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  Mammalian oocyte maturation and early embryo 

development processes are Ca2+-dependent. In this study, 

we used confocal microscopy to investigate the distribution 

pattern of Ca2+ and its dynamic changes in the processes 

of bovine oocytes maturation, in vitro fertilization (IVF), 

parthenogenetic activation (PA) and somatic cell nuclear 

transfer (SCNT) embryo development. During the germinal 

vesicle (GV) and GV breakdown stage, Ca2+ was distributed 

in the cortical ooplasm and throughout the oocytes from 

the MI to MII stage. In IVF embryos, Ca2+ was distributed 

in the cortical ooplasm before the formation of the 

pronucleus. In 4-8 cell embryos and morulas, Ca2+ was 

present throughout the blastomere. In PA embryos, Ca2+ 

was distributed throughout the blastomere at 48 h, similar 

to in the 4-cell and 8-cell phase and the morula. At 6 h 

after activation, there was almost no distribution of Ca2+ 

in the SCNT embryos. However, Ca2+ was distributed in 

the donor nucleus at 10 h and it was distributed throughout 

the blastomere in the 2-8 cell embryos. In this study, Ca2+ 

showed significant fluctuations with regularity of IVF and 

SCNT groups, but PA did not. Systematic investigation of 

the Ca2+ location and distribution changes during oocyte 

maturation and early embryo development processes 

should facilitate a better understanding of the mechanisms 

involved in oocyte maturation, reconstructed embryo 

activation and development, ultimately improving the 

reconstructed embryo development rate. 
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Introduction 

Heilbrunn found that Ca2+ had complex and multiple 
functions in biological systems and was the basic 
characteristic of all living cells [13]. It has also been 
suggested that Ca2+ was a widespread signaling molecule 
that played important roles in the transduction of Ca2+ 
signals to regulate various cellular processes [1], and that it 
was involved in almost all physiological processes in cells 
including secretion, contraction, proliferation, development, 
gene expression, and programmed cell death [2,20]. 
Furthermore, genetic and biochemical evidence support a 
role of Ca2+ in mitosis. In contrast, there has been a 
long-standing debate as to whether Ca2+ signals were 
required for oocyte meiosis [38]. In 1992, Carroll first 
reported that spontaneous Ca2+ fluctuations existed during 
in vitro maturation (IVM) of mouse oocytes, and that such 
fluctuations may be related to cytoplasm maturation [7]. 
Tombes found that IVM of mouse oocytes did not depend 
on changes in intracellular calcium [41], and Wang reached 
the same conclusion in an experiment conducted using 
mice [44]. However, Sun showed that cytoplasmic Ca2+ 
played a dual role during Xenopus oocyte maturation [39]. 
Homa found that intracellular free Ca2+ was a messenger of 
intrinsic signals that participated in regulating oocyte 
meiotic processes by microinjection of Ca2+ promoter and 
inhibitors [14]. Mehlmann also pointed out that Ca2+ 
chelator can delay the occurrence of meiosis [25]. In 
Xenopus, early reports argued that an increase in Ca2+ is 
sufficient to induce oocyte maturation, and that injection of 
Ca2+ buffers blocks such maturation [11].

Oocyte activation is made possible by fertilization with 
sperm, which results in an increase of intracellular free 
[Ca2+]i [22]. This increase in [Ca2+]i is necessary and the 
most effective signal for completion of all of the events 
involved in oocytes activation [15], which include the 
release of cortical granules (CG), exit from MII stage 
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arrest, completion of meiosis, recruitment of the maternal 
mRNAs and achievement of the cell-cycle progression into 
interphase [34]. This [Ca2+]i signal is delivered in the form 
of long-lasting [Ca2+]i oscillations that begin shortly after 
fusion of the gametes and persist beyond the time of 
meiosis completion [7]. The release of zygote endogenous 
Ca2+ induced [Ca2+]i oscillation and formed the first 
cleavage signal to start early embryonic development [9]. 
A Ca2+ increase was recorded in sea urchin eggs at 
fertilization [35,46], and the calcium ionophore A23187 
was shown to activate both vertebrate and invertebrate 
eggs and oocytes [36]. 

Although oocytes activation and embryo development in 
all species is accomplished using a wide range of [Ca2+]i 
patterns, a consensus is emerging that a physiological 
pattern of oscillations, such as those induced by sperm, 
result in greater embryo survival [47]. Consistent with this 
evidence, distinct events of oocytes artificial and fertilized 
activation were initiated and completed by different 
numbers of [Ca2+]i increases [23]. Moreover, effective 
activation of reconstructed embryos was found to be one of 
the important factors involved in nuclear transfer (NT) 
[40]. However, reports of Ca2+ dynamic changes and the 
distribution of Ca2+ in bovine oocytes and in vitro embryos 
were not observed. Therefore, in this study, laser scanning 
confocal microscope was used to investigate the 
distribution pattern of Ca2+ and its dynamic changes in 
different regions of cells in the processes of bovine oocytes 
maturation, in vitro fertilization (IVF), parthenogenetic 
activation (PA) and somatic cell nuclear transfer (SCNT) 
embryonic development to identify reasons for low 
development so that embryo development rates can be 
further improved.

Materials and Methods

Materials 
All reagents used were obtained from Sigma (USA), 

unless otherwise stated. M199 was obtained from Gibco 
(USA), Pluronic F-127 and Fluo-3/AM were obtained 
from Invitrogen (USA) and fetal bovine serum (FBS) was 
purchased from Biochrom (Germany). Oocytes were 
collected from abattoir-derived ovaries in Dachang 
County, Hebei Province, China.

Oocytes preparation
Oocytes with more than 3-layer packets of cumulus cells 

were cultured in fresh preheating M199 medium (Gibco, 
USA) and then incubated at 38.5oC in a humidified 
atmosphere of 5% CO2 in air for about 20∼24 h. 

Somatic cell nuclear transfer (SCNT)
Denuded mature oocytes were incubated in a drop of 

cytochalasin B (CCB) with Hoechst 33342 (Sigma, USA) 

for 10 min, after which they were enucleated with a micro 
glass pipette by aspirating the first polar body and 
chromosomes in the MII phase with a small volume of 
surrounding cytoplasm. Following aspiration, an aliquot of 
the donor cell suspension was transferred to CCB 
supplemented with 10% polyvinylpyrrolidone (Sigma, 
USA). The donor cell was then gently injected into a 
separate enucleated oocyte.

IVF and in vitro culture 
Fertilization was conducted after oocytes was matured in 

vitro for 25 h. Briefly, semen was thawed at 38oC for about 
40 sec, after which it was slowly added to the bottom of a 
centrifuge tube containing Bracket and Oliphant’s (BO) 
medium [29] and allowed to pre-equilibrate for 2 h. The 
tube was subsequently placed in a 38.5oC incubator for 
more than 1 h to allow the sperm to swim out and 
capacitate. Next, the supernatant was transferred to another 
tube and centrifuged for 15 min at 1,500 rpm, after which 
the supernatant was discarded. The concentration of the 
sperm mixture was determined using a counting chamber 
and adjusted to 6 × 106 sperm/mL. Matured oocytes with 2∼3 layers granulosa cells were placed into separate 50 μL 
microdrops containing BO medium-bovine serum albumin 
and then covered with mineral oil. The capacitated sperm 
were then added to the microdrops. Following co- 
incubation for 12∼16 h, the oocytes were transferred to 
synthetic oviducal fluid (SOF) medium [33] and cleavage 
was observed. On day 2 of culture, the embryo cleavage 
rate was assessed and half of the medium was replaced with 
10% FBS. On day 7, the blastocyst rate was assessed.

Chemical activation
At 2 h after injection, oocytes or reconstructed embryos 

were washed three times with PBS, activated in 10 μmol/L 
ionomycin for 5 min and then in 2 mmol/L N-6 
dimethylaminopurine (Sigma, USA) for 3.5∼4 h. Finally, 
the activated oocytes or embryos were cultured in SOF 
medium at 38.5oC in a humidified atmosphere of 5% CO2.

Measurement of Ca
2+

 in oocytes and embryos
Oocytes or reconstructed embryos were washed three 

times with PBS, after which they were incubated in SOF 
medium with 6 μmol/L Fluo-3/AM for 30∼40 min, 
washed with SOF 3∼5 times to remove the Fluo-3/AM, 
and finally observed using a laser scanning confocal 
microscope (Nikon, Japan).

Design of experiment and statistical analysis
Experiment 1: Investigation of the distribution and 

fluorescent intensity of Ca2+ in oocytes of the germinal 
vesicle (GV), GV breakdown (GVBD), MI, MII phase.

Experiment 2: Investigation of the distribution and 
fluorescent intensity of Ca2+ in IVF embryos at different 



Dynamic analysis of Ca2+ level in oocytes during early embryonic development    135

Fig. 1. Ca2+ distribution in bovine oocytes during different phases
of in vitro maturation. A: Germinal vesicle (GV) stage; B and C: 
Germinal vesicle breakdown (GVBD) stage; D: MI stage; E: End 
of MI stage; F: MII stage.

Fig. 2. Comparison of Ca2+ fluorescence intensity in bovine 
oocytes during different phases of in vitro maturation. p < 0.05 
(*) and p < 0.01 (**) indicate significant difference from other 
groups.

developmental stages.
Experiment 3: Investigation of the distribution and 

fluorescent intensity of Ca2+ in parthenogenetic activated 
embryos at different developmental stages.

Experiment 4: Investigation of the distribution and 
fluorescent intensity of Ca2+ in SCNT embryos at different 
developmental stages.

Fluorescent intensity was tested using the software 
freeviewer for laser scanning confocal microscopy and 
analyzed using SAS (version 8.13; SAS, USA). A p ＜ 0.05 
was considered to indicate significance for discrete and 
continuous analyses.

Results

Distribution and fluorescent intensity of Ca
2+

 in 
oocytes during the GV, GVBD, MI, and MII phase 

During the GV stage, Ca2+ was primarily distributed in 

the cortical ooplasm region and the fluorescence intensity 
was weak, while there was almost no distribution in other 
regions (Fig. 1A). In the GVBD stage (after 8 h of IVM), 
Ca2+ was still distributed in the cortical ooplasm region and 
tended to diffuse to the center of cells (Figs. 1B and C). 
From the MI to MII stage, Ca2+ was distributed throughout 
the oocytes. In the MI stage (after 14 h of IVM), the 
fluorescence intensity of the cortical ooplasm region was 
stronger than in the cytoplasmic area (Fig. 1D), while at the 
end of the MI stage Ca2+ in the chromosome area was 
higher (Fig. 1E), while there was stronger fluorescence in 
the polar bodies in the MII stage (Fig. 1F). 

When the GVBD stage and MI stage were compared, the 
Ca2+ fluorescence intensity was lower in the GV (p < 0.01), 
but this value did not differ significantly when compared to 
the MI stage and MII stage (p ＞ 0.01). The fluorescence 
intensity in the GVBD stage showed a marked increase and 
had the greatest difference when compared with other 
stages (p < 0.01). The fluorescence intensity was strongest 
during the MI stage (p < 0.01). In oocytes, [Ca2+]i began to 
increase constantly from the GV stage, reaching the 
maximum at the MI stage, after which it decreased to a 
relatively stable level (Fig. 2).

Distribution and fluorescence intensity of Ca
2+

 in 
IVF embryos

In bovine IVF embryos, Ca2+ was primarily distributed in 
the cortical ooplasm region before formation of the 
pronucleus. At 6 h after IVF, Ca2+ was primarily distributed 
in the cortical ooplasm region with punctate discontinuous 
distribution and fluorescence intensity in sperm-egg 
binding sites being higher than in other sites. The circular 
fluorescent region was the head of the sperm (Fig. 3A). At 
10 h after IVF, Ca2+ was continuously distributed in the 
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Fig. 3. Ca2+ distribution in bovine in vitro fertilization (IVF) embryos at different times. A: note the round fluorescent zone displayed
in the sperm head.

Fig. 4. Comparison of Ca2+ fluorescence intensity in bovine IVF 
embryos at different times. p < 0.05 (*) and p < 0.01 (**) indicate
significant difference from other groups.

cortical ooplasm region (Fig. 3B). The distribution of Ca2+ 
at 14 h was basically the same as at 10 h, but the fluorescence 
intensity was significantly enhanced and had spread to the 
cell center (Fig. 3C). At 24 h after IVF, when the female- 
male pronucleus was formed, Ca2+ was widely distributed 
in the cells, while Ca2+ fluorescence intensity in the 
pronucleus was obviously higher than in other regions 
(Fig. 3D). In 2-cell, 4-cell, 8-cell embryos and the morula, 
Ca2+ was uniformly distributed throughout the blastomere 
with high fluorescence intensity (Figs. 3E-H). In 
blastocysts, the Ca2+ concentration was decreased remarkably 
and distributed unevenly (Fig. 3I).

At 6 h after IVF, the [Ca2+]i was lowest, after which it 
increased constantly to a maximum in the 4-cell stage (p < 
0.01) and then declined to a stable level. [Ca2+]i did not 
differ among the IVF 72 h, 120 h and 140 h groups (p ＞ 
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Fig. 5. Ca2+ distribution in bovine parthenogenetic activation (PA) embryos at different times.

0.01). Additionally, although the [Ca2+]i differed among 
the 14 h, 24 h and 160 h groups [Ca2+]i, this difference was 
not significant (p ＞ 0.01) (Fig. 4).

Distribution and fluorescent intensity of Ca
2+

 in PA 
embryos

At 0∼24 h after PA, Ca2+ was primarily distributed in the 
cortical ooplasm region. At 6 h after PA, the Ca2+ 
fluorescence intensity of the first polar body was higher 
than that of the cortical ooplasm region (Fig. 5A). At 10 h 
and 14 h, the Ca2+ distribution was the same as that 
observed at 6 h, but the fluorescence intensity increased at 
10 h (Fig. 5B) and the first polar body was degraded at 14 
h (Figs. 5C and D). At 48 h, when cleavage occurred Ca2+ 
was distributed throughout the blastomere, while the 
fluorescence intensity was slightly stronger in the nuclear 
area (Fig. 5E). In 4-cell and 8-cell embryos and morulas, 

Ca2+ was uniformly distributed throughout the blastomere 
(Figs. 5F∼H), while it was distributed unevenly without 
obvious regularity in blastocysts (Fig. 5I).

[Ca2+]i was the lowest at 6 h after PA, at which time it 
differed significantly from the other PA groups (p < 0.01). 
However, there was no significant difference and change 
regularity among the other groups (p ＞ 0.01) (Fig. 6).

Distribution and fluorescence intensity of Ca
2+

 in 
SCNT embryos 

At 6 h after SCNT, the Ca2+ fluorescence intensity was 
extremely weak and there was almost no Ca2+ distribution 
in the reconstructed embryos (Fig. 7A). At 10 h after 
SCNT, Ca2+ was distributed in the donor nucleus (Fig. 7B). 
At 14 h, Ca2+ was distributed throughout the cytoplasm of 
the reconstructed embryos (Fig. 7C). At 24 h Ca2+, was 
distributed in the donor nucleus and distributed uniformly 
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Fig. 6. Comparison of Ca2+ fluorescence intensity in bovine 
parthenogenetic activation embryo at different times. p < 0.05 (*)
and p < 0.01 (**) indicate significant difference from other 
groups.

Fig. 7. Ca2+ distribution in bovine somatic cell nuclear transfer (SCNT) embryos at different times. 

throughout the cytoplasm of the reconstructed embryos 
(Fig. 7D). In the 2-cell, 4-cell and 8-cell embryos, Ca2+ was 
uniformly distributed throughout the blastomere (Figs. 7E∼G). In morulas and blastocysts, Ca2+ was distributed 
unevenly without an obvious pattern (Figs. 7H and I).

[Ca2+]i was lowest at 6 h after SCNT (p < 0.01) and 
highest at 72 h, while there was no obvious difference 
between the 24 h and 48 h groups (p ＞ 0.01). The Ca2+ 
concentration increased with time, reached a peak at 72 h, 
and subsequently began to decline (Fig. 8).

Comparison of the distribution and fluorescent 
intensity of Ca

2+
 in embryos in vitro 

At 6 h, the Ca2+ fluorescence intensity of SCNT embryos 
was lowest among IVF and PA embryos (p < 0.01). At 10 
h, the Ca2+ fluorescence intensity of the PA embryos was 
significantly higher than in the IVF and SCNT groups (p < 
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Fig. 8. Comparison of Ca2+ fluorescence intensity in bovine SCNT
embryos at different times. p < 0.05 (*) and p < 0.01 (**) indicate
significant difference from other groups.

Fig. 9. Comparison of Ca2+ fluorescence intensity in bovine IVF,
PA and SCNT embryos at different times. p < 0.05 (*) and p < 
0.01 (**) indicate significant difference from other groups.

0.01), while there was no obvious difference among groups 
at 14 h (p ＞ 0.01). At 24 h, there was a significantly higher 
fluorescence intensity in the SCNT group than the IVF and 
PA groups (p < 0.01), and the intensity in the IVF 48 h 
group was higher than in the other two groups (p < 0.01). At 
72 h, PA embryos had the lowest Ca2+ fluorescence 
intensity among the three groups (p < 0.01). At 120 h and 
140 h, the Ca2+ fluorescence intensity of the IVF embryos 
was the highest (p < 0.01), whereas the three 160 h groups 
did not differ significantly. Overall, the Ca2+ levels of the 
IVF and SCNT groups fluctuated significantly, but no 
obvious changes were observed in the PA group (Fig. 9).

Discussion

The release of intracellular Ca2+ is a fundamentally 
important signaling event in oocyte maturation, activation, 
fertilization and development [31]. Increased [Ca2+]i levels 
are recognized as the essential factor leading to the release 
of oocytes from cell cycle arrest [32]. In studies of hamsters 
[12] and mice [6], a series of spontaneous Ca2+ oscillations 
occurred in the oocytes after isolation from the ovarian 
follicles until the GVBD stage.

Some studies have shown that the intracellular [Ca2+]i 
changed in mouse oocyte meiosis, as did the spatial 
distribution [28]. Ca2+ was primarily distributed around 
GV in the GV period, evenly distributed throughout the 
cell with slightly higher fluorescence intensity during the 
middle of the GVBD stage, and uniformly distributed in 
MI stage. Furthermore, during the MII stage, [Ca2+]i 
decreased in the pronucleus; nevertheless, there was strong 
distribution and intensity in the polar body [3,21]. In this 
study, Ca2+ was primarily distributed in the cortical 
ooplasm in the GV stage. In the GVBD stage, Ca2+ was 
distributed throughout the cell, but was primarily located 
in the cortical ooplasm. From the MI to the MII stage, Ca2+ 

was distributed throughout the oocytes. Ca2+ distribution 
differed from that of Li et al. [21] in the GVBD stage, and 
was maintained consistently during other periods. Some 
studies have shown that [Ca2+]i was related to oocyte 
cytoplasm maturation during the meiotic process [49]. 
However, the mechanism of [Ca2+]i in this process is still 
not clear. The results may be related to animal breeds or 
experimental time. Further experiments are necessary to 
determine the specific reasons for these differences.

The calcium-signaling paradigm has been established as 
follows: a transient increase in cytoplasmic calcium is 
caused by either calcium influx or internal calcium release 
and terminated by the resequestration or extrusion of 
calcium ions by ATP-driven calcium pumps [10]. In most 
animals, oocytes must undergo a pre-fertilization maturation 
process [37].

Ca2+-dependent events of egg activation are critical to the 
initiation of development by eliminating the block to 
polyspermy, completion of meiosis, onset of interphase 
prior to mitotic cleavage, and expression of new proteins 
[24,42]. Studies of PA have shown that the Ca2+ increase is 
a sufficient trigger for embryonic development [4]. 
Because extracellular Ca2+ is required for in vitro GVBD 
and for the first meiotic division, Ca2+ may be transported 
throughout the plasma membrane, where it plays a 
functional role in maturation [35].

During either fertilization or artificial activation, 
intracellular free [Ca2+]i is the initial signal of oocytes 
activation [48]. To date, fertilized oocytes have been found 
to undergo a common phenomenon in which cryptozoic 
[Ca2+]i elevated and spread with in waves from the point of 
sperm-egg binding to other parts of the egg [43]. Ca2+ 
oscillation induced by fertilization has been found to be 
sustained for up to several hours, and does not disappear 
until pronuclear formation in mice [19]. PA and SCNT 
embryos were shown to start development in response to 
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certain external stimuli, which simulated the process of 
fertilization to release Ca2+ and [Ca2+]i oscillations. Full 
activation of reconstructed embryos is prerequisite to 
ensure their normal development; therefore, many 
researchers have investigated the activation mechanism 
and method of PA and SCNT embryos [38]. This study 
suggests that the intensity, fluctuations, frequency and 
duration of Ca2+ during SCNT process closed to the normal 
fertilization process. To accomplish this, differences in 
Ca2+ distribution and intensity among reconstructed and 
IVF embryos were investigated. The results revealed that 
Ca2+ fluctuation is the initial signal of egg activation, after 
which a series of reactions occurred including CG release, 
intracellular pH changes, and supplementation of maternal 
mRNA. However, the exact causes of these changes 
requires further study.

It has been suggested that activation is mediated by an 
increase in Ca2+ that subsequently leads to exit from the 
second meiotic block [27]. One of the difficulties in 
attempting to study the effects of Ca2+ transients upon 
embryo development is the fact that Ca2+ increase is 
normally associated with and necessary for both fertilization 
and PA [5]. Following fertilization or activation of oocytes, 
the intracellular Ca2+ concentration increases rapidly, 
resulting in cytostatic factor activity disappearing. Next, 
cyclinB rapidly degrades, inducing the disappearance of 
maturation promoting factor activity, which results in cells 
leaving the M phase and subsequently entering the meiotic 
phase [26].

Ca2+ fluctuation have rule in IVF and SCNT process, but 
PA. This was likely because PA embryos differ from IVF 
embryos. The most essential difference between PA and 
IVF embryos is that PA embryos are produced through 
activation of female gametes via physical or chemical 
methods, but IVF embryos are obtained through fertilization 
of male and female gametes [16]. Many studies have 
shown that the cytoplasm and nuclear features of PA 
embryos are defective [30]. The abnormality rate of PA 
embryonic chromosome haplotypes was shown to be 
higher than that of IVF embryos and the expression of 
protein factors are also different [8]. Accordingly, PA 
embryos have some degree of functional defect, which 
results in developmental disorders. Calcium waves of 
different speeds that are generated by different 
mechanisms are important in embryonic development, in 
part because Calcium waves have very low diffusion 
constants inside cells and are strongly bound by cellular 
calcium buffers [17]. In conclusion, the results of the 
present study showed that Ca2+ around the nuclear 
membrane plays important roles in GVBD as well as IVF 
and SCNT embryonic development.
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