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abstract: The creation of the pool of follicles available for selection and ovulation is a multi-faceted, tightly regulated process that spans
the period from embryonic development through to the ﬁrst reproductive cycle of the organism. In mice, this development can occur in mere
weeks, but in humans, it is sustained for years. Embryonic germ cell development involves the migration of primordial germs cells to the
genital ridge, and the mitotic division of germ cell nuclei without complete cytokinesis to form a multi-nucleated syncytia, or germ cell
nest. Through combined actions of germ cell apoptosis and somatic cell migration, the germ cell nuclei are packaged, with surrounding granulosa cells, into primordial follicles to form the initial follicle pool. Though often dismissed as quiescent and possibly uninteresting, this initial
follicle pool is actually quite dynamic. In a very strictly controlled mechanism, a large portion of the initial primordial follicles formed is lost by
atresia before cycling even begins. Remaining follicles can undergo alternate fates of continued dormancy or selection leading to follicular
growth and differentiation. Together, the processes involved in the fate decisions of atresia, sustained dormancy, or activation carve out
the follicle pool of puberty, the pool of available oocytes from which all future reproductive cycles of the female can choose. The formation
of the initial and pubertal follicle pools can be predictably affected by exogenous treatment with hormones or molecules such as activin,
demonstrating the ways the ovary controls the quality and quantity of germ cells maintained. Here, we review the biological processes
involved in the formation of the initial follicle pool and the follicle pool of puberty, address the alternate models for regulating germ cell
number and outline how the ovary quality-controls the germ cells produced.
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Introduction
The germ cell nest is an important developmental stage in the formation
of the germline that is evolutionarily conserved in males and females of
species ranging from higher insects to frogs, rodents and other vertebrates (Pepling et al., 1999). In each of these organisms, most of the
single primordial germ cells divide synchronously with incomplete cytokinesis to form a cluster of cells connected by intercellular bridges
(Gondos et al., 1971; Pepling and Spradling, 1998). Spermatogenesis
occurs in nests in many organisms; because spermatogonia undergo
much of the meiotic program while still in nests, interconnection is
thought to increase the favoring of some genotypes over others and
thereby decrease the likelihood of defective germ cells (Braun et al.,
1989). This is not the case for oocyte development, where oogonia
in nests are clonally derived and undergo most of their development
either before nest formation or after its breakdown (Wartenberg
et al., 1998). However, premeiotic female germ cells from insects,
rabbits, mice, rats, hamsters and humans all show intercellular cytoplasmic bridges characteristic of nests (reviewed in Pepling et al.,
1999), demonstrating that the structure is still important for oocyte
development. It is believed that nests in oocyte development help to

increase the store of materials and nutrients that are required for
later development. This idea is supported by oocyte development in
Drosophila where all but one of the cells in the nest become nurse
cells that then contribute materials to the oocyte (de Cuevas et al.,
1997). It is also possible that removing the metabolic and biosynthetic
duties from the oocyte nucleus allows it to become inactive and possibly
reduce its susceptibility to mutagenesis (de Cuevas et al., 1997).
Within the germ cell nest, the murine oogonia nuclei enter a premeiotic state around dpc 12.5 (meiosis in the human begins around
embryonic week 13 (Motta et al., 1997)) that is marked by the
expression of meiotic genes such as Scp3 (Di Carlo et al., 2000;
Chuma and Nakatsuji, 2001). Meiotic arrest in the mouse occurs in
a rostral to caudal wave that is not complete until dpc 16.5 (Menke
et al., 2003; Bullejos and Koopman, 2004); in comparison to the development of other organs, the 4-day process of meiotic entry is extremely long. The developmental delay (extended meiosis) of the caudal
oocytes compared with the rostral oocytes may ‘tag’ the oocytes for
later exit from the primordial follicle pool, the proposed ‘production
line’ hypothesis (Henderson and Edwards, 1968).
When nest formation is complete, the ovary consists of a few single
mitotic germ cells and many germ cell syncytia with most oocyte nuclei
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arrested at diplotene stage of meiotic prophase I and remaining
connected to each other through cytoplasmic bridges. These syncytia
are organized into long ovigerous cords that are surrounded by
somatic cells of the ovary, namely pre-granulosa cells and stromal
mesenchymal cells (Rajah et al., 1992; Pepling and Spradling, 2001).
Just after birth in the mouse and in the second trimester of human gestation (Konishi et al., 1986; Pepling and Spradling, 2001), these nests
begin to break down to form individual follicles. Nest breakdown is
a coordinated effort that involves the degeneration of many germ
cell nuclei and the invasion into the germ cell nests by the
pre-granulosa cells (Pepling and Spradling, 2001). During this
process, many of the nuclei are lost and the cytoplasmic bridges
between remaining nuclei are either retracted or cleaved, likely
through protease action of the surrounding somatic cells. Granulosa
cells then completely surround the remaining nuclei and a basement
membrane is laid down that completely encompasses and delineates
each newly formed primordial follicle (Rajah et al., 1992).

Loss of germ cells during nest breakdown
The loss of oocytes during nest breakdown is substantial, and it is
possible that a quality control mechanism exists through which
deﬁcient nuclei are lost and healthy oocytes are preferentially encapsulated into primordial follicles. Using different sectioning and counting
methods, the oocyte attrition has been estimated at between
one-third and two-thirds of all oogonia in nests (Pepling and Spradling,
2001; Bristol-Gould et al., 2006a). Like the death of primordial germ
cells during pre-meiotic migration and proliferation, oocyte attrition
has been attributed to classic apoptotic mechanisms in both the
mouse and human (Pepling and Spradling, 2001; Jefferson et al.,
2006; Ghafari et al., 2007; Lobascio et al., 2007; Albamonte et al.,
2008; De Felici et al., 2008), likely through actions of the B-cell lymphoma/leukemia-2 (Bcl-2) family of proteins (Ratts et al., 1995;
Rucker et al., 2000; Flaws et al., 2001; Greenfeld et al., 2007).
Several possibilities for the reason behind the selective loss during
nest breakdown have been suggested, including genetic defects or
failure of the germ cell to produce all the cytoplasmic organelles
required, including mitochondria. Indeed, genetic defects, such as
Spo11 mutations, which causes a complete absence of the normal
homologous recombination during meiosis (Hunt and Hassold,
2002), lead to greatly increased germ cell loss during nest breakdown
(Di Giacomo et al., 2005). In addition to mutations in the chromosomal genome, defects in the number of mitochondria or their genome
could lead to apoptosis (Perez et al., 2000). In the mouse, mitochondria very quickly multiply during the day before nest breakdown begins
and some mitochondria can be detected within the intracellular
bridges connecting sister oocyte nuclei (Pepling and Spradling,
2001). This observation gives support to the idea that mouse germ
cell nests function just as germ cell nests in insects like Drosophila in
that some of the germ cells simply serve as nurse cells to help
produce nutrients and even organelles like mitochondria. These
‘nurse cells’ are then sacriﬁced during nest breakdown while the surviving oocytes beneﬁt from their donated supplies. As mitochondrial
load has been positively correlated with the prevention of apoptosis
(Perez et al., 2000), the act of transfer of one germ cell’s stock of proteins, nutrients or mitochondria may itself be the trigger for apoptosis
of that cell, rather than a preventative measure against apoptosis of
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the surviving cell. Finally, the existence of multi-oocyte follicles
(MOFs) provides evidence that correct nest breakdown selectively
rids the ovary of defective oocytes (Iguchi et al., 1990; Iguchi et al.,
1991; Hahn et al., 2005; Kipp et al., 2007). MOFs are follicles in
which two or more oocytes are contained within a single follicle,
without a separating basement membrane between them. Because
these follicles can be seen even at the primordial stage, it seems
likely that they occur from an incomplete breakage of cytoplasmic
rings connecting germ cell nuclei during breakdown. MOFs can be
induced by high estrogen levels, estrogen mimetics or the peptide
hormone activin during neonatal development (Kipp et al., 2007). In
the mouse, oocytes from these follicles are less viable, having a 30%
lower fertilization rate than their monoovular counterparts (Iguchi
et al., 1991), demonstrating the link between correct nest breakdown
and oocyte quality. MOFs from humans seem to have no signiﬁcant
decrease in in vitro fertilization rates (Dandekar et al., 1988), though
it is unknown what impact a greatly increased incidence of MOFs
might have on human fertility. It also still unknown how some
oocytes are selected to survive while the others are designated as
nurse cells destined to die, but a positive correlation between incorrect nest breakdown and low oocyte quality does exist in mice.

Molecular modiﬁers of nest breakdown
Factors that are produced by the oocytes or somatic cells themselves
that are not necessarily part of the apoptotic loss of the germ cell
nuclei can also affect nest breakdown (Fig. 1). Many of these factors
affect the onset of nest breakdown; one of the most interesting of
these is synaptonemal complex protein-1 (SCP1). This protein is
expressed only in oocytes in the female and drops precipitously
within 24 h after birth, when nest breakdown is known to begin in
the mouse. More importantly, when SCP1 protein expression is
knocked down, the oocytes reach diplotene stage prematurely and
nests begin a premature breakdown to produce healthy primordial follicles (Paredes et al., 2005). An intriguing interpretation of this data is
that meiotic progression is not merely concomitant with nest breakdown, but causative of it. Several other proteins, including Foxl2,
Nobox and members of the Notch signaling pathway and transforming
growth factor (TGF-b) superfamily, can affect the timing of nest breakdown. Mutation of the gene Foxl2, which encodes a transcription
factor normally expressed in pre-granulosa cells, is associated with
premature ovarian failure in both mice and humans (Crisponi et al.,
2001; Uda et al., 2004). In the mouse model, the knockout of Foxl2
impairs nest breakdown by apparently affecting granulosa cell differentiation and the proper laying down of basal lamina around forming follicles (Uda et al., 2004). Nobox is an oocyte-speciﬁc homeobox gene
that is expressed in germ cell nests and in oocytes of primordial and
growing follicles (Suzumori et al., 2002). A knockout mouse model
is normal at birth with proper formation of germ cell nests.
However, nest breakdown is severely impaired and many germ cells
remain in nests past the time that nest breakdown is complete in
the wild type (Rajkovic et al., 2004). The development is not merely
delayed, as oocytes from the mouse degenerate and never form
growing follicles (Rajkovic et al., 2004). The Notch signaling pathways
of transmembrane proteins have also been found to be important in
nest breakdown. Components of the pathways are expressed by
germ cells in the nest, as well as surrounding pre-granulosa cells
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Figure 1 Molecular modiﬁers involved in female germ cell nest
breakdown and subsequent primordial follicle fates. The breakdown
of germ cell nest to form primordial follicles involves interplay of
several molecular factors that control the timing and extent of the
breakdown. Aberrant breakdown can lead to increased loss of
germ cells or the formation of MOFs. Following their formation, primordial follicles have three separate possible fates: follicular atresia,
transition to the growth phase or maintained primordial status.
SCP1, synaptonemal complex protein-1; BMP, bone morphogenetic
protein; GDF, growth differentiation factor; SCF, stem cell factor;
bFGF, basic ﬁbroblast growth factor; AMH, anti-Mullerian hormone;
Figa, oocyte-speciﬁc transcription factor; Foxl2, forkhead box transcription factor; PTEN, phosphatase and tensin homolog, a tumor
suppressor.

(Trombly et al., 2009b). When signaling is suppressed in an ex vivo
ovary culture, nest breakdown is attenuated or delayed, and a
higher than normal number of germ cells remain in nests compared
with untreated cultured ovaries (Trombly et al., 2009b). At a later
time point, Notch signaling disruption can lead to the formation of
MOFs (Hahn et al., 2005), likely from the incomplete nest breakdown
examined. In addition to other fertility defects, MOFs are also formed
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in the mouse when bone morphogenetic protein 15 (BMP15) and
growth differentiation factor 9 (GDF9) are mutated together (Yan
et al., 2001). In the human, mutations in both these genes have
been found to be associated with premature ovarian failure (Dixit
et al., 2005, 2006). While not necessarily affecting the timing of nest
breakdown, Wnt-4, which is expressed in the gonad during embryonic
development, seems to play a role in maintaining germ cell survival.
Normal numbers of germs cells are present in Wnt-4 knockout
animals at dpc 14.5, but by birth, when nest breakdown is initiating,
the knockout animals have less than 10% the number of healthy
germ cells as wild type animals (Vainio et al., 1999). A very similar phenotype is seen in mice where the oocyte-speciﬁc transcription factor,
Figa is mutated. In these mice, morphologically healthy oocytes are
present in correct numbers at dpc 18, but the oocytes all die during
nest breakdown. No primordial follicles are formed, and no oocytes
even mature to the stage to produce zona pellucida proteins (Soyal
et al., 2000). Many of these genes known to affect nest breakdown
in the mouse are also important in the human. As mentioned,
Foxl2, GDF9 and BMP15 have known genetic variants that correlate
with the occurrence of POF in the human. Additionally, it is known
that patients with classical Turner’s syndrome experience a fetal loss
of germ cells around the 18th week of embryonic development that
leads to chronic POF (Hjerrild et al., 2008). The timing of this loss
coincides very closely with nest breakdown, which occurs at approximately embryonic weeks 17– 20 in the human (Motta et al., 1997),
suggesting that an increased loss of germ cells during nest breakdown
could be responsible for the ensuing sterility.
Finally, in addition to apoptotic pathway members and locally produced factors, circulating hormone and steroid factors can regulate
nest breakdown and primordial follicle assembly. Neonatal exposure
to genistein, a phytoestrogen, leads to the inhibition, or delay of
nest breakdown in vivo and in ex vivo ovary cultures of neonatal
mouse ovaries (Jefferson et al., 2006; Chen et al., 2007). Adult
animals treated neonatally with genistein have a signiﬁcantly higher incidence of MOFs, suggesting that the occurrence of these aberrant follicles results from incomplete nest breakdown (Jefferson et al., 2002).
A very similar phenotype, with inhibited nest breakdown and resulting
MOFs can be seen in treatments with estrogen, estradiol, progesterone and synthetic estrogens like diethylstilbestrol (Iguchi et al., 1990;
Kezele and Skinner, 2003; Chen et al., 2007; Kipp et al., 2007). Progesterone’s actions were independent of the estrogen receptor,
suggesting that it is not simply the conversion to estrogen that
creates the effect (Chen et al., 2007). Furthermore, ovaries
removed at dpc 16.5 underwent premature nest breakdown that
could be inhibited by addition of exogenous estrogen or progesterone
(Chen et al., 2007). Together, these studies have lead to the comprehensive hypothesis that oocytes are maintained in nests by the high
levels of estrogens and progesterone present in the maternal milieu
of pregnancy. When pups are born, they experience a drastic drop
in levels of circulating hormones, and it is hypothesized that it is this
drop that initiates nest breakdown (Chen et al., 2007). In the
studies performed in vivo, there was some indication that progesterone
prevented cellular apoptosis, possibly giving a mechanism by which the
hormones could act to prevent nest breakdown (Kezele and Skinner,
2003). However, none of the estrogenic compounds or progesterone
seemed to prevent apoptosis in vitro, but nest breakdown was still
inhibited. It is therefore unlikely that the hormones act by modifying
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levels of cellular apoptosis. A different mechanism of action has been
proposed by our recent studies of the TGF-b family member, activin.
It has been shown that neonatal exposure to estrogens suppresses
activin expression and signaling in the neonatal ovary (Kipp et al.,
2007). Further, we have shown exogenous activin treatment neonatally actually increases the number of primordial follicles formed by
increasing germ cell proliferation (Bristol-Gould et al., 2006a), a
result also seen in cultures of fetal human ovaries treated with
activin (Martins da Silva et al., 2004). Moreover, a recent study in
the human has proposed a downstream mechanism for the actions
of activin in germ cell proliferation by demonstrating that exogenous
activin decreases the expression of membrane-bound kit ligand
(Childs and Anderson, 2009). As kit ligand can induce the expression
of its receptor, c-kit, the inhibition of kit ligand expression by activin is
hypothesized to down-regulate the expression of c-kit in germ cells.
Lower c-kit is then proposed to lead to a block in meiotic arrest
and primordial follicle activation, thereby allowing more proliferation.
It seems possible therefore that the downstream target of estrogen
and progesterone is the hormone activin, possibly acting through kit
ligand regulation. When the steroid hormones are high, activin
subunit mRNA and protein levels are suppressed and nest breakdown
is inhibited (Kipp et al., 2007). Estrogen and progesterone decrease at
birth in the mouse, activin signaling is freed from repression and the
increase in activin initiates nest breakdown. While this model is very
reasonable in the mouse, it becomes problematic when applied to
the human. In the human, nest breakdown occurs during the
second trimester of embryonic development, when the fetal ovary is
still exposed to high levels of steroid hormones (Nagamani et al.,
1979; Wu et al., 1979). It is possible, therefore, that a different
method for regulating nest breakdown initiation is present in
humans. However, proponents of the model also suggest that while
total steroid levels remain high, the amount that is actually accessible
to fetal tissues is decreased at the time of nest breakdown. A steroid
binding protein such as a-fetoprotein could bind to estrogen (with a
similar binding protein for progesterone) and sequester the
hormone, making it unavailable to the fetal ovaries. The belief that a
drop in estrogen and progesterone can regulate nest breakdown in
the larger mammals as it does in the mouse is supported by a study
that shows administration of an aromatase inhibitor to baboons
during nest breakdown inhibits the process and causes more germ
cells to remain in nests (Zachos et al., 2004).

New developments
Quorum sensing model versus stem
cell supplementation
The initial follicle pool formed after nest breakdown is therefore tightly
regulated through mechanisms of controlled germ cell loss, which can
be modiﬁed by many different molecules. This intervention can
increase or decrease the number of primordial follicles initially, but
it is important to understand how these early changes might impact
the long-term fertility of the animal. In our model where exogenous
activin administered neonatally signiﬁcantly increased the number of
primordial follicles formed, the long-term persistence of these
excess follicles was also examined. It was found that by dpn 19,
activin-treated animals had the same number of follicles as
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vehicle-treated animals. Therefore, the ovary somehow rid itself of
the excess follicles that had formed during nest breakdown (BristolGould et al., 2006a). This phenomenon has also been seen in the
mouse model where the anti-apoptotic protein Bcl-2 is overexpressed. Though the ovaries have signiﬁcantly more primordial follicles
at dpn 4 than wild type (approximately 43% more across all transgenic
lines produced), by between dpn 27 and 60 the transgenic ovaries has
the same number of follicles as wild type (Flaws et al., 2001). In the
activin study, when mice were superovulated at an early age, activintreated animals ovulated a higher number of oocytes, but the
oocytes were of poor quality, as indicated by smaller size, spindle disorganization and more meiotic immaturity than the ovulated oocytes
from wild type animals. By a later time point, however, the activin
and wild type animals ovulated comparable numbers of oocytes; at
this point oocyte health and size was also comparable between the
two groups. This data have caused our group to propose a quorumsensing model for the maintenance of the initial follicle pool (Fig. 2). By
this model, the ovary has a set point for the number of follicles that it
can successfully maintain. This set point is made during nest breakdown by the formation of a correct number of follicles. If this set
point is altered, by increasing the number of follicles formed, then
these excess follicles correspond to unhealthy follicles that should
have been lost during nest breakdown. The ovary will recognize this
and will eliminate excess follicles back down to the set point of follicle
load. The cell death gene BAX may be involved in this process since
elimination of this gene over-rides the set point at puberty and

Figure 2 Alternative models for the creation and maintenance of
the ovarian reserve. During the pre-pubertal period, primordial follicles are lost at a high rate that is slowed at the time of the FSH
surge. Models where the number of initial follicles is increased
show an increased rate of loss so that they reach typical numbers
of follicles, indicating a quorum-sensing model with a ‘set point’ for
follicle number. Stem cell supplementation models propose that the
number of follicles can be increased throughout reproductive life.
The Tilly stem cell model indicates a constant number of oocytes is
created from stem cells. We favor a model in which the initial follicle
pool is established at birth and these follicles are necessary to adult
fertility (there are no additional follicles added to the pool) and sufﬁcient to the fertility needs of the adult (follicle loss is not so much to
prematurely lose all follicles.).
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permits an excess number of follicles to enter the ovarian reserve
(Perez et al., 1999).
The obvious other side of a quorum-sensing mechanism is whether
the ovary can not only decrease the number of follicles back down to a
set point, but can also slow the rate of loss or retain more of the follicles formed at nest breakdown if insufﬁcient follicles are within the
initial follicle pool. Many of the models we have discussed thus far
that involve a decrease in the number of primordial follicles formed
would suggest that the ovary is not capable of this feat. Modiﬁcations
of FIG1a, NOBOX and BMP15 that cause a complete or partial block
of initial primordial follicle formation lead to long-term subfertility or
premature ovarian failure of the mouse (Soyal et al., 2000; Yan
et al., 2001; Rajkovic et al., 2004). Indeed, it is generally accepted in
the ﬁeld of ovarian development that the initial pool of follicles
formed following nest breakdown is the entire complement of follicles
available to the animal throughout its reproductive life.
This notion of pubertal follicle pool sufﬁciency has recently been
challenged by the idea that there are stem cells that can form new
oocytes de novo in the adult ovary (Johnson et al., 2004). The hypothesis comes from work that seems to show that rates of atresia of follicles far exceeds the amount of healthy follicle loss that they see and a
transplant model that seems to show cells from a graft-populating follicles in the host ovary. In a follow-up paper, the same group suggested
that the bone marrow is a source for the germline stem cells (Johnson
et al., 2005). In the group’s model, 77 new follicles per ovary are
replenished by the germ line stem cells every day in the post-natal
mouse. Since the original paper, several groups have joined the
debate with data for (Bukovsky et al., 2004, 2005) and against
(Eggan et al., 2006; Faddy and Gosden, 2007; Liu et al., 2007) the
theory. Most of the work has focused on trying to identify the
actual stem cells and their origin in different species. Our group has
taken a different approach and has examined the basic tenet behind
the theory: that stem cells must exist in order to reconcile the
amount of follicles being lost with the amount of healthy follicles
that remain.
To address the idea that follicle numbers are malleable in the adult
mouse, we performed detailed follicle counts on mice aged dpn 6, 10,
19, 45 and months 4.5, 6 and 12 (Bristol-Gould et al., 2006b). Using
this empirical data, which included counts of primordial, primary and
secondary follicles, we developed a mathematical model using
measured transition kinetics for each follicle fate and simulated
either a replenishment of follicles due to stem cells, or no such replenishment. We ﬁnd that that the model that incorporates 77 new follicles formed de novo fail to accurately predict the accumulation of
primary follicles seen experimentally; neither does it recapitulate the
steady loss of follicles after dpn 60. Allowing some leeway in the
stem cell model, we varied the mathematical model to include contribution of stem cells to the follicle pool to be between 5 and 100 follicles per ovary per day. We ﬁnd that the fewer follicles assumed to be
generated de novo by stem cells, the closer the model is to the empirical data. Moreover, a model of a ﬁxed follicle pool is sufﬁcient to
match empirical results. It is therefore unnecessary to invoke a stem
cell model at all; a rate of loss from a ﬁxed initial pool ﬁts empirical
observations. Our data in combination with the ﬁndings from our
mathematical model suggest that the initial follicle pool is necessary
(because there are no rescuing adult germline stem cells) and sufﬁcient
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(because there is no need for adult germline stem cells) for adult
fertility.
Several critiques of our model have recently been raised (Tilly et al.,
2009) that warrant reply. The ﬁrst contention is an apparent misunderstanding, with the belief that our model does not reﬂect very
high numbers of atetric immature follicles. While true that the
model assumes a negligible atresia rate for primary and small secondary follicles (an assertion supported by previous data (Hirshﬁeld and
Midgley, 1978; Faddy et al., 1983), the model clearly expects a large
amount of atresia in primordial follicles (Tingen et al., 2009) and
does notdismiss the loss of tertiary follicles by atresia. Secondly, the
ﬁxed mathematical model was critiqued because the stem cell
model and the ﬁxed pool model predict experimental data equally
well, aside from the stem cell model’s inability to accurately predict
the accumulation of primary follicles. Our model was based on the
original hypothesis of a constant rate of stem cell contribution to
the follicle pool of 77 de novo follicles formed each day. The critiques
are correct in that our model does not incorporate the revision to the
hypothesis that stem cell contribution also decreases with age. Nevertheless, the aim of our work was not to demonstrate that a stem cell
model is completely inconsistent with the experimental data, but to
show that such a model is not necessary. If a ﬁxed pool of follicles
model can equally predict the empirical data on follicle loss, there is
simply no need to invoke unknown cells into the process of folliculogenesis or follicle atresia.
The stem cell debate has emerged anew recently with the publication of a study that claims to have isolated the much sought after
female germline stem cells (Zou et al., 2009). The cells were isolated
from pre-pubertal and adult ovaries by virtue of being immunopositive
for mouse vasa homolog (MVH) protein and being mitotically active,
as indicated by BrdU incorporation. It is currently unclear how the
group used an internalized protein that is not expressed on the cell
surface (MVH) to column purify these cells. Nevertheless, as the
MVH protein used to mark these ‘stem cells’ is expressed only in primordial germ cells after their arrival at the gonad (Toyooka et al.,
2000), it seems possible that the cells isolated are mitotic oogonia.
A second study, which claimed to have derived stem cells from the
ovarian surface epithelium of post-menopausal women supports this
idea, as the group characterized ‘stem cells’ merely by virtue of the
expression of ‘pluripotency’ genes (Virant-Klun et al., 2008), which
are also known to be expressed on primordial germ cells and
oogonia (Kerr et al., 2008). These ﬁndings actually ﬁt well with early
observations from our group showing that the neonatal mouse
ovary contains approximately 5% oogonia that have not entered
meiosis and are instead still proliferative (Bristol-Gould et al.,
2006a). We propose that these neonatal ‘laggard oogonia’ are the
same cells isolated in the newest study, and that by their very
nature can proliferate and give rise to new oocytes (Rosenwaks and
Woodruff, 2009). While unnecessary to maintain follicular numbers
at the observed counts, these laggard oogonia may be able to be
induced into proliferation in the in vitro system. Though an in vitro
system may induce proliferation of these laggard oogonia, it is still unlikely that they are induced in normal pubertal or adult animals, as indicated by the abundance of genetic models where early follicle loss
causes permanent fertility decrease, without any replenishment of
follicles.
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Primordial follicle fates
The dynamics of the initial follicle pool are therefore still not completely known, but they involve interplay between activation, atresia or
continued primordial follicle fate. Several molecular factors have
been shown to act as activating cues in the mouse primordial follicles,
initiating the transition into primary follicles. Kit ligand (Parrott and
Skinner, 1999; Nilsson et al., 2001) and basic ﬁbroblast growth
factor (bFGF) increase the ratio of developing to primordial follicles
in culture. It has been suggested that the role of oocyte-derived
bFGF is to increase the production of kit ligand in granulosa cells
and, through this interaction, activate the primordial follicles
(Nilsson and Skinner, 2004). Several members of the TGF-b super
family are also important in initiating follicle activation (Trombly
et al., 2009a). Addition of exogenous BMP4 or BMP7 to ex vivo
ovary cultures increases the primary to primordial follicle ratio (Lee
et al., 2001, 2004; Nilsson and Skinner, 2003). In addition to activating
signals, there also appear to be repressing signals within the ovary that
maintain primordial follicles in their ‘resting’ state. A very impressive
paper has shown that oocyte-speciﬁc ablation of the PI3K antagonist,
PTEN, causes a global activation of all primordial follicles, suggesting
that sustained inhibition of the PI3K pathway is required to maintain
primordial follicle dormancy (Reddy et al., 2008). In these ovaries,
the follicles are quickly lost after activation, leading to eventual premature ovarian failure for the mouse. With regard to the stem cell model
hypothesis, it is important to note that in the tissue sections from
these mice, the genetic defect was never associated with a repopulation of the adult ovary (Personal communication with Kui Liu). The
genetic effect in oocyte development occurs post-meiotically and
post-formation of the primordial follicle. Thus, if germline stem cells
do exist, they should have the capability of repopulating the adult
ovary of these animals. Addressing this question very carefully may
ﬁnally provide the concrete evidence needed to accept or refute the
notion of an adult ovary capable of autonomous oocyte repopulation.
A follow-up study to the PTEN investigation has shown that the downstream target of PI3K signaling is likely Foxo3; Foxo3 oocyte-speciﬁc
null mutants show a phenotype identical to that of the PTEN
mutants (John et al., 2008). It is currently unknown what genes the
Foxo3 gene may regulate to promote primordial follicle dormancy,
but the Fox family of transcription factors can act as transcriptional
activators or repressors and have been found to play a role in
TGF-b signaling (Carlsson and Mahlapuu, 2002). Finally, while the
resulting phenotype is less penetrant than the PI3K mutants, antimullerian hormone (AMH) deﬁcient mice have suggested that the
hormone can also act to suppress primordial follicle activation (Durlinger et al., 1999; Durlinger et al., 2002), and AMH has the same effect
in the human (Carlsson et al., 2006). Primordial follicle activation
therefore likely involves both the release from active repression, and
the initiation of activation through the expression of a variety of activating proteins in both the oocyte and somatic cells of follicles.
While the transition to the growth phase of development is the
most studied fate for the primordial follicles formed originally, the
initial pool of follicles also undergoes a massive amount of atresia. In
fact, our laboratory has recently demonstrated that 88 primordial follicles transition to primary stage in each ovary every day of the prepubertal period, while 155 follicles per ovary per day are lost to
atresia (Tingen et al., 2009). Therefore, the dominant fate of the
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follicle formed in the initial follicle pool is to die. The precise mechanisms governing this loss are not known, but contrary to embryonic
germ cell death and attrition during nest breakdown, primordial follicle
death does not seem to occur through classic apoptosis (Tingen et al.,
2009). Why so many primordial follicles are lost during the prepubertal period is also not fully understood, but is likely an extension
of the quality control mechanisms seen during nest breakdown. In fact,
in several models where excess germ cells are eliminated from the
ovary, the process takes several weeks, demonstrating that the
quality checkpoint involves primordial follicles even after nest breakdown (Flaws et al., 2001; Bristol-Gould et al., 2006a). Therefore,
even if they survive the encapsulation process following nest breakdown, oocytes that did not receive a complete complement of mitochondria, or sufﬁcient cytoplasm, or who either did not correctly
dissociate from sister nuclei or form proper connections with granulosa cells can be lost as primordial follicles. This checkpoint provides
a ﬁnal point of possible demise for unhealthy germ cells before the follicle pool of puberty is decided. As the follicle pool of puberty will, in
conventional thought at least, provide the entire set of follicles available for ovulation for the life of the animal, the death of primordial follicles may be exceptionally important in maintaining the highest
possible chances of ovulation, fertilization and healthy offspring
development.

Implications for future research
Genetic mouse models and in vitro cultures systems have dramatically
expanded our knowledge of the initial event in oo- and folliculogenesis, but many questions remain. What regulates the set point
number for the quorum-sensing mechanism of the ovary? Could it
be related to sheer physical mechanics of the numbers of follicles ﬁt
into the space, or could there be an endocrine control directed by
the follicles present? It seems obvious that processes of demise
throughout follicle development are tightly regulated in a non-random
way to produce the highest quality cohort possible, but can the same
be said for follicle formation or primordial follicle activation? Are these
processes random or are follicles utilized in relation to the order they
were encapsulated, or in which the germ cells entered meiosis? With a
mind to clinical relevance, can a synthetic rescue of germ cells at any of
the physiological death decision points prolong or enrich fertility?
These questions open a broad avenue of research that will undoubtedly have implications not only for our understanding of the rarest cells
in the body, but also possible clinical impacts for various reproductive
disorders and fertility problems.
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