CHAPTER 9

Ovarian endocrinology

Frank J Broekmans and Bart CJM Fauser

INTRODUCTION

The ovary in the female adult has a cyclic func-
tion that is both autonomous as well as directed
by the hypothalamic—pituitary axis. The devel-
opment of primordial follicles towards the antral
stages and the elimination of the vast majority
of these developing follicles along the way are
fully under control of local factors. It is from
the small antral stage of follicular development
onwards that pituitary gonadotropin hormones
facilitate the menstrual cycle. Dominant fol-
licle growth, ovulation of the oocyte, and corpus
luteum formation represent the key processes of
the ovarian cycle and much is dependent on the
interplay between pituitary gonadotropins, ovar-
ian steroids, and peptides. The ultimate goal of
the menstrual cycle is the implantation of a vital
embryo in the endometrium that has been pre-
pared under the influence of ovarian steroids.

FUNCTIONAL OVARIAN ANATOMY

The human ovary is an ellipsoid organ with a
clear white appearance. On full through-cut the
medulla part should be distinguished from the
cortex (Figure 9.1). The medulla is continuous
with the mesovarium and contains mainly blood

09-Human Oocytes-chapter09-ppp.i147 147

147

vessels and connective tissue. The cortical tis-
sue comprises the largest part of the ovary and
contains the stroma in which the follicles are
embedded. At the periphery of the ovary the
stroma tissue is very dense, giving the ovary its
white appearance.

Histologically, the outer lining consists of a
flat or cuboidal epithelial cell layer, often erro-
neously referred to as ‘germinal epithelium’. It
is capable of expressing the mucus gene MUC1
and the surface cells have cilia and apical micro-
villi. The surface epithelium plays a role in the
transport of substances to and from the perito-
neal cavity and in the repair of surface defects,
for instance after ovulation. The ovarian stroma
contains fibroblastic cells with limited steroido-
genic properties and the capability of producing
growth factors and growth factor binding pro-
teins. As such, the stroma is involved in the func-
tional separation of follicles and corpora lutea
through both physical and biochemical mea-
sures!. Also, various inflammation cell types are
found in the interstitial tissue that are involved
in tissue repair after ovulation and the elimi-
nation of atretic follicles. The medullary part
of the ovary contains the hilar vascular plexus
and extrinsic innervation of both sympathetic as
well as parasympathetic fibers, responsible for
regulation of ovarian blood flow and steroid
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Figure 9.1 Section of the human ovary, showing the anatomic parts and the sequence of develop-
mental stages of the follicles. Reprinted from Animal Reproduction Science, 78, Knight PG and
Glister G: Local roles of TGF-B superfamily members in the control of ovarian follicle development,

165-183, 2003, with permission from Elsevier

synthesis of theca-interstitial cells. The cortex of
the ovary contains large quantities of primordial
follicles. This type of follicle consists of an oocyte
surrounded by a single layer of flattened granu-
losa cells. Once the primordial follicle starts its
development towards antral stages (primary fol-
licle), the granulosa cells become cuboidal and
an internal theca cell layer is acquired. These
cells are elongated and separated from the gran-
ulosa cells by a basal membrane. With further
expansion in follicle and oocyte size the outer
thecal layer is developed by compressing the
surrounding stroma, while the granulosa cells
form several layers around the oocyte (second-
ary follicle, Figure 9.2), which by then becomes
surrounded by the zona pellucida. The internal
thecal layer is cell rich and highly vascularized
and arterioles terminate in a network of capillar-
ies at the basal membrane between the theca and
granulosa layers.

As the secondary follicle is formed, FSH,
androgen, and estrogen receptors develop in the
granulosa and LH receptors in the thecal cells.
Granulosa cells have no direct blood supply and
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are dependent on the passage of nutritional and
regulatory substances through the basal mem-
brane between the granulosa cell layer and the
blood supply of the internal theca. Granulosa
cells are interconnected by gap junctions that
ensure exchange and transport of small mol-
ecules and have cytoplasmic processes through
the zona pellucida that contact the plasma mem-

Figure 9.2 Histologic image of a primary human
follicle
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brane of the oocyte for exchange functions?™.
The structural composition of the gap junctions
is determined by proteins called connexins, that
are encoded for by both the oocyte and granulosa
cells.

In its development during the primary and
secondary follicle stage the oocyte attains mei-
otic and developmental competence®®. Meiotic
competence refers to the ability to carry out the
meiotic divisions with proper chromosome segre-
gation and re-establishment of genomic imprint-
ing. Developmental competence is the ability to
support pre-embryo development by remodeling
sperm DNA. Once fluid collection takes place
between the multiple granulosa cell layers of the
secondary follicle it eventually leads to the for-
mation of an antrum. This process requires rapid
influx of water, enabled by active ion transport
by granulosa cells into the developing antrum,
thereby increasing osmolarity. The antrum and
its fluid are thought to enable the release of the
cumulus-oocyte complex from the ruptured fol-
licle at ovulation and to play a role in nutrient
and waste exchange for the avascular granulosa
layer. Granulosa cells from the antral wall are
called mural cells and express the greatest ste-
roidogenic activity and the highest level of LH
receptors. The cells surrounding the oocyte are
named cumulus cells and have low LH respond-
ing properties’, while being active in producing
the extracellular matrix that is necessary for the
preovulatory expansion of the cumulus—oocyte
complex (Figure 9.3).

The final stage of antral follicle develop-
ment is the Graafian follicle, with a diameter
of 15-25 mm, which rapidly increases its size
through increased accumulation of fluid and
granulosa cell proliferation. At ovulation the
ovum is released from this follicle after having
resumed meiosis and the granulosa and theca
cells will differentiate into luteinized cells under
the influence of the LH surge. Thereby follicu-
lar remnants remain endocrinally active as the
corpus luteum, a highly vascularized structure
which will regress into a corpus albicans some
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Figure 9.3 Histologic structure of the large
antral follicle

9-11 days after ovulation, unless the exposure to
human chorionic gonadotropin (hCG) released
from an implanted blastocyst prevents this.

FOLLICLE DEVELOPMENT

Initial recruitment

In the third week of fetal development germ cells
arise under the influence of transforming growth
factor beta (TGF-B) superfamily members (bone
morphogenetic proteins, BMPs)? in the yolk sac.
From there the primordial germ cells migrate
along the hindgut into the genital ridges, where
they arrive at 6 weeks postfertilization® and start
to proliferate. Migration and proliferation are
under the control of kit ligand, integrin B, TIAR-
1 and the Pog (proliferation of germ cells) gene,
and leukemia inhibiting factor (LIF)'9-13. At the
fourth month of fetal development the ovaries
contain some 6-7 million oogonia that develop
into oocytes by entering the first meiotic division,
after which they become arrested at the diplotene
stage of the prophase!*'5. Failure to enter meio-
sis will inevitably lead to apoptosis of the oogo-
nium. Oocytes are then surrounded by a layer of
flat granulosa cells to form primordial follicles.
In humans, oocytes remain in this resting phase
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for many decades until resumption of meiosis is
effected by exposure to the mid cycle LH peak.
Through a steady flow of primordial follicles
and non-meiotic oogonia into apoptosis or atre-
sia, mediated by a deficiency in survival factors
like kit ligand and LIF or cell death inducers like
TGF-B and activin, at birth 1-2 million primor-
dial follicles are left'®17. After birth the rate of
loss of follicles slows down so that at menarche
some 3 to 4 hundred thousands are left'8. During
the reproductive years the loss of primordial fol-
licles remains steady at some thousand follicles
per month and is likely to accelerate after the age
of 37 until the ovaries have become devoid of
any follicles around the menopause.

Of the 1-2 million follicles present at birth,
only some 400 will eventually develop into an
ovulating dominant follicle (Figure 9.4). The
remaining follicles will undergo atresia in the
course of postnatal life due to a process referred
to as apoptosis (programmed cell death?°).
Atresia occurs at almost every stage of follicle

development, but not in postnatal primordial
and dominant follicles. The development from
the primordial follicle stage up till the moment
of ovulation may take at least 6-8 months?!.
However, as in the fetal period, the vast majority
of primordial follicles will never reach the stage
of dominance and ovulation, but will undergo
apoptosis or cell necrosis (Figure 9.5). It is pro-
posed that follicle development before the antral
stages is independent of FSH exposure and is reg-
ulated by intraovarian factors. As the normal fate
of primordial follicles is programmed cell death,
the 400 or so follicles that will reach full matura-
tion and ovulation are rescued by processes that
are principally dependent on gonadotropins.

Cyclic recruitment

From the size of 2 mm onwards, antral follicles
gain FSH sensitivity as aresult of increasing num-
bers of membrane receptors on their granulosa
cells. Up to a follicle diameter of 5 mm only very
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Figure 9.4 The decline in follicle number in relation to reproductive events with increasing female

age. Reprinted with permission from Klinkert!®
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Figure 9.5 Classification and development of follicles in the human ovary. Reprinted and adapted

with permission from te Velde and Pearson??

small amounts of gonadotropins are sufficient
for follicle development?*?4. For development
into a dominant preovulatory follicle, exposure
to higher levels of FSH is necessary. During that
development, which will take about 2 weeks
(Figure 9.6), the follicle will increase in size from
5 to about 20 to 25 mm just before ovulation?®.
Although the number of follicles that are pres-
ent in the ovary in the small antral stage (2 to 5
mm) can amount to 20 to 25, only one follicle
is selected to become the dominant follicle that
will subsequently ovulate. The granulosa cells of
this follicle have a high mitotic index and the
follicular fluid contains FSH and estradiol. The
mechanism underlying this single dominant fol-
licle selection has become known as the thresh-
old/window concept.
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The demise of the corpus luteum at the end
of the previous menstrual cycle and the result-
ing decrease in estradiol and inhibin A levels?6:27
cause FSH levels to rise at the end of the men-
strual cycle?®. By exceeding a certain threshold
level?%3%, the cohort of FSH-sensitive antral
follicles present at that time will start to grow
and are thereby initially rescued from atresia.
Rising FSH levels will, however, soon become
depressed by negative feedback from estradiol®!
and inhibin B®2 produced by the cohort of devel-
oping antral follicles (Figure 9.7). Decreasing
FSH levels provide the occurrence of a window
or time period in which the FSH threshold of the
individual follicles of the FSH sensitive cohort is
exceeded® 34, The length of the time window and
the hierarchy of FSH sensitivity of the various
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Figure 9.6 Endocrine fluctuations and follicle
growth in the menstrual cycle. Reprinted with
permission from Macklon and Fauser®®
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follicles in the cohort will determine the number
of follicles that are allowed to begin preovulatory
development (dominant follicle growth). The
single dominant follicle will gradually diminish
its dependency on FSH and will start to produce
rapidly increasing amounts of estradiol. The ris-
ing estradiol levels will subsequently further
suppress the FSH plasma concentration, making
dominant growth impossible for the other partic-
ipants in the stimulated cohort3®36. Yet another
mechanism whereby the
escapes from becoming atretic is that the granu-
losa cells acquire LH receptors. Consequently, in
addition to FSH, LH can support growth and dif-
ferentiation of the dominant follicle and recent
studies have shown that growth of the dominant
follicle can be completed under the influence of
LH alone37:38,

The exponential rise in estradiol levels trig-
gers the LH/FSH surge. As a result, resumption
of meiosis in the oocyte, ovulation, and lutein-
ization of the granulosa are established. The LH-
induced synthesis of progesterone is believed to
play an important role in the mechanism of fol-
licle rupture. Enzymes that degrade the follicle
wall, like plasminogen activators, the matrix
metalloproteinase family members, and cadhep-
sin L, are expressed in granulosa cells under the
influence of progesterone. Progesterone receptors
induced in the granulosa cells by the LH surge
are part of this autocrine loop phenomenon®*%41,
The end result of follicle wall degradation is
the protrusion of the follicle through the ovar-
ian capsule and the rupture and gentle release
of the egg and follicular fluid. At this stage the
expansion of the cumulus oophorus is a crucial
process, enabling oocyte release from the fol-
licle. LH-induced prostaglandin biosynthesis
by COX/2 enzyme activity in granulosa cells is
believed to play a role in the cumulus expan-
sion*?. Moreover, cumulus expansion results
from LH-induced synthesis of hyaluronic acid*3.

Corpus luteum formation implies that a wide
vascular network is formed which facilitates the
delivery of precursors for steroid production and

dominant follicle
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release of secretory products into the circula-
tion. Vascularization is enabled by angiogenic
factors like VEGF and FGE produced by granu-
losa cells in response to the LH stimulus of the
mid cycle surge. The luteinization of granulosa
cells includes a loss of their mitotic potential
and expression of genes that encode for enzymes
involved in progesterone synthesis, like StAR,
P450scc, and 3B-hydroxysteroid dehydrogenase.
Granulosa-lutein cells therefore mainly deliver
progesterone, but through continued expression
of aromatase they also remain the source of estra-
diol production. Luteinized theca cells, through
the 17a-hydroxylase/17-20 lyase enzyme, con-
tinue to produce androgen precursors, but also
17o-hydroxyprogesterone. Luteal function is
principally maintained by exposure to LH pulses
that coincide with fluctuations in progesterone
levels**, while the increasing presence of LH/hCG
receptors in the course of the luteal phase enables
a steady rise in progesterone levels. Progesterone
itself is believed to support its own production
in an autocrine fashion®. After the mid luteal
progesterone peak the intrinsic life cycle of the
corpus luteum inevitably results in its physical
and functional demise. The mechanism of lute-
olysis, leading to the formation of a scarring tis-
sue zone known as the corpus albicans, is poorly
understood?®. Reduced LH signaling efficiency,
possibly related to the presence of prostaglan-
din F20q, results in a fall in the presence of ste-
roidogenic enzymes with a drop in progesterone
release. Also, apoptosis and autophagia triggered
by cytokines of the TNF-o. superfamily and inter-
feron-y will imply structural destruction of the
steroidogenic cells. Luteolytic substances like
TNF-a, endothelin-1, and MCP-1 are believed to
alter endothelial function, with vascular damage
and reduced perfusion of the corpus luteum as
the consequence.

The emergence of hCG from an implanted
embryo will stimulate steroidogenesis and pre-
vent the programmed structural and functional
demise of the corpus luteum. In contrast, under
the influence of rising hCG, the corpus luteum
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will show hypertrophy of the luteinized granu-
losa and theca cells and further expansion of the
vascular network. Rescue of the corpus luteum
by hCG will lead to increased levels of progester-
one, inhibin A, and relaxin at the end of the luteal
phase and into the first weeks of pregnancy.

GONADOTROPIN CONTROL OF
CYCLIC FOLLICULAR RECRUITMENT

FSH and LH are heterodimer glycoproteins com-
posed of a common o subunit and a specific
subunit. Release of FSH and LH from the ante-
rior pituitary cells is primarily directed by the
secretion of gonadotropin-releasing hormone
(GnRH) from autonomic nuclei located in the
medial basal and ventral hypothalamus. The
pulsatile release of GnRH into the pituitary stalk
portal vein system ensures the synthesis and
pulsatile release of LH and FSH from the pitu-
itary. FSH release seems to have an additional
autonomic component and has a relatively high
plasma half life, resulting in the pulsatile pat-
tern of FSH in the plasma being far less clear.
Typically, the frequency of gonadotropin pulses
is rather high in the follicular phase with rela-
tively low amplitudes, while in the luteal phase
pulse frequency slows down to every few hours
with a clear increase in the amplitude.
Specificity of the interaction between hor-
mone and receptor is regulated due to the pres-
ence of the B subunit. The human LH and FSH
receptors are glycoproteins that belong to the
family of G-protein-coupled transmembrane
receptors and are encoded for by genes located
on chromosome 2p21. Through the linkage to
G proteins located in the inner part of the cell
membrane, coupling to the intracellular effector
system is ensured. In addition to the cyclic AMP
pathway, calcium channels, protein kinase B
and C, and mitogen activated kinase are believed
to play a role in transforming the gonadotropin
signal into specific cell function*’. According
to the two-cell two-gonadotropin theory, LH
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receptors are primarily present at the membranes
of the internal theca cells, while the FSH receptor
is expressed by granulosa cells (Figure 9.8). FSH
receptor presence is attained in the early stage
of antral follicle formation and FSH exposure in
growing antral follicles will increase the num-
ber of FSH receptors, resulting in a feed forward
system. In the course of an antral follicle obtain-
ing dominance, FSH-induced LH receptors also

come to expression at the granulosa cell mem-
brane, allowing LH to partially take over FSH
actions and ensuring responsiveness of the pre-
ovulatory follicle to the mid cycle LH surge*?
The action of FSH at the level of the granu-
losa cell comprises enhancement of granulosa
cell proliferation and differentiation, stimu-
lation of the aromatase enzyme system that
is responsible for the conversion of thecal
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androgens into estrogens, formation and devel-
opment of the follicle antrum, maturation of
the oocyte, presumably mediated through the
function of the granulosa cells in the cumu-
lus oophorus, as well as completion of the first
meiotic division by the oocyte up to meiosis II
metaphase stage.

The role of LH in the later stages of antral
follicle development is mainly related to its
effect on estradiol biosynthesis by regulating the
production of androgens in the internal theca
cells. LH also plays a role in supporting FSH in
selection and regulation of the final growth of
the dominant follicle37:38. In the course of domi-
nant follicle growth only small amounts of LH
are necessary for proper follicle function and
high LH levels are believed to induce prema-
ture luteinization and atresia*®°. Finally, LH is
uniquely essential for the process of ovulation of
the dominant follicle and the resumption of mei-
otic division of the oocyte. Parallel to the process
of ovulation, stimulation of the LH receptors at
the granulosa level forces the granulosa cells to
convert from an estradiol-producing unit into
luteinized cells that produce both estradiol and
progesterone. Corpus luteum function survival
is dependent on the release of gonadotropins.
However, in the absence of hCG release from
an implanted blastocyst the corpus luteum will
eventually regress in the late luteal phase. The
subsequent fall in progesterone, estradiol, and
inhibin A levels allows the levels of FSH to rise
at the luteo-follicular transition, which induces
the subsequent selection of a new cohort that
delivers the dominant follicle for the upcoming
cycle.

OVARIAN STEROID AND PROTEIN
SYNTHESIS

Steroid hormone synthesis starts with the
acquisition and storage of cholesterol by the
steroid-producing theca cells. The enzyme
complex cytochrome P450 side chain cleavage
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(P450-SSC) is responsible for the transforma-
tion of cholesterol into pregnenolone (Figure
9.9). For the rapid response to tropic hormones
(especially LH) another enzyme, the steroid
acute regulatory protein (StAR), is held respon-
sible. Pregnenolone is further metabolized
under the influence of two enzyme systems:
the cytochrome P450-C17 and the 3fB-hydroxy
steroid dehydrogenase enzyme (33-HSD). P450-
C17 enables the transition of progestagens into
androgens, first by allowing pregnenolone to
change into 17OH-pregnenolone by hydrox-
ylation (P450-17a-hydroxylase) and then by
changing 17OH-pregnenolone into dehydroepi-
androsterone (DHEA) through P450-17,20-lyase
activity. The 33-HSD enzyme converts the delta-
5 steroids pregnenolone, 170OH-pregnenolone,
and DHEA into the delta-4 steroids progester-
one, 170H-progesterone, and androstenedione,
respectively. The 178 variant of HSD transforms
androstenedione into testosterone. Finally, it is
the CYP19 aromatase enzyme in the granulosa
cells that converts C19 androgenic steroids
into estradiol. This implies that granulosa cells
are not capable of estradiol synthesis de novo,
but fully rely upon androgen substrate produc-
tion from the theca cells. The activity of the
aromatase system is dependent on FSH expo-
sure and, in the late proliferative phase, also on
LH. Estradiol levels within the follicular fluid
are extremely high. Through diffusion, estra-
diol reaches the blood circulation. Transport of
steroids towards the effector organs is mainly
through the blood system. In plasma they are
bound to sex hormone binding globulin (SHBG)
and albumin. Only in minor quantities do they
circulate freely. Synthesis and release of SHBG
from the liver is enhanced by estrogens and
insulin, but decreases through the action of
androgens. Steroid hormones will pass the cell
membrane of the effector cell and bind to steroid
receptors located at the cell nucleus. Steroid
receptors are part of the superfamily of ligand-
modified transcription factors that are responsi-
ble for growth, differentiation, and homeostasis.
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Figure 9.9 Steroid synthesis in the adrenal and the ovarian cortex

Apart from the classic target organs for steroid
hormones like the endometrial tissue, cervix,
fallopian tube, breast, bone, and brain, steroids
also elicit effects in the ovary itself.

Progesterone synthesis from granulosa-lutein
cells after ovulation is ensured by expression
of the enzymes StAR, P450scc, and 3B-HSD
(see Figure 9.9). Progesterone enhances corpus
luteum function and induces development of the
endometrium into the secretory stage.

Inhibins (A and B) are members of the TGF-3
protein superfamily, with a common a-subunit
but different B-subunits. The source of inhibin
production is the granulosa cell. Inhibin B is
secreted mainly from small antral follicles in
the early follicular phase and levels fall to unde-
tectable after the mid cycle gonadotropin surge.
Inhibin A is low at the start of the cycle, but rises
with dominant follicle growth into the preovula-
tory phase and will remain high until the mid
luteal phase.
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INTRAOVARIAN MODULATORS OF
FOLLICLE DEVELOPMENT

The development of the primordial follicle up to
the stage of ovulation and corpus luteum forma-
tion is, apart from extraovarian hormones like
FSH and LH, regulated and controlled by a large
number of para- and autocrine factors produced
by granulosa cells, theca cells, and the oocyte
itself. Most of these modulators are members of
the superfamily of the TGF-B system5?, the insu-
lin-like growth factor (IGF) system5?, and the
epidermal growth factor (EGF) system®-*4, but
ovarian steroid and protein hormones also play
a role®> %, Intraovarian regulatory systems have
not been elucidated to such an extent that there
is full understanding of how primordial follicles
eventually develop into the preovulatory fol-
licle. Therefore in this section the role of intra-
ovarian regulators will be discussed only briefly
(Figure 9.10).
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Figure 9.10 The role of intraovarian regulators in initial and cyclic recruitment of follicles. Bold
arrows indicate the phase of development in which the modulator has (putative) action. Modified with
permission from Knight and Glister®® GC, Granulosa cell; DE, Dominant follicle; PE, Primordial follicle;

Lut GC, Luteinized granulosa cells; CL, Corpus luteum

FSH is not necessary for the transition of pri-
mordial follicles into growing follicles as these
follicles do not express FSH and LH receptors,
and in FSH knockout mice the ovaries still con-
tain growing follicles®’=%°. Still, LH and FSH
regulation of early and late antral follicles may
have indirect effects on the behavior of the pri-
mordial follicle pool, possibly through produc-
tion by the antral follicles of one or more factors
that affect the primordial pool. The transition
of primordial follicles into growing follicles is a
largely autonomous process in which growth dif-
ferentiation factor-9 (GDF-9) and the bone mor-
phogenetic protein 15 (BMP-15) are involved.
GDF-9 is produced by the oocyte and considered
an obligatory signal for further growth beyond
the primordial stages®%'. It acts by promoting
granulosa cell proliferation and differentiation
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and by enabling the formation of a thecal cell
layer in primary follicles®?%%, The thecal cell
layer develops from primary interstitial cells
present in the fetal ovary under the influence of
oocyte-derived GDF-9 and kit ligand produced
by granulosa cells®¥5°, Recombinant GDF-9 has
also been shown to stimulate initial follicle
recruitment in vivo®. BMP-15 plays a compa-
rably essential role in early follicular growth by
stimulating granulosa cell mitosis and initiation
of theca cell layer formation®”-7%, Zona pellucida
(ZP) formation is regulated by oocyte-specific
genes that encode for a number of ZP proteins.
These genes are expressed under the control of
Fig(factor in the germ line)-o.. The zona protects
the oocyte and is essential for normal fertiliza-
tion”%72, During further stages of follicle devel-
opment, oocytes continue to express GDF-9
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and BMP-15. Anti-miillerian hormone (AMH),
produced by the granulosa cells of the primary
follicles, has been shown to have an inhibitory
effect on the transition from primordial into
developing follicles and as such has a functional
counteraction to GDF-9. In the absence of AMH,
as shown in the knockout model, the pool of pri-
mordial follicles is reduced at a much higher rate
than in the normal situation’.

After the follicle has developed into a pri-
mary and secondary growing follicle, granulosa
cells initiate synthesis and release of inhibins,
activin, and follistatin. In the early growing
phase activins are predominantly produced
that enhance granulosa cell proliferation and
protect the follicle from becoming atretic’4-76.
In small antral follicles, activins promote the
expression of FSH receptors, further assist-
ing the growth of follicles in response to FSH,
and support FSH-dependent aromatase activity,
as well as reduce the LH-dependent androgen
production by theca cells’. They also enhance
oocyte maturation and as such activins seem
to protect the growing follicle from demise and
prepare it for its steroid producing functions,
while stimulating FSH release from the pitu-
itary. Much of their action becomes counter-
acted by follistatin, produced from small antral
follicles, that selectively binds to activins and
neutralizes the follicle development promot-
ing actions of activins. Inhibins are involved
in growing follicles from the antral stages
onwards. They selectively suppress FSH release
from the pituitary, thereby indirectly influenc-
ing FSH action on the follicle, and exert a para-
crine action on theca cells where they enhance
LH-induced androgen secretion’”7% As such
inhibins play a role in both facilitating steroid
synthesis and enabling dominant follicle selec-
tion. Activins and inhibins thus have oppos-
ing actions, where activins are dominant in the
early stages of the growing follicle, while inhib-
ins come into play much more when the fol-
licle has become antral and attained sensitivity
to gonadotropins.
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TGF-B, produced by both theca and granu-
losa cells, is believed to play a role that is com-
parable to activin in promoting follicular growth
and may also be involved in antrum formation
by interfering with the role of connective tis-
sue growth factor (CTGF) in extracellular matrix
modeling and angiogenesis®®8!. Epidermal
growth factor and TGF-o have been shown to be
potent inhibitors of FSH-dependent differentia-
tion of granulosa cells.

When follicles have reached the antral stage
of development the crucial factor for ongoing
development is FSH. FSH action may, in part,
become expressed through intermediary factors
like steroids and proteins released from granulosa
cells. Inhibins are capable of suppressing FSH
release from the pituitary, but also enhance LH-
and IGF-mediated androgen synthesis from theca
cells. Follistatin is another factor that comes to
expression in antral follicle stages and is known
for its FSH-suppressing ability and binding of
activins. The neutralization of activin action by
follistatin is important to reduce the suppres-
sion of estrogen and progesterone production
from granulosa cells in antral and dominant fol-
licles. Estrogens produced from granulosa cells
promote their proliferation and have anti-atretic
effects, while augmenting intercellular gap junc-
tions and formation of the follicular antrum. The
role of androgens in antral follicles is believed
to be mainly folliculotropic, as evidenced by the
high quantities of androgen receptors in granu-
losa cells of preantral and antral follicles. In later
stages of follicular growth androgens may exert
atretogenic effects by interference with the aro-
matase system. AMH is capable of mitigating the
FSH-induced follicular growth of antral follicles.
Once the dominant follicle has been selected
AMH expression becomes severely reduced,
enabling an increase in the FSH effects on this
dominant follicle. As such AMH may contribute
to dominant follicle selection®2.

The process of dominant follicle selection
and growth from the cohort of small antral fol-
licles is believed to be regulated according to
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the threshold window concept, as explained
earlier. Fine tuning of FSH levels seems to be
the most important effector in this regulation.
Still, the supposed changes in individual sensi-
tivity for FSH within the cohort of follicles may
be exerted by intraovarian paracrine and auto-
crine factors. Estradiol is believed to enhance
the FSH response of the follicle and AMH exerts
the opposite effect. In dominant follicles it is the
production of these two substances that alters in
such a way that the efficiency of the FSH stimu-
lus is upgraded. Insulin-like growth factors and
their binding proteins are believed to be the first
factors that mark the attainment of dominance??.
Members of the TGF-f family are known for their
effects on steroid synthesis and induction of LH
receptors in granulosa cells and growth inhibi-
tion of smaller subordinate antral follicles®!. As
such, the TGF and IGF systems may well be part
of the integration of extraovarian signals and
intrafollicular factors that determine whether a
follicle will continue to develop into dominance
or be diverted into atretic pathways.
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