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1. Introduction

Mammalian oocytes are surrounded by several layers of cells and grow in ovarian folli-
cles: inner layers of granulosa cells are separated from blood vessels and theca cells by a
vasement membrane lining the follicle. Periodical secretion of pituitary gonadotropins such as
follicle stimulating hormone (FSH) and leuteinizing hormone (LH) induces oocyte maturation
and, after ovulation of matured oocytes, ovarian follicles undergo profound changes in mor-
phology and physiologic properties. Theca interna cells and granulosa cells transform into
small and large luteal cells, respectively ¥ and blood vessels invade the luteinizing granulosa
cell layers to nourish cells, giving rise to corpora lutea ultimately (Fig. 1). Although a large
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Fig.l: An endocrine relationship between pituitary gland and ovarian follicles. FSH
stimulates the maturation of ovarian follicles. Ovulation induced by LH is a
signal for granulosa cells to transform to luteal cells and form the corpus
luteum. Gonadotropins from pituitary gland such as FSH and LH stimulates
feedback regulation by estradiol, inhibin, and progesterone.
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number of follicles are present in a given ovary, only a limited number of follicles are
selected and prevailed to further respond to the pituitaly gonadotropins during a given cycle.
The way of this selection has been a puzzle for a long time. selected and prevailed to further
respond to the pituitary gonadotropins during a given cycle.

Ovarian granulosa cells have attracted profound attentions in various points for past
several decades; in particular, they show dramatic transformation to luteal cells in coupled

#9  Granu-

losa cells from mammalian species can be cultured in vitro in media containing serum ® or

7-9)

with ovulation and they play essential roles in oocyte development and maturation
‘occasionally in serum-free media and, under appropriate conditions, granulosa cells re-
tain the ability of progesterone synthesis and luteinization, making this system attractive for
not a few cell biologists ***¥.

Granulosa cells can be classified into three groups based on their locations inside the
follcile . The mural granulosa cells are localized next to basement lamina and are presumed
to be most active in various functional aspects. Closer to the antral cavity are the antral gra-
nulosa cells, and finally granulosa cells surrounding the oocyte are called cumulus cells.
Although these three groups of granulosa cells are derived from common precursor cells in
the process of ovary formation, they are diverged enough to respond differently to various
stimuli. Besides this stratified structure of granulosa cells, each granulosa cell, cumulus
cells and oocytes are connected each other through "gap junctions” 15'“k”; this structure enables
¥ sugars ®, amino acids, small pep-
tides *# and low molecular weight substances such as cAMP and Ins(1,4,5)P3 %%,

the transportation of metabolites such as nucleotides

Pituitary
Gland

{|Endocrine

AUtOCFiUe ‘ Granulsa cells

Paracrine

Figure 2: Granulosa cells as a model for hormonal target cell

Ovarian follicles were used to be speculated simply as being regulated by gonadotropins
directly, that is "endocrine control”. Recently, however, it becomes clear that the develop-
ment and maturation of ovarian follicles can’t be fully achieved without controls carried out

in "paracrine or autocrine” fashion through granulosa cells (Fig. 2). This review will focus
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on signaling pathways unique to granulosa cells with the aim of understanding the events in
ovarian follicles at the molecular level.

2. Steriod hormones and steroidogenesis

Steroid hormones play key roles in the development and maturation of ovarian folicles.
Granulosa cells and luteal cells produce and secrete two major ovarian steroid hormones:es-
tradiol and progesterone. Estradiol, together with FSH, induces FSH receptors on granulosa
cells ™ and also the secretion of gonadotropin releasing hormone (GnRH) at hypothalamus
which causes the subsequent release of LH from the pituitary ** . Under the continuous pre-
sence of LH, granulosa cells become luteal cells after ovulation which secrets some estradiol,
but its predominant secretion is progesterone. Progesterone is known to have an activity to

inhibit follicle maturation, thereby these cells prevent more follicles to mature.

Basement
Membrane

Granulosa Cell
(Aromatization)

Androstene. |/
dione

Estradiol

Estradiol

( Amplification of FSH effects )

Figure 3: “Two cell, two gonadotropin theory”

In contrast to progesterone whose synthesis is completed within granulosa cells or luteal
cells, estradiol requires another cells, theca cells, to go through its synthesis, which has

» 27,28) (

been refered to "two cell, two gonadotropin theory Fig.3); a cascade reaction (Fig.4)
starts by synthesizing androstenedione in thecal cells in which process 17 « -hydroxysteroid
dehydrogenase (generally abbreviated as HSD) plays key role and its activity is repressed by
LH surge ®. Androstenedione is then transfered into granulosa cells through basal membrane
and is converted to estradiol by P450 aromatase whose activity has been shown to be reg-
ulated by FSH *#%

‘Progesterone is produced within granulosa cells and luteal cells (Fig.4). The side-chain
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Figure 4: Production of steroid hormone on ovarian follicles. HSD: Hydroxysteroid
dehydrogenase is abbreviated.

cleavage of cholesterol is the first and the rate-limiting step in progesterone biosynthesis and
this conversion from cholesterol to pregnenolone is catalyzed by mitochondrial enzymes: con-
sisting of the cytochrome P450scc and it’s:ancillary electron transport proteins, adrenodoxin

and adrenodoxin reductase **?

. These enzyme activities have been found to be regulated by
gonadotropins at transcription level *%”, .

Gonadotropins transduce these signals through transmembrane receptors (described
below) to which G-proteins are coupled ** . In fact, it is known that ganadotropin induces
intracellular cAMP *™* and that chemicals such as forskolin, 8-boromo-cAMP, dibutyryl ade-
nosine 3',5-monophosphatase induce three mitochondrial genes, p450scc, adrenodoxin, and

%44 resulting in the production of progesterone **. On the other

adrenodoxin reductase
hand, after luteinization by the administration of LH or human chorionic gonadotropin (hCG)
, the activity of mitochondrial scc system is maintained by cAMP-independent mechanism
B34ty compensate the constitutive synthesis of large quantity of progesterone in corpora
lutea. The regulatory mechanisms. of progesterone synthesis, therefore, are defferent be-
tween granulosa -cells.and luteal cells. :

¢AMP is believed to function through cAMP dependent protein kinase (A-kinase) which
is composed of two catalytic subunits (C @ and C [)’) and two regulatory subunits (RI and
RII) . The RII subunit is induced in granulosa cells by FSH and estradiol at transcription

1 51.52)

leve . It may also be regulated by LH; the expression of RIIl mRNA significantly increases

in granulesa cells till LH surge and decreases dramatically after LH surge. Since estradiol

)

and forkolin ® can induce the mRNA, cAMP is assumed to regulate the expression of the RII
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gene. On the other hand, only minor changes have been observed in RI and C @ subunit .
This regulatory mechanism of the RII subunit contributes to keep catalytic subunits under the
tight control of the R subunit and ¢AMP, so that follicles can be maintained at synchronized
stafe in cAMP-mediated events such as ovulation and luteinization which occur only in resp-
once to the LH surge and significant increase of intracellular cAMP concentration #.

3. Receptors

FSH receptors: The expression of the FSH receptor has been examined mainly by binding

53.54)

activity im vitro and in vivo . The activity appears first in granulosa cells around the

M559 ot which oocytes complete the growing, and the hormone activity

56}

primary follicle stage

increases during prepubertal development ™. The expression of the FSH receptor is reported

to be regulated by estradiol in association wiht FSH i vivo * but not by estradiol alone *.
Through an estrous cycle, FSH binding capacity remains fairly constant with minor fluc-

%89 and the numbers of FSH receptors decline

tuations compared to the LH binding capacity
as follicles mature (in porcine) and ovulate (in human; dominant folicle) ® . Although the
regulatory mechanism of this reduction of FSH receptors is unclear yet, progesterone which
is secreted in the process of luteinization is presumed to play a role, at least in porcine in
vitro system . Further, down regulation of FSH receptors on granulosa cell surface has also
been observed by exposing cells continuously to FSH i vitro ®*; this may have a role to
progress the cycle by regulating responsiveness to FSH.

A ¢cDNA clone of the FSH receptor has been isolated from rat sertoli cells

and the re-
ceptor molecule has been predicted to be highly related to the TSH receptor ® and the LH re-
ceptor * which belong to a family of G protein coupled receptors. In fact, it is well known
that FSH treatment of granulosa cells increases intracellular cAMP concentration. Further,
by using the isolated cDNA clone as a probe, the expression of FSH receptor mRNA was ex-
amined ®; a limited expression of the FSH receptor mRNA was detected in granulosa cells in
small follicles and the copy number substantially increased after pregnant mare serum gona-
dotropin (PMSG) stimulation. The expression of FSH receptor was declined by further treat-
ment of human chorionic gnadotropin (hCG) , and this might correspond to a phenomenon
observed in vivo, the FSH receptor mRNA declines after preovulatory LH surge.

LH receptors: The LH receptor is a G protein-coupled transmembrane receptor as described
and increases intracellular cAMP concentration upon LH stimulation as expected. LH recep-

%5 These findings are consis-

tors are known to be induced by FSH i vivo *¥ and in vitro
tent with the reports that LH receptors can be detected only in granulosa cells from large
preovulatory follicles *®™ and that, in contrast, granulosa cells isolated from immature
hypophysectamized and estrogen-treated rats showed little LH/hCG binding activity **.

Quite a few growth factors or hormones have been identified as effectors of the express-

™ insulin like

jon of LH receptors. Among them, platelet derived growth factor (PDGF)
growth factor 1 (IGF-1) ™™ insulin *™, estradiol *%™ , progesterone ® and androgens ®
are known to induce LH receptors in association with FSH. On the other hand, epidermal
growth factor (EGF) ™™, basic fibroblast growth factor (bFGF) ™™ and glucocorticoids ™

antagonize FSH.
(380)
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How does each effector regulate the expression is not clear yet. However, the possible
involvement of cAMP has been proposed by the observation that its analogs (8-Br-cAMP,
dbcAMP) ®%® or inducing agents ** of cAMP (cholera toxin, prostaglandin E2, forskolin)
could stimulate the expression of functional LH receptors. Synthetic analogs of cAMP gener-
ally induced less LH receptors than physiological dose of FSH, suggesting that cAMP inde-
pendent mechanism, in addition to cAMP dependent mechanism, might be involved in the in-
duction of LH receptors . With regard this, the commitment of C kinase in the pathway has
been implicated 7, _

In contrast to the FSH receptor mRNA which is confined to granulosa cells, LH receptor
mRNA can be detected widely in theca cells, granulosa cells and corpora lutea . Moreover,
multiple sizes of the LH/CG receptor transcript were detected in gonadal cells, although the
significance of this observation has not been elucidated yet ¥,

Other receptors: In addition to gonadotropin receptors, receptors for several other effectors
have been reproted to be present in granulosa cells and luteal cells. Prolactin (PRL) is
known to be an important luteotropic agent and to inhibit the induction of 20 ¢ -hydrox-
ysteroid dehydrogenase (20 a -HSD) which catalyzes the conversion of active progesterone to
less active 20 a -dihydroprogesterone, resulting in the acumulation of progestorone in serum

90.91)

which is essential for maintenance of pregnancy and fetal well being . Although immature

granulosa cells has few prolactin binding sites prior to stimulation with FSH **, fully
grown granulosa cells in large follicles and luteal cells in corpora lutea have a signifucant

4989 In fact, it was reported that an exposure to ex-

13.92)

amount of specific PRL binding sites
ogenous FSH induce PRL receptors in granulosa cells i vivo and in vitro ®. This induc-
tion of PRL receptors by FSH is also cAMP dependent, because cAMP analogs ® and cholera

® can mimic the induction by FSH. Once induced, the continued presence of FSH, LH

toxin °
or hCG is required to maintain the PRL receptor level * . With this regard, it is proposed
that Lh/hCG and PRL influence the binding capacity each other positively .

GoRH, whose primary target site is the pituitary glands to sitmulate hormonal secretion,
has been proposed, surprisingly, to have binding site on granulosa cells and play a role fof
follicular maturation as well. GnRH inhibits the induction of progestrone synthesis by FSH in
%% and also inhibits the induction of LH and PRL receptors

, thereby GnRH seems to have an activity as an antagonist of FSH. On the other

granulosa cells and luteal cells
in vitro 7%
hand, a treatment of granulosa cells with GnRH alone can stimulate steroidgenesis *'®, fol-

101) 102,103)

licular maturation and ovulation

4. Non-Steroidal regulators

Growth Factors: Several peptide growth factors have been identified as essential regulators
for the development and maturation of ovarian follicles. Among them, EGF and bFGF are
known to have negative effects for follicular maturation:e.g., they suppress the effect of the

induction of LH receptors in cultured granulosa cells ™7

. Generally speaking, ligands
which increase intracellular ¢cAMP concentration promote the maturation and enhance the
synthesis of LH receptors, PRL receptors, progesterone and estradiol. In contrast, ligands

which reduce intracellular cAMP concentration repress the maturation. However, both EGF
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and bFGF may exert their inhibitory effect, not only by repressing cAMP formation or re-

76.77.104)

ducing cAMP concentration , but by activating the calcium and phospholipid dependent

protein kinase C **,

14,

EGF causes the reduction of estradiol biosynthesis ", while it stimulates progesterone

%9 " indicating that the estradiol and progesterone synthesis are regulated through

107)

synthesis

14

distinct mechanisms ¥ . bFGF, on the other hand, inhibits both progesterone synthesis

1819 Since estradiol is important for ova-

and estradiol synthesis in bovine granulosa cells
rian follicular maturation, EGF and bFGF may regulate follicular maturation by reducing
both estradiol synthesis and the LH receptor level in granulosa cells.

The induction of receptors for EGF and bFGF are shown to be regulated by gonadotro-
pins; FSH treatment induces the binding sites for both EGF and bFGF in cultured rat granu-
losa cells without changing their binding affinities "®"", while LH/hCG reduces the binding
sites for EGF. Likewise, treatment with cAMP-inducing agents which mimic FSH function
such as 8-bromo-cAMP, forskolin, and choleragen stimulte EGF receptor expression, where-
as GnRH or 12-O-tetradecanoyl-phorbol 13-acatate (TPA) which antagonize FSH reduce the
expression of the EGF receptors '”. The induction of EGF and bFGF receptors by FSH im-
ply the presence of autoregulation mechanism for the follicular maturation; FSH promotes fol-
licular maturation, while EGF and bFGF antagonize FSH functions.

PDGF, another peptide growth factor, in known to be secreted by platelet during clot
formation and therefore, this growth factor has been proposed to have a role during folliculer
rupture and subsequent formation of the corpus hemorrhagicum ™. In contrast to the inhibi-
tory activities of EGF and bFGF, PDGF has been shown to enhance the FSH stimulation of
intracellular cAMP production, steroidogenesis, and LH receptors ™™'? | PDGF exerts its
effect by maintaining FSH-sensitive adenylate cyclase and reducing phosophodiesterase activ-
ity 76) .

Recent studies on insulin-like growth factors (IGFs) and its binding proteins (IGFBPs)
have revealed regulatory systems in ovaries. Two kinds of IGF, IGF-1 and IGF-2, and six
kinds of IGFBP have been identified in serum and other body fluid including ovarian follicu-
lar fluid "™, IGF-1/IGF-1 receptor system is also shown to be produced in ovarian granu-
losa ceils and induced by FSH ""®_ IGF-1, like insulin, is known to promote FSH-mediated
differentiation of granulosa cells and induce cAMP production, steroidogenesis, LH receptor
. Therefore, FSH and IGF-1 synergize to further stimulate follicular

and lnhlbln 72,73.119-121)
maturation. IGF-1, however, at the same time, stimulates the expression of IGFBPs which
antagonize FSH and IGF-1, implying the presence of a feedback mechanism among these
three factors. IGF-2 mRNA, in the other hand, is detected in cultured human granulosa cells
and inducible by FSH and hCG ', the role of IGF-2 in follicles is not yet clear though.
IGFBP-2 and IGFBP-3 are reported to be repressed by FSH, a derivatives of cAMP and
8-Br cAMP . IGFBP-3 is also regulated by prostaglandin E; and F2« in luteinized granulo-
sa cells ., IGFBP-4 and 5 have a role to reduce the production of estradiol and progester-
one ™ and the expression of IGFBP-4 and 5 is regulated by FSH, which negatively controls

124)

at transcription level and also stimulates the production of a protease for degradation of
IGFBP-4 and 5.

Transforming growth factor- 3 (TGF- [3’) has been reported to be produced in murine
corpora lutea and to mediate luteotropic action of PRL . TGF- f has also been identified
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in cultured rat granulosa cells and found to increase both basal and FSH-stimulated inhibin
a and 8 A-subinit mRNA level *”. Furthermore, TGF- @ inhibits forskolin-induced 17 @
-hydroxysteorid dehydrogenase activity and androstenedione production in bovine thecal cells
® | thereby TGF- f3 plays a role in ovarian follicles.

Meiosis Arresting Factor (MAF): Mammalian follicular fluid has been reported to contain
an activity capable of preventing spontaneous dissolution of germinal vesicle (GVBD) of
oocytes and similar activities have been reported to be secreted by granulosa cells > .
Qocyte maturation inhibitor (OMI) , one of such inhibitor of GVBD ", has been isolated
from porcine follicular fluid and shown to be a heat-stable peptide with wide species specifici-
129)

ties . Another factor, which has been speculated to be secreted by granulosa cells and

localized at cell surface, has been identified by Sato et al? and called meiosis arresting factor
(MAF).

Miillerian inhibitory factor (MIF) is also known as an inhibitory factor and is detected
in both follicular fluid and garanulosa cells by immunohistochemical research ™™, Although
the ways these factors affect on the resumption of meiotic arrest are still unclear, they may
exert their activities by regulating intracellular cAMP concentration of oocytes, because only
the declining of cAMP concentration has been consistent phenomenon associated with the re-

133.134)
Hypothalamus

sumption of meiosis

Gn-RH
~> | Hypophysis | |
FSH
Ovarian Folicle
Activin . |NH|BIN
: Follistatin

Figure b: Inhibin, activin, and follistatin as endecrine regulators

Inhibin and activin: An administraion of steroid hormones to gonad induces the secretion of
water-soluble proteins, known - as inhibin and activin, which regulate the hypotha-
lamo-hypophysial system. Inhibin has an activity to suppress the synthesis and secretion of
FSH f3 -subunit selectively at pituitary *"* (Fig. 5) . The growth and proliferation of granu-
losa cells are thus regulated through such feedback mechanism by FSH and inhibin.

Two forms of inhibins have been purified from porcine follicular fluid **; each form is a
heterodimer comprised of common e« -subunit and a distinct [ -subunit, that is, B8 A or f8
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B-subunit. The former one, @ (3 A, is called inhibin A and the latter one, a 8B, is called
inhibin B. $ A and S B subunits share 70% similarity each other in their primary structures
and much less similarity is present between @ and (3.

In the ovary, the @ -subunit mRNA is expressed always much more abundantly than the
/3 -subunit mRNA " hecause the inhibin « -subunit is expressed not only in the granulo-
sa cells but in thecal cells and ovarian stroma, while the inhibin [ A-subunit is expressed
only in granulosa cells in maturating follicles ¥ . The cellular content of mRNA coding for
each subunit is regulated by variety of factors. PMSG was reported to increase the express- .
ion of the inhibin @ and A subunit 141) and FSH, LH and TGF- 1 were found to have the
same activities in cultured rat granulosa cells *"*** EGF, bFGF and GnRH, on the other
hand, which are known to suppress granulosa cell maturation (LH receptor expression
steroidogenesis, and so on) repress the expression of the « and £ A subunits . IGF-I
and PRL have no significant effect on inhibin expression. Forskolin can mimic FSH and in-
creases the inhibin subunit mRNA level ¥, indicating the involvement of signaling pathway
via cAMP dependent protein kinase(s) .

The dimerization of the inhibin 8 A- and 3 B-subunits gives rise to the three formes of
activin: A (8 A- B A), B(SB-B), and AB (8 A- B B) "%  Although activin' A "
and AB ™ have been purified, activin B has not been isolated nor fully characterized yet.
Interestingly, despite of sharing common f3 -subunit, biological activities of activin are oppo-
site to that of inhibin. As this /3 -subunit has similarity with TGF- 8 “®, which also posses-

150)

ses FSH-releasing activity , activin and inhibin are classified as members of TGF- (8

family.
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Figure 6: Inhibin, activin, and TGF~f, as autocrine/paracrine regulators

@%%9%

A

Both inhibin and activin function mostly in endocrine fashion, but it is also known that
these factors exert their effects in autocrine or paracrine manner as well. Inhibin, for
example, has been reported to repress the biosynthesis of estradiol in granulosa cells through

B and to augment progesterone secretion in cultured

(384)
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152,146)

granulosa cells , whereas activin has been shown to enhance P450aromatse activity and

inhibit progesterone synthesis ¥ On the other hand, TGF- 3 has dual activities; it en-

151-153)

hances both P450aromatse activity and progesterone synthesis . Futhermore. activin in-

creases both basal and FSH-stimulated expression of inhibin in cultured rat granulosa cells,

while inhibin has no effect on activin expression **

. These relationships are summarized
schematically in Figure 6.
Proteins capable of binding to inhibin and activin have been identified in serum and ova-

19.19 and follistatin

rian follicular fluid. Follistatin in follicular fluid is one of such proteins
inhibits pituitary release of FSH "% | Follistatin is reported to be expressed in the same tis-
sue where activin and inhibin are expressed ' . Another inhibin/activin binding protein,
a 2M, has been identified in human serum. Although @ 2M can bind to both activin and

inhibin, it has no effect on the biological activities of inhibin and activin as far as tested **.

5. Seaching for Stage—Specific Genes

As described above, a variety of growth factors or substances have been revealed to
play important roles in the process of development and maturation of ovarian follicles. It is
getting clearer that these ligands exert their signals ultimately by regulating the expression of
essential genes either positively or negatively. Therefore, an identification of a group of such
genes may be crucial to understand the follicular development and maturaion at the molecular
level. Tanaka ef al. constructed ¢cDNA libraries from porcine granulosa cells as well as cor-
pus luteum, and identified a group of stage- and tissue-specific genes by differential screen-
ing. Among clones so far characterized, the clone TS543, which was found to be expressed
preferentially at early and functional stages of the corpus luteum by Northern blot analysis
160 (Fig.7A) , turned out to encode a counterpart of human collagenase inhibitor *® by DNA
sequence analysis. The product was localized in the capsule of corpus luteum as well as in
the connective tissue around blood vessels (Fig. 7B). Tissue inhibitor of metalloproteinase
(TIMP) , including the collagenase inhibitor, are proposed to be induced by LH or steroid

163.164)

hormone and the enzyme activities or mRNA can be detected in fully matured follicular

fluid 164) or in corpus luteum '

. Taken together, it seems likely that TIMP including col-
lagenase inhibitor regulates metalloproteinae activity upon luteinization, ovulation, or corpus
luteum formation. In fact, it is proposed that the apical collagenous matrix of the preovula-
tory follicle may decrease partly due to proteolytic enzymes such as the metalloproteinase

163.166.160 Ty addition, plasminogen activator is reported to be synthesized in granulosa cells

) and to play a role in ovulation **.

111,168

Three other ¢cDNA clones specific to the corpus luteum have been characterized so far
(Fig. 7A, panel b, ¢, d, and e), and two of them were found to encode mitochondrial genes
(to be published elsewhere) . Since mitochondria play essential roles in the process of
luteinization and in the maintenance of corpus luteum as described above, characterization of

these gene products will reveal important aspects of luteinization.
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Firure 7A: Northern blot analysis for isolated cDNA clones. The right number shows predicted size of each
signal from ribosomal RNA. Used probes are as follows. a:TS543 ¢DNA clone, b:TS537 ¢DNA
clone, ¢:TS049 cDNA clone, d:TS507 ¢cDNA clone, e:TS052 ¢cDNA clone, f:control (2 -actin)

Figure 7B: In situ hybridization for collagenase inhibitor. An ovary at functional stage was used.
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6. Conclusions

Many investigators have used granulosa cells as a mode! system to understand cellular
transformation as well as steroidogenesis. However, there sﬁll exist many interesting ques-
tions to be resolved in this field; e.g., the way of oocyte maturation is regulated by granulo-
sa cells in a manner of intercellular. responses, the identification of genes that trigger
luteinization and meiotic resumption and so on. Making use of established granulosa cell lines
may be useful to this end " (T. Tanaka, unpublished).

Acknowledgements

We are deeply thankful to Dr. Mituru Takanami for supporting our investigations and
considerate words of encouragment.

References

(1) W. Hasel, H.W. Alila, J.P. Dowd and X. Yang, Aust. J. Biol. Sci., 40, 331(1987).

(2) E. Sato, H. Ueno and S.S. Koide, Gamete Res., 13, 115(1986) .

(3) E. Sato, T. Ishibashi and A. Iritani, in "Intraovarian control Mechanisms,” ed, C.P. Channing
and S.J. Segal Ed., Vol. Plenum Press, New York, 1982,p. 161.

(4) A. Tsafriri, Biol. Fertil., 1, 221(1985).

(5) S.L. Stone, S.H. Pomerantz, A. Schwartz-Krioner and C.P. Channing, Biol. Reprod., 19, 585

(1978). .

(6) C.P. Channing and F. Ledwitz-Rigby, Methods Enzymol., 39, 183(1975).

(7) J. Orly, G. Sato and G.F. Erickson, Cell, 20, 817 (1980). .

(8) J.L.S. Barafiao and J.M. Hammond, Endocrinology, 116, 51(1985).

(9) G.F. Erickson, and A.J.W. Hsueh, Endocrinology, 102, 1275(1978) . )

(10) J.H. Dorrington, Y.S. Moon and D.T. Armstrong, Endocrinology, 97, 1328 (1975) .

(11) D.W. Schomberg, R.L. Stouffer and L. Tytey, Biochem. Biophys. Res. Commun., 68, 77 (1976) .

(12) A.W. Lucky, J.R. Schreiber, S.G. Hillier, J.D. Schulman and G.T. Ross, Endocrinology, 100,
128 (1977) .

(13) ].S. Richards and J.J. Williams, Endocrinology, 99, 1571(1976) .

(14) A.].W. Hsueh, E.Y. Adashi, P.B.C. Joens and J. Thomas H. Welsh, Endcri. Rev., 5, 76 (1984) .

(15) D.F. Albertini and E. Anderson, J. Ceil. Biol., 63, 243(1974) .

(16) A. Amsterdam, S.R. Joseph, M.E. Lieberman and H.R. Lindner, J. Cell. Sci., 21, 93(1976).

(17) F.B. Merc, C.R. Botticelli and J.T. Albright, Endocrinology, 90, 992(1972) .

(18) L. Bjersing and S. Cajander, Cell. Tissue Res., 153, 1(1974).

(19) 1. Sherizly, Galiani and N. Dekel, Human Reprod.(Eynsham), 3, 761(1988).

(20) E. Rieske, P. Schubert and G.W. Kreutzberg, Brain Res., 84, 365(1975).

(21) R.G. Johnson and J.D. Sheridan, Science(Wash. DC), 174, 717(1971) .

(22) 1. Simpson, B. Rose and W.R. Loewenstein, Science{Wash. DC), 195, 294 (1977) .

(23) K. Sandberg, J. Ji, T. lida and K.J. Catt, J. Cell. Biol., 117, 157(1992).

(24) P.V. Sarthy, S.M. Johnson and P.B. Detewiler, J. Comp. Neur., 206, 371(1982) .

(25) 1.D. Neil, M.E. Freedom and A.S. Tillson, Endocrinology, 89, 1448(1971) .

(26) J.D. Neil, Endocrinology, 90, 1154 (1972) . ,

(27) D.T. Baird, in"Ovarian Endocrinology,” ed, S.G. Hiller Ed., Vol. Blackwell, Oxford, 1991,
p.1l.

(28) M. Demeter-Aolotto, W.E. Rainey and E.R. Simpson, Endocrinology, 132, 1353(1993) .

(29) ].S. Richards, T. Jahnsen, L. Hedn, J. Lifka, S. Ratoosh, J.M. Durica and N.B. Goldring, Re-
cent Prog. Horm Res., 43, 231(1987) .

- (30) D. Armstrong and H. Papkoff, Endocrinology, 99, 1144 (1976) .

(387)



(31)
(32)
(33)
(34)
(35)
(36)
(37)

(38)

(73)
(74)

Molecular Biology of the Ovarian Follicle

W.L. Miller, Enderi. Rev., 9, 295(1988).

E.R. Simpson and M.R. Waterman, Awnnu. Rev. Physiol., 50, 427(1988) .

A. Ben-Ze'ev, F. Kohen and A. Amsterdam, Differentiation, 34, 222(1987).

N.B. Goldring, J.M. Durica, J. Lifka, L. Hedin, S.L. Rathoosh, W.L. Miller, J. Orly and J.S.
Richard, Endocrinology, 120, 1942(1987) .

S.B. Solish, J. Picado-Leonard, Y. Morel, R.W. Kuhn, T.K. Mohandas, I. Hanukoglu and
W.L. Miller, Proc. Natl. Acad. Sci. USA, 85, 7104(1988).

R. Voutilainen, J. Tapanainen, B.-C. Chung, K.]. Matteson and W.L. Miller, J. Endocrinol. &
Metab., 63, 202(1986) .

R. Voltilainen, J. Picado-Leonard, A.M. DiBlasio and W.L. Miller, J. Cline. Endocrinol. &
Metab., 66, 383(1988).

R. Sprengel, T. Braun, K. Nikolics, D.L. Segaloff and P.H. Seeburg, Mol. Endcrinol., 4, 525
(1990) . .

K.C. McFarlad, R. Sprengel, H.S. Phillips, M. Kohlen, N. Rosemblit, K. Nikolics, D.L. Sega-
loff and P.H. Seeburg, Science, 245, 494 (1989) .

H. Loosfelt, M. Misrahi, M. Atger, R. Saleasc, M.T.V.H.-L. Thi, A. Jolivet, A.
Guidochon-Mantel, S. Sar, B. Jallal, J. Garnier and E. Milgrom, Science, 245, 525(1989) .

J.M. March, Biol. Reprod., 14, 30(1976).

U. Zor, Enderi. Rev., 4, 1(1983).

A. Amsterdam, Y. Koch, M.E. Lieberman and H,R, Linder, J. Cell. Boil., 67, 894 (1975) .

A. Amsterdam, S. Rotmensch and A. Be-Ze'ev, Trends Biochem. Sci., 14, 377 (1989) .

L. Aflalo and R. Meidan, Endocrinology, 132, 410(1993) .

S.P. Klinken and P.M. Stevenson, Eur. J. Biochem., 81, 327(1977) .

A. Ben-Ze'ev and A. Amsterdam, J. Biol. Chem., 262, 5366(1987) .

M. Knecht and K.J. Catt, Science, 214, 1346(1981) .

K. Bogovich, L.M. Scales, E. Higginbottom, L.L. Ewing and J.S. Richards, Endocrinnology,
118, 1379(1986) .

R.B. Oonk, J.S. Krasnow, W.G. Beattie and J.S. Richards, J. Biol. Chem., 264, 21934 (1989) .
L. Hedin, S.L. Ratoosh, J. Durica, T. Jahnsen and J.S. Richards, “Annu. Meet. Endcri. Soc., 68th.
Anaheim Abstr. ", No.61, (1986) . .

L. Hedin, G.S. McKnight, J. Likfa, J. Durica and J.S. Richards, Endocrinology, 120, (1986) .

J.]. Pelso, R.W. Steger and E.S.E. Hafez, J. Rprod. Fertil., 47, 55(1976) .

J.S. Richards, J.J. Ireland, M.C. Rao, G.A. Bernath, J.A.R. Midgley and J.L.E. Richert,
Endocrinology, 99, 1562 (1976) .

J.S. Richards and A. Midgley R., Jr., Biol. Reprod., 14, 82(1976).

S.S. White and S.R. Ojeda, Endocrinology, 109, 152(1981).

J.J. Ireland and J.S. Richards, Endocrinology, 102, 876(1978) .

J.-P. Louvet and J.L. Vaitukaitis, Endocrinology, 99, 758(1976) .

J.T.]. Uilenbroek and J.S. Richards, Biol. Reprod., 20, 1159(1979).

A.R. Solano, A.G. Vela, K.J. Catt and M.L. Dufau, FEBS Lett., 122, 184(1980) .

R. Nakano, K. Sasaki, K. Shima and S. Kitayama, Exper. Clin. Endocrinol., 81, 17 (1983) .

T. Akahori, Acta Obst. Gynaec. Jpn., 30, 191(1978) .-

M. Knecht, T. Nanta, M.S. Katz and K.]. Catt, Endocrinology, 112, 1247 (1983).

A. Nimrod and S.A. Lamprecht, Biochem. Biophys. Res. Commun., 92, 905 (1980) .

R. Sprengel, T.Broun, K. Nikolics. D.L. Segaloff and P.H. Seeburg, Mol. Endcrinol., 4, 525
(1990) .

M. Parmentier, F. Libert, C. Maenhart, A. Lefort, C. Gerard, J. Perret, J. VanSande, J.
Dumont and G. Vassart, Science, 248, 1620(1989) .

T.A. Camp, J.O. Rahal and K.E. Mayo, Mol. Endcrinel., 5, 1405(1991) .

G.F. Erickson, C. Wang and A.J.W. Hsueh, Nature, 279, 336(1979) .

C.S.S. Rani, A.R. Salhanick and D.T. Armstrong, Endocrinology, 108, 1379(1981) .

H.J]. Rajaniemi, J.A.R. Midgley, J.A. Duncan and J.L.E. Reichert, Endocrinology, 101, 898
(1977).

J.S. Mondschein and D.W. Schomberg, Secience, 211, 1179(1981).

E.Y. Adashi, C.E. Resnick, A.J. D’Ercol, M.E. Svoboda and J.J. Van Wyck, Endcri. Rev., 6,
400(1985) .

J.V. May, K.]J. McCarty, L.E.]. Reichert and D.W. Shomberg, Endocrinology, 107, 1041(1980) .
T. Otani, T. Maruo, N. Yukimura and M. Mochzuki, Acta Endocrinologica, 108, 104 (1985) .

(388)



T. TANAKA, E.SATO, T. TAKEYA and K. ITAHANA

(75) R. Farookhi and J. Desjardins, Mol. Cell. Endocrinol., 47, 13(1986) .

(76) M. Knecht and K.J. Catt, J. Biol. Chem., 258, 2789(1983).

(77) F. Oury and J.-M. Darbon, Biochem. Biophys. Res. Commun., 156, 634(1988) .

(78) G.F. Erickson, R. Casper and C. Hofeditz, Mol. Cell. Endocrinol., 30, 37(1983) .

(79) G.N. Piquette, P.S. LapPolt, M. Oikawa and A.]. W Hsue, Endocrinology, 128, 2449(1991).

(80) A. Nimrod, FEBS Lett., 131, 31(1981).

(81) G.F. Erickson, C. Wang, R. Casper G. Mattoson and C. Hofeditz, Mol. Cel. Endocrinol., 27, 17
(1982) .

{82) M. Knecht, M.S. Katz and X.J. Catt, J. Biol. Chem., 256, 34(1981).

(83) M. Knecht, A. Amsterdam and K.J. Catt, J. Biol. Chem., 256, 10628 (1981).

(84) T. Ranta, M. Knecht, J.M. Darbon, A.J. Baukal, S.T. Hoffman and K.J. Catt, Acta
Endocrinol., 103 (Suppl. 256), 254 (1983) .

(85) O. Shinohara, M. Knecht and K.J. Catt, Proc. Natl. Acad. Sci. USA, 82, 8518(1985) .

(86) H. Wang, D.L. Segaloff and M. Ascoli, J. Biol. Chem., 266, 780(1991) .

(87) D.L. Segaloff, H. Wang and J.S. Rochards, Mol. Endcrinol., 4, 1856 (1990) .

(83) Y. Hoffman, H. Peegel, M.J.E. Sprock, Z.Y. Zhang and K.M.J. Menon, Endocrinology, 128, 388
(1991) .

(89) H. Wang, M. Ascoli and D.L. Segaloff, Endocrinology, 129, 133(1991) .

(90) D.H. Wu, J. Formosan Med. Assoc., 60, 209(1961) .

(91) D.H. Wu and W.M. Allen, Fertil Steril., 10, 439(1959) .

(92) C. Wang, A.J.W. Hsue and G.F. Erickson, J. Biol. Chem., 254, 11330(1979).

(93) A.R. Midgley Jr., Adv. Exp. Biol. Med., 36, 365(1973).

(94) R. Rolland and J.M. Hammond, Endcrinol. Res. Commun., 2, 281(1975) .

(95) R.J. Navickis, P.B.C. Jones and A.J. W. Hsueh, Mol. Cell. Endocrinol., 27, 77(1982) .

(96) A.J.W. Hsueh and G.F. Erickson, Science, 204, 854 (1979) .

(97) A.]J.W. Hsueh and N.C. Ling, Life Sci., 25, 1223(1979) .

(98) A.J.W. Hsueh, C. Wang and G.F. Erickson, Endocrinology, 106, 1697 (1980) .

(99) 1.S. Davis, R.V. Farese and M.R. Clark, Proc. Natl. Acad. Sci. USA, 80, 2049 (1983) .

(100) J. Dorrington, H. McKeracher, S. Munshi and R. Gore-Langton, Endocrinology, 110 (Suppl), 178
(1982) .

(101) T. Hillensjo and W.]J. LeMaire, Nature, 287, 145(1980) .

(102) C. Ekholm, T. Hillensjo and O. Isaksson, Endocrinology, 108, 2022(1981) .

(103) A. Corbin and F.J. Bex, Life Sci., 29, 185(1981) .

(104) D.W. Shomberg, J.V. May and J.S. Mondschein, in "Factors Regulating Ovarinan Function,”
ed, G.S. Greenwald and P.F. Terranova Ed., Vol. Raven Press, New York, 1983,pp.221.

(105) Y. Nishizuka, Science, 233, 305(1986) .

{(106) P.B.C. Jones, T.H. Welsh Jr. and A.J.W. Hsueh, J. Biol. Chem., 257, 11268(1982).

(107) N. Savion, G.M. Lui, R. Laherty and D. Gospodarowicz, Endocrinology, 109, 409(1981) .

(108) E.Y. Adashi, C.E. Resnick, C.S. Croft, J.V. May and D. Gospondarowicz, Mol Cell
Endocrinol., 55, 7(1988).

(109) A. Barid and A.].W. Hsueh, Regulatory Peptides, 16, 243(1986).

(110) P. Feng, M. Knecht and K. Catt, Endocrinology, 120, 1121(1987) .

(111) T. Shikone, M. Yamamoto and N. Ryosuke, Endocrinology, 131, 1063(1992).

(112) . J.S. Monschein and D.W. Schomberg, Endocrinology, 109, 325(1981).

(113) R.G. Rosenfeld, G. Lamson, H. Pham, Y. Oh, C. Conover, D.D. DeLeon, S.M. Donovan, I.
Ocrant and L. Giudice, Recent Prog. Horm. Res., 46, 99(1990) .

(114) J.S. Mondschein, T.D. Etherton and J.M. Hammond, Biol. Reprod., 44, 315(1991) .

(115) L.C. Giudice, E.M. Farrell, H. Pham and R.G. Rosenfeld, J. Clin, Endocrinol. Metab., 71, 1330
(1990) .

(116) C.-]. Hsu and ].M. Hammond, Endocrinology, 120, 198(1987)

(117) J.M. Hammond, J.L.S. Baranao, D. Skakeris, A.B. Knighit, J.A. Romanus and M.M.
Rechler, Endocrinology, 117, 2553 (1985) .

(118) E.Y. Adashi, C.E. Resnick, M.E. Svoboba and J.J. Van Wyk, J. Biol. Chem., 261, 3923(1986).

(119) E.Y. Adashi, C.E. Resnick, A.M.H. Brodie, M.E. Svoboda and J.].V. Wyk, Endocrinology,
117,2313(1985) .

(120) E.Y. Adashi, C.E. Resnick, M.E. Sobovoda and J.J.V. Wyk, Endocrinology, 115, 1227 (1984) .

(121) Z.W. Zhang, R.S. Carson, A.C. Herrington, V.W.K. Lee and H. Burger, Endocrinology, 120,
1633(1987) .

(389)



Molecular Biology of the Ovarian Follicle

(122) R. Voutilainen and W.L. Miller, Proc. Natl. Acad. Sci. USA, 84, 1590(1987) .

(123) R.W. Grimes, S. Shimasaki, N. Ling and J.M. Hammond, Endocrinol. Metab., 25, E497(1992) .

(124) R.W. Grimes, S.E. Samaras and J.M. Hammond, Endocrinology, 132, 1414 (1993) .

(125) x.-J. Liu, M. Malkowski, Y. Guo, G.F. Erickson, S. Shimasaki and N. Ling, Endocrinology,
132, 1176(1993) .

(126) M. Takahashi, T. Katayama, S. Matuyama and R.-Z. Lu, in"BIOLOGY OF THE GERMLINE In
Animals and Man,” ed, H. Mori, M. Takahashi and C. Tachi Ed., Vil. Japan Acientic Societies
Press, Tokyo, 1993, pp.63.

(127) P.S. LaPolt, G.N. Piquette, D. Soto, C. Sincich and A.J.W. Hsueh, Endocrinology, 127, 823
(1990) .

(128) M.A. Sirard and S. Bilodeau, Biol. Reprod., 43, 777 (1990) .

(129) S.L. Stone, S.H. Pomerantz, A. Schwartz-Kripner and C.P. Channing, Biol. Reorod., 19, 585
(1978)..

(130) B. Vigier, J.Y. Picard, D. Tran, 1. Legai and N. Josso, Endocrinology, 114, 1315(1984) .

(1381) E.C. Necklaws, M.P. LaQuaglia, D.T. MacLaughlin, P. Hudson, M. Mudgett-Hunter and P.K.
Donahoe, Endocrinology, 118, 791 (1986) .

(132) M. Takahashi, S.S. Koide and P.K. Donahoe, Mol. Cell. Endocrinol., 47, 225(1986) .

(133) R.M. Schulz, R.R. Montfomery and J.R. Belanoff, Developmental Biology, 97, 264 (1983) .

(134) E. Sato and. S.S. Kiode, Endcrine. Res., 13, 399(1987) .

(135) B. Attardi, H.S. Keeping, S.]. Winters, F. Kotsyuji and P. Troen, Mol Cell. Endocrinol., 3,
1236 (1989) .

(136) C. Rivier, J. Rivier and W. Vale, Science, 234, 205(1986) .

(137) C. Rivier and W. Vale, Endocrinology, 125, 152(1989) .

(138) P.G. Farnworth, D.M. Robertson, D.M. deKretser and H.G. Burger, Endocrinology, 122, 207
(1988) .

(139) N. Ling and e. al., Proc. Natl. Acad. Sci. USA, 82, 7217(1985) .

(140) W. Vale, C. River, A. Hsueh, C. Campen, H. Meunier, T. Bicsan, J. Vaughan, A. Corrigan,
W. Bardin, P. Saechenko, F. Petragia, J. Yu, P. Plotsky, ]. Spiess and J. River, Recent Prog.
Horm. Res., 44, 1(1988) .

(141) S.R. Davis, H.G. Burger, D.M. Robertson, P.G. Farnworth, R.S. Carson and Z. Krozowski,
Endocrinology, 123, 2399(1988) .

(142) 1.M. Turner, P.T.K. Saunders, S. Shimasaki and S.G. Hillier, Endocrinology, 125, 2790(1989) .

(143) K.E. Mayo, G.M. Gerelli, J. Spiess, J. Rivier, M.G. Rosenfeld, R.M. Evans and W. Vale,
Proc. Natl. Acad. Sci. USA, 83, 5849 (1986) .

(144) S.R. Davis, F. Dench, I. Nikolaidis, J.A. Clements, R.G. Forage, Z. Krozowski and H.G.
Burger, Biochem. Biophys. Res. Commun., 138, 1191(1986) .

(145) M.H. Jih, J.K.H. Lu, Y.-].Y. Wan and T.-C.J]. Wu, Endocrinology, 132, 319(1993) .

(146) S.-Y. Ying, Endcri. Rev., 9, 267(1988) .

(147) W. Vale, J. Rivier, J. Vaughn, R. McClintock, A. Corrigan, W. Woo, D. Karr and J. Spiess,
Nature, 321, 776(1986) .

(148) N. Ling, S.-Y. Ying, N. Ueno, S. Shimasaki, F.Esch, M. Hotta and R. Guillemin, Nature,
321, 779(1986) .

(149) A.J. Mason, ].S. Hayflic, N. Ling, F. Esch, N. Ueno, S.-Y. Ying, R. Guillemin, H. Niall and
P.H. Seeburg, Nature, 318, 659(1985) .

(150) S.-Y. Ying, A. Becker, N. Ling, N.Ueno and R. Guillmin, Biochem. Biophys. Res. Commun.,
135, 950(1986) .

(151) S.-Y. Ying, A. Becker, N. Ling, N.Ueno and R. Guillmin, Biochem. Biophys. Res. Commun.,
136, 969(1986) .

(152) L.A. Hutchinson, J.R. Findlay, F.L. de Vos and D.M. Robertson, Biochem. Biophys. Res.
Commun., 146, 1405(1987) .

(153) E.Y. Adashi and C.E. Resnick, Endocrinology, 119, 1879(1986) .

(154) P.S. LaPolt, D. Soto, J.-G. Su, C.A. Campen, J. Vaughan, W. Vale and A.J.W. Hsueh, Mol
Endcrinol., 3, 1666(1989) .

(155) T. Nakamura, K. Taiko, Y. Eto, H. Shibai, K. Tatani and H. Sugino, Science, 247, 836(1990) .

(156) L. Krummen, T.K. Woodruff, G. Deguzman, E.T. Cox, D.L. Baly, E. Garg; W.-L. Wong,
P. Cossum and J.P. Mather, Endocrinology, 132, 461(1993) .

(157) K. Kogawa, T. Nakamura, Y. Eto, K. Sigino, K. Taiko, K. Tatani and H. Sugino,
Endocrinology, 128, 1434(1991) .

(390)



T. TANAKA, E.SATO, T. TAKEYA and K. ITAHANA

(158) S. Shimasaki, M. Koga, M.L. Busccaglia, D.M. Simmons, T.A. Bicsak and N. Ling, Mol
Endcrinol., 3, 651(1989) .

(159) A. Michel, A. Albistion and J.K. Findlay, Biochem. Biophys. Res. Commun., 173, 401(1990) .

(160) L.V. DePaoclo, T.A. Bicsak, G.F. Erikson, S. Shimasaki and N. Ling, Proc. Soc. Exp. Med.
Biol., 500(1991) .

(161) T. Tanaka, N. Ando, T. Takeya and E. Sato, Mol. Cell. Endocrinol., 83, 65(1992) .

(162) D.F. Carmichael, A. Sommer, R.C. Thompson, D.C. ANderson, C.G. Smith, H.G. Welgus
and G.P. Stricklin, Proc. Natl. Acad. Sci. USA, 83, 2407(1986) .

(163) T.E. Curry Jr., D.D. Dean, R.D. Koos and W.J]. LeMaire, Biology of Reproduction [Suppl 1] ,
34, 85(1986).

(164) T.E. Curry Jr., S.L. Sanders, N.G. Pedigo, R.S. Estes, E.A. Wilson and M.W. Vernon,
Endocrinology, 123, 1611(1988) .

(165) S. Nomura, B.L. Horgan, A.J. Wills, J.K. Heath and D.R. Edwards, Development, 105, 575
(1989) .

(166) R. Reich, A. Tsafriri and G.L. Mechanic, Endocrinology, 116, 522(1985) .

(167) T.E. Curry Jr., J.S. Mann, R.S. Estes and P.B.C. Jones, Endocrinology, 127, 63(1990) .

(168) P.S. LaPolt, M. Yamoto, M. Veljkovic, C. Sincich, T. Ny, A. Tsafriri and A.J.W. Hsueh,
Endocrinology, 127, 2357 (1990) .

(169) Y.-X. Liu, S.B. Cajander, T. Ny, P. Kristensen and A.J.W. Hsueh, Mol Cell. Endocrinol., 54,
221(1987) .

(170) A. Amsterdam, A. Zauberman, G. Meir, O. Pinhasi, B.S. Suh and M. Oren, Proc. Natl. Acad.
Sei. USA, 85, 7582(1988) .

(171) I. Hanukoglu, B.S. Suh, S. Himmelhoch and A. Amsterdam, J. Cell. Biol., 111, 1373(1990) .

(391)



