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Destabilization of spindle assembly checkpoint causes aneuploidy
during meiosis Il in murine post-ovulatory aged oocytes
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Faculty of Bioindustry, Tokyo University of Agriculture, Hokkaido 099-2493, Japan

Abstract. Mammalian oocyte quality degrades over time after ovulation in vitro, which can cause fatal defects such as
chromosomal aneuploidy. As various oocyte manipulations employed in assisted reproductive technology are time
consuming, post-ovulatory aging is a serious problem to overcome in reproductive medicine or ova research. In this study,
we investigated the effects of postovulatory aging on the incidence of chromosome aneuploidy during meiosis 11, with a
focus on the expression of functional proteins from the spindle assembly checkpoint (SAC). Chromosome analysis was used
to assess the rate of aneuploidy in in vitro aged oocytes, or in early embryos derived from aged oocytes. Immunofluorescent
staining was used to detect the localization of MAD2, which is a SAC signal that monitors the correct segregation of sister
chromatids. Immunoblotting was used to quantify cohesin subunits, which are adhesion factors connecting sister chromatids
at the metaphase II (MII) centromere. It was shown that post-ovulatory oocyte aging inhibits MAD2 localization to the sister
kinetochore. Furthermore, oocyte aging prevented cohesin subunits from being maintained or degraded at the appropriate
time. These data suggest that the destabilization of SAC signaling causes sister chromatid segregation errors in MII oocytes,
and consequently increases the incidence of aneuploidy in early embryos. Our findings have provided distinct evidence that

the post-ovulatory aging of oocytes might also be a risk factor for aneuploidy, irrespective of maternal age.
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n recent years, the importance of oocyte aging in reproductive health

has been widely acknowledged. Oocyte aging leads to alterations
to cytoplasmic organelles at the molecular level, and has a negative
impact on embryo or fetal development after fertilization. Various
kinds of alterations, such as a functional deterioration of mitochondria
[1, 2], failed intracellular calcium control by endoplasmic reticulum
[3, 4], and abnormalities in genomic imprinting mechanisms [5,
6] have previously been reported. These alterations, caused by
oocyte aging, have often been considered signs of deterioration
in oocyte quality. It is well known that chromosomal aneuploidy
is a consequence of functional loss caused by oocyte aging [7-9].
Chromosomal aneuploidy in oocytes, which is a major cause of
decreased developmental competence and loss of pregnancy [8—13], is
caused by chromosomal segregation errors, such as early segregation
and non-disjunction during meiosis. Recent molecular research into
chromosomal instability has progressed rapidly, and advanced the
general understanding.

Spindle assembly checkpoint (SAC), which functions during cell
division, is one of the checkpoint mechanisms functional during the
cell cycle. SAC is a monitoring system, which equally distributes
chromosomes by correctly attaching spindle microtubules to the
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chromosome kinetochore [14, 15] (Fig. 1). MAD2, which binds with
MADI on the chromosome kinetochore, monitors the connection
between the microtubule of the spindle fiber and the kinetochore.
When there is a kinetochore that is not fully connected to a spindle
fiber, MAD2 localizes and sends a signal to inhibit the progression
of anaphase [16]. This signal is released when the chromosomes are
attached with spindle microtubules and aligned on the equatorial
plane. Cohesin, a multiprotein complex that is a component of SAC,
acts as an adhesion factor to keep homologous chromosomes and
sister chromatids together until the completion of meiosis I and II,
respectively [17]. In mammals, meiotic cohesin complexes consist
of four evolutionarily conserved protein subunits: two members of
the structural maintenance of chromosomes (SMC) family (SMC1
and SMC3), a member of the Kleisin family (RECS), and stromal
antigen (SA) subunit (SA3). SMC proteins, which constitute a core
subunit of the cohesin complex, regulate higher-order chromosome
structure and function. RECS, which contains a cleavage recognition
site for separase, has a role in maintenance of chromosome cohesion
with SA3 [18] and SMC proteins. Chromosome cohesion, mediated
by cohesin proteins, which form a ring-like protein structure, is
established at the chromosome centromere and along the chromosome
arms [17, 18]. The release of SAC induces a degradation of cyclin
B and securin, which follows the activation of anaphase-promoting
complex/cyclosome (APC/C), which serves as an ubiquitin ligase.
CDC20, which is an APC/C activator, inhibits the activity of APC/C
to form a M-phase checkpoint complex with MAD2 and BubR1
[15]. Securin is a separase inhibitor protein and its ubiquitination
by APC/C promotes cohesin detachment following the activation of
separase, which subsequently induces segregation of homologous
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Summary of the molecular mechanism of spindle assembly checkpoint. MAD2, which binds with MAD1 on the kinetochore, monitors the

connection between a spindle fiber and kinetochore. The MAD1-MAD2 complex serves as a catalyst to promote binding between a free MAD2
and CDC20. The MAD2-CDC20 complex forms a M-phase checkpoint complex (MCC) with other functional proteins, and suppresses the
activity of APC/C. A fully connected spindle fiber on the kinetochore interrupts the signal from the spindle checkpoint. CDC20, released from
MCQC, behaves as an APC/C activator by binding with APC/C. Activated APC/C promotes ubiquitination of securin, which regulates separase
activity. The separase activated by securin degradation cleaves REC8, which is contained in the cohesin complex. Finally, sister chromatids lose
cohesin, an adhesion factor, and are segregated by tension from the spindle fiber.

chromosomes and sister chromatids (Fig. 1) [17].

Many reports suggest the relation between oocyte aging and SAC
processes, including chromosome cohesion [19-25]. In humans, the
inter-kinetochore distance between sister chromatids significantly
increases in oocytes as maternal age advances, suggesting that sister
chromatid cohesion has weakened [20, 23]. Expression of meiosis-
specific RECS, a cohesin subunit, has also been shown to decrease
as maternal age advances [19, 23]. It is suggested that these factors
cause incidences of unpaired sister chromatids and early chromatid
segregation, leading to the induction of aneuploidy. Most studies
investigating chromosome segregation errors that occur during
meiosis I focus on the effect of pre-ovulatory maternal age [7, 9,
19-22]. To gain insight into oocyte aging, the aging process needs to
be considered on two different axes of time. One is maternal aging,
which involves an inter-annual change in oocytes that advances with
age. This is also described as pre-ovulatory aging, which progresses
in the ovary. The other is post-ovulatory aging, or the temporal
alterations in oocytes that have been induced to ovulate by ovarian
stimulation in response to a luteinizing hormone or a chorionic
hormone. Post-ovulatory aging progresses in the oviduct or can be
induced in vitro. Although mature oocytes arrested at metaphase
I (MII) fertilize immediately after ovulation, the optimal time of
fertilization (fertilization window) varies depending on the species

[8]. If fertilization is not completed successfully during the ideal
fertilization window, the ovulated oocytes will be retained in the
oviduct, or cultivated in a culture dish. The quality of these unfertil-
ized oocytes deteriorates in a time-dependent manner [8]. As the in
vitro manipulation time for ovulated oocytes used in reproductive
medicine and ova research lengthens, post-ovulatory oocyte aging
would become a problem that must be overcome.

This study aims to investigate chromosomal aneuploidy induced by
post-ovulatory aging during meiosis II, with a focus on chromosomal
segregation errors and expression of functional SAC proteins.

Materials and Methods

Animals

ICR male (10-15 weeks old) and female (8—10 weeks old) mice
were used for experiments described below. The mice were maintained
under controlled light conditions (14 h light from 0600 h to 2000 h; 10
h dark) and temperature (24 = 2°C). All procedures involving animal
experiments were conducted according to guidelines approved by
the Animal Research Committee of Tokyo University of Agriculture.

Oocyte collection and in vitro aging
To obtain MII oocytes, female mice were induced to super-ovulate
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by consecutive injection of 5 IU pregnant mare serum gonadotropin
(ASKA Animal Health, Tokyo, Japan) and 5 IU human chorionic
gonadotropin (hCG; ASKA Animal Health) at 48 h intervals. The
super-ovulated mice were euthanized 15 h after the hCG injection,
and the oviductal ampullae were broken to release the cumulus-oocyte
complexes (COCs) into TYH medium under paraffin liquid (Nacalai
Tesque, Kyoto, Japan). The collected COCs were incubated for a
certain time at 37.5°C in a humidified atmosphere with 5% CO, and
used as in vitro aged oocytes. In this study, two experimental groups
were designated. One was an aged group, where oocytes incubated
for 6 or 12 h in vitro after oocyte collection were examined. The
other was a fresh group, which functioned as a control, where oocytes
were immediately examined after collection.

Oocyte activation

Oocytes were freed from cumulus cells by brief exposure to 0.1%
hyaluronidase (Sigma Chemical, St. Louis, MO, USA) in Hepes-
buffered CZB medium (H-CZB) at 37.5°C, followed by washes and
subsequent activation treatment. The denuded oocytes were incubated
in activating medium for 1 h at 37.5°C in a humidified atmosphere
with 5% CO,. Ca?*-free H-CZB supplemented with 10 mM strontium
chloride (SrCl,, Kanto Chemical, Tokyo, Japan) was used as activating
medium. After the SrCl, treatment, oocytes were incubated in normal
H-CZB. Six hours after the onset of activation treatment with SrCl,,
oocytes with one pronucleus were considered activated, and were
examined for chromosome analysis or immunoblotting.

In vitro fertilization (IVF)

To perform chromosome analysis at the 8-cell stage, IVF was
performed using COCs obtained from oviductal ampullae. Before
insemination, spermatozoa were collected from one cauda epididymis
and pre-cultured in TYH medium for 1.5 h at 37°C in a humidified
atmosphere with 5% CO,. Insemination was performed with a final
sperm concentration of 1 x 103/ml in a droplet of TYH medium.
After co-incubation for six hours, oocytes with two distinct pronuclei
and a second polar body were considered fertilized. These fertil-
ized oocytes were transferred into a droplet of KSOM medium
supplemented with essential and non-essential amino acids (Gibco,
Grand Island, NY, USA) (mKSOM), and were then cultured for 56
h at 37°C in a humidified atmosphere with 5% CO,. Some of these
embryos were maintained in culture for up to 96 h in order to assess
developmental capacity.

Chromosome analysis

Chromosome analysis was performed on both oocytes and 8-cell
stage embryos. To eliminate the male genome factor, chromosome
analysis of oocytes was performed after activating treatment by
SrCl, without fertilization. After the activation treatment, oocytes
were cultured in mKSOM for 20 h. Six hours before termination
of the culture, the activated oocytes were treated with mKSOM
supplemented with 0.1 pg/ml demecolcine (Wako Pure Chemical
Industries, Osaka, Japan). Chromosome spreads were prepared
according to the method reported by Yoshizawa et al. [26, 27], with
slight modification. The slides were stained for 15 min with 4%
Giemsa solution (Merck Millipore, Darmstadt, Germany). Stained
chromosome spreads were observed with an optical microscope and

the number of chromosomes was counted. Chromosome spreads with
more or less than 40 chromosomes, or showing polyploidy, were
considered as numerical chromosome aberrations (NCAs). Some
8-cell embryos, which were cultured for 56 h after IVF, were also
examined for chromosome analysis with a similar method.

Immunofluorescent staining

The morphological observation of spindles and the localization
analysis of MAD2 protein in MII oocytes were performed using
immunofluorescent staining. To detect normal MAD2 localization
on the chromosome kinetochore, oocytes were incubated in mKSOM
supplemented with 20 pg/ml nocodazole (Sigma), as an inhibitor
of microtubule polymerization, for 30 min at 37°C. The zona pel-
lucida was removed from the oocytes with washes in Dulbecco’s
phosphate-buffered saline (D-PBS) containing 0.5% pronase (Merck
Millipore) for 5 min at 37°C, and fixed with 4% paraformaldehyde
(Wako) in D-PBS for 30 min at room temperature. After fixation,
the oocytes were treated with 1% TritonX-100 (Wako) in D-PBS
for 15 min at room temperature, and were washed three times with
D-PBS. The permeabilized oocytes were blocked in 3% bovine serum
albumin (Sigma) for 30 min at room temperature. After washing
thrice with D-PBS, the oocytes were incubated with goat anti-MAD2
antibody (1:50 dilution, Santa Cruz Biotechnology, Dallas, TX,
USA) as a primary antibody over night at 4°C and then washed
three times with D-PBS. This was followed by incubation in Alexa
Fluor® 594-conjugated anti-goat IgG secondary antibody (1:500
dilution, Invitrogen) for 60 min. After washing thrice with D-PBS,
the oocytes were incubated with mouse anti-o-Tubulin monoclonal
antibody (1:500 dilution, Sigma) as a primary antibody for 60 min
at room temperature, washed thrice with D-PBS, then incubated
in fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG
(1:100 dilution, Sigma) as a secondary antibody for 1 h at room
temperature. Oocyte chromosomes were stained with 0.1 pg/ml
4',6-diamidino-2-phenylindole (DAPI, Sigma) for 30 min at 4°C.
Following washing, the oocytes were mounted on glass slides,
covered with glass cover slips, and observed under 200400 times
magnification using a fluorescence microscope system, BX51 and
DP71 (Olympus, Tokyo, Japan).

Immunoblotting

The expression of cohesin subunits and functional proteins of
SAC was detected in activated or non-activated (MII) oocytes using
immunoblotting. Forty oocytes per tube were lysed in RIPA buffer
(Wako) supplemented with a protease inhibitor cocktail (Thermo
Fisher Scientific, Yokohama, Japan) and incubated on ice for 10 min.
After being centrifuged at 12,000 x g for 5 min at 4°C, the oocyte
lysates were frozen at —80°C until use. The oocyte lysates were
diluted with an equal volume of 2 x Laemmli sample buffer (Bio-Rad,
Hercules, CA, USA) containing 5% 2-mercaptoethanol (Wako) and
heated to 100°C for 5 min. Proteins were separated using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with
a stacking gel containing 4% acrylamide (Wako) and a separating gel
containing 7.5~10% acrylamide run for 50 min at 200 V. Proteins were
then electrophoretically transferred onto polyvinylidene difluoride
(PVDF) membranes (GE Healthcare, Chicago, IL, USA) for 30 min
at 15 V. Each membrane was blocked with PVDF blocking reagent
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Table 1. Ability of pronucleus formation in mouse post-ovulatory aged oocytes after SrC12 activation

No. (%) of pronuclear oocytes

Time of No. of

Exp. group L . Activated
in vitro aging oocytes treated Dead Without a PN
2PN 1 PN
Fresh Oh 114 6(5.3)° 0(0.0) 101 (88.6) 7(6.1)
Aged 6h 97 5(52)° 2(2.0) 83 (85.6) 7(7.2)
12h 117 27(23.1)? 0(0.0) 82 (70.1) 8(6.8)

Values with different superscripts in the same column are significantly different (P < 0.05).

Table 2. Preimplantation development of mouse post-ovulatory aged oocytes after IVF

E Time of No. of No. (%) of No. of No. (%)* of embryos developed to
Xp- gToup in vitro aging  oocytes examined  oocytes fertilized ~ embryos cultured Blastocyst Arrested  Degenerated
Fresh Oh 210 181 (86.2)° 104 91 (87.5)° 9(8.7) 4(3.8)°
Aged 6h 228 200 (87.7)° 105 84 (80.0) 10 (9.5) 11(10.5)
12h 247 193 (78.1) 2 113 82(72.6)* 14 (12.4) 17 (15.0)*

Values with different superscripts in the same column are significantly different (P < 0.05). * Percentage of cultured embryos.

(TOYOBO, Osaka, Japan) for 1 h at room temperature followed by
incubation overnight at 4°C in goat anti-SMC1f antibody (1:1,000
dilution, Santa Cruz), rabbit anti-SMC3 antibody (1:2,000 dilution,
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-REC8
antibody (1:2,000 dilution, Bioss Antibody, Woburn, MA, USA),
rabbit anti-Securin/PTTG antibody (1:1,000 dilution, Bioss), rabbit
anti-CDC20 antibody (1:1,000 dilution, CST), or goat anti-MAD?2
antibody (1:1,000 dilution, Santa Cruz) as a primary antibody. The
membranes were then washed three times with PBS containing 1%
Tween 20 (PBS-T) and incubated with a horseradish peroxidase
(HRP)-conjugated anti-goat IgG (1:4,000 dilution, Santa Cruz)
or anti-rabbit IgG (1:4,000 dilution, GE Healthcare) secondary
antibody for 1 h at room temperature. The membranes were washed
thrice with PBS-T and proteins were detected using an ECL Prime
western blotting detection kit (GE Healthcare). After detection of
target proteins, the membranes were washed twice and re-blocked.
As an internal control, the expression of B-actin was detected as
described above using mouse anti-f-actin antibody (1:1,000 dilution,
Wako) as a primary antibody and HRP-conjugated anti-mouse IgG
secondary antibody (1:4,000 dilution, GE Healthcare). ImageJ was
used to quantify the intensity of the protein bands of interest, and
band intensities were normalized to an internal control.

Statistical analysis

The Chi-square test was used to determine the statistical significance
of the percentages of activation, fertilization, development, and NCAs.
The Tukey-Kramer test of multiple comparison following one-way
ANOVA was used to compare the average expression levels of proteins
among the groups. A P value < 0.05 was considered significant.

Results

Pronuclear formation after oocyte activation
The rates of pronuclear formation in the post-ovulatory aged

oocytes are shown in Table 1. Normal activated oocytes which have
one pronucleus were observed in 85.6% (83/97) and 70.1% (82/117)
of all treated oocytes in the 6 and 12 h aged groups respectively, and
88.6% (101/114) in the fresh group. The rates of dead oocytes after
activation treatment were 5.2% (5/97) and 23.1% (27/117) in the
6 and 12 h aged groups respectively, and the rate of dead oocytes
in the 12 h aged group was significantly higher than that in the 6 h
aged group and the fresh group (5.3%, 6/114) (P < 0.05).

Preimplantation development after IVF

The fertilization and developmental rates in the post-ovulatory aged
oocytes are shown in Table 2. Fertilized oocytes were recognized in
87.7% (200/228) and 78.1% (193/247) of all examined oocytes in the
6 and 12 h aged groups, respectively, and the fertilization rate in the
12 h aged group was lower than that in the 6 h aged group and the
fresh group (86.2%, 181/210) (P < 0.05). Embryos that developed
to the blastocyst stage were observed in 80.0% (84/105) and 72.6%
(82/113) of all cultured embryos in the 6 and 12 h aged groups,
respectively, and the developmental rate in the 12 h aged group
was lower than that in the fresh group (87.5%, 91/104) (P < 0.05).

Numerical chromosome aberration in oocytes and early embryos

The rates of NCAs in the post-ovulatory aged oocytes completing
second meiosis are shown in Fig. 2A. NCAs were detected in 26.2%
(11/42) and 40.0% (16/40) of all observed chromosome spreads in
the 6 and 12 h aged groups, respectively, and numbers of NCAs in
the 12 h aged group were significantly higher than that in the fresh
group (17.2%, 5/29) (P < 0.05). Most of the NCAs observed in
oocytes indicated aneuploidy (23.8,40.0% in 6 and 12 h aged groups
respectively, and 10.3% in the fresh group). The rates of NCAs in
8-cell embryos derived from the aged oocytes are shown in Fig.
2B. NCAs were detected in 35.6% (36/101) and 51.5% (35/68) of
all observed chromosome spreads in the 6 and 12 h aged groups,
respectively, and the 12 h aged group had significantly more NCAs
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Comparison of the frequency of NCAs between aged and fresh groups. (A) Frequency of NCAs in mouse oocytes. (B) Frequency of NCAs in
mouse 8-cell embryos. (C) Normal chromosome spread in mouse oocyte (n = 20). (D) Chromosome spread which shows aneuploidy in mouse
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Fig. 2.

Fig. 3.  Spindle shape and chromosome alignment in mouse MII oocytes. (A) Fresh oocytes, which were immediately collected at 15 hours after hCG
administration. (B, C) Aged oocytes, which were cultured for 12 h in medium following oocyte collection. (D—F) Higher magnified images of
spindle (left) and chromosome alignment (right). White arrowheads indicate chromosome misalignment. Immunofluorescent staining of a-tubulin

(green). DNA (blue) was stained with DAPI. Scale bar = 10 pm.

embryos derived from aged oocytes might be attributed to a failure
during the chromosomal segregation step of meiosis II. To observe
spindle shapes at the MII stage, oocyte spindles were visualized
by immunofluorescent staining. The MII spindles of fresh oocytes
were barrel-shaped and slightly pointed (Fig. 3A). In contrast, the
spindles of aged oocytes were elongated, and the pole width of the
spindles was wider than that observed in fresh oocytes (Fig. 3B).

than the 6 h aged and the fresh groups (32.7%, 36/110) (P < 0.05).
As with the oocytes, most NCAs discovered in 8-cell embryos
indicated aneuploidy (33.7, 44.1% in the 6 and 12 h aged groups,
respectively, and 28.2% in the fresh group).

Morphology of MII spindle
Chromosome analysis indicated that the NCAs detected in the early
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Furthermore, some of the aged oocytes had obscured spindles and Expression of MAD?2

misaligned chromosomes (Fig. 3C). It is possible that post-ovulatory Initially, for the purpose of detecting the normal localization of
aged oocytes have difficulty maintaining spindle morphology and MAD?2, kinetochores without microtubule connections were produced
the connection between the spindle and chromosome. artificially by blocking the polymerization of microtubules (Fig.
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4A). In the MII stage, the spindle of oocytes has a barrel shape,
and the spindle fibers retain connections to the kinetochore on the
chromosome aligned at the equator. When all kinetochores were
fully connected to spindle fibers, the localization of MAD2 to the
kinetochore was not observed. MII oocytes, where microtubule
polymerization was inhibited by nocodazole treatment, exhibited
no microtubule formation, and localized MAD2 expression at the
kinetochore was detected. The expression level of MAD2 was shown
as a ratio relative to f-actin expression. The expression level of
MAD? in the oocytes treated with nocodazole was 0.96 + 0.13, and
there was no difference compared to that observed in control oocytes
(0.73 £ 0.12) (Fig. 4B).

Immunofluorescent staining results of MAD2 in 12 h aged oocytes
are shown in Fig. 5. Despite the inhibition of spindle fiber con-
nections to kinetochores on the misaligned chromosomes, MAD2
signals were not observed at some kinetochores (Fig. SA). However,
MAD?2 localization was detected at kinetochores with fully connected
spindles in 12 h aged oocytes (Fig. 5B). These results indicated that
the system that monitors the connection between microtubules and
kinetochores based on MAD2 localization might be disturbed by
oocyte aging. The expression levels of MAD?2 in the aged oocytes
are shown in Fig. 5C. In non-activated oocytes (MII oocytes), the
expression levels of MAD2 were 0.78 £ 0.20, and 0.94 £ 0.11 in the
6 and 12 h aged groups, respectively, and 0.73 £ 0.12 in the fresh
group. In activated oocytes, the expression levels of MAD2 were 0.96
+0.14, 1.04 £ 0.14 in the 6 and 12 h aged groups, respectively, and

0.89 + 0.03 in the fresh group. There were no significant differences
between the aged groups and the fresh group, irrespective of oocyte
activation status.

Expression of cohesin subunits, securin and CDC20

In this study, we assessed the cohesin complex as a terminal
molecule in the SAC mechanism, and as a regulator of sister chromatid
separation. The expression levels of SMC1 and SMC3 are shown
in Fig. 6A, B, and F. In non-activated oocytes (MII oocytes), the
expression levels of SMC1p are shown as a ratio, relative to f-actin
expression, and were 0.98 £ 0.19 and 1.00 + 0.39 in the 6 and 12 h aged
groups, respectively. There were no significant differences between the
aged groups and the fresh group (1.35 + 0.35). In activated oocytes,
the expression levels of SMC1f were 0.73 £0.32 and 1.08 £ 0.10 in
the 6 and 12 h aged groups, respectively. SMC1p levels in the aged
groups were higher than in the fresh group; in particular, there was
a significant difference between the 12 h aged group and the fresh
group (0.30 = 0.12, P < 0.05) (Fig. 6A). As for the comparison of
expression levels between before and after activation, SMCI1f levels
after activation were significantly lower than those before activation
in fresh oocytes (P < 0.05). However, no significant difference was
recognized between before and after activation in the aged oocytes.
Concerning SMC3, the expression levels in non-activated oocytes
were 1.35 +0.26 and 1.13 + 0.64 in the 6 and 12 h aged groups,
respectively, and 1.19 = 0.38 in the fresh group. The expression
levels in activated oocytes were 1.33 £ 0.44 and 1.19 + 0.64 in the
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6 and 12 h aged groups, respectively, and 1.26 + 0.36 in the fresh
group. In contrast to SMC1, the expression levels of SMC3 were
not different among groups, regardless of oocyte activation status
(Fig. 6B). The expression levels of RECS8 are shown in Fig. 6C and
F. In non-activated oocytes, expression levels of REC8 were 1.30
+0.58 and 1.15 £ 0.21 in the 6 and 12 h aged groups, respectively.
The RECS levels of MII oocytes declined over time in vitro, with
a significant difference between the 12 h aged group and the fresh
group (1.86 £ 0.56, P < 0.05). In activated oocytes, the expression
levels of REC8 were 0.55 + 0.04 and 1.00 + 0.03 in the 6 and 12 h
aged groups, respectively. The REC8 level in the 12 h aged group
was significantly higher than that in the other groups (P < 0.05).
Comparing expression levels between before and after activation,
RECS abundance after activation was significantly lower than that
before activation in fresh oocytes (P < 0.05). However, no significant
difference was identified between before and after activation in
aged oocytes.

Expression levels of securin are shown in Fig. 6D and F. In non-
activated oocytes, the expression levels of securin were 0.69 = 0.10
and 0.77 + 0.20 in the 6 and 12 h aged groups, respectively. There
were no significant differences between the aged groups and the
fresh group (0.94 +0.17). In activated oocytes, the expression levels
of securin were 1.26 &+ 0.04 and 2.06 + 0.30 in the 6 and 12 h aged
groups, respectively. Securin levels in activated oocytes increased
with age in vitro; there was a significant difference between the
aged group and the fresh group (0.39 + 0.06, P < 0.05). Comparing
expression levels between before and after activation, securin levels
after activation were significantly lower than before activation in
fresh oocytes (P < 0.05). In contrast, securin levels after activation
were significantly higher than before activation in the aged group
(P <0.05).

The expression levels of CDC20 are shown in Fig. 6E and F. In
non-activated oocytes, the expression levels of CDC20 were 0.87
+0.35 and 0.76 £ 0.25 in the 6 and 12 h aged groups, respectively.
The CDC20 levels in MII oocytes gradually decreased with age.
However, no significant difference was recognized between the aged
group and the fresh group (1.11 + 0.45). In activated oocytes, the
expression levels of CDC20 were 0.33 + 0.16 and 0.23 + 0.13 in
the 6 and 12 h aged groups, respectively. No significant difference
was recognized between the aged group and the fresh group (0.34
+ 0.05). Comparing expression levels between before and after
activation, CDC20 levels after activation were significantly lower
than before activation in all groups (P < 0.05).

Discussion

In our present study, three facts were revealed about the effect of
post-ovulatory oocyte aging on meiosis II. First, it was established
that NCAs are frequently induced in early embryos derived from
in vitro aged oocytes, and these NCAs are due to errors in sister
chromatid segregation that occurred during meiosis II. Second, it
was shown that abnormalities in MAD?2 localization, one of the
checkpoint signal molecules that monitor the connections between
spindle fiber and kinetochore, were found in aged MII oocytes.
Finally, segregation errors were found on sister chromatids, which
were attributed to the obstruction of appropriate cohesin subunit

maintenance, and degradation in aged oocytes.

Ability of activated oocytes to form pronuclei tended to decrease
with advancing aging time in vitro. The effects of in vitro aging on
fertilization and preimplantation development seemed to appear by
12 h at the latest from oocyte collection. These results appeared to
reflect the NCA frequencies in aged oocytes, or in embryos derived
from aged oocytes, as described later. In this study, approximately 40%
of the chromosome spreads analyzed from 8-cell embryos derived
from 12 h aged oocytes exhibited aneuploidy (Fig. 2). Additionally,
aneuploidy was detected in 12 h aged oocytes, which had completed
second meiosis; this occurred at the same frequency as observed in
8-cell embryos. These data suggested that aneuploidy occurred more
frequently in embryos derived from in vitro aged oocytes during
early development, and that these aneuploidies originated from
sister chromatid segregation errors during meiosis II. The major
factor causing chromosomal aneuploidy in oocytes is abnormality
of chromosome separation during meiosis [28, 29]. Many reports
have suggested that failed chromosome distribution is caused by
alterations in spindle shape and the misalignment of chromosomes at
the equatorial plane in MII oocytes [11, 31, 32]. Normal spindles are
barrel-shaped, including chromosomes, which are accurately aligned
on the equator in mouse oocytes [8]. It has been indicated that, even
when the spindle is normally shaped, it tends to elongate with the
progress of aging in vitro. As shown in Fig. 3, aged oocytes obtained
in the present study also had elongated spindles, which is consistent
with the results of previous reports [30, 32]. Furthermore, some aged
oocytes had obscured spindles and misaligned chromosomes, with
no spindle fibers connected to the kinetochore. In aged oocytes,
microtubules were gradually lost from the spindle, with the greatest
loss in the central spindle area near the chromosome [8]. From
these facts, it appeared that the obscure spindles and disrupted
microtubules were caused by tubulin depolymerization. The poor
connection between spindle fiber and chromosome kinetochore
caused by microtubule disruption generates a disproportionate tension
between the chromatids. In the second meiosis, when the spindle
microtubules equally pull the sister kinetochores from the opposite
poles, tension is generated between the sister chromatids, and the
connection stabilizes [33, 34]. If the microtubules pull the sister
kinetochores in the wrong direction, the connection is usually corrected
and the sister chromatids are accurately distributed. By activating a
checkpoint signal and blocking an advance to anaphase stage, SAC
ensures that there is time to correct any connection errors between
spindle fiber and kinetochore [35].

When SAC does not respond correctly to an improper connection
of the spindle fibers to a kinetochore, the frequency of aneuploidy in
aged oocytes may be increased [22, 23, 28, 36]. Thus, it is important
to note that abnormalities in the localization of a checkpoint signal
molecule were found in aged MII oocytes (Fig. 5). MAD2, which
binds with MAD1 on the kinetochore, plays a role in monitoring
the connection between spindle fibers and kinetochores [36-38].
MAD?2 does not usually appear when connections between spindle
fibers and kinetochores occur normally. However, when MII oocytes
were treated with nocodazole, which is an inhibitor of microtubule
polymerization, MAD2 was detected near the centromere (Fig. 4).
In this study, it was revealed that some aged oocytes did not show
MAD? localization on the chromosome kinetochore, despite failed
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spindle fiber-kinetochore connections. In contrast, other aged oocytes
indicated MAD?2 localization at kinetochores with spindle fiber
connections. Zhang et al. have reported that MAD2 localization
to a chromosome that was out of alignment on the equator might
gradually dissipate [39]. Even if several chromosomes lacking a
stable kinetochore-microtubule connection exist, these are not enough
to prevent the advance to anaphase and the resulting chromosome
distribution error [34, 40]. On the other hand, in research using
murine or porcine oocytes, it has been reported that the expression
level of MAD?2 gradually decreased as oocytes aged [36, 41, 42]. Our
data showed that there is no significant difference in the expression
level of MAD2 between aged and fresh oocytes, regardless of oocyte
activation. Because MAD?2 exists in a free state, not only in the
nucleus but also in the cytoplasm [36], data assessing increases or
decreases in MAD2 expression do not address MAD2's role as a
checkpoint signal. However, based on the combination of MAD2
localization data and expression levels, it is possible to discern a
potential age-related dysfunction in the checkpoint system through
which MAD2 monitors the kinetochore-microtubule connection.
Previous reports have provided distinct evidence that the dete-
rioration of sister chromatid cohesion was a cause of age-related
aneuploidy [21-25, 37]. The cohesin complex serves as an adhesion
molecule connecting sister chromatids during chromosome segregation
regulated by SAC. RECS, which is a meiosis-specific subunit of
cohesin, has a separase recognition site that is specifically cleaved
by separase [22]. Thus, the expression of cohesin RECS is essential
to retain proper sister chromatid connections until the terminal
phase of chromosome segregation. It is known that Rec§-deficient
mice show a loss of synapsis in homologous chromosomes, and
poor cohesion of sister chromatids [21]. Even in wild-type mice,
it was shown that REC8 gradually reduce on chromosome as mice
age [21-23, 25, 43]. Chiang et al. [23] have reported that sister
kinetochores in MI and MII oocytes from old mice are not tightly
connected. They have also shown that, in oocytes with poor connec-
tions between sister kinetochores, RECS8 expression levels decreased
and sister chromatid cohesion was weakened. In human oocytes, the
age-dependent deterioration of cohesin REC8 has been recognized,
strongly suggesting an association with premature separation of sister
chromatids (PSSC), which is a factor in aneuploidy [43]. Although
previous findings are associated with maternal aging, in this study
it has been revealed that, even in young mice, the time-dependent
deterioration of REC8 occurred in MII oocytes that were aged in
vitro after ovulation. Recent reports have suggested that the weak
cohesion associated with the age-dependent decrease in REC8 was
attributed to a gradual loss of Shugoshin (SGO1 and SGO2), which
is a protector of cohesin [22]. In fission yeast, SGO1, which protects
the limited cohesin in the centromere region from separase during
meiosis I, enables the adhesion of sister chromatids until meiosis
II. However, its expression is meiosis I-specific [44, 45], and it
has been suggested that SGO2, which is expressed during both
meiosis I and II, might be not directly involved in cohesin protection
[44]. In mammals, it has been reported that both SGO1 and SGO2
localize around the inner kinetochore in both meiosis I and meiosis
II [46]. This report also mentioned that SGO2 is highly expressed
in oocytes, whereas expression of SGO1 is moderate. Moreover,
analysis of RNA interference against Sgo/ or Sgo2 in MII oocytes

has shown that RECS is preserved at centromeres in Sgo/-depleted
oocytes, but disappears in Sgo2-depleted oocytes. These facts suggest
that Sgo2 play a major role in centromere to protect REC8 from
cleavage by separase. In fission yeast, it has been proposed that
SGO2 localizes Aurora B kinase, which cancels misconnections of
kinetochore-spindles, to the centromere and promotes the activation
of SAC signals such as the localization of MAD2 to the kinetochore
[44, 47]. Thus, the time-dependent deterioration of MII cohesin, and
the errors in MAD2 localization in in vitro aged oocytes, might be
related to the decrease in SGO2 expression. Our data indicated that
post-ovulatory oocyte aging weakens sister chromatid cohesion, and
might become a factor of PSSC, causing aneuploidy.

Surprisingly, the expression level of RECS8 increased in activated
oocytes, depending on aging time, and did not significantly change
in aged oocytes after activation, as compared with aged oocytes
before activation. The expression level of cohesin RECS8 usually
decreases promptly after activation. Securin, which is a suppressor
of separase, was overexpressed in activated aged oocytes, which
may be one of the reasons for disturbing the decrease in RECS.
Securin is ubiquitinated in a CDC20-dependent manner via APC/C,
and then degraded by proteasomes [48]. In our present study, there
was no effect of post-ovulatory oocyte aging on the expression of
CDC20, an activator of APC/C, regardless of oocyte activation.
On the other hand, as is case with REC8, SMC1p decreased in MII
aged oocytes, and did not significantly change in activated aged
oocytes, as compared with oocytes before activation. Interestingly,
SMCI1 is also expressed specifically during meiosis and has been
suggested as a potential cause of age-related aneuploidy [21, 22]. It
is unclear why only the meiosis-specific subunits were affected by
oocyte aging. This study is the first report to find that post-ovulatory
aging obstructed cohesin decreases in activated oocytes. Our present
data suggested that the maintenance of cohesin REC8 and SMCI1p
in aged oocytes after activation might lead to non-disjunction of
sister chromatids during MII.

In conclusion, it was shown that the post-ovulatory aging of
oocytes inhibited MAD2 localization to the kinetochore. Furthermore,
post-ovulatory aging prevented cohesin subunit maintenance, or
degradation, at the appropriate time. It was also suggested that
destabilization of SAC signaling caused sister chromatid segregation
errors in MII oocytes, and consequently increased the incidence
of NCAs in early embryos. NCAs during early development are a
cause for pregnancy loss, as well as being a major genetic origin of
congenital deficiency [9, 20, 22]. Most NCAs originate in oocytes, and
it has been widely acknowledged that maternal age is a principal risk
factor for NCAs [23]. Our findings have provided distinct evidence
that the post-ovulatory aging of oocytes might also become a risk
factor for NCA development, irrespective of maternal age.
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