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dissociation between chromosomes and microtubules does 
not lead to increased Dna damage either in mouse meiotic 
oocytes or in porcine oocytes.
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Introduction

The adverse effects of Dna damage caused by environ-
mental factors in mitotic somatic cells have widely been 
reported. Mammalian oocytes are arrested at the germinal 
vesicle (gV) stage for several months to several decades, 
depending on animal species, before they resume meiosis 
and ovulate. During such a long period of time, it is likely 
that the oocytes are influenced by various kinds of factors 
that cause Dna double-strand breaks (DSBs), which would 
lead to reduced reproduction. When treated with ionizing 
radiation (Ir), gV oocytes in primordial follicles degenerate 
because of DSBs induced by Ir (Hanoux et al. 2007; adri-
aens et al. 2009). a recent study showed that fully grown 
mouse oocytes still underwent germinal vesicle breakdown 
(gVBD) even when Dna DSBs in treated oocytes were 
sixfold greater than in normal ones (Marangos and Carroll 
2012), but our most recent study showed that more intensive 
Dna damage induced by laser microbeam delayed gVBD. 
However, once gVBD occurred, oocytes could extrude 
a polar body in the presence of damaged Dna (Ma et al. 
2013). In contrast, laser microbeam-induced Dna damage 
in blastomeres caused cell cycle arrest and Dna-damaged 
blastomeres were not able to participate in further develop-
ment (Wang et al. 2013; Qiao and li 2013).

On the other hand, it has recently been reported 
that DSBs might also be caused by chromosome 
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mis-segregation in somatic cells. When a single kinetochore 
binds microtubules originating from the opposite spin-
dle poles (a condition called merotely), the chromosome 
may undergo lagging (Thompson and Compton 2008); 
(Cimini et al. 2001; Salmon et al. 2005). This phenomenon 
is mainly found in tumor cells. It has been reported that 
chromosome segregation errors might be a cause of Dna 
damage and structural chromosome aberrations (Janssen 
et al. 2011; Crasta et al. 2012); in mitosis, specific types 
of kinetochore–microtubule attachment errors and lag-
ging chromosomes might produce Dna damage (Cimini 
2008; Terradas et al. 2010; Thompson and Compton 2011). 
Whether such a phenomenon also occurs in meiotic cells is 
unknown.

In this study, we investigated whether Dna damage 
affects the meiotic maturation process in oocytes of pigs, a 
farm animal with significant promise for biomedical appli-
cations. We also investigated whether disruption of chro-
mosome attachment to spindle microtubules might increase 
Dna damage, as is the case in somatic cells. We found that 
Dna damage did not affect gVBD, but inhibited polar 
body extrusion in pig oocytes and that disruption of chro-
mosome attachment to spindle microtubules did not lead to 
increased Dna damage in meiotic oocytes.

Materials and methods

ethics statement

Porcine and mouse handling was conducted following poli-
cies promulgated by the ethics Committee of the Institute 
of Zoology, Chinese academy of Sciences. Porcine ovaries 
were obtained from a local slaughterhouse, and ICr mice 
were housed in the animal core facility that holds a license 
from the experimental animal Committee of the City of 
Beijing.

Culture media

Washing medium for porcine cumulus–oocyte complexes 
(COCs) consisted of basic medium (TCM-199) containing 
100 IU/ml penicillin g, 100 mg/ml streptomycin sulfate, 
4 mg/ml BSa, and 20 mM HePeS. Maturation medium 
consisted of TCM-199 supplemented with 75 μg/ml peni-
cillin g, 50 μg/ml streptomycin sulfate, 0.57 mM cysteine, 
0.5 μg/ml FSH, 0.5 μg/ml lH, and 10 ng/ml egF. Mouse 
oocyte maturation medium was M2 medium.

Pig COCs collection and in vitro maturation

COCs were prepared using the following procedures: (1) 
The contents of follicles measuring 3–5 mm in diameter 

were aspirated, using a 20-ml disposable syringe with a 
16-gauge needle; the follicular fluid was then filled into 
a 50-ml conical tube (Falcon, Franklin lakes, nJ); (2) 
after sedimentation for about 15 min, the supernatant was 
removed and the pellet then was washed using washing 
medium; and (3) after another 15 min of sedimentation, the 
supernatant was removed and COCs with a compact cumu-
lus mass were selected from a 10-ml pellet; then, the COCs 
were washed three times in drops of maturation medium 
(Yang et al. 2010). Selected COCs were then cultured in 
200 μl drops of maturation medium; 40–50 COCs per drop 
were placed in 6-cm plates covered with liquid paraffin oil. 
Culture was conducted at 39 °C, 5 % CO2, and saturated 
humidity.

Mouse oocyte collection and in vitro maturation

We isolated gV stage oocytes from minced ovaries from 8- 
to 10-week-old ICr female mice. Oocytes were cultured in 
M2 medium for at least 12 h. The culture was conducted in 
an incubator under environmental conditions of 5 % CO2, 
37 °C, and saturated humidity.

Drug treatments

Bleomycin (BlM) was used to induce DSBs (Ma et al. 
2013), and nocodazole was used to disassemble spindle 
microtubules (Janssen et al. 2011). Pig COCs were cul-
tured in maturation medium containing 200 μM BlM for 
3 h, followed by three washes in fresh maturation medium, 
and transferred into new medium drops for further culture. 
To investigate the effects of chromosome misalignment on 
Dna damage, oocytes were cultured in medium containing 
20 μM nocodazole for 10 min, washed three times using 
M2 medium, and transferred into fresh M2 medium for fur-
ther culture.

Immunofluorescence (IF) labeling

Oocytes were first fixed in 4 % paraformaldehyde at room 
temperature for 30 min and then permeabilized in PBS 
containing 0.5 % Triton X-100 for 20 min. next, oocytes 
were blocked in PBS with 1 % BSa for 1 h and then incu-
bated with first antibody at 4 °C overnight. after washing 
three times, they were incubated with second antibody 
at room temperature for 1 h. Dna was stained with PI. 
The samples were then mounted on slides. The antibod-
ies used included P-Histone H2a.X (S139, BS4760, Bio-
world) and FITC-α-tubulin (F2618, Sigma). The oocytes 
were observed under a laser scanning confocal micro-
scope (Zeiss lSM 710, germany). at least 40 oocytes 
were examined in each treatment, and each treatment was 
repeated three times.
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Determination of porcine oocyte nuclear status using 
orcein staining

after culturing COCs for specific time periods, we used 
orcein staining to assess the oocytes’ developmental stages. 
COCs were digested in 300 IU/ml hyaluronidase solution, 
cumulus cells were removed by vortexing, and the denuded 
oocytes were then mounted on glass slides. For fixation, the 
slides were immersed in 25 % (v/v) acetic acid in ethanol 
for at least 48 h at room temperature. Fixed oocytes were 
stained with 1 % (w/v) orcein in 45 % (v/v) acetic acid and 
washed with washing solution [20 % glycerol, 20 % ace-
tic acid in water (v/v/v)]. Then, these slides were observed 

with light microscopy at a magnification of ×100. at least 
50 oocytes were observed in each group, and three replicate 
experiments were performed.

Parthenogenetic activation of oocytes

To assess whether nocodazole treatment caused increased 
DSBs, we next generated parthenogenetically activated 
two-cell embryos. MII mouse oocytes were activated with 
SrCl2 activation solution for 4–6 h. The oocytes were then 
observed with light microscopy at a magnification of ×200 
to observe the pronucleus; the activated eggs were then cul-
tured to the two-cell embryo stage.

Fig. 1  a γH2a.X signal inten-
sity in BlM-treated pig oocytes 
was higher than that in control 
oocytes. Treatment was applied 
at 0 h. b γH2a.X signal inten-
sity in BlM-treated oocytes 
was higher than that in control 
oocytes. Treatment was applied 
at 18 h. Bar 20 μm
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Data analysis

all experiments were repeated at least three times. Statisti-
cal analysis was performed using Student’s t test and shown 
as mean ± SeM.

Results

Dna damage does not influence porcine oocyte meiosis 
resumption

To investigate whether DSBs affect porcine oocyte mei-
osis resumption, we treated gV oocytes with 100 μM 
BlM for 3 h at 0 and 18 h of culture and then continued 
culture for up to 24 h. The IF analysis clearly revealed 
that BlM had caused serious DSBs compared with nor-
mal cultured oocytes (Fig. 1). Orcein staining showed 
that DSBs did not influence porcine oocyte gVBD at 
24 h of culture compared with the control (Fig. 2a). 
When oocytes treated at 18 h of culture were examined, 
no gVBD rate difference was observed (Fig. 2a). We 
concluded that, different from the results obtained in 

mouse oocytes, DSBs did not influence porcine oocyte 
gVBD (Table 1).

DSBs decrease polar body extrusion in porcine oocytes

We continued culture of the oocytes to investigate whether 
DSBs affect final oocyte maturation. after 48 h of cul-
ture, oocytes were collected for orcein staining to evaluate 
polar body extrusion. We found that oocytes with DSBs 
displayed a significantly lower polar body extrusion rate 
(Fig. 2b, p < 0.05). Therefore, although DSBs did not influ-
ence the oocyte maturation process until at least the gVBD 
stage, they decreased the oocyte’s ability to reach the MII 
stage; this result is different from that in mouse oocytes 
(Qiao and li 2013).

Short-term nocodazole treatment at the MI phase does not 
affect DSBs and oocyte maturation

In the mitotic cells, spindle microtubule–chromosome 
kinetochore interaction disruption and lagging chromo-
somes cause increased Dna damage (Cimini 2008; Terra-
das et al. 2010; Thompson and Compton 2011). We then 
asked whether such effect exists in oocyte meiosis. Because 
porcine oocytes contain very short spindles and have 
extremely condensed chromosomes compared with mouse 
oocytes, we first choose the mouse for our next study to 
determine the effect of spindle microtubule–chromosome 
attachment disruption on Dna damage and oocyte matura-
tion. Mouse oocytes were treated with 20 μM nocodazole 

Fig. 2  Oocyte meiotic progression and activation in Bln- or noco-
dazole-treated oocytes. a Porcine oocytes were treated with 100 μM 
BlM for 3 h at 0 and 18 h of culture, and then gVBD rates were 
counted following orcein staining. each group was repeated three 
times, and at least 40 oocytes were examined for each time point. b 

Porcine oocytes were treated with 100 μM BlM at 0 h and cultured 
for 48 h, and then PBe rates were counted following orcein staining. 
The experiments were repeated three times. *p < 0.05 indicates sta-
tistical difference. at least 40 oocytes were examined for each time 
point, and a total of over 150 oocytes were examined in each group

Table 1  In vitro maturation of BlM-treated porcine oocytes

number of oocytes gVBD (%) PBe (%)

BlM-treated 364 83.2 35.9

control 387 87.7 52.8
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Fig. 3  α-Tubulin in oocytes 
dispersed at 10 min after treat-
ment with nocodazole (20 μM), 
and chromosomes became 
disorganized. The spindle was 
reformed at 50 min (40 min in 
fresh M2 medium) of culture. 
Bar 20 μm

Fig. 4  a Mouse oocytes at MI stage were treated with 20 μM noco-
dazole, and PBe rates were counted after maturation culture. at least 
40 oocytes were examined for each time point, and a total of over 150 

oocytes were examined in each group. b γH2a.X signals in nocoda-
zole-treated MII oocytes, control oocytes, and in vivo MII oocytes 
did not display differences. Bar 20 μm
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at 7 h of culture, followed by a 10 min wash to remove the 
drug. Spindle microtubules became disassembled; how-
ever, new spindles were formed at 40 min of recovery in 
M2 medium (Fig. 3). We assessed the PBe rate at 14 h of 
culture; the result showed no difference compared with 

the control (IVM for 14 h) (Fig. 4a). Confocal microscopy 
analysis did not reveal an increased γH2a.X signal at the 
MII stage; the staining was in a similar level in both treated 
and control oocytes, which was similar to the γH2a.X sig-
nal level compared with in vivo MII oocytes when the same 

Fig. 5  a IVM mouse oocytes 
exposed to nocodazole were 
processed for parthenogenesis 
using SrCl2 activation solution; 
controls were IVM oocytes. 
experiment was repeated three 
times. b Immunofluorescent 
staining of DSBs in two-cell 
embryos derived from nocoda-
zole-treated oocytes and control 
oocytes. The bright green 
staining shows γH2a.X signal 
which indicated Dna DSBs. 
no evidently different stain-
ing was observed in embryos 
derived from nocodazole-treated 
oocytes. Bar 20μ. c In vivo 
matured oocytes were treated 
with 20 μM nocodazole and 
processed for parthenogenesis; 
control oocytes were cultured in 
M2 medium for 50 min. experi-
ment was repeated three times. 
(a&C) at least 40 oocytes were 
examined for each time point, 
and a total of over 150 oocytes 
were examined in each group
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parameters were applied (Fig. 4b), and thus nocodazole 
treatment did not induce additional Dna DSBs. There was 
no significant difference in the parthenogenetic activation 
rates between the treated group and the control (Fig. 5a). 
Immunofluorescent staining of two-cell embryos showed 
similar γH2a.X signal intensity (Fig. 5b) in the two 
groups, further implying that nocodazole-treated oocytes 
showed no increased Dna DSBs. We also performed the 
same examination on pig oocytes and found that nocoda-
zole-treated and control oocytes showed similar γH2a.X 
signal intensity at the MII stage (Fig. 6).

long-term nocodazole treatment increases aneuploidy 
but not DSBs

To further investigate a potential spindle abnormality effect 
on inducing DSBs, we treated metaphase oocytes with 
20 μM nocodazole for 1.5 h, then washed the oocytes, and 
continued culture in fresh medium. The control group was 
kept in M2 medium for 14 h. We assessed the PBe rate at 
14 h of culture, and the result showed no difference com-
pared with the control group (Fig. 7a). Confocal micros-
copy analysis showed that a significant rate of reformed 
metaphase chromosome misalignment (Fig. 7b) and some 
chromosomes became localized outside the spindle. How-
ever, both confocal examination and karyotype analysis 
showed no chromosome fragmentation, but the rate of ane-
uploidy increased (37.5 % compared with 7.7 % in normal 
oocytes) (Fig. 7c, p < 0.05, Fig. 7d). Thus, even when the 
spindle was disassembled for a long period of time, no 
evidently increased DSBs were observed in lagging chro-
mosomes (Fig. 7e), although aneuploidy was increased 
(Table 2).

nocodazole treatment at the MII phase does not induce 
increased DSBs

From the above results, we concluded that neither short- nor 
long-term nocodazole treatment on MI oocytes increased 
DSBs. We then investigated the effect on MII oocytes. We 
treated superovulated mouse MII oocytes with nocoda-
zole for 10 min and recovered the oocytes for 40 min in 
M2 medium, while control group oocytes were kept in M2 
medium for 50 min. The oocytes were then processed for 
parthenogenesis. The activation rate of nocodazole-treated 
oocytes, as indicated by pronucleus formation, was not 
different from that of the control group at 4 h of culture 
(Fig. 5c). For further embryo culture, activated oocytes 
were transferred into KSOM medium to obtain two-cell 
embryos on the second day of culture. We mounted two-
cell stage embryos on slides to observe γH2a.X signals by 
IF labeling. The result showed that two-cell embryos gen-
erated from nocodazole-treated oocytes displayed no sig-
nificant difference in γH2a.X signal strength when com-
pared with the control (Fig. 5b). We concluded that even 
when the spindle was disassembled, DSBs were not further 
increased, and the oocytes could correctly reform the spin-
dle for subsequent development.

Discussion

recent studies by others and us showed that Dna DSBs 
delayed gVBD progression because of the activated Dna 
damage checkpoint, but with prolonged culture, the gVBD 
rates increased, though still lower than in normal oocytes, 
and maturation rates of gVBD oocytes were not different 

Fig. 6  γH2a.X signals in 
nocodazole-treated MII porcine 
oocytes and control oocytes 
did not display differences. Bar 
20 μm
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from normal ones in the mouse (Ma et al. 2013). aside 
from induced DSBs, there are also programmed damages 
in the cell cycle, and when the chromosomes are disrupted, 
Dna recombination systems are activated to repair dam-
aged Dna. In meiotic oocytes, homologous chromosomes 
are paired through chiasmata to maintain pairing until 
metaphase; so, DSBs are normally needed for meiotic cell 
division (Handel and Schimenti 2010; Bohgaki et al. 2010). 
Therefore, it is not surprising the DSBs in mouse oocytes 
do not affect completion of maturation. However, mouse 
oocytes are not ideally suited animal models for biomedi-
cal studies, since the maturation and fertilization mecha-
nisms differ from those in the human and other mamma-
lian systems. In this paper, we extended our study to pig 
oocytes and found that the gVBD rate was normal but the 
MII rate was significantly decreased in Dna-damaged pig 
oocytes. although phosphorylated H2a.X foci may exist 
on chromosomes in the absence of any induced Dna dam-
age (Ziegler-Birling et al. 2009), we did observe intensified 
signals in BlM-treated oocytes. Therefore, unlike in mouse 
oocytes, DSBs do not inhibit gVBD, but prevent final 
oocyte maturation in pig oocytes. This may be explained 
by the species difference. In vitro mouse oocyte matura-
tion does not require cumulus cells, while few pig oocytes 
can complete in vitro maturation in the absence of cumu-
lus cells (agung et al. 2010). BlM treatment of COCs may 
cause Dna damage in cumulus cells, and subsequently 
causes oocyte maturation failure, due to the lack of factors 
provided by cumulus cells.

In meiosis, γH2a.X remains phosphorylated throughout 
the whole process of division. The location of programmed 
Dna DSBs does not appear to be entirely random, since 
there are preferential locations called hot spots where recom-
bination occurs. endogenic DSBs occur in these spots more 
frequently and are repaired by recombination (Matsuoka 
et al. 2007; Callen et al. 2009). We believe that the occur-
rence of gVBD in DSBs porcine oocytes is not due to the 
repair of exogenous Dna DSBs located in hot spots but 

due to the weak checkpoint function. In the mouse, DSBs 
oocytes can complete maturation in the presence of damaged 
Dna. This is explainable, as spindle assembly checkpoint 
(SaC) function in female meiosis is weak, and the meta-
phase-to-anaphase transition does not even need all chro-
mosomes to form stable bipolar attachment (Sun and Kim 
2012). However, in our experiment, DSBs oocytes failed to 
extrude the first polar body. Taken together, our data suggest 
that there may be differences between mammalian species in 
recognizing DSBs, and the DSB oocytes arrest at different 
phases to avoid producing low-quality oocytes.

recent studies showed that chromosome missegregation 
frequently triggers a Dna double-strand break response 
in mitotic cells (Janssen et al. 2011; Crasta et al. 2012). 
Chromosome missegregation was easily induced when 
spindles were disturbed by drugs, causing Dna dam-
age (Janssen et al. 2011). Our experiment on the correla-
tion between spindle disassembly and Dna DSBs did not 
show increased Dna DSBs in nocodazole-treated oocytes. 
although microtubules were completely disassembled, 
oocytes still completed maturation and activation. regard-
less of when the spindles were disassembled, the oocytes 
reformed the spindle and segregated the chromosomes, 
although causing high rates of aneuploidy, suggesting that 
some of the chromosomes were not bipolarly attached. 
Correspondingly, no evident increase in Dna damage was 
observed in nocodazole-treated oocytes nor was Dna frag-
mentation increased. We further examined the γH2a.X 
signals in the interphase nuclei of early embryos derived 
from nocodazole-treated oocytes and did not find increased 
γH2a.X foci. In addition, the ability of these oocytes 
developing to early embryos was the same as untreated 
ones. This is consistent with human oocyte cryopreserva-
tion results. When MII oocytes are vitrified, most oocytes 
can support full-term development comparable to fresh 
oocytes despite the fact that spindles are destroyed dur-
ing the freezing–thawing process (Imesch et al. 2013). It 
appears that, unlike in mitotic cells, disruption of chromo-
some–microtubule interaction by drug treatment in oocytes 
does not cause increased DSBs.

In summary, the present study shows that Dna dam-
age inhibits pig oocyte maturation, while unlike in mitotic 
cells, nocodazole-induced chromosome detachment from 
spindle microtubules does not cause increased DSBs in 
meiotic oocytes.

Fig. 7  Data of mouse oocytes treated with 20 μM nocodazole for 
1.5 h. a Oocytes were treated with 20 μM nocodazole for 1.5 h and 
then recovered for 1 h; the spindles became abnormal. b Oocytes 
were treated with 20 μM nocodazole and cultured for 16 h and 
PeB rates were counted, while control oocytes were cultured in M2 
medium for 16 h. c Oocytes were treated with 20 μM nocodazole for 
1.5 h and then cultured for 16 h, while control oocytes were cultured 
in M2 medium for 16 h and used for karyotype analysis. *p < 0.05 
indicates statistical difference. (a–c) at least 40 oocytes were exam-
ined at each time point, and a total of over 120 oocytes were exam-
ined in each group. d Misplaced chromosome in 20 μM nocoda-
zole-treated oocytes showed no increased γH2a.X signal intensity 
compared with chromosomes in the correct position. e Chromosome 
spread image, some of the nocodazole-treated oocytes had wrong 
chromosome number at the MII stage. (b, e) The white arrow points 
to mis-aligned chromosome. Bar 20 μm

Table 2  In vitro maturation of nocodazole-treated mouse oocytes

number of oocytes PBe (%)

Short-term treated 237 82.7

long-term treated 253 81.8

control 483 85.6

◂
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