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Elevated intracellular pH appears in aged oocytes and causes oocyte aneuploidy
associated with the loss of cohesion in mice
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ABSTRACT
Increases in the aneuploidy rate caused by the deterioration of cohesion with increasing maternal age have
been well documented. However, the molecular mechanism for the loss of cohesion in aged oocytes remains
unknown. In this study, we found that intracellular pH (pHi) was elevated in aged oocytes, which might disturb
the structure of the cohesin ring to induce aneuploidy. We observed for the first time that full-grown germinal
vesicle (GV) oocytes displayed an increase in pHi with advancing age in CD1 mice. Furthermore, during the in
vitro oocyte maturation process, the pHi was maintained at a high level, up to »7.6, in 12-month-old mice.
Normal pHi is necessary to maintain protein localization and function. Thus, we put forward a hypothesis that
the elevated oocyte pHi might be related to the loss of cohesion and the increased aneuploidy in aged mice.
Through the in vitro alkalinization treatment of young oocytes, we observed that the increased pHi caused an
increase in the aneuploidy rate and the sister inter-kinetochore (iKT) distance associated with the strength of
cohesion and caused a decline in the cohesin subunit SMC3 protein level. Young oocytes with elevated pHi

exhibited substantially the increase in chromosome misalignment.
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Introduction

Aneuploidy is a leading cause of pregnancy loss and an aggra-
vating source of developmental disabilities and mental retarda-
tion in female mammals.1-3 Most errors in chromosome
number originate from eggs, and maternal age is well estab-
lished as the key risk factor.3-6 The incidence of aneuploid eggs
dramatically increases with maternal age.3,6

Maternal age-related aneuploidy is a consequence of chro-
mosome segregation errors during meiotic division.7-9 In meio-
sis I, the crucial ploidy reduction step requires that sister
kinetochores attach to microtubules emanating from the same
spindle pole and that cohesin wrapped around chromosome
arms dissolves. In meiosis II, chromosome segregation requires
that sister kinetochores attach to opposite spindle poles and
that centromeric cohesion dissolves.10-12 The meiotic cohesin
entrapped in sister chromatids through a ring-like structure is
synthesized during the pre-meiotic S phase and must remain
functional until meiotic resumption in adult life.3,13 Cohesin
deterioration has been characterized as a main cause of age-
dependent aneuploidy.3-5 However, the molecular mechanism
for the loss of cohesion in aged oocytes is still elusive.

Old oocytes are characterized by a sequence of molecular
and structural abnormalities, such as dysfunctions of intracellu-
lar Ca2C regulation,14-15 abnormal changes in mitochondrial
structure,16,17 and chromosome missegregation.3,8 However,

whether the intracellular pH (pHi) of aged oocytes is abnormal
remains unknown.

Mammalian cells maintain pHi by means of several nearly
ubiquitous mechanisms, including HCO3

¡/Cl¡ exchangers of
the anion exchanger (AE) gene family and NaC/HC exchangers
of the NaC/HC exchanger (NHE) family. HCO3

¡/Cl¡ exchang-
ers export HCO3

¡ in exchange for extracellular Cl¡, thereby
correcting alkalosis; NaC/HC exchangers extrude protons,
thereby correcting acidosis.18-20 The AE family HCO3

¡/Cl¡

exchangers have been detected among polypeptide products of
the Solute Carrier 4 (SLC4) gene superfamily, including
SLC4A1 (AE1), SLC4A2 (AE2), SLC4A3 (AE3) and SLC4A9
(AE4).21-23 AE2 and AE3 mRNAs are expressed in mouse pre-
implantation embryos starting at the 2-cell stage, while only
AE2 is present in eggs and 1-cell embryos.24,25 Small growing
oocytes isolated from juvenile mice do not exhibit pHi-regula-
tory HCO3

¡/Cl¡ exchanger activities and have a low pHi; how-
ever, when the oocytes grow close to full size, the exchangers
become active and have a high activity in mice.26-28 However,
after release from the first meiotic prophase arrest, the oocyte
HCO3

¡/Cl¡ exchanger activity begins to decrease slowly until
it is almost undetectable in the metaphase I (MI)/metaphase II
(MII) transition. In mice, the exchanger activity is reactivated
only after egg activation.29-31 Thus, fully grown germinal vesicle
(GV)-stage mouse oocytes possess robust HCO3

¡/Cl¡
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exchanger activity that confers protection against alkalosis and
is most likely mediated by AE2.26,29,30

To address the above questions, the pHi values of oocytes
from 1-, 3-, 6-, 9-, 12- and 15-month-old mice were measured
using the pH-sensitive fluorophore BCECF-AM to analyze the
effect of aging on the oocyte pHi. We have demonstrated for
the first time that the oocyte pHi increases with mouse age.
According to this result and the age-related aneuploidy, we put
forward a hypothesis that the elevated pHi in aged oocytes
might be related to the increase in chromosome aneuploidy. To
verify this hypothesis, the young oocyte pHi was increased in
the in vitro maturation process by adding 4,40-diisothiocyana-
tostilbene-2,20-disulfonate (DIDS), an inhibitor of HCO3

¡/Cl¡

exchangers, to the culture medium after these oocytes in the
GV stage were removed to Cl¡-free media for a 10-minute
(min) treatment.

Results

Increased aneuploidy in oocytes from aged mice

To investigate the effect of aging on aneuploidy in Swiss CD1
female mice, we counted the number of chromosomes in MII
oocytes from 1- and 12-month-old mice (young and aged
groups, respectively) using an in situ chromosome counting
technique. We observed that the overall rate of aneuploidy in
the young group was 4.9 % (4/82), whereas the rate in the aged
group was 31.6 % (18/57), which was a significant increase
(P < 0.01) (Fig. 1A). This result is consistent with the previous
report in mice.32 To investigate whether aneuploidy influenced
germinal vesicle breakdown (GVBD) and polar body extrusion
(PBE) of oocytes, we counted the number of GVBD and PBE at
different times in the in vitro culture process using time-lapse
live imaging. We observed that aged oocytes underwent GVBD
and PBE with similar efficiencies and kinetics as young oocytes
(Fig. 1B and C). Taken together, aging causes the increase in
chromosome aneuploidy of MII oocytes.

Elevated oocyte pHi in the aged mice

To address whether aging influences oocyte pHi, we measured
the pHi of 519 full-grown and denuded GV oocytes from 1-, 3-,
6-, 9-, 12- and 15-month-old-mice using the pH-sensitive fluo-
rophore BCECF-AM (Fig. 2A and B). We found that the pHi

was maintained at 7.2-7.3 in the 1-, 3-, 6-, and 9-month-old
groups (n D 103, 112, 120, 73, respectively). In contrast, the
pHi increased 0.2-0.3 pH units in the 12- and 15-month-old
groups (n D 64, 47, respectively) compared to the other groups
(Fig. 2B). To determine whether the oocyte pHi of the aged
group was maintained at a high level in the subsequent phase,
we then measured the pHi values of GVBD, MI, and MII
oocytes from the 1- and 12-month-old mice. As shown in
Fig. 2C, regardless of the oocyte phase, compared to the 1-
month-old group, the oocyte pHi always increased 0.2-0.3 pH
units and reached the level of »7.6 in the 12-month-old group.
Collectively, aging causes the increase in pHi in mouse oocytes.

Decreased activity of the HCO3
¡/Cl¡ exchanger in aged GV

oocytes

Because the HCO3
¡/Cl¡ exchanger runs in reverse on exposure

to a Cl¡-free solution, the oocyte pHi increases in a Cl¡- free
medium (Fig. 3A). To explore the reason for the increased pHi

in aged oocytes, we measured the activity of the HCO3
¡/Cl¡

exchanger in GV oocytes from 1-, 3-, 6-, 9-, 12- and 15-month-
old mice using the pHi measurement on BCECF-loaded oocytes
in a Cl¡ removal assay. We found that GV oocytes exhibited a
lesser pH increase upon Cl¡ removal from the bathing media
at 10 mins in the 12- and 15-month-old groups than in the 1-,
3-, 6- and 9-month-old groups (Fig. 3B). HCO3

¡/Cl¡

exchanger activity is reported as the change in pHi per min
(pHU/min).26,27 Through linear regression to compute the ini-
tial rate of intracellular alkalinization upon Cl¡ removal, we
found that the HCO3

¡/Cl¡ exchanger activity of GV oocytes
gradually decreased with increasing mouse age. The pHU/min
was 0.058 in the 1-month-old group, but it decreased to 0.019

Figure 1. Aneuploidy is increased and has no effect on GVBD and PBE in aged oocytes. (A) Numbers analyzed are indicated above the bars. The data were analyzed using
a chi-square test. The experiments were repeated more than 3 times. �� P < 0.01. (B) Kinetics of germinal vesicle breakdown (GVBD). GV-stage oocytes were isolated in
M2 medium containing dbcAMP, which inhibits GVBD, and were released into inhibitor-free medium (at time D 0). The number of oocytes examined is indicated (n). (C)
Kinetics of polar body extrusion (PBE). Oocytes that had undergone GVBD within 1.5 h after release into dbcAMP-free M16 medium were selected (at timeD 0). The num-
ber of oocytes examined is indicated (n).
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Figure 2. Aging leads to an increase in oocyte pHi. (A) Full-grown and denuded GV oocytes were incubated with BCECF-AM to determine the pHi. Scale bar, 30 mm. (B)
Full-grown GV oocytes were released from the ovaries of mice of different ages and were then removed to low-lactate KSOM to stabilize for 15 min before their pHi values
were measured. (C) Oocytes from 1- and 12-month-old mice represent the young and aged groups, respectively. Full-grown GV oocytes were cultured in M16 medium for
2-2.5, 7.5-8 and 16-17 h to reach GVBD, MI and MII stages, respectively. In B and C, each point represents between 47 and 120 oocytes from 4 to 8 replicates. Data are pre-
sented as the means§ SEM.

Figure 3. HCO3
¡/Cl¡ exchanger activity is attenuated with advancing age in full-grown GV oocytes. (A) Model for the increase in oocyte pHi using a Cl

¡ removal medium.
(B) pHi was monitored in denuded and full-grown GV oocytes from 1-, 3-, 6-, 9-, 12-, and 15-month-old mice; simultaneously, Cl¡ was removed from the bathing medium
at 10 mins, indicated by the red arrow; Mins: minutes, M: month. Traces shown are the means of all experiments performed. (C) The rate of pHi increase upon C

¡ removal
in GV oocytes was quantified, providing an indication of HCO3

¡/Cl¡ exchanger activity. Each point represents between 47 and 120 oocytes from 4 to 8 replicates. (D) The
relative AE2 mRNA expression levels in GV oocytes from 1- and 12-month-old mice. Gapdh served as the internal control gene. The data are expressed as the means §
SEM. �� P < 0.01. Each experiment employed 80 oocytes and was repeated 4 times.
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and 0.013 in the 12- and 15-month-old groups, respectively
(Fig. 3C). In brief, aging leads to the reduction of HCO3

¡/Cl¡

exchanger activity in full-grown GV oocytes.
In addition, real-time PCR analysis revealed that the relative

AE2mRNA expression level was significantly decreased in the 12-
month-old group compared to the 1-month-old group (P< 0.01),
as shown in Fig. 3D.

Increases in sister inter-kinetochore (iKT) distance and
chromosome aneuploidy in alkaline young oocytes

Considering the increased pHi of old oocytes and the age-related
aneuploidy, we speculated that elevated pHi might be related to the
high proportion of aneuploidy. Therefore, we elevated the pHi of
young oocytes during the in vitro maturation process by adding
DIDS, a specific inhibitor of HCO3

¡/Cl¡ exchangers (Supplemen-
tal Fig. S1A), to the culture medium after the GV stage oocytes
were treated in Cl¡-free media for 10 min (Fig. 4A). Meanwhile,
GV oocytes were directly matured in the media without any addi-
tion and treatment, serving as the normal control group, and in the
media supplemented with DIDS but without Cl¡-free media treat-
ment, serving as the DIDS control group. The sister iKT distance
and the aneuploidy rate of their MII oocytes were measured using
kinetochore and DNA immunofluorescent staining (Fig. 4B). The
sister iKT distance increased significantly in the alkaline-treated
group (0.39mm, nD 795) compared to the normal and DIDS con-
trol groups (0.27 mm, n D 597, P < 0.01; 0.28 mm, n D 501, P <

0.01; respectively) (Fig. 4C). The aneuploidy rate was also higher in
the alkaline-treated group (20.7 %, nD 82) than in the normal and
DIDS control groups (4.9 %, nD 82, P< 0.01; 9.0 %, nD 67, P<

0.05; respectively) (Fig. 4D). Collectively, alkaline treatment of
young oocytes causes the increases in chromosome aneuploidy and
sister iKT distance.

Reduction of the chromosome-associated cohesin SMC3 in
alkaline young oocytes

Structural maintenance of chromosomes 3 (SMC3) is a component
of the cohesin complex.5,13 To further explore the possible mecha-
nism of increased iKT distance and aneuploidy rate in alkaline
young oocytes, the expression of cohesin subunit SMC3 on chro-
mosomes was detected in MI by immunofluorescence. The level of
chromosome-associated SMC3 protein was obviously decreased in
alkaline oocytes (Fig. 5A and B). Compared to the normal and
DIDS control groups, the relative SMC3 fluorescence intensity on
chromosomes was significantly decreased in the alkalinization
group (P< 0.01) (Fig. 5B). In brief, alkalinization causes the reduc-
tion of SMC3 protein on chromosomes in young oocytes.

Chromosome misarrangement and normal attachment of
kinetochores and microtubules in alkaline young oocytes

GV oocytes were microinjected with H2B-RFP and MAP7-GFP
cRNAs. Their chromosome track and spindle morphology were

Figure 4. Alkaline treatment of young oocytes causes increases in chromosome aneuploidy and sister iKT distance. (A) Model for the process of alkaline treatment of
young oocytes. 1) The pHi of GV oocytes was increased. 2) The increased pHi was maintained in different oocyte phases. (B) MII oocytes were spread in situ. A flattened z-
stack series of images through a monastrol-treated egg (middle). Chromosomes were counted using a flattened z-stack series of images; the white circle represents a sister
chromatid pair (right). Representative sister chromatid pairs from the normal control, DIDS control and alkaline treatment groups illustrating the increase in iKT distances;
the white line shows the inner distance of the sister chromatid pair (left). Red, centromere (CREST); blue, chromatin (4,6-diamino-2-phenyl indole, DAPI). BarD 5 mm. Alka-
linization: oocytes were matured in a medium supplemented with DIDS after being removed to Cl¡-free media for a 10-min treatment. Normal control: oocytes were
matured in media without any addition and treatment. DIDS control: oocytes were matured in media supplemented with DIDS but without Cl¡-free media treatment.
In C and D, the numbers analyzed are indicated above the bars; �� P < 0.01; � P < 0.05. In each experiment, the data shown represent more than 3 replications.
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then observed during the in vitro maturation process via live cell
imaging. The spindle morphology did not significantly change
among the 3 groups (Fig. 6A). However, at the time of the onset of
anaphase I, the number of oocytes with misaligned chromosomes
significantly increased in the alkalinization group compared to the
normal and DIDS control groups (74 %, 9 %, 13 %, respectively)
(Fig. 6B). Meanwhile, in the alkalinization group, the time of ana-
phase I onset was delayed for most of the oocytes, occurring after
10 h of culture. Most of the oocytes from the normal and DIDS
groups could enter anaphase I after 8-9 h of culture (Supplemental
Fig. S2A and B).

Erroneous kinetochore–microtubule (KT-MT) interactions can
also cause oocyte aneuploidy.11,33 To exclude this reason, we
assessed the KT-MT attachment status by immunostaining kineto-
chores and microtubules after destabilizing dynamic non-kineto-
chore microtubules with cold treatment in fixed MI oocytes
(Fig. 6C). All confocal slices were examined, and each sister kineto-
chore pair was categorized as attached to microtubules emanating
from a single pole (polar attached), attached to microtubule bun-
dles at both poles (merotelic attached), or unattached to any cold-
stable microtubule bundle (unattached) (Fig. 6D). We found that
KT-MT interactions did not differ significantly across the 3 groups
(Fig. 6D). One misaligned sister pair had a big sister iKT distance,
and another pair had a single polar attachment between microtu-
bule and kinetochore, as shown in Fig. 6C.

Discussion

In this study, we first report that the pHi of full-grown GV
oocytes increased with advancing age in CD1 mice and that the

pHi of oocytes was always maintained at a high level during the
maturation process in 12- and 15-month-old mice (Fig. 2B and
C). Two key issues are addressed in this discussion: (i) why
increased pHi is related to advancing age; and (ii) the possible
mechanism for the elevated aneuploidy and deteriorated cohe-
sion in old oocytes. HCO3

¡/Cl¡ exchangers export HCO3
¡ in

exchange for Cl¡ to correct any increase in the pHi.
18,20,21 In

mice, the HCO3
¡/Cl¡ exchanger is fully active in full-grown

GV oocytes.26,27 In the present study, we measured the
HCO3

¡/Cl¡ exchanger activity of GV oocytes according to a
previous Cl¡ removal method24,27,30 and found that the
HCO3

¡/Cl¡ exchanger activity decreased markedly in the GV
oocytes of 12- and 15-month-old mice (Fig. 3C). Because of a
lack of pHi-regulatory exchange activities, the small growing
oocytes isolated from juvenile mice and freed of their surround-
ing granulosa cells (denuded oocytes) have a low pHi.

26,27 Inhi-
bition of HCO3

¡/Cl¡ exchange activity with DIDS disrupts
intracellular pH homeostasis and markedly inhibits the devel-
opment of embryos from 2 cells to blastocysts in mice.25 Thus,
we proposed that the decrease in HCO3

¡/Cl¡ exchanger activ-
ity may be a cause for the elevated pHi in aged oocytes. Further-
more, extreme changes in pHi affect post-translational
modification, particularly those changes that alter the protein
charge in a site-specific manner, including phosphorylation
and Lys acetylation.34 Thus, it may be that the pHi change con-
versely affects the post-translational modification of the
HCO3

¡/Cl¡ exchanger protein to increase the extent of pH
change in aged oocytes.

The pHi-regulatory HCO3
¡/Cl¡ exchanger is active in full-

grown GV oocytes and is most likely mediated by AE2 in

Figure 5. The expression level of SMC3 protein on chromosomes was obviously decreased in alkaline young oocytes. (A) The levels of chromosome-associated SMC3 pro-
tein were detected by immunofluorescence in normal, DIDS control and alkaline-treated oocytes at MI. Representative images show DNA (blue), CREST (red) and SMC3
(green). Scale bar, 5 mm. (B) SMC3 fluorescence intensity was quantified. Data are the means§ SEM, �� P < 0.01; �150 bivalents of each group were analyzed.
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mice.27,30 Therefore, in the present study, AE2 mRNA expres-
sion level was analyzed in GV oocytes of 1- and 12-month-old
mice. AE2 mRNA expression level in GV oocytes was signifi-
cantly decreased in aged mice (Fig. 3D). Pan and his colleagues
suggested that »5 % of the transcripts are differentially
expressed in GV oocytes obtained from aged mice (60–
70 weeks) compared to oocytes obtained from young females
(6–12 weeks) using microarray expression profiling.1 In human
GV oocytes, aging can also lead to the degradation of the Bub1
and Mad2 messages.35 Therefore, we speculate that the defi-
ciency in AE2 transcripts may explain the deterioration of
HCO3

¡/Cl¡ exchanger activity in aged GV oocytes.
Most cellular processes are acutely pH-sensitive, including

embryo metabolism, mitochondrial function and cytoskeletal
regulation.20,36 For example, growth and proliferation are
impaired in some pHi regulation-compromised cells when the
pHi is disturbed.

37,38 Moreover, small changes (0.3-0.4 units) in
the pHi induce dramatic differences in actin filament assem-
blies and architectures.39 Our results support an additional
novel role of pHi dysregulation that leads to the chromosome
misarrangement and the increase in aneuploidy during oocyte
maturation (Figs. 6A, B and 4D). It was previously determined
that sister chromatids are linked to one another during DNA
replication by cohesin complexes.40,41 Any precocious loss of
cohesion could cause aneuploidy in meiosis.3,42 A reduced

cohesin subunit causes the greater sister inter-kinetochore dis-
tances.3 In the present study, we found that SMC3 protein level
was dramatically reduced in MI oocytes with increased pHi

(Fig. 5A and B). Consistent with this result, the increase in pHi

caused increases in aneuploidy and sister iKT distances in
young oocytes (Fig. 4C and D), which are associated with the
reduction in cohesion.3,32 Altered pHi has been experimentally
shown to change protein structure and, thus, to alter protein-
protein binding affinity, change protein stability, modify pro-
tein function, and alter subcellular localization.39 Although
there are limited structural analyses of pH-dependent protein-
DNA binding,43 electrostatic interactions are very important in
protein-DNA binding.39 Therefore, we speculate that the
increased pHi in oocytes may give rise to the increases in aneu-
ploidy and sister iKT distance via impairing the ring structure
of the cohesin complex wrapped around the chromosome arms
and centromeres. However, how the increased pHi in oocytes
affect the structure of the cohesin complex still require further
study.

It is well known that aneuploidy of meiotic origin increases
dramatically with maternal age.3,32,41 Our results showed that
the aneuploid rate of MII oocytes in 12-month-old mice was
significantly higher than that in 1-month-old mice (Fig. 1A).
Current evidence suggests that the deterioration of cohesion
with increasing maternal age is a leading cause of age-related

Figure 6. Chromosome misarrangement and normal KT-MT attachment in alkaline oocytes. (A) Chromosomes and spindles were labeled with H2B-red and Map7-green,
respectively. The images of chromosomes and spindles were captured at 30-min intervals over 16-17 h. The time of anaphase I onset was marked with a red square. Chro-
mosom misarrangement was marked with a red arrow. Movies for the normal control and the alkalinization-treated groups are available (Supplemental Videos S1, S2).
Scale bar, 10 mm. (B) Chromosome misalignment is shown in a model and marked with a black triangle. Oocytes with misaligned chromosomes were confirmed at the
onset of anaphase I. The data were analyzed using a chi-square test. (C) Representative images of the 3 groups are shown. The iKT distance of misaligned sister pairs was
more than 10 mm, and its one kinetochore had an amphitelic attachment (i). Misaligned sister pairs had a single polar attachment, marked with a white arrow (ii). DNA:
blue, kinetochore: red, a-tubulin: green. Scale bar, 10 mm. (D) Analysis of attachment types in oocytes from the normal control, DIDS control and alkalinization-treated
groups. A total of 800 univalent attachments from 20 normal-control oocytes, 840 univalent attachments from 21 DIDS-control oocytes, and 1000 univalent attachments
from 25 alkaline-treated oocytes were classified from 3 experimental replicates. Each attachment type was shown using white arrow.
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aneuploidy,3-5,41 but what factors cause the loss of cohesion in
aged oocytes is still unknown. Jessberger suggests some
assumptions, including cleavage or spontaneous hydrolysis of a
single peptide within the large cohesin ring during the long
period of arrest, low separase activity might contribute to the
significant loss of cohesion in aged oocytes, and the change in
cohesin subunit acetylation in aged oocytes.5 In this study, we
found that increased pHi in young oocytes can cause aneu-
ploidy associated with the deterioration of cohesion and that
aged oocytes have a high pHi and aneuploidy. Combined with
the change of pHi impacting protein structure,39 it would seem
reasonable that the dysregulation of pHi in aged oocytes might
damage protein-protein binding affinity or protein localization
of the cohesin complex, leading to the deterioration of chromo-
some cohesion and increased chromosome aneuploidy.

In conclusion, mouse oocyte pHi increases with advancing
age, which may be a result of the decreases in HCO3

¡/Cl¡

exchanger activity and AE2 mRNA expression in aged oocytes.
The elevated pHi in young oocytes can cause the increase in
aneuploidy associated with the loss of cohesion. We speculate
that in aged oocytes, the increase in pHi might damage the
cohesin complex structure, resulting in chromosome misalign-
ment and increased aneuploidy (Fig. 7). The identification of
an association between loss of cohesion and increased pHi

would provide a new insight into age-related aneuploidy.

Materials and methods

All experimental protocols and animal handling procedures
were conducted in accordance with the guidelines and proce-
dures approved by the Institutional Animal Care and Use
Committee (IACUC) of the Institute of Zoology (IOZ), Univer-
sity of Chinese Academy of Sciences (UCAS).

Chemicals and solutions

All chemicals and drugs were purchased from Sigma (St. Louis,
MO, USA), unless otherwise indicated. BCECF-AM (20,70-bis-
(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester) solution, nigericin and valinomycin were obtained from
Molecular Probes (Eugene, OR, USA). Rec8 polyclonal anti-
body was purchased from Proteintech (Chicago, IL, USA,
10793-1-AP). Human centromere (CREST) autoimmune
serum was acquired from Immunovision (HCT-010, Arkansas,
USA). Stock solutions were prepared in water and include the
following: [dibutyryladenosine 3,5-cyclic monophosphate
(dbcAMP)], ethanol (nigericin), dimethyl sulfoxide (DMSO;
SNARF-1-AM, valinomycin, monastrol), and 0.1 M KHCO3

(DIDS).
All media were based on the KSOM mouse embryo culture

medium.44 For all fluorophore-loading and pHi measurements,
9 mM Na lactate was replaced with NaCl (total 104 mM NaCl
and 1 mM Na lactate), and bovine serum albumin (BSA) was
excluded. The medium is designated here as pH-KSOM. Cl¡-
free medium was produced by replacing all Cl¡ salts with cor-
responding gluconate salts. The HCO3

¡/CO2-buffered media
were equilibrated with 5 % CO2/air.

Oocyte collection, culture and alkalinization treatment

All studies were performed using Swiss CD1 outbred females
(Vital River Laboratory Animal Technology Co. Ltd.). The
mice were sacrificed by cervical dislocation 48 h after intraperi-
toneal injection of 5 IU of equine chorionic gonadotropin
(eCG, Ningbo Hormone Product Co. Ningbo, Zhejiang Prov-
ince, China). Full-grown GV oocytes were released by punctur-
ing ovaries with a 28-gauge microinjection needle and then
collected by mouth pipette in M2 medium supplemented with

Figure 7. Schematic representation of the involvement of increased pHi in aneuploidy in old oocytes. Aging causes decreased HCO3
¡/Cl¡ exchanger activity in full-grown

GV oocytes, which have the strongest HCO3
¡/Cl¡ exchanger activity of the oocyte phases.26,27 Therefore, in subsequent phases of aged oocytes, anions cannot be

excluded in a timely manner to the extracellular compartment due to reduced activity of the HCO3
¡/Cl¡ exchanger, leading to an increase in the oocyte pHi. The

increased pHi of aged oocytes might affect the cohesin subunit-subunit binding affinity, change its stability, modify its function, and alter its subcellular localization,
among other effects. Finally, the increased pHi of aged oocytes gives rise to the deterioration of the cohesin wrapped around the chromosome, leading to increased aneu-
ploidy. The small blue circle represents the nucleus, and the pink circle represents the cytoplasm.
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100 mM dbcAMP. Cumulus cells were subsequently removed
by repeated pipetting through a narrow-bore pipette. Full-
grown GV oocytes were matured in an M16 medium for 2-2.5,
7.5-8 and 16-17 h to collect GVBD, MI and MII phases, respec-
tively; the maturation process took place in an incubator at
37�C with 5 % CO2 in air. According to the rate of the first
polar body extrusion (PBE) (Supplemental Fig. S1B), we deter-
mined that 60 mM DIDS, an inhibitor of HCO3

¡/Cl¡ exchang-
ers (Supplemental Fig. S1A), would be added to the maturation
medium. To make the oocytes alkalosis, the pHi values of their
GV stages were elevated through treatment in Cl¡-free medium
for 10 min. The oocytes were then cultured in an M16 medium
with an additional 60 mMDIDS, as shown in Fig. 3A.

pHi measurements

pHi measurements were performed using a quantitative imag-
ing microscopy system (Velocity software 6.0.1, Perkin Elmer),
as previously described.27,45 Briefly, pHi was measured using
BCECF, which was loaded as the acetoxymethyl ester derivative
(BCECF-AM, »5 mM, 30 min). BCECF was illuminated using
light with wavelengths of 488 nm and 440 nm, and emission
was monitored at 535 nm. The ratio of the 2 intensities (488/
440) was calculated by dividing the images after background
subtraction. Where shown, the exemplar image is of the 488-
nm emission (Fig. 2A). Calibration was performed using the
nigericin/high KC method with valinomycin added to collapse
the KC gradient.24,46 The pHi was determined in KSOM after a
15-min stabilization period. The pHi values were averaged for
oocytes within 5-mm increments for each experiment. dbcAMP
(100 mM) was included in some experiments to prevent spon-
taneous oocyte maturation. All measurements were performed
in a temperature- and atmosphere-controlled chamber (37�C, 5
% CO2/air).

Cl¡ removal assay for HCO3
¡/Cl¡ exchanger activity

HCO3
¡/Cl¡ exchange activity was quantified using the Cl¡

removal method. Upon exposure to the Cl¡-free solution, the
HCO3

¡/Cl¡ exchanger runs in reverse, causing intracellular
alkalinization due to HCO3

¡ influx. Thus, a pHi increase upon
Cl¡ removal indicates HCO3

¡/Cl¡ exchanger activity, and the
initial rate of alkalinization provides a quantitative measure of
activity.47 Here, BCECF-containing oocytes were placed in the
chamber and equilibrated for 15 min, and measurements were
then taken for 10 min, after which the solution was changed to
Cl¡-free, low-lactate KSOM. The initial rate of intracellular
alkalinization upon Cl¡ removal was determined using linear
regression (Sigma Plot 8.0, Chicago, IL, USA), and exchanger
activity was reported as the change in pHi per min (pHU/min).
This assay for HCO3

¡/Cl¡ exchanger activity has been exten-
sively described and validated in mouse oocytes.27,30

Immunofluorescence, imaging, measurement of iKT
distance and chromosome counting

Experiments were conducted as previously reported.3,33,48,49

Oocytes were fixed in a solution of 4 % paraformaldehyde and
0.25 % Triton-X in PBS for 40 min. Blocking was performed in

PBS with 3 % BSA for 60 min at 37�C. Antibodies were used for
immunolabelling and included human anti-centromere (1:200)
andmouse anti-a-tubulin (1:200). Alexa-labeled secondary anti-
bodies were used as appropriate. For the analysis of cold-stable
microtubules, oocytes were exposed to ice-cold M2 medium for
10 min immediately prior to fixation. For in situ chromosome
counts, MII oocytes were treated for 1.5 h in M16 medium sup-
plemented with 100 mM monastrol before fixation. Oocytes
were then stained with DAPI for 10 min, and images were col-
lected with a spinning disk confocal at 0.4-mm intervals to span
the entire region of the spindle using a 63 £ 1.4 NA oil immer-
sion objective (LSM 780). Inter-kinetochore distances were mea-
sured from the inner edges of all sister kinetochore pairs
(Fig. 4B) and were determined based on a CREST signal using
Image J software (NIH). To obtain chromosome and kineto-
chore counts and the attached orientation of the kinetochore
and microtubule of each egg, serial confocal sections were ana-
lyzed using the ZEN 2011 Viewer (Zeiss) and NIH.

For chromosome spreads, oocytes were mounted on glass
slides and fixed in a solution of 1 % paraformaldehyde in dis-
tilled H2O (pH 9.2) containing 0.15 % Triton X-100 and 3 mM
dithiothreitol after the zona pellucida were removed by a brief
exposure to acid Tyrode’s solution. The slides were left to dry
and then blocked with 1 % BSA in PBS for 1 h at room temper-
ature. The slides were incubated with SMC3 and centromere
antibody overnight at 4�C. After brief washes with PBS, the
slides were then incubated with secondary antibody for 2 h at
room temperature. Following DNA staining with DAPI, the
slides were mounted on cover glass and examined via immuno-
fluorescence microscopy (Zeiss LSM 780). Fluorescence inten-
sities were calculated using blue ZEN 2012 software. The values
are presented as the means § SEM.

cDNA preparation and real-time polymerase chain
reaction analysis

Total RNA was isolated from 80 GV oocytes and treated with
DNase I to eliminate DNA contamination. The RNA was then
reverse transcribed using the M-MLV Reverse Transcriptase kit
(Promega) following the manufacturer’s instructions. Real-time
polymerase chain reaction analysis was performed as described
previously50 to quantify the steady-state mRNA levels of AE2
and the housekeeping gene GADPH (endogenous control). Cal-
culations of the relative fold changes in AE2 were performed
using the 2¡DDCt method, as described previously.50 The values
are presented as the means § SEM. The GADPH forward
primer was TTGTCTCCTGCGACTTCAACA, and the reverse
primer was ACCA GGAAATGAGCTTGACAAAG. The AE2
forward primer was CCCAGCCTG GACATCGAAG, and the
reverse primer was CAGGAACATCCTC AAATCG GTG.

Preparation of cRNA, microinjection and live cell imaging

The plasmids pRN3-H2B-RFP1 and pRN3-MAP7-eGFP were
gifts from Greg Fitzharris. The plasmids were linearized via
digestion with Sfi I. Then, 50-capped cRNAs were synthesized
using T3 mMessage mMachine (AM1348) according to the
manufacturer’s instructions. cRNA (1500 ng/ml) was dissolved
in nuclease-free water and stored at ¡80�C. cRNA was then
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injected at pipette concentrations of 300 ng/ml for MAP7-GFP
and 200 ng/ml for H2B-RFP. Approximately 1.5 pg MAP7-GFP
and 0.3 pg H2B-RFP were injected into GV oocytes.

The full-grown and naked GV oocytes were cultured for 2-3 h
for cRNA expression in M16 medium supplemented with
100 mM dbcAMP after microinjection. These GV oocytes were
divided into 3 groups for live cell imaging. One group was treated
in Cl¡-free media for 10 min and was then removed to culture
medium containing an additional 60 mM DIDS, one group was
cultured directly in medium supplemented with 60 mM DIDS,
and another group was cultured in normal culture medium with-
out any addition and treatment. For time-lapse imaging, oocytes
were housed in an air-controlled environment at 37�C and 5 %
CO2. Images were captured every 30 mins with a z-resolution of
2.0 mm. Tracking lasted for 16-17 h using the PerkinElmer Ultra-
View-Vox 20 £ (NA 1.4) objective on a spinning disk confocal
microscope. Images were analyzed using Image J.

Statistical analysis

All experiments were repeated at least 3 times. Dichotomous
data were analyzed using a chi-square test. Other data in the
present study were analyzed using Student’s t-test in SPSS (Sta-
tistical Package for the Social Sciences) 19.0 software (SPSS,
Inc., Chicago, IL, USA). P< 0.05 and P< 0.01 values were con-
sidered statistically significant.
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AE anion exchanger
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MI metaphase I
MII metaphase II
PB1 first polar body
PBE first polar body extrusion
pHi intracellular pH
SMC3 structural maintenance of chromosomes 3
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