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Production of functional eggs requires meiosis to be coordinated with developmental
signals. Oocytes arrest in prophase I to permit oocyte differentiation, and in most animals,
a second meiotic arrest links completion of meiosis to fertilization. Comparison of oocyte
maturation and egg activation between mammals, Caenorhabditis elegans, and Drosophila
reveal conserved signaling pathways and regulatory mechanisms as well as unique adap-
tations for reproductive strategies. Recent studies in mammals and C. elegans show the
role of signaling between surrounding somatic cells and the oocyte in maintaining the
prophase I arrest and controlling maturation. Proteins that regulate levels of active Cdk1/
cyclin B during prophase I arrest have been identified in Drosophila. Protein kinases play
crucial roles in the transition from meiosis in the oocyte to mitotic embryonic divisions in
C. elegans and Drosophila. Here we will contrast the regulation of key meiotic events in
oocytes.

Germ cells exist to produce gametes. Game-
togenesis has two crucial events: meiosis

and differentiation to produce the specialized
features of gametes. In meiosis, two rounds of
chromosome segregation occur without an in-
tervening round of DNA replication. The re-
sulting reduction of chromosome number is
essential so that fusion of the sperm and egg
genomes at fertilization restores a diploid chro-
mosome number. In spermatogenesis, differen-
tiation of sperm follows meiosis. In contrast,
oocyte differentiation occurs during meiosis,
necessitating arrest and restart of meiosis.

In addition to differences in timing of dif-
ferentiation relative to meiosis, the distinct dif-
ferentiated characteristics of sperm and oocytes

reflect their unique contributions to fertiliza-
tion and early embryogenesis. The mature oo-
cyte contains maternal components needed by
the fertilized embryos until developmental reg-
ulation comes under zygotic control. Although
this can be as early as the two-cell stage in mam-
mals, in other animals up to 14 division cycles
of early embryogenesis are under maternal con-
trol, driven by proteins and mRNAs that must
be stockpiled during oogenesis (Tadros et al.
2007). Moreover, patterning of the body axes
is laid down in the developing oocyte in some
animals (Riechmann and Ephrussi 2001). In
contrast to the “moving van” nature of the
oocyte, in most organisms the sperm is differen-
tiated as a “race car,” with minimal cytoplasm
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and adaptations to be motile and capable of
penetrating the egg.

In most animals, oocyte development in-
volves arrest of meiosis at two points, permit-
ting growth, differentiation, and coordination
between fertilization and the completion of
meiosis (Fig. 1). Differentiation of the oocyte
and stockpiling of maternal components oc-
curs during a prolonged arrest in prophase I,
the primary arrest point. Oocyte maturation
releases this arrest, enabling the oocyte to pro-
gress into the meiotic divisions. The secondary
arrest point coordinates completion of meiosis
with fertilization, and the meiotic stage of this
arrest varies between animals (Fig. 1). In most
vertebrates, the arrest occurs at metaphase of
meiosis II, in insects metaphase of meiosis I,
in marine invertebrates such as starfish it is in
G1 after the completion of both meiotic divi-
sions, whereas in C. elegans, sperm signaling
triggers oocyte maturation and there is not
a secondary meiotic arrest (Nishiyama and
Kishimoto 2010).

Extrinsic cues link developmental input
with progression through meiosis in differenti-
ating oocytes. These signals promote the onset,

maintenance, and release of the primary arrest
as well as the onset and maintenance of the
secondary arrest. Long-range hormonal signals
affect oocyte maturation and the release of the
primary arrest, but local signaling also occurs.
Cell–cell interactions between the oocyte and
somatic support cells are crucial in regulating
oocyte maturation and, in C. elegans, signaling
from the sperm plays a critical role.

In general, animals make a tremendous
investment in oocyte production and they are
in limiting supply, making proper regulation
of oogenesis vital for reproductive success. Here
we discuss recent discoveries on the develop-
mental control of oocyte maturation and egg
activation and the extrinsic signals coordinat-
ing meiosis with oocyte differentiation. We com-
pare vertebrates, focusing largely on mammals,
with the invertebrate models C. elegans and
Drosophila (Table 1). Production of functional
oocytes also requires mechanisms to ensure
accurate chromosome segregation in the mei-
otic divisions, but we will not cover this topic
here. In addition, regulation of the translation
of stockpiled maternal mRNAs is critical, con-
tributing to the developmental timing of both
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Figure 1. Meiotic arrests during oocyte development. Oocytes from most species undergo a first arrest at pro-
phase I (PI) that is maintained for a few days (Drosophila) or for decades (humans). On hormonal or develop-
mental stimulation, oocytes undergo meiotic maturation, release the primary arrest, and enter a second arrest at
metaphase I (MI), metaphase II (MII), or postmeiotic G1 depending on the species. Fertilization triggers release
from the second arrest and the completion of meiosis in vertebrates (Xenopus and mammals). Drosophila
releases the secondary arrest in a sperm-independent manner. GV, germinal vesicle; PI, prophase I; GVBD, ger-
minal vesicle breakdown; MI, metaphase I; PB1, polar body 1; MII, metaphase II; PB2, polar body 2. (Adapted
from Sagata 1996; reprinted with express permission from Noriyuki Sagata.)
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oocyte maturation and egg activation (reviewed
in Vardy and Orr-Weaver 2007b; Radford et al.
2008). A detailed review on mammalian oocyte
maturation is available (Jaffe and Norris 2010).
Two comprehensive reviews on egg activation
and release of the secondary meiotic arrest
also have been published recently (Horner
and Wolfner 2008; Nishiyama and Kishimoto
2010).

MAMMALS

Recent progress in our understanding of the
control of meiosis in mammalian oogenesis
has highlighted the importance of signaling

between the oocyte and surrounding somatic
follicle cells. The cell cycle regulators affected
by this signaling were identified and their roles
in oocyte maturation and maintenance of the
secondary arrest largely elucidated from studies
using Xenopus. In this article, we focus on mam-
malian oocytes but draw parallels to the regula-
tion identified in Xenopus.

Maintenance of the Primary Arrest

The mammalian oocyte enters meiosis during
fetal development and arrests at the diplotene
stage of prophase I (germinal vesicle [GV] state)
from birth to puberty (Fig. 2A) (Hunt and

Table 1. Summary of key molecular players and events regulating oocyte meiotic arrest, maturation, and
egg activation

Meiotic event Mouse Drosophila Caenorhabditis elegans

Primary arrest point Prophase I Prophase I Prophase I
Length of prophase I

arrest
Months �1.5 d �23 min (when �40

sperm are present)
� 8–10 h (no sperm
present)

Maintenance of
prophase I arrest

High cAMP produced
by the oocyte; low
Cdk1 activity

Low cyclin A; Elgi, Mtrm;
inhibition of Polo;
inactive Cdk2/Cyclin E

Gao/i

Maturation
induction signal

LH Unknown MSP

Function of
surrounding
somatic cells for
meiotic progression

Granulosa cells !
transport of cGMP

Unknown Gonadal sheath cells !
high cAMP

Somatic cell/oocyte
communication

Transport of cGMP
through gap
junctions

Unknown Transport of unknown
molecule through gap
junctions

Secondary arrest point Metaphase II Metaphase I None
Secondary arrest

mechanism
cMOS; active MAPK;

high Cdk1/Cyclin
B; Emi2 inhibition
of APC

Presence of chiasmata;
heterochromatin pairing;
chromosome congression
to metaphase plate;
inactive APC?; high
Cdk1/Cyclin B?; SAC

N/A

Egg activation Requires fertilization Fertilization-independent Requires fertilization
Completion of meiosis Inactivation of Emi2;

activation of APC;
Ca2þ signaling;
CamKII

cortex form of APC
sarah (Ca2þ?)

EGG4,5 pseudo tyrosine
phosphatase; APC
activity

LH, luteinizing hormone; MSP, major sperm protein; cGMP, guanosine 30-50-cyclic monophosphate; MAPK, mitogen-

activated protein kinase; APC, anaphase-promoting complex.
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Figure 2. Stages of oocyte development and meiotic progression. (A) In mammals, a primary follicle, consist-
ing of a prophase I (PI) arrested primary oocyte surrounded by somatic pregranulosa cells, is generated shortly
after birth. Primary oocytes grow, whereas granulosa cells (GC) proliferate to form secondary follicles. As a
fluid-filled cavity (antrum, At) begins to form, secondary follicles become early antral follicles. In preovula-
tory follicles, the fully grown primary oocyte is surrounded by cumulus and mural granulosa cells. After a
luteinizing hormone surge, the oocyte undergoes meiotic maturation and produces a secondary oocyte
that arrests at metaphase II (MII). During ovulation, the MII oocyte is released into the oviduct where on
fertilization, meiosis is resumed and completed. (B) In the distal germline of C. elegans, syncytial nuclei enter
meiosis and are found in pachytene of PI. Around the loop region, these nuclei cellularize to form oocytes that
progress to diakenesis I where they arrest. Somatic-derived gonadal sheath cells (green) surround the devel-
oping oocytes. In response to sperm and its secreted factor major sperm protein (MSP), the most proximal
oocyte (–1) is induced to undergo meiotic maturation (nuclear envelope breakdown [NEB] and rounding up
of the cell). The oocyte passes through the spermatheca (Sp) where fertilization occurs, and it then is depos-
ited into the uterus as a one-cell zygote. (C) The Drosophila oocyte develops within a 16-cell germline cyst
surrounded by a monolayer of somatic follicle cells (green). The oocyte enters meiosis in region 2A of the
germarium and soon after arrests at PI for most of oogenesis (�2 d). At stage 13, after a yet unknown devel-
opmental or hormonal signal, the oocyte undergoes meiotic resumption and progresses into metaphase I
(MI), the secondary arrest point. On ovulation, as the mature stage 14 oocyte travels in the oviduct, rehydra-
tion and mechanical pressure trigger the completion of meiosis. (A, Adapted from Matzuk and Lamb 2002;
reprinted with express permission from Martin Matzuk. B, Adapted from Kuwabara 2003; reprinted with
express permission from Patty Kuwabara. C, Adapted from Xiang et al. 2007; reprinted with express permis-
sion from Scott Hawley.)
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Hassold 2008). The oocyte remains arrested
at this stage for months (mouse) or decades
(humans) until a preovulatory hormonal surge
(Table 1) (Whitaker 1996; Kishimoto 2003).
Because the maturation or M-phase promoting
factor (MPF), a complex of the kinase subunit
Cdk1 (also known as Cdc2) and the regulatory
subunit Cyclin B, triggers the onset of the
meiotic divisions, low Cdk1/Cyclin B activity
is key in maintaining the prophase I arrest
(Sagata 1996). One mechanism to inactivate
Cdk1/Cyclin B involves the reduction of Cyclin
B levels in GVoocytes by the Anaphase Promot-
ing Complex/Cyclosome (APC/C) and its
coactivator Cdh1 (APCCdh1) (Reis et al. 2006).
High levels of the second messenger molecule
cyclic adenosine 30, 50-monophosphate (cAMP)
within the mammalian oocyte also are essen-
tial to keep Cdk1/Cyclin B in an inactive
state during this primary arrest (Mehlmann
2005b). High cAMP levels promote activation
of the protein kinase A (PKA) (Conti et al.
2002; Kovo et al. 2006), which concurrently
phosphorylates and activates the kinase Wee1
(a Cdkl inhibitor) (Han et al. 2005) and inacti-
vates the dual-specificity phosphatase Cdc25 (a
Cdk1 activator) (Lincoln et al. 2002; Pirino et al.
2009). Thus, cAMP is at the top of a cascade of
events leading to the inactivation of Cdk1/
Cyclin B.

The inhibitory cAMP pool that is required
to maintain meiotic arrest is produced by the
oocyte itself (Fig. 3A) (reviewed in Mehlmann
2005b; Jaffe and Norris 2010). Several lines of
evidence have shown that endogenous produc-
tion of cAMP is mediated by the activation of
the G protein Gs by the G protein–coupled
receptor (GPR3/mouse; GPR12/rat) present
on the oocyte plasma membrane and the subse-
quent stimulation of the adenylyl cyclase (AC),
the enzyme responsible for cAMP synthesis
(Mehlmann et al. 2002, 2004; Horner et al.
2003; Kalinowski et al. 2004; Freudzon et al.
2005; Hinckley et al. 2005; Mehlmann 2005a;
DiLuigi et al. 2008). The crucial role of oocyte
pools of cAMP is shown by this source of
cAMP being essential for meiotic arrest even
when the oocyte is separated from the somatic
layer (Vaccari et al. 2008).

In addition to the production of cAMP by the
oocyte, somatic-derived inhibitory signals that
are transmitted into the oocyte are also required
to maintain prophase I arrest (Edry et al. 2006;
Jaffe and Norris 2010). Mammalian oocytes
develop within a follicle, surrounded by somat-
ic cumulus granulosa cells (inner layer), thus
forming an oocyte-cumulus complex (OCC)
(Fig. 2A). The OCC connects on one side to
somatic mural granulosa cells (outer layer)
(Fig. 2A), which are the key source of inhibitory
signals (Jaffe and Norris 2010). When this outer
layer is removed from the OCC, the oocyte
resumes meiosis (Racowsky and Baldwin 1989).

The diffusion of inhibitory signals from the
somatic compartment into the oocyte occurs
through gap junctions. Consistent with this
conclusion, genetic and pharmacological in-
hibition of gap junctions induce resumption
of meiosis (Piontkewitz 1993; Sela-Abramovich
et al. 2006; Norris et al. 2008). Guanosine
30, 50-cyclic monophosphate (cGMP) has been
recently identified as an essential inhibitory
signal that diffuses through gap junctions
from cumulus granulosa cells into the oocyte
(Fig. 3A) (Sela-Abramovich et al. 2008; Norris
et al. 2009). cGMP inhibits the oocyte-specific
cAMP phosphodiesterase 3A (PDE3A), which
metabolizes cAMP, and in turn maintains
elevated levels of cAMP (Fig. 3A) (Conti et al.
2002; Hambleton et al. 2005; Norris et al.
2009; Vaccari et al. 2009). These studies high-
light the conservation of the role of the
gap-junction-mediated communication in the
control of oocyte meiosis in both vertebrate
and invertebrates species (discussed below).

Recent studies have identified a new path-
way involved in the generation of cGMP in
cumulus granulosa cells and oocytes. It has
been shown that the mural granulosa cells
stimulate the generation of cGMP by secreting
natriuretic peptide precursor type C (NPPC),
which binds to and activates the natriuretic pep-
tide receptor 2 (NPR2), a guanylyl cyclase, ex-
pressed in the cumulus granulosa cells (Zhang
et al. 2010). In addition to producing its own
inhibitory pool of cAMP, the oocyte also indu-
ces the expression of NPR2 in the cumulus cells
(Zhang et al. 2010).
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Figure 3. Gap junctional communication between the oocyte and the surrounding somatic cells regulates oocyte
meiotic maturation. (A) High levels of cyclic adenosine 30, 50-monophosphate (cAMP) in the oocyte inhibit
meiotic maturation in mammals. The inhibitory cAMP is produced by the oocyte itself via the activation of
the GPR3/Gs/adenylyl cyclase pathway. Guanosine 30, 50-cyclic monophosphate (cGMP) produced by the
cumulus somatic cells flows through gap junctions into the oocyte to inhibit PDE3A, the phosphodiesterase
responsible for the hydrolysis of cAMP. The oocyte stimulates the expression of natriuretic peptide receptor 2
(NPR2) (red), a guanylyl cyclase, in the cumulus cells. Mural granulosa cells induce the generation of cGMP
by secreting the NPR2 ligand, natriuretic peptide precursor type C (NPPC) (green). Binding of luteinizing hor-
mone (LH) to its G protein-coupled receptor (GPCR) (blue) reverses the inhibition of meiotic maturation by
decreasing the synthesis of cGMP in the somatic follicular layer and by blocking its diffusion through gap junc-
tions. (B) In C. elegans, the Gao/i pathway in gonadal sheath cells (blue) leads to the inactivation of adenylate
cyclase 4 (ACY-4) and subsequently protein kinase A (PKA) in the absence of sperm. This inhibition is postu-
lated to stabilize gonadal sheath-to-oocyte gap junctions composed of innexin (Inx) proteins (Inx-22 and
Inx-14), and thereby allow the influx of a negative regulatory signal into the oocyte, which blocks MAP kinase
(MAPK) activation and meiotic maturation. In parallel, the VAB-1/Ephrin Receptor in the oocyte inhibits
MAPK and oocyte maturation. Sperm-derived major sperm protein (MSP) antagonizes both the sheath
Gao/i and oocyte VAB-1 signaling pathways, while simultaneously activating the sheath Gas pathway, resulting
in MAPK activation and meiotic maturation. It is hypothesized that the Gas pathway destabilizes sheath-oocyte
gap junctions. The nuclear POU homeodomain protein is required for proper differentiation of gonadal sheath
cells. (B, Adapted from Govindan et al. 2006 and Sun et al. 2009; reprinted with express permission from
Qing-Yuan Sun and David Greenstein, respectively.)
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Meiotic Maturation

Activation of Cdk1/Cyclin B is the key molecu-
lar event that promotes meiotic maturation
and release from the prophase I arrest in most
species, including mammals (Sagata 1996). The
phosphorylation of downstream targets by ac-
tive Cdk1/Cyclin B leads to nuclear envelope
breakdown (NEB) (also known as germinal
vesicle breakdown, GVBD), spindle assembly,
and chromosome condensation, the morpho-
logical hallmarks of meiotic maturation (Jones
2004). In mammals, the onset of oocyte matu-
ration is controlled by the action of the go-
nadotrophin hormones. Following puberty, in
response to a cyclic preovulatory surge in lutein-
izing hormone (LH), the prophase I–arrested
mammalian oocyte resumes meiosis. This is
induced by a drop in intraoocyte cAMP con-
centration, which leads to the activation of the
Cdc25 phosphatase and the relief of Cdk1/
Cyclin B inhibition. Because LH receptors are
only expressed in the mural granulosa cells and
not in the oocyte (Peng et al. 1991), the LH-
induced stimulation of meiotic resumption also
involves signaling between the oocyte and its
somatic support cells.

Reinitiation of meiosis in response to LH
involves the reduction of cGMP in the oocyte
and consequently of cAMP (Fig. 3A). LH medi-
ates this effect in part by decreasing the con-
centration of cGMP in the mural granulosa
cells through a yet not well-understood mecha-
nism (Norris et al. 2009; Vaccari et al. 2009).
The second way by which LH reduces cGMP
in the oocyte is by inducing the closure of gap
junction communication between the somatic
cells (Norris et al. 2008, 2009). Activation of
the mitogen-activated protein kinase (MAPK)
pathway by LH promotes the phosphorylation
of connexin 43 (a major ovarian gap junction
protein) and induces a decrease in gap junc-
tion permeability between the mural granulosa
cells (Sela-Abramovich et al. 2005; Norris et al.
2008). This closure of gap junctions prevents
the influx of cGMP from the granulosa cells
into the oocyte. The resulting reduction of
cGMP by these two mechanisms ultimately
leads to the release of the inhibition of PDE3A

and the increase in cAMP hydrolysis (Norris
et al. 2009).

Current evidence indicates that the LH-
induced signaling that mediates meiotic
maturation is transmitted from the somatic
compartment into the oocyte mostly via the
activation of the epidermal growth factor
(EGF) receptor pathway (Conti et al. 2006;
Panigone et al. 2008). Binding of LH to its G
protein–coupled receptor in the granulosa cells
(Fig. 3A) leads, in part, to the activation of Gs

and the production of cAMP (reviewed in Jaffe
and Norris 2010). High cAMP levels in the
somatic cells promote PKA activation, and the
subsequent synthesis and release of EGF recep-
tor (EGFR) ligands (Panigone et al. 2008). The
resulting ligand-dependent transactivation of
the EGF receptor is required for the partial acti-
vation of MAPK (Panigone et al. 2008), which as
discussed above inhibits gap junctions. Activa-
tion of the EGFR signaling pathway in response
to LH surge also causes a major decrease of
cGMP in the granulosa cells (Vaccari et al. 2009).

Regulation of the activity of the APC/C
has been shown to be required for the timing
of meiotic maturation in mammals. Prior to
the onset of meiotic maturation, the phospha-
tase Cdc14B antagonizes the activity of Cdk1/
Cyclin B by activating Cdh1 and promoting
Cyclin B degradation by the APC/C (Schindler
and Schultz 2009). Consistent with this role,
depletion of Cdc14B by RNAi in GV oocytes
causes premature meiotic resumption (Schin-
dler and Schultz 2009). On GVBD, the early
mitotic inhibitor 1 (Emi1) protein counteracts
the function of Cdc14B by inhibiting the
APCCdh1 (Marangos et al. 2007). It remains to
be determined how Cdc14B and Emi1 are devel-
opmentally regulated and inactivated to permit
oocyte maturation.

Metaphase II Arrest and Release

A rise in Cdk1/Cyclin B activity is required in
mammalian eggs to induce the progression
from prophase I to a second arrest at meta-
phase II, which remains until fertilization
(Sagata 1996). The stability of Cdk1/Cyclin B
in vertebrates depends on the cytostatic factor
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(CSF), an activity in the cytoplasm of mature
Rana pipiens oocytes that was found to induce
metaphase arrest when injected into two-cell
embryos (Masui and Markert 1971). Break-
through discoveries in the Xenopus laevis model
identified the MOS/MEK1/MAPK/p90Rsk and
the early mitotic inhibitor 2 (Emi2) pathways as
molecular components of the CSF activity and
thus key players involved in the metaphase II
arrest (Tunquist and Maller 2003; Nishiyama
and Kishimoto 2010). In mammals, MOS/
MEK1/MAPK is likely to be required only for
maintaining the metaphase II arrest. Mouse
oocytes lacking MOS function reach metaphase
II arrest but fail to maintain the arrest, as they
spontaneously exit meiosis (Colledge et al.
1994; Hashimoto et al. 1994; Verlhac et al.
1996). In contrast, Emi2 plays dual roles in the
establishment and maintenance of the second
arrest (reviewed in Madgwick and Jones
2007). Both the MOS and Emi2 pathways
work together to inhibit the activity of the
APC/C and keep Cdk1/Cyclin B active (Madg-
wick and Jones 2007).

Egg Activation, Release from Metaphase II
Arrest, and Entry into Embryogenesis

The oocyte resumes meiosis and becomes
competent to begin embryonic development
on egg activation. Egg activation is character-
ized by multiple events including changes in
egg coverings to prevent polyspermy, release of
the second meiotic arrest and completion of
meiosis, posttranscriptional modifications of
maternal mRNAs, and cytoskeletal rearrange-
ments (reviewed in Horner and Wolfner
2008). The mammalian egg is activated in a fer-
tilization-dependent manner. The sperm fusion
to the egg induces a wave of Ca2þ oscillations
within the egg that break the Meta II arrest
(Jones 2005; Ducibella and Fissore 2008). How-
ever, the molecular mechanisms whereby the
sperm Ca2þ signal induces this response have
not been fully defined.

It is known that an elevation of Ca2þ at
fertilization results in the activation of one
downstream effector, calmodulin-dependent
protein kinase II (CaMKII) (Tatone et al. 2002;

Markoulaki et al. 2004). In mouse eggs, CaM-
KIIg is the predominant CaMKII isoform that
is essential for egg activation (Backs et al.
2010). CaMKIIg2/2 mice display female-spe-
cific sterility because of a failure to decrease
MAPK and Cdk1/Cyclin B activities to permit
resumption of meiosis (Backs et al. 2010). The
direct downstream effectors of CaMKII have
not yet been identified. Mechanistically, based
on findings in the Xenopus system (Liu and Mal-
ler 2005; Rauh et al. 2005; Hansen et al. 2006),
and some evidence in mammals (Ducibella
and Fissore 2008), CaMKII activation likely
leads to the degradation of Emi2. After Emi2
is degraded, the APC/C can target Cyclin B
and securin (an inhibitor of the separase pro-
tease responsible for release of sister chromatid
cohesion) for degradation and in turn inactivate
Cdk1/Cyclin B to relieve the meiotic block. In
addition to CaMKII, calcineurin (calcium and
calmodulin-dependent phosphatase) and pro-
tein kinase C (PKC) appear to be second effec-
tor molecules for metaphase II progression in
mouse oocytes, although their role is less clear
(Jones 2005).

Fertilization induces completion of meiosis
and leads to the restart of the mitotic cycle in
the embryo, with the first embryonic cell cycle
in the one-cell embryo being mostly driven
by maternally provided factors (Kubiak et al.
2008). Zygotic transcription becomes preva-
lent by the second division and presumably
subsequent embryonic cell divisions are under
zygotic control.

C. elegans

Regulation of Oocyte Maturation by Sperm
in C. elegans

In C. elegans, signaling from the somatic cells
surrounding the oocyte, in this case the sheath
cells of the gonad, is crucial in regulating
meiotic maturation (Miller et al. 2003). In this
organism, however, maturation is controlled
by sperm. Hermaphrodite worms make a lim-
ited number of sperm during the initial stages
of gametogenesis, before transitioning to oo-
cyte production. These sperm are stored in the
spermatheca (Fig. 2B) adjacent to the mature
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oocytes. Given the finite number of sperm, forc-
ing oocyte maturation to be dependent on the
presence of sperm ensures that oocytes are not
wasted and each maturing oocyte becomes fer-
tilized. Sperm signaling promotes oocyte matu-
ration and ovulation, releasing the primary
meiotic arrest. Fertilization then leads to egg
activation and the completion of meiosis (for
review, see Yamamoto et al. 2006).

The major sperm protein (MSP) is the
ligand that regulates not only oocyte maturation
but also oocyte growth and contraction of the
sheath cells (Fig. 2B) (Yamamoto et al. 2006).
Originally identified as a cytoskeletal protein
needed for motility of these amoeboid sperm,
MSP appears to be secreted by a vesicle bud-
ding process to form a concentration gradient
from the spermatheca (Fig. 2B) (Kosinski et al.
2005). MSP can bind to the ephrin receptor
VAB-1 on the oocyte (Miller et al. 2003) and
recently has been shown to bind to as yet un-
identified receptors on the sheath cells
(Fig. 3B) (Govindan et al. 2009).

Delineation of the effects of MSP on matu-
ration and the contributions of the oocyte and
sheath cells have been facilitated by the possibil-
ity of doing mosaic analysis of mutants, RNAi
of candidate players, and by the ability to assay
MSP effects by direct injection into the gonad.
C. elegans females, which are mutant hermaph-
rodites that cannot produce sperm, have been
used for these injection assays. MSP induces
four events that accompany and facilitate ovu-
lation and fertilization: oocyte maturation,
microtubule reorganization in the oocyte un-
dergoing maturation, actin-based cytoplasmic
streaming that promotes oocyte growth prior
to meiotic arrest, and gonadal sheath cell con-
tractions that promote ovulation (Miller et al.
2001; Harris et al. 2006; Govindan et al. 2009).

MSP acts both on the oocyte and the sur-
rounding sheath cells, and recent studies de-
lineated the consequences of MSP binding to
sheath cells (Fig. 3B) (Govindan et al. 2006,
2009). These experiments established that bind-
ing of MSP causes the activation of Gas (gsa-1),
which in turn activates adenylate cyclase to ele-
vate cAMP levels. Mutation of the acy-4 adeny-
late cyclase gene blocks oocyte maturation, and

function of the gene is required in the somatic
rather than the germline lineage. High overex-
pression of adenylate cyclase or gain-of-func-
tion mutation of Gas are capable of triggering
meiotic maturation even in the absence of
sperm, revealing a direct role for Gas signaling
and adenylate cyclase in triggering subsequent
maturation steps. Activation of Gas signaling
counteracts inhibitory signals from Gao/i that
block oocyte maturation in the absence of
MSP. These results imply the presence of a G
protein–coupled receptor in sheath cells to
which MSP binds, but the receptor has not yet
been identified. In summary, Gas-adenylate
cyclase mediated signaling functions in the
gonadal sheath cells for all characterized MSP-
dependent meiotic maturation responses.

MSP signaling promotes oocyte activation
by blocking inhibition mediated through sig-
naling between the sheath cells and oocytes
(Govindan et al. 2009). This signaling requires
the gap junction Innexin (invertebrate homolog
of connexin) proteins encoded by inx-14 and
inx-22 expressed in the germline (Fig. 3B)
(Whitten and Miller 2007). Mutation of inx-
22 suppresses the maturation failure of a gsa-1
mutant, demonstrating the critical inhibitory
role of these gap junctions in oocyte matura-
tion. This mutation, however, does not sup-
press acy-4 mutants, indicating the existence
of other participating pathways.

Although an oocyte receptor for MSP has
been identified, the function of MSP signaling
within the oocyte in inducing maturation is
not clear. Most recent results suggest that it
may play a modulatory role in tightly linking
oocyte maturation to the presence of sperm.
The current data suggest that VAB-1 functions
to inhibit meiotic maturation when MSP is
absent or limiting and has no essential role in
promoting maturation. VAB-1 inhibits meiotic
maturation when in, or in transit to, recycling
endosomes (Cheng et al. 2008). When MSP is
present, the exclusion of VAB-1 from the recy-
cling endosomes requires Gas and ACY-4 func-
tion in the gonadal sheath cells. Recent data
suggest that VAB-1 functions in oocyte meiotic
maturation by negatively regulating the DAF-
18/PTEN pathway (Brisbin et al. 2009). How
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redistribution of MSP to the plasma mem-
brane permits oocyte maturation remains to
be elucidated.

Oocyte maturation is accompanied by acti-
vation of MAPK within the oocyte, as assayed
by phospho-specific antibodies (Miller et al.
2001). Active phosphorylated MPK-1 MAPK
is observed in the one to six oocytes most prox-
imal to the spermatheca (see Fig. 2B) (Lee et al.
2007), and this activation requires MSP and Gas

signaling in the sheath cells, unless the gap junc-
tions are nonfunctional (Whitten and Miller
2007; Govindan et al. 2009). Meiotic matura-
tion, however, is spatially restricted to the 21
oocyte, albeit it is not known how. Presumably
active MAPK causes the onset of meiotic chro-
mosome segregation by the conserved pathways
defined in vertebrates, although this remains to
be shown directly. Several mutants result in
MAPK activation even in the absence of sperm,
including the transcription factors CEH-18 (a
POU homeodomain transcription factor) and
EGRH-1 (an EGR family member) (Rose et al.
1997; Clary and Okkema 2010). These tran-
scription factors act in the soma to repress
MAPK activation in the oocyte.

Conserved cell cycle regulators such as
POLO kinase, which participates in the Cdk1/
Cyclin B-Cdc25 autoregulatory loop by pro-
moting the phosphorylation and activation of
Cdc25 in many systems (Abrieu et al. 1998;
Chase et al. 2000; Roshak et al. 2000; Karaiskou
et al. 2004), and Cdk1 also function as positive
regulators of meiotic maturation in C. elegans.
Disruption of POLO-like kinase 1 (PLK-1) or
NCC-1/Cdk1, via RNAi, result in defects in
nuclear envelope breakdown prior to ovulation
(Boxem et al. 1999; Chase et al. 2000). Worm-
specific proteins such as the zinc finger do-
main–containing proteins OMA-1 and OMA-2
also promote meiotic maturation upstream of
Cdk1 (Detwiler et al. 2001).

Control of the Transition from Oocyte
to Zygote in C. elegans

Release of meiotic arrest in the oocyte by fertil-
ization also ensures proper control of the restart
of the mitotic cell cycle in the zygote. During

embryogenesis there is a handoff from mater-
nal to zygotic control of development, but the
timing of this transition varies markedly be-
tween animals. In C. elegans, the mechanisms
to terminate maternal control begin at oocyte
maturation. The MBK-2 kinase, a member of
the dual-specificity tyrosine-regulated family
(DYRKs), phosphorylates maternal proteins
to contribute to the oocyte–zygote transition
(Stitzel et al. 2006). For example, phosphoryla-
tion of the katanin protein MEI-1 by MBK-2
leads to its degradation, preventing it from sev-
ering microtubules after completion of meiosis
and thereby possibly disrupting zygotic devel-
opment. Other proteins phosphorylated by
MBK-2 include MEX-2 and MEX-6. MBK-2
phosphorylation of these two proteins primes
them for phosphorylation by POLO kinase,
permitting them to act to establish anterior-
posterior polarity in the early zygote. Phos-
phorylation of the OMA-1 and OMA-2
proteins by MBK-2 converts their function
from that in oocyte maturation to the ability
to sequester TAF-4 and block transcription in
the germline precursor cells in the embryo
(Guven-Ozkan et al. 2008).

The activation of MBK-2 is tightly regulated
during oocyte development. Cdk1 phosphory-
lates MBK-2 during oocyte maturation, making
it capable of phosphorylating MEI-1 (Cheng
et al. 2009). The mechanism of this activation
is unknown, but may involve inactivation or
release of an inhibitor. Activity of MBK-2 is
blocked, however, until anaphase I by its reten-
tion at the oocyte cortex by the EGG-3 protein
(Stitzel et al. 2007). In addition, it is bound at
the cortex by the EGG-4 and EGG-5 proteins
(Cheng et al. 2009; Parry et al. 2009). These pro-
teins have homology to tyrosine phosphatases
but appear to lack active catalytic sites. They
bind to MBK-2 and have been shown in vitro
to block its kinase activity. Ablation of egg-4
and egg-5 by RNAi leads to premature phos-
phorylation of the MEI-1 substrate in oocytes,
consistent with EGG-4 and EGG-5 playing
crucial roles to restrict MBK-2 kinase activity
in vivo. If these genes are ablated or mutated
meiosis is abnormal, polar bodies do not
form, the eggshell is not properly produced,
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and polyspermy can occur. The APC, which is
active at the metaphase I/anaphase I transition,
releases the complex from the cortex, resulting
in MBK-2 activation. The APC targets EGG-3
for degradation and possibly EGG-4 and
EGG-5 as well.

DROSOPHILA

Prophase I Arrest

The Drosophila oocyte, which is differentiated
from a 16-cell cyst, enters the early events of
prophase I in region 2A in the germarium,
and by stage 5 of egg chamber development
arrests for the first time in the equivalent of
diplotene, with the chromosomes compacted
into a karyosome (Fig. 2C) (Page and Hawley
2001; Resnick et al. 2009). The other 15 nurse
cell sisters instead enter the endocycle (DNA
replication without mitosis) to become highly
polyploid (Hong et al. 2003). In Drosophila,
the p21CIP/p27KIP1/p57KIP2-like Cdk in-
hibitor, Dacapo (DAP), is required within the
oocyte to inhibit the kinase activity of Cdk2/
Cyclin E and thus prevent DNA replication or
entry into the endocycle (Hong et al. 2003).

Contrary to mammals and C. elegans, in
Drosophila it has not been established whether
gap junction–mediated communication be-
tween the somatic follicle cells and the oocyte
is required to maintain prophase I meiotic ar-
rest. Interestingly, the proteins that compose
the gap junction channels, innexins (Inx), are
widely expressed during Drosophila oogenesis
(Stebbings et al. 2002). In fact, in vitro injec-
tions with antisera against Inx2 (a gap junction
protein between oocyte and follicle cells) into
stage 10 follicle-enclosed oocytes significantly
affected development past stage 10 by blocking
follicle cell differentiation, nurse cell regression,
and oocyte growth (Bohrmann and Zimmer-
mann 2008). Those oocytes that bypassed the
developmental arrest showed defects in chorion
formation; however, meiosis was not analyzed
in these oocytes (Bohrmann and Zimmermann
2008). To date, no roles for the Drosophila cAMP
transduction pathway during meiosis have been
established.

Cross talk between the oocyte and the
surrounding follicle cells is required for follicle
cell fate determination and patterning of the
egg and embryo (Ray and Schupbach 1996;
Gonzalez-Reyes et al. 1997). Thus, it is possible
that this bidirectional communication also reg-
ulates meiotic events in the oocyte. In addition,
there is signaling between meiotic progres-
sion and developmental patterning. Mutants
in which meiotic double-strand breaks are not
repaired have dorsal/ventral patterning defects
in the developing oocyte. These unrepaired
breaks are sensed and lead to a failure to trans-
late Gurken, the ligand secreted from the oocyte
that directs determination of the adjacent
follicle cells (Ghabrial and Schupbach 1999;
Abdu et al. 2002).

Meiotic Maturation

The Drosophila oocyte undergoes meiotic mat-
uration at stage 13 of oogenesis (Xiang et al.
2007; Von Stetina et al. 2008). Consistent with
a potential requirement of active Cdk1/Cyclin
B in Drosophila during this process, temper-
ature-sensitive mutations in cdk1 delay the
timing of meiotic maturation (Fig. 4) (Von Ste-
tina et al. 2008). In addition, mutants of twine
(twe), the meiotic homolog of the phosphatase
Cdc25 (Alphey et al. 1992; Courtot et al. 1992;
White-Cooper et al. 1993), also are delayed in
the disassembly of the nuclear envelope (Xiang
et al. 2007; Von Stetina et al. 2008). Recent
discoveries with mutations affecting the devel-
opmental timing of maturation identified new
regulators of Twine and Polo, confirming the
link between maturation and Cdk1/Cyclin B
activity.

The Drosophila a-endosulfine homolog,
endos, which encodes a conserved phosphopro-
tein, regulates all aspects of meiotic maturation
including the timing of nuclear envelope break-
down (NEB) (Von Stetina et al. 2008). endos
mutant oocytes display a severe delay in NEB,
spindle formation and chromosome congres-
sion defects very similar to twe mutants. The
Endos protein likely exerts its control on mei-
otic maturation by controlling Cdk1/Cyclin B
activity, as it controls the protein stability of
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Twine/Cdc25 and Polo (Fig. 4) (Von Stetina
et al. 2008). Although an in vitro reduction of
Cdk1/Cyclin B kinase activity toward its sub-
strate histone 1 (H1) was not observed in endos
mutant oocytes, endos might affect the activity
of Cdk1/Cyclin B toward other key substrates
other than H1 in vivo (Von Stetina et al.
2008). Consistent with this, in endos mutants
there is a marked reduction in the phosphoryla-
tion of mitotic protein monoclonal 2 (MPM2)
conserved epitopes (Davis et al. 1983), normally
phosphorylated by both Polo and Cdk1/Cyclin
B in Drosophila (Logarinho and Sunkel 1998;
Von Stetina et al. 2008). Finally, Endos physi-
cally interacts with a predicted E3 ubiquitin
ligase encoded by early girl (elgi) (Von Stetina
et al. 2008), which is also required for the tim-
ing of oocyte maturation. Contrary to endos
mutants, some oocytes from mutants of elgi un-
dergo premature nuclear envelope breakdown

(Von Stetina et al. 2008). How Endos controls
meiosis via Elgi is currently unknown.

Whereas endos is needed for normal levels of
Polo in oocytes, premature activation of Polo
prior to maturation is prevented by the protein
encoded by Matrimony (Mtrm), which physi-
cally interacts with Polo (Fig. 4) (Xiang et al.
2007). Mtrm/ þ heterozygous females under-
go NEB precociously, and this phenotype can
be fully suppressed by reducing the dose of
polo (Xiang et al. 2007). The current model
predicts that an excess of Mtrm inhibits Polo
proteins prior to the onset of NEB (Xiang
et al. 2007). On meiotic maturation at stage 13,
Polo proteins exceed the available amounts of
inhibitory Mtrm proteins and activate Twine/
Cdc25, which in turn leads to the activation of
Cdk1/Cyclin B and NEB. Independent results
also show that the conserved Greatwall kinase
(Gwl), discovered in flies (Yu et al. 2004), antag-
onizes Polo activity during meiosis (Archam-
bault et al. 2007). Consistent with this role,
homozygosity of the Scott of the Antarctic
(Scant) mutation in the gwl gene, which results
in kinase hyperactivity of Gwl, reduces Polo
levels and suppresses the Mtrm/ þ meiotic
phenotypes (Archambault et al. 2007).

Currently, the extrinsic signal(s) that trig-
gers oocyte meiotic maturation in Drosophila
is unknown. Prostaglandin hormones or the
steroid hormone ecdysone could serve as poten-
tial stimulatory signals. Drosophila cyclooxyge-
nase (COX), one of the enzymes responsible
for synthesis of prostaglandins, promotes early
ovarian follicle maturation (Tootle and Sprad-
ling 2008). Ecdysone signaling is also required
for progression of oogenesis and egg chamber
maturation during mid-oogenesis (Buszczak
et al. 1999). Because the follicles in mutants af-
fecting either signaling pathways do not reach
stage 13 (when meiotic maturation takes place),
it is not known whether prostaglandins or ecdy-
sone are required for meiotic maturation in flies.

Metaphase I Arrest and Release of Arrest

On meiotic maturation, the Drosophila oocyte
arrests for a second time at metaphase I at stage
14 (Figs. 1, 2C) (King 1970). During this arrest

Endos

Early
Girl

Polo

Matrimony

Greatwall

Twine/Cdc25

Cdk1/Cyclin B

Meiotic
maturation

Figure 4. Regulatory genes affecting meiotic matura-
tion in Drosophila. Evidence in Drosophila suggests
that high levels of Cdk1/Cyclin B activity are required
for meiotic maturation. The Polo kinase phosphory-
lates and activates the phosphatase Twine/Cdc25,
which in turn phosphorylates and activates Cdk1.
Before nuclear envelope breakdown (NEB), Matri-
mony sets the timing of meiotic maturation by in-
hibiting Polo activity. Endos positively regulates the
timing of meiotic maturation by regulating the levels
of Polo and Twine/Cdc25, which are required to
promote Cdk1/Cyclin B activation. Independently,
Endos inhibits the predicted E3 ubiquitin ligase Early
Girl. The Greatwall kinase also inhibits Polo.
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the exchange and nonexchange chromosomes
cluster into a “lemon-shaped” DNA structure
(Hughes et al. 2009). The metaphase I arrest is
maintained by (1) the tension on the kineto-
chores resulting from the early exchange events
between the homologs (chiasmata) (McKim
et al. 1993; Jang et al. 1995), and (2) hetero-
chromatin pairings between the nonexchange
chromosomes (achiasmate) and their congres-
sion to the spindle midzone via heterochroma-
tin threads (Hawley et al. 1992; Dernburg et al.
1996; Hughes et al. 2009).

Some evidence points to regulation of
Cdk1/Cyclin B activity as being critical for
maintenance of the secondary meiotic arrest
in Drosophila. Degradation of Cyclin B is re-
quired for release of the metaphase I arrest.
Oocytes that express nondegradable Cyclin B
and thus cannot inactivate Cdk1/Cyclin B,
do not resume meiosis (Swan and Schupbach
2007). There is an oocyte-specific form of the
APC/C, activated by the Cortex Cdc20 family
member, needed solely for the completion of
meiosis in the oocyte (Pesin and Orr-Weaver
2007; Swan and Schupbach 2007). Both APC/
CCORT and APC/CFZY(Cdc20) forms are present
in oocytes and appear redundant for the meta-
phase I-to-anaphase I transition, whereas APC/
CCORT is essential for the metaphase II-to-
anaphase II transition (Pesin and Orr-Weaver
2007; Swan and Schupbach 2007).

Several genes involved in controlling differ-
ent aspects of meiosis in the oocyte also fail to
undergo metaphase I arrest when mutated.
For example, in addition to the delay in the
onset of meiotic maturation, endos and twe mu-
tants fail to arrest at metaphase I (Xiang et al.
2007; Von Stetina et al. 2008). Oocytes with a
meiotic-specific mutation in the gwl gene
(gwlSr18), display scattered chromosomes and
do not align properly on the metaphase plate
because of premature loss of (or failure to estab-
lish) arm cohesion (Archambault et al. 2007).
Mutants of ald, the Drosophila homolog of the
conserved checkpoint component mps1, bypass
the metaphase I arrest and enter anaphase I
precociously (Gilliland et al. 2007). The de-
fective spindle assembly checkpoint the (SAC)
response in ald mutants is because of loss of

sister-chromatin cohesion along the euchro-
matic arms and leads to high incidence of chro-
mosome nondisjunction. Interestingly, the SAC
is dispensable for cytostastic factor (CSF) arrest
in mammals (Tsurumi et al. 2004).

Despite the strong requirement for the
MAPK pathway for many meiotic events in ver-
tebrates and C. elegans, MOS signaling is not
essential in Drosophila (Ivanovska et al. 2004).
Drosophila MOS (DMOS) has CSF activity when
injected into two-cell Xenopus embryos and is
required for MAPK phosphorylation in the Dro-
sophila ovary. dmos mutant oocytes, neverthe-
less, have a normal metaphase I arrest. MAPK
phosphorylation, however, is not completely
eliminated in these mutants. Therefore, we can-
not rule out a role of MOS in Drosophila meiosis
or the presence of a redundant MAPKKK.

Egg Activation/Entry into Embryogenesis

Egg activation in Drosophila occurs indepen-
dently of fertilization (Table 1) (Horner and
Wolfner 2008). Instead, mechanical stimulation
via passage through the oviduct and rehydra-
tion trigger egg activation and completion of
meiosis (Mahowald et al. 1983). Recent studies
point to a link between Ca2þ-dependent signal-
ing and the resumption of meiosis. Oocytes
carrying mutations in Drosophila Calcipressin,
sarah (sra), an inhibitor of the Ca2þ/calmodu-
lin-dependent phosphatase calcineurin, arrest
at anaphase I and show high levels of Cyclin B
(Horner et al. 2006; Takeo et al. 2006, 2010).
These phenotypes suggest that inactivation of
Cdk1/Cyclin B does not occur in sra mutants
because the APC/C is not active (Horner and
Wolfner 2008). No roles for CamkII in Droso-
phila egg activation have been established yet.

There are specialized regulators required for
the onset of mitotic divisions in the Drosophila
embryo following the completion of meiosis.
The PAN GU (PNG) kinase complex, com-
posed of the PNG kinase subunit and two
activating subunits PLU and GNU, is necessary
for the onset of mitotic activity following mei-
osis (Lee et al. 2003). This is first manifested
in a requirement for PNG activity in the chro-
mosome condensation that follows a transient
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interphase for the meiotic products in the egg
after the completion of both meiotic divisions.
In the absence of PNG function the meiotic
products remain decondensed and inappropri-
ately undergo DNA replication, and the male
and female pronuclei do not undergo mitosis.
This failure to restart mitosis following meiosis
in png mutants is caused by reduced Cyclin B
levels, as PNG promotes translation of Cyclin
B at egg activation (Lee et al. 2001; Vardy and
Orr-Weaver 2007a). PNG also is needed for
the translation of Smaug (SMG), which later
in embryogenesis facilitates the transition
from maternal to zygotic control by promoting
degradation of maternal mRNAs (Tadros et al.
2007). The nuclear protein YA is activated after
egg activation and necessary for the first mitotic
division (Sackton et al. 2009).

CONCLUDING REMARKS

Relationship between Reproductive Strategy
and the Regulation of Oocyte Meiosis

Comparison of the control mechanisms for
oocyte maturation, meiotic arrest, and egg ac-
tivation between mammals, C. elegans, and
Drosophila highlights evolutionary conserva-
tion in general strategies and molecular regula-
tors while illustrating unique adaptations for
specific reproductive goals (Table 1). Thus, dis-
tinct regulatory steps between these organisms
provide informative insights into their repro-
ductive success.

The self-fertilizing hermaphrodite C. ele-
gans differs from most animals in having a lim-
ited number of sperm. Sperm are produced in
the germline in the last larval stage and, during
the adult lifespan, solely oocytes are produced.
The critical role of sperm signaling via MSP to
control oocyte maturation and egg activation
puts the sperm in control. Making oocyte matu-
ration dependent on the presence of sperm
helps guarantee that each sperm will be able to
fertilize an egg thereby ensuring optimal usage
of the limiting gamete.

In contrast, in Drosophila egg activation and
release of the secondary meiotic arrest are in-
dependent of sperm and fertilization. Solely

movement of the oocyte into the uterus is suffi-
cient for the completion of meiosis, although
sperm proteins do stimulate egg laying in the
female (Avila et al. 2010). Because some Droso-
phila species such as D. mercatorum are capable
of parthenogenic development (Eisman and
Kaufman 2007), we speculate that the inde-
pendence of egg activation from sperm signals
is a remnant of Drosophila’s capability to repro-
duce asexually. Although most Drosophila spe-
cies have acquired dependence on fertilization
for embryogenesis, they retain independence
for egg activation. Given the investment in egg
production in a Drosophila female, it is puzzling
that eggs can be activated and laid in the absence
of fertilization. Drosophila females may respond
more to the nutritional state of their envi-
ronment than to the presence of sperm. An
important question will be to define the devel-
opmental cues regulating oocyte maturation
in Drosophila and to delineate how these may
be linked to environmental factors such as
nutritional status and mating.

In mammals, a finite number of oocytes are
produced during fetal development, differenti-
ating to the primary arrest point. Although
during each estrus cycle an oocyte undergoes
maturation, no further oocytes are produced
postnatally. Consequently, each oocyte is a pre-
cious commodity, explaining the precise regula-
tion of oocyte maturation. Hormonal control
links oocyte maturation with preparation of
the uterus for potential implantation. The
essential role of the somatic support cells in trig-
gering oocyte maturation may serve as a control
to ensure that the oocyte has grown and devel-
oped sufficiently prior to resumption of meio-
sis. This may also guarantee that the oocyte is
ready to be delivered to the oviduct by the
time of ovulation. Linking the completion of
meiosis to fertilization provides a mechanism
that permits development of the oocyte with a
diploid genomic content while guaranteeing
that haploid male and female pronuclei are
present simultaneously to allow for syngamy
and the onset of zygotic divisions. The depend-
ency of completion of meiosis on fertilization
also provides an additional mechanism to pre-
vent parthenogenesis.
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The Role of Cell–Cell Communication
and Second Messengers

The recent developments in mouse and C. ele-
gans define striking parallels in the regulation
of oocyte maturation by somatic support cells.
In mammals high cAMP in the oocyte main-
tains the prophase I arrest, but in both mam-
mals and C. elegans elevation of cAMP in
surrounding support cells in response to LH
and MSP, respectively, triggers maturation.
In C. elegans it will be informative to know
whether the increase in Protein Kinase A re-
sulting from cAMP acts in the sheath cell or
the oocyte, as well as what molecules transit
through the gap junctions to overcome the
inhibition of maturation. Identification and
regulation of the receptor in the sheath cell
responding to MSP signaling also will be an
important next step. A fascinating parallel
between the mammalian and C. elegans systems
is that maturation in mouse is associated with
inactivation of gap junctions between the
oocyte and the surrounding follicle cells, as in
C. elegans. Given these shared mechanisms, it
will be interesting to determine whether Droso-
phila follicle cells contribute to oocyte matura-
tion and whether the innexin gap junctions
between the oocyte and follicle cells inhibit
maturation during the primary arrest. Although
Drosophila mutations in protein kinase A are
female sterile (Lane and Kalderon 1995), to
date it has not been possible to address the
function of protein kinase A in oocyte matura-
tion because the mutants arrest too early in
oogenesis.

Coordination between Developmental and
Cell Cycle Control in the Oocyte

In metazoan oocytes, it is crucial that progres-
sion through meiosis be linked properly to dif-
ferentiation, but recent discoveries show that
meiotic progression can also influence develop-
ment. Hormonal control of oocyte maturation
in mammals and Xenopus illustrates a mecha-
nism by which developmental input impinges
on the meiotic cell cycle. In Drosophila, the
onset of maturation coincides with a distinct
stage of egg chamber differentiation, but the

developmental cues accompanying this have yet
to be unraveled.

The recent advances in C. elegans and Droso-
phila show that a reciprocal relationship exists
between developmental and meiotic regulation,
uncovered by examples in which cell cycle events
and progression affect developmental control.
In the worm, activation of Cyclin B/Cdk1
kinase at oocyte maturation leads to phosphor-
ylation of MBK-2, making it active to phos-
phorylate its substrates once it is released from
the cortex. Failure to repair double-strand
breaks in Drosophila meiosis causes defects in
dorsal-ventral patterning of the oocyte because
of a defect in translation of Gurken. In addition,
proper regulation of Polo levels and activity by
Endos and Mtrm are necessary for the timing
of meiosis I. It is interesting that in both
C. elegans and Drosophila specific kinases act
uniquely to control the oocyte to zygote transi-
tion: in C. elegans, MBK-2 alters the activity or
level of maternal proteins and, in Drosophila,
PNG promotes translation to start the embry-
onic mitotic divisions and later degrade mater-
nal mRNAs.

Much remains to be uncovered to under-
stand fully the regulatory mechanisms coordi-
nating oocyte meiosis and development. The
recent discoveries in mouse, C. elegans, and
Drosophila have identified new proteins essen-
tial to link these processes as well as illustrated
the roles played by conserved signal transduc-
tion pathways and second messengers. The par-
allels between these model organisms lead to
powerful synergy in the analysis and discovery
of these regulatory mechanisms.
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