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a b s t r a c t

Calcium ion fluctuation is closely related to the transformation of cell cycle. However, little is known
about the function of L-type calcium channel in mammalian oocyte and embryo development. We thus
studied the roles of L-type calcium channel in mouse oocyte meiotic maturation, parthenogenetic
activation and early embryonic development. We used the antagonist Amlodipine to block L-type cal-
cium channel. Oocytes or zygotes were cultured to different time points with 0 mM, 10 mM, 30 mM and
50 mM Amlodipine. Then we checked the rate of first polar body extrusion, spindle formation, asym-
metric division parthenogenetic activation and early embryo cleavage. The results showed that Amlo-
dipine treatment did not affect germinal vesicle breakdown, but caused disruption of cytoskeleton
organization, symmetric division, formation of mature oocytes with a large polar body, or reduced the
first polar body extrusion, depending on its concentrations. Amlodipine treatment also resulted in
decreased parthenogenetic activation and arrested early embryonic development. Overall, these data
suggest that proper function of L-type calcium channel is critical for oocyte maturation, activation, and
early embryonic development.

© 2017 Published by Elsevier Inc.
1. Introduction

Proper cell cycle progression and accurate segregation of chro-
mosomes ensures that each daughter cell receives exactly one copy
of the genome during each cell cycle. In meiosis, two successive
divisions occur with only one round of DNA replication, thereby
producing haploid gametes onwhich the genetic stability of species
depends. Any error in this process will result in failure of fertil-
ization or developmental disturbances that are manifested in ge-
netic disorders [1e3]. It is well known that oocyte provides the
components (such as mRNA and proteins) to support embryo's
eproduction and Germplasm
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development until the embryos activate their own genome [4,5].
The quality of mature oocyte directly determines the fate of early
embryo [6e8]. Although at present, oocyte in vitro maturation
(IVM) system has been improved, the quality of IVM oocytes is not
the same good as those matured in vivo [9e11]. In the process of
oocyte maturation, the nuclear envelope breaks down (germinal
vesicle breakdown, GVBD) and the oocyte undergoes accurate
segregation of homologous chromosomes during meiosis I, fol-
lowed by the extrusion of the first polar body (PB1), which is called
nuclear maturation [12,13]. Nonetheless, the maturing oocyte also
needs to undergo cytoplasmic maturation, which may not be
consistent to nuclear maturation [14,15]. During meiotic matura-
tion, some intracellular components such as the spindle, mito-
chondria, and cortical granules (CGs) change in position, which is
significant for subsequent embryo development [16e18].

Calcium ions generally show dynamic changes in many animal
cells, and its concentration fluctuations (Ca2þoscillations) are
closely related to transformation of the cell cycle [19,20]. Oocyte
maturation and activation are also regulated by calcium ion
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concentration fluctuations [21]. Increasing intracellular calcium ion
concentration was observed at fertilization and parthenogenetic
activation of oocytes [22e26]. Furthermore, intracellular calcium
and external calcium also regulate oocyte meiotic maturation. L-
type calcium channel is a kind of double hydrogen pyridine sensi-
tivity (DHP) voltage-dependent calcium channel, and widely exists
in various kinds of excitable cells and non-excitable cells [27]. In
addition, it mediates cellular functions, such as excitation
contraction coupling, signal transduction, the neurotransmitter
release. Moreover, it has vital roles in cardiac muscle, smooth
muscle, skeletal muscle, brain and endocrine tissue [28]. Oocyte
meiotic resumption marked by GVBD and oocyte activation are
finely regulated in different species [29]. But little is known about
the function of L-type calcium channel in mammalian oocyte
maturation and early embryonic development.

In this research, we investigated the roles of L-type calcium
channel in mouse oocyte meiotic maturation, parthenogenetic
activation and early embryonic development by using its antago-
nist. Amlodipine is a calcium channel blocker which is widely used
in the treatment of hypertension and angina [30]. We found that
oocytes in Amlodipine-treated groups showed reduced first polar
body extrusion, symmetric division or large PB1 extrusion, reduced
parthenogenetic activation, and retarded early embryonic devel-
opment, indicating important functions of L-type calcium channel
in these processes.

2. Materials and methods

2.1. Antibodies and chemicals

All antibodies and chemicals used in the experiments were
purchased from Sigma-Aldrich Chemical Company (St. Louis, MO,
USA) unless indicated otherwise. Amlodipine was prepared in
DMSO at a stock concentration of 10 mM.

2.2. Oocyte collection and culture

Animal care and use were conducted in accordance with the
Animal Research Committee guidelines of Qingdao Agricultural
University. Immature oocytes with clear germinal vesicle (GV) were
collected from ovaries of 6-week-old female ICR white mice in M2
medium, supplemented with 2.5 mM Milrinone which prevented
GVBD. After washing, oocytes were cultured in M16 medium under
liquid paraffin oil at 37 �C in an atmosphere of 5% CO2 in air. At
different time points after culture, oocytes were collected for
further experiments. The oocyte maturation dynamics including
GV(0 h), GVBD (2 h), MI (8 h), AI-TI (9.5 h), and MII (13 h) was
referenced from a previous publication [31].

2.3. Amlodipine treatment experiments

Fully-grown oocytes with GV in the middle were selected and
divided into four similar quality groups. Then oocytes were
cultured to different time points with 0 mM, 10 mM, 30 mM and
50 mM Amlodipine, respectively. Bright field images were captured
by a DM IRB inverted microscope (Leica Microsystems, Bannock-
burn, IL). Polar body diameter was determined with ImageJ (NIH)
by taking a line measurement at the widest position.

2.4. Immunofluorescence and confocal microscopy

Immunofluorescence was performed as described previously
[31,32]. Briefly, oocytes were fixed in freshly prepared 4% para-
formaldehyde for 30min, and then permeabilized with 1% Triton X-
100 in phosphate-buffered saline (PBS) for 20 min, followed by
blocking in 1% bovine serum albumin (BSA) for 1 h at room tem-
perature. Then they were incubated with Mouse monoclonal anti-
a-tubulin FITC antibody (1:500, SantaCruz) for 4 h. Or oocytes were
incubated with Phalloidin-TRITC (1:500) for 1 h at room tempera-
ture. After washed in washing buffer (PBS containing1/1000
Tween20 and 1/10000 TritonX-100), oocytes were stained with
Hoechst 33342 (0.5 mg/ml) prepared in PBS for 15min.

The staining of CGs was performed as described previously [33].
Briefly, oocytes were exposed to 0.25% pronase for 1e2min to
remove the zonapellucida. Zona-free oocytes were washed three
times in M2 medium and fixed with 3.7% paraformaldehyde in M2
(pH 7.4) for 40 min at room temperature. Then they were washed
three times in blocking solution (M2 medium with 0.3% BSA and
100 mM glycine), permeabilized in M2 mediumwith 0.1% Triton X-
100 for 5min, blocked overnight at 4 �C or 1 h at room temperature.
After washing twice, CGs were stained for 1 h in 100 mg/mL of FITC-
labeled lens culinaris agglutinin (FITC-LCA, FL-1041, Vector
Laboratories).

These stained oocytes were mounted with anti-fade medium
(Vector Laboratories, Burlingame, CA, USA) in glass slides, and then
observed with a laser scanning confocal microscope (Leica TCS SP5
II, Wetzlar, Germany).
2.5. Superovulation and parthenogenetic activation

Female mice were administrated intraperitoneal injections of 10
IU pregnant mare's serum gonadotropin (PMSG) followed 44e48 h
later by human chorionic gonadotropinwith 10IU (hCG) (both from
Ningbo Hormone Product Co. Ltd., Cixi, China) [34]. After 14 h of
hCG administration, MII oocytes were collected, and then treated in
CZB with different concentrations of Amlodipine as described
above after removal of cumulus cells, and activated by 10 mM SrCl2
(10025-70-4, Sangon Biotech, Shanghai) dissolved in Ca2þ free CZB
medium. After 5e6 h, the activation rate of parthenogenetic em-
bryos was observed.
2.6. Zygote collection and embryo culture

Superovulation was performed as described above. After hCG
administration, the female mice were mated with adult ICR males
overnight to obtain early embryos. Zygotes were collected from
oviducts at next day after post-hCG injection 20 h, and cultured in
CZB medium supplemented with different concentrations of
Amlodipine for 96 h. Embryo morphology was observed and im-
ages were acquired using a Nikon SMZ150.
2.7. RNA extraction and quantitative real time PCR (qRT-PCR)

About 150 oocytes were collected from mice and total RNA was
extracted by using PureLink RNA Mini Kit (Invitrogen). Reserve
transcription was conducted with TransScript One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen). All the primers
were listed in supplementary file (supplementary table 1). The
SYBR Premix Ex Taq kit (Takara) was used in Applied Biosystems
7500 Sequence Detection System. Amplification was performed in
20 mL reactions containing 10 mL of SYBRGreenMaster Mix, 7.2 mL of
RNase free H2O, 0.4 mL of primers (10 mM), 0.4 mL of ROX Reference
Dye 2 and 2 mL of cDNA. PCR amplification conditions were as fol-
lows: reaction was initialed at 95 �C for 10 min, followed by 40
cycles of denaturing at 95 �C for 15 s, annealing at 60 �C for 30 s, and
extension at 72 �C for 20 s. The threshold cycle values were
calculated with mean ± SD.



Table 1
Expression of voltage-dependent Ca2þ channels in mouse oocytes.

Gene GV oocyte Cta MI oocyte Ct MII oocyte Ct

Cacnalc 33.89 ± 0.52 35.83 ± 0.03 35.67 ± 0.23
Cacnald 28.76 ± 0.12 30.57 ± 0.32 30.81 ± 0.07
Cacnals NDb ND ND
Cacnalf ND ND ND
Cacnb4 28.94 ± 0.03 31.42 ± 0.53 30.06 ± 0.06
Cacnb2 29.11 ± 1.24 29.72 ± 0.22 30.45 ± 1.05

a Ct, threshold cycle.
b ND, not detected.
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2.8. Statistical analysis

All experiments were conducted at least three times. Results
were analyzed by GraphPad Prism 5.0 software (GraphPad Soft-
ware, San Diego, CA, USA). The significance of differences between
groups was analyzed by the Chi-square test and p-values less than
0.05 were considered statistically significant.
3. Results

3.1. L-type calcium channel related genes are expressed in mouse
oocytes

To confirm whether the L-type channel was present in mouse
oocytes, we searched the database for different L-type calcium
channels subunits and six kinds of subunits encoded by gene
Cacna1c, Cacna1d, Cacna1f, Cacna1s, Cacnb4 and Cacnb2 were
found. Total RNA of different stage oocytes were extracted and
the mRNA expression levels were quantified by qRT-PCR. Ac-
cording to the Ct values, the expression levels of Cacna1c, Cac-
na1d, Cacnb4 and Cacnb2 were identified (Table 1). While the
expression levels of Cacna1s and Cacna1f, by contrast, were not
detected. While primers for Cacna1s and Cacna1f were identified
positive in cDNA amplifications of TM4 cells and mouse embry-
onic fibroblast (MEF) cells. These data indicated that L-type
Fig. 1. The L-type calcium channel antagonist Amlodipine reduces the first polar body extr
in vitro. Arrow indicates a typical oocyte with the normal size of the first polar body. Arr
breakdown (GVBD) after treatment with different concentrations of Amlodipine. There was
after treatment with different concentrations of Amlodipine. With the increase of Amlodipin
Scale bars ¼ 100 mm, ns ¼ no significant difference.
calcium channel was indeed present in mouse oocytes.

3.2. Amlodipine reduces the first polar body extrusion

The effect of Amlodipine on oocyte meiotic maturation was
shown in Fig. 1A. In order to get as many synchronized oocytes as
possible, 2.5 mM Milrinone was added to the medium to prevent
GVBD while collecting oocytes [31,35]. We only collected the
cumulus-free fully-grown oocytes for maturation in medium con-
taining 0 mM, 10 mM, 30 mM and 50 mM Amlodipine. As shown in
Fig. 1B, Amlodipine treatment did not affect GVBD. After 13 h of
maturation culture, we examined the rate of the first polar body
extrusion (PBE). As shown in Fig. 1C, PBE in 10 mM Amlodipine
group did not have significant difference compared with the con-
trol. With the increasing concentration of Amlodipine, the rate of
PBE significantly decreased compared to the control, indicating that
L-type calcium channel plays critical roles in mouse oocyte matu-
ration in vitro.

3.3. Amlodipine treatment disrupts mouse oocyte asymmetric
division

Of all oocytes with the first polar body emission, 100% under-
went an asymmetric division in the control group, producing a
large egg with a small polar body (arrow indicates typical image in
Fig. 1A). However, oocytes treated with Amlodipine extruded much
bigger polar bodies (arrowheads indicate typical image in Fig. 1A).
In 30 mM or 50 mM Amlodipine-treated groups, nearly 40% and 50%
mature oocytes divided symmetrically and produced big polar
bodies, respectively (Fig. 2A). Diameter measurement of cells
revealed significantly increased polar body size in Amlodipine-
treated groups (Fig. 2B). To present clear cytoskeleton dynamic
changes, oocytes were stained with anti-a-tubulin FITC and
Hoechst 33342, and it was showed that Amlodipine treatment did
undergo symmetric division, and in each similar-sized daughter
cells, a typical spindle was formed (Fig. 2C). All these results
showed depletion of calcium by blocking L-type calcium channel
disrupts mouse oocyte asymmetric division.
usion. A. Representative images of control and Amlodipine-treated oocyte maturation
owhead indicates a typical oocyte with a big polar body. B. Rates of germinal vesicle
no significant difference among them. C. Rates of the first polar body extrusion (PBE)
e concentration, the rate of PBE decreased. ** indicates significant difference (P < 0.01).



Fig. 2. The L-type calcium channel antagonist Amlodipine disrupts asymmetric division of mouse oocyte. A. Amlodipine-treated oocytes showed a higher rate of big first polar body
compared with control oocytes. B. Measurement of the first polar body diameter at its widest position. The size of first polar body in Amlodipine-treated oocytes was significantly
larger than that in control oocytes. C. Confocal micrographs of control oocytes and Amlodipine-treated oocytes displaying the first polar body and spindles. Control oocytes and
Amlodipine-treated oocytes proceeded through metaphase I (MI), anaphase/telophase I (AI/TI), and established a meiotic arrest at metaphase II (MII). Typical Amlodipine-treated
oocyte showed a big first polar body. All oocytes were stained with anti-tubulin antibody (green) and Hoechst 33342 (Blue). Scale bars ¼ 100 mm, ** indicates significant difference
(P < 0.01), ns ¼ no significant difference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G.-F. He et al. / Theriogenology 102 (2017) 67e7470
3.4. Amlodipine affects normal spindle formation and migration,
actin cap formation and cortical granule distribution

Since Amlodipine-treated oocytes extruded big polar bodies, we
carefully analyzed cytoskeleton changes. First we employed anti-a-
tubulin FITC antibody immunofluorescent staining to demonstrate
the organization and migration of the spindle, as well as cell po-
larization formation. As shown in Fig. 3A, in MI stage, normal
spindle was formed in the control group while abnormal spindle
was observed in the Amlodipine-treated group. The percentage of
abnormal spindle in 50 mM Amlodipine group was significantly
higher than that in control group (Fig. 3B), indicating that blocking
L-type calcium channel disrupts the spindle formation. Around 9 h
of culture, spindles in mouse oocytes moved to the cortex at
roughly late MI stage (Fig. 3C). However, in high dose of
Amlodipine-treated group, spindle was still located in the center of
oocyte, even some had a normal shape (Fig. 3C, right). Oocytes
treated with 30 mM Amlodipine (62.11 ± 10.13%, n ¼ 130 vs control
group 32.3 ± 4.29%,n ¼ 122; P < 0.05) or 50 mM Amlodipine
(63.13 ± 7.86%, n ¼ 122 vs control group 32.3 ± 4.29%,n ¼ 122;
P < 0.05) displayed centrally-located spindles (Fig. 3D), indicating
that blocking L-type calcium channel by Amlodipine deteriorates
peripheral spindle migration.
The F-actin dynamics was also investigated. Especially, the actin
cap, as a polarization criterion, was also observed to clarify whether
oocyte polarity was disrupted [36]. As shown in Fig. 3E, the chro-
mosomes of control group had already moved to the cortex and
formed an actin cap at the late MI stage after 9 h of culture. But in
the experimental groups, it was hard to find a typical actin cap.
Also, we probed the cortical granule (CG) distribution, since cortical
granule-free domain (CGFD) was not only a criterion of assessing
cytoplasmic maturation, but also a feature of oocyte polarization
[37]. After Amlodipine treatment, CGs were still interspersed in the
cortical cytoplasm, without CGFD formation (Fig. 3F). Therefore,
oocyte polarity was disrupted by Amlodipine treatment, which
indicates that the failure of polarity is related to cytoplasmic Ca2þ

concentration.

3.5. Amlodipine affects parthenogenetic activation

Next we investigated whether Amlodipine-treated in vivo
matured oocytes could be parthenogenetically activated. With the
increasing concentration of Amlodipine, less parthenogenetically
activated oocytes and more dead oocytes were observed (Fig. 4A).
As shown in Fig. 4B, the rate of parthenogenetic activation, even in
10 mM Amlodipine-treated group, was significantly lower than that



Fig. 3. Amlodipine affects the spindle migration and actin cap formation. A. Typical defective spindle images of Amlodipine-treated oocytes at metaphase I were shown. Oocytes
were stained with anti-tubulin antibody (green) and Hoechst 33342 (Blue).B. Rates of oocytes with abnormal spindles in the high concentration Amlodipine-treated group was
significantly increased compared to the control group. C. The spindle moved to the cortex after 9 h of culture in the control group, but in the middle in a high concentration
Amlodipine-treated group, even the normal shape spindle was still centrally located. Oocytes were stained with anti-tubulin antibody (green) and Hoechst 33342 (Blue).D.Rates of
centrally-located spindles in oocytes after 9 h of culture. *indicates significant difference (P < 0.05). E.After9h of culture, an actin cap had formed in the control group (arrow), but no
clear actin cap was observed in the Amlodipine-treated group. Oocytes were stained with TRITC-Phalloidin (red) and Hoechst 33342 (blue). F. Amlodipine affected cortical granule
migration and formation of the cortical granule-free domain (CGFD). At the MII stage, oocytes in the control group formed CGFD normally (arrow), while there is no CGFD formation
in the Amlodipine-treated oocytes (arrowhead). Oocytes were stained with Lectin lens culinaris (green) and Hoechst 33342 (blue). All scale bars ¼ 20 mm, ** indicates significant
difference (P < 0.01), ns ¼ no significant difference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the control. In addition, dead oocytes are found from 30 mM and
higher concentration Amlodipine-treated groups. Therefore, inhi-
bition of L-type calcium channel by lower concentration of Amlo-
dipine reduces parthenogenetic activation and high concentration
of Amlodipine can cause oocyte death.
3.6. Amlodipine impairs early embryonic development

We further investigated the effects of Amlodipine treatment on
embryonic development of zygotes. Zygotes were collected from
Fig. 4. Amlodipine reduces the rate of parthenogenetic activation. A. Typical images of contr
Arrow indicates an oocyte with a pronucleus and arrowhead indicated a dead oocyte. B.
Amlodipine. With the increase of Amlodipine concentration, the rate of activation decreased
ns ¼ no significant difference. Scale bars ¼ 100 mm.
oviducts at next day after hCG injection, termed as 0 h, and copu-
lation. We cultured them to 24 h, 44 h and 96 h to examine the
development of two-cell embryos, four-cell embryos and blasto-
cysts with Amlodipine treatment consistently. Embryos in two-cell
stage (black arrow), four-cell stage (black arrowhead) and blasto-
cyst stage (white arrowhead) were shown in Fig. 5A. With 10 mM
Amlodipine treatment, most zygotes developed to the two-cell
stage, no difference with control group (Fig. 5B). But in 50 mM
groups, the rate of two-cell embryos was significantly lower than
that in control, and some 2-cell stage embryos died (Fig. 5A). By
ol and Amlodipine-treated groups were shown after parthenogenetic activation in vitro.
Rates of parthenogenetic activation after treatment with different concentrations of
. ** indicates significant difference (P < 0.01), *indicates significant difference (P < 0.05),



Fig. 5. Amlodipine impairs early embryonic development. A. Morphology of embryos cultured with different concentrations of Amlodipine. Arrow indicated 2-cell embryo, black
arrowhead indicated 4-cell embryo and white arrowhead referred to the representative blastocyst. Embryonic morphology was observed and images were acquired at 24 h, 44 h
and 96 h of culture. B. The rate of 2-cell embryos after treatment with different concentrations of Amlodipine at 24 h. There was no significant difference among the control and
10 mM Amlodipine-treated groups. However, 50 mM Amlodipine-treated group showed a significant lower rate of 2-cell embryos. C. The rate of 4-cell embryo after treatment with
different concentrations of Amlodipine at 44 h. With the increase of Amlodipine concentrations, the rate of 4-cell embryos decreased significantly. D. The rate of blastocysts after
treatment with different concentrations of Amlodipine at 96 h. No one exposed to Amlodipine could develope to blastocyst stage. ** indicates significant difference (P < 0.01),
ns ¼ no significant difference, Scale bars ¼ 100 mm.
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44 h, a majority of the control embryos reached four-cell stage. But
in the Amlodipine-treated groups (10 mM and 30 mM) only a small
fraction developed to the four-cell stage, and the difference was
significant as shown in Fig. 5C. By 96 h, even in 10 mM Amlodipine,
no one could develop to the blastocyst stage (Fig. 5D). All these data
suggest that blocking of L-type calcium channel retards early em-
bryonic development.
4. Discussion

So far, numerous reports about functions of L-type calcium
channels focus on mitosis of somatic cells. In this study, we aimed
to investigate the possible functions of L-type calcium channels in
mouse oocyte meiotic maturation by using its antagonist Amlodi-
pine. Our results showed that Amlodipine affects oocyte spindle,
morphology andmovement, actin cap formation, and CGmigration,
resulting in symmetric division, failed polar body extrusion, and
impaired parthenogenetic activation, as well as early embryonic
development inhibition.

During in vitro culture of mouse oocytes, nuclear maturation
completes first, while the oocyte cytoplasmmay not have sufficient
time to complete maturation. The study on human oocytes also
confirms this point [38]. It is demonstrated that there is a high level
of asynchrony between nuclear maturation and cytoplasmic
maturation. In addition, it also proved that incomplete CG migra-
tion, polarity loss and large polar bodies are indicators of poor
oocyte quality [39]. In our study, antagonist of L-type calcium
channels also causes big polar body formation and failure of pe-
ripheral CG migration and polarity formation. Hence, L-type cal-
cium channels may be a key regulator of oocyte quality by
regulating Ca2þ.

Previous studies suggested that the actin capping protein
mainly localizes in the oocyte cytoplasm during maturation, then it
is essential for actin cytoskeleton machinery, correct asymmetric
spindle migration and polar body extrusion [40]. L-type calcium
channels may coordinate with capping protein to affect the for-
mation of actin cap. It has been shown that Fmn2-Arp2/3-
orchestrated cytoplasmic streaming breaks the symmetrical divi-
sion, maintains the oocyte polarity, and transports the spindle to
the cortex [41,42]. How L-type calcium channel participates in this
process needs further research.

Oocyte activation requires Ca2þ rise, and subsequent calmodulin
and calmodulin-dependent protein kinase pathway. The inhibition
of L-type calcium channel causes failure of oocyte activation, sug-
gesting that it is important for Ca2þ rise in oocyte. Meiosis initiation
also requires calcineurin. It is known that calcineurin subunits, CnA
and CnB, localize in the cortex area of MII oocytes, in vitro fertilized
and parthenogenetically activated oocytes. Besides, calcineurin
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participates in the process of pig oocyte activation [43]. Whether L-
type calcium channels are associated calcineurin needs further
clarification.

Calcium is also important for mitotic progression and cell sur-
vival of early embryos, and L-type calcium channels appear to be
the key regulator of calcium in mouse embryos, since Amlodipine
caused mitotic failure and even embryo death, depending on con-
centrations. It is demonstrated that the mTORC2/Akt1/Girdin
signaling pathway is significant for regulating F-actin in mouse
fertilized eggs [44]. Existing research showed that maternal Yap1-
knockout embryos block in the two-cell stage and develop into
the four-cell stage in a longer time. Amlodipine treatment obtained
similar results. It appears that L-type calcium channel functions in
early embryos, and it may plays its roles by regulating intracellular
calcium, and thus affect cytoskeleton function, cell cycle progres-
sion and even cell survival.

In conclusion, our study indicates that L-type calcium channel
plays important roles in oocyte meiotic maturation, parthenoge-
netic activation and early embryonic development.

Author contribution

Gui-Fang He and Lei-Lei Yang contributed equally to this work.

Funding

This work was supported by National Natural Science Founda-
tion of China (No.31571550), Applied Basic Research Program of
Qingdao (No. 15-9-1-48-jch) and High-level Personnel Scientific
Research Fund of Qingdao Agricultural University (No.
6631115025).

Acknowledgments

The authors would like to thank Lan Li, Jing-Cai Liu and Wei
Wang for technical assistance.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.theriogenology.2017.07.012.

References

[1] Cahill DP, Lengauer C, Yu J, Riggins GJ, Willson JK, Markowitz SD, et al. Mu-
tations of mitotic checkpoint genes in human cancers. Nature 1998;392:
300e3.

[2] Matsuura S, Ito E, Tauchi H, Komatsu K, Ikeuchi T, Kajii T. Chromosomal
instability syndrome of total premature chromatid separation with mosaic
variegated aneuploidy is defective in mitotic-spindle checkpoint. Am J Hum
Genet 2000;67:483e6.

[3] Hartwell LH, Kastan MB. Cell cycle control and cancer. Science 1994;266:
1821e8.

[4] Stitzel MLSG. Regulation of the oocyte-to-zygote transition. Science 2007;316:
407e8.

[5] Chen J, Melton C, Suh N, Oh JS, Horner K, Xie F, et al. Genome-wide analysis of
translation reveals a critical role for deleted in azoospermia-like (Dazl) at the
oocyte-to-zygote transition. Genes & Dev 2011;25:755e66.

[6] Gandolfi TAGF. The maternal legacy to the embryo: cytoplasmic components
and their effects on early development. Theriogenology 2001;55:1255e76.

[7] RG G. Oogenesis as a foundation for embryogenesis. Mol Cell Endocrinol
2002;186:149e53.

[8] Rienzi L, Gracia C, Maggiulli R, LaBarbera AR, Kaser DJ, Ubaldi FM, et al. Oocyte,
embryo and blastocyst cryopreservation in ART: systematic review and meta-
analysis comparing slow-freezing versus vitrification to produce evidence for
the development of global guidance. Hum Reprod Update 2017;23:139e55.

[9] Eppig JJOBM, Wigglesworth K. Mammalian oocyte growth and development
in vitro. Mol Reprod. Dev 1996;44:260e73.

[10] Han DZBT, Liu Y, et al. Interactive effects of low temperature and roscovitine
(ROS) on meiotic resumption and developmental potential of goat oocytes.
Mol Reprod. Dev 2008;75:838e46.
[11] Leibfried-Rutledge MLCES, Eyestone WH, et al. Development potential of
bovine oocytes matured in vitro or in vivo. Biol Reprod. 1987;36:376e83.

[12] Coticchio G, Dal Canto M, Mignini Renzini M, Guglielmo MC, Brambillasca F,
Turchi D, et al. Oocyte maturation: gamete-somatic cells interactions, meiotic
resumption, cytoskeletal dynamics and cytoplasmic reorganization. Hum
Reprod update 2015;21:427e54.

[13] Li R, Albertini DF. The road to maturation: somatic cell interaction and self-
organization of the mammalian oocyte. Nat Rev Mol cell Biol 2013;14:
141e52.

[14] Appeltant R, Somfai T, Maes D, VANS A, Kikuchi K. Porcine oocyte maturation
in vitro: role of cAMP and oocyte-secreted factors - a practical approach.
J Reprod. Dev 2016;62:439e49.

[15] Downs SM. Nutrient pathways regulating the nuclear maturation of
mammalian oocytes. Reprod., Fertil Dev 2015;27:572e82.

[16] McDougall A, Chenevert J, Pruliere G, Costache V, Hebras C, Salez G, et al.
Centrosomes and spindles in ascidian embryos and eggs. Methods cell Biol
2015;129:317e39.

[17] Kumar M, Pushpa K, Mylavarapu SV. Splitting the cell, building the organism:
mechanisms of cell division in metazoan embryos. IUBMB life 2015;67:
575e87.

[18] Dionne LK, Wang XJ, Prekeris R. Midbody: from cellular junk to regulator of
cell polarity and cell fate. Curr Opin cell Biol 2015;35:51e8.

[19] Malcuit CKM, Fissore RA. Calcium oscillations and mammalian egg activation.
Cell Physiol 2006;206:565e73.

[20] Altman BJ. Cancer clocks out for lunch: disruption of circadian rhythm and
metabolic oscillation in cancer. Front cell Dev Biol 2016;4:62.

[21] Miyazaki S, Ito M. Calcium signals for egg activation in mammals. J Pharmacol
Sci 2006;100:545e52.

[22] Ajduk AMA, Maleszewski M. Cytoplasmic maturation of mammalian oocytes:
development of a mechanism responsible for sperminduced Ca2þ oscilla-
tions. Reprod Biol 2008;8:3e22.

[23] Bos-Mikich A, Swann K, Whittingham DG. Calcium oscillations and protein
synthesis inhibition synergistically activate mouse oocytes. Mol Reprod Dev
1995;41:84e90.

[24] Cui W, Zhang J, Lian HY, Wang HL, Miao DQ, Zhang CX, et al. Roles of MAPK
and spindle assembly checkpoint in spontaneous activation and MIII arrest of
rat oocytes. PloS one 2012;7:e32044.

[25] Jellerette T, He CL, Wu H, Parys JB, Fissore RA. Down-regulation of the inositol
1,4,5-trisphosphate receptor in mouse eggs following fertilization or parthe-
nogenetic activation. Dev Biol 2000;223:238e50.

[26] Kline D, Kline JT. Repetitive calcium transients and the role of calcium in
exocytosis and cell cycle activation in the mouse egg. Dev Biol 1992;149:
80e9.

[27] Vega-Vela NE, Osorio D, Avila-Rodriguez M, Gonzalez J, Garcia-Segura LM,
Echeverria V, et al. L-Type calcium channels modulation by estradiol. Mol
Neurobiol 2016 Aug 15. http://dx.doi.org/10.1007/s12035-016-0045-6.

[28] Okamura Y1 I-NH, Nakajo K, Ohtsuka Y, Ebihara T. The ascidian
dihydropyridine-resistant calcium channel as the prototype of chordate L-
type calcium channel. Neurosignals 2003;12:142e58.

[29] Freudzon L, Norris RP, Hand AR, Tanaka S, Saeki Y, Jones TL, et al. Regulation of
meiotic prophase arrest in mouse oocytes by GPR3, a constitutive activator of
the Gs G protein. J Cell Biol 2005;171:255e65.

[30] Sheraz MA, Ahsan SF, Khan MF, Ahmed S, Ahmad I. Formulations of amlodi-
pine: a review. J Pharm (Cairo) 2016 Oct 16. http://dx.doi.org/10.1155/2016/
8961621.

[31] Yin S, Wang Q, Liu JH, Ai JS, Liang CG, Hou Y, et al. Bub1 prevents chromosome
misalignment and precocious anaphase during mouse oocyte meiosis. Cell
cycle 2006;5:2130e7.

[32] Luo YB, Ma JY, Zhang QH, Lin F, Wang ZW, Huang L, et al. MBTD1 is associated
with Pr-Set7 to stabilize H4K20me1 in mouse oocyte meiotic maturation. Cell
cycle 2013;12:1142e50.

[33] Liu XY, Mal SF, Miao DQ, Liu DJ, Bao S, Tan JH. Cortical granules behave
differently in mouse oocytes matured under different conditions. Hum Reprod
2005;20:3402e13.

[34] Zheng J, Yin XQ, Ge W, He GF, Qian WP, Ma JY, et al. Post-ovulatory aging of
mouse oocytes in vivo and in vitro: effects of caffeine on exocytosis and
translocation of cortical granules. Animal Sci J ¼ Nihon chikusan Gakkaiho
2016;87:1340e6.

[35] Yin S, Ai JS, Shi LH, Wei L, Yuan J, Ouyang YC, et al. Shugoshin1 may play
important roles in separation of homologous chromosomes and sister chro-
matids during mouse oocyte meiosis. PloS one 2008;3:e3516.

[36] Wang ZB, Jiang ZZ, Zhang QH, Hu MW, Huang L, Ou XH, et al. Specific deletion
of Cdc42 does not affect meiotic spindle organization/migration and homol-
ogous chromosome segregation but disrupts polarity establishment and
cytokinesis in mouse oocytes. Mol Biol cell 2013;24:3832e41.

[37] Sun SC, Wang ZB, Xu YN, Lee SE, Cui XS, Kim NH. Arp2/3 complex regulates
asymmetric division and cytokinesis in mouse oocytes. PloS one 2011;6:
e18392.

[38] Chang HM, Qiao J, Leung PC. Oocyte-somatic cell interactions in the human
ovary-novel role of bone morphogenetic proteins and growth differentiation
factors. Hum Reprod update 2016;23:1e18.

[39] Petersen CG, Vagnini LD, Mauri AL, Massaro FC, Silva LF, Cavagna M, et al.
Evaluation of zona pellucida birefringence intensity during in vitro matura-
tion of oocytes from stimulated cycles. Reprod Biol Endocrinol 2011;9:53.

[40] Jo YJ, Jang WI, Namgoong S, Kim NH. Actin-capping proteins play essential

http://dx.doi.org/10.1016/j.theriogenology.2017.07.012
http://dx.doi.org/10.1016/j.theriogenology.2017.07.012
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref1
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref1
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref1
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref1
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref2
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref2
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref2
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref2
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref2
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref3
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref3
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref3
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref4
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref4
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref4
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref5
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref5
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref5
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref5
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref5
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref6
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref6
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref6
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref7
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref7
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref7
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref8
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref8
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref8
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref8
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref8
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref9
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref9
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref9
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref10
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref10
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref10
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref10
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref11
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref11
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref11
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref12
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref12
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref12
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref12
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref12
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref13
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref13
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref13
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref13
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref14
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref14
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref14
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref14
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref15
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref15
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref15
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref16
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref16
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref16
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref16
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref17
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref17
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref17
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref17
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref18
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref18
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref18
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref19
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref19
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref19
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref20
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref20
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref21
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref21
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref21
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref22
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref22
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref22
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref22
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref22
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref23
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref23
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref23
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref23
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref24
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref24
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref24
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref25
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref25
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref25
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref25
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref26
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref26
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref26
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref26
http://dx.doi.org/10.1007/s12035-016-0045-6
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref28
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref28
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref28
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref28
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref29
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref29
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref29
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref29
http://dx.doi.org/10.1155/2016/8961621
http://dx.doi.org/10.1155/2016/8961621
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref31
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref31
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref31
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref31
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref32
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref32
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref32
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref32
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref33
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref33
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref33
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref33
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref34
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref35
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref35
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref35
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref36
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref36
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref36
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref36
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref36
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref37
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref37
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref37
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref38
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref38
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref38
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref38
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref39
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref39
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref39
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref40


G.-F. He et al. / Theriogenology 102 (2017) 67e7474
roles in the asymmetric division of maturing mouse oocytes. J Cell Sci
2015;128:160e70.

[41] Yi K, Rubinstein B, Li R. Symmetry breaking and polarity establishment during
mouse oocyte maturation. Philos Trans R Soc Lond B Biol Sci 2013;368.
20130002.

[42] Yi K, Rubinstein B, Unruh JR, Guo F, Slaughter BD, Li R. Sequential actin-based
pushing forces drive meiosis I chromosome migration and symmetry breaking
in oocytes. J Cell Biol 2013;200:567e76.
[43] Tumova L, Chmelikova E, Zalmanova T, Kucerova-Chrpova V, Romar R,

Dvorakova M, et al. Calcineurin role in porcine oocyte activation. Animal
2016:1e10.

[44] Wu D, Yu D, Wang X, Yu B. F-actin rearrangement is regulated by mTORC2/
Akt/Girdin in mouse fertilized eggs. Cell Prolif 2016;49:740e50.

http://refhub.elsevier.com/S0093-691X(17)30339-4/sref40
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref40
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref40
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref41
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref41
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref41
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref42
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref42
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref42
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref42
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref43
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref43
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref43
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref43
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref44
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref44
http://refhub.elsevier.com/S0093-691X(17)30339-4/sref44

	The role of L-type calcium channels in mouse oocyte maturation, activation and early embryonic development
	1. Introduction
	2. Materials and methods
	2.1. Antibodies and chemicals
	2.2. Oocyte collection and culture
	2.3. Amlodipine treatment experiments
	2.4. Immunofluorescence and confocal microscopy
	2.5. Superovulation and parthenogenetic activation
	2.6. Zygote collection and embryo culture
	2.7. RNA extraction and quantitative real time PCR (qRT-PCR)
	2.8. Statistical analysis

	3. Results
	3.1. L-type calcium channel related genes are expressed in mouse oocytes
	3.2. Amlodipine reduces the first polar body extrusion
	3.3. Amlodipine treatment disrupts mouse oocyte asymmetric division
	3.4. Amlodipine affects normal spindle formation and migration, actin cap formation and cortical granule distribution
	3.5. Amlodipine affects parthenogenetic activation
	3.6. Amlodipine impairs early embryonic development

	4. Discussion
	Author contribution
	Funding
	Acknowledgments
	Appendix A. Supplementary data
	References


