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ABSTRACT Polyspermy is one of the most commonly observed abnormal types of fertilization
in mammalian oocytes. In vitro fertilization (IVF) provides approaches to study the mechanisms by
which oocytes block polyspermic fertilization. Accumulated data indicate that oocyte, sperm and
insemination conditions are all related to the occurrence of polyspermic fertilization. A high
proportion of immature and aged oocytes showed polyspermy as compared with mature oocytes.
Preincubation of oocytes and/or sperm with oviductal epithelial cells or collected oviductal fluid
before IVF reduces polyspermic penetration. Recently, it was found that an abnormal zona pellu-
cida is one of main causes of polyspermy in human eggs. A high proportion of polyspermy has
resulted from the use of a high concentration of capacitated spermatozoa at the site of fertilization,
irrespective of in the in vivo or in vitro environment. Oviductal secretions or oviductal epithelial
cells themselves can regulate the number of spermatozoa reaching or binding to the zona pellucida
thus reducing multiple sperm penetration. Suboptimal in vitro conditions, such as supplementa-
tions in IVF media, pH, and temperature during IVF, also induce polyspermic fertilization in some
mammals. Species-specific differences are present regarding the relationship between insemination
conditions and polyspermy. Microsc. Res. Tech. 61:335–341, 2003. © 2003 Wiley-Liss, Inc.

INTRODUCTION
Polyspermy refers to penetration of oocytes by two or

more spermatozoa. Oocytes from most mammals de-
velop the ability to block polyspermy during their
growth and maturation (Ducibella, 1996; Ducibella et
al., 1988, 1990a,b; Ducibella and Buetow, 1994; Gul-
yas, 1980; Guraya, 1982; Wang et al., 1997a,b; Yanagi-
machi, 1994). At the time of fertilization, polyspermy is
prevented by modification of two primary oocyte struc-
tures, the plasma membrane and zona pellucida (ZP).
The relative importance of the ZP vs. plasma mem-
brane block to polyspermy varies among species
(Schmell et al., 1983; Yanagimachi, 1994). In most
mammalian oocytes, it is believed that ZP is the most
important structure to block polyspermy (Yanagima-
chi, 1994). Two events are associated with zona block to
polyspermy. One is cortical granule (CG) exocytosis,
also called cortical reaction, which is initiated by cal-
cium oscillation during sperm penetration (Miyazaki et
al., 1993). Intracellular calcium release induces the
membrane of CGs to fuse with ooplasma and CG con-
tents are exposed to the perivitelline space (PVS). The
other event is modification of ZP by the enzymes re-
leased from CGs, also called zona reaction. Many en-
zymes, such as ovoperoxidase, trypsin-like enzyme,
proteinases, N-acetylglycosaminidase, tissue-type
plasminogen activator, and other proteins, such as p75
and heparin binding placental protein, are present in
CGs (Gulyas and Schmell, 1971; Gwatkin et al., 1973;
Hoodbhoy and Talbot, 1994; Miller et al., 1993; Pierce
et al., 1990; Zhang et al., 1992). These enzymes work
individually or synergistically on ZP and change the
ability of ZP to bind sperm or induce sperm acrosome
reaction, thus preventing further sperm penetration.
These changes in ZP are permanent as further expo-
sure of the fertilized oocytes to capacitated sperm does

not increase sperm penetration into the oocytes (Barros
and Yanagimachi, 1971, 1972; Wang et al., 1998b,c;
Yanagimachi, 1994). Failure of complete cortical and/or
zona reaction results in the occurrence of polyspermy
(Yanagimachi, 1994). Oocyte, sperm and suboptimal
insemination conditions are all responsible for the oc-
currence of polyspermy. In this brief review, we will
discuss these factors based on the data mainly obtained
from in vitro studies. As polyspermy occurs very often
in pig oocytes inseminated in vitro, most data reviewed
here are from the studies with pig oocytes. However,
other species-specific differences associated with
polyspermy are also discussed.

IMMATURE OOCYTE AND POLYSPERMY
When compared with mature oocytes, higher propor-

tions of immature and maturing oocytes showed
polyspermic penetration during IVF in most mammals
(Ducibella and Buetow, 1994; Iwamatsu and Chang,
1972; Moore and Bedford, 1978; Niwa et al., 1991;
Wang et al., 1992, 1994, 1997a,d), indicating that im-
mature oocytes do not have the ability to block
polyspermy. Examination of CG exocytosis indicated
that polyspermic penetration in immature oocytes was
due to the failure of immature oocytes to release CGs
upon sperm penetration (Ducibella and Buetow, 1994;
Moore and Bedford, 1978; Wang et al., 1997a,d). Re-
cently, it has been found that the failure of immature
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oocytes to release CGs upon sperm penetration results
from incomplete oocyte activation.

A few hypotheses can explain the incomplete oocyte
activation in mammals. The first is less calcium tran-
sients in immature oocytes (Machaty et al., 1997; Mehl-
mann and Kline, 1994). When compared with mature
oocytes, immature oocytes had low calcium transients
upon sperm penetration, calcium injection, and injec-
tion of inositol 1,4,5-trisphosphate (IP3). Immature oo-
cytes are not sensitive to activation stimulation and
such sensitivities increased during oocyte maturation
(Machaty, 1997; Mehlmann and Kline, 1994). The sec-
ond is incomplete migration of CGs under the ooplasma
in immature oocytes (Wang et al., 1997a,d). CGs orig-
inate cortex cytoplasm during the oocyte’s early growth
and development. Migration of CGs to ooplasma is
necessary for subsequent exocytosis upon sperm pene-
tration, and such a migration takes place during the
final oocyte maturation. Gonadotropin stimulation and
polymerization of microfilaments play important roles
for CG migration to the cortex of oocytes (Ducibella et
al., 1990b; Kim et al., 1996b). The third is reduced
cortical endoplasmic reticulum (Charbonneau and
Grey, 1984; Ducibella et al., 1988; Mehlmann et al.,
1995). The number of cortical endoplasmic reticulum
increases significantly during final oocyte maturation,
which is thought to be calcium stores (Ducibella et al.,
1988). In immature oocytes, there are fewer such cal-
cium stores in the cortex of oocytes (Ducibella et al.,
1988). And the fourth is a reduced amount of IP3 re-
ceptors (Mehlmann et al., 1996). IP3 receptors were
significantly increased in the cortex of oocytes during
final oocyte maturation. Immature oocytes have less
IP3 receptors in the cortex of oocytes, thus the oocytes
have less ability to respond to activators. Dramatic
changes in these events mentioned above happen dur-
ing the final maturation of oocytes. Thus, full oocyte
cytoplasmic maturation including the ability to block
polyspermy does not develop until oocytes reach meta-
phase II.

AGED OOCYTES AND POLYSPERMY
The lifetime for the oocytes to functionally block

polyspermy is short (Ducibella, 1996). An increasing
incidence of polyspermy occurs in most mammalian
oocytes with increasing age of the oocytes. This could
happen either in vivo (Hunter, 1991) or in vitro (Chian
et al., 1992). Examination of CGs and ZP in the mice
indicated that partial and unfunctional CG exocytosis
is the main reason for polyspermic penetration in aged
oocytes (Ducibella, 1996). It is also possible that
changes in the cytoplasm or ooplasma during aging are
related to the incomplete block to polyspermy in the
aged oocytes. Reduced CG density in aged oocytes was
observed in some mammalian oocytes (Ducibella, 1996;
Gulyas, 1980; Guraya, 1982; Longo, 1974a,b; Szollosi,
1967; Wang et al., 1997a). Although we do not know if
high polyspermic penetration in aged oocytes is due to
reduced CG density, reduced enzymes activity in CGs,
or reduced responsibility of ZP to CG contents, it is
believed that degeneration in cytoplasm during aging
makes all functions of oocytes associated with oocyte
activation and development become low, thus the cor-
tical reaction may be non-functional. Chian et al.
(1992) found that some aged oocytes were fertilized

normally, but their developmental competence signifi-
cantly reduced, indicating that all cell functions are
affected during aging.

ZONA ABNORMALITY AND POLYSPERMY
The ZP is a semi-transparent glycoprotein matrix

that surrounds the oocyte and consists of ZP1, ZP2, and
ZP3 (Bauskin et al., 1999; Bleil and Wassarman, 1980;
Nakano et al., 1990; Shabanowitz and O’Rand, 1988).
Although the mechanism by which the ZP blocks
polyspermy is not completely understood, modification
of the ZP by CG contents released during oocyte acti-
vation prevents subsequent sperm binding to and pen-
etration of ZP are the most accepted mechanism for
oocytes to block polyspermy. These modifications of ZP
include changes in the zona composition and structure
as revealed by electrophoresis (Bauskin et al., 1999;
Bleil and Wassarman, 1980; Nakano et al., 1990; Sha-
banowitz and O’Rand, 1988) and other molecular tech-
niques (Aviles et al., 1996; Barros and Yanagimachi,
1971, 1972; Miller et al., 1993). Zona hardening, which
is measured by the time the oocyte’s ZP was digested by
enzyme treatment, is also a parameter to detect zona
reaction (Nakano et al., 1987). However, studies of
zona reaction have always involved a group of oocytes,
ranging from about 10 to more than a few hundred
because of the low sensitivity of the methods used. It
has also involved both reacted and non-reacted ZP be-
cause it is difficult to quantify zona components in
single ZP. Recently, a modified technique that can re-
veal zona protein changes in single ZP in the mice was
reported (Moos et al., 1994), but it has not been widely
used in other animals due to the technique problem.

Under differential interference contrast or Hoffman
optics, the zona appears relatively homogeneous. How-
ever, when zona of living oocytes is imaged with an
orientation-independent polarized light microscope,
the polscope, three distinct layers, which differ in their
retardance and azimuth, can be discerned (Keefe et al.,
1997). Using the polscope, the protein matrix of inter-
nal layer of hamster zona was observed as oriented
radially while the external layer was seen as oriented
tangentially. An intermediate layer was randomly ori-
ented (Keefe et al., 1997). With the polscope, ZP of the
human oocytes exhibit a similar trilaminar structure
(Fig. 1). Moreover, in one case, we found that abnormal
zona in human oocytes exhibited minute discontinui-
ties in inner zona layer (Fig. 1). All oocytes with this
type of ZP were polyspermy. The zona of all normally
fertilized oocytes from the same patient exhibited the
normal trilaminar appearance of the zona layers. From
these studies, it would appear that imaging ZP with
the polscope might provide an easy, non-invasive
method to diagnose abnormality in the block to
polyspermy in human oocytes undergoing IVF. Abnor-
mal ZP is always found in human oocytes during infer-
tility treatment, which may be due to hypostimulation
(Familiari et al., 1992). Familiari et al. (1992) specu-
lated that the inner layer of ZP might play an impor-
tant role in the block to polyspermy in human oocytes,
as sperm was rarely found to penetrate this layer.
Presumably, a defective ZP did not establish a func-
tional zona block. Several studies have demonstrated
that the thickness and integrity of the ZP are related to
patient’s estradiol levels during stimulation. Oocytes
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from the patients with relatively good stimulation and
response had optimal ZP thickness (Bertrand et al.,
1996). However, how stimulation induces zona abnor-
mality in the human is still unclear. It is necessary to
study more details about this phenomenon in the hu-
man; perhaps, some animal models can help address
the answer.

NUMBER OF CAPACITATED SPERM AT THE
SITE OF FERTILIZATION AND POLYSPERMY

Both in vivo and in vitro studies indicated that the
number of sperm at the site of fertilization is directly
related to polyspermy even when mature oocytes were
inseminated either in vivo or in vitro. A series of in vivo
studies were conducted in porcine oocytes (Hunter,
1991). According to Hunter (1991), the incidence of
polyspermy in pigs in vivo is less than 5%. However,
higher rates, up to 60%, could be artificially induced
under different conditions, such as oocytes ovulated
after gonadotropin stimulation during the luteal phase
of the cycle, delayed insemination, progesterone local
microinjection and administration, and tubal insemi-
nation. Delayed insemination and progesterone also
induced polyspermy in rabbits (Chang and Hunt,
1968). Under all of these conditions, it was found that
number of sperm at the site of fertilization was signif-
icantly increased. Under physiological conditions, the
isthmus of oviducts regulates the numbers of sperm
released to the site of fertilization, thus avoids occur-
rence of polyspermic penetration. These results sug-
gest that increased polyspermy of eggs in vivo occurs
primarily because abnormally high numbers of compe-
tent spermatozoa reach the egg surface more or less
simultaneously even if the oocytes have the ability to
respond the first sperm penetration and release CGs to
block further sperm penetration. When the fertilized
oocytes pass through the isthmus and other parts of the
oviduct where capacitated sperm are stored, it has
been found that sperm can bind to the outer layer of ZP,
but all of the sperm are blocked by the inner layer of
zona. Thus, sperm are seldom seen in the PVS, as
shown in Figure 2. In vitro studies also indicated that
polyspermic fertilization was increased as sperm num-
ber was increased (Abeydeera and Day, 1997; Nagai et

al., 1984; Wang et al., 1991) regardless of the oocytes
being collected from oviducts (in vivo matured-ovu-
lated) or matured in vitro. Some in vitro conditions
associated with polyspermic fertilization in pig oocytes
have been examined and it has been found that CG
exocytosis occurred during IVF (Wang et al., 1997a–c),
but a delayed zona reaction was observed (Wang et al.,
1999). From these studies, it seems that a simulta-
neous sperm penetration is the most possible reason for
polyspermy of porcine oocytes inseminated in vitro.
Much higher sperm concentrations are used for IVF
and it is a few hundred times higher than that in the
oviducts during natural conception. However, reduced
sperm concentration could reduce polyspermy but it
always reduces penetration rates (Abeydeera and Day,
1997). It is still unclear why a high concentration of
sperm is necessary to obtain satisfactory fertilization
rates during IVF. Probably, the conditions of sperm
capacitation are not optimized in vitro, thus many
sperm are not capacitated or capacitated simulta-
neously, then quickly undergo spontaneous acrosome
reaction. A condition that regulates a high rate of
sperm capacitation at different time, as in the oviduct,
may reduce simultaneous sperm penetration. Thus, a
low sperm concentration could be used for fertilization
of oocytes in vitro.

OVIDUCT SECRETION REDUCES
POLYSPERMY

Higher rates of polyspermic penetration are observed
during IVF than natural insemination in the oviducts.
When in vivo and in vitro fertilized porcine oocytes
were compared, it was found that delayed and incom-
plete CG exocytosis existed in in vitro fertilized oocytes
(Cran and Cheng, 1986). In vivo fertilization in the
oviducts also allowed the dispersal of CG contents in
the PVS after exocytosis (Cran and Cheng, 1986). How-
ever, released CG contents during IVF remained adja-
cent to the outside of the plasma membrane, suggest-

Fig. 1. Zona pellucida imaged by Polscope in living human oocytes.
A: An oocyte with normal zona pelluicda. The normal zona of oocytes
shows the compact and smooth inner layer and the lower density and
thinner outer layer; B: An oocyte with abnormal zona pelluicda. The
zona pellucida of this oocyte shows fractured inner layer. This egg was
polyploid. Scale bar � 10 �m. Fig. 2. Confocal micrograph of a porcine eight-cell stage embryo

collected from oviduct and image was taken at the equatorial section
of the embryo (only 5 nuclei were shown in the image) The embryo was
fixed and stained with propidium iodide. Nuclei in the blasomeres
(arrows) inside the zona and sperm heads binding to the zona pellu-
cida are shown. Note that there is no sperm head in the PVS, and all
sperm were blocked at the innermost of the zona pellucida.
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ing that the enzymes from CGs do not immediately act
on ZP during IVF. Thus, a delayed zona reaction hap-
pens. The dispersion of CG contents in PVS depends
upon the concentration of calcium in medium (Cran
and Cheng, 1986). In order to clarify whether it is
maturation or exposure of oocytes to oviduct secretion
that modulate polyspermy, a more direct comparison of
sperm penetration and CG exocytosis between in vitro
matured oocytes and in vivo oviduct oocytes was con-
ducted recently (Wang et al., 1998a). A higher rate of
polyspermy was observed in in vitro matured oocytes
as compared to ovulated/oviduct oocytes. Oviduct se-
cretory proteins have been identified in the ZP, PVS,
and plasma membrane of oviduct oocytes in many
mammals (Broermann et al., 1989; Brown and Cheng,
1986; Buhi et al., 1993). Some materials binding to ZPs
were positively labeled by a lectin from archis hy-
pogaea, which is specific for �-D-Gal(1-3)-D-GalNAc
(Fig. 2). ZPs were also modulated in the oviducts. Thus,
the oocytes collected from oviducts showed thicker ZPs
and larger PVS than in vitro mature oocytes. These
changes in the extracellular matrix of oocytes while in
the oviduct may help establish a functional block to
polyspermy in pig oocytes. Polyspermic penetration
was also reduced after in vitro matured oocytes were
cultured in the collected oviductal fluid and oviductal
epithelium cells before IVF (Kano et al., 1994; Kim et
al., 1996a). It is suggested that some glycoproteins
from oviductal fluid may enter PVS or plasma mem-
brane, to facilitate the synchronous CG exocytosis and
promote the reaction of ZP to CG exudates.

The effects of oviductal epithelium cells on sperm
function have also been noticed by in vivo and in vitro
studies. In vivo, sperm are conveyed up to the ampulla
from the uterus by way of the isthmus. Before fertili-
zation, sperm stay in the isthmus to undergo capacita-
tion. Only capacitated sperm move out of the isthmus
sperm reservoir to the site of fertilization. Moreover,
contact with the apical plasma membrane of oviduct
epithelial cells can enhance sperm motility, inhibit
spontaneous acrosome reaction of sperm, so even if
only a few hundred sperm are released to move to the
site of fertilization, almost all oocytes can be fertilized
(Hunter, 1991, 1994, 1996). In vitro studies indicate
that coculture of sperm with oviductal epithelium cells
can control sperm movement thereby preventing
polyspermic fertilization (Anderson and Killian, 1994;
Dubuc and Sirrad, 1995; Nagai and Moor, 1990;
Suarez, 1998). Binding of sperm to epithelium cells also
inhibits spontaneous acrosome reaction thus retaining
fertilizing ability (Dubuc and Sirrad, 1995). It is also
believed that oviduct affects the sperm plasma mem-
brane, stabilizes and reduces the numbers becoming
capacitated simultaneously. In turn, it would appear
that the effects of oviductal epithelium cells or their
secretion on preventing polyspermic penetration are
the results from the interactions between epithelium
cells together with their secretion and both sperm and
oocytes. Coculture of sperm or oocyte with cultured
oviductal epithelium cells before or during IVF may be
a good approach to produce normal fertilized oocytes in
those mammals in which polyspermic penetration has
not been resolved and/or IVF conditions have not been
optimized, such as in domestic animals.

PROTEIN SUPPLEMENTS IN
FERTILIZATION MEDIUM AND

POLYSPERMY
Insemination medium plays a significant role(s) for

successful IVF. One of the most important components
in insemination media is protein supplementation. Al-
though recent studies indicated that chemically de-
fined insemination medium without protein supple-
ment supported sperm penetration of oocytes in some
mammals (Tajik et al., 1994; Wang et al., 1995), pro-
tein supplementation is important for maintaining
sperm motility, capacitation, and acrosome reaction
(Yanagimachi, 1994). Bovine serum albumin (BSA)
and fetal calf serum (FCS) are widely used in most IVF
media except that human serum albumin or maternal
serum is usually used in human IVF. Protein supple-
mentation is related to polyspermic penetration, but
species-specific differences are obviously present. For
example, supplementation of FCS in IVF medium can
significantly increase polyspermy in bovine and pig
oocytes (Tajik et al., 1993; Wang et al., 1994), but
supplementation of BSA did not. It has been found that
FCS reduces the effective concentration of calcium in
the medium, thus supplementation of FCS inhibits CG
contents disperse after exocytosis and delays its reac-
tion to ZP (Cran and Cheng, 1986). FCS also inhibits
the zona reaction in oocytes of some mammals (Downs
et al., 1986; Ducibella et al., 1990a; Niwa and Wang,
2001; Schroeder et al., 1990; Zhang et al., 1992). How-
ever, in human IVF, supplementation of maternal se-
rum does not increase polyspermic penetration. It was
found that it is fetuin in FCS that regulates the CG’s
effect on ZP (Schroeder et al., 1990). When mouse oo-
cytes were cultured in vitro without FCS, premature
CG exocytosis can induce zona reaction of oocytes be-
fore fertilization, and the oocytes cannot be fertilized.
However, when FCS is present in the medium, it pre-
served the fertilizability of the mature oocyte (Eppig
and Schroeder, 1986). Serum from other animals also
has such a function, but the serum from human fetal
cord did not (Eppig and Schroeder, 1986). It seems that
FCS is not a suitable protein source for IVF medium
and some substitute should be used, such as serum
albumin or a chemically defined medium.

OTHER FACTORS AND POLYSPERMY
As mentioned above, sperm concentration is one of

the main factors that affect sperm penetration and
poyspermic penetration. An increased sperm penetra-
tion rate was accompanied by an increased polysermic
penetration, which was observed in most animals, sug-
gesting that a optimal concentration should be deter-
mined based on sperm motility, morphology and the
components in the fertilization medium. The pH of
insemination medium is also a factor that regulates
sperm capacitation and acrosome reaction (Brackett
and Oliphant, 1975). It has been found that high pH in
medium supported a higher fertilization rate (Cheng,
1985; Tajik et al., 1994, Wang et al., 1995), but activity
of enzymes from CGs seems lower in high pH condi-
tions (Miller et al., 1993). Whether this is related to
polyspermy in some animals, in which high pH insem-
ination medium was used, is still unclear. Bicarbonate
is another important component in insemination me-
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dium and it is important for maintaining sperm motil-
ity, inducing sperm capacitation and acrosome reaction
(Suzuki et al., 1994; Tajik et al., 1994; Wang et al.,
1995). Recently a Tris-buffered medium was success-
fully used to support sperm penetration of porcine
(Abeydeera and Day, 1997) and bovine (Wang and
Niwa, unpublished data) oocytes, and reduced
polyspermy was reported when such a medium was
used (Abeydeera and Day, 1997). It is unknown how
Tris regulates sperm function and/or oocyte function
during IVF. In some mammals, sperm capacitation
stimulators, such as heparin and/or caffeine, are also
necessary for sperm to penetrate oocyte in vitro (Abey-
deera and Day, 1997; Park et al., 1989, Wang et al.,
1991). The relationship of these additives on
polyspermy or oocyte function remains to be clarified.
High temperature (38.5–39°C) has been used to per-
form IVF in some animals (Cheng, 1985; Chian et al.,
1992; Wang et al., 1991), since a high proportion of
sperm could be capacitated in a high temperature con-
dition, but its relationship with polyspermy is not
clear.

CONCLUSIONS
As summarized in Figure 4, monospermic fertiliza-

tion takes place only when fully mature oocytes with
normal ZP are inseminated with optimal sperm con-
centration and optimized conditions. Incomplete oocyte
cytoplasmic maturation, abnormal ZP, high concentra-
tion of sperm, inappropriate supplementations in in-

semination medium, and other odd factors during fer-
tilization are all related to polyspermic fertilization.
Species-specific differences make it difficult to compare
the results from the different animals under different
conditions, but molecular basis associated with
polyspermy block may be similar in most mammals. It
is necessary to address more details of polyspermic
fertilization in mammals by technology developed in
morphological and molecular biology.
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