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Oocyte activation deficiency leads to female infertility. [Ca 2+]i oscillations are
required for mitochondrial energy supplement transition from the resting to the
excited state, but the underlying mechanisms are still very little known. Three
mitochondrial Ca2+ channels, Mitochondria Calcium Uniporter (MCU), Na+/Ca2+
Exchanger (NCLX) and Voltage-dependent Ca2+ Channel (VDAC), were deactivated
by inhibitors RU360, CGP37157 and Erastin, respectively. Both Erastin and
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CGP37157 inhibited mitochondrial activity significantly while attenuating [Ca2+]i and
[Ca2+]m oscillations, which caused developmental block of pronuclear formation.
Thus, NCLX and VDAC are two mitochondria-associated Ca2+ transporter proteins
regulating oocyte activation, which may be used as potential targets to treat female
infertility.
Significance of the Study: NCLX and VDAC are two mitochondria-associated Ca2+
transporter proteins regulating oocyte activation.
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I N T RO DU CT I O N

allow mitochondria transition from the resting state to the excited
state, very little is known about how Ca2+ regulates the mitochondrial

According to reports by the World Health Organization in 2016, at

energy supply mode transition.

least one of 10 couples in developed countries cannot have children

Mitochondrial function and intracellular [Ca2+]i oscillations are

1

within 5 years of marriage, half of which are due to female infertility.

two critical factors for the oocyte's developmental potential. The

Oocyte activation deficiency caused by Ca2+ and mitochondria disor-

transmission of Ca2+ between cytoplasm and mitochondria is strictly

2

ders is a major problem causing female infertility. Directly following

regulated.14,15 Even though there are studies investigating mitochon-

sperm penetration, oocyte activation begins with a series of crucial

drial metabolism in oocytes,16-18 the relationship between [Ca2+]i

steps triggered by periodical repetitive increases and decreases of

oscillations and mitochondrial metabolism is poorly understood.

intracellular Ca2+ ([Ca2+]i) concentrations known as [Ca2+]i oscilla3,4

Many mitochondrial Ca2+ channels regulate Ca2+ influx and efflux,

Oocyte activation rates in obese, diabetic and aging women

regulate Ca2+ storage in mitochondria, control membrane potential,

are low, affecting the development of preimplantation embryos and

stimulate rate-limiting enzymes in the Krebs cycle, and accelerate ATP

tions.

5-10

also pregnancy rates.

Such disorders are strongly related to mito11,12

chondrial energy supply insufficiency.

2+

synthesis.19 Ca2+ oscillations triggered by sperm-egg fusion also affect

Although [Ca ]i oscillations

fertilized oocyte mitochondria and promote the transition of mito-

are required for oocyte activation,13 and for the energy supply to

chondria from the resting state to the activation state.14 Our previous
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results showed that mitochondrial activity plays a critically important

cation channel inhibitor Ruthenium Red (RR) were used,23 and the four

role in the maintenance of [Ca2+]i oscillations during oocyte activa-

inhibitors were added respectively, in the activation medium in our study.

20

2+

in the

DMSO was added to control groups in equal concentrations as in the

mitochondrial matrix, we propose that [Ca2+]i oscillations may regulate

experimental groups. RR inhibited pronuclear formation (11 of total

mitochondrial activity during oocyte activation.

231 oocytes: 4.80% ± 2.21%) and embryo cleavage (2 of 10 activated

tion.

Considering accumulation of large amounts of Ca

In this study, we found that Voltage-dependent anion channels

oocytes: 20.00% ± 5.56%), but did not affect the survival of oocytes dur-

(VDAC) and NCLX are important for oocyte and mitochondria activa-

ing activation (231 of total 240 oocytes: 96.10% ± 2.37%). CGP37157

tion by using mitochondria-associated Ca2+ transporter inhibitors dur-

caused fragmentation and death of partial oocytes during activation

ing oocyte activation.

(142 of 240 oocytes: 59.30% ± 13.46%). Erastin did not affect the survival activation (202 of 240 oocytes: 84.10% ± 2.17%), but affected pronuclear formation (141 of 240 oocytes: 58.33% ± 7.31%). Both Erastin

2

|

RESULTS

(141 of 240 oocytes: 58.3 ± 7.31%) and CGP37157 (81 of 142 oocytes:
57.20% ± 14.72%) decreased pronuclear formation. In addition, the

2.1 | Development of oocytes treated with
mitochondria-associated Ca2+ channel inhibitors
during partheno-activation

CGP37157 group displayed a lower 2-cell stage cleavage rate (53 of

Firstly, we applied various inhibitors of mitochondria-associated Ca2+

2.2 | Real-time recording of Ca2+ concentrations
and mitochondrial

channels to observe their effects on development of oocytes after Sr2+-

81oocytes: 65.70% ± 8.35%) (Table S1).

induced partheno-activation. Mitochondria Calcium Uniporter (MCU)
inhibitor RU360,21 Na+/Ca2+ Exchanger complex (NCLX) inhibitor

We examined cytoplasmic Ca2+ concentration ([Ca2+]i) and mitochon-

CGP37157,22 outer membrane VDAC inhibitor Erastin21 and non-specific

drial Ca2+ concentration ([Ca2+]m) oscillations (Figure 1 and Video S1)

F I G U R E 1 Calcium concentrations and membrane potential of partheno-activated oocytes. A, Calcium concentration of cytoplasmic ([Ca2+]i)
and mitochondria ([Ca2+]m) in oocytes. The left green curve represents labelling with Fluo-4 AM indicating ([Ca2+]i). The right red curve represents
labelling with Rhod2 indicating mitochondrial Ca2+ concentrations ([Ca2+]m). B, Oocyte membrane potential of oocytes during activation. C,
Membrane potential fluorescence intensity during oocyte activation. The left green and red curves represent labelling with JC-1 indicating
relative fluorescence intensities of low membrane potential (488 nm excitation, 525 nm emission) and high membrane potential (561 excitation,
590 emission), respectively. The right black curve shows ratio of high membrane potential to low membrane potential. Ordinate was marked as
Relative Intensity (relative to the fluorescence intensity of the start point)
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and mitochondrial dynamic potential (Video S2) during partheno-

inhibit mitochondrial activity, it is expected to prolong the storage time

activation of oocytes with 10 mM SrCl2 in the Ca2+-free CZB by time-

of oocytes for in vitro fertilization.

lapse confocal laser microscopy (UltraVIEW-VoX, PerkinElmer, MA).
[Ca2+]m and [Ca2+]i oscillations were synchronous. The cytoplasm Ca2+
and mitochondria Ca2+ were completely interdependent during activation (Figure 1A). Mitochondria were activated from the cortex to the
internal area of oocytes and finally aggregated around the chromo-

2.4 | Real-time recording of Ca2+ concentrations
and mitochondrial potential in Ruthenium Red-treated
oocytes

somes (Figure 1B). In order to analyse changes in oocyte mitochondrial membrane potential, a relative fluorescence intensity analysis

Ruthenium Red (RR) is a non-specific cation channel inhibitor. [Ca2+]i

and a high membrane potential/low membrane potential ratio analysis

oscillations in RR-treated oocytes were completely suppressed as a

were conducted. The overall membrane potential showed elevated

non-activation control group (Figure 3A). Oocytes did not show the

peaks and then returned to a resting pattern (Figure 1C).

second polar bodies and pronucleus after incubation in the 10 mM
SrCl2 in Ca2+-free CZB. [Ca2+]i and [Ca2+]m appeared almost flat. The
relative mitochondrial membrane potential showed an increasing

2+

2.3 | Real-time recording of Ca concentration
and mitochondrial potential of un-activated senescing
oocytes

trend compared to non-activated oocytes (1.5 hours relative potential:
18.52 ± 3.30 vs 2.51 ± 0.21 in non-activated oocytes in Figure S2)
(Figure 3C). Our result suggests that oocyte activation is completely
inhibited by RR (Figure 3), and that RR and Sr2+ combination leads to

2+

2+

In our study, oocyte partheno-activation was triggered by Sr . Ca -free

an increasing mitochondrial metabolism in oocytes.

CZB24 without Sr2+ was applied as an un-activated senescent control
group (Figure 2) which displayed the changes of Ca2+ concentrations and
mitochondrial membrane potential during senescence. There were no
2+

2+

typical [Ca ]i oscillations and [Ca ]m oscillations (Figure 2A). In the case

2.5 | Effect of Three Mitochondria-Associated
Ca2+ Transporters during Partheno-activation

of non-activated oocytes, the mitochondrial membrane potential
increased slightly compared with start point (1.5 hours relative potential:

MCU is the major uptaker of Ca2+ in mitochondria in cardiomyocytes25

2.51 ± 0.21 vs control as 1.00 in Figure S2) with oocyte senescence

and Xenopus oocytes.26 Oocytes were treated with MCU-specific

(Figure 2C). Resting oocyte mitochondria will provide energy for subse-

inhibitor RU360 during activation (Figure 4). Results suggested that

quent activation. This mitochondria metabolism pattern of the senescing

RU360 had no inhibitory effect on [Ca2+]i and [Ca2+]m oscillations

oocytes may be related to the low activation efficiency. If we effectively

(Figure 4A) when compared to the control (Frequency: 0.83 ± 0.11 vs

F I G U R E 2 Calcium
concentration and membrane
potential of unactivated
senescent oocytes. A, [Ca2+]i and
[Ca2+]m in non-activated
oocytes. When incubated in the
partheno-activation system
without SrCl2 (Sr-), no typical
[Ca2+]i oscillations and [Ca2+]m
oscillations were seen, and the
cytoplasmic and mitochondrial
Ca2+ showed a slight increase. B,
The mitochondrial membrane
potential of non-activated
oocytes. C, Relative potential
showed a slow increase with
oocyte senescence without
typical fluctuations as seen in
the partheno-activation oocytes.
Ordinate was marked as Relative
Intensity (relative to the
fluorescence intensity of the
start point)
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F I G U R E 3 Calcium
concentration and membrane
potential of Ruthenium Redtreated non-activated oocytes
during activation. A, [Ca2+]i and
[Ca2+]m in Ruthenium Red treated
(RR) non-activated oocytes.
There were no typical [Ca2+]i
oscillations in the RR-treated
partheno-activation oocytes. B,
The mitochondrial membrane
potential of Ruthenium Redtreated (RR) non-activated
oocytes. C, Relative potential
showed a continuous increase,
without typical fluctuations.
Ordinate was marked as Relative
Intensity (relative to the
fluorescence intensity of the start
point)

F I G U R E 4 Calcium
concentrations and membrane
potential of RU360-treated
oocytes during activation. A,
[Ca2+]i and [Ca2+]m in
RU360-treated oocytes.
Mitochondria Calcium
Uniporter-specific inhibitor
RU360 had no effect on [Ca2+]i
and [Ca2+]m oscillations. B, The
mitochondrial membrane
potential of RU360-treated
oocytes. C, Relative potential
showed a slight increase during
activation. Ordinate was marked
as Relative Intensity (relative to
the fluorescence intensity of the
start point)

1.00 in Figure S2). The mitochondrial membrane potential showed a

VDAC are located on the outer mitochondrial membrane,

slight increase as start point (1.5 hours relative potential: 9.28 ± 3.40 vs

exchanging Ca2+ with a variety of organelles. After VDAC inhibitor

1.00 in Figure S2), without typical distribution and fluctuations

Erastin was added to the 10 mM SrCl2 in Ca2+-free CZB, the [Ca2+]i

2+

(Figure 4C). RU360 may not affect Ca
activation.

oscillations during oocyte

and [Ca2+]m oscillations were significantly slowed down compared to
the control (cycle: 2.33 ± 0.72 vs 1.00 in Figure S2), especially Ca2+

5
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F I G U R E 5 Calcium
concentrations and membrane
potential of Erastin-treated
oocytes during activation. A,
[Ca2+]i and [Ca2+]m in VDAC
specific inhibitor Erastin (E)treated oocytes showed
prolonged Ca2+ reflux into ER. B,
The mitochondrial membrane
potential of VDAC-treated
oocytes. C, Relative potential
showed a reduced mitochondrial
membrane potential. Ordinate
was marked as Relative Intensity
(relative to the fluorescence
intensity of the start point).
VDAC, Voltage-dependent anion
channels

refilling into ER was significantly affected (Figure 5A). Pronuclear for-

prolonged the oscillation cycle, reduced frequency and peak, and

mation can be inhibited by VDAC-treatment activation (58.33% ±

inhibited [Ca2+]i (Figure S2A) and [Ca2+]m (Figure S2B) oscillations. RR

7.31% vs 93.25% ± 5.32% in Table S1). The mitochondrial membrane

(18.52 ± 3.30 vs control 1.00) and RU360 (9.28 ± 3.40 vs control

potential was also significantly reduced compared with start point

1.00) significantly increased the membrane potential of oocytes, indi-

(1.5 hours relative potential: 0.30 ± 0.17 vs 1.00 in Figure S2)

cating over-activation of mitochondria. Over-activation of mitochon-

(Figure 5C). It is suggested that Ca2+ replenishing of ER was signifi-

dria led to oocyte senescence and oxidative stress. Erastin

cantly inhibited, and mitochondrial activity was significantly reduced

(0.31 ± 0.17 vs control 1.00) and CGP37157 (0.21 ± 0.12 vs control

(Figure 5). VDAC participates in mitochondrial metabolism and

1.00) inhibited mitochondrial activity while attenuating [Ca2+]i and

oocytes activation.

[Ca2+]m oscillations, which affected activation efficiency (Figure S2).

The Na+/Ca2+ Exchanger complex (NCLX) is localized to the inner
mitochondrial membrane and responsible for efflux of Ca2+ and influx
of Na+. Inhibition of NCLX complex activity by the specific inhibitor

3
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CGP37157 not only significantly decreased oocyte survival during
oocyte activation (59.30% ± 13.46% vs 96.33% ± 1.24% in control,
2+

2+

Abnormal body metabolism such as hypertension, hyperglycemia and

Table S1), but also inhibited [Ca ]i and [Ca ]m oscillations

hyperlipidemia will cause long-term stress in the oocyte's endoplasmic

(Frequency: 2.51 ± 0.86 and Peak: 0.11 ± 0.02 as 1.00 in control in

reticulum and mitochondria,27 which severely damages the quality of

Figure S2). Mitochondrial membrane potential was also reduced com-

oocytes, thereby leading to lower pregnancy rates in women.28

pared with start point (1.5 hours relative potential: 0.21 ± 0.12 vs

Oocyte activation deficiency is considered to be a major cause for fer-

1.00 in Figure S2) (Figure 6C). NCLX participation in mitochondrial

tilization failure. Fertilization induces a continuous series of oocyte

Ca2+ outflow is crucial for oocyte activation (Figure 6).

intracellular Ca2+ concentrations ([Ca2+]i) increases and decreases
known as [Ca2+]i oscillations. [Ca2+]i oscillations encode egg activation
events, including release from the MII arrest, pronuclear formation

2+

2+

2.6 | [Ca ]i and [Ca ]m oscillations and
mitochondrial membrane potential parameters
comparison during oocyte activation

and oocyte-to-embryo transition.29 Ca2+ signalling to the nucleus
regulates gene-regulatory events30 and Ca2+ signalling to the mitochondrial matrix regulates oxidative metabolism31 and thus organellespecific cell functions.32

We compared the differences among various inhibitor-treated groups

Oocyte mitochondria constituting the entire mtDNA of the off-

and the control group (Figure S2). Both Erastin (2.33 ± 0.13 vs control

spring's organs are vitally important. Mitochondria transmission, repli-

1.00) and CGP37157 (2.51 ± 0.86 vs control 1.00) significantly

cation and inheritance are tightly regulated.2 Mitochondria play an

6
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F I G U R E 6 Calcium
concentrations and membrane
potential of CGP37157-treated
oocytes during activation. A,
[Ca2+]i and [Ca2+]m in NCLX
specific inhibitor
CGP37157-treated oocytes
inhibited [Ca2+]i oscillations. B,
The mitochondrial membrane
potential of CGP37157-treated
oocytes. C, Relative potential
showed a significantly reduced
oocyte mitochondrial membrane
potential. Many oocytes died
during activation. Ordinate was
marked as Relative Intensity
(relative to the fluorescence
intensity of the start point)

important role in ATP synthesis for oocyte maturation and activa33,34

membrane MCU,25 Na+/Ca2+ Exchanger (NXLX)46 and outer mito-

influx to mitochondria is sufficient to reg-

chondria membrane Voltage-Dependent Anion Channel (VDAC), on

ulate and activate mitochondrial function and thereby activate ATP

[Ca2+]i and [Ca2+]m oscillations and mitochondrial membrane potential

tion.

The cytosolic Ca

2+

production by generating Ca

2+

domains around nearby mitochon-

in mouse oocytes.

dria.35 It is known that mitochondrial Ca2+ uptake is the basis for pro-

Firstly, we conducted real-time recordings of oocyte mitochon-

viding the necessary link between ATP supply and demand during

drial membrane potential during activation. We found that there was

cardiomyocyte contraction.25 However, although mitochondrial Ca2+

an orderly dynamic change in the mitochondrial membrane potential

maintains a basic myocardial ATP supply, Ca

2+

overload induces mito-

2+

during oocyte activation (Figure S1). [Ca2+]i and [Ca2+]m oscillations

chondrial disease. Excessive or prolonged [Ca ]i increase disturbs the

showed similar patterns. The cortical mitochondria were first acti-

oscillatory patterns, and can cause cell fragmentation and apopto-

vated and then returned to the resting state, while the inner mito-

sis.36,37 To prevent this, elevated [Ca2+]i is rapidly removed from the

chondrial activation followed (Video S2). However, when SrCl2 was

cytoplasm and replenished into the ER, which is supported by

removed from the 10 mM SrCl2 in Ca2+-free CZB (Figure 1), there

25,38,39

mitochondria-produced ATP.
2+

chondrial Ca

Whether the pattern of mito2+

were no typical [Ca2+]i oscillations and [Ca2+]m oscillations. The mito-

has always been con-

chondrial membrane potential increased slightly with oocyte senes-

troversial. Rhod2 is a cell permeable dye without cytotoxic effects for

cence (Figure 1C). Resting MII oocyte mitochondria reserve energy

is the same as cytoplasmic Ca

long-lasting observations. It was selected as mitochondrial Ca

2+

probe

in our study as described in recent studies.40,41

for subsequent activation. Mitochondria metabolism accumulating
reactive oxygen species (ROS) in the senescing oocytes may be

Mitochondrial damage in oocytes reduces a woman's reproduc-

related to the low activation efficiency.47 If we effectively inhibit

tive capacity,42 associated with inefficient oocyte activation, which is

mitochondrial activity, it is expected to prolong the storage of oocytes

43

a challenge for assisted reproductive technology (ART) in the clinic.

during in vitro fertilization.

Mitochondrial Ca2+ regulates oxidative phosphorylation.44 Our recent

The inorganic dye ammoniated ruthenium oxychloride, also

study showed that mitochondrial activity played a critically important

known as RR has been used as a pharmacological tool to study spe-

role in the maintenance of [Ca2+]i oscillations during oocyte

cific cellular mechanisms. RR was applied, as it had been shown to

but there is no direct evidence for [Ca ]i oscillations-

inhibit [Ca2+]i oscillations during oocyte activation.48,49 RR is spe-

triggered mitochondrial activation during fertilization. Our current

cifically localized to mitochondria.23 RR is known to interact with a

activation,

20

2+

2+

understanding of the [Ca ]m regulation pattern in oocytes is still lim-

large number of proteins50-53 including MCU.54 We found that RR

ited. In order to determine the relationship between mitochondrial

can significantly inhibit [Ca2+]i and [Ca2+]m oscillations (Figure 3).

2+

activity and [Ca ]i oscillations, we analysed the effects of several

The overall mitochondrial membrane potential of the oocytes

mitochondria-associated Ca2+ channels, including non-specific mito-

showed a continuous increase as in un-activated senescence

chondria

cation

channels

inhibitor

RR,45

inner

mitochondria

oocytes.
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There are two well-known regulation systems in the myocardial

potential. RR inhibited oocyte activation completely. The mitochon-

mitochondrial Ca2+ homeostasis, the MCU complex and the NCLX

drial potential increase did not indicate that mitochondria activation

2+

complex. The influx of Ca

into the myocardium mitochondria are

was beneficial for oocyte quality. It might be caused by abnormal

regulated by the MCU channel.55 In this case, the role of MCU activity

induction or increase in compensation for oocyte damage caused by

is to increase the heartbeat frequency by promoting rapid Ca2+ mito-

the inhibitors. Over-activation of mitochondria led to oxidative stress

chondrial uptake during the cardiac cycle. Enhanced oxidative phos-

cased by excess ROX.65 Erastin and CGP37157 inhibited mitochon-

2+

phorylation by MCU activity also requires reloading of SR Ca

drial activity while attenuating [Ca2+]i and [Ca2+]m oscillations, which

storage and maintaining an increased heart rate. In our study, the

affects activation efficiency. An increase in mitochondrial membrane

MCU inhibitor RU360 did not affect [Ca2+]i oscillations and mitochon-

potential does not influence oocyte survival, but decrease will pro-

drial activity during oocyte activation (Figure 4), suggesting that MCU

mote oocyte death during activation. We believe that increasing the

2+

does not participate in Ca

activity of these two transporters will increase the activation effi-

transport during oocyte activation.

Ca2+ does not remain in the mitochondria for a long time. After

ciency of in-vitro matured oocytes. Interestingly, cytoplasm and the

the energy is stimulated, it is quickly discharged through the complex

mitochondrial Ca2+ are completely interdependent, because [Ca2+]m

Ca2+ reverse transport system and restored to the resting state of the

and [Ca2+]i oscillations were synchronous during activation.

2+

foundation. Mitochondrial Ca

+

2+

exchange

There is also a large number of other proteins involved in mito-

(NCLX),26 a major reverse transporter in some tissues such as the

chondrial Ca2+ transport.66 Deepening the understanding of basic

heart and brain. NCLX transports one Ca2+ while reversely

knowledge such as oocyte activation and energy metabolism is of great

transporting three (or four) Na+.56 As [Ca2+]i increases, the NCLX

value for clinical problems such as insufficient oocyte activation and

efflux involves Na /Ca

2+.57

This intracellular

insufficient energy supply caused by mitochondrial damage. We found

Na+ rise promotes increased NCLX activity and initiates mitochondrial

that NCLX and VDAC play a vital role in oocyte activation which may

Ca2+ efflux, lowering [Ca2+]m, leading to decreased activity of oxida-

have a potential value in human ART. The results of this study not only

tive phosphorylation.58,59 The NCLX-specific inhibitor CGP-37157

provide a new understanding of the regulation of mammalian oocyte

reverts to its forward mode state, effluxion Ca

2+

out-

mitochondria activity by Ca2+, but may also provide a theoretical basis

Oocyte fragmentation may be caused by other factors

for improving the oocyte quality in assisted reproduction clinics after a

was observed in various cell types to alter mitochondrial Ca
46,60,61

flow.

induced by NCLX. CGP37157 not only affects Ca2+ in cells, but also

detailed and series of rigorous studies and safety assessment.

affects the concentration of other parameters such as pH (H+) in
oocytes. In our study, CGP-37157 treated oocytes showed [Ca2+]i
and [Ca2+]m oscillation suppression and sharp mitochondrial mem-

4

M A T E R I A L S A N D M ET H O D S

|

brane potential decrease (Figure 6). These results suggest that NCLX
participation in mitochondrial Ca2+ outflow is crucial for oocyte acti+

2+

vation. However, whether Na or Ca

4.1

|
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imbalance leads to mitochon-

drial dysfunction remains to be clarified.

Female ICR mice were purchased from the Beijing Vital River Labora-

The voltage-dependent anion channel (VDAC) is the most abun-

tory Animal Technology Co., Ltd. All mice were handled in accordance

dant protein on the outer mitochondrial membrane to regulate the

with the institutional animal care policies of the Institute of Zoology,

Ca

2+

transport and metabolites in the cytoplasm and mitochondria.

Chinese Academy of Sciences. Mice were maintained under a

VDAC exists in three subtypes (VDAC1, VDAC2, and VDAC3), gener-

12-hours light and 12-hours darkness cycle in a specific pathogen-free

ally expressed in many tissues such as liver, testis and ovary.62 VDAC

stage at the Central Animal Laboratory of the Institute of Zoology.

regulates mitochondrial Ca2+ concentration gradient around the outer

The Laboratory Animal Care and Use Committee of the Institute of

mitochondrial membrane through open and close conformations.

Zoology approved this study.

Recent findings underscore the critical role of VDAC in enhancing the
induction of Ins(1,4,5)P3 in different cases of Ca2+ signalling from the
ER.63,64 After the VDAC inhibitor Erastin was added to the 10 mM
2+

2+

4.2

|

Oocyte collection and partheno-activation

2+

SrCl2 in Ca -free CZB (Figure 5), the [Ca ]i and [Ca ]m oscillations
were significantly slowed down, which indicates that inhibiting VDAC

Female mice were injected with 10 IU pregnant mare serum gonado-

causes disorders of Ca2+ refill into ER. Mitochondrial membrane

tropin (PMSG, Ningbo Hormone Product Co. Ltd., Cixi, China)

potential was also significantly reduced by VDAC deficiency. It is

followed 44 to 48 hours later by injection of 10 IU human chorionic

2+

gonadotropin (HCG, Ningbo Hormone Product Co. Ltd., Cixi, China).

suggested that VDAC affects the function of mitochondria and Ca
flow; the specific mechanisms require more detailed research.

Next, we compared development ratio of oocytes treated with
inhibitors during activation (Figure S2). Based on our results, both

After 15 hours of HCG, ovulated cumulus-oocyte complexes (COCs)
were collected and denuded in 1 mg/mL hyaluronidase. Oocyte [Ca2+]
i

oscillations

induced

by

10 mM

strontium

chloride

(SrCl2,

2+

Erastin and CGP37157 significantly prolonged the oscillation cycle,

10 025-70-4, Sangon Biotech, Shanghai, China) in Ca -free CZB

reduced frequency and peak, inhibited [Ca2+]i and [Ca2+]m oscillations.

were incubated for 4 hours. After parthenogenetic activation,

RR and RU360 significantly increased the mitochondrial membrane

embryos were moved into KSOM (MR-106, Merck Millipore, USA).

8
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4.3 | Real-time recording of [Ca2+]i and [Ca2+]m
changes

were analysed by SPSS 19.0. The significance of differences compared
with the ctrl group was analysed by the Chi-square test and P values
less than .05 were considered statistically significant.

In our study, we set out to confirm [Ca2+]i oscillations' regulatory
function in mitochondrial activity during oocyte activation. Rhod2 is a
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Oocytes were denuded, and pre-incubated in M2 culture medium
(M7167, Sigma-Aldrich, USA) with 2 μg/mL JC-1 (C2005, Beyotime,
China), a cell permeable voltage-sensitive fluorescent mitochondrial
dye, for 15 minutes. In order to reduce the toxicity of JC-1 for longterm observation under laser confocal microscopy, we reduced the
concentration of JC-1 in the activating solution, diluted it with 0.5 μg/
mL JC-1 in the 10 mM SrCl2 in Ca2+-free CZB. Briefly, after washing
once with M2 medium, the lower potential mitochondria were imaged
in JC-1 monomer emitting in green (488 nm excitation, 561 nm emission) and energized highly potential mitochondria were imaged in
aggregated JC-1 emitting in red (488 nm excitation, 561 nm emission)
fluorescence channels using a time-lapse confocal laser microscope
(UltraVIEW-VoX; PerkinElmer, MA) at identical magnification and gain
settings throughout the experiments. (Video S2) The software Volocity (UltraVIEW-VoX; PerkinElmer, MA) was used to analyse fluorescence intensity.

4.5

|

Statistical analysis

All experiments were conducted at least three times. At least
40 oocytes were collected and examined in each experiment and
experiments were repeated more than three times. More than a total
of 120 oocytes were examined in each group. We presented information of samples with means and standard deviations (SD). Results
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