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Abstract: We attempted to determine whether [Ca2+]i
elevation in penetrated bovine oocytes is essential for the
activation events, including inactivation of MPF and MAP
kinase, pronucleus formation, and second polar body ex-
trusion. After maturing for 20 h, oocytes were pretreated
with various concentrations of BAPTA/AM for 1 h,
coincubated with sperm for 7 h and cultured for 17 h.
Percentages of polyspermy increased with BAPTA/AM
concentration, and nearly all of the penetrated oocytes
that had been pretreated with more than 25 uM BAPTA/
AM were penetrated by two or more spermatozoa. In
oocytes pretreated with higher concentrations of BAPTA/
AM (25 and 50 uM), most of the penetrated oocytes
formed one or more pronuclei and an extruded second
polar body. In oocytes with or without BAPTA/AM treat-
ments, cdc2 kinase activity decreased to the basal level
at 8 h after onset of developmental culture. The MAP
kinase activities were significantly reduced at 8 h after
onset of developmental culture compared to that before
in vitro fertilization. Therefore, we propose that the acti-
vation of bovine oocytes at fertilization may be directly
induced by as yet unknown sperm-derived activator(s)
that is(are) different from the factor inducing oscillation
of calcium in spermatozoa.
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Sequential intracellular calcium ([Ca2+]i) elevation has
been reported to occur during fertilization in many mam-
malian species, including cattle [1, 2], porcine [3], rabbit
[4], and mouse [5, 6]. After the first transient elevation,
which may be mediated by the factor called oscillin [7],
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a series of periodic rises in [Ca2+]i are routinely elicited
for several hours through [Ca2+]i stores [8]. The [Ca2+]i
oscillations in the normal process of fertilization are
known to induce a series of activation events, including
cortical granule exocytosis, resumption of meiosis, and
pronucleus formation. However, the exact signalling
pathway from [Caz2+]i elevation to such activation events
in fertilized eggs has not been fully demonstrated in
normal fertilization, because it is too difficult to define
the timing of sperm penetration and to confirm the pres-
ence of spermatozoa in fertilized eggs without special
treatments such as staining.

Artificially increasing the [Ca2+]i by calcium-elevation
inducers such as Ca?+ ionophore A23187, ethanol, and
electric pulse, brings about resumption of meiosis and
pronucleus formation through the inactivation of the cell
cycle regulating kinases including the maturation-pro-
moting factor (MPF), cytostatic factor (Mos), and MAPK,
which maintain MIl arrest [9-13]. Thus, it is hypoth-
esized that the pronucleus formation in normally fertilized
eggs might be caused by the abrupt inactivation of MPF,
Mos, and MAPK via [Ca2+]i elevation after sperm pen-
etration.

In opposition to this hypothesis, Iwamatsu et al. [14]
reported that neither an increase in [Ca2+]i nor exocyto-
sis of cortical granules occurred in eggs of medaka,
Olyzias latipes treated with acetone, though other events
of fertilization, i.e., completion of meiosis and fusion of
pronuclei, were observed in the normal time sequence
in these eggs. In addition, we demonstrated that the
cycloheximide treatment, which abolishes protein syn-
thesis without causing or affecting Ca2+ release after
treatment, induced the resumption of meiosis and pro-
nucleus formation in nearly all of aged bovine oocytes;
and we thought that the pronucleus formation of aged



bovine oocytes might be induced without any [Ca2+]i
changes [15). These findings suggest that pronucleus
formation and [Ca2+]i elevation in fertilized eggs could
be independent processes.

This study was therefore undertaken to determine
whether [Ca2*)i elevation is essential for meiotic resump-
tion and pronucleus formation in fertilized bovine eggs.
To this end, the kinetics of the pronucleus formation of
fertilized eggs that had been treated with calcium chela-
tor before fertilization were monitored. In addition, the
alterations of activities of MPF and MAPK during pro-
nucleus formation were also examined.

Materials and Methods

Collection of oocytes and in vitro maturation

Bovine ovaries were collected from a local slaugh-
terhouse and transported to the laboratory in 0.9% saline
at 30—35°C. Using a 10-ml syringe with a 21-gauge
needle cumulus oocyte complexes (COCs) were aspi-
rated from antral follicles (2-8 mm in diameter) of the
ovaries. Only oocytes with intact cytoplasm and com-
pact cumulus oophorus were used. These COCs were
washed with Dulbecco’s phosphate buffered saline con-
taining 0.05% polyvinylpyrrolidone (M.W. 40,000; Sigma,
St. Louis, MO, USA) and then washed twice in TCM-
199 with Earle’s salt (Gibco BRL, Grand Island, NY,
USA) supplemented with 15% bovine follicular fluid, 0.6
ug/ml p-FSH (Sigma), 1.3 ug/ml e-LH (Sigma), 0.2 mM
Na-pyruvate, and 50 ug/ml gentamicin (Sigma). Groups
of 15-20 COCs were cultured in 100-ul droplets of the
medium overlaid with mineral oil (Embryo tested; Sigma)
for 20 h at 39°C, 5% CO,, and 95% air with humidity.

BAPTA/AM treatment

At 20 h after onset of the maturation culture, the
oocytes were freed from cumulus cells by vortexing with
0.1% hyaluronidase. The oocytes were loaded with 0,
2, 10, and 20 uM of the cell permeant acetoxymethyl
ester of BAPTA (BAPTA/AM, Dojindo, Kumamoto, Ja-
pan) for 1 h at 39°C. To enhance loading, the medium
was further supplemented with 1 ul/ml of a 25% (w/v;
final concentration: 0.025%) dispersing agent Pluronic
F-127 (Sigma) in anhydrous dimethyl sulfoxide (Sigma).
At the end of the treatment, some oocytes were ran-
domly collected for cdc2 kinase and MAP kinase assay,
and the remainder of the oocytes were prepared for in
vitro fertilization.

Sperm preparation and in vitro fertilization
Frozen semen from a Japanese black bull was sup-
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plied by The Hiroshima Al Center, The Livestock Im-
provement Association of Hiroshima, Japan. For each
replicate, one 0.5-ml straw packaged at approximately
5.0 x 107 spermatozoa was thawed in a 37°C water
bath and washed twice with m-Tyrode's solution supple-
mented with 10 mM caffeine by centrifugation at 400 x
g for 10 min. After BAPTA/AM treatment, the oocytes
were washed twice with fertilization medium (m-Tyrode's
solution supplemented with 10% BSA and 20 ug/ml he-
parin) and 15-20 of them were transferred into 50-ul
droplets of the medium. Fifty microliters of sperm sus-
pension were added to the droplets containing oocytes,
and sperm and oocytes were coincubated for 7 h. After
coincubation for 7 h, the oocytes were freed from sper-
matozoa by vortexing and the oocytes were washed
twice in glucose-free m-Tyrode’s solution supplemented
with 1% non-essential and essential amino acids (Gibco)
and 5% new born calf serum (Gibco) and each of the
15-20 oocytes were transferred into a 30-ul droplet of
the developmental medium and cultured for 17 h. At
the end of cultivation, the oocytes were fixed and stained
for determination of their nuclear stage as described
below.

MPF assay

MPF assay was carried out by measuring the activity
of its catalytic subunit, cdc2 kinase, with the MESACUP
cdc2 Kinase Assay Kit (MBL, Nagoya, Japan). This kit
is based on the enzyme-linked immunosorbent assay
that utilizes a synthetic peptide substance
(SLYSSSPGGAYC). Ten collected oocytes were
washed twice with cell lysis buffer containing 20 mM
Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-Glycerophosphate, 1 mM Na;VO,, 1 ug/ml Leupeptin
(New England Biolabs; NEBL, Beverly, MA, USA), and
1 mM PMSF (Sigma). These oocytes were then trans-
ferred to a microtube containing 5 ul of the buffer and
stored at —80°C.

At the time of assay, the oocytes were lysed by suc-
cessive freezing and thawing and ultrasonication. The
cdc2 kinase activity in the oocyte lysate was measured
according to the manufacturer’s protocol. The cdc2 ki-
nase activity in unfertilized oocytes without BAPTA/AM
treatment was arbitrarily set as 100%, and the other
values were expressed relative to this activity (Fig. 4).

MAP kinase assay

MAP kinase activity was determined by a p42/44
MAP kinase assay kit (NEBL). Groups of 17 oocytes
were lysed as described above, with the addition of 25
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ul of kinase assay buffer [25 mM Tris (pH 7.5), 5 mM -
Glycerophosphate, 2 mM DTT, 0.1 mM Na;VO,, 10 mM
MgCl] with 1 mM ATP (Sigma) and 1 ul Elk-1 fusion
protein. The reaction was carried out for 30 min at
30°C and stopped by adding 10 ul of X 4 laemli SDS-
sample buffer [16] containing 20% mercaptoethanol. The
samples were boiled for 5 min, proteins were separated
on 12.5% polyacrylamide gel (Pharmacia Biotech,
Uppsala, Sweden), and electrically transferred to a PVDF
membrane (Amersham, Arlington Heights, IL, USA).
Protein separation and transfer were conducted by the
PhastTransfer system (Pharmacia). Blocking was con-
ducted with the SuperBlock blocking buffer (Pierce,
Rockford, IL, USA) for 1 h, then the membrane was
incubated for 1 h at room temperature with the primary
antibody (Phospho-Elk-1 Antibody, NEBL); primary and
secondary antibodies were diluted 1:1000 and 1:5000
in PBS-Tween containing 10% blocking solution. After
three washes of 5 min each with 0.1% tween 20 (Sigma)/
PBS (PBS-Tween), the membrane was incubated 1 more
hour with a secondary antibody (anti-rabbit Ig,
Amersham). The membrane was then washed three
times in PBS-Tween, and kinase activity was visualized
using a blotting chemiluminescence detection kit (ECL
Plus, Amersham). The relative amounts of the phos-
phorylated form of Elk-1 were determined by scanning
densitometry. Each datum was expressed as fold
strength of a positive control, which represented the
activity of 5 ng activated p42 MAP kinase (NEBL).

Evaluation of nuclear status

At the end of developmental culture, the oocytes were
mounted on slides, compressed with coverslips and fixed
with ethanol: acetic acid (3:1) for more than 48 h at
room temperature. The oocytes were stained with 1%
lacmoid in 45% acetic acid and sealed with acetoglycerol.
These samples were examined with phase-contrast mi-
croscopy (x 125, x 600).

Oocytes were designated as penetrated when they
had at least one swollen sperm head and 1 or more
male pronucleus and corresponding sperm tails, and
those which had single or multiple pronuclei, or
decondensed sperm heads and corresponding sperm
tails, were classified as fertilized.

Statistical analysis

All data from these experiments were statistically
analyzed by one-way ANOVA. When significance was
found in ANOVA analysis, the treatments were com-
pared by the Tukey-Kramer test. A value of P<0.05
was considered significant. All statistical analyses were

carried out with Stat View 5.0 (SAS Institute Inc., Cary,
NC, USA).

Experimental procedure

Experiment 1: To determine whether an increase in
[Ca2+]i is necessary for pronucleus formation, oocytes
were incubated in 0, 10, 25, and 50 uM BAPTA/AM for
1 h and then fertilized in vitro. The oocytes were cul-
tured for an additional 17 h in a drug-free medium.
Oocyte activation was judged by the formation of pro-
nucleus. Sperm penetration, polyspermy, and second
polar body extrusion in the oocytes were evaluated.

Experiment 2: To investigate the dynamics of cdc2
kinase activity, bovine oocytes were treated with 0, 10,
25, and 50 uM BAPTA/AM before in vitro fertilization.
To measure cdc2 kinase activity, oocytes were collected
at 1 h after onset of BAPTA/AM treatment, at 7 h after
insemination, and at 8 h after developmental culture in
a drug-free medium. The cdc2 kinase activity was mea-
sured with the MESACUP cdc2 kinase assay kit as
described above.

To examine the kinetics of the inactivation of MAP
kinase of BAPTA/AM-treated oocytes followed by in vitro
fertilization, bovine oocytes were exposed to 50 uM
BAPTA/AM before fertilization. To measure MAP ki-
nase activity, oocytes were recovered at 1 h after onset
of BAPTA/AM treatment and at 8 h after onset of devel-
opmental culture in a drug-free medium. MAP kinase
activity was analyzed by Western blotting.

Results

Experiment 1: Effect of BAPTA/AM pretreatment on
polyspermy, pronucleus formation, and second polar
body extrusion in bovine fertilized eggs

There were no significant differences in the penetra-
tion rates in oocytes pretreated with various
concentrations of BAPTA/AM. When bovine oocytes
were fertilized in vitro without any BAPTA/AM treatment,
62.5% of oocytes were penetrated (Fig. 1). Exposure
of oocytes to the lowest concentration of [Ca2+]i chela-
tor (10 uM BAPTA/AM) before in vitro fertilization did
not affect sperm penetration, although the treatment in-
creased the incidence of polyspermy to 51.1% (Fig. 1).
Furthermore, the percentage of polyspermic oocytes in-
creased to 88.1% when oocytes were pretreated with
25 uM BAPTA/AM. The highest frequency of polysper-
mic oocytes (96.4%) was noted in oocytes treated with
50 uM BAPTA/AM (Fig. 1).

In oocytes pretreated with any concentration of
BAPTA/AM, nearly all of the penetrated oocytes formed
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Fig. 1. Percentages of penetrated and polyspermic oocytes
which were treated with different concentrations of
BAPTA/AM before in vitro fertilization. Fertilized
oocytes pretreated with BAPTA /AM were cultured
for an additional 17 h in a drug-free medium, and
their nuclear status was assessed. Oocytes were des-
ignated as penetrated when they had at least one
swollen sperm head and/or male pronucleus and
corresponding sperm tail ((_]). Oocytes with more
than two swollen sperm heads or male pronucleus
were considered to be polyspermic ). Means
bearing different letters within are significantly dif-
ferent, P<0.05.

one or more male pronuclei and female pronuclei (Fig.
2). A second polar body was also extruded in a major-
ity of penetrated oocytes with or without BAPTA/AM
pretreatment (Fig. 2).

Experiment 2: Effect of BAPTA/AM pretreatment on
cdc2 kinase and MAP kinase activities in oocytes prior
fo or after in vitro fertilization

At the end of sperm and oocytes coincubation, cdc2
kinase activity of untreated oocytes was significantly re-
duced to 60% of unfertilized oocytes (Fig. 3). Similarly,
a significant decline of the kinase activity was observed
in all BAPTA/AM treatment groups. The kinase activi-
ties of BAPTA/AM treated and untreated oocytes further
decreased to the lowest levels at 8 h after onset of
developmental culture. No significant differences in the
cdc2 kinase activities between control and each treat-
ment were found at any time point (Fig. 3).

MAP kinase activity in BAPTA/AM treated oocytes
was only slightly lower than in the control at 1 h after
treatment (Fig. 4). At 8 h after the start of developmen-
tal culture, MAP kinase activity in control ococytes was
significantly reduced (16%), and that in the oocytes pre-
treated with BAPTA/AM was also significantly decreased
(28%) compared to that of the unfertilized control oo-

Percentage of pronucleus formed oocytes
and polar body extruded socytes

Fig. 2.

2o
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BAPTA/AM concentration (M)

Percentages of pronulear formation and polar body
extrution in penetrated oocytes treated with differ-
ent concentrations of BAPTA / AM before in vitro fer-
tilization. After in vitro fertilization, oocytes were
cultured for an additional 17 h in a drug-free me-
dium to encourage progress to the pronuclear stage.
The oocytes with at least one pronucleus were con-
sidered to be pronuclear formed oocytes ((]), and
the oocytes with second polar body in the perivi-
telline space were regarded as second polar body
extruded oocytes
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Fig. 3.

BAPTA/AM concentration (M)

cdc2 kinase activities of oocytes treated with differ-
ent concentrations of BAPTA / AM before in vitro fer-
tilization. Oocytes were collected at the end of
BAPTA/AM treatment ((T]), at the end of sperm
and oocytes coincubation (| and 8 h after onset of
development culture (E5). Means bearing different
letters within same concentration of BAPTA /AM are
significantly different, P<0.05.
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Fig. 4. MAP kinase activities of oocytes treated with or

without BAPTA/AM before in vitro fertilization.
Oocytes were collected at the end of BAPTA/AM
treatment ((]) and 8 h after onset of developmental
culture (). Means bearing different letters within
the group are significantly different, P<0.05.

cytes. However, there were no significant differences in
the MAP kinase activities between control and BAPTA/
AM-treated oocytes at the two time points.

Discussion

It is well known that [Ca2+]i elevation following initial
sperm penetration triggers the exocytotic release of corti-
cal granules situated within the cortex of in vivo or in vitro
matured Mll-arrested oocytes. The cortical granule ma-
terials disperse into the perivitelline space and modify
the oolemma and zona pellucida to prevent further sperm
penetration [15-19]. The roles of [Ca2+]i elevation in
cortical granule exocytosis and meiotic completion after
sperm penetration were investigated by Kline & Kline [5]
who introduced various concentrations of BAPTA/AM into
mouse cocytes before fertilization. They reported that,
when oocytes were pretreated with 1 uM BAPTA/AM be-
fore fertilization, extrusion of a second polar body was
completely inhibited, whereas cortical granule exocytosis
occurred in 30% of the oocytes, and complete inhibition
of cortical granule exocytosis was caused by more than
5 uM BAPTA/AM pretreatment. They concluded that the
introduction of BAPTA/AM into the oocyte at concentra-
tions that inhibit [Ca2+]i elevation needed for cortical
granule exocytosis inhibits meiotic resumption. In the
present study, the percentage of polyspermic fertilized
eggs increased with BAPTA/AM concentration, and nearly
all of the penetrated oocytes that had been pretreated
with more than 25 uM BAPTA/AM were penetrated by
two or more spermatozoa in the vitellus. These observa-
tions, coupled with the ability of BAPTA/AM to prevent

calcium oscillations as indicated by Kline & Kline [5], lead
us to speculate that treatment with more than 25 uM
BAPTA/AM might completely suppress meiotic resump-
tion and cortical granule exocytosis. Unexpectedly,
pronucleus formation and second polar body extrusion
were observed in nearly all of the penetrated oocytes in
spite of treatment with higher concentrations of BAPTA/
AM. These results suggest that the activation events,
such as pronucleus formation and second polar body
extrusion, might be induced by sperm penetration with-
out [Ca?+]i elevation in bovine oocytes.

Our results coincide with the finding of Malezewenski
et al. [23], who reported on the activation of oocytes
after sperm penetration. Their study was conducted
with homologous and heterologous spermatozoa and
zona pellucida-free hamster oocytes. After in vitro fer-
tilization, mouse spermatozoa could activate the hamster
oocytes, and MPF was inactivated, although the sperm
failed to induce the [Ca2+]i transient. They concluded
that pronucleus formation of penetrated oocytes might
be triggered by sperm penetration itself without [Ca2+]i
elevations.

It is now well established that the pronucleus forma-
tion and second polar body extrusion in fertilized eggs
and parthenogenetically activated oocytes can be induced
via the inactivation of MPF [10, 11, 22-24]. Recently,
the inactivation of MAP kinase induced long after inacti-
vation of MPF, has been shown to be required for
pronucleus formation and second polar body extrusion
[13]. Further, it is thought that both inactivation of kinase
after fertilization and parthenogenetic activation are me-
diated by [Ca2]i elevation [13, 25-27]. As mentioned
above, in the present study, nearly all of the penetrated
oocytes that had been pretreated with any concentration
of BAPTA/AM formed pronuclei and an extruded second
polar body after in vitro fertilization. These observations
lead us to speculate that in oocytes treated with BAPTA/
AM, MPF and MAP kinase are inactivated, though mul-
tiple [Ca?+]i transients might not be provoked. Thus, we
investigated the alteration of these kinase activities in
BAPTA/AM-treated oocytes. The results clearly demon-
strated that in oocytes pretreated with higher
concentrations of BAPTA/AM, a significant decline of cdc2
kinase and MAP kinase activities were observed at 8 h
after onset of developmental culture. These findings sug-
gest that in the absence of [Ca2+]i elevation, inactivation
of cde2 kinase and MAP kinase activity were sufficiently
induced by sperm penetration, resulting in second polar
body extrusion and pronucleus formation without [Ca2+]i
elevation.

Introduction of BAPTA/AM into oocytes has been



shown to inhibit not only [Ca2+]i transient and cortical
granule exocytosis but also extrusion of the second polar
body and pronucleus formation following application of
activators such as calcium ionophore A23187 and stron-
tium, which induce calcium transients, on the assumption
that inactivation of MPF might be regulated by the [Ca2*]i
elevation [20, 28, 29]. Similar conclusions were derived
from studies using an electric pulse as an activation stimu-
lus, in which a single Ca2* transient triggered by a single
electric pulse was not sufficient to reduce and maintain
histone H1 kinase activity at basal level, yielding a low
activation rate [10]. These observations suggest that the
[Caz+]i elevation may have a pivotal role as a trigger of
the activation events, including MPF inactivation, in par-
thenogenetically activated oocytes. Thus, more study is
needed to elucidate the mechanism that causes the acti-
vation events, inactivation of MPF and MAP kinase, polar
body extrusion, and pronucleus formation, by sperm
stimuli without [Ca2+]i elevation, to differ from partheno-
genetically activated oocytes.

In conclusion, the stimuli of sperm penetrations with-
out [Ca2+]i elevation inactivates MPF and MAP kinase in
bovine oocytes, resulting in polar body extrusion and
pronucleus formation. We propose that in contrast to
parthenogenetically activated oocytes, the activation of
sperm-penetrated oocytes may be directly induced by
as yet unknown sperm-derived activator(s) that is or are
different from the factor inducing oscillation of calcium
in spermatozoa.
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