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Abstract: Women in Japan and elsewhere are
increasingly delaying childbearing. The percentage of
Japanese women giving birth to their first child at the
age of 30 and above has increased from 28.9% in 1980
to 568.9% in 2009. As a result, women seeking to
conceive one or more children increasingly do so when
the effects of reproductive aging first become
noticeable. Female fertility begins to decrease after 30
years of age, falls markedly after the age of 35 in
association with an increased risk of complications
during pregnancy and of chromosomal abnormalities in
the offspring, and most women become infertile after the
age of 40. In parallel, the number of assisted
reproductive technology (ART) treatment cycles in
Japan is steadily increasing, from 37,455 in 1997 to
190,613 in 2008, according to a survey by the Japan
Society of Obstetrics and Gynecology. Because of the
high emotional and social toll of infertility on couples and
the demographic consequences of a decrease in
fecundity, it is imperative to better understand the
biology of reproductive aging. Here we review current
knowledge about the decline of female fertility during
aging and discuss the implications for infertility
treatments.
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Introduction

Delayed childbearing is a characteristic trend in
developed countries, and it is related to socioeconomic,
cultural and environmental factors. It also correlates
with an increase in couples seeking treatment for
infertility, and a decrease in the number of births per
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woman from 1.75 in 1980 to 1.37 in 2009 in Japan,
according to The Ministry of Health, Labour and Welfare
(Fig. 1) [1]. Itis well known that advanced maternal age
has a negative effect on fecundity and increases the risk
of adverse outcomes during pregnancy [2, 3]. The
decrease in fertility and the increase of fetal loss with
maternal age occur irrespective of reproductive history
[4-6]. A hallmark of advanced maternal age is an
increase in karyotypic abnormalities in oocytes [7],
preimplantation embryos [8], and spontaneous
abortuses as well as in live-born infants [9]. While this
is well documented in the literature and known to
contribute to female infertility, the molecular cause of
these abnormalities is not well understood. Further
research is required to increase our understanding of
oocyte biology and to advance novel treatment options
for infertility.

Development and Maturation of
Human Oocytes

In humans, primordial germ cells arising
extragonadally migrate to the ovarian rudiment where
they continue to proliferate as oogonia. The germ cells
complete their differentiation process into oocytes after
a final round of DNA replication and enter meiosis.
These oocytes arrest their cell cycle at the prophase of
meiosis after initiating recombination between paired
homologous chromosomes, a stage termed the
diplotene stage. Oocytes at the diplotene stage
become organized in primordial follicles composed of
mesenchymal cells and pregranulosa cells. A finite
store of primordial follicles is established around the
time of birth, after which no new germ cells or follicles
are formed. The oocytes in the primordial follicles
remain arrested at the prophase for many years until the
final stages of folliculogenesis prior to ovulation. Under
hormonal control at puberty and throughout the
reproductive life span, some primordial follicles are
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The figure shows the average number of children per woman in Japan
from 1980 to 2009 (line with circles), and the average age of the women
at the age of the first child (line with squares). For many women, the
potential birth of a second or third child - which is required to maintain
population levels - falls into the period of declining ability to conceive

(see Fig. 2).

recruited to form follicles with several layers of
granulosa cells and a zona pellucida surrounding the
oocyte. Oocyte enlargement begins with further
proliferation of granulosa cells and theca cell
differentiation. During follicle maturation, these
consecutive changes eventually result in a large antral
follicle characterized by a pool of extracellular fluid and
differentiation of granulosa cell layers into mural cells
and cumulus cells. Twenty-four (24) to 36 h prior to
ovulation triggered by a surge of luteinizing hormone,
the oocyte resumes the cell cycle and progresses from
the prophase of meiosis | to the metaphase of meiosis Il
where the cell cycle is once more arrested until
fertilization. Typically, a single oocyte is ovulated each
month and the remaining incompletely matured follicles
and oocytes undergo cell death, a process termed
atresia.

The Oocyte Pool Decreases during Aging

Repeated follicle recruitment and atresia with each
menstrual cycle result in a gradual decrease in the
number of oocytes. The decrease in the number of
available germ cells in fact already begins before birth;
about 20 % of the germ cells die prenatally due to
apoptosis, and at puberty approximately 400,000

follicles remain [10—12]. In each menstrual cycle,
approximately 1,000 oocytes are lost. The rate of
oocyte decline appears to follow a biphasic pattern; it
remains relatively constant from birth and much of the
reproductive lifespan, then accelerates in the late 30s,
eventually resulting in menopause [13]. At menopause,
only about 1,000 oocytes remain [14]. Using this
biphasic model of ovarian decline and measurements of
ovarian size it is possible to estimate the ovarian
reserve and predict the age of onset of ovarian
exhaustion [15]. More recently, a new model of the
gradual decline in oocyte numbers was proposed based
on modern stereology methods [16]. The new model by
Hansen et al., is biologically plausible because
physiological aging processes tend to be gradual, even
though the oocyte count at any particular age is similar
to the model of Faddy and Gosden [17]. In either
model, the fundamental aspect of reproductive aging in
women is a decrease in the number of ovarian follicles
and ultimately their depletion, resulting in menopause.
Menopause sets the upper age limit of female fertility,
with an average onset at the age of about 51 years [18].
More precise estimates of the total number of remaining
follicles in the ovary and the ability to predict the
remaining reproductive life span would be very
informative for decisions regarding infertility treatments.
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Comparison of the percentages of transfers resulting in live births in ART
cycles using embryos from donor eggs and own eggs in relation to age.
It shows that the percentage of transfers resulting in live births for cycles
using embryos from own eggs declines as women age (line with circles).
In contrast, the percentage of transfers that resulted in live births for
cycles using embryos from donor eggs (line with squares) remained fairly
constant at or above 50% for all ages. Data were drawn from the 2008
Centers for Disease Control and Prevention (CDC) ART report [27].

Interestingly, female fertility is much reduced when still
sizable numbers of oocytes are present in the ovary,
and years before menstrual cycles become irregular,
suggesting that follicle counts are not the primary limit
to conception. Rather, other age-associated changes,
such as the functionality of the oocyte may be important
determinants of female fertility. The approximately 10—
15 years of decreasing fertility leading up to the onset of
menopause is clinically most relevant, as most women
seeking treatment for infertility fall in this group.

Oocyte Quality or Uterine Environment?

To distinguish between the effects of aging on oocytes
and the other parts of the reproductive system, Talbert
and Krohn performed an elegant experiment in mice:
they transferred embryos from young mice (2—-7 months
of age) into old hosts (13—-24 months of age), and the
converse, transferred embryos obtained from old mice
into young hosts [19]. Embryos from young mice did not
survive well in old hosts, but embryos from old and
young mice survived equally well in young hosts. They
concluded that the decline of litter size in aged mice is

due to an unfavorable uterine environment, not to a
decrease in oocyte function. Consistent with that, older
mice were subsequently shown to have fewer
implantation sites and a high rate of embryo resorption,
possibly because of decreased hormonal support [20,
21].

The effects of aging on oocytes and other parts of the
reproductive system were clarified in humans when
oocyte donation was first used for the treatment of
infertility. The result was unlike in mice. Remarkably,
embryos generated from oocytes of young women
implanted efficiently into women above the age of 40 [22,
23] or even into post-menopausal women [24]. In
countries with permissive legislation, oocyte donation
has become an established part of clinical practice,
especially in the USA, where more than 8,000 cycles of
oocyte donations are performed each year [25].
Extensive clinical experience of oocyte donation to
women of advanced age confirms the conclusions made
in the initial studies, that the ability of the human uterus to
support a pregnancy remains high well beyond the limits
of natural conception and that a decrease in oocyte
quality leads to the decline of female fertility (Fig. 2) [26].



Frequent Fetal Loss due to Aneuploidy

Schwartz and colleagues found that in women of 25
years of age and less, artificial insemination resulted in
11% of women becoming pregnant [2]. Assuming that
fertilization by sperm is efficient in vivo, this suggests
that even in young and healthy women, the majority of
fertilized zygotes is spontaneously lost [28]. As many
as 31% of pregnancies are lost after implantation, most
of them without being detected [29]. Meulenbreuk and
Geraedts analyzed the karyotypes of cells explanted
from 81 spontaneous abortuses, and found that 50 of
them (62%) had an abnormal number of chromosomes
[30]. Other studies similarly found frequent numerical
aneuploidies [31], and a large body of literature now
estimates the incidence of aneuploidy at 35% in
spontaneous abortions and 4% in stillbirths [32, 33].
This establishes chromosomal aneuploidy as a major
cause of fetal loss after implantation. Fetal loss is more
frequent with advanced maternal age [34], irrespective
of reproductive history such as the number of previous
miscarriages and parity [4—6]. In parallel, the incidence
of numerical chromosomal abnormalities increases
dramatically with advanced maternal age [34].

Chromosome Segregation in Human Oocytes

For accurate chromosome segregation, the
maintenance of physical connections in homologous
chromosomes and the attachment of centromeres of
sister chromatids to the same spindle poles are required
during the meiotic process. Although meiosis proceeds
according to the same principle in both males and
females, there are important differences between the
sexes: meiosis and meiotic recombination is initiated in
females before birth and the cell cycle arrests until just
before ovulation, while in males, spermatogonial stem
cells undergo frequent divisions in the adult, and
meiosis is completed within 25 days [35]. The
prolonged cell cycle arrest in oocytes may lead to an
accumulation of cell division defects the oocyte is
unable to correct, while in sperm, defects in
chromosome segregation are selected against by
frequent cell divisions. Pellestor and colleagues
analyzed more than 3,000 unfertilized human MII
oocytes of patients undergoing IVF treatment and found
that the percentage of oocytes with numerical
aneuploidies remained at 10% or below until about 34
years of age, and then increased until at the age of 45,
100% of oocytes were aneuploid [7]. This strongly
suggests that the first meiotic cell division is a primary
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cause for karyotypic abnormalities. Two mechanisms
explaining age-related chromosomal aneuploidy in
oocytes and embryos have been proposed: non-
disjunction and predivision [36]. Non-disjunction is the
failure to segregate homologous chromosomes during
meiosis I. Non-disjunction may also occur at meiosis Il
or subsequent embryonic mitoses. Predivision is the
premature separation of homologs before anaphase |,
leading to physically unconnected chromatids in the
meiosis | oocyte [37, 38]. Both non-disjunction and
predivision would result in numerical chromosomal
aberrations in the oocyte and the embryo.

Using genetic variants it has become possible to
identify the origin of additional or lost chromosomes and
point to the stage of meiosis at which it occurred [32].
The reductional division at meiosis | will normally result
in hemizygosity and the loss of parental heterozygosity
in centromeric markers. Trisomies resulting from non-
disjunction at meiosis | are expected to carry
centromeric markers originating from three grand-
parents. Trisomies originating due to chromosome
segregation errors at meiosis Il or in subsequent
embryonic mitoses would result in cells with centrometic
markers originating from 2 grand-parents (1 passed on
maternally, 1 passed on paternally), one of which is
present in two copies. Hassold and colleagues
analyzed the origin of trisomies in spontaneous
abortuses and found that depending on the
chromosome, between 33 % (chromosome 18) and 100
% (chromosome 16) were caused by errors occurring in
meiosis | of the oocyte [39, 40]. The contribution of
meiosis | in sperm was comparatively low, with 0 % for
most autosomes, and 50 % for the sex chromosomes.
These findings establish chromosomal segregation
defects at meiosis | as a hallmark of oocyte aging.

Interestingly, chromosomal imbalance is a rare
phenomenon in most lower species such as yeast (1 in
10,000) and Drosophila (1 in 6,000-7,000), and even in
mice, the number of chromosomally abnormal oocytes
is much lower, suggesting that frequent errors during
meiosis are specific to human [33]. However, in these
other species, the period between initiation of meiosis
and reproduction is days or months, and is not nearly as
long as in humans where it is up to 50 years.

Chromosomal Abnormalities during
Embryonic Mitosis

The finding that chromosomal segregation errors
occur frequently in human oocytes led to the perception
that most if not all common segregation errors occur
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during meiosis [33]. Because the time point of
karyotype analysis in these studies was months after
fertilization, there was inevitably selection which
eliminated karyotypes incompatible with cellular
viability. More recent data obtained from human
preimplantation embryos days after fertilization have
revealed frequent errors in chromosome segregation
during mitosis. Chromosomal aneuploidies in human
preimplantation embryos were first described in the
early nineties [41]. Munne and colleagues found that
aneuploidies were frequent and often mosaic, meaning
they were not found in all blastomeres, an indication
that they arose during mitosis. A subsequent study
examining chromosomes X, Y, 13, 15, 16, 17, 18, 21
and 22 in more than 6,000 embryos of IVF patients
found that 80% of embryos from women aged 41 years
or older were abnormal for these chromosomes [42].
This number was lower for women aged 35 years or
younger, with 60% karyotypically abnormal embryos.
Interestingly, the majority of these abnormalities was
mosaic and had occurred in mitosis. These studies
used fluorescent probes for a subset of chromosomes,
limiting the analysis to only part of the genome. More
recently, array based technologies have allowed the
examination of copy number variation across the entire
genome. Vanneste and colleagues found that 91% of
human embryos in embryos of good morphology,
obtained from women under 35 years of age, contained
blastomeres with chromosomal abnormalities. In
addition to numerical abnormalities, they also found
frequent deletions, duplications and amplifications that
were reciprocal in sister blastomeres [43]. They
concluded that post-zygotic chromosome instability
explains low human fecundity and is a frequent cause of
chromosomal disorders. Karyotypic abnormalities are
significantly less frequent at the blastocyst stage, than
at the early cleavage stages [44], suggesting some
chromosomal abnormalities are negatively selected
because they are incompatible with development to the
blastocyst stage. Most abnormal karyotypes appear to
be incompatible with development or cellular viability
and are gradually eliminated, leading to the observed
decrease in karyotypic abnormalities as development
proceeds.

Determining the karyotype of preimplantation
embryos has become a common part of clinical
practice. However, because karyotypic abnormalities
are so prevalent and often mosaic in cleavage stage
embryos, the benefit of karyotyping to increase the rate
of successful pregnancies has been limited to ART
patients with recurrent miscarriages, in particular

couples carrying chromosomal translocations [45].
Determining karyotypes at the blastocyst stage may be
effective at eliminating karyotypes compatible with
cellular viability, but may be incompatible with
development to term.

Altered Cell Cycle Control in Aged Oocytes

Laboratory studies of the mouse have demonstrated
that the capacity of an oocyte for competence in both
fertilization and embryonic development is acquired in a
stepwise fashion during the late stages of
folliculogenesis [46]. Entry into meiosis is controlled by
MPF (maturation-promoting factor) complex composed
of Cdk1/cyclin B through differential phosphorylation.
During maturation, the levels of MFP increase,
eventually leading to nuclear envelope breakdown,
chromosome condensation and spindle assembly.
Once all chromosomes are aligned at the metaphase
plate, cyclin B is degraded, the chromosomes begin to
segregate and the polar body is extruded. Meiotic
maturation, including spindle formation, polar body
formation, and meiosis Il arrest, also requires the
activation of MAP (mitogen-activated protein kinase)
kinases [47]. It was reported that oocytes of aged
females tend to progress to anaphase | earlier than
those of young females [48]. A common defect in aged
oocytes (both human and mouse) involve spindle-
shortening or disorganization and failure of spindle-
assembly and chromosome alignment [49, 50]. Also
oocytes from aged women have a less stringent spindle
checkpoint and fail to detect misaligned chromosomes
on the spindle. These observations suggest that
alterations in cell cycle control are responsible for the
increased rate of errors in chromosome segregation
and non-disjunction and predivision in aged mammalian
oocytes [36].

Aging of the Oocyte Cytoplasm

Defects in chromosome segregation are major, but it
is unlikely to be the only factor involved in the decline of
oocyte quality. In human oocytes, not only nuclear
defects, but also the cytoplasmic condition may impact
on embryo development during reproductive aging.
Cytoplasmic aging has been associated with a decline
in mitochondrial functions and a reduction in the content
of transcripts from genes involved in spindle assembly
[561, 52]. Mitochondria convert metabolites into ATP,
which is essential for numerous cellular processes and
for the oocyte’s energy. It has been postulated that an



accumulation of deletions or mutations in mitochondrial
DNA occurs in normal oocytes during the long arrest in
meiosis | [63]. A deficiency in quantity and quality of
mitochondria might compromise ATP-dependent energy
supply and spindle assembly. This perturbation of the
fidelity of chromosome segregation could be related to
the likelihood of aneuploidy. Although mitochondrial
function may deteriorate during aging, it is worth noting
that the content of mitochondrial DNA varies
considerably in individual human oocytes, even when
collected from the same person [54]. A possible way to
distinguish between nuclear defects and cytoplasmic
defects of aged oocytes would be to transfer the
nucleus of an aged oocyte into a ‘young’ oocyte. Mitsui
et al. transferred oocyte genomes from mice aged 10—
12 months into oocytes of young mice aged 3—-5 months
[565]. They found that development to term increased
from 6.3% for aged oocytes to 27.1% for the
reconstructed oocytes. Therefore, at least in mice,
aging of the cytoplasm appears to be an important
aspect of reproductive aging. Whether a similar
manipulation would rescue the developmental potential
of human oocytes is currently unclear.

Conclusion

Totipotential developmental competence, or the
ability to give rise to all cell types of the body, is a
unique property of human oocytes. However, we have
scant knowledge about human oocytes at the molecular
level. This is in part due to the difficulty in obtaining
oocytes for research, which is heavily dependent on
local regulations. However, a better understanding of
human oocyte biology could greatly improve ART
treatments, and possibly help to preserve female fertility
to an older age. Such an extension is currently possible
using oocytes donated by younger women, and may
also be possible by cryopreserving human oocytes at a
young age and using them at an older age. Both of
these treatments are somewhat contentious and
depend on permissive local regulations.

Ovarian aging impinges greatly upon the high
prevalence of unintended childlessness. It will be
important to further investigate the molecular
mechanisms responsible for chromosomal
abnormalities in oocytes and embryos. Furthermore,
we need new approaches to study the quality of human
oocytes. A host of new techniques has been developed
in the last decade, such as genome-wide gene
expression analysis, analysis of small RNAs, epigenetic
analysis, and assays for energy homeostasis and
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proteomics. If these could be applied to human
oocytes, we could greatly increase our understanding of
human oocyte biology. Such studies might also reveal
molecular markers for predicting the ability to conceive,
which is not currently possible. Identification of robust
and accurate markers of ovarian aging would also help
in family planning and could guide decisions in ART
treatment.
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