
Growth differentiation factor-9 stimulates
progesterone synthesis in granulosa
cells via a prostaglandin E2yEP2
receptor pathway
Julia A. Elvin*†, Changning Yan*, and Martin M. Matzuk*†‡§

Departments of *Pathology, †Molecular and Human Genetics, and ‡Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza,
Houston, TX 77030

Communicated by Salih J. Wakil, Baylor College of Medicine, Houston, TX, June 27, 2000 (received for review May 2, 2000)

Growth differentiation factor-9 (GDF-9), an oocyte-secreted mem-
ber of the transforming growth factor b superfamily, progesterone
receptor, cyclooxygenase 2 (Cox2; Ptgs2), and the EP2 prostaglan-
din E2 (PGE2) receptor (EP2; Ptgerep2) are required for fertility in
female but not male mice. To define the interrelationship of these
factors, we used a preovulatory granulosa cell culture system in
which we added recombinant GDF-9, prostaglandins, prostaglan-
din receptor agonists, or cyclooxygenase inhibitors. GDF-9 stimu-
lated Cox2 mRNA within 2 h, and PGE2 within 6 h; however,
progesterone was not increased until 12 h after addition of GDF-9.
This suggested that Cox2 is a direct downstream target of GDF-9
but that progesterone synthesis required an intermediate. To
determine whether prostaglandin synthesis was required for pro-
gesterone production, we analyzed the effects of PGE2 and cyclo-
oxygenase inhibitors on this process. PGE2 can stimulate proges-
terone synthesis by itself, although less effectively than GDF-9
(3-fold vs. 6-fold increase over 24 h, respectively). Furthermore,
indomethacin or NS-398, inhibitors of Cox2, block basal and GDF-
9-stimulated progesterone synthesis. However, addition of PGE2 to
cultures containing both GDF-9 and NS-398 overrides the NS-398
block in progesterone synthesis. To further define the PGE2-de-
pendent pathway, we show that butaprost, a specific EP2 agonist,
stimulates progesterone synthesis and overrides the NS-398 block.
In addition, GDF-9 stimulates EP2 mRNA synthesis by a prostaglan-
din- and progesterone-independent pathway. Thus, GDF-9 induces
an EP2 signal transduction pathway which appears to be required
for progesterone synthesis in cumulus granulosa cells. These stud-
ies further demonstrate the importance of oocyte–somatic cell
interactions in female reproduction.

Progesterone and prostaglandins have been shown to play key
roles in ovarian physiology, the periovulatory period, and

female reproduction. Inhibitors of progesterone synthesis such
as epostane block ovulation in a dose-dependent manner (1), and
absence of the progesterone receptor in mice prevents release of
the oocyte, leading to complete infertility (2, 3). In addition, it
has been shown that cumulus cell–oocyte complexes (COCs)
synthesize progesterone (4) and that aminoglutethimide, which
blocks the formation of pregnenolone, decreases the number of
normal oocytes after in vitro maturation (5). Likewise, high doses
of indomethacin [an inhibitor of both cyclooxygenase 1 and 2
(Cox1 and Cox2)] or NS-398 (a ‘‘specific’’ Cox2 inhibitor) can
block ovulation in rats (1, 6), and absence of Cox2 in mice leads
to defects in ovulation, fertilization, and implantation (7). How-
ever, studies in rats suggest that the effect on ovulation by
indomethacin may be independent of prostaglandin E2 (PGE2);
low doses of indomethacin can abolish ovarian PGE2 synthesis
without effecting ovulation, and high doses, which inhibit ovu-
lation, also inhibit the synthesis of 15-hydroxyeicosatetraenoic
acid methyl ester (15-HETE). In addition, the drug BW755C
specifically inhibits 15-HETE production and ovulation in rats

(1). These data suggest that 15-HETE andyor other downstream
derivatives may be more critical for ovulation than the
prostaglandins.

Within the preovulatory follicle, there are two distinct popu-
lations of cells: the mural granulosa cells (which line the follicle
wall and are closest to the thecal layer) and the cumulus
granulosa cells (which are closest to the oocyte). After the
luteinizing hormone (LH) surge and before ovulation, the
cumulus cells undergo a process called expansion which is due to
the extracellular deposition of a hyaluronic acid-rich, gelatinous
matrix and ‘‘stabilization’’ of this matrix (8–10). The expansion
process is believed to be important for efficient exit of the COC
from the ovary, capture by the fimbria of the oviduct, and
fertilization (11).

Several studies have also suggested a role for prostaglandins,
and in particular PGE2, in maintenance and function of the
COC. PGE2 was one of the earliest substances shown to induce
cumulus expansion in vitro (12). Additionally, COCs obtained
from rats and mice after superovulation synthesize PGE1, PGE2,
and PGF2a (4, 13). Treatment of these COCs with indomethacin
greatly reduces the in vitro fertilization rate of oocytes, and this
effect is reversed if PGE1 and PGE2 are added to the media in
the presence of the indomethacin (13).

Four cell surface PGE2 receptor subtypes, EP1–EP4, have
been cloned and are expressed in many tissues (reviewed in ref.
14). Recent gene knockout studies have illustrated the essential
signaling pathways for PGE2 in the ovary. EP3 receptor knock-
out mice have mild defects in urinary concentrating ability and
impaired febrile responses, but are reproductively normal (15,
16). In addition, although 95% of the EP4 receptor knockout
mice died perinatally because of patent ductus arteriosus, the
mice that survived this period were fertile similar to the EP3
knockout mice (17, 18). Consistent with the above-mentioned
PGE2 data and in contrast to the EP3 and EP4 knockout mice,
EP2 receptor knockout mice demonstrate reduced female fer-
tility because of a decreased rate of in vivo fertilization (19–21).
This decreased rate of fertilization is due in part to defects in
cumulus expansion (21). These data suggest that progesterone
and prostaglandins may be critical for maintaining an optimal
microenvironment for oocyte survival and fertilization. The

Abbreviations: GDF-9, growth differentiation factor-9; Cox1 and Cox2, cyclooxygenase 1
and 2; PGE2, prostaglandin E2; COC, cumulus cell–oocyte complex; LH, luteinizing hor-
mone; FSH, follicle-stimulating hormone; Hprt, hypoxanthine phosphoribosyltransferase;
RT-PCR, reverse transcription–PCR.

§To whom reprint requests should be addressed. E-mail: mmatzuk@bcm.tmc.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.180295197.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.180295197

10288–10293 u PNAS u August 29, 2000 u vol. 97 u no. 18



interrelationships of progesterone and prostaglandins in these
processes are unknown.

Growth differentiation factor 9 (GDF-9) is a glycosylated
member of the transforming growth factor b superfamily (22). In
mice, GDF-9 is synthesized in oocytes from the primary follicle
stage through ovulation (10, 23, 24). Female mice lacking GDF-9
are infertile because of a block at the primary follicle stage,
resulting in defects in granulosa cell growth and differentiation,
thecal layer formation, and oocyte meiotic competence (25–27).
These studies confirmed that the oocyte is not an inert cargo
during folliculogenesis but is active in regulating somatic cell
function. Because GDF-9 mRNA and protein are synthesized by
the oocytes of preovulatory follicles and COCs, we speculated
that GDF-9 also played important roles at these stages. Previous
studies have also demonstrated that the oocyte is required for
cumulus expansion (10, 28–30). We demonstrated that recom-
binant GDF-9 can induce expansion of complexes in which the
oocyte was microsurgically removed (24). Furthermore, recom-
binant GDF-9 regulates cumulus granulosa cell gene expression
and suppresses the expression of genes normally expressed in
mural granulosa cells (24). GDF-9 stimulates the synthesis of
hyaluronan synthase 2 (Has2) and Cox2 and inhibits the synthesis
of urokinase plasminogen activator (uPA) and LH receptor
mRNA. In addition, GDF-9 stimulates the synthesis of proges-
terone in the absence of follicle-stimulating hormone (FSH) over
a 24-h period. Thus, GDF-9 is a multifunctional oocyte-secreted
protein involved in the regulation of several key ovarian somatic
cell functions.

Because of the above-mentioned important roles of GDF-9,
progesterone, and prostaglandins in the function and mainte-
nance of the COC, we used an in vitro granulosa culture system
to study the interrelationships of these three factors. We dem-
onstrate herein that basal and GDF-9-stimulated progesterone
synthesis in preovulatory granulosa cells appears to require a
Cox2yPGE2yEP2 dependent pathway and that GDF-9 stimu-
lates both the synthesis of prostaglandins and the expression of
the EP2 receptor.

Materials and Methods
Chemicals, Assays, and Generation of Probes. PGE2 in the culture
media was assayed in duplicate at two different dilutions by using
an ELISA from Cayman Chemicals (Ann Arbor, MI). Proges-
terone radioimmunoassays were performed as previously de-
scribed (24). Indomethacin, PGE2, and NS-398 were obtained
from Sigma. Butaprost was a generous gift of Harold Kluender
(Bayer Corporation, West Haven, CT). NS-398 (50 mM stock)
and butaprost (10 mM stock) were resuspended in DMSO.
Indomethacin (1 mgyml stock) and PGE2 (1 mgyml stock) were
resuspended in 100% ethanol. The mouse EP2 oligonucleotide
primers [59-CAACTGTCCACAAAGGTCAGTCTG-39 (sense)
and 59-AGGACTGCATACCTTCAGCTGTAC-59 (antisense)],
which span the EP2 intron, were designed based on the published
EP2 cDNA and gene sequences (31, 32) and produce a 506-bp
cDNA product. Other primer sets are described elsewhere (24).

Production of Recombinant Mouse GDF-9. The recombinant GDF-9
protein was produced as previously described (24). Briefly, CHO
cells carrying the full-length mouse GDF-9 cDNA in the pHTop
expression vector (a gift from Genetics Institute, Cambridge,
MA) were incubated for 48 h in Opti-MEM reduced serum
collection media containing 1 mgyml heparin (Sigma). The
media were harvested, and GDF-9 protein levels were quanti-
tated by SDSyPAGE with subsequent immunoblotting using
purified bacterially-derived recombinant GDF-9 as a standard.

Isolation and Culture of Granulosa Cells. Female CD-1 (ICR) mice
(produced at Baylor College of Medicine) 19–21 days old were
injected with 7.5 units of Gestyl (Diosynth, Oss, Holland), and

mural granulosa cells were harvested from multiple ovaries
44–48 h later as described (24). All granulosa cell assays were
performed as described (24) except that FSH was absent in all
experiments. After varying periods of culture, nonadherent cells
were pelleted from the media, and the media were stored at
220°C. Total RNA was isolated from the granulosa cells by using
RNA Stat-60 (Leedo Medical Laboratories, Houston) following
the manufacturer’s protocol.

Semiquantitative Reverse Transcription (RT)-PCR Analysis. Oligo
(dT)- primed cDNA was synthesized using Superscript reverse
transcriptase (GIBCOyBRL) following the manufacturer’s pro-
tocol. One microliter of each RT reaction (1y20 of total) was
used in each 25-ml PCR primed with gene-specific oligonucle-
otides along with [a-32P]dCTP, and the products were separated
by electrophoresis on a 4% polyacrylamide gel. The gels were
dried and exposed to autoradiography, or radioactive bands were
quantitated by exposure to a Storage Phosphor Screen, analyzed
on a Storm 860 scanner with IMAGEQUANT Version 4.2a soft-
ware (Molecular Dynamics). Statistical significance was deter-
mined by Student’s t test using Microsoft Excel 98.

Northern Blot Analysis. Total RNA was isolated from granulosa
cells and quantitated by fluorometry using Ribogreen RNA
quantitation reagents (Molecular Probes) on a VersaFluor flu-
orometer (Bio-Rad) using a 485 to 495-nm excitation filter and
515 to 525-nm emission filter. Fifteen micrograms of total RNA
of each sample was electrophoresed on a 1.2% agarosey7.6%
formaldehyde gel and transferred to Hybond N nylon membrane
(Amersham). Probes were labeled with [a-32P]dATP by using
the Strip-EZ probe synthesis kit (Ambion, Austin, TX). The
membrane was hybridized, washed, and subjected to autoradiog-
raphy as described (33). Probes were removed from the mem-
brane by using the Strip-EZ removal reagents (Ambion) follow-
ing the manufacturer’s protocol. Signals for each probe were
quantitated on a Molecular Dynamics phosphorimager.

Results
GDF-9 Induces Progesterone Synthesis. Mural granulosa cells of
preovulatory follicles from pregnant mare serum gonadotropin
(PMSG)-stimulated mice in a variety of assays behave similarly
to cumulus granulosa cells when exposed to oocytes (8, 9, 30) or
to GDF-9 (24). Because mural granulosa cells are more abun-
dant and easily separated from oocytes to make an oocyte-free

Fig. 1. Time course of progesterone synthesis. Granulosa cells were incu-
bated in culture media lacking FSH in the presence or absence of 100 ngyml of
recombinant mouse GDF-9. Medium was collected at each timepoint and
assayed by RIA for progesterone released into the medium. Each timepoint
represents the mean 6 SEM of three independent samples isolated on the
same day. Similar results were obtained in several independent experiments.
The asterisk denotes significance (P , 0.05) of control versus GDF-9-treated
samples at that timepoint.
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assay system, mural granulosa cells were used in this and all of
the following experiments. We have previously demonstrated
that granulosa cells produce progesterone when incubated with
GDF-9 for 24 h (24). To study the regulation of progesterone
synthesis further, we incubated mural granulosa cells in the
presence or absence of GDF-9 for 6–48 h (Fig. 1). At and before
6 h, no significant differences between control and GDF-9-
treated samples were noted (Fig. 1 and data not shown). By 12 h,
a significant two-fold increase in progesterone synthesis became
apparent. After 12 h, very modest increases in total progesterone
accumulation in the media of control treated granulosa cells are
seen, whereas significant increase in GDF-9-stimulated proges-
terone accumulation continues up through 48 h. By 24 h, there
is a 6-fold increase and by 48 h there is an 8.8-fold increase in
progesterone production stimulated by GDF-9. Based on these
studies, progesterone induction is a late event of GDF-9 treat-
ment compared to the rapid effect seen for Has2, which is
induced by 1 h and demonstrates a maximum induction by 5–9
h (24). This may reflect an important role of postovulatory
progesterone synthesis while the COC is negotiating the oviduct.

GDF-9 Stimulates Cox2 Gene Expression and Prostaglandin Synthesis.
We previously showed that GDF-9 induced Cox2 gene expres-
sion after 24 h (24). We were interested in determining whether
this effect was secondary to GDF-9-stimulated differentiation of
the granulosa cells (and thus a late effect) or whether Cox2 gene
expression was regulated more directly by GDF-9. Time course
analysis of Cox2 gene expression in granulosa cells cultured in
the presence or absence of GDF-9 demonstrated that GDF-9
induced a significant 2.5-fold increase in Cox2 mRNA expression
after 2 h, a 5.5-fold increase by 3 h (Fig. 2B), a peak expression
between 4 and 8 h (Fig. 2 B and C, and data not shown), and a
subsequent decline thereafter (Fig. 2C). However, in the GDF-
9-stimulated cells, Cox2 mRNA remains easily detectable at 24 h
and actually represents a 49-fold increase over control culture
expression levels (Fig. 2C and ref. 24). Northern blot analysis of
Cox2 mRNA after a 5-h incubation of the granulosa cells with
GDF-9 confirmed the semiquantitative PCR data demonstrating
a 13.6-fold increase in Cox2 mRNA (Fig. 2 A).

Cox2 catalyzes the rate-limiting first step in prostaglandin
production, after which specific prostaglandins, such as PGE2,
are subsequently produced. In particular, PGE2 has been shown
to be important in ovulation, cumulus expansion, and implan-
tation (7, 12, 34). Therefore, we investigated whether the in-
crease in Cox2 mRNA was reflected in an increase in PGE2
production. PGE2 levels in media from granulosa cells cultured
for 1–6 h in the presence or absence of GDF-9 were assayed by
a PGE2-specific ELISA (Fig. 3). PGE2 levels are comparable in
GDF-9-treated and control samples at 1, 2, and 3 h (Fig. 3A).
However, compared with controls, GDF-9-treated cells have
produced 3 to 4-fold more PGE2 by 6 h (Fig. 3 A and B), and by
24 h, PGE2 is increased 103-fold (Fig. 3B). This dramatic
difference in the relative production by 24 h is secondary to a

Fig. 2. Regulation of Cox2 mRNA in granulosa cells. (A) Granulosa cells were
isolated and incubated for 0 h or 5 h in the presence or absence of 100 ngyml
GDF-9, and the RNA was isolated and analyzed by Northern blotting using a
Cox2 cDNA probe or a glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
probe as a quantitative control. (B and C) Time course of Cox2 mRNA synthesis
in granulosa cells as measured by using semiquantitative RT-PCR. Granulosa
cells were cultured in the presence or absence of recombinant mouse GDF-9
(100 ngyml), and RT-PCR analyses were performed using Cox2 and hypoxan-
thine phosphoribosyltransferase (Hprt) (control) primer sets. Each point on
the graph represents the mean 6 SEM from triplicate samples. The asterisk
denotes significance (P , 0.05) of control versus GDF-9-treated samples at that
timepoint.

Fig. 3. GDF-9 stimulates PGE2 synthesis in granulosa cells. (A and B) Time
course of granulosa cell PGE2 production into the medium in the absence or
presence of GDF-9 (100 ngyml) (A) or in the presence of GDF-9 (100 ngyml) or
presence of GDF-9 (100 ngyml) and indomethacin (‘‘1Indo’’; 1 mgyml) (B).
Single asterisk denotes significance (P , 0.05) of control versus GDF-9-treated
samples at that timepoint; double asterisk denotes significance (P , 0.05) of
GDF-9- and indomethacin-treated samples versus GDF-9-treated samples at
that timepoint.
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3.7-fold increase in the GDF-9 treated cultures between 6 and
24 h and to a drop in PGE2 levels in control-treated cultures
presumably from decreased production and increased degrada-
tion (Fig. 3B). As expected, treatment of the granulosa cells
concurrently with indomethacin, an inhibitor of Cox 1 and Cox
2, completely blocks basal and GDF-9-stimulated PGE2 produc-
tion, confirming that GDF-9-induced PGE2 production requires
de novo synthesis starting from arachadonic acid.

GDF-9-Stimulated Progesterone Synthesis Requires a Cox2yPGE2yEP2-
Dependent Pathway. Upon observing the timecourse of GDF-9
induction of prostaglandins and progesterone, we hypothesized
that prostaglandins may induce progesterone synthesis. To in-
vestigate this hypothesis, progesterone synthesis from granulosa
cells cultured in the presence of cyclooxygenase inhibitors and
GDF-9 was assayed (Fig. 4). In the presence of either the
nonspecific cyclooxygenase inhibitor indomethacin (data not
shown) or the Cox2-specific inhibitor, NS-398, progesterone
levels dropped to almost undetectable levels (#13 ngyml) even
in the presence of GDF-9. This reduction in the presence of these
cyclooxygenase inhibitors is a 22-fold decrease compared with
GDF-9-treated cultures (297 ngyml) and a 4.3-fold decrease
compared with control cultures (54 ngyml). Cultures containing
both NS-398 and PGE2 [100 ngyml (data not shown) or 500
ngyml (Fig. 4)] synthesized progesterone at levels comparable to
cultures without the cyclooxygenase inhibitor. This demon-
strated that the block in progesterone synthesis by the cycloox-
ygenase inhibitors was due to the lack of prostaglandin produc-
tion and not due to cell toxicity or other potential effects of the
drugs. Interestingly, granulosa cells cultured with NS-398 and

synthetic PGE2 [100 ngyml (data not shown) or 500 ngyml (Fig.
4)] in the presence of recombinant GDF-9, had 2.7-fold greater
progesterone production than cells cultured with PGE2 alone
[100 ngyml (data not shown) or 500 ngyml (Fig. 4)] even though
they contained similar or roughly equivalent concentrations of
PGE2.

Although four PGE2 receptors have been identified, only the
EP2 receptor plays a role in the periovulatory period. We
therefore hypothesized that the effects of PGE2 on progesterone
synthesis were through EP2. To test this hypothesis, we used
butaprost, a PGE2 receptor-specific agonist. Similar to PGE2,
butaprost can also stimulate a 2-fold increase in progesterone
synthesis compared to control (Fig. 4) and can overcome the
NS-398 block in the presence (Fig. 4) or absence (data not
shown) of GDF-9. Furthermore, butaprost in the presence of
GDF-9 and NS-398 (Fig. 4) stimulates a 2.9-fold increase in
progesterone synthesis compared with butaprost and NS-398
(data not shown).

Because PGE2 and the EP2 receptor agonist, butaprost,
stimulate progesterone synthesis to similar levels when added
alone and are equivalent in the presence of GDF-9 and NS-398
(Fig. 4), PGE2 must be the only prostaglandin required for this
process, and EP2 the sole PGE2 receptor necessary for PGE2
stimulation of progesterone synthesis. To address the enhanced
effects of GDF-9 on progesterone synthesis independent of
PGE2 production, we performed semiquantitative RT-PCR to
study the regulation of EP2 mRNA by GDF-9 (Fig. 5). By 4 h of
incubation, GDF-9 stimulated a 2-fold increase in EP2 mRNA,
and between 6 and 24 h of culture, GDF-9 stimulated a 3.5 to
6.5-fold enhancement in the EP2 mRNA levels. This suggests
that GDF-9 also enhances progesterone synthesis by increasing
the levels of the EP2 receptor through which the PGE2 can act.
To determine whether prostaglandins or progesterone were
involved in the induction of the EP2 mRNA, we compared the

Fig. 4. GDF-9 stimulated progesterone production depends on prostaglan-
din synthesis and requires an EP2 receptor pathway. Progesterone production
by granulosa cells treated with GDF-9 (100 ngyml), PGE2 (500 ngyml), butap-
rost (10 mM), andyor NS-298 (1 mM) after 24 h of culture. PGE2 and butaprost
stimulate progesterone production to similar levels, and GDF-9 is approxi-
mately twice as effective at the concentrations used. Butaprost plus GDF-9 is
equally effective as GDF-9 alone, suggesting that these two ligands are in the
same pathway. NS-398 reduces the progesterone levels to less than baseline
levels, and PGE2 or butaprost alone overrides the NS-398 block (data not
shown). The production of progesterone by GDF-9 is blocked equally by
NS-398 or indomethacin (data not shown) and restored by PGE2 or butaprost.
Values are mean 6 SEM for triplicate samples. The experiment was repeated
on several occasions with different ligand concentrations resulting in similar
outcomes. a, P , 0.05 compared with control (no ligand); b, P , 0.05 compared
with GDF-9 treatment; c, P , 0.05 compared with GDF-9 plus NS-398
treatment.

Fig. 5. GDF-9 stimulates EP2 receptor mRNA synthesis. Semiquantitative
RT-PCR analysis was used to analyze the expression of EP2 and Hprt (control)
in granulosa cells treated with (1) or without (2) GDF-9. (A) Representative
samples from 6-, 8-, 18-, and 24-h timepoints are shown. (B) The data are
summarized as mean 6 SEM for triplicate samples except at the 6-h timepoint,
which is mean 6 range for duplicate samples for the GDF-9-treated group.
Similar results were seen when the experiment was repeated on several
independent occasions. Single asterisk denotes significance (P , 0.05) of
control versus GDF-9-treated samples at that timepoint; double asterisk de-
notes significance of P , 0.10.
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effects of GDF-9, butaprost, andyor NS-398 on the regulation of
EP2 mRNA in granulosa cells after 24 h of culture (Fig. 6).
Butaprost did not affect the levels of EP2 mRNA and also did
not appear to enhance the effects of GDF-9. The levels of EP2
mRNA continued to be statistically elevated when the granulosa
cells were incubated with both GDF-9 and NS-398, which
blocked prostaglandin synthesis through Cox2 and also inhibited
progesterone production. The data from Fig. 6 demonstrate that
stimulation of EP2 is the second pathway (induced by GDF-9
and independent of prostaglandin and progesterone synthesis)
that may be important for high level progesterone synthesis in
the periovulatory period.

Discussion
Progesterone signaling is necessary for ovulation (2, 3) and has
been implicated as a local regulator in the oviduct during the
periovulatory period (4, 5) similar to cumulus cell-produced
PGE2. Soon after ovulation, the corpus luteum becomes the
major progesterone synthetic factory required for implantation
and maintenance of early pregnancy. Studies of preantral folli-
cles have shown that the presence of the oocyte inhibits proges-
terone synthesis and premature luteinization of granulosa cells
(35). However, during the periovulatory period before implan-
tation, oocyte-stimulated local synthesis of progesterone by the
cumulus cells may be essential when the COC is free floating
within the oviduct lumen and not connected to the systemic
blood supply (4, 5). Likewise, as suggested by Koller and
colleagues (20), ‘‘PGE2 may act through the EP2 receptor to
define a microenvironment in the oviduct conducive to fertili-
zation.’’ In this way, PGE2 could act by (i) binding to EP2
receptors on the cumulus granulosa cells, which in turn support
the oocyte, the oviduct, andyor the spermatozoa or (ii) signaling
through EP2 receptors in the oviduct, which supports the COC
andyor the spermatozoa. Recently, in situ hybridization analysis

has shown that the EP2 receptor is most highly expressed in the
cumulus cells of preovulatory follicles and that there are defects
in the expansion of the cumulus cells in EP2 receptor knockout
mice (21). These findings, along with our data, suggest that PGE2
acts in vivo via the first mechanism. This does not rule out
additional direct functions of PGE2 in the preovulatory follicle
or in the oviduct, such as a direct mediator of matrix
reorganization.

Studies by Eppig (12) had initially shown that PGE2 could
stimulate, albeit indirectly, the process of cumulus expansion.
Other studies over the last two decades had demonstrated that
the oocyte was essential to the cumulus-expansion process and
that an oocyte-secreted factor was the direct regulator of cumu-
lus expansion (8–10). These studies indicated that an oocyte-
secreted factor stimulated hyaluronic acid synthesis and cumulus
expansion and inhibited urokinase plasminogen activator (uPA)
and LH receptor synthesis (10). The first genetic evidence that
the oocyte played an essential role in the regulation of somatic
cell function came with the generation of knockout mice lacking
the oocyte-secreted factor GDF-9 (25). In the absence of GDF-9,
follicles are blocked at the primary follicle stage, lack a thecal
layer, and show abnormally increased oocyte growth and defects
in oocyte meiotic competence (25–27). Furthermore, recombi-
nant GDF-9 also was shown to have a direct effect on granulosa
cells of the preovulatory follicle (24); GDF-9 could replace the
oocyte by stimulating cumulus expansion and synthesis of hya-
luronan synthase 2, and inhibiting expression of uPA and LHR.

Taken together, the Cox2, EP2, and progesterone receptor
knockout studies (2, 3, 7, 19–21), the data from Eppig, Salustri,
and colleagues (8–10, 28–30), and the present and published
studies from our group (27) indicate an important interrelation-
ship of GDF-9, Cox2, PGE2, and EP2 in cumulus expansion and
production of progesterone synthesis. Clearly, GDF-9 produced
by the oocyte is a key molecular trigger in this process.

At the time of the LH surge, GDF-9 may induce a series of
molecular and physiological changes in the cumulus cells and
oocytes; these orchestrated effects include: (i) a rapid induction
of Has2 and Cox2 mRNA, (ii) increased synthesis of hyaluronic
acid, PGE2 (intermediate events), and one of the PGE2 receptors
(EP2), and (iii) increased StAR mRNA. These combined effects
appear to be necessary for efficient cumulus expansion and an
increase in progesterone synthesis (late effects seen after the rise
in PGE2) (see model, Fig. 7). In addition to the inhibitor studies,
the relative timecourse for the appearance of PGE2, which
precedes the elevation in progesterone and is statistically ele-
vated by 6 h, is consistent with a role of PGE2 in progesterone
synthesis in these cells; this does not rule out independent
mechanisms of progesterone synthesis regulation in preantral
follicles or corpora lutea. In fact, whereas previous studies have
demonstrated that gonadotropins can stimulate both progester-
one (36) and Cox2 expression (37) and it is possible that these
pathways interact indirectly, in the studies presented in this
manuscript, no FSH or LH was added to the culture media,

Fig. 6. GDF-9 induction of EP2 is independent of prostaglandins and pro-
gesterone. Semiquantitative RT-PCR analysis was used to analyze the expres-
sion of EP2 and Hprt in granulosa cells treated with GDF-9, butaprost, or
NS-398 for 24 h. (A) Representative samples incubated under each condition
are shown. (B) Mean 6 SEM for triplicate samples. Single asterisk denotes
significance (P , 0.05).

Fig. 7. Model for GDF-9 regulation of prostaglandin and progesterone
synthesis in cumulus granulosa cells. Based on the findings of our group (this
manuscript and ref. 24), and those of others (2–5, 7, 11, 12, 19–21, 29, 39), we
have formulated a simple model for the effects of GDF-9 in the periovulatory
period. The combined effects of this extended signal transduction are essen-
tial for cumulus expansion, ovulation, fimbrial capture, fertilization, and
unknown oviductal effects.
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demonstrating that GDF-9 alone is sufficient to exert these
effects. Thus, we believe that in the surrounding somatic (cu-
mulus) cells, oocyte-derived GDF-9 induces both the enzymatic
machinery for the production of prostaglandins and a receptor
for autocrine recognition of a specific prostaglandin. Basal
cumulus cell progesterone synthesis in our model also requires
production of Cox2, which normally is highly expressed in
cumulus cells only after the LH surge and is also induced directly
by GDF-9 (24). This also suggests that granulosa cell progester-
one synthesis in the preovulatory mouse ovary requires products
downstream of Cox2. PGE2 binding to EP2 activates an adenyl-
ate cyclase pathway, and it is also known that cAMP analogues
and phosphodiesterase inhibitors can stimulate cumulus expan-
sion in vitro (38). Based on our data and that of others, we
hypothesize that these cAMP analogues act downstream of the
EP2 receptor. Thus, in addition to a direct effect of GDF-9 on
the synthesis of hyaluronan synthase 2, GDF-9 appears to
stimulate a Cox2yPGE2yEP2 pathway which in vivo is required
for optimal cumulus expansion. Furthermore, induction of this
same Cox2yPGE2yEP2 pathway by GDF-9 is also apparently
important for progesterone synthesis by the cumulus granulosa
cells. Thus, at least two major functions of PGE2 signaling

through EP2 in the periovulatory follicle appear to be enhance-
ment of cumulus expansion and production of progesterone,
both of which are necessary for efficient delivery of oocytes into
the oviduct, maintenance of oocyte function, and fertilization.
Further studies are needed to determine which genes in the
progesterone synthetic pathway are directly induced by PGE2,
whether StAR mRNA is stimulated indirectly by GDF-9 via
induction of the EP2 pathway, and which genes or gene products
in addition to Cox2 and EP2 are regulated by GDF-9 in this
process.
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