
 

INTRODUCTION

 

Sperm-induced egg activation initiates a series of responses in
the egg that are temporally classified as ‘early’ and ‘late’
events. Early events include the transient rise in intracellular
Ca2+ that subsequently leads to cortical granule (CG) exocy-
tosis. The contents of these CGs modify the extracellular coat
of the egg and results in a block to polyspermy in many species.
In mouse eggs, the extracellular coat is called the zona
pellucida (ZP) and is composed of three glycoproteins called
ZP1, ZP2 and ZP3 (Bleil and Wassarman, 1980a; Wassarman,
1988). O-linked carbohydrates on ZP3 (Florman and
Wassarman, 1985) mediate the species-specific binding of
acrosome-intact sperm (Bleil and Wassarman, 1980b). ZP3
then induces the acrosome reaction of these bound sperm (Bleil
and Wassarman, 1983) and it appears that both protein and car-
bohydrate moieties are required. Acrosome-reacted sperm,
which do not interact with ZP3, then establish an interaction
with ZP2 via the inner acrosomal membrane (Bleil and
Wassarman, 1986; Bleil et al., 1988). Following fertilization
both ZP2 and ZP3 are modified. ZP3 is modified, perhaps by
a CG-derived glycosidase (Miller et al., 1993), to a form called
ZP3f that can neither bind nor induce the acrosome reaction
(Bleil and Wassarman, 1980b, 1983). ZP2 (

 

Mr=120,000) is

converted by proteolysis to a form called ZP2f (Mr=90,000)
(Bleil and Wassarman, 1981; Moller and Wassarman, 1989)
and this form cannot interact with acrosome-reacted sperm
(Bleil and Wassarman, 1986). These modifications of the ZP
constitute the ZP block to polyspermy and represents one of
the early events of egg activation. Late events of egg activa-
tion include the emission of the second polar body, recruitment
of maternal mRNAs (Cascio and Wassarman, 1982) and post-
translational modifications of proteins (Van Blerkom, 1981;
Endo et al., 1986; Howlett, 1986), pronucleus formation and
initiation of DNA synthesis, and cleavage.

An initial transient increase in the concentration of intracel-
lular Ca2+ in the egg appears to be critical for the initiation of
both early and late events of egg activation (Cuthbertson et al.,
1981; Cuthbertson and Cobbold, 1985; Miyazaki et al., 1986,
1992; Kline and Kline, 1992; Tombes et al., 1992; Sun et al.,
1992; Fissore et al., 1992). The increase in the concentration
of intracellular Ca2+ is observed approximately 10-30 seconds
following sperm attachment (Miyazaki et al., 1986) and
spreads in a wave-like fashion throughout the egg (Miyazaki
et al., 1986, 1992; Kline and Kline, 1992; Tombes et al., 1992;
Sun et al., 1992; Fissore et al., 1992). Treatments that increase
the intracellular Ca2+ concentration, e.g., microinjection of
Ca2+ (Fulton and Whittingham, 1978) or treatment with
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Sperm-induced activation of mammalian eggs is associated
with a transient increase in the concentration of intracel-
lular Ca2+. The role of inositol 1,4,5-trisphosphate (IP3)-
mediated release of Ca2+ from intracellular stores during
mouse egg activation was examined in the present study by
determining the effects of microinjected monoclonal
antibody (mAb) 18A10, which binds to the IP3 receptor and
inhibits IP3-induced Ca2+ release, on endpoints of egg acti-
vation following insemination. The antibody inhibited in a
concentration-dependent manner the ZP2 to ZP2f conver-
sion that is involved in the zona pellucida block to
polyspermy, as well as the ZP2 to ZP2f conversion
promoted by microinjected IP3 in non-inseminated eggs. As
anticipated, inseminated eggs that had been microinjected
with the antibody were polyspermic. In addition, the
antibody inhibited the fertilization-associated decrease in

H1 kinase activity and pronucleus formation, and the con-
centration dependence for inhibition of these events was
similar to that observed for inhibiting the ZP2 to ZP2f con-
version. Last, the antibody inhibited the fertilization-
induced recruitment of maternal mRNAs and post-trans-
lational modifications of proteins. In each case, eggs
microinjected with the mAb 4C11, which also binds to the
IP3 receptor but does not inhibit IP3-induced Ca2+ release,
had no inhibitory effect on fertilization and egg activation.
Results of these studies suggest that IP3-mediated Ca2+

release is essential for both early and late events of mouse
egg activation.
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calcium ionophores (Igusa and Miyazaki, 1983; Ducibella et
al., 1988; Kline and Kline, 1992), elicit both early and late
events of egg activation in the absence of sperm. In contrast,
loading mouse eggs with BAPTA, which is a Ca2+ chelator,
results in a concentration-dependent inhibition of the fertiliza-
tion- or ionophore-induced Ca2+ transient, CG exocytosis and
second polar body emission (Kline and Kline, 1992). 

The initial Ca2+ transient induced by sperm does not require
extracellular Ca2+, suggesting that this Ca2+ is released from
intracellular stores (Igusa and Miyazaki, 1983). In mammalian
eggs, this intracellular Ca2+ source appears to be derived from
an inositol 1,4,5-trisphosphate (IP3)-sensitive store (Miyazaki
et al., 1992); IP3 is generated following phospholipase C-
catalyzed hydrolysis of phosphatidylinositol-4,5-bisphosphate.
Consistent with this hypothesis is that microinjection of IP3
results in an initial Ca2+ transient similar to that observed
following fertilization (Fujiwara et al., 1993; Miyazaki, 1988;
Kline and Kline, 1992, 1994), as well as CG exocytosis
(Ducibella et al., 1993) and the full complement of ZP modi-
fications (Kurasawa et al., 1989). Moreover, the IP3-sensitive
Ca2+ store appears to be the target for IP3 action, since microin-
jection of hamster eggs with the mAb 18A10, which binds to
the IP3 receptor and blocks Ca2+ release but not IP3 binding
(Nakade et al., 1991), blocks the sperm-induced Ca2+ transient
(Miyazaki et al., 1992). Although these results suggest a role
for Ca2+ released from IP3-sensitive stores in response to a fer-
tilization-induced production of IP3, an inhibitory effect of the
microinjected 18A10 antibody on other events of egg activa-
tion, e.g., CG exocytosis, resumption of the cell cycle, was not
reported (Miyazaki et al., 1992). In addition, microinjected IP3
does not induce resumption of the cell cycle, i.e., emission of
second polar body and pronuclear formation, or recruitment of
maternal mRNAs and post-translational protein modifications
that are associated with egg activation (Kurasawa et al., 1989).
Thus, the precise role of a sperm-induced IP3-mediated Ca2+

release in the early and late events of mammalian egg activa-
tion is still unresolved. 

We report here that mouse eggs microinjected with mAb
18A10, which recognizes a 12 amino acid epitope of the IP3
receptor and inhibits IP3-induced Ca2+ release without
effecting IP3 binding to the receptor (Nakade et al., 1991),
inhibits sperm-induced modifications of the ZP and conse-
quently results in polyspermy. In addition, microinjection of
this antibody also inhibits the fertilization-associated drop in
H1 kinase activity, emission of the second polar body and
pronucleus formation, and recruitment of maternal mRNAs
and initiation of post-translational protein modifications. 

MATERIALS AND METHODS

Collection of gametes
Sperm were collected from 12- to 24-week-old (C57BL/6J 

 

× SJL/J)
F1 males (Jackson Laboratories) as previously described (Moore et al.,
1993). Metaphase-II arrested eggs were collected from superovulated
CF-1 females (Harlan) as previously described (Endo et al., 1987;
Moore et al., 1993) with the following modifications: Cumulus cell-
enclosed eggs were collected in bicarbonate-free Waymouth medium
(Gibco-BRL) supplemented with 10% fetal calf serum and 20 mM
Hepes, pH 7.2. Cumulus cells were removed with 0.05%
hyaluronidase in bicarbonate-free Waymouth medium. Eggs were
cultured under paraffin oil in Waymouth medium supplemented with

10% fetal calf serum at 37°C in an atmosphere of 5% CO2 in humid-
ified air until further use. ZP-free eggs were obtained by removing ZP
with acid Tyrode’s solution (Bornslaeger and Schultz, 1985).

Microinjection of mouse eggs
Eggs were microinjected with ~10 pl of the appropriate antibody
solution as previously described (Kurasawa et al., 1989); final intra-
cellular concentrations are indicated in the figure legends and are
based on an egg volume of 200 pl. Following microinjection of the
antibody, the eggs were cultured in CZB medium (Chatot et al., 1989)
at 37°C in a humidified atmosphere of 5% CO2 in air for 1 hour prior
to in vitro fertilization (see below) to allow the antibody to diffuse
throughout the egg. When IP3 was microinjected, eggs were washed
in 4 drops of bicarbonate-free CZB medium (Chatot et al., 1989) sup-
plemented with 20 mM Hepes, pH 7.2 (CZB/Hepes) to remove the
fetal calf serum. Eggs were microinjected in the same medium and
cultured afterwards in CZB at 37°C in an atmosphere of 5% CO2 in
humidified air. Microinjection was also performed using bicarbonate-
free Waymouth medium. The 18A10 and 4C11 antibodies used in
these studies were the generous gifts of Dr Katsuhiko Mikoshiba
(Department of Molecular Neurobiology, Institute of Medical
Science, University of Tokyo). 

In vitro fertilization 
In vitro fertilization (IVF) of cumulus cell-free eggs was performed
as previously described (Moore et al., 1993). IVF of ZP-free eggs was
performed using 10 eggs in a 10 µl drop of Whitten’s medium con-
taining BSA (15 mg/ml) and sperm (2.5×104/ml).

Quantification of ZP2 to ZP2f conversion
ZP were isolated as previously described (Kurasawa et al., 1989) and
the conversion of ZP2 to ZP2f in individual ZP was quantified by a
biotinylation-enhanced chemiluminscent assay (Moos et al., 1994). 

Histone H1 kinase assay
Histone H1 kinase activity in single eggs was assayed as follows. ZP-
free eggs were washed in 4 drops of PBS supplemented with 3 mg/ml
of polyvinylpyrrolidone (PBS/PVP). Single eggs were lysed in 2.5 µl
of kinase buffer containing 80 mM β-glycerophosphate, 0.1 mM
Na3VO4, 15 mM p-nitrophenylphosphate, 10 µg/ml each of leupeptin
and aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithio-
threitol, 2.2 µM protein kinase A inhibitor peptide (Sigma), 10 mM
MgCl2, 10 mM EGTA and 25 mM Hepes, pH 7.4. Egg lysates were
stored at −80°C before use. Histone H1 kinase activity was assayed
in a final volume of 10 µl of kinase buffer supplemented with
0.2 mg/ml histone H1 (Boehringer Mannheim), 0.1 mM ATP and
0.1 µCi/µl [32P-γ]ATP (specific activity ~3000 Ci/mmol, Amersham).
To determine the background level of H1 phosphorylation, 2.5 µl of
kinase buffer was added instead of the egg lysate. The reaction
mixture was incubated at 30°C for 30 minutes (32P incorporation is
linear for at least 60 minutes, Moos, Schultz and Kopf, unpublished
observations) and the reaction was terminated by adding 10 µl of 2×
SDS sample buffer (Laemmli, 1970). Samples were then subjected to
SDS-PAGE (12% gel) and autoradiography using Kodak X-AR5 X-
ray film and intensifying screens. The autoradiograms were scanned
with an Image I/AT image processor (Interactive Video Systems, Inc.,
Concord, MA). For each experiment, the mean value of the H1 kinase
activity for unfertilized eggs was arbitrarily set as 100% and the
amount of activity present in the eggs following the various treatments
was expressed relative to this amount.

DNA staining with DAPI (4′,6-diamidino-2-phenylindole) 
ZP-free eggs were washed in PBS/PVP and fixed in 3.7%
paraformaldehyde (in PBS, pH 7.4) for at least 1 hour at room tem-
perature. Eggs were then washed in PBS/PVP, permeabilized for 30
minutes in PBS/PVP supplemented with 0.1% Triton X-100 and
washed in PBS/PVP supplemented with 0.02% Tween-20
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(PBS/PVP/Tween). The eggs were then stained with DAPI (1 µg/ml
of PBS/PVP/Tween) in the dark for 30 minutes and washed four
times, each wash for 5 minutes with PBS/PVP/Tween in the dark. The
stained eggs were mounted in mounting medium (Vectashield, Vector
Laboratories) and examined by fluorescence microscopy.

[35S]Methionine radiolabeling of eggs and two-
dimensional gel electrophoresis
Eggs were radiolabeled with [35S]methionine (1 mCi/ml, specific
activity ~1500 Ci/mmol, Amersham) as previously described
(Poueymirou and Schultz, 1989). Radiolabeling was terminated by
washing the eggs through several drops of bicarbonate-free Minimal
Essential Medium containing 3 mg/ml PVP (MEM/PVP)(Moore et
al., 1993) 10 hours after insemination, at which time pronuclei formed
in most eggs of the control group. The eggs (about 20 for each
treatment group) were transferred to lysis buffer containing 9.9 M
urea, 4% NP-40, 2.2% pH 3-10 ampholytes (Millipore) and 100 mM
dithiothreitol.

Two-dimensional gel electrophoresis was performed using the
Investigator 2-D Electrophoresis System (Millipore) according to the
manufacturer’s instructions. Radiolabeled proteins were detected by
fluorography (Bonner and Laskey, 1974) at −85°C using Kodak X
AR5 X-ray film.

RESULTS

Effect of mAb 18A10 on the sperm-induced ZP2 to
ZP2f conversion 
The 18A10 mAb binds to an epitope of 12 amino acid residues
at the carboxy terminus of the IP3 receptor and blocks IP3-
induced Ca2+ release but not IP3 binding (Nakade et al., 1991).
This epitope is close to the proposed Ca2+ channel region and
is absent in all ryanodine receptor subtypes and other IP3
receptor subtypes identified thus far (Furuichi et al., 1989).
18A10 recognizes a single polypeptide of Mr=250,000 in
hamster eggs (Miyazaki et al., 1992) and this corresponds to
the size of the mouse IP3 receptor (Maeda et al., 1988). As

discussed above, although microinjection of hamster eggs with
this antibody inhibits the fertilization-induced Ca2+ transient,
its effect on early and late events of egg activation was not
reported. Accordingly, we examined the effects of mouse eggs
microinjected with 18A10 on fertilization-induced early and
late events of egg activation.

Microinjection of 18A10 inhibited the sperm-induced ZP2
to ZP2f conversion in a concentration-dependent manner (Fig.
1A). Although 18A10 at a final concentration of 1 µg/ml had
no significant inhibitory effect on the ZP2 conversion, 15
µg/ml resulted in a modest and significant (P<0.01, t-test) inhi-
bition. Concentrations greater than 30 µg/ml totally inhibited
the ZP2 to ZP2f conversion. It should be noted that this con-
centration of antibody (30 µg/ml) blocks the increase in intra-
cellular Ca2+ elicited in response to IP3 delivered by ion-
tophoresis, as well as the increase in intracellular Ca2+

following fertilization in the hamster (Miyazaki et al., 1992).
Last, note that PBS-injected eggs that were not inseminated did
not display this conversion (Fig. 1A).

The inhibition observed in response to 18A10 antibody
injection appeared specific for several reasons. First, no inhi-
bition of the ZP2 to ZP2f conversion was observed following
fertilization of eggs injected with IgG (60 µg/ml, final con-
centration) (Fig. 1A). Second and more important, eggs
microinjected with the mAb 4C11, which recognizes the
amino terminus of the IP3 receptor but does not block either
IP3 binding or IP3-induced Ca2+ release (Nakade et al., 1991),
underwent a similar extent of the ZP2 to ZP2f conversion
following fertilization as did control eggs (Fig. 1A). Injection
of 4C11 into hamster eggs does not block the Ca2+ transient
induced by either sperm or injected IP3 (Miyazaki et al.,
1992).

The inhibition observed following 18A10 microinjection on
the ZP2 to ZP2f conversion was likely due to its ability to
inhibit IP3-induced Ca2+ release, since the IP3-induced ZP2 to
ZP2f conversion of unfertilized eggs was markedly inhibited

Fig. 1. (A) Effect of microinjected
monoclonal antibodies (mAb) 18A10 and
4C11 on the ZP2 to ZP2f conversion of
inseminated eggs. Eggs were microinjected
with the indicated protein, inseminated and
the extent of ZP2 to ZP2f conversion
quantified as described under Materials and
Methods. UE, unfertilized egg; PBS; eggs
injected with PBS but not fertilized; FE;
fertilized egg; IgG, eggs injected with IgG
and fertilized; 18A10, eggs injected with
the mAb 18A10 and inseminated, the
numbers in parentheses indicates the final
concentration of the antibody in µg/ml in
the egg; 4C11(60), eggs injected with the
mAb 4C11 to a final concentration of 60
µg/ml. The experiment was performed 4
times and similar results were obtained in
each case. The data were pooled and are
expressed as the mean ± s.e.m. The number

of eggs analyzed for each treatment group was about 17. (B) Effects of monoclonal antibodies 18A10 and 4C11 on the ZP2 to ZP2f conversion
induced by microinjected IP3. Eggs were microinjected with either IP3 (final concentration, 250 nM; column 2) or first with either 18A10 or
4C11, each at a final concentration of 60 µg/ml, prior to a subsequent injection with IP3 (final concentration, 250 nM; columns 3 and 4). The
experiment was performed 3 times and similar results were obtained in each case. The data were pooled and are expressed as the mean ± s.e.m.
The number of eggs analyzed for each treatment group was about 12.
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when the eggs were microinjected with 18A10 prior to being
microinjected with IP3 (Fig. 1B). This inhibition was not
complete and may be due to the fact that relatively high con-
centrations of IP3 (250 nM) were used in these studies to
induce the ZP2 to ZP2f conversion. Consistent with this inter-
pretation is that the suppressive effect of 18A10 at 60 µg/ml
on Ca2+ release is overcome by increasing concentrations of
microinjected IP3 (Miyazaki et al., 1992). As anticipated, eggs
microinjected with 4C11 and subsequently with IP3 underwent
a similar extent of ZP2 conversion as IP3-injected eggs (Fig.
1B).

Effect of mAb 18A10 on the block to polyspermy
The ZP2 to ZP2f conversion constitutes part of the ZP block
to polyspermy. The observation that microinjected 18A10
inhibited the sperm-induced ZP2 to ZP2f conversion implied
that eggs treated in this manner and then inseminated should
contain multiple sperm in the perivitelline space, as well as
being penetrated by several sperm. This in fact was the case
(Fig. 2). Compared to control eggs (Fig. 2A,D), eggs microin-
jected with 18A10 (60 µg/ml, final concentration) contained
many sperm within the perivitelline space (Fig. 2B) and
multiple sperm heads were observed within the egg cytoplasm
(Fig. 2E); typically 2-6 partially decondensed sperm heads
were observed. In contrast, eggs microinjected with 4C11 (60
µg/ml, final concentration) and then inseminated contained few
sperm within the perivitelline space (Fig. 2C) and were

monospermic (Fig. 2F). The incidence of polyspermy
increased as a function of 18A10 concentration (Fig. 3) and
this concentration-dependent increase was inversely related to
the inhibitory effect of the antibody on the fertilization-induced
ZP2 to ZP2f conversion.

Effect of mAb 18A10 on pronucleus formation
Pronucleus formation is a late event of egg activation and is
observed starting 5-7 hours postfertilization. To ascertain if
IP3-induced Ca2+ release initiated by the fertilizing sperm was
also involved in pronucleus formation, the effect of microin-
jected 18A10 on this event was examined. As observed for
both ZP2 to ZP2f conversion and polyspermy, this antibody
inhibited pronucleus formation in a similar concentration-
dependent manner (Fig. 4). Moreover, this inhibitory effect
was specific to 18A10, as microinjection of 4C11 (60 µg/ml,
final concentration) had no inhibitory effect on pronucleus
formation (Fig. 4). The inhibition caused by 18A10 was not
transient since injected eggs incubated for up to 18 hours
postinsemination did not form pronuclei. It should also be
noted that ionophore A23187 treatment of unfertilized eggs
that were first injected with 18A10 (60 µg/ml, final concentra-
tion) resulted in the emission of the second polar body (data
not shown). This suggests that the inhibitory effect of 18A10
occurred through blocking the release of intracellular Ca2+ and
that injection of 18A10 did not cause damage to the intracel-
lular Ca2+ stores.

Z. Xu, G. S. Kopf and R. M. Schultz

Fig. 2. Photomicrographs of fertilized eggs and eggs microinjected with either monoclonal antibodies 18A10 or 4C11 and then inseminated.
(A-C) Photomicrographs of representative inseminated eggs and (D-F) photomicrographs of eggs stained with DAPI to visualize the sperm
chromatin. (A,D) Buffer-injected inseminated eggs (control); (B,E) eggs injected with 18A10 (final concentration, 60 µg/ml) and then
inseminated; (C,F) eggs injected with 4C11 (final concentration, 60 µg/ml) and then inseminated. (B) The arrow points to a sperm that is within
the perivitelline space. (D-F) The white arrowheads point to sperm-derived DNA that is present within the egg cytoplasm. The other DAPI-
staining DNAs are due to maternal DNA present in either the egg cytoplasm or polar body, or sperm that have not penetrated the egg’s plasma
membrane.



1855Mouse egg activation

Effect of mAb 18A10 on histone H1 kinase activity
Fertilization of metaphase II-arrested eggs triggers the resump-
tion of the cell cycle (i.e., meiosis) that will result in the
formation of a pronucleus. The inhibitory effect of microin-
jected 18A10 on pronucleus formation could, therefore, be due

to any one of a number of steps proximal to pronucleus
formation. A very early event following fertilization that is
involved in resumption of meiosis is a reduction of the activity
of cdc2 kinase, which can be detected as a decrease in H1
kinase activity (Choi et al., 1991). Thus, we examined the
effect of microinjected 18A10 on the fertilization-induced
decrease in H1 kinase activity in single eggs. 

The decrease in H1 kinase activity occurs within 30-60
minutes of fertilization or egg activation (Moos, Schultz and
Kopf, unpublished observations). In order to synchronize the
in vitro fertilization of the microinjected eggs so that H1
kinase could be reliably measured in single eggs, ZP-free eggs
were inseminated. The fertilization-induced decrease in H1
kinase was essentially blocked by microinjected 18A10, but
not microinjected 4C11 (Fig. 5). Thus, the ability of 18A10 to
inhibit pronucleus formation was likely due to its ability to
inhibit the resumption of the cell cycle following insemina-
tion.

Effect of mAb 18A10 on fertilization-associated
changes in the protein synthesis
Fertilization results in the recruitment of maternal mRNAs
(Cascio and Wassarman, 1982) as well as post-translational
protein modifications (van Blerkom, 1981; Endo et al., 1986;
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Fig. 5. Effect of microinjected mAbs 18A10 and 4C11 on histone H1
kinase activity following insemination. Eggs were microinjected
with the indicated protein, inseminated and the amount of H1 kinase
activity present in individual eggs was assayed 1 hour after
insemination as described under Materials and Methods. The
experiment was performed 4 times and data (mean ± s.e.m., where at
least 15 eggs were assayed) are expressed as the amount relative to
that present in the unfertilized egg. The final concentration of 18A10
or 4C11 was 60 µg/ml. The inset shows a region of the
autoradiogram to demonstrate the phosphorylation of H1; there were
no other visible bands on the autoradiogram. Lane 1, unfertilized
egg; lane 2, fertilized egg; lane 3, egg microinjected with 18A10
(final concentration, 60 µg/ml) and then inseminated; lane 4, egg
microinjected with 4C11 (final concentration, 60 µg/ml) and then
inseminated.
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Howlett, 1986). These changes give rise to a host of fertiliza-
tion-associated changes in the pattern of protein synthesis. In
order to determine if microinjected 18A10 inhibited these
events, we compared the protein synthetic profiles of unfertil-
ized and fertilized eggs to those of eggs microinjected with
either 18A10 or 4C11 and then inseminated (Fig. 6). As pre-
viously reported, fertilization gives rise to increases and
decreases in the synthesis of a number of proteins (Fig. 6A,B).
Microinjected 18A10 blocked these fertilization-associated
changes (Fig. 6C) such that the pattern of protein synthesis was
similar to that of the unfertilized egg. In contrast, microinjected
4C11 did not inhibit these changes (Fig. 4D).

DISCUSSION

The results of experiments described here strongly implicate
sperm-induced IP3-mediated Ca2+ release in the complete
activation of mouse eggs. This conclusion is based on the
observations that the mAb 18A10, which inhibits IP3-
mediated Ca2+ release and the sperm-induced Ca2+ increase
in hamster eggs (Miyazaki et al., 1992), inhibits (1) the ZP2
to ZP2f conversion and consequently results in polyspermy,
(2) the drop in histone H1 kinase activity and hence resump-
tion of the cell cycle, e.g., pronucleus formation and (3) the
recruitment of maternal mRNAs and initiation of post-trans-

Z. Xu, G. S. Kopf and R. M. Schultz

Fig. 6. Fluorograms of [35S]methionine radiolabeled proteins in unfertilized and fertilized eggs, and inseminated eggs that had been
microinjected with either mAb 18A10 or 4C11. The experiment was conducted as described under Materials and Methods. (A) Unfertilized
eggs; (B) fertilized eggs; (C) Inseminated eggs that had been injected with 18A10, final concentration, 60 µg/ml; (D) Inseminated eggs that had
been injected with 4C11, final concentration, 60 µg/ml. The chevrons indicate proteins whose synthesis increases following egg activation. The
arrow points to a protein whose synthesis decreases following egg activation. The parentheses indicate a set of phosphoproteins whose
synthesis changes during the first cell cycle (Howlett, 1986). The experiment was performed two times with similar results; shown are the
results of one experiment.



1857Mouse egg activation

lational modifications of proteins that occur in response to
egg activation. 

As mentioned in the Introduction, a transient increase in the
concentration of intracellular Ca2+ is a response common to
sperm-induced activation of both non-mammalian and
mammalian eggs and is essential for egg activation. There are
two likely sources for this Ca2+, namely the IP3-sensitive and
IP3-insenstive Ca2+ stores, e.g., ryanodine-sensitive Ca2+

stores. During the course of fertilization of sea urchin eggs,
both IP3- and ryanodine-sensitive stores are used (Galione et
al., 1993; Lee et al., 1993); inhibiting Ca2+ release for either
store does not inhibit the fertilization-associated increase in
intracellular Ca2+. The presence of a functional ryanodine-
sensitive Ca2+ store in mammalian eggs is controversial.
Microinjection of mouse eggs with ryanodine (final concen-
tration of 200-400 µM) has been reported to result in an
increase in the intracellular Ca2+ concentration (Swann, 1992).
Nevertheless, it is not apparent from that study if the increase
in intracellular Ca2+ is similar to that which occurs following
fertilization or if any events of egg activation are induced.
Results of other studies, however, suggest that mammalian
eggs do not possess this Ca2+ store. For example, microinjec-
tion of mouse eggs with ryanodine (final concentration of 160-
875 µM) does not induce an increase in intracellular Ca2+

(Kline and Kline, 1994). Moreover, immunoblot analysis of
hamster egg extracts does not detect the ryanodine receptor,
whereas the IP3 receptor is detected (Miyazaki et al., 1992).
Also consistent with the absence of a ryanodine-sensitive Ca2+

store is that mouse eggs microinjected with cyclic ADP ribose,
which is believed to release Ca2+ from ryanodine-sensitive
Ca2+ stores, neither brings about an increase in intracellular
Ca2+ (Kline and Kline, 1994) nor induces any events of egg
activation (Kurasawa, Kopf and Schultz, unpublished obser-
vations). Regardless of whether mouse eggs possess a func-
tional ryanodine-sensitive Ca2+ store that is used during the
course of egg activation, the results described here indicate that
Ca2+ released from IP3-sensitive stores is essential for mouse
egg activation.

Although IP3-induced Ca2+ release appears necessary for
sperm-induced mouse egg activation, it is not apparent if it
is sufficient for total egg activation, i.e., induction of both
early and late events. The basis for this statement is that
microinjection of IP3 results in CG exocytosis (Cran et al.,
1988; Ducibella et al., 1993) and the full complement of ZP
modifications but does not initiate the resumption of the cell
cycle or recruitment of maternal mRNAs (Kurasawa et al.,
1989). Likewise, microinjection of either sea urchin eggs
(Whitaker and Irvine, 1984) or Xenopus eggs (Picard et al.,
1985) with IP3 also does not induce complete egg activation.
A possible explanation for the inability of microinjected IP3
to induce both early and late events of egg activation is that
fertilization activates additional pathways that are necessary
for complete egg activation. For example, G proteins are
implicated in egg activation (Miyazaki, 1988; Williams et al.,
1992; Moore et al., 1993) and activation through this pathway
could stimulate various effectors such as phospholipase C
(Birnbaumer, 1992; Clapham and Neer, 1993). Activation of
this enzyme would result in the production of both IP3 and
diacylglycerol, which can activate protein kinase C
(Nishizuka, 1988). In fact, treatment of eggs with biologically
active phorbol diesters results in CG exocytosis (Ducibella et

al., 1993) and ZP modifications, but not in cell cycle resump-
tion and mobilization of maternal mRNAs (Endo et al.,
1987).* Thus, complete egg activation may require the input
of several signaling pathways that must act either in concert
in a synergistic manner or in a parallel and independent
fashion.

Another explanation for the inability of microinjected IP3
to induce both early and late events of egg activation is that
the sustained production of IP3 is required. Fertilization
results in multiple intracellular Ca2+ transients (Miyazaki et
al., 1993) that have different characteristics. Whereas the
initial Ca2+ transient occurs independently of extracellular
Ca2+, subsequent transients are dependent on extracellular
Ca2+ and this dependency is postulated to be required to fill
the depleted intracellular stores (Miyazaki et al., 1993).
Microinjection of a single bolus of IP3 induces a single Ca2+

transient that is similar in amplitude and duration to that
induced by the sperm, whereas continuous microinjection of
IP3 results in multiple Ca2+ transients (Swann, 1992). It was
not shown, however, in that study that these multiple Ca2+

transients result in either CG exocytosis or resumption of the
cell cycle. Although these results suggest that multiple Ca2+

transients are involved in egg activation, this interpretation is
confounded by the observation that treatment of eggs with
calcium ionophore results in complete egg activation but
elicits only a single Ca2+ transient whose amplitude is similar
to the initial calcium transient that occurs following fertiliza-
tion (Kline and Kline, 1992). Thus, the multiple Ca2+ tran-
sients that occur following the initial transient may not lead
to any biological sequelae, but may simply manifest inherent
properties of the Ca2+ release and uptake systems that operate
in the fertilized egg. 

What is common to the fertilization-induced Ca2+ transients
and the single Ca2+ transient induced by ionophore is that
following the initial Ca2+ transient the basal intracellular Ca2+

concentration is reset at a higher value (Miyazaki et al., 1993;
Kline and Kline, 1992). This resetting is not observed
following the microinjection of a bolus of IP3 (Miyazaki et al.,
1992). This increase may be due to the continuous entry of
Ca2+ (Miyazaki et al., 1992) that is necessary for the refilling
of the intracellular Ca2+ stores. More intriguing, however, is
the possibility that establishing a higher basal concentration of
intracellular Ca2+ is required for resumption of the cell cycle
and recruitment of maternal mRNAs. This hypothesis may be
tested by elevating in a stepwise manner the basal Ca2+ con-
centration of unfertilized eggs with Ca2+ buffers and assaying
for early and late events of egg activation.
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*It should be noted that a brief treatment of hamster eggs with biologically active phorbol
diesters results in emission of the second polar body and possibly pronucleus formation
(Gallicano et al., 1993). The experiments reported by Endo et al. (1989) exposed mouse
eggs to phorbol diesters for 1 hour. This difference in experimental protocols is unlikely
to account for the differences in egg activation in hamster and mouse eggs. We have
confirmed the report of Gallicano et al. (1993) and have shown that a brief treatment of
hamster eggs results in emission of the second polar body. In contrast, a similar treatment
of mouse eggs does not (Moore, Kopf and Schultz, unpublished observations). Thus,
species differences may in fact account for the reported differences of these eggs in
response to activators of protein kinase C.
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