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Abstract In most mammals, oocyte maturation is the
final process of oogenesis, from the prophase of the first
meiosis (germinal vesicle stage) to the metaphase of the
second meiosis (MII), during which the oocyte acquires
fertilizable competence as well as post-fertilization devel-
opment competence. The nuclear and cytoplasmic matu-
ration processes occur in synchrony but independently.
Cytoplasmic maturation entails biochemical and structural
changes in the cytoplasm, which give rise to oocytes
capable of being fertilized and developing into embryos.
Herein we review the literature and results from our own
experiments on the structural and molecular events regu-
lating cytoplasmic maturation in oocytes, concentrating on
(1) the appropriate reorganization of active mitochondria
and the endoplasmic reticulum, a structural and functional
feature of cytoplasmic maturation, and (2) factors involved
in regulatory mechanisms such as cumulus cell-oocyte gap
junctional signaling, cumulus cell-oocyte bidirectional
paracrine signaling, and the complex interactions of these
signaling processes and follicular fluid constituents in the
follicle environment.
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Introduction

Oocyte maturation is the final stage of oogenesis during
which the fully grown oocyte becomes fertilizable. In
mammals, the fully grown oocytes enclosed by cumulus
cells in large antral ovarian follicles are kept arrested at
prophase of the first meiosis, or the germinal vesicle (the
prophase nucleus, GV) stage. The meiotic arrest is induced
by inhibitory factors provided by interaction with sur-
rounding cumulus cells and substances in follicular fluid,
such as cyclic adenosine 3’-5' monophosphate (cAMP)
[1, 2] and purine hypoxanthine (Hx) [3-5]. The resumption
of meiosis is triggered by a preovulatory luteinizing hor-
mone (LH) surge in vivo [6]. The meiotic process entails
GV breakdown (GVBD, lysis of the nuclear envelope),
chromatin condensation, the formation of the spindle,
migration of the spindle in the metaphase of the first
meiosis (MI) to the oocyte cortex, extrusion of the first
polar body to complete the first meiotic division, and then
establishment of the spindle in metaphase of the second
meiosis (MII). The oocytes are arrested again at the MII
stage. In addition to nuclear maturation exemplified by
chromosome-related events, oocytes also undergo cyto-
plasmic maturation. This entails biochemical and mor-
phological changes, which give rise to oocytes able to
support fertilization and the subsequent development of
preimplantation embryos [7]. Although nuclear and cyto-
plasmic maturation usually occur in synchrony, cytoplas-
mic maturation can occur even when nuclear maturation
becomes arrested at the MI stage [8, 9], indicating that they
are independent phenomena.

In most mammals, both the nuclear and cytoplasmic
maturation of preovulatory oocytes are completed in large
antral follicles, and so mainly regulated by microenviron-
mental factors in the follicles, including (1) follicular fluid
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containing hormones, growth factors, and other substances
such as sterols, and (2) intercellular communication
between oocytes and follicular cells. Meiotic progression
involves dramatic structural rearrangements and changes in
the metabolic activity of organelles within the cytoplasm of
oocytes. Such cytoplasmic remodeling is important for the
completion of cytoplasmic maturation [10].

In the present paper, we review the literature on the
spatial and temporal reorganization of mitochondria and
the endoplasmic reticulum (ER) in mammalian oocytes
during maturation, which is a structural and functional
feature of cytoplasmic maturation, and on cytoplasmic
maturation-promoting factors such as cAMP-elevating
agents, Hx and follicle stimulating hormone (FSH), growth
factors in ovarian follicular fluid, and, moreover, molecules
involved in intercellular communication between oocytes
and surrounding cumulus cells via gap junctional and
paracrine signaling. We will also describe our own
experimental data on midkine (MK) as a cytoplasmic
maturation-promoting factor.

Energy-generating activity and distribution
of mitochondria in oocytes during cytoplasmic
maturation

Mitochondria are the main generators of energy, in the
form of ATP, within the oocyte cytoplasm. Increased
oxidative activity of mitochondria leading to an increase in
ATP content has been observed in oocytes from the
beginning (GV stage) to end (MII stage) of the maturation
process [11-14]. In bovine species, it was reported that the
morphology of oocytes exhibiting lower levels of ATP
progressively worsened during the maturation period [12].
Because oocyte morphology is linked to the ability to
develop to the blastocyst stage after fertilization, a rela-
tionship between ATP content and developmental compe-
tence may exist. However, such a relationship is not
evident in other species. It was reported that intracellular
levels of ATP do not appear to be related to the difference
in developmental competence in porcine oocytes [15].

A direct relationship between the distribution of active
mitochondria within the blastomeres of early cleavage
embryos and the ability to develop to the blastocyst stage
normally in vitro has been demonstrated in rodents [16, 17].
The reorganization of active mitochondria is required for
various events involved in cytoplasmic maturation [18]. In
bovine oocytes, active mitochondria mainly have a cortical
distribution at the GV stage, and then relocate toward the
center during the maturation process, resulting in a diffuse
distribution in the cytoplasm of MII oocytes. However, the
relocation of active mitochondria is not observed in oocytes
with poor developmental competence, in which the
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mitochondria remain confined to the cortex [12]. A similar
relocation of active mitochondria during maturation has
been observed in porcine oocytes [11, 13, 19-21]. The
relocation occurs in porcine oocytes with high develop-
mental competence, whereas in oocytes with low develop-
mental competence, the mitochondria persisted in the cortex
region [11, 21]. Furthermore, the distribution of active
mitochondria throughout the cytoplasm of oocytes at the end
of maturation is known to be required for triggering Ca®"
signaling during egg activation [22]. These results indicate
that the relocation of active mitochondria during the oocyte
maturation process is critical to cytoplasmic maturation, and
consequently to the acquisition of fertilizable and develop-
mental competence (Fig. 1). Therefore, a correct reorgani-
zation of the active mitochondria seems likely to be vital,
and is possibly related to the need for an appropriate dis-
tribution of energy within the cytoplasm of oocytes.

Development of the ability to trigger sperm-induced
Ca’" oscillations at egg activation and cytoplasmic
maturation

In most mammals, fertilization occurs in oocytes at the MII
stage, the end of the maturation process. After sperm enter,
the oocyte is activated by an oocyte-activating factor,
phospholipase C { (PLC {) [23-25]. PLC { introduced by a
fertilizing spermatozoon, cleaves plasma membrane-bound
phosphatidylinositol 4,5-bisphosphate to produce 1,4,5-
inositol trisphosphate (IP5) and diacylglycerol. IP5 binds to
its receptor on the membrane of the ER and Ca®"
is released from the ER lumen into the cytoplasm. This
initiates the oscillatory release of Ca®" in the oocyte
cytoplasm, which terminates after a few hours, at the time
of pronuclear formation (Fig. 1) [26-29].

The sperm-induced Ca”** oscillations are essential for
the activation of embryonic development [28]. They trigger
fertilization processes including resumption and comple-
tion of the second meiosis, exocytosis of cortical granules
to the perivitelline space, and early embryonic develop-
ment [30, 31]. When the natural regime of Ca** oscilla-
tions is precociously interrupted, embryo implantation is
compromised, whereas an excess of Ca®* transients com-
promises post-implantation development [32, 33]. The
ability of oocytes to generate Ca®" oscillations increases
during the maturation period. When oocytes are fertilized
at the GV stage (prophase I), fewer Ca>" transients are
generated, compared to those in oocytes fertilized at the
MII stage [34, 35]. Interestingly, the first peak of Ca®"
oscillations has a higher amplitude and the oscillations last
longer in mature than in immature oocytes [35-37].
Moreover, oocytes spontaneously arrested in the MI stage,
unable to achieve the MII stage even after a prolonged
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Fig. 1 Structural events
involved in the cytoplasmic
maturation of oocytes,
especially the reorganization of
active mitochondria and the
endoplasmic reticulum (ER),
and the increase in the number
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culture, are able to produce Ca®" oscillations similar to
those generated in fertilized MII oocytes [35]. It is there-
fore suggested that the ability to generate Ca”" oscillations
is closely related to cytoplasmic maturation. The cyto-
plasmic changes occurring during maturation, which play
important roles in the accurate generation of Ca*" oscil-
lations initiated by the fertilizing sperm, mainly involve
reorganization of the ER, calcium stores in oocytes, and an
increasing number of IP; receptors on the ER (Fig. 1).

Reorganization of the ER and increasing numbers
of IP; receptors in oocytes during cytoplasmic
maturation

During the process of oocyte maturation, the ER undergoes
a dynamic reorganization, from cytoplasmic accumulation
in the GV oocytes to distinctive cortical clustering in the MII
oocytes, which can be visualized using dicarbocyanine dyes
and confocal microscopy [38]. In mouse and hamster
oocytes at the GV stage, the ER forms a fine network with
patch-like accumulation within the inner cytoplasm and in
the cortex area [39—41]. Following GVBD, the ER accu-
mulates in the form of a dense ring in the center of the oocyte
around the meiotic apparatus [39—41]. This reorganization
of the ER does not occur in GV-arrested oocytes and is
prevented by nocodazole, a microtubule-depolymerizing
agent, and by the inhibition of cytoplasmic dynein, a
microtubule-associated motor protein [39, 42]. Therefore, it
is suggested that the formation of the ER ring at GVBD is
dynein-driven and cell cycle-dependent. After GVBD, the
ER ring surrounding the prometaphase I spindle moves
toward the oocyte cortex. Around the time of the first polar

body’s extrusion, the dense ER ring disappears, and there-
after, cortical clusters of ER are formed close to when the MI
to MII transition occurs. However, ER clusters are absent
above the MII spindle [39-41, 43]. Formation of the char-
acteristic ER clusters is prevented by the depolymerization
of microfilaments with latrunculin A, an actin-depolyme-
rising agent, but not of microtubules [39]. Taken together,
the ER’s reorganization during oocyte maturation is thought
to be a complex process involving microtubule- and
microfilament-dependent phases. Moreover, it is indicated
that the generation of cortical ER clusters, which normally
occurs at the time of the MI-MII transition, is independent
of meiotic progression towards the MII stage, that is, even
when oocytes spontaneously arrest in the MI stage due to a
failure to extrude the first polar body, they are capable of
taking part in cortical ER clusters [39]. The reorganization
of the ER is thus a structural feature of cytoplasmic matu-
ration, which especially allows oocytes to acquire fertiliz-
able and developmental competence (Fig. 1).

As described above, Ca®* oscillations are essential for
the activation of embryonic development and the repetitive
release of Ca®" from the ER lumen occurs through the
type 1 IP3 receptor (IP;R1), the isoform predominantly
expressed in oocytes [44, 45]. The number of IP;R1
increases during oocyte maturation. Western blot analyses
have indicated that MII oocytes contain almost two times
more IP;R1 than GV oocytes [44—46]. This increase plays
a crucial role in the ability to generate Ca>" oscillations.

The distribution of IP3;R1 changes during oocyte matu-
ration, as well. In GV oocytes, IP;R1 are present
throughout the cytoplasm, but mainly located in the cortex,
where in rodents they form a thin layer or show a patch-like
distribution [41, 44, 46]. In human oocytes, the distribution
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is different, that is, [P3R1 form patch-like structures in the
inner cytoplasm and are less abundant in peripheral areas
[47]. On the other hand, the IPsR1 in rodent and human
MII oocytes are ubiquitous in the cytoplasm, but accu-
mulate in the cortex, where they form well-defined clusters
[41, 46—48]. Immunofluorescent study reveals that IP;R1
are located predominantly in ER clusters [48]. Thus, the
clustering of the ER and IP3R1 in the cortex in MII oocytes
may facilitate the initiation of Ca>" oscillations (Fig. 1).

Signaling molecules promoting cytoplasmic maturation

Both the nuclear and cytoplasmic maturation of preovula-
tory oocytes proceed in synchrony in large antral follicles
after the LH surge in vivo. The in vitro maturation (IVM) of
GV oocytes is now widespread, producing MII oocytes with
a fertilizable and post-fertilization developmental compe-
tence. However, IVM fundamentally differs from matura-
tion in vivo. Fully grown GV oocytes surrounded by a
multilayer of cumulus cells (cumulus cell-enclosed oocytes,
CEOs) are usually collected from antral follicles for IVM.
CEOs, however, spontaneously undergo nuclear maturation
before reaching optimal cytoplasmic maturity, and are not
necessarily competent to support normal fertilization and
further embryonic development. The inhibitory influences
on the nuclear maturation of oocytes in the follicular
environment provide an optimal balance between nuclear
and cytoplasmic maturation processes in vivo. In IVM,
CEOs removed from the follicles therefore result in loss of
the natural inhibiting environment, leading to spontaneous
maturation of the oocytes, which can cause an imbalance in
the maturation processes. The poor developmental capacity
of CEOs matured in vitro is inherent to the heterogeneity of
the starting population. Furthermore, our understanding of
what regulates the cytoplasmic maturation of oocytes,
including the factors secreted from CEOs and other follic-
ular cells, is still limited. Therefore, in an attempt to develop
an IVM system that confers optimal developmental com-
petence to a heterogeneous population of oocytes, greater
efforts are now directed at trying to understand the molec-
ular mechanisms by which oocyte maturation, especially
cytoplasmic maturation, is regulated with substances
included in follicular fluids as well as the complex interplay
between oocytes and their surrounding follicular cells
through gap junctional complexes and paracrine factors.

Roles of cAMP-elevating agents and intercellular
communication between cumulus cells and oocytes

via gap junctional complexes

The follicle is the basic structural and functional unit of the
mammalian ovary that provides the environment necessary
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for oocyte growth and maturation. When GV-arrested
CEOs are removed from follicles, they can spontaneously
resume meiosis. Thus, the fully grown CEOs in antral
follicles are kept arrested at the GV stage due to inhibitory
factors provided by interaction with the follicular somatic
cells and to substances present in the follicular fluids, such
as Hx [3-5, 49]. Hx is a phosphodiesterase inhibitor, which
is capable of increasing intracellular concentrations of
cAMP by preventing its degradation [4]. Using IVM,
abundant evidence showing that the intracellular cAMP
plays an important role in controlling oocyte maturation in
several species, in particular rodents, has been revealed
[2, 50-53]. Adding cAMP-elevating agents, such as the
cAMP analogue dibutyryl cCAMP, adenylate cyclase acti-
vator forskolin, and phosphodiesterase inhibitors Hx and
3-isobutyl-1-methylxanthine, to IVM cultures prevents
spontaneous meiotic resumption of CEOs temporarily or
for long periods [2, 50-57]. Relatively high levels of
cAMP within the oocyte are essential to maintaining mei-
otic arrest at the GV stage, and a drop in the intraoocyte
concentration of cAMP is required for resumption of
meiosis. However, the source of the inhibitory cAMP has
not yet been determined. One suggestion is that the oocytes
themselves generate it through the activation of a mem-
brane-bound Gs protein, which in turn stimulates an
adenylate cyclase [58-60]. Alternatively, the inhibitory
cAMP produced in the surrounding granulosa and cumulus
cells may be transferred into the oocytes via gap junctional
complexes, thereby maintaining meiotic arrest [2, 61, 62].
This hypothesis suggests that an LH-induced resumption of
oocyte maturation occurs following the interruption of gap
junctional complexes caused by this gonadotropin in the
ovarian follicle [61, 63, 64], and is strongly supported by
the finding that maturation resumes spontaneously when
CEOs are recovered from the ovarian follicle and placed in
IVM medium, and that the interruption of gap junctional
complexes within ovarian follicles with carbenoxolone, a
selective blocker of gap junctional complexes, that takes
place in organ cultures, effectively promotes the resump-
tion of meiosis, which is accompanied by a substantial
decrease in intraoocyte concentrations of cAMP [65].

The treatment with cAMP-elevating agents, such as
dibutyryl cAMP, Hx, and FSH, of CEOs during IVM
improves developmental competence after in vitro fertil-
ization (IVF) [66-72]. How this positive effect on cyto-
plasmic maturation is exerted remains unclear. However,
when CEOs at the GV stage immediately after removal
from ovarian follicles are cultured in IVM medium with
such agents, GVBD is delayed, and the duration of oocyte—
cumulus cell gap junctional communication during the
period of meiotic resumption is simultaneously extended
for several hours, compared to untreated CEOs [57, 73,
74]. Tt is therefore suggested that a prolongation of the
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cross-talk between oocytes and their surrounding cumulus
cells via gap junctions, resulting in an increase in intra-
oocyte cAMP levels, leads to the acquisition of high
developmental competence after fertilization (Fig. 2).

Follicular fluid and its effective components other
than cAMP-elevating agents

Follicular fluid is a complex mixture of transudates
obtained from serum through the blood—follicle barrier and
components secreted from follicular cells, such as granu-
losa cells and cumulus cells [75], and contains high levels
of nutrients, gonadotropins, and growth factors, some of
which have been suggested as playing a key role in nuclear
and cytoplasmic maturation [76, 77]. Intrinsic factors such
as the size of the follicle of origin could also influence the
cytoplasmic maturation of oocytes, because larger antral
follicles contain oocytes more likely to develop into blas-
tocysts after fertilization than oocytes from smaller antral
follicles [78-80]. However, there are reports that follicular
fluid is not always influenced by follicle size but may be
affected by the quality of follicles from which it is obtained
[79, 81]. Furthermore, it was also reported that exposure of
CEOs to follicular fluid collected from females at different
times after the LH surge profoundly affected the rate of
development to the blastocyst stage after IVF [82].
Therefore, it is generally considered that a beneficial effect
on development is had by follicular fluid in dominant

healthy follicles but not in small growing or atretic follicles
[80]. However, there have been reports suggesting inhibi-
tory effects of follicular fluid on the cytoplasmic matura-
tion of oocytes [83-85]. We also found that when
pooled bovine follicular fluid was partitioned into heparin-
adsorbed and non-adsorbed fractions by affinity chroma-
tography and effects on IVM of bovine CEOs were
examined, the non-adsorbed fraction had an inhibitory
effect and the adsorbed fraction, a stimulatory effect [86].

Thus, if those factors in follicular fluid that are benefi-
cial to oocyte maturation competence could be isolated and
determined, they might help to improve the IVM system
and to clarify the mechanism underlying cytoplasmic
maturation. So far, several cytoplasmic maturation-
promoting factors in follicular fluid, such as EGF [87-91],
TGF-o [89], activin [92, 93], inhibin [93], follicular fluid
meiosis-activating sterol (FF-MAS) [94], and Ieptin
[95, 96], have been reported. Recently, we also identified
MK isolated from bovine follicular fluid using heparin
affinity chromatography as a cytoplasmic maturation-pro-
moting factor (Fig. 2) [97].

MK is a member of a new family of heparin-binding
growth factors, and was first identified as a product of a
retinoic acid-inducible gene in a teratocarcinoma cell line
[98, 99]. MK is a basic, non-glycosylated protein with a
molecular mass of about 13 kDa [100], and mainly com-
posed of two domains held by disulfide linkages [101]. The
expression of MK is spatially and temporally regulated in

Follicular fluid (FSH, Hx, leptin, midkine, etc)

Cumulus cell-enclosed oocyte

Fig. 2 Regulation of the cytoplasmic maturation of cumulus cell-
enclosed oocytes (CEOs) in the follicular microenvironment. The
cytoplasmic maturation of CEOs is promoted by (1) substances
contained within follicular fluid such as FSH, purine hypoxanthine
(Hx), leptin and midkine, and (2) bidirectional communication
between cumulus cells and their surrounding oocyte via gap

Interaction between cumulus cells

and oocytes

Interaction via gap junctional complexes

(2 Low molecular weight substances
(cAMP, etc)

(3) Cumulus cell-secreted factors
(BDNF, leptine, etc)

@) Oocyte-secreted factors
(GDF9, BMP15, etc)

junctional and paracrine signaling. cAMP transported from cumulus
cells to the oocyte via gap junctional complexes has the ability to
promote cytoplasmic maturation. In a paracrine fashion, BDNF and
leptin secreted by cumulus cells, and GDF9 and BMP15 secreted by
the oocyte itself, can promote the cytoplasmic maturation of oocytes
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mouse embryogenesis [98] and widespread in adult tissues
[102]. In the ovary, MK is present in follicular fluid at high
concentrations [103, 104]. MK mRNA is expressed
exclusively in granulosa cells of healthy follicles and
increased by the administration of gonadotropins, pregnant
mare serum gonadotrophin, and FSH [105, 106]. In view of
its pleiotropic functions, such as the promotion of growth
[102], survival [107], migration [108] and gene expression
[109] in various target cells, and of its presence in the
ovary, it seems likely that MK is involved in the devel-
opment of ovarian follicles and growth and maturation of
oocytes. In fact, double knockout mice lacking MK and
pleiotrophin, which have 50% amino acid sequence
homology and many redundant functions, and whose
receptors and signaling systems are closely related [110,
111], exhibit female infertility, especially defects in fol-
licular maturation and ovulation [112]. To clarify the role
of MK in bovine oocyte maturation, we first cloned bovine
MK (bMK) and produced a recombinant bMK protein
using a baculovirus expression system [97]. As shown in
Fig. 3, the nucleotide sequence of bMK cDNA and pre-
dicted amino acid sequence are highly homologous to those

Fig. 3 Primary structure of (a)
bovine midkine (bMK). a bMK
is composed of two domains,
the N-terminally located
domain, bMK (15-52) and
C-terminally located domain,
bMK (62-104), and of 121
amino acids in which 30 basic
amino acids and 10 cysteine
residues are included.

b Alignment of the amino acid
sequences of bovine, mouse and
human MK. Amino acids in the
mouse and human MK that
differ from the bovine sequence
are indicated. Basic amino acids (b)
are marked in bold. Asterisks (*)
denote cysteine residues. All the
disulfide bonds are conserved,

from Ref. [97] Human

of mouse (87 and 84%, respectively) and human (92 and
93%, respectively). We then examined the effects of the
recombinant bMK at physiological concentrations during
IVM on nuclear maturation and developmental competence
after the IVF of bovine CEOs at the GV stage (Table 1)
[97]. Although nuclear maturation from the GV to MII
stage was not affected, the efficiency with which CEOs
developed to the blastocyst stage after IVF was increased
by adding the recombinant bMK to the IVM -culture
medium, suggesting that bMK has the ability to promote
the cytoplasmic maturation of bovine CEOs. The promot-
ing effect of bMK was inhibited by heparitinase treatment
of CEOs, suggesting that heparan sulfate chains on the
surface of cumulus cells and/or oocytes are required for
MK to exert its effect [97]. Since the promoting effect was
not exerted in oocytes freed from CEOs (denuded oocyte;
DO), but was exerted in DOs co-cultured with cumulus
cells isolated from CEOs, it seems to be mediated by some
soluble factor(s) secreted from cumulus cells surrounding
oocytes [113]. Furthermore, a ligation-mediated PCR
analysis of internucleosomal DNA fragmentation and the
TUNEL assay revealed that bMK suppresses the apoptosis

030 basic amino acids
.10 cystein residues

Bovine KKKDKMKKGGPGSECAEWTWGPCTPSSKDCGVGFREGTCGAQTORIRCRVPCNWKKEFG
Murine ...E.V...-——...

Bovine ADCKYKFETWGACDG GTGTKARQGTLKKARY NAQ&QET IRVTKPCSPKTKAKAKAKKGKEKD

Murine .:cse040e544

Human

Table 1 Effect of bMK during IVM on post-fertilization development of bovine oocytes

BMK (ng/ml)* Number of IVM/IVF oocytes

% cleavage embryos % blastocysts

0 56
200 59

31.0
65.2°

68.5"
76.5"

Values in the same column with different superscripts (a, b) differ significantly (P < 0.05), from Ref. [97]

A CEOs were matured in serum-free modified synthetic oviduct fluid (mSOF) medium containing essential and non-essential amino acids,
polyvinyl alcohol, estradiol 17 f# and human chorionic gonadotropin, supplemented with or without bMK
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Fig. 4 LM-PCR analysis of internucleosomal DNA fragmentation in
bovine CEOs during IVM culture with or without bMK. The intensity
of ladder-like bands derived from the apoptotic DNA fragments (1-3
nucleosomal units of DNA fragments) relative to the intensity of the
band for f-actin was measured. The relative intensity for the onset of
IVM (0 h) was subtracted from that for each time point of IVM and
the difference was designated as an apoptotic index. Different letters
(a and b) depict significant differences between the treatments at the
same time point (P < 0.05), from Ref. [113]

that occurs spontaneously in bovine CEOs during IVM
(Fig. 4) [113]. Thus, MK acts on cumulus cells to help
them survive and secrete factors acting directly on oocytes.
The substances involved in the MK-promoted cytoplasmic
maturation of CEOs are yet to be clarified. It was recently
found that leptin [95, 96] and brain-derived neurotrophic
factor (BDNF) [114-117] promoted developmental com-
petence in mammalian oocytes during IVM culture
(Fig. 2). Whether these factors are involved in the MK-
regulated cytoplasmic maturation of oocytes remains to be
determined.

Intercellular communication between cumulus cells
and oocytes via paracrine signaling molecules

As described above, intercellular communication between
cumulus cells and oocytes via gap junctional complexes,
which permits the transfer of small molecules such as
cAMP, is required for post-fertilization developmental
competence (Fig. 2). Furthermore, it has been suggested
that the developmental potential of oocytes is regulated by
some soluble factor(s) secreted from cumulus cells sur-
rounding the oocyte, because the co-culture of DOs with
isolated cumulus cells is needed for the developmental
competence of DOs during IVM culture [113, 118]. On the
other hand, in the intercellular communication between
cumulus cells and oocytes via paracrine factors, the con-
cept that the oocyte secretes paracrine factors involved in

the regulation of cumulus cell function to produce para-
crine factors that promote oocyte developmental compe-
tence, is now accepted [119]. The molecular basis of the
paracrine communication axis from oocytes to cumulus
cells is now indicated and two key growth factors, growth
differentiation factor 9 (GDF9) and bone morphogenetic
protein 15 (BMP15), have been identified as secreted
substances (Fig. 2) [119]. These growth factors are essen-
tially unique to gametes and belong to the TGF-f super-
family. Mice deficient in GDF9 and/or BMP15 exhibit
abnormalities including female sterility, indicating critical
importance to oocyte function and fertility [120]. In
experiments in which bovine CEOs were matured in IVM
medium supplemented with recombinant GDF9 and/or
BMP15, developmental potential to the blastocyst stage
after IVF was substantially improved by these growth
factors [119]. Interestingly, BMP15 has the ability to pre-
vent apoptosis, which occurs in cumulus cells of CEOs
during IVM, whereas GDF9 has no significant effect [121].
Thus, secreted factors, especially GDF9 and BMP15, have
the ability to promote the cytoplasmic maturation of CEOs
and act by regulating the viability and function of cumulus
cells of CEOs. Taken together, bidirectional communica-
tion via paracrine factors between cumulus cells and
oocytes is important for promotion of the cytoplasmic
maturation of CEOs (Fig. 2).

Conclusions

Although the nuclear and cytoplasmic maturation of
oocytes proceed in synchrony, they are independent phe-
nomena. Notably, cytoplasmic maturation is important for
oocytes to acquire fertilizable and post-fertilization devel-
opmental competence during maturation, and is mainly
regulated by microenvironmental factors in healthy antral
ovarian follicles.

A growing body of evidence shows that structural
rearrangements of organelles, especially active mitochon-
dria and the ER, in the cytoplasm of oocytes, take place
during maturation, and it seems likely that the accurate
relocation of active mitochondria and the ER plays
important roles in the appropriate distribution of energy
and generation of repetitive Ca>" oscillations within the
oocyte cytoplasm, respectively, which are essential for
fertilization and post-fertilization development. Thus, both
phenomena are profoundly involved in the cytoplasmic
maturation of oocytes.

Cytoplasmic maturation is regulated by the follicular
microenvironment. Several constituents in follicular fluid
that promote the cytoplasmic maturation of CEOs have
already been identified, such as EGF, TGF-o, activin,
inhibin, FF-MAS and leptin, as well as the cAMP-elevating
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agents Hx and FSH. Recently, we identified MK isolated
from follicular fluid as a cytoplasmic maturation-promot-
ing factor. Our studies have shown that MK acts on
cumulus cells to help them survive and secrete soluble
factors to promote oocyte cytoplasmic maturation.

The cytoplasmic maturation of CEOs is regulated by
intercommunication between oocytes and surrounding
cumulus cells via gap junctional and paracrine signaling.
FSH and Hx added to the IVM culture medium are capable
of improving the developmental competence of CEOs.
They are also known to delay the interruption of gap
junctional communication between cumulus cells and
oocytes in CEOs, resulting in an increase in the accumu-
lation of cAMP in the oocyte. This seems to lead to greater
developmental competence after fertilization. On the other
hand, it has been shown that paracrine factors derived from
cumulus cells promote cytoplasmic maturation of CEOs,
and moreover, that the oocyte is a fundamental regulator of
its own developmental competence. The oocyte-regulated
effects are achieved by increasing the viability and func-
tions of cumulus cells with oocyte-secreted factors. Some
of the factors involved in oocyte-cumulus cell signaling
have been identified; leptin and BDNF from cumulus cells
act on oocytes, and GDF9 and BMP15 from oocytes act on
cumulus cells. However, a comprehensive understanding of
the molecular mechanisms by which cytoplasmic matura-
tion is regulated by cumulus cell-oocyte gap junctional
signaling, cumulus cell-oocyte bidirectional paracrine
signaling, and the complex interactions of these signaling
processes and components of follicular fluid, still remains
to be achieved.
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