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Abstract. Since the pig is not only an important farm animal, but also a model animal for biomedical
applications, the development of reproductive technologies in this species has been very important.
In vitro oocyte maturation and fertilization (IVM-IVF) are basic techniques for a number of oocyte- or
embryo-related technologies.  The practical aspects for pig oocyte IVM-IVF have been reviewed, while
the molecular mechanisms underlying oocyte meiotic maturation and fertilization have not been well
summarized, although accumulating data have been obtained in recent one decade.  This review will
focus on what is known about the molecular mechanisms of porcine oocyte maturation and
fertilization such as first meiosis resumption, meiotic spindle assembly, second meiosis metaphase
(MII) arrest during oocyte maturation, sperm-egg recognition and fusion, sperm acrosome reaction,
second meiosis resumption, sperm chromatin decondensation, and pronucleus formation during
fertilization, as well as the establishment of polyspermy block.
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nimal reproductive technology has been very
important in the last two decades, and the

development of efficient procedures for assisted
reproduction in livestock has generated multiple
opportunities for commercialization [1].  The
d e v e lo p m e n t  o f  e f f i c i e n t  r e p r o du ct iv e
biotechnology has been increasingly required in
pigs, since it is not only an important farm animal,
b u t  a l s o  a  m o d e l  a n im a l  f o r  b io m e d ic a l
applications, such as human disease processes,
d r u g  de ve l o p m e n t ,  a n d  h u m a n  o r g a n
xenotransplantation [2].  Recently, somatic cell
cloned pigs have been produced [3–5], and the
production of gene knock out pig has been
achieved by nuclear transfer of donor cells with the
modification of the α (1,3)-galactosyltrnasferase

(GalT) gene [6].  However, the efficiency is still
extremely low.  Although several systems have
been established to generate embryos in vitro, the
quality of embryos produced in vitro is inferior to
those produced in vivo.  The major problems
include improper oocyte maturation, both nucleus
and cytoplasmic, and polyspermy.  Despite the
progress, the quality of oocytes matured in vitro,
defined as the potential of that oocyte to develop
into a viable offspring, is still not satisfactory,
limiting the improvement of other reproductive
techniques in pigs [7].  Thus, the importance of the
development and identification of defined in vitro
conditions for oocyte maturation and fertilization
shou ld  not  be  un derest imated ,  s ince most
reproductive technologies rely on these basic
techniques.  The technology of pig oocyte in vitro
maturation, fertilization and embryo development
and related problems have been well reviewed [8–
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10].
Looking into the basic aspects of oocyte meiotic

maturation and fertilization, fully-grown follicular
oocytes of most mammals are arrested at G2 phase
of the first meiosis, and resume meiosis in vivo in
response to specific signals, often hormones, or in
vitro after being liberated from their follicular
environment.  During and following the first
meiosis resumption, chromatin starts to condense,
germinal vesicle breakdown (GVBD) is initiated,
the metaphase I spindle is organized, and the first
polar body is extruded.  Immediately thereafter, the
oocytes enter meiosis II and are then arrested again
at the metaphase II (MII) stage.  Upon stimulation
by sperm or parthenogenetic stimuli, oocytes
resume meiosis II and complete maturation,
emitting the second polar body.  After sperm
penetration, oocyte develops a mechanism to block
further penetration of  surplus spermatozoa
(polyspermy).  Sperm chromatin and maternal
chromosomes are decondensed and transformed
into male and female pronuclei, respectively, and
the two pronuclei get apposed to make maternal
and paternal genetic materials mixed (syngamy),
starting mitosis of embryogenesis.

In recent one decade, the molecular mechanisms
by which mammalian oocyte meiotic maturation
an d f ert i l iza tion a re  control led  have bee n
extensively studied.  On the other hand, oocyte is
an ideal model to do basic researches on cell cycle
regulation, since it has a long period of maturation
and a big cytoplasm, and it is possible to use
relatively a small number of cells to analyze the
regulators.  In addition, the meiosis of oocytes has
been proved useful for understanding cell cycle
regulation, since mitotic and meiotic cell cycle share
many regulators, although there are important
differences between the two processes.  On the
o the r  ha nd ,  t h e  p ot en t ia l  a p p l i ca t io ns  o f
reproductive biotechnology stimulate active
researches in this field.  The pioneer work in this
field has been conducted in lower animals such as
Caenorhabditis elegans and Xenopus laevis.  In
mammals, the majority of documentation on the
regulation of oocyte meiotic maturation and
fertilization is from mice, while much work has
been done also in pigs due to its special importance
in biomedicine and agriculture,  convenient
a v a i la b i l i ty  o f  o o c yt e s ,  a n d  i t s  u n iq u e
characteristics of oocyte meiosis and fertilization.
T h is  r e v ie w  w i l l  f o c u s  o n  t h e  m o le c u la r

mechanisms underlying pig oocyte  meiotic
maturation and fertilization.

Molecular Aspects of Oocyte Meiotic 
Maturation

Maturation of the oocytes includes two aspects:
nuclear maturation and cytoplasmic maturation.
Generally, an oocyte is regarded to be matured
wh e n  t he  f i rs t  p o la r  is  e x tr ud ed (n u cle ar
maturation) and the oocyte is arrested at the MII
stage.  Although nuclear matured oocytes can be
f e r t i l i z e d ,  th e y  m a y  b e  d e v e lo p m e n t a l l y
incompetent  due to  the def iciency in some
cytoplasmic factors needed for full cytoplasmic
maturation.  Thus , the development of full
developmental potential requires synchronous
nuclear maturation and cytoplasmic maturation.

Nuclear maturation
1. Acquisition of meiotic competence

Growing pig oocytes (diameter ≤ 90 µm) are
unable to resume meiosis in vitro.  The inability of
growing oocytes to resume meiosis is not resulted
from a lack of maturation promoting factor (MPF)
and/or mitogen-activated protein (MAP) kinase,
two important signal molecules that control
meiosis resumption.  The amount of the two
subunits of MPF, p34cdc2 and cyclin B, in growing
oocytes are comparable to that in fully-grown
oocytes.  However,  growing oocytes contain
phosphorylated p34cdc2 and they are incapable of
activating MPF until growth is completed [11].
Meiotically incompetent oocytes also contain the
same amount of p44ERK1and p42ERK2, two isoforms
of MAP kinase, as in fully-grown oocytes, but MAP
kinase is not activated after culture in vitro of such
oocytes [12].  Treatment of growing oocytes or
meiotically incompetent oocytes with okadaic acid,
an inhibitor of protein phosphatases 1 and 2A,
stimulates the activation of both MPF and MAP
kinases by an as yet unidentified pathway and
facilitates the meiosis resumption of growing
oocytes [11, 13].  Thus, acquisition of meiotic
competence in growing pig oocytes correlates with
their ability to activate MPF and MAP kinase [14].
2. Resumption of first meiosis

In the pig, full meiotic competence of the oocyte
is reached in ovarian follicles in a diameter of 3 mm
or more [15].  Meiosis resumption occurs when
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oocytes are released from follicle environment and
cultured in vitro  for 20–24 h.  Several protein
kinases have been proved to regulate meiosis
resumption.

1) MPF: It has been well established that meiosis
resumption is facilitated by MPF in pig oocytes.
During oocyte maturation in vitro, MPF activation
begins at the time of GVBD, sharply rises at the MI
stage, declines at anaphase-telophase I transition,
and reaches a high level again at the MII stage [16].
When a GV stage oocyte is fused with an oocyte at
the MI or MII stage containing a high level of MPF,
GVBD is induced instantly [16].  Microinjection of
heterologous (mouse) maturing cytoplasm into
immature pig oocytes also results in GVBD after 8 h
of culture [17].  On another hand, inhibition of MPF
activation blocks GVBD [18, 19].  Translational
arrest of cdc25, a protein phosphatase upstream to
MPF, inhibits plasma membrane disassembly and
spindle formation [20].

Activation of MPF is usually induced by tyrosine
dephosphorylation of p34cdc2 and synthesis of
cyclin B.  In fully-grown pig oocytes, synthesized
cyclin B and p34cdc2 are already present in an
associated complex [21], however, the increase in
active MPF up to the effective concentration
requires active protein synthesis [17, 22].  The
p r o c e s s  o f  G V BD  i s  t o ta l ly  b lo c k e d  b y
cy c loh eximide,  whi le  th e conde nsat ion  of
chromatin is not influenced, suggesting that GVBD
and chromosome condensation could be regulated
independently [23].

2) MEK/MAP kinase/p90rsk: MAP kinase exists
in an inactive form in the GV stage pig oocytes, and
it is activated around the time of GVBD [12, 24–26].
Since it is difficult to judge the nuclear status before
kinase assay because of the accumulation of dark
lipid droplets in pig oocyte cytoplasm and since the
oocyte cell cycle progresses asynchronously, it is
difficult to tell the relationship between MAP
kinase activation and meiosis resumption.  Until
recently, the requirement of MAP kinase activity
for meiotic resumption is still controversial in pigs.
It is found that at the G2/M transition stage, a part
of the cytoplasmic MAP kinase moves to the
germinal vesicle and exists in an active form before
GVBD.  Injection of active MAP kinase into the
germinal vesicle markedly accelerates GVBD in a
small part of the oocytes [27].  However, injection of
antisense RNA of pig c-mos protein, an upstream
kinase of MAP kinase, into pig oocytes does not

a f f e c t  G V B D ,  a l th o u g h  M AP  k i n a s e
phosphorylation (act ivat ion)  is completely
inhibited.  These results contradict to the above
finding and indicate that MAP kinase activation is
not required for GVBD induction in denuded
oocytes [28].  Other recent reports show that the
presence of MEK inhibitor, PD98059 or U0126, in
the maturation medium blocks both MAP kinase
activation in both cumulus-enclosed and denuded
oocytes, but prevents GVBD only in cumulus-
enclosed oocytes [19, 29], suggesting that MAP
kina s e  a c t iva t ion  i s  r e qu i r e d  f o r  m e io s i s
resumption in cumulus-enclosed oocytes.  p90srk

has been shown to be the downstream mediator of
MAP kinase function in pig oocytes [29].  MAP
kinase/p90rsk is also activated in cumulus cells
during in vitro culture, and their activation is
blocked by U0126.  It is highly possible MEK/MAP
kinase/p90rs k activity is not required for the
spontaneous resumption in denuded oocytes, but
activation of this cascade in cumulus cells is
indispensable for the gonadotropin-induced
meiotic resumption of cumulus-enclosed pig
oocytes [29].

3) PKC: Several isoforms of classical PKC (α, βI,
and γ) have been revealed in pig oocytes, and they
are concentrated in the germinal vesicles [30].
Although it is clear that PKC activation inhibits
GVBD in denuded mouse oocytes [31], its role in
meiotic resumption of cumulus-enclosed pig
oocytes is not well defined.  There are reports
indicate that pharmacological and physiological
PKC activators  inhibit or delay the meiotic
resumption [32, 33], while another report shows
that PKC activator enhances the spontaneous
maturation rate [34].  In addition, PKC inhibitors
block meiotic resumption induced by FSH in a
culture system containing hypoxanthine [35].  A
recent report suggests that meiotic resumption of
pig oocytes is associated with the PKC pathway in
cumulus cells [36].  The exact role of PKC in meiotic
resumption needs further clarification.

4) cAMP: The concentration of cAMP in oocytes
re ach es  a  p e ak  a t  8  h of  cu l tu re ,  b ut  i t  is
dramatically decreased after 12 h culture and
decreases further at 28 h [37].  Transported into
oocytes from the cumulus cells via gap junctions,
cAMP p lay s  a n  im po rta n t  ro le  in  me iot ic
resumption [37].  Addition of dbcAMP or elevation
of cAMP by treatment with forskolin or IBMX
inhibits meiosis resumption in a dose-dependent



SUN et al.350
manner [33, 38, 39].  Inhibition of protein kinase A,
a cAMP-dependent protein kinase, also inhibits
GVBD [32].  It is possible that cAMP inhibits GVBD
by down-regulation of MAP kinase activation [33].

5) Connexin-43 and PI 3-kinase: Recently, it was
reported that the meiotic resumption of pig oocytes
was associated with the reduction of gap junctional
protein connexin (GJC)-43 in the outer layers of
c u m u l u s  ce l l s  v ia  t h e  P K C  a n d / or
phosphatidylinositol (PI) 3-kinase pathway.  PI 3-
k i n a s e  a c t i va t io n  i n  cu m u lu s  c e l l s  c a n
phosphorylate connexin-43 and subsequently close
GJC.  PI 3-kinase activation in cumulus cells also
contributes to the activation of MAP kinase and
MPF in pig oocytes [36, 40].
3. Assembly of meiotic apparatus

1) MAP kinase/p90rsk: Phosphorylated MAP
kinase and p90rsk are always associated with areas
where there is microtubule assembly.  After GVBD,
phosphorylated MAP kinase and p90rsk distribute
in the area around the condensed chromosomes, in
the meiotic spindle at the MI stage, in the polar
regions at the early anaphase I stage, in the
midzone of the elongated spindle at anaphase I to
telophase I transition, and in the spindle at the MII
stage [25, 29, 41].  Phosphorylated MAP kinase is
localized to the area where there is extensive
microtubule assembly in taxol-treated oocytes [42].
In addition to the close correlation of microtubule
assembly and MAP kinase/p90rsk distribution,
MAP kinase and p90rsk keep highly phosphorylated
from th e M I to  MI I  s tag es ,  a  pe riod  whe n
microtubules are assembled in the spindle [24, 26,
29], while MPF activity decreases during anaphase
I  to te lophase I .   Inhibition of  MAP kinase
activation during MI-to-MII transition results in the
failure of the first polar body emission and MII
spindle formation [25].  Although signals of cyclin
B1 are detected on spindle poles [41], no evidence
shows the importance of MPF in microtubule
assembly in pig oocytes.   Therefore, it is concluded
that act ivation of MAP kinase/p90r s k plays
important functional roles in the regulation of the
microtubule organization.

2) NuMA and γ-tubulin: After GVBD, nuclear
mitotic apparatus protein (NuMA) is aggregated to
the vicinity of the chromosomes, and γ-tubulin is
a lso  localized  to  the area  su rroun din g the
chromosomes.  At the MI stage, NuMA is observed
at both poles of MI spindle, while γ-tubulin is
localized along the spindle microtubules.  NuMA

and γ-tubulin become relocalized to the spindle
midzone during anaphase I and telophase I.  These
data suggest that both NuMA and γ-tubulin are
involved in microtubule assembly and that pig
meiotic spindle poles are probably formed by the
bundling of microtubules at the minus ends by
NuMA [42, 43].

 3) Polo-like kinase 1: Polo-like kinase 1 (Plk1) is
accumulated in the GVs, localized to the spindle
poles at the MI stage, and then translocated to the
middle region of the spindle at anaphase-telophase
I.  Plk1 is also localized in MII spindle poles and on
the spindle fibers and on the middle region of
a n a p h a s e - t e lo p h a s e  I I  s p i n d le s ,  w h i le  i t
accumulates as several dots in the cytoplasm after
taxol treatment.  These results suggest that Plk1 is a
pivotal regulator of microtubule organization and
cytokinesis in pig oocytes [44].

4)  CENP-E: CENP-E, a kinetochore motor
pro te in ,  i s  involve d  in  me io t i c  a p pa ratu s
o rg a ni z a t i o n .   I t  i s  lo c a l i z e d  o n  m e io t i c
chromosomes from diakinesis stage to anaphase I,
at the spindle midzone or on the kinetochores of
segregated chromosomes at telophase I.  CENP-E
level remains high during meiosis I/meiosis II
(MI/MII) transition [45].
4. Metaphase II arrest

It has been well accepted that the high level of
MPF and MAP kinase activity in MII oocytes works
as a cytostatic factor (CSF) and causes the MII arrest
in vertebrate oocytes, including mammals.  MPF is
considered to be an important component of CSF
involved in MII arrest in pig oocytes.  In MII-
arrested oocytes, MPF activity reaches the highest
level, and the enhanced ability for oocyte activation
is related to decreased activity of MPF [46, 47].  In
addition, inactivation of MPF and degradation of
cyclin B correspond to the transition of the oocytes
from MII arrest to anaphaseII/telophase II [48].

Recent evidence suggests that MAP kinase and
p90rsk may also play an important role in arresting
the pig oocytes at the MII stage [28, 29].  When
MAP kinase/p90rsk is inactivated by MAP kinase
kinase (MEK) inhibitor U0126, MII block is released
and oocytes enter interphase [29, 49].  When c-mos
antisense RNA is injected into GV stage oocytes,
some are transferred into interphase from MI
directly without arriving at MII, and most of the
other oocytes, even those that are transferred into
second meiosis,  do not arrest at MII but are
act iva ted  sp on ta ne ou sly  [ 28 ] .   p 90 r s k  a c ts



351REVIEW: MOLECULAR ASPECTS IN PIG EGGS
downstream to MAP kinase in pig oocytes [29], and
it may mediate CSF function, as in Xenopus oocytes
[50].

Cytoplasmic maturation
Many oocytes matured in  vitro  seem to be

deficient in some, as yet unidentified, cytoplasmic
f a c t o rs ,  a n d  t h e r e f o r e ,  de ve l o p m e n ta l ly
incompetent.  In vitro maturation conditions may
cause incomplete movement of mitochondria to the
inner cytoplasm and thus affect cytoplasmic
maturation [51].  Addition of cysteine, cysteamine,
glutamine, gonodotropins, epidermal growth
factor (FGF), β-mercaptoethanol, cysteamine or
follicular fluid to the medium or existence of
cumulus cells to some extent improve cytoplasmic
maturation as indicated by the high developmental
competence [7, 52–58].  Intracellular glutathione
(GSH) level and the abili ty of cytoplasm to
decondense sperm nucleus or to induce male
prunucleus formation have been used as indexes
for the evaluation of cytoplasmic maturation, and
the addition of above elements during maturation
m a y  in cre a se  G S H co n ce n t ra t io n  o r  ma le
pronucleus formation [53 ,  55,  59,  60].   Gap
junctional communication (GJC) between cumulus
cells and oocyte is important for regulating the
cytoplasmic factors responsible for cytoplasmic
m a t u r a t io n .   I f  t h e  G J C i s  b lo c k e d ,  G S H
concentration is decreased [61].

Molecular Basis Underlying Sperm-Egg 
Recognition and Fusion

The initial stages of fertilization, species-specific
gamete recognition and adhesion, are thought to
involve complementary recognition molecules on
sperm and eggs.  Sperm associated proteins interact
with zona pellucida of oocytes, resulting in
a cros om e re act io n  a n d su bs equ e n t  sp erm
penetration.  Although the most of related works
have been conducted in  mice,  prelimin ary
understanding of pig sperm-egg interaction has
also been achieved.

Two dimensional gel electrophoresis of pig
oocyte zona pellucida, an extracellular coat,
resolves four major acidic, charge-heterogenous
glycoproteins with molecular weights of 82kd
(pZP1), 61kd (pZP2), 55kd (pZP3), and 21kd (pZP4)
[62].  In the mouse it has been well established that

ZP3 is the primary sperm receptor while ZP2 has
secondary sperm receptor properties.  In the pig,
preincubation of boar sperm with ZP3 or O-linked
glycans  in hibits sperm attachmen t to  zona
pellucida, and ligand competition bioassays
suggest that O-glycans mediates, at least in part,
the sperm adhesive properties of ZP3 [63].  In
pZP3α and pZP3β, the homologues of rabbit rec55
a n d  m o u s e  Z P 3 ,  r e s p e c t iv e l y ,  O - l i n k e d
oligosaccharides are confined within delaminated
domains rather than widely dispersed on the
polypeptide backbone [64].  However, the role of
pZP3 in primary recognition is still not defined
[65].  pZP1 is a homologue of mouse ZP2, and it can
bind to acrosome-reacted sperm, and to 55kd
proacrosin and a 44kd protein of the boar sperm.
pZP1 has been shown to have sperm receptor
activity similar to that observed in the rabbit and
nonhuman primates [66].  It is considered acting as
a secondary sperm-binding receptor on the zona
pellucida [67].

Several carbohydrate-binding sperm proteins
have been suggested to play a pivotal role as
counter receptors for certain oligosaccharides
attached to the zona pellucida.  In 1987, Jones and
Brown [68] separated a protein of approximately
molecular weight 53kd from boar spermatozoa,
and found that it has affinity for glycoproteins from
zona pellucida.  This protein was identified as
proacrosin that plays important roles during the
initial  stages of sperm-egg interaction [69] .
Procarosin may serve as both primary sperm
receptor and maintaining the sperm on the zona
pellucida once acrosome reaction has occurred [70].
Spermadhesin, including AQN-1, AQN-3, and
A WN  ( A W N 1 ,  A W N 2 ) ,  i s  a  f a m i l y  o f
carbohydrating-binding and zona pelludida-
binding proteins that are involved in species-
specific sperm-egg recognition and are also
candidates for the primary gamete recognition [71–
73].  Spermadhesin AWN1 has special affinity for
certain O-linked oligosaccharide structures of pig
oocyte zona pellucida [74].  Zonaadhesin, a mosaic
protein in sperm membrane fractions, binds
directly and in a species-specific manner to the
zona pellucidae of pig oocytes.  It is composed of
two covalently associated peptide chains, p105 (105
kd) and p45 (45 kd) [75].  The binding sites of
zonadhesin are distributed over the entire zona
pellucida of oocyte [76].  Another potential sperm-
egg interaction molecule is P-selectin on sperm,
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which binds to the oocyte P-selectin ligand [77].
Other candidates for primary sperm-egg binding
have also been suggested, such as 17 kd ACR.3
protein [78] and β-galatosyltransferase (GalTase)
[79], but their functions need further clarification.
A report indicates that although GalTase is able to
bind to porcine zona proteins, its function in
porcine sperm-zona binding is not necessary or
sufficient [80].

Molecules involved in sperm-egg fusion has been
extensively studied in mice and guinea pigs, and it
has been well established that fertilin (previously
called as PH-30) on sperm plasma membrane
interacts with integrins on egg plasma membrane
(PM), leading to the fusion [81].  In pigs, however,
the molecular basis underlying gamete fusion is
poorly understood.  It was reported that pig oocyte
integrin αvβ1 interacts with a ligand on the sperm
plasma membrane during fertilization [82].  Sperm
p l a sm a  m e m b ra n e  p r o te i n s  h a v e  b e e n
demonstrated to inhibit IVF in concentration-
dependent manner [83].  Four sperm plasma
m e m b r a n e  p r o te in s ,  6 2 ,  3 9 ,  2 7  a n d  7  k d ,
respectively, are proved to be the predominant
binders of egg PM, and the amount of 62 kd protein
was significantly correlated with the ability of
sperm to penetrate zona-free hamster ova [84].

Sperm Acrosome Reaction

Acrosome reaction (AR) is an exocytotic process
that makes available the enzymatic machinery
needed for sperm penetration through the zona
pellucida.  In pigs, acrosome-intact boar sperm
exhibit concentrated zona protein binding over the
plasma membrane of acrosomal r idge [85].
Although there is a report that interaction between
laminin, entrapped in the expanded cumuli, and
specific integrins present on the sperm membrane
can initiate AR [86], most evidence suggests that
progesterone and zona pellucida initiate sperm
acrosome reaction in vitro  [87–90].  As to the
mechanisms, it is suggested that increasing Ca2+

caused by entry of Ca2+ through sperm plasma
membrane Ca2+ channels triggers the acrosome
reaction during fertilization [91, 92].  In addition to
Ca2+, sperm also requires bicarbonate for acrosome
reaction [93].  L-arginine induces nitric oxide
synthesis and stimulates capacitation and acrosome
reaction of boar spermatozoa only when active

sperm anion transport is present as a result of
bicarbonate supplementation [94].  A glycine
receptor/Cl– channel is also involved in the zona-
initiated sperm acrosome reaction [90].

Molecular Aspects of Egg Activation

D u rin g  p i g  in  v i t r o  f e r t i l i z at ion ,  sp e rm
penetration begins at 3 h post-insemination.  Sperm
penetration quickly induces the resumption of
me io s i s  a n d  co r t i ca l  re a c t io n  th at  b loc k s
polyspermy.  By 5 h, decondensing sperm heads
and anaphase II plate are observed in half the eggs,
and by 8h, both female and male pronuclei have
formed [95].

Resumption of the second meiosis
1. Two models

Al tho ug h th e mech an isms by  wh ich th e
spermatozoa trigger the oocyte to resume meiosis
have been extensively studied, conclusions about
this process is still elusive in pigs [96].  Two models,
plasma membrane receptor-mediated activation
model and soluble sperm factor(s) model, have
been suggested to explain the resumption of the
second meiosis after sperm penetration.  By
m ic ro i n j e c t io n  o f  g u a n o s in e - 5 ’ - O - ( 3 ’ -
thiotriphosphate), a hydrolysis-resistant analog of
GTP, into mature eggs [97] and by microinjection of
mRNA encoding a G-protein-coupled receptor into
maturing oocytes [98], it was shown that G-protein-
coupled signal transduction system exists in pig
oocytes, and this pathway can signal a series of
in tracel lu la r  ch ang es  th at  l ead  to  me iosi s
resumption.  Another study shows that pertossis
toxin-insensitive G-protein activation may result in
Ca2+ transients and meiotic resumption [99].
Although G-protein-coupled receptor results in full
complement of oocyte activation events, whether
this pathway transduces the activating signal at
sperm-induced oocyte activation requires further
clarification.

There is also evidence supporting the sperm
factor model.  Injection of crude extract of pig
sperm induces meiotic resumption, suggesting that
sperm might activate oocytes by introducing a
soluble factor into the oocytes [100].
2. Ca2+

In the pig, sperm penetration into the egg
induces a series of Ca2+ spikes which continue for at
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least 3 h [101].  Sperm extract injection also induces
an immediate rise in Ca2+, followed by repetitive
Ca2+ transients [100].  Limited knowledge is gained
as to how the fertilizing sperm elicits the release of
Ca2+ from the oocyte’s intracellular stores.  It is
believed that calcium increase after egg activation
needs extracellular influx [102].  Recently, it is
demonstrated that the calcium released from IP3-
sensitive stores triggers the calcium release from
ryanodine-sensitive intracellular stores, which is
necessary for oocyte activation [103].  Furthermore,
the calmodulin inhibitors reduce the activation of
oocytes induced by stimulation of ryanodine
receptors or IP3 receptors [103].  A sperm-specific
phospholipase C (PLC)-ζ was recently shown to
t r ig g e r  C a 2 +  o s c i l l a t io ns  in  m ou s e  e ggs
indistinguishable from those at fertilization, and
PLC-ζ  from a single sperm was sufficient to
produce Ca2+ oscillations as well as embryo
development to blastocyst [104].  Ca2+ may interact
with calmodulin to cause the act ivation of
calmodulin-dependent protein kinase II, which
inactivates maturation prompting factor (MPF) and
meiosis resumption (our unpublished data).
3. pH

An intracellular pH increase at fertilization is
necessary for activation of the sea urchin eggs.
Recently, intracellular pH has also been shown to
increase during parthenogenetic activation of pig
oocytes, and such an increase does not need the
increase in external and intracellular free calcium,
but may be dependent upon a sodium and/or
bicarbonate flux into the oocytes [102, 105, 106].
However, no pH increase is detected when eggs are
fertilized by subzonal sperm injection [107].
Whether pH increase plays roles in pig activation
under physiological conditions needs further
clarification.
4. Protein kinase inhibition

During ferti l izat ion and parthenogenet ic
activation, PKC is translocated to the plasma
membrane soon after  sperm penetrat ion or
stimulation [30].  However,  unlike in mouse
oocytes, PKC activation might not be correlated
with meiosis reinitiation, since PKC activators do
not stimulate meiosis resumption [108].  On the
contrary, protein kinase inhibition promotes
release of MII block in pig eggs.  Not only broad-
spectrum inhibitors [109], but also selective
inhibitors for myosin light chain kinase, protein
kinase A or protein kinase C induce meiosis

resumption and subsequent pronuclear formation
[110, 111].  In the mouse, repetitive Ca2+ transients
ensure the destruction of cyclin B, a subunit of
MPF, during a protracted exit from meiosis [112].
In pigs, the histone H1 kinase activity sharply
decreases upon egg activation [113] and the
spontaneous parthenogenetic activation may be
attributable in part to the gradual decrease in MPF
activity during prolonged culture [114].

Pronucleus formation
As mentioned above, inhibition of protein

phosphorylation causes pig oocyte activation and
pronucleus formation.  However, a direct factor
that causes pronucleus formation has not been well
defined.  After fertilization, MAP kinase is kept
highly active while the second meiosis resumes and
the second polar body extrudes.  MAP kinase
dephosphorylation is detected when pronucleus is
formed [26, 48].  On the other hand, treatment of
fertilized eggs with okadaic acid, a selective protein
p h o ap h a ta se  in h ib i to r ,  re s u l ts  in  p ro mp t
phosphorylation of MAP kinase and, at the same
time, the breakdown of pronuclear membrane [13].
MPK kinase inactivation is also reported to induce
metaphase-to-interphase transition following
parthenogenetic activation [49].  It is possible that
inactivation of MAP kinase may be required for
pronucleus formation.  Another report suggests
that post-fertilization disappearance of a 25kd
polypeptide and the concomitant appearance of a
dominant 22 kd polypeptide have a close temporal
relationship with the formation with pronuclei [95].
Conventional PKCs migrate to the pronuclei in
fertilized eggs [30], but its functional importance is
unclear.

Sperm chromatin decondensation
It is reported that the existence of follicle cells in

maturation culture enhances male pronucleus
(mPN) formation [115] and that the presence of
cumulus cells at fertilization increases the rate of
mPN formation when compared to cumulus-free
oocytes [116].  However, the exact mechanism by
which somatic cells affect mPN formation is not
known.  Other report indicates that increased
intracellular content of GSH promotes the mPN
formation frequency after fertilization [10, 59, 117].
It is highly possible that GSH mediates pig sperm
head decondensation and thus increases mPN
formation, as in other species.
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Molecular Mechanisms of Polyspermy 
Prevention

Poly spermy is  generally considered as  a
pathological phenomenon in mammals.  However,
exceptionally high incidence of polyspermic
fertilization has been revealed in pig fertilization.
Incidence of polyspermy in porcine eggs in vivo can
reach 30–40%, and polyspermy rate in the in vitro
ferti lized eggs can be as high as 65% [118].
Polyspermy is considered being the most difficult
problem to overcome in pig IVF.  The reasons for
the occurrence of polyspermy in pig oocytes are not
clear, and relatively little is known about the exact
mechanisms for preventing polyspermy in this
species.

Like in other animals, pig oocytes contain cortical
granules (CGs) that are enriched with galactosyl-
rich glycoconjugates [119].  The CGs undergo
centrifugal migration to form a monolayer next to
the plasma membrane during oocyte maturation
[120].  Following penetration by sperm, cortical
reaction occurs and cortical contents are extruded
into the perivitelline space, preventing polyspermic
penetration by hardening the zona pellucia [121].
Defense mechanism against polyspermy in pig
oocytes is classically viewed as zona reaction, since
A23187-induced cortical reaction can prevent
sperm penetration of ZP-intact oocytes, but not ZP-
free  oocytes  [122].   However,  per ivitel l ine
spermatozoa are usually observed, and there may
be a secondary block at the vitelline surface [123].
In vitro-matured and in vivo-matured pig oocytes
possess equal ability to release CGs upon sperm
penetration [122], and high polyspermy of pig
oocytes inseminated in vitro is not due to delayed or
incomplete CG exocytosis but more likely to a
delayed zona reaction and/or simultaneous sperm
penetration [101].  A sperm-oviduct cell co-culture
followed by IVF on oviduct cel ls selectively
reduced the rate of polyspermy by 40% and 50%
[124].  Furthermore it was suggested that oviductal
secretions contain some factor(s) that interact with
oocytes and/or spermatozoa to prevent or reduce
multiple sperm entry [125].

As to the molecular basis of cortical reaction,
preliminary studies have shown that G-protein,
Ca2+ rise and protein kinase C (PKC) participate in
this exocytotic process.  Pig oocytes contain a G-

protein-coupled signal transduction system that
can signal a series of intracellular changes, leading
to activation events associated with fertilization
including cortical reaction [97, 98].  Fertilization
induces Ca2+ oscillations in pig oocytes [101] and
one of the earliest calcium-dependent events is the
exocytosis of CGs.  PKC stimulators induce 90% of
the pig eggs completely or partially release their
CG, and this effect can be overcome by PKC
inhibition.  When the intracellular free Ca2+ is
chelated with acetoxymethal ester form of 1,2-
bis(O-aminophenoxy)-ethane-N,N,N',N'-tetraacetic
acid (BAPTA-AM), and then treated with PKC
activator in Ca2+-free medium, the proportions of
eggs with CG release are not changed, suggesting
that PKC acts downstream to Ca2+ in CG exocytosis
induction [108].  Further work shows that PKCα, -
βI, and -γ are expressed in pig oocytes.  Confocal
microscopy and specific antibody microinjection
prove that activation of α-isotype PKC induces CG
exocytosis in porcine eggs [30].

In summary, pig oocytes are most extensively
used for basic researches among large domestic
animals in recent years because of its availability,
u n iq ue  ch a rac te r i s t i c s  an d  im po rta n ce  in
biomedical research.  Studies have revealed some
aspects of the molecular mechanisms underlying
oocyte maturation and fertilization in this species
as well as several unique characteristics compared
to other mammals.  Especially, much is known
about the regulation of oocyte meiotic resumption,
spindle assembly, MII  arrest,  sperm-oocyte
recognition and oocyte activation as well as cortical
re a c t io n  a t  t h e  m o le c u la r  l e v e l .   Fu r t he r
understanding of oocyte cytoplasmic maturation
and the occurrence of polyspermy is required.
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