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1 | INTRODUCTION

Abstract

Background: Ovaries, the source of oocytes, maintain the numbers of primordial folli-
cles, develop oocytes for fertilization and embryonic development. Although it is well
known that about two-thirds of oocytes are lost during the formation of primordial
follicles through cyst fragmentation and the aggregation of oocytes within the cyst,
the mechanism responsible for this remains unclear.

Methods: We provide an overview of cell death that is associated with the oocyte
cyst breakdown and primordial follicle assembly along with our recent findings for
mice that had been treated with a TNF« ligand inhibitor.

Main Findings: It is generally accepted that apoptosis is the major mechanism respon-
sible for the depletion of germ cells. In fact, a gene deficiency or the overexpression
of apoptosis regulators can have a great effect on follicle numbers and/or fertility.
Apoptosis, however, may not be the only cause of the large-scale oocyte attrition
during oocyte cyst breakdown, and other mechanisms, such as aggregation, may also
be involved in this process.

Conclusion: The continued study of oocyte death during primordial follicle formation
could lead to the development of novel strategies for manipulating the primordial fol-

licle pool, leading to improved fertility by enhancing the ovarian reserve.
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rebuttal studies over the past years, it is generally accepted that pri-

The fertility and reproductive lifespan of female mammals are sup-
ported by ovarian function, which is responsible for hormone pro-
duction and oocyte supply, and the associated functions of uterine
and oviduct. Concerning the ovaries, a fixed stockpile of primordial
follicles, which is termed the “ovarian reserve,” determines the intrin-
sic fertility and reproductive lifespan of a female. Primordial follicles
are formed in the fetal period in bovines,' sheep,? and humans,®*

and from the fetal to neonatal period in pigs® and mice.* After several

mordial follicles are not formed afterwards in vivo.® In addition, stud-
ies using genetically edited experimental animals have shown that the
failure of primordial follicle formation results in a premature ovarian
insufficiency.” Therefore, technological advances aimed at improving
the size of the primordial follicle pool, and maintaining them would ex-
tend their reproductive lifespan. This would contribute to global food
security while also reducing the environmental impact of industrial an-
imal production as well as livestock products, and would also permit

the preservation of endangered species.
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In animals that produce primordial follicles before birth, an ap-
proach to elucidating the mechanism is not simple. Studies on the
formation of human primordial follicles are also hampered by lim-
ited access to tissue samples. Therefore, research that is intended
to identify the factors and pathways involved in that mechanism
has largely used mice as model animals. We recently reported on
the ovarian phenotype in autophagy inducers-administrated neo-
natal mice and cystine-glutamate transporter (xCT)-knockout mice.
In these animals, the numbers of stored primordial follicles are up-
regulated.®? This review focuses on recent developments in our un-
derstanding of cell death, which affects the formation of primordial
follicles and their maintenance in mice.

2 | THE PROCESS OF PRIMORDIAL
FOLLICLE FORMATION IN THE MOUSE

The germline originates from primordial germ cells (PGCs) differen-
tiated from the extraembryonic germ layer region of the prolapsed
blastocyst. In mice, approximately 45 PGCs are observed near the
base of the incipient allantois at embryonic day 7.5 (E7.5).2° At E8-E9,
PGCs begin to move to the genital ridge, then move to the cranial
region via the posterior intestine, and finally dorsally through the dor-
sal intestinal membrane. By E10.5, they enter the genital ridge. They
subsequently proliferate around 500 PGCs while undergoing sexual
differentiation to adopt an ovarian fate, and primordial germ cells be-
come oogonia.“’12 The major events leading up to the formation of
primordial follicles in mice are shown in Figure 1. Clusters of up to
30 proliferating oogonia are observed to be connected by intercel-
lular bridges due to incomplete cytokinesis and are known as germ
cell cysts. In the process of cyst formation, the cysts can fragment
into smaller cysts and become reassociated with unrelated cysts with
the formation of nests where some germ cells are still connected by
intercellular bridges with others are associated by aggregation.13 At
E13.5, the oogonium transitions from mitosis to meiosis to become an
oocyte. Oocytes stop for a long period of time at the diplotene stage

of prophase | meiosis.** By E14.5, the nests undergo cystic division,

and cell-to-cell communication is maintained at the intercellular bridge
with the formation of an “oocyte cyst” which is surrounded by follicu-
lar epithelial cells (pre-granulosa cells). With the formation of cysts,
the number of oogonia reaches about 15000 around E15, which is
the maximum for life. From E17.5 to 5days after birth (PD5), “primor-
dial follicles,” a unit of dormant oocytes and surrounding flat granulosa
cells, are formed through oocyte cyst breakdown. During this process,
two-thirds of the oocyte pool is lost due to cell death.'® Cyst break-
down, the predominant form of “cyst fragmentation,” is a process in
which larger oocyte cysts become smaller cysts. This process involves
“aggregation” of the cytoplasm into the dominant oocytes within
cysts, and the sister germ cells die acting as nurse cells. On the other
hand, the number of germ cells are decreased significantly during this
cyst breakdown process, and about 2500-6000 primordial follicles
typically observed in the ovary at PD5.1516

From around PD2, “the first wave of folliculogenesis” occurs in
which some primordial follicles on the ovarian medulla region are
recruited to primary follicles.” They serve as sources of the steroid
hormones that are required for the establishment and sexual matu-
ration of the hypothalamic-pituitary-ovary (H-P-O) axis and become
atretic during follicle development.18

It is generally thought that primordial follicles are not formed af-
terwards. Therefore, recruitment as first-wave follicle development,
periodic follicle development and atresia after sexual maturity, along
with the depletion of follicle stock due to ovulation affects the re-

productive function and reproductive life of an individual.

3 | INVOLVEMENT OF OOCYTE
DEATH DURING PRIMORDIAL FOLLICLE
FORMATION

3.1 | Types of cell death in the perinatal ovary
During the breakdown of oocyte cysts and primordial follicle as-

sembly, some oocytes in each cyst die by programmed cell death
with only one-third of the total surviving. A detailed study of

FIGURE 1 Schematic of germ cell cyst
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programmed oocyte death would be important for developing a
better understanding of the pathogenic mechanism of premature
ovarian insufficiency or even female infertility.w’20 However, the
exact mechanisms underlying this process have not yet been fully
elucidated.

15,21

Several possible mechanisms, including apoptosis, autoph-

2223 and the direct extrusion from the ovarian surface (ovarian

agy.
shedding),’ have been proposed for explaining oocyte loss during
primordial follicle formation. Furthermore, in a recent study by
Niu et al.,?* the presence of acidified nurse oocytes labeled by lys-
otracker has also been reported. They observed that the addition of
an inhibitor of vacuolar ATPase-dependent acidification, Bafilomycin
(BafA1), to in vitro culture system of fetal ovaries strongly inhibited
the programmed cell death of nurse cells and generated a massive
increase in nurse cell nuclear remnants.?* Among these, apoptosis
is believed to be the major mechanism responsible for germ cell
death in newborn ovaries'? and has been studied more than other
mechanisms.

3.2 | Apoptosis regulators involved in primordial
follicle formation and ovarian reserve

This section focuses on apoptosis during oocyte cyst breakdown and
the assembly of primordial follicles. Examples of oocyte death due
to granulosa cell death have been reported,25 but for each factor, it
has not been clearly demonstrated that the death of the oocyte is
caused by the death of the oocyte itself or by the death of somatic
cells such as granulosa cells. Therefore, this aspect is not covered
here. Understanding the mechanisms involved in oocyte loss during
primordial follicle formation are particularly important in attempting
to increase the primordial follicle pool and thereby, the reproduc-
tive lifespan of an organism. It is generally accepted that apoptosis is
the major mechanism responsible for the depletion of germ cells. In
support of these conclusions, studies have demonstrated that muta-
tions in regulatory genes associated with apoptosis lead to the dys-
regulation of follicular endowment, and an excess of or a decreased
number of primordial follicles in neonatal ovaries (shown in Table 1).

Programmed cell death occurs through two distinct mechanisms,
namely, the extrinsic and intrinsic pathways.

Extrinsically, death receptors can initiate the programmed death
of cells. FAS (also called CD95 or APO-1), a cell surface receptor, is
a member of the death receptor family. In Fas-deficient mice, higher
numbers of germ cells were found in perinatal ovaries than in the
same-aged wild-type mice.?® This can be attributed to a lower rate
of germ cell/oocyte death induced by FAS.?” Additionally, in Kit/Fas
double knockout mice, the loss of the Fas partially rescues the loss of
germ cells seen in the case of Kit knockout.?® These results indicate
that FAS is one of the regulators of oocyte death in fetal and early
postnatal ovaries.

Intrinsically, apoptosis is triggered by diverse sources of cellu-
lar stress, such as cytokine deprivation, DNA damage or oncogene
activation.?® The intrinsic apoptosis pathway is regulated by the
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activities of pro- and anti-apoptotic members of the B-cell lym-
phoma/leukemia (BCL)2 protein family.23° The BCL2 family is com-
prised of multiple pro- and anti-apoptotic members that function
together to control Caspase-dependent cell death.?3%2 The pro-
apoptotic members of the family can be divided into two groups:
multidomain pro-apoptotic BAX-like molecules and the BCL2 ho-
mology 3 (BH3)-only proteins. The deletion of various members of
the BCL2 family have been shown to produce similar alterations in
primordial follicle numbers in neonates.

Greenfeld et al.%® reported that the deletion of Bax results in
increased oocyte numbers in embryonic ovaries and increased
follicle numbers in neonatal ovaries when compared with wild-
type ovaries. In contrast to their hypothesis that BAX promotes
oocyte death, and therefore that a Bax deficiency would result in
a reduced level of oocyte apoptosis, the authors demonstrated
that the proportion of perinatal oocytes that are undergoing
apoptosis is higher than that for wild-type littermates.®® Instead,
they reported that the regulatory activity of BAX in follicular en-
dowment likely occurs during PGC migration, prior to PGC col-
onization of the gonad. On the other hand, another study using
Bax-deficient mice reported that the normal numbers of primor-
dial follicles were observed in the initial ovarian reserve at PD4,
but three-fold more primordial follicles compared to their wild-
type sisters were observed at PD42 because of reduced primor-
dial and primary follicle atresia.>* As a result, Bax-deficient mice
aged 20-22 months, well past typical murine reproductive senes-
cence, still possess follicles and fertilizable oocytes indicating
that the reproductive lifespan could be a dramatically extended.%*
Moreover, a lack of BCL2 modifying factor (BMF), a pro-apoptotic
BH3-only member of the BCL2 family, increases the numbers of
germ cells in E15.5 and PD1 compared to wild-type mice of the
same age.® Furthermore, a deficiency of BMF in female mice
was associated with a decrease in apoptosis at E15.5 and E17.5.
However, the numbers of germ cells in ovaries from Bmf-deficient
females after PD1 were similar to the numbers observed in wild-
type females at PD3, PD5, and PD10.%° In addition, a study by
Liew et al.¢ reported that Bmf-deficient females had significantly
more primordial follicles at PD100, PD200, PD300, and PD400
than wild-type controls, while there was no difference in the num-
ber of primordial follicles at PD20. These animals produced litters
more frequently over a 6-month period and, consequently, more
offspring than wild-type females. The fertile lifespan of Bmf-
deficient females was also significantly extended compared to
wild-type females.®® In mice lacking the Puma gene (also referred
to as Bbc3), a pro-apoptotic BH3-only member of the BCL2 fam-
ily, the number of germ cells remained elevated compared to the
numbers for wild-type female mice throughout their embryonic
and early postnatal life, resulting in a 1.9-fold increase in the num-
ber of primordial follicles in the ovary on PD10.%” The elimina-
tion of Puma in mice also prevented some primordial follicles from
undergoing y-irradiation-induced oocyte death.%® No difference,
however, was observed in the fertility of the Puma-deficient mice,

such as litter size.38%7
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TABLE 1 Apoptosis regulators and their effects on oocyte cyst breakdown and primordial follicle assembly in mice.
Expressing cells in
Gene ovaries Animal model Animal phenotype References
Fas Not reported Fas-deficiency Increased primordial follicles in neonates. [26]
Tnfa Not reported Tnfa-deficiency Increased primordial follicles in postnatal ovary. [49]
Tnfrl Qocyte Tnfrl-deficiency No observed effect on primordial follicle assembly. [50]
Tnfr2 Oocyte Tnfr2-deficiency No observed effect on primordial follicle assembly. [50]
Bax Qocyte Bax-deficiency Increased oocyte numbers in embryonic ovaries and [33]
increased follicle numbers in neonatal ovaries.
Bcl2 Not reported Bcl2-deficiency Decreased abundance of oocytes and primordial [41]
follicles in postnatal ovary.
Oocyte and somatic Bcl2-deficiency No observed effect on oocyte cyst breakdown and [42]
cells primordial follicle assembly or abundance.
Not reported Bcl2-overexpression Increased primordial follicles in postnatal ovary. [40]
Oocyte and somatic Bcl2-overexpression No observed effect on oocyte cyst breakdown and [42]
cells primordial follicle assembly or abundance.
Bmf Oocyte Bmf-deficiency Increased oocytes due to attenuated embryonic [35]
germ cell apoptosis until birth, but does not
influence the number of primordial follicles initially
established in ovarian reserve.

Puma Somatic cell Puma(Bbc3)-deficiency Increased primordial follicle in fetal and newborn. [37]
Mcl1 Oocyte and somatic MCL1 antibody treatment in Reduces oocyte survival and promotes cyst [42]
cells organ culture breakdown in a dose-dependent manner.

Qocyte Mcl1 conditional knockout Reduced primordial follicle abundance in postnatal [43]
ovary.
Caspase 2 Not reported Caspase 2-deficiency Increased primordial follicles in neonates. [44]
Caspase 3 QOocyte and somatic Caspase 3-deficiency No effect on oocyte abundance or follicle assembly. [45]
cells
Caspase 9 Qocyte and somatic Caspase 9-deficiency Increased primordial follicles in neonates. [46]

cells

Note: Not reported—not mentioned in the cited paper.

Anti-apoptotic BCL2 family members may also regulate oocyte
apoptosis. In previous studies, the BCL2 was identified as a possible
regulator of germ cell death in female mice. Both the overexpres-
sion and knockout of the BCL2 protein altered ovarian histology. The
overexpression of Bcl2 in germ cells results in ovaries with more oo-
cytes at PD8; however, by PD60, transgenic ovaries have the same
number of oocytes as wild-type ovaries.*° Additionally, in a Bcl2
knockout model, PD42 murine ovaries were found to contain folli-
cles devoid of oocytes and had fewer primordial follicles.** However,
Jones et al.,*? in a study of the effects of a global Bcl2-deficiency
or overexpression during the in vivo assembly of mouse primordial
follicles, reported that these alterations in gene expression had no
effect, even though the endogenous expression of BCL2 was ob-
served in oocytes at all perinatal time points that were profiled.
Furthermore, the authors also tested the effect of MCL1 ablation
in mouse ovary organ cultures. MCL1 is a widely recognized mem-
ber of the pro-survival BCL2 family. The inhibition of MCL1 with
an antibody to MCL1 in an organ culture-reduced oocyte survival
and promoted the breakdown of oocyte cysts, and this effect was

t.42 This study was expanded upon by Omari et al.,*?

dose-dependen
who observed these same effects in vivo as a result of the germ cell-

specific depletion of Mcl1.

On the other hand, Caspases also appear to be involved in oo-
cyte apoptosis. Caspase-2-deficient mice also exhibited a signifi-
cant increase in the number of primordial follicles at birth.** The
oocytes that normally undergo apoptosis in response to doxorubi-
cin (a chemotherapeutic agent) were resistant in Caspase-2 knock-
out.** In contrast, Caspase-3-deficient mice showed no evidence
of alterations in oocyte numbers at birth, although the apoptosis
of granulosa cells in growing follicles was impaired.45 Moreover,
Caspase-9 is essential for the developmentally regulated death of
oocytes in the early stages of the first meiotic prophase, and is
possibly involved in the elimination of oocytes with meiotic cross-

over errors.46

3.3 | Therole of TNFa on primordial
follicle formation and ovarian reserve and
subsequent fertility

TNFa is a type of cytokine that is responsible for a diverse range of
signaling events within cells, including apoptosis and necrosis. TNF
exerts its function through binding to two different transmembrane
receptors, TNFR1 (also known as p55, TNFRSF1A, CD120a) and
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TNFR2 (also known as p75, TNFRSF1B, CD120b). TNFR1 contains
an intracellular death domain, which is required for the cell signal-
ing associated with apoptotic processes. In contrast, TNFR2 can
induce the gene transcription associated with cell survival, growth,
and differentiation.*” Study by Roby et al.*® reported that Tnfri-
deficient mice exhibit early evidence of puberty and underwent nor-
mal estrous cycles but enter periods of acyclicity associated with
aging earlier than wild-type mice. Furthermore, Tnfr1-deficient mice
delivered significantly fewer litters as compared with C57BL6 and
Tnfr2-deficient mice.*® On the other hand, Cui et al.*’ reported that
Tnfa-deficient female mice had approximately a 1.8-fold larger pri-
mordial follicle pool than wild-type animals at PD4. The numbers of
primordial follicles were also found to be higher at PD42 and PD90
than those for wild-type animals. Moreover, Tnfa-deficient mice
gave birth to 21% more pups than wild-type mice during a 12-month
breeding period.49 Meanwhile, Greenfeld et al.”® reported that the
primordial follicle numbers in the early neonatal period for Tnfr1 nor
Tnfr2 knockout mice were affected. Moreover, Tnfr2 deletion led to
an apparent acceleration in follicular growth in neonates, while the
number of primordial follicles at PD80 was significantly greater in
Tnfr2-deficient compared with wild-type ovaries.”® These conflict-
ing results suggest that the functions of TNFa are quite complex.
Despite some studies, the roles of TNFa in primordial follicle reserve
and fertility remain poorly understood.

Here, we report on an evaluation of the effect of the admin-
istration of the TNFa inhibitor, Infliximab (IFX, a chimeric mono-
clonal antibody against TNFa) on follicle number. In animals that
received IFX (2 pg/g body weight) by 54 hours (h) after birth, the
number of primordial follicles were 1.6-fold higher compared with
the control group at 60h after birth (Figure 2B). However, there
was no significant difference in the numbers of each follicle types
in the IFX groups compared with control groups at 3-4 weeks of age
(Figure 2C). In addition, no significant difference was observed in the
delivery rate and litter size between control and IFX groups when
mated with 3-4 months old C57BL/6j males for 2weeks (Table 2).
Interestingly, the abundance of Cleaved PARP, an apoptosis maker,
tended to be higher in the IFX group than in control group at 60h
after birth (Figure 3A-C). The expression ratio of BAX/BCL2 pro-
teins also tended to be higher in the IFX group at 60h after birth
(Figure 3D,E).

In a study by Greenfeld et al.,>® TNF, TNFR1, and TNFR2 were
observed in the cytoplasm of oocytes in cysts, as well as in the cy-
toplasm of oocytes in primordial and growing follicles in neonatal
ovaries. In a preliminary experiment, we also observed the strong
localization of TNF and TNFR1 in oocytes at 60h after birth. Some
studies reported that TNFa induce a decrease in the number of
oocytes in rodents.>>>! From the results of our research and Cui
et al.,* the TNFa ligand is a factor that controls primordial follicle
formation, since the inhibition/deficient of TNFa results in an in-
crease in the number of primordial follicles in mice. The mechanism
by which TNFa acts, however, is unclear, as Tnfr1 or Tnfr2 gene defi-
cient did not affect primordial follicle formation. In other cell types,
transmembrane TNF (tmTNF), which is a precursor of soluble (active)
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TNF, also functions as a ligand, while it acts as a receptor that trans-
mits outside-to-inside (reverse) signals.’? As far as we know, a study
of the involvement of tmTNF in primordial follicle formation has not
been reported, and further studies will clearly be needed to reveal
details of the molecular mechanism by which TNF« acts.

In addition, a temporary increase in the number of primordial fol-
licles was observed in the case of the IFX group, but in Tnfa-deficient
mice, the expanded primordial follicle pool has been shown to remain
high after sexual maturation. These results suggest that TNFa also

plays a key role in ovarian follicular development and maintenance.*

3.4 | The impact of apoptosis on oocyte death in
cyst breakdown during primordial follicle formation

In the previous section, we alluded to the importance of apopto-
sis regulators on primordial follicle formation and ovarian reserve.
However, the question arises as to whether this drastic loss of
oocytes in cyst breakdown during primordial follicle formation is
due to apoptosis. Our findings concerning TNFa ligand inhibitor-
administered mice showed an increase in the number of primordial
follicles but no difference in germ cell apoptosis markers in the neo-
natal period (Figure 3). The previously reported administration of
the autophagy inducer, Tat-beclinl D-11, to neonatal mice resulted
in an increase in the number of primordial follicles, but no TUNEL-
positive oocytes were detected regardless of the administration.
There was also no significant difference in the expression of the ap-
optosis initiator Caspase-‘?.8 It should also be noted here that, while
Bax-deficient mice exhibited a significant increase in the number of
primordial follicles at PD4 and PD7, this increase was associated with
a significant increase in the number of TUNEL-positive oocytes at
PD1 and PD4.%3 Therefore, if oocyte death were entirely due to ap-
optosis, it would be difficult to explain the increase in the number
of primordial follicles in these mouse models. In fact, some studies
have reported that TUNEL-positive oocytes are rarely observed in
vivo during oocyte cyst breakdown.®*>°3 Given these facts, the fre-
quency of production of apoptotic oocytes during primordial follicle
formation may actually be low.*®

In this regard, recent studies have focused on the aggregation of
nurse oocytes into dominant oocytes. Oocytes in cysts are divided into
dominant oocytes with Balbiani bodies, and nurse oocytes (sister germ
cells) without them. The Balbiani body (named after the nineteenth
century Dutch microscopist) is a highly conserved oocyte-specific
structure, and is characterized by a region in the oocyte with enriched
organelles, including the ring-shaped Golgi apparatus, the endoplas-
mic reticulum, mitochondria, and germ plasm.>*° Lei et al.>® reported
that Balbiani body-positive oocytes differentiate into primary oocytes
of primordial follicles without undergoing oocyte death. Balbiani bod-
ies have been also reported in marsupials®’ and many mammalian
species including the goat,54 rat,’® hamster,”? and in humans.®%¢! On
the other hand, Dhandapani et al.6? developed live-imaging methods
and showed that human and Xenopus oocytes contain a Balbiani body,
but that mouse oocytes do not. The function of mammalian Balbiani
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FIGURE 2 Effect of the administration of Infliximab (IFX), a TNF« ligand inhibitor, on primordial follicle formation. (A) Timeline showing
the injection of IFX. C57BL/6j female mice were intraperitoneally injected with 2 ug/g body weight IFX (A1097-200, Bio Vision) at 6, 30,
and 54 h after birth. Histological follicle counting, immunofluorescence staining, Western blotting and evaluation of fertility performed after
administration were conducted according to our protocol.8? The differences between the control and IFX groups were analyzed by means
of a Student t-test. A p value of <0.05 was considered significant. (B) The number of primordial follicles per ovary at 60h after birth. The
number of primordial follicles in the IFX group were significantly greater than that in the control group (p < 0.01). (C) The number of primary
follicles per ovary at 60h after birth. Data are expressed as mean+SD (h = 6-8 per group). The number of primary follicles in the IFX group
tended to be higher than that in the control group. (D) The number of follicles at each developmental stage in the control and IFX groups at
3-4weeks old. Data are expressed as mean+SD (n = 5-6 per group). The numbers of each follicle types in the IFX groups at 3-4-week-old
did not show significant difference as compared with control.

TABLE 2 Fertility in 2- and 6-month-

Experimental groups n= (Bh::;lnvflsg;)t rDa::\;;';lng ('\:\:;:I: if;g))rmg old mice from control and IFX groups
2-month Cont. 12 20.3+1.7 75.0(9/12) 77+1.8
IFX 13 20.1+1.8 76.9 (10/13) 7.8+0.7
6-month Cont. 10 25.9+3.2 70.0 (7/10) 8.3+0.5
IFX 11 25.8+2.7 100 (11/11) 6.8+2.7
Accumulated Cont. 10 72.7 (16/22) 11.3+5.2

total IFX 11 87.5 (21/24) 12.5+4.9
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FIGURE 3 Effect of IFX
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bodies is currently unclear and further research will be needed to ad-

dress this issue.

4 | CONCLUSION

A pool of primordial follicles established at birth represents the total
population of oocytes available for being utilized throughout the fe-
male reproductive lifespan in mice. This review summarizes previous
studies showing that apoptosis regulators can contribute to the ex-
pansion of the ovarian reserve. On the other side, we suggest that
apoptosis is only one of the mechanisms of oocyte death, and there
are likely other mechanisms in the large-scale oocyte depletion that
occurs during primordial follicle formation. Continued studies of oo-
cyte death during the formation of primordial follicles should provide
clearer explanations of the regulatory mechanisms that determine
whether a primordial follicle will live or die. Not all results from mouse
models can be extrapolated to industrial animals such as pigs, cows,
and humans, but such studies can involve the exploration of new strat-
egies for controlling oocyte mortality for the storage and protection

of primordial follicle pool and for the improvement of female fertility.

ACKNOWLEDGEMENTS
This work was also supported by the Japan Society for the Promotion
of Science KAKENHI, Grant Number 20K06374.

CONFLICT OF INTEREST
Ken Umeno, Ayana Sasaki and Naoko Kimura declare that they have
no conflict of interest.

HUMAN RIGHTS STATEMENT AND INFORMED
CONSENT
This review article does not include any study with human partici-

pants, and thus, it did not require approval from an ethics committee.

HUMAN/ANIMAL RIGHTS

This review article did not contain any human materials. Our studies
in this review, were performed according to the institutional guide-
lines for the use of experimental animals and were approved by the

Ethics Committee of Yamagata University.

ORCID

Naoko Kimura "= https://orcid.org/0000-0002-4385-9347

REFERENCES

1. Tanaka Y, Nakada K, Moriyoshi M, Sawamukai Y. Appearance and
number of follicles and change in the concentration of serum FSH
in female bovine fetuses. Reproduction. 2001;121:777-82.

2. Sawyer HR, Smith P, Heath DA, Juengel JL, Wakefield SJ, Mc Natty
KP. Formation of ovarian follicles during fetal development in
sheep. Biol Reprod. 2002;66:1134-50.

3. Forabosco A, Sforza C. Establishment of ovarian reserve: a quan-
titative morphometric study of the developing human ovary. Fertil
Steril. 2007;88:675-83.

4. Findlay JK, Hutt KJ, Hickey M, Anderson RA. How is the number of
primordial follicles in the ovarian reserve established? Biol Reprod.
2015;93(5):111.

5. Oxender WD, Colenbrander B, van de Wiel DF, Wensing CJ.
Ovarian development in fetal and prepubertal pigs. Biol Reprod.
1979;21:715-21.

6. Hainaut M, Clarke HJ. Germ cells of the mammalian female: a lim-
ited or renewable resource? Biol Reprod. 2021;105:774-88.


https://orcid.org/0000-0002-4385-9347
https://orcid.org/0000-0002-4385-9347

8of 9
Wl LEY: Reproductive Medicine and Biology

10.
11.
12.
13.
14.
15.

16.

17.
18.

19.
20.
21.
22.
23.

24,

25.
26.

27.

UMENO ET AL.

Rajkovic A, Pangas SA, Ballow D, Suzumori N, Matzuk MM. NOBOX
deficiency disrupts early folliculogenesis and oocyte-specific gene
expression. Science. 2004;305:1157-9.

Watanabe R, Sasaki S, Kimura N. Activation of autophagy in early
neonatal mice increases primordial follicle number and improves
lifelong fertility. Biol Reprod. 2020;102:399-411.

Watanabe R, Takano T, Sasaki S, Obara M, Umeno K, Sato H, et al.
Retention of higher fertility depending on ovarian follicle reserve in
cystine-glutamate transporter gene-deficient mice. Histochem Cell
Biol. 2022;157:347-57.

Ginsburg M, Snow MH, McLaren A. Primordial germ cells in the
mouse embryo during gastrulation. Development. 1990;110:521-8.
Ikami K, Nuzhat N, Lei L. Organelle transport during mouse oocyte
differentiation in germline cysts. Curr Opin Cell Biol. 2017;44:14-9.
De Felici M, Scaldaferri ML, Lobascio M, lona S, Nazzicone V,
Klinger FG, et al. Experimental approaches to the study of pri-
mordial germ cell lineage and proliferation. Hum Reprod Update.
2004;10:197-206.

Lei L, Spradling AC. Mouse primordial germ cells produce
cysts that partially fragment prior to meiosis. Development.
2013;140:2075-81.

Cohen PE, Pollack SE, Pollard JW. Genetic analysis of chromosome
pairing, recombination, and cell cycle control during first meiotic
prophase in mammals. Endocr Rev. 2006;27:398-426.

Pepling ME, Spradling AC. Mouse ovarian germ cell cysts undergo
programmed breakdown to form primordial follicles. Dev Biol.
2001;234:339-51.

Canning J, Takai Y, Tilly JL. Evidence for genetic modifiers of ovar-
ian follicular endowment and development from studies of five in-
bred mouse strains. Endocrinology. 2003;144:9-12.

Suzuki H, Kanai-Azuma M, Kanai Y. From sex determination to
initial folliculogenesis in mammalian ovaries: morphogenetic
waves along the anteroposterior and dorsoventral axes. Sex Dev.
2015;9:190-204.

Zheng W, Zhang H, Liu K. The two classes of primordial folli-
cles in the mouse ovary: their development, physiological func-
tions and implications for future research. Mol Hum Reprod.
2014;20:286-92.

Rodrigues P, Limback D, Mcginnis LK, Plancha CE, Albertini DF.
Multiple mechanisms of germ cell loss in the perinatal mouse ovary.
Reproduction. 2009;137:709-20.

Sun YC, Sun XF, Dyce PW, Shen W, Chen H. The role of germ cell
loss during primordial follicle assembly: a review of current ad-
vances. Int J Biol Sci. 2017;13:449-57.

Ghafari F, Gutierrez CG, Hartshorne GM. Apoptosis in mouse fetal
and neonatal oocytes during meiotic prophase one. BMC Dev Biol.
2007;7:87.

Gawriluk TR, Hale AN, Flaws JA, Dillon CP, Green DR, Rucker EB.
Autophagy is a cell survival program for female germ cells in the
murine ovary. Reproduction. 2011;141:759-65.

Song ZH, Yu HY, Wang P, Mao GK, Liu WX, Li MN, et al. Germ cell-
specific Atg7 knockout results in primary ovarian insufficiency in
female mice. Cell Death Dis. 2015;6:€1589.

Niu W, Spradling AC. Mouse oocytes develop in cysts with the help
of nurse cells. Cell. 2022;185:2576-2590.e12.

Niu W, Spradling AC. Two distinct pathways of pregranulosa cell
differentiation support follicle formation in the mouse ovary. Proc
Natl Acad Sci USA. 2020;117:20015-26.

Moniruzzaman M, Sakamaki K, Akazawa Y, Miyano T. Oocyte
growth and follicular development in KIT-deficient Fas-knockout
mice. Reproduction. 2007;133:117-25.

Sakata S, Sakamaki K, Watanabe K, Nakamura N, Toyokuni S,
Nishimune Y, et al. Involvement of death receptor Fas in germ cell
degeneration in gonads of Kit-deficient Wv/Wv mutant mice. Cell
Death Differ. 2003;10:676-86.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Strasser A, Harris AW, Huang DC, Krammer PH, Cory S. Bcl-2 and
Fas/APO-1 regulate distinct pathways to lymphocyte apoptosis.
EMBO J. 1995;14:6136-47.

Youle RJ, Strasser A. The BCL-2 protein family: opposing activities
that mediate cell death. Nat Rev Mol Cell Biol. 2008;9:47-59.
Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apop-
tosis by the BCL-2 protein family: implications for physiology and
therapy. Nat Rev Mol Cell Biol. 2014;15:49-63.

Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival.
Science. 1998;281:1322-6.

Hsu SY, Hsueh AJ. Tissue-specific Bcl-2 protein partners in apopto-
sis: an ovarian paradigm. Physiol Rev. 2000;80:593-614.

Greenfeld CR, Pepling ME, Babus JK, Furth PA, Flaws JA. BAX regu-
lates follicular endowment in mice. Reproduction. 2007;133:865-76.
Perez GlI, Robles R, Knudson CM, Flaws JA, Korsmeyer SJ, Tilly JL.
Prolongation of ovarian lifespan into advanced chronological age
by Bax-deficiency. Nat Genet. 1999;21:200-3.

Vaithiyanathan K, Liew SH, Zerafa N, Gamage T, Cook M, O'Reilly
LA, et al. BCL2-modifying factor promotes germ cell loss during
murine oogenesis. Reproduction. 2016;151:553-62.

Liew SH, Vaithiyanathan K, Cook M, Bouillet P, Scott CL, Kerr JB,
et al. Loss of the proapoptotic BH3-only protein BCL-2 modifying
factor prolongs the fertile life span in female mice. Biol Reprod.
2014;90(77):1-9.

Myers M, Morgan FH, Liew SH, Zerafa N, Gamage TU, Sarraj M,
et al. PUMA regulates germ cell loss and primordial follicle endow-
ment in mice. Reproduction. 2014;148:211-9.

Kerr JB, Hutt KJ, Michalak EM, Cook M, Vandenberg CJ, Liew SH,
et al. DNA damage-induced primordial follicle oocyte apoptosis
and loss of fertility require TAp63-mediated induction of Puma and
Noxa. Mol Cell. 2012;48:343-52.

Nguyen QN, Zerafa N, Liew SH, Morgan FH, Strasser A, Scott CL,
et al. Loss of PUMA protects the ovarian reserve during DNA-
damaging chemotherapy and preserves fertility. Cell Death Dis.
2018;9:618.

Flaws JA, Hirshfield AN, Hewitt JA, Babus JK, Furth PA. Effect of
bcl-2 on the primordial follicle endowment in the mouse ovary. Biol
Reprod. 2001;64:1153-9.

Ratts VS, Flaws JA, Kolp R, Sorenson CM, Tilly JL. Ablation of bcl-2
gene expression decreases the numbers of oocytes and primor-
dial follicles established in the post-natal female mouse gonad.
Endocrinology. 1995;136:3665-8.

Jones RL, Pepling ME. Role of the antiapoptotic proteins
BCL2 and MCL1 in the neonatal mouse ovary. Biol Reprod.
2013;88(46):1-8.

Omari S, Waters M, Naranian T, Kim K, Perumalsamy AL, Chi M,
et al. Mcl-1 is a key regulator of the ovarian reserve. Cell Death Dis.
2015;6:€1755.

Bergeron L, Perez Gl, Macdonald G, Shi L, Sun Y, Jurisicova A,
et al. Defects in regulation of apoptosis in caspase-2-deficient mice.
Genes Dev. 1998;12:1304-14.

Matikainen T, Perez Gl, Zheng TS, Kluzak TR, Rueda BR, Flavell
RA, et al. Caspase-3 gene knockout defines cell lineage specific-
ity for programmed cell death signaling in the ovary. Endocrinology.
2001;142:2468-80.

Ene AC, Park S, Edelmann W, Taketo T. Caspase 9 is constitutively
activatedin mouse oocytes and plays akeyrolein oocyte elimination
during meiotic prophase progression. Dev Biol. 2013;377:213-23.
Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signal-
ing. Cell Death Differ. 2003;10:45-65.

Roby KF, Son DS, Terranova PF. Alterations of events related to
ovarian function in tumor necrosis factor receptor type | knockout
mice. Biol Reprod. 1999;61:1616-21.

Cui LL, Yang G, Pan J, Zhang C. Tumor necrosis factor a knockout
increases fertility of mice. Theriogenology. 2011;75:867-76.



UMENO ET AL.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Greenfeld CR, Roby KF, Pepling ME, Babus JK, Terranova PF, Flaws
JA. Tumor necrosis factor (TNF) receptor type 2 is an important
mediator of TNF alpha function in the mouse ovary. Biol Reprod.
2007;76:224-31.

Morrison LJ, Marcinkiewicz JL. Tumor necrosis factor alpha en-
hances oocyte/follicle apoptosis in the neonatal rat ovary. Biol
Reprod. 2002;66:450-7.

Horiuchi T, Mitoma H, Harashima S, Tsukamoto H, Shimoda T.
Transmembrane TNF-alpha: structure, function and interaction
with anti-TNF agents. Rheumatology (Oxford). 2010;49:1215-28.
Kerr B, Garcia-Rudaz C, Dorfman M, Paredes A, Ojeda SR. NTRK1
and NTRK2 receptors facilitate follicle assembly and early follicular
development in the mouse ovary. Reproduction. 2009;138:131-40.
de Smedt V, Sz6ll6si D, Kloc M. The balbiani body: asymmetry in the
mammalian oocyte. Genesis. 2000;26:208-12.

Kloc M, Bilinski S, Etkin LD. The Balbiani body and germ cell deter-
minants: 150years later. Curr Top Dev Biol. 2004;59:1-36.

Lei L, Spradling AC. Mouse oocytes differentiate through organelle
enrichment from sister cyst germ cells. Science. 2016;352:95-9.
Ullmann SL, Butcher L. Mammalian oocyte organelles with special
reference to pleomorphic mitochondria and vacuole formation in
marsupials. Reprod Fertil Dev. 1996;8:491-508.

Young JK, Allworth AE, Baker JH. Evidence for polar cytoplasm/
nuage in rat oocytes. Anat Embryol (Berl). 1999;200:43-8.

59.

60.

61.

62.

Reproductive Medicine and Biology

Takeuchi IK, Sonta S, Takeuchi YK. Association of perichromatin
granules with nuclear pores of growing Chinese hamster oocytes. J
Electron Microsc (Tokyo). 1984;33:388-94.

Hertig AT, Adams EC. Studies on the human oocyte and its follicle.
I. Ultrastructural and histochemical observations on the primordial
follicle stage. J Cell Biol. 1967;34:647-75.

Motta PM, Nottola SA, Makabe S, Heyn R. Mitochondrial mor-
phology in human fetal and adult female germ cells. Hum Reprod.
2000;15(Suppl 2):129-47.

Dhandapani L, Salzer MC, Duran JM, Zaffagnini G, De Guirior C,
Martinez-Zamora MA, et al. Comparative analysis of vertebrates
reveals that mouse primordial oocytes do not contain a Balbiani
body. J Cell Sci. 2022;135:jcs259394.

How to cite this article: Umeno K, Sasaki A, Kimura N. The
impact of oocyte death on mouse primordial follicle
formation and ovarian reserve. Reprod Med Biol.
2022;21:€12489. doi: 10.1002/rmb2.12489



https://doi.org/10.1002/rmb2.12489

	The impact of oocyte death on mouse primordial follicle formation and ovarian reserve
	Abstract
	1|INTRODUCTION
	2|THE PROCESS OF PRIMORDIAL FOLLICLE FORMATION IN THE MOUSE
	3|INVOLVEMENT OF OOCYTE DEATH DURING PRIMORDIAL FOLLICLE FORMATION
	3.1|Types of cell death in the perinatal ovary
	3.2|Apoptosis regulators involved in primordial follicle formation and ovarian reserve
	3.3|The role of TNFα on primordial follicle formation and ovarian reserve and subsequent fertility
	3.4|The impact of apoptosis on oocyte death in cyst breakdown during primordial follicle formation

	4|CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	HUMAN RIGHTS STATEMENT AND INFORMED CONSENT
	HUMAN/ANIMAL RIGHTS
	REFERENCES


