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1. INTRODUCTION

The homeostasis of an organism is controlled
by regulating the rates of proliferation, differen-
tiation and death of constituent cells!. It is now
clear that apoptosis is the physiological process
by which cells die, Apoptosis occurs during em-
bryonic development particularly in complex
organs where a subpopulation of cells are sel-
ectively removed. For example, many germ cells
die within the developing gonads during neo-
natal life?, In the adult, apoptosis can be det-
ected particularly in tissues undergoing revers-
ible expansion in hormone-dependent cells of the
breast, prostate?®, and ovary* after trophic hor-
mone removal.

The mammalian ovary provides a valuable
model to study hormonal regulation of apoptosis
because constant physiological removal of so-
matic and germ cells is characteristics of ovar-
ian life cycle. At birth, mammalian ovaries are
endowed with a fixed number of non-growing fol-
licles that will be gradually recruited into grow-
ing pool during reproductive life. Once follicles
start growth they are either selected for ovu-
lation or, for the majority of them, removed by
apoptosis®. Thus, removal of excess ovarian cel-
Is by apoptosis is necessary for normal develop-
ment of ovary. Despite the important role of fol-
licle atresia in the maintenance of normal follicle
development, studies on the hormonal control of
follicle cell demise during follicle growth have
not been possible until recent development of
apoptosis detection methods and in vitro follicle
culture models®, 7. The present studies mainly

summarize research performed recently in our

laboratory using in wvivo and in vitro follicle cul-

ture models.

. FOLLICLE ATRESIA DURING
OVARIAN DEVELOPMENT

The major difficulty in investigating follicle
atresia is probably due to the fact that incipient
atresia is recognized only in retrospect, after
the follicle has undergone distinct morphological
changes. Hence, most of the early studies on
atresia have been done in retrospect based on
morphological and histochemical changes assoc-
iated with atresia. Subsequently, these morpho-
logical studies have been coupled with endocrine
and physiological parameters®. In order to cir-
cumvent the retrospect nature of studies on
atresia, investigators have developed several
models of induced atresia in attempt to obtain a
population of follicles undergoing atresia
synchronously.

Atresia can be induced in large antral follicles
in the cyclic animals by preventing the preov-
ulatory surge of gonadotropins with timed injec-
tions of pentobarbital on the day of proestrus®,
19 This model has permitted the study of the
sequence of biochemical events that precede
morphological signs of atresia including a de-
cline in gonadotropin receptors and a shift from
estrogen to progesterone production!!, 2, A so-
mewhat similar approach has been used to cre-
ate a synchronous population of antral follicles,
which are then induced to become atretic at a
discrete point in their development. In this mod-
el, abrupt deprivation of gonadotropins has been
induced by hypophysectomy on the morning of

the day of proestrus or by treatment with
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antibodies against pregnant mare's serum gon-
adotropin (PMSG) in PMSG-treated immature
rats!s, 14, 15,

Studies utilizing models of experimentally
induced atresia have indicated that gonadotrop-
ins rescue healthy follicles, and that estrogens
protect follicles against atresia whereas androg-
ens promote atresial>, However, the evaluation
of atresia in these models is based on morpho-
logical signs which are subjective and time-con-
suming and, above all, it provides only
semi-quantitative analysis. Recent demon-
stration of apoptotic cell death during follicle
atresia’, !¢ has provided a method to circum-
vent these difficulties and to investigate hor-

monal control of follicle cell death.

M. IN VIVO STUDIES ON FOL-
LICLE CELL DEMISE

Our laboratory has recently used ¢» vivo apop-
tosis models to study hormonal regulation of fol-
licle apoptosis. Treatment of immature hypop-
hysectomized rats with estrogen results in the
growth of a cohort of early antral follicles!?, '8,
Estrogen removal for two days causes a marked
increase in apoptotic DNA fragmentation in gran-
ulosa cells!”’. The increased apoptosis can be
blocked by treatment with FSH or estrogen!®.
The anti-apoptosis effect of estrogen is abol-
ished by the addition of testosterone. These
data suggest that gonadotropins and sex steroid-
s play an important role in the regulation of ovar-
ian apoptotic cell death with estrogens prevent-
ing apoptosis and androgens antagonizing the ef-
fect of estrogens. In addition, treatment with a
GnRH agonist has been shown to increase fol-
licle apoptosis directly, with or without co-treat-
ment with FSH!7. Indeed, the highest ex-
pression of GnRH receptor mRNA was recently

demonstrated in atretic follicles!®, implying

atretogenic feature of GnRH,

V. IN VITRO APOPTOSIS MOD-
ELS

Studies on the hormonal regulation of follicle
cell demise in vivo are difficult due to the pres-
ence of a heterogenous population of follicles in
the ovary at any given time. Moreover, it is not
possible to study the effect of individual intraov-
arian hormones on follicle cell death i wvivo. In
order to circumvent these difficulties, we have
developed an in wvitro follicle culture system to
examine the hormonal regulation of apoptosis in

a homogenous population of follicles.

1. Preovulatory follicle apoptosis

Preovulatory follicles (900 mm in diameter),
obtained from immature rat ovaries primed for
two days with PMSG, undergo spontaneous
they were cultured in
serum-free conditions (5% CO,, 95% O,) for 24

h. Using this model, we have found that treat-

apoptosis  when

ment with LH /hCG or FSH suppresses apoptos-
is, underscoring the role of gonadotropins as fol-
licle survival factors”.

In addition to gonadotropins, it is well known
that intraovarian hormones including growth fac-
tors, cytokines, and activins /inhibins are mod-
ulators of folliculogenesis and may be critical in
determining the fate of follicles, Indeed, treat-
ment with IGF-I, EGF, and bFGF suppresses
the apoptosis of preovulatory follicles in a
dose-dependent manner?, 2°, implying that these
growth factors are necessary for follicle survival
similar to gonadotropins. Interestingly, the sup-
pressive effects of gonadotropins on follicle apop-
tosis are partially reversed by the addition of
IGFBP-3, probably due to the sequestration of
endogenous IGF-17, suggesting the mediatory
role of IGF-I in gonadotropin action. Moreover,



treatment with growth hormone (GH) also sup-
presses apoptosis which is partially reversed by
the co-treatment with IGFBP-3%!, implying the
role of endogeneously produced IGF-1 in GH ac-

tion.

In cultured preovulatory follicles, 11-18suppres-

ses apoptosis in a dose-dependent manner, and
the addition of 1]-1 receptor antagonist eliminat-
es its effect, confirming receptor mediation?2,
Of interest, the suppressive effect of gonadot-
ropins on follicle apoptosis is also partially bloc-
ked by the addition of Il-1 receptor antagonist,
indicating the mediatory role of endogenous
[I-18. Because I1-18 has been shown to increase
nitric oxide (NO) production in a number of tis-
sues including the ovary?3, 2%, we have also
investigated the role of NO and its second mess-
enger cGMP in the suppression of follicle cell
apoptosis, Indeed, 11-14 increases NO production
by cultured preovulatory follicles. Furthermore,
an inhibitor of NO synthase, L-NMA (NG-mon-
omethyl-L-arginine), causes a reversal of both
II-14 stimulation of NO production and sup-
pression of apoptosis, suggesting a mediatory
role of NO in these I1-18 effects. Similarly, so-
dium nitroprusside (SNP), an NO generator,
and an analog of cGMP, the second messenger
for NO, also suppress follicle apoptosis. Based
mainly on studies using preovulatory follicle cul-
tures, redundant pathways regulate the survival
of follicles. Gonadotropins are the main survival
factors by activating through the cAMP-depen-
dent pathway to produce intraovarian hormones
such as IGF-I, estrogens and 1L-1. These factor-
s, in turn, promote follicle survival through the
activation of tyrosine phosphorylation, nuclear
estrogen receptors, and the cGMP-dependent

pathways, respectively.

2. Early antral follicle apoptosis

1t is known that the majority of follicles under-

go degeneration at the early antral follicle stag-
e?’ suggesting that the penultimate stage of fol-
licle development is most vulnerable to apoptos-
is, We have thus used an in vitro culture model
of early antral follicles (350 un in diameter)
obtained from estrogen-treated immature rat
ovaries to study the effect of endocrine and
intraovarian factors on follicle apoptosis during
this critical stage of follicle development.

FSH treatment suppresses apoptosis of early
antral follicles as it does in preovulatory follic-
les?®, demonstrating the role of FSH as a follicle
survival factor. In contrast to their suppressive -
effect on apoptosis of preovulatory follicles,
treatment with LH /hCG, however, suppresses
apoptosis in early antral follicles only marginal-
ly. These findings reflect the fact that
LH /hCG receptors are restricted to theca cells
in small antral follicles whereas only preovulat-
ory follicles possess LH /hCG receptors in both
the granulosa and theca cells?”,

Unlike in preovulatory follicles, intraovarian
growth factors including IGF-I, EGF, and bFGF
only have a minimal effect on the suppression of
early antral follicle apoptosis. Binding studies
demonstrate that the number of EGF receptors
in preovulatory follicles is much higher than
that of early antral follicles?6, explaining the
higher potency of EGF on the suppression of
apoptosis in preovulatory follicles compared
with early antral follicles. Thus, it is likely that
follicles become more responsive to these
intraovarian growth factors possibly through the
acquisition of increasing numbers of receptors
during follicular development, In contrast, GH
is unable to suppress apoptosis of early antral
follicles although it markedly increases IGF-I
mRNA levels in these follicles?®, Our findings
suggest that local [GF-1 induced by GH is suf-
ficient to suppress apoptosis in preovulatory,

but not in early antral follicles.
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We have demonstrated that 11-18 also sup-
presses apoptosis in early antral follicles?5, but
with a 3-fold higher dose as compared to preov-
ulatory follicles. Because I1-18 believed to exert
its action through theca cell receptors?®, the
lower potency of 11-18 to suppress apoptosis in
early antral follicles may be due to the presence
of less differentiated theca cells in these follic-
les. In contrast, a NO generator (SNP) and an
analog of its second messenger, cGMP, could
suppress apoptosis of early antral follicles as ef-
fective as that of preovulatory follicles. These
results indicate an important role of the
NO /cGMP pathway in the suppression of fol-
licle apoptosis independent of the stage of fol-
licle growth.

Activin subunits have been found in the gran-
ulosa cells of growing follicles, and their ex-
pression increases with follicle size??, 30, It thus
becomes apparent that locally produced activins
may play autocrine and paracrine roles in follic-
ulogenesis, The actions of activin have been
shown to be suppressed by the activin-binding
protein, follistatin, produced by granulosa cells
of growing follicles in the rat ovary?3!', Because a
recent study indicates that activin, in the pres-
ence of FSH, causes primary follicles to develop
into large preovulatory follicles in wvitro32, we
have examined the possible role of activin in fol-
licle apoptosis. Activin causes a dose-dependent
suppression of apoptotic DNA fragmentation,
reaching a maximal suppression of 40%, in early
antral follicles. Furthermore, co-incubation of
activin with follistatin abolishes the anti-apoptot-

ic effect of activin, implying that the action of

activin is specific. Thus, activin is one of the fol-

licle survival factors in early antral follicles.

We have recently studied the action of TNF-«
on follicle apoptosis using i wvifro culture of ear-
ly antral follicles, The suppressive effect of

FSH on follicle apoptosis is reversed by co-treat-

ment with TNF-« in a dose-dependent manner,
indicating that TNF-a is one of the intraovarian
death mediators?3, Because the apoptotic effect
of TNF-«a is coupled to the sphingomyelin signal-
ing pathway with ceramide as a second messen-
ger in various systems3* we have tested the
atretogenic action of ceramide. Ceramide ana-
logue mimics the effect of TNF-«, and is able to
completely abolish the suppressive action of
FSH in follicle apoptosis whereas its isomer has
been shown to be ineffective, verifying the spec-
ificity of ceramude action®3, These studies sug-
gest a potential role for TNF-a as an intraov-
arian regulator of follicle atresia by acting
through the ceramide signaling pathway.

In vivo and in vitro studies on apoptosis in ear-
ly antral follicles suggest several pathways caus-
ing follicle cell death. Because GnRH is known
to increase intracellular levels of Ca*t and phos-
phatidylinositol turnover in rat granulosa cells?®3,
3¢ induction of follicle apoptosis by GnRH may
involve the activation of the protein kinase C
pathway. In contrast to the anti-atretogenic ac-
tion of estrogens, androgens cause follicle cell
death through the activation of nuclear andro-
gen receptors, Lastly, TNF-« enhances follicle
apoptosis by acting through the ceramide signal-
ing pathway.

3. Preantral follicle apoptosis

We have also studied hormonal regulation of
apoptosis of preantral follicles (150 mm in diam-
eter) obtained from 12-day-old rat ovaries,
Preantral follicles are known to be relatively im-
pervious to atresia under physiological condi-
tions?®, Neither gonadotropins nor intraovarian
regulators suppress apoptosis in preantral follic-
les. We have, however, found that a cGMP anal-
og is capable of suppressing preantral follicle

apoptosis?’.



V. CONCLUDING REMARKS

Based on studies using i vive and in vitro mod-

els of apoptosis, it becomes clear that the regu-
lation of follicle apoptosis involves multifactorial
regulatory mechanisms which are dependent
upon the stage of follicular development as
shown in Fig. 1. In highly differentiated preov-
ulatory follicles, several hormones are equally
effective at suppressing apoptosis. In early
antral follicles, however, intraovarian hormones
such as IGF-I, EGF, bFGF and I1-1 are less ef-
fective survival factors, and none of these fac-

tors are effective in preantral follicles. Thus,

Preovulatory

Preantral Early Antral

Follicle Follicle Follicle
Survival FSH > IGF-I, lI-1§8 FSH, LH/hCG,
Eactors: >LH, EGF, bFGF IGF-I, GH, EGF,
>>> GH bFGF, I-1YNO
¢GMP (77) cGMP (?7) cGMP (27)

Fig. 1. Stage-dependent hormonal regulation of
apoptosis during follicular development.
The redundant pathways regulate the
survival of preovulatory and early
antral follicles. In preovulatory follicles,
gonadotropins, growth hormone (GH),
several growth factors (IGF-1, EGF, and
bFGF) and a cytokine (I1-13) appear to
be equally effective to suppress apoptos-
is. In contrast, FSH is a major survival
factor for early antral follicles whereas
growth factors and I1-12 are less effec-
tive. In preantral follicles, none of these
factors are effective. Treatment with
cGMP rescues follicles regardless of fol-
licle size.

it is likely that follicles become more responsive
to intraovarian hormones during follicle matu-
ration, ensuring follicle survival.

Interestingly, cGMP is a survival factor at all
stages of follicle growth including preantral, ear-
ly antral, and preovulatory follicles. A hypo-
thetical model for the putative factors that con-
trol cGMP levels is depicted in Figure 2. Recep-
tor-mediated action of I1-1, as shown in the pres-
ent studies, and other unknown factors may in-
crease cGMP levels through the activation of

nitric oxide synthase (NOS) that stimulates ni-

natriuretic peptides
enterotoxins/guanylins

N\

NOS

. ! particulate
L-argining ——= nitric oxide guanylyl cyclase
—- cGMP
\ PDE
soluble N
guanylyl cyclase 1
5-GMP

Fig. 2. A hypothetical model for the regulation
of intracellular levels of ¢cGMP in gran-
ulosa cells of ovarian follicles required
to suppress apoptosis. Interleukin-1
(I-1) and other unknown factors (X)
may increase the production of nitric
oxide from L-arginine by stimulating ni-
tric oxide synthase (NOS). Nitric oxide,
in turn, increases the activity of a sol-
uble guanylyl cyclase, leading to the for-
mation of ¢GMP. Through an indepen-
dent pathway, natriuretic peptides in-
cluding atrial, brain, and C-type natriur-
etic peptides or enterotoxins/guanylins
bind and activate particulate guanylyl
cyclase receptors that increase the for-
mation of ¢cGMP. Intracellular levels of
c¢GMP may also be regulated by
¢GMP-specific phosphodiesterase (PDE)
that converts ¢cGMP to inactive 5-GMP.



tric oxide (NO) production3®. Alternatively, the
natriuretic peptide family and heat-stable enter-
otoxins /guanylins activate membrane forms of
guanylyl cyclase receptors3®, resulting in the
enhanced production of cGMP in granulosa cel-
Is. Finally, intracellular levels of cGMP may
also be regulated by cGMP-specific phosphodies-
terase (PDE) that converts cGMP to inactive
5-GMP#°,

Future analysis of the hormonal regulation of
ovarian follicle apoptosis should provide a better
understanding of the molecular process underly-
ing ovarian cell demise as well as improved treat-
ment protocols for the management of patho-
logical conditions involving excessive follicle
cell degeneration such as premature ovarian fail-

ure and polycystic ovarian syndrome,
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