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The relationship between apoptosis, 
chromatin configuration, histone 
modification and competence of 
oocytes: A study using the mouse 
ovary-holding stress model
Juan Lin1, Fei Chen2, Ming-Ju Sun2, Jiang Zhu2, You-Wei Li2, Liu-Zhu Pan1, Jie Zhang1 & 
Jing-He Tan1,2

The epigenetic factors causing competence differences between SN (surrounded nucleolus) and 
NSN (non-surrounded nucleolus) oocytes, the significance for the increased histone acetylation and 
methylation in SN oocytes, and whether chromatin configuration or histone modification determines 
oocyte competence, are unclear. This study has addressed these issues by using the ovary-holding 
(OH) stress models where oocyte SN configuration was uncoupled from histone modifications and 
developmental potential. Prepubertal mouse ovaries containing high percentages of NSN oocytes 
were preserved at 37 or 39 °C for 1 or 2 h before examination for oocyte chromatin configuration, 
developmental competence, histone modification and apoptosis. Whereas 1-h OH at 37 °C caused 
a moderate apoptosis with increased oocyte competence, improved histone modification and a 
normal NSN-to-SN transition, harsher OH conditions induced a severe apoptosis with decreased 
oocyte competence, impaired histone modification and a pseudo (premature) NSN-to-SN transition. 
Observations on Fas/FasL expression and using the gld (generalized lymphoproliferative disorder) 
mice harboring FasL mutations indicated that OH triggered oocyte apoptosis with activation of the 
Fas signaling. It was concluded that OH stress caused oocyte apoptosis with activation of the Fas/FasL 
system and that oocyte competence was more closely correlated with histone modification than with 
chromatin configuration.

With the growth of germinal vesicle (GV) stage mouse oocytes, their chromatin configuration changes from the 
non-surrounded nucleolus (NSN) pattern to the surrounded nucleolus (SN) pattern. While the NSN oocytes 
have diffuse chromatin, which does not form a heterochromatin rim around the nucleolus, the SN oocytes show 
condensed chromatin that is particularly confined around the nucleolus1–4. It seems that oocyte competence 
is influenced primarily by epigenetic factors that control overall gene expression and significantly modify GV 
chromatin configuration5–8. For example, fully-grown oocytes must end an NSN configuration before gaining full 
meiotic competence, and they must take on an SN configuration and stop gene transcription before being capable 
of blastocyst formation6. However, the mechanisms for the NSN-to-SN transition are largely unknown and the 
epigenetic factors causing the difference in developmental competence between NSN and SN oocytes remain to 
be clearly specified9.

Generally, histone acetylation leads to chromatin relaxation and thus correlates with gene activation, whereas 
histone deacetylation leads to chromatin condensation and therefore correlates with gene repression10. According 
to this rule, the core histone tails of GV chromatin should be less acetylated in SN than in NSN oocytes, because 
chromatin condenses and gene expression is silenced during oocyte growth. However, the level of histone acetyl-
ation in SN mouse oocytes was higher than that in NSN oocytes11–13. Furthermore, an increase in dimethyl-
ated H3K4 and H3K9 has been observed during the growth of mouse oocytes12, but its relationship with the 
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NSN-to-SN transition of chromatin configuration and oocyte competence is unclear. Thus, the significance for 
the oocyte growth-associated increase in histone acetylation and methylation and its relationship with oocyte 
chromatin configuration and competence are unknown. Because it is impossible to observe such relations during 
normal oocyte growth/maturation, models where the SN configuration can be uncoupled from histone modifica-
tion and oocyte competence must be used for such studies.

Our recent study showed that restraint of mice impaired the NSN-to-SN transition, histone acetylation and 
methylation in SN oocytes and oocyte developmental potential14. However, whereas the SN percentage of stressed 
oocytes returned to normal, neither the level of histone acetylation and methylation in SN oocytes nor the devel-
opmental competence recovered following a post-restraint recovery. Although these results suggested that the 
SN configuration was uncoupled from increased histone acetylation and methylation in the restraint-stressed 
oocytes, and that the developmental potential of SN oocytes is more closely correlated with epigenetic histone 
modification than with chromatin configuration, the conclusions need further verification using other models. 
Ovary holding (OH) either below body temperature15 or at a high temperature16 tended to increase SN con-
figurations of oocytes. However, while the former induced early atretic changes and gave rise to more compe-
tent oocytes17, the latter totally abolished oocyte competence of maturation in vitro16. Thus, OH stress might be 
used to study the relationship between chromatin configuration, histone modification and competence of the SN 
oocytes, because the SN configuration is uncoupled from their developmental competence in the heat-stressed 
oocytes. Furthermore, why restraint stress inhibited while OH stress facilitated the NSN-to-SN transition, and 
how the early atretic changes triggered by the low temperature OH and other stressors18,19 improve oocyte com-
petence, need further investigations.

Although observations suggest that the SN configuration represents a stage of GV oocyte that is more advanced 
toward ovulation, the possibility that this configuration could represent a step toward atresia has also been indicated 
in some reports4,6. We thus suspected that OH at a high temperature might have induced oocyte apoptosis with a 
pseudo NSN-to-SN transition reminiscent of the nuclear pyknosis in apoptotic somatic cells20,21, and the resulting 
configuration with condensed chromatin might have been mistaken as a “SN” configuration in previous reports16. 
On the other hand, the early atretic changes induced by the low temperature OH and other stressors might have 
improved oocyte competence by promoting a normal NSN-to-SN transition and improving histone modification.

Fas-mediated apoptosis plays a major role in the induction of apoptosis22–24. One recent study indicated that 
cumulus cells surrounding the aging oocyte released sFasL, which facilitated oocyte aging by binding to Fas 
receptors on the oocyte25. Furthermore, activation of the Fas pathway during in vitro maturation increased the 
incidence of apoptosis in cumulus cells of bovine oocytes26. Thus, it is worth studying whether the Fas/FasL sys-
tem plays any role in the OH stress-induced apoptosis of ovarian oocytes.

We thus hypothesized that OH stress would trigger apoptosis of ovarian cells and oocytes by activating the 
Fas/FasL system. Whereas a moderate apoptosis induced by milder stresses would improve oocyte competence 
by facilitating a normal NSN-to-SN transition and improving histone modification, severe apoptosis induced by 
harsher stresses would decrease competence by inducing a pseudo (premature) NSN-to-SN transition and by 
impairing histone modification. The aim of this study was to test this hypothesis by OH of prepubertal mouse ova-
ries from both wild-type mice and the gld (generalized lymphoproliferative disorder) mice harboring FasL muta-
tions. The prepubertal mouse ovaries without equine chorionic gonadotropin (eCG) priming were used because 
previous studies have shown that whereas adult mouse ovaries contain few, the prepubertal mouse ovaries contain 
many NSN oocytes before eCG treatment27. The FasL in gld mice carries a point mutation in the C-terminal 
region, and the recombinant gld FasL can not induce apoptosis in cells expressing Fas28. This suggests that the gld 
mice can be used as models to study roles of the Fas signaling in stress-induced apoptosis of ovarian cells.

Results
Effects of OH stress on GV chromatin configurations of mouse oocytes.  Oocytes from newly 
recovered ovaries before OH showed 3 patterns of chromatin configuration. In the NSN pattern, chromatin was 
the least condensed, with sparse fine heterochromatin granules that did not surround the nucleolus (Fig. 1A’). In 
both the SN and the intermediate (IN) oocytes, nucleoli were enclosed by heterochromatin. However, while the 
chromatin in SN oocytes was the most condensed, with almost no diffuse chromatin (Fig. 1C’), the chromatin 
in IN oocytes was less condensed, always with some diffuse chromatin in the nucleoplasm (Fig. 1B’). After OH 
of prepubertal ovaries at 37 °C for 2 h or at 39 °C for 1 or 2 h, the diffuse chromatin in the NSN and IN oocytes 
condensed into big masses forming the condensed NSN (c-NSN, Fig. 1D’) and condensed IN (c-IN, Fig. 1E’,F’) 
configurations, respectively (Fig. 1, Table). Some of the NSN oocytes became either IN or SN oocytes after OH at 
37 °C for 1 h. Similar changes in the chromatin configuration were observed in oocytes after OH of adult mouse 
ovaries, although the proportion of NSN oocytes was very low in the adult ovaries. Our live imaging further con-
firmed the NSN to c-NSN and IN to c-IN transition (Supplementary Fig. S1). The results suggested that although 
OH at 37 °C for 1 h facilitated a normal NSN-to-SN transition, OH at 37 °C for 2 h or at 39 °C for 1 or 2 h caused a 
pseudo (premature) NSN-to-SN transition, generating many oocytes with c-IN configurations.

Effects of OH stress on maturation, activation and embryo development of mouse oocytes.  
When oocytes were recovered from fresh ovaries before OH, although none of the oocytes from prepubertal mice 
formed blastocysts, 40% of those from adult mice did (Table 1), confirming that the culture system used in this 
study could support maturation of mouse oocytes from ovaries that had not been stimulated with eCG. Compared 
to those in control oocytes recovered before OH, rates of oocyte maturation, activation and 4-cell embryos 
decreased significantly after OH at 39 °C for 1 or 2 h or at 37 °C for 2 h. After OH at 37 °C for 1 h, however, percent-
ages of 4-cell embryos increased significantly compared to those in control oocytes, and 10% of the 4-cell embryos 
developed into blastocysts. The results suggested that although OH for a longer time or at a higher temperature 
impaired oocyte competence, a short-time OH at body temperature improved oocyte developmental potential.
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Effects of OH stress on GV chromatin histone modifications of mouse oocytes.  In all the histone 
sites observed, levels of acetylation, dimethylation and phosphorylation increased in the NSN, IN and even SN 
oocytes after OH at 37 °C for 1 h, but they decreased in SN, c-NSN and c-IN oocytes after OH at 37 °C for 2 h or 
at 39 °C for 1 or 2 h (Table 2, Fig. 2). In the same histone site, the level of histone modification in the c-NSN and 
c-IN oocytes tended to be lower than that in the NSN and IN oocytes, respectively, indicating that the pseudo 
NSN-to-SN transition was associated with impaired histone modification. The acetylation level of H4K16 was 
apparently lower than that of H3K14 and H4K12 in oocytes with various chromatin configurations (Fig. 2). 
Together with our results shown in Table 1, it is suggested that in all the histone sites examined, the levels of 
histone modification were positively correlated with the developmental potential of oocytes after different OH 
treatments.

Figure 1.  GV chromatin configurations of mouse oocytes before (0 h) or following OH for 1 or 2 h at 37 
or 39 °C. Photographs (A) and A’, (B) and B’, (C) and C’, (D) and D’, (E) and E’, and (F) and F’ are the same 
oocytes observed with phase contrast and fluorescence, respectively, after Hoechst 33342 staining. A’, B’ and 
C’ show, respectively, oocytes with NSN, intermediate (IN) and SN configurations before OH. D’ shows an 
oocyte with condensed NSN (c-NSN) configuration, and E’ and F’ show oocytes with condensed IN (c-IN) 
configuration. Original magnification ×1300. Scale bar is 10 μ​m. The table shows percentages of oocytes with 
different chromatin configurations. a-d: Values without a common letter in their superscripts differ significantly 
(P <​ 0.05) in the same column. Each treatment was repeated 5 times with each replicate containing 50–60 
oocytes.
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Effects of OH stress on apoptosis of mural granulosa cells (MGCs), cumulus cells and oocytes.  
Both apoptotic percentages and active caspase-3 levels of MGCs were low before OH, but increased significantly 
with increasing harshness of OH conditions (Fig. 3). Percentages of annexin-positive (apoptotic) oocytes did 

Mouse groups h °C
% MII/cultured 

oocytes
% Activated/

matured oocytes
% 4-cell embryos/
activated oocytes

% Blastocysts/4-cell 
embryos

Prepb 0 – 87.0 ±​ 1.1a 72.6 ±​ 2.9a 42.5 ±​ 3.9a 0.0 ±​ 0.0a

1 37 86.0 ±​ 1.3a 76.4 ±​ 1.9a 51.7 ±​ 3.1b 10.1 ±​ 1.2b

39 66.8 ±​ 4.0b 49.7 ±​ 3.3b 14.1 ±​ 1.7c 0.0 ±​ 0.0a

2 37 52.3 ±​ 3.1c 33.1 ±​ 1.3c 0.0 ±​ 0.0d 0.0 ±​ 0.0a

39 0.0 ±​ 0.0d 0.0 ±​ 0.0d 0.0 ±​ 0.0d 0.0 ±​ 0.0a

Adult 0 – 89.6 ±​ 2.0a 82.2 ±​ 3.1a 54.5 ±​ 2.5a 38.1 ±​ 3.6a

1 37 93.4 ±​ 1.7a 80.9 ±​ 0.4a 57.8 ±​ 1.8a 48.9 ±​ 2.4b

2 39 0.0 ±​ 0.0b 0.0 ±​ 0.0b 0.0 ±​ 0.0b 0.0 ±​ 0.0c

Table 1.   Maturation, activation and embryo development in vitro of mouse oocytes after OH at different 
temperatures for different times. a–dIn the same column, values without a common letter in their superscripts 
differ significantly (P <​ 0.05) within mouse groups. Each treatment was repeated 5–6 times with each replicate 
including 35 oocytes.

Histone site h °C NSN IN SN c-NSN c-IN

H3K14-ace 0 – 1.00 ±​ 0.00a 1.07 ±​ 0.04a 1.33 ±​ 0.01a – –

1 37 1.05 ±​ 0.01b 1.21 ±​ 0.02b 1.49 ±​ 0.02b – –

39 – – 1.23 ±​ 0.01c 1.00 ±​ 0.01a 1.05 ±​ 0.01a

2 37 – – 1.13 ±​ 0.02d 0.96 ±​ 0.01a 1.02 ±​ 0.01b

39 – – 1.07 ±​ 0.01e 0.88 ±​ 0.10a 1.01 ±​ 0.01b

H4K12-ace 0 1.00 ±​ 0.01a 1.12 ±​ 0.02a 1.49 ±​ 0.02a – –

1 37 1.12 ±​ 0.02b 1.29 ±​ 0.01b 1.66 ±​ 0.02b – –

39 – – 1.27 ±​ 0.01c 1.00 ±​ 0.01a 1.08 ±​ 0.01a

2 37 – – 1.19 ±​ 0.01d 0.95 ±​ 0.01b 1.01 ±​ 0.01b

39 – – 1.03 ±​ 0.01e 0.94 ±​ 0.01b 0.97 ±​ 0.00c

H4K16-ace 0 1.00 ±​ 0.01a 1.06 ±​ 0.01a 1.28 ±​ 0.01a – –

1 37 1.00 ±​ 0.02a 1.11 ±​ 0.01b 1.42 ±​ 0.01b – –

39 – – 1.13 ±​ 0.01c 0.99 ±​ 0.01a 1.03 ±​ 0.01a

2 37 – – 1.06 ±​ 0.01d 0.99 ±​ 0.01a 1.01 ±​ 0.01b

39 – – 1.03 ±​ 0.01e 0.97 ±​ 0.01a 0.93 ±​ 0.01b

H3K9-met 0 – 1.00 ±​ 0.01a 1.02 ±​ 0.01a 1.22 ±​ 0.01a – –

1 37 1.01 ±​ 0.01a 1.22 ±​ 0.01b 1.31 ±​ 0.01b – –

39 – – 1.10 ±​ 0.01c 0.97 ±​ 0.01a 1.05 ±​ 0.01a

2 37 – – 1.05 ±​ 0.01d 0.94 ±​ 0.01ab 1.03 ±​ 0.01b

39 – – 0.98 ±​ 0.01e 0.92 ±​ 0.01b 0.97 ±​ 0.00c

H3K4-met 0 – 1.00 ±​ 0.00a 1.16 ±​  0.01a 1.33 ±​ 0.01a – –

1 37 1.08 ±​ 0.01b 1.19 ±​ 0.01a 1.41 ±​ 0.01b – –

39 – – 1.25  ±​ 0.01c 1.04 ±​ 0.01a 1.14 ±​ 0.01a

2 37 – – 1.19 ±​ 0.01d 0.97 ±​ 0.01b 1.12 ±​ 0.01b

39 – – 0.99 ±​ 0.01e 0.98 ±​ 0.02b 0.96 ±​ 0.01c

H3S10-pho 0 – 1.00 ±​ 0.01a 1.20 ±​ 0.02a 1.51 ±​ 0.02a – –

1 37 1.11 ±​ 0.02b 1.33 ±​ 0.02b 1.89 ±​ 0.02b – –

39 – – 1.33 ±​ 0.02c 0.99 ±​ 0.01a 1.15 ±​ 0.02a

2 37 – – 1.16 ±​ 0.02d 0.95 ±​ 0.01b 1.05 ±​ 0.02b

39 – – 0.97 ±​ 0.01e 0.88 ±​ 0.01c 0.93 ±​ 0.01c

Table 2.   Relative levels of acetylation (ace), dimethylation (met) or phosphorylation (pho) in different 
histone sites in oocytes with various chromatin configurations after OH at different temperatures for 
different times*. *​Each treatment was repeated 3 times with each replicate containing 20–30 oocytes from 
prepubertal ovaries. For each histone site, the average relative fluorescence of the NSN oocytes before OH (0 h) 
was set to 1, and the averages of oocytes from other treatments within the same histone site were expressed 
relative to this value. a–eValues without a common letter in their superscripts differ (P <​ 0.05) in the same 
column within histone sites.
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not differ before OH and after OH at 37 °C for 1 h, but increased significantly with increasing harshness of OH 
conditions (Fig. 4). Furthermore, our Hoechst staining showed that the percentage of apoptotic cumulus cells 
increased significantly after OH at 37 °C for 1 h compared to that observed before OH (Fig. 3). Taken together, the 
results suggested that whereas a mild stress induced moderate apoptosis, severe stresses caused heavy apoptosis 
in mouse oocytes.

Effects of OH stress on the expression of FasL in MGCs and Fas receptors in oocytes and cumulus cells.  
Both FasL in MGCs (Fig. 5A) and Fas receptors in oocytes (Fig. 5B) increased significantly with increasing harsh-
ness of OH conditions from before OH to OH at 37 °C for 1 h to 39 °C for 1 h to 37 °C for 2 h to 39 °C for 2 h. Fas 
receptors in cumulus cells also increased from before OH to OH at 39 °C for 1 h (Fig. 5D,E). The results suggested 
that the OH stress induced oocyte apoptosis by activating the Fas system in the ovary.

Effects of OH stress on apoptosis and histone acetylation of oocytes from gld mice.  Annexin-positive  
percentages and H4K12 acetylation levels in oocytes from freshly collected ovaries (0 h) did not differ between 
wild-type and gld mice (Fig. 6). Following OH at 39 °C for 1 h, however, whereas the annexin-positive percentages 
were significantly lower, levels of H4K12 acetylation were significantly higher in gld than in wild-type mice. The 
results further confirmed that OH stress triggered oocyte apoptosis and impaired epigenetic histone modification 
by activating the Fas system.

Figure 2.  Laser confocal photomicrographs show acetylation (ace) of histone H3K14, H4K12 and H4K16, 
dimethylation (met) of H3K9 and H3K4, and phosphorylation (pho) of H3S10 in the SN oocytes before or 
after OH of prepubertal mouse ovaries at different temperatures for different times. Acetylated, dimethylated 
or phosphorylated histone was pseudo-colored red. Original magnification ×​200. Scale bar is 10 μ​m.
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Figure 3.  Apoptosis of MGCs and cumulus cells following OH of prepubertal mouse ovaries at different 
temperatures for different times. Micrographs (A–E) show MGCs smears and micrographs (H,I) show 
cumulus cells smears stained with Hoechst 33342 and observed under a fluorescence microscope. The 
heterochromatin was heavily stained with Hoechst and gave bright fluorescence. Whereas the apoptotic cells 
showed pyknotic nuclei full of heterochromatin (Arrows), healthy cells showed normal nuclei with sparse 
heterochromatin spots. Smears (A–E) show MGCs from ovaries before (A) or after OH at 37 °C for 1 h (B), 
39 °C for 1 h (C), 37 °C for 2 h (D) and 39 °C for 2 h (E), respectively, while smears (H,I) show cumulus cells 
from ovaries before (H) and after OH at 37 °C for 1 h (I), respectively. Original magnification ×​400. Scale bar 
is 20 μ​m. Graphs (F,G) show percentages of apoptotic cells and the level of active caspase-3 (Casp-3) in MGCs, 
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Discussion
The present results showed that whereas a 1-h OH at body temperature promoted a normal NSN-to-SN tran-
sition, OH for a longer time or at a higher temperature caused a pseudo (premature) NSN-to-SN transition, 
generating the c-IN and c-NSN configurations. The c-IN and c-NSN configurations generated by the pseudo 
NSN-to-SN transition showed abnormally condensed chromatin masses, which were reminiscent of the pyknotic 
nuclei observed in apoptotic somatic cells. It is well known that apoptotic cell death in somatic cells is charac-
terized by nuclear pyknosis (chromatin condensation) and DNA fragmentation, among other morphological 
features20,21. Whereas GV oocytes from young mice with a normal fertility had well-defined NSN and SN config-
urations, those from old mice with a reduced fertility had chromatin configurations that could not be classified 
as either NSN or SN29. From the images provided in that report, similarities are obvious between our c-IN and 
c-NSN configurations and their configurations that could not be classed as either NSN or SN. Furthermore, 
abnormal chromatin condensation has been observed following chemical treatment of oocytes. For example, 
when porcine oocytes were treated with roscovitine, the dispersed chromatin disappeared or condensed and the 
rim of the nucleolus became morphologically incomplete30.

In the present study, whereas OH at 37 °C for 1 h enhanced histone modification, OH at 37 °C for 2 h or at 
39 °C for 1 or 2 h impaired histone modification in c-NSN, c-IN, and even in the SN oocytes. Our previous study 
demonstrated that restraint stress of mice decreased the levels of H3K14 and H4K12 acetylation and of H3K4 
and H3K9 dimethylation in SN oocytes. Similar changes in histone acetylation and methylation were observed in 
oocytes from aged mice. For example, acetylation of H4K12 and H4K16 decreased in GV oocytes from aged mice 
compared to those in oocytes from young mice31. Whereas GV oocytes from young mice showed dimethylation 
of H3K4, H3K9, H3K36, H3K79 and H4K20, and trimethylation of H3K9, many GV oocytes from old mice 
lacked trimethylation of H3K9 and dimethylation of H3K36, H3K79 and H4K2029. Furthermore, feeding mice 
with mycotoxin decreased oocyte levels of H3K27 trimethylation and H4K20 dimethylation32, and exposure to 
bisphenol A during follicle culture significantly impaired H3K9 trimethylation33.

Our previous study showed that restraint stress of mice inhibited GV chromatin condensation and hindered 
the NSN-to-SN transition while increasing the level of H3S10 phosphorylation14. This is different from the pres-
ent results that OH stress facilitated chromatin condensation and evoked a pseudo NSN-to-SN transition while 
decreasing the level of H3S10 phosphorylation. It is known that H3S10 phosphorylation plays a dual role during 
the cell cycle; whereas it maintains relaxed chromatin for active transcription in interphase, it facilitates chroma-
tin condensation during mitosis34. Furthermore, while chronic ethanol consumption increased H3S10 phospho-
rylation, binge ethanol administration reduced its level of phosphorylation35. Thus, our restraint stress of mice 
over a 48-h period, which corresponds to a chronic stress, would have hindered the NSN-to-SN transition by 
increasing the level of H3S10 phosphorylation, whereas OH for 1 or 2 h is an acute severer stress, which would 
have enhanced chromatin condensation by reducing H3S10 phosphorylation in the interphase.

This study demonstrated that whereas OH at 37 °C for 1 h improved oocyte developmental potential, OH at 
37 °C for 2 h or at 39 °C for 1 or 2 h decreased oocyte developmental competence. Our further observation indi-
cated that although 1-h OH at 37 °C caused only a moderate apoptosis in MGCs and cumulus cells and no apop-
tosis in oocytes, OH at 37 °C for 2 h or at 39 °C for 1 or 2 h induced heavy apoptosis in MGCs and early apoptosis 
in oocytes. There have been numerous reports that a moderate apoptosis in MGCs or cumulus cells is associated 
with improved developmental potential of oocytes18,19. Notably, morulae/blastocysts rates of goat oocytes36 and 
blastocyst hatching rates of bovine oocytes37 were significantly higher in early atretic follicles than in the non- 
or late atretic follicles. However, the mechanisms for the beneficial effect of the early follicle atresia on oocyte 
developmental competence are not fully understood. The present results showed that the improved development 
observed in oocytes with moderately apoptotic MGCs and cumulus cells was associated with accelerated normal 
NSN-to-SN transition and enhanced histone modification, whereas the impaired development in oocytes with 
heavy apoptosis was characterized by a premature chromatin condensation (pseudo NSN-to-SN transition) and 
impaired histone modification. This suggests that early follicle atresia might have improved oocyte competence 
by accelerating histone modification as well as by promoting a normal NSN-to-SN transition.

The present results showed that while FasL was expressed in MGCs, Fas was expressed in oocytes and cumulus 
cells, and that both FasL and Fas increased significantly with increasing harshness of the OH conditions. Our 
observation on percentages of annexin-positive oocytes and levels of H4K12 acetylation indicated that oocytes 
from gld mice were less harmed by OH than oocytes from wild-type mice. Taken together, the results suggested 
that OH stress triggered oocyte apoptosis and impaired epigenetic histone modification and oocyte competence 
by activating the Fas system. Reports on Fas/FasL expression in ovaries are few and those on Fas expression in 
healthy oocytes are in conflict. In mice, for example, although expression of both Fas and FasL was observed 
in granulosa cells of both healthy and atretic follicles, Fas was observed only in oocytes of atretic follicles38. In 
bovine, however, Fas was expressed in normal immature oocytes, whereas FasL was expressed only in cumulus 
cells26,39. Thus, the present results confirmed Fas expression in healthy mouse oocytes.

In summary, for the first time, the present results showed that OH stress triggered oocyte apoptosis with 
activation of the Fas/FasL system. Whereas a moderate apoptosis induced by a mild OH stress improved oocyte 
competence with promoted NSN-to-SN transition and histone modifications, the heavy apoptosis induced by a 
harsh OH stress impaired oocyte developmental potential with a premature chromatin condensation (pseudo 

respectively, and graph (J) shows percentages of apoptotic cumulus cells. In graph (G), the molecular weights of 
active caspase-3 and β​-tubulin are 17 and 55 kDa, respectively. To measure percentages of apoptotic cells, each 
treatment was repeated 3–5 times with each replicate containing 10 smears, and to quantify the level of active 
caspase-3 by western blotting, each treatment was repeated 3 times with each replicate containing MGCs from 4 
ovaries. a–e: Values without a common letter above their bars differ significantly (P <​ 0.05).
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NSN-to-SN transition) and impaired histone modifications. The c-NSN and c-IN configurations generated by the 
pseudo NSN-to-SN transition could have been mistaken as “SN” configurations in previous reports. Oocytes with 
the c-NSN and c-IN configurations showed impaired histone modification and reduced developmental potential. 
Together with our results that the developmental potential of SN oocytes diminished with decreasing levels of 
histone modifications as OH conditions became harsher, it is suggested that oocyte competence is more closely 
correlated with histone modification than with chromatin configuration. These data are important for our under-
standing of the mechanisms by which stress impairs oocyte developmental potential and how the epigenetic 
factors influence oocyte cytoplasmic maturation.

Methods
The experimental procedures were approved by the Animal Care and Use Committee of the Shandong 
Agricultural University P. R. China (Permit number: SDAUA-2001-0510). The methods were carried out in 
accordance with the approved guidelines. Unless otherwise specified, all chemicals and reagents used in the pres-
ent study were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Figure 4.  Annexin-positive oocytes with different chromatin configurations after OH of prepubertal 
mouse ovaries at different temperatures for different times. Photographs in the same column show the same 
oocytes observed under phase contrast (original magnification ×​1300, scale bar is 10 μ​m) and fluorescence 
after Hoechst (×​1300) and annexin (×​400, scale bar is 15 μ​m) staining, respectively. Photographs in different 
columns show oocytes with NSN, SN, c-NSN and c-IN configurations, respectively. The table shows percentages 
of annexin-positive oocytes with various chromatin configurations after OH at 37 or 39 °C for 1 or 2 h. a–d: 
Values without a common letter in their superscripts differ (P <​ 0.05) in the same column. Each treatment was 
repeated 4-5 times with each replicate containing about 30 oocytes.
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Mice, OH and oocyte recovery.  Mice for most of the experiments in this study are the Kunming strain, 
which were bred in our laboratory. The gld mice with a germline mutation F273L in FasL in a C57BL/6 J genomic 

Figure 5.  Levels of FasL in MGCs and Fas receptors in oocytes and cumulus cells after OH of prepubertal 
mouse ovaries. The OH conditions include before OH (0 h) and after OH at 37 °C for 1 h (37C1h), 39 °C for 1 h 
(39C1h), 37 °C for 2 h (37C2h) and 39 °C for 2 h (39C2h). Panel A shows FasL expression in MGCs revealed by 
western blotting. The molecular weights of FasL and β​-tubulin (Tublin) are 31 and 55 kDa, respectively. Panel 
B shows Fas quantification by immunocytochemistry in oocytes. Each treatment was repeated 3–4 times with 
each replicate containing about 30 oocytes. Panel C shows confocal micrographs showing Fas localization in 
oocytes. Original magnification ×​400. Scale bar is 30 μ​m. Panel D shows Fas quantification in cumulus cells by 
immunocytochemistry. Each treatment was repeated 3–4 times with each replicate containing about 30 cells from 
15 images. Panel E shows confocal micrographs showing Fas localization in cumulus cells. Original magnification 
×​650. Scale bar is 5 μ​m. In the confocal images, DNA and Fas were pseudo colored blue and red, respectively. In 
the graphs, a–e indicates values without a common letter above their bars differ significantly (P <​ 0.05).
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background and the wild-type C57BL/6 J mice were obtained from the Key Laboratory of Stem Cell Biology, 
Shanghai Institute for Biological Sciences, China. The mice were kept in a room under a 14 L:10D photoperiod, 
with lights-off at 20:00.

Female mice 18–19 days or 8–12 weeks after birth were sacrificed to collect ovaries without eCG-stimulation. 
The two ovaries recovered from one mouse were placed in a 1.5-ml microfuge tube containing 1 ml pre-warmed 
M2 medium and stored for 1 or 2 h in an incubator with a humidified atmosphere of air and temperature set at 
either 37 °C or 39 °C. At the end of OH, the large follicles on the ovary were ruptured in M2 medium to release 
oocytes. Only oocytes larger than 70 μ​m in diameter and with a homogenous cytoplasm were used.

Observation of oocyte chromatin configurations.  Oocytes were stripped of their cumulus cells 
by pipetting in M2 and stained for 5 min with 10 μ​g/ml Hoechst 33342 in M2. The stained oocytes were then 
mounted on a glass slide and observed for GV chromatin configurations under a Leica DMLB fluorescence 
microscope.

Time-lapse imaging.  Cumulus-free oocytes were stained in M2 medium containing 50 ng/ml Hoechst 
33342 for 10 min. The oocytes were then cultured at 37 °C or 39 °C in HCZB medium containing 20 ng/ml Hoechst 

Figure 6.  Percentages of annexin-positive oocytes and levels of H4K12 acetylation in oocytes with different 
chromatin configurations after OH under different conditions in wild-type and gld prepubertal mice. The 
micrographs are laser confocal images of SN oocytes in which Hoechst 33342 (upper row) and H4K12 (lower 
row) were pseudo-colored blue and red, respectively. Original magnification ×​ 200. Scale bar is 10 μ​m. Images 
in the same column are from the same oocyte observed at different optical wavelengths. The SN oocytes shown 
in different columns include oocytes before OH (0 h) or after OH at 39 °C for 1 h (39C1h) from wild-type (W) or 
gld (G) mice. The two tables show % annexin-positive oocytes and relative levels of H4K12 acetylation among 
different oocytes, respectively. Each treatment was repeated 4 times with each replicate containing about 30 
oocytes. a–c: Values in the same column without a common letter in their superscripts differ (P <​ 0.05).
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33342 in an incubator (INUBG2E-ZILCS; Tokai Hit) and observed under a video microscope (DMI6000B; Leica). 
Time-lapse analysis was performed over a total of 3 h period. Phase contrast and fluorescence images of oocytes 
were taken at 15-min intervals with a charge-coupled device camera (885 EM; Andor), and the chromatin was 
pseudo-colored red.

Oocyte maturation in vitro.  Because mouse oocytes recovered without eCG priming mature poorly  
in vitro, oocyte maturation was conducted on cumulus cell monolayer in this study to improve maturation of such 
oocytes. Briefly, when cumulus cells grew to 80% of confluence, the spent medium in the wells of a 96-well culture 
plate was replaced with 100 μ​l maturation medium and then equilibrated for 3 h in a CO2 incubator. After being 
washed three times in M2 and once in the maturation medium, the oocytes were placed in the wells (around 35 
each well) and culture at 37 °C in a humidified atmosphere of 5% CO2 in air. The maturation medium used was 
TCM-199 (Gibco, Grand Island, NY) supplemented with 10% (v/v) FBS (Gibco), 1 μ​g/ml 17β​-estradiol, 24.2 mg/ml  
sodium pyruvate, 0.05 IU/ml FSH, 0.05 IU/ml LH and 10 ng/ml EGF.

Oocyte activation and embryo culture.  At 24 h of maturation culture, oocytes were stripped of cumu-
lus cells by pipetting in M2 containing 0.1% hyaluronidase. After being washed twice in M2 and once in the 
activating medium (Ca2+ -free CZB medium supplemented with 10 mM SrCl2 and 5 μ​g/ml cytochalasin B), the 
oocytes were incubated in the activating medium for 6 h at 37 °C in a humidified atmosphere with 5% CO2 in air. 
At the end of activation treatment, the oocytes were examined with a microscope for the evidence of activation. 
Oocytes were considered activated when each contained one or two well-developed pronuclei. Activated oocytes 
were cultured for 4 days in regular CZB (30–35 oocytes per 100-μ​l drop) at 37 °C under humidified atmosphere 
with 5% CO2 in air. Glucose (5.5 mM) was added to CZB when embryos developed beyond 3- or 4-cell stages. 
Embryos were examined at 48 h and 96 h after activation treatment to record the numbers of 4-cell embryos and 
blastocysts, respectively.

Immunofluorescence for detection of histone modifications and Fas expression.  Procedures 
used for immunofluorescence were those reported in our previous study14. Briefly, oocytes were stripped of 
cumulus cells by pipetting in M2. The cumulus-free oocytes and cumulus cells were (1) fixed for 1 h with 4% 
paraformaldehyde; (2) permeabilized (oocytes only) with 0.5% (0.1% for Fas detection) Triton X-100 for 15 min 
(1 h for H3S10 phosphorylation); (3) blocked for 1 h in D-PBS containing 3% BSA and 0.1% Tween-20; (4) incu-
bated at 4 °C overnight with primary antibodies; (5) incubated for 1 h with secondary antibodies; (6) stained for 
5 min with 10 μ​g/ml Hoechst 33342 to visualize the DNA; and (7) mounted on a glass slide and observed with a 
laser confocal microscope (TCS SP2; Leica Microsystems). When mounting oocytes onto slides, care was taken 
to ensure that oocytes on different slides were compressed to the same extent and had a similar thickness. Blue 
diode (405 nm) and helium/neon (He/Ne; 543 nm) lasers were used to excite Hoechst and CyTM3, respectively. 
Fluorescence was detected with the following bandpass emission filters: 420–480 nm (Hoechst) and 550–570 nm 
(CyTM3), and the captured signals were recorded as blue and red, respectively.

All the oocytes used to observe modifications in the same histone site were processed and observed on the 
same day. The relative levels of histone acetylation, methylation and phosphorylation and Fas expression were 
quantified by measuring fluorescence intensities. For each experimental series, all the images were acquired 
with identical settings. Within the GV of each oocyte, a single plane with maximum amount of chromatin and 
maximum fluorescence intensity was selected to take photograph for further analysis. Relative intensities were 
measured on the raw images using the Image-Pro Plus software (Media Cybernetics Inc., Silver Spring, MD) 
under fixed thresholds across all the slides. Both the fluorescence density and the area of the objects giving the 
fluorescence were measured and the mean relative intensity of fluorescence was calculated for each oocyte. For 
each histone modification site, the average relative fluorescence of the NSN oocytes from freshly collected ovaries 
without holding was set to 1 and that of oocytes from other treatments were expressed relative to this value. The 
average Fas relative fluorescence of cumulus cells from unpreserved ovaries was set to 1, and those from preserved 
ovaries were expressed relative to this value.

The primary antibodies included Anti-acetyl-H3 (Lys14) (1:200 dilution, Millipore,06-911), Acetyl 
Histone H4K12 Polyclonal Antibody (1:1000 dilution, Epigentek, A-4029), Acetyl Histone H4K16 Polyclonal 
Antibody (1:50 dilution, Epigentek, A-4030), Histone H3K4 Dimethyl Polyclonal Antibody (1:200 dilu-
tion, Epigentek, A-4032), Histone H3K9 Dimethyl Polyclonal Antibody (1:100 dilution, Epigentek, A-4035), 
Anti-phospho-Histone H3 (Ser10) Antibody, clone RR002 (1:100 dilution, Millipore, 05-598), and rabbit pol-
yclonal anti-Fas antibody (dilution 1:100 for oocytes and 1:75 for cumulus cells, Abcam, ab82419). The sec-
ondary antibodies used to detect acetylation in H3K14 and H4K12, methylation in H3K4 and H3K9 and Fas 
were CyTM3-conjugated AffiniPure Goat Anti-Rabbit IgG (H +​ L) (1:800 dilution, Jackson ImmunoRerearsh, 
111-165-144), that used to detect acetylation in H4K16 was CyTM3-conjugated Donkey Anti-Goat IgG (H +​ L) 
(1:800 dilution, Jackson ImmunoRerearsh, 705-165-147), and that for detecting phosphorylation in H3S10 
was CyTM3-conjugated AffiniPure Goat Anti-Mouse IgG (H +​ L) (1:800 dilution, Jackson ImmunoRerearsh, 
115-165-003).

Annexin-V staining.  The staining was performed using Annexin V-FITC Apoptosis Detection Kit (Biotool, 
B32115) according to the manufacturer’s instructions. During the whole process, reagents were kept at 37 °C 
to avoid false positives. Oocytes were placed in 100 μ​l 1 ×​ binding buffer containing 5 μ​l Annexin-V/FITC and 
5 μ​l propidium iodide, and incubated at room temperature for 15 min in the dark. After incubation, 400 μ​l of 
1×​ binding buffer was added, and then the samples were mixed gently and kept on ice or directly mounted on 
siliconized slides with vaseline bridges and observed under a fluorescent microscope. After treatment with both 
probes, apoptotic oocytes showed green fluorescence, dead oocytes showed both green and red fluorescence, and 
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healthy oocytes showed little or no fluorescence. Oocytes with more than 20% of the plasma membrane showing 
green fluorescence were considered annexin-positive. Dead oocytes were not taken into account. Immediately 
after observation, the oocytes were carefully released from the slides and processed for detection of histone mod-
ifications as described above.

Apoptosis assessment in mural granulosa cells (MGCs) and cumulus cells.  The MGCs clumps 
released into M2 medium at puncture of follicles were collected and pipetted with a thin pipette in M2 medium 
to separate individual cells. Cumulus cells were prepared by pipetting the cumulus-oocyte complexes with a thin 
pipette in M2. The MGCs and cumulus cells were then transferred to a 0.5-ml microfuge tube along with the M2 
medium and centrifuged for 5 min at 200×​ g. After centrifugation, the MGCs pellets were resuspended in 50 μ​l of 
M2 medium with 10 μ​g/ml of Hoechst 33342 and stained in the dark for 5 min. The stained cells were then cen-
trifuged for 5 min at 200×​ g. After removal of approximately half the supernatant, a 5-μ​l drop of suspension was 
smeared on a slide and observed under a Leica DMLB fluorescence microscope. Six to eight fields were randomly 
examined on each smear, and the percentages of apoptotic cells were calculated from more than 60 cells observed 
in each field. All images were reviewed by 2 investigators in a double blind manner.

Western blot analysis.  MGCs were placed in a 0.5-ml microfuge tube containing 20 μ​l sample buffer 
(20 mM Hepes, 100 mM KCl, 5 mM MgCl2, 2 mM DTT, 0.3 mM phenylmethyl sulfonyl fluoride, 3 μ​g/ml leupetin, 
5 mM NaF, PH 7.5) and frozen at −​80 °C until use. For protein extraction, 5 μ​l 5 ×​ SDS-PAGE loading buffer 
was added to each tube, and the tubes were heated at 100 °C for 5 min. Total proteins were separated on a 12%  
(for FasL) or 15% (for active caspase-3) polyacrylamide gel by SDS-PAGE and transferred electrophoretically on 
to PVDF membranes. The membranes were then (1) washed twice in TBST (150 mM NaCl, 2 mM KCl, 25 mM 
Tris, 0.05% Tween 20, pH 7.4) and blocked for 1 h with TBST containing 3% BSA; (2) incubated at 4 °C over-
night with rabbit polyclonal anti-Fas Ligand antibody (1:1000, ab15285, Abcam Co. Ltd.) or rabbit polyclonal 
anti-caspase-3 antibody (1:500, ab13847, Abcam Co. Ltd.) and mouse anti-β​-tubulin monoclonal antibodies 
(1:1000, 05-661, Merck Millipore); (3) incubated for 1.5 h at 37 °C with alkaline phosphatase conjugated goat 
anti-rabbit IgG (1:1000, cw0111, Kangweishiji Biotechnology Co. Ltd., Beijing, China) and goat anti-mouse IgG 
(1:1000, cw0110, Kangweishiji Biotechnology Co. Ltd., Beijing, China) antibodies; (4) signals were detected by 
a BCIP/NBT alkaline phosphatase color development kit (Beyotime Institute of Biotechnology, Haimen City, 
China). The relative quantities of proteins were determined with Image J software by analyzing the sum density of 
each protein band image. The quantity of β​-tubulin was used for internal control. The density value of each sample 
was normalized to its β​-tubulin density value to get its relative quantity value. The relative quantity values of FasL 
or active caspase-3 in control ovaries before OH were set as 1 and the other values were expressed relative to this 
quantity. Each treatment was repeated 3 times with each replicate containing MGCs from 4 ovaries.

Data analysis.  There were at least three replicates for each treatment unless otherwise stated. Percentage data 
were arc sine transformed, and analyzed with ANOVA; a Duncan multiple comparison test was used to locate 
differences. The software used was Statistics Package for Social Sciences (SPSS 11.5, SPSS Inc. Chicago, IL). Data 
were expressed as mean ±​ SEM and P <​ 0.05 were considered significant.
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