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Abstract The present study was aimed to find out whe-
ther an increase of cytosolic free calcium level induces egg
apoptosis through mitochondria-caspase mediated path-
way. To increase cytosolic free calcium level and mor-
phological apoptotic changes, ovulated eggs were cultured
in Ca’*/Mg*" free media-199 with or without various
concentrations of calcium ionophore (0.5, 1, 2, 3, 4 uM)
for 3 h in vitro. The morphological apoptotic changes,
cytosolic free calcium level, hydrogen peroxide (H,O;)
concentration, catalase activity, cytochrome c concentra-
tion, caspase-9 and caspase-3 activities and DNA frag-
mentation were analyzed. Calcium ionophore induced
morphological apoptotic features in a concentration-
dependent manner followed by degeneration at higher
concentrations (3 and 4 pM). Calcium ionophore increased
cytosolic free calcium level, induced generation of hydro-
gen peroxide (H,O,) and inhibited catalase activity in
treated eggs. The increased H,O, concentration was asso-
ciated with increased cytochrome c concentration, caspase-
9 and caspase-3 activities that resulted in the induction of
morphological features characteristic of egg apoptosis. The
increased caspase-3 activity finally induced DNA frag-
mentation as evidenced by TUNEL positive staining in
calcium ionophore-treated eggs. These findings suggest
that high cytosolic free calcium level induces generation of
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Introduction

Calcium is one of the major signaling molecules that reg-
ulate various aspects of function in wide variety of cells
including oocytes/eggs [1, 2]. Changes in intracellular
calcium ([Ca’>"]i) level modulate meiotic cell cycle,
apoptosis and/or cell death depending upon its concentra-
tion in several mammalian species including mouse, rat
and bovine eggs [3-6]. A transient increase of ([Ca*"]i) in
the presence of calcium ionophore A 23187 (hereafter
calcium ionophore) under in vitro culture conditions
stimulates meiotic resumption, while high sustained level
maintains meiotic arrest and induces apoptosis [6-9]. On
the other hand, abnormally high ([Ca*"]i) level results into
cell death [10, 11]. The calcium rise in an egg occurs by
means of two principal mechanisms: the efflux from the
store via ligand-gated channels on organelle membrane,
and the entry through ion channels in the plasma membrane
[2]. Calcium ionophore increases cytosolic free calcium
[12] possibly by mitochondrial remodelling [13] and
mitochondria membrane depolarization [14]. Under in vitro
culture condition, calcium ionophore induces apoptosis in
rat and pig eggs cultured in vitro [5, 9, 15, 16].

The possible mechanism(s) by which high level of
intracellular calcium induces apoptosis in mammalian eggs
remains to be elucidated. Few studies indicate that calcium
ionophore increases ([Ca®*]i) level possibly by depleting
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essentially all internal calcium pools from endoplasmic
reticulum and mitochondria [2, 13—-16]. High cytosolic free
calcium level induces generation of reactive oxygen spe-
cies (ROS) in various somatic cells [5, 17-19] as well as in
rat eggs [9, 20]. The increased intracellular level of ROS
may inhibit catalase activity [21, 22] and induced egg
apoptosis [9, 23]. On the other hand, addition of antioxi-
dants to the culture medium enhanced catalase activity and
reduced oxidative stress in porcine oocytes in vitro [9, 22].

The high level of ROS can modulate membrane poten-
tial of mitochondria [13, 14] and promotes cytochrome c
release from mitochondria in somatic cells [24, 25]. This
notion is strengthened by the observations that increased
level of ROS including H,O, resulted in the loss of outer
mitochondrial membrane integrity leading to cytochrome ¢
release from mitochondria of eggs [26, 27]. The release of
cytochrome c¢ from mitochondria initiates the apoptotic
signals in wide variety of cells [26, 28-31]. The mecha-
nism by which cytochrome c induces apoptosis in eggs
remains to be elucidated. However, few studies using
somatic cells indicated that, in the cytosol, cytochrome c
binds to apoptotic factor-1 (Apaf-1) leading to the
recruitment and activation of procaspase-9 in a large
complex termed the apoptosome [32, 33]. As a result,
procaspase-9 auto processes and cleaves the effectors
procaspase including procaspase-3. The activated procas-
pase-3 cleaves key structural and regulatory proteins that
result in the biochemical and morphological changes
associated to apoptosis [34, 35]. Although mechanism by
which calcium induces apoptosis in somatic cells is clear to
some extent, in germ cells particularly in eggs, it remains
unclear whether increase in cytosolic free calcium load
induces generation of ROS and if so whether activation
of caspase-cascade through mitochondria mediated path-
way is involved during calcium- induced egg apoptosis.
Therefore, in the present study we used calcium ionophore
to induce the endogenous burst of calcium from internal
stores and then we analyzed morphological features char-
acteristics of egg apoptosis, cytosolic free calcium and
intracellular H,O, levels, catalase activity, cytochrome c
concentration, caspases activities and DNA fragmentation
in rat eggs cultured in vitro.

Materials and methods
Chemicals and reagents
All chemicals used in the present study were purchased
from Sigma Chemical Co. (St. Louis, MO) unless stated

otherwise. The serum free Ca?*/Mg*"deficient medium-
199 (HiMedia Laboratories, Mumbai, India) was prepared
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as per company manual protocol, pH was adjusted to 7.2
and osmolarity was found to be 290 mOsmol. The culture
medium was supplemented with sodium bicarbonate
(0.035% wi/v), penicillin (100 IU/ml) and streptomycin
(100 mg/ml). The stock solution of calcium ionophore
(1 pg/ul) was prepared in DMSO, aliquoted and then kept
at —20°C until use. The final concentrations of calcium
ionophore (0.5, 1, 2, 3 and 4 uM) were prepared by
diluting stock solution with serum-free and Ca**'Mg*"-
deficient medium-199 (HiMedia Laboratories, Mumbai,
India). Addition of calcium ionophore at final concentra-
tions did not alter the osmolarity (290 mOsmol) and pH
(7.2) of the culture media used in the present study.

Experimental animal and collection of eggs

The experimental rats of Charls-Foster (CF) strain were
housed in air-conditioned, light controlled room and pro-
vided food and water ad libitum. The immature female rats
(22-24 days old) were subjected to superovulation induc-
tion protocol (20 IU pregnant mare’s serum gonadotropin
for 48 h followed by 20 IU human chorionic gonadotropin
for 14 h) to collect ovulated eggs. All procedure was in
conformation to the stipulations of the University Animal
Ethical Committee of Banaras Hindu University, Varanasi
and in keeping with the Guidelines for the Care and Use of
Laboratory Animals (NIH Publication). Ovulated cumulus-
enclosed eggs were isolated in serum-free and Ca**/Mg*"-
deficient medium-199 under a dissecting microscope (Ni-
kon dissecting microscope, model C-DS; Tokyo, Japan) by
puncturing oviduct using 26-gauge needle attached to a
1 ml syringe. All ovulated cumulus-enclosed eggs were
picked up using microtubing (inner diameter 2 mm)
attached with disposable glass micropipette (inner diame-
ter, 100 um; Clay Adams, NJ) and transferred to culture
medium containing 0.01% hyaluronidase at 37°C. After
3 min of treatment, denuded eggs were removed and
washed three times with culture medium and cultured in
vitro.

Effect of calcium ionophore on morphological
apoptotic changes in vitro

A group of 12-14 eggs were cultured in Ca*™Mg*"-defi-
cient medium-199 with or without various concentrations
of calcium ionophore (0.5, 1, 2, 3 and 4 pM) for 3 h. At the
end of incubation period, eggs were removed, washed three
times with culture medium and transferred on to a grooved
slide with 100 pl of culture medium and then examined for
morphological changes using a phase contrast microscope
(Nicon, Eclipse; E600, Tokyo, Japan) at 400 x magnification.
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Qualitative analysis of cytosolic free calcium level

The qualitative analysis of cytosolic free calcium was
carried out following the protocol published earlier [36].
Eggs were treated with or without 3 uM calcium ionophore
and 50 uM Fluo3/AM at 37°C in humidified chamber for
3 h. At the end of incubation period, 10-12 eggs were
washed with fresh medium three times and then observed
for Fluo3 fluorescence using fluorescence microscope
(Nikon Eclips E800 (Nikon, Tokyo Japan). The corrected
total cell fluorescence was calculated following the method
published earlier [37] using Image J Software (version 1.44
from National Institute of Health, USA). The experiment
was repeated three times to confirm results.

Quantitative estimation of intracellular H,O,
concentration

The intracellular H,O, concentration in egg lysates was
analyzed following our previous published protocol [23]
using H,O, assay kit purchased from Northwest Life Science
Specialties, LLC, WA. In brief, control and 3 pM calcium
ionophore treated eggs that had morphological apoptotic
features (100 eggs from each group) were transferred to a
microcentrifuge tube containing 100 pl of hypotonic lysis
buffer (5 mM Tris, 20 mM EDTA, 0.5% Triton X-100, pH 8)
for 1 h on ice for lysis. Lysates were centrifuged at
10,000x g at 4°C for 15 min and clear supernatant was
immediately used for the quantitative estimation of H,O,
concentration by colorimetric assay as per company manual
protocol. The optical density (OD) was determined using a
microplate reader (Micro Scan MS5608A, ECIL, Hydera-
bad, India) set at 560 nm. All samples (in triplicate) were run
in one assay to avoid inter-assay variation and intra-assay
variation for H,O, concentration was 1.5%.

Catalase activity assay

The catalase activity in eggs was analyzed following our
previous published protocol [38] using catalase activity
assay kit purchased from BioVision, Inc., CA. In brief, egg
lysates were prepared as described above for the mea-
surement of H,O, concentration. Lysates were immedi-
ately used for the estimation of catalase activity as per
company manual protocol. In brief, 25 pl of H,O, stan-
dards, positive control solution, high control solution and
egg lysates were loaded to respective wells in 96 micro-
plate. The high control and standard wells received 10 pl of
stop solutions provided with the assay kit. The final volume
of each well was made 90 pl with assay buffer provided
with the assay kit. 12 pl of 1 mM H,O, was added in high
control as well as in samples wells. The plate was incu-
bated at 25°C for 30 min and then 10 pl of stop solution

was added in these wells. The 50 pl of freshly prepared
develop mix (50 pl develop mix = 46 pl Assay Buffer,
2 pl OxiRed prob, 2 pul HRP solution) was added to each
well and mixed well. The plate was incubated at 25°C for
10 min and then OD was taken at 570 nm using microplate
reader. The catalase activity was calculated as amount of
H,0, decomposed/min/ml and represented as pU/mg pro-
tein of egg lysate.

Immunocytochemistry for cytochrome ¢

Immunostaining for cytochrome ¢ was carried out using
anti-cytochrome c¢ antibody following company manual
protocol with some modifications. In brief, ten eggs from
control and calcium ionophore-treated group were fixed in
3.7% formaldehyde solution in PBS (0.01 M, pH 7.4). After
washing twice with PBS for 5 min each time, slides were
treated with 0.3% H,O, in absolute methanol for 15 min to
quench endogenous peroxidase activity. The slides were
washed twice with PBS and then exposed to PBS containing
0.1% Triton X-100 for permeabilization. Slides were
exposed to 100 pl of blocking buffer (0.5% BSA, 0.1%
tween-20 in 100 ml PBS) at room temperature for 1 h and
then incubated with 25 pl of diluted (1:2000 in PBS) cyto-
chrome ¢ polyclonal rabbit antibody (Santa Cruz Biotech-
nology Inc., CA, USA) tagged with horseradish peroxidase
(HRP) at room temperature for 1 hin a humidified chamber.
At the end of the incubation period, slides were washed three
times with PBS and then exposed to 25 pl of freshly pre-
pared diaminobenzidine (DAB) solution (1 pl of 30% H,0,
and 5 pl of DAB in 1 ml of PBS; R&D Systems Inc., MN,
USA) for 15 min. Thereafter, slides were washed four times
in PBS and subsequently counterstained with 25 pl of 1%
Methyl Green solution (R&D Systems Inc., MN, USA) for
2 min. The slides were again washed three times with PBS
and then mounted in distyrene plasticizer xylene (DPX). The
mounted slides were analyzed for DAB-positive staining
using a phase-contrast microscope at 400x magnification.
The experiment was repeated three times and a representa-
tive photograph is shown in the result section.

Quantitative analysis of intracellular cytochrome ¢
concentration

The cytochrome c concentration in egg lysates was ana-
lyzed using cytochrome ¢ ELISA kit purchased from R&D
Systems MN, USA as per company manual protocol. The
egg lysates were prepared as described above for the
measurement of HO, concentration. A clear supernatant
was removed from each sample and stored at —20°C until
assay. All egg lysates were quickly thawed and used for the
analysis of cytochrome c concentration as per company
manual protocol and the plate was read at 450 nm using
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Microplate Reader. All samples were run in triplicate to
avoid inter-assay variation and intra-assay variation was
1.02%.

Caspase activity assays

The intracellular caspase-3 and caspase-9 activities in egg
lysates were analyzed following our previous published
protocol [39] using caspase-3 and caspase-9 colorimetric
assay kit purchased from R&D Systems (MN, USA). In brief,
egg lysates were prepared as described above for the mea-
surement of H,O, concentration. A clear supernatant was
removed from each sample and stored at —20°C until assay.
Samples were quickly thawed and 50 pl of each sample
(in triplicate) was loaded in 96 microwells plate. The 50 pl of
2x reaction buffer (buffer 9 for caspase-9 and buffer 3 for
caspase-3 assay provided with the kit) was added in each
well. The 5 pl of caspase substrate (LEHO-pNA, caspase-9
substrate; DEVD-pNA, caspase-3 substrate) was added to
each well and then plates were incubated at 37°C for 2 h. At
the end of incubation period, plates were read at 405 nm
using microplate reader for caspase-9 and caspase-3 activi-
ties. All samples (in triplicate) were run in one assay to avoid
inter-assay variation and OD values are directly used to
depict caspase-9 and caspase-3 activities.

TUNEL analysis for DNA fragmentation

The DNA fragmentation was detected following our pre-
vious published protocol [38] using terminal deoxynu-
cleotidyl transferase (TDT) nick-end labeling (TUNEL) kit
purchased from R&D Systems (MN, USA). In brief, con-
trol and calcium ionophore-treated eggs (12-15 eggs in
each group) were fixed in 3.7% (v/v) formaldehyde in PBS
for 15 min at 18-20°C. After washing, eggs were trans-
ferred separately on to poly L-lysine-coated slides and then
air-dried. Slides were treated with 50 pl of proteinase K
solution for 30 min and then immersed in quenching
solution for 3—4 min. Thereafter, slides were immersed in
1x TDT labeling buffer for 5 min and then incubated with
50 pl of labeling reaction at 37°C for 1 h. The slides were
immersed in 1x TDT stop buffer to stop the reaction.
Washed slides were incubated with 50 pl of diluted (1:500)
biotin labeled anti-BrdU at 37°C for 1 h. Slides were
washed with PBS containing 0.05% Tween-20 and then
treated with 50 pl of Streptavidin-HRP solution for
10 min. Washed slides were immersed in DAB solution for
5 min and then in methyl green solution for 2 min after
washing. Slides were mounted in DPX and then analyzed
for TUNEL positive staining under phase contrast micro-
scope at 400x magnification. The TUNEL analysis was
repeated three times and representative photographs are
shown in the result section.
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Determination of live and dead status of eggs

The live and dead status of control and calcium ionophore-
treated eggs that underwent degeneration was examined by
means of eosin/nigrosin dye-exclusion test as per published
protocol [40]. In brief, control eggs and 4 uM calcium
ionophore-treated eggs (3—4 eggs in each group) that
underwent degeneration were removed, washed three times
with washing media and then stained with 10 pl of 1%
eosin (w/v) followed by 10 pl of nigrosin (10%;w/v) for
I min at room temperature. The stained eggs were
observed for live and dead status using a phase-contrast
microscope at 400x magnification.

Statistical analysis

Data are expressed as mean £ S.E. of mean (S.E.M.) of
triplicate samples. All percentage data were subjected to
arcsine square-root transformation before statistical analy-
sis. Data were analyzed by either Student’s #-test or one-
way analysis of variance (ANOVA) using SPSS software,
version 11.5 (SPSS, Inc. Chicago, IL, USA). A probability
of p < 0.05 was considered to be statistically significant.

Results

Calcium ionophore induces morphological apoptotic
changes in eggs cultured in vitro

As shown in Fig. la, calcium ionophore induced morpho-
logical apoptotic features in a concentration-dependent
manner (one-way ANOVA, F = 163.79, p < 0.001).
Fig. 1b shows calcium ionophore- induced morphological
apoptotic changes in treated eggs. Shrinkage (S) was the
first morphological feature observed followed by cyto-
plasmic fragmentation (CF). Cytoplasmic granulation (CG)
was the last morphological feature observed at higher
concentration of calcium ionophore (4 puM) just prior to
degeneration (D). Most of the control eggs (C) were
arrested at M-1I stage extruded first polar body with normal
morphology. However, exit from M-II arrest was observed
in few control eggs that showed extrusion of second polar
body (data not shown).

Cytosolic free calcium level rises during calcium
ionophore-induced egg apoptosis

As shown in Fig. 2a, calcium ionophore significantly
increased free cytosolic calcium level as evidenced by bright
fluo-3 fluorescence in eggs showing either shrinkage (S) or
cytoplasmic fragmentation (CF) as compared to control egg
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Fig. 1 Calcium ionophore-induced morphological changes in eggs
cultured for 3 h in vitro. a Calcium ionophore-induced morphological
apoptotic features and degeneration in concentration-dependent
manner. Data are means &= SEM of three replicates. Data were
analyzed by one-way ANOVA. b Representative photographs show-
ing calcium ionophore-induced morphologic apoptotic changes in

that had normal morphology without any apoptotic features
(C). The corrected total cell fluorescence (CTCF) analysis
using ImagelJ software further suggest that calcium iono-
phore significantly increased cytosolic free calcium level in
apoptotic eggs showing either shrinkage (1.70 fold) or
cytoplasmic fragmentation (1.50 fold) as compare to control
eggs that had normal morphology (Fig. 2b).

Intracellular H,O, concentration rises during calcium
ionophore-induced egg apoptosis

As shown in Fig. 3a, calcium ionophore significantly
(p < 0.05) increased intracellular concentration of H,O,
(12.63 £ 0.54 uM) in eggs that showed morphological
apoptotic features as compare to control eggs which had
normal morphology with first polar body (6.06 £ 0.13 pM).

Catalase activity decreases during calcium ionophore-
induced egg apoptosis

As shown in Fig. 3b, calcium ionophore significantly
(p < 0.05) decreased catalase activity (8.25 + 0.49 pU/ml)
in eggs that showed morphological apoptotic features as
compare to control eggs which had normal morphology with
first polar body (12.23 £ 0.88 pU/ml).

100+
801
60 1
40+
20 4 '
5 . i .
1 2 3 4

Calcium ionophore (pM)

eggs cultured in vitro. ¢ control egg showing first polar body with
normal morphology (arrow), S calcium ionophore-treated egg under-
going shrinkage (arrow), CF cytoplasmic fragmentation (arrow), CG
cytoplasmic granulation (arrow) and D degeneration (arrow).
Bar = 20 um

Cytosolic cytochrome c level rises during calcium
ionophore-induced egg apoptosis

Calcium ionophore induced release of cytochrome c¢ from
mitochondria and increased cytochrome c in egg cytoplasm.
As shown in Fig. 4a, calcium ionophore significantly
(p < 0.05) increased cytosolic cytochrome ¢ concentration
(2.45 £ 0.09 ng/ml) in eggs that showed morphological
apoptotic features as compare to control eggs (0.96 +
0.05 ng/ml). Immunocytochemistry data further supported
our data wherein a significant increase in DAB positive
staining in egg cytoplasm was observed in calcium iono-
phore-treated eggs showing cytoplasmic fragmentation (CF)
as compare to control egg (Fig. 4b).

Caspase-9 and caspase-3 activities increase
during calcium ionophore-induced egg apoptosis

As shown in Fig. 5a, calcium ionophore significantly
(p < 0.05) increased caspase-9 (0.260 + 0.02 OD) and
caspase-3 (0.264 & 0.009 OD) activities in eggs that
showed morphological apoptotic features as compare to
their respective controls (caspase-9, 0.11 £ 0.01 OD:
caspase-3, 0.125 £ 0.004 OD).
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Fig. 2 Representative
photographs showing calcium
ionophore-induced release of
free calcium in egg cytoplasm.
a Calcium ionophore-induced
release of cytosolic free calcium
as evidenced by more
fluorescence intensity of Fluo-3
in apoptotic eggs undergoing
either shrinkage (S, arrow) or
cytoplasmic fragmentation (CF,
arrow) as compared to control
egg showing first polar body
with normal morphology (C,
arrow) (Bar = 20 pum). b Image
J analysis of fluorescence
intensity of Fluo-3 revealed that
calcium ionophore induced
increase of cytosolic free
calcium in eggs showing
shrinkage (1.70 fold) or
cytoplasmic fragmentation (1.50
fold) as compared to control egg
that had normal morphology
without any morphological
apoptotic features

(Fluorescence intensity

DNA fragmentation is induced during calcium
ionophore-induced egg apoptosis

Calcium ionophore-induced DNA fragmentation was con-
firmed by TUNEL analysis. As shown in Fig. 5b, control
egg shows TUNEL negative staining (C). Conversely,
calcium ionophore-treated eggs that had morphological
apoptotic feature showed TUNEL positive staining (S).

Degeneration occurs after calcium ionophore-induced
egg apoptosis

As shown in Fig. 5c, control eggs that had normal mor-
phology with first polar body did not take nigrosin positive
stain (C). On the other hand, degenerated eggs after calcium
ionophore treatment showed nigrosin positive staining
(D) further supporting our results that higher concentrations
of calcium ionophore (4 uM) induced degeneration of eggs
after 3 h of in vitro culture.

Discussion
Intracellular calcium levels have been implicated in regu-

lating various aspects of cell functions in wide variety of
cells. Elevated ([Ca2 +]i) has been reported to induce
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apoptosis in aged mouse eggs cultured in vitro [20]. Cal-
cium ionophore increases cytosolic free calcium level in
somatic cells [2, 13—16] and induces egg apoptosis in vitro
[9, 20]. A possibility exists that the calcium ionophore may
induce calcium release from internal stores that requires
ROS production by mitochondria to enhance the apoptotic
signal in eggs cultured in vitro. Therefore in this study,
calcium ionophore was induced to increase ([Ca2 +]i) in
order to investigate the possible mechanism by which high
cytosolic free calcium induces apoptosis in eggs cultured in
vitro. Data of the present study suggest that calcium ion-
ophore induced morphological apoptotic features in eggs in
a concentration-dependent manner and degeneration was
observed at higher concentrations (3 and 4 uM). These data
reconfirm our previous observations that calcium iono-
phore induces egg apoptosis in vitro [9, 20]. The possibility
exist that the calcium ionophore might have induced
endogenous burst of calcium from internal stores such as
mitochondria and increased cytosolic free calcium load in
eggs cultured in vitro. This hypothesis is further strength-
ened by data of the present study that calcium ionophore
increased cytosolic free calcium (>1.50 fold) in apoptotic
eggs as compare to control eggs. Although reports are not
available to support our findings, it has been reported that
calcium ionophore induced increase of cytosolic free cal-
cium level in somatic cells [12, 13]. These results together



Apoptosis (2012) 17:439-448

445

M) o

—

B e =

(=] o [.¥) £~
*

H202 Concentration (p
(2]

Control egg Apoptotic egg

14
13
12

Catalase activity (uU/ mg protein) &

Apoptotic egg

Control egg

Fig. 3 Effect of calcium ionophore on H,O, concentration and
catalase activity in eggs cultured in vitro. Calcium ionophore induced
generation of H,O, (a) and inhibited catalase activity (b) in eggs
cultured in vitro. Data are means &= SEM of three replicates. *
Significant (p < 0.05) difference as compared to control eggs
(Student’s r-test)

with previous observations in somatic cells suggest that
calcium ionophore depletes calcium internal stores and
induces cytosolic free calcium load that results in apoptotic
cell death.

Studies using somatic cells suggest that the depletion of
calcium stores and/or increase of cytosolic free calcium
load generate ROS [19, 41]. Similarly, a possibility exist
that calcium ionophore-induced increase of cytosolic free
calcium level may generate ROS in apoptotic eggs. This
possibility is supported by data of the present study that
calcium ionophore induced H,O, accumulation in treated
eggs. The increased intracellular H,O, may inhibit catalase
activity, an enzyme responsible for the conversion of H,O,
into water. Our results indicate that the catalase activity
was significantly decreased in calcium ionophore-treated
eggs that had morphological apoptotic features. These
finding are in agreement with the previous observations
that calcium ionophore induces generation of ROS [9, 19,
42] and that increased level of ROS inhibits catalase
activity in eggs [21, 22].

It has been generally accepted that an increased level of
ROS can modulate mitochondria membrane potential and
trigger cytochrome c release in cytoplasm to initiate

o
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(=]
,

Control egg Apoptotic egg

Fig. 4 Immunocytochemical localization of cytosolic cytochrome c
in rat eggs cultured in vitro. a An increase of cytosolic cytochrome ¢
level was observed in apoptotic eggs cultured in vitro. Data are
means = SEM of three replicates. * Significantly (p < 0.05) higher
as compared to control eggs (Student’s r-test). b Representative
photographs showing increased cytosolic cytochrome c level as
evidenced by increased DAB positive staining in apoptotic egg
showing cytoplasmic fragmentation (CF, arrow) compared to control
egg (C, arrow). Bar = 20 pm

apoptotic signaling pathway [26, 28-30, 43]. Hence, we
hypothesize that calcium ionophore -induced increase of
intracellular H,O, may trigger cytochrome c release from
mitochondria of the eggs. Our results suggest that calcium
ionophore significantly induced cytochrome c release from
mitochondria of the treated eggs. These results are in
agreement with previous findings that calcium ionophore-
induces generation of ROS and cytochrome c release in
eggs cultured in vitro [8, 26, 27, 44]. Taken together, these
findings suggest that an increased level of ROS trigger
cytochrome c release from mitochondria that may initiate
apoptotic signaling pathway in calcium ionophore-treated
eggs.

The release of cytochrome c from mitochondria acti-
vates upstream and downstream caspases in a cell. In the
cytosol, cytochrome c binds to Apaf-1 leading to the
activation of upstream and downstream caspases including
procaspase-3. The activated procaspase-3 cleaves key
structural and regulatory proteins that result in the bio-
chemical and morphological changes associated with
apoptosis [35]. Similarly, we hypothesize that an increase
of cytochrome ¢ concentration can stimulate upstream and
downstream caspases in eggs treated with calcium iono-
phore in vitro. Our results suggest that calcium ionophore
induced both caspase-9 and caspase-3 activities in eggs that
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Fig. 5 Calcium ionophore-induced increase of caspases activities
and DNA fragmentation in eggs cultured in vitro. a Calcium
ionophore-induced increase of caspase-9 and caspase-3 activities.
Data are means = SEM of three replicates. * Significantly (p < 0.05)
higher as compare to their respective controls (Student’s r-test).
b Representative photographs showing calcium ionophore-induced
DNA fragmentation in apoptotic egg (S) compare to control egg
(C) as evidenced by TUNEL positive (dark brown color) staining. ¢
Representative photograph showing live oocyte with eosin negative
staining (arrow) and calcium ionophore (4 pM)-induced degeneration
of oocyte (D) as evidenced by eosin positive staining (arrow).
(Bar = 20 pm) (Color figure online)

had morphological apoptotic features. Similarly, an
increased caspase-3 activity during egg apoptosis has been
reported in rat [6, 9]. These data together with our previous
findings suggest that calcium ionophore increases cytosolic
calcium load, induces generation of ROS and thereby
cytochrome c release from mitochondria of the egg. The
increased level of cytochrome c induces caspase-9 fol-
lowed by caspase-3 activities that ultimately leads to the
appearance of morphological apoptotic features in eggs.
The fragmentation of DNA in multiples of 180-200
base-pair is hallmark feature of egg apoptosis [44]. The
fragmented DNA can be detected in a single cell using in
situ technique such as TUNEL [34, 39, 45-48]. Data of the
present study suggest that calcium ionophore induced DNA
fragmentation as evidenced by DAB positive staining in
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eggs that had morphological apoptotic features. These
results reconfirm our previous finding that calcium iono-
phore induces DNA fragmentation in rat eggs [9] sug-
gesting the involvement of mitochondria-caspase mediated
pathway during calcium ionophore-induced apoptosis in rat
eggs cultured in vitro. The physiological relevance of the
present study is to explain why ovulated eggs undergo
apoptosis if not fertilized in the oviduct of several mam-
malian species. As the time passes after ovulation,
endogenous burst of calcium from internal stores and
inability of these stores to replenish calcium result in high
sustained cytosolic free calcium level and apoptotic cell
death in ovulated eggs.

In summary, data of the present study suggest that the
increased cytosolic free calcium level in response to cal-
cium ionophore induced generation of H,O, and inhibited
catalase activity. The high concentration of H,O, induced
release of cytochrome c¢ from mitochondria and increased
cytosolic cytochrome c¢ level. The increased cytosolic
cytochrome c load stimulated caspase-9 and then caspase-3
activities. Caspase-3 finally cleaved structural and regula-
tory proteins and induced DNA fragmentation that resulted
in the morphological changes associated with egg apopto-
sis. Based on these results, we suggest that high cytosolic
free calcium level increases ROS generation and thereby
egg apoptosis through mitochondria-caspase mediated
pathway in rat eggs cultured in vitro. Although, involve-
ment of extrinsic pathway during calcium-induced apop-
tosis in rat eggs cannot be ruled out, our findings suggest
that mitochondria-mediated pathway is one of the path-
ways by which high cytosolic free calcium level induces
apoptosis in rat eggs cultured in vitro.
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