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Abstract Go to:

Normal female fertility relies on proper development of the oocyte. This growth culminates just prior to
ovulation, when oocyte maturation occurs. Oocyte maturation refers to a release of meiotic arrest that allows
oocytes to advance from prophase I to metaphase II of meiosis. This precisely regulated meiotic progression is
essential for normal ovulation and subsequent fertilization, and involves changes in the delicate balance between
factors promoting meiotic arrest and others that are stimulating maturation. Most of the inhibitory mechanisms
appear to involve the upregulation of intracellular cyclic adenosine monophosphate levels. These processes may
include direct transport of the nucleotide into oocytes via gap junctions, G protein-mediated stimulation of
adenylyl cyclase, and inhibition of intracellular phosphodiesterases. In contrast, potential factors that play roles in
triggering oocyte maturation include gonadotropins (e.g., follicle-stimulating factor and luteinizing hormone),
growth factors (e.g., amphiregulin and epiregulin), sterols (e.g., follicular fluid-derived meiosis-activating sterol),
and steroids (e.g., testosterone progesterone, and estradiol). Delineating the complex interactions between these
positive and negative components is critical for determining the role that oocyte maturation plays in regulating
follicle development and ovulation, and may lead to novel methods that can be used to modulate these processes
in women with both normal and aberrant fertility.

Keywords: Oocyte, ovary, maturation, steroids, nongenomic

One of the final steps in the development of an oocyte is maturation. Oocyte maturation is defined as a re-entry
into meiosis that occurs just prior to ovulation and subsequent fertilization."2 Oocytes within the ovary are
arrested in prophase I of meiosis until the gonadotropins, follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), stimulate follicular growth and development, which then triggers the resumption of meiosis up to
metaphase II. Oocytes are subsequently again held in meiotic arrest until fertilization, when meiosis is
completed. The induction of oocyte maturation appears to involve a complex interaction of several important
intracellular, paracrine, and structural factors that include sterols, steroids, growth factors, cyclic adenosine
monophosphate (cAMP), and gap junctions. The following review highlights many of these components,
focusing on the remarkable conservation between higher vertebrates such as mammals and the lower vertebrates,
including frogs and fish.
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OOGENESIS Go to:

During human fetal development, primordial germ cells originate in the dorsal endoderm of the yolk sac, close to
the allantoic evagination. By weeks 4 to 5, these cells migrate through the hindgut before settling in the
urogenital ridge.l By week 25 of gestation, approximately 7 million oogonia have been formed by mitosis and
developed into primary oocytes.i At this stage, a single layer of flattened epithelial cells surrounds the primary
oocyte to form a primordial follicle. The first steps of meiosis I occur in the primordial follicle, including the
replication of DNA and arrest in the diplotene stage of prophase I. Controversy has existed for many decades
regarding the status of the oocyte population within the mammalian ovary after birth. The more traditional
conviction has been that mammals are born with their full contingent of oocytes that are held in meiotic arrest
until puberty, when small populations in growing follicles are triggered to mature during each cycle.§ In contrast,
recent evidence suggests that, at least in mice, oocytes might be steadily destroyed and then regenerated from a
small population of germline stem cells throughout the early and reproductive years of mammalian life.
Although still controversial with regard to mammals, this latter hypothesis is consistent with the ovarian biology
of lower vertebrates, such as Xenopus laevis, in which evidence is relatively strong that new oocytes are
constantly developing from oogonia throughout most of the lifespan of the female frog.}2

MEIOTIC ARREST Go to:

Before discussing the external triggers and intracellular events that promote oocyte maturation, the signals that
hold oocytes in meiotic arrest must be described. These inhibitory signals appear to originate from the
surrounding ovary, given that removal of mammalian oocytes from the ovary results in spontaneous maturation
within hours.X%H The unprompted re-entry into meiosis that occurs in denuded mammalian oocytes contrasts
with lower vertebrates such as frogs and fish, in which signals maintaining meiotic arrest appear to be
endogenous to the oocytes themselves. For example, isolated amphibian oocytes remain locked in meiotic arrest
indefinitely until triggered by exogenous addition of steroids and other compounds.ﬁ’ﬁ

One of the most important intracellular signaling molecules believed to be responsible for maintaining meiotic
arrest is CAMP2 In general, intracellular cAMP homeostasis is regulated by two important groups of enzymes:
the adenylyl cyclases (ACs), which generate cAMP; and the phosphodiesterases (PDEs), which metabolize
cAMP. Most of the well-characterized ACs are regulated by G proteins that either promote (Gay) or inhibit (Gay)
their activity.l—5 In contrast, the mechanisms that control PDE activity are less well understood, but may involve
short-term activation in response to protein kinase A (PKA)-mediated phosphorylation, as well as long-term
regulation that entails changes in mRNA and protein expression.m cAMP within oocytes appears to act as an
inhibitor of oocyte maturation, perhaps through activation of PKA. Evidence supporting this claim includes the
following: (1) Elevated intracellular cAMP levels in denuded mouse oocytes prevent spontaneous maturation.
For example, isolated oocytes can be held in meiotic arrest by incubation with cAMP analogs such as dibutyryl
cAMP, or PDE antagonists such as 3-isobutyl-1-methylxanthine or milrinone;ﬂ’l—7 (2) meiotic arrest of mouse
oocytes within follicles can be released by injecting antibodies targeted against Goy into oocytesﬁ; (3) oocyte
maturation can be blocked in vivo by feeding mice PDE inhibitors prior to and during ovulationﬁ; and (4)
intracellular cAMP appears to decrease rapidly under some conditions at the start of mammalian oocyte
maturation. 1%

Interestingly, similar studies whereby cAMP levels in frog oocytes were artificially elevated resulted in inhibition
of steroid-induced maturation, and a likewise drop in cAMP upon activation of meiosis with progesterone has
been observed. 2222 In addition, detailed signaling studies using frog oocytes have produced a release of
inhibition model whereby constitutive GBy and/or Goyg signaling within the oocyte appears to hold it in meiotic
arrest, perhaps by stimulating AC to produce cAMP.22 Triggers of maturation, such as steroids, appear to
overcome this inhibitory signal, releasing meiotic arrest and allowing maturation to oceur 121326272 Perhaps

these inhibitory G protein-mediated signals have evolved from being constitutively active within the oocytes of
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lower, egg-laying vertebrates to being activated by factors outside the oocyte in mammalian follicles. For
example, a Gog-coupled receptor termed GPR3 has recently been shown to play a potentially important role in
mediating meiotic arrest in mouse oocytes, although its ligand has yet to be identified 22 Notably, however,
although increased intracellular cAMP clearly inhibits maturation, whether a decrease in intracellular cAMP is
either necessary or sufficient to promote oocyte maturation remains unknown. 2830

Finally, one of the earliest candidates to be considered an inhibitor of meiosis in mammalian oocytes was the
purine hypoxanthine. Hypoxanthine appears to be produced in the follicle, and inhibits in vitro meiosis of
oocytes that are either denuded or encased in follicles.2L Hypoxanthine functions as a PDE inhibitor that might
prevent metabolism of cAMP, thus maintaining meiotic-arresting levels of cAMP within the oocyteﬁ; however,

the physiologic importance of hypoxanthine still remains uncertain.2>

OVARIAN ANATOMY AND THE GAP JUNCTION Go to:

Appreciation of the structural relationships between oocytes and their surrounding follicle cells is important for
understanding the mechanisms regulating meiosis in oocytes (Fig. 1A). The mammalian follicle consists of
several outer layers of theca cells that play a prominent role in ovarian steroidogenesis. These theca cells
surround layers of outer mural granulosa cells, which in turn encompass layers of inner cumulus granulosa cells.
These cumulus granulosa cells then form close contacts with the oocytes via gap junctions. Gap junctions are
composed of proteins from the connexin family; connexin 43 (Cx43) is the primary member in the ovary. Cx43-
containing gap junctions appear to be necessary for expansion of granulosa cells during follicular growth,ﬁ as
well as for oocyte development. In lower vertebrates, gap junctions play important roles in supplying nutrition to
the oocytes, as they regulate the transport of yolk proteins from the blood to the oocyte.3—5 Likewise, the role of
gap junctions in transferring nutrients and metabolic precursors to mammalian oocytes is well established.2®

i Figure 1
(A) Schematic model of follicle structure and gonadotropin-mediated
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cumulus cell expansion. Qocytes are directly surrounded by cumulus
granulosa cells. These in turn are surrounded by mural granulosa cells,

—o .| followed by layers of theca cells. Luteinizing ..

Interestingly, gap junctions may also be important for maintaining meiotic arrest. Oocytes surrounded by
primarily cumulus granulosa cells remain in meiotic arrest when cultured in vitro, whereas disruption of oocyte-
granulosa cell contacts during cumulus cell expansion (Fig. 1A) coincides with oocyte maturation.3. These
observations suggest that gap junctions may therefore be serving as conduits to transport meiotic inhibitory
factors such as cAMP from granulosa cells to oocytes. However, whether disruption of gap junctions actually
precedes the initiation of oocyte maturation, or whether disturbance of gap junction integrity is necessary for
maturation, remains uncertain; thus, this hypothesis has yet to be verified.

GROWTH FACTORS Go to:

Although exposure of ovarian follicles to LH leads to oocyte maturation, neither oocytes nor surrounding
cumulus granulosa cells contain LH receptors. Instead, the theca and mural granulosa cells express LH receptors,
indicating that some paracrine factor(s) must be released by these outer cells in response to LH to promote
expansion of cumulus cells and oocyte maturation.28 The identity of at least some of these paracrine markers has
been elucidated recently, and they appear to be members of the epidermal growth factor (EGF) family. Although
the ability of growth factors to promote cumulus cell expansion and subsequent oocyte maturation in follicle
cultures has been long established,?? their physiologic role in regulating meiosis and ovulation had been
uncertain. This recent work has now confirmed that the growth factors amphiregulin and epiregulin, and perhaps
others, appear to stimulate oocyte maturation and ovulation via the following model (Fig. lB)@: First, in
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addition to promoting steroid production, LH triggers the release of growth factors from the theca and/or mural
granulosa cells. These growth factors then act in a paracrine fashion to stimulate inner cumulus granulosa cell
expansion, which is followed by disruption of oocyte-granulosa cell contacts, oocyte maturation, and eventual
ovulation. Although still not proven, growth factors may also stimulate cumulus granulosa cells to produce
steroids, follicular fluid-derived meiosis-activating sterol (FF-MAS), and other factors that may play a role in
promoting oocyte maturation.

In addition to promoting cumulus cell expansion, EGF-mediated signaling in cumulus granulosa cells may play a
direct role in promoting the breakdown of cumulus cell-oocyte gap junctions. EGF treatment of granulosa cells
leads to activation of mitogen-activated protein kinase (MAPK), which in turn phosphorylates Cx43.4
Phosphorylation of Cx43 appears to destabilize gap junctions, which disrupts intercellular junctional
communication? and may therefore prevent the aforementioned transport of meiotic inhibitory factors to the

oocyte.

MEIOSIS-ACTIVATING STEROL Go to:

As mentioned, one of the factors that might be released from cumulus granulosa cells to promote oocyte
maturation is the meiosis-activating Cog sterol, FF-MAS (Fig. 2). FF-MAS is an intermediate along the
biosynthetic pathway from lanosterol to cholesterol that has been shown to promote maturation of either isolated
oocytes held in meiotic arrest or oocytes in cumulus cell cultures.2** FF-MAS is found in ovarian follicular
fluid, and may be secreted by granulosa cells. T-MAS—testes-derived meiosis-activating sterol—is a metabolite
of FF-MAS that has been isolated from bull testis and also appears to promote oocyte maturation in vitro.
Although FF-MAS clearly triggers maturation in vitro, some controversy still exists regarding its physiologic
importance. Evidence supporting a physiologic role for FF-MAS in regulating meiosis is mainly based on studies
demonstrating that inhibition of FF-MAS production or metabolism reduces or enhances, respectively,
maturation in cumulus oocyte complexes in vitro. 2 In addition, FF-MAS production has been shown to
increase in response to gonadotropins. For example, injection of female rats with pregnant mare’s serum
gonadotropin stimulates a threefold increase in the activity of P450 14a-demthylase, the rate-limiting enzyme in
the conversion of lanosterol to FF-MAS (Fig. 2), after 48 hours. 28 Furthermore, ovarian FF-MAS levels appear
to increase after LH stimulation in rabbit follicles,ﬂ which would be consistent with the timing of maturation and

ovulation.

e Figure 2
Steroidogenic pathway from the cholesterol precursor lanosterol to the sex

.

steroids testosterone and estradiol. Sterols and steroids that have been
shown to promote mouse oocyte maturation in vitro are enclosed in a box,
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whereas steroids known to trigger ...

In contrast, other studies using similar inhibitors of FF-MAS production do not support its physiologic role in
regulating maturation. Furthermore, some laboratories have demonstrated that the time course of FF-MAS-
mediated maturation and activation of MAPK, as well as the conditions whereby FF-MAS-induced maturation
occur, differ from spontaneous or gonadotropin-induced maturation, suggesting that the sterol is unlikely to be
the primary mediator of oocyte maturation in vivo. 2423 Finally, micromolar amounts of FF-MAS are required to

promote maturation, raising concerns that such high sterol concentrations may be having nonspecific effects on

cellular membranes.2

Although the physiologic importance of FF-MAS-induced oocyte maturation remains controversial, recent work
has demonstrated that, in addition to enhancing meiotic progression from metaphase I to metaphase II, the sterol
may play a role in stabilizing oocytes in metaphase II arrest. In fact, treatment of oocytes with FF-MAS markedly

improve their ability to be successfully fertilized in vitro,22-28 suggesting that FF-MAS may eventually prove
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useful as an adjunct during in vitro fertilization.

STEROIDS Go to:

Steroids have been known to promote oocyte maturation in lower vertebrates such as fish and frogs for many
decades. Interestingly, this steroid-mediated maturation occurs independent of transcription, and may be
regulated by steroid receptors located at the plasma membrane of cells. 121322 One of the best-studied models for
oocyte maturation comes from the frog Xenopus laevis. Several steroids are known to promote Xenopus oocyte
maturation, including progestins, glucocorticoids, and androgens, with the latter being the most potent.ﬁ’ﬁ’w
Recent evidence has suggested that the membrane receptors regulating progestin- and androgen-triggered
maturation might in fact be the classical receptors that are traditionally thought to be located in the nucleus or
cytoplasm.ﬁﬁ—l*@ For example, elimination of the classical Xenopus androgen receptor (AR) by RNA
interference, or inhibition studies using AR antagonists, significantly and specifically reduced androgen-mediated
maturation, as well as androgen-induced activation of accompanying MAPK and cyclin-dependent kinasel
(CDC1) signals. Furthermore, blockade of androgen production in intact ovaries reduced human chorionic
gonadotropin-induced oocyte maturation, suggesting that androgens play an important physiologic role in the

regulation of gonadotropin-induced oocyte maturation in X. laevis. 2L Finally, selective androgen receptor

modulators (SARMs) have been characterized that specifically regulate genomic versus nongenomic AR-
mediated signaling, and therefore may prove useful for specifically modulating oocyte maturation in vivo.8L
Experiments aimed at determining the effects of steroids on mammalian oocyte maturation have been difficult to
interpret. Several studies have attempted to examine the role of steroidogenesis in regulating meiosis in cultured
oocytes by using ketoconazole or other compounds to block sterol production. The results of these studies were
variable,—=—=>=>>= perhaps due to the nonspecific nature of the inhibitor’s effects. Ketoconazole blocks the
activity of nearly all cytochrome P450 enzymes (designated CYP in Fig. 2), and is therefore a potent inhibitor of
steroid, FF-MAS, and cholesterol production. As such, ketoconazole can have profound effects on cholesterol
content and transport within cells. Because recent evidence indicates that intracellular cholesterol may play a
critical role in maturation of frog oocytes,@ ketoconazole may not be the most appropriate inhibitor of

steroidogenesis to use when studying oocyte maturation in any species.

In addition to blocking steroidogenesis, several studies have directly examined steroid effects on the spontaneous
maturation of isolated mammalian oocytes, finding that micromolar amounts of some steroids slowed
maturation.26¢ However, these studies were hampered in that they examined steroid-mediated changes in
oocyte maturation using oocytes that were already spontaneously maturing rather than studying steroid-triggered
maturation of oocytes arrested in prophase 1. Furthermore, the high concentrations of steroids may have been

toxic to the oocytes, thus complicating interpretation of the results.

Recent work examining steroid-induced maturation of mouse oocytes held in meiotic arrest with a PDE inhibitor
demonstrated the following:7—O (1) mouse oocytes in meiotic arrest were triggered to mature by nanomolar
amounts of testosterone or estradiol independent of transcription; (2) maturation was accompanied by activation
of MAPK and CDK1; (3) androgen-and estrogen-mediated signals were inhibited by AR and ER antagonists
respectively; (4) AR was expressed in oocytes; and (5) the pharmacology of androgen signaling using AR
antagonists and SARMs was the same in mouse and frog oocytes. This study indicated that steroids were capable
of triggering oocyte maturation in a fashion very similar to that seen in the well-characterized frog model, and
that they may play an important, although likely not exclusive, role in regulating mammalian oocyte maturation
in vivo. For example, in addition to growth factors, steroids might serve as second messengers secreted by theca
and mural granulosa cells to promote cumulus cell expansion and oocyte maturation. Alternatively, steroids may
be tertiary messengers that, along with FF-MAS and perhaps other substances, are secreted by cumulus granulosa
cells in response to growth factors to promote maturation (Fig. 1B). Further studies using follicle cultures and in
vivo models will be necessary to confirm these results; however, injection of progestins and androgens has
recently been shown to enhance oocyte maturation in monkey rnodels,ﬂ suggesting that, as in lower vertebrates,
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steroids may indeed play a physiologic role in the regulation of meiosis in mammalian oocytes.

OOCYTE MATURATION, FERTILITY, AND OVARIAN PATHOLOGY Go to:

Whether or not androgens are physiologic mediators of oocyte maturation, their ability to trigger promeiotic
signals in oocytes brings into question the consequences of excess androgens on oocyte development in diseases
such as polycystic ovarian syndrome (PCOS). Although PCOS is complicated by a high incidence of insulin
resistance and metabolic syndrome,ﬁ_M anovulation and abnormal follicle growth occur under any conditions in
which androgens are in excess, including in women taking exogenous androgens,ﬁ women with congenital
adrenal hyperplasia,E and women with aromatase deﬁciency.ﬂ In addition, fertility can be improved in PCOS
patients by treatment with AR antagonis‘csj—gfg—1 Together, these data suggest that excess androgen signaling in
the ovary might be a major contributor to the unregulated folliculogenesis and infertility in diseases of androgen
excess. Could these androgens also be altering normal oocyte maturation? Although the ovaries of PCOS patients
contain degenerated follicles with abnormal oocytes, the maturation status of these oocytes is not certain.
Furthermore, PCOS patients often have increased sensitivity to gonadotropins during in vitro fertilization
protocols,ﬁf& suggesting that follicles and/or oocytes might be primed by the excess androgens. If the high
androgen levels are indeed stimulating meiosis, then perhaps the aforementioned SARMs can be used
specifically to regulate oocyte maturation and improve fertility in patients with androgen excess. In addition, the
use of FF-MAS during the capture, maturation, and fertilization of human oocytes might improve success rates of
in vitro fertilization protocols. Thus, understanding the mechanisms regulating oocyte development and

maturation is crucial in future efforts to regulate and improve fertility in women.
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