely affected the

cleavage rate in comparison with the insulin negative control group.

Data from protein analysis and ultrastructure of oocytes cultured in follicles in

the presence of insulin indicated that oocytes gained the cytoplasmic features of

matured oocytes. It was concluded that insulin induces some aspects of cytoplasmic

maturation of oocytes. Subsequent culture of these oocytes for nuclear maturation may

results in hypermature or aged oocytes that have a lower potential for fertilisation and

cleavage / or early embryonic development.

The concentrations of two proteins corresponding to IGFBP2 and IGFBP4

reduced to undetectable levels both in follicular fluid and the culture medium from

follicles greater than 4mm in size when cultured in the presence of insulin. These

changes may be attributed to the role of insulin as a follicular survival factor and the

prevention of atresia in the follicular somatic cells.

Growth hormone and luteinising hormone did not prevent apoptosis in the

granulosa cells whilst IGF-I significantly suppressed DNA fragmentation. FSH

amplified the effect of IGF-I.
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The use of a combination of FSH+LH+E2+ EGF+ IGF-I suppressed apoptosis

even in the absence of FCS. However, FCS alone did not prevent apoptotic cell death in

the granulosa cells. Use of a combination of insulin, transferrin, selenium (ITS) with

FCS significantly blocked apoptotic cell death. These data suggest that growth factors

and FSH do support follicular survival.

Work to improve the system for culture follicles will benefit oocyte quality. In

addition prevention of degenerative changes will benefit establishment of an advanced

model for study of physiological processes in vitro.
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9.2. General discussion

During the studies presented in this thesis, an in vitro culture system was

established for large intact bovine antral follicles. The culture of murine and bovine

follicles from primordial to early antral stages is routinely used in several research

laboratories with the ultimate aim of provision of large number of oocytes. This has

applications in both human and animal reproduction.

The development of a successful culture system for large antral follicles in farm

animals has a number of potential applications;

1. In vitro production of bovine oocytes with enhanced developmental potential:

A culture system for intact large antral follicles was established in order to maintain

bovine oocytes in germinal vesicle arrest (GV) under conditions more similar to those

in vivo. The results presented in chapter 4 demonstrated that culture of bovine large

antral follicles for 24 hrs is presently the most efficient physiological method to

maintain GV arrest in bovine oocytes. The advantages of this over other physiological-

like systems or the use of chemical treatment is the proven quality and developmental

competence of the resultant oocytes. In previous reports the subsequent developmental

potential of recovered oocytes was either not reported or was reduced following GV

arrest.

2. The studies presented here suggest that the antral follicle culture system may

be useful in understanding the basis of ovarian function. For example follicular somatic

cell and gamete relationship, hormonal control of follicle development, locally

produced growth factors in the follicle compartments and studies of infertility. Such

studies may lead to a better understanding of the mechanisms involved in the regulation

of ovarian function.

3. The improved culture system for culture of large antral follicles maintains

cell to cell interactions related to the structural organisation of the follicle. It will be
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possible to quantify certain biological activities and localise enzymes, hormones, and

intraovarian peptides as well as their receptors in / on follicular cells.

4. The culture environment provides opportunities for investigating chemical

pathology which may reduce the need for other conventional toxicological studies and

could even be tested with human follicles, when available. An example of this approach

which tested the effects of bezo(a)pyrene, a polycyclic aromatic hydrocarbon and

potential mutagen present in tobacco smoke and urban pollution, which has been

implicated as an ovotoxic agent contributing to earlier menopause among smokers

(Mattison and Thorgeirsson, (1978).

5. Follicles in the size range 4-8 mm (in diameter) that were used during the

studies in this thesis constitute the subordinate follicle populations of the ovary. The

majority of these follicles become atretic during the normal reproductive cycle.

Although superovulation increases the number of oocytes recovered from individual

animals, the rate of embryo production from these oocytes is still low. The culture of

antral follicles provides a method for the production of larger numbers of offspring

from an individual animal after slaughter. Such animals may first be superovulated for

in vivo embryo production and after slaughter the remainder of follicles can be isolated

and cultured.

6. Improvements in the efficiency of the follicle culture system may support

oocyte and follicle survival for longer periods of time. This may allow follicular growth

to the Graafian stage, subsequently, ovulation in vitro of cattle oocytes may be

possible.

7. Although developed in cattle, this method of follicle culture may be adopted

for use as a model for culture of intact antral follicles from other species. An increase in

the number of developmentally competent oocytes that may be obtained may have an

application in human assisted reproduction.
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To date, the culture of follicles from earlier stages of development in cattle has

not produced developmentally competent oocytes. The mechanisms controlling ovarian

function, follicle and oocyte development in large animals is much more complicated

than the mouse or amphibians. In cattle, the duration of follicular development to the

Graafian follicle takes several months, whilst in mouse it is limited to a few days.

In cattle, the culture system developed for culture of large antral follicles differs

from that required for preantral and early antral follicles. In rodents, culture of follicles

at large antral stages works with a gas system of 5% CO2 in air (Daniel et al., 1989;

Eppig and Schroeder, 1989; Roy and Greenwald, 1989; Spears et al., 1994; Cain et al.,

1995). The culture systems for large antral follicles in cattle and sheep, in which the

size of antral follicles is several times larger than rodents, requires a higher

concentration of oxygen (Fukui et al., 1987; Moor et al., 1973). However, oocytes still

require lower oxygen concentration for subsequent maturation to metaphase II stage.

Use of high oxygen concentration during culture of follicles may produce free radicals

which are toxic for follicular cells and cause atresia. The generation of oxidative free

radicals (oxidative stress) is a consequence of normal cellular metabolism and

reduction-oxidation (redox) reactions (Behrman et al., 1993). Exposure of hepatocytes
2+ • •

to a redox-active compound that induces oxidative cell injury activates a Ca" -sensitive

endonuclease leading to DNA cleavage preceding loss of cell viability (Mc Conkey et

al., 1988). At the ovarian level, it has been shown that oxidative stress induces

apoptosis (Tilly and Tilly, 1995). In addition, DNA damage, such as that initiated by

oxidative free radicals, may be a primary stimulus for increased P53 (the P53 product of

tumor suppressor gene) expression in granulosa cells (Tilly et al., 1995). Since P53 can

increase the transcriptional activity of death-inducer genes, and immunohistochemical

studies show that P is essentially restricted to nuclei of degenerating granulosa cells

of atretic antral follicles, it has been suggested that P53 has the potential to amplify the

negative effect of oxidative free radicals on granulosa cell viability (Tilly et al., 1995).
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In vivo, the process of oxidative stress may be prevented by action of oxidative stress

response factors. Among them, the product of the bcl-2 gene acts as an anti-oxidant or

free radical scavenger (Tilly et al., 1995). It has been hypothesised that the underlying

events involved in triggering granulosa cell apoptosis and atresia would involve

members of bcl-2 gene family {bcl-2, bax, bcl-xiong, and bcl-xShon genes) (Tilly et al.,

1995). The fate of granulosa cells during development may be decided by the ratio or

balance of death repressors (bcl-2,bcl-jci0ng) to death inducers {bax and bcl-xshon), the

shift in the bcl-2 to bax ratio being primarily the result of a marked change in bax

expression with essentially no change in the level of bcl-2. Apoptosis induced in

follicles incubated in vitro without tropic hormones is associated with a marked

increase in the amount of bax mRNA (Tilly et al., 1995).

Results of the experiments reported in this thesis supported the hypothesis that

oocytes may gain a higher developmental competence to the blastocyst stage when

their cytoplasm is matured during meiotic arrest in a physiologic-like system. It was not

possible to evaluate cytoplasmic maturation of the oocytes. The concept of cytoplasmic

maturation refers to changes required in the structural organisation and biochemical

composition of the oocytes which result in developmentally competent oocytes.

The results of experiments on de novo protein synthesis in the oocyte during

follicle culture did not result in identification of possible new protein synthesis or

increase or decrease or loss of some proteins, due to technical difficulties. In fact, there

was not an actual control measure for evaluation of protein synthesis in the oocytes

during follicle culture. However, oocytes that remain arrested at the dictyate stage, with

an intact nuclear envelope, either in the presence or absence of drugs, do not exhibit

these changes in protein synthesis (Warnes et al., 1977; Wassarman et al., 1979;

Richter and McGaughey, 1981). It is likely that many of the changes in protein

synthesis accompanying meiotic maturation result from mixing of the oocyte's

nucleoplasm and cytoplasm and would be expected to participate in the regulation of
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meiotic cell cycle progression. The pattern of protein synthesis in the oocytes is

influenced by follicular wall components. Whilst granulosa cell monolayers were not

able to maintain bovine oocytes in germinal vesicle stage theca cells maintained bovine

oocytes in meiotic arrest (Richard and Sirard, 1996b). The pattern of proteins secreted

by granulosa cell monolayers is different from the pattern of proteins secreted by theca

cell monolayers (Richard and Sirard, 1998). It has been reported that under serum-free

culture conditions, the follicular wall and the theca layer of preovulatory bovine

follicles synthesise a protein doublet (42-44kDa) that was not present in the medium of

granulosa cells (Moser et al., 1989). In another study the proteins secreted in serum-

free medium of cultured theca cells reported secretion of a number of proteins ranging

in molecular weight from 5 to 500 kDa (Roberts and Skinner, 1990). These authors

showed that the secretions of proteins greater than lOOkDa decreased from small to

large follicles. In contrast to theca cells, when bovine granulosa cells from small,

medium and large follicles were isolated and cultured in serum-free medium, no major

change was detected in the pattern of protein synthesis (Skinner and Osteen, 1988). On

the other hand, the mixture of both theca and granulosa mono-layers resulted in the

highest rate of GV arrest in bovine oocytes (Richard and Sirard, 1996b). Taking all of

this information together, we may speculate that during culture of intact antral follicles,

both the granulosa and theca cells secrete protein factors into the follicular fluid.

Whether these factors directly act on oocytes to arrest them in GV stage or function

indirectly needs to be investigated.

The higher developmental competence achieved in the oocytes following 24hrs

of follicle culture may be as a result of post-transcriptional modifications of maternally

derived mRNAs or translational changes in the oocytes. These changes may include

increase in total mRNA, loss or production of new mRNA and increase or decrease in

specific mRNA (s). These changes may be elucidated by doing differential display

using random primers on the immature oocytes of aspirated and from follicle culture.
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Again in an ideal comparison in vivo matured oocytes derived from healthy dominant

follicles may give a better measure. However, in order to get a repeatable result, this

experiment needs a remarkable number of oocytes. From a practical point of view it

was not possible to do that during the limited period of PhD studies.

Recently it has been shown that oocytes with higher developmental competence

have a longer poly A tail in some of the mRNAs including EGF (Gandolfi, 1998).

Another approach would be to look at the poly A tail of these selected growth factors in

follicle culture derived oocytes. However, it is not known how many factors are

involved in the differences between oocytes in their developmental competence.

In relation to structural changes, the histological and ultrastructural

examinations of oocytes showed that there were no apparent detrimental effects of

follicle culture up to 24hrs in the oocytes. However, quantification of organelles at

ultrastructure level for cytoplasmic maturation was not carried out. For instance,

counting the number of mitochondria as a site of metabolism could give an indication

of cytoplasmic maturation. In an ideal comparative model, follicle-culture derived

oocytes could be compared with in vivo derived oocytes from preovulatory follicles.

In the experiments in which follicles were cultured for longer periods of time,

degenerative changes were observed in both the follicle wall and the oocytes. These

changes included appearance of necrosis in the granulosa cells which was progressive

to other parts of follicle during longer periods of culture. Another important problem

was observed in the theca layer especially at the contact site of the follicle with the

insert membrane. These degenerative changes in the theca cells possibly result from

luteinisation in these cells. Hormonal analysis of both follicular fluid and the culture

media from different periods of follicle culture indicated increases in the concentration

of progesterone and reduction of oestradiol (data are not included). The same problems

were reported by Kruip and Dieleman (1989). They used three methods of static (as the

system used in this thesis), rolling tube and continuous flux for culture of bovine antral
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follicles. Although in the continuous flux system the oestradiol production increased

they did not report the developmental competence of oocytes after follicle culture.

Luteinisation and differentiation of theca cells during cell culture in the presence of

FCS or serum replacements is one of the constraints to studying oestrogen biosynthesis

in these cells (Demeter-Arlotto et al., 1993; Warthall and Knight, 1995; Spicer and

Stewart, 1996). Recently a long-term serum-free culture system was developed for

ovine (Campbell et al., 1996) and bovine (Gutierrez et al., 1997) which overcame the

problem of spontaneous luteinisation of granulosa and theca cells. Three characteristics

of these culture systems are absence of serum, presence of insulin/IGF-I and the

cellular density in each culture dish. These systems have proved invaluable for

analysing the factors involved in the local regulation of ovarian function in large

domestic ruminants (Webb and Armstrong, 1998).

The experiments reported in this thesis showed that IGF-I is the most supportive

factor for follicular survival and prevented apoptotic cell death in the granulosa cell

layer after 2 days of culture. However, the beneficial effects of IGF-I on maintenance

of the oestradiol : progesterone ratio was not measured. In addition culture of follicles

in the absence of serum caused some abnormalities in the chromatin morphology. An

absolute requirement for IGF-1 on normal ovarian function has been recently

demonstrated using gene knock-out technologies. The dwarf female mice, in which

IGF-I gene expression was disrupted, showed a reduction in ovarian weight and failed

to ovulate (Baker et al., 1996). It is not known whether presence of IGF-I alone can

overcome this problem. In the cow, attempts to detect ovarian IGF-I mRNA expression

have failed (Gutierrez et al., 1997) and IGF-II gene expression is restricted to the theca

tissue of antral follicles (Armstrong et al., 1996b). These observations imply that IGF-

II is the major intra-ovarian IGF in the cow. However, IGF-I may still function in an

endocrine manner, since it has been shown to have an effect on ovarian function in the

sheep autotransplant model (Downing et al., 1993; Campbell et al., 1995) and shows a
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positive correlation with follicle growth following recombinant GH treatment of cattle

(Gong et al., 1991; de la Sota et al., 1993).

Gonadotrophins are reported to be follicular survival factors and suppress

apoptosis in granulosa cells of rat antral follicles in vivo and in vitro (Tilly and Tilly,

1995). In addition the inhibitory ability of gonadotrophins was mimicked by inhibitors

of oxidative free radical formation and action, including superoxide dismotase,

catalase, N-acetyl-L-cysteine, and ascorbic acid (Tilly and Tilly, 1995). The

gonadotrophin suppression of apoptosis is partially mediated by endogenously

produced IGF-I by the gonadotrophins (Aaron et al., 1994). In the experiments reported

in the thesis, neither FSH nor LH alone prevented apoptotic changes in the granulosa

cells of cultured follicles. It is not surprising that LH did not suppress apoptosis in this

range sizes (4-8mm in diameter) of follicles. The receptor for LH is absent in the

granulosa cells of bovine antral follicles until later when the follicles exceed 9mm in

diameter (Xu et al., 1995). In fact, LH receptor is present in the theca cells and follicles

can produce large amount of androgen in the culture media. This may itself precipitate

atresia. As the size range of follicles (> 4mm in diameter) are FSH-dependent (Gong et

al., 1995), it was surprising that the presence of FSH alone did not block apoptotic

changes in the granulosa cells. The loss of proliferative and differentiative responses of

cultured theca and granulosa cells to FSH or LH were reported by Campbell et al

(1995). They attributed these phenomena to atresia and luteinisation of these cells

during culture which was identified by increased progesterone secretion. The

histological examinations revealed luteinisation of theca cells in the follicles during

longer periods of culture in this thesis. It is not known whether the effect of IGF-I in

the prevention of apoptotic changes in cultured follicles, also reduces the luteinising

effects and using the combination of FSH and IGF-I results in even better results.

In conclusion, a culture system was established for the culture of bovine large

antral follicles. Following 24hrs of follicle culture, oocytes gained a higher

251



Conclusions / Discussions

developmental competence. Different experiments in this thesis were attempted to gain

a better understanding of the follicle and the oocyte following culture. Many aspects of

this system are not known yet. Further work is necessary to elucidate the beneficial

factors which can affect both follicular somatic cell survival and oocyte quality. In an

ideal system of ovary collection which limits the effects of environmental factors

(temperature and time after slaughter to dissection) on follicular quality before

dissection in the laboratory and by supplementation of some of the defined factors to

the culture media it may be possible to achieve a higher rate of embryo production from

follicle culture derived oocytes.

Finally, it would be worthwhile to transfer some of the embryos produced from

follicle culture derived oocytes to recipients. This will give an actual evaluation of the

oocyte cytoplasmic maturation that initially affects the viability of embryos.
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Appendix-I

Calcium Free Medium

Component Concentration
NaCl 5.3 g/1
KC1 0.23 g/1
NaHP042H20 0.040 g/1
MgCl26H20 0.31 g/1
NaHC03 2.1 g/1
Caffeine 0.1 g/1
Phenol red 0.002 g/1
Kanamycin monosulphate 0.075 g/1
Na Pyruvate 1.0 g/1
BSA 6.0 g/1
Na Lactate (60% syrup) 3.7 ml/1

PH : 7.7

Osmolarity: 280-290 mOsmol
Storage : up to one month at 4°C
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Appendix-II

Fertilisation Medium

Component Concentration

NaCl 5.44 g/1
KC1 0.23 g/1
NaHP04 2H20 0.040 g/1
MgCl2 6H20 0.10 g/1
NaHC03 2.1 g/1
CaCl2 2H20 0.78 g/1
Caffeine 0.27 g/1
Heparin 0.001 g/1
Hypotaurine 0.00005 g/1
Epinephrine 0.00005 g/1
Phenol red 0.002 g/1
Kanamycin monosulphate 0.075 g/1
Na Pyruvate 1.0 g/1
BSA 6.0 g/1
Na Lactate (60% syrup) 1.86 ml/1

PH : 7.7

Osmolarity: 278 mOsmol
Storage : up to one month at 4°C
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Appendix-Ill

Oocyte Washing Medium

Component Concentration
NaCl 6.8 g/1
KC1 0.23 g/1
NaHP04 2H20 0.047 g/1
MgCl2 6H20 0.10 g/1
NaHC03 0.168 g/1
CaCl2 2H20 0.78 g/1
Hepes 4.8 g/1
Kanamycin monosulphate 0.075 g/1
Na Pyruvate 0.011 g/1
BSA 6.0 g/1
Na Lactate (60% syrup) 1.86 ml/1

PH : 7.7

Osmolarity: 282 mOsmol
Storage : up to one month at 4°C
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APPENDIX IV:

Haematoxylin and eosin solutions

Haemalum (Haematoxvlin solution)

SolutionA:

Haematoxylin 1.0 g
90% or absolute alcohol 40 ml
Distilled Water 360 ml

Solution B:
Sodium Iodate 0.2 g
Potassium alum 48.0 g
Chloral Hydrate 48.0 g
Distilled Water 600 ml

Heat solution B gently. Add A to B and filter. After 2 days add 1ml of acetic acid, this
sharpens nuclear staining.

Eosin solution:
Eosin (water soluble) 9.0 g

Erythrosin 4.0 g
Phloxine 2.0 g
205 Meths. 800 ml
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APPENDIX-V:

Electron microscopy solutions

0.2M Millonigs buffer (100 mis)

A) 4.52 g NaH2P04 2H2O in 100 mis distilled water

B) 5.04 g NaOH in 100 mis distilled water

C) 10.8 g glucose in 100 mis distilled water

D) 83 ml of A + 17 mis of B = 100 mis

Final: 90mls of D + 10 ml C = 100 ml buffer

Araldite

Solution A : Araldite 14 ml + DDSA (Hardener) 16 ml

Solution B : Benzyldimethylamine (BDMA) 0.6 ml

Solution C : Solution A (30 ml) + Solution B (0.6 ml)

Mix well before using (for one hour)

Lead citrate:

Sodium citrate 1.76 g

Distilled water 30 ml

NaOH (Carbonate-free) 8 ml

Lead nitrate 1.33 g

The resultant suspension is shaken vigorously for one minute and allowed to stand, with
intermittant shaking, in order to ensure complete conversion of lead nitrate to lead
citrate. After 30 min, 8 ml N NaOH is added, the suspension is diluted to 50 ml with
distilled water and mixed by inversion. Lead citrate should dissolve and the solution is
ready for use. Stored in glass bottles, the stain is stable for up to six months.
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APPENDIX-VI: Gel electrophoresis solutions

Acrylamide / Bis 30%
29.2 g acrylamide
0.8 g bis / acrylamide
Make up to 100 ml distilled water. Filter and store at 4°C in dark.

1.5M Tris - HC1
18.15 g Trizma Base (Tris [hydroxymethyl] amino-methane), (Sigma, Cat.no. T-1503) in
50 ml distilled water.

Adjust to pH: 8.8 with 2N HC1. Make up to 100 ml and store at 4°C.

0.5M Tris - HC1
6 g Tris in 50 ml distilled water.
Adjust pH: 6.8 with 2N HC1. Make up to 100 ml and store at 4°C.

10% Sodium Deducil Sulphate (SDS)
Dissolve 10 g Lauryl sulfate (SDS) (Sigma Cat.no. L-6026) in distilled water and make
up to 100 ml. store at room temperature.

5X Electrode buffer
7.5 g Tris
36.0 g Glycine (BDH, Cat.no. 101196x)
2.5 g SDS make up to 500 ml with distilled water and store at 4°C.

Sample buffer (8 ml)
Distilled water 3.6 ml
0.5 M Tris - HC1 1.0 ml
10% W / V SDS 1.6 ml
1M DTT 800 pi
Glycerol 800 pi
0.05% W / V bromophenol blue 50 pi (Sigma Cat.no. B-8026)

6% of Acrvlamide gel preparation (10 ml)
Distilled water 5.35 ml
1.5 M Tris - HC1 2.50 ml
10% W / V SDS 100.00 pi
Acrylamide / Bis 30% 2.00 ml
10% ammonium persulphate 50.00 pi
TEMED (Sigma Cat.no. T-92821) 10.00 pi

Stacking gel preparation 4% (10 ml)
Distilled water 6.1 ml
0.5 M Tris - HC1 2.5 ml
10% W / V SDS 100 pi
Acrylamide / Bis 30% 1.3 ml
10% Ammmonium persulphate 50 pi
TEMED 10 pi
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APPENDIX-VIISilver
staining
by
a

modification
of

Blum's
procedure

-

Blum
et

al.,

Electrophoresis
(1987)
8:

93-99.

Solution

Time

Composition
of

250ml
volume

1.

Fix
:

40%

ethanol;
10%

acetic
acid;

36%
HCHO
lhr

or

O/N

100ml.
absolute
ethanol;

25ml
glacial
acetic
acid

125

gl36%HC0H!;H20

2.

Wash
:

H2O

2
x

20

min

50%

ethanol

1

x

20

min

125
ml

absolute
ethanol;

H2O

3.

Pre-treatment:
Na2
S2

O3.
5

H20
(0.2

g/1)

1

min

2.5
ml
of
2%
Na2
S2

O3.
5

H2O2;
H2O

4.

H2O
:

3

x

20
sec

5.

Silver

Impregnation:
AgNC>3
;

36%

HCHO,
750

pl/1

30

mins

0.5g

AgN03
;

188
pi

36%
HCHO
;

H20

6.

H2O
Rinse
:

2

x

20
sec

7.

Development:
Na2C03
;

36%

HCHO;
Na2
S2
O3.
5

H2O
3-4

mins

15g

Na2C033;
63

pi

ofNa2
S2

O3.
5

H2O

(60g/l)
(500

pl/1)

125
pi

36%

HCHO;
H2O

8.

Stop
:

EDTA,
Na2;

Thiomersol

30

mins

4.65g
EDTA^,
Na2;
50mg

Thiomersol;
H2O

9.

FI2O
Wash:

30

mins

10.

Equilibration:
33%

ethanol;
3%

glycerol

60

mins
or

O/N
83.2

ml

absolute
ethanol;

9ml
of

84%
V/y

glycerol3

NOTES:
1-

Purchase
freshly

prepared
solution

(TAAB

Laboratories,
100

ml,

Formaldehyde
EM)

and
use
for

up
to
4

months
to

minimize
background

coloration.
2-

Prepare
fresh
2%

solution
same
day

as

use.
(for
10

ml=
0.200
g

Na2S203.
5H20).
3-

Use

anhydrous
Na2C03

(BDH),
and

sprinkle
into

stirred
H2O

when

dissolving.
4-

As

EDTA,Na2
is

slow
to

dissolve
prepare

~
2

hours
before

needed.
5-

84%
v/v

glycerol
in

H2O
is

much
easier
to

measure
than

pure

glycerol
which,
of

course,
is

very

viscous.
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APPENDIX-VIII

Maintenance of bovine oocytes in meiotic arrest and subsequent development in
vitro: A comparative evaluation of antral follicle culture with other methods.
Biology ofReproduction 1998 (59) 255-262.

A.A. Fouladi-Nashta1, D.Waddington1, K.H.S. Campbell2
'Division of Development and Reproduction, Roslin Institute,Roslin, Midlothian

EH25 9PS,
2PPL Therapeutics, Roslin, Midlothian, Scotland, UK

The frequency of development of bovine embryos produced by maturation,
fertilisation and culture in vitro is lower than that observed in vivo. One factor which
may affect both the frequency of development and the quality of the embryos produced
is the cytoplasmic maturation occurring during growth and maturation. In current in
vitro production systems, oocyte maturation, characterised by the resumption of
meiosis, resumes upon aspiration from the follicle. The developmental competence of
individual oocytes may be improved by culturing under conditions which inhibit the
resumption of meiosis and then inducing maturation. In order to test this hypothesis, a
system has been established in which intact antral follicles (3-8mm in diameter) are
isolated, dissected from surrounding stromal tissues and cultured in vitro. Isolated
follicles were cultured in Waymouth Medium 752/1 + 10% FCS on 24 mm diameter
netwell inserts (Costar) in a gaseous atmosphere of 45% O2, 5% CO2, 50% N2.

In the first experiment culture of intact antral follicles (n=64) was compared with
two other 'physiological' methods for the maintenance of Germinal Vesicle (GV)
arrest. Oocytes were cultured attached to a small part of the follicle wall (n=73) or
within follicle hemi-sections of follicular walls (n=59). It was found that a statistically
significant number (96.8%) of oocytes recovered from intact antral follicles as
compared to 24.6% attached to a small part of the follicle wall and 62.7% within hemi-
follicles were maintained at the GV stage after 24 hrs culture (pO.OOl).

In the second experiment effects on GV arrest and subsequent maturation of the
oocytes were evaluated following longer periods of antral follicle culture of 24 hrs
(n=105), 48 hrs (n=82), 96 hrs (n=84), and 168 hrs (n=96). There was a significant
cubic decline with time (p<0.01) in the percentage of GV arrested oocytes (96.8%,
89.1%, 28.5%, 30.9%, respectively). The percentage of matured oocytes to metaphase
II following 24 hrs maturation declined approximately linearly (80.0%, 68.8%, 22.8%
and 24.0%, respectively; p< 0.001).

In the third experiment a comparison of blastocyst production was made after
fertilisation and subsequent development of oocytes obtained following follicle culture,
and of control oocytes directly aspirated from the same sizes of antral follicles. The
cleavage rate between two groups differed (follicle culture = 54.6 ± 13.9%, control =
68.6 ± 8.6% ; (p< 0.01), as did the percentage of blastocyst produced from cleaved
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embryos (follicle culture = 48.4 ± 8.4%, control = 32.8 ± 10.8%; (p< 0.001). There
were no differences in total cell numbers between the control group (144.6±7.28) and
following follicle culture (152.0 ± 25.8).

The data in the first two experiments were analysed by fitting polynomials of
periods in generalised linear model with binomial errors and the data in third
experiment were analysed by the marginal model of Breslow and Clayton (J.
Amer.Stat. Assoc. 1993; 88:9-25).

It is concluded that culture of intact antral follicles for 24 hrs is an alternative
method for maintaining bovine oocytes in meiotic arrest, and that these oocytes acquire
higher developmental competence for embryo production in vitro.
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Appendix IX

Addition of insulin to bovine antral follicles in vitro induces ultrastructural and protein
profile changes characteristics of mature oocytes.

Theriogenology (1999) 51: Abstract 372.

A. A. Fouladi-Nashta1 andK. H. S. Campbell2.
1 Division of Development and Reproduction, Roslin Institute, Roslin, Midlothian EH25
9PS, UK.
2 PPL Therapeutics, Roslin, Midlothian EH25 9PP, UK.

Insulin regulates cell growth and development in a wide variety of cell types and acts as a
regulator of ovarian function. We have recently reported an increased frequency of
development of in vitro matured, fertilised and cultured bovine oocytes isolated from
pre-cultured antral follicles (Fouladi-Nashta et al 1998.Biol. Reprod. 59, 255-262).
Follicles 4-8 mm in diameter were dissected from ovaries and cultured in Waymouth
medium 752.1(Gibco) in the presence or absence of insulin (5pg/ml) at 39°C in a
humidified atmosphere of 45% O2, 5% CO2, 50% N2 for 24 hours. Oocytes were
collected and examined for developmental capacity after maturation and fertilisation. For
total protein profile and ultrastructural aspects oocytes aspirated directly from follicles of
the same size were used as controls.

Addition of Insulin to the follicle culture medium (10 replicates) adversely
affected the cleavage rate of subsequently matured and fertilised oocytes (mean ± sem;
0.52 ± 0.029 vs. 0.61 ± 0.032). Elowever, there were no differences in the proportion of
cleaved embryos which developed to the blastocyst stage on day 8 (0.30 ± 0.038 vs. 0.28
± 0.047; 0.15 ± 0.089 vs. 0.18 ± 0.075 of oocytes), nor embryo quality as assessed by
total cell number (124.6±6.95 vs. 137 ± 8.53) between two groups. The total protein
profile of immature oocytes (n=5) recovered after 24 hours of follicle culture were
compared by ID SDS-PAGE using a 6% gel. Separated proteins were visualised by silver
staining. There were marked differences between two groups. Immature oocytes
recovered from follicles cultured in the presence of insulin showed a protein pattern
similar to that normally observed in mature oocytes. Examination of ultrastructural
features by transmission electron microscopy indicated that oocytes from follicles
cultured in the presence of insulin undergo many of the cytoplasmic changes associated
oocyte maturation. These included rearrangement of the cortical granules from being in a
cluster to becoming individually located in the marginal area, dispersion of the
mitochondria throughout the cytoplasm and a reduction in the number of vesicles.

In summary follicle culture in the presence of insulin has no apparent detrimental
effect on oocyte structure or future development. However, many of the cytoplasmic
changes associated with maturation occur prior to the induction of nuclear maturation.
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APPENDIX-X

Effects of Colony Stimulating Factor (CSF) on bovine embryo development in
vitro. (Journal of Reproduction and Fertility 1997 (17), Abst. 133

A.A.Fouladi-Nashta1, S Macfarlane2 and KHS Campbell1
1- Division of Development and Reproduction, Roslin Institute, Roslin, Scotland,
UK.
2- The University of Edinburgh, CTVM, Easter Bush, Scotland, UK.

The cytokine, Colony Stimulating Factor (CSF), increases the number of
trophoblast cells and stimulates the rate of development of preimplantation mouse
embryos in vitro (Bhatnagar et al, 1995). The effects of CSF on bovine embryo
development in vitro were investigated using two different Synthetic Oviductal Fluid
(SOF) media. Oocyte were matured and fertilised in vitro. 48hrs after fertilisation,
embryos with at least 4 cells were selected and transferred to two different SOF media
containing three concentrations of 10 (CI), 100 (C2), and 1000 (C3) U / ml of CSF
(Human, recombinant Granulocyte-CSF, Sigma) or SOF alone as the control. The
number of blastocysts produced until day 8, were counted and used for total cell
counting by Bisbenzimide (Hoechst 33258 Sigma). In the first experiment a total
number of 315 embryos and in the second experiment a total number of 484 embryos
were cultured in CSF+SOF-1 or CSF+SOF-2 respectively.

Cl C2 C3 Control

CSF + SOF-1

CSF + SOF-2

17/74

(19.7+12.8%)
43/121

(35.09+14.8%)

18/80

(30.7+6.8 %)
35/121

(29.1+6.6%)

16/79

(24.6+8.05%)
36/121

(32.3+10.2%)

11/82

(16.5+10.6%)
46/121

(36.5+15.6)

Although, the number of blatocysts produced in different concentrations of
CSF+SOF-1 were higher than the control, statistical analysis showed that in both
experiments there were no significant differences between treatments or replicates.
The mean number of cells in each blastocyst produced in three concentrations of
CSF+SOF-2 medium and the control group were respectively, 140, 131, 147 and 146.

It was concluded that CSF does not have statistically significant effect on
either the frequency of bovine preimplantation embryo development to blatocyst stage
in vitro or on the total cell numbers.
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