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ABSTRACT .

Follicle development in the mouse ovary has been studied using two

experimental approaches: firstly, a novel culture system was designed

to investigate the metabolism of individual follicles for the first time, and

secondly, chimaeric mice and molecular biology techniques were

employed to study follicle morphogenesis and the developmental

relationships between the different ovarian cell types.

Physiological studies of follicle metabolism have been limited by the

absence of a suitable culture system which is capable of supporting

normal follicle growth and maturation. A novel culture system was

developed to provide a physiological model for studies of metabolism by

individual mouse ovarian follicles. This system supports the growth of

individual primary mouse follicles to Graafian stages in vitro over a

period of 5 days and is the first model demonstrating apparently normal

ovulation of in vitro-grown follicles in response to LH. Preantral follicles

of c.180 microns diameter were micro-dissected from the ovaries of 4

week old mice using fine needles and cultured individually in 20 pi of

medium under mineral oil in V-shaped wells of a microtitre plate for a

period of 6 days. Medium was supplemented with HU/ml hFSH and 5%

serum from hypogonadal (hpg/hpq) mice. After every 24 hours of

culture, follicles were washed and transferred to wells containing 20 pi

of fresh medium: samples of 5-10 pi were then taken from the previous

well for the analysis of metabolites. During growth and ovulation in

culture, follicles and oocytes were morphologically indistinguishable

from those growing in vivo, and follicles exhibited physiological

patterns of oestradiol secretion. Progesterone production was not

detectable during culture, indicating that premature luteinization does
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not occur in this system. Approximately 60% of dissected follicles reach

preovulatory sizes during culture, which is considerably greater than

the maturation rate in vivo, indicating that atresia is not a pre¬

programmed event. Experiments demonstrated that FSH-stimulation is

reguired for full antral development and LH-induced ovulation,

confirming that FSH confers LH-responsiveness to the follicle.

No information exists on the pattern of carbohydrate metabolism

throughout growth and maturation of ovarian follicles. Analysis of this

process has shown how the avascular and presumably hypoxic follicle

may derive the energy reguired for growth and maturation, and has also

demonstrated the influence of gonadotrophins on follicle carbohydrate

metabolism. A striking finding is that follicles produce large amounts of

lactate from glucose during development in vitro which appears to be

driven by FSH and LH throughout the antral phase. All the glucose

consumed can be accounted for by lactate production, suggesting that

follicles may utilize a predominantly glycolytic method for ATP

generation. Pyruvate was not found to be an energy source and follicles

reguired a minimum of 2mM glucose to undergo normal development and

steroidogenesis. Follicles cultured in the absence of oxygen became

atretic on day 3 of culture and showed a dramatic decline in lactate

production, indicating that although limited anaerobic glycolysis may

take place during the preantral stage, aerobic glycolysis was reguired

during the antral phase of development. Further studies, using sodium

malonate, an inhibitor of oxidative phosphorylation, confirmed that

follicles can develop solely by aerobic glycolysis, a pathway used by

other cells with fast rates of proliferation. Follicles cultured without a

theca layer showed attenuated lactate production, and did not develop

antral cavities, confirming that theca-granulosa interactions are vital
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for normal growth and differentiation. Theca cells may also contribute to

follicle lactate production.

Analysis of chimaeric mouse ovaries using DNA in situ hybridization was

undertaken to i) qualitatively determine how follicles are structured

during development, ii) evaluate whether the different cell populations

within the ovary are derived from the same or unrelated progenitor

cells, iii) estimate the number of progenitor cells giving rise to the

different ovarian cell types. Results showed that follicles are

constructed by the non-random, radial proliferation of granulosa cell

clones which form long, thin, unbranched columns across the follicle

wall. This clonal pattern is in contrast to the extensive lateral coherent

clonal growth exhibited by the theca interna which encompasses the

follicle, and also to the more random pattern which occurs in the corpus

luteum. Qualitative and quantitative studies revealed that both

peripheral and central granulosa cells are derived from the same

progenitor cells. Therefore, phenotypic differences may be due to

positional cues within the follicle rather than being cell lineage-

dependent. It is suggested that granulosa cells and germinal epithelium

may be partly derived from the same progenitor cells and that theca

externa is probably derived from interstitial tissue. However, a common

progenitor cell origin for theca interna and theca externa/interstitial

tissue has been contradicted by this study, and it is suggested that the

former cell type may well exist in an undifferentiated state from early

stages of follicle development. Furthermore, granulosa and germinal

epithelium appear to be derived from different progenitor cells than

either theca interna or theca externa/interstitial cells. Evidently, all the

ovarian cell types are derived from more than one progenitor cell.
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CHAPTER 1

INTRODUCTION .
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MORPHOLOGICAL DIFFERENTIATION OF THE
MAMMALIAN GONAD FROM EMBRYO TO ADULT.

Formation of mammalian ovaries takes place early in fetal life through

interaction between different somatic cells and germ cells after they

have migrated and settled in the gonadal ridges. The ventral cranial

part of the mesonephros is the site of gonadal formation, a process

which is initiated by two events: (a) the invasion of the coelomic

epithelium and the underlying mesenchymal tissue covering the

mesonephros by migrating primordial germ cells (PGC), and (b)

colonization of the same area by mesonephric cells (figure 1).

\

Primordial germ cells have an extragonadal origin in many mammalian

species, including the mouse (Chiquoine, 1954; Zamboni St Merchant,

1973) and human (Witschi, 1948; McKay et al, 1953). The stem cells of

the PGC are thought to reside in the inner cell mass of the blastocyst in

the mouse (McLaren, 1981; Snow St Monk, 1983), but there is

conflicting information on the precise time of commitment of the germ

cell line during embryogenesis. Studies by McMahon et al (1981) have

suggested that the embryonic and extraembryonic somatic cells are

allocated prior to the germ cell line, however, this has been

contradicted by Soriano & Jaenisch (1986) who have proposed that the

latter cell type is set aside as early as the 4- to 8-cell stage, before

allocation of the different somatic tissues.

Translocation of PGC from extragonadal sites to the gonadal ridges may

involve passive transport within embryonic tissue during structural

reorganization and differentiation (Niewkoop & Sutasurya, 1979; Snow

& Monk, 1983), and/or active migration (Donovan et al., 1986; for

-2-



Developing Primordial
ovary 9erm cells

Mesenchyme

Coelomic epithelium

Mesonephros

FIGURE 1. Schematic diagram illustrating the formation of the

mammalian ovary.
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review see Eddy et al., 1981). Various methods of guidance have been

proposed which are thought to lead the PGC towards the gonads, such

as fibronectin along the migratory pathway, (Fujimoto et al., 1985)

which has been shown to enhance the locomotion of PGC in vitro

(Alvarez-Buylla & Merchant-Larios, 1986), or by attraction to

chemotactic substances produced by the gonad (Witschi, 1948; Kuwana

et al., 1986).

Primordial germ cells have a relatively high level of alkaline

phosphatase (Hardisty, 1978), and this feature has been exploited in

order to study their movement into the developing ovary. During

migration the number of PGC increases dramatically from below 100 in

the 8-day old mouse embryo to approximately 10 000 by day 13 (Tarn &

Snow, 1981). Cellular processes from the coelomic epithelium

surrounding the gonadal ridges appear to trap the majority of

migrating PGC once they arrive (Merchant-Larios & Alvarez-Buy11a,

1986), and subsequent movement into the underlying tissue then

ensues. Mitotic division of the PGC continues until they enter meiosis,

although the rate varies between species. Groups of germ cells are

often seen connected to one another by intercellular bridges (Gondos,

1978), which may be used as a pathway to transfer substances between

cells (Beatty, 1970; Gondos, 1973), and may also serve to synchronize

division (Borum, 1961; Peters et al., 1965). These intercellular bridges

appear to result from incomplete cytokinesis, and it has been proposed

that each germ cell group is derived from a single stem cell (Riisse,

1983).

The coelomic epithelium surrounds an area of loose mesenchymal tissue

which is supported by the developing mesonephros, and together these
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structures make up the future gonad. The mesonephros arises in the

nephrogenic cord which forms from the segmented intermediate

mesoderm early in embryonic life, and it is this structure that develops

to form the functioning kidney in species such as the pig, sheep,

rabbit and human (Grinsted & Aagesen, 1984). The mesonephros

appears to be crucial for gonadal development both in terms of its

cellular contribution to the ovary (Balfour, 1878; Witschi, 1951;

Byskov, 1978) and its induct!"^ influence on ovarian differentiation

(Byskov, 1974) and function (Grinsted, 1982).

During early ovarian development in most species, the mesonephric

cells (i.e., the intraovarian rete) invade the central part of the organ,

thereby pushing the germ cells toward the periphery (figure 1). In

some species, such as mouse, rat and hamster, "immediate" meiosis

then ensues. These ovaries produce little or no steroids until follicles

are formed, and the germ cells may be uniformly distributed in clusters

throughout the entire ovary (eg. mouse and hamster). Alternatively,

other species, such as pig, sheep, dog and cow, may exhibit "delayed

meiosis" where germ cells become enclosed in irregularly-shaped germ

cell cords during the delay period, consisting of tightly-packed

somatic cells and germ cells. These ovaries can produce variable

amounts of steroids until meiosis commences, usually in concert with

the break up of the cell cords (for general review see Byskov, 1986).

However, ovarian development in the human foetus does not conform to

either of these two major patterns of differentiation, but rather

represents a transitory example between immediate and delayed

meiosis. In this case, meiosis is delayed for 2-3 weeks, but little or no

steroids are produced and the cortically-placed germ cells are gathered

into clusters, rather than being confined to cords (Byskov, 1986).
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Germ cell meiosis in the female is initiated during early development,

often during foetal life. It has been hypothesized that meiosis is

regulated by an "internal clock" (McLaren, 1981), and this theory has

been supported by work which demonstrates that ectopic mouse germ

cells, localized to the foetal adrenal gland, begin meiosis at the same

time as those in the ovary (Zamboni & Upadhyay, 1983). However,

Tarkowski (1969) has proposed that a substance produced by the cells

of the adrenal gland promotes germ cell meiosis. Therefore, a series of

interacting factors, including the formation of a suitable germ cell

"niche" (or microenvironment), the "genetic clock" and secretion of

steroids and meiosis-regulating substances (MIS) may control meiosis

in germ cells. Evidence for the existence of the latter has been shown

by Byskov & Saxen (1976) who prepared MIS from medium conditioned

with mesonephros-attached ovaries undergoing meiosis and

demonstrated that it could induce meiosis in undifferentiated foetal

mouse testes. MIS is thought to be produced specifically by the

mesonephros as meiosis has been induced in newborn hamster ovaries

when cultured with mesonephric tubules (Fajer et alv 1979).

Those germ cells located in the inner part of the cortex are always the

first to begin meiosis (Byskov, 1975), however, this process becomes

arrested in late prophase of the first meiotic phase and is not resumed

until a few hours before the time of ovulation in the mature animal.

Once the oocyte undergoes meiotic arrest it is enveloped by the

surrounding presumptive granulosa cells to form a follicle delineated

by an intact basal lamina. It has been suggested that the granulosa cell

precursors arise from the mesonephric-derived rete cells, and that

ovarian surface epithelium may not be an important source of granulosa

cells during early follicular development, although their role in
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development of the gonad proper cannot be ruled out (Byskov et al»

1977). In addition, some of these proliferating intraovarian rete cells

are believed to become the first interstitial cells (Hoyer & Byskov,

1981). Later on in post-natal development, theca cells may also derive

from this granulosa cell lineage, or, alternatively, from the

unspecialized mesenchyme cells in the ovarian stroma (for review see

Gore-Langton & Armstrong, 1988).

Figure 2 shows a flow diagram illustrating the possible origins and cell

lineage relationships for the different cellular compartments of the

ovary, from embryo to adult. Cell lineage relationships between the

different somatic cells of the ovary are not well understood, and the

origin of these cells types is currently the subject of much debate (for

reviews see Byskov, 1986; Byskov & Hoyer, 1988). Therefore, one aim

of this project was to try to clarify the developmental relationships

between granulosa cells, theca, interstitial and surface epithelial cells

by comparing the frequencies of cell labelling in the different ovarian

cellular compartments of intraspecific mouse chimaeras using the

technique of in situ hybridization (chapter 7). The data generated

from such a study can also be used to estimate the number of precursor

cells giving rise to each ovarian cell type using binomial analysis of

variance (Nesbitt, 1971; Stone, 1985) (see chapter 7).

Between birth and maturity the ovary undergoes dramatic

reorganization and differentiation which leads to the formation of large

follicles. By the end of the first week of postnatal development in the

mouse the oocytes are completely separated from one another in follicles

(except polyovular). In addition, all oocyte nuclei are in dictyate (end

stage of the first meiotic prophase), and oocyte growth and follicle
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development has begun (Peters, 1969).

It is not known what mechanisms trigger the onset of follicular growth,

but in the mouse exogenous gonadotropins have been shown to

stimulate this process (Lintern-Moore, 1977). It has also been shown

that follicular growth is retarded in infant mice treated with

antigonadotropins (Eshkol et aL, 1970), in hypophysectomized foetal

monkeys (Gulyas et al., 1977) and in anencephalic human fetuses

(Baker & Scrimgeour, 1980), but that gonadotropins will support

follicular growth both in vivo (Gulyas et al., 1977) and in vitro (Baker

& Neal, 1973; Challoner, 1975). Although gonadotropins may have an

influence on follicular growth iitiation, they are not obligatory, and

other workers have suggested that the trigger may originate in the

oocyte (Baker, 1973; Gosden, 1990) or granulosa cells (intern-Moore

& Moore, 1979).

The first morphological indication of follicular growth is the mitotic

activity of the granulosa cells, wich coincides with the start of oocyte

growth. Iitially, the primordial follicle consists of a central immature

oocyte, with a diameter of less than 20 pm, surrounded by a single

layer of flattened pregranulosa cells. Once activated, by some

unknown stimulus, the pregranulosa cells start to round up and

divide, eventually enclosing the growing oocyte within a solid layer of

granulosa cells. During this time, the granulosa cells and oocyte

develop complex morphological associations in the form of gap junctions

(Albertini & Andersen, 1974; Andersen & Albertini, 1976; Gilula et al.,

1978) which are crucial for the further development of the follicle and

for nutritional support of oocyte growth (see chapter 3 for further

discussion; for review see Eppig, 1991a). Concurrently, the zona
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pellucida begins to form in the perivitelline space between the

granulosa cells adjacent to the oocyte (Zamboni, 1974; Dvorak &

Tesarik, 1980; for review see Wassarman, 1988). This acellular coat is

composed of three sulphated glycoproteins synthesized by the oocyte:

Zpl, Zp2 and Zp3 (Bleil & Wasserman, 1980; Shimizu et al, 1983), and
to

its function is "provide sperm binding sites, promote the acrosome

reaction and prevent polyspermy.

During the growth phase, oocyte diameter increases in size from

approximately 20 to 80 pm, or more, depending on the species. There

appears to be some gene transcription during this time, resulting in

the accumulation of stable RNA (Bachvarova & de Leon, 1980;

Bachvarova, 1985). However, the rate of transcription is never high

and mouse oocytes fail to develop the true lampbrush chromosomes

responsible for the very rapid transcription that occurs in amphibian

oocytes (Bachvarova et al., 1982). Expression of genes encoding zona

pellucida proteins (see above), tissue type plasminogen activator (tPA)

(Huarte et al>, 1985) and the proto-oncogene c-mos (Keshet et al., 1988;

Mutter et al., 1988) have been detected in growing mouse oocytes.

Synthesis of p39",os, the protein encoded by c-mos, is expressed in

more mature oocytes capable of undergoing germinal vesicle breakdown

(GVBD), and it is suspected that expression of this gene is required

for progress past metaphase I (Paules et alv 1989), i.e. polar body

formation in response to the mid-cycle LH surge. Signals from the

follicle cells may influence the pattern of proteins synthesized within

the oocyte (Moor, 1983), and there is evidence that over half of the

protein contained in the mature oocyte is derived from the follicle cells

(Schultz et al., 1979; Zamboni, 1974).
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A number of classifications of follicle stages have been devised, for

example, based on the number of cell layers (Mandl & Zuckerman, 1953)

or according to oocyte size, granulosa cell number and follicle

morphology (Pedersen & Peters, 1968) (figure 3). At the end of the

first week of life, the mouse ovary contains small rapidly proliferating

preantral follicles up to the 3b stage , i.e., growing oocytes

surrounded by a single ring of 20-60 granulosa cells. However, by the

end of the second week, many ovarian follicles with 2-3 layers of

granulosa cells and surrounded by an intact basement membrane are

seen (types 4 and 5a), some with a theca layer invested by a capillary

network (Peters, 1969). The rapid early growth of follicles has been

attributed to the increasing concentration of follicle-stimulating

hormone (FSH) which was found to be markedly higher during the first
Of

two weeks"life than during the late prepubertal stage (Stiff et alv 1974;

Dullaart et alv 1975).

From the third to the fourth week, follicle development progresses so

that small, medium and large follicles (up to type 6) are seen

simultaneously. However, development to stages 7 and 8 does not occur

until puberty commences at around 35 days post-partum. As the

unfavourable endocrine environment during the juvenile period

prevents follicles from developing beyond a certain stage, many

degenerating antral follicles are seen at this time. In addition,

approximately 50% of the small follicles may also be lost during the first

month of life (Faddy et al., 1976).

The transit time of follicles during the immature period varies with the

age of the mouse, being shorter during the first two weeks of life

(Pedersen, 1969). Table 1 illustrates the transit time of follicles from
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Type 1 d>

Type 2

Type 3a

Type 3b

Type 7

Type 8

Small oocyte with no cells attached
to Its surface.
Small oocyte with a few cells attached
to Its surface.

Small (or growing) oocyte surrounded
by a ring of granulosa cells.
Growing oocyte surrounded by a ring
of 20-60 granulosa cells.

Growing oocyte surrounded by 2
layers of granulosa cells.

A transitory stage between medium
and large follicles. The growing
oocyte Is enveloped In 3 layers of
granulosa cells.
A large oocyte surrounded by many
layers of granulosa cells. No follicular
fluid.

A large oocyte surrounded by many
layers of granulosa cells with
scattered areas containing follicular
fluid.

A follicle with a single cavity of
follicular fluid. The cumulus oophorus,
but not Its stalk, has formed.

A large preovulatory follicle with a
single cavity of follicular fluid and
a well formed cumulus stalk.

FIGURE 3. Classification of follicles (Pedersen & Peters, 1968).
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type 3b to type 6 in the juvenile ovary at different ages. After day 14

of postnatal life, follicular growth from type 3b to type 5 is generally

much slower than the transit time of follicles through compartments 5 to

6.

TABLE 1. Transit time in hours of follicles at different ages in the

immature period. The transit time represents the number of hours

taken for a follicle to develop through one compartment, eg. in a 35 day

old mouse it takes 145 hours for a follicle to develop from one with 20

cells to one with 50 cells on the largest cross section (type 3b to 4)

(Pedersen, 1969).

Age
days

Medium follicles Large follicles

type 3b type 4 type 5a type 5b type 6

7 83 - - - -

14 119 91 67 - -

21 185 113 56 29 15

28 167 126 56 23 14

35 145 115 58 25 14

Once puberty has been reached, the full span of antral follicle

development is possible (types 6 to 8), finally resulting in the

ovulation of mature, fertilizable oocytes. Initiation of antral

development coincides, approximately, with the end of the oocyte

growth phase, and the beginning of the steroidogenic phase. At this

time the oocyte becomes competent to resume meiosis (Sorensen &

Wasserman, 1976). However, meiotic arrest is maintained, possibly by

cAMP (for review see Eppig, 1989) and other purines (Downs & Eppig,

1987), until ovulation induction occurs in response to the mid-cycle LH

surge.
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Morphologically, antral development commences with the formation of

irregular lacunae between granulosa cells, which eventually become

filled with liquor folliculi (Bjersing, 1978; Dvorak and Tesarik, 1980).

The progressive accumulation of this follicular fluid induces the

distension and coalescence of the lacunae, resulting in the

establishment of the antrum. Histochemical and ultrastructural studies

have shown the presence of small cyst-like structures (Call-Exner

bodies; Call & Exner, 1875) in the membrana granulosa of some specie

which are associated with the developing antral cavity. It is believed

that these structures are sites of glycoprotein synthesis, and this view

has been supported by the frequent observation of Call-Exner bodies

with interrupted walls in the process of liberating their contents into

the follicular antrum (Zamboni, 1972; Bjersing, 1977; Gosden et al.,

1989). During antral development, the oocyte and its surrounding cells

become displaced to one side of the follicle to form the cumulus-oocyte

complex, which remains attached to the membrana granulosa by the

cumulus stalk. In concert with antral development, two further layers

of cells develop outside the basement membrane to form the theca

interna and theca externa, respectively. Differentiation of both the

granulosa and theca layers produces the characteristic appearance of

the preovulatory, or Graafian, follicle.

During development of the Graafian follicle, the granulosa cells in the

peripheral (mural) and central (antral/cumulus) regions of the wall

start to differentiate along separate pathways. The columnar granulosa

cells in the mural region of the follicle wall are morphologically distinct

from the more rounded cells in the antral and cumulus regions

(Bjersing, 1978), and there is evidence that the former cells may be

pseudostratified (Lipner, 1973; Hirshfield, 1979, Zamboni, 1980). The
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two granulosa cell sub-populations also show antigenic differences

(Erickson et aU 1985), and vary in their content of several enzymes

(Zoller & Weisz, 1978, 1979; Zoller & Enelow, 1983). Studies by Telfer

et al. (1988), involving the use of mice heterozygous for the X-linked

glycolytic alloenzyme, PGK-1, have suggested that peripheral and

central granulosa cells have the same origin. However, as the clones of

cells could not be visualized in that study, it was not clear how much

cell mixing had c-f-urred, nor whether the follicle was constructed in a

radial clonal pattern or built up by successive concentric layers. In

addition to the preovulatory follicle, no information exists on the

morphogenesis of granulosa cell clonal expansion during preantral and

early antral follicle growth. Therefore, a further aim of this project

was to study this process throughout the whole span of follicle

development. Once again, the ovaries of intraspecific mouse chimaeras

are particularly useful for tackling this problem, and chapter 7

describes the clonal patterning in the different cellular compartments

of the ovary in relation to follicle morphogenesis and cell mixing. Clonal

expansion and cell mixing in the thecal layers, interstitial tissue and

surface epithelium was also determined as this has not been previously

investigated.

HORMONAL REGULATION OF FOLLICLE
DEVELOPMENT AND STEROIDOGENESIS.

The mammalian oestrous cycle is coordinated by a complex system of

feedback interactions between the hypothalamus, anterior pituitary

and ovaries (Harris & Naftolin, 1970; Knobil, 1980). There are thought

to be two tiers of control operating in the hypothalamo-pituitary-
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ovarian axis, firstly, systemic hormonal control, and secondly, local

ovarian paracrine/autocrine control, which is thought to modulate the

effects of the gonadotrophins and sex steroids (figure 4). The

hypothalamic hormone, gonadotrophin-releasing hormone (GnRH), is

responsible for triggering the secretion of the gonadotrophins, follicle-

stimulating hormone (FSH) and luteinizing hormone (LH), from the

anterior pituitary. These hormones are released into the blood stream

where they travel to the ovary and bring about the release of the

steroids, oestradiol and progesterone. Both of these steroids have

specific receptors located in the hypothalamus and anterior pituitary,

and are able to "feed back" to these organs and thus regulate the

secretion of the gonadotrophins.

During the early follicular phase of the cycle, FSH and LH, released

from the pituitary, travel to the ovary where they trigger follicular

development and steroid production. It is evident that growth during

the preantral phase can occur independently of gonadotrophins, as has

been demonstrated after hypophysectomy (Nakano et al., 1975) and in

hypogonadal (hpq:hpq) mice (Halpin et al., 1986), despite the finding

that receptors for FSH are expressed on granulosa cells at all stages of

preantral follicle growth in the rat (Presyl et aL, 1974; Nimrod et al.,

1976). However, the presence of these receptors could indicate that

limited steroidogenic activity may be acguired at the preantral stage,

as demonstrated in cultures of isolated hamster follicles (Terranova &

Garza, 1983), but it is unlikely that a major contribution is made until

the antral phase of follicle development.

Antrum formation and oestradiol secretion are initiated by FSH and

mark the beginning of the phase of gonadotrophin-dependent growth.
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FIGURE 4. Schematic diagram illustrating the hypothalamo-pituitary-

ovarian axis.
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Both granulosa cells and theca cells in ovarian follicles undergo

developmental changes in response to gonadotrophins that coordinate

the initiation, maintenance and termination of oestrogen secretion by

the antral follicle (Falck, 1959; Short, 1962; Bjersing, 1967; Ryan,

1979). This "two cell, two gonadotrophin" model of oestrogen

production involves the LH-induced synthesis of precursor androgen

(androstenedione) by theca, and the FSH-induced aromatization of

androgen to oestradiol by granulosa cells (figure 5). Androgens are

manufactured mainly by the theca interna (Tsang et al., 1979) using 17-

hydroxylase/Ci?-2o lyase (P450cl7) which catalyses the rate-limiting

conversion of C21 steroidal substrates to androgens (Sasano et al,

1989). The C2, substrates may be derived from adjacent granulosa cells

(Short, 1962), or synthesized intracellularly from acetate or blood-

borne LDL-cholesterol (Erickson et al, 1985). The enzyme P450cl7 is

not expressed by granulosa cells, which is why they rely on the theca

to provide the precursors for oestrogen synthesis (Armstrong &

Dorrington, 1979). Aromatase (cytochrome P450aro) is the granulosa

cell enzyme crucial to follicular oestrogen synthesis and is expressed

during FSH-stimulated antral development (Steinkampf et alv 1987;

Sasano et al., 1989). The responsiveness of granulosa cell aromatase

activity to FSH increases markedly during the latter stages of follicle

development (Zeleznik & Kubik, 1986; Harlow et alv 1988), which

explains why the preovulatory follicle is able to grow and secrete

oestrogen during the late follicular phase when FSH levels decline in

response to negative feedback control on the pituitary by oestrogen

(Zeleznik & Hillier, 1984; Hillier et aL, 1988). In addition, the FSH-

induced responsiveness of granulosa cells to LH (Birnbaumer &

Kirchik, 1983; Richards et al, 1987) causes a further enhancement of

oestradiol secretion during the late follicular phase (Zeleznik et al,
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1977; Hillier et aL, 1978), and oestradiol secreted by the follicle is then

able to further stimulate its own formation via positive feedback control

of pituitary LH release (Yen, 1986) (figure 4).

In addition to the role of theca-derived androstenedione as a precursor

for oestrogen synthesis, the cytodifferentiative actions of FSH may be

augmented by the metabolism of this steroid in the granulosa cells to

testosterone and other androgens, ^or example, it has been shown that

androgens can induce granulosa cell aromatase activity (Daniel &

Armstrong, 1986; Harlow et aL, 1986) and inhibin production in vitro

(Hillier et aL, 1991). Interestingly, granulosa cell-derived inhibin

(Cuevas et al, 1987; Merchanthaler et al, 1987) is able to exert a

reciprocal effect on the theca by promoting LH-dependent androgen

synthesis in vitro (Hseuh et al, 1987; Hillier et al, 1991), and it has

been suggested by Hillier (1991) that this reciprocal granulosa

cell/thecal interaction may coordinate follicular oestrogen synthesis

during antral development.

Inhibin has been increasingly implicated in the regulation of gonadal

function, and in addition to the putative role of inhibin as paracrine

regulator, this protein hormone is able to inhibit the synthesis and

release of FSH at the level of the anterior pituitary by a mechanism

which is not well understood (de Jong, 1987; Burger et al, 1987).

Inhibin is a heterodimeric glycoprotein that consists of two subunits, a

and B, linked together by disulphide bonds (Burger et al, 1987). Two

related forms of the B-subunit have been described, Ba and Bb (Ling et

al, 1985), and both complex with the a-subunit to from biologically

active inhibin A and B, respectively. During the purification of inhibin

from porcine follicular fluid, fractions possessing FSH-stimulating
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activity were isolated. Two disulphide-linked dimers of the inhibin B-

subunits were identified, ba-bA-homodimer (Vale et al., 1986) and Ba-Bb-

heterodimer (Li et al., 1987), which have been named "activin" (A and

AB), to denote their opposing biological activity compared with

inhibin. Evidence for the presence of activin in the gonads has been

deduced from the detection of b-mRNAS, as antibodies to activin are

not readily available. Both b-mRNA subunits have been exclusively

localized to the granulosa cells of the mature and immature rat ovary by

in situ hybridization (Meunier et aL, 1988 Sc 1989), and binding sites for

activin have also been demonstrated in these cells, suggesting a local

site of action and possibly a paracrine/autocrine function (Sugino et

al., 1988; Lapolt et alv 1989). The ability of human recombinant activin

A to inhibit LH-stimulated androgen production by human theca cell

cultures has been shown by Hillier et al.(1991), and in the light of

recent experimental data, it has been suggested that activin and

inhibin could modulate thecal androgen synthesis in vivo in a paracrine

fashion (Hsueh et al., 1987).

Both activin and inhibin may play an important local role in the

selection of the dominant follicle (Hillier, 1991). During the early

follicular phase, when oestrogen production is minimal, stimulation of

aromatase activity by FSH may be enhanced by activin (Hutchison et

aL, 1987; Hillier, 1990), while thecal androgen synthesis may be

simultaneously suppressed (Hillier et aL, 1991) (figure 6A).

Interfollicular differences in granulosa cell activin production could set

the follicular threshold for response to FSH, and those follicles with

the greatest production of activin may be the most responsive. In the

mid to late follicular phase, FSH and LH stimulation of inhibin

production by the follicle may promote LH-induced androgen synthesis
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FIGURE 6. Schematic diagram illustrating the paracrine/autocrine

effects of activin and inhibin during the early (A) and late (B) phases

of follicular development (Hillier, 1991).
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in the theca interna. As this increase in androgen production rises in

parallel with aromatase activity, and possibly reduced activin

synthesis, the secretion of oestradiol is amplified in the preovulatory

follicle (figure 6B).

Granulosa cell-derived oestrogen has been implicated as an inhibitor of

thecal cell function, and may explain the decline in androgen

synthesis, and hence, oestradiol production, in response to the

ovulation-inducing midcycle LH surge (Erickson et al., 1985; Leung &

Armstrong, 1980). However, the exact mechanism by which androgen

synthesis is suppressed is not well understood, but may well include

'desensitization' (receptor 'down-regulation') to the extremely high

levels of LH at this stage of the cycle (Birnbaumer & Kirchik, 1983;

Erickson et al, 1985).

In addition to the effects of the peptide hormones, activin and inhibin,

on the action of gonadotrophins and sex steroids, locally produced

growth factors may also serve to modulate mitogenesis and

differentiation of follicular cells. Evidence for the possible involvement

of these factors in follicle development comes from the observation that

neither FSH nor oestrogen exert mitogenic effects on granulosa cells in

vitro, but do so when administered in vivo (Hammond & English, 1987).

The insulin-like growth factors (IGF-I and IGF-II) are believed to

augment the stimulatory effects of FSH on granulosa cell growth and

differentiation (Hammond et aL, 1988; Adashi et ah, 1989). They are low

molecular weight single chain peptides that share close structural and

functional homologies with proinsulin (Froesch et aL, 1985). Both IGF-I

and IGF-II cross-react with the insulin receptor, and receptors for

insulin and the IGFs are present on most cells in the body (Sibley et aL,
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1988). Granulosa cells express IGF mRNAS (Miller, 1988; Oliver et al,

1989) and produce IGF proteins (Hammond et al., 1985) in response to

gonadotrophins, oestradiol and growth hormone (Jia et al., 1986). In

addition, they also express IGF-I receptors that increase in number

after treatment with FSH in vitro (Adashi et aL, 1989). The culture of

granulosa cells in the presence of physiological doses of IGF-I, or

supraphysiological doses of insulin, stimulates steroidogenesis, LH

receptors and the deposition of proteoglycans, demonstrating the

autocrine effects of this growth factor (Adashi et al., 1985). Theca cells

do not appear to manufacture IGF-I (Oliver et al., 1989), but do

possess IGF-I receptors (Cara & Rosenfield, 1988) suggesting that

granulosa cells may be able to exert paracrine control over the theca

interna. Both insulin and IGF-I increase the basal and LH-stimulated

synthesis of androgen by cultured thecal/interstitial cells (Barbieri et

aL, 1983; Hernandez et al., 1988), and under serum-free conditions of

culture, IGF-I is able to enhance DNA synthesis as well as androgen

synthesis in human thecal cell monolayers (Hillier et aL, 1991).

Other growth factors thought to have local regulatory functions are

epidermal growth factor (EGF) and transforming growth factor-a

(TGFa); closely related gene products with similar properties which

bind to the same receptors (Massague, 1983; Derynck, 1986). These

two factors have an opposing action to TGF-6, and together, may be

another example of paracrine regulation of follicle development

involving theca/granulosa cell interaction. A more detailed discussion

of the role of these growth factors has been covered in chapters 6 and

7 of this thesis. Many other factors are produced by the ovary which

are believed have an regulatory effect in this organ (for review see

Hillier, 1991; Ackland et aL, 1992), for example, basic fibroblast
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growth factor (bFGF) and plasminogen activators/inhibitors (Knecht,

1988; Ny et alv 1985). In addition, blood and immune cells may produce

immunoregulatory peptides (cytokines, monokines and lymphokines)

which can modulate the growth and differentiation of ovarian endocrine

cells (Adashi et alv 1989).

Elucidation of the complex steroidal and non-steroidal interactions

between the theca, granulosa cells and oocyte is a problem reguiring,

not only the development of a culture system capable of supporting

normal follicular growth and maturation, but also a system which

facilitates a detailed study of metabolism by individual follicles. If valid

metabolic studies are to be performed, evidence should be provided to

show that the cultured follicles are morphologically and functionally

normal. Ovulation has not been achieved from individual follicles grown

in vitro, and this is perhaps one of the most stringent tests of follicle

viability. The major aim of this project, therefore, was to develop a

culture system for the study of follicle metabolism which would support

the development of follicles from preantral to preovulatory stages of

development, and their subsequent ovulation. Chapter 2 evaluates

existing culture systems and describes a. new in vitro model specifically

designed for follicular metabolic studies. Evidence is also provided to

show that normal follicle morphology and function, as reviewed in the

preceding pages, are maintained in this system.

Carbohydrate metabolism is perhaps one of the most fundamental

metabolic processes, however, no information exists on the pattern of

carbohydrate metabolism during follicle development, nor how the

gonadotrophins, FSH and LH, influence this process. Therefore, a

further aim of this project was to investigate follicle carbohydrate
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metabolism and ascertain how energy production is regulated during

the phases of growth, differentiation and steroidogenesis. Chapters 3

to 6 review our current knowledge of this area, and provide new

information on the metabolism of glucose and pyruvate during follicle

development in vitro.

CELLULAR CARBOHYDRATE METABOLISM.

It is generally accepted that glucose is the major energy source for

most mammalian cells (excluding the oocyte- see chapter 3), and

information about the transport of carbohydrates across cell membranes

is largely limited to hexoses (mainly glucose and its analogues). In the

past few years there has been an explosion of information regarding

the molecular structures of the proteins involved in the transport of

glucose across the plasma membrane and their regulation in normal and

altered metabolic states. These studies have revealed the presence of

two distinct families of glucose transport proteins, (i) the sodium-

dependent glucose transporters or NaVglucose cotransporters, and

(ii) the facilitative glucose transporter family.

The sodium-dependent glucose transporter (SGLT1) is an active

transport system that utilizes the energy from an extracellular to

intracellular Na+ electrochemical gradient, generated by Na', K+-

ATPases, to drive the intracellular accumulation of glucose against its

concentration gradient. This transporter is located in the brush-

border membranes of intestinal and kidney epithelial cells and is

responsible for the absorption of glucose from the lumen of the small

intestine and proximal tubule of the kidney (Coady et al., 1990). SLGT1
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is a member of a superfamily of proteins that includes Na+-dependent

amino acid transporters, and may also include other sugar

cotransporters (Hediger et aL, 1989; Coady et aL, 1990).

The molecular mechanism by which the SGLT1 translocates glucose

across the plasma membrane is unknown. Sodium is believed to increase

the affinity of the protein for glucose, and in the presence of bound

Na"* arH glucose there is a change in conformation that exposes these

binding sites to the interior of the cell, resulting in the release of Na'

and glucose (Peerce, 1990). In contrast to the facilitative glucose

transporters described below, SGLT1 cannot mediate the bi-directional

transport of glucose, suggesting that the outward and inward

conformations of this protein are not functionally eguivalent.

Except for the active uptake of glucose from the lumen of the small

intestine and proximal tubule of the kidney, the transport of glucose

across the cell membrane occurs by facilitated diffusion. This is an

energy-independent process mediated by a family of structurally

related proteins encoded by specific genes that are expressed in a

tissue-specific manner (Gould & Bell, 1990; Mueckler, 1990). Glucose

transport by these proteins is saturable, stereoselective and

bidirectional, however, the mechanism of diffusion of sugars across the

plasma membrane has not been established, although several models

have been proposed (for review see Carruthers, 1990). In protein-

mediated facilitated diffusion, the direction of net flux of glucose is

determined by its relative concentration on either side of the plasma

membrane. In most cells, cytoplasmic glucose is readily phosphorylated

by hexokinase or glucokinase, resulting in the absence of an

appreciable intracellular pool of free glucose. Thus there is a net
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inward flux of glucose.

The cDNAs for five functional facilitative glucose transporter isoforms

have been isolated and characterized from human tissues (GLUT1 to

GLUT5), and at least four of these are also present in other species,

such as the mouse (GLUT1 to GLUT4) (for review see Burant et al.,

1991). Studies of the tissue distribution of ITIRNAS encoding the five

facilitative glucose transporters have revealed distinct but overlapping

patterns of expression that may reflect the specific role of each isoform

in the maintenance of glucose homeostasis. The GLUT1 isoform is the

predominant facilitative glucose transporter expressed in cultured

cells, and may be the only isoform present in many cell lines (Mueckler

et al., 1985; Khan & Flier, 1990). In vivo, the highest levels of GLUT1

are found in foetal tissues, brain and placenta, but low levels can be

detected in most tissues (Burant et aL, 1991). GLUT2 expression is

confined to the pancreas, liver, small intestine and kidney, while

GLUT3 is present at variable levels in all adult tissues that have been

examined (Kayano et aL, 1988). GLUT4 is thought to mediate insulin-

stimulated glucose uptake (Zorzano et al., 1989; Holman et al., 1990),

and its mRNA is found at highest levels in all types of adipose and

muscle tissue, including the uterus (Burant, 1991). Lastly, GLUT5 is

expressed predominantly in the jejunal region of the small intestine,

although low levels can be detected in human kidney, skeletal muscle

and adipose tissue (Kayano et aL, 1990). Allen et al.(1981) have

demonstrated that transport in cultured granulosa cells is by an

insulin-sensitive facilitated diffusion system, however, no attempt has

been made to classify the glucose transporters operating in the

different cellular compartments of the ovary. In the future, such

studies may be relevant to investigation of the role of insulin-derived
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growth factors (IGF-I & II) on the metabolism of individual follicles at

different stages of development.

Although transport into the cell is the initial step in glucose utilization,

the relative importance of transport in regulation of glucose metabolism

appears to depend upon the particular tissue (Elbrink & Bihler, 1975).

In contrast, hexokinase is an enzyme which exerts a prominent

regulatory influence on glucose metabolism in all mammalian tissues by

catalyzing the conversion of glucose to glucose-6-phosphate. This

product can then be used for a variety of anabolic and catabolic

processes, such as the synthesis of nucleic acids, glycoproteins,

proteoglycans and glycolipids, as well as being a major source of

metabolic energy.

There are at least four distinct proteins capable of catalyzing the

hexokinase reaction in mammalian tissues (types I to IV). A specific

"sperm type" hexokinase has also been reported (Katzen, 1967) in

addition to types I to IV, but there has been little further

characterization of this enzyme. Although there are extensive

similarities between the isoenzymes I to III, there are notable

differences between these isoenzymes and Type IV. One of the most

striking differences observed was that the Km for glucose was markedly

lower for isoenzymes I-III than for type IV. Hexokinase type IV is now

usually referred to as "glucokinase", and early studies indicated that

it may only be present in the liver (Katzen & Schimke, 1965), although

this remains a controversial point (Meglasson et alv 1983). Available

results suggest that, with the possible exception of certain tumours

(Meglasson et aL, 1983), glucokinase and hexokinase may not co-exist

in any mammalian cell type, although this remains to be conclusively
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proved. For cells possessing only glucokinase, glucose metabolism and

any physiological conseguences dependent on that metabolism would be

highly responsive to changes in blood glucose concentrations within

the physiologically relevant range.

The maintenance of discrete isoenzyme forms in mammalian tissues

indicates that they are somehow tailored to fulfil specific, and

different, physic1^gical roles. Type I is relatively high in all tissues

except for skeletal muscle (for review see Wilson, 1985), and is thus

considered to be the "basic" hexokinase. There appears to be a

correlation between the relative predominance of type I hexokinase in a

particular tissue and the relative dependence on blood-borne glucose

as a substrate for cellular metabolism. For example, the brain is nearly

totally dependent on blood-borne glucose as a substrate for its very

high rate of energy metabolism, and contains isoenzyme type I almost

exclusively (Gossbard et al., 1966). In contrast to the predominance of

type I hexokinase in most tissues examined, it is evident that Type II

hexokinase is the major isoenzyme found in skeletal muscle (Gossbard

et aL, 1966). In addition, type II hexokinase is the major isoenzyme

present in other insulin-sensitive tissues such as diaphragm (Katzen,

1967), mammary gland (Walters & McLean, 1967) and adipose tissue

(Walters & McLean, 1968). Maintenance of tissue levels of type II

hexokinase is highly dependent on insulin availability, and thus this

enzyme is associated with tissues that do not consistently exhibit a

dependence on blood-borne glucose as a substrate for energy

metabolism. Type II hexokinase, therefore, represents an adaptation to

the availability of glucose, which may be used for the generation of

metabolic energy, or to support the synthesis of energy storage forms

such as glycogen (skeletal muscle and diaphragm) or lipids (adipose
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tissue and mammary gland). Unlike the type I and II isoenzymes, type

III hexokinase has not been found to be the predominant form in any

tissue that has been examined, although relatively high levels are

exhibited by lung and spleen (Katzen, 1967). Of the three isoenzymes,

type III has the lowest Km for glucose and is also the only isoenzyme to

exhibit marked substrate inhibition at glucose concentrations greater

than about 3mM glucose (Grossbard & Schimke, 1966). This infers that

type III isoenzyme is functional at only very low intracellular glucose

levels.

Once glucose has entered the cell, energy in the form of ATP is

derived from the conversion of glucose to pyruvate (glycolysis) and

the oxidation of pyruvate to carbon dioxide by the operation of the

tricarboxylic acid (TCA) cycle (Paul, 1965) (figure 7). Despite its

involvement in several metabolic pathways, hexokinase is generally

classified as a "glycolytic" enzyme, although the first committed step in

glycolytic energy production is phosphofructokinase (Sols, 1968)

(figure 8). Glycolysis takes place in the cell cytoplasm, and entails the

break down of each 6-carbon molecule of glucose to two 3-carbon

molecules of pyruvate in a series of nine enzymatic steps. The first

four steps reguire energy in the form of adenosine triphosphate (ATP)

and involve the phosphorylation of glucose to glyceraldehyde-3-

phosphate using two phosphate groups removed from the ATP. In the

next two steps, energy is synthesized by the oxidation of

glyceraldehyde-3-phosphate to 3-phosphoglycerate, which is coupled

to the formation of ATP and NADH. Nicotinamide adenine dinucleotide

(NAD) is the most important carrier of hydrogen in catabolic reactions,

and provides a means of using the energy derived from the oxidation of

glucose to generate ATP. Finally, in the last three glycolytic steps, 3-
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phosphoglycerate is broken down to pyruvate with the production of

further ATP, resulting in the net profit of 2 molecules of ATP at the

end of glycolysis. Each reaction in the glycolytic chain is catalyzed by

a different enzyme, and hexokinase, at the start, and pyruvate

kinase, at the end, are believed to be instrumental in controlling the

glycolytic rate (figure 8).

In most animal cells, glycolysis is only the first stage of glucose

catabolism, and pyruvate guickly enters the mitochondria to be

completely oxidized to C02 and H20 in the TCA cycle (figure 9).

However, for mammalian tissues, such as skeletal muscle, which can

function under anaerobic conditions, glycolysis can be the major

source of the cell's energy. In conditions of poor oxygenation,

pyruvate molecules are converted to lactate, which is then excreted

(figure 7). In this manner, the NAD* produced in reaction 5 of

glycolysis can be regenerated, thereby allowing glycolysis to continue.

In response to changing oxygen tensions, the enzyme,

phosphofructokinase, may be instrumental in tailoring the relative

energy contributions from glycolysis and the TCA cycle to the needs of

the cell (Ramaiah, 1974). ATP can directly inhibit

phosphofructokinase, and under anaerobic conditions, mitochondrial

ATP production by acetyl CoA is blocked. Thus ATP levels decrease

and inhibition of phosphofructokinase is released (figure 8), leading to

an increased rate of glycolysis. On its own, the glycolytic generation

of ATP is a relatively inefficient process (net 2 ATP), and 19 times

more energy may be generated from the complete oxidation of glucose

when this process is coupled to the TCA cycle (net 38 ATP) (figure 7).

Conversion of 3-carbon pyruvate to 2-carbon acetyl CoA is the first
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step in the oxidative catabolism of glucose, and marks the start of the

TCA cycle (figure 9). During this cycle, acetyl CoA is covalently

added to a larger molecule of oxaloacetate (4 carbon) to form citrate (6

carbon). A series of reactions then occurs which results in two of the

six carbons of citrate being oxidized to C02, and the regeneration of

oxaloacetate which can be used in the next cycle (for review see

Krebs, 1970; Kornberg, 1987). The oxygen atoms reguired to make C02

from the acetyl groups are supplied by H20, in contrast to the later

stages of oxidative phosphorylation which reguire molecular oxygen

from the atmosphere.

Energy from the cleavage of C-C and C-H bonds in citrate is used to

produce guanosine triphosphate (GTP is eguivalent energetically to

ATP), and to convert hydrogen-carrier molecules, FAD* (flavin

adenine dinucleotide) and NAD*, to their reduced forms. These carrier

molecules are then fed into the electron transport chain where the

energy is released in the form of electrons and used to drive ATP

formation in the presence of molecular oxygen (figure 7). This final

stage of catabolism is called oxidative phosphorylation. At the

beginning of the chain the electrons start off at a high energy level,

but as they are transferred from step to step they fall to a lower

energy state. The final stage involves their transfer to oxygen to form

water which is then removed from the cell. During the transfer of

electrons, the energy released is used to pump protons across the

inner mitochondrial membrane, so generating an electrochemical proton

gradient from the inner mitochondrial compartment to the outside. As a

result, a flux of protons is then driven back through an ATP

synthetase complex in the same membrane causing the addition of a

phosphate group to ADP, and thus the generation of ATP inside the
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FIGURE 9. Diagram showing the different steps in the mitochondrial

TCA cycle which result in the formation of NADH, FADH2 and GTP.
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mitochondrion. Energy in the form of ATP is then used to drive a

variety of metabolic reactions after transfer from the mitochondrion to

the rest of cell.
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AIMS .

Studies of follicle development have been limited by the absence of a

suitable culture system capable of supporting physiological growth. In

particular, investigation into the biology of preantral follicles has been

neglected compared with the later antral stages. In the following

chapters, novel in vitro and in vivo models of murine follicle

development are described, and new information is presented on

morphogenesis, steroid and carbohydrate metabolism during follicular

growth and maturation.

In summary, the aims of this project were to:

1. Develop a model for the study of metabolism by follicles undergoing

normal growth, maturation and ovulation in vitro (chapter 2).

2. Use this novel culture system to study the pattern of carbohydrate

metabolism and steroidogenesis during physiological follicle

development in response to gonadotrophins (chapters 3 to 6).

3. Determine the mechanism of follicular morphogenesis and the lineage

relationships between the different cellular compartments of the ovary

(chapter 7).

-38-



CHAPTER 2

A NOVEL CULTURE SYSTEM FOR

THE STUDY OE METABOLISM BY

DEVELOPING MOUSE OVARIAN
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INTRODUCTION -

Physiological studies of follicle metabolism have been limited by the

absence of a suitable culture system which is capable of supporting

normal follicular growth and maturation. This chapter describes a novel

culture system for the study of follicle growth and metabolism which

supports the development of individual primary mouse follicles to

G^^fian stages in vitro over a period of 5 days, and their subseguent

ovulation on day 6. This is the first report which demonstrates the

ability of in vitro-grown follicles to ovulate in response to LH, and

confirms that follicles are behaving in a physiological manner.

The monolayer culture of individual follicular cell types disrupts the

structural integrity of the follicle and results in the loss of normal

interactions between follicular components. In addition, non-

physiological microenvironments reflected by altered oxygen and carbon

dioxide tensions, as well as pH and metabolite gradients in such

cultures, modifies the pattern of cellular respiration, complicating the

interpretation of experimental results. The culture of whole ovaries, on

the other hand, has the advantage of maintaining normal intercellular

communication between the different tissue types, but is limited in its

usefulness for a number of reasons: firstly, specific stages of follicle

development cannot be studied in isolation because paracrine

interactions from the surrounding stroma and other follicles would

influence growth and maturation; secondly, organ culture also presents

problems with regard to creating a physiological chemical environment

for ovarian function, although Vascular perfusion technigues have

shown that it is possible to achieve ovulation from rabbit ovaries in vitro

(Lambertson et aL, 1976). Despite the advantages offered by organ
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perfusion, these preparations are not stable and are far too complex for

studying individual follicles.

The fate of most cultured organs is to undergo fairly rapid necrosis,

however, this process may be minimized by culture in hyperbaric oxygen

chambers, or by culturing floating or suspended slices of the ovarian

cortex to increase the surface area/volume ratio for the diffusion of

gases. Despite these modifications, studies of physiological follicle

development are limited, and in recent years attention has turned to the

isolation and culture of granulosa-oocyte complexes in floating collagen

gels (Torrance et al., 1989) or on collagen-coated membranes (Eppig &

Schroeder, 1989; Daniel et al., 1989) which have recently been modified

with a collagen coating to provide a more physiological substratum for

culture (Eppig et al., 1990; Eppig, 1991b). Although the collagen gel

technique (Torrance et al, 1989) has the advantage of preserving the

structural integrity of the complexes, antral spaces do not form in the

presence of FSH and oocyte maturation is limited. With the technique of

Eppig (1991b) the oocyte grows out on a stalk of cumulus-like cells

attached to an anchored base resembling mural cells. These oocytes can

resume meiosis in response to LH and produce live young in host animals

after fertilization and embryonic development in vitro. Despite the fact

that this technique undoubtedly provides an excellent model for the

'farming' of large numbers of oocytes, it is clear that none of the culture

systems described are suitable for the physiological study of whole

follicles throughout development. Attempts to grow ovarian follicles from

a number of different species have not been successful in the past (Moor

et al, 1973; Baker & Neal, 1974; Baker et al, 1975), however, cultures of

freshly dissected preovulatory follicles from rat ovaries have yielded a

great deal of information on steroidogenesis and oocyte maturation
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during the final stages of follicle development (Tsafiiri et aL, 1972;

Tsafriri, 1973; Lindner et alv 1974; Nilsson; 1974), although viability

could only be maintained for a few hours before the follicles

deteriorated, and ovulation in response to LH was rarely observed.

A recently developed technigue for the culture of mouse ovarian follicles

by Qvist et al.(1990), which was later modified by Nayudu & Osborn

(1992), has finally shown that it is possible to support the development

of intact preantral mouse ovarian follicles to antral stages in vitro over a

period of 6-7 days. Clearly, the development of this technique provides

a means by which a number of important questions regarding follicle

development can be answered. However, the culture systems so far

available are not suitable for a detailed study of follicle metabolism,

primarily because the volumes of media required (> 100 pi) are too great

to sufficiently concentrate follicle-secreted molecules for reliable

assaying. In addition, the techniques need refinement to mimic normal

growth and maturation more closely, such as the successful induction of

ovulation, which, because of the involvement of complex interactions

between differentiating cell types, might be regarded as a stringent test

of normal development.

In order to develop a system for the study of follicle metabolism, it was

necessary to search for a suitable culture vessel which would fulfil the

following criteria i) support follicle culture in microdroplets of medium,

ii) allow the follicles to be cultured individually, iii) prevent the

attachment of the follicles to the walls of the vessel, iv) facilitate easy

sampling and follicle transfer, v) not absorb the culture medium, vi) be

relatively inexpensive. After investigating various possibilities, it was

clear that the V-well microtitre plate, without a substrate coating for the
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attachment of cells, was the only culture vessel to satisfy all the points

listed above, and a culture system was then developed to study follicle

metabolism during in vitro growth and maturation for the first time.

The overriding advantage of this novel culture system is that it enables

follicles to be cultured individually in the minimum volume of medium that

will support normal development, thereby concentrating follicle-secreted

molecules and facilitating a detailed study of metabolism. The aim of this

chapter is to ^monstrate the validity of this model for the study of

follicle metabolism.
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INl^VTERIALS AMD IMIETHOPS -

ANIMALS. . _

(?) W
Female C57BL/6 x CBA/Ca F: hybrid mice were housed in a temperature-

and light-controlled room with a 14L:10D photoperiod in accordance with

the principles outlined in the National Institutes of Health (NIH) guide

for the care and use of laboratory animals.

FOLLICLE ISOLATION.

Prepubertal female Fi mice were killed by cervical dislocation at thirty-

two days of age. The ovaries were aseptLcally removed and placed in

watchglasses of Leibovitz L-15 medium (Gibco-BRL, Irvine, UK)

supplemented with 2 mmol L1 glutamine (Sigma, Dorset, U.K.) and 3

mg/ml BSA fraction V (Sigma). Medium was adjusted to an osmolality of^

290-300 mOsmol Kg"1 with sterile, distilled, deionized water (MilliQ;

Mil1ipore, Watford, UK) and then sterilized through a 0.2 pm filter

(Millipore) after addition of the supplements. Individual preantral

follicles, 180 ± 10 microns in diameter (excluding theca-stroma) (figure

1), were micro-dissected from mouse ovaries using fine 25Gx5/8 needles

(Steriseal, Worcester, U.K.) fitted to 1 ml syringe barrels (Steriseal)

under X40 magnification with a pre-calibrated ocular micrometer and

3
dissecting microscope (Carl Zeiss Jena, Hertfordshire, U.K.). Care was

taken to leave a small clump of theca-stroma tissue attached to the

basement membrane(« V6th of the follicular starting size), as the

presence of this tissue is vital to follicle development (see chapter 6).

Only those follicles having a centrally-placed, spherical oocyte and no

signs of atresia were chosen for further culture. Atresia was assessed

according to the criteria of Ryan (1981). The appearance of dark
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PRIMORDIAL

FIGURE 1. Diagram showing the different stages of follicle development

including the preantral stage of 180 pm at which the follicles axe removed

for culture.
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patches of pyknotic cells in the membrana granulosa and/or pyknosis in

the oocyte were considered to be the main signs of atresia.

FOLLICLE CULTURE.

Follicles were cultured individually in a 96 V-well, non-tissue culture-

treated microtitre plate (Bibby Sterilin, Staffordshire, U.K.) in 20 pi

droplets of a-Minimal Essential Medium (MEM) (Gibco-BRL, Irvine, UK)

under 50 pi mineral oil (Sigm^- d= 0.84 g/ml) in a humidified atmosphere

of 5% C02 in air at 37°C for 6 days (figure 2). Medium was supplemented

with 5 pg/ml bovine insulin, 10 pg/ml human transferrin, 2 mmol l"1
4

sodium pyruvate, 2 mmol l"1 glutamine (all Sigma), 1 IU/ml human FSH

(hFSH; Biological potency = 5760 IU/ml; a gift from the National Hormone

and Pituitary Program by Dr. S. Raiti.) and 5% serum from hypogonadal

(hpg/hpq) mice: serum was obtained from animals aged 8-14 weeks by

cardiac puncture under ether anaesthesia (May and Baker Ltd.,

Dagenham, U.K.) and prepared by centrifugation after leaving the blood

to clot at room temperature for about 10 minutes. Culture medium was
ri

adjusted to an osmolality of"280-285 mOsmol Kg"1 with sterile, distilled,

deionized water (MilliQ; Millipore) and sterilized through a 0.2 pm filter
5

(Millipore) after addition of the supplements.

On day 5 of culture, half of the follicles were transferred to medium

additionally supplemented with 1 IU/ml human LH (hLH; Biological

potency = 5900 IU/ml; a gift from the National Hormone and Pituitary

Program by Dr. S. Raiti.) and the remaining half was cultured as

before.

After every 24 hours in culture, follicles were removed from their wells

using a fine glass micropipette, washed twice in culture medium and

transferred to 20 pi of fresh medium: a 5 pi sample of medium from the

46- —

The FSH concentration of 1 IU/ml was chosen as this has been previously
determined by Nayudu & Osborn (1992) to be the dose for optimal oestradiol
synthesis.

5
No antibiotics were used in the culture medium nor L-15.



FIGURE 2. Diagram illustrating a novel culture method for the study of

follicle metabolism.
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previous well was taken from each follicle and control well (no follicle)

for oestradiol and progesterone analysis, and stored in Eppendorf tubes

(Bibby Sterilin) at -70°C for up to two weeks.

Twenty follicles were used for each culture and the experiment was

repeated 5 times.

MEASUREMENT OF FOLLICLE DIAMETER.

Follicle diameters, including the thecal layer, were measured daily with a

precalibrated ocular micrometer at X40 magnification in medium at 37°C.

FOLLICLE HISTOLOGY.

One follicle was removed from each experiment on days 1 to 5 of culture

and fixed in freshly prepared 4% paraformaldehyde (BDH Laboratory

Supplies, Poole, UK) overnight. The following day the tissue was

dehydrated through a graded series of ethanol concentrations in 10

minute steps from 50-100%, transferred from absolute ethanol to acetone,

embedded in methacrylate resin (Sigma) and sectioned at 1 pm on to

poly-lysine coated glass slides (BDH). Follicle sections were then

stained with H&E and mounted under coverslips with styrene.

STEROID ASSAYS.

Oestradiol and progesterone profiles were measured immunoenzymatically

for individual follicles over the duration of the culture period using the

Serono Serozyme II Photometer (Serono Diagnostics Ltd., Woking,

Surrey, U.K.) and Serono Serozyme assay kits for oestradiol

(sensitivity > 18 pmol/1) and progesterone (sensitivity >0.48 nmol/1)

according to the manufacturer's instructions.

Intraassay and interassay variations for both oestradiol and

progesterone assays < 5%.
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A. EFFECT OF LH ON OESTRADIOL SECRETION.

A series of cultures was run in parallel to compare the effects of

different hormonal stimulation regimes on oestradiol production and

follicle morphology. Five separate cultures of 10 follicles each were set

up according to the methods outlined above, however, the culture

medium was supplemented with gonadotrophins as follows:

i) 1 IU/ml LH only (NIH).

ii) 1 IU/ml FSH and 0.1 IU/ml LH (both NIH).

iii) 1 IU/ml FSH and 0.01 IU/ml LH (both NIH).

iv) 1 IU/ml FSH only (NIH)

v) 1 IU/ml FSH (Sigma; Biological potency = 7,000 IU/mg).

The experiment was repeated twice with a total of 50 follicles per

experiment.

B. FERTILITY OF FOLLICULAR OOCYTES.

CULTURE OF FOLLICLES.

One hundred and twenty follicles were microdissected from the ovaries of

female C57BL/6 X CBA/Ca Fi mice by Dr. Norah Spears, Nicola Boland,

Alison Murray, Vivian Bryce and Dr. Roger Gosden (all Department of

Physiology, University of Edinburgh Medical School) and cultured for 6

days according to the methods outlined in part A above, with the

exception that 24-hour samples of culture medium were not taken from

the wells.

SPERM PREPARATION.

On day 5 of culture, 30 minutes before oocyte harvesting, sperm was
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recovered from fully mature C57/BL6 X CBA/Ca Fi male mice of proven

fertility after cervical dislocation. One Cauda epididymis and one vas

deferens was removed from each of two donors and placed individually in

lml of warm T6 + BSA culture medium (Whittingham, 1971) under mineral

oil. Sperm was released from the vasa deferentia by squeezing with two

pairs of watchmakers' forceps, and from the caudae by puncturing them

with the tips of the forceps and then expressing the sperm. The tissue

was then removed and the sperm suspension was incubated at 37°C in a

humidified atmosphere of 5% C02 in air for 25 minutes to allow the sperm

to capacitate. Sperm concentration was estimated using a haemocytometer

(Philip Harris, Glasgow, UK), and the sperm suspension was diluted into

two prepared 200 pi fertilization droplets of T6 + BSA culture medium at

37°C to give a final concentration of 1-2 X 106/ml sperm per droplet for

oocyte fertilization.

HARVESTING OF OOCYTES.
non-ovulated

On day 6 of culture, 12 hours after LH stimulation/oocytes were

harvested by ripping open the walls of the follicles with fine 25Gx5/s

needles fitted to lml syringe barrels (Steriseal). The oocytes were then

pipetted into 50 pi droplets of M16 + BSA culture medium (Goodall &

Maro, 1986) at 37°C under mineral oil in a 6-well plate (Sterilin), and

divided into two groups: ovulated oocytes and non-ovulated oocytes from

mature follicles (group 1), and non-ovulated oocytes from immature

follicles (group 2). Oocytes in each group were scored for the presence

of germinal vesicle breakdown and normal morphology using a Nikon

Diaphot microscope with Hoffman optics and heated stage (Nikon,

Telford, UK).
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OOCYTE FERTILIZATION.

Oocytes from each group were transferred into the two fertilization

droplets of T6 + BSA culture medium and incubated at 37°C in a

humidified atmosphere of 5% C02 in air for 4 hours to facilitate

fertilization. After this time, the oocytes were removed and each group

was washed three times in 50 pi droplets of warm M16 + BSA culture

medium under mineral oil to remove any un-bound sperm. Oocytes were

finally transferred to fresh 50 pi droplets of M16 + BSA under mineral oil

and cultured overnight at 37°C in a humidified atmosphere of 5% C02 in

air. Early the following morning oocytes were scored for the presence of

pronuclei and extrusion of the second polar body, and later on the same

day for the first cleavage division. The fluorescent DNA Hoechst stain

(H33342; Sigma) was used to determine whether uncleaved oocytes had

been fertilized, and to investigate the possibility of parthenogenic

activation by cleaving eggs. Oocytes to be tested were removed from the

incubation droplets using a pulled glass pipette and transferred to a

glass slide in 10 pi of culture medium and Hoechst stain at a

concentration of lOpg/ml. Slides were then mounted under glass

coverslips (BDH), supported by four pillars of paraffin wax to create a

chamber for the oocytes ('Chang slide'), and viewed with a Nikon

Diaphot microscope and fluorescent filter (Nikon) to detect the presence

of DNA.

STATISTICAL ANALYSIS.

The unpaired Student's t test was used to determine the probability

values between the different experimental groups in parts A & B.

All data points were plotted with bars to show the standard error of the

mean.



RESULTS.

FOLLICLE GROWTH AND MORPHOLOGY.

Follicles cultured, with FSH grew from preantral diameters of 180 ±7

microns to preovulatory diameters of 405 ±6.2 microns over the 6-day

culture period (figure 3). The morphological appearance of the follicles

appeared to be normal throughout the culture period: theca-stroma

tissue attached to the freshly-dissected preantral fol1l'r"1es (figure 4A)

guickly migrated around the basement membranes during the first 24

hours of culture to form a uniform layer of cells. By day 3, small

protoantral cavities became apparent within the growing membrana

granulosa (figure 4B), and the oocytes had grown from approximately 50

to 70 pm in diameter. From days 3 to 5 the antral spaces expanded

rapidly, and eventually coalesced to from a large, fluid-filled cavity

which pushed the oocyte and surrounding cumulus cells to one side.

Graafian morphology was thus attained on day 5 of culture (figure 4C),

and follicles showed signs of atresia, characterized by the appearance of

dark patches of dead cells in the granulosa layer, if they were cultured

for a further 24 hours without LH.

Graafian morphology was attained by 60% of FSH-stimulated follicles

(table 1). Approximately 10% of follicles became atretic during the 6 day

culture period, significantly fewer than the numbers expected to become

atretic in vivo, and a further15 % of follicles were lost through

mechanical damage to the follicle wall. The remaining 15 % of follicles

which failed to become Graafian reached the mid-antral stage of

development.

On day 5 of culture, 52% of antral follicles (or 30% of starting number;
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FIGURE 3. Graph showing follicle growth over the 6 day culture period.

Five follicles were removed on each day of the culture. Only the diameters of those

follicles reaching the antral stage of development were included in the results shown

in this graph.
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B

FIGURE 4.

4A. Freshly dissected follicle at a starting size of 180 microns (X 400).

4B. Morphology of an early antral follicle on day 3 of culture. H&E (X

300).
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4C. Morphology of a Graafian follicle on day 5 of culture. H&E (X 200).
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table 1) formed a stigma and ovulated on day 6 in response to hLH
Of

(figure 5A-C). However, follicles cultured in the absence"LH on day 5

failed to form stigmata and ovulate. Stigma formation generally occurred

at the opposite pole of the follicle relative to the oocyte and was

characterized by thinning of the follicle wall and the development of a

large, clear, fluid-filled protuberance. Secondary follicular fluid

accumulation in response to LH was not apparent in any of the follicles

studied, and from the appearance of follicles on the verge of ovulation it

looked as if the granulosa wall had collapsed at the oocyte pole (dark

area; figure 5B) and pushed the follicular fluid into the stigma.

The oocytes from all ovulating follicles exhibited germinal vesicle

breakdown (figure 6A), and some were surrounded by an expanded and

mucified cumulus mass. Germinal vesicle breakdown was also evident in

the oocytes of most mid-antral and Graafian non-ovulating follicles

stimulated with LH, but the germinal vesicles were found intact

in oocytes from all follicles cultured in the absence of LH (table 1 &

figure 6B).

TABLE 1. Developmental capacity of preantral mouse follicles in the V-

well culture system.

Foil.
No.

Antral

by D5
Preov?
D5

Ov.
D6

Muc.
cum.

GVBD 1st PB +/-LH

100 60/80*
(75%)

48/80
(60%)

14/27
(52%)

2/14
(14%)

14/14
(100%)

12/14
(86%)

+LH
Ov.

2/27
(7%)

24/27
(89%)

20/27
(74%)

+LH
total

0/27
(0%)

0/27
(0%)

0/27
(0%)

0/27
(0%)

-LH

Foil. No = follicle number; Preov. = preovulatory; D = day; Ov. =

ovulated; GVBD = germinal vesicle breakdown; 1st PB = first polar
body; * = 20 follicles removed for histology by day 5 of culture. After
assessment on day 5, a further 5 follicles were removed giving a total of
25 follicles removed for histology (5 for each day of the culture from
preantral to preovulatory stages).
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FIGURE 5.

5A. Graafian follicle on day 5 of culture (X 200).

5B. Graafian follicle (malonate-treated; from chapter 5) on day 6 of

culture demonstrating stigma formation just prior to ovulation (X 200).
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5C. Ovulating follicle on day 6 of culture showing expulsion of the

cumulus-enclosed oocyte (X 200).
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B

FIGURE 6.

A. Ovulated oocyte with germinal vesicle breakdown and partially-

removed cumulus (X 600).

B. Oocyte from a Graafian follicle cultured in the absence of LH showing

an intact germinal vesicle (X 600).
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STEROID PRODUCTION.

Oestradiol production was significantly elevated on day 3 from FSH-

stimulated follicles. This small initial rise in oestradiol coincided with the

start of antrum formation at approximately 300 microns in diameter and

preceded a steep rise in production during expansion of the antrum from

days 3 to 5 (20 ± 3.2 to 190 ±15) (figure 7). Addition of 1 IU/ml hLH to

FSH-stimulated follicles on day 5 of culture resulted in a highly

significant decrease in oestradiol production on day 6 (PcO.OOl) '"hen

compared with oestradiol secretion by follicles not cultured with LH

(figure 7). This latter experimental group also showed a decline in

oestradiol secretion on day 6 of culture, which was accompanied by the

appearance of atretic patches in the granulosa.

When the antral follicles were divided into ovulating and non-ovulating

types, there was found to be a significant increase in the secretion of

oestradiol by ovulating follicles on day 4 of culture (P<0.05), but not on

days 3 and 5 (P>0.05) (figure 8A). There was no significant difference

in size between the two groups of Graafian follicles over days 3 to 5

(figure 8B), although ovulating follicles tended to form antral cavities

earlier than non-ovulating follicles.

Follicles destined for atresia produced significantly less oestradiol than

non-atretic follicles of the same diameter on day 3 of culture (P<0.05)

(figure 9A). Morphological changes became apparent on day 4 of culture

with a decrease in the growth rate (figure 9B) and the appearance of

dark patches within the membrana granulosa and oocyte, probably

reflecting cellular dehydration and pyknosis. It was not possible to tell

whether these atretic changes first appeared in the former or latter cell

type.
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FIGURE 7. Oestradiol profile for FSH-stimulated follicles, half of which

were supplemented with LH on day 5 of culture.
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FIGURE 8. Oestradiol (A) and growth profiles (B) for ovulating and

non-oviolating follicles reaching preovulatory size after 5 days of culture.
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FIGURE 9. Oestradiol (A) and growth profiles (B) for normal and atretic

follicles stimulated with FSH.
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Progesterone production was undetectable for FSH-stimulated follicles

over the duration of the culture period (<0.48 nmol/1), even after the

addition of LH on day 5.

A. EFFECT OF LH ON OESTRADIOL SECRETION.

Follicles cultured with 1 TU/ml NIH FSH and 0.1 IU/ml LH (NIH FSH +

1/10 LH) showed the greatest secretion of oestradiol on day 3 (P<0.001),

despite having the smallest mean follicular diameter (P<0.001) (figure 10

A+B), however, small atretic patches became evident in the granulosa

layer of most of these follicles on day 5 of culture. Cultures

supplemented with 1 IU/ml NIH FSH and 0.01 IU/ml LH (NIH FSH + 1/100

LH) produced significantly less oestradiol on day 3 than the former

group, but significantly more on day 5 of culture (P<0.05) (figure 10A),

however, there was no significant difference in mean follicular diameter

between the two groups on day 5 of culture (P>0.05) (figure 10B).

Oestradiol production by follicles stimulated with NIH-FSH was greater

on days 4 and 5 than from follicles cultured with Sigma FSH (both

P<0.001) (figure 10B), and there was no significant difference between

the mean follicular diameters on days 4 and 5 for these two groups

(P>0.05) (figure 10B). Both NIH and Sigma FSH stimulated follicles

produced less oestradiol on day 5 than cultures supplemented with NIH

FSH and 0.1 and 0.01 IU/ml LH (figure 10A), however, there was no

significant difference in mean follicle diameter on day 5 between any of

the experimental groups (P>0.05) (figure 10B). Follicles cultured in

medium supplemented with LH only produced a similar pattern of

oestradiol secretion to atretic follicles cultured with FSH, and secreted

less oestradiol than all the other experimental groups on days 4 and 5 of
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the culture (both PcO.OOl) (figure 10A). In addition, these follicles did

not develop the normal antral morphology associated with FSH

stimulation, although follicle diameter was not significantly different

from the other experimental groups at the end of the culture (P>0.05)

(figure 10B).

B. FERTILITY OF FOLLICULAR OOCYTES.

Oocytes with the highest incidence of GVBD, mucified cumulus and

normal morphology came from the mature follicles (both ovulating and

non-ovulating). Conversely, the group of oocytes harvested from the

immature follicles showed the lowest incidence of GVBD, mucified

cumulus and normal morphology (table 2).

TABLE 2. Table showing the developmental capacity of oocytes from

cultured follicles (n=120).

Oocytes Oocyte
No.

Muc.
cum.

GVBD 1st PB Fert.
2-cell

Ov.+/ov.-
mature
foils.

48 2/48
(4%)

42/48
(88%)

29/48
(60%)

0/48
(0%)

Ov.-
immature
foils.

24 0/24
(0%)

13/24
(53%)

7/24
(29%)

0/24
(0%)

Control ®
oocytes

50 50/50
(100%)

47/50
(94%)

46/50
(92%)

43/50
(86%)

Ov.+ = ovulated oocytes; Ov.- = non-ovulated oocytes; Fert. =
fertilization. Mature follicles were classified as having diameters of >380
pm and fully-expanded antral cavities with no signs of atresia. Immature
follicles were classified as having diameters of <380 pm and partially-
expanded antral cavities with no signs of atresia.

Extensive sperm binding to the zonae pellucidae of all oocytes was

evident, however, Hoescht staining demonstrated that none of the

oocytes in the two experimental groups were fertilized and that sperm
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heads were absent from the perivitelline spaces (figure 11A). One oocyte

in group 1 divided to form an apparently normal looking 2-cell embryo

(figure 11B), but this was found to be either parthogenically activated,

or fragmented, when Hoechst staining revealed the presence of only one

nucleus.
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FIGURE 11.

A. Hoescht staining demonstrating the presence of sperm heads bound to

the zona pellucidae of several oocytes, and the absence of sperm heads

in the perivitelline spaces (X 600).

B. Parthenogenically activated 2-cell oocyte (X 400).
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DISCUSSION .

A new culture system has been designed to study the metabolism of

individual mouse ovarian follicles undergoing growth and maturation in

vitro, and results from this study suggest that the system might be a suitable

model for investigating follicle development.

Throughout the culture period, follicles are morphologically

indistinguishable from those growing in vivo (Mandl & Zuckermann,

1951; Pederson & Peters, 1968; Peters, 1969), with appearance of antral

cavities at approximately 300 pm in diameter. The use of microtitre plates

without a substrate coating for cellular attachment prevents the follicles

from sticking and spreading on the surface of the V-wells, thus

maintaining the structural integrity which is vital for continued normal

development. However, follicles must be transferred every 24 hours as

they will start to attach after this time, presumably because they start to

produce 'sticky' molecules, such as fibronectin.

Growth from mid-preantral to Graafian stages takes only 5 days in the V-

well culture system, and may be faster than the timing of in vivo

development (Pederson, 1970). Follicles grow from a preantral starting

size of 180 pm to a Graafian size of over 400 pm during culture, and this

is accompanied by oocyte growth from approximately 50pm to 70pm. The

oocytes from follicles at all stages of development usually present a

normal spherical appearance with evenly distributed cytoplasmic

organelles, an intact germinal vesicle and surrounding zona pellucida.

Follicle morphology during the antral phase of development indicates that

follicle polarity can be maintained/developed in vitro despite the absence
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of positional information from the ovary. If follicle polarity is determined

by orientation within the ovarian cortex, then the polarizing cues must

be irreversibly given at an early stage of preantral development (<180

pm), well before the start of antrum formation. The generation of a

polarizing instruction from an extra-follicular source, such as a gradient

of morphogen from the surface epithelium to the medulla, or vice versa,

would lead one to expect that all antral follicles would be orientated in

the same way relative to the surface of the ovary This is clearly not the

case, suggesting that follicle polarity is either dictated by a more

localized event, such as proximity to mature follicles, or by instructions

emanating from the oocyte itself.

Interestingly, morphological differentiation of the theca layer of antral

follicles into theca interna and theca externa does not occur in this

system, contrary to the suggestion by a number of workers that

developing antral follicles may induce the differentiation of theca cells

from the surrounding stroma, and that these cells provide the

forerunners of both the theca externa and interna cells (Dubreuil, 1948;

Byskov, 1980; Guraya, 1985; Erickson et al., 1985; see chapter 7 for an

alternative theory). Observations from this culture system indicate that

inductive influences from the stromal tissue of the ovary and/or the

presence of blood vessels may be reguired, or a dual induction process

may be operating in vivo which involves communication between the

stroma of the ovary and the developing follicle. Suitable cellular markers

capable of distinguishing between theca externa and interna must be

found in order to determine whether one or both of the thecal cell types

is present, and if the theca layer of the cultured follicles has become

functionally, if not morphologically, differentiated.
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The ability of the follicles to ovulate demonstrates that development is

physiological in the V-well culture system, and this is the first report of

apparently normal ovulation from individual follicles grown in vitro.

Follicles attaining Graafian morphology and a size of over 380 microns

can ovulate in response to HU/ml hLH, the surrounding cumulus

mucifying and the oocytes undergoing germinal vesicle breakdown. The

degree of antral expansion in response to LH does not differ from the

expansion of LH-unstimulated follicles, indicating that secondary

follicular fluid accumulation may be controlled by capillary transudation

as suggested by Robinson (1918). Stigmata formation in the walls of LH-

stimulated Graafian follicles demonstrates the presence of apparently

normal ovulatory enzyme activity, suggesting that this culture system

may also be a good model for studying the biochemical processes

associated with ovulation.

The percentage of follicles reaching the Graafian stage of development in

vitro ( 60%) is a marked improvement on the numbers reaching this

stage in vivo, where atresia is the fate of the majority (Marion et al-,

1968; Choudary et aL, 1968). Approximately50% of follicles reaching the

mt.'al stage of development will ovulate in response to LH, however, it

is not possible to evaluate whether this rate is an improvement on the

rate in vivo as the latter has not been previously determined.

Only 10% of follicles become atretic in the culture system, indicating that

atresia is not a preprogrammed event for the follicle. Although it is

possible to override the atretic process in vitro, approximately 15%of

cultured follicles show retarded growth in the system, reaching only the
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mid-antral stage of development after 5 days of culture. It is possible

that the different rates of growth may be explained by variation in the

threshold response of individual follicles to FSH (Brown, 1978; Hillier,

1981), which could either be accounted for by intrinsic biological

diversity between follicles, or may have been extrinsically determined by

the microenvironment in which the preantral follicle developed prior to

microdissection. However, it has been shown that FSH-induced

differentiation of cultured granulosa cells is modulated by the presence

of androgens at concentrations found in follicular fluid (Hillier, 1985;

Daniel & Armstrong, 1986; Hsueh, 1986), suggesting a possible role for

locally produced androgens (by theca cells) in determining follicular

threshold reguirements for stimulation by FSH. Therefore, the degree of

follicular colonization by theca cells in the V-well system could set the

threshold level of FSH responsiveness for each follicle.

The remaining 15%of follicles which fail to reach the Graafian stage of

development is lost by damage to the follicle wall. Minor perforations of

the wall are apparently unrepaired and result in extrusion of the oocyte

and granulosa cells within 24 hours of culture. Despite the 10% loss of

follicles for technical reasons, microdissection is the preferred technique

for follicle isolation. Enzymatic treatment as a method for harvesting

follicles removes thecal cells and damages the basement membrane,

resulting in the loss of a high percentage of the follicles (see Torrance et

al, 1989; Carroll et alv 1991b). The follicles that do survive may be

compromised in terms of their growth potential because there is evidence

to suggest that proteolytic enzymes become irreversibly adsorbed to the

surfaces of cells (Poste, 1971), and it is not possible to determine what

effects these enzymes may have on long-term steroidogenesis and oocyte

quality.
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The developmental stage at which the follicles are isolated for culture

dictates their future growth potential. The majority of follicles cultured

from a preantral starting size of less than 180 pm fail to develop to the

antral stage, although they do grow slowly and appear viable for

approximately 3 days. Failure of these smaller follicles to develop beyond

the preantral stage may be attributed to their tenuous association with

theca/stroma cells which strip away from the basement membrane during

microdissection. Theca/granulosa cell interactions are vital fT normal

follicle steroidogenesis (Falck, 1959; Short, 1962; Bjersing, 1967; Ryan,

1979), and successful theca recolonization of these early preantral

follicles will be the main hurdle to overcome if the culture system is to

support the full span of follicle growth from primordial to Graafian

stages. Interestingly, primordial follicle initiation is not an uncommon

observation in the theca layer of preantral follicles developing in

culture. These follicles can suddenly appear after 24-48 hours and grow

up to 80 pm by the end of the 5-day culture period. It is not known

whether intrinsic or extrinsic factors initiate primordial follicle growth,

as discussed in chapter 1, however, it is interesting to speculate that

the trigger may involve release from an extrinsic inhibitory influence,

rather than stimulation by a special growth-promoting factor; a theory

that would be supported by the observation of primordial growth

initiation in the culture system.

In terms of their steroidogenic potential, follicles exhibit physiological

patterns of oestradiol secretion, and levels which start to rise at the time

of antrum formation. It therefore appears that accurate measurement of

steroid metabolism is possible using this system, and that follicle

function is un-compromised by culture in microdroplets of medium.
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Samples for oestradiol analysis were diluted as much as X 50 to bring

them within the range of the assay, suggesting that microdroplets of 20

pi will facilitate a detailed study of other less abundant follicle-secreted

molecules in the future. The possibility exists for culturing preantral

follicles in volumes of only 10 pi to further concentrate any factors

released by these follicles, however, rapid depletion of nutrients or

growth factors may limit the growth of the larger antral follicles which

appear to require a minimum volume of 20 pi of medium to support normal

development. The minimum volume of medium that can be contained in a

Millicell-CM insert is 100 pi, 5 times greater than is necessary for

supporting the full span of follicle development in a V-well microtitre

plate. The V-well system, therefore, provides a significant advantage

over existing methods of follicle culture for detecting foliicle-secreted

molecules, especially during the preantral stages of development when

secretion may be low.

Osmolality changes during follicle culture in microdroplets of medium

were successfully circumvented by culturing under a layer of mineral

oil, which was freely permeable to gases. Follicles appear to be

particularly sensitive to even slight changes in osmolality; a fact which

became evident when the technique of Nayudu & Osborn (1992) was

repeated in this laboratory. With this method, follicles are cultured on

MiHicell-CM membranes (Mill ipore) in > 100 pi of medium without a layer

of mineral oil, and as a result of osmolality changes, a high proportion of

follicles are lost through basement membrane rupture by day 4 of

culture. An additional factor to consider here, is that evaporation of the

culture medium can change the concentration of follicle-secreted

molecules in the microdroplet, thus affecting any assay results.
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Studies of oestradiol secretion by follicles cultured in the V-well system

showed that those destined to ovulate produced significantly more

oestradiol on day 4 of culture compared with non-ovulating follicles of

the same size, suggesting that high rates of oestradiol secretion in the

early antral phase is a sign of follicle viability. This finding is backed up

by studies of follicles destined for atresia, which produce significantly

less oestradiol than control follicles from day 3 of culture and show a

significant decline in their growth rates on day 4. The enhanced

production of oestradiol by ovulating follicles on day 4 could indicate

that these follicles have a lower threshold response to FSH, as discussed

earlier, and is supported by the observation of early antrum formation in

the ovulating group. Low threshold responses to FSH may be important

for optimum LH receptor induction as LH-induced germinal vesicle

breakdown was seen in oocytes from all ovulated follicles, but not in all

non-ovulated follicles, and cumulus expansion was rarely seen in the

latter group. In general, cumulus expansion in response to LH was lower

than expected, and not all ovulated oocytes were surrounded by an

expanded and mucified cumulus mass despite the observation that all

oocytes had undergone GVBD. One possible explanation for this may be

that the levels of FSH in the culture are too high, and granulosa cells

may be induced to differentiate into mural types rather than both mural
by

and cumulus. This problem was encountered"Eppig (1991b)with cultures

of immature cumulus-oocyte complexes on collagen-coated membranes,

and was revealed by analyzing the pattern of P450 aromatase using in

situ hybridization (Telfer et aL, 1992). This enzyme is normally

associated with mural granulosa (Zoller & Weisz, 1978), but studies

showed a uniform distribution across the membrana granulosa indicating

that cumulus differentiation had not occurred. By reducing the

concentration of FSH in the medium the pattern of P450 aromatase
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changed, and expression of this enzyme became confined to the

peripheral granulosa. Clearly, this experiment will need to be performed

on whole cultured follicles to determine if the expression pattern of P450

aromatase is normal in the V-we31 system, and if not, then different

concentrations of FSH will need to be tested. However, despite the low

rate of cumulus expansion, all other evidence points towards the

normality of the follicles grown in the V-well culture system: the ability

of these follicles to ovulate being the most stringent criterion of

viability.

Administration of 1 IU/ml LH on day 5 of culture dramatically reversed

the FSH-stimulated secretion of oestradiol, as occurs in vivo (Hoff et aL,

1983), but did not stimulate the production of progesterone. It has been

suggested that LH-induced progesterone production may require the

presence of prolactin in the mouse (Rothchild, 1981), and could explain

the absence of progesterone in vitro in response to LH. However,

partitioning of progesterone in the mineral oil layer cannot be excluded

as an explanation for the lack of assay detection of this hormone,

especially if the concentrations were low. The apparent absence of

progesterone production by the cultured follicles is an encouraging

sign, indicating that premature luteinization is not occurring in this

system as happens with the monolayer culture of isolated granulosa cells

(Hillier, 1985). Studies involving the use of subcutaneous progesterone

implants in mice have shown that the death rate of stage IV follicles (3

layers of granulosa cells and no antrum; Mandl and Zuckerman, 1951)

was significantly increased over control animals not given the implant,

and all antral follicles succumbed to atresia (Telfer et al>, 1991). Other

workers have shown that cultured mouse ovarian fragments containing 1-

4 antral follicles undergo an increased rate of atresia compared to control
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cultures when the medium is supplemented with 100 pM progesterone

(Tyler et aL, 1980). If progesterone plays a significant role in the

initiation of follicle atresia, or is an indirect indicator of atresia, then

the absence of this hormone in the culture system may explain the low

rates of atresia and thus, the high rates of Graafian follicle

development. However, an additional factor regarding the culture

system should also be taken into account, ie. the absence of any

inhibitory paracrine influence by more mature follicles which may

modulate the long term viability of preantral follicles in vivo.

In contrast to the effect of a high concentration of LH (I IU/ml) on

follicular steroidogenesis, studies have demonstrated that low

concentrations of LH (0.01 to 0.1 IU/ml) will enhance FSH-stimulated

oestradiol production by antral follicles on day 5 of culture. LH has been

shown to enhance the secretion of oestradiol during the follicular phase

in vivo by stimulating androgen formation by thecal cells and its

subsequent aromatization in granulosa cells (Armstrong & Dorrington,

1979). Granulosa cells acquire increased responsiveness to LH during

advanced preovulatory follicular development (Zeleznik et al., 1977;

Hillier et aL, 1978) which is consistent with the findings of increased

oestradiol secretion by Graafian follicles in this study, and may explain

why the preovulatory follicle is able to secrete oestrogen despite

undergoing reduced stimulation by the FSH in the late follicular phase in

vivo (Zeleznik & Hillier, 1984).

At the highest dose of LH (0.1 IU/ml), oestradiol production was

significantly enhanced on day 3 of culture compared with all other test

groups, but by day 5 oestradiol secretion by this group was superseded

by follicles cultured with the lower dose of LH (0.01 IU/ml). One
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possible explanation for this drop in oestradiol secretion on day 5 in the

former group (0.1 IU/ml) is that follicles started to show signs of

atresia, which was characterized by the appearance of small dark

patches in the membrana granulosa. From the appearance of follicles in

the two LH-supplemented groups, those cultured with the lowest dose of

LH showed the best morphology, and were deemed to be of a similar

quality to follicles cultured with NIH FSH and Sigma FSH alone. It is

possible that high LH concentrations may upset the androgen/oestrogen

ratio, thus favouring the production of androgen by the theca which

progressively accumulates in the follicle during the antral stage.

Androgens have been implicated in the process of atresia (Louvet et al,

1975; Hillier & Ross, 1979; Armstrong et al., 1989; Opavsky &

Armstrong, 1989), and it is possible that the follicles cultured with 0.1

IU/ml LH overproduce androgen, contributing to the development of

atretic patches at later stages of development, and thus the small

progressive decrease in the rate of oestradiol production compared to the

follicles cultured with 0.01 IU/ml LH. Assaying the culture medium for

androgen production should indicate if this theory is correct in the

future.

The higher rates of oestradiol production by follicles cultured with NIH

FSH relative to follicles cultured with Sigma FSH in the above study can

be explained by the difference in purity between the two preparations:

NIH FSH has an low level of 0.2% contamination with other hormones,

while Sigma FSH has ten times this level at 2%. The low rate of oestradiol

production by follicles stimulated with LH alone may also be accounted

for by contamination with other hormones, for instance, FSH is present

in NIH LH at a level of 0.22%. However, studies to conclusively rule out

the ability of LH to stimulate oestradiol production on its own will require
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the use of recombinant LH.

The demonstration of oocyte fertility would have provided conclusive

proof that the culture system is working optimally. Although fertilization

was not achieved, there are a number of encouraging signs which

indicate that the oocytes are fertile and the problem may simply be one of

zona hardening. Firstly, a high percentage of oocytes underwent meiotic

maturation (GVBD and 1st polar body formation) in response to LH.

Secondly, there was a high degree of sperm binding to the zonae of all

oocytes, suggesting that the zona receptors were present and

functioning. Thirdly, no sperm heads were found in the perivitelline

spaces of any of the oocytes indicating that the zona may be preventing

penetration. Fourthly, oocytes were capable of undergoing

parthenogenic activation, demonstrating that they possessed all the

necessary cytoskeletal machinery required for division.

The phenomenon of zona hardening is common problem shared by all

laboratories working with oocytes, including most notably, human in

vitro fertilization (IVF) clinics. Oocytes need only be exposed to culture

conditions for a few minutes before the zonae start to harden, although

this can be partially circumvented by culture medium containing a high

percentage of serum (> 15%). Zona expansion tests with chymotrypsin

(Bleil et aL, 1981) are under way to determine if zona hardening is the

causal factor preventing fertilization of the oocytes from the cultured

follicles. If this is the case, then further fertilization experiments may

require the use of the protease inhibitor, fetuin (Schroeder et aL, 1990),

to soften the zona, or the more invasive technique of zona drilling

(Gordon, 1991). However, other problems could explain the lack of
.inadequate cumulus expansion

oocyte fertility, such as cytoplasmic immaturity"or poorly capacitated
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sperm, although the presence of sperm binding to the zona and the

absence of sperm heads in the perivitilline spaces tends to suggest that

zona hardening is the most likely cause.

Finally, it is apparent that a structurally intact follicle is not vital for

oocyte growth and maturation, a fact which was clearly demonstrated by

Eppig & Schroeder (1989) when they showed that mouse oocytes from

preantral follicles had the ability to undergo embryogenesis and

development to live young after growth, maturation and fertilization in

vitro. If oocyte development is largely independent of follicle growth,

then it is feasible to suggest that oocyte fertility may well be preserved

in the V-well culture system. It is hoped that future studies will confirm

this to be the case.

In summary, studies have shown that this novel culture system is a

suitable physiological model for studies of follicle metabolism, including

ovulation induction and all its associated biochemical processes. During

growth in culture follicles are morphologically representative of their

equivalent stages in vivo, and exhibit a physiological pattern of

oestradiol secretion. Follicles supplemented with LH on day 5 of culture

can ovulate apparently normal oocytes surrounded by expanded and

mucified cumulus and exhibiting germinal vesicle breakdown. This is the

first report which demonstrates the ability of in vitro-qrown follicles to

ovulate in response to LH, and confirms that follicles are behaving in a

physiological manner.
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CHAPTER 3

T FEE PATTERN OF CARBOHYDRATE

METABOLISM Sc STEROIDOGENESIS

DURING DEVELOPMENT OF" MOUSE

OVARIAN FOLLICL.ES 11ST VITRO -



INTRODUCTION .

No information exists on the pattern of carbohydrate metabolism

throughout follicle development. Analysis of this process should

demonstrate how follicles derive the energy they require at different

stages of growth and maturation. In addition, investigating the effects

of gonadotrophins on carbohydrate metabolism may indicate the degree to

which these hormones influence follicle nutrition.

Unlike the majority of cells, mammalian oocytes are unable to metabolize

glucose (Biggers et al, 1967; Eppig, 1976), however, the oocyte has an

absolute requirement for pyruvate from the very earliest stages of

follicle growth (Eppig, 1976), and throughout maturation, fertilization

and cleavage up to the 2-cell stage of embryonic development (Biggers et

al., 1967; Gardner & Leese, 1986). Direct contact with the granulosa cells

is vital for oocyte viability and it is possible that the oocyte may rely on

the granulosa cells to provide a constant source of pyruvate during

development via heterologous gap junctions (Heller et al., 1981; Brower &

Schultz, 1982; Leese & Barton, 1985). When oocytes are isolated at the

mid-growth stage of development and denuded of their surrounding

granulosa cells they fail to grow in vitro, even when co-cultured with

granulosa cell monolayers. However, if oocyte-granulosa cell interactions

are kept intact, the oocyte will grow and mature normally under similar

culture conditions (Eppig, 1977 & 1979; Canipari et aL, 1984). The

nutritional environment in which the oocyte develops has not been

explored during preantral and early antral development, and this area is

especially interesting in light of the fact that the ovarian follicle is an

avascular structure, both in vivo and in vitro.
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Investigation of the oxygen concentration gradient across the follicular

epithelium of preantral follicles using mathematical modelling suggests

that most of the dissolved oxygen entering the follicle by diffusion is

consumed in the outer 5% of the granulosa layer, with very little

reaching the oocyte (Gosden & Byatt-Smith, 1986). In contrast, at the

later stages of antral development it has been reported that the oxygen

tension in follicular fluid may be as high as ovarian venous blood (Shalgi

et aL, 1972; Gosden et al, 1988), suggest^ g that these follicles are less

hypoxic than their preantral counterparts. However, recent work has

indicated that the oxygen tension in follicular fluid falls with follicle

maturation (Fischer et alv 1992). In view of these points, it is possible

that during the more hypoxic stages of preantral and late antral growth,

follicles may supplement their need for ATP by anaerobic glycolysis,

with lactate as the end product (see chapter 1, figure 7).

Investigations into the energy metabolism of ovarian follicles have

concentrated on short-term culture of preovulatory follicles (Nilsson,

1974; Tsafriri et aL, 1976; Hillensjo, 1976; Zeilmaker & Verhamme, 1977)

or on the culture of individual cellular components making up the follicle

(Biggers et al., 1967; Brinster, 1971; Bae & Foote, 1975; Donahue &

Stern, 1968; Eppig, 1977; Brower & schultz, 1982; Billig et al., 1983;

Leese & Barton, 1984; Hillier et al., 1985; Leese & Barton, 1985). These

studies have shown the ability of granulosa monolayers and whole

preovulatory follicles to secrete large quantities of lactate in vitro.

However, the latter experiments were not conducted in a culture

environment that was conducive to the long-term maintenance of follicle

viability or the support of follicle development, and the study of

preantral and early antral carbohydrate metabolism was therefore not

attempted.
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The aims of this study were firstly to investigate the pattern of energy

metabolism relative to steroidogenesis throughout growth and maturation

of intact ovarian follicles, and secondly to determine the effect of

gonadotrophins on lactate production, pyruvate oxidation and the

secretion of oestradiol.
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MATERIALS AN 13 METHODS -

CULTURE OF FOLLICLES.

Mouse ovarian follicles were removed from the ovaries of female C57BL/6

X CBA/CA Fj mice and cultured for up to 6 days using the techniques

described in chapter 2.

For each experiment (figure 1), 10 follicles were cultured in medium

supplemented with 1 IU/ml human FSH (hFSH; Biological potency = 5760

IU/ml; a gift from the National Hormone and Pituitary Program by Dr. S.

Raiti.) for days 1 to 5 (group 1), and 10 follicles were cultured without

FSH for days 1 to 5 (group 2). On day 5 of culture half the follicles in

group 1 were transferred to medium containing 1 IU/ml hFSH and 1 IU/ml

human LH (hLH; Biological potency = 5900 IU/ml; a gift from the National

Hormone and Pituitary Program by Dr. S. Raiti.), and the other half

cultured in 1 IU/ml hFSH. Similarly, half the follicles in group 2 were

transferred to medium containing 1 IU/ml hLH only, and half were

cultured without LH. Ten control wells of culture medium without

follicles were freshly set up on each day of the culture to provide data

for baseline lactate and pyruvate concentrations.

After every 24 hours in culture, follicles were removed from their wells

using a fine glass micropipette, washed twice in culture medium and

transferred to 20 pi of fresh medium: a 10 pi sample of medium from the

previous well was taken from each follicle and its control, and diluted

with 90 pi of sterile, double-distilled, deionized water in a Cobas Mira

tube (Starstedt Ltd., Leicester, U.K.) in preparation for lactate and

pyruvate analysis. Additional 5 pi samples were taken from each follicle

and control well for determination of oestradiol production. Progesterone
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DAY OF CULTURE

1 2 3 4 5 6

Group 1 ^ FSH

Group 2 ^ NO FSH

FSH + LH

FSH ONLY

LH ONLY

NO FSH OR LH

FIGURE 1. Experimental design for the study of carbohydrate metabolism

and steroidogenesis.
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production was not measured as previous investigations, detailed in

chapter 2, have indicated that follicular secretion of this steroid is

undetectable in the culture system.

Metabolite and hormone samples were collected from each follicle and

control well every 24 hours for a period of 6 days and stored at -70°C for

up to two weeks until analysis. Follicular and ovulated oocytes were

examined at the end of each culture for germinal vesicle breakdown and

cumulus mucification.

The experiment was repeated four times with a total of 40 follicles per

group, and only follicles showing no signs of atresia during culture were

included in the experimental results.

MEASUREMENT OF FOLLICLE DIAMETER AND CELL NUMBER.

Follicles were measured every 24 hours according to the procedure

described in chapter 2.

On day 5 of culture, a selection of size-matched follicles cultured with

and without FSH were removed from the wells and fixed, blocked,

sectioned arid stained according to the procedure detailed in chapter 2.

Sections of follicles were then viewed through a calibrated grid using a

Leitz Diaplan microscope with oil immersion optics (Wild Leitz, Milton

Keynes, UK), and one section through the germinal vesicle of the oocyte

was selected for each of 12 follicles in the two experimental groups (6 per

group). The number of granulosa cell nuclei per high power field of view

(HPF; X 1000) was scored at random for 20 HPF per follicle, and the

mean number of cells per HPF was calculated. The same procedure was

then carried out for the theca/stroma cells.
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Total granulosa and theca cell areas were then calculated independently

using the formula nr2. Theca, granulosa, antral cavity, cumulus and

oocyte radii were determined for each follicle by calculating half the

mean diameter of each area: calculation of mean diameter was necessary

to take into account any squashing of the follicles that might have

occurred during histological preparation, and was determined by taking

two measurements at right angles across each area.

Mean granulosa cell area was determined for FSH stimulated follicles by

subtracting the area of the antral cavity from the total area of each

follicle (within the basement membrane), and then adding the area of the

cumulus minus the area of the oocyte. The mean area of the granulosa for

non-FSH stimulated follicles was calculated by subtracting the area of

the oocyte, and any small protoantral cavities present, from the area of

the each follicle (within the basement membrane). Mean theca cell area

was calculated by subtracting the area within the basement membrane of

each follicle from the total area of the follicle.

The total number of cells per follicle section was then determined as

follows: (i) for each FSH-stimulated and unstimulated follicle, the area of

one HPF was divided into the area calculated for the granulosa and theca

cells to give the total number of HPFs in each of these two cell layers,

(ii) the number of HPFs in the theca and membrana granulosa of each

follicle was then multiplied by the mean number of theca and granulosa

cells per HPF, respectively, to give the mean number of granulosa and

theca cells per section. The overall mean number of theca and granulosa

cells per section (± standard error) was then determined for each

experimental group (+FSH; -FSH).
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OESTRADIOL ASSAYS.

Oestradiol assays were performed according to the method outlined in

chapter 2.

LACTATE AND PYRUVATE ASSAYS.

Lactate and pyruvate concentrations were determined by Peter

Humpherson (Department of Biology, University of York) using a Cobas

Mira automated analyzer (Roche Products, Welwyn Garden City HK).

Lactate was measured as the formation of NADH from NAD'. The

concentrations of the reagents were similar to those used by Leese and

Bronk (1972), and Lowry and Passoneau (1972), for lactate and

pyruvate respectively. For lactate assays, the sample size was 50 pi to

which 25 pi distilled water diluent and 175 pi reagent were added

automatically. The reaction time was 20 minutes. For pyruvate assays the

volumes were: sample, 30 pi; diluent, 30 pi; reagent, 150 pi; incubation

time 6 minutes. Standards were in the range 0-0.3 mM (lactate) and 0-

0.08 mM (pyruvate).

Lactate assay:

Lactate dehydrogenase

Lactate + NAD' < > Pyruvate + NADH + H'

Pyruvate assay:

Pyruvate + NADH + H+ < > Lactate + NAD'

STATISTICAL METHODS.

Unpaired Student's t test and correlation statistics.

All data points were plotted with bars to show the standard error of the

mean.
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AUTOMATED FLUOROMETRIC ANALYSIS OF MICROMOLAR

QUANTITIES OF LACTATE, PYRUVATE AND GLUCOSE.

Automation of the analysis of very small quantities of the common

metabolites, ATP, glucose, lactate and pyruvate, has been achieved by

measuring the formation of the coenzymes, NADH and NADPH, in

coupled enzymatic reactions carried out in the Autoanalyzer (see pages

89 and 109 for reaction biochemistry). The reagents described below are

added automatically to the rack of sample cups which are placed in the

machine. The NADH and NADP formed in the reactions are excited at 350

mp, and their fluorescence measured at 450 mp. Calibration curves are

constructed using the lactate, pyruvate and glucose standards before

each assay. The data is plotted automatically to show the mean of 6

determinations for each standard, and the level of sample fluorescence is

then measured against the calibration curve for each metabolite.

The assay sensitivities are in the region of 1 micromolar for lactate and

pyruvate and 5 micromolar for glucose.

COMPOSITION OF REAGENT SOLUTIONS.

LACTATE ASSAY.

Made up to 250 ml with distilled water:

67 ml lactate buffer (75 gm glycine, 52 gm hydrazine sulphate, 2 gm

EDTA in 500 ml distilled water)

67 ml 2 N NaOH

0.1 gm NAD

0.25 ml lactate dehydrogenase (pig heart, 25 mg/5 ml) in 20 ml distilled

water
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PYRUVATE ASSAY.

Pyruvate was measured by exploiting the reverse reaction in which

pyruvate is converted to lactate and NADH to NAD+ (see page 89).

In this case the buffer was triethanolamine hydrochloride, pH 7.6,

containing 3 pm NADH. The lactate dehydrogenase concentration was

the same as for the lactate assay.

glucose assay. (Chapter 4)
1. Made up to 200 ml with distilled water:

120 ml 0.1 M Tris buffer pH 8.0

24 ml 0.1 M MgCl2

12 ml 0.01% serum albumin

1.5 ml 3 x 10"3 M NADP

0.75 ml 0.01 M ATP

2. Made up to 18 ml with distilled water:

0.015 ml glucose-6-phosphate dehydrogenase (grade II, 5 mg/ml)

0.03 ml hexokinase (10 mg/ml)
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RESULTS-

FOLLICLE GROWTH AND MORPHOLOGY.

Follicles cultured with FSH grew from preantral diameters of 183 ±5

microns to preovulatory diameters of 404 ±5.3 microns over the 6-day

culture period (figure 2). At all stages of in vitro growth follicle

morphologies were representative of their equivalent stages in vivo, with

appearanc-0 antral cavities at about 300 microns in diameter. There

was no significant difference in mean follicle diameter between cultures

with and without FSH (figure 2) (P>0.5 for days 0 to 5), however, the

latter either failed to form antral cavities or only developed small proto-

antra. Approximately 70% of follicles in this group were viable at the end

of the culture period, which is identical to the 70% survival rate of FSH-

stimulated follicles. The density of granulosa cell packing was greater

for the FSH-stimulated follicles, however, there was no significant

difference in the mean number of granulosa cells between follicles

cultured with and without FSH (P>0.05) when the area occupied by the

antral cavity was taken into account (table 1). No significant difference

was found between the numbers of theca cells in the two experimental

groups (P>0.05).

TABLE 1. Table showing the mean number of cells per section for

follicles cultured with and without FSH.

No. of cells With FSH Without FSH

Granulosa 699 ± 14 722 ± 21

Theca 207 ± 7 214 ± 7
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FIGURE 2. Graph showing follicle growth over the 6 day culture period.
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On day 5 of culture, 60% of FSH-stimulated follicles had attained Graafian

morphology and 50% of these ovulated on day 6 in response to hLH.

Oocytes from ovulating follicles were indistinguishable from the normal

ovulatory appearance seen in vivo: germinal vesicles were absent and

the surrounding cumulus was mucified. Follicles cultured with FSH, but

not stimulated with LH, failed to ovulate, and all the oocytes had an

intact germinal vesicle. In addition, follicles cultured without FSH, but

supplemented with LH on day 5, also failed to ovulate, and germinal

vesicles were present in these oocytes. There was no significant

difference in follicle diameter on day 6 between follicles cultured with

and without FSH and LH (P>0.5 for all experimental groups).

OESTRADIOL PRODUCTION.

Oestradiol production was significantly elevated on day 3 from FSH-

stimulated follicles (figure 3). This small initial rise in oestradiol

coincided with the start of antrum formation at approximately 300 microns

in diameter and preceded a steep rise in production during expansion of

the antrum from days 3 to 5. Cultures not supplemented with FSH failed

to show any increase in oestradiol production over the duration of the

culture (P>0.05), however, the formation of proto-antral cavities (small

intercellular spaces within the membrana granulosa) was seen in 40% of

follicles cultured without FSH.

Addition of 1 IU/ml hLH to FSH-stimulated follicles on day 5 of culture

resulted in a highly significant decrease in oestradiol production on day

6 (P<0.001) (figure 3). LH had no effect on follicles cultured without

FSH.
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FIGURE 3. Graph showing follicle oestradiol secretion with and without

FSH and LH over the 6 day culture period.
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LACTATE AND PYRUVATE.

There was a strong positive correlation' between lactate production and

follicle diameter in cultures supplemented with FSH throughout

development (P<0.001). Figure 4 shows the rates of lactate production in

nmol/follicle/24 hours for follicles cultured with and without FSH and

LH: lactate measurements were not cumulative since follicles were

transferred to fresh wells of media daily. Lactate production by follicles

cultured without FSH also showed a similar relationship; however,

production was significantly lower from day 3 onwards (P<0.001), and

only attained half the rate of the FSH-stimulated follicles.

FSH-stimulated follicles supplemented with HU/ml hLH on day 5 showed a

significant increase in lactate production (P<0.001) compared with FSH-

stimulated follicles not provided with hLH (figure 4). Follicles cultured

without FSH showed no significant increase in lactate production when

supplemented with hLH on day 5 (P>0.5) (figure 4). Lactate production

by follicles which ovulated was similar to that from non-ovulating FSH-

stimulated follicles on days 1 to 5 of the culture (P>0.5). A comparison of

lactate production between these two groups on day 6 of culture was not

possible because of the contaminating effect of lactate released from the

antral cavities of the ovulating follicles. Therefore, only non-ovulated

follicles which had been stimulated with LH were included in the results

for day 6 (figure 4) so that a true comparison could be made between

follicular lactate production in the presence and absence of this

hormone.

The very small lactate concentrations in the control samples, due to the

serum contribution, was unchanged with time (6.1 +0.3 nmol/well).

Follicles showed no evidence of pyruvate uptake throughout the culture

period, nor was there detectable pyruvate production (figure 5).
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FIGURE 4. Graph showing the rate of follicle lactate production with and

without FSH and LH over the 6 day culture period.
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FIGURE 5. Graph showing pyruvate changes in the medium of follicles

over the 6 day culture period.
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DISCUSSION -

It is apparent from the results of this study that FSH-stimulation is a

prerequisite for full antral development and LH-induced ovulation,

supporting the theory proposed by Richards et al.(1987) that FSH is

required to confer LH-responsiveness on the folhcle. With respect to

overall follicle growth, there was no difference in diameter between FSH-

stimulated and unstimulated follicles, nor in granulosa and theca cell

number. This finding implies that FSH may not influence mitosis in vitro,

and has been suggested previously by other workers studying the

mitogenic effect of FSH on cultured granulosa cell monolayers (Hammond

& English, 1987). However, it should be borne in mind that the follicles

cultured without FSH would have been exposed to the prepubertal FSH

surge in vivo (Stiff et al., 1974; Dullaart et al., 1975) before they were

removed for culture, and that this could have had a priming effect which

increased mitosis. This latter explanation is more likely, as follicles

cultured without FSH grow significantly larger than follicles in the

ovaries of hypogonadal mice (Halpin et al., 1986).

Sampling of media over the culture period has indicated that FSH-

stimulated follicles exhibit a physiological pattern of oestradiol secretion

which starts to rise at the time of antrum formation on day 3, and is

followed by a steep rise in production on days 4 to 5. Addition of LH on

day 5 induced an ovulatory response and sharply attenuated oestradiol

production. However, follicles cultured in the absence of FSH failed to

produce detectable amounts of oestradiol, but 40% developed proto-antral

cavities. This finding is consistent with observations made on the

behaviour of follicles in the ovaries of hypox-hypogonadotrophic mice

where small antral cavities were seen, but never full antral development
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(Nakano et al, 1975; Halpin et al, 1986).

The results from this investigation have shown that lactate is a major

product of follicle carbohydrate metabolism, at least from the primary

follicle stage in the mouse. This observation is consistent with the

assumption that the p02 becomes progressively more rarefied from the

follicular periphery towards the geometric centre of the follicle.

However, the gradient of oxygen diffusion into follicles undergoing

antrum formation is probably greater than into preantral follicles: partly

due to attenuation of the membrana granulosa and partly to the presumed

lack of 02 consumption in follicular fluid compared with cells. Follicular

fluid is evidently not anoxic, and the p02 may even be close to that of

normal ovarian venous blood (Shalgi et al., 1972; Gosden et al., 1988).

However, the development of antral cavities by follicles cultured in FSH

did not appear to attenuate lactate production, suggesting that either

follicle oxygenation is not appreciably increased by antrum formation or

that follicles will continue to express this pathway of glycolysis when

oxygen is present. The ability of granulosa monolayer cultures to

produce large quantities of lactate under aerobic conditions (Billig et aL,

1983; Hillier et al, 1985) tends to support the latter hypothesis.

High rates of lactate production by aerobic glycolysis is a phenomenon

exhibited by a number of solid, fast-growing tumours (Warburg, 1930)

as well as normal cells with proliferative potential (Gregg, 1972; Roos &
Clough & Whittingham. 1983;

Loos, 1973; Hume et ak, 1978;"Gardner & Leese, 1990) and is thought to

be the fastest route for supplying large amounts of the ATP required for

rapid growth. It is not inconceivable that ovarian follicles, being rapidly

growing structures, may behave in a similar fashion and continue to

produce lactate by aerobic glycolysis in order to provide the energy
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they require to drive steroidogenesis during the antral phase of

development. These experiments have demonstrated that the first

significant rise in lactate production occurs on day 3 of culture, which

coincides with the start of antrum formation and detectable oestradiol

secretion. Thereafter, lactate production and oestradiol secretion

continue to increase until the addition of LH on day 5. For every 21

molecules of ATP consumed in the synthesis of 1 molecule of oestradiol

from cholesterol, 24 molecules of ATP are generated Hy lactate

production demonstrating that sufficient energy may be generated from

glycolysis alone to drive steroidogenesis in this system.

Lactate production throughout folliculogenesis was approximately

doubled when follicles were stimulated by HU/ml hFSH. This finding is

in keeping with the results of investigations into lactate concentrations

in human follicular fluid (Harlow et al., 1987) where a rise in lactate is

seen during the antral phase of development prior to the onset of the LH

surge. Similarly, studies by Nilsson (1974) of carbohydrate metabolism

by isolated rat preovulatory follicles in short-term culture have

demonstrated that FSH induces an increase in lactate production. In

addition, it has been shown that mural and cumulus granulosa cells

isolated from preovulatory rat follicles exhibit increased lactate

production when stimulated by FSH (Billig et alv 1983; Hillier et al.,

1985). It is apparent that follicles will respond to FSH from the early

antral stages of development in vitro as lactate production becomes

significantly elevated on day 3 of culture compared with FSH-

unstimulated follicles. The increase in lactate production by FSH-

stimulated follicles was not accounted for by greater follicle diameter or

cell number when compared with unstimulated follicles, therefore, it is

likely that the rise in lactate production is the result of increased
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metabolic activity by the granulosa cells in response to FSH stimulation.

In addition to steroidogenesis, FSH induces a number of differentiated

functions in the follicle, such as induction of LH receptors (Richards et

al., 1987) and secretion of glycosaminoglycans, which contribute to the

formation of follicular fluid (Ax & Ryan, 1979; Yanagashita et al., 1981).

An increase in FSH-induced glycolytic ATP production during follicle

development may, therefore, be essential for all these energy-reguiring

processes to take place. Although it is likely that FSH has a direct effect

on lactate production, the possibility of indirect action through FSH-

induced growth factor expression, for example, cannot be ruled out.

One of the strongest candidates would be Insulin-derived growth factor

(IGF-I) (see chapter 1), as it has a close structural and functional

homology with proinsulin (Froesch et aL, 1985) and may have a similar

action on glucose uptake. Granulosa cell expression of this growth factor

is directly stimulated by FSH in vitro (Adashi et aL, 1989).

A number of workers have shown that LH stimulates the production of

lactate from preovulatory rat follicles during short-term culture

(Nilsson, 1974; Hillensjo, 1976; Zeilmaker & Verhamme, 1977). This

finding is confirmed by the results from these experiments which

indicate that hLH increases FSH-stimulated lactate production by day 5

preovulatory follicles, and also demonstrates that LH does not have any

effect on lactate production by follicles cultured without FSH. This latter

finding also supports the theory that FSH is required to induce follicular

LH receptors (Richards et al., 1987). The extra energy derived from LH-

stimulated lactate production is clearly not required for oestradiol

secretion (which becomes severely attenuated by this hormone), but may

be reguired for processes involved in ovulation induction, such as

production of prostaglandins (Bauminger & Lindner, 1975; Clark et aL,
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1976) and plasminogen activators (Espey et al., 1985; Canipari &

Strickland, 1985; Liu et aL> 1987). Although progesterone is not secreted

by follicles in the V-well culture system, for reasons already explained

in chapter 2, the energy derived from LH-stimulated lactate production

could also be used to initiate and drive progesterone secretion during

the luteal phase of the cycle in vivo. However, evidence has yet to be

provided that in vivo lactate accumulation is enhanced by the mid-cycle

LH surge.

The small lactate concentrations assayed in control samples of medium

alone, due to the serum contribution, were unchanged with time

suggesting that the cultures remained sterile in the absence of

antibiotics and that lactate production was not due to microbial activity.

Follicles showed no evidence of pyruvate uptake from the culture medium

over the 6-day culture period; the concentration remained unchanged,

either in the presence or absence of FSH or LH. Although this finding

dismisses pyruvate as a primary energy source for the follicle, limited

uptake could still occur outwith the sensitivity of the assay. Similarly,
2

pyruvate production cannot be ruled out as this carbohydrate is not

stored in the cell, and rapid oxidation via the tricarboxylic add cyde

(TCA), or conversion to lactate under hypoxic conditions, could prevent

its detection in the assay. Finally, there is the possibility of concurrents

pyruvate uptake and production. If this situation occurs, then there

would be no net change detectable in the culture medium, providing the

rates of uptake and production are similar.

The isolated oocytes of the mouse and human are known to have an

absolute requirement for pyruvate and are only able to metabolize lactate
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to a limited degree, and glucose not at all (Biggers et aL, 1967; Baker,

1982). This pattern of energy metabolism is established by the earliest

stages of oocyte growth (Eppig, 1976) and raises the question of how the

oocyte gains the energy it requires for development.

Cumulus and mural granulosa cells have the ability to convert lactate to
Donoghue & Stern. 1968;
pyruvate ("Leese & Barton, 1985) and it is possible that pyruvate, or

ATP produced from lactate, may be passed from granulosa cells to the

oocyte via gap junctions (Cran & Moore, 1980; Baker, 1982; McGaughey,

1983; Eppig & Downs, 1984; Herlands & Schultz, 1984; for review see

Eppig, 1991a). High levels of lactate produced by glycolysis may shift

the equilibrium that exists between lactate and pyruvate in favour of

pyruvate formation, which is then used by the granulosa cells to supply

the oocyte with a metabolizable energy source. Energy in the form of

ATP may also be generated by the oxidative phosphorylation of pyruvate

in the outer, more oxygenated wall of the follicle. Figure 6 illustrates a

putative model for follicle carbohydrate metabolism which demonstrates

how different pathways of energy production may interact within the

follicle.

In addition to the model proposed, it is interesting to speculate on an

alternative strategy for providing the oocyte with ATP. Preovulatory

mouse oocytes have very high levels of lactate dehydrogenase (LDH)

(Mangia & Epstein, 1975), which is surprising considering their inability

to metabolize lactate (Brinster, 1968). It has been suggested that

oocytes are unable to metabolize lactate directly due to the absence of

NAD4 (Sorensen, 1972; Zeilmaker et al, 1972) and cultures of oocytes

supplemented with lactate as the only energy source were shown to

undergo polar body formation when NAD4 was added to the medium
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FIGURE 6. Putative model for follicle carbohydrate metabolism

illustrating ATP production by aerobic glycolysis and oxidative

phosphorylation in the more oxygenated mural regions of the follicle

wall.
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(Zeilmaker et aL, 1972). If the more oxygenated mural granulosa cells of

the follicle were able to provide NAD' to the oocyte via gap junctions, it

is not inconceivable that, in contrast to naked oocytes,

follicle-enclosed oocytes could metabolize lactate directly to pyruvate.

This may explain the high levels of LDH within the oocyte, which would

shift the equilibrium between lactate and pyruvate in favour of pyruvate

formation. One piece of evidence that questions this theory, however, is

^hat no NAD' deficiency was found in 1-cell mouse embryos (Wales,

1974), which are also unable to metabolize lactate.

In conclusion, results have demonstrated that this culture system is a

suitable model for the detailed study of follicle metabolism. During FSH-

stimulated growth in culture, follicles exhibit a physiological pattern of

oestradiol secretion and produce large quantities of lactate by glycolysis

which may provide the ATP required to drive steroidogenesis throughout

the antral phase. Future studies will be required to determine whether

glucose is the main energy source for follicular lactate production, and

how variation of the glycolytic rate affects steroidogenesis and lactate

production.
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CHAPTER 4

FOLLICLE GLUCOSE UPTAKE Vs

LACTATE PRODUCTION 11ST VITRO

AT DIFFERENT CONCENTRATIONS

OE GLUCOSE .
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INTRODUCTION .

The analysis of carbohydrate metabolism by mouse ovarian follicles,

described in chapter 3, has shown that remarkably large quantities of

lactate are produced during FSH-stimulated development in vitro.

However, cells may produce lactate from a number of different energy

sources, eg. glutamine (Faik & Morgan, 1976, 1977) or mannose (Dahl et

aL, 1976), and may even change their preferred energy source from one

stage of development to the next. A prime example of this is the

preimplantation embryo which has an absolute requirement for pyruvate

to support the first cleavage division (Biggers et aL, 1967; Leese &

Barton, 1984), will metabolize both lactate and pyruvate up to the 4-8

cell stage, and then switches to glucose metabolism thereafter (Brinster

& Thompson, 1966; Leese & Barton, 1984; Gardner & Leese, 1986; Hardy

et aL, 1989; Gott et aL, 1990; Brison & Leese, 1991). It is suggested from

the literature, that glucose is a major energy source for whole cultured

ovaries (Channing & Villee, 1966; Rubinstein et alv 1966; Hamberger &

Ahren, 1967; Flint & Denton, 1969; Surwilo & Doeg, 1973) and for

isolated follicles at the preovulatory stage of development (Nilsson,

1974; Hillensjo, 1976; Seamark et aL, 1976), but there is no evidence to

show whether follicles utilize glucose to the same extent during the

preantral and antral stages of growth, or how the glucose is metabolized

(i.e. by glycolysis alone or by glycolysis and oxidative

phosphorylation.

It has been suggested that glucose uptake by granulosa cells is

regulated by a hormone-sensitive method of facilitated diffusion (Allen

et aL, 1981). Both FSH and LH have been shown to stimulate glucose

uptake by whole ovaries (Armstrong & Greep, 1962; Ahren & Kostyo,
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1963; Armstrong et aL, 1963; Hamberger & Ahren, 1967), and LH has

been shown to elicit the same response from cultured preovulatory

follicles (Nilsson, 1974; Seamark et aL, 1976), however the effect of FSH

stimulation on glucose uptake during isolated follicle development has

not been demonstrated. The aims of this study, therefore, were to

ascertain whether glucose is a principal energy source utilized by

follicles throughout development in vitro, and if glucose metabolism can

be stimulated by the gonadotrophins, FSH and LH, in the same manner

as lactate production. In addition, the degree of glycolytic lactate

production was determined by calculating the ratio of glucose

consumption to lactate production. If all the lactate produced is

accounted for by glucose uptake, then for every molecule of glucose

consumed (one 6-carbon molecule), two molecules of lactate should be

produced ( two 3-carbon molecules). Finally, follicles were cultured in

different concentrations of glucose to investigate the resultant effect on

lactate production, and to determine the minimum glucose concentration

that is able to support normal development in vitro.
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MATERIALS A1STP METHODS -

ISOLATION AND CULTURE OF FOLLICLES.

Mouse ovarian follicles were removed from the ovaries of prepubertal

female C57BL/6 X CBA/Ca Fi mice using the techniques described in

chapter 2. Parts A and B below were run in parallel, and the

experiments were repeated three times.

A. FOLLICLE GLUCOSE UPTAKE AND LACTATE PRODUCTION WITH

AND WITHOUT FSH.

The experimental design and media composition were identical to those

described for FSH-stLmulated and un-stimulated follicles in chapter 3

(see figure 1, chapter 3), with the exception that glucose-free a-MEM

(Gibco-BRL, Irvine, UK) was used with an added glucose supplement of

1 mmol L"1 (100X; Gibco-BRL). The standard a-MEM used in chapters 2

& 3 was not suitable for studies of follicle glucose uptake because it

contains a very high concentration of glucose (5.5 mM), on which the

specimens made little impact.

B. FOLLICLE GLUCOSE UPTAKE AND LACTATE PRODUCTION ATI, 2

AND 5mM GLUCOSE.

For each experiment, 10 follicles were cultured in a-MEM containing 1

mmol L"1 glucose (see part A) and 10 follicles in medium containing 2

mmol L"1 glucose. An additional 10 control follicles were cultured in

standard a-MEM containing 5.5 mmol L"1 glucose (Gibco-BRL) to allow a

comparison between the rates of follicle glucose consumption and lactate

production at low glucose concentrations (1 and 2 mM) and the rate of

lactate production at the glucose concentration expected in ovarian
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venous blood (5.5 mM). All media in part B were prepared with 1 IU/ml

hFSH (NIH) and the supplements described in chapter 2.

Cultures in parts A and B were maintained for 5 days, and medium was

sampled for glucose and oestradiol every 24 hours by the methods

described in chapter 3.

MEASUREMENT OF FOLLICLE DIAMETER.

Follicles were measured every 24 hours according to the procedure

described in chapter 2.

OESTRADIOL ASSAYS.

Oestradiol assays were performed according to the method outlined in

chapter 2.

glucose assay. See p89(suppl.II).
Glucose concentrations were determined by Peter Humpherson

(Department of Biology, University of York) on a Cobas Mira automated

analyzer (Roche Products, Welwyn Garden City, UK) using a commercial

kit (GOD Perid, Boehringer Mannheim, Lewes, UK) according to the

manufacturer's instructions. Glucose was measured as the formation of

NADPH from NADP+ and standards were in the range of 0-0.5 mM

glucose. Lactate concentrations were determined as described in chapter

3.

Glucose assay:

(1) Hexokinase

ATP + glucose —> ADP + glucose-6-phosphate
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(2) Glucose-6-phosphate dehydrogenase

Glucose-6-phosphate + NADP4 <-> 6-phosphogluconic acid + NADPH + H*

STATISTICAL METHODS.

The unpaired Student's t test was used to determine probability values

between the different experimental groups.

All data points were plotted with bars to show the standard error of the

mean.
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RESULTS-

A. FOLLICLE GLUCOSE UPTAKE AND LACTATE PRODUCTION WITH

AND WITHOUT FSH.

FOLLICLE GROWTH AND MORPHOLOGY.

Follicles stimulated with FSH grew from preantral diameters of 180 ± 7 pm

to preovulatory diameters of 375 ± 9 pm over a period of 6 days. There

was no significant difference in mean follicle diameter between groups

cultured with and without FSH (P>0.05 for days 1-6) (figure 1),

however, follicles in the latter group failed to develop fully expanded

antral cavities. The morphology of the FSH-stimulated follicles was

normal throughout the culture period.

OESTRADIOL PRODUCTION.

Oestradiol production was significantly elevated on day 3 from FSH-

stimulated follicles. This small rise in oestradiol coincided with the start

of antrum formation and preceded a steep rise in production during

expansion of the antrum from days 3 to 5. Cultures not supplemented

with FSH failed to show any increase in oestradiol production over the

duration of the culture (P>0.5) as previously described in chapter 3.

FOLLICLE GLUCOSE UPTAKE.

There was a strong positive correlation between glucose uptake and

follicle diameter in cultures supplemented with FSH throughout

development (P<0.001). Figure 2 shows the rates of net glucose uptake

in nmol/follicle/24 hours for follicles cultured with and without FSH and

LH: glucose measurements were not cumulative since follicles were

transferred to fresh wells daily. Glucose uptake by follicles cultured
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FIGURE 1. Graph showing the mean follicle diameter for follicles

cultured with and without FSH in medium containing 1 mmol L"1 glucose.
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FIGURE 2. Graph showing the rate of follicle glucose consumption with

and without FSH and LH in medium containing 1 mmol L1.
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without FSH also showed a similar relationship ; however, production

was significantly lower from day 3 onwards (P<Q.001), and attained

approximately half the rate of the FSH-stimulated follicles.

FSH-stimulated follicles supplemented with 1 IU/ml hLH on day 5 showed

a significant increase in glucose uptake (P<0.001) compared with FSH-

stimulated follicles not provided with hLH (figure 2). Follicles cultured

without FSH showed no significant increase in glucose consumption when

supplemented with hLH on day 5 (P>0.5).

GLUCOSE UPTAKE Vs LACTATE PRODUCTION.

The ratio of glucose uptake to lactate production was approximately 1:2

for FSH stimulated follicles (figure 3) and 1:2 for follicles not stimulated

with FSH (figure 4) over the 6 day culture period. The ratio did not

change between the preantral and antral phases of development for

either of the two experimental groups (P>0.5 for both FSH-stimulated

and unstimulated follicles).

Similarly, the ratio of glucose uptake to lactate production for FSH-

stimulated follicles, further supplemented with LH on day 5, was also

approximately 1:2 (figure 3).

B. FOLLICLE GLUCOSE UPTAKE AND LACTATE PRODUCTION AT 1, 2

AND 5mM GLUCOSE.

FOLLICLE GROWTH AND MORPHOLOGY.

There was no significant difference between the mean diameters for

follicles cultured in media supplemented with 5mM and 2mM glucose
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(P>0.5 for days 1 to 6 of culture) (figure 5), however, the mean

diameter for follicles cultured in ImM glucose was significantly less on

days 4, 5 (both P<0.05) and 6 (P<0.02) compared with the former

experimental groups (figure 5). Follicle morphology was normal in all 3

groups, however, full antral development and ovulation by follicles

cultured in ImM glucose did not occur. The ovulation rate for follicles

cultured in 2mM and 5mM glucose was approximately 30% of the total

number.

OESTRADIOL PRODUCTION.

Oestradiol production by follicles on days 5 and 6 of culture was

positively correlated with glucose concentration (P<0.001). Follicles

cultured in medium containing 5mM glucose produced significantly more

oestradiol on days 4 to 6 (without LH; P<0.02 for days 4 to 6) compared

with follicles cultured in ImM and 2mM glucose (figure 6). Follicles

cultured in 2mM glucose produced significantly more oestradiol on days 5

(P<0.001) and 6 (without LH: P<0.001) of culture than follicles cultured

in only ImM glucose (figure 6). There was no significant difference in

oestradiol production after LH-stimulation between any of the

experimental groups on day 6 of culture (P>0.05) (figure 6).

GLUCOSE UPTAKE AND LACTATE PRODUCTION.

Glucose uptake by follicles cultured in medium supplemented with 2mM

glucose was significantly greater on days 1 to 4 of culture than for

follicles cultured in ImM glucose (P<0.05 for days 1 to 4) (figure 7).

There was no significant difference in glucose uptake between the two

experimental groups on days 5 (P>0.5) and 6, either with (P>0.05) or

without LH (P>0.05). Glucose uptake for follicles cultured in 5mM

glucose was not measured for reasons described earlier (see methods).
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FIGURE 7: Glucose consumption by follicles cultured in medium

containing ImM and 2mM glucose.
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Lactate production by follicles cultured in medium containing 5mM

glucose was significantly greater on days 3 to 5 of culture than for

follicles cultured in medium supplemented with 2mM glucose (P<0.001 for

days 3 to 5) (figure 8), and was also significantly greater on days 2 to 5

compared with follicles cultured with ImM glucose (P<0.001 for days 2 to

5) (figure 8). Lactate production on days 1 to 4 was significantly

greater by follicles cultured in medium supplemented with 2mM glucose

when compared with follicles cultured with ImM glucose (P>0.05 for days

1 to 4) (figure 8). Finally, the ratio of glucose uptake to lactate

production for follicles cultured in medium supplemented with 2mM

glucose was 1:2 (figure 9), in agreement with the ratio at ImM

glucose (see part A, figure 3).
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DISCUSSION .

Results from this study suggest that glucose is the major energy

substrate for lactate production by developing mouse ovarian follicles in

vitro. Irrespective of the concentration of glucose in the culture

medium, the conversion rate of glucose to lactate was approximately 1:2

throughout follicle development, implying that all the glucose consumed

was converted to lactate. In addition, variation in the glucose

concentration altered the amount of lactate produced, demonstrating

that glucose has direct control over the production of lactate. This

finding is in agreement with a study by Zakar & Hertelendy (1980) who

demonstrated that increased lactate production by avian granulosa cells

was a direct conseguence of increased glucose uptake and utilization as

measured by the intracellular accumulation of the non-metabolizable 2-

deoxyglucose and the release of [3H]20 from 5[3H]-glucose.

Previous studies of carbohydrate metabolism by whole ovaries have

suggested that the ratio of glucose consumption to lactate production is

2:3 for normal prepuberal (Rubinstein et aL, 1966) and postpuberal rat

ovarian tissue (Surwilo & Doeg, 1973), but in the ratio of 1:2 for

polycystic rat ovaries (Surwilo & Doeg, 1973). Since all the in vitro

glucose uptake by polycystic ovaries appeared as in vitro lactate

production under aerobic conditions, these authors concluded that there

was some malfunction in pyruvate utilization which was characteristic of

these diseased organs. Despite the observation that follicles grown in

the V-well culture system also appear to convert glucose to lactate in a

1:2 ratio, it is clear that these follicles are not cystic, as shown by their

morphology and ability to secrete oestradiol (see chapter 2). An

alternative explanation for the results of Surwilo & Doeg (1973) is
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possible, however, which disputes the conclusion they drew from their

work and highlights the importance of studying follicles in isolation from

the rest of the ovarian tissues. The study of carbohydrate metabolism

by whole ovaries does not take into account the fact that different

component parts of this organ may not metabolize carbohydrates in the

same way. The tissue of the ovarian cortex and medulla has a rich

supply of blood which is probably able to provide enough oxygen for

oxidative phosphorylation to occur, resulting in a reduced conversion of

glucose to lactate and an increased conversion to pyruvate. In contrast,

ovarian follicles are unusual in that they are avascular structures, and,

therefore, metabolism of glucose to lactate is less surprising in

conditions of limited oxygen availability, as demonstrated in this

chapter. Polycystic ovaries can be induced experimentally by giving

small, daily doses of hCG to prepubescent, hypothyroid rats. Within

thirty days, large anovulatory fluid-filled cysts develop that persist

even after hormonal imbalance has been redressed (Leathern, 1958). The

growth and development of numerous large cysts should significantly

increase the proportional representation of avascular tissue in the

ovary, elevating the production of lactate from glucose, and providing

an explanation for the discrepancy in the ratio of glucose conversion to

lactate between normal (2:3) and polycystic ovaries (1:2). This point

suggests that a defect in the mitochondria of polycystic ovaries, such

that pyruvate transport or utilization is impeded, is unlikely to be a

factor in the aetiology of the disease. Furthermore, a study of

carbohydrate metabolism by isolated preovulatory sheep follicles from

normal ovaries has demonstrated a 1:2 ratio for conversion of glucose to

lactate (Seamark et aL, 1976), confirming the finding from this chapter.

In the future, investigation of polycystic ovarian syndrome might best

be studied at the level of the individual follicle, and it would be
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interesting to attempt to create a model using LH in the V-well culture

system.

The ability of FSH and LH to increase follicular glucose uptake confirms

previous work which suggests that glucose transport in cultured

granulosa cells is a facilitated diffusion system that responds to

metabolic and hormonal stimulation (Allen et aL, 1981). Although

stimulation of follicles with *~hese two gonadotrophins alters the rate of

glucose uptake, the ratio of glucose consumption to lactate production is

unchanged compared with unstimulated follicles, providing further

evidence to confirm that follicle lactate is derived from glucose.

This study has suggested that lactate production is a good indicator of

follicle glucose consumption, and there is evidence from follicle lactate

profiles that maximal uptake of glucose is inhibited when the glucose

concentration falls below approximately 1.5 mmol L~l. If lactate

production is considered to be optimal in a glucose concentration of 5.5

mmol L'1, the concentration usually present in ovarian venous blood,

then it is apparent that follicles cultured in 2 mmol L"1 glucose can

maintain normal glycolytic activity up until day 2 of culture. However,

from day 3 onwards, the developing follicles reduce the glucose in the

medium to below 1.5 mmol L"1, and the rate of lactate production becomes

suboptimal. Unfortunately, it is beyond the scope of these experiments

to tell if follicular glucose uptake is regulated by transport (membrane

protein) or phosphorylation (cytostolic hexose), or by both of these

processes. Such studies would reguire the use of non-metabolizable

glucose analogues, such as 3-0-methlyglucose, and would constitute

another project in themselves. Therefore, for the purposes of these

experiments, glucose "uptake" will imply the transport of glucose and
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its subsequent phosphorylation by hexose.

The observation that the rates of glucose consumption and lactate

production by follicles cultured in 2 mmol L'1 glucose were significantly

higher than follicles cultured in lmmol L"1 glucose from days 2 to 4 of

culture, may indicate the presence of another glucose transporter

and/or hexose with an optimal threshold rate of uptake of approximately

1 mmol LT1. By day 5 of culture in 2 mmol L"1 glucose, follicles had used

up half of the available glucose and the amount of lactate produced was

not significantly different from follicles cultured in 1 mmol LT1 glucose.

This study has shown that both the rate of follicle growth and

steroidogenesis appear to depend on the concentration of glucose

available in the culture medium. Follicles grown in a glucose

concentration of only 1 mmol L : glucose show a significant decline in

their growth rate from day 4 onwards, and fail to achieve full antral

expansion and ovulation, indicating that the rate of glucose uptake may

be not be sufficient to supply the energy needs of the developing

follicle. In addition, it is clear that these follicles use up all the available

glucose in the culture medium on day 5 and 6 of culture.

However, the growth profile and ovulation rate of follicles cultured in 2

mmol LT1 glucose were the same as follicles grown in 5.5 mmol I/1

glucose, demonstrating that approximately 2 mmol LT1 glucose may be

close to the minimum concentration that will support normal follicle

development.

In situations of glucose starvation, such as famine or anorexia, it is well

documented that menstrual cycles cease and fertility may well be

compromised if conditions persist for any length of time. Although

-127-



prolonged systemic depletion of glucose is unlikely under normal

conditions, there is a case for the existence of local fluctuations in

glucose concentrations within the ovary caused by extensive follicle

glycolysis. It is interesting to speculate that follicles may take

advantage of their ability to undergo high rates of glycolysis in order to

starve surrounding follicles of glucose, and thus achieve dominance

through competition for nutrients. If this is the case, then there is a

parallel to be drawn between the behaviour of tumours and ovarian

follicles. It is believed that tumours wastefully utilize glucose far in

excess of their energy reguirements in order to deprive the surrounding

host tissue of an energy source, thus achieving a significant growth

advantage (Gold, 1974; Costa, 1977; Lawson et al., 1982). It is this

process which is thought to give rise to the characteristic cachexia

exhibited by cancer patients that eventually contributes to their death.

Although follicles do not appear to utilize glucose wastefully, the rates

of glycolysis are very high, especially for the larger follicles, and it is

conceivable that local depletion of glucose may not only cause the growth

arrest of other neighbouring follicles, but may also contribute to their

atresia. If this hypothesis is correct, it would provide evidence to

support the theory of paracrine interaction and its influence in the

modulation of follicle growth.

It is possible that insulin-like growth factor-I (IGF-I) may be involved

in glucose uptake in the ovary (see chapters 1 & 3), although evidence

for this is lacking. If this were the case, however, then the degree of

IGF-I expression may set the follicular glycolytic rate in the same

manner that activin is believed to set the threshold response to FSH

(Hutchison et al, 1987; Hillier, 1990 & 1991). Pilot studies have

suggested that follicle glucose uptake may not be sensitive to stimulation
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by insulin, but there is tentative evidence that IGF-I promotes the rapid

growth of cultured follicles (Nicola Boland, unpublished results)!
although this remains to be confirmed. Future growth factor studies

using the V-well culture system should clarify the role of insulin and

IGF-I in follicle glycolysis, and provide information on the possible

effects of diabetes on follicle development and oocyte viability.

An interesting finding from this study *s that variation in the glucose

concentration significantly effects the production of follicle oestradiol

from days 4 to 6 of culture in all experimental groups. The precise

relationship between glycolysis and steroidogenesis is not certain, and

the original hypothesis by Haynes & Berthet (1957) that these two

processes are linked has been seriously questioned by other workers

(see Armstrong, 1958; Marsh, 1975 for reviews). Lieberman et al.(1975)

have demonstrated that inhibition of steroidogenesis by cultured rat

Graafian follicles failed to affect lactate production, suggesting that the

latter is not a sequel of the former event. However, inhibition of lactate

production with iodoacetate profoundly influenced the LH-induced

release of progesterone suggesting that the metabolism of glucose is

important for the full manifestation of the gonadotrophic effect on

steroidogenesis. More recently, Zakar & Hertelendy (1980) have shown

that glucose is essential for LH-promoted steroidogenesis by isolated

chicken granulosa cells, and when glucose was omitted from the

incubation medium, not only lactate production was abolished but both

basal and LH-induced progesterone secretion was blocked.

Furthermore, the addition of increasing concentrations of glucose

restored to normal both lactate production and the steroidogenic effect

of LH. The effect of variation in glucose concentration on the secretion

of oestradiol by individual follicles in response to FSH has not been
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demonstrated before, and it is suggested by work in this chapter that

glucose uptake may be as important for FSH-stimulated oestradiol

secretion by developing follicles as it is for LH-induced progesterone

production by the Graafian stages.

It is not clear from the literature whether glucose is simply required to

generate the ATP required for steroidogenesis or if it also provides a

source of carbon atoms. Flint & Denton (1969) have indicated that

glucose may not be a source of carbon atoms for steroidogenesis as no

detectable amounts of [U-14C]glucose were incorporated into either free

sterols and steroids or esterified sterols in cultured superovulated rat

ovary slices pre-treated with LH in vivo. The observation that

apparently all the glucose consumed by the cultured follicles in the V-

well culture system is converted into 3-carbon molecules of lactate tends

to support this observation, and it is possible that other molecules, such

as glutamine, may provide the carbon source for steroidogenesis in the

form of cholesterol.

In summary, this investigation has suggested that follicle lactate is

derived principally from glucose, and that both FSH and LH stimulate

the rate of glucose uptake in the same manner as the production of

lactate described in chapter 3. In addition, there is tentative evidence

for the existence of at least two hormone-sensitive glucose transporters

and/or hexoses operating in the follicle, which operate maximally at

concentrations of approximately 1 and 1.5 mmol L~l glucose,

respectively. Results have suggested that follicular glycolysis may

control the secretion of oestradiol and it is hypothesized that glycolysis

may also be involved in the induction of atresia and the attainment of

follicle dominance. Future studies have yet to reveal whether glycolysis
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is aerobic or anaerobic and the degree to which the follicle relies on

glycolysis alone to meet its energy reguirements.
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CHAPTER 5

EXPERIMENTAL INVESTIGATIONS

VITRO .
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INTRO13UCTIQN -

The experimental findings from chapters 3 & 4 have suggested that

ovarian follicles have a high glycolytic capacity, which is in agreement

with the results of a number of studies investigating carbohydrate

metabolism in cultured preovulatory follicles (Nilsson, 1974; Hillensjo,

1976; Tsafriri et al., 1976). However, the major role of glucose in

glycolytic lactate production, described in chapter 4, does not preclude

other substrates from playing a part in supplying the energy needs of

the follicle. Amino acids, fatty acids and glycerol may also be broken

down to pyruvate and/or acetyl CoA to produce energy in the form of

ATP by oxidative phosphorylation in the tricarboxylic acid (TCA) cycle.

Therefore, one aim of this study was to determine the degree to which

follicles rely on glycolysis as a source of ATP for growth and

maturation.

Oxidative phosphorylation may be inhibited or uncoupled by a number of

different compounds, such as dinitrophenol (DNP), oligomycin or

malonate. Malonate is one of the most specific, useful and well-known

inhibitors of oxidative phosphorylation, and has often been employed to

establish if the TCA cycle is operative in a tissue or if a particular

functional activity is dependent on the cycle. It acts by competing with

succinate and inhibiting the enzyme succinate dehydrogenase which is

responsible for generating fumarate (figure 1). Without this enzyme,

there is a build-up of succinate in the system and the TCA cycle is

effectively blocked.

The degree of inhibition by malonate varies with the species and type of

tissue under study. The optimal concentration for total inhibition of the
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FIGURE 1. Schematic diagram of the tricarboxylic acid (TCA) cycle

showing the point of inhibition by malonate.
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TCA cycle in follicles is difficult to estimate as the effect of malonate on

ovarian tissue has not been previously reported for any species.

However, a concentration of 10 mM is sufficient to completely inhibit the

oxidation of succinate by rat liver mitochondria (Slater & Holton, 1954),

and as the liver has one of the highest metabolic rates of any organ in

the body, a concentration of 10 mM malonate should theoretically inhibit

the TCA cycle in cells of the ovarian follicle. Another decisive factor in

choosing this concentration was that non-specific effects c> +~he enzymes

of the Embden-Myerhof glycolytic pathway may occur above a

concentration of 20 mM malonate (Webb, 1966).

The high rates of lactate production by developing follicles, described

in chapter 3, may intuitively indicate that glycolysis is occurring under

anaerobic conditions. However, it has been reported that the oxygen

tension in follicular fluid is as high as in venous blood (Shalgi et al.,

1972), suggesting that glycolysis is at least partially aerobic during the

antral phase of development. It appears that oxygen is necessary for

steroidogenesis (Hall, 1986), but as follicles do not produce oestradiol

until the start of antrum formation it is possible that anaerobic

glycolysis could support normal preantral follicle development.

Investigations involving the culture of preantral ovarian follicles in

anoxic conditions have not been performed before. Therefore, the

second aim of work to be described in this chapter was to determine

whether follicles can undergo glycolysis when cultured in the absence of

oxygen, and if sufficient energy can be generated by this process to

sustain follicle viability.

-135-



MATERIALS A3STE> METHODS.

ISOLATION AND CULTURE OF FOLLICLES.

Mouse ovarian follicles were removed from the ovaries of prepubertal

female C57BL/6 X CBA/Ca Fi mice and cultured for up to 6 days using

the techniques described in chapter 2. Culture media for both

experiments were prepared from glucose-free a-MEM (Gibco-BRL,

Irvine. TTK) which was supplemented with 2 mmol L"1 glucose (Gibco-

BRL) and 1 IU/ml hFSH (NIH) in addition to the usual supplements

described in chapter 2. Each experiment was repeated three times.

A. FOLLICLE DEVELOPMENT DURING INHIBITION OF OXIDATIVE

PHOSPHORYLATION BY SODIUM MALONATE.

For each experiment, 10 follicles were placed in each of three microtitre

plates. Medium in Tray 1 was additionally supplemented with 5 mmol L"1

sodium malonate (Disodium salt; molecular weight= 166.04g; Aldrich

Chemical Company, Dorset, UK) and tray 2 with 10 mmol L"1 sodium

malonate. The control follicles, tray 3, contained no sodium malonate.

Follicles were cultured for 6 days, and samples of culture medium were

removed every 24 hours for analysis of lactate, glucose and oestradiol.

B. FOLLICLE DEVELOPMENT UNDER ANAEROBIC CULTURE

CONDITIONS.

For each experiment, 10 follicles were cultured in each of two microtitre

plates. One plate was placed on a raised platform in an air-tight Modular

incubator chamber (ICN Flow, High Wycombe, UK) containing 1 litre of

sterile, double-distilled water to create a humid environment (figure 2),

and the remaining control plate was cultured at 37°C in a humidified

atmosphere of 5% C02 in air. The Modular chamber was sealed before
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FIGURE 2. Diagram of a humidified Modular incubator chamber

containing a V-well microtitre plate of cultured follicles, oxygen

absorbens and activated charcoal to remove gas impurities.
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being flushed through with a gaseous mixture of 95% nitrogen (BOC,

Glasgow, UK) and 5% C02 (Distillers M.G., Lanarkshire, UK). The gas

mixture was kindly prepared by Margaret Donaldson (Department of

Physiology, University of Edinburgh) in an airbag (Plysu Industrial,

Bletchley, UK) fitted to a length of Tygon plastic tubing (BDH

Laboratory Supplies, Poole, UK) with a ratchet sealing clip (BDH). The

air bag was connected to the Modular incubator chamber by connecting

the plastic tube to the gas inlet nozzle (figure 2), and the chamber w=>c

flushed through for one minute by sgueezing the air bag so that a

forceful jet of air flowed from the outlet nozzle (figure 2). After 1

minute, the air outlet and inlet nozzles were sealed (in that order) and

the chamber was placed in an incubator (Heraeus, Brentwood, UK) at

37°C for culture overnight. Gas impurities were absorbed by 100 g of

activated charcoal (BDH) which was placed inside the Modular chamber

in the top half of a 90 mm Petri dish (Bibby Sterilin, Staffordshire,

UK). Ten mis of RCH-02-absorbens (Cambrian Chemicals, Croydon,

UK) in the bottom half of the same Petri dish was also included to remove

any remaining traces of oxygen during the culture. The Modular

chamber was opened only once in every 24 hours to transfer the follicles

and take samples of medium for lactate, glucose and oestradiol analysis

as previously described in chapter 3. Flushing with the gas mixture was

performed after each opening, and the RCH-02-absorbens was changed

daily.

MEASUREMENT OF FOLLICLE DIAMETER.

Follicles were measured every 24 hours according to the procedure

described in chapter 2. Anaerobic cultures were removed from the

modular incubator chamber for a maximum of 2 minutes each day to

enable transfer of follicles to fresh medium and measurement of diameter.
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OESTRADIOL ASSAYS.

Oestradiol assays were performed according to the method outlined in

chapter 2.

LACTATE AND GLUCOSE ASSAYS.

Lactate and glucose concentrations were determined by Peter

Humpherson (Department of Biology, University of York) on a Cobas

Mira automated c^yzer as described in chapters 3 and 4 for lactate and

glucose, respectively.

STATISTICAL METHODS.

The unpaired Student's t test was used to determine probability values

between the different experimental groups.

All data points were plotted with bars to show the standard error of the

mean.
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RESULTS-

A. FOLLICLE DEVELOPMENT DURING INHIBITION OF OXIDATIVE

PHOSPHORYLATION BY SODIUM MALONATE.

FOLLICLE GROWTH AND MORPHOLOGY.

There was no significant difference in follicle diameter between control

cultures and cultures containing media supplemented with 5 and 10 mmol

L'y sodium malonate (both P>0.05 for days 2 to 5 of culture) (figure 3),

nor was there any difference in follicle diameter between the latter two

experimental groups (P>0.05 for days 2 to 5 of culture) (figure 3).

Follicles grew from a preantral starting size of 180 ±7 pm to a mean

preovulatory size of 385 ±10 pm (pooled data for all experimental

groups). Over 60% of follicles in each group attained a normal Graafian

morphology, and approximately 50% of these formed stigmata in response

to LH (figure 4) and subseguently ovulated on day 6.

OESTRADIOL.

The rates of oestradiol production by follicles in all three experimental

groups were not significantly different over the 6 day culture period (P>

0.05 for days 2 to 5 between each group) (figure 5). Oestradiol

production rose from 1 ±0.05 nmol/follicle/24 hours on day 3 to 5.25 ±

0.25 nmol/follicle/24 hours on day 5 of culture (pooled data for all

experimental groups), which agrees with the expected oestradiol profile

for follicles cultured in medium containing 2 mmol L"1 glucose (see

chapter 4.

GLUCOSE AND LACTATE.

There was no significant difference in lactate production between the
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FIGURE 3. Graph showing the growth profiles for follicles cultured with

and without the inhibitor of oxidative phosphorylation, sodium malonate.
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FIGURE 4. Photograph showing follicles cultured in medium containing

10 mmol L"1 sodium malonate on day 6 of culture, prior to ovulation(x100).
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FIGURE 5. Graph showing oestradiol profiles for follicles cultured with

and without the inhibitor of oxidative phosphorylation, sodium malonate.
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three experimental groups (P>0.05 for days 2 to 5 between each group)

(figure 6). The rates of lactate production by follicles in each

experimental group agrees with the expected lactate profile for follicles

cultured in medium containing 2 mmol LT1 glucose (see chapter 4).

Glucose consumption was not significantly different between follicles

cultured in medium containing 5 and 10 mmol L"1 sodium malonate (P>0.05

for days 2 to 5), however consumption by follicles in both of these

experimental groups was significantly greater than glucose uptake by

control follicles (PcO.OOl for days 2 to 5 between each group) (figure

7). Glucose uptake by follicles cultured with sodium malonate remained

high and fairly constant over the culture period, and did not appear to

increase with increasing follicle diameter.

The ratio of glucose consumption to lactate production by control

follicles conformed to the expected ratio of approximately 1:2, however,

the ratio for follicles treated with sodium malonate was approximately

1:0.7 on day 2, rising over the culture period to approximately 1:1.5.

Despite the increase in glucose uptake by follicles cultured with sodium

malonate, the profile of lactate production was unchanged compared with

control follicles, as already mentioned above.

B. FOLLICLE DEVELOPMENT UNDER ANAEROBIC CULTURE

CONDITIONS-

FOLLICLE GROWTH AND MORPHOLOGY.

Follicles cultured in the absence of oxygen grew at a significantly slower

rate than control follicles over the first 2 days of the experiment (175 ± 5
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FIGURE 6. Graph showing lactate production by follicles cultured with

and without the inhibitor of oxidative phosphorylation, sodium malonate.
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FIGURE 7. Graph showing glucose uptake by follicles cultured with and

without the inhibitor of oxidative phosphorylation, sodium malonate.
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jam to 250 ± 3 pm and 180 ± 5 pm to 295 ± 6 pm, respectively; P<0.001 for

days 1 and 2), after which time they stopped growing and became atretic

(figure 8). Morphologically, 80% of the follicles cultured without oxygen

showed signs of atresia on day 1 of culture, which was characterized by

the appearance of dark patches within the granulosa and oocyte (figure

9). Control follicles cultured in 5% C02 in air showed no signs of atresia,

and grew to preovulatory diameters of 390 ± 8 pm.

OESTRADIOL.

Oestradiol production by follicles cultured in the absence of oxygen was

greatly attenuated compared with production by control follicles on days

3 to 5 of culture (PcO.OOl for days 3, 4 and 5) (figure 10). The

oestradiol profile for the control follicles was normal, reaching a

maximum of 5.15 ± 0.45 nmol/follicle/24 hours on day 5 of culture. In

contrast, oestradiol production by the follicles cultured under anaerobic

conditions reached a maximum of only 0.75 ±0.09 nmol/follicle/24 hours.

LACTATE AND GLUCOSE.

The consumption of glucose (figure 11) and production of lactate (figure

12) by follicles cultured without oxygen was significantly greater over

days 1 to 3 than production by control follicles (P<0.001 for both lactate

and glucose over days 1 to 3 of culture). However, lactate production

by follicles cultured anaerobically dropped dramatically from day 3

onwards, eventually stopping altogether on day 5. The rate of lactate

production by control follicles was normal, and reached a maximum of 40

± 3 nmol/follicle/24 hours by day 5 of culture in medium containing 2

mmol L"1 glucose.

The ratio of glucose uptake to lactate production throughout the culture
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FIGURE 8. Graph showing the growth profiles for follicles cultured with

and without oxygen over the 5 day culture period.
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FIGURE 9. Photograph showing atretic follicles on day 2 of the

experiment which were cultured in the absence of oxygen.
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FIGURE 10. Graph showing the oestradiol profiles for follicles cultured

with and without oxygen.

-150-



DAY OF CULTURE

FIGURE 11. Graph showing glucose uptake by follicles cultured with and

without oxygen.
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FIGURE 12. Graph showing lactate production by follicles cultured with

and without oxygen.
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period was approximately 1:2 for the control follicles (as expected; see

chapter 4), however, the ratio for follicles cultured in the absence of

oxygen was approximately 1:1.5 over days 1 to 3, indicating that not all

the glucose consumed was being converted to lactate (figure 13). From

day 3 of culture onwards, the ratio of glucose consumption to lactate

production dropped even further to 1:1, until glucose consumption

eventually stopped on day 5 (figure 13).
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FIGURE 13. Graph showing the ratio of glucose uptake to lactate

production by follicles cultured without oxygen.
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DISCUSSION .

The results from this study have indicated that follicles at all stages of

development may predominantly rely on glycolysis for the provision of

energy. When cultured in the presence of the inhibitor of oxidative

phosphorylation, sodium malonate, follicles underwent normal

development and steroidogenesis, ovulating in response to LH with the

same frequency as octroi follicles. The effectiveness of the inhibitor is

demonstrated by its marked enhancement of glucose uptake (Ullrey &

Kalckar, 1981; Ullrey et al, 1982), which is a property not only of

malonate, but of uncouplers and inhibitors of oxidative phosphorylation

in general (Kalckar et al., 1979). Optimal inhibition of the TCA cycle in

follicular cells appears to be reached at a concentration of 5 mmol If1,

which was indicated by the absence of any significant difference

between the glucose uptake profiles for follicles cultured in 5 and 10 mM

sodium malonate. As malonate operates by competitive inhibition of

succinate dehydrogenase, a build-up of succinate in the system over

time will be likely to decrease the inhibiting effect on the TCA cycle,

and thus, follicular glucose uptake should decline over the culture

period. However, the observation that the rate of glucose uptake

remains fairly constant demonstrates the continued effectiveness of

sodium malonate throughout follicle development. One reason for this

continued inhibition may be that any accumulated succinate is removed

from the cultures when the follicle medium is changed every 24 hours.

Although it is not possible to tell if follicle oxidative phosphorylation is

completely inhibited by sodium malonate, the evidence presented above

suggests that a reasonable degree of inhibition must be occurring in the

system. The ability of cells to survive and grow without a fully-

-155-



functioning TCA cycle is demonstrated by the respiration-deficient

mammalian cell mutants of Scheffler (1974). These mutants have been

used to answer a number of important questions regarding the energy

requirements of cells, and in particular, it has been shown that the rate

of glycolysis by mutant cells was increased by about 50% over the wild-

type cells to compensate for the loss of oxidative phosphorylation

(Donnelly & Scheffler, 1976). Addition of inhibitors or uncoupiers of

oxidative phosphorylation to cells which rely on the TCA cycle for the

provision of energy should therefore have the same effect on cellular

lactate production. Most tissues will show an increase in glycolysis in

response to malonate, a phenomenon which was first observed by

Kutscher & Sarreither (1940). However, follicles cultured with this

inhibitor showed no compensatory increase in lactate production,

suggesting that ATP production may be fully accommodated by

glycolysis, and thus, fairly independent of the TCA cycle.

The ability of follicles to maintain a normal rate of lactate production,

despite a significant increase in glucose uptake, demonstrates the

exquisite control that mammalian cells have over their energy

metabolism. On the one hand, ATP is generated only when needed, but a

viable cell also maintains its energy charge at a constant level

(Atkinson, 1968, 1977). However, if the uptake of cellular glucose is

artificially elevated in the absence of enhanced lactate production, as

occurs with the sodium malonate-treated follicles, then the additional

glucose must be disposed of in some way. As oxidative phosphorylation

is restricted in these follicles, then one possible fate for the remaining

glucose is conversion to pyruvate. However, pyruvate and lactate are in

equilibrium with one another, the balance being under the control of the

enzyme lactate dehydrogenase. Any increase in pyruvate would
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automatically shift the equilibrium towards lactate formation, and thus

an increased rate of lactate production would be seen by follicles

cultured with sodium malonate. As this is not the case, an alternative

explanation could be that glucose is converted to glycogen (a large

branched polymer of glucose) which is then stored as granules in the

granulosa cell cytoplasm. Both oocytes and granulosa cells are known to

contain significant stores of glycogen (Baker, 1970; Cran et al., 1979).

Culture of follicles in the absence of oxygen has shown that anaerobic

glycolysis is possible during preantral development in vitro, but that

oxygen is required throughout both the preantral and antral stages to

sustain normal growth and maturation. This was demonstrated by the

observation that preantral follicles cultured in the absence of oxygen

grew at a significantly slower rate over the first two days of the culture

compared with control follicles, and exhibited an abnormal morphology

which was characterized by a shrunken oocyte and the appearance of

dark atretic patches in the granulosa wall. Despite the finding that

these morphological changes became apparent within 24 hours of

anaerobic culture, the follicles were still able to produce a significantly

higher rate of lactate production over the first three days of culture

than control follicles. However, it has been well documented that the

glycolytic rate can be greatly increased by anoxia. This phenomenon,

often referred to as the Pasteur effect (Krebs, 1972; Ramaiah, 1974;

Sols, 1976), can be demonstrated in almost all tissues and is of

particular importance in skeletal muscle for the provision of energy

during violent anaerobic contractions (Newsholme & Start, 1973; Cori,

1976). In addition, where transport of glucose into cells limits the rate

of glucose utilization, such as in skeletal and cardiac muscle (Morgan &

Whitfield, 1973; Clausen, 1975), and in avian erythrocytes (Wood &
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Morgan, 1969; Whitfield & Morgan, 1973), anaerobiosis stimulates

transport activity as well as glycolytic activity. Therefore, unlike the

effects of sodium malonate on follicle carbohydrate metabolism, anoxia

causes an increase in the rates of both follicular glucose uptake and

lactate production. The mechanisms responsible for the acceleration of

the glycolytic rate are generally believed to be changes in adenine

nucleotides causing a stimulation in the activity of the enzyme

phosphofructokinase which plcy° a central role in the regulation of

glycolysis by oxygen.

If the glycolytic pathway is the principal source of energy for the

follicle, as suggested by the results of malonate inhibition on follicle

carbohydrate metabolism, then sufficient ATP for the support of follicle

growth may be generated by anaerobic glycolysis during the preantral

stage of follicle development. If ATP production does not limit growth,

then it would appear that the rapid deterioration of these follicles may

be the result of interference with other oxygen-dependent processes

which are essential to follicle development. For instance, oxygen is

necessary for the synthesis of cholesterol which is a major constituent of

plasma membranes in most tissues throughout the body. A rapidly

growing follicle will require large amounts of cholesterol to make new

plasma membrane, and failure to synthesize this molecule will probably

have a dramatic effect on the rate of development. This point alone could

explain why preantral follicles fail to survive in anaerobic conditions

despite the availability of sufficient ATP for the support of growth. In

addition, ovarian cells readily synthesize cholesterol in order to

generate precursors for steroidogenesis (Strauss et al, 1981; Nestler et

al., 1989). The low rate of oestradiol production by follicles cultured

anaerobically could therefore be explained by the absence of cholesterol
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synthesis as well as by reduced growth rate and the presence of severe

granulosa cell atresia.

Although preantral follicles appear to be capable of anaerobic

glycolysis, the observation that follicle survival reguires the presence

of oxygen dictates that the term "aerobic glycolysis" be used to describe

carbohydrate metabolism. Aerobic glycolysis is usually defined as a

characteristically high rate of cellular lactate production in the presence

of oxygen, implying that pyruvate production from glucose exceeds the

capacity of the TCA cycle and respiratory chain. A simple explanation

for the phenomenon of aerobic glycolysis, proposed by Eigenbrodt et al.

(1985), is that the usual regulatory mechanisms are selectively altered

in these cells following induction of isoenzymes which respond

differently to metabolites. The enzymes hexokinase, at the starting

point of the glycolytic seguence, and pyruvate kinase, at the end, are

known to modulate the glycolytic process (figure 14). In cells with high

rates of aerobic glycolysis, such as retinal, renal medulla and tumour

cells, the isoenzyme patterns of hexokinase and pyruvate kinase are

known to differ from cells with low rates of aerobic glycolysis. Tumour

cells, for example, have been shown to contain higher amounts of

hexokinase than the normal cells from which they are derived (Singh et

aL, 1978), and possess a type of pyruvate kinase which is more readily

inhibited than other pyruvate kinase isoenzymes (Ibsen et aL, 1982).

Alteration of isoenzyme patterns in this manner may be particularly

important for the ovarian follicle in order to facilitate aerobic glycolysis,

and thus conserve the presumably small amounts of oxygen diffusing

into the avascular granulosa layer for essential processes such as

cholesterol biosynthesis.
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Embden-Myerhof glycolytic pathway and the two enzymes, hexokinase

and pyruvate kinase, which are thought to modulate this process.
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In summary, this study has demonstrated that follicles may utilize a

predominantly glycolytic method of ATP production. In addition,

preantral follicles appear to be capable of generating sufficient ATP by

glycolysis under anaerobic conditions, but require the presence of

oxygen for normal growth, maturation and steroidogenesis. Thus,

aerobic glycolysis may be the preferred method for follicle carbohydrate

metabolism in order to conserve oxygen for vital biosynthetic processes.

Further studies are required to determine cellular source of the

lactate during follicle development.
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INTRODUCTION .

Evidence from a number of different studies has suggested that the

membrana granulosa is the site of follicular lactate production. However,

the contribution of the thecal layer to lactate production and/or its

possible modulating effects on granulosa cell carbohydrate metabolism

have yet to be established.

Studies of mural and cumulus granulosa cells isolated from preovulatory

rat follicles have shown that FSH and LH will stimulate lactate production

in vitro (Billig et aL, 1983), and other workers have provided evidence

to show that carbohydrate metabolism by differentiating rat granulosa

cells from immature follicles is subject to direct control by FSH and

androgenic steroid (Hillier et aL, 1985). In addition, concentrations of

lactate in the follicular fluid of the rat (Zeilmaker & Verhamme, 1977)

and human (Harlow et al., 1987; Leese & Lenton, 1991) have been shown

to be significantly higher than in serum, suggesting that lactate is

derived by granulosa cell glycolysis and not by capillary transudation.

Investigations of carbohydrate metabolism by growing follicles from

which the theca has been completely removed have not been attempted

before. Therefore, one aim of this investigation was to quantify the

contribution made by the membrana granulosa and oocyte alone towards

follicular lactate production. Removal of theca/interstitial tissue from

follicles by manual dissection is technically very demanding, however,

due to the tenuous association between these cells and the basement

membrane of preantral follicles it is possible to provide apparently

theca-free material for the experiment. The presence theca-stroma

tissue appears to be a prerequisite for antral follicle development m
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vitro (see chapter 2 and Nayudu & Osborn, 1992). Therefore, half of

the theca-free follicles were cultured in the presence of

theca/interstitial cell-conditioned medium (TCCM) in order to determine

whether any secreted molecules from these cells were able to support

antral development and influence granulosa cell lactate production.

Theca cells are the principal cellular sites of follicular androgen

synthesis (Tsang et al., 1979) which is reguired for oestrogen

production by the granulosa cells in the developing antral follicle

(Falck, 1959; Short; 1962; Bjersing, 1967; Ryan, 1979). In addition,

theca-derived growth factors may also play a role in the non-steroidal

paracrine regulation of follicle development by influencing mitogenesis

and differentiation or modulating the effects gonadotrophins on these

processes. Transforming growth factor-alpha (TGFa) has been shown to

stimulate granulosa cell proliferation (Gospodarowicz & Bialecki, 1979),

and intrafollicular expression of this factor has been localized to the

theca interna (Kudlow et al, 1987). In addition, theca cells have been

shown to be a source of TGF-fi (Skinner et al, 1987; Bendell &

Dorrington, 1988), a transforming growth factor which inhibits mitosis

and stimulates the differentiation of granulosa cells, although the effect

appears to depend upon the concomitant degree of exposure to FSH.

Stimulation of granulosa cell mitosis by extracts of pig theca (Makris et

al, 1983) and culture media conditioned by rat theca (Lobb et al, 1988)

has demonstrated the mitogenic action of thecae derived from different

species. Therefore, it is possible that TGFa and TGFfi, or other factors

in mouse TCCM, may modulate the development of theca-free follicles in

vitro.

In summary, the aims of this study were to determine whether the
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membrana granulosa is the primary source of follicular lactate

production and if theca/interstitial cell-conditioned medium can

influence follicle development and/or the rate of granulosa lactate

accumulation. Finally, the possible direct contribution of theca cells to

follicular lactate production was examined.
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MATERIALS XV INI13 METHODS -

ISOLATION AND CULTURE OF FOLLICLES.

Ten preantral mouse ovarian follicles were removed from the ovaries of

female C57BL/6 X CBA/Ca Fi mice using the techniques described in

chapter 2. A further 20 follicles at the same stage of development were

dissected free of any theca-stroma tissue and cultured as in the same

manner, with the exception that ln +^>llicles were placed in microdroplets

of medium in which 50% of the a-MEM had been replaced with

theca/interstitial cell-conditioned medium (TCCM; see below). TCCM

was produced under serum- and supplement-free conditions (i.e. free of

FSH, insulin, and transferrin) as it was important to ensure that any

effects it might have on follicle growth in the V-well system were not

attributable to additional hormones or growth factors. Before

preparation of the media for follicle culture, TCCM was supplemented

with 1.5 mmol L"1 glucose (Gibco) (determined by the glucose assay

described in chapter 4) to replace the glucose consumed by the theca-

stroma cells. All media for follicle culture were then prepared from a-

MEM containing 5.45 mmol L"1 glucose (Gibco-BRL, Irvine, UK), 1 IU/ml

hFSH (NIH) and the usual supplements described in chapter 2.

Follicles were cultured for 5 days, and samples of culture medium were

removed daily for analysis of lactate as described in chapter 3. Every 24

hours follicles were measured according to the procedure described in

chapter 2, however, only the diameter of the membrana granulosa was

recorded for all experimental groups. Each experiment was repeated

three times.
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PREPARATION OF THECA CELL-CONDITIONED MEDIUM (TCCM).

Four prepubertal female C57BL/6 X CBA/Ca Fi mice were killed by

cervical dislocation at 32 days of age. The ovaries were aseptically

removed and placed in watchglasses of warm Leibovitz L-15 medium

(Gibco-BRL, Irvine, UK) supplemented with glutamine and BSA

according to the method described in chapter 2. Ovaries were punctured

repeatedly using fine 25Gx5/« needles (Steriseal, Worcester, UK) fitted

to 1 ml syringe barrels (Steriseal) under X40 magnification with a pre-

calibrated ocular micrometer and dissecting microscope (Carl Zeiss Jena,

Hertfordshire, UK) to release the granulosa cells. The remaining

ovarian tissue was washed twice in 1 ml of warm Leibovitz medium, and

then chopped into approximately 0.25 mm2 sections. These sections were

then allowed to settle under gravity and the supernatant was discarded

to remove any newly released granulosa cells. The tissue fragments were

then digested in Leibovitz medium containing 1 mg/ml collagenase type I

and 5 pg/ml DNase (both Sigma, Dorset, UK) at 37°C on a roller tube for

25 minutes to remove any adhering granulosa cells. Digested ovarian

tissue was gravity sedimented, and the supernatant was discarded. The

resulting pellet was then dispersed in 2 mis of fresh Leibovitz using a

fine bore pipette tip (Bibby Sterilin) and the remaining sections of

undigested tissue were allowed to gravity sediment. The supernatant

containing the single cells and small aggregates was then removed and

centrifuged at 250 X G for 5 minutes to form a pellet. The supernatant

was removed, and the pellet was dispersed and washed in 2 mis of a-MEM

(5.54 mmol L"1 glucose; Gibco-BRL) supplemented with 10% donor calf

serum (DCS) by centrifuging at 250 X G for a further 5 minutes. After

washing, the supernatant was removed and replaced with 10 mis of a-

MEM + 10% DCS. The number of cells in the resultant theca/stroma cell

suspension was then counted using a haemocytometer (Philip Harris
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Scientific, Glasgow, UK), and 105 cells were seeded into each of 5 wells

of a 6-well culture plate (Bibby Sterilin) in 2 ml aliquots and grown to

confluence over a period of 3 days. Only wells where cellular morphology

suggested that the vast majority (>99%) were theca-stroma cells (figure

1A) were used for harvesting conditioned medium. All cultures were

checked for contamination with granulosa cells, and those wells

containing distinctive patches of round cells with prominent lipid

droplets (figure IB) were excluded from the experiments. Once the cells

had reached confluence, the culture medium was removed and the

monolayers were washed twice with 5 mis each of serum-free a-MEM

(containing no additional supplements). Cells were then cultured

overnight in 2 mis of serum-free medium to remove any remaining serum,

and finally cultured at 37°C in a humidified atmosphere of 5% C02 in air

for a further 2 weeks in fresh serum-free a-MEM containing no additional

supplements. Theca/interstitial cell-conditioned medium (TCCM) was

removed every 2 days and replaced with fresh serum-free a-MEM. The

TCCM from each well was then pooled and cell debris was removed with a

0.2 pm filter (Millipore, Watford, UK). Aliquots of 1.1 ml TCCM were

stored in Eppendorf tubes at -70°C until required.

STATISTICAL METHODS.

The unpaired Student's t test was used to determine probability values

between the different experimental groups.

All data points were plotted with bars to show the standard error of the

mean.
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FIGURE 1.

A. Photograph showing the distinctive morphological appearance of

mouse theca/interstitial cells after 4 days of culture (X 600).

B. Photograph showing the contrasting morphological appearance of

mouse granulosa cells in culture (X 200).
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RESULTS-

FOLLICLE GROWTH AND MORPHOLOGY.

Follicles cultured without theca and TCCM grew from a preantral

starting size of 185 ±5 pm to a final diameter of 320 ± 9 pm on day 5 of

culture (figure 2). Morphologically, these follicles appeared normal

during the first two days of culture, however, small atretic patches in

the granulosa were evident from day 3 onwards and antral cavities failed

to form. There was no significant difference between the growth rates

for theca-free follicles cultured with and without TCCM on any day of

the culture (P>0.05 for days 1 to 5) (figure 2), and follicle morphology

in these two experimental groups was identical.

Control follicles possessing an intact thecal layer grew from preantral

diameters of 183 ±7 pm to preovulatory diameters of 395 ± 7 pm over the

5 day culture (figure 2), and exhibited a normal Graafian morphology.

The mean diameter of control follicles was significantly greater than the

mean diameters of theca-free follicles cultured with and without TCCM

from days 1 to 5 (P<0.05).

LACTATE PRODUCTION.

The concentration of lactate in medium conditioned by theca/interstitial

cells was significantly higher than the concentration of serum-derived

lactate in control medium (3.5 ± 0.15 and 0.38 ± 0.1 mmol L"1,

respectively; P<0.001) (figure 3), and therefore all experimental results

were adjusted to take account of this difference.

Follicles cultured without a thecal layer in the presence or absence of

TCCM produced lactate throughout the 5 day culture period, however,
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net production was significantly less than by control follicles from days

2 to 5 (P<0.001) (figure 4). There was no significant difference in net

lactate production between theca-free follicles cultured with and without

TCCM on any day of the culture (P>0.05). The rate of lactate production

increased over days 1 to 3 in both of these experimental groups and then

gradually declined from days 3 to 5 (figure 4).
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FIGURE 4. Graph showing the rates of lactate production by follicles

cultured with and without a thecal layer and theca/interstitial cell-

conditioned medium.
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DISCUSSION .

The theca is an integral part of the follicle, providing structural

support for the delicate granulosa layers and possibly contributing to

the synthesis of the basement membrane surrounding the follicle

(Skinner, 1987). The types of cellular interactions possible between

theca cells and granulosa cells are numerous, for example, oestrogen

production by granulosa cells requires the production of testostercr^ by

theca cells (Dorrington et aL, 1975), an association which is critical for

the maintenance of ovarian function and the endocrine status of the

female. Theca cells may also produce growth factors which regulate

follicle development (see introduction of this chapter). Conversely,

granulosa cell factors may be just as important to theca differentiation,

for example, progestin production by granulosa cells may act on theca

cells to influence cellular differentiation and function (Fortune, 1986).

In addition, evidence has also been provided that oestrogens may also

influence theca cell functions (Fortune, 1986), and all these steroid-

mediated interactions may have an important role in controlling cellular

growth and differentiation in the follicle.

The importance of the theca to development of the antral cavity has been

demonstrated by the work of Carroll et al.( 1991b). These workers showed

that preantral follicles isolated by collagenase failed to produce antral

cavities when transplanted into host animals, and attributed this to the

observation that the follicles became denuded of theca after enzymatic

digestion. The observation that preantral follicle growth in the V-well

culture system was retarded by the absence of a thecal layer suggests

that these cells are important, not only in the regulation of the

differentiated function of antral follicles (Falck, 1959; Short, 1962;
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Bjersing, 1967; Ryan, 1979), but also in the growth control of the

immature stages as well (also see chapter 7). This is the first time in

vitro that the theca layer has been shown to be crucial for both normal

growth and differentiation.

The inability of TCCM to stimulate follicle development may indicate that

direct theca/granulosa cell communication is required to induce the

production of c^tors from the theca which will influence granulosa cell

growth and differentiation. However, other workers have shown that

TCCM can stimulate mitosis and differentiation of isolated granulosa cells

in vitro (Makris et aL, 1983; Lobb et al, 1988), and it may be that

hormonal stimulation of thecal cell cultures is additionally required to

induce the production of all the necessary growth factors and

precursors for the development and steroidogenesis of theca-free

follicles in the V-well system. For instance, Magoffin & Erickson (1982)

have demonstrated that LH and hCG, but not FSH or prolactin, are able

to stimulate androgen synthesis by monolayer cultures of theca-stroma

cells in serum-free medium, and that in the absence of LH, the cells

remain functionally undifferentiated. However, in order to study the

effect of TCCM on lactate production, it was not possible to stimulate the

theca cell cultures with either FSH or LH, as residual hormone in the

conditioned medium may have increased lactate production over the

control theca-free follicles.

Future experiments will be required to determine if theca-free follicles

can undergo antrum formation in the presence of TCCM produced during

stimulation with the gonadotrophins, FSH and LH. Verification of the

differentiated state of the theca cells during the preparation of TCCM

may also be required to ensure that the cells are present and behaving
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physiologically in vitro. A suitable thecal marker to test this may be

17a-hydroxylase, which is normally expressed by differentiated theca

(Voutilainen et al, 1986; Rodgers et alv 1986) but not by granulosa cells

(Rodgers et al., 1986). In addition, co-culture of theca monolayers with

theca-free follicles, separated from the former cells by a permeable

membrane insert, may permit normal intercellular communication between

these two cell types without the need for direct cell contact. Such

studies may be valuable in the refinement of a culture system which is

able to support the full span of follicle development in vitro (see chapter

2).

The ability of theca-free follicles to secrete significant quantities of

lactate in vitro demonstrates that the membrana granulosa is a major

source of follicular lactate production during the preantral stages of

development (almost exactly 50% under conditions of low LH), as

suggested from studies of granulosa cells in monolayer culture (Hillier,

1985). The decline in lactate production over days 3 to 5 of culture may

be explained by the observation that preantral follicles fail to undergo

normal growth and differentiation without an intact thecal layer, and

develop atretic patches within the granulosa wall after 48 hours in vitro.

The culture of follicles in TCCM failed to stimulate lactate production.

However, this study has shown for the first time that theca/interstitial

cells secrete a significant quantity of lactate during monolayer culture.

The concentration of lactate in TCCM was approximately 9-fold greater

than in control medium containing 5% serum, suggesting that in addition

to granulosa cells, theca cells could also be a major site of follicular

lactate production during development. The relative contributions by
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these two cellular compartments of the follicle in response to FSH and LH

have yet to be established for different stages of development. If future

experiments show that medium conditioned by gonadotrophin-stimulated

theca cells can support follicle growth and maturation in vitro, then this

would be an ideal model for tackling this guestion.

In demonstrating the importance of the theca to follicle development,

this study has highlighted the need to investigate intrafollicular

communication during development. Many growth factors have been

implicated in the paracrine and autocrine control of follicle growth and

maturation (see chapter 1 and Ackland et al, 1992), but their precise

role during the different stages of development remain to be elucidated.

The V-well culture system should provide a suitable model for testing

the effects of growth factors on follicle morphology, cell division,

carbohydrate metabolism and steroidogenesis, and for investigation of

any changes in the pattern of follicle-secreted proteins in response to

different growth factors. Such a study may lead to a better

understanding of the complex steroidal and non-steroidal interactions

during follicle growth, and, perhaps, to the isolation of novel follicle-

secreted molecules important in cell communication.

Future experiments will involve the following growth factors:

transforming growth factor-beta (TGF-fi), endothelial growth factor

(EGF), insulin-like growth factor (IGF-I), inhibin and activin. The

action of individual growth factors on follicle development would be

studied at a range of concentrations before an attempt was made to

investigate their effect in combination. Cell division could then be

assessed by incubating follicles with tritiated thymidine, and
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steroidogenesis would be measured immunoenzymatically, as previously

described (chapter 2). Lactate production and glucose consumption

would be assayed on a Cobas Mira automated analyzer (see chapters 3 &

4) to monitor any changes in the pattern of carbohydrate metabolism,

particularly in response to IGF-I and insulin.

The effect of growth factors on the pattern of follicle-secreted proteins

would be analyzed by 2-d:rr"^n.sional polyacrylamide gel electrophoresis

and Western Blotting of follicle-conditioned medium: the leaky basement

membrane surrounding the follicle should allow the passage of any

molecules synthesized into the culture medium. For more invasive

experiments, follicles could be centrifuged gently in small guantities of

serum-free medium to release the contents of the antral cavity, and

samples taken for analysis. Comparisons made between the pattern of

protein bands from follicles cultured with and without specific growth

factors should indicate any changes in the patterns of follicle-secreted

proteins and thus demonstrate the role of a particular growth factor in

development. It would also be necessary to run samples of culture

medium on the gels to control for proteins derived from serum. At the

present time workers in our laboratory are attempting to develop a

serum-free follicle culture system. To date, there is evidence that

follicles can develop normally in medium with less than 3% serum: use of

a low serum culture would benefit the growth factor studies.

Follicle-secreted proteins of interest could be removed from the gels and

used to raise specific antibodies, if the antibodies were not commercially

available. Identification of the cellular production site of the protein in

the follicles would then be identified by immunocytochemistry. A similar

method could be employed to isolate any novel follicle-secreted

molecules. Isolation of the cellular site of expression by
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immunocytochemistry should provide a future means for construction of

a cDNA expression library in order to clone new genes that may be

important in cell communication during follicle development.

In conclusion, this study has demonstrated that the membrana granulosa

is a major site for follicular lactate production, however, it is suggested

that a significant contribution may also be made from the thecal layer. In

addition, it has been shown that follicles fail to undergo normal

preantral growth and antral differentiation in the absence of theca cells,

and experiments involving the use of TCCM indicate that direct

theca/granulosa cell interaction may be essential for normal development

and carbohydrate metabolism. However, further studies are reguired to

determine whether conditioned medium produced from FSH- and LH-

stimulated theca cells, or co-culture, may support antrum formation by

follicles devoid of theca. Such investigations will lay the foundations for

the investigation of intrafollicular communication during follicle

development.
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INTRODUCTION -

Follicles are discrete developmental units consisting of a central oocyte

surrounded by a wall of granulosa cells which rest on a basement

membrane. The periphery of the follicle is comprised of two further

layers of cells, the theca interna and theca externa. Although the extra-

gonadal origin of the ovarian germ cells has long been established

(Everett, 1943; Ginsberg et aL, 199m, the cell lineage relationships

between the different somatic cells of the ovary are not well understood

(see chapter 1; for reviews see Byskov, 1986; Byskov & Hoyer, 1988).

The granulosa cells of the follicle are believed to derive from the

intraovarian rete in the mouse, perhaps with contributions from the

surface epithelium (Byskov, 1986). Theca cells, on the other hand, are

thought to originate among the mesenchymal cells of the ovarian stroma

(for review see Gore-Langton & Armstrong, 1988).

During development of the Graafian follicle, the granulosa cells in the

peripheral and central regions of the wall start to differentiate along

separate pathways. Differences in morphology (Bjersing, 1978), antigen

expression (Erickson et aL, 1985) and enzyme content (Zoller & Weisz,

1978, 1979; Zoller & Enelow, 1983) are apparent at this time. Studies by

Telfer et al.(1988), have suggested that peripheral and central

granulosa cells have the same origin. However, visualization of the cell

clones was not possible in that study, and the degree of cell mixing and

pattern of clonal proliferation in the Graafian follicle could not be

elucidated.

The aims of this investigation, therefore, were to (i) gualitatively

determine the relationship of clonal pattern to follicular morphogenesis
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during all stages of development, i.e. if follicles are constructed by a

radial or concentric pattern of granulosa cell clonal expansion, (ii)

evaluate whether the different cell populations within the ovary have the

same or unrelated clonal origins, and (iii) ascertain whether the

different cell types are mono- or oligoclonal in origin by estimating the

number of progenitor cells. These studies were conducted using

chimaeric mice in which one of the partner embryos was derived from a

transgenic mouse. The technigue of DNA in situ hybridization was then

employed in order to measure and trace clonal expansion of follicle cells.

The experimental chimaera has provided an invaluable tool in the study

of embryology and developmental genetics since it was first reported by

Tarkowski (1961) and later, independently, by Mintz (1962,1964). The

term 'chimaera' may be defined as any animal composed of different cell

populations derived from more than one fertilized ovum, or the fusion of

more than two gametes (McLaren, 1976). Chimaerism can arise at any

stage of an animal's lifespan; from fertilization to very early

embryogenesis (before organ formation), so called 'primary chimaerism',

through all intervening stages to adulthood, termed 'secondary

chimaerism' (Ford, 1969). Any allografted individual is then a chimaera.

Most of the experimental work involving mammalian chimaeras has

centred around the mouse (reviewed by Rossant, 1984), although

success has been reported with other species such as rats (Mayer and

Fritz, 1974), rabbits (Gardner and Munro, 1974; Moustafa, 1974), sheep

(Tucker et al, 1974), interspecies sheep-goat chimaeras (Fehilly et al.,

1984; Meinecke-Tillmann and Meinecke, 1984) and cow (Summers et al.,

1983; Brem et al., 1984). Experimental mammalian chimaeras may be made

by the methods of embryo aggregation (Tarowski, 1961; Mintz, 1964) and
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blastocyst injection (Gardner, 1968), both of which involve the

manipulation of preimplantation embryos in vitro and their subsequent

transfer to the uteri of pseudopregnant host mothers. The former

technique requires removal of the zona pellucida from 8-16 cell embryos

either manually (Tarkowski, 1961), with pronase (Mintz, 1962, 1964) or
et al.

with acid Tyrode's (Nicholson," 1975). Embryos are then aggregated by

pipetting them together in droplets of culture medium at 37°C, or by

gentle pushing with a variety of different instruments, such as forceps

or glass needles. Aggregation may also be facilitated by culturing the

embryos with phytohaemagglutinin (Mintz et al>, 1973) which causes them

to stick together. It is important that embryo aggregation takes place

before the formation of compacted morulae which occurs at around 78

hours post-fertilization; after this time, the embryos rapidly lose their

ability to fuse with one another (Burgoyne 6 Ducibella, 1977) and the

'fate' of the blastomeres becomes determined. In contrast to chimaeras

produced by the blastocyst injection technique, aggregation chimaeras

are usually cultured for a period of about 24-48 hours to allow blastocyst

development before they are transferred to the uteri of host mothers.

The manufacture of chimaeras by injection of cells into the blastocyst is

technically a much more demanding technique involving the use of

micromanipulators: a single blastocyst is held using a suction pipette,

and a small perforation is made in the wall of the trophoblast to allow the

introduction of donor cells via an injection pipette. The blastocysts are

then transferred to the uteri of host mothers where the donor cells

eventually become incorporated into the inner cell mass of the

blastocyst. Although more difficult, the technique has some advantages

over the aggregation method: firstly, removal of the zona pellucida is

unnecessary, so the technique is suitable for species such as the rabbit
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in which the zona is vital for subsequent development (Moustafa, 1974).

Secondly, the trophoblast is entirely of host type, which may permit

successful development of some interspecific combinations which would

otherwise fail to implant (Gardner & Johnson, 1973). Thirdly, blastocyst

chimaeras allow the analysis of the developmental fate of later embryonic

tissue than can be achieved with morula aggregation because the

chimaeras are formed later on in development. Lastly, blastocyst

injection is one route by which marked embryonic stem cells can be

introduced into the germ line (eg. Hooper et al, 1987; Patek et aL, 1991)

yielding information on sex determination, i.e., the signals involved in

the differentiation of the embryonic gonad into testis or ovary.

Together with the use of techniques for marking cells, the two types of

chimaera can provide answers to a wide range of biological questions,

both physiological and pathological, for instance, Gardner (1985) has

elegantly shown the progressive restriction in developmental potency of

cells in different regions of the preimplantation mouse embryo by

studying the fate of cells marked with malic enzyme which were

introduced at the morula and blastocyst stages of development (lineage

analysis). In addition, information on the clonal histories (cell

proliferation and mingling) of different tissues has been investigated by

studying the mosaic composition of organ systems in adult chimaeric mice

derived from embryo aggregation. For example, studies of the pigmented

retinas from new-born chimaeric mice derived from pink-eye and normal

embryos (Tarkowski, 1963, 1964) provided the first evidence that the

two cell populations in aggregation chimaeras were closely mixed.

Similarly, Mintz (1967) was the first to report on the observation of a

striking banding pattern in the coats of melanocyte chimaeras which was

discontinuous along the mid-dorsal line, suggesting that the pattern was
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independently determined on both sides of the chimaera. Antigenic

chimaeras have been very useful in the study of immunology: Mintz

(1970) demonstrated that skin from a Fi(C3H X C57BL) donor could be

grafted onto a C3H<—>C57BL chimaeric mouse without rejection, indicating

that Fi skin contained no hybrid-specific histocompatibility antigens.

Investigation of pathological processes in chimaeric mice, such as

neoplastic transformation, can yield important information on the clonal

origin of tumours and whether the number of clones in tumours of a

particular kind tends to increase or decrease with time. Studies

involving the use of interspecific chimaeras between Mus caroli and Mus

musculus have exploited the differences in repetitive DNA sequences

between the two species (Siracusa et al., 1982; Rossant et al, 1982) to

study the experimental model murine fibrosarcoma induced with

methylcholanthrene (Deamant et aL, 1986). The experiment suggested

that the resultant tumours were of monoclonal origin, although this

finding was later disputed by Woodruff (1986) who postulated that many

of the tumours were biclonal. In addition, chimaeras incorporating

teratocarcinoma cells are excellent systems in which to test the

developmental potential of these abnormal cells. Investigations such as

these have shown that cells from teratocarcinomas are capable of

participating in normal development in the chimaera if placed in a
& Illmensee

blastocyst stage embryo (Brinster, 1974; Martin, 1975; Mintz, 1975;

Cronmiller & Mintz, 1978; Papaioannou et aL, 1978). Other pathological

processes may be investigated using chimaeras, such as the cellular site

of action of mutant genes. Investigation of the defect associated with the

pcd gene which causes cerebellar ataxia showed that the gene was only

expressed in pcd/pcd <-» wildtype chimaeras if the Purkinje cells were of

the mutant genotype (Mullen, 1977).
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It is clear from the literature that a huge range of cellular markers are

available for use in chimaeric systems (for review see Ponder, 1987),

and there are many potential markers which have not yet been developed

to practical use (West, 1984). An 'ideal' marker (McLaren, 1976) should

be cell autonomous and therefore not transferred between cells; it should

also be stably expressed under different physiological or pathological

conditions in all of the cells of the tissues under examination at all stages

of development, and it should not affect the behaviour of these cells in

any way. In addition, the marker should be easily detectable and not

reguire laborious histological processing. Most markers available today

fall short of the ideal; for instance, the use of antigens as markers can

present problems with resolution of staining at the single-cell level, and

the epitopes recognized by currently available antibodies are labile to

most fixatives and standard wax embedding procedures, although there

are exceptions. Some reports also indicate that antigens such as Thy-1

may be shed from some cells and picked up by others, suggesting a lack

of cell autonomy. Carbohydrate polymorphisms as markers provide the

same problems as antigens in terms of their stability under conditions of

tissue fixation and their cell autonomy. Stability may also change from

the embryonic stage to the adult, or under pathological conditions, such

as neoplasia, so great care must be taken when choosing a marker for

these kinds of experiment. Chromosome markers and some biochemical

markers, such as glucose phosphate isomerase (GPI), do not yield

spatial information on the distribution of the component cells making up

the chimaera, but reguire that the tissues under investigation be

squashed or homogenized for electrophoresis. Finally, morphological

markers have a limited usefulness, being restricted to one or a few

tissues in only a few strains of mice, and pigment markers may not

always be cell autonomous.
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The only type of marker that appears to come close to the 'ideal' is the

marker gene, however, this is restricted to genes which do not interfere

with the normal functioning of the organism in which they are introduced

(transgenic), such as the mouse fl-globin gene (Lo et aL, 1987). Genetic

mosaicism may be generated artificially, by the manufacture of chimaeras

constructed from transgenic and non-transgenic embryos, or naturally,

by the random inactivation of X-chromosome-linked genes in females (X-

inactivation mosaics). The use of X-inactivation mosaic? i_s advantageous

because of a ready supply of mice which removes the need to make

chimaeras. In addition, the two marked populations of cells differ only in

the genes which are heterozygous and which are affected by X-

inactivation, therefore causing minimal disturbance of normal tissue

growth and function. Unfortunately, the X-inactivation markers so far

available cannot be readily visualized and so do not yield the spatial

information required for a clonal analysis of mouse ovaries. This is not

so for chimaeras, however, where the powerful visual technique of DNA

in situ hybridization may be used to label the cells derived from the

transgenic half of the chimaera. A second negative aspect to the use of

X-inactivation mosaics is that they are generally 'balanced', that is,

there are roughly equal populations of cells with an active maternal X or

paternal X chromosome, which may complicate the interpretation of

mosaic patches in terms of their clonal composition because adjacent

clones of the same genotype will appear as single patches. Even with the

use of Xce genes (Cattanach & Papworth, 1981; Forrester & Ansell,

1985) which result in the preferential activation of one X chromosome

(70:30%), chimaeras provide a much wider range of mosaicism (95:5%).

The DNA in situ technique employed for the visualization of genetically

marked cells within a chimaeric animal must be carefully chosen if an
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accurate qualitative and quantitative analysis of clonal origin is to be

attempted. Although very sensitive, radioactive techniques (Gall &

Pardue, 1969) generally have the drawbacks of high background

signalling, thus reducing the accuracy of quantitative analysis, and a

long delay between hybridization and development of the

autoradiographs (usually 2 weeks). In addition, pinpointing the actual

cells which carry the marker gene is often ambiguous because the

labo11ing on the autoradiograph lies above, and not within the cell

nucleus, although this is not true for low energy isotopes, eg. JH.

Finally, the use of isotopic techniques poses a health threat which

should be avoided if at all possible.

Non-isotopic techniques for DNA in situ hybridization include the

biotin/(strept-)avidin system (Hutchison et aL, 1982) and the fairly new

digoxigenin system (Kessler et aL, 1990). The biotin system has been

widely used, but is less sensitive than radioactive techniques and also

has the disadvantage of high non-specific background signalling

resulting from endogenous biotin which is present in very variable

concentration in all mammalian tissue. However, the digoxigenin system

suffers from none of the drawbacks of the other two systems and has all

the advantages: firstly, digoxigenin, being a plant steroid, does not

occur naturally in mammalian tissue and therefore does not present a

problem with background labelling. Secondly, the labelling of cells is

very discrete and totally confined within the nuclei of those cells

carrying the transgene, thus facilitating easy and accurate quantitation.

Thirdly, the technique is reported to be as sensitive as the radioactive

techniques (Kessler et aL, 1990), and finally, the results of in situ

analysis can be available within 24 hours. For all these reasons, the

digoxigenin system has been chosen as the in situ hybridization
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technique for a clonal analysis of chimaeric mouse ovaries.

DEFINITIONS:

be
A clone of cells may "one of two types, i) a 'coherent clone' may be

defined as group of cells derived from the same progenitor cell which

remain contiguous throughout division, and ii) a 'descendent clone', by

contrast, is a group of cells derived from the same progenitor which are

not contiguous, but have become separated by cell mixing.
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MATERIALS AINT 13 METHODS.

A.CHIMAERAS.

ANIMALS.

Mice were housed in a temperature- and light-controlled room with a

14L:10D photoperiod in accordance with the principles outlined in the

National Institutes of Health (NIH) guide for the care and use of

laboratory animals.

PRODUCTION OF EMBRYOS.

Five week old 2 Balb/c and Fi (C57BL/6 x CBA/Ca) mice were

superstimulated by intraperitoneal injection with 5 IU and 2 IU of PMSG

(Organon Laboratories, Surrey, UK), respectively 1. Superovulation

was induced 42 hours later by intraperitoneal injection of 5 IU hCG

(Chorulon; Intervet Laboratories, Cambridge, UK) and the mice were

then caged in pairs with one male for mating overnight.

Eight-cell embryos were produced from the matings of 2 Balb/c x a

Balb/c and 5 F, x <j transgenic mice homozygous for the B-globin

transgene 2. The homozygous transgenic mice were derived from Dr.

Cecilia Lo's original transgenic strain 83, and had a mixed genetic

background with contributions from inbred strains CBA, C57BL/6 and

SJL. The transgene comprised approximately 1000 tandemly repeated

copies of a mouse B-globin plasmid inserted near the telomere of

chromosome 3 (Lo, 1986).

1

Balb/c mice reguired more than twice the dose of PMSG than Fi mice to
produce approximately the same number of high guality embryos. Different
strains and hybrids can respond guite differently to a given dose.

2
Female transgenic mice were not used for this study because they yielded

low numbers of poor guality embryos in response to superstimulation with
PMSG. In addition, their tendency towards obesity rendered embryo
harvesting problematic.
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HARVESTING OF EMBRYOS.

Eight-cell embryos from the two sets of matings were harvested 72 hours

after hCG injection by removal of the entire female reproductive tract

into serum-free Leibovitz medium at 37°C (Gibco-BRL, Irvine, UK),

supplemented with 1 mmol 1_1 glutamine (Sigma, Dorset, UK). Fallopian

tubes and uteri were dissected away from the ovaries, and the utero¬

tubal junctions were then cut to release the embryos. Approximately 80%

of embryos <"ere recovered in this way. Most of the remaining embryos

were retrieved by flushing fallopian tubes with a 1ml syringe (Steriseal,

Worcester, UK) of Leibovitz medium attached to a 26G needle (Steriseal)

with the bevelled end sawn off. A small percentage of embryos were

recovered from the uteri after flushing with a 5ml syringe of Leibovitz

medium attached to a 25G needle (both Steriseal).

REMOVAL OF ZONA PELLUCIDA.

Healthy 8-cell embryos harvested from the two sets of matings were

washed in serum-free Leibovitz medium at 37°C and then pipetted into

warm acid Tyrode's medium (pH 2.5, 37°C) for zona pellucida removal

(Nicholson et al, 1975) (figure 1). Care was taken to ensure that each

embryo was removed from the acid Tyrode's medium just before the zona

pellucida dissolved completely in order to avoid damaging the morula.

Zona-free embryos were immediately washed in two changes of Leibovitz

medium, supplemented with 1 mmol F1 glutamine and 3% BSA fraction V

(Sigma, London, UK), to remove the acid Tyrode's. After a final wash in

a-Minimal Essential Medium (MEM) (Gibco-BRL, Irvine, UK),

supplemented with 2 mmol l"1 pyruvate, 2 mmol L1 glutamine, 10 pg/ml

human transferrin, 5 pg/ml bovine insulin, lOng/ml epidermal growth

factor (EGF) and 3 mg/ml BSA fraction V (all Sigma) at 37°C, embryos

were transferred to 20 pi droplets of the same medium under mineral oil
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Balb/c
mouse

Hemizygotic mouse
for B-globin transgene

Chimaeric offspring

Removal of chimaeric ovaries at 8 weeks of age

Removai of zona peiiucida

Aggregation

Chimaeric blastocyst

to host mother

DNA in situ hybridization

FIGURE 1. Diagram illustrating the method used to construct chimaeric

mice for a clonal analysis of ovaries by DNA in situ hybridization.
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(Sigma; density^ 0.84 g/ml) in the non-tissue culture-treated V-wells of

a microtitre plate (Bibby Sterilin, Staffordshire, UK).

CONSTRUCTION OF CHIMAERAS.

Two embryos, one Balb/c and one Fx/transgenic, were placed in each 20

pi droplet of medium and allowed to aggregate by rolling down the walls

of the V-well (figure 2). The resultant chimaeric morulae were then

incubated overnight at 37°C in a humidified atmosphere of 5% C02 in air

to facilitate blastocyst development (figure 3). A proportion of the

Balb/c and F3/transgenic embryos were cultured independently in the V-

wells of the microtitre plate to provide a number of 'helper embryos'

which would aid implantation of the chimaeras in the host mother when

latter numbers were small, and also to provide positive and negative

control animals for the in situ analysis.

EMBRYO TRANSFER.

Pseudopregnant $ C3H mice were used as hosts to the resultant chimaeric

and helper embryos. Multiparous mothers were paired with vasectomized

C3H males on the day following pairing of Balb/c and F, females, enabling

asynchronous embryo transfer. Chimaeric and helper embryos were

transferred to 200 pi droplets of Leibovitz medium at 37°C under mineral

oil. The host animals were then anaesthetized with tribromoethanol

(0.63g/kg body weight i.p.) and the uterine horns exposed by flank

incisions. Five chimaeras and five helper embryos were mixed and bi¬

laterally transferred by Dr. R.G. Gosden (Department of Physiology,

University of Edinburgh; Home Office licence PPL60/00538) into each
3

pseudopregnant C3H mouse, 5 per uterine horn, via a glass pipette. The

wounds were then closed with 7/0 suture (Ethicon, Edinburgh, UK) and

secured with 7.5mm Michel clips (LCS, Edinburgh, UK). After transfer,
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All embryos were transferred on day 2 after harvesting into host mothers
which had been mated with sterile males on the day of embryo harvesting.
Two hundred aggregations were made and 182 chimaeric embryos were
transferred. Twenty four offspring were born of which 18 were overtly
chimaeric (6? : 4 intersex : 6tf).
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FIGURE 3. Photographs (X 400) showing (A) the aggregation of one

Balb/c and one F,/transgenic embryo, (B) a compacted chimaeric

morula, (C) an early chimaeric blastocyst and (D) an expanded chimaeric

blastocyst prior to transfer.
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host mothers were caged individually and monitored daily for 21 days

until they gave birth. Chimaeric offspring were identified by their

brown and white patched coat colour (figure 4).
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FIGURE 4. Photograph of a typical chimaeric mouse coat.
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B. DNA IN SITU HYBRIDIZATION.

DIGOXIGENIN LABELLING OF DNA PROBES.

The mouse B-globin probe, pMfi62 (kindly provided by Dr. John Ansell,

Institute of Cell, Animal and Population Biology, University of

Edinburgh) was labelled with digoxigenin-dUTP by random primed

labelling using the DNA Labelling and Non-Radioactive Detection Kit

(1093657; Boehringer Mannheim, Lewes, UK). The plasmid was

linearised using Eco RI (Boehringer Mannheim) and 1 pg denatured in a

total volume of 10 pi TE buffer (lOmM Tris pH 8.0, ImM EDTA) in a

boiling water bath for 10 minutes. To this was added 2 pi lOx

hexanucleotide mixture and 2 pi of lOx dNTP labelling mixture from the

Boehringer kit, followed by 4 pi of sterile distilled water and 1 pi of

Klenow enzyme (2 U/ml) to make a final volume of 19 pi. After 6 hours

incubation at 37°C, 2 pi of Stop Buffer (0.2M EDTA pH 8.0) was added to

the mixture to terminate the reaction, and the labelled DNA was

precipitated with 2 pi 4M sodium acetate and 60 pi of cold ethanol (BDH

Laboratory Supplies, Poole, UK). The labelled DNA was left for 1 hour

at -70°C and then the precipitate was spun down and dried under a

vacuum. Stock concentrations of 20 pg/ml labelled DNA were prepared

by dissolving the dried pellet in 50 pi TE buffer. Stocks were stored at

-20°C until required.

DOT BLOT DETECTION OF LABELLED DNA PROBE.

The digoxigenin labelling efficiency of the cDNA probe was checked by

dot blot hybridization. Serial dilutions of the labelled DNA (0.5pg,

l.Opg, 1.5pg) were made using TE buffer (lOmM Tris pH 8.0, ImM

EDTA) and the three samples were spotted 1cm apart onto nitrocellulose

filter paper (Hybond-N; Amersham International, Aylesbury, UK) and
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baked in an oven at 80°C for 2 hours. Alkaline phosphatase

immunocytochemistry (see later) was used to detect the labelled DNA

(Boehringer Mannheim DNA labelling and detection kit) according to the

manufacturer's instructions. A blue spot indicated whether or not the

labelling reaction had been successful and the probe was not used unless

a clear signal was produced at 0.5pg (figure 5).

PREPARATION OF TISSUE.

At eight weeks of age, 6 female chimaeras, 3 Balb/c mice (negative

control) and 3 F,/transgenic mice (positive control) were anaesthetized

with tribromoethanol (0.63 g/kg body weight i.p.) and exsanguinated by

perfusion with heparinized saline (1000 U/litre) followed by 3:1 (v/v)

ethanol : acetic acid (both BDH) via cannulation of the aorta (Dr. R.G.

Gosden: Home Office Licence PPL60/00538). After 30 minutes, ovaries

were dissected out and transferred to fresh 4% paraformaldehyde for

fixation overnight. The following day the tissue was dehydrated through

a graded series of ethanol concentrations and then transferred from

absolute ethanol to toluene for clearing. The ovaries were subseguently

embedded in paraffin wax and sectioned on a microtome at 6 pm before

being transferred to glass slides (BDH) coated with 3-

aminopropyltriethoxysilane (TESPA; Sigma). After mounting, the slides

were incubated in an oven at 50°C for 2-3 days and then de-waxed in

xylene at 37°C for 30 minutes, followed by 10 minutes in xylene at room

temperature. The de-waxed sections were then transferred to 100%

ethanol for 2 minutes and hydrated through a graded series of ethanol

concentrations to PBS (phosphate buffered saline prepared from tablets;

Oxoid, BDH). Slides were then treated with 0.02M HC1 at room

temperature for 10 minutes to remove histones, and rinsed twice with

PBS before being immersed in 0.01% Triton-X (BDH) in PBS for 1.5
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1 5pg Positive
control

t.Opg

Neat probe 0.5pg
(0.8mg/ml)

FIGURE 5. Photograph of a dot blot after hybridization with the fi-globin

probe showing a clear positive signal at 0.5pg of DNA.
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minutes. Following two washes in PBS, slides were incubated in

4
0.4mg/ml Proteinase K (Boehringer) in TE buffer (50mM Tris/HCl pH

7.6, 5mM EDTA) for 5 minutes at 37°C. Digestion was stopped by rinsing

the slides in two changes of 0.2% glycine in PBS before treatment with

cold 20% acetic acid for 20 seconds to destroy endogenous alkaline

phosphatase activity. Slides were immediately washed in two changes of

PBS and then fixed in freshly-prepared 4% paraformaldehyde at room

temperature for 5 minutes. Finally, slides were rinsed twice in PBS,

dehydrated through a graded series of ethanol to 100% ethanol and left to

dry in preparation for the hybridization step.

IN SITU HYBRIDIZATION.

Hybridization was carried out using the digoxigenin-labelled pM862

probe at a concentration of 0.8pg/ml in 250pl hybridization buffer (50%

formamide, 2 x SSC, 5% dextran sulphate and 0.2% low fat skimmed milk).

Hybridization mixture was placed on hydrophobic coverslips (Gel Bond;

Amersham International) in 25pl aliquots (20ng DNA/slide) and picked

up onto the sample slides which were gently lowered over the top of the

coverslips. The coverslips were then sealed with nail varnish before

baking at 90°C for 10 minutes to denature the probe and sample DNA.

Finally, the slides were hybridized at 42°C overnight (20 hours).

POST-HYBRIDIZATION TREATMENTS AND VISUALIZATION.

The following day, coverslips were removed and the slides washed in 2 x

SSC for 10 minutes, 2 x SSC at 60°C for 20 minutes, 0.2 x SSC for 10

minutes and 0.2 x SSC at 42°C for 20 minutes. Slides were then rinsed

4
The optimum concentration of Proteinase K for 6 pm sections of ovary was

determined by assessing tissue morphology and labelling efficiency over a
range of 0.1-0.5 mg/ml of the enzyme.
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for 5 minutes in Buffer 1 (0.1M Tris pH 7.5, 0.15M NaCl) followed by 30

minutes in Blocking Buffer (Buffer 1 and 0.5% blocking reagent,

containing BSA, from the Boehringer kit) to block non-specific antibody

binding prior to detection of the hybridized probe using alkaline

phosphatase immunocytochemistry (Boehringer kit) (figure 6). Slides

were then washed in Buffer 1 for 5 minutes and incubated for 30 minutes

in a humid box with 1:5000 dilution of antibody (polyclonal sheep anti-

digoxigenin Fab fragments conjugated with AP; 75 U/pl). After

incubation, slides were rinsed in two changes of Buffer 1 for 20 minutes

each, followed by 60 minutes in Buffer 3 (0.1M Tris, 0.1M NaCl pH 9.5,

0.05M MgCl2). Finally, each slide was flooded with freshly prepared AP

development reagent [35pl of X-phosphate (BCIP; 5-bromo-5-chloro-3-

indoyl phosphate, toluidine salt) in dimethylformamide plus 45pi of 75

mg/ml nitroblue tetrazolium (NBT) in 70% dimethylformamide per lOmls of

buffer 3] and left overnight to ensure that the development reaction was

complete. The following day slides were placed in Stop Buffer (lOmM

Tris pH 8.0, ImM EDTA), rinsed in double distilled water and lightly

stained with haematoxylin and eosin before being mounted with glycerol

jelly (BDH).
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PURPLE-BLUE
PRECIPITATE
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B-globln gene

CELL NUCLEUS

FIGURE 6. Schematic diagram of the immunocytochemical technique used

to detect the digoxigenin-labelled B-globin probe.
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C.ANALYSIS OF CHIMAERIC AND CONTROL OVARIES.

GENETIC SEX DETERMINATION OF CHIMAERAS.

The Y chromosome-specific probe, pY353/B (kindly provided by Dr.

Colin Bishop, Institut Pasteur, Paris) was used by Margaret Keighren

(Department of Obstetrics and Gynaecology, University of Edinburgh)

to determine the genetic sex of the chimaeric offspring by in situ

hybridization (Keighren and West, 1992). One slide from each chimaeric

and control mouse was analyzed using the Y-probe, and each tissue

section examined for the presence of positive hybridization signals.

QUALITATIVE ANALYSIS.

Sections of ovaries from chimaeras were examined using a Leitz Diaplan

microscope (Wild Leitz, Milton Keynes, UK) to study the pattern of

clonal growth in follicles at all stages of development, as well as in the
5

corpus luteum, interstitial tissue and surface epithelium.

QUANTITATIVE ANALYSIS.

Oil immersion optics (X 1000) were used to determine the number of

labelled cells (hybridization signals) in the granulosa and theca layers of

50 preantral and 50 antral follicles from each 'balanced' chimaeric mouse

(as defined by coat colour; « 50:50, Balb/c : Fx/transgenic). Only those

follicles sectioned approximately equatorially, as indicated by the

germinal vesicle nucleus, were included in the analysis. The proportion

of labelled granulosa and theca cells in each preantral follicle was

calculated by counting the number of labelled cells in each follicle

5
Quantitative analysis of interstitial tissue involved measurements taken

from the cortex only, and avoided the vascularized medullary region which
would complicate the results.
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compartment and dividing this by the total number of cells. For antral

follicles, the proportion of labelled cells in 20 high power fields of view

(X 1000) per follicle was determined for the theca and granulosa layers:

10 from the mural granulosa layer and 10 from the antral granulosa layer

to study the clonal origin of these two granulosa sub-populations, and

similarly for theca interna and theca externa. Both preantral and antral

data were analyzed separately to investigate the possibility of

differential clonal growth between the two distinct phases of follicle

development. In addition, the number of labelled cells in 50 comparable

samples of interstitial tissue and surface epithelium was also determined

for each balanced chimaera (one sample for interstitial tissue was taken

in close proximity to each follicle sampled, and samples for surface

epithelium were taken at random). Positive and negative control ovaries

were scored in the same manner by determining the percentage of

labelled cells in 50 random samples per slide.

Chimaeric data were plotted as the proportion of samples for each cell

type which showed a labelling percentage between 0-100%. Chi-square

statistics were used to determine the clonal relationship between the

different cell types by comparing their frequency distributions. The

number of clones of cells giving rise to each tissue was then estimated

using binomial statistics to determine the variance between samples

(Nesbitt, 1971; Stone, 1984). If a particular tissue is derived from only

1 progenitor cell, then all the cells of that tissue will be either totally

labelled or unlabelled. On the other hand, if the tissue is derived from a

large number of progenitor cells then there is a high probability that the

tissue will contain equal proportions of both labelled and unlabelled cells

with a small variance. Intermediate situations between these two

extremes may be analyzed by using binomial statistics to estimate the
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variance in proportional labelling between follicles.

n = p(l - p)/o2

Where:

p = the mean proportion of labelled cells.

1-p = the mean proportion of unlabelled cells.

a2 = the sample variance,

n - the number of clonal precursors.
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RESULTS.

CHIMAERAS.

The aggregation and culture of chimaeric embryos in the V-wells of a

microtitre plate is a modification of the standard technigues for

making mouse chimaeras and overcomes the need to manually

aggregate the embryos. Manual aggregation takes a considerable

period of Hme, during which embryos are exposed to changes in

temperature and the possible damaging effects of sgueezing with

forceps or repeated pipetting. Allowing the embryos to roll together

by gravity down the walls of the V-wells resulted in a 100%

aggregation rate compared with 80% using forceps.

Paria and Dey (1990) have shown that embryos cultured together in

volumes of medium > 25pl have faster growth rates than embryos

grown individually in the same volume of medium. It has been

suggested that the stimulatory effect on growth is mediated by EGF

produced by the embryos during development, which accumulates in

the medium when several embryos are cultured together. By adding

EGF to the culture medium and using media volumes smaller than 25pl,

all the benefits of the V-well microtitre plate were exploited whilst

retaining a fast rate of embryo development and >80% success with

blastocyst formation.

Six female XX<—*XX chimaeras were produced from the embryo

transfers and selection between one or other of the component strains

was not apparent, as four of the six females were 'balanced' and the

remaining two were 'unbalanced' in both directions (table 1).
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TABLE 1. Table showing phenotype, genotype and % skin chimaerism

for 6 experimental mice.

Chimaera Phenotype
Chimaerism

% skin*
Y probe
analysis Genotype

1 Female 50:50 Negative XX:XX

2 Female 50:50 Negative XX:XX

3 Female 70:30 Negative XX:XX

4 Female 50:50 Negative XX: XX

5 Female 45:55 Negative XX: XX

6 Female 15:85 Negative XX: XX

* % contribution to coat from Balb/c and Fa/transgenic parents,
respectively.

ANALYSIS OF CONTROL SLIDES.

Positive and negative control slides were analyzed after in situ

hybridization to confirm that each experiment had achieved >99%

labelling efficiency, and that no detectable background labelling had

occurred. The overall mean percentage labelling for positive and
g

negative controls was 99.7 ±0.05 and 0%, respectively. Each cell in

the positive controls had a single label, which is to be expected from

diploid cells in hemizygous individuals.

MORPHOGENESIS OF OVARIAN FOLLICLES.

Chimaeras 1-6 (see table 1) were used to study the clonal patterning

in follicles at all stages of development.

Analysis of the preantral granulosa layer revealed that the

distribution of labelled and unlabelled cells was not random: labelled

The absence of background labelling was partly due to the efficiency of
the antibody blocking reagent from the Boehringer kit (trade secret
recipe), and also to the fact that digoxigenin is not endogenous to
mammalian tissue.
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cells were clustered together to form patches or clones which

stretched across the full width of the follicle wall (figure 7). For all

preantral follicles studied, the labelled cells formed columns from

basement membrane to oocyte, and there was no apparent lateral

growth, or branching, between patches within each follicle. This

latter observation was confirmed by tracing through serial sections

from 20 follicles chosen at random. During the later stages of antral

development, the same non-random pattern of labelling was seen

(figure 8A) and patches of cells formed long, thin, un-branched

columns from the basement membrane to the antral cavity (figure 8B).

There was therefore no detectable difference in the pattern of

labelling associated with the peripheral and central granulosa cells.

The spatial arrangement of patches within the cumulus region of large

antral follicles was also non-random, however, the patches were

rather more oval-shaped than columnar in this region (figure 9A).

For most follicles studied, a large patch of either labelled or

unlabelled cells was seen at the base of the cumulus stalk.

The pattern of labelled cells in the theca interna was typically non-

random, and the patches formed were found to be fairly large when

labelled cells were traced through serial sections of follicles. There

was evidence of extensive lateral coherent growth of these clones

around approximately one quarter of the follicle wall. Surface

epithelium, analyzed in a similar manner, also exhibited the same non-

random pattern of labelling. On the other hand, theca externa and

interstitial tissue appeared to have identical random patterns of

labelled and un-labelled cells when cells were followed through serial

sections, and there appeared to be no difference in the frequency of

labelling between these two layers (P>0.05). In contrast to the
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FIGURE 7. o=oocyte; g=granulosa.

Preantral follicle (X400) showing a non-random pattern of cell

labelling (I).
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FIGURE 8. o=oocyte; a= antrum; g=granulosa; ti=theca interna.

A. Mid-antral follicle (X 200) showing long columns of labelled cells

(|) stretching right across the granulosa layer.

B. Wall of mid-antral follicle above (X 400) showing the columns of

labelled cells (|) in more detail.
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FIGURE 9. coc=cumulus-oocyte complex; cl=corpus luteum.

A. Cumulus-oocyte complex from a large antral follicle (X 400)

showing a non-random labelling pattern of oval patches (|).

B. Corpus luteum (X 200) showing a random pattern of labelling in

contrast to the granulosa layer of developing follicles.
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granulosa layers, a more-or-less random pattern of labelling was also

observed in the corpus luteum (9B).

A striking difference was often noted in the freguency of labelling

between the layers of the granulosa and theca interna within the same

follicle (figure 10) and, indeed, between these two cell types and the

theca externa/interstitial cells (theca externa and interstitial cells are

now classified together because fV>ey show similar labelling

freguencies and clonal patterning). This discrepancy in labelling

frequency between all three cell types was observed in the majority of

follicles studied. In addition, the cells immediately surrounding the

early preantral follicles (putative theca interna) had a noticeably

different labelling frequency when compared to the interstitial tissue

beyond, and this difference was apparent throughout follicle

development.
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FIGURE 10. te/i=theca externa/interstitial tissue; ti=theca interna;

g=granulosa.

Mid-antral follicle (X200) illustrating the difference in the labelling

frequencies between granulosa, theca interna and theca externa/

interstitial cells.
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CLONAL HISTORY OF OVARIAN CELL TYPES.

The 'balanced' chimaeras (1,2,4 and 5; see table 1) were analyzed to

determine the clonal relationship between granulosa cells, theca

interna, theca externa/interstitial cells and surface epithelium, and to

estimate the number of progenitor cells giving rise to each cell type.

The frequency distributions and estimated number of progenitors for

granulosa cells from antral follicles (peripheral and central granulosa)

and for preantral granulosa are shown in figure 11. There was no

significant difference between the distributions for peripheral and

central granulosa cells (P>0.5), nor between the number of calculated

progenitor cells (P>0.5), indicating that these two sub-populations of

granulosa cells probably derive from the same precursor pool.

Frequency distributions for preantral granulosa and granulosa cells

from antral follicles (both peripheral and central) were not

significantly different (P>0.5), and once again, there was no

statistical difference between the number of progenitors (P>0.5). It is

therefore likely, that no differential clonal proliferation occurs

between the phases of preantral and antral follicle development, nor

that immigration of cells occurs across the basement membrane. A

similar relationship was found between the frequency distributions

(P>0.5) and number of progenitors (P>0.5) for theca interna and

putative theca interna (defined as cells adjacent to the basement

membrane of the follicle) from antral and preantral follicles,

respectively (figure 12).

The frequency distributions of percentage of labelled granulosa

(pooled data), theca interna (pooled data) and theca

externa/interstitial cells are illustrated in figure 13, together with a
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table showing the number of progenitor cells. The distributions and

numbers of progenitors for all three cell types were statistically

different (table 2A and B, respectively). It is therefore likely, that

these cell types are not closely related to one another clonally, and

probably arise from different, or only partially related, precursor

pools.

TABLE 2. Table showing the probability that:

A. Granulosa, theca interna and theca externa/interstitial cells are

clonally related.

B. These cell types have the same number of progenitor cells.

Cell type Theca interna
a b

Interstitial tissue

/ theca externa
a b

Granulosa P< 0.05 P< 0.001 P< 0.05 P< 0.001

Theca interna P< 0.001 P< 0.001

The freguency distributions and number of progenitors for surface

epithelium and granulosa are represented in figure 14. There was no

significant difference between the distributions for surface epithelium

and granulosa cells (P>0.5), however, the number of calculated

precursors for the two cells types was significantly different

(PcO.OOl). This finding suggests that these two cell types may have

progenitor cells in common. Comparisons between the freguency

distributions for surface epithelium and theca interna, and surface

epithelium and theca externa/interstitial tissue indicated that these

cell types were probably not clonally related to one another (P<0.05

and P<0.05, respectively).
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DISCUSSION .

Experimental chimaeras and the technique of in situ hybridization

have been used to investigate the clonal patterns of ovarian

morphogenesis for the first time. The absence of detectable

background hybridization signal in the negative control slides, and

the >99% labelling efficiency in the positive control slides indicates

that both the qualitative and quantitative data produced from the

chimaeric ovaries are reliable, and can confidently be used to study

clonal patterning and determine clonal relationships between ovarian

cells. With very few exceptions, granulosa cells expressed either 1 or

no hybridization spots, implying that the granulosa cells of mouse

follicles are diploid. Telfer (1987) concluded on the basis of Feulgen-

DNA microdensitometry that polyploidy was rare, and Keighren &

West (1992) have recently reported a 5% occurrence of polyploidy in

the granulosa cells of small follicles in the mouse, which gradually

falls as the follicles mature.

Analysis of the chimaeric ovaries has suggested that very little cell

mixing goes on during the morphogenesis of ovarian follicles,

throughout both the preantral and antral stages of development. The

presence of long, thin, unbranched columns of labelled cells

stretching from the basement membrane to the oocyte or antral cavity

of preantral and antral follicles, respectively, appears to be the

characteristic non-random coherent clonal pattern which emerges

during morphogenesis of the membrana granulosa. Restricted lateral

movement of cells between these columns tends to imply that the

follicle is constructed in a segmental pattern, rather like an orange,

in contrast to concentric rings of clones, like an onion. This
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segmental pattern has implications regarding the clonal origin of the

peripheral and central granulosa cells: the similarity in the clonal

pattern between the two regions of the follicle wall points towards a

common clonal origin for these two granulosa sub-populations. This

observation is supported by the absence of any significant difference

between the frequency distributions for percentage of labelled cells in

the peripheral and central granulosa layers. With these points in

mind, it is likely that the morphological, biochemical (Zoller & Weisz,

1978, 1979; Zoller & Enelow, 1983) and antigenic (Erickson et al,

1985) differences between the two granulosa sub-populations are

affected by positional cues within the follicle, and are not due to a

disparity in cell lineage. Telfer et al.(1988) came to the same

conclusion using PGK alloenzymes to quantitatively analyze mouse

granulosa cell heterogeneity in X-inactivation mosaics.

If positional cues decide the fate of the granulosa cells within the

follicle, then how is that information conveyed? Gradients of

morphogens from a thecal or interstitial source, from the oocyte, or

from both oocyte and theca/interstitial tissue in opposite directions

may instruct the granulosa cells on how to differentiate. Other types

of gradients may exist across the follicle wall, for example, hydrogen

ion and oxygen gradients (Gosden & Byatt-Smith, 1986) have been

postulated to play a role in cellular differentiation (for review see

Allen & Balin, 1989). Alternatively, granulosa cells are known to

communicate with one another and the oocyte via a network of gap

junctions in antral follicles (Albertini & Anderson, 1974; Anderson &

Albertini, 1976; Gilula et aL, 1978), and low molecular weight

signalling molecules, such as cAMP, may carry differentiation

instructions to the cells within this syncytium. Finally, substrate
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adherence may alter the differentiated state of a cell, for example,

cells finding themselves next to the basement membrane of the follicle

may be induced to spread out and attach, while cells surrounded by

other 'like' cells remain rounded. This adhesion of cells to the

basement membrane could be induced by the presence of collagen,

which is known to play an essential role during the development of

most tissues and organs. Although this theory has not been

investigated, it is interesting to sp°^ulate that spreading of cells on

the basement membrane could partly explain why clones appear to

form long, thin columns across the membrana granulosa, rather than

cones of cells as one might expect. Cell spreading should reduce the

number of cells around the periphery of the follicle, thus narrowing

the base of each clone. In addition, there is evidence to show that two

populations of granulosa cells exist in follicles at the antral stages of

growth, which differ significantly in size (Rao et al., 1991). Although

the distribution of these two different subpopulations has not been

studied throughout follicle development, there is evidence that large

granulosa cells (12-18 pm diameter) in preovulatory primate follicles

are found in the mural region of the membrana granulosa, while the

smaller cells (8-12 pm) are found in the central region (Rauscher,

1965). If cells in the more peripheral mural region of the mouse follicle

are generally larger than cells in the central region, then this will

also give the appearance of a narrow clonal base. Finally, the

formation of columns is consistent with the suggestion that the

membrana granulosa is at least partly pseudostratified in some species

(Lipner & Cross, 1968).

Clonal patterning in the cumulus cells surrounding the oocyte also

appears to be non-random and coherent, however the clones are more
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rounded than those in the wall of the follicle, suggesting that the

restriction on lateral movement of cells has relaxed. This rounding-

out of clonal shape may be explained by a decrease in cellular

compaction of the cumulus relative to the membrana granulosa which

may result from the production of glycosaminoglycans.

At the base of the cumulus stalk, a large patch, or coherent clone of

either labelled or unlabelled cells was frequently seen, which starkly

contrasted the long, thin columns found in the rest of the membrana

granulosa. This observation tends to suggest that there is a rapid

proliferation of cells in this region or that cell division continues after

mitotic arrest elsewhere in the follicle wall. Evidence for the latter

hypothesis is provided from a study by Gosden et al.(1983) who

showed that the pattern of cell proliferation ([3H]thymidine

incorporation) in the Graafian follicle was characteristically high in

the cumulus region and at the base of the cumulus stalk, but

practically non-existent in the more peripheral areas of the follicle

wall.

In contrast to the non-random pattern of labelling in the developing

follicle, the corpus luteum exhibited an apparently random pattern of

descendent clonal growth which is consistent with other evidence of

corpus luteum development (Corner, 1919; Alila & Hansel, 1984). The

post-ovulatory folding of the membrana granulosa, breakdown of the

follicular basement membrane and invasion of the granulosa layer by

theca cells and blood vessels would lead one to expect a great deal of

cell mixing during morphogenesis of the corpus luteum.

Clonal patterning in the theca interna was characteristically non-
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random, with labelled cells forming long, unbranched patches around

the basement membrane. Therefore, in contrast to the membrana

granulosa, these patches showed a great deal of lateral clonal growth,

illustrating how the theca cells proliferate to encompass the entire

follicle and expand with increasing follicle size. On the other hand,

clonal patterning in the interstitial tissue and theca externa was

random, displaying highly branched patches of interconnecting cells.

Finally, clusters of labelled and unlabelled cells were identified in the

germinal epithelium which did not show evidence of branching when

followed through serial sections, suggesting that clonal growth is

coherent and non-random.

With any studies involving the use of chimaeras, consideration should

be given to the possibility that differential cell adhesion between the

two component cell types (i.e. 'like' to 'like') could limit cell mixing,

and thus give the appearance of a larger clone or patch size than

would exist normally. Although this theory has not been proved

conclusively in vivo, it is well established that disaggregated cells in

culture will exhibit organ-specific differential adhesion. Despite the

possibility of this phenomenon occurring between the two component

cell types making up these chimaeras, the basic pattern and direction

of clonal growth described for the ovary should still hold.

Studies involving a comparison of labelling frequency between the

different cell types making up the ovary revealed some interesting

observations. Qualitatively the frequency of labelling associated with

the granulosa cells was always in marked contrast to the frequency of

labelling in the theca interna layer of the same follicle for practically

every chimaeric follicle studied. This finding was supported by the
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quantitative data which showed a large significant difference between

the frequency distributions of percentage labelled cells for these two

cell types. Based on these findings, it is proposed that granulosa

cells and theca interna cells arise from separate lineages. The same

conclusion was reached for granulosa cells and theca

externa/interstitial cells on the basis of both the qualitative

observations and the quantitative data, and also for the latter cell

types and surface epithelium. Theca intern^ also appears to descend

from a separate lineage than surface epithelium because of the large

significant difference between the frequency distributions of

percentage of labelled cells. However, there is some evidence to

suggest that granulosa cells and surface epithelium are clonally

related: there was no significant difference between the frequency

distribution of percentage of labelled cells between these two cell

types. The suggestion of a common, or related clonal origin for

granulosa and surface epithelium is supported by the observation that

these two cell types arise, at least in part, from the coelomic

epithelium during embryogenesis (Makabe & Motta, 1989; Wartenberg,

1989).

One of the most unexpected findings of this study was the significant

difference in the labelling frequency between theca interna and theca

externa/interstitial tissue. Although no differences in the labelling

frequency could be detected between theca externa and interstitial

cells, a large significant difference was found between the frequency

distributions of percentage labelled cells for theca interna and theca

externa/interstitial tissue. It has been postulated by a number of

workers (Hisaw, 1947; Dubreuil, 1948; Quattropani, 1973; Byskov,

1980; Guraya, 1985; Erickson et at, 1985), based on morphological
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evidence alone, that theca cells are induced to differentiate from

surrounding interstitial cells by some factor emanating from the

granulosa cells of antral follicles. Although this may be the case for

theca externa cells, the findings from this study suggest that theca

interna cells may not be derived randomly from the pool of interstitial

cells, and therefore, that theca interna and theca externa may have

distinctive lineages. Patek et al.(1991) have argued that the two

functionally distinct populations of theca cells probably arise from a

common lineage on the basis of findings from the analysis of intersex

mouse ovaries which showed that egual numbers of XY cells were

present in cells of the theca externa and interna. However,

conclusions drawn from these data did not have to take into account

the influence of selection for XX cells in the two theca compartments

and the interstitial tissue, nor was the accuracy of the cell counts

discussed in the light of the high background signalling which

resulted from the radioactive in situ hybridization technique.

There is indirect evidence indicating that theca interna and

interstitial tissue have distinctive origins and that the former may be

associated with the follicle from early stages of development. Firstly,

the frequency of cell labelling around the outside of follicles at all

stages of preantral growth was in sharp contrast to the surrounding

stroma, and, secondly, the frequency distribution for these labelled

cells was not significantly different from the frequency distribution of

percentage labelled cells for antral theca interna. The presence of

early preantral theca cells has been proposed on the basis of separate

studies by Hirshfield (1991) who showed that a layer of

[3H]thymidine-labelled cells was present just outside the basement

membrane of unilaminar rat follicles, which could be distinguished
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from the relatively unlabelled cells of the surrounding stroma. The

finding that the frequency distributions of percentage of labelled

cells for putative theca interna and antral theca interna are not

significantly different confirms that the highly labelled cells around

the preantral follicles in Hirshfield's study were not simply

fibroblasts or other connective tissue cells that were proliferating in

the vicinity of these follicles. Both Hirshfield's work, and the results

from this study contradict the theory that theca cells are absent

during preantral follicle development (Dubreuil, 1948), and suggest

that these cells only become morphologically apparent when

differentiation is induced at the antral stage.

If theca cells are present from the earliest stages of follicle growth,

what role, if any, do they have in follicle development? A number of

studies have reported that theca cells produce growth factors, such

as epidermal growth factor (EGF) (Skinner et al., 1987), transforming

growth factor-B (TGFfi) (Bendall & Dorrington, 1988) and

transforming growth factor-a (TGFa) (Skinner & Coffey, 1988) which

can act as paracrine factors regulating granulosa cell growth and

differentiation. Although these growth factors were derived from the

theca of mature follicles, it is not inconceivable that the un¬

differentiated theca of preantral follicles may also regulate granulosa

cell growth and maturation of small follicles in the same manner. The

failure of preantral follicles denuded of theca to grow in the V-well

culture system (see chapter 6) provides evidence to support the

existence of theca-granulosa cell interaction at this stage of

development.

The presence of both positive and negative hybridization signals
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within all the different cellular compartments of the ovary indicates

that granulosa, theca interna, theca externa/interstitial cells and

surface epithelium have oligoclonal origins, and confirms earlier work

on the clonal origin of granulosa cells (Telfer et al., 1988; Patek et al.,

1991) and theca cells (Patek et al„ 1991). These findings are further

supported by the estimation of progenitor cell number using binomial

statistics (Nesbitt, 1971 ; Stone, 1984), which has indicated, at

minimum, a biclonal origin for theca interna and surface epithelium

and an oligoclonal origin for granulosa (~ 5 progenitors) and theca

externa/interstitial cells (« 8 progenitors). Calculation of the

progenitor cell number for each ovarian cell type should not be

considered numerically exact because there are several factors which

can influence the accuracy of binomial analyses of variance within

chimaeric tissues (McLaren, 1976; West, 1978a & b). Chimaeras are

made up of two genetically different cells types which may vary

considerably in their rates of proliferation or cell death, thus allowing

the selection of one component cell type over another. If this occurs,

the true representation of each component type within the tissue

cannot be reliably determined, and the binomial calculation will tend

to underestimate progenitor cell number. Differential cell selection

could also be used to criticize the statistical comparisons made

between the frequency distributions of percentage labelling for the

different ovarian cell types, although it may be argued that this

problem is less likely to affect studies on clonal relationships because

each cell type within the ovary is probably biased for the same

component of the chimaera. However, this assumption does not take

account of the possibility that rapidly proliferating cells, such as

granulosa, may show the effects of cell selection more acutely than

interstitial cells which have a low proliferation rate. If this is the
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case, then it would not be possible to conclude that the significant

difference between the frequency distributions of percentage of

labelled cells for the two cell types was due to a difference in clonal

origins. Evidence to contradict this latter point as a complicating

factor in the clonal analysis of chimaeric mouse ovaries comes from the

finding that there was no differential clonal growth between the

rapidly proliferating granulosa cells of preantral and antral follicles,

and the pattern of clonal proliferation was also consistent between

these two developmental stages. If a temporal shift in the balance of

the two components of the chimaera is not seen in the rapidly

proliferating granulosa cells studied in this investigation, then it is

likely that the other more slowly growing cell types of the ovary will

also be unaffected.

Despite the problems with predicting progenitor cell number for

chimaeric tissues, it is interesting that the number of progenitors

estimated for granulosa cells in this study was in perfect agreement

with the estimate made by Telfer et al. (1988) from a study analyzing

variation in alloenzyme phenotype in X-inactivation mosaics. The

parity of the results suggests that the use of 'balanced' chimaeras

tends to minimize the differences between these two experimental

animal models, and leads to greater confidence that the results of this

chimaeric study are in accordance with the clonal histories of ovarian

cells in the normal mouse population.

In summary, this study has shown that follicles are constructed by

the non-random, radial proliferation of granulosa cell clones which

form long, thin, unbranched columns across the follicle wall. This

clonal pattern is in contrast to the extensive lateral coherent clonal
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growth exhibited by theca interna which encompasses the follicle. It

is suggested that granulosa cells and surface epithelium are closely

related by clonal origin and that theca externa is very probably

derived from interstitial tissue. A common clonal origin for theca

interna and theca externa/interstitial tissue has been contradicted by

this study, and it is suggested that the former cell type may well

exist in an undifferentiated state from the earliest stages of follicle

development. Finally, it is concluded that all the ovarian cell types

studied are oligoclonal in origin.

In conclusion, further chimaeric studies during embryogenesis and

early neonatal life will be necessary in order to determine the origin

of these different ovarian cell types and the time of lineage

divergence.

-232-



APPENDIX I.

-233-



PUBLISHED ABSTRACTS .

Boland, N.I. (1992). Aspects of follicular growth and maturation in vivo
and in vitro. Wellcome Trust Prize Studentship abstract book, p 48. Oral
presentation at the Wellcome Trust Prize Studentship meeting, London
Metropole Hotel, July 1992.

Boland, N.I. & Gosden, R.G. (1992). A clonal analysis of chimaeric
mouse ovaries using DNA in situ hybridization. J. Reproduction and
Fertility Abstract Series No. 9, p 33. Oral presentation at the summer
meeting of the Society for the Study of Fertility, Glasgow University,
July 1992.

Boland, N.I., Humpherson, P.G., Leese, H.J. and Gosden, R.G.
(1991). Carbohydrate metabolism by mouse ovarian follicles. J.
Reproduction and Fertility Abstract Series No.8, p 8. Oral presentation
at the winter meeting of the Society for the study of Fertility, Institut
Hormonologie, Paris, November 1991.

Boland, N.I., Spears, N.R., Murray, A.A. and Gosden, R.G. (1992).
Investigations of the developmental biology of preantral and antral
murine ovarian follicles during continuous culture in vitro. IXth
Workshop on Development and Function of the Reproductive Organs.
Abstract book, p 42. Poster presentation at the Ares Serono Symposium,
Peebles Hydro, Peebles, May 1992.

Gosden, R.G. & Boland, N.I. (1989).In vitro fertilization in the mouse.

Teaching video presented at a joint meeting of the British Fertility
Society and the Society for the Study of Fertility, Warwick University,
November 1989. Listed by the British Universities Film and Video
Council.

Spears, N.R., Boland, N.I., Murray, A.A. and Gosden, R.G. (19911,
Thecal colonization of mouse ovarian follicles. J. Reproduction and
Fertility Abstract Series No.7, p 55. Poster presentation at the summer
meeting of the Society for the Study of Fertility, Cambridge University,
May 1991.

SUBMITTED /PUBLISHED PAPHI S .

Boland, N.I. & Gosden, R.G. (1992). A clonal analysis of chimaeric
mouse ovaries. Submitted to Development, Sept. 1992.

Boland, N.I., Humpherson, P.G., Leese, H.J. & Gosden, R.G. (1992).
The pattern of carbohydrate metabolism and steroidogenesis during
growth and maturation of mouse ovarian follicles in vitro. Accepted by

-234-



Biology of Reproduction, Sept. 1992.

Gosden, R.G. & Boland, N.I. (1992).Extracorporeal development of
immature ovarian follicles. Invited paper: 25th study group of Royal
College of Obstetricians and Gynaecologists. In: Infertility. Eds. J.O.
Drife and A. A. Templeton. Springer-Verlag, London. In press.

Gosden, R.G. & Boland, N.I. (1989).In vitro fertilization in the mouse.

Teaching video listed by the British Universities Film and Video
Council.

-235



REFERENCES.

-236-



Ackland, J.F., Schwartz, N.B., Mayo, K.E. & Dodson, R.E. (1992).
Nonsteroidal signals originating in the gonads. Physiol. Rev. 72, 731-
787.

Adashi, E.Y., Resnik, C.E., Hernandez, E.R., Svboda, M.E. & Van
Wyk, J.J. (1989). Potential relevance of insulin-like growth factor I to
ovarian physiology: From basic science to clinical application. Semin.
Reprod. Endrocrinol. 7, 94-99.

Ahren, K. & Kostyo, J.L. (1963).Acute effects of pituitary
gonadrt^ophins on the metabolism of isolated rat ovaries. Endocrinology
73, 81-91.

Albertini, D.F. & Anderson, E. (1974).The appearance and structure of
the intercellular connections during the ontogeny of the rabbit ovarian
follicle with special reference to gap junctions. J. Cell Biology 63, 234-
250.

Alila, H.W. & Hansel, W. (1984).Origin of different cell types in the
bovine corpus luteum as characterized by specific monoclonal antibodies.
Biol. Reprod. 31, 1015-1025.

Allen, R.G. & Balin, A.K. (1989).Oxidative influence on development
and differentiation: an overview of a free radical theory of development.
Free Radical Biology & Medicine 6, 631-661.

Allen, W.R., Nilsen-Hamilton, M. & Hamilton, R.T. (1981).Insulin and
growth factors stimulate rapid posttranslational changes in glucose
transport in ovarian granulosa cells. J. Cell. Physiol. 108, 15-24.

Alvarez-Buylla, A. & Merchant-Larios, H. (1986). Mouse primordial germ
cells use fibronectin as a substrate for migration. Exp. Cell Res. 165,
362-368.

Anderson, E. & Albertini, D.F. (1976). Gap junctions between the oocyte
and companion follicle cells in the mammalian ovary. J. Cell Biol. 71, 680-
686.

Ansell, J.D. & Micklem, S. (1986).Genetic markers for following cell
populations. In: Handbook of Experimental Immunology, 4th edn, vol. 2,
ch. 56. Eds D.M. Weir, L.A. Herzenberg & C.C. Blackwell. Blackwell,
Oxford.

Armstrong, D.T. (1963).Stimulation of glycolytic activity of rat corpus
luteum tissue by luteinizing hormone. Endocrinology 72, 908-913.

-237-



Armstrong, D.T. (1968). Gonadotrophins, ovarian metabolism and steroid
biosynthesis. Recent Prog. Horm. Res. 24, 255-319.

Armstrong, D.T. & Dorrington, J.H. (1979). Oestrogen biosynthesis in
the ovaries and testes. In: Regulatory Mechanisms Affecting Gonadal
Hormone Action, vol. 2, pp. 217-258. Eds J.A. Thomas & R.A. Singhal.
University Park Press, Baltimore.

Armstrong, D.T. & Greep, R.O. (1962).Effect of gonadotrophic
hormones on glucose metabolism by luteinized rat ovaries. Endocrinology
70, 701-710. ~

Armstrong, D.T., Siuda, A., Opavsky, M.A. & Chandrasekhara, Y.
(1989). Bimodal effects of luteinizing hormone and role of androgens in
modifying superovulatory responses of rats to infusion with purified
folhcle-stimulating hormone. Biol. Reprod. 40, 54-62.

Atkinson, D.E. (1968).The energy charge of the adenylate as a
regulatory parameter: Interaction with feedback modifiers. Biochemistry
7, 4030-4034.

Atkinson, D.E. (1977).Cellular Energy metabolism and Its Regulation.
Academic Press, New York.

Ax, R.L. & Ryan, K.J. (1979).FSH stimulation of 3H-glycosaminic
incorporation into proteoglycans by porcine granulosa cells in vitro. J.
Clin. Endocrinol. Metab. 49, 646.

Bachvarova, R. & de Leon, V. (1980).Polyadenylated RNA of mouse ova
and loss of maternal RNA in early development. Dev. Biol. 74, 1-8.

Bachvarova, R., Burns, J.P., Spiegelman, I., Choy, J. & Chaganti,
R.S.K. (1982).Morphology and transcriptional activity of mouse oocyte
chromosomes. Chromosoma 86, 181-196.

h
Bacvarova, R. (1985). Gene expression during oogenesis and oocyte
development in mammals. In: Developmental Biology - A Comprehensive
Synthesis, Vol. 1 Oogenesis, pp. 453-524. Ed. L.W. Browder. Plenum
Press, New York.

Bae, I. & Foote, R.H. (1975).Carbohydrate and amino acid requirements
and ammonia production of rabbit follicular oocytes matured in vitro.
Exp. Cell Res. 91, 113-118.

Baird, D.T., Baker, T.G., McNatty, K.P. & Neal, P. (1975).
Relationship between the secretion of the corpus luteum and the length

-238-



of the follicular phase of the ovarian cycle. J. Reprod. Fert. 45, 611-
619.

Baker, T.G. (1970).Electron microscopy of the primary and secondary
oocyte. Adv. Biosci. 6, 7-12.

Baker, T.G. (1973). Gametogenesis. Symposium on the use of non-human
primates in research on problems of human reproduction (WHO, Sukhumi
USSR). Acta Endocr. Suppl. 166, 18-45.

Baker, T.G. (1982).Germ cells and fertilization. In: Oogenesis and
Ovulation, pp 17-45. Eds C.R. Austin & R.V. Short. Cambridge
University Press, Cambridge.

Baker, T.G. & Neal, P. (1973).Initiation and control of meiosis and
follicular growth in the ovaries of the mouse. Ann. Biol. Anim. Biochem.
Biophys. 13, 137-144.

Baker, T.G. & Neal, P. (1974). Organ culture of cortical fragments and
Graafian follicles from human ovaries. J. Anat. 117, 361-371.

Baker, T.G. & Scrimgeour, J.B. (1980). Development of the gonad in
normal and anencephalic human fetuses. J. Reprod. Fert. 60, 193-199.

Baker, T.G., Hunter, R.H.F. & Neal, P. (1975).Studies on the
maintenance of porcine Graafian follicles in organ culture. Experientia
31, 133-5.

Balfour, F.M. (1878).On the structure and development of the
vertebrate ovary. Q. J. Micr. Sci. XVIII, 383-445.

Barbieri, R.L., Makris, A., Ryan, K.J. (1983).Insulin stimulates
androgen accumulation in incubations of human ovarian stroma and
theca. Obstet. Gynaecol (suppl) 64, 73S-80S.

Bauminger, S. & Lindner, H.R. (1975).Periovulatory changes in ovarian
prostaglandin formation and their hormonal control in the rat.
Prostaglandins 9, 737-751.

Beatty, R.A. (1970).Genetic basis for the determination of sex. Philos.
Trans. R. Soc. Lond. (Biol). 259, 3-13.

Bell, G.I., Kayano, T., Buse, J.B., Burant, C.F., Takeda, J., Lin,
D., Fukumoto, H. & Seino, S. (1990).Molecular biology of mammalian
glucose transporters. Diabetes Care 13, 198-208.

-239-



Bendell, J.J. & Dorrington, J. (1988). Rat thecal/interstitial cells secrete
a TGFfi-like factor that promotes growth and differentiation in rat
granulosa cells. Endocrinology 123, 941-948.

Biggers, J.D., Whittingham, D.G. & Donahue, R.P. (1967).The pattern
of energy metabolism in the mouse oocyte and zygote. Proc. Natl. Acad.
Sci. USA 58, 560-567.

Billig, H., Hedin, L. & Magnusson, C. (1983). Gonadotrophins stimulate
lactate production by rat cumulus and granulosa cells. Acta
Endocrinologica 103, 562-566.

Billig, H., Rosberg, S., Johanson, C. & Ahren, K. (1989). Adenosine as
substrate and receptor agonist in the ovary. Steroids 54, 523-542.

Birnbaumer, L. & Kirchik, H.J. (1983).Regulation of gonadotrophic
action: the molecular mechanisms of gonadotrophin-induced activation of
ovarian adenylyl cyclases. In: Factors Regulating Ovulation, pp. 287-
310. Eds G.S. Greenwald & P.F. Terranova. Raven Press, New york.

Bjersing, L. (1967). On the morphology and endocrine function of
granulosa cells in ovarian follicles and corpora lutea. Biochemical,
histochemical, and ultrastructural studies on the porcine ovary with
special reference to steroid hormone synthesis. Acta Endocrinol.
Copenh., Suppl. 125.

Bjersing, L. (1977).Ovarian histochemistry. In: The Ovary, pp. 303-
391. Eds S. Zuckerman & B.J. Weir. Academic Press, London New York.

Bjersing, L. (1978).In: The Vertebrate Ovary, pp. 181-284. Ed. R.E.
Jones. Plenum Press, New York.

Bleil, J.D. & Wassarman, P.M. (1980).Synthesis of zona pellucida
proteins by denuded and follicle-enclosed mouse oocytes during culture
in vitro. Proc. Natl. Acad. Sci. USA 77, 1029-1033.

Bleil, J.D., Beall, C.F. & Wassarman, P.M. (1981).Mammalian sperm-egg
interaction: fertilization of mouse eggs triggers modification of the major
zona pellucida glycoprotein, ZP2. Dev. Biol. 86, 189-197.

Borum, K. (1961).Oogenesis in the mouse. A study of meiotic prophase.
Exp. Cell Res. 24, 495-507.

Brem, G., Tenhumberg, H. & Krausslich, H. (1984).Chimaerism in cattle
through microsurgical aggregation of morulae. Theriogenology 22, 609-

-240-



613.

Brinster, R.L. (1968).Lactate dehydrogenase activity in the oocytes of
mammals. J. Reprod. Fert. 17, 139-146.

Brinster, R.L. (1971). Oxidation of pyruvate and glucose by oocytes of
the mouse and rhesus monkey. J. Reprod. Fert. 24, 187-191.

Brinster, R.L. (1974).The effects of cells transferred into the mouse
blastocyst on subsequent development. J. Exp. Med. 140, 1049.

Brinster, R.L. & Thomson, J.L. (1966). Development of eight-cell mouse
embryos in vitro. Exp. Cell Res. 42, 308-315.

Brison, D.R. & Leese, H.J. (1991).Energy metabolism in late
preimplantation rat embryos. J. Reprod. Fert. 93, 245-251.

Brower, P.T.& Schultz, R.M. (1982).Intercellular communication
between granulosa cells and mouse oocytes: existence and possible
nutritional roles during oocyte growth. Dev. Biol. 90, 144-153.

Brown, J.B. (1978).Pituitary control of ovarian function - concepts
derived from gonadotrophin therapy. Aust. NZ. J. Obstet. Gynaecol.
18, 47-54.

Burant, C.F., Sivitz, W.I., Fukumoto, H., Kayano, T., Nagamatsu,
S., Seino, S., Pessin, J.E. & Bell, G.I. (1991). Mammalian glucose
transporters: Structure and molecular regulation. Recent Prog. Horm.
Res. 47, 349-387.

Burger, H.G., DeKretser, D.M., Findlay, J.K. & Igarashi, M. (eds)
(1987). Inhibin - Non-steroidal Regulation of Follicle-Stimulatinq Hormone
Secretion, Serono Symposia, Vol. 42. Raven Press, New York.

Burgoyne, P.S. & Ducibella, T. (1977). Changes in the properties of the
developing trophoblast of preimplantation mouse embryos as revealed by
aggregation studies. J. Embryol. Exp. Morph. 40, 143-157.

Byskov, A.G. (1974).Does the rete ovarii act as a trigger for the onset
of meiosis? Nature 252, 396-397.

Byskov, A.G. (1975).The role of the rete ovarii in meiosis and follicle
formation in the cat, mink and ferret. J. Reprod. Fert. 45, 210-219.

-241-



Byskov, A.G. (1978).The anatomy and ultrastructure of the rete system
in the fetal mouse ovary. Biol. Reprod. 19, 720-735.

Byskov, A.G. (1980).Sexual differentiation of the mammalian ovary. In:
Biology of the Ovary, pp. 3-15. Eds P.M. Motta & E.S.E Hafez. Martinus
Nijhoff, The Hague.

Byskov, A.G. (1986). Differentiation of mammalian embryonic gonad.
Physiol. Rev. 66, 71-177.

Byskov, A.G. & Hoyer, P.E. (1988).Embryology of the mammalian
gonads and ducts. In: The Physiology of Reproduction, pp. 265-302.
Eds E. Knobil, J. Neill, L. Ewing, L. Markert, G.S. Greenwald & D.
Pfaff. Raven Press, New York.

Byskov, A.G. & Saxen, L. (1976).Induction of meiosis in foetal mouse
testis in vitro. Dev. Biol. 52, 193-200.

Byskov, A.G., Skakkebek, N.E., Stafanger, G. & Peters, H. (1977).
Influence of ovarian surface epithelium and rete ovarii on follicle
formation. J. Anat. 123, 77-86.

Call, E.L. & Exner, S. (1975). Zur Kenntniss des Graafschen follikels
und des corpus luteum beim kaninchen. Sitzungsb. Akad. Wiss. Wein.
71, 321-328.

Canipari, R. & Strickland, S. (1985).Plasminogen activator in the rat
ovary. Production and gonadotrophs regulation of the enzyme in
granulosa and theca cells. J. Biol. Chem. 260, 5121-5125.

Canipari, R., Palombi, F., Riminucci, M. & Mangia, F. (1984).Early
programming of maturation competence in mouse oogenesis. Dev. Bio.
102, 519-524.

Cara, J.F. & Rosenfield, R.L. (1988).Insulin-like growth factor I and
insulin potentiate luteinizing hormone-induced androgen biosynthesis by
rat ovarian theca-interstitial cells. Endocrinology 123, 733-739.

Carroll, J., Whittingham, D.G. & Wood, M.J. (1991a).Effect of dibutryl
cyclic adenosine monophosphate on granulosa cell proliferation, oocyte
growth and meiotic maturation in isolated mouse primary ovarian follicles
cultured in collagen gels. J. Reprod. Fert. 92, 197-207.

Carroll, J., Whittingham, D.G. & Wood, M.J. (1991b).Effect of
gonadotrophs environment on growth and development of isolated mouse
primary ovarian follicles. J. Reprod. Fert. 93, 71-79.

-242-



Carruthers, A. (1990) Facilitated diffusion of glucose. Physiol. Rev. 70,
1135-1178.

Cattanach, B.M. & Papworth, D. (1981).Controlling elements in the
mouse. V. Linkage tests with X-linked genes. Genet. Res. 38, 57-70.

Challoner, S. (1975). Studies of oogenesis and follicular development in
the golden hamster. 2. Initiation and control of meiosis in vitro. J. Anat.
119, 149-156.

Channing, C.P. 6 w,-1lee, C.A. (1966).Luteinizing hormone: effects on
uptake and metabolism of hexoses by luteinized rat ovaries. Biochim.
Biophys. Acta 115, 205-218.

Chiquoine, A.D. (1954).The identification, origin and migration of the
primordial germ cells in the mouse embryo. Anat. Rec. 118, 135-145.

Choudary, J.B., Gier, H.T. & Marion, G.B. (1968).Cyclic changes in
bovine vesicular follicles. J. Anim. Sci. 27, 468-471.

Clark, M.R., Marsh, J.M. & LeMaire, W.J. (1976).The role of protein
synthesis in the stimulation by LH of prostaglandin accumulation in rat
preovulatory follicles in vitro. Prostaglandins 12, 209-216.

Clausen, T. (1975).The effect of insulin on glucose transport in muscle
cells. In: Current Topics in membranes and Transport, vol. 6, pp. 169-
226. Eds F. Bonner & A. Kleinzeller. Academic Press, New York.

Coady, M.J., Pajor, A.M. & Wright, E.M. (1990).Sequence homologies
among intestinal and renal Na+ /glucose cotransporters. Am. J. Physiol.
259, C605-C610.

6

Cori, C.F. (1976).The role of lactic acid in the development of
biochemistry. In: Reflections on Biochemistry, pp 17. Eds A. Romberg,
B.L. Horecker, L. Cornudella & J. Ora. Pergamon Press, Oxford.

Comer, G.W. (1919).On the origin of the corpus luteum of the sow from
both granulosa and theca interna. Am. J. Anat. 26, 117-183.

Costa, G. (1977).Cachexia, the metabolic component of neoplastic
diseases. Cancer Res. 37, 2327-2335.

Coulson, P.B. (1979).Characterization of polyploidy in ovarian
granulosa cells. In: Ovarian Follicular development and Function, pp.

-243-



385-394. Eds A.R. Midgley & W.A. Sadler. Raven Press, New York.

Cran, D.G. St Moore, R.M. (1980). The development of oocytes and
ovarian follicles of mammals. Sci. Prog. 66, 371-383.

Cran, D.G., Hay, M.F. St Moor, R.M. (1979).The fine structure of the
cumulus oophorus during follicular development in sheep. Cell Tiss.
Res. 202, 439-451.

Cronmiller, C. St Mintz, B. (1978), Karyotypic normalcy and quasi-
normalcy of developmentally totipotent mouse teratocarcinoma cells. Dev.
Biol. 67, 465-477.

Cuevas, P.S., Ying, Y., Ling, N., Ueno, N., Esch, F. St Guillemin, R.
(1987). Immunohistochemical detection of inhibin in the gonad. Biochem.
Biophys. Res. Commun. 142, 23-30.

Dahl, R.H., Morrissey, A., Puck, T.T. St Morse, M.L. (1976).
Carbohydrate energy sources for Chinese hamster cells in culture. Proc.
Soc. Exp. Biol. Med. 153, 251-253.

Daniel, S.A.J. St Armstrong, D.T. (1986).Androgens in the ovarian
microenvironment. Semin. Reprod. Endocrinol. 4, 89-100.

Daniel, S.A.J., Armstrong, D.T. St Gore-Langton, R.E. (1989).Growth
and development of rat oocytes in vitro. Gamete Res. 24, 109-121.

De Jong, F.H. (1987).Inhibin - Its nature, site of production and
function. Oxford Rev. Reprod. Biol. 9, 1-53.

Deamant, F.D., Vijh, M., Rossant, J. St Iannaccone, P.M. (1986).In situ
identification of host-derived infiltrating cells in chemically induced
fibrosarcomas of interspecific chimaeric mice. Int. J. Cancer. 37, 283-
286.

Derynck, R. (1986).Transforming growth factor-a: structure and
biological activities. J. Cell. Biochem. 32, 293-304.

Doncy~Ue, R.P. St Stern, S. (1968).Follicular cell support of oocyte
maturation: production of pyruvate in vitro. J. Reprod. Fert. 17, 395-
398.

Donnelly, M. St Scheffler, I.E. (1976).Energy metabolism in respiration-
deficient and wild type Chinese hamster fibroblasts in culture. J. Cell.
Physiol. 89, 39-52.

-244-



Donovan, P.J., Stott, D., Cairns, L.A., Heasman, J. & Wylie, C.C.
(1986).Migratory and postmigratory mouse primordial germ cells behave
differently in culture. Cell 44, 831-838.

Dorrington, J.H., Moon, Y.S. & Armstrong, D.T. (1975).Oestradiol-17B
biosynthesis in cultured granulosa cells from hypophysectomized
immature rats: stimulation by follicle-stimulating hormone.
Endocrinology 97, 1328-1335.

Downs, S.M. & Eppig, J.J. (1987).Induction of mouse oocyte maturation
in vivo by perturbants of purine metabolism. Biol. Reprod. 36, 431-437.

Dubreuil, G. (1948).Sur l'existence d'une substance inductrice a action
limitee et locale pour la metaplasie thecale des cellules du stroma cortical
ovarien. Ann. Endocrinol. 9, 434-442.

Dullaart, J. Kent, J. & Ryle. M. (1975).Serum gonadotrophin
concentrations in infantile female mice. J. Reprod. Fert. 43, 189-192.

Dvorak, M. & Tesarik, J. (1980).In: Biology of the Ovary, pp. 121-137.
Eds P.M. Motta & E.S.E. Hafez. Nijhoff, The Hague.

Eddy, E.M., Clark, J.M., Gong, D. & Fenderson, B.A. (1981).Origin
and migration of primordial germ cells in mammals. Gamete Res. 4, 333-
362.

Eigenbrodt, E., Fister, P. & Reinacher, M. (1985).New perspectives on
carbohydrate metabolism in tumour cells. In: Regulation of Carbohydrate
Metabolism, vol. 2, pp. 141-180. Ed. R. Beitner. CRC Press, Florida.

Elbrink, J. & Bihler, I. (1975).Membrane transport: its relation to
cellular metabolic rates. Science 188, 1177-1188.

Eppig, J.J. (1976).Analysis of mouse oogenesis in vitro. Oocyte isolation
and the utilization of exogenous energy sources by growing oocytes. J.
Exp. Zool. 198, 375-382.

Eppig/ J.J (1977).Mouse oocyte development in vitro with various culture
systems. Dev. Biol. 60, 371-388.

Eppig, J.J (1979).A comparison between oocyte growth in co-culture
with granulosa cells and oocytes with granulosa cell-oocyte junctional
contact maintained in vitro. J. Exp. Zool. 209, 345-353.

Eppig, J.J. (1989).The participation of cyclic adenosine monophosphate

-245-



(cAMP) in the regulation of meiotic maturation of oocytes in the
laboratory mouse. J. Reprod. Fert. Suppl. 38, 3-8.

Eppig, J.J. (1991a).Intercommunication between mammalian oocytes and
companion somatic cells. Bioessays 13, 569-574.

Eppig, J.J. (1991b).Maintenance of meiotic arrest and the induction of
oocyte maturation in mouse oocyte-granulosa cell complexes developed in
vitro from preantral follicles. Biol. Reprod. 45, 824-830.

Eppig, J.J., & Downs, S.M. (1984).Chemical signals that regulate
mammalian oocyte maturation Biol. Reprod. 30, 1-11.

Eppig, J.J. & Schroeder, A.C. (1989),Capacity of mouse oocytes from
preantral follicles to undergo embryogenesis and development to live
young after growth, maturation and fertilization in vitro. Biol. Reprod.
41, 268-276.

Eppig, J.J., Schroeder, A.C., van de Sandt, J.J.M., Ziomek, C.A. &
Bavister, B.D. (1990). Developmental capacity of mouse oocytes that
grow and mature in culture: the effect of modification of the protocol.
Theriogenology 33, 89-100.

Erickson, G.F. (1983).Primary cultures of ovarian cells in serum-free
medium as models of hormone-dependent differentiation. Mol. Cell.
Endocrin. 29, 21-49.

Erickson, G.F., Magoffin, D.A., Dyer, C.A. & Hofeditz, C. (1985).The
ovarian androgen-producing cells: a review of structure/function
relationships. Endocr. Rev. 6, 371-399.

Eshkol, A., Lunenfeld, B. & Peters, H. (1970).Ovarian development in
infant mice. Dependence on gonadotrophic hormones. In:
Gonadotrophins and Ovarian Development, pp. 249-258. Eds W.R. Butt,
A.C. Crooke & M. Ryle. Livingston, Edinburgh.

Espey, L., Shimada, H., Okamura, H. & Mori, T. (1985).Effect of
various agents on ovarian plasminogen activator activity during
ovulation in pregnant mare's serum gonadotrophin-primed immature rats.
Biol. Reprod. 32, 1087-1094.

Everett, N.B. (1943).Observational and experimental evidences relating
to the origin and differentiation of the definitive germ cells in mice. J.
Exp. Zool. 92, 49-91.

Faddy, M.J., Jones, E.C. & Edwards, R.G. (1976).An analytical model

-246-



for ovarian follicle dynamics. J. Exp. Zool. 197, 173-185.

Faik, P. & Morgan, M.J. (1976).Carbohydrate metabolism in Chinese
hamster cells. Biochem. Soc. Trans. 4, 1043-1045.

Faik, P. & Morgan, M.J. (1977).A method of isolation of Chinese hamster
cell variants with an altered ability to utilize carbohydrates. Cell Biol.
Int. Rep. 1, 555-562.

Fajer, A.B., Schneider, J., McCall, D., Ances, I.G. & Polakis, S. E.
(1979). The induction of meiosis by ovaries of newborn hamsters and its
relation to the action of the extra-ovarian structures in the mesovarium
(rete ovarii). Ann. Biol. Anim. Biochim. Biophys. 19, 1273-1278.

Falck, B. (1959). Site of production of oestrogen in rat ovary as studied
in micro-transplants. Acta Physiol. Scand. (Suppl. 163) 47, 1-101.

Fehilly, C.B., Willadsen, S.M. & Tucker, E.M. (1984).Interspecific
chimaerism between sheep and goat. Nature 307, 634-636.

Fischer, B., Kunzel, W., Kleinstein, J. & Gips, H. (1992).Oxygen
tension in follicular fluid falls with follicle maturation. Eur. J. Obstet.
Gynec. Reprod. Biol. 42, 39-44.

Flint, A.P.F. & Denton, R.M. (1969).Glucose metabolism in
superovulated rat ovary in vitro. Biochem. J. 112, 243-254.

Ford, C.E. (1969).Mosaics and chimaeras. Brit. Med. Bull. 25, 104-109.

Forrester, L.M. & Ansell, J.D. (1985).Parental influences on X-
chromosome expression. Genet. Res. 45, 95-100.

Fortune, J.E. (1986). Bovine theca and granulosa cells interact to
promote androgen production. Biol. Reprod. 35, 292-299.

Froesch, E.R., Schmid, C., Scwander, J. & Japf, J. (1985).Actions of
insulin-like growth factors. Annu. Rev. Physiol. 47, 443-467.

Fujimoto, T., Yoshinaga, K. & Kono, I. (1985). Distribution of
fibronectin on the migratory pathway of primordial germ cells in mice.
Anat. Rec. 211, 271-278.

Gall, J.G. & Pardue, M.L. (1969). Formation and detection of RNA-DNA
hybrid molecules in cytological preparations. Proc. Natl. Acad. Sci. USA

-247-



63, 378-383.

Gardner, D.K. & Leese, H.J. (1986). Non-invasive measurement of
nutrient uptake by single cultured preimplantation mouse embryos.
Hum. Reprod. 1, 25-27.

Gardner, D.K. & Leese, H.J. (1990).Concentrations of nutrients in
mouse oviduct fluid and their effects on embryo development and
metabolism in vitro. J. Reprod. Fert. 88, 361-368.

Gardner, R.L. (1985).Clonal analysis of early mammalian development.
Phil. Trans. R. Soc. Lond. 312, 163-178.

Gardner, R.L. St Johnston, M.H. (1973). Investigation of early mammalian
development using interspecific chimaeras between rat and mouse.
Nature New Biol. 246, 86-89.

Gardner, R.L. St Munro, A.J. (1974).Successful construction of
chimaeric rabbit. Nature, London. 250, 146-147.

Gilula, N.B., Epstein, M.L. & Beers, W.H. (1978).Cell-to-cell
communication and ovulation. A study of the cumulus-oocyte complex. J.
Cell Biol. 78, 58-75.

Ginsberg, M., Snow, M.H.L. & McLaren, A. (1990).Primordial germ cells
in the mouse embryo during gastrulation. Development 110, 521-528.

Gold, J. (1974).Cancer cachexia and gluconeogenesis. Ann. N.Y. Acad.
Sci. 230, 103-110.

Gondos, B. (1973).Intercellular bridges and mammalian germ cell
differentiation. Differentiation 1, 177-182.

Gondos, B. (1978).Oogonia and oocytes in mammals. In: The Vertebrate
Ovary, pp. 83-120. Ed. R.E. Jones. Plenum Press, New York.

Gonzalez-Manchon, C. St Vale, W. (1989).Activin-A, inhibin and
transforming growth factor-fi modulate growth of two gonadal cell lines.
Endocrinology 125, 1666-1672.

Goodall, H. & Maro, B. (1986).Major loss of junctional coupling during
mitosis in early mouse embryos. J. Cell Biol. 102, 568-575.

Gordon, J.W. (1991),Zona drilling: a new approach to male infertility. J.

-248-



In Vitro Fert. Embryo Transf. 7, 223-238.

Gore-Langton, R.E. & Armstrong, D.T. (1988). Follicular
steroidogenesis and its control. In: The Physiology of Reproduction,
pp. 331-385. Eds E. Knobil, J. Neill, L. Ewing, L. Markert, G.S.
Greenwald & D. Pfaff. Raven Press, New York.

Gosden, R.G. (1990). Control of recruitment of preantral follicles in
mammalian ovaries. In: Mechanism of Fertiligation. Ed. B.Dale, p 101-
113. Springer-verlag, Berlin.

Gosden, R.G. & Byatt-Smith, J.C. (1986).Oxygen concentration
gradient across the ovarian follicular epithelium: model, predictions and
implications. Human Reproduction 1, 65-68.

Gosden, R.G., Brown, N. & Grant, K. (1989).Ultrastructural and
histochemical investigations of Call-Exner bodies in rabbit Graafian
follicles. J. Reprod. Fert. 85, 519-526.

Gosden, R.G., Hunter, R.H.F., Telfer, E., Torrance, C. St Brown N.
(1988). Physiological factors underlying the formation of ovarian
follicular fluid. J. Reprod. Fert. 82, 813-825.

Gosden, R.G., Laing, S.C., Flurkey, K. St Finch, C.E. (1983).Graafian
follicle growth and replacement in anovulatory ovaries of ageing
C57BL/6J mice. J. Reprod. Fert. 69, 453-462.

Gospodarowicz, D. & Balecki, H. (1979).Fibroblast and epidermal growth
factors are mitogenic agents for cultured granulosa cells of rodent,
porcine and human origin. Endocrinology 104, 757-764.

Gossbard, L. & Schimke, R.T. (1966).Multiple hexokinases of rat
tissues: purification and comparison of soluble forms. J. Biol. Chem.
241, 3546-3560.

Gossbard, L., Weksler, M. & Schimke, R.T. (1966).Electrophoretic
properties and tissue distribution of multiple forms of hexokinase in
various mammalian species. Biochem. Biophys. Res. Commun. 24, 32-38.

Gott, A.L., Hardy, K., Winston, R.M.L. & Leese, H.J. (1990).Non¬
invasive measurement of glucose and pyruvate uptake by individual
human oocytes and preimplantation embryos. Hum. Reprod. 5, 104-108.

Gould, G.W. & Bell, G.I. (1990).Facilitative glucose transporters: an
expanding family. Trends Biochem. Sci. 15, 18-23.

-249-



Gregg, C.T. (1972). Some aspects of the energy metabolism of mammalian
cells. In: Growth Nutrition and Metabolism of Cells in Culture, pp 83-
129. Eds G.H. Rothblat & V.J. Cristofalo. Academic Press, New York.

Grinsted, J. (1982).Influence of mesonephros on foetal and neonatal
rabbit gonads. II. Sex-steroid release by the ovary in vitro. Acta
Endocrinol.(Copenh.) 99, 281-287.

Grinsted, J. & Aagesen, L. (1984). Mesonephric excretory function
related to its influence on differentiation of fetal gonads. Anat. Rec.
210, 551-556.

Gulyas, B.J., Hodgen, G.D., Tullner, W.W. & Ross, G.T. (1977).
Effects of fetal or maternal hyperphysectomy on endocrine organs and
body weight in infant rhesus monkeys (Macaca mulatta): With particular
emphasis on oogenesis. Biol. Reprod. 16, 216-227.

Guraya, S.S. (1985).Biology of Ovarian Follicles, pp. 79-85. Springer-
Verlag, New York.

Hall, P.F. (1986).Cytochromes P-450 and the regulation of steroid
synthesis. Steroids 48, 131-196.

Halpin, D.M.G., Jones, A., Fink, G. & Charlton, H.M. (1986).Postnatal
ovarian follicle development in hypogonadal (hpg) and normal mice and
associated changes in the hypothalamic-pituitary ovarian axis. J.
Reprod. Fert. 77, 287-296.

Hamberger, L.A. & Ahren, K.E.B. (1967).Effects of gonadotrophins in
vitro on glucose uptake and lactic acid production of ovaries from
prepubertal and hypophysectomized rats. Endocrinology 81, 93-100.

Hammond, J.M. & English, H.F. (1987).Regulation of deoxyribonucleic
acid synthesis in cultured porcine granulosa cells by growth factors and
hormones. Endocrinology 120, 1039-1046.

Hammond, J.M., Baranao, J.L.S., Skaleris, D., Knight, A.B.,
Romanus, J.A., Rechler, M.M. (1985).Production of insulin-like growth
factors by ovarian granulosa cells. Endocrinology 117, 2553-2555.

Hammond, J.M., Hsu, C-J., Mondschein, J.S. & Channing, S.H. (1988).
Paracrine and autocrine functions of growth factors in the ovarian
follicle. J. Anim. Sd. 66, 21-31.

Hardisty, M.W. (1978).Primordial germ cells and the vertebrate germ
line. In: The Vertebrate Ovary, pp 1-45. Ed. R.E. Jones. Plenum

-250-



Press, New York.

Hardy, K., Hooper, M.A.K., Handyside, A.H., Rutherford, A. J.,
Winston, R.M.L. & Leese, H.J. (1989).Non-invasive measurement of
glucose and pyruvate uptake by individual human oocytes and
preimplantation embyros. Hum. Reprod. 4, 188-191.

Harlow, C.R., Hillier, S.G. & Hodges, J.K. (1986).Androgen modulation
of follicle-stimulating hormone-induced granulosa cell steroidogenesis in
the primate ovary. Endocrinology 119, 1403-1405.

Harlow, C.R., Shaw, H.J., Hillier, S.G., Hodges, J.K. (1988).Factors
influencing FSH-induced steroidogenesis in marmoset granulosa cells:
Effects of androgens and stages of follicular development. Endocrinology
122, 2780-2787.

Harlow, C.R., Winston, R.M.L., Margara, R.A. & Hillier, S.G. (1987).
Gonadotrophic control of human granulosa cell glycolysis. Human
Reproduction 2, 649-653.

Harris, G.W. & Naftolin, F. (1970).The hypothalamus and control of
ovulation. Br. Med. Bull. 26, 3-9.

Haynes, R.C., Jr. & Berthet, L. (1957).Studies on the mechanisms of
action of the adrenocorticotrophic hormone. J. Biol. Chem. 225, 115-124.

Hediger, M.A., Turk, E. & Wright, E.M. (1989).Homology of the human
intestinal Na+ /glucose and Escherichia coli Na* /proline cotransporters.
Proc. Natl. Acad. Sci. USA 86, 5748-5752.

Heller, D.T., Cahill, D.M. & Schultz, R.M. (1981).Biochemical studies
of mammalian oogenesis: metabolic cooperativity between granulosa cells
and growing mouse oocytes. Dev. Biol. 84 , 455-464.

Herlands, R.L. & Schultz, R.M. (1984).Regulation of mouse oocyte
growth: Probable nutritional role for intercellular communication between
follicle cells and oocytes in oocyte growth. J. Exp. Zool. 229, 317-325.

Hernandez, E.R., Resnik, C.E., Svoboda, M.E., Van Wyk, J.J.,
Payne, D.W. & Adashi, E.Y. (1988).Somatomedin-C/insulin-like growth
factor I as an enhancer of androgen biosynthesis by cultured rat ovarian
cells. Endocrinology 122, 1603-1612.

Hillensjo, T. (1976).Oocyte maturation and glycolysis in isolated
preovulatory follicles of PMS-injected immature rats. Acta Endocr. 82,
809-830.

-251-



Hillier, S.G. (1981), Regulation of follicular oestrogen biosynthesis: a
survey of current concepts. J. Endocrinol. (Suppl). 89, 3-19.

Hillier, S.G. (1985).Sex steroid metabolism and follicular development in
the ovary. In: Oxford Reviews of Reproductive Biology, vol. 7, pp 168-
222. Ed. J.R. Clarke. Clarendon Press, Oxford.

Hillier, S.G. (1990).Effects of activin on oestrogen synthesis in primate
granulosa cells. J. Endocrinol. 127 (suppl), abstract no. 67.

Hillier, S.G. (1991).Paracrine control o* follicular oestrogen synthesis.
Sem. Reprod. Endocrinol. 9, 332-341.

Hillier, S.G. & Ross, G.T. (1979). Effects of exogenous testosterone on
ovarian weight, follicular morphology and intraovarian progesterone
concentration in oestrogen-primed, hypophysectomized immature female
rats. Biol. Reprod. 20, 261-268.

Hillier, S.G., Harlow, C.R., Shaw, H.J., Wickings, E.J., Dixson, A.F.
& Hodges, J.K. (1988).Cellular aspects of preovulatory folliculogenesis
in primate ovaries. Hum. Reprod. 3, 507-511.

Hillier, S.G., Purohit, A. & Reichert Jr., L.E. (1985).Control of
granulosa cell lactate production by follicle-stimulating hormone and
androgen. Endocrinology 116, 1163-1167.

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

Hirshfield, A.N. (1979).In: Ovarian Follicular Development and
Function, pp. 19-22. Eds A.J. Midgely, Jr. & W.A. Sadler. Raven
Press, New York.

Hirshfield, A.N. (1991).Theca cells may be present at the onset of
follicular growth. Biol. Reprod. 44, 1157-1162.

Hisaw, F.L. (1947).Development of the Graafian follicle and ovulation.
Physiol. Rev. 27, 95-119.

Hoff, J.F., Quigley, M.E. & Yen, S.S.C. (1983).Hormonal dynamics at
mid-cycle: a re-evaluation. J. Clin. Endocrinol. Metab. 57, 792-6.

Holman, G.D., Kozka, I.J., Clark, A.E., Flower, C.J., Saltis, J.,

-252-



Habberfield, A.D., Simpson, I.A. & Cushman, S.W. (1990),Cell surface
labelling of glucose transporter isoform GLUT4 by bis-mannose
photolabel. J.Biol. Chem. 265, 18172-18179.

Hooper, M.L., Hardy, K., Handyside, A., Hunter, S. & Monk, M.
(1987). HPRT-deficient (Lesch-Nyhan) mouse embryos derived from
germline colonization by cultured cells. Nature 326, 292-295.

Hoyer, P.E. & Byskov, A.G. (1981).A quantitative study of 05, 3fi-
hydroxysteroid dehydrogenase activity in the rete system of the
immature mouse ovary. In: Development and Function of Reproductive
Organs, pp. 216-224. Eds A.G. Byskov & H. Peters. Excerpta Medica,
Amsterdam.

Hsueh, A.J.W. (1986),Paracrine mechanisms involved in granulosa cell
differentiation. Baillieres Clin. Endocrinol. Metab. 15, 117-134.

Hsueh, A.J.W., Dahl, K.D., Vaughan, J., Tucker, E., Rivier, J.,
Bardin, C.W. & Vale, W. (1987).Heterodimers and homodimers of inhibin
subunits have different paracrine action in the modulation of luteinizing
hormone-stimulated androgen biosynthesis. Proc. Natl. Acad. Sci. USA
84, 5082-5086.

Huarte, J., Belin, D. & Vassalli, J.D. (1985). Plasminogen activator in
mouse and rat oocytes: induction during meiotic maturation. Cell 43,
551-558.

Hume, D.A., Radik, J.L., Ferber, E. & Weidemann, M.J. (1978).Aerobic
glycolysis and lymphocyte transfomation. Biochem. J. 174, 703-709.

Hutchinson, L.A., Findlay, J.K., Devos, F.L. & Robertson, D.M.
(1987). Effects of bovine inhibin, transforming growth factor-fi and
bovine activin-A on granulosa cell differentiation. Biochem. Biophys.
Res. Commun. 146, 1405-1412.

Hutchison, N.J., Langer-Safer, P.R., Ward, D.C. & Hamkalo, B.A.
(1982).High-resolution mapping of satellite DNA using biotin-labelled
DNA probes. J. Cell Biol. 95, 619-625.

Ibsen, K.H., Orlando, R.A., Garrett, K.N., Hernandez, A.M.,
Giorlando, S. & Nungaray, G. (1982). Expression of multimolecular forms
of pyruvate kinase in normal, benign and malignant human breast tissue.
Cancer Res. 42, 888-892.

Izpisua-Belmonte, J.C., Brown, J.M., Crawley, A., Duboule, D. &
Tickle, C. (1992).Hox-4 gene expression in mouse/chicken
heterospecific grafts of signalling regions to limb buds reveals

-253-



similarities in patterning mechanisms. Development 115, 553-560.

Jia, X-C., Kalmijn, J. & Hsueh, A.J.W. (1986).Growth hormone
enhances follicle-stimulating hormone induced differentiation of cultured
rat granulosa cells. Endocrinology 118, 1401-1409.

Kalckar, H.M., Christopher, C.W. & Ullrey, D. (1979),Uncouplers of
oxidative phosphorylation promote derepression of the hexose transport
system in cultures of hamster cells. Proc. Natl, Acad. Sci. USA 76,
6453-6455.

Katzen, H.M. (1967).The multiple forms of mammalian hexokinase and
their significance to the action of insulin. In: Advances in Enzyme
Regulation, vol. 5, pp. 335. Ed. G. Weber. Pergamon Press, New York.

Katzen, H.M. & Schimke, R.T. (1965).Multiple forms of hexokinase in
the rat: tissue distribution, age dependency and properties. Proc. Natl.
Acad. Sci. USA 54, 1218-1225.

Kaufman, M.H. (1973). Analysis of the first cleavage division to
determine the sex-ratio and incidence of chromosome anomalies at

conception in the mouse. J. Reprod. Fert. 35, 67-72.

Kayano, T., Burant, C.F., Fukumoto, H., Gould, G.W., Fan, Y.S.,
Eddy, R.L., Byers, M.G., Shows, T.B., Seino, S. & Bell, G.I. (1990).
Isolation and characterization of five human facilitative glucose
transporter isoforms. J. Biol. Chem. 265, 13276-13282.

Kayano, T., Fukumoto, H., Eddy, R.L., Fan, Y.S., Byers, M.G.,
Shows, T.B. & Bell, G.I. (1988).Evidence for a family of glucose
transporter-like proteins. J. Biol. Chem. 263, 15245-15248.

Keighren, M. & West, J.D. (1992).Analysis of cell ploidy in histological
sections of mouse tissues by DNA-DNA in situ hybridization with
digoxigenin labelled probes. Histochem. J. Accepted May 1992.

Kennedy, J.F. & Donahue, R.P. (1969).Human oocytes: Maturation in
chemically defined media. Science 164, 1292-1293.

Keshet, E., Rosenberg, M.P., Mercer, J.A., Propst, F., Vande Woude,
G.F., Jenkins, N.A. & Copeland, N.G. (1988). Developmental regulation
of ovarian-specific mos expression. Oncogene 2, 235-240.

Kessler, C., Holtke, H.J., Seibi, R., Burg, J. & Miihlegger, K. (1990).
Non-radioactive labelling and detection of nucleic acids. I. A novel DNA
labelling and detection system based on digoxigenein : anti-digoxigenin

-254-



ELISA principle (digoxigenin system). Biol. Chem. Hoppe-Seyler 371,
917-927.

Khan, B.B. & Flier, J.S. (1990).Regulation of glucose-transporter gene
expression in vitro and in vivo. Diabetes Care 13, 548-564.

Knecht, M. (1988). Plasminogen activator is associated with the
extracellular matrix of ovarian granulosa cells. Mol. Cell. Endocrinol.
56, 1-9.

Knobil, E. (1980).The neuroendocrine control of the menstrual cycle.
Recent Prog. Horm. Res. 36, 53-88.

Romberg, H.L. (1987) .Tricarboxylic acid cycles. Bioessays 7, 236-238.

Krebs, H.A. (1970).The history of the tricarboxylic acid cycle.
Perspect. Biol. Med. 14, 154-170.

Krebs, H.A. (1972).The Pasteur effect and the relations between
respiration and fermentation. Essays Biochem .8,1.

Kudlow, J.E., Kobrin, M.S., Purchio, A.F., Twardzik, D.R.,
Hernandez, E.R., Asa, S.L. & Adashi, E.Y. (1987).Ovarian
transforming growth factor-a gene expression: immunohistochemical
localization to the theca-interstitial cells. Endocrinology 121, 1577-1579.

Kutscher, W. & Sarreither, W. (1940).Uber die pasteursche reaktion im
warmblutermuskelbrei. Z. Physiol. Chem. 265, 152-180.

Kuwana, T., Maeda-Suga, H. & Fujimoto, T. (1986).Attraction of chick
primordial cells by gonadal anlage in vitro. Anat. Rec. 215, 403-406.

Lambertson, C.J., Greenbaum, D.F., Wright, K.H. & Wallach, E.E.
(1976).In vitro studies of ovulation in the perfused rabbit ovary. Fert.
Steril. 27, 178-87.

Lapolt, P.S., Soto, D., Su, J.G., Campen, C.A., Vaughan, J., Vale,
W. & Hsueh, A. J.W. (1989).Activin stimulation of inhibin secretion and
messenger RNA levels in cultured granulosa cells. Mol. Endocrinol. 3,
1666-1673.

Lawson, D.H., Richmond, A., Nixon, D.W. & Rudman, D. (1982).
Metabolic approaches to cancer cachexia. Annu. Rev. Nutr. 2, 277-301.

-255-



Leathern, J.H. (1958).Biochemistry of cystic ovaries. Ciba Foundation
Colloquia on Endocrinology 12, 173-189.

Leese, H.J. & Barton, A.M. (1984).Pyruvate and glucose uptake by
mouse ova and preimplantation embryos. J. Reprod. Fert. 72, 9-13.

Leese, H.J. & Barton, A.M. (1985).Production of pyruvate by isolated
mouse cumulus cells. J. Exp. Zool. 234, 231-236.

Leese, H.J. & Bronk, J.R. (1972). Automated fluorometric analysis of
micromolar quantities of ATP, glucose and lactic acid. Analyt. Biochem.
45, 211-221.

Leese, H.J. & Lenton, E.A. (1991).Glucose and lactate in human
follicular fluid: concentrations and interrelationships. Hum. Reprod. 5,
915-919.

Leung, P.C.K. & Armstrong, D.T. (1980).Interactions of steroids and
gonadotrophins in the control of steroidogenesis in the ovarian follicle.
Ann. Rev. Physiol. 42, 71-82.

Li, C.H., Ramasharma, K., Yamashiro, D. & Chung, D. (1987).
Gonadotrophin-releasing peptide from human follicular fluid: isolation,
characterization and chemical synthesis. Proc. Natl. Acad. Sci. USA 84,
959-962.

Lieberman, M.E., Ahren, K., Tsafriri, A., Bauminger, S. & Lindner,
H.R. (1975).Relationship between glycolysis and steroidogenesis in
cultured Graafian follicles stimulated by LH or prostaglandin E2. J.
Steroid Biochem. 6, 1445-1449.

Lindner, H.R., Tsafriri, A., Lieberman, M.E., Zor, U., Koch, Y.,
Bauminger, S. & Barnea, A. (1974).Gonadotropin action on cultured
Graafian follicles: induction of maturation division of the mammalian
oocyte and differentiation of the luteal cell. Recent Prog. Horm. Res.
30, 79-138.

Ling, N., Ling, S.Y., Ueno, N., Esch, F., Denoroy, L. & Guillemin, R.
(1985).Isolation and partial characteriztion of a Mr 32,000 protein with
inhibin activity from porcine follicular fluid. Proc. Natl. Acad. Sci. USA
82, 7217-7221.

Lintern-Moore, S. (1977).Initiation of follicular growth in the infant
mouse ovary by exogenous gonadotrophin. Biol. Reprod. 17, 635-639.

Lintern-Moore, S. & Moore, G.P.M. (1979).The initiation of follicle and

-256-



oocyte growth in the mouse ovary. Biol. Reprod. 20, 773-778.

Lipner, H. (1973).In: Handbook of Physiology-Endocrinology, vol. II,
sect. 7, pp. 409-437. Eds E.B. Astwood & R. Greep. Am. Physiol. Soc.,
Washington DC.

Lipner, H. & Cross, N.L. (1968).Morphology of the membrana granulosa
of the ovarian follicle. Endocrinology 82, 638-641.

Lo, C. (1986).Localization of low abundance DNA sequences in tissue
sections by in situ hybridization. J. Cell Sci. 81, 143-162.

Lobb, D.K., Skinner, M.K. & Dorrington, J.H. (1988).Rat
thecal/interstitial cells produce a mitogenic activity that promote the
growth of granulosa cells. Mol. Cell. Endocrinol. 55, 209-217.

Louvet, J.P., Harman, S.M., Schreiber, J.R. & Ross, G.T. (1975).
Evidence for the role of androgens in follicular maturation.
Endocrinology 97, 366-72.

Lowry, O.H. & Passoneau, J.V. (1972).A Flexible System of Enzymatic
Analysis, pp 212. Academic Press, New York.

Lui, Y-X., Cajander, S.B., Ny, T., Kristensen, P. & Hsueh, A.J.W.
(1987).Gonadotrophin regulation of tissue-type and urokinase-type
plasminogen activators in rat granulosa and theca-interstitial cells
during the periovulatory period. Mol. Cell. Endocrin. 54, 221-229.

Magoffin, D.A. & Erickson, G.F. (1982).Primary culture of ovarian
androgen-producing cells in defined medium. J. Biol. Chem. 257, 4507-
4513.

Makabe, S. & Motta, P.M. (1989).Migration of human germ cells and their
relationship with the developing ovary: ultrastructural aspects. In:
Developments in Ultrastructure of Reproduction, pp. 41-54. Ed. P.M.
Motta. Alan R. Liss Inc., New York.

Makris, A., Klagsbrun, M.A., Yasumizu, T. & Ryan, K.J. (1983).An
endogenous ovarian growth factor which stimulates BALB/3T3 and
granulosa cell proliferation. Biol. Reprod. 29, 1135-1141.

Mandl, A.M. & Zuckermann, S. (1951).Numbers of normal and atretic
oocytes in unilaterally spayed rats. J. Endocr. 7, 112-119.

Mangia, F. & Epstein, C.J. (1975).Biochemical studies of growing mouse

-257-



oocytes: preparation of oocytes and analysis of glucose-6-phosphate
dehydrogenase and lactate dehydrogenase activities. Dev. Biol. 45, 211-
220.

Marion,G.B. Gier, H.T. & Choudary, J.B. (1968).Micromorphology of
bovine ovarian follicular system. J. Anim. Sci. 27, 451-465.

Marsh, J.M. (1975),The role of cyclic AMP in gonadal function. In:
Advances in Cyclic Nucleotide Research, pp. 137-199. Eds P. Greengard
& G.A. Robison. Raven Press, New York.

Martin, G.R. (1975).Teratocarcinomas as a model system for the study of
embryogenesis and neoplasia. Cell 5, 229-243.

Massague, J. (1983).Epidermal growth factor-like transforming growth
factor. II. Interaction with epidermal growth factor receptors in human
placental membranes and A431 cells. J. Biol. Chem. 258, 13614-13620.

Mayer Jr., J.F. & Fritz, H.I. (1974).The culture of preimplantation rat
embryos and the production of allophenic rats. J. Reprod. Fert. 39, 1-
9.

McGaughey, R.W. (1983).Regulation of oocyte maturation. In: Oxford
Reviews of Reproductive Biology, pp 106-130. Ed. C.A. Finn. Oxford
University Press, Oxford.

McKay, D.C., Hertig, A.T., Adams, E.C. & Danziger, S. (1953).
Histochemical observations on the germ cells of human embryos. Anat.
Rec. 117, 201-219.

McLaren, A. (1976).Mammalian Chimaeras. Cambridge University Press,
Cambridge.

McLaren, A. (1981).Germ cells and soma: A new look at an old problem.
Yale University Press, New Haven.

McMahon, A., Fosten, M. & Monk, M. (1981).Random X-chromosome
inactivation in female primordial germ cells in the mouse. J. Embryol.
Exp. Morph. 64, 251-258.

Meglasson, M.D., Burch, P.T., Berner, D.K., Najafi, H., Vogin, A.P.
& Matschinsky, F.M. (1983).Chromatographic resolution and kinetic
characterization of glucokinase from islets of Langerhans. Proc. Natl.
Acad. Sci. USA 80, 85-89.

Meinecke-Tillmann, S. & Meinecke, B. (1984). Experimental chimaeras-
removal of the reproductive barrier between sheep and goat. Nature
307, 637-638. "258~



Merchant-Larios, H. & Alvarez-Buylla, A. (1986).The role of the
extracellular matrix and tissue topographic arrangement in mouse nd rat
primordial germ cell migration. In: Development and Function of the
Reproductive Organs, Serono Symposia Review, No. 11. Eds A. Eshkol,
B. Eckstein, N. Dekel, H. Peters & A. Tsafriri. Raven Press, New
york.

Merchanthaler, I., Culler, M.D., Petrusz, P. & Negro-Vilar, A. (1987).
Immunocytochemical localization of inhibin in rat and human reproductive
tissues. Mol. Cell Endocrinol. 54, 238-243.

Meunier, H., Cajander, S.B., Roberts, V.J., Rivier, C., Sawchenko,
P.E., Hsueh, A.J.W. & V. Vale (1988).Rapid changes in the expression
of inhibin a-, fiA- and Be-subunits in ovarian cell types during the rat
oestrous cycle. Mol. Endrocrinol. 2, 1352-1363.

Meunier, H., Roberts, V.J., Sawchenko, P.E., Cajander, S.B., Huesh,
A.J.W. & Vale, W. (1989).Perkyviolatory changes in the expression of
inhibin a-subunit, Ba subunit and Bb subunit in hormonally-induced
immature female rats. Mol. Endocrinol. 3, 2062-2069.

Miller, W.L. (1988). Molecular biology of steroid hormone synthesis.
Endocr. Rev. 9, 295-318.

Mintz, B. (1962).Formation of genotypically mosaic mouse embryos.
Amer. Zool. 2, 432 (Abstr. 310).

Mintz, B. (1964).Formation of genetically mosaic mouse embryos, and
early development of 'lethal (t12/t12)-normal' mosaics. J. Exp. Zool. 157,
273-292.

Mintz, B. (1967).Gene control of mammalian pigmentary differentiation.
I. Clonal origin of melanocytes. Proc. Nat. Acad. Sci. USA. 58, 344-351.

Mintz, B. (1970).Allophenic mice as test animals to detect tissue-specific
histocompatibility alloantigens or Ft hybrid antigens. Transplantation 9,
523-524.

Mintz, B. & Illmensee, K. (1975).Normal genetically mosaic mice
produced from malignant teratocarcinoma cells. Proc. Natl. Acad. Sci.
USA 72, 3585-3589.

Mintz, B., Gearhart, J.D. & Guymont, A.O. (1973).
Phytohaemagglutinin-mediated blastomere aggregation and development
of allophenic mice. Dev. Biol. 31, 195-199.

-259-



Monk, M.(ed) (1987).Mammalian Development: a practical approach. IRL
Press Ltd., Oxford.

Moor, R.M. (1983).Contact, signalling and cooperation between follicle
cell and dictyate oocytes in mammals. In: Current Problems in Germ Cell
Differentiation, Brit, Soc. Devi. Biol. Symp. 7, pp. 307-326. Eds A.
McLaren & C.C. Wylie. Cambridge University Press, Cambridge.

Moor, R.M., Hay, M.F., Mcintosh, J.E.A. & Caldwell, B.V. (1973).
Effect of gonadotropins on the production of steroids by sheep ovarian
follicles cultured in vitro. J. Endocr. 58, 599-611.

Morgan, H.E. & Whitfield, C. (1973).Regulation of sugar transport in
eukaryotic cells. In: Current Topics in membranes and Transport, vol.
4, pp. 255-303. Eds F. Bonner & A. Kleinzeller. Academic Press, New
York.

Mossman, H.W. & Duke, K.L. (1973).Comparative Morphology of the
Mammalian Ovary. The University of Wisconsin Press, Madison.

Moustafa, L.A. (1974).Chimaeric rabbits from embryonic cell
transplantation (38371). Proc. Soc. Exp. Biol. Med. 147, 485-488.

Mueckler, M. (1990).Family of glucose-transporter genes. Diabetes 39,
6-11,

Mueckler, M., Caruso, C., Baldwin, S.A., Panico, M., Blench, I.,
Morris, H.R., Allard, W.J., Lienhard, G.E. & Lodish, H.F. (1985).
Sequence and structure of a human glucose transporter. Science 229,
941-945.

Mullen, R.J. (1977).Site of pcd gene action and Purkinje cell mosaicism
in the cerebella of chimaeric mice. Nature 270, 245-247.

Mutter, G.L., Grills, G.S. & Wolgemuth, D.J. (1988).Evidence for the
involvement of the proto-oncogene c-mos in mammalian meiotic maturation
and possibly very early embryogenesis. Embo J. 7, 683-689.

Nakano, R., Mizuno, T., Katayama, K. & Tojo, S. (1975).Growth of
ovarian follicles in rats in the absence of gonadotrophins. J. Reprod.
Fert. 45, 545-546.

Nayudu, P.L. & Osborn, S.M. (1992).In vitro studies of factors
influencing the rate of preantral and antral growth of isolated mouse
ovarian follicles. J. Reprod. Fert. 95, 349-362.

-260-



Nesbitt, M.N. (1971).X chromosome inactivation mosaicism in the mouse.
Dev. Biol. 26, 252-263.

Nesbitt, M.N. (1974).Chimaeras vs X-inactivation mosaics: significance
of differences in pigment distribution. Dev. Biol. 38, 202-207.

Nestler, J.E., Takagi, K. & Strauss, J.F. Ill (1989).Lipoprotein and
cholesterol metabolism in cells that synthesize steroid hormones. In:
Advances in Cholesterol Research, pp. 23-48. Eds M. Esfahani & J.
Swaney. Telford Press, London.

Newsholme, E.A. & Start, C. (1973).Regulation of carbohydrate
metabolism in muscle. In: Regulation in Metabolism, chapt. 3, pp. 88-
145. Ed. E.A. Newsholme. John Wiley & Sons, London.

Nicholson, G.L., Yanagimachi, R. and Yanagimachi, H. (1975).
Ultrastructural localization of lectin-binding sites on the zonae
pellucidae and plasma membrane of mammalian eggs. J. cell Biol. 66, 263-
274.

Niewkoop, P.D. & Sutasurya, L.A. (1979).Primordial Germ Cells in the
Chordates. Cambridge University Press, London.

Nilsson, L. (1974).Acute effects of gonadotrophins and prostaglandins
on the metabolism of isolated ovarian follicles from PMSG-treated
immature rats. Acta Endocrinologica 77, 540-558.

Nimrod, A., Erickson, G.F. & Ryan, K.J. (1976).A specific FSH
receptor in rat granulosa cells: properties of binding in vitro.
Endocrinology 98, 56-64.

Nussbaum, M. (1880).Die differenzierung des geschlechts im tierreich.
Arch Mikrosk. Anat. 18, 1-21.

Ny, T., Bjersing, L., Hsueh, A.J.W. & Loskutoff, D.J. (1985).Cultured
granulosa cells produce two activators and an antiactivtor, each
regulated differently by gonadotrophins. Endocrinology 116, 1666-1668.

Oliver, J.E., Aitman, T.J., Powell, J.F., Wilson, C.A. & Clayton, R.N.
(1989).Insulin-like growth factor I gene expression in the rat ovary is
confined to the granulosa cells of developing follicles. Endocrinology
124, 2671-2679.

Opavsky, M.A. & Armstrong, D.T. (1989).Effects of luteinizing hormone
on superovulatory and steroidogenic responses of rat ovaries to infusion
with follicle-stimulating hormone. Biol. Reprod. 40, 12-25.

-261-



Papaioannou, V.E., Gardner, R.L., McBurney, M.W., Babinet, C. &
Evans, M.J. (1978).Participation of cultured teratocarcinoma cells in
mouse embryogenesis. J. Embryol. Exp. Morph. 44, 93-104.

Paria, B.C. & Dey, S.K. (1990).Preimplantation embryo development in
vitro: Cooperative interactions among embryos and role of growth
factors. Dev. Biol. 87, 4756-4760.

Patek, C.E., Kerr, J.B., Gosden, R.G., Jones, K.W., Hardy, K.,
Muggleton-Harris, A.L., Handyside, A.H., Whittingham, D.G. &
Hooper, M.L. (1991).Sex chimaerism, fertility and sex determination in
the mouse. Development 113, 311-325.

Paul, J. (1965).In: Methods in Biology and Physiology, pp. 239-276. Ed.
E.N. Willmer. Academic Press, New York.

Paules, R.S., Buccione, R., Propst, F., Moschel, R.C., Vande Woude,
G.F. & Eppig, J.J. (1989).Mouse mos proto-oncogene product is present
and functions during oogenesis. Proc. Natl. Acad. Sd. USA 86, 5395-
5399.

Pedersen, T. (1972).Follicle growth in the mouse ovary. In: Oogenesis,
pp. 261-276. Eds J.D. Biggers & A.W. Schuetz. Butterworths, London.

Pederson, T. (1970).Follicle kinetics in the ovary of the cyclic mouse.
Acta Endoer. 64, 304.

Peerce, B.E. (1990).Examination of substrate-induced conformational
changes in the NaVglucose cotransporter. J. Biol. Chem. 265, 1737-
1741.

Penderson, P. & Peters, H. (1968).Proposal for a classification of
oocytes and follicles in the mouse ovary. J. Reprod. Fert. 17, 555-557.

Peters, H. (1969).The development of the mouse ovary from birth to
maturity. Acta Endocr. (Copenh). 62, 98-116.

Peters, H. (1973).Development and atresia of follicles in the immature
mouse. Ann. Biol. Anim. Biochem. Biophys. 13, 176-167.

Peters, H. (1978). Folliculogenesis in mammals. In: The vertebrate
Ovary, pp. 121-124. Ed. R.E. Jones. Plenum Press, New York.

Peters, H. & McNatty, K.P. (1980).The Ovary. A Correlation of

-262-



Structure and Function in Mammals. Granada Publishing, London.

Peters, H., Levy, E. & Crone, M. (1965).Oogenesis in rabbits. J. Exp.
Zool. 158, 169-180.

Poste, G. (1971).Tissue dissociation with proteolytic enzymes. Exp.
Cell. Res. 65, 359-367.

Presyl, J., Pospisil, J., Figarova, V. & Krabec, Z. (1974).Stage
dependent changes in binding of iodinated FSH during ovarian follicle
maturation in rats. Endocrinol. Exp. (Bratisl.) 8, 291-298.

Quattropani, S.L. (1973).Morphogenesis of the ovarian interstitial tissue
in the neonatal mouse. Anat. Rec. 177, 569-584.

Quinn, P., Barros, C. & Whittingham, D.G. (1982).Preservation of
Hamster oocytes to assay the fertilizing capacity of human spermatozoa.
J. Reprod. Fert. 66, 161-168.

Qvist, R., Blackwell, L.F., Bourne, H. and Brown, J.B. (1990).
Development of mouse ovarian follicles from primary to preovulatory
stages in vitro. J. Reprod. Fert. 89, 169-80.

Ramaiah, A. (1974).Pasteur effect and phosphofructokinase. Curr. Top.
Cell. Regul. 8, 297-345.

Rao, I.M., Allsbrook Jr., W.C., Conway, B.A., Martinez, J.E., Beck,
J.R., Pantazis, C.G., Mills, T.M., Anderson, E. & Mahesh, V.B.
(1991).Flow cytometric analysis of granulosa cells from developing rat
follicles. J. Reprod. Fert. 91, 521-530.

Rauscher, H. (1965). Die ovulation (morphologie). Arch. Gynakol. 202,
122-131.

Reeves, J.P. (1975).Stimulation of 3-O-methylglucose transport by
anaerobiosis in rat thymocytes. J. Biol. Chem. 250, 9413-9420.

Richards, J.S., Johnston, T., Hedin, L., Lifka, J., Ratoosh, S.,
Durica, J.M. & Goldring, W.B. (1987).Ovarian follicular development
from physiology to molecular biology. Recent Prog. Horm. Res. 43, 231-
70.

Richards, J.S., Jonasson, J.A., Rolfes, A.I., Kersey, K. & Reichert
Jr., L.E. (1979).Adenosine 3', 5'-monophosphate, luteinizing hormone
receptor, and progesterone during granulosa cell differentiation: effects

-263-



of oestradiol and follicle-stimulating hormone. Endocrinology, 104, 765-
773.

Robinson, A. (1918).The formation, rupture and closure of ovarian
follicles in ferrets and ferret-polecat hybrids, and some associated
phenomena. Trans. R. Soc. Edin. 52, 303-362.

Rodgers, R.J., Rodgers, H.F., Hall, P.F., Waterman, M.R. & Simpson,
E.R. (1986).Immunolocalization of cholesterol side-chain cleavage
cytochrome P-450 and 17a-hydroxylase cytochrome P-450 in bovine
ovarian follicles. J. Reprod. Fert. 78, 627-638.

Roos, D. & Loos, J.A. (1973).Changes in the carbohydrate metabolism of
mitogenically stimulated human peripheral lymphocytes. II. Relative
importance of glycolysis and oxidative phosphorylation on
phytohaemagglutinin stimulation. Exp. Cell Res. 77, 127.

Rossant, J. (1984).Somatic cell lineages in mammalian chimaeras. In:
Chimaeras in Developmental Biology, pp 89-109. Eds N. Le Douarin & A.
McLaren. Orlando: Academic Press.

Rossant, J. & Chapman, V.M. (1983).Somatic and germline mosaicism in
interspecific chimaeras between Mus musculus and Mus caroli. J.
Embryol. Exp. Morph. 73, 193-205.

Rossant, J. & Pederson, R.A. (eds) (1986).Experimental Approaches to
Mammalian Embryonic Development. Cambridge University Press,
Cambridge.

Rossant, J., Vijh, K.M., Siracusa, L.D. & Chapman, V.M. (1982).
Identification of embryonic cell lineages in histological sections of Mus
musculus <—> Mus caroli chimaeras. J. Embryol. Exp. Morph. 73, 179-191.

Rothchild, I. (1981).The regulation of the mammalian corpus luteum.
Rec. Prog. Horm. Res. 37, 183-283.

Rubinstein, L., Moguilevsky, J.A. & Schiaffini, O. (1966).Glycolytic
and oxidative metabolism of isolated prepuberal rat ovaries of
androgenized rats. Life Sci. 5, 411-414.

Riisse, I. (1983).Oogenesis in cattle and sheep. Bibl. Anat. 24, 77-92.

Ryan, K.J. (1979).Granulosa-thecal interaction in ovarian
steroidogenesis. J. Steroid Biochem. 11, 799-800.

-264



Ryan, R.J. (1981).In: Dynamics of Ovarian Function, pp. 1-11. Eds.
N.B. Schwartz & M. Hunzicker-Dunn. Raven Press, New York.

Sasano, H., Okamoto, M., Mason, J.I., Simpson, E.R., Mendelson,
C.R., Sasano, N., Silverberg, S.G. (1989). Immunolocalization of
aromatase, 17a-hydroxylase and side-chain cleavage cytochromes P-540
in the human ovary. J. Reprod. Fert. 85, 163-169.

Scheffler, I.E. (1974).Conditional lethal mutants of Chinese hamster
cells: Mutants requiring exogenous carbon dioxide for growth. J. Cell.
Physiol. 83, 219-230.

Schmidt, G.H., Wilkinson, M.M. & Ponder, B.A.J. (1985).Detection and
characterization of spatial pattern in chimaeric tissue. J. Embryol. Exp.
Morph. 88, 219-230.

Schroeder, A.C., Schultz, R.M., Kopf, G.S., Taylor, F.R., Becker,
R.B. St Eppig, J.J. (1990). Fetuin inhibits zona pellucida hardening and
conversion of ZP2 to ZP2t during spontaneous mouse oocyte maturation in
vitro in the absence of serum. Biol. Reprod. 43, 891-897.

Schultz, R.M., Letourneau, G.E. St Wasserman, P.M. (1979).Program of
early development in the mammal: Changes in the pattern and absolute
rates of tubulin and total protein synthesis during oocyte growth in the
mouse. Dev. Biol. 73, 120-133.

Seamark, R.F., Amato, F., Hendrickson, S. St Moor, R.M. (1976).
Oxygen uptake, glucose utilization, lactate release and adenine
nucleotide content of sheep ovarian follicles in culture: effect of human
chorionic gonadotrophin. Aust. J. Biol. Sci. 29, 557-563.

Shalgi, R., Kraicer, P.F. St Soferman, N. (1972).Gases and electrolytes
of human follicular fluid. J. Reprod. Fert. 28, 335-340.

Sheela Rani, C.S., Shalhanick, A.R. St Armstrong, D.T. (1981).Follicle-
stimulating hormone induction of luteinizing hormone receptor in
cultured rat granulosa cells: an examination of the need for steroids in
the induction process. Endocrinology 108, 1379-1385.

Shimizu, S., Tsuji, M. St Dean, J. (1983).In vitro biosynthesis of three
sulphated glycoproteins of murine zona pellucidae by oocytes grown in
follicle culture. J. Biol. Chem. 258, 5858-5863.

Short, R.V. (1962).Steroids in follicular fluid and the corpus luteum of
the mare. A 'two-cell type' theory of ovarian steroid synthesis. J.
Endocrinol. 24, 59-63.

-265-



Sibley, D.R., Benovic, J.L., Caron, M. & Lefkowitz, R.L. (1988).
Phosphorylation of cell surface receptors: a mechanism for regulating
signal transduction pathways. Endocr. Rev. 9, 38-56.

Singh, M., Singh, V.N., August, J.T. St Horecker, B.L. (1978).
Transport and phosphorylation of hexoses in normal and Rous sarcoma
virus-transformed chick embryo fibroblasts. J. Cell. Physiol. 97, 285-
292.

Siracusa, L.D., Chapman, V.M., Bennett, K.L., Hastie, N.D., Pietras,
D.F. Sc Rossant, J. (1982).Use of repetitive DNA sequences to
distinguish Mus musculus and Mus caroli cells by in situ hybridization.
J. Embryol. Exp. Morph. 73, 163-178.

Skinner, M.K. (1987).Proteoglycan production by Sertoli and Myoid cells
in mono-, co- and parabiotic-culture. Ann. NY Acad. Sci. 513, 415-417.

Skinner, M.K. St Coffey, Jr., R.J. (1988).Regulation of ovarian cell
growth through the local production of TGFa by theca cells.
Endocrinology 123, 2632-2638.

Skinner, M.K., Lobb, D. St Dorrington, J.H. (1987).Ovarian
thecal/interstitial cells produce an epidermal growth factor-like
substance. Endocrinology 121, 1892-1899.

Slater, E.C. St Holton, F.A. (1954).Oxidative phosphorylation coupled
with the oxidation of a-ketoglutarate by heart muscle sarcosomes.
Biochem. J. 56, 28-40.

Snow, M.H.L. St Monk, M. (1983).Emergence and migration of mouse
primordial germ cells. In: Current Problems in Germ Cell Differentiation.
Eds A. McLaren St C.C. Wylie, pp. 115-135. Cambridge University
Press, Cambridge.

Sols, A. (1968).Phosphorylation and glycolysis. In: Carbohydrate
Metabolism and Its Disorders, chapt. 3, pp. 53-87. Eds F. Dickens, P.J.
Randle St W.J. Whelan. Academic Press, New York.

Sols, A. (1976).The Pasteur effect in the allosteric era. In: Reflections
on Biochemistry, pp 199. Eds A. Romberg, B.L. Horecker, L.
Cornudella St J. Ora. Pergamon Press, Oxford.

Sorensen, R.A. (1972).The utilization of lactate in mouse oocyte
maturation and first cleavage. Biol. Reprod. 7, 139.

Sorensen, R.A. St Wassarman, P.M. (1976) .Relationship between growth

-266-



and meiotic maturation of the mouse oocyte. Dev. Biol. 50, 531-536.

Soriano, P. & Jaenisch, R. (1986).Retroviruses as probes for mammalian
development: Allocation of cells to the somatic and germ cell lineages.
Cell 46, 19-29.

Steinkampf, M.P., Mendelson, C.R. & Simpson, E.R. (1987).Regulation
by follicle-stimulating hormone of the synthesis of aromatase cytochrome
P450 in human granulosa cells. Mol. Endocrinol. 1, 465-471.

Stern, M.S. & Wilson, I.B. (1972).Experimental studies on the
organization of the preimplantation mouse embryo. I. Fusion of
asynchronously cleaving eggs. J. Embryol. Exp. Morph. 28, 247-254.

Stiff, M.E., Bronson, F.H. & Stetson, M.H. (1974).Plasma
gonadotrophins in prenatal and prepubertal female mice: disorganization
of pubertal cycles in the absence of a male. Endocrinology, 94, 492-496.

Stone, M. (1984).Variance-covariance modelling with chromosome
markers. J. Theor. Biol. 107, 275-286.

Strauss, J.F. Ill, Schuler, L.A, Rosenblum, M.F. & Tanaka, T. (1981).
Cholesterol metabolism by ovarian tissue. Adv. Lipid Res. 18, 99-157.

Sugino, H., Nakamura, T., Hasegawa, Y., Miyamoto, K., Igaracshi,
M., Eto, Y., Shibai, H. & Titani, K. (1988).Identification of a specific
receptor for euthyroid differentiation factor on follicular granulosa
cells. J. Biol. Chem. 263, 15249-15252.

Summers, P.M., Shelton, J.N. & Bell, K. (1983). Synthesis of primary
Bostaurus-Bos indicus chimaeric calves. Anim. Reprod. Sci. 6, 91-102.

Surwilo, B.O. & Doeg, K.A. (1973).Oxygen and glucose uptake and
lactate production in polycystic rat ovary. Endocrinology 93, 652-659.

Tam, P. & Snow, M.H.L. (1981).Proliferation and migration of primordial
germ cells during compensatory growth in the mouse embryo. J.
Embryol. Exp. Morph. 64, 133-147.

Tarkowski, A.K. (1961).Mouse chimaeras developed from fused eggs.
Nature, Lond., 190, 857-860.

Tarkowski, A.K. (1963).Studies on mouse chimaeras developed from
eggs fused in vitro. Natl. Cancer Inst. Monograph 11, 51-71.

-267-



Tarkowski, A.K. (1964).Patterns of pigmentation in experimentally
produced mouse chimaeras. J. Embryol. Exp. Morph. 12, 575-585.

Tarkowski, A.K. (1969).Are genetic factors controlling sexual
differentiation of somatic and germinal tissues of a mammalian gonad
stable or labile? In: Environmental Influences on Genetic Expression,
pp. 49-68. Eds N. Kretchmer & D.N. Walcher. National Institutes of
Health, Bethesda, MD.

Telfer, E. (1987).Factors Influencing Follicular Development in
Mammalian Ovaries. Thesis submitted for the degree of Doctor of
Philosophy, University of Edinburgh. Awarded 1987.

Telfer, E., Ansell, J.D., Taylor, H. & Gosden R.G. (1988).The number
of clonal precursors of the follicular epithelium in the mouse ovary. J.
Reprod. Fert. 84, 105-110.

Telfer, E., Gosden, R.G. & Faddy, M.J. (1991).Impact of exogenous
progesterone on ovarian follicular dynamics and function in mice. J.
Reprod. Fert. 93, 263-269.

Telfer, E.E., Johnston, K.A. & Eppig, J.J. (1992).Expression of
cytochrome p-450 aromatase mRNA during murine follicular development
in vitro & in vivo. J. Reprod. Fert. Abstract Series No. 9, p 17.

Terranova, P.F. & Garza, F. (1983).Relationship between the
preovulatory luteinizing hormone (LH) surge and androstenedione
synthesis of preantral follicles in the cyclic hamster: Detection by in
vitro responses to LH. Biol. Reprod. 29, 630-636.

Torrance, C., Telfer, E. & Gosden, R.G. (1989).Quantitative study of
the development of isolated mouse preantral follicles in collagen gel
culture. J. Reprod. Fert. 87, 367-374.

Tsafriri, A., Lieberman, M.E., Ahren, K. & Lindner, H.R. (1976).
Dissociation between LH-induced aerobic glycolysis and oocyte
maturation in cultured Graafian follicles of the rat. Acta Endocrinologica
81, 362-366.

Tsafriri, A., Lieberman, M.E., Barnea, A., Bauminger, S. & Lindner,
H.R. (1973).Induction by luteinizing hormone of ovum maturation and
steroidogenesis in isolated Graafian follicles of the rat: role of RNA and
protein synthesis. Endocrinology 93, 1378-1385.

Tsafriri, A., Lindner, H.R., Zor, U. & Lamprecht, S.A. (1972).In vitro
induction of meiotic maturation in follicle-enclosed rat oocytes by LH,
cyclic AMP and prostaglandin E2. J. Reprod. Fert. 31, 39-50.

-268-



Tsang, B.K., Moon, Y.S., Simpson, C.W. & Armstrong, D.T. (1979).
Androgen biosynthesis in human ovarian follicles: cellular source,
gonadotrophic control and adenosine 3', 5'-monophosphate mediation. J.
Clin. Endocrinol. Metab. 48, 153-158.

Tucker, E.M., Moor, R.M. & Rowson, L.E.A. (1974).Tetraparental
sheep chimaeras induced by blastomere transplantation. Changes in
blood type with age. Immunology 26, 613-621.

Tyler, J.P.P., Moore Smith, D. & Biggers, J.D. (1980).Effects of
steroids on oocyte maturation and atresia in mouse ovarian fragments in
vitro. J. Reprod. Fert. 58, 203-212.

Ullrey, D.B. & Kalckar, H.M. (1981). The nature of regulation of hexose
transport in cultured mammalian fibroblasts: Aerobic 'repressive' control
by D-glucosamine. Arch. Biochem. Biophys. 209, 168-174.

Ullrey, D.B., Franchi, A., Pouyssegur, J. & Kalckar, H.M. (1982).
Down regulation of the hexose transport system: Metabolic basis studied
with a fibroblast mutant lacking phosphoglucose isomerase. Proc. Natl.
Acad. Sci. USA 79, 3777-3779.

Vale, W., Rivier, J., Vaughan, J, McClintock, R., Corrigan, A., Woo,
W., Karr, D. & Spiess, J. (1986).Purification and characterization of an
FSH-releasing protein from porcine ovarian follicular fluid. Nature
Lond. 321, 776-779.

Vickers, A.D. (1967). A direct measurement of the sex-ratio in mouse
blastocysts. J. Reprod. Fert. 13, 375-376.

Voutilainen, R., Tapananinen, J., Chung, B., Matteson, K.J. & Miller,
W.L. (1986).Hormonal regulation of P450scc (20, 22 desmolase) and
P450cl7 (17a-hydroxylase/ 17,20 lyase) in cultured human granulosa
cells. J. Clin. Endocrin. Metab. 63, 202-207.

Wales, R.G. (1974).The levels of NAD and NADH in mouse embryos
during the preimplantation stages of development. Proc. Aust. Biochem.
Soc. 7, 28.

Walters, E. & McLean, P. (1967).Multiple forms of glucose-adenosine
triphosphate phosphotransferase in rat mammary gland. Biochem. J.
104, 778-783.

Walters, E. & McLean, P. (1968).The effect of anti-insulin serum and
alloxan-diabetes on the distribution and multiple forms of hexokinase in
lactating rat mammary gland. Biochem. J. 109, 737-741.

-269-



Wang, C., Hsueh, A.J.W. & Erickson, G.F. (1979).Induction of
functional prolactin receptors by follicle-stimulating hormone in rat
granulosa cells in vivo and in vitro. J. Biol. Chem. 254, 11330-11336.

Warburg, O. (19301.The Metabolism of Tumours. London: Arnold
Constable.

Wartenberg, H. (1982). Development of the early human ovary and role of
the mesonephros in the differentiation of the cortex. Anat. Embryol.
165, 253-280.

Wartenberg, H. (1989). infrastructure of fetal ovary including
oogenesis. In: Ultrastructure of Human Gametogenesis and Early
Embryogenesis, pp.61-85. Eds J. Van Blerkom & P.M. Motta. Kluwer
Academic Publishers, Boston.

Wassarman, P.M. (1988).Zona pellucida glycoproteins. Ann. Rev.
Biochem. 57, 415-442.

Webb, J.L. (1966).Enzyme and Metabolic Inhibitors. Academic Press,
London.

West, J.D. (1975). A theoretical approach to the relation between patch
size and clone size in chimaeric tissue. J. Theor. Biol. 50, 153-160.

West, J.D. (1976). Patches in the livers of chimaeric mice. J. Embryol.
Exp. Morph. 36, 151-161.

West, J.D. (1978a).Chimaeras and mosaics. In: Development in Mammals,
vol 3, pp. 413-460. Ed. M.H. Johnston. Elsevier, North Holland.

West, J.D. (1978b).Clonal growth versus cell mingling. In: Genetic
Mosaics and Chimaeras in Mammals, pp. 435-444. Ed. L. Russell.
Plenum, New York.

West, J.D. (1984).Cell markers. In: Chimaeras in Developmental
Biology, pp 39-63. Eds N. Le Douarin & A. McLaren. Academic Press,
London.

Whitfield, C.F. & Morgan, H.E. (1973).Effect of anoxia on sugar
transport in avian erythrocytes. Biochim. Biophys. Acta 307, 181-196.

Whittingham, D.G. (1971).Culture of mouse ova. J. Reprod. Fert.
Suppl. 14, 7-21.

-270-



Wilmut, I., Hooper, M.L. & Simons, J.P. (1991).Genetic manipulation of
mammals and its application in reproductive biology. J. Reprod. Fert.
92, 245-279.

Wilson, J.E. (1985).Regulation of mammalian hexokinase activity. In:
Regulation of Carbohydrate Metabolism, Vol. I, pp. 45-87. Ed. R.
Beitner. CRC Press, Florida.

Witschi, E. (1948). Migration of the germ cells of human embryos from the
yolk sac to the primitive gonadal fold. Contrib. Embryol. 32, 67-80.

Witschi, E. (1951).Embryogenesis of the adrenal and the reproductive
glands. Recent Prog. Horm. Res. 6, 1-23.

Wood, R.E. & Morgan, H.E. (1969).Regulation of sugar transport in
avian erythrocytes. J. Biol. Chem. 244, 1451-1460.

Woodruff, M.F.A., Ansell, J.D., Hodson, B.A. & Potts, R.B. (1986).
Oligoclonal tumours. Int. J. Cancer 38, 747-751.

Yanagashita, M., Hascall, V.C. & Rodbard, D. (1981).Biosynthesis of
proteoglycans by rat granulosa cells cultured in vitro: modulation by
gonadotrophins, steroid hormones, prostaglandins and cyclic nucleotide.
Endocrinology 109, 1641-1649.

Yen, S.S.C. (1986).The human menstrual cycle. In: Reproductive
Endocrinology, pp. 33-74. Eds S.S.C. Yen & R.B. Jaffe. Saunders, New
York.

Zakar, T. & Hertelendy, F. (1980).Effects of mammalian LH, cyclic AMP
and phosphodiesterase inhibitors on steroidogenesis, lactate production,
glucose uptake and utilization by avian granulosa cells. Biol. Reprod.
22, 810-816.

Zamboni, L. (1972).In: Oogenesis, pp. 5-45. Eds J.D. Biggers & H.W.
Schuetz. University Park Press, Baltimore.

Zamboni, L. (1974).Fine morphology of the follicle wall and follicle cell-
oocyte association. Biol. Reprod. 10, 125-149.

Zamboni, L. (1980).In: Endocrine Physiopathology of the Ovary, pp. 62-
99. Eds R.I. Tozzini, G. Reeves & R.I. Pineda. Elsevier/North Holland
Biomedical Press, Amsterdam New york.

-271-



Zamboni, L. & Merchant, H. (1973).The fine morphology of mouse
primordial germ cells in extragonadal locations. Am. J. Anat. 137, 299-
335.

Zamboni, L. & Upadhyay, S. (1983).Germ cell differentiation in mouse
adrenal glands. J. Exp. Zool. 228, 173-193.

Zeilmaker, G.H. & Verhamme, C.M.P.M. (1977).Lactate concentrations
in pre-ovulatory follicles of pro-oestrous rats before and after onset of
oocyte maturation. Acta Endocrinologica 86, 380-383.

Zeilmaker, G.H., Hulsmann, W.C., Wensinck, F. & Verhamme, C. (1972).
Oxygen triggered mouse oocyte maturation in vitro and lactate utilization
by mouse oocytes and zygotes. J. Reprod. Fert. 39, 151-152.

Zeleznik, A.J. & Hillier, S.G. (1984). The role of gonadotrophins in the
selection of the preovulatory follicle. Clin. Obstet. Gynaecol. 27, 927-
40.

Zeleznik, A.J. & Kubik, C.J. (1986).Ovarian responses in macaques to
pulsatile infusion of follicle-stimulating hormone: Increased sensitivity of
the maturing follicle to FSH. Endocrinology 119, 2025-2032.

Zeleznik, A.J., Keyes, P.L., Menon, K.M.J., Midgley, Jr., A.R. &
Reichert, Jr., L.E. (1977).Development-dependent responses of ovarian
follicles to FSH and hCG. Am. J. Physiol. 233, 229-34.

Zielke, H.R., Sumbrilla, C.M., Sevdalian, D.A., Hawkins, R.L. &
Ozand, P.T. (1980).Lactate: a major product of glutamine metabolism by
human diploid fibroblasts. J. Cell. Physiol. 104, 433-441.

Zielke, H.R., Zielke, C.L. & Ozand, P.T. (1984).Glutamine: a major
energy source for cultured mammalian cells. Federation Proc. 43, 121-
125.

Zoller, L.C. & Enelow, R. (1983). A quantitative histochemical study of
lactate dehydrogenase and succinate dehydrogenase activities in the
membrana granulosa of the ovulatory follicle of the rat. Histochem. J.
15, 1055-1064.

Zoller, L.C. & Weisz, J. (1978).Identification of cytochrome P-450, and
its distribution in the membrana granulosa of the preovulatory follicle,
using quantitative cytochemistry. Endocrinology 103, 310-313.

Zoller, L.C. & Weisz, J. (1979).A quantitative cytochemical study of
glucose-6-phosphate dehydrogenase and Ab-3B-hydroxysteroid

-272-



dehydrogenase activity in the membrana granulosa of the ovulable type
of follicle in the rat. Histochemistry 62, 125-135.

Zorzano, A., Wilkinson, W., Kotlier, N., Thoidis, G., Wadzinkski,
B.E., Ruoho, A.E. & Pilch, P.F. (1989).Insulin-regulated glucose
uptake in rat adipocytes is mediated by two transport isoforms present
in at least two vesicle populations. J. Biol. Chem. 264, 12358-12363.

-273-


