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Summary

The culture of pig oocytes in the presence of the calcium channel blocker verapamil (0.02 mM) resulted
in the blocking of meiosis at the metaphase | stage, and only a small fraction (about 28%) of the oocytes
were able to continue their maturation to the stage of metaphase Il. Hence, meiotic maturation in pig
oocytes is a calcium-dependent process. After isolation of the pig oocytes from their follicles, the intra-
cellular calcium deposits in the oocyte and granulosa cells, detectable using the combined oxalate—
pyroantimonate method, are depleted. The amount of calcium deposits in the oocyte and granulosa cells
increased during oocyte meiotic maturation in vitro, especially in the nucleus, mitochondria, vacuoles
and cytoplasm. The replenishment of calcium deposits is significantly changed under the effect of vera-
pamil. The increase in calcium deposits in the oocyte nucleus was delayed, a much larger amount of
deposits was formed in the mitochondria, and the amount of deposits in the vacuoles was demonstrably
smaller. A significant peak in the accumulation of calcium deposits was observed in the cytoplasm of
verapamil-treated oocytes after 16 h of in vitro culture. We propose that an altered pattern in the replen-
ishment of calcium deposits can disturb intracellular signalling and prevent the exit of oocytes from the

metaphase | stage.
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Introduction

Calcium ions are common messengers in intracellular
signalling (for review see Clapham, 1995), and these
ions play an active role in the regulation of meiotic
maturation in mammalian oocytes. From the point of
view of developmental biology, the calcium-dependent
events involved in oocyte fertilisation have been
widely described (Miyazaki, 1991; Yanagimachi, 1988),
but the same important role of calcium is evident in the
meiotic maturation of oocytes (Homa et al., 1993).
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Meiotic maturation of the oocyte commences at the
early stages of oogenesis during the embryonic devel-
opment of the female. This maturation is later blocked
during the early stages of prophase. Resumption of
meiosis in vivo depends on the stimulation of
gonadotropins, but under in wvitro conditions the
release of the oocyte from its follicle alone is often
sufficient for meiosis resumption. After the resump-
tion of meiosis, maturation continues through the
stages of germinal vesicle breakdown (GVBD),
metaphase I, anaphase |, telophase | to the stage of
metaphase Il, when meiosis is again arrested (Thibault
et al., 1987; Wassarman, 1988).

The resumption of meiosis is accompanied by typi-
cal cytoplasmic oscillations of calcium ions released
from intracellular calcium stores and is regulated by
calcium-dependent events (Carroll & Swann, 1992;
Carroll et al., 1994; Lefevre et al., 1995). The importance
of calcium ions for the resumption of meiosis in the
oocytes is emphasised by the fact that chelation of
intracellular calcium is able to inhibit the resumption
of meiosis in pig (Kaufman & Homa, 1993) and cattle
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oocytes (Homa, 1988). The dependence of maturation
in pig oocytes on calcium is also supported by the
observations that blockage of the influx of calcium ions
from extracellular sources resulted in the arrest of
meiotic maturation at the stage of metaphase |
(Kaufman & Homa, 1993; Petr et al., 1997). On the other
hand, the release of calcium from intracellular stores at
the stage of metaphase | resulted in a significant accel-
eration of meiotic maturation (Petr et al., 1997).

In our previous study (Petr et al., 2001) we demon-
strated that pig oocytes enclosed in ovarian follicles
contain numerous calcium deposits in the nucleus,
vacuoles, mitochondria, and on the surface of lipid
droplets, but calcium deposits are absent from the
endoplasmic reticulum. After oocyte isolation from the
follicle, calcium deposits are quickly depleted, and
their replenishment occurs gradually during in vitro
culture of the oocytes.

Intracellular or extracellular calcium could be the
source for replenishment of calcium deposits during
the in vitro culture of oocytes. The aim of the present
study was to investigate the role played by extra-
cellular calcium sources in the replenishment of intra-
cellular calcium deposits in pig oocytes maturing in
vitro. For this purpose we investigated the ultrastruc-
tural localisation of calcium deposits after blockage of
the calcium channels which mediate the influx of extra-
cellular calcium into the cell.

Materials and methods

Isolation, culture and evaluation of oocytes

Pig ovaries were obtained from a local slaughterhouse
from gilts at an unknown stage of the oestrous cycle
and transported to the laboratory within 1 h in saline
solution (0.9% sodium chloride) at 39 °C. Fully grown
oocytes were collected from follicles by aspirating
those that were 2-5 mm in diameter with a 20 gauge
needle. Only oocytes with compact cumuli were cho-
sen for further studies. Before culture, the oocytes were
washed three times in a maturation culture medium.

The oocytes were cultured in a modified M199
medium (GibcoBRL, Life Technologies, Paisley,
Scotland) containing sodium bicarbonate (0.039 ml of a
7% solution per millilitre of medium), calcium lactate
(0.6 mg/ml), gentamicin (0.025 mg/ml), HEPES (1.5
mg/ml), 135 IU eCG: 6.6 IU hCG/ml (P.G.600
Intervet, Boxmeer, Holland) and 10% fetal calf serum
(GibcoBRL, Life Technologies, Germany, lot no.
40F2190F).

The oocytes were cultured in 3.5 cm diameter Petri
dishes (Nunc, Roskilde, Denmark) containing 3 ml of
the culture medium at 39 °C in a mixture of 5% CO, in
air.
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Arrangement of experiments

In the first experiment (experiment 1) we investigated
whether and at what concentrations of calcium the
channel blocker verapamil influenced in vitro matu-
ration in pig oocytes. The oocytes were cultured in a
verapamil-supplemented medium (0, 0.01, 0.02 or 0.04
mM) for 48 h.

Experiment 2 was performed to investigate the
stage of maturation at which the meiosis of pig oocytes
is sensitive to blockage of calcium channels by vera-
pamil. The oocytes were cultured in a verapamil-
free medium for 0, 1, 2, 4 or 8 h and were subsequently
cultured in a verapamil-supplemented medium
(0.02 mM) to complete the total culture time to 48 h.

At the end of the culture, the oocytes were denuded
of cumulus cells by repeated pipetting through a
narrow glass pipette, mounted on slides, fixed with
acetic alcohol (1:3, v/v) for at least 24 h, and stained
with 1% orcein. The oocytes were then examined
under a phase-contrast microscope.

In a further experiment (experiment 3) we observed
changes in the ultrastructural distribution of intra-
cellular calcium deposits in oocytes in which the cal-
cium ion channels had been blocked by verapamil. The
oocytes were cultured in a verapamil-supplemented
medium (0.02 mM) or a verapamil-free medium for 0,
8, 16, 24, 32 or 40 h and subsequently processed for
ultrastructural localisation of intracellular calcium
deposits using the combined oxalate—pyroantimonate
method.

Ultrastructural localisation of calcium deposits

The oocytes were processed using the combined
oxalate—pyroantimonate method (Borgers et al., 1981).
At the end of the culture, the oocytes were transferred
to a primary fixative. They were fixed at 38 °C for 1 h,
then for 3 h at room temperature, and finally for 20 h at
4 °C. The primary fixative consisted of 2% glutaralde-
hyde, 2% formaldehyde, 90 mM potassium oxalate and
1.4% sucrose, pH 7.4. After fixation with a primary
fixative, the oocytes were postfixed in 1% osmium
tetroxide containing 2% potassium pyroantimonate.
Postfixation took 3 h and was carried out at 4 °C. The
oocytes were then processed using the standard
method for electron microscopy.

Statistical analysis and image analysis

The experiments during which we tested the effects of
verapamil on oocyte maturation (experiments 1 and 2)
were performed four times. The results were pooled
for presentation and evaluated by chi-square analysis
(Snedecor & Cochran, 1980). The mean percentage of
oocytes reaching a given stage of maturation in all
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trials did not vary from the pooled percentage by more
than 2.5%. A p value of less than 0.05 was considered
significant.

In experiment 3 we evaluated at least five oocytes
from each experimental group (at least eight different
electron micrographs from each oocyte). These elec-
tron micrographs were scanned using an HP Scanlet
6300C scanner, and the digitised data were processed
using LUCIA 4.21 software (Laboratory Imaging,
Czech Republic). The amount of precipitate was
assessed as the percentage of the whole area of the
respective cellular compartment. The amount of pre-
cipitate was estimated in the nucleus (at the stages
preceding germinal vesicle breakdown), vacuoles,
mitochondria and cytoplasm. The results were sub-
jected to statistical analysis using an F-test followed by
Student’s t-test (Snedecor & Cochran, 1980). A p value
of less than 0.05 was considered significant.

Results

Effects of verapamil on oocyte maturation

Experiment 1

Oocytes were cultured in vitro for 48 h in a medium
supplemented with the calcium channel blocker vera-
pamil. Verapamil suppressed oocyte maturation
beyond the stage of metaphase | in a dose-dependent
manner (Table 1). We chose a concentration of 0.02 mM
of verapamil for further experiments because higher
concentrations (i.e. 0.04 mM) did not induce a signifi-
cant increase in the number of oocytes in which matu-
ration was blocked at the stage of metaphase I.

Experiment 2

The critical factor for the effectiveness of verapamil is
its addition to the culture medium at the very begin-
ning of in vitro maturation of pig oocytes. The oocytes
pre-cultured for 2 h in a verapamil-free medium and

subsequently cultured with verapamil for 46 h exhib-
ited a significantly higher percentage of oocytes com-
pleting their maturation at the stage of metaphase Il
than those cultured in a verapamil-supplemented
medium for 48 h. Oocytes pre-cultured in a verapamil-
free medium for more than 8 h did not differ in their
maturation from oocytes cultured in a verapamil-free
medium for 48 h (Table 2).

Ultrastructural localisation of calcium deposits

Experiment 3
At the beginning of the culture (i.e. immediately after
the isolation of oocytes from the follicles) there was
only a limited amount of calcium deposits in the
nucleus, cytoplasm, mitochondria and vacuoles.
During in vitro culture the amount of calcium deposits
gradually increased. The maximum amount of calcium
in the nucleus was observed after 8 h of culture, and it
decreased before germinal vesicle breakdown (after
16 h of culture) (Fig. 1), which usually occurred under
our culture conditions after 18-20 h of culture. The
accumulation of intracellular calcium deposits was
observed in other compartments of pig oocytes cul-
tured in vitro. The accumulation continued through the
stage of metaphase | (24 h of in vitro culture) and cul-
minated after 32 h, when the majority of oocytes
entered the stage of anaphase | or telophase I. Beyond
this time (i.e. after 40 h of in vitro culture, when the
oocytes had entered the stage of metaphase Il), the
amount of intracellular calcium deposits decreased.
Under the influence of verapamil, the dynamics of
replenishment of intracellular calcium deposits were
significantly changed. The amount of deposits peaked
in the nucleus after 16 h of in vitro culture. The maxi-
mum calcium deposits in the mitochondria and cyto-
plasm occurred at the same time (Fig. 2). There was a
significantly higher amount of calcium deposits in ver-
apamil-treated oocytes than in oocytes cultured for the
same time in a verapamil-free medium. The replenish-

Table 1 Effects of verapamil on the meiotic maturation of pig oocytes

Concentration of verapamil Stage of nuclear maturation (%) No. of
(mM) oocytes

M I Al TI M Il (n)

0 17 2° 21 957 120

0.01 57b 0" 0 43 120

0.02 T2° 0" 0 28¢ 120

0.04 80¢ 0 0° 20¢ 120

Oocytes were cultured for 48 h with the respective concentration of verapamil, and the stage of meiotic maturation was then

assessed

“beStatistically significant differences (p < 0.05) between percentages of the respective stage of nuclear maturation (i.e.
differences within each column) are indicated by different superscripts.
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Table 2 Effects of pre-culture in a verapamil-free medium on the subsequent effects of verapamil on the meiotic maturation
of pig oocytes

Preculture time in verapamil Stage of nuclear maturation (%) No. of
free medium (hours) oocytes

M I Al TI Ml (n)

0 707 0° 17 29" 120

1 65 0° 0 357 120

2 57° 0 0 43t 120

4 33¢ 4 0 63¢ 120

8 24 17 17 967 120

48 44 0” 17 954 120

The oocytes were cultured in a verapamil-free medium and then in a medium supplemented with verapamil (0.02 mM). The
overall culture time (pre-culture with a verapamil-free medium plus culture with a verapamil-supplemented medium) was
48 h.

abed Statistically significant differences (p < 0.05) between the percentages of the respective stage of nuclear maturation (i.e.
differences within each column) are indicated by different superscripts.

Figure 1 Intracellular calcium deposits in a pig oocyte cultured for 16 h in verapamil-free medium (control). A low level of cal-
cium deposits was present in the oocyte nucleus (N). The level of calcium deposits is even lower in the oocyte cytoplasm (Cy).
Mitochondria (M) adjacent to the nuclear membrane did not contain detectable calcium deposits. Magnification x25 000.
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Figure 2 Intracellular calcium deposits in a pig oocyte cultured for 16 hours in verapamil-supplemented medium. Large
amounts of calcium were deposited was in the oocyte cytoplasm (Cy), nucleus (N) and mitochondria (M). Magnification

%33 000.

Table 3 Effect of verapamil on calcium deposits in the
nucleus of pig oocytes

Table 4 Effect of verapamil on calcium deposits in the mito-
chondria of pig oocytes

Time of culture Control Verapamil Time of culture Control Verapamil
% + SD % + SD % + SD % + SD
Oh 0.69 £ 0.51 Oh 0.28+0.20
8h 6.55 + 4.89° 1.64 +0.67" 8h 0.9 + 0.46" 2.03 +£1.43
16 h 3.14 £3.14° 7.34 + 1.49 16 h 1.65 £ 0.49" 5.02 + 2.44Y
24h 2.06 + 0.587 3.28 £3.37"
Oocytes were cultured in vitro in a verapamil-free medium 32h 2.56 = 1.09° 2.25+1.62°
(control group) or with 0.02 mM verapamil for 0, 8 or 16 h. 40h 1.15+0.73 1.17 £ 0.38°

The content of intracellular calcium deposits in the nucleus
was assessed using a combined oxalate—pyroantimonate
method and expressed as a percentage + standard deviation
(SD) of the whole area of the nucleus.

abStatistically significant differences (p < 0.05) between
control and verapamil-treated oocytes at given culture times
(i.e. within a row) are indicated by different superscripts.

ment of calcium deposits in the vacuoles of verapamil-
treated oocytes has similar dynamics to that in oocytes
cultured in a verapamil-free medium, with the differ-
ence that replenishment in oocytes treated with vera-
pamil for 32 h of culture is significantly greater than in
oocytes cultured in a verapamil-free medium for the
same length of time.
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Oocytes were cultured in vitro in a verapamil-free medium
(control group) or with 0.02 mM verapamil for 0, 8, 16, 24,
32 or 40 h. The content of intracellular calcium deposits in
the mitochondria was assessed using the combined
oxalate-pyroantimonate method and expressed as a
percentage * standard deviation (SD) of the whole area of
the mitochondria.

“bStatistically significant differences (p < 0.05) between
control and verapamil-treated oocytes at given culture times
(i.e. within a row) are indicated by different superscripts.

Differences in the amounts of intracellular deposits
in different cellular compartments between verapamil-
treated and untreated oocytes are shown in Tables 3, 4,
5and 6.
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Table 5 Effect of verapamil on calcium deposits in the
vacuoles of pig oocytes

Table 6 Effect of verapamil on calcium deposits in the
cytoplasm of pig oocytes

Time of culture Control Verapamil Time of culture Control Verapamil
% + SD % + SD % + SD % + SD

Oh 320321 Oh 041+0.34
8h 371+ 142" 4.15 + 4,52 8h 0.91 +0.847 1.02 £1.08”
16 h 494 +£1.71° 4.10 £2.79° 16 h 1.68 £ 0.60” 3.3 +£2.60
24 h 4.64 £1.69 3.62 £ 2547 24 h 1.33 £0.42° 1.46 + 1.52¢
32h 7.52 £2.107 5.18 £ 2.75 32h 1.85+0.92" 1.23+0.91°
40 h 5.27 + 2.90° 2.67 £1.53% 40h 0.46 + 0.227 1.05 + 0.49°

Oocytes were cultured in vitro in a verpamil-free medium
(control group) or with 0.02 mM verapamil for 0, 8, 16, 24,
32 or 40 h. The content of intracellular calcium deposits in
the vacuoles was assessed using the combined
oxalate—pyroantimonate method and expressed as a
percentage * standard deviation (SD) of the whole area of
the vacuoles.

ebStatistically significant differences (p < 0.05) between
control and verapamil-treated oocytes at given culture times
(i.e. within a row) are indicated by different superscripts.

Discussion

In our study we confirmed the arrest of meiotic matu-
ration in pig oocytes cultured in a medium supple-
mented with verapamil, a very potent blocker of cal-
cium influx into the cell from extracellular sources
(Atlas & Adler, 1981). We also demonstrated changes
in the formation of intracellular calcium deposits in pig
oocytes cultured in vitro under a block of calcium
influx from extracellular sources.

The exit of oocytes from the metaphase | stage of
meiosis is induced by a decrease in the maturation pro-
moting factor (MPF) (Hashimoto & Kishimoto, 1988),
and this decrease also accompanies exit from the stage
of metaphase | in pig oocytes (Naito & Toyoda, 1991).

The role of calcium-dependent processes in the reg-
ulation of the exit of pig oocytes from the metaphase |
stage is indicated by experiments during which the
blockage of calcium influx from extracellular sources
by verapamil had inhibited the maturation of oocytes
beyond the stage of metaphase | and had not allowed
the progress of meiosis to the stage of metaphase Il
(Kaufman & Homa, 1993; Petr et al., 1997). On the other
hand, the mobilisation of intracellular calcium deposits
induced the accelerated exit of pig oocytes from
metaphase | (Petr et al., 1997). This mobilisation of cal-
cium from intracellular stores was even able to over-
come the block of meiotic maturation induced by cal-
cium channel blockage using verapamil (Petr et al.,
1997). An early start (i.e. the first 8 h) seems to be
crucial for the blockage of meiosis of pig oocytes at the
stage of metaphase I. When the influx of extracellular
calcium is allowed for this crucial interval, the subse-
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Oocytes were cultured in vitro in a verapamil-free medium
(control group) or with 0.02 mM verapamil for 0, 8, 16, 24,
32 or 40 h. The content of intracellular calcium deposits in
the cytoplasm was assessed using the combined
oxalate—-pyroantimonate method and expressed as a
percentage + standard deviation (SD) of the whole area of
the cytoplasm.

abStatistically significant differences (p < 0.05) between
control and verapamil-treated oocytes at given culture times
(i.e. within a row) are indicated by different superscripts.

guent blockage of calcium influx had no effect on the
meiotic maturation of pig oocytes.

The blockage of calcium influx from extracellular
sources had a significant effect on the distribution of
intracellular calcium deposits. For the detection of
these deposits we used the combined oxalate—pyroan-
timonate method, which has been used effectively for
the detection of intracellular calcium stores in various
tissues (Borgers et al., 1981; Van Reempts et al., 1982;
Menon et al., 1985; Ravindranath et al., 1994), human
pre-implantation embryos (Sousa et al., 1997) and pig
oocytes (Petr et al., 1997, 1999, 2000, 2001).

A significant amount of calcium ions bound to cal-
cium-binding proteins and detectable using the com-
bined oxalate—pyroantimonate method was present in
the follicle-enclosed oocytes (Petr et al., 2001). After iso-
lation from the follicle, there was a very rapid depletion
of intracellular calcium deposits in the oocytes, and
these intracellular stores were gradually replenished
during their subsequent in vitro culture (Petr et al., 2001).

High concentrations of calcium in the extracellular
environment represent a natural source for the replen-
ishment of depleted intracellular calcium stores.
Empty intracellular calcium stores induce the condi-
tions for calcium entry from extracellular spaces
through the process called capacitative calcium entry
(Berridge, 1995). Machaty et al. (2002) have recently
given proof of this mode of replenishment of intracel-
lular calcium stores in matured pig oocytes.

On the other hand, the possibility exists of replen-
ishing intracellular calcium stores through the re-
uptake of free calcium from the cytoplasm, mediated
by calcium-dependent ATPases. Based on our data, we
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can conclude that both extracellular and intracellular
calcium sources take part in the replenishment of intra-
cellular calcium stores. A significant role of intracellu-
lar calcium sources is also clear from our previous
study (Petr et al., 1997), in which blockage of the re-
uptake of free calcium ions in pig oocytes at the stage
of metaphase | after the inhibition of calcium-depen-
dent ATPases significantly changed the distribution of
intracellular calcium deposits.

In this study we observed the replenishment of
intracellular calcium stores in maturing pig oocytes
even after the blockage of calcium channels. In this
case, the intracellular deposits are probably formed
from intracellular calcium. The abundance of free cal-
cium ions in mouse oocytes maturing in vitro is indi-
cated by oscillating levels of free calcium ions originat-
ing from intracellular sources (Carroll & Swann, 1992;
Carroll et al., 1994; Lefevre et al., 1995). The dynamics of
replenishment of calcium deposits in pig oocytes cul-
tured in vitro is profoundly changed after the blockage
of calcium channels when compared with the condi-
tions under which the extracellular sources of calcium
are available for the oocyte.

The nuclei of cells contain numerous calcium-bind-
ing proteins (Gilchrist et al., 1994; Bachs et al., 1994),
and the nucleus can accumulate calcium at signifi-
cantly higher levels than can cytoplasm (Himpens et
al., 1994). In pig oocytes this accumulation of calcium
in the nucleus is influenced by the availability of extra-
cellular calcium because there is a significant delay in
replenishment of calcium deposits in the nucleus of
verapamil-treated oocytes, and GVBD is not preceded
by a decrease in calcium deposits in the nucleus.

The presence of numerous calcium deposits in the
oocyte mitochondria is not surprising because there is a
high internal negative membrane potential on the inter-
nal membrane of the mitochondria, and it causes cal-
cium influx into the mitochondria to be energetically
‘downhill’ (Gunter & Gunter, 1994). But again, the for-
mation of these deposits during in vitro maturation of
pig oocytes was significantly influenced by the avail-
ability of extracellular calcium because the amounts of
calcium deposits in the mitochondria of verapamil-
treated oocytes were much higher than in the controls.

A remarkable feature is the absence of calcium
deposits in the oocyte endoplasmic reticulum, which is
thought to be the main source of intracellular calcium
(Andreucetti et al., 1984; Poenie & Epel, 1987, Han &
Nucitelli, 1990; Terasaki & Sardet, 1991; Kline, 2000). On
the other hand, Bertout et al. (1997) did not find calcium
deposits in the endoplasmic reticulum of Xenopus
oocytes, and Ravindranath et al. (1994) did not observe
calcium deposits in the endoplasmic reticulum of various
mouse testicular cells. One possible explanation for the
lack of calcium deposits in the endoplasmic reticulum is
that calcium is present there as free calcium ions and
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could not be detected in this form by the combined
oxalate—pyroantimonate method. We cannot exclude the
possibility of calcium deposits in the endoplasmic reticu-
lum being easily and quickly mobilised, and their efflux
could occur at the earliest stages of specimen preparation.

We may assume that deviations in the formation of
calcium deposits in verapamil-treated oocytes can dis-
turb intracellular signalling and cause the arrest of
meiosis at the stage of metaphase I. It is known that cal-
cium from the mitochondria is involved in intracellular
calcium signalling in Xenopus (Jouaville et al., 1995) and
mouse oocytes (Liu ef al., 2001). A significant influence
of cellular calcium signalling on the activity of MPF was
observed in Xenopus oocytes (Machaca & Haun, 2002).

Meiotic arrest at the stage of metaphase | in vera-
pamil-treated pig oocytes is not due to a blockage of
calcium influx at the crucial interval of exit from
metaphase I. An 8 h pre-culture in a verapamil-free
medium followed by culture in a verapamil-supple-
mented medium indicates that allowing calcium influx
for the replenishment of intracellular calcium stores at
early stages establishes conditions for the appropriate
cellular signalling necessary for exit from metaphase I.
Several remarkable features were observed in replen-
ishment of intracellular calcium stores during the first
8 h of in vitro culture of oocytes, in particular a signifi-
cant increase in calcium deposits in the nucleus. This
increase in nuclear calcium deposits is significantly
delayed in verapamil-treated oocytes and can be
observed only after 16 h of in vitro culture. This early
replenishment of nuclear calcium deposits could be
one of the critical requirements for subsequent sponta-
neous exit of the oocyte from metaphase | and the
progress of meiosis to metaphase Il.

On the basis of our results, we can conclude that
influx of extracellular calcium significantly modulates
the replenishment of intracellular calcium deposits,
which occurs during in vitro culture of pig oocytes.
Anomalies induced in the pattern of intracellular cal-
cium deposits can disturb conditions suitable for phys-
iological cellular signalling and cause the arrest of
meiosis in pig oocytes at the stage of metaphase I.
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