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Review

Advanced studies on ovary physiology in China in the past 30 years
LIU Yi-Xun*
State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
Abstract: Follicular development and differentiation are sequential events which are tightly regulated by endocrine hormones, intraovarian regulators and cell-cell interactions. Balanced cell proliferation and apoptosis play an important role in the selection of dominant follicle. Primordial germ cell migration and homing within the gonadal ridge requires regulation by integrated signals, such as the
oocyte-secreted polypeptide growth factors, the growth and differentiation factor 9, the bone morphogenetic proteins, stem cell factor
(SCF), basic fibroblast growth factor (bFGF), the transcription factor Wilms’ tumour 1 (Wt1), and involves the contact of primordial
germ cells with extra-cellular matrix proteins and cellular substrates and attraction by the developing gonads. Maturation of cumulusoocyte complexes and ovulation are directly controlled by luteinizing hormone (LH) and require activation of mitogen-activated
protein kinase in granulosa cells. In this review, the key molecules involved in the cell-cell interaction and signal transduction during
follicular development, differentiation and ovulation will be summarized, mainly focusing on the signaling factors produced by oocyte
and the somatic cells.
Key words: primordial follicle; development and differentiation; signal pathway and transduction; interaction of germ cell and somatic
cells

近30年中国卵巢生理学研究进展
刘以训*
中国科学院动物研究所，干细胞与生殖生物学国家重点实验室，北京 100101
摘 要：卵泡的形成和分化是在激素、卵巢内调节因素以及细胞间相互作用的精密调控下发生的序贯过程。细胞增殖与凋亡
的平衡在优势卵泡的筛选中发挥着重要作用。原始生殖细胞在生殖嵴内的迁移和归巢需要诸多因素的协同调控，包括卵母
细胞源性多肽生长因子、生长分化因子9、骨形态发生蛋白、干细胞因子(stem cell factor, SCF)、碱性成纤维细胞生长因子
(basic fibroblast growth factor, bFGF)、转录因子肾母细胞瘤蛋白1 (Wilms’ tumour 1,Wt1)等，同时这一过程还需要原始生殖细
胞在逐渐成熟的性腺刺激下与细胞外基质蛋白、细胞基质进行相互作用。卵丘-卵母细胞复合体的形成以及排卵的发生直接
受黄体生成素(luteinizing hormone, LH)的调控，同时需要卵巢颗粒细胞中丝裂原活化蛋白激酶的活化参与其中。本文将对卵
泡发育和分化以及排卵过程中涉及的细胞间作用以及信号转导的关键分子做一综述，重点关注卵母细胞以及体细胞产生的
信号因子。
关键词：原始卵泡；发育与分化；信号通路与转导；生殖细胞与体细胞的相互作用
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1 Introduction
During embryogenesis, primordial germ cells (PGCs)
migrate from the yolk sac through the dorsal mesentery
of the hindgut to the genital ridge and the somatic cells
derives from the mesenchyme of the genital ridge. Both
germ cells and somatic cells proliferate at the genital
ridge rapidly. Then each germ cell is enclosed by one
layer of somatic cells to form the primordial follicle.
After mitosis occurred in the somatic cells, the germ
cells undergo the first meiotic division and are called
primary oocytes. The primary oocytes become arrested
in diplotene stage of meiosis, until the primordial
follicles start to grow and finally reach the ovulatory
stage [1–3]. During onset of primordial follicle growth,
flattened pre-granulosa cells become cuboidal and
begin to proliferate, and the enclosed oocyte begins to
grow at the same time. It is interesting to know why
and how some primordial follicles are capable of starting to grow, while their neighbor sisters remain quiescent. At the earliest stage of primordial follicle growth,
because of the absence of receptors for the gonadotropin, follicle-stimulating hormone (FSH), in the follicular cells, the initiation of primordial follicle growth is
independent of FSH regulation. Crosstalk and interaction between follicular cells and oocyte may be important for the onset of the primordial follicle growth.
During both mitosis and meiosis, large numbers of
germ cells are culled from the ovary for as yet
unknown reasons, resulting in less than one-third of the
total number of potential germ cells being endowed in
the ovary within primordial follicles shortly after birth.
At birth, the number of germ cells in the primordial follicles has decreased markedly due to germ cell apopto-
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sis occurring before the formation of ovarian follicles.
Folliculogenesis is a complex process involving dramatic morphological and functional changes in granulosa and theca cells. This process is sequential and dictated by specifically regulated responses to endocrine
hormones and intraovarian regulators. Follicular selection dominantly depends on cell-cell interaction and
apoptosis. A balance of cell proliferation and apoptosis
plays an important role in the dominant follicular selection. Control of the primordial follicle development,
differentiation and ovulation by the factors mentioned
above are summarized in Fig. 1. This review briefly
summarized the authors’ own publications on signaling
factors produced by the germ cell and somatic cells on
the regulation of follicular development, differentiation, oocyte maturation and ovulation in the past 30
years. The related molecular mechanisms and signaling
pathways are also discussed.

2 Early PGC development
2.1 Wilms’ tumour 1 (Wt1) is required for foetal
germ cell differentiation in mouse
In mouse, PGCs, the precursors of spermatozoa and
oocytes, derive from a small number of pluripotent epiblast cells under the influence of inductive signals
during gastrulation. Following specification, the PGCs
actively migrate across the embryo to reach the developing genital ridge at approximately embryonic day (E)
10.5 [3]. Once the PGCs reach the genital ridge, they
continue to proliferate rapidly and maintain sexually
undifferentiated state. In vivo, both transcriptional
repression and chromatin remodeling block PGCs from
acquiring a fully pluripotent stem cell ability. Although

Fig. 1. A representative diagram shows control of the primordial follicle development, differentiation and ovulation, details were provided in the related statement of the text (reproduced with permission from Liu et al.[1]).
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the developmental potency of PGCs is restricted to the
germ lineage, PGCs can dedifferentiate into embryonic
germ (EG) cells which possess pluripotency similar to
that of embryonic stem (ES) cells in vitro. When
exposed to exogenous signaling molecules such as leukemia inhibitory factor (LIF), stem cell factor (SCF)
and basic fibroblast growth factor (bFGF), PGCs at bipotential stage show propensity to form EG cells. The
balance between pluripotency and differentiation of
foetal germ cells is crucial for the generation of a sufficient number of spermatogonial stem cells (SSCs) in
males [4–6]. However, how somatic signals regulate this
balance, and which signaling pathways are involved
remain unknown. The Wt1 is specifically expressed in
germ-cell supporting somatic cells in fetal testes. Using
a tamoxifen-inducible Cre-loxP mouse model (Wt1−/flox,
Cre-ERTM), we demonstrate that germ cells fail to activate the male-fate driving gene Nanos2 in Wt1-deletion
testes [4]. Pluripotent EG cell colonies can be derived
from E13.5 PGCs from Wt1-deletion testes, which are
no longer possible from wild-type differentiated testes;
moreover, the expression of pluripotent regulators (such
as Oct4, Sox2, Nanog and Dppa4) can be still detected
after E14.5. In the absence of Wt1 function, no signs of
G1/G0 arrest and de novo methylation of the genome
are detected. We observed that fibroblast growth factor
(FGF) signals are ectopically activated in Wt1−/flox, CreERTM testes. We further prove that Wt1 in Sertoli cells
acts to directly repress FGF2 expression and hence
FGFs production by those cells [3, 5]. Inhibition of the
FGF signals by a FGFR-specific tyrosine kinase inhibitor SU5402 rescues the abnormal germ cell differentiation in Wt1−/flox, Cre-ERTM testes. In addition, this effect
of FGFs on germ cell differentiation in Wt1-deletion
testes also depends on Nodal signalling, because it is
blocked by a specific inhibitor of type I ALK 4/5/7
receptors SB431542 [4].
SSCs are essential for sustained spermatogenesis.
The self-renewal and differentiation of SSCs are strictly
controlled in vivo. Sertoli cells as the only somatic cell
type in the seminiferous tubules, directly interact with
SSCs and play an important role in controlling SSCs
proliferation and differentiation [5, 6]. Herein we have
demonstrated that Wt1 is required for normal SSC differentiation in the developing mouse testis. At day 10
postpartum (10 dpp) SSC differentiation in Wt1 deficit
testis was obviously arrested, and the number of undifferentiated spermatogonia in the seminiferous tubules
doubled as compared to the normal testis, while the
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expression of Claudin11, an indispensable component
of Sertoli cell integrity was impaired in the Wt1−/flox and
Cre-ER TM testis [3–5]. Furthermore, we observed that
Laminin-positive basal lamina lining the testicular
cords was fragmented and completely absent in some
areas of the Wt1−/flox; Amh-Cre testes, indicating that the
testicular cord disruption can be attributed to the breakdown of the basement membrane[6]. To explore the molecular mechanism we examined the expression of cell
adhesion molecules (CAMs) and testicular cord basal
lamina components. The expression of CAMs (such as
E-cadherin, N-cadherin, Claudin11, Occludin, β-catenin,
and Zo-1) was not altered in Wt1−/flox; Amh-Cre testes [4].
However, the expression of Col4a1 and Col4a2 was
significantly decreased in Wt1 mutant testes. Luciferase
analyses revealed that the Col4a1 and Col4a2 promoters
were synergistically transactivated by Wt1 and Sox9.
Loss of Wt1 in Sertoli cells resulted in the downregulation of the important basal lamina component, causing
breakdown of basal lamina and subsequent testicular
cords disruption[6] (Fig. 2).
We further demonstrated that Wt1 functioned in ovarian follicle development by regulating granulosa cell
differentiation [7]. Wt1+/R394W mice were grossly normal,
however the females displayed severe reproductive
defects. Further study revealed that the subfertility of
Wt1 +/R394W females was caused by aberrant ovarian
follicle development. Compared with control ovaries,
the number of developing follicles in Wt1 mutant
ovaries was significantly decreased, and the granulosa
cells in most of the Wt1 mutant follicles were disorganized. The expression of FSHR, 3β-HSD, and aromatase was inhibited in the granulosa cells (Fig. 3).
2.2 Anti-ovarian function of GnRH/GnRH antagonists in rat and monkey
Gonadotrophin-releasing hormone type 1 (GnRH-I)
and type 2 (GnRH-II) have been demonstrated to inhibit
FSH-induced granulosa cell steroidogenesis [2]. A third
type of GnRH (GnRH-III) had been purified from
salmon. The actions of various GnRH or their antagonists on FSH-regulated granulosa cell function have
been investigated [8–11]. Granulosa cells obtained from
the ovaries of DES-treated immature rats were cultured
in the presence or absence of FSH (100 ng/mL) and
GnRH-III (10−6 mol/L) with androstenediol (10−7 mol/L).
The FSH-induced estrogen and progesterone production was significantly inhibited by the GnRH (Fig. 4).
The FSH-stimulated expression of steroidogenic acute
regulatory protein (StAR), HSD3B2, aromatase
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Fig. 2. Schematic presentation of Sertoli cells in regulation of SSCs differentiation. A: In the normal developing testis, SSCs migrate
to the basal membrane, Sertoli-Sertoli tight junction is formed and SSCs niche guide SSCs differentiation and self-renewal. B: When
Wt1 loss in Sertoli cells, the Sertoli cells mesenchymal-epithelial balance impaired, Sertoli-Sertoli tight junctions could not be formed
normally, thereafter SSCs niche could not establish, result in SSCs differentiation arrest and undifferentiated spermatogonia accumulation (reproduced with permission from Zheng et al.[6]). PLZF, the promyelocytic leukemia-associated protein, is a zinc finger transcription factor involved in germline stem cell self-renewal; SSCs, spermatogonial stem cells; SC, Sertoli cell.

(CYP19) and cytochrome P450 side-chain cleavage
enzyme (CYP11A) were also significantly suppressed
by this peptide [8,9]. The inhibitory action of the peptide
on FSH-induced steroidogenesis was demonstrated via
Akt and p38 mitogen-activated protein kinase (MPAK)
signaling pathways through suppressing its own receptor (FSHR) expression [9]. Further studies indicated that
FSH could stimulate NR5A2 and upstream stimulatory
factor (USF) activation, and their induction was significantly suppressed by the GnRH-III. Therefore, it is
suggested that the inhibition of FSH-induced steroidogenesis by GnRH-III in granulosa cells might be due
to the suppression of FSH-induced its own receptor
expression via NR5A2 and USF transcriptional factors [9].
The demonstration of GnRH-II expression, specific
high affinity receptors for GnRH-II and its potent
bioactivity in human and baboon tissues led us to
hypothesize that GnRH-II is a bioactive peptide in primates. We demonstrated its contraceptive activity in
rhesus monkey, showing a dose-related action of this
analog on parameters of ovarian luteal function and
conception [10]. Our other experiments showed that
GnRH-II analog (0–32 μg/day) or saline was administered via osmotic mini-pumps for six days (Day 1–6
post ovulation) to regularly cycling rhesus monkeys
mated with fertile males around the time of ovulation.

Progesterone production (Day 3 to 11) was significantly
less (P < 0.05) for animals treated with 2, 4 or 8 μg/day
GnRH-II analog than for controls, yet with higher doses
of GnRH-II analog (16 or 32 μg/day) luteal progesterone production was not different from saline-treated
controls. Length of the luteal phase in all treated groups
was similar to controls. In the eighteen animals, mated
at the time of ovulation and then treated with GnRH
analog (dose of 2 to 32 μg/day), no pregnancies resulted;
but in the saline-treated controls, five of eight animals
(62.5%) became pregnant. Thus, the contraceptive
activity of this GnRH analog did not correlate with
luteal progesterone inhibition. These data demonstrate
a dose-related action of GnRH-II analog on luteal
progesterone and establish the contraceptive activity of
GnRH-II analog at 2 to 32 μg/day administered just
post ovulation [11].
2.3 Wnt/β-catenin and Notch signaling are involved
in the regulation of follicular development
The canonical Wnt/β-catenin signaling is an evolutionarily conserved pathway, which regulates cell fate
determination, differentiation, proliferation, motility
and apoptosis in embryogenesis, as well as homeostasis
in adult tissues. By using cultured secondary follicles
with two layers of granulosa cells, we found that the
development of the cultured follicles was repressed by
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Fig. 3. Aberrant follicle development in Wt1+/R394W ovaries. In Wt1+/R394W ovaries, primordial follicle activation was abnormal. The
morphology and number of primary follicles in the control group and Wt1+/R394W ovaries were examined at D7. Developing primary
follicles were observed in control group and Wt1+/R394W ovaries (A and B, arrows). The granulosa cells in control were well organized (C,
arrows), however those in Wt1 mutant ovaries were disorganized (D, arrows). The total number of developing primary follicles was
dramatically reduced in Wt1+/R394W ovaries (E). Compared with those in control, the size of Wt1+/R394W ovaries was significantly reduced
at 3 weeks (J). Numerous pre-antral follicles with well-organized granulosa cells were present in the control group by H&E staining (F
and H, arrows). Few normal follicles were noted (G, arrowhead), and many follicles exhibited asymmetric granulosa cells or no granulosa cells with cuboidal morphology in age-matched Wt1+/R394W ovaries (G and I, arrows). The total number of developing follicles in
Wt1+/R394W ovaries was significantly decreased (K). (Reproduced with permission from Gao et al. [7])

Fig. 4. GnRH-III inhibited FSH-induced estrogen and progesterone production in cultured primary granulosa cells. Granulosa cells
obtained from DES-primed immature rat ovaries were cultured in the serum-free McCoy’s 5a containing androstendione (10−7 mol/L)
alone (control) or supplemented with 100 ng/mL FSH and/or GnRH-III (10−7 mol/L and 10−6 mol/L) for 48 h. The contents of estradiol
(A) and progesterone (B) in the media were measured by standard RIA procedures. Data are presented as mean ± SEM (n = 3). *P < 0.05;
**
P < 0.01. (Reproduced with permission from Fan et al. [9])
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either canonical Wnt signaling activators, LiCl and
Wnt3a. LiCl-treated follicles were of smaller size with
fewer granulosa cells surrounding the oocytes compared to the control follicles. Meanwhile the development of follicles was completely stopped after Wnt3a
treatment and most of the granulosa cells were
detached. In addition, the secretion of estradiol was
also reduced by LiCl treatment. Further studies demonstrated that the proliferation and apoptosis of granulosa
cells of the follicles were dependent on the Wnt signaling. LiCl treatment inhibited the proliferation of in
vitro cultured follicular granulosa cells and promoted
their apoptosis [12]. Moreover, by activating the tran-
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scription factor Forkhead box 3a (Foxo3a) and its
downstream targets Bim, PUMA and p27, LiCl accelerated apoptosis and suppressed proliferation of the granulosa cells. On the other hand, inhibition of Wnt/β-catenin signaling by IWR-1 exerted the opposite effect,
leading to better developed follicles via restricted function of Foxo3a and its targets (Fig. 5). In conclusion,
canonical Wnt/β-catenin signaling is involved in follicular development by regulating granulosa cell proliferation and apoptosis through modulating the function of
Foxo3a and its downstream targets [12].
Notch signaling is also an evolutionarily conserved
pathway, which regulates cell proliferation, differentia-

Fig. 5. Follicle growth, diameter and survival treated by LiCl, Wnt3a or IWR-1. A: Morphological observation of follicle growth over
10 days of culture. The upper panel represents the control follicle on day 2 (a), day 4 (b), day 6 (c), day 8 (d) and day 10 (e) of culture.
The second panel represents the LiCl (15 mmol/L) treated follicle on day 2 (f), day 4 (g), day 6 (h), day 8 (i) and day 10 (j) of culture.
The third panel represents the Wnt3a (100 ng/mL) treated follicle on day 2 (k), day 4 (l), day 6 (m), day 8 (n) and day 10 (o) of culture. The lower panel represents the IWR-1 (10 μmol/L) treated follicle on day 2 (p), day 4 (q), day 6 (r), day 8 (s) and day 10 (t) of
culture. Scale bar, 100 μm. B: Effect of LiCl, Wnt3a and IWR-1 on diameters of cultured follicles. Data are presented as the mean ± sem.
The statistical evaluation of the data was from three independent experiments. C: Number of total cultured follicles, follicles of well
developed and abnormal follicles from different treatment was counted. Percentage of each pattern was shown in parentheses. (Reproduced with permission from Li et al. [12])
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tion and apoptosis. The members of Notch signaling
are expressed in mammalian ovaries, by treating the
primary follicles with Notch signaling inhibitors,
L-658,458 and DAPT [13], we found that the cultured
follicles completely stopped developing, most of the
granulosa cells were detached, and the oocytes were
also degenerated with condensed cytoplasma. Further
studies demonstrated that the proliferation of granulosa
cells was dependent on the Notch signaling. Treatment
with L-658,458 and DAPT inhibited proliferation of in
vitro cultured primary granulosa cells and decreased
the expression of c-Myc. Lentivirus-mediated overexpression of NICD2 and c-Myc could promote the proliferation of granulosa cells and rescued the growth
inhibition induced by L-658,458 and DAPT (Fig. 6). In
conclusion, Notch signaling may be involved in follicular
development by regulating granulosa cell proliferation [13].

decrease FSH-induced P450arom and P450scc level,
and suppress progesterone and estradiol production in
the cultured rat granulosa cells. Our study has provided
the new evidence to show that inhibin is capable of
feedback antagonizing FSH action on granulosa cells
by reducing FSHR expression at ovarian level via a
short feedback loop (Fig. 8), not by the pituitary-gonad
long feedback loop. Transcriptional factor receptors,
such as SF-1, AR and DAX-1 were involved in this
regulation [15]. It was the first time to report that inhibin
could negatively regulate FSH action on ovarian function through its receptor in granulosa cells via an autocrine/paracrine short feedback pathway [1, 15, 16].

2.4 Testosterone induces down-regulation of growth
and differentiation of factor 9 expression and redistribution of Foxo3a at the early stage of mouse folliculogenesis
Excess androgen may be a main cause of polycystic
ovary syndrome (PCOS). However, the mechanism is
unclear. To investigate the possible impacts of androgen on early follicular development, neonatal mouse
ovaries mainly containing primordial follicles were
cultured with testosterone [14]. We demonstrated that the
number of primary follicles was increased after 10
days’ culture with testosterone via phosphatidylinositol
3-kinase (PI3K)/Akt pathway. Androgen induced
Foxo3a activation, and translocation of Foxo3a protein
from oocyte nuclei to cytoplasm, which might be a key
step for primordial follicle activation. Testosterone was
also capable of down-regulating growth and differentiation factor-9 expression in granulosa cells via its
receptor (Fig. 7). Therefore, we suggest that intraovarian
excessive androgen in PCOS might result in excess
early follicles by inducing oocyte Foxo3a translocation
and follicular arrest at the very early stages by
down-regulating growth and differentiation factor-9
expression.

3.1 SCF modulates early follicular development
SCF is essential for development of primordial follicles. By using cultured ovaries from neonatal rats, the
effect of SCF on early follicular development was
investigated [16, 17]. Expression levels of the three key
protein factors, SF-1, StAR and P450arom, in steroidogenesis were investigated. SF-1 and StAR proteins were expressed in all ovarian cells. P450arom
mRNA was localized exclusively in oocytes, implying
that estrogen might be synthesized by oocytes at this
stage. SCF up-regulated the mRNA and protein expression of these proteins. To study the differentiation
status of follicular cells, the expression of FSHR and
its response to SCF treatment was examined. The
results showed that SCF inhibited FSHR expression
and stimulated oocyte bFGF expression. Inactivation of
bFGF by its antibody resulted in a reversal of the inhibitory effect of SCF on the expression of FSHR. Therefore, the FSHR inhibitory effect of SCF could be mediated by bFGF, and SCF might stimulate oocyte to
produce estrogen, while inhibit granulosa cell differentiation at the early stages of follicular development.

2.5 Inhibin inhibits FSH action by suppressing its
receptor expression in cultured rat granulosa cells
Inhibin has long been considered as an FSH secretion
suppressor from the anterior pituitary through pituitary-gonad negative feedback to regulate follicle
development. We demonstrated that exogenous inhibin
in cultured rat granulosa cells could dramatically

3 Anti-apoptotic action of stem cell factor
(SCF) on oocytes in primordial follicles in rat

3.2 SCF regulates steroidogenesis and related proteins
A primordial follicle is characterized by an undifferentiated oocyte surrounded by a single layer of squamous
pre-granulosa cells. During onset of primordial follicle
growth, flattened pre-granulosa cells become cuboidal
and begin to proliferate. The oocyte factors direct
growth of primordial follicles. Evidence has been
shown that oocytes isolated from secondary follicles of
the rat ovary at 12-day-old co-cultured with somatic
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Fig. 6. Notch signaling is involved in follicular development by regulating granulosa cell proliferation. A: Development of the cultured
follicles was inhibited by Notch signaling inhibitors, L-658,458 and DAPT. Upper panel represents the control follicles after 2 days (a),
4 days (b), 6 days(c) and 8 days (d) of culture. Middle panel represents the L-658,458 treated follicles after 2 days (f), 4 days (g), 6
days (h) and 8 days (i) of culture. Lower panel represents the DAPT treated follicles after 2 days (k), 4 days (l), 6 days (m) and 8 days
(n) of culture. e, j and o represent the oocytes of control, L-658,458 and DAPT treated follicles after 8 days of culture. B: NICD2- and
c-Myc-expressing lentivirus rescues the inhibition induced by L-658,458 and DAPT. a, After infection f NICD2-expressing lentivirus,
expression of hey1, hey2 and c-Myc in granulosa cells was assessed by real-time PCR. b and c, NICD2 and c-Myc protein levels were
assessed by Western blot after infection of NICD2-expressing lentivirus and c-Myc-expressing lentivirus. *P < 0.05, **P < 0.01 vs control. d and e, growth rescue experiments were performed by MTT assay after infection of NICD2- and c-Myc-expressing lentivirus.
Bars with different letters indicate statistically significant differences (P < 0.05). (Reproduced with permission from Zhang et al. [13])

cells isolated from the primordial follicles of newborn
ovaries could form re-aggregated ovaries, suggesting
that the oocytes may produce factors to initiate primor-

dial follicular growth by affecting the surrounding
somatic cells. We have demonstrated that treatment of
cultured ovaries from neonatal rats with SCF for 8 days
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Fig. 7. Testosterone regulated localization and phosphorylation of Foxo3a. A: Testosterone rapidly and transiently promoted Foxo3a
export from oocyte nuclei. a and b, Ovaries were untreated or stimulated with testosterone (T) (10−5 mol/L) for 30 min; c and d, Ovaries were pretreated with or without LY294002 (25 µmol/L) or wortmannin (50 nmol/L) for 1 h and then stimulated with T (10−5 mol/
L) for 30 min. The ovaries were then fixed and probed with Foxo3a antibody (green) and Hoechst33342 (blue). Arrows indicate the
Foxo3a localization in the region of oocyte cytoplasm. Scale bar, 50 μm. B: The cell lysates were analyzed by Western blot using antibodies to phospho-Foxo3a or Foxo3. C: The bar graph represents the results of densitometric analysis. The statistical evaluation of the
data was from three independent experiments. *P < 0.05. Ctrl, EtoH + DMSO. (Reproduced with permission from Yang et al. [14])

Fig. 8. Effect of Inhibin on FSH action. A: Schematic presentation of inhibin produced by GC as an FSH secretion suppressor through
hypothalamus-pituitary-gonad negative feedback to regulate follicle development. B: Inhibin A inhibits FSH action by suppressing
its receptor expression in cultured rat granulosa cells. Granulosa cells were cotransfected with FSHR-Luc and phRL-TK Vector. Five
hours after transfection, the cells were treated with FSH (20 ng/mL) or various concentrations of inhibin A (10, 50,100 ng/mL) alone
or in combination of FSH (20 ng/mL) and inhibin A (100 ng/mL) for 24 h. The cell lysate was extracted and processed. Luciferase activity was detected and corrected for the amount of renilla luciferase activity in each lysate. Each bar represents means ± SEM of three
independent experiments. Bars with different letters indicate significantly difference (P < 0.05 or 0.01). (Reproduced with permission
from Lu et al. [15])
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is capable of inducing primordial follicle development,
initiating folliculogenesis by inhibiting oocyte apoptosis
and up-regulating anti-apoptosis proteins Bcl-2 and
Bcl-Xl expression [18, 19], as shown in Fig. 9. PI3K/AKT
pathways may be involved in the regulatory process.
We also demonstrated that the early developing oocytes
expressed SF-1, StAR and cytochrome P450 aromatase
(P450arom). SCF up-regulated SF-1 and StAR expression and increased P450arom mRNA level, but suppressed FSHR mRNA expression in granulosa cells [20].

4 Signal pathways of follicular development
and differentiation regulation
4.1 Follicular development and differentiation controlled by p38 MAPK and ERK1/2 activation in
granulosa cells
FSH-activated p38 MAPK signaling cascade is
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involved in the regulation of steroidogenesis in granulosa cells [21]. Granulosa cells were prepared from the
ovaries of DES-treated immature rats and cultured in
serum-free medium. Treatment of granulosa cells with
FSH (50 ng/mL) induced the phosphorylation of p38
MAPK rapidly with the phosphorylation being
observed within 5 min and reaching the highest level at
30 min. Such activation was protein kinase A-dependent as indicated by the results using specific inhibitors.
FSH stimulated the production of progesterone and
estradiol as well as the StAR expression in a timedependent manner, with a maximum level at 48 h.
Moreover, the potent p38 MAPK inhibitor SB203580
(20 μmol/L) augmented FSH-induced steroid and StAR
production, while reduced FSH-induced estradiol
production at the same time (Fig. 10). Inclusion of
SB203580 in the media enhanced FSH-stimulated
StAR mRNA production, while decreased FSH-stimu-

Fig. 9. FSHR mRNA levels in Day’ 0 rat ovaries cultured for 3, 4, 5 days with different treatments A: FSHR mRNA levels in the ovaries untreated or treated with SCF, SCF plus bFGF IgG antibody, as well as SCF plus rabbit non-specific IgG. B: Calculated FSHR
mRNA values derived from three experiments and incubated with normal serum IgG as a negative control. (Reproduced with permission from Jin et al. [17])
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tion of mitochondrial StAR in the granulosa cells by
FSH. These observations suggested that the stimulation
of FSH on PCNA expression and steroidogenesis in
granulosa cells was mediated in part by ERK1/2 [22].

Fig. 10. Inhibition of p38 MAPK activity changed FSH-induced
steroid synthesis differentially. Four groups of granulosa cells
(5 × 10 5 vial cells for each group) were cultured overnight
in serum-free media. Two groups were then treated with p38
MAPK inhibitor SB203580 (20 μmol/L) for 20 min, and the
other two without SB203580 treatment. One SB203580 treated
group and one without SB203580 treatment were further treated
with FSH (50 ng/mL) for 48 h. The levels of progesterone (A)
and estradiol (B) in the media were measured by RIA. These
experiments were repeated three times. Data were shown as
means ± SD (n = 3). Bars with different letters indicated means
that were significantly different at P < 0.01. (Reproduced with
permission from Yu et al. [22])

lated P450arom mRNA expression. FSH treatment together with the inhibition of p38 MAPK activity resulted in a higher expression of StAR in mitochondria
than FSH treatment alone. FSH also significantly
up-regulated the protein level of LRH-1, a member of
the orphan receptor family that activates the expression
of P450arom in ovary and testis [21, 22]. Using the cultured granulosa cells, we also examined whether
FSH-activated ERK1/2 was involved in the regulation
of the proliferation-related gene proliferating cell nuclear antigen (PCNA) and steroidogenesis. The results
showed that FSH activated ERK1/2 in a time-dependent manner. Similarly, StAR and the steroid levels increased as FSH treatment time extended. ERK1/2 inactivation by UO126 inhibited the stimulatory effects of
FSH on both PCNA and StAR and steroid synthesis in
the granulosa cells. ERK1/2 inhibition led to a reduc-

4.2 Interaction and communication of granulosa
cells with oocyte
Oocyte factors direct growth and differentiation of
granulosa cells. Cross-talk between oocyte and somatic
cells in the ovary plays an essential role in follicular
development, differentiation and oocyte maturation.
Mammalian oocyte development occurs through tight
coordination and interaction between all ovarian structures. Gap junctions between oocyte and granulosa
cells appear to be important in cross-talk between the
two cell types. Gap junctions are intercellular membrane channels composed of connexins (Cx), a family
of integral membrane proteins, in which Cx43 and
Cx37 may play the most important roles in ovarian folliculogenesis. The oocyte is an effective modulator of
granulosa-theca interactions. Oocyte control of granulosa and theca cell function may be mediated by several
growth factors via a local feedback loop(s) between
these cell types [1, 2].
The oocyte derived BMP15, also known as GDF9B,
has also been shown to be essential for ovarian follicular development. However, the action of BMP15 and
GDF9 varied with respect to the species of origin and
the stages of follicle development. Moreover, the
effects of GDF9 and BMP15 together were often
co-operative and not always the same as those observed
for these growth factors alone [1, 2]. Oocyte derived
GDF9 stimulates rat granulosa cell proliferation, cumulus expansion, and prenatal follicle growth in vitro,
whereas down-regulation of GDF9 by intra-oocyte
injection of a GDF9 antisense morpholino attenuates
both the basal and FSH-induced follicle growth, while
addition of recombinant GDF9 enhances the basal and
FSH-induced follicular growth. We have carried out
various experiments to comparatively investigate the
interaction and communication of granulosa cells with
oocyte in rat and monkey [23–27]. The regulation of steroidogenesis by granulosa cells of monkey infant ovaries was somehow different with the adult monkey
granulosa cells [23]. The signal pathways of autocrine
regulation of steroidogenesis by FSH in the cultured rat
granulosa cells were also investigated [24]. We observed
that a factor(s) produced by rat granulosa cells could
stimulate oocyte tPA activity in vitro [25]. The interaction
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and signal transduction between oocyte and somatic
cells in rat ovary have been discussed in the review [1].
4.3 Synergism between granulosa and theca-interstitial cells in estrogen biosynthesis: the two-cell,
two-gonadotropin hypothesis
It is well known that granulosa cells contain enzymes
required for progesterone synthesis, and aromatases for
androgen conversion into estrogens. However, granulosa
cells do not contain any enzymes for androgen production from progesterone. Therefore, granulosa cell itself
cannot produce any estrogen. On the other hand, thecainterstitial cells are capable of forming androgens from
progesterone, but no aromatase is present in the cells.
Neither granulosa nor theca-interstitial cells alone are
capable of producing estrogens. A synergistic interaction between granulosa and theca cells is a prerequisite
for estrogen biosynthesis. Our early experiments
demonstrated that granulosa cells obtained from preovulatory follicles under the action of FSH and LH
produce high level of progesterone, which can be used
by the theca-interstitial cells to synthesize high level of
androgens under the influence of LH [26,27], as shown in
Fig. 11, the coordinated interaction between these two
cell types under the action of both FSH and LH in the
preovulatory follicles in vivo may be responsible for
increase in the estrogen production just prior to ovulation, which may be important for preventing the selected
dominate follicle(s) from atresia and leading to ovulation [26,27].

5 Serine protease and ovarian paracrine factors
in regulation of ovulation
Increasing evidence has demonstrated that interaction
of granulosa and theca-interstitial cells under the action
of midcycle LH surge is necessary for follicular maturation and rupture. It has been demonstrated that granulosa cells mainly express tissue type plasminogen activator (tPA), a serine protease, while theca-interstitial
cells express its plasminogen activator inhibitor type-1
(PAI-1) under the action of gonadotropins. The LH-regulated coordinated expression of tPA and PAI-1 in the
preovulatory follicles is responsible for a controlled
and directed proteolysis in the follicle, leading to ovulation in the rat and monkey [1, 28–33].
5.1 Relationship between inhibin expression in
granulosa cell and tPA mRNA translation in oocyte
Rat oocytes express measurable amount of tPA ac-

Fig. 11. A representative diagram showing involvement of interaction between granulosa cell (GC) and theca cell (TC) in estrogen production in the synthesis of androgen in follicle. TC under
the regulation of LH but it cannot be converted into estrogen
because of lack P450arom in TC. Under the action of FSH (also
by LH at the late stage) GC synthesizes progesterone, the latter,
however cannot be converted further into androgen because of
lack the necessary converting enzymes in GC. GC cannot synthesize estrogen by itself, although it has the P450arom. TC uses
progesterone produced by GC to convert androgen, while the androgen produced by TC is used by GC to convert into estrogen.
The interaction of TC and GC under the action of LH and FSH is
a prerequisite for estrogen biosynthesis in the ovary. (Reproduced
and modified from Liu et al. [26, 1])

tivity [28,32,33]. When they underwent spontaneous meiotic
maturation, the oocyte tPA activity increased gradually
and reached a high level at the time of germinal vesicle
break down (GVBD). The increase of tPA activity in
oocyte was prevented by adding GVBD inhibitor to the
culture [28], indicating that tPA accumulation requires
GVBD. Further evidence indicated that only tPA
mRNA, but not its protein activity was detected in the
rat primary oocytes. However, the oocyte tPA activity
dramatically expressed in the follicles undergoing atresia. Production of the inhibin subunits in granulosa
cells was demonstrated to be negatively correlated with
the expression of the oocyte tPA protein activity [16].
The oocyte in a follicle does not express tPA protein
activity if its surrounding granulosa cells express normal inhibin subunits. In contrast, the follicle lacking
inhibin expression in the granulosa cells contains high
levels of tPA protein in its oocyte (Fig. 12). Therefore,
we suggested that a relationship between the inhibin
expression in granulosa cell and tPA mRNA translation
in the oocyte is present, and may play an essential reg-
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ulatory role in deciding the fate of the follicular development [1, 16].
5.2 Interaction and regulation of tPA and PAI-1 in
rat and monkey follicles during periovulatory periods
Denuded oocytes collected from ovaries of hypophysectomized estrogen-treated immature rats contained
only tPA. Cellular localization of tPA was observed in
the cytoplasm of the oocyte, but not in the germinal
vesicle or zona pellucida [30]. Further studies confirm
that the haploid oocytes from rat, mouse, rhesus
monkey and human possess an ability to synthesize tPA
which is regulated by gonadotropins and other hormones [31–37]. Plasminogen activator activity was analyzed in the cumulus-oocyte complexes in rat [30, 32] and
monkey [33,34] ovaries. Only tPA activity was detected in
the freshly obtained cumulus-oocyte complexes. FSH,
GnRH and vasoactive intestinal peptide (VIP) [36–39] are
capable of stimulating tPA activity in the cumulusoocyte complexes, but not in the denuded oocytes, sug-
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gesting that the oocyte tPA activity was regulated by
the hormones via cumulus cells. In vivo experiments
indicated that tPA activity in the oocytes was dramatically elevated immediately before ovulation, and well
correlated with the morphological changes of cumulus
expansion and oocyte maturation [32,33]. The cumulusoocyte complexes from the follicles in the rat before
and after PMSG treatment contained low amount of
tPA, but no uPA activity. After hCG treatment tPA activity showed a time-dependent increase, reaching a
maximum at 24 h after hCG injection. Morphological
analysis indicated that the increase in oocyte tPA activity was correlated with the extent of cumulus cell expansion and dispersion [33, 35]. The appearance of the
high molecular weight lysis zones was also detected [32, 33],
suggesting the formation of tPA-PAI-1 complexes
during interaction of the oocyte and its surrounding
cumulus cells. PAI-1 activity was detected only in the
cumulus cells, not in the denuded oocyte. Our experi-

Fig. 12. A diagram shows that the oocyte tPA mRNA is triggered and translated to the tPA protein, which is capable of inducing its
certain morphological changes similar to GVBD in the developing follicle, subsequently leading to the oocyte and/or the follicle
apoptosis (Reproduced with permission from Jin et al. [16]). GV: germinal vesicle; GC: granulosa cell; GVBD: germinal vesicle break
down.
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ments showed that coordinate expression of tPA in oocyte and granulosa cells and PAI-1 in theca cells of follicular wall leads to follicle wall rupture, inducing
ovulation.
5.3 Hormonal regulation of tPA gene expression in
rat and monkey ovaries
Granulosa cells are well-responsive cell types that contain receptors for various hormones and growth factors.
Rat granulosa cells express tPA in response to treatments with FSH, LH [40–50], GnRH [49, 51], VIP [39] and
other compounds including various growth factors in
rat or monkey ovaries. Different hormones and growth
factors induce tPA mRNA in granulosa cells in a transient fashion and in a time-dependent manner, implying
that the expression of tPA may be mediated via different intracellular pathways.
The action of indomethacin on secretion of both tPA
and uPA in granulosa cells has been carefully investigated following hCG or GnRH administration in the
PMSG-primed hypophysectomized immature rats [36].
The ovulation induced by both hormones was effectively
blocked by indomethacin, which only suppressed tPA
(but not uPA) secretion. Prolactin (PRL) is a pituitary
hormone, mainly involved in stimulating milk production. In vitro studies have demonstrated that PRL was
capable of inhibiting LH and FSH-induced tPA mRNA
and protein activity and stimulating ovarian PAI-1

379

expression in rat (Fig. 13) and monkey [51–54] through
various signal pathways [55–61].
The role of the PA system in ovulation is still not fully
understood. Little is known about whether the PA system participates in the ovulation process in the primate.
Answering this question has been somewhat hindered
by limited availability of primate ovarian materials that
represent the entire periovulatory process. We have
used a gonadotropin-induced, synchronized ovulation
model in both prepuberty and adult rhesus monkeys,
and have collected ovarian samples at different follicular developmental stages throughout the periovulatory
process. The expression and functions of tPA, uPA and
their physiological inhibitor PAI-1 were investigated in
follicles during the ovulatory process. Increasing evidence suggested that oocyte maturation and ovulation
may also be modulated by other serine protease and
inhibitor, as well as by endogenously produced ovarian
paracrine/autocrine factors [55–61]. Thus, it is important
to identify the interrelationship between the serine protease system and the multiple factors, and to know how
they regulate the ovarian physiological and pathological processes during oocyte maturation and ovulation.
A schematic representation of involvement of ovarian
tPA and PAI-1 in the process of ovulation is suggested
based on the studies in rat and monkey, as shown in
Fig. 14. The FSH, LH, GnRH, VIP bind to the G pro-

Fig. 13. Prolactin (PRL) stimulates LH-induced PAI-1 mRNA (A) and protein (B) expression and inhibits hCG-induced ovulation (C)
in rats. (Reproduced with permission from Liu et al. [51,52])
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tein-coupled receptors, resulting in activation of adenylyl cyclase and increased production of cAMP. The elevated cAMP in cumulus cells activate MAPK possibly
by PKA, PKC/Ca, MAS, P4, and/or EGF network,
which in turn induces the release of a signal(s) that trigger meiotic resumption. The elevated cGMP could
inhibit meiotic resumption by decreasing MAPK activity
in cumulus cells and increasing cAMP level in oocyte,
which may be blocked by LH. Oocyte has a positive
effect on MAPK activity in cumulus cells.

6 Remarks and conclusion
6.1 Oogenesis and SSCs differentiation
Mammalian ovary and testis both originally differentiate from the very early PGCs. The cell migration and
homing within the gonadal ridge requires regulation of
various integrated signal interaction produced by germ
cells and somatic cells. Following gonadal specification, the PGCs actively migrate across the embryo to
reach the developing genital ridge [2,3]. The balance
between pluripotency and differentiation of foetal germ
cells is crucial for the generation of a sufficient number
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of SSCs in males [4, 62]. Our experiments have demonstrated that heat-induced reversible change in the
blood-testis barrier (BTB) is regulated by the Sertoli
cell translational factors such as androgen receptor
(AR), GATA4 and Wt1 genes via the partitioningdefective protein (Par) polarity complex [63]. Loss of
Gata4 in Sertoli cells impairs the SSC niche and causes
germ cell exhaustion by attenuating chemokine signaling [64]. AR in Sertoli cells regulates DNA double-strand
break repair and chromosomal synapsis of spermatocytes partially through intercellular EGF-EGFR signaling, and expression of Col4a1 and Col4a2 was significantly decreased in Wt1 mutant testes [65]. Promotion of
SSCs differentiation into functional sperms under in
vitro conditions is a great challenge for reproductive
physiologists. Just recently we discovered spermatids
from SSCs via unique spatial arrangement of testis
somatic cells with an efficacy approaching the testis in
vivo, and the in vitro testis the Sertoli cells with the
peritubular myoid cells (PMC) together may be most
important for the spermatogenesis in vitro [66]. This conclusion is also true in other mammals. We found that in
Suffolk sheep under in vitro condition melatonin pro-

Fig. 14. A schematic representation of involvement of ovarian tPA produced mainly by granulosa cell (GC) and PAI-1 secreted by theca cell (TC) in the process of ovulation. P: Progesterone; T: testosterone; GP: G-protein; AC: adenylate cyclase; DG, 1, 2-diacylglycerol;
PI, phospholipid; PKA, protein kinase A; PKC, protein kinase C. (Reproduced with permission from Liu[2])
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Fig. 15. PMSG/hCG time-dependently stimulate morphological change (A) and tPA expression of cumulus-oocyte complexes (B), and
granulosa cell tPA /uPA expression (C); Schematic presentation of the time coordinated and cell-specific localization of tPA mRNA in
GC (a) and PAI-1 mRNA in TI (b) and the formation of a localized window of proteolytic activity (c, d); the arrow shows the direction
of proteolytic activity; the arrowheads indicate the stigma area of follicle rupture. The shaded areas indicate the tPA activity (D).
(Reproduced with permission from Liu et al.[1])

motes development of haploid germ cells via its receptors and androgens from early developing SSCs [67].
These data suggest male ganadal development and
SSCs differentiation may be regulated by the somatic
cell and SSCs interaction via the related translationary
factors and receptors, and it is also true in oogenesis
and oocyte maturation[2].
6.2 Oocyte maturation and ovulation
The serous evidence provided by our early studies
demonstrated that hormones or compounds which stimulate ovarian tPA activity could induce ovulation, while
the hormones or compounds that enhance ovarian PAI-1
expression could inhibit ovulation. A schematic representation of oocyte maturation and ovulation is shown
in Fig 15. Because the follicular walls (TCs, Fig. 15A)
produce the most of PAI-1 activity, PAI-1 may therefore serve as a specific barrier to localize the tPA activity
within the follicles, whereas granulosa cells and oocyte

synthesize the most of follicular tPA activity (Fig. 15B).
As ovulation approaches, the level of PAI-1 in theca
cells dramatically decreases, while tPA activity in the
follicle rises to its maximum level. The coordinated
expression of tPA and PAI-1 in the follicle may therefore
lead to a short pulse of proteolytic activity and induces
the follicle rupture.
*
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