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Abstract

Hydrogen peroxide (H2O2) acts as a signaling molecule and modulates various aspects of cell functions in a wide
variety of cells including mammalian germ cells. We examined whether a decreased level of intra-oocyte cyclic
3¢,5¢-adenosine monophosphate (cAMP) leads to accumulation of H2O2, and if so, whether a moderate increase of
H2O2 inactivates maturation promoting factor (MPF) during spontaneous resumption of meiosis in rat oocytes
cultured in vitro. Removal of cumulus cells and culture of denuded oocytes in vitro significantly decreased oocyte
cAMP level and led to spontaneous meiotic resumption from diplotene arrest. The reduced oocyte cAMP level
was associated with an increased oocyte H2O2 level and reduced catalase activity. Exogenous supplementation
of H2O2 induced meiotic resumption from diplotene arrest in a concentration- and time-dependent manner in oo-
cytes treated with 0.1 mM of 3-isobutyl-1-methylxanthine, while dibutyryl-cAMP and 3-t-butyl-4-hydroxyanisole
inhibited the stimulatory effect of exogenous H2O2. The increased intra-oocyte H2O2 level induced Thr-14/Tyr-15
phosphorylation of CDK1, while Thr-161 phosphorylated CDK1 and cyclin B1 levels were reduced significantly.
These results suggest that a decreased level of intra-oocyte cAMP is associated with an increased level of H2O2.
The increased level of H2O2 was associated with high phosphorylation of Thr-14/Tyr-15 and dephosphorylation of
the Thr-161 residue of CDK1 and reduced the cyclin B1 level, which eventually inactivated MPF. The MPF in-
activation triggered spontaneous resumption of meiosis from diplotene arrest in rat oocytes cultured in vitro.
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Introduction

Meiotic cell cycle in mammalian oocytes is a com-
plex process that involves several stop and go channels.

It starts during fetal life and gets arrested at the diplotene stage
of the first meiotic prophase. The diplotene stage oocytes are
morphologically characterized by the presence of germinal
vesicle and nucleolus inside the oocytes’ cytoplasm, and this ar-
rest may last for several months to several years depending on
the mammalian species.1–3 Meiotic resumption from diplotene
arrest may occur in response to a gonadotropin surge in vivo.
The removal of follicular oocytes from ovary and their culture
in vitro also induce meiotic resumption from diplotene arrest,
so-called spontaneous oocyte maturation.4 This is the crucial
period when oocytes achieve meiotic competence, and it de-
termines oocytes quality, which directly affects reproductive
outcome in most mammalian species, including human.5–8

It is well established that intra-oocyte cyclic 3¢,5¢-adenosine
monophosphate (cAMP) plays an important role in the main-

tenance of meiotic arrest at the diplotene stage.3 The contin-
uous transfer of cAMP through gap junctions from cumulus
granulosa cells to the oocyte results in the maintenance of a
high level of intra-oocyte cAMP level.5,7,9,10 This increased
level of intra-oocyte cAMP maintains meiotic arrest at dip-
lotene arrest for a long time in follicular oocytes inside the
follicular microenvironment.10,11 Existing evidence suggests
that the oocyte is capable of generating a sufficient amount of
cAMP required for the maintenance of meiotic arrest.10,12 On
the other hand, disruption in the gap junctions between cu-
mulus cells and oocytes or removal of encircling cumulus
cells from oocytes reduces intra-oocyte cAMP level and
leads to spontaneous resumption of meiosis from diplotene
arrest under in vitro culture conditions.4,6,13

Removal of cumulus cells from oocytes and culture of
diplotene-arrested oocytes under in vitro culture conditions
may generate reactive oxygen species (ROS). Encircling
granulosa cells protect oocytes from oxidative stress dam-
age14 because granulosa cells have their own enzymatic
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antioxidant system that regulates ROS levels during in vitro
maturation of oocytes.15 The initial decrease of oocytes’
cAMP can also modulate several cascades of events includ-
ing generation of hydrogen peroxide (H2O2), which triggers
meiotic resumption from diplotene arrest.16 Further, cAMP
reduces the accumulation of ROS,17 particularly H2O2 in
mammalian somatic cells,18 and increased level of ROS
plays a beneficial role during maturation of mouse and rat
oocytes cultured in vitro.8,19–21 On the other hand, antioxi-
dants inhibit meiotic resumption from diplotene arrest in
mammalian oocytes cultured in vitro.22,23

A growing body of evidence suggests that a moderate
increase of H2O2 in the physiological range acts as a signaling
molecule and modulates the phosphorylation status of several
kinases in various somatic cell types.24–27 The maturation pro-
moting factor (MPF) is a heterodimer of an enzymatic subunit
of cyclin-dependent kinase 1 (CDK1), a catalytic subunit of
MPF and regulatory subunit cyclin B1.7,28 High MPF activity
is required for the maintenance of meiotic arrest.29 The disso-
ciation of cyclin B1 from the MPF heterodimer followed by its
degradation reduces MPF activity, which triggers meiotic re-
sumption.29,30 Recent studies suggest that MPF inactivation
does not solely dependent on cyclin B1 degradation.30 The
phosphorylation at Thr-14/Tyr-15 and/or dephosphorylation
at Thr-161 residues of CDK1 make MPF inactive.31,32 It has
been reported that H2O2 induces tyrosine phosphorylation of
CDK1 and thereby capacitation in human spermatozoa.33

However, it remains unclear whether an increase of the
intra-oocyte H2O2 level could inactivate MPF by inducing
phosphorylation at Thr-14/Tyr-15 and/or dephosphorylation
at Thr-161 residues of CDK1 and cyclin B1 degradation dur-
ing spontaneous resumption of meiosis from diplotene arrest
in rat oocytes cultured in vitro. Therefore, in the present
study in vitro effects of dibutyryl-cAMP (db-cAMP), H2O2

and 3-t-butyl-4-hydroxyanisole (BHA), catalase activity, and
intra-oocyte levels of cAMP and H2O2, phosphorylation at
Thr-14/Tyr-15, Thr-161 phosphorylated CDK1 and cyclin
B1 levels were analyzed during meiotic resumption from dip-
lotene arrest in rat oocytes cultured in vitro.

Materials and Methods

Chemicals and culture media

All chemicals used in the present study were purchased
from Sigma Chemical Co. (St. Louis, MO) unless stated oth-
erwise. The M2 culture medium (M5910; Sigma) has widely
been used to handle mammalian oocytes and embryos under
in vitro culture conditions. Hence, in the present study we
used M2 media (AL142) purchased from HiMedia Laborato-
ries (Mumbai, India), which has the exact formulation as the
M2 culture medium from Sigma. This medium was HEPES
buffered and contained lactic acid and sodium bicarbonate.
The osmolarity of the liquid medium was 280 – 10 mOsm
and pH 7.0 – 0.20, as per the company manual data sheet.

Animals

Sexually immature female albino rats (Rattus norvegicus)
of Charles Foster strain (23–25 days old, 45 – 5 g body
weight) were housed in air-conditioned, light-controlled
rooms, with food and water available ad libitum. All proce-
dures conformed to the stipulations of the Animal Ethical

Committee, Faculty of Science (wide letter number F.Sc./
IAEC/ 2013-14/0341/2199, dated: September 23, 2013)
Banaras Hindu University, Varanasi.

Collection of diplotene stage oocytes

To obtain diplotene stage oocytes that had germinal vesicle
(GV) and nucleolus, rats were given a single subcutaneous in-
jection of 20 IU pregnant mare’s serum gonadotropin (PMSG)
in 100 lL of sterile normal saline to promote the growth of a
cohort of healthy antral follicles. Forty-eight hours after
PMSG injection, rats were euthanized; ovaries were removed
and transferred to a 35-mm petri dish containing 2 mL of ster-
ile medium. Ovarian follicles (0.8-mm diameter) were punc-
tured with a sterile 26-gauge needle attached to a 1-mL
syringe in prewarmed medium. Cumulus oocyte complexes
were isolated in prewarmed medium containing 0.1 mM of
3-isobutyl-1-methylxanthine (IBMX) to inhibit spontaneous
meiotic resumption22 and then denuded using 0.01% (w/v)
hyaluronidase in medium followed by repeated pipetting
through a narrow-bore pipette in culture medium. The de-
nuded diplotene-arrested oocytes (showing germinal vesicle
and nucleolus) were washed at least three times with fresh
plain M2 medium to remove IBMX as well as hyaluronidase
from the culture medium. The average time for isolation and
preparation of culture for denuded oocytes was 6 – 2 min.
Denuded oocytes were quickly used for all in vitro studies.

Quantitative analysis of cAMP concentration

The intra-oocyte cAMP concentration was analyzed using
cAMP assay kit purchased from R&D Systems (Minneapolis,
MN). Approximately 200 to 220 diplotene-arrested oocytes
were collected and cultured in plain M2 medium for 3 h. The
diplotene-arrested cells as well as those with meiotic resump-
tion from the diplotene stage were sorted out under a Nikon
(Model C-DS, Tokyo, Japan) microscope. The 100 oocytes
that were either arrested at the diplotene stage or had resumed
meiosis from diplotene arrest were transferred to a microcentri-
fuge tube containing 100 lL of hypotonic lysis buffer (5 mM
Tris, 20 mM EDTA, 0.5% TritonX-100, pH 8) for 1 h on ice
for lysis. The lysates were centrifuged at 10,000 · g at 4�C
for 15 min and clear supernatant was used for the quantitative
estimation of cAMP concentration by colorimetric assay as per
company manual protocols. Reagents, samples, and standards
were prepared according to instruction manual. The 50 lL of
primary antibody solution was added to each well excluding
nonspecific binding (NSB) wells and then incubated for 1 h
at room temperature. Wells were aspirated and washed four
times with wash buffer and then 100 lL of standard, lysates
obtained by lysing diplotene-arrested oocytes and rate oocytes
that had resumed meiosis after diplotene arrest were added to
the appropriate wells. Further, 100 lL of diluent was added to
NSB and zero standard wells. Fifty microliters of cAMP con-
jugate was added to all wells and incubated for 2 h at room
temperature. Thereafter, plates were aspirated and washed
four times with wash buffer. Two hundred microliters of sub-
strate solution was added to each well and incubated for 30 min
at room temperature. Finally, 100 lL of stop solution was
added to each well, and readings were taken using a microplate
reader (Micro Scan MS5608A, ECIL, Hyderabad, India) set at
450 nm within 10 min. Three independent samples were run in
one assay to avoid interassay variation, and intra-assay varia-
tion was found to be 1.9%.
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Quantitative analysis of H2O2 concentrations in oocytes

The intra-oocyte H2O2 concentration was analyzed using
a H2O2 assay kit purchased from BioVision (Milpitas,
CA). Oocyte lysates were prepared as described for the quan-
titative analysis of cAMP and immediately used for the quan-
titative estimation of H2O2 concentration by colorimetric
assay as per company manual protocols. The optical density
was determined using a microplate reader (Micro Scan
MS5608A) set at 560 nm for H2O2. Three independent sam-
ples were run in triplicate to avoid inter-assay, and intra-
assay variation was found to be 2.1%.

Measurement of intra-oocyte H2O2 level
using DCF fluorescence dye

The intra-oocyte H2O2 level was detected using 2,7-dichloro-
dihydrofluorescein diacetate (DCF-DA) following a previ-
ously published protocol34 with some minor modifications.
In brief, slides containing 20–22 oocytes arrested at diplotene
stage or ones that had resumed meiosis after the diplotene stage
were washed with fresh M2 medium and further incubated in a
3.5-mm petri dish containing 2 mL of sterile medium contain-
ing DCF-DA (10 mM) for 15 min at 37�C in a humidified BOD
Incubator (Yorco BOD Incubator Automate 10; York Scien-
tific Industries, New Delhi, India). After 15 min of incubation
oocytes were washed five times with prewarmed phosphate-
buffered saline (PBS), mounted with VECTASHIELD fluores-
cence mounting media (Vector Laboratories, Burlingame, CA)
for preventing photo bleaching, and then observed under fluo-
rescence microscope (Nikon, model Ni-U, Nikon Eclipse).
DCF fluorescence was measured at 485 nm excitation/520 nm
emission, monitored by fluorescence microscopy. A total
of 36–42 oocytes from three independent experiments were
used for the measurement of fluorescence intensity, and rep-
resentative photographs are shown in the Results section.
The corrected total cell fluorescence (CTCF) of 8–10 oocytes
from three independent experiments was used for CTCF
analysis. All parameters were kept constant, and for each oo-
cyte the whole area was selected. Fluorescence intensity was
analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD).

Catalase activity assay

The catalase activity in oocyte lysate was analyzed follow-
ing our previous published protocol35 using catalase activity
assay kit purchased from BioVision, Inc. The oocyte lysates
were prepared as already described for the quantitative anal-
ysis of cAMP concentration. Lysates were immediately used
for the estimation of catalase activity as per company manual
protocol, and enzyme activity was calculated as the amount
of H2O2 decomposed per minute per milliliter and is repre-
sented as micro-units per milligram of cell lysate protein.
The optical density was determined using a microplate reader
(Micro Scan MS5608A, ECIL). Three independent samples
were run in triplicate to avoid interassay, and intra-assay var-
iation was found to be 2.6%.

Effects of exogenous H2O2 supplementation
on meiotic resumption

To find out in vitro effects of H2O2 on meiotic resump-
tion, denuded oocytes were collected as already described.

The diplotene-arrested oocytes (20–22) were transferred to
a 3.5-mm petri dish containing 2 mL of sterile medium with
various concentrations of H2O2 (0.0, 2.5, 5.0, and 10.0 lM).
The culture flasks were maintained at 37�C in a humidified
chamber for various amounts of time (1, 2, and 3 h). At the
end of the incubation period, oocytes were removed, washed
three times with culture medium, and transferred to a grooved
slide with 100 lL of culture medium and then examined for
morphological changes such as the presence or absence of ger-
minal vesicle and nucleolus using a phase-contrast microscope
(Nikon, Eclipse; E600) at · 400 magnification. Three indepen-
dent experiments were conducted to confirm the observations.

Effects of BHA and db-cAMP on H2O2-induced
meiotic resumption

To analyze in vitro effects of BHA and db-cAMP on H2O2-
induced meiotic resumption from diplotene arrest, cumulus oo-
cyte complexes collected from the ovary in medium and then
denuded as described above for in vitro effects of H2O2. Oocytes
(20–22 in each group) were cultured in a replicates of three in
the 3.5-mm petri dish containing 2 mL of sterile medium with
various concentrations of H2O2 (0.0, 2.5, 5.0, and 10.0lM)
and BHA or db-cAMP (1 mM) at 37�C in a humidified chamber
for 3 h. At the end of incubation period, oocytes were removed,
washed three times with medium, transferred onto a grooved
slide with 100lL of medium, and then examined for morpho-
logical changes such as the presence or absence of germinal ves-
icle and nucleolus using a phase-contrast microscope (Nikon,
Eclipse; E600) at · 400 magnification. Three independent ex-
periments were conducted to confirm the observations.

Detection of general and specific phosphorylation
of CDK1 and cyclin B1 levels

To analyze the phosphorylation status of CDK1 and cyclin B1
levels, oocytes were separately exposed to anti- pThr-14/Tyr-15
CDK1, anti- pThr-161 CDK1, anti-CDK1, and anti-cyclin B1
polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA). For this purpose, a group of 20–22 oocytes arrested at dip-
lotene stage or those that had resumed meiosis from diplotene
arrest were prefixed with 3.7% buffered formaldehyde. Oocytes
were permeabilized with Triton X-100 (0.01% in PBS) for
10 min at 37�C and then washed three times with prewarmed
PBS. The polyclonal antibody raised against a short amino
acid sequence containing phosphorylated Thr-14/Tyr-15, Thr-
161 of CDK1, and anti-CDK1 (PSTAIRE) polyclonal antibody
raised against a peptide mapping epitope with in the con-
served PSTAIRE domain of CDK1 of human origin. Anti-
cyclin B1 polyclonal antibody was raised against amino
acids 1–433, representing full-length cyclin B1. The nonspe-
cific sites were blocked using blocking buffer (2.5% bovine
serum albumin–PBS solution) at 37�C for 30 min and then
exposed to 100 lL of their respective primary antibodies
(1:500 dilution in blocking buffer) at 37�C for 2 h. After
five washes with prewarmed PBS, slides were exposed to
either 100 lL of secondary antibody labelled with fluores-
cein isothiocyanate or tetramethyl rhodamine isothiocyanate
(1:1000 dilutions in blocking buffer) for 1 h at 37�C in hu-
midified chamber. After 1 h of incubation, slides were washed
five times with prewarmed PBS, mounted with VECTASHIELD
fluorescence mounting media (Vector Laboratories) for prevent-
ing photo bleaching, and then observed under fluorescence
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microscope (Model, Ni-U, Nikon Eclipse) at 488 and 520 nm,
respectively, at · 400 magnification. Three independent experi-
ments were conducted to confirm the observations. A total of
36–42 oocytes from three independent experiments were used
for the measurement of fluorescence intensity, and representative
photographs are shown in the Results section. The CTCF of 8–10
oocytes from three independent experiments was used for CTCF
analysis. All the parameters were kept constant, and for each oo-
cyte, the whole area was selected. The fluorescence intensity was
analyzed using ImageJ software.

Statistical analysis

Data are expressed as mean – standard error of mean
(SEM) of three independent experiments. All percentage
data were subjected to arcsine square-root transformation be-
fore statistical analysis. Data are analyzed either by Student’s
t-test or by two-way ANOVA followed by post hoc multiple
test (i.e., Student-Newman-Keuls’ test) using SPSS software,
Version 17.0 (SPSS, Inc. Chicago, IL). A probability of p < 0.05
was considered as statistically significant.

Results

A decrease of intra-oocyte cAMP and increase
of H2O2 triggers meiotic resumption

As shown in Figure 1A, a significant ( p < 0.05) decrease of
intra-oocyte cAMP concentration (0.31 – 0.12 pM/oocyte) was
noticed during spontaneous meiotic resumption from diplotene
arrest as compare to diplotene-arrested oocytes (0.39 – 0.02 pM/
oocyte). On the other hand, intra-oocyte H2O2 concentra-
tion was significantly increased (3.84 – 0.16 pM/oocyte) in oo-
cytes that had undergone spontaneous resumption of meiosis
from diplotene arrest as compared to diplotene stage oocytes

FIG. 1. Quantitative analysis of intracellular cyclic 3¢,5¢-
adenosine monophosphate (cAMP) and hydrogen peroxide
(H2O2) in oocytes cultured in vitro. A decrease of intra-
oocyte cAMP (A) and increase of H2O2 (B) are associated
with spontaneous resumption of meiosis in diplotene-arrested
oocytes cultured in vitro. Data are mean – SEM of three repli-
cates and analyzed by Student’s t-test. *Significant (p < 0.001)
difference as compared to diplotene arrested oocytes.

FIG. 2. Representative photographs showing the fluores-
cence intensity of 2,7-dichlorodihydrofluorescein (DCF), a spe-
cific dye represents intra-oocyte H2O2 level. An increase in the
level of intra-oocyte H2O2 (arrow) (B) is associated with spon-
taneous resumption of meiosis from diplotene arrest as com-
pares to diplotene arrest (arrow) (A). The diplotene stage was
identified by the presence of germinal vesicle (black arrow)
and nucleolus (white arrow) (C), and their absence was treated
as meiotic resumption from diplotene arrest (D). Bar = 20lM
The corrected total cell fluorescence (CTCF) analysis of three
independent oocytes further support above observations (E).
Data are mean – SEM of three independent experiments and an-
alyzed by Student’s t-test. *Significant ( p < 0.001) difference as
compared to diplotene-arrested oocytes.

FIG. 3. Analysis of catalase activity in oocytes cultured
in vitro. A decrease of catalase activity is associated with spon-
taneous resumption of meiosis in diplotene-arrested oocytes as
compared to diplotene-arrested oocytes cultured in vitro. Data
are mean – SEM of three replicates. *Significantly ( p < 0.05)
higher as compared to diplotene-arrested oocytes.
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(2.18 – 0.01 pM/oocyte: Fig. 1B). These results were further
supported by fluorescence analysis of H2O2 using a specific
dye (i.e., DCF). Results suggest that the increased level of
H2O2 was associated with spontaneous meiotic resumption
from diplotene arrest (Fig. 2B) as compared to diplotene-
arrested oocytes (Fig. 2A). The diplotene arrest was morpho-
logically identified by the presence of germinal vesicle and
nucleolus in the center (Fig. 2C), and their absence was consid-
ered to indicate meiotic resumption from diplotene arrest (Fig.
2D). The CTCF analysis of fluorescence intensity of DCF using
ImageJ software further supports these observations (Fig. 2E).

Inhibition of catalase activity results in spontaneous
meiotic resumption

As shown in Figure 3, a significant ( p < 0.05) reduction of
catalase activity was observed in oocytes (1.59 – 0.11 lU/mg
protein) that underwent spontaneous meiotic resumption
from diplotene arrest as compared to diplotene-arrested oo-
cytes (3.14 – 0.25 lU/mg protein) that were arrested at the
diplotene stage of the meiotic cell cycle.

H2O2 induces meiotic resumption

The supplementation of exogenous H2O2 induced meiotic re-
sumption from diplotene arrest in a concentration- and time-
dependent manner (two-way ANOVA: FConcentration = 793.28,
p < 0.001; FTime = 346.619, p < 0.001; and interaction of these
two factors FTime · Conc. = 24.90, p < 0.001; Fig. 4). The Student-
Newman-Keuls’ test further revealed that 2.5lM H2O2 signif-
icantly induced meiotic resumption (66.7 – 2.96%) and found
maximum (82.33 – 1.76%) if the oocytes were treated with

10 lM H2O2 for 3 h in vitro. Three independent experiments
were conducted to confirm these results.

BHA and db-cAMP inhibit H2O2-induced
meiotic resumption

As shown in Figure 5, the co-addition 100 mM BHA sig-
nificantly inhibited H2O2-induced meiotic resumption from
diplotene arrest at all concentrations (0.0, 2.5, 5.0, and
10.0 lM) used in the present study (two-way ANOVA:
FH2O2 = 29.41, p < 0.001; FBHA = 20.327, p < 0.001; and in-
teraction of these two factors FBHA · H2O2 = 3.99, p < 0.05;
Fig. 5). Similarly co-addition of db-cAMP (1 mM) inhibited
H2O2-induced meiotic resumption from diplotene arrest after
3 h of in vitro culture (two-way ANOVA: FH2O2 = 58.54,
p < 0.001; Fdb-cAMP = 156.39, p < 0.001; and interaction of
these two factors FH2O2 · db-cAMP = 25.13, p < 0.001; Fig. 5).
A complete inhibition of spontaneous resumption was ob-
served when diplotene-arrested oocytes were treated with
1 mM of db-cAMP for 3 h in vitro (Fig. 5). Three indepen-
dent experiments were conducted to confirm these results.

Increased level of Thr-14/Tyr-15 and reduced level
of Thr-161 phosphorylated CDK1 and cyclin B1
levels trigger meiotic resumption

As shown in Figure 6, a significant increase in the level of
Thr-14/Tyr-15 phosphorylated CDK1 was observed in oo-
cytes that underwent spontaneous resumption of meiosis
after 3 h of in vitro culture (Fig. 6A) as compared to diplo-
tene-arrested oocytes (Fig. 6B). The CTCF analysis further
supports these observations (Fig. 6C). As shown in Figure 7,

FIG. 4. Concentration- and time-
dependent effects of exogenous H2O2

on induction of meiotic resumption
from diplotene arrest in rat oocytes
cultured in vitro. A group of 20–22
diplotene-arrested oocytes were ex-
posed to various concentrations of
H2O2 for various time periods. Data
were expressed as mean – SEM and
analyzed by two-way ANOVA
( p < 0.05) followed by Student-
Newman-Keuls’ test. Different letters
show significant difference ( p < 0.001)
from other groups.

FIG. 5. Effects of 3-t-butyl-4-
hydroxyanisole (BHA) and dibutyryl-
cAMP (db-cAMP) on H2O2-induced
meiotic resumption of meiosis in oo-
cytes cultured in vitro. A group of 20–
22 diplotene-arrested oocytes were
exposed to various concentrations of
H2O2 with or without BHA (1 mM) or
db-cAMP (1 mM) for 3 h in vitro. Data
were expressed as mean – SEM and
analyzed by two-way ANOVA
( p < 0.05) followed by Student-
Newman-Keuls’ test. Different letters
show significant difference ( p < 0.001)
from other groups.
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FIG. 6. Representative photographs showing immunofluo-
rescence intensity of Thr-14/Tyr-15 phosphorylated cyclin-
dependent kinase 1 (CDK1) in oocytes. An increase of
Thr-14/Tyr-15 phosphorylated CDK1 (arrow) (B) is associ-
ated with spontaneous resumption of meiosis from diplotene
arrest as compare to diplotene-arrested oocyte (arrow) (A).
(Bar = 20 lM). (C) The CTCF analysis of three independent
oocytes further support above observations. Data are mean –
SEM of three independent experiments and analyzed by
Student’s t-test. *Significant ( p < 0.001) difference as com-
pared to diplotene-arrested oocytes.

FIG. 7. Representative photographs showing immunofluo-
rescence intensity of Thr-161 phosphorylated CDK1 level
in oocytes. Reduction of Thr-161 phosphorylated CDK1
(arrow) (B) is associated with spontaneous resumption of mei-
osis from diplotene arrest as compare to diplotene-arrested
oocytes (arrow) (A). (Bar = 20 lM). The CTCF analysis of
three independent oocytes further support above observations
(C). Data are mean – SEM of three independent experiments
and analyzed by Student’s t-test. *Significant ( p < 0.001) dif-
ference as compared to diplotene-arrested oocytes (Student’s
t-test).

FIG. 8. Representative photographs showing immunofluo-
rescence intensity of phosphorylated CDK1 in oocytes. The
total phosphorylation status of CDK1 remains unchanged
during progression of meiotic cell cycle from diplotene arrest
(arrow) (A) as compared to diplotene-arrested oocytes (B).
(Bar = 20 lM). (C) The CTCF analysis of three independent
oocytes further support above observations. Data are mean –
SEM of three independent experiments and analyzed by Stu-
dent’s t-test.

FIG. 9. Representative photographs showing immunofluo-
rescence intensity of cyclin B1 level in oocytes. Reduction
in the levels of cyclin B1 (arrow) (B) are associated with
spontaneous resumption of meiosis from diplotene arrest
as compared to diplotene stage (A). (Bar = 20 lM). The
CTCF analysis of three independent oocytes further sup-
ports above observations (C). Data are mean – SEM of three
independent experiments and analyzed by Student’s t-test.
*Significant ( p < 0.001) difference as compared to diplotene-
arrested oocytes.
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a significant reduction in the level of Thr-161 phosphorylated
CDK1 was observed in oocytes that underwent spontaneous
resumption of meiosis after 3 h of in vitro culture (Fig. 7A)
as compared to diplotene-arrested oocytes (Fig. 7B). The
CTCF analysis further strengthens our observations (Fig.
7C). However, the total phosphorylation status of CDK1
remained unchanged during diplotene arrest (Fig. 8A) as
well as during meiotic resumption from diplotene arrest
(Fig. 8B). The CTCF analysis using Image J software fur-
ther confirmed the already reported observations (Fig. 8C).
Further, cyclin B1 level was significantly reduced in oocytes
that underwent meiotic resumption (Fig. 9B) as compared to
diplotene-arrested oocytes (Fig. 9A). These observations
were further supported by the CTCF analysis (Fig. 9C).

Discussion

It is well established that cAMP is one of the major intra-
oocyte regulators of meiotic maturation in mammals.3,7 The
continuous transfer of cAMP through gap junctions from
encircling granulosa cells to the oocyte inside the follicle re-
sults in sustained high level of intra-oocyte cAMP level that
maintains diplotene arrest for a long time inside the follicular
microenvironment.5,7,9,10 Disruption in the gap junctions
between cumulus cells and oocytes or removal of encircling
cumulus cells from oocytes reduces the intra-oocyte cAMP
level and leads to spontaneous resumption of meiosis from
diplotene arrest in vitro.4,6,13 Our results revealed that the de-
crease of intra-oocyte cAMP was associated with spontane-
ous resumption of meiosis in denuded oocytes cultured
in vitro, while a high level of cAMP is required for the main-
tenance of meiotic arrest at the diplotene stage.

A reduction of intra-oocyte cAMP level may induce the
generation of ROS,16 particularly the production of intracel-
lular H2O2.

17,18 Hence, in the present study, we quantitated

intra-oocyte level of H2O2 during spontaneous meiotic resump-
tion from the diplotene stage in rat oocytes cultured in vitro.
Our results suggest that the reduced level of intra-oocyte
cAMP was associated with an increased level of H2O2 and
spontaneous meiotic resumption from diplotene stage. The fluo-
rescence analysis of DCF further strengthens our data that the
increased level of intra-oocyte H2O2 triggers meiotic resump-
tion from diplotene arrest. The beneficial role of the moderate
level of H2O2 in inducing meiotic resumption20,36 and devel-
opmental potential have been reported for oocytes cultured
in vitro.21,22 Although we have not studied the source of H2O2

generation in the present study, one recent study suggests the
role of mitochondria in the generation of H2O2 in mammalian
oocytes.8 In addition, catalase activity was significantly reduced
in oocytes that underwent spontaneous meiotic resumption, fur-
ther supporting our hypothesis that generation of ROS is bene-
ficial for meiotic resumption from diplotene arrest.

A growing body of evidence suggests that the increase of
a moderate level of H2O2 modulates the physiology of vari-
ous cell types.8,37 Exogenous supplementation of 5 to 10lM
concentration of H2O2 triggers first polar body emission in rat
oocytes cultured in vitro.20 Based on these findings, we hypoth-
esized that exogenous supplementation of H2O2 may also trig-
ger meiotic resumption from diplotene arrest. Data from the
present study reveal that the exogenous supplementation of
H2O2 induces meiotic resumption from diplotene arrest in a
concentration- and time-dependent manner. On the other hand,
cell-permeable antioxidants like BHA as well as db-cAMP
inhibited H2O2-induced meiotic resumption in a concentration-
dependent manner. These results corroborate previous observa-
tions that exogenous supplementation of H2O2 triggers meiotic
resumption,20,38 and generation of ROS is beneficial for in-
creasing the developmental potential of oocytes under
in vitro culture conditions,38 while antioxidants reversibly in-
hibit meiotic resumption from diplotene arrest in vitro.19,22,23

FIG. 10. Schematic hypo-
thetical diagram showing
possible involvement of
cAMP and H2O2 during
spontaneous meiotic resump-
tion from diplotene arrest of
rat oocyte. The decrease of
intra-oocyte cAMP level re-
sults in the generation of
H2O2. A rise of H2O2 induces
Thr-14/Tyr-15 phosphory-
lated CDK1, and also reduces
Thr-161 phosphorylated
CDK1. Changes in the level
of specific phosphorylation of
CDK1 results in dissociation
and degradation of cyclin B1,
which finally triggers matu-
ration promoting factor
(MPF) destabilization. The
destabilized MPFs lead to
spontaneous meiotic resump-
tion from diplotene arrest in
rat eggs cultured in vitro.
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A moderate increase of intracellular H2O2 can modulate the
phosphorylation/dephosphorylation of certain amino acid se-
quences of CDK1.33 Recent studies have suggested that both
the phosphorylation and dephosphorylation status of CDK1
as well as the dissociation and degradation of cyclin B1 are in-
volved during exit from M-II arrest in mammalian oo-
cytes.31,32 In somatic cells, phosphorylation at Thr-161 but
not at Thr-14/Tyr-15 is required for maintenance of CDK1-
cyclin B1 heterodimer.39 Based on these findings, we propose
that the increased Thr-14/Tyr-15 phosphorylated CDK1 and
reduced level of Thr-161 phosphorylated CDK1 may lead to
dissociation and degradation of cyclin B1 and thereby sponta-
neous resumption of meiosis from diplotene arrest. Our results
suggest that a significant increase of Thr-14/Tyr-15 phosphor-
ylated CDK1 and decrease of Thr-161 phosphorylated CDK1
were associated with reduced cyclin B1 level during meiotic
resumption from diplotene arrest. However, the total phos-
phorylation status of the CDK1 level remains unchanged, sug-
gesting that increased Thr-14/Tyr-15 phosphorylation of
CDK1 might have reduced the Thr-161 phosphorylation of
CDK1. Changes in the phosphorylation status of CDK1
might have dissociated cyclin B1 from the MPF heterodimer
and induced MPF destabilization. These data are in agreement
with previous findings that high MPF activity is associated
with the maintenance of meiotic arrest.29,31,32

In summary, data from the present study suggest that the
decrease of intra-oocyte cAMP induces the generation of
H2O2, possibly by reducing catalase activity in oocytes. A
moderate increase of H2O2 level induces phosphorylation
of Thr-14/Tyr-15 but reduces Thr-161 phosphorylation of
CDK1. Changes in the specific phosphorylation status of
CDK1 triggered dissociation and degradation of cyclin B1
leading to MPF inactivation. The inactive MPF finally in-
duces spontaneous meiotic resumption from diplotene arrest
in rat oocytes cultured in vitro (Fig. 10). These data suggest
that the increase of a moderate level of ROS under in vitro
culture conditions could be one of the causative factors
that trigger spontaneous resumption of meiosis during
in vitro maturation or in vitro fertilization in several mamma-
lian species including human.
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Abbreviations Used

BHA¼ 3-t-butyl-4-hydroxyanisole
cAMP¼ cyclic 3¢,5¢-adenosine monophosphate
CDK1¼ cyclin-dependent kinase 1
CTCF¼ corrected total cell fluorescence

db-cAMP¼ dibutyryl-cAMP
DCF-DA¼ 2,7-dichlorodihydrofluorescein diacetate

GV¼ germinal vesicle
H2O2¼ hydrogen peroxide

IBMX¼ 3-isobutyl-1-methylxanthine
MPF¼maturation promoting factor
NSB¼ nonspecific binding
PBS¼ phosphate-buffered saline

PMSG¼ pregnant mare’s serum gonadotropin
ROS¼ reactive oxygen species
SEM¼ standard error of mean
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