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Abstract
Purpose To confirm that aneuploidy candidate genes are de-
tectable in the first polar body (PB1) of MII oocytes and to
investigate the age-dependent molecular changes in PB1.
Methods Aged (12-to 15-mo-old) and young (2-mo-old) mice
were administered pregnant mare’s serum gonadotropin
(PMSG) and human chorionic gonadotrophin (hCG). MII
oocytes were obtained and the first PB was removed. mRNA
from each PB and its sibling oocyte was reverse transcribed.
Real-time PCR was performed to quantify the expression of
six genes (BUB1, CDC20, Filia, MCAK, SGOL1, SMC1A) in
single PB.
Results We first demonstrated that detection and quantifica-
tion of transcripts associated with aneuploidy in single mouse
oocyte and sibling PB1 is possible and the relative abundance
of mRNA transcripts in a single PB faithfully reflects the
relative abundance of that transcript in its sibling oocyte. We
further found that transcript levels were significantly lower in
aged PBs compared with young PBs (P<0.05).
Conclusions Our results suggest that the detection and analy-
sis of polar body mRNA may provide insight in age-related
aneuploidy in oocyte. This analysis is a novel concept to
investigate the genesis of chromosome abnormality and could
potentially assist in the characterization of mechanisms un-
derlying key molecular origin of female meiotic aneuploidy,
which would be of great scientific and clinical value.
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Chromosome aneuploidy is the major cause of infertility, fetal
loss, or birth defects and increases exponentially with mater-
nal age in the decade preceding the menopause [1]. More
recently, investigations of gametes and preimplantation em-
bryos conceived using assisted reproductive technology
(ART) have identified aneuploidy as the leading impediment
to successful pregnancies in this setting [2]. Currently, the
molecular mechanisms involved in the onset of aneuploidy
in mammalian oocytes are not fully understood. However,
evidence from studies in humans and mice suggests that the
genesis of aneuploidy is not due to a single causal factor but a
multi-step process caused by errors at several distinct stages of
oogenesis, which involves a complex constellation of effects
that begins in utero, continues throughout the reproductive
lifespan of the woman, is exacerbated by age and is facilitated
by the unique features of cell cycle control in the oocyte [1, 3].

Susceptibility of aneuploidy is likely to occur during
oocyte development and maturation. During this time,
Oocyte accumulates large members of mRNA transcripts
and proteins. These raw materials implement basic bio-
synthetic processes in the early embryo, direct the first
mitotic divisions, and support early embryonic develop-
ment [4]. It is reasonable to assume that some oocytes
may acquire different amounts of transcripts and proteins
that, in turn, affect chromosome stability [5]. Dupont
et al. reported that oocytes with differential aneuploidy
rates display different gene expression patterns that may
be associated with their susceptibility to chromosomal
errors [6]. Fragouli et al. compared the quantities of
mRNA transcripts in normal and aneuploidy oocytes
and indicated that aneuploidy is associated with altered
transcript levels affecting a subset of genes [7]. So the
analysis of transcript levels of a number of genes impor-
tant for chromosome stability in individual oocytes may
provide valuable insights into the etiology of aneuploidy
during early development.
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One obvious drawback to quantifying gene expression
profile is the risk of damaging the oocyte during sampling.
The polar body (PB) is a cell created by asymmetric division
of the oocyte at the time of meiosis and produces a readily
accessible test source of genomic material that can be sampled
as a proxy for the “sibling” oocyte for diagnostic purposes.
Reich et al. demonstrated that the transcriptome of a human
PB accurately reflects its sibling oocyte [8, 9]. The ability to
quantify mRNA in individual cells—as small as a single PB—
opens up the possibility that we can detect and compare
individual differences in gene expression in the PB without
harming the oocyte.

It is now well established that aneuploidy dramatically
increases as women age. As in humans, advanced maternal
age is associated with an increase in aneuploidy incidence in
naturally aged mice [10, 11]. So the combination of geneti-
cally altered animals and natural aging model helps us under-
stand the age-dependent increase of in aneuploidy and the
alternation of gene expression patterns.

Using a natural reproductive aging mouse model, we have
set out to examine the expression of six genes in individual
PBs and their sibling MII oocytes from both young and aged
mice. The genes tested have significance in a range of impor-
tant processes that can lead to aneuploidy, including mainte-
nance of accurate chromosomal segregation and cell cycle
control (Table 1). The number of transcripts derived from each
gene was assessed using real-time RT– PCR, a highly accurate
method for quantification of nucleic acids. In this way, we first
compared transcript abundance between PBs and their sibling
oocytes, and then compared the expression of candidate genes
in PB from young and aged mice determined gene expression
patterns associated with their susceptibility to aneuploidy.

Materials and methods

Animals

We obtained Institutional Review Board (IRB) permission to
perform the animal experiments in this study. CD1 mice were
housed and bred in a controlled barrier facility within North-
western University’s Center for Comparative Medicine (Chica-
go, IL) in a temperature- and light-controlled environment
(12L:12D) and were provided with food and water ad libitum.
All mice were maintained in accordance with the policies of
Northwestern University’s Animal Care andUse Committee and
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals.

Collection and culture of MII oocytes

MII oocytes were collected from young (2-month-old) and
aged (12- to 15-month-old) female mice after superovulation
as previously described [12]. Oocyte-cumulus cell complexes
were recovered from ampullae into Leibovitz L15 medium
containing 1 % fetal bovine serum (FBS) 14 h after human
chorionic gonadotropin (hCG) administration. Oocytes were
dissociated from the surrounding cumulus cells using
0.3 mg/ml hyaluronidase (Sigma, St. Louis, MO) in order to
identify MII oocytes. After the removal of cumulus-corona
cells, only those MII oocytes that had extruded a PB were
collected.

PB and sibling oocyte separation

MII oocytes that had extruded an intact PB of normal size
were collected. Each MII oocyte was briefly treated with
acidic Tyrode’s solution (Sigma) to remove its zona pellucida
and then subjected to gentle pipetting to separate the PB from
its coupled “sibling” oocyte. Single PBs in 0.5 μl PBS were
transferred to the bottom of 0.5-ml thin-wall Eppendorf tubes
containing 1.5 μl lysis buffer (0.8 % Igepal, 1 U RNAsin/μl,
5nM DTT) [13]. The Sibling oocytes were then randomly
subjected to either fix for immunocytochemistry and chromo-
some counting or transfer to an identical lysis solution for RT-
PCR. The lysed specimens were stored at −20 °C.

Immunocytochemistry and chromosome counting

To determine the chromosome count, eggs were fixed individu-
ally in freshly prepared 2 % paraformaldehyde in PBS for
20 min, permeabilized in PBS containing 0.3 % bovine serum
albumin (BSA) and 0.1% Triton X-100 for 15 min, and blocked
in PBS containing 0.3 % BSA and 0.01 % Tween-20 (blocking
solution). Cells were incubated in a 1: 50 dilution of human
CREST autoimmune serum (Immunovision, Springdale, AZ)
overnight at 4 °C followed by washes in blocking solution.

Table 1 Genes selected for testing in individual PBs and sibling oocytes

Gene Function Accession No.

BUB1 SAC proteins. Required for recruiting other
SAC proteins to the kinetochore. Required
for SAC in meiosis I and meiosis II.

NM_009772.2

CDC20 Binds to APC/C; interaction with the MCC
inhibits APC/C activity.

NM_023223.2

Filia Help maintain chromosome stability and
euploidy in early-cleavage mouse
embryogenesis. The depletion of Filia
impairs preimplantation embryo
development with a high incidence
of aneuploidy

NM_025890.3

MCAK Depolymerises microtubules in response
to a lack of tension. Also required for
poleward chromosome movement.

NM_134471.4

SGOL1 Shugoshin-like 1. Proteins that protects
centromeric cohesion from phosphorylation
during the prophase pathway and from
separate during meiosis I.

NM_028232.2

SMC1A Cohesin complex subunits protein during
mitosis

NM_019710.2
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The primary antibody was detected using an Alexa-Fluor 488
conjugated goat anti-human secondary antibody (1:200;
Invitrogen Carlsbad, CA). Images were obtained at 0.5-μm
intervals to span the entire region of the MII spindle using a
Leica TCS SP5X laser scanning confocal microscope (Leica,
Manheim, Germany) under a 63X oil immersion objective and
processed using ImageJ software [14].

Reverse transcription (RT)

Total mRNA within lysed single PBs and their sibling oocytes
was reverse transcribed using the AccuScript High Fidelity 1st
Strand cDNA Synthesis Kit (Stratagene, La Jolla, CA) without
prior RNA purification from the lysate. To normalize for varia-
tions inmRNA content among individual PB and oocyte lysates,
106 copies of a plasmid-derived RNA transcript (pw109, Perkin-
Elmer GeneAmp RNA PCR kit) were added to each sample
prior to RT as an exogenous control for RNA recovery and
efficiency of reverse transcription [15]. Samples with less
pw109 RNA than controls were excluded from further study.
RT was performed by adding the following to each sample:
7.7 μl nuclease-free water, 2 μl 10× RT buffer, 0.8 μl dNTP
(2.5 mM of each dNTP), and 3 μl random primers (0.1 μg/μl).
Reactions were incubated at 65 °C for 5min then cooled to room
temperature (approximately 5 min). Next, 2 μl of 100 mM
dithiothreitol, 0.5μl RNAse inhibitor (40 U/μl), and 1μl reverse
transcriptase (50 U/μl) per sample were added; the reactions
were incubated at 42 °C for 60 min and then terminated by
heating to 70 °C for 15 min.

Real-time quantitative PCR (qPCR)

Gene expression levels in PB1 and sibling oocytes were de-
termined for six candidate genes (Table 1). Real-time qPCR
was performed using the ABI PRISM 7900 sequence detec-
tion system (Applied Biosystems, Forest City, CA). For each
reaction, 0.5 μl cDNA, 0.5 μl primers, 5 μl TaqMan Universal
PCR Master Mix (Applied Biosystems), and 4 μl nuclease-
free water were added to a final volume of 10 μl. PCR cycling
conditions were 95 °C for 10 min, followed by 50 amplifica-
tion cycles of 95 °C for 15 s and 60 °C for 1 min. Tomaximize
accuracy, each sample was run three times with a negative
control of reaction mixture with no cDNA added.

Statistical analysis

Statistical comparisons for qRT-PCR results were analyzed using
t-test and one-way ANOVA. Chi square analysis was used to
analyze categorical data. Linear regression analysis was per-
formed to test if mean oocyte Ct value could predict detection
of mRNA in sibling polar bodies. The calculation of gene
expression was as fold change (2−ΔΔCt) and relative mRNA
level [ΔCt=Ct(Target)−Ct(18s). The lower ΔCt means the higher

mRNA expression lever in this study]. Data were reported as
mean ± SD. P<0.05 was considered statistically significant. All
statistical calculations were performed using the software
GraphPad Prism version 4.0.

Results

Reduced egg numbers, increased aneuploidy from
superovulated older mice

Mice used in our studies were 12 to 15-month-old, correspond-
ing to woman ages 35–40 based on a linear extrapolation
estimate. We first confirmed that increasing age is associated
with a decrease in ovulation. The mean number of eggs±SEM
recovered from aged mice only 4.1±0.7 eggs, compared with
female aged 2-month-old, with 23.7±4.1 eggs. Reduced num-
bers in all aged mice suggest that the ovarian follicular reserve
had become nearly exhausted.

We next ascertained whether an increase in maternal age is
associated with an increase incidence in aneuploidy. A z-plane
series of confocal sections through each meiotic spindle were
taken in order to count chromosomes and kinetochores. Eu-
ploid mouse eggs would contain a total of 20 pairs of sister
chromatids with 40 kinetochores, with two sister kinetochores
on each sister chromatid pair, but aneuploidy eggs would
deviate from these numbers. Chromosome count revealed the
aneuploidy rate in young mice was 5 % (1/20), and significant-
ly increases to 45.8 % in eggs obtained from old mice (11/24).
In the 11 aneuploidy eggs from old mice, we observed no
particular bias for hypoploidy (<40 sister chromatids, n=6)
vs. hyperploidy (>40 sister chromatids, n=5) (Fig. 1).

Analysis of relative mRNA expression levels in oocyte
and PB1

We first investigated the presence of mRNA to test the feasi-
bility of our quantification methods. The expression of tran-
scripts was analyzed in individual PB1 and sibling oocyte (n=
10 in each group) using real-time qPCR. mRNAwas detected
and quantified for all of the six candidate genes in both oocyte
and single PB1. None of the qPCR reactions amplified product
from the negative controls. About 98.7 % of replicates from
single oocyte samples yielded an exponential amplification
curve for its candidate gene. In single PB1 samples, transcripts
of all the six selected candidate genes were detected by real-
time qPCR. However, the amplification rate was lower in the
PB1 compared with its sibling oocyte (84.7 vs. 98.7 %). A
strong inverse correlation was noted between the mean oocyte
Ct value and the probability of detection that transcript in a
sibling polar body. Genes that were more reliably detected in
polar bodies had consistently more abundant transcripts (low-
er mean oocyte and polar body Ct values) (Pearson’s
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correlation coefficient: −0.93, P<0.05). The difference of
relative levels of all six candidate mRNA transcripts was not
significant between oocyte and sibling PB1 (Fig. 2).

Relative mRNA expression levels in PBs from young vs. aged
oocytes

We use young and age PB1 (n=20 in each group) to identify the
changes in candidate gene expression that may contribute to the
age-associated increase in aneuploidy. Transcripts of the six
selected candidate genes were detected by real-time qPCR in
individual PBs from both young and aged mice. PBs from aged
mice had significantly lower levels of all six transcripts com-
pared with PBs from young mice (P<0.05). We set the normal-
ized level of each transcript in the PBs from young eggs as 1, and
then determined the fold change in transcript abundance in PBs
from aged eggs. The change in transcript level was between
0.23-fold (BUB1) and 0.47-fold (CDC20) in aged group (Fig. 3).

Discussion

Maternal age-related aneuploidy is well known. Most studies
suggest that the expected oocyte aneuploidy rate for women
under the age of 25 years is ~5 %, increasing to 10~25 % by
the early 30 s and exceeding 50 % in the oocytes of women
over 40 years [2]. In the present study, we demonstrated that
the oocytes from aged mice exhibited an increased rate of
aneuploidy than oocytes from young mice (45.8 % vs. 5 %).
Merriman et al. measured the aneuploidy in mice eggs and
revealed a low rate, ~3–4 % in mice aged 1 and 3 months,
rising to 12.5 % by 9 month old, and to 37.5 % at 12 month.
15-month-old mice had the highest rate of aneuploidy,
peaking at 60 % [11]. Our data and others demonstrated that
mouse is a suitable model to study the molecular basis for the
age-related effects on aneuploidy [10].

Fig. 1 Determining chromosome number in mousemetaphase II oocytes
(a–c). To count chromosomes following live imaging, eggs were fixed
and stained for kinetochores using human CRESTautoimmune antiserum
(green) and for chromosomes using Hoechst (blue). Representative

projected images from old eggs are shown a: euploid (n=40); b: hypo-
ploid (n=39); c: hyperploid (n=41). n=CREST-positive foci (40 CREST-
positive foci are counted in a euploid oocyte). Bar=7.5 μm

Fig. 2 The relative abundance of each of the six candidate genes in PB1

compared with their sibling oocyte (n=10).ΔCt=Ct(Target)−Ct(18s). Error
bars represent SD

Fig. 3 Candidate genes expression in normal PB from young and aged
mice (n=20). Results are normalized to each transcript in PB from young
mice as 1 (the calibrator). PBs from aged mice had significantly lower
levels of all six transcripts compared with PBs from young mice. Fold
change: 2−ΔΔCt; ΔΔCt=[Ct(Target)−Ct(18s)]aged−[Ct(Target)−Ct(18s)]young.
Error bars represent SD. * significance relative to young mice (P<0.05)
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In female meiosis, the two meiotic divisions are unequal
resulting in the extrusion from the oocyte of two small polar
bodies (PB). Others have demonstrated that the chromosomes
within the PB are identical to those in the oocyte [16]. A
limited number of genes associated with aneuploidy have
been assessed in human oocyte [17, 18]. This is the first report,
to our knowledge, documenting the quantification of tran-
scripts associated with aneuploidy in mouse PB1, and provid-
ing an insight into the relationship between gene expression in
PB1 and age-related aneuploidy in mouse oocyte.

Candidate genes were chosen because they are known to
have key roles in maintaining the fidelity of chromosome
segregation [19–21]. The cohesin complex, a ring-like protein
structure, is composed of four subunits: SMC1, SMC3, kleisin
and STAGE. Recent data strongly suggest that weakened
centromere cohesion is a leading cause of age-related aneu-
ploidy in oocyte [19, 22]. Sister chromatids are held together
by cohesin on their centromeres and pericentromeric regions
from the moment of the establishment of the cohesion during
prenatal development until the resumption of meiosis in sexu-
ally mature females. This chromosome behavior, particular for
meiosis, would not be possible without the preservation of a
sufficient amount of cohesion. Cohesin present on sister chro-
matid centromeres has to be protected against separase cleav-
age in anaphase I, to prevent precocious segregation of sister
chromatids. The shugoshins (Sgo1 and Sgo2) are the proteins
which, among their other functions, protect cohesin against
proteolysis [23]. A reduced level of cohesion and insufficient
centromere protection, could contribute to the rise of aneuploi-
dy with age [24]. SAC is the key regulatory mechanism in
dividing cells, which controls anaphase entry by monitoring
chromosome attachment to spindle microtubules. The SAC
ensure faithful chromosome segregation. SAC can detect un-
attached microtubules or loss of tension, and cause a meta-
phase ‘arrest’ until all of the microtubules from the spindle
poles capture the kinetochores and the chromosomes are
congressed to the equatorial plate. The SAC is silenced and
the anaphase promoting complex/cyclosome (APC/C) is acti-
vated, resulting in the onset of chromosome segregation and
entry of the cell into anaphase [25]. Budding uninhibited by
benomyl (BUB1) is involved in the regulation of the spindle
assembly checkpoint, which is responsible for delaying ana-
phase initiation if defects in the alignment of chromosomes at
the metaphase plate are detected [17, 25]. APC-CDC20 is
required for the onset of anaphase [26]. MCAK is involved
in spindle regulation, chromosome congression and cell-cycle
control, and that reduction in mRNA and protein in a context
of permissive SAC predispose to aneuploidy [27]. Disruptions
of either complex predispose oocyte to an increased incidence
of aneuploidy [10, 28].

In our study, we first demonstrated that detection and quan-
tification of transcripts associated with aneuploidy in single
mouse oocyte and sibling PB1 is possible and the relative

abundance ofmRNA transcripts in a single PB faithfully reflects
the relative abundance of that transcript in its sibling oocyte.
Reich et al. reported similar results for human oocytes and their
sibling PBs. They analyzed over 12,700 unique mRNAs and
miRNAs from oocyte samples and compared them with 5,431
mRNAs recovered from the sibling PBs. Their results demon-
strated that detection and quantification of mRNA in human
PBs is possible and that the human PB mRNA transcriptome
reflects that of its siblingMII oocyte [9]. This work and our data
demonstrated that PB1 mRNA is being considered as a proxy
for the oocyte [29].

In this study, we also found that the abundance of tran-
scripts was lower but detectable in aged PBs versus young
PBs. Despite the long-established association between ad-
vanced maternal age and the incidence of aneuploidy, the
molecular link between female age and germ line genomic
instability has remained elusive. The influence ofmaternal age
on global gene expression has been offered as an explanation
for the increase in aneuploidy with age [30]. Hamatani et al.
found a number of genes involved in cell cycles, DNA stabil-
ity and chromosome had lower expression with aging [31].
Pan et al. compared the expression profiling of young and old
oocytes in mice reveals that transcripts encoding several key
components of the SAC, including BUB1 and CDC20, were
misexpressed in old oocytes, suggesting that the SAC may be
perturbed in old oocytes. They also reveal the similar changes
in regulating kinetochore/spindle microtubule interactions,
such as MCAK [10]. The patterns of expression in the MII
oocytes were mirrored in their PB. So it is not surprise to find
that the abundance of transcripts of BUB1, CDC20 and
MCAK in PB is lower in aged animals compared with young
animals in our study. Filia play a role in maintaining chromo-
some stability and euploidy in early-cleavage mouse embryo-
genesis. We found Filia transcripts were significantly de-
creased in aged PB1. The depletion of maternal stores of Filia
causes a high incidence of aneuploidy that results from abnor-
mal spindle assembly, chromosome misalignment, and SAC
inactivation [32]. Our prior work demonstrated that there is a
significant decrease in the transcript levels of oocyte-specific
genes in aged vs. young PB [12]. Taken together a decline in a
large number of different processes, including reduction in
chromosome cohesion, alteration in cytoskeletal function and
permissive checkpoint control, leading to decline in general
fitness of older oocytes, may be contribute to age-related
aneuploidy and decline in egg quality [33]. Future studies
are needed to further evaluate which factors determine oocyte
aneuploidy and how these molecules interact with each other
during meiosis. The recent advent of improved live-cell im-
aging, combined with the ability to address the role of specific
proteins using gene manipulation and specific inhibition, will
accelerate our understanding of aneuploidy.

The PB gene expression approach has major potential
benefits. Gene orchestrates virtually every aspect of cellular
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life. Knowledge of those genes active at a given moment of
time in PB may reveal information concerning the biological
processes occurring within oocyte. There is growing interest
in how information on gene expression could be clinically
applied in order to improve the success rates of ART. Indeed it
is conceivable that particular patterns of gene expression may
be indicative of embryo viability per se. Current evaluations of
embryo viability are based on morphology. Analysis tran-
scripts in PB may supplement information on chromosomal
status or development competence of a given oocyte and its
resulting embryo, which would be of great benefit in
IVF treatment, allowing the embryos with the highest
implantation potential to be prioritized for transfer to
the uterus [18, 34].

In conclusion, this is first study to report, to our knowledge,
that provides an insight into the relationship of mRNAs in the
PB1 and aneuploidy using a natural reproductive aging mouse
model. This analysis is a novel concept to investigate the
genesis of chromosome abnormality and could potentially
assist in the characterization of mechanisms underlying key
molecular origin of female meiotic aneuploidy, which would
be of great scientific and clinical value.
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