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Abstract Mammalian oocytes grow and undergo meiosis
within ovarian follicles. Fully grown oocytes are arrested
at the first meiotic prophase by a mural granulosa origin
“arrester” until a surge of luteinizing hormone (LH) from
the pituitary at the mid-cycle stimulates the immature
oocyte to resume meiosis. Recent evidence indicates that
natriuretic peptide precursor type C (NPPC) produced by
mural granulosa cells stimulates the generation of cyclic
guanosine 3',5’-monophosphate (cGMP) by cumulus cell
natriuretic peptide receptor 2 (NPR2), which diffuses into
oocyte via gap junctions and inhibits oocyte phosphodi-
esterase 3A (PDE3A) activity and cyclic adenosine
3',5'-monophosphate (cAMP) hydrolysis and maintains
meiotic arrest with a high intraoocyte cAMP level. This
cAMP is generated through the activity of the Gs G-pro-
tein by the G-protein-coupled receptor, GPR3 and GPR12,
and adenylyl cyclases (ADCY) endogenous to the oocyte.
Further studies suggest that endocrine hormones, such as
follicle-stimulating hormone (FSH), LH, 17f-estradiol
(E2) and oocyte-derived paracrine factors (ODPFs), par-
ticipate in oocyte meiosis possibly by the regulation of
NPPC and/or NPR2. A detailed investigation of NPPC and
NPR?2 expression in follicle cells will elucidate the precise
molecular mechanisms of gonadotropins, and control the
arrest as well as resumption of meiosis.
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Introduction

In mammalian oocytes, meiosis is initiated during fetal life,
and subsequently arrested for a prolonged period at the
diplotene stage of the first meiotic prophase, morphologi-
cally identified by a characteristic nucleus commonly
known as the germinal vesicle (GV) with a prominent
nucleolus and is associated with partial condensation of the
chromosomes [1]. Prophase arrest is maintained by inher-
ent factors in the oocyte and correlates with low levels of
activity by cell cycle regulatory proteins [2]. Once the
growing oocyte reaches its full size and an antral space
begins to form to divide the granulosa cells into two sep-
arate compartments, mural granulosa cells (MGCs) form
the outer layers and the cumulus cells surround the oocyte
and the oocyte acquires the ability to complete meiosis [3—
5]. Nevertheless, fully grown mammalian oocytes are held
in meiotic prophase arrest until the follicle responds to the
preovulatory surge of luteinizing hormone (LH) from the
pituitary gland during the estrous or menstrual cycle,
shortly before ovulation [6-8]. Germinal vesicle break-
down (GVB) is the first change occurring, and is widely
used as an endpoint for assessing the resumption of meiosis
or oocyte maturation [9].

The progression of meiosis is subject to start and stop
signals driven by both intrinsic and extrinsic factors.
Because the entire follicle surrounding the oocyte must
remain intact in order to preserve its normal function,
the mechanisms that maintain meiotic arrest of the
oocyte, as well as the mechanisms by which LH triggers
resumption of meiosis, have therefore been technically
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challenging to study. When oocytes or cumulus—oocyte
complexes (COCs) are removed from follicles and cul-
tured, they spontaneously resume meiosis without
hormonal stimulation [10]. This original observation,
confirmed in numerous studies with oocytes of all
mammalian species so far examined [4, 5, 11, 12], has
led to general acceptance of the hypothesis that meiotic
arrest in mammalian oocytes is maintained by a mural
granulosa origin “arrester”. Studies have implicated one
potential meiotic inhibitory molecule, a low-molecular-
weight peptide known as oocyte maturation inhibitor
(OMI) [13]. The action of OMI to maintain meiotic
arrest is not species-specific, needs mediate of cumulus
cells surrounding the oocyte [14], and can be reversed by
LH [13], supporting the view that OMI has a physio-
logical role in the control of oocyte maturation.

Recent studies with genetically altered mice, as well as
directly inhibiting oocyte-specific proteins by microin-
jecting follicle-enclosed oocytes, have identified the
components of the signaling network for the maintenance
of meiotic arrest in fully grown mammalian oocytes.
Oocyte cyclic adenosine 3',5'-monophosphate (cAMP) is
crucial for maintaining meiotic arrest and is generated by
oocyte adenylyl cyclase (ADCY), which is controlled by
the constitutive action of G-protein-coupled receptor,
GPR3, and GPR12 via Gs protein [15, 16]. Cyclic guano-
sine 3’,5’-monophosphate (¢cGMP), produced by natriuretic
peptide precursor type C (NPPC) and natriuretic peptide
receptor 2 (NPR2, a guanylyl cyclase) in follicle cells,
diffuses into the oocyte from companion cumulus cells via
gap junctions and inhibits oocyte phosphodiesterase 3A
(PDE3A) activity and cAMP hydrolysis and maintains
meiotic arrest [17-20]. Further studies suggest that endo-
crine hormones, such as follicle-stimulating hormone
(FSH), 17p-estradiol (E2), and oocyte-derived paracrine
factors (ODPFs), may participate in oocyte meiotic arrest
by stimulating the expression of NPPC and/or NPR2 [20].
Research investigating the regulation of NPPC and NPR2
in follicle cells may also pave the way for elucidating the
mechanisms whereby LH stimulates mammalian oocyte
maturation.

The endocrine control of meiotic arrest and resumption
rests on a network of extracellular and intracellular
molecular interactions. The purpose of this review is to
highlight recent studies from several laboratories, including
ours, elucidating how the oocyte maintains arrest and dis-
cussing potential mechanisms whereby LH acts to
stimulate meiotic resumption in mammals. We hope that
this review may provide a framework with which to
understand how the initial signals activated by hormones
tightly control the complex patterns of genes and protein
expression that are required for meiosis.
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Cyclic nucleotides involved in meiotic arrest

Meiotic arrest depends on a high level of cAMP within the
oocyte. This cAMP is generated by the oocyte through the
stimulation of the Gs G-protein by the G-protein-coupled
receptor, GPR3 and GPR12, and adenylyl cyclases. Inhibition
of oocyte cAMP-phosphodiesterase (PDE3A) activity is
essential for sustaining elevated cAMP levels. More recently,
c¢GMP, produced by follicle cells, diffuses through the gap
junction network to the oocyte, and inhibits oocyte PDE3A
activity and cAMP hydrolysis to maintain meiotic arrest [18,
19].

Cycle AMP

Intraoocyte cAMP is critical to the control of meiosis. It is
well established that maintenance of meiotic arrest in
meiotically competent oocytes depends on high levels of
cAMP, whereas a drop in intraoocyte levels of this nucle-
otide is required for resumption of meiosis [1, 21, 22].
When released from their follicles, fully grown antral
oocytes spontaneously undergo meiotic resumption in
coincidence with a decrease in intraoocyte cAMP levels
[23-25], which could be prevented by maintaining high
levels of cAMP within oocytes [21, 26, 27]. High cAMP
levels within the oocyte result in the phosphorylation of
cyclin-dependent kinase 1 (CDKI1) on Thrl4 and Tyrl5,
rendering maturation promoting factor (MPF) inactive such
that the oocyte maintain meiotic arrest [2, 12, 28, 29].

Cycle AMP synthesis

Cycle AMP could be produced either by the oocyte or by
the follicle cells that surround it. It has been previously
proposed that cAMP is produced by follicle cells and dif-
fuses through gap junctions to the oocyte [12, 30-32].
However, the lack of specific inhibitors against gap junc-
tions in the oocyte has complicated efforts to clarify their
possible role in the maintenance of meiotic arrest.

Recent findings strongly suggest that the oocyte itself
produces sufficient cAMP to maintain meiotic arrest by way
of a constitutively active heterotrimeric G protein (Gs)-
linked receptor, GPR3 or GPR12, which acts to stimulate at
least one form of adenylate cyclase 3 [15, 16, 33-37]. If any
of the components of this signaling pathway are eliminated
in the follicle-enclosed oocyte, it could mature spontane-
ously [2]. However, GPR3 knockout mice are fertile, and
only appear to fail in preventing meiosis resumption in aged
mouse [37], indicating that additional pathway(s) for gen-
eration and maintenance of a sufficient cAMP level in
young animals. GPR3 is the predominant receptor signaling
meiotic arrest in mice, and GPR12 in rat [35]. In humans,
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RNA encoding GPR3, but not GPR12, is expressed in
oocytes and meiotic arrest is maintained by a GPR3-Gs
signaling pathway [38]. Follicle cells’ original cAMP dif-
fusion through gap junctions is not sufficient by itself to
maintain the meiotic arrest in the mouse oocyte [39]. Taken
together, these data indicate that oocyte produces its own
cAMP via G protein-linked receptor/Gs/ADCY pathway,
which is essential for maintaining meiotic arrest.

Cycle AMP degradation

Intraoocyte steady-state levels of cAMP are synthesized by
Gs/ADCY and degraded by phosphodiesterases (PDEs)
[40]. However, the regulation of intraoocyte cAMP appar-
ently occurs primarily by control of its degradation (by very
active PDE), rather than by endogenous synthesis [41].
Maintenance of meiotic arrest is explained by constitutive
cAMP signaling associated with undetectable cAMP—PDE
activity [27, 42, 43]. PDE3A has been localized only to the
oocyte [40, 41, 44-46], and the type 3 PDE inhibitor ele-
vates intraoocyte cAMP and prevents the resumption of
meiosis in many species including human [2, 47]. Further-
more, genetic ablation of PDE3A causes complete meiotic
arrest even after prolonged incubation in vitro or after
ovulation, and female sterility [42], demonstrating that
PDE3A is the key molecule involved in the control of
intraoocyte cAMP levels, thus regulating the arrest and
resumption of meiosis [17]. The reason why Gs/ADCY
activity is not sufficient to prevent spontaneous meiotic
resumption may be that the increasing PDE3 activity during
spontaneous maturation [17] is sufficient to decrease in-
traoocyte cAMP levels.

Cycle GMP

As early as 1980, it is found that cGMP levels are highest
at dioestrus but lowest during oestrus in hamster ovary
[48], suggesting a functional relationship between cGMP
levels and meiotic arrest. More and more studies indicate
that cGMP is involved in the regulation of oocyte matu-
ration. Intracoocyte cGMP levels decrease during
spontaneous meiotic resumption [23]. Injection of cGMP
into the oocyte delays meiotic resumption, and inhibition
of inosine monophosphate dehydrogenase (needed for
cGMP production) causes meiotic resumption in follicle-
enclosed oocytes [23, 49, 50]. Recently, it has been
reported that inhibition of cGMP-specific PDES activity
significantly and reversibly inhibits spontaneous matura-
tion of mouse COCs [51]. Moreover, microinjection of a
cGMP-specific PDES into oocytes causes meiotic matura-
tion of wild-type oocytes, but this effect is absent in
PDE3A-deficient oocytes [19]. The concentration of cGMP
in GV-stage oocytes isolated from equine chorionic

gonadotropin (eCG)-primed immature mice [19, 23] is
sufficient to inhibit PDE3A activity via completion with
cAMP in the hydrolysis process [52]. All these results
indicate that an intraoocyte pool of cGMP is involved in
the maintenance of meiotic arrest via regulation of PDE3A.
Guanylyl cyclase agonists have inhibitory effects on
spontaneous meiotic resumption in COCs, but not in iso-
lated oocytes [24, 53], suggesting that the oocyte depends
on the somatic cells for its supply of cGMP. Recent studies
further show that cGMP passes through gap junctions from
follicle cells into the oocyte, where it inhibits the hydro-
lysis of cAMP by PDE3A [18, 19]. This inhibition
maintains a high level of cAMP in the oocyte and then
blocks meiotic progression [18]. Thus, the production of
c¢GMP in the somatic cells is essential for the maintenance
of meiotic arrest. The precise mechanism for generation
and maintenance of a sufficient cGMP in somatic cells
needs further study.

Hormonal control of meiotic arrest

The synthesis of cGMP is accomplished by two distinct
classes of guanylyl cyclases, soluble and particulate, acti-
vated by nitric oxide (NO) and natriuretic peptides,
respectively [54]. Our recent study indicates that NPPC
produced by follicular mural granulosa cells stimulates the
generation of cGMP by cumulus cell NPR2, which is
needed to inhibit oocyte PDE3A activity and thereby
maintains meiotic arrest [20]. Further studies suggest that
endocrine hormones, such as FSH, E2, and ODPFs, may
participate in oocyte meiotic arrest by stimulating the
expression of NPPC and/or NPR2 [20].

NPPC and its cognate receptor NPR2

The natriuretic peptide system forms a family of three
structurally homologous but genetically distinct endoge-
nous ligands, natriuretic peptide precursor A (NPPA;
ANP), natriuretic peptide precursor B (NPPB; BNP), and
NPPC (also known as CNP) [55]. NPPA and NPPB are
cardiac hormones that are predominantly synthesized in
atrial and ventricular cardiomyocytes, respectively, and
play important roles in the regulation of cardiovascular
homeostasis, primarily through guanylyl cyclase-coupled
receptor NPR1 [56]. On the other hand, NPPC is expressed
in a wide variety of central and peripheral tissues and acts
locally as autocrine and paracrine regulator through NPR2
but little natriuretic activity [57]. The presence of NPR2 is
reported in rat follicles, and the binding of its ligand NPPC
varies during the estrous cycle [58].

More recently, it has been shown that Nppc mRNA was
expressed by MGCs lining the inside of the follicle wall,
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and Npr2 mRNA was expressed predominantly by
cumulus cells surrounding the oocyte [20]. NPPC
increases cGMP and cAMP levels in oocytes and pre-
vents spontaneous resumption of cumulus cell-enclosed,
but not denuded, mouse oocytes in vitro. Moreover,
meiotic arrest was not sustained in most Graafian folli-
cles of Nppc or Npr2 mutant mice, and meiosis resumed
precociously. All these results indicate that NPPC pro-
duced by follicular mural granulosa cells stimulates the
generation of cGMP by cumulus cells NPR2, which
diffuses into oocyte via gap junctions and inhibits
PDE3A activity and cAMP hydrolysis and maintains
meiotic arrest [19, 20, 59, 60]. Therefore, the granulosa
cell ligand NPPC, binding to its receptor NPR2 in
cumulus cells, prevents precocious meiotic maturation
(Fig. 1), which is critical for maturation and ovulation
synchrony and for normal female fertility.

LH

FSH

Fig. 1 A proposed model for hormonal control of mammalian oocyte
meiosis in pre-ovulatory follicle. NPPC produced by mural granulosa
cells stimulates the generation of ¢cGMP by cumulus cell NPR2,
which diffuses into oocyte via gap junctions and inhibits oocyte
PDE3A activity and cAMP hydrolysis and maintains meiotic arrest
with a high intraoocyte cAMP level. This cAMP is generated through
the activity of the Gs G-protein by GPR3/12 and ADCY endogenous
to the oocyte. FSH, E2, and ODPFs may serve to maintain meiotic
arrest by stimulating the expression of NPPC and/or NPR2 and the
accumulation of cGMP, while the decrease of this cyclic nucleotide
after LH treatment induces meiotic resumption by EGF network
and/or by the down-regulation of NPPC and NPR2 expression.
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It has been generally accepted that meiotic arrest in
mammalian oocytes is maintained by the mural granulosa
origin OMI. Porcine OMI has been partly characterized and
purified, which is a low-molecular-weight peptide of
approximately 2000 [61]. It is interesting that NPPC, a
small peptide with 22 amino acid residues, has the char-
acter similar to OMI: low molecular weight peptide of
2197.6, predominant expression in MGCs, action via
cumulus cells (with NPR2 receptor) to maintain meiotic
arrest, and identical sequences among mouse, rat, pig and
human [20, 62]. Whether OMI is NPPC remains to be
determined. It is also possible that other factors (such as
purine hypoxanthine present in the follicular fluid) redun-
dantly participate in oocyte meiotic arrest, especially in the
small antral follicles [27, 63]. A better understanding of the
factors that maintain an oocyte in meiotic arrest may
help in the development of strategies to improve culture

Meiotic Resumption

5'-AMP

cGMP ——{pDE3A ]

LH-induced peptides also activate MAPK and thus close the gap
junctions throughout the somatic compartment, which reduces the
flux of cGMP from the somatic cells to the oocyte. LH might also
decrease nitric oxide level, and then decrease intraoocyte cGMP
levels. FSH follicle-stimulating hormone, LH luteinizing hormone,
EGF epidermal growth factor, MAPK mitogen-activated protein
kinase, NO nitric oxide, T Testosterone, E2 17f-estradiol, ODPF
oocyte-derived paracrine factor, NPPC natriuretic peptide precursor
type C, NPR2 natriuretic peptide receptor 2, cAMP cyclic adenosine
3’,5'-monophosphate, cGMP cyclic guanosine 3',5’-monophosphate,
GPR3/12 G protein-coupled receptors 3 and 12, ADCY adenylyl
cyclases, PDE3A phosphodiesterase 3A
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conditions with particular regard to the quality of cyto-
plasmic maturation [64, 65].

FSH

The effect of Nppc and Npr2 mutant in fully grown folli-
cles after eCG treatment, but not in follicles at earlier
stages of growth indicates that the expression of these
genes is controlled tightly by specific mechanisms. Thus,
regulation of NPPC and NPR2 levels in granulosa cells of
Graafian follicles is an integral aspect of the system that
maintains oocyte meiotic arrest.

During follicular growth, some follicles at the early
antral stage are ‘recruited’ to continue growing, which is
dependent on the pituitary gonadotropin FSH [66, 67].
Although FSH could induce COCs maturation in vitro in a
similar way as that of LH [28], it is essential for the ste-
roidogenesis by stimulating aromatase enzyme activity
(P450 aromatase), for the differentiation of the granulosa
cells by inducing the expression of LH receptors and for
the follicular antrum formation [68, 69]. Recently, FSH has
also been suggested to involve in the regulation of NPPC
and NPR2 expression. eCG, a glycoprotein hormone that
possesses primarily FSH activity, can induce the expres-
sion of Nppc and Npr2 mRNA in the ovary [70]. However,
FSH has no effect on the expression of Npr2 mRNA when
cumulus cells are cultured in vitro [71]. It is possible that
stimulation of Npr2 mRNA levels in cumulus cells by eCG
in vivo is probably an indirect result of the FSH activity of
eCG [72]. The increasing expression of NPPC and NPR2 in
follicle cells, via cGMP, plays an important synchronizing
role during follicle development by contributing to the
maintenance of meiotic arrest until LH surge. Inappropriate
decrease of NPPC and NPR?2 in the growing follicles might
disrupt normal follicular development [37].

E2

Although gonadotropins-induced increases in cAMP levels
are associated with increased production of steroid hor-
mones in follicle [73], the role of ovarian steroids on
mammalian meiotic resumption is still far from clear.
Testosterone and E2 have long been thought to play neg-
ative or dispensable roles during spontaneous meiotic
resumption of oocytes [28]. Some studies suggest their
involvement in promoting meiotic resumption of unprimed
immature mouse COCs and denuded oocytes arrested in
meiosis by isobutyl methylxanthine [74, 75], and of por-
cine COCs arrested in meiosis by hypoxanthine [76].
However, by using follicle-enclosed oocytes, other
researchers question the meiosis-stimulating competence of
these steroids in the mouse and rat [77, 78]. The different
effects of testosterone and E2 on the meiotic resumption of

mammalian oocyte may be due in part to the background of
spontaneous oocyte maturation upon removal from the
ovary, as well as methods of oocyte removal that pre-
expose oocytes to sex steroids.

It is reported that injection of immature rats with the
synthetic estrogen diethylstilbestrol (DES) results in
increased Npr2 mRNA levels and NPPC binding in gran-
ulosa cells [70]. Moreover, E2 promotes and maintains
expression of Npr2 mRNA by mouse cumulus cells,
thereby augmenting their ability to produce cGMP in
response to NPPC and maintenance of meiotic arrest by
NPPC in vitro [71]. Testosterone has the same effect as E2
on the expression of Npr2 mRNA and meiotic arrest in
vitro, which is likely due to aromatization of testosterone to
estrogens, rather than direct androgen action because the
non-aromatizable androgen dihydrotesterone is unable to
stimulate the expression of Npr2 mRNA or to sustain
responses to NPPC [71]. Thus, the physiological role of E2
may be involved in oocyte meiotic arrest through inducing
the expression of NPR2 in cumulus cells, and the major
role of testosterone in the ovary may possibly be to serve as
estrogen precursors.

Oocyte-derived paracrine factors

Growth and development of the somatic and germ cell
compartments of the ovarian follicle occur in a highly
coordinated and mutually dependent manner. An increas-
ing body of evidence indicates that MGCs have important
endocrine functions, and oocyte-derived paracrine factors
profoundly affects the differentiation of cumulus cells to
control its own development [79]. Much of this recent
interest has focused on oocyte-secreted transforming
growth factor-f (TGF-f) superfamily members, in partic-
ular growth differentiation factor-9 (GDF-9), bone
morphogenetic protein-15 (BMP-15; also called GDF-9B),
and fibroblast growth factor 8B (FGF8B) [80].

Our recent results show that microsurgical extirpation of
oocytes from complexes (oocytectomy, OOX) significantly
reduced expression of Npr2 mRNA in cumulus cells, which
could be reversed by co-culture of cumulus cells with fully
grown denuded oocytes [20]. Further study shows that each
oocyte-derived paracrine growth factors GDF9, BMP15,
and FGF8B slightly promotes expression of Npr2 mRNA
by cumulus cells in vitro, and combinations of three pro-
teins promote levels of Npr2 mRNA expression equivalent
to those promoted by co-culture with cumulus cell-denuded
oocytes [20]. We have not seen any precocious maturation
in the ovaries from the aromatase inhibitor treated mice
(data not shown), suggesting that ODPFs may be able to
compensate for the expression of NPR2 when the estradiol
signal is absent or reduced. Thus, oocytes themselves
participate in the meiosis-arresting pathway not only by
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producing cAMP but also by promoting cumulus cell
expression of NPR2 receptors to increase cGMP levels and
then inhibit oocyte maturation. These results support the
view that the signals originating from the oocytes play an
essential role in orchestrating the growth and development
of the follicle [80].

LH-induced meiotic resumption

In a normal reproductive cycle, the preovulatory surge of
LH from the pituitary causes the resumption of meiosis in
oocytes in Graafian follicles, as well as ovulation [1, 35,
81]. LH receptor activation stimulates Gs and activates
adenylyl cyclase [82], and as a consequence, elevates
cAMP levels [26, 83, 84] and PKA activity [85, 86] in the
MGCs. Through a series of incompletely understood steps,
LH causes a decrease in cAMP in the oocyte and then
meiotic resumption [26, 87, 88].

LH regulates oocyte cAMP either by inhibition of GPR3
or GPR12/Gs/ADCY system, or stimulation of its cAMP
phosphodiesterase. However, LH-induced signaling does
not terminate GPR3-Gs-ADCY signaling [59], or stimulate
of a Gi-mediated pathway in the oocyte [89]. It has been
shown that LH increases PDE3A activity in mammalian
oocytes [17] possibly by lowering cGMP, since cGMP
inhibits PDE3A activity [22, 23]. Indeed, LH-stimulated
decreases in cGMP occur in oocytes and whole follicles
[19, 90]. Further research indicates that LH decreases in-
traoocyte cGMP levels by lowering cGMP levels in the
somatic cells and by closing gap junctions between the
somatic cells [18]. The resulting decrease in oocyte cGMP
relieves the inhibition of PDE3A and causes a decrease in
oocyte cAMP, which is sufficient to account for the stim-
ulation of meiotic resumption [18]. Under the conditions of
elevated intraoocyte cGMP levels, LH stimulation could
not induce oocyte maturation [19]. Therefore, LH-induced
cGMP decrease plays a major role in the resumption of
meiosis. Other mechanisms, such as cGMP-independent
stimulation of PDE3A [17, 91] and additional LH signaling
pathways [92, 93], might function in parallel with cGMP
regulation.

It is well known that LH induction of epidermal growth
factor (EGF)-like growth factors in MGCs and EGF
receptor (EGFR) transactivation in cumulus cells are
essential for the regulation of a critical physiological pro-
cess such as oocyte maturation and ovulation [28, 82, 94,
95]. The cGMP decrease in oocytes may be that the LH-
induced peptides activate EGFR, which in turn activate
mitogen-activated protein kinase (MAPK) [86]. MAPK
phosphorylates and thus closes the gap junctions throughout
the somatic compartment, which reduces the flux of cGMP
from the somatic cells to the oocyte [18]. Although closure
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of these junctions is sufficient to induce oocyte maturation
[88], the precise relationship between the loss of this cou-
pling and the resumption of oocyte meiosis is inconsistent.
Some studies in rodent oocytes suggest that gap junction
disconnection precedes meiotic resumption [31, 96-98],
while other studies in human, porcine, ovine, and murine
oocytes suggest GVB precedes the decrease in gap junc-
tions [87, 99]. It has also been shown that maturation can be
induced even in the presence of open junctions [60]. Nev-
ertheless, the EGFR kinase-dependent component of the
cGMP decrease is required for LH-induced meiotic
resumption [19, 100]. Anyway, the incomplete inhibition of
the LH-induced cGMP decrease by the EGFR inhibitor
AG1478 [19, 100], suggesting that EGFR activity is not
required for most of the LH-induced cGMP decrease. These
findings support the concept that two separate and partially
redundant mechanisms contribute to the decrease in cGMP
in response to LH.

The decrease of cGMP in the somatic cells could result
from inhibition of a guanylyl cyclase or from stimulation of
a cGMP phosphodiesterase. The increased activity of
cGMP-PDEs is unable to be detected during LH stimula-
tion [19, 101], and gonadotropins do not affect cGMP
hydrolysis in cultured granulosa cells [102]. Furthermore,
LH still causes a decrease in ¢cGMP in the presence of
c¢GMP special PDES inhibitors [19]. These results exclude
the possibility that LH acts through activation of a cGMP-
PDE. There is some evidence for regulation of the cyclase
rather than the phosphodiesterase [101]. It is interesting
that Nppc and Npr2 mRNA levels, and NPPC peptide
levels are decreased in mouse follicle cells and human
follicular fluid after treated by human chorionic gonado-
tropin (hCG), a pregnancy hormone that exhibits LH
activity with a long serum half-life ([71, 103], and data not
shown), which could decrease cGMP levels in the follicle
cells. In contrast to the gonadotropin’s regulation of NPPC
ligand, NPR2 receptor expressed in cumulus cells is unli-
kely to be regulated directly by the ovulatory LH
stimulation, since few functional LH receptors are present
in germ cells and cumulus cells [104]. Cycle GMP and
cAMP in isolated mouse follicles decreases to the basal
levels around 1 h [18, 100], and most GVB occurs between
2 and 3 h after hCG treatment ([105], and data not shown).
However, the Nppc and Npr2 mRNA levels have not
completely decreased to the basal levels during this period
[71, 103]. It will be of interest to examine the regulation of
NPPC release, and the phosphorylation sate of NPR2 that is
critical for its hormone responsiveness [106]. Furthermore,
LH might also increase PDES activity and decrease nitric
oxide (NO) level, and then decrease intraoocyte cGMP
levels [107].

It has been long hypothesized that the action of LH
could either relieve an inhibitory, or maturation arresting,
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substance from the somatic cells, or, alternatively, provide
a positive, maturation-promoting substance to override the
follicular inhibition [1, 108]. Recent data is consistent with
a model in which the inhibitory influence of NPPC/NPR2
on PDE3A activity is withdrawn upon exposure of the
follicle to the preovulatory surge of LH (Fig. 1). It is also
possible that additional modes of regulation of PDE3A
(such as phosphorylation) contribute to the overall increase
in PDE3A activity before meiotic maturation [109].

Conclusions

NPPC produced by follicular mural granulosa cells stim-
ulates the generation of cGMP by cumulus cell NPR2,
which is essential to inhibit oocyte PDE3A activity and
thereby maintain meiotic arrest in fully grown oocytes.
Endocrine hormones participate in oocyte meiosis by the
regulation of NPPC and/or NPR2. Although both FSH and
LH may use the same signaling pathway in oocyte matu-
ration in vitro, they have a different effect on the
production of NPPC/NPR2 in the ovary: FSH/eCG stimu-
lates, but LH/hCG decreases, their expression. It can be
hypothesized that the increase of NPPC/NPR2 in follicle
cells under FSH stimulation (during follicular growth)
serves to prevent untimely oocyte maturation until their
decrease after the LH surge, by which gonadotropins
control oocyte maturation. A better understanding of these
signaling networks during oocyte growth and maturation
will provide new opportunities for the manipulation of
follicular functions for contraception or the treatment of
infertility.
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