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ABSTRACT 

 

Ovarian follicles are the basic functional units of the mammalian ovary. Progressive 

activation of primordial follicles serves as the source of fertilizable ova. In this thesis, by 

generating the Foxl2-CreER
T2

 and Sohlh1-CreER
T2

 mouse models, I have specifically labeled 

and traced the in vivo development of two classes of primordial follicles, the first wave of 

primordial follicles that are activated immediately after they are formed and the adult 

primordial follicles that are activated gradually in later life. The time-lapse tracing study has 

shown that the first wave of primordial follicles exist in the ovaries for about 3 months and 

contribute to the onset of puberty and to early fertility, whereas the adult primordial follicles 

gradually replace the first wave and dominate the ovary after 3 months of age, providing 

fertility until the end of reproductive life. Moreover, the two follicle populations also exhibit 

diverged minimal and maximal in vivo ripening times. Thus the two classes of primordial 

follicles follow distinct, age-dependent developmental paths and play different roles in the 

mammalian reproductive lifespan. Next I have verified whether primordial follicles can be 

regenerated from the purported female germline stem cells in the postnatal mouse ovary. We 

have created a multiple fluorescent Rosa26
rbw/+

;Ddx4-Cre germline reporter mouse model for 

in vivo and in vitro tracing the development of female germline cell lineage. Through live cell 

imaging and neo-folliculogenesis experiments, we have shown that the Ddx4-expressing cells 

from postnatal mouse ovaries do not divide during the in vitro culture, nor do they 

differentiate into oocytes following transplantation into the recipient mouse. Such 

experimental evidence supports the classic view that there is neither follicular replenishment 

nor female germline stem cell in the postnatal mammalian ovary. In summary, I have 

determined the developmental dynamics of two distinct populations of primordial follicles in 

the mouse ovary and confirmed that there is no spontaneous follicle regeneration. Such 

knowledge will hopefully lead to a more in-depth understanding of how different types of 

primordial follicles contribute to physiological and pathological alterations of the mammalian 

ovary.  
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1 INTRODUCTION  

 

1.1 Mammalian ovary 

The mammalian ovary is a reproductive and endocrine organ. It generates fertilizable ova and 

produces steroid hormones to facilitate the development of the female secondary sexual 

characteristics and support the pregnancy (Hirshfield, 1991; McGee and Hsueh, 2000). The 

basic functional units of the ovary are ovarian follicles. Each follicle is composed by a 

meiotic arrested oocyte and surrounding pregranulosa cells or granulosa cells. Growing 

follicles with multiple layers of granulosa cells contain an additional theca cell layer outside 

the basement membrane (Eppig et al., 2003; Hirshfield, 1991; McGee and Hsueh, 2000).  

 

The majority of the follicles in the mammalian ovary are primordial follicles. The female 

reproductive lifespan is determined by the size of primordial follicle pool, which is fixed early 

in life (Zuckerman, 1951). It has been shown that the human ovary contains around 2 million 

follicles at birth, and this number drops below 1000 at approximately 51 years of age. Most of 

the follicles undergo degeneration and only about 400 oocytes reach ovulation (Kaipia and 

Hsueh, 1997). Thus the gradual diminution of ovarian follicle reserve is associated with 

reproductive aging and menopause (Adhikari and Liu, 2009; McGee and Hsueh, 2000). 

 

Unlike tissues in many other organs, the follicles in the mammalian ovary do not follow a 

uniform growth pattern. They display unique developmental fates and represent independent 

functional units within the ovary (McGee and Hsueh, 2000). Recent studies using knockout 

mouse models have demonstrated that the intra-oocyte phosphoinositide 3-kinase (PI3K) 

pathway determines the fates of primordial follicles. As summarized in Figure 1, an optimal 

PI3K activity is needed for maintaining the dormancy of the majority of primordial follicles in 

the mouse ovary (Zheng et al., 2012) (Fig. 1A), whereas suppressed PI3K activity leads to the 

death of follicles (Reddy et al., 2009) (Fig. 1C). In a progressive manner, a small proportion 

of primordial follicles with elevated PI3K pathway are activated and enter into the growing 

follicle pool (Adhikari and Liu, 2009; Reddy et al., 2008) (Fig. 1B). The activation of 

primordial follicles involves the differentiation of squamous pregranulosa cells into cuboidal 

granulosa cells, proliferation of granulosa cells, and the enlargement of oocytes (Adhikari and 

Liu, 2009; Hirshfield, 1991). 
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Once activated, the primordial follicles develop through primary and secondary stage before 

acquiring an antral cavity. During this period, the follicular development is believed to be 

independent on the cyclic follicle-stimulating hormone (FSH) that is secreted by the pituitary 

gland (McGee and Hsueh, 2000). Instead, inter-follicle communication has been postulated to 

play a key role in regulating the follicular development at this phase. One example is the 

inhibition of neighboring follicles by the dominant growing follicles (Baker and Spears, 1999). 

Accumulating evidence has indicated that the anti-Müllerian hormone (AMH), which is 

secreted by the granulosa cells of large growing follicles, suppresses the activation of 

primordial follicles and the development of small growing follicles within the adjacent region 

(Durlinger et al., 2001; Durlinger et al., 1999; Nilsson et al., 2007). Moreover, a quite recent 

study on both mouse and human ovary has uncovered the role of inter-follicle mechanical 

stress in regulating the development of small pre-antral follicles in the mouse ovary 

(Kawamura et al., 2013). It has been shown that fragmentation of ovarian tissues increases 

actin polymerization and suppressed the conserved Hippo signaling pathway, leading to the 

Fig. 1 Roles of intra-oocyte PI3K signaling  

(A) Optimal PI3K signaling in oocytes maintains the survival of primordial follicles during their long 

dormancy. (B) Elevated PI3K signaling leads to oocyte growth and follicular activation. Shown is the 

premature follicle activation in mice where the PI3K negative regulator Pten (phosphatase and tensin 

homolog deleted on chromosome 10) is depleted in oocytes of primordial follicles. (C) Suppressed 

PI3K signaling leads to loss of primordial follicles initiated by the death of inner oocytes. Shown is 

the premature follicle depletion in mice where the PI3K master kinase Pdk1 (phosphoinositide-

dependent kinase 1) is depleted from oocytes of primordial follicles. Yellow arrows: overactivated 

primordial follicles. Black arrows: dormant primordial follicles. The schema is obtained from Zheng et 

al., 2012. 
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nuclear translocation of Yes-associated protein (YAP) in the somatic cells of ovarian follicles. 

Consequently, the expression of CCN (connective tissue growth factor, cystein rich protein, 

and nephroblastoma overexpressed gene) growth factors and BIRC (baculoviral inhibitors of 

apoptosis repeat-containing) apoptosis inhibitors are upregulated to allow the rapid expansion 

of granulosa cells (Kawamura et al., 2013; Reddy et al., 2013). Interestingly, the expression of 

AMH is unaltered in fragmented ovarian tissues, indicating that AMH and Hippo pathway are 

probably two independent systems regulating the growth of small pre-antral follicles 

(Kawamura et al., 2013). 

 

The cyclic recruitment of antral follicles to the preovulatory stage is tightly controlled by the 

hypothalamus-pituitary-ovary (H-P-O) axis (McGee and Hsueh, 2000; Ojeda et al., 1986; 

Richards et al., 2002). In the mouse ovary, most antral follicles undergo atresia in each estrus 

cycle, whereas a few of them develop to preovulatory stage in response to the cyclic FSH. 

Granulosa cells of these dominant antral follicles undergo a fast proliferation and maturation 

process. They start to express the LH (luteinizing hormone, another pituitary gonadotropin) 

receptor and to produce inhibin and estrogens (Burns and Matzuk, 2002; McGee and Hsueh, 

2000). The inhibin and estrogens in turn provide a negative feedback and suppress the 

secretion of FSH, balancing the H-P-O axis (Burns and Matzuk, 2002; McGee and Hsueh, 

2000).  

 

Finally the ovulation is triggered by the surge of LH and the meiosis II arrested oocytes are 

released into the oviduct for fertilization (Burns and Matzuk, 2002; Hirshfield, 1991). The 

remaining granulosa and theca cells then differentiate into corpora lutea (CL). The CL secret 

progesterone to prepare the uterus for embryo implantation. If no successful implantation 

occurs, the CL undergo a controlled degenerative process named luteal regression (also 

known as luteolysis) (Niswender et al., 1994).  

 

1.2 Classification of ovarian follicles 

As demonstrated in Figure 2, the rodent ovarian follicles can be divided into the following 8 

categories based on the size of oocytes, the number of granulosa cells and the morphology of 

the follicles (Pedersen and Peters, 1968). 
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The type 1 are small dormant naked oocytes (< 20 µm in diameter) without surrounding 

supporting cells. The type 2 are quiescent primordial follicles containing small oocytes (< 20 

µm in diameter) and squamous pregranulosa cells. The type 3 are primary follicles that are 

composed by growing oocytes (≥ 20 µm in diameter) and a complete layer of cuboidal 

granulosa cells. The type 4 and 5 are secondary follicles containing two or more layers of 

granulosa cells, with no visible antrum. The type 6 are early antral follicles containing 

scattered areas of fluid. The type 7 are antral follicles consisting of cumulus oophorus and a 

single cavity. The type 8 are preovulatory follicles in which the cumulus stalk and a large 

single antrum are well formed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Formation of primordial follicles  

In the mouse, the precursors of primordial germ cells (PGCs) arise from the most proximal 

epiblasts at 6.25 to 6.5 days post coitum (dpc) (Saitou and Yamaji, 2012). They are expressing 

two key transcriptional regulators B-lymphocyte-induced maturation protein 1 (Blimp1) and 

 

Fig. 2 Classification of ovarian follicles 

Eight categories of follicles are classified according to the size of oocytes, the number of granulosa 

cells and the morphology of the follicles. This schema is obtained from Pedersen and Peters, 1968. 
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PR domain-containing protein 14 (Prdm14) in response to the bone morphogenetic protein 

(BMP) 4 secreted from the extra-embryonic ectoderm (Fujiwara et al., 2001; Lawson et al., 

1999; Ohinata et al., 2005; Vincent et al., 2005; Yamaji et al., 2008). At 7 to 7.25 dpc, around 

45 founder PGCs are established as a cluster of alkaline phosphatase-positive cells in the 

extraembryonic mesoderm (Bendel-Stenzel et al., 1998; Saitou et al., 2002). The expression 

of two PGC-specific genes, Fragilis (also known as interferon-induced transmembrane 

protein 3, Ifitm3), and Stella (also known as developmental pluripotency-associated 3, Dppa3) 

highlights the successful specification of PGCs, but they are dispensable for accomplishing 

this germline cell lineage establishment (Lange et al., 2008; Payer et al., 2003; Saitou et al., 

2002).  

 

The PGCs actively proliferate and migrate through primitive streak and hindgut to finally 

settle in the genital ridge at 10.5 to 11.5 dpc (Ginsburg et al., 1990). In the female XX embryo, 

the PGCs continue to proliferate until 13.5 dpc, when they reach the number of ~ 25,000 and 

are clustered to form germline cysts (Hilscher et al., 1974; McLaren and Southee, 1997; Tam 

and Snow, 1981). From 17.5 dpc to postnatal day (PD) 5, the germ cells enter into diplotene 

stage of meiosis I and become oocytes (Borum, 1967; Pepling, 2006; Pepling and Spradling, 

1998). These oocytes are arrested at this stage for the rest of the developmental process, until 

ovulation (Hirshfield, 1991; McGee and Hsueh, 2000). Next, the germline cysts start to 

breakdown to form primordial follicles. This process involves a death of one third of the germ 

cells within the cysts, and the invasion of the somatic pregranulosa cells to encapsulate 

individual oocytes (Pepling and Spradling, 2001). It has been postulated that the massive loss 

of germ cells is associated with the quality control system for elimination of compromised 

germ cells (Pepling and Spradling, 2001; Tingen et al., 2009).  

 

The communication between the pregranulosa cells that surround the cysts and the oocytes is 

believed to be essential for the formation of primordial follicles (Eppig, 1991; Guigon and 

Magre, 2006; Kezele et al., 2002). For example, the KIT and KIT ligand (also known as Stem 

Cell Factor, SCF) are expressed in the perinatal ovary from 16.5 dpc. The KIT signaling 

pathway has been shown to play a role in promoting cyst breakdown and maintaining the 

survival of oocytes during the assembly of primordial follicles in the mouse ovary (Jones and 

Pepling, 2013). In addition, several in vitro and in vivo studies have indicated that perinatal 

exposure of steroid hormones, including estrogen and progesterone, may inhibit the cyst 
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breakdown and interfere with the coordinated loss of germ cells during cyst breakdown (Chen 

et al., 2009; Chen et al., 2007; Kezele and Skinner, 2003; Tingen et al., 2009). Such studies 

provide insight into how maternal hormones may regulate the primordial follicle formation in 

the offspring ovary during the pregnancy.  

 

In mice, the primordial follicles are firstly formed in the ovarian medulla from 17.5 dpc 

(Hirshfield and DeSanti, 1995; Pepling, 2012; Pepling et al., 2010). They are activated 

immediately after their formation and are thus named the first wave of primordial follicles 

(Hirshfield, 1992; Mork et al., 2012). It is generally believed that most of the follicles in the 

first wave are anovulatory due to the insufficient gonadotropins before the puberty onset 

(Eppig and Handel, 2012; Hirshfield, 1992; Matzuk et al., 2002). The primordial follicles in 

the ovarian cortex are formed shortly after birth and this process lasts until PD5 to 8, 

depending on the genetic background of the mouse strain (Mork et al., 2012; Pepling, 2012). 

Such cortical primordial follicles are activated gradually in later life and provide fertility till 

the end of reproductive life (Hirshfield, 1992; Hirshfield and DeSanti, 1995; Zheng et al., 

2014). In the humans, the formation of primordial follicles starts from the fourth month of 

fetal life and is completed by birth (Gougeon, 1996; Konishi et al., 1986).  

 

1.4 Two distinct populations of primordial follicles 

A pioneering study by Hirshfield for the first time proposed the hypothesis that there are two 

populations of primordial follicles in the postnatal rat ovary (Hirshfield, 1992). By 

autoradiographic labeling of the somatic cells in the embryonic gonad, Hirshfield found that 

the medullary granulosa cells had all developed from the mitotically quiescent progenitor 

cells during mid- to late gestation. The cortical pregranulosa cells, however, were specified 

after birth, and their progenitor cells were still actively proliferating during mid- to late 

gestation. Such distinct origins of supporting cells strongly suggested that there were two 

separate populations of primordial follicles (Fig. 3). The medullary follicles (referred to as the 

first wave of primordial follicles) start to grow as soon as they are formed, whereas the 

cortical follicles (referred to as the adult primordial follicles) mature gradually over the 

reproductive lifespan of the animal (Hirshfield, 1992; Hirshfield and DeSanti, 1995).  

 

In the human ovary, following the completion of primordial follicle formation before birth, 

most of the primordial follicles enter into a quiescent state (with some of them having reached 
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the primary stage), but a sub-population of primordial follicles start to grow immediately after 

they are formed (Gougeon, 1996). These actively growing follicles are present in the human 

ovarian medulla throughout infancy and childhood (Lintern-Moore et al., 1974; Peters et al., 

1976). The number of pre-antral follicles in the ovarian medulla is even higher in ovaries of 3- 

to 9-year-old girls than in older post-puberty girls and women (Kristensen et al., 2011). 

Therefore, there might also be two distinct populations of primordial follicles in the human 

ovary. They might exhibit different developmental dynamics as seen in the mouse ovary as 

well.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The roles of these two populations of primordial follicles to female fertility are yet to be 

differentiated. It was generally believed for many years that most of the first wave of follicles 

undergo atresia and are anovulatory due to the lack of cyclic gonadotropins before sexual 

maturity (Eppig and Handel, 2012; Hirshfield and DeSanti, 1995; McGee and Hsueh, 2000), 

although oocytes from the first wave of follicles can mature in vitro and generate live mice 

and rats (Eppig et al., 2009; O'Brien et al., 2003; Popova et al., 2002). On the other hand, the 

 

Fig. 3 Two classes of primordial follicles are formed by two waves of Foxl2-expressing 

supporting cells. 

In the embryonic wave, the Foxl2-negative precursors migrate from the epithelium to the medulla of 

the gonad and differentiate into Foxl2-expressing supporting cells from 11.5 dpc. They develop to 

granulosa cells of the first wave of follicles after birth. The ingression lasts until about 14.5 dpc. The 

other group of Foxl2-negative precursors continue proliferating at the cortex of the gonad until birth. 

The expression of Foxl2 is then elevated in these cells after the formation of adult primordial 

follicles, and this constitutes the neonatal wave of Foxl2-expressing supporting cells. This figure is 

adapted from Mork et al. (2012). 
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adult primordial follicles in the ovarian cortex are thought to be the solitary source for 

producing fertilizable ova during the reproductive life (Eppig and Handel, 2012; Hirshfield 

and DeSanti, 1995; McGee and Hsueh, 2000). However, this notion has been challenged by 

the study presented in this thesis (Zheng et al., 2014). 

 

1.5 Past studies on the development of ovarian follicles 

Although the molecular mechanisms regulating the activation of primordial follicles have 

been extensively studied in genetically modified mouse models in recent years (Adhikari and 

Liu, 2009; Reddy et al., 2010; Zheng et al., 2012), much less is known about the timelines for 

the maturation of individual ovarian follicles in vivo under the physiological conditions.  

 

In 1960s, Pedersen for the first time labeled the proliferating granulosa cells with the 

radioactive tritiated thymidine and traced the development of labeled follicles in immature 

and adult mice respectively. He determined that the follicular development from primary 

(type 3) to antral (type 7) stage took 10 to 16 days in immature mice (Pedersen, 1969) and 19 

days in adult cyclic mice (Pedersen, 1970). Based on the same labeling strategy, it was 

calculated that the ripening time of primary follicle was 15 to 17 days in immature rats (Hage 

et al., 1978) and 22 days in adult cyclic rats (Groen-Klevant, 1981). However, by 

autoradiographic labeling of the zona pellucida with L-[
3
H]fucose, Oakberg suggested that the 

development of ovarian follicles from the primary stage to ovulation took around 5 to 6 weeks 

in adult mice, almost twice the time proposed by Pedersen (Oakberg, 1979; Oakberg and 

Tyrrell, 1975). These tracing studies represent the earliest trials attempting to describe the 

developmental dynamics of ovarian follicles in mammals.  

 

Despite the promise of these early studies, it was not possible to distinguish the first wave of 

primordial follicles from the adult primordial follicles by autoradiographic labeling. In 

addition, the radioactive labels can only be integrated into the proliferating granulosa cells or 

newly synthesized zona pellucida in the methods mentioned above, thus only primary or 

further developed follicles can be labeled. Moreover, it has been reported that the 

radioactivity of isotopes caused massive follicular atresia in the labeled ovaries and 

consequently influenced the accuracy of the tracing study (Hoage and Cameron, 1976; 

Oakberg, 1979). Therefore it is necessary to develop novel labeling strategies that can 
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differentially label the two populations of primordial follicles and trace their development 

without disturbing their growth.  

 

1.6. Markers for tracing the development of ovarian follicles 

To trace the developmental dynamics of ovarian follicles under the physiological conditions, 

it is essential to utilize endogenous molecular markers that are specifically expressed in 

germline cells or supporting cells. 

 

1.6.1 Foxl2, a pregranulosa and granulosa cell-specific marker 

Forkhead box L2 (Foxl2) is one of the 44 members of forkhead box transcription factors 

identified in both mice and humans. Foxl2 heterozygous mutations in humans lead to the 

autosomal dominant blepharophimosis/ptosis/epicanthus inversus syndrome (BPES) (Crisponi 

et al., 2001). There are two types of BPES, both of which cause the eyelid malformations. 

Type I BPES is also associated with the premature ovarian insufficiency, and the patients 

encounter an early onset of menopause before the age of 40 years (De Baere et al., 2001). A 

single point mutation (402C to G) on the Foxl2 allele has been found to cause granulosa cell 

tumor in women, which represents 5 to 10% of all ovarian cancers (Schumer and Cannistra, 

2003; Shah et al., 2009). 

 

In mice, the expression of Foxl2 is detected in the supporting cells of female gonad as early as 

12.5 dpc, but the formation of primordial follicles is not impaired in Foxl2
-/- 

mouse ovaries 

(Schmidt et al., 2004; Uda et al., 2004). However, in the newborn mouse ovary, the Foxl2 null 

mutation arrests the squamous to cuboidal transition of pregranulosa cells during the 

primordial follicle activation. Meanwhile, there is an extensive expression of growth and 

differentiating factor 9 (Gdf9) in Foxl2
-/- 

mouse ovaries, indicating an early derepression of 

oocyte growth. The follicles with such abnormal growing oocytes (> 20 µm in diameter) and 

squamous granulosa cells can´t reach the secondary stage. Finally the massive oocyte 

apoptosis leads to the premature ovarian insufficiency (Schmidt et al., 2004; Uda et al., 2004). 

Based on these findings, Foxl2 is proposed to be essential for maintaining the dormancy of 

primordial follicles in the mouse ovary (Jagarlamudi and Rajkovic, 2012; Reddy et al., 2010).  

 

Moreover, genes that are required for male sex determination, including Sox9, are expressed 

in the supporting cells of Foxl2
-/- 

mouse ovaries, turning the female supporting cells to Sertoli-
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like cells (Ottolenghi et al., 2005). Co-deletion of Wnt4 and Foxl2 even generates tubules with 

well differentiated spermatogonia in the medulla of new born XX mouse ovaries (Ottolenghi 

et al., 2007). When Foxl2 is deleted in adult mice, granulosa cells are transdifferentiated to 

Sertoli cells, and structures reminiscent of seminiferous tubules are formed in the ovary 

(Uhlenhaut et al., 2009). On the other hand, loss of the transcription factor doublesex and 

mab-3 related transcription factor 1 (Dmrt1) in the adult mouse testis turns on the expression 

of Foxl2 in Sertoli cells and transdifferentiates the Sertoli cells to granulosa-like cells (Matson 

et al., 2011). Combining these findings with the fact that Foxl2 is expressed in supporting 

cells at all developmental stages in the mouse ovary (Schmidt et al., 2004; Uda et al., 2004), it 

is highly possible that a central role of Foxl2 is the lifetime maintenance of granulosa cell 

identity. 

 

The specific expression pattern of Foxl2 makes it a potential candidate for labeling ovarian 

follicles. As demonstrated in Figure 3, the two populations of primordial follicles in the 

mouse ovary can be distinguished by the sequential expression of Foxl2 in their pregranulosa 

cells (Mork et al., 2012). It has been shown that Foxl2-negative supporting cell precursors 

constantly ingress from the epithelium of the fetal gonad from 11.5 to 14.5 dpc. These 

precursors continue proliferating before the expression of Foxl2 is elevated. Then these 

Foxl2-expressing supporting cells remain quiescent in the ovarian medulla during fetal 

development and resume their mitotic cycle along with the development of the first wave of 

primordial follicles. The second population of precursors arise from the ovarian surface 

epithelium from 15.5 dpc to PD4, and the ingression is accomplished by PD7. This batch of 

Foxl2-negative supporting cell precursors continue proliferating in the peripheral region of the 

neonatal ovary, and then differentiate into Foxl2-expressing pregranulosa cells at the end of 

the assembly of adult primordial follicles, which occurs a few days after birth (Mork et al., 

2012). This finding provides strong evidence supporting the proposal by Hirshfield 

(Hirshfield, 1992; Hirshfield and DeSanti, 1995) that there are two populations of primordial 

follicles formed by two waves of supporting cells (pregranulosa cells) in the postnatal mouse 

ovary.  

 

It is worthy of noticing that for the first time, the pregranulosa cells have been specifically 

labeled in the tamoxifen-inducible Foxl2-CreER
T2

 mouse model developed by Mork et al. 

(2012). However, the labeling efficiency of Foxl2-expressing cells was fairly low, and 
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consequently it was not possible to label all Foxl2-expressing supporting cells in the fetal 

gonad and then trace their development in the ovaries of born pups (Mork et al., 2012).   

 

1.6.2 Sohlh1 and Sohlh2, primordial follicle oocyte-specific markers 

Spermatogenesis and oogenesis specific basic helix-loop-helix 1 (Sohlh1) was initially 

identified as a novel germ-cell-specific transcription factor expressing in the 

prespermatogonia and Type A spermatogonia of mouse testes (Ballow et al., 2006a). The 

mRNA of Sohlh1 is readily detected in the male gonad from 12.5 dpc till adulthood. 

Spermatogonia are embryonic as well as adult germline stem cells that on one hand self-

renew themselves and on the other hand differentiate into spermatocytes. Loss of Sohlh1 

impairs the differentiation of spermatogonia into spermatocytes and finally causes the male 

infertility (Ballow et al., 2006a).  

 

Sohlh1 is also indispensable for the development of mouse ovaries. The Sohlh1 mRNA is first 

detected at 13.5 dpc and then enriched at 15.5 dpc in the female gonad, when the female germ 

cells start to enter into the prophase of the first meiotic division and become oocytes (Pangas 

et al., 2006). In the postnatal mouse ovary, the Sohlh1 mRNA is expressed in oocytes of 

primordial follicles, and the Sohlh1 protein is detected in oocytes of both primordial and 

primary follicles (Pangas et al., 2006).  

 

There is no obvious defect in the newborn Sohlh1
-/-

 mouse ovary, indicating that Sohlh1 is 

dispensable for germline cyst breakdown and the formation of primordial follicles. However, 

the activation of primordial follicles is suppressed in the absence of Sohlh1. It has been shown 

that no primary follicle exists in Sohlh1
-/-

 ovaries at PD3, and only empty primary follicles 

without live oocytes are found in Sohlh1
-/-

 ovaries at PD7. Finally no live follicle is left in 

Sohlh1
-/-

 ovaries at 3 weeks of age. Further gene expression profiling analysis has revealed 

that the transcription of a female germ-cell-specific transcription factor, LIM homeobox 8 

(Lhx8), is suppressed. The expression of two key oocyte-specific transcription factors, 

newborn ovary homeobox gene (Nobox), factor in the germ-line alpha (Figlα), are also 

strikingly downregulated in the absence of Sohlh1 (Pangas et al., 2006). The phenotype of 

Sohlh1
-/-

 ovaries is reminiscent of Figlα
-/-

, Nobox
-/-

 and Lhx8
-/-

 ovaries, indicating that these 4 

transcription factors are probably interactive with each other and are all essential for early 
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folliculogenesis in the mouse ovary (Pangas et al., 2006; Rajkovic et al., 2004; Soyal et al., 

2000). 

 

Sohlh2 shares a highly conserved basic helix–loop–helix (bHLH) domain with Sohlh1 

(Ballow et al., 2006b). In mice, the expression patter of Sohlh2 is quite similar to that of 

Sohlh1 in both male and female gonads (Ballow et al., 2006b; Hao et al., 2008; Toyoda et al., 

2009). Sohlh1 and Sohlh2 form homodimers and heterodimers to control the expression of 

KIT in early differentiating germ cells (Barrios et al., 2012; Toyoda et al., 2009). It has been 

shown that blocking KIT signaling pathway impairs the differentiation of spermatogonia in 

the mouse testis (Yoshinaga et al., 1991) and the activation of primordial follicles in the 

mouse ovary (Yoshida et al., 1997). Therefore Sohlh1 and Sohlh2 are probably both upstream 

regulators that coordinate the maturation of germ cells in mouse testes and ovaries (Barrios et 

al., 2012; Suzuki et al., 2012; Toyoda et al., 2009).  

 

Given that the expression of Sohlh1 and Sohlh2 are both restricted to the oocytes of 

primordial follicles in the mouse ovary (Ballow et al., 2006b; Pangas et al., 2006), they are 

ideal endogenous markers to target primordial follicles. A mouse model harboring a Sohlh1-

mCherryFlag transgene has been developed recently (Suzuki et al., 2013). The red 

fluorescence (mCherry) resembles the expression patter of endogenous Sohlh1 in the mouse 

ovary, confirming the fidelity of labeling primordial follicles with Sohlh1 as a molecular 

marker (Suzuki et al., 2013). 

 

1.6.3 Ddx4, a germline cell marker 

DEAD (Asp-Glu-Ala-Asp) is a highly conserved protein family that has been reported in 

various prokaryotic and eukaryotic species ranging from Escherichia coli to human (Linder, 

2006; Wassarman and Steitz, 1991). Many of them have been shown to have RNA-dependent 

ATPase and ATP-dependent RNA helicase activities, including DEAD box polypeptide 4 

(Ddx4, also known as VASA) (Gustafson and Wessel, 2010). Ddx4 was originally identified 

as one of the three maternal-effect genes on the second chromosome of Drosophila that 

control the germ cell specification (Hay et al., 1988; Schüpbach and Wieschaus, 1986). It is a 

highly conserved germline cell-specific gene in invertebrate and vertebrate species, including 

Caenorhabditis elegans, Crassostrea gigas, Parhyale hawaiensis, Xenopus, zebrafish, 

chicken, monotremes, marsupials, mouse, rat, human and etc. (Castrillon et al., 2000; Fabioux 
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et al., 2009; Fujiwara et al., 1994; Gruidl et al., 1996; Hickford et al., 2011; Ikenishi and 

Tanaka, 1997; Komiya and Tanigawa, 1995; Ozhan-Kizil et al., 2009; Tsunekawa et al., 2000; 

Yoon et al., 1997).  

 

In Drosophila, Ddx4-null females fail to produce differentiated oocytes and nurse cells. This 

phenotype has been linked to the malfunction of Gurken, a TGF (transforming growth factor)-

α-like protein. Gurken is secreted by the oocyte for the communication with adjacent follicle 

cells in order to establish the germ cell dorsal-ventral polarity (Ghabrial and Schupbach, 

1999). Ddx4 protein binds to eukaryotic translation initiation factor 5B (eIF5B) to regulate the 

expression of Gurken whereas the accumulation of Gurken is impaired in the absence of Ddx4 

(Carrera et al., 2000; Johnstone and Lasko, 2004; Styhler et al., 1998; Tomancak et al., 1998). 

In addition, Ddx4 also promotes the translation of Mei-P26 by interaction with eIF5B. Mei-

P26 is one of the 221 different mRNAs that directly bind to Ddx4 (Liu et al., 2009). It 

encodes a TRIM (tripartite motif-containing)-NHL (NCL-1, HT2A and Lin-41) domain 

protein that interacts with Argonaute-1 to repress miRNA-mediated gene silencing, promoting 

differentiation of early-stage committed germline cells (Neumuller et al., 2008). Therefore 

Ddx4 regulates at the translational level the expression of genes that are required for germ cell 

specification in Drosophila. 

 

In mice, the expression of Ddx4 starts from 12.5 dpc in PGCs and lasts until the post-meiotic 

stage in both males and females (Toyooka et al., 2000; Tsunekawa et al., 2000). Confocal 

imaging by immunofluorescence has shown that in the adult mouse testis, Ddx4 protein is 

exclusively localized in the cytoplasm of spermatogenic cells, and some granular staining is 

observed in late pachytene spermatocytes and round spermatids. In the adult mouse ovary, 

Ddx4 has been found to be expressed in the oocytes of follicles from primordial stage to pre-

antral stage, but not in the oocytes of antral follicles. The subcellular localization of Ddx4 in 

female germ cells is cytoplasmic but is not restricted to particular cellular organelles 

(Toyooka et al., 2000).  

 

Unlike the ortholog in Drosophila, the murine Ddx4 is dispensable for germline cell 

specification in the female embryonic gonad. Ddx4-null females are normal in fertility in 

terms of sexual behavior and the litter size. No defect in oogenesis or folliculogenesis has 

been found in Ddx4-null females. However, the proliferation of PGCs in the Ddx4-null male 
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embryonic gonad is impaired with reduced expression of OCT (octamer-binding transcription 

factor)-3/4 expression. Then all premeiotic spermatogenic cells beyond the postmeiotic stage 

undergo apoptotic death, resulting in no sperm production in the adult testis (Tanaka et al., 

2000). Moreover, Ddx4 is involved in the de novo DNA methylation and subsequent silencing 

of the retrotransposons in fetal male germ cells through regulating the production of Piwi-

interacting RNAs (piRNAs) (Kuramochi-Miyagawa et al., 2010). It thus can be concluded 

that Ddx4 is essential for the proliferation and differentiation of germ cells in the male but not 

female mouse gonad. 

 

In humans, the expression of Ddx4 is also restricted to ovary and testis (Castrillon et al., 

2000). The subcellular localization of human Ddx4 in PGCs and oocytes is also cytoplasmic, 

the same as its murine ortholog (Castrillon et al., 2000). Although the expression of murine 

Ddx4 in oocytes is decreasing along with the growth of the ovarian follicles, and finally is 

gone in oocytes of mouse antral follicles (Toyooka et al., 2000), the human Ddx4 is still 

detectable in human antral follicles (Castrillon et al., 2000). 

 

To sum up, Ddx4 is a highly specific germline cell marker and is a potential marker for 

labeling female germline cell lineage. The promoter region of murine Ddx4 has been cloned 

to drive the expression of Cre and CreER
T2

 recombinases in transgenic mouse models 

(Gallardo et al., 2007; John et al., 2008). The expression of Cre and CreER
T2

 recombinases is 

restricted in germline cells from PGCs to oocytes and spermatocytes, which is reminiscent of 

the expression pattern of endogenous Ddx4, proving that Ddx4-Cre and Ddx4-CreER
T2

 are 

reliable mouse models for targeting germline cells (Gallardo et al., 2007; John et al., 2008; 

Zhang et al., 2012).   

 

1.7 Regeneration of primordial follicles 

It has been a golden rule for more than half a century that in mammals the number of 

primordial follicles is fixed at birth and there is no replenishment of ovarian follicles in the 

postnatal life (Zuckerman, 1951). Therefore much effort has been made by researchers and 

clinicians to explore novel methods that may hopefully lead to the regeneration of primordial 

follicles either in vivo or in vitro for treating human infertility (Zhang et al., 2013). 
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1.7.1 Follicle regeneration from putative oogonial stem cells 

The existence of oogonial stem cells (OSCs) in the postnatal mouse ovary were first proposed 

in 2004 (Johnson et al., 2004). The authors claimed that OSCs were originated from the 

ovarian epithelium, serving as the source of follicle replenishment at a rate of 77 follicles per 

day in each ovary. The germline cell marker, Ddx4, was found to be expressed in such OSCs. 

This work attracted much criticism concerting the research methodologies and the quality of 

the data immediately after the publication (Albertini, 2004; Gosden, 2004; Telfer, 2004; 

Telfer et al., 2005). None of the major findings in this work can be reproduced by other 

researchers (Begum et al., 2008; Bristol-Gould et al., 2006; Kerr et al., 2012). Later the same 

authors, Johnson et al, amended their previous conclusions and postulated that the Ddx4-

positive OSCs were actually originated from the bone marrow and peripheral blood (Johnson 

et al., 2005). This follow-up study was soon overwhelmed by another straightforward and 

convincing work (Eggan et al., 2006). Eggan et al. (2006) stitched together the circulation 

systems of a wild-type (WT) mouse and a mouse expressing GFP ubiquitously, and found that 

no GFP-positive eggs had ever been ovulated from the WT mouse, proving that no female 

germ cell precursors exist in bone marrow or peripheral blood. 

 

However, the disputation on the existence of OSCs in the postnatal mouse ovary had not been 

settled down. Based on a polyclonal anti-human DDX4 antibody, Zou et al. (2009) claimed 

that they isolated a population of OSCs (referred to as female germline stem cells in their 

study) from neonatal and adult mouse ovaries by magnetic-activated cell sorting (MACS). 

Such OSCs were spherical and were 12-20 µm in diameter. They were positive for several 

germline cell markers and were mitotically active during the in vitro culture (Zhang et al., 

2011; Zou et al., 2009), resembling the features of spermatogonial stem cells in postnatal 

mouse testes. The authors further reported that when transplanted to the chemotherapy drug-

sterilized mouse ovaries, these OSCs were capable of recruiting supporting cells to regenerate 

follicles in the recipient ovary and restored the fertility of host females, as evidenced by the 

birth of live pups (Zou et al., 2009). Two other groups repeated this work independently but 

failed to obtain the same results as described by Zou et al. They did obtain a population of 

cells morphologically resembling the OSCs, but no meiotic competent oocyte had ever been 

generated from such cells (Hu et al., 2012; Pacchiarotti et al., 2010).  
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Then White et al. (2012) modified the original method by Zou et al. (2009) and utilized the 

fluorescence-activated cell sorting (FACS) instead of MACS to purify both mouse and human 

OSCs with the same anti-human DDX4 antibody. Strangely, the OSCs purified by White et al. 

were in square shape and were only 5-8 µm in diameter. They were much smaller than 

embryonic primordial germ cells (10-20 µm in diameter) (Donovan et al., 1986), male 

germline stem cells (10-20 µm in diameter) (Spiegelman and Bennett, 1973), and the OSCs 

obtained by Zou et al. (12-20 µm in diameter) (Zou et al., 2009). The mouse OSCs obtained 

by White et al. (2012) differentiated into fertilizable oocytes after transplantation and 

generated viable blastocysts. The human OSCs obtained in this work also initiated the neo-

folliculogenesis when they were injected into the human ovarian cortical tissues that were 

xeno-transplanted to the immunodeficient female mice. However, no functional human eggs 

or live mouse pups were generated in this study (White et al., 2012).  

 

The major concern of this DDX4 antibody-based OSC sorting system is that both mouse 

Ddx4 and human DDX4 are germ cell-specific RNA helicase and they are cytoplasmic 

proteins (Tanaka et al., 2000). No convincing data has been provided by either Zou et al. or 

White et al. to elucidate how DDX4 antibodies bind to intracellular Ddx4/DDX4 proteins and 

then isolate the OSCs. In addition, White et al. (2012) reported the presentence of haploid 

oocyte-like cells during the in vitro culture of OSCs. As the extrusion of the Meiosis II 

chromosomes only occurs after fertilization, the nature of these purported OSCs, therefore, is 

highly questionable (Oatley and Hunt, 2012). 

 

Quite recently, several independent studies in mice and monkeys have arisen to deny the 

existence of OSCs. By inducible cell lineage tracing, Lei and Spradling have shown that the 

primordial follicle pool established in a 4-week-old mouse ovary provides the eggs for 

ovulation throughout the reproductive life and there is no replenishment of ovarian follicles. 

Nor is OSC observed in the adult mouse ovary (Lei and Spradling, 2013). This finding is 

consistent with the study presented in this thesis showing that there is no mitotically active 

female germline stem cell in the postnatal mouse ovary (Zhang et al., 2012). Moreover, Yuan 

et al. analyzed the expression of mitotic and germline cell markers in the ovaries of rhesus 

monkeys at different ages, and confirmed the absence of proliferating germline stem cells in 

the non-human postnatal primate ovary (Yuan et al., 2013).  
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Collectively, there is still a lack of comprehensive validation for the existence of OSCs in the 

postnatal mammalian ovary. More studies are needed before the OSCs can be safely used to 

regenerate ovarian follicles for ovarian rejuvenation and treating infertility. 

 

1.7.2 Follicle regeneration from embryonic stem cells 

Reconstitution of the mammalian gametogenesis in vitro has been a subject of interest for 

several decades. Efficient and reliable protocols for in vitro generation of both male and 

female mature functional gametes from PGCs, embryonic stem cells (ESCs) and induced 

pluripotent stem cells (iPSCs) have been developed recently. 

 

PGCs are the progenitors of germ cell lineages. Hashimoto et al. for the first time obtained 

live mouse offspring following the transplantation of PGC-containing XX fetal ovary 

reaggregates into the ovarian capsules of adult females (Hashimoto et al., 1992). This method 

was later improved, so that the PGCs and somatic cells from both XX and XY embryonic 

gonads can be reaggregated to form reconstituted ovaries and testes that are subjected to 

ectopic transplantation in the kidney capsules of adult mice. Fertilizable oocytes and 

spermatids were eventually obtained and their viabilities were testified by the birth of live 

mouse pups, (Matoba and Ogura, 2011). These studies have established protocols for 

regeneration of primordial follicles from PGCs, as well as methods for the validation of in 

vitro-derived germline cells.  

 

In vitro differentiation of germline cells from ESCs is more challenging (Childs et al., 2008). 

The ESCs derived from the inner cell mass of mouse blastocysts are capable of differentiating 

into germline cells in vivo (Bradley et al., 1984), yet co-culture of mouse ESCs with gonadal 

somatic cells failed to generate Ddx4-positive germline cells, indicating that germ cell 

specification cannot be induced by signals from the embryonic gonad (Toyooka et al., 2000). 

Several studies have shown that oocytes can be spontaneously generated during the in vitro 

culture of ESCs or somatic stem cells. However, none of the oocyte-like-cells generated in 

these studies have been proved to be meiotic competent and to be capable of generating live 

offspring (Danner et al., 2007; Dyce et al., 2006; Hubner et al., 2003).  

 

On the other hand, it has been reported that embryoid bodies (EBs) can be obtained by 

culturing ESCs with lymphocyte inhibitory factor (LIF)-free medium. Then the PGCs derived 
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from the EBs are capable of generating fertilizable male gametes following transplantation 

into adult testes (Geijsen et al., 2004; Nayernia et al., 2006; Toyooka et al., 2003). Retinoic 

acid (RA) and BMP 4 or 8b have been shwon to be beneficial for promoting the 

differentiation of PGCs from ESCs, and for maintaining the survival and proliferation of EB-

derived PGCs in vitro. Although live mouse pups have been obtained, the efficiency of 

obtaining viable germ cells is as low as one in one million starting cells with this method 

(Geijsen et al., 2004). 

 

Recently, a more efficient two-step guided induction method has been developed to generate 

mouse male and female gametes from ESCs and iPSCs in vitro (Hayashi et al., 2012; Hayashi 

et al., 2011). The ESCs are first maintained at the ground state of pluripotency in a serum- and 

feeder-free medium supplied with a MAPK (mitogen-activated protein kinase) inhibitor 

(PD0325901), a GSK3 (glycogen synthase kinase 3) inhibitor (CHIR99021), and LIF (Saitou 

and Yamaji, 2012; Ying et al., 2008). Then the ESCs are stimulated by Activin A, bFGF 

(basic fibroblast growth factor), and knockout serum replacement to generate epiblast-like 

cells (EpiLCs). Finally primordial germ cell–like cells (PGCLCs) are induced by a medium 

supplied with BMP4, BMP8b, SCF, LIF and EGF (epidermal growth factor). In this method, 

approximately 40% of the EpiLCs can be differentiated into PGCLCs in a relatively large 

number (10
5
–10

6
), showing a robust PGCLC induction efficiency (Hayashi et al., 2012; 

Hayashi et al., 2011; Hayashi and Saitou, 2013). Following the transplantation into adult 

mouse testes, the male PGCLCs develop into fertilizable spermatozoa (Hayashi et al., 2011). 

On the other hand, the female PGCLCs have to be co-transplanted with somatic cells of 

female embryonic gonads in order to regenerate follicles in the recipient ovary (Hayashi et al., 

2012; Hayashi and Saitou, 2013). Both male and female gametes obtained in this method are 

capable of generating live pups, indicating that this in vitro guided differentiation system 

faithfully replicates genetic and epigenetic programs of the gametogenesis in vivo (Hayashi et 

al., 2012; Hayashi et al., 2011). This method thus makes it possible for regeneration of 

primordial follicles from ESCs or iPSCs in mammals, including humans.  
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2 AIMS  

 

The main aims of this dissertation are to provide a comprehensive timeline for the full-course 

development of two distinct populations of primordial follicles in the mouse ovary, and to 

verify whether primordial follicles can be regenerated spontaneously in the postnatal mouse 

ovary. More specifically, I would like to:  

 

1. Determine the minimal and maximal lifespans of the first wave and the adult wave of 

primordial follicles, respectively.    

2. Quantify how the proportions of the two populations of primordial follicles change in 

the mouse ovary from birth to adulthood. 

3. Find out whether the first wave of primordial follicles contributes to fertility, and how 

long does it last for. 

4. Determine whether the postnatal mouse ovary is permissive for neo-oogenesis and 

neo-folliculogenesis. 

5. Verify whether the germline cells and the somatic cells within the postnatal mouse 

ovary are involved in the neo-folliculogenesis. 

6. Label the Ddx4-positive ovarian cells and monitor their development in vivo and in 

vitro, so as to determine whether Ddx4-positive ovarian cells are mitotically active. 

7. Verify whether other mitotically active ovarian cells can develop into germline cells in 

the postnatal mouse ovary. 
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3 RESULTS 

 

3.1 Paper I 

Two classes of ovarian primordial follicles exhibit distinct developmental dynamics and 

physiological functions  

 

In this study, we first showed that the Foxl2-CreERT2;mT/mG mouse model can be used to 

label the first wave of primordial follicles in the mouse ovary by injecting tamoxifen to the 

pregnant females at 16.5 dpc. The labeled first wave of primordial follicles dominated the 

growing follicle pool at early age, and diminished gradually. They contributed to the 

ovulation in young adulthood and were exhausted from the mouse ovary by 3 months of age. 

On the other hand, the unlabeled adult wave of primordial follicles progressively replaced the 

first wave of primordial follicles in the growing follicle pool and became the only source of 

ovulated follicles by 3 months of age.  

 

We next labeled the adult wave of primordial follicles in the Sohlh1-CreERT2;R26R mouse 

ovary by tamoxifen administration at 3 months of age. We traced the development of labeled 

follicles and calculated that it took at least 7 days, 23 days, 37 days and 47 days for adult 

primordial follicles to reach primary, secondary, early antral and antral stage. We also found 

that the primordial follicle pool labeled at 3 months of age persisted in the ovary until the end of 

productive life. 

 

Collectively, we have depicted the lifelong developmental dynamics of ovarian primordial 

follicles under the physiological conditions, and have clearly shown that two classes of 

primordial follicles follow distinct, age-dependent developmental paths and play different 

roles in the mammalian reproductive lifespan. 
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3.2 Paper II 

Experimental evidence showing that no mitotically active female germline progenitors exist in 

postnatal mouse ovaries 

 

In this study, we first transplanted EGFP-expressing ovarian cells from 12.5 dpc Rosa26rbw/+

fetuses into the ovaries of 2-month-old WT C57BL/6 female mice. Four weeks later, EGFP-

positive follicles at various developmental stages were observed in the recipient ovary, and 

these regenerated follicles persisted there for at least four more weeks. However, all EGFP-

positive follicles were found to be composed by EGFP-positive oocytes and granulosa cells, 

indicating that these neo follicles were all formed by cells that were derived from the 

transplanted embryonic gonadal cells, whereas no oocytes or granulosa cells from the 

recipient ovary contributed to the neo-folliculogenesis. We then pre-conditioned the adult 

mouse ovary with chemotherapy drugs busulfan and cyclophosphamide and repeated the 

above mentioned transplantation experiment. Still all neo follicles were found to contain 

EGFP-positive oocytes and granulosa cells. Therefore, the adult mouse ovary was permissive 

for neo-folliculogenesis, but no cell from the adult mouse ovary can be enclosed into the neo 

follicles, even if the ovary was pre-sterilized by chemotherapy drugs.  

 

Next, we cultured the ovarian cells from the Rosa26
rbw/+;

Ddx4-Cre postnatal mouse ovary and 

studied the mitotic division of Ddx4-positive cells in vitro by live-cell imaging. The testicular 

cells from Rosa26
rbw/+;

Ddx4-Cre males were used as the positive control. It was found that 

none of the 1517 Ddx4-positive ovarian cells monitored underwent mitosis during the 72-h 

culture, whereas 263 Ddx4-positive testicular cells (spermatogonial stem cells) examined 

divided 2 to 3 times under the same culture condition. This result showed that the Ddx4-

positive cells in the postnatal mouse ovary were mitotically inactive. 

 

We then cultured the ovarian cells for long term. We observed that only Ddx4-negative cells 

were mitotically active and formed cell colonies during the in vitro culture. Semi-quantitative 

RT-PCR showed that no pluripotent stem cell marker Sox2 or germline markers Oct4, Stella, 

or Ddx4, were expressed in these clonal cells. To verify whether such Ddx4-negative clonal 

cells can differentiate into germline cells in vivo, we first transplanted these cells into adult 

mouse ovaries and found that no transplanted cell differentiated into oocyte or other Ddx4-

positive germline cell in the recipient ovary. We next mixed these clonal cells with 14.5 dpc 
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embryonic ovarian cells to generate reconstituted ovarian tissues and transplanted them under 

the kidney capsules of recipient mice. Still no oocyte or Ddx4-positive germline cell was 

found to be derived from the clonal cells.  These results showed that the mitotically active 

Ddx4-negative ovarian cells that can form colonies during the in vitro culture were neither 

germline cells nor germline cell progenitors. 

 

Collectively, our results showed that the postnatal mouse ovary contained no mitotically active 

female germline progenitors. 
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4 CONCLUSIONS AND PERSPECTIVES 

 

The concept of a first wave of primordial follicles that is distinct from the adult primordial 

follicles raises an issue that has been overlooked by researchers for decades. In most studies 

on meiosis or early embryonic development, it is quite common to collect oocytes by 

stimulating follicle growth with pregnant mare’s serum gonadotropin (PMSG) and priming 

the ovulation with human chorionic gonadotropin (hCG) at around 3.5 to 4 weeks. However, 

the majority of the oocytes obtained with such a protocol are from the first wave of follicles. 

It still remains unclear whether the first wave of follicles fully represents the genetic and 

epigenetic features of adult primordial follicles. More studies are needed to evaluate the 

differences between the two populations of follicles at both the system and molecular levels. 

 

Although it was postulated in early studies that all growing follicles in the human ovary 

undergo atresia before the onset of puberty (Lintern-Moore et al., 1974; Peters et al., 1976; 

Valdes-Dapena, 1967), there is a lack of direct evidence to ascertain whether or not the first 

wave of follicles contribute to ovulation. Based on the recent follicular tracing study 

presented in this thesis (Zheng et al., 2014), it is possible that the fertility of women from 

puberty onset through young adulthood might rely on the first wave of follicles that are 

already activated at the fetal stage and that fertility in adulthood might rely on adult 

primordial follicles. The quality of human oocytes deteriorates with age (Gougeon, 1996). 

However, it has been reported that the dormant follicles in the ovarian cortex (i.e., the adult 

primordial follicles) of pre-pubertal girls exhibit compromised in vitro developmental 

potential compared to those from pubertal and adult women (Anderson et al., 2014). It also 

remains to be determined whether the oocytes of the first wave of follicles are of higher 

quality than those that develop from the adult primordial follicles. A recent study has 

proposed the use of medullary growing follicles for preserving fertility in young female 

cancer patients (Kristensen et al., 2011). The outcome of such studies might address questions 

about the oocyte viability of the first wave of primordial follicles. 

 

Based on the work to date, it is highly possible that no spontaneous regeneration of primordial 

follicles occurs to replenish the ovarian follicle pool in the mammalian ovary after birth. 

There is also a lack of comprehensive validation for the existence of OSCs in mammals. So 

far the strategies to generate patient-specific iPSCs have been well developed and 
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standardized (Maherali and Hochedlinger, 2008; Wu and Hochedlinger, 2011). In contrast, 

even if OSCs do exist in postnatal human ovaries, it is technically more demanding to isolate 

sufficient OSCs from limited ovarian biopsies of patients. From this point of view, it is more 

promising to regenerate of primordial follicles from ESCs or iPSCs, rather than OSCs, for 

combating ovarian aging and treating female infertility.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

24



25 

 

5 ACKNOWLEDGEMENTS 

 

It has been 6 years since I came to Sweden. I would like to give my gratitude to all the people 

in Umeå and Göteborg who helped me through this period. Tack så mycket! 

 

First of all, I would like to express my sincere appreciation to my supervisor, Prof. Kui Liu, 

for allowing me to conduct my PhD study under his guidance, for sharing with me his 

knowledge in both science and life, and for his encouragement and continuous support 

through the course of my study. I will benefit from what I learned from him in my future 

career. 

 

I would like to thank Dr. Hsueh in Stanford, for exchanging his challenging and enriching 

ideas with me. Dr. Hsueh is such a wise and respectful scientist that his thoughts inspire 

people around him to do great science. The Ovarian Kaleidoscope Database developed by Dr. 

Hsueh is very helpful to my research. 

 

I would like to thank Marc in CMB, for being so supportive during my initial days in 

Göteborg, and for his valuable advice on my career development. Also many thanks to Peter 

in CMB for providing the powerful color-changing mouse to us, my follicle-tracing study 

wouldn´t succeed without it. 

 

I would like to thank all the present and past members in Kui’s group, especially Hua, Deepak 

and Nagaraju, for helping me with experiments and mice work; Rebecca, for helping me with 

papers in Swedish and reagents ordering; Sanjiv and Kiran, for the company in the lab. 

Special thanks to Emma and Teres in EBM, for taking good care of my mice. 

 

To Ingrid and Clas in MedChem, you are the first two Swedes I got to know in Sweden. Your 

kind help saved me from various troubles in my early times in Sweden. It was so nice to have 

you as the administrative staffs in MedChem. Good luck with your work! 

 

To Yuyu and Gustav, thank you both for making such great Swedish and Chinese dishes for 

Ting and me. Your hospitality made us feel at home in the cold and dark winter in Umeå. To 

Guo family (Yongzhi, Jie, Jingting, and Jingrui), Zhang family (Hua, Xin, Mia, and ??), and 

25



26 

 

Chen family (Bisheng, Min and Ruixue), it is my great pleasure to know you in Sweden. Long 

live our friendship! 

 

At last, I owe my innermost gratitude to my parents and parents-in-law for their endless love 

and support. Ting, my wife and friend, thanks for your love and everything you have done for 

me. Jingyan, my lovely son, you are the most important achievement of my life, thanks for the 

happiness you bring to me. 

  

26



27 

 

6 REFERENCES 

 

1. Adhikari, D., and Liu, K. (2009). Molecular mechanisms underlying the activation of 

mammalian primordial follicles. Endocrine Review 30, 438-464. 

2. Albertini, D.F. (2004). Micromanagement of the ovarian follicle reserve - do stem cells play 

into the ledger? Reproduction 127, 513-514. 

3. Anderson, R.A., McLaughlin, M., Wallace, W.H., Albertini, D.F., and Telfer, E.E. (2014). The 

immature human ovary shows loss of abnormal follicles and increasing follicle developmental 

competence through childhood and adolescence. Human Reproduction 29, 97-106. 

4. Baker, S.J., and Spears, N. (1999). The role of intra-ovarian interactions in the regulation of 

follicle dominance. Human Reproduction Update 5, 153-165. 

5. Ballow, D., Meistrich, M.L., Matzuk, M., and Rajkovic, A. (2006a). Sohlh1 is essential for 

spermatogonial differentiation. Developmental Biology 294, 161-167. 

6. Ballow, D.J., Xin, Y., Choi, Y., Pangas, S.A., and Rajkovic, A. (2006b). Sohlh2 is a germ cell-

specific bHLH transcription factor. Gene Expression Patterns 6, 1014-1018. 

7. Barrios, F., Filipponi, D., Campolo, F., Gori, M., Bramucci, F., Pellegrini, M., Ottolenghi, S., 

Rossi, P., Jannini, E.A., and Dolci, S. (2012). SOHLH1 and SOHLH2 control Kit expression 

during postnatal male germ cell development. Journal of Cell Science 125, 1455-1464. 

8. Begum, S., Papaioannou, V.E., and Gosden, R.G. (2008). The oocyte population is not renewed 

in transplanted or irradiated adult ovaries. Human Reproduction 23, 2326-2330. 

9. Bendel-Stenzel, M., Anderson, R., Heasman, J., and Wylie, C. (1998). The origin and migration 

of primordial germ cells in the mouse. Seminars in Cell & Developmental Biology 9, 393-400. 

10. Borum, K. (1967). Oogenesis in the mouse. A study of the origin of the mature ova. 

Experimental Cell Research 45, 39-47. 

11. Bradley, A., Evans, M., Kaufman, M.H., and Robertson, E. (1984). Formation of germ-line 

chimaeras from embryo-derived teratocarcinoma cell lines. Nature 309, 255-256. 

12. Bristol-Gould, S.K., Kreeger, P.K., Selkirk, C.G., Kilen, S.M., Mayo, K.E., Shea, L.D., and 

Woodruff, T.K. (2006). Fate of the initial follicle pool: empirical and mathematical evidence 

supporting its sufficiency for adult fertility. Developmental Biology 298, 149-154. 

13. Burns, K.H., and Matzuk, M.M. (2002). Minireview: genetic models for the study of 

gonadotropin actions. Endocrinology 143, 2823-2835. 

14. Carrera, P., Johnstone, O., Nakamura, A., Casanova, J., Jackle, H., and Lasko, P. (2000). VASA 

mediates translation through interaction with a Drosophila yIF2 homolog. Molecular Cell 5, 

181-187. 

27



28 

 

15. Castrillon, D.H., Quade, B.J., Wang, T.Y., Quigley, C., and Crum, C.P. (2000). The human 

VASA gene is specifically expressed in the germ cell lineage. Proceedings of the National 

Academy of Sciences of the United States of America 97, 9585-9590. 

16. Chen, Y., Breen, K., and Pepling, M.E. (2009). Estrogen can signal through multiple pathways 

to regulate oocyte cyst breakdown and primordial follicle assembly in the neonatal mouse 

ovary. The Journal of Endocrinology 202, 407-417. 

17. Chen, Y., Jefferson, W.N., Newbold, R.R., Padilla-Banks, E., and Pepling, M.E. (2007). 

Estradiol, progesterone, and genistein inhibit oocyte nest breakdown and primordial follicle 

assembly in the neonatal mouse ovary in vitro and in vivo. Endocrinology 148, 3580-3590. 

18. Childs, A.J., Saunders, P.T., and Anderson, R.A. (2008). Modelling germ cell development in 

vitro. Molecular Human Reproduction 14, 501-511. 

19. Crisponi, L., Deiana, M., Loi, A., Chiappe, F., Uda, M., Amati, P., Bisceglia, L., Zelante, L., 

Nagaraja, R., Porcu, S., et al. (2001). The putative forkhead transcription factor FOXL2 is 

mutated in blepharophimosis/ptosis/epicanthus inversus syndrome. Nature Genetics 27, 159-

166. 

20. Danner, S., Kajahn, J., Geismann, C., Klink, E., and Kruse, C. (2007). Derivation of oocyte-like 

cells from a clonal pancreatic stem cell line. Molecular Human Reproduction 13, 11-20. 

21. De Baere, E., Dixon, M.J., Small, K.W., Jabs, E.W., Leroy, B.P., Devriendt, K., Gillerot, Y., 

Mortier, G., Meire, F., Van Maldergem, L., et al. (2001). Spectrum of FOXL2 gene mutations in 

blepharophimosis-ptosis-epicanthus inversus (BPES) families demonstrates a genotype--

phenotype correlation. Human Molecular Genetics 10, 1591-1600. 

22. Donovan, P.J., Stott, D., Cairns, L.A., Heasman, J., and Wylie, C.C. (1986). Migratory and 

postmigratory mouse primordial germ cells behave differently in culture. Cell 44, 831-838. 

23. Durlinger, A.L., Gruijters, M.J., Kramer, P., Karels, B., Kumar, T.R., Matzuk, M.M., Rose, 

U.M., de Jong, F.H., Uilenbroek, J.T., Grootegoed, J.A., et al. (2001). Anti-Mullerian hormone 

attenuates the effects of FSH on follicle development in the mouse ovary. Endocrinology 142, 

4891-4899. 

24. Durlinger, A.L., Kramer, P., Karels, B., de Jong, F.H., Uilenbroek, J.T., Grootegoed, J.A., and 

Themmen, A.P. (1999). Control of primordial follicle recruitment by anti-Mullerian hormone in 

the mouse ovary. Endocrinology 140, 5789-5796. 

25. Dyce, P.W., Wen, L., and Li, J. (2006). In vitro germline potential of stem cells derived from 

fetal porcine skin. Nature Cell Biology 8, 384-390. 

26. Eggan, K., Jurga, S., Gosden, R., Min, I.M., and Wagers, A.J. (2006). Ovulated oocytes in adult 

mice derive from non-circulating germ cells. Nature 441, 1109-1114. 

27. Eppig, J.J. (1991). Intercommunication between mammalian oocytes and companion somatic 

cells. BioEssays 13, 569-574. 

28



29 

 

28. Eppig, J.J., Bivens, C.M., Viveiros, M.M., and de la Fuente, R. (2003). Chapter 7 - Regulation 

of Mammalian Oocyte Maturation. In The Ovary (Second Edition) (San Diego: Academic 

Press), pp. 113-IX. 

29. Eppig, J.J., and Handel, M.A. (2012). Origins of granulosa cells clarified and complexified by 

waves. Biology of Reproduction 86, 34. 

30. Eppig, J.J., O'Brien, M.J., Wigglesworth, K., Nicholson, A., Zhang, W., and King, B.A. (2009). 

Effect of in vitro maturation of mouse oocytes on the health and lifespan of adult offspring. 

Human Reproduction 24, 922-928. 

31. Fabioux, C., Corporeau, C., Quillien, V., Favrel, P., and Huvet, A. (2009). In vivo RNA 

interference in oyster--vasa silencing inhibits germ cell development. The FEBS Journal 276, 

2566-2573. 

32. Fujiwara, T., Dunn, N.R., and Hogan, B.L. (2001). Bone morphogenetic protein 4 in the 

extraembryonic mesoderm is required for allantois development and the localization and 

survival of primordial germ cells in the mouse. Proceedings of the National Academy of 

Sciences of the United States of America 98, 13739-13744. 

33. Fujiwara, Y., Komiya, T., Kawabata, H., Sato, M., Fujimoto, H., Furusawa, M., and Noce, T. 

(1994). Isolation of a DEAD-family protein gene that encodes a murine homolog of Drosophila 

vasa and its specific expression in germ cell lineage. Proceedings of the National Academy of 

Sciences of the United States of America 91, 12258-12262. 

34. Gallardo, T., Shirley, L., John, G.B., and Castrillon, D.H. (2007). Generation of a germ cell-

specific mouse transgenic Cre line, Vasa-Cre. Genesis 45, 413-417. 

35. Geijsen, N., Horoschak, M., Kim, K., Gribnau, J., Eggan, K., and Daley, G.Q. (2004). 

Derivation of embryonic germ cells and male gametes from embryonic stem cells. Nature 427, 

148-154. 

36. Ghabrial, A., and Schupbach, T. (1999). Activation of a meiotic checkpoint regulates translation 

of Gurken during Drosophila oogenesis. Nature Cell Biology 1, 354-357. 

37. Ginsburg, M., Snow, M.H., and McLaren, A. (1990). Primordial germ cells in the mouse 

embryo during gastrulation. Development 110, 521-528. 

38. Gosden, R.G. (2004). Germline stem cells in the postnatal ovary: is the ovary more like a testis? 

Human Reproduction Update 10, 193-195. 

39. Gougeon, A. (1996). Regulation of ovarian follicular development in primates: facts and 

hypotheses. Endocrine Review 17, 121-155. 

40. Groen-Klevant, A.C. (1981). An autoradiographic study of follicle growth in the ovaries of 

cyclic rats. Acta Endocrinologica 96, 377-381. 

41. Gruidl, M.E., Smith, P.A., Kuznicki, K.A., McCrone, J.S., Kirchner, J., Roussell, D.L., Strome, 

S., and Bennett, K.L. (1996). Multiple potential germ-line helicases are components of the 

29



30 

 

germ-line-specific P granules of Caenorhabditis elegans. Proceedings of the National Academy 

of Sciences of the United States of America 93, 13837-13842. 

42. Guigon, C.J., and Magre, S. (2006). Contribution of germ cells to the differentiation and 

maturation of the ovary: insights from models of germ cell depletion. Biology of Reproduction 

74, 450-458. 

43. Gustafson, E.A., and Wessel, G.M. (2010). Vasa genes: emerging roles in the germ line and in 

multipotent cells. BioEssays 32, 626-637. 

44. Hage, A.J., Groen-Klevant, A.C., and Welschen, R. (1978). Follicle growth in the immature rat 

ovary. Acta Endocrinologica 88, 375-382. 

45. Hao, J., Yamamoto, M., Richardson, T.E., Chapman, K.M., Denard, B.S., Hammer, R.E., Zhao, 

G.Q., and Hamra, F.K. (2008). Sohlh2 knockout mice are male-sterile because of degeneration 

of differentiating type A spermatogonia. Stem Cells 26, 1587-1597. 

46. Hashimoto, K., Noguchi, M., and Nakatsuji, N. (1992). Mouse Offspring Derived from Fetal 

Ovaries or Reaggregates Which were Cultured and Transplanted into Adult Females. 

Development, Growth & Differentiation 34, 233-238. 

47. Hay, B., Jan, L.Y., and Jan, Y.N. (1988). A protein component of Drosophila polar granules is 

encoded by vasa and has extensive sequence similarity to ATP-dependent helicases. Cell 55, 

577-587. 

48. Hayashi, K., Ogushi, S., Kurimoto, K., Shimamoto, S., Ohta, H., and Saitou, M. (2012). 

Offspring from oocytes derived from in vitro primordial germ cell-like cells in mice. Science 

338, 971-975. 

49. Hayashi, K., Ohta, H., Kurimoto, K., Aramaki, S., and Saitou, M. (2011). Reconstitution of the 

mouse germ cell specification pathway in culture by pluripotent stem cells. Cell 146, 519-532. 

50. Hayashi, K., and Saitou, M. (2013). Generation of eggs from mouse embryonic stem cells and 

induced pluripotent stem cells. Nature Protocols 8, 1513-1524. 

51. Hickford, D.E., Frankenberg, S., Pask, A.J., Shaw, G., and Renfree, M.B. (2011). DDX4 

(VASA) is conserved in germ cell development in marsupials and monotremes. Biology of 

Reproduction 85, 733-743. 

52. Hilscher, B., Hilscher, W., Bulthoff-Ohnolz, B., Kramer, U., Birke, A., Pelzer, H., and Gauss, 

G. (1974). Kinetics of gametogenesis. I. Comparative histological and autoradiographic studies 

of oocytes and transitional prospermatogonia during oogenesis and prespermatogenesis. Cell 

and Tissue Research 154, 443-470. 

53. Hirshfield, A.N. (1991). Development of follicles in the mammalian ovary. International 

Review of Cytology 124, 43-101. 

54. Hirshfield, A.N. (1992). Heterogeneity of cell populations that contribute to the formation of 

primordial follicles in rats. Biology of Reproduction 47, 466-472. 

30



31 

 

55. Hirshfield, A.N., and DeSanti, A.M. (1995). Patterns of ovarian cell proliferation in rats during 

the embryonic period and the first three weeks postpartum. Biology of Reproduction 53, 1208-

1221. 

56. Hoage, T.R., and Cameron, I.L. (1976). Folliculogenesis in the ovary of the mature mouse: a 

radioautographic study. Anatomical Record 184, 699-709. 

57. Hu, Y., Bai, Y., Chu, Z., Wang, J., Wang, L., Yu, M., Lian, Z., and Hua, J. (2012). GSK3 

inhibitor-BIO regulates proliferation of female germline stem cells from the postnatal mouse 

ovary. Cell Proliferation 45, 287-298. 

58. Hubner, K., Fuhrmann, G., Christenson, L.K., Kehler, J., Reinbold, R., De La Fuente, R., 

Wood, J., Strauss, J.F., 3rd, Boiani, M., and Scholer, H.R. (2003). Derivation of oocytes from 

mouse embryonic stem cells. Science 300, 1251-1256. 

59. Ikenishi, K., and Tanaka, T.S. (1997). Involvement of the protein of Xenopus vasa homolog 

(Xenopus vasa-like gene 1, XVLG1) in the differentiation of primordial germ cells. 

Development, Growth & Differentiation 39, 625-633. 

60. Jagarlamudi, K., and Rajkovic, A. (2012). Oogenesis: transcriptional regulators and mouse 

models. Molecular and Cellular Endocrinology 356, 31-39. 

61. John, G.B., Gallardo, T.D., Shirley, L.J., and Castrillon, D.H. (2008). Foxo3 is a PI3K-

dependent molecular switch controlling the initiation of oocyte growth. Developmental Biology 

321, 197-204. 

62. Johnson, J., Bagley, J., Skaznik-Wikiel, M., Lee, H.J., Adams, G.B., Niikura, Y., Tschudy, K.S., 

Tilly, J.C., Cortes, M.L., Forkert, R., et al. (2005). Oocyte generation in adult mammalian 

ovaries by putative germ cells in bone marrow and peripheral blood. Cell 122, 303-315. 

63. Johnson, J., Canning, J., Kaneko, T., Pru, J.K., and Tilly, J.L. (2004). Germline stem cells and 

follicular renewal in the postnatal mammalian ovary. Nature 428, 145-150. 

64. Johnstone, O., and Lasko, P. (2004). Interaction with eIF5B is essential for Vasa function 

during development. Development 131, 4167-4178. 

65. Jones, R.L., and Pepling, M.E. (2013). KIT signaling regulates primordial follicle formation in 

the neonatal mouse ovary. Developmental Biology 382, 186-197. 

66. Kaipia, A., and Hsueh, A.J. (1997). Regulation of ovarian follicle atresia. Annual Review of 

Physiology 59, 349-363. 

67. Kawamura, K., Cheng, Y., Suzuki, N., Deguchi, M., Sato, Y., Takae, S., Ho, C.H., Kawamura, 

N., Tamura, M., Hashimoto, S., et al. (2013). Hippo signaling disruption and Akt stimulation of 

ovarian follicles for infertility treatment. Proceedings of the National Academy of Sciences of 

the United States of America 110, 17474-17479. 

31



32 

 

68. Kerr, J.B., Brogan, L., Myers, M., Hutt, K.J., Mladenovska, T., Ricardo, S., Hamza, K., Scott, 

C.L., Strasser, A., and Findlay, J.K. (2012). The primordial follicle reserve is not renewed after 

chemical or gamma-irradiation mediated depletion. Reproduction 143, 469-476. 

69. Kezele, P., Nilsson, E., and Skinner, M.K. (2002). Cell-cell interactions in primordial follicle 

assembly and development. Frontiers in Bioscience 7, d1990-1996. 

70. Kezele, P., and Skinner, M.K. (2003). Regulation of ovarian primordial follicle assembly and 

development by estrogen and progesterone: endocrine model of follicle assembly. 

Endocrinology 144, 3329-3337. 

71. Komiya, T., and Tanigawa, Y. (1995). Cloning of a gene of the DEAD box protein family 

which is specifically expressed in germ cells in rats. Biochemical and Biophysical Research 

Communications 207, 405-410. 

72. Konishi, I., Fujii, S., Okamura, H., Parmley, T., and Mori, T. (1986). Development of interstitial 

cells and ovigerous cords in the human fetal ovary: an ultrastructural study. Journal of Anatomy 

148, 121-135. 

73. Kristensen, S.G., Rasmussen, A., Byskov, A.G., and Andersen, C.Y. (2011). Isolation of pre-

antral follicles from human ovarian medulla tissue. Human Reproduction 26, 157-166. 

74. Kuramochi-Miyagawa, S., Watanabe, T., Gotoh, K., Takamatsu, K., Chuma, S., Kojima-Kita, 

K., Shiromoto, Y., Asada, N., Toyoda, A., Fujiyama, A., et al. (2010). MVH in piRNA 

processing and gene silencing of retrotransposons. Genes & Development 24, 887-892. 

75. Lange, U.C., Adams, D.J., Lee, C., Barton, S., Schneider, R., Bradley, A., and Surani, M.A. 

(2008). Normal germ line establishment in mice carrying a deletion of the Ifitm/Fragilis gene 

family cluster. Molecular and Cellular Biology 28, 4688-4696. 

76. Lawson, K.A., Dunn, N.R., Roelen, B.A., Zeinstra, L.M., Davis, A.M., Wright, C.V., Korving, 

J.P., and Hogan, B.L. (1999). Bmp4 is required for the generation of primordial germ cells in 

the mouse embryo. Genes & Development 13, 424-436. 

77. Lei, L., and Spradling, A.C. (2013). Female mice lack adult germ-line stem cells but sustain 

oogenesis using stable primordial follicles. Proceedings of the National Academy of Sciences of 

the United States of America 110, 8585-8590. 

78. Linder, P. (2006). Dead-box proteins: a family affair--active and passive players in RNP-

remodeling. Nucleic Acids Research 34, 4168-4180. 

79. Lintern-Moore, S., Peters, H., Moore, G.P., and Faber, M. (1974). Follicular development in the 

infant human ovary. Journal of Reproduction and Fertility 39, 53-64. 

80. Liu, N., Han, H., and Lasko, P. (2009). Vasa promotes Drosophila germline stem cell 

differentiation by activating mei-P26 translation by directly interacting with a (U)-rich motif in 

its 3' UTR. Genes & Development 23, 2742-2752. 

32



33 

 

81. Maherali, N., and Hochedlinger, K. (2008). Guidelines and techniques for the generation of 

induced pluripotent stem cells. Cell Stem Cell 3, 595-605. 

82. Matoba, S., and Ogura, A. (2011). Generation of functional oocytes and spermatids from fetal 

primordial germ cells after ectopic transplantation in adult mice. Biology of Reproduction 84, 

631-638. 

83. Matson, C.K., Murphy, M.W., Sarver, A.L., Griswold, M.D., Bardwell, V.J., and Zarkower, D. 

(2011). DMRT1 prevents female reprogramming in the postnatal mammalian testis. Nature 476, 

101-104. 

84. Matzuk, M.M., Burns, K.H., Viveiros, M.M., and Eppig, J.J. (2002). Intercellular 

communication in the mammalian ovary: oocytes carry the conversation. Science 296, 2178-

2180. 

85. McGee, E.A., and Hsueh, A.J. (2000). Initial and cyclic recruitment of ovarian follicles. 

Endocrine Review 21, 200-214. 

86. McLaren, A., and Southee, D. (1997). Entry of mouse embryonic germ cells into meiosis. 

Developmental Biology 187, 107-113. 

87. Mork, L., Maatouk, D.M., McMahon, J.A., Guo, J.J., Zhang, P., McMahon, A.P., and Capel, B. 

(2012). Temporal differences in granulosa cell specification in the ovary reflect distinct follicle 

fates in mice. Biology of Reproduction 86, 37. 

88. Nayernia, K., Nolte, J., Michelmann, H.W., Lee, J.H., Rathsack, K., Drusenheimer, N., Dev, A., 

Wulf, G., Ehrmann, I.E., Elliott, D.J., et al. (2006). In vitro-differentiated embryonic stem cells 

give rise to male gametes that can generate offspring mice. Developmental cell 11, 125-132. 

89. Neumuller, R.A., Betschinger, J., Fischer, A., Bushati, N., Poernbacher, I., Mechtler, K., Cohen, 

S.M., and Knoblich, J.A. (2008). Mei-P26 regulates microRNAs and cell growth in the 

Drosophila ovarian stem cell lineage. Nature 454, 241-245. 

90. Nilsson, E., Rogers, N., and Skinner, M.K. (2007). Actions of anti-Mullerian hormone on the 

ovarian transcriptome to inhibit primordial to primary follicle transition. Reproduction 134, 

209-221. 

91. Niswender, G.D., Juengel, J.L., McGuire, W.J., Belfiore, C.J., and Wiltbank, M.C. (1994). 

Luteal function: the estrous cycle and early pregnancy. Biology of Reproduction 50, 239-247. 

92. O'Brien, M.J., Pendola, J.K., and Eppig, J.J. (2003). A revised protocol for in vitro development 

of mouse oocytes from primordial follicles dramatically improves their developmental 

competence. Biology of Reproduction 68, 1682-1686. 

93. Oakberg, E.F. (1979). Timing of oocyte maturation in the mouse and its relevance to radiation-

induced cell killing and mutational sensitivity. Mutation Research 59, 39-48. 

94. Oakberg, E.F., and Tyrrell, P.D. (1975). Labeling the zona pellucida of the mouse oocyte. 

Biology of Reproduction 12, 477-482. 

33



34 

 

95. Oatley, J., and Hunt, P.A. (2012). Of Mice and (wo)Men: Purified Oogonial Stem Cells from 

Mouse and Human Ovaries. Biology of Reproduction 86, 196. 

96. Ohinata, Y., Payer, B., O'Carroll, D., Ancelin, K., Ono, Y., Sano, M., Barton, S.C., 

Obukhanych, T., Nussenzweig, M., Tarakhovsky, A., et al. (2005). Blimp1 is a critical 

determinant of the germ cell lineage in mice. Nature 436, 207-213. 

97. Ojeda, S.R., Urbanski, H.F., and Ahmed, C.E. (1986). The onset of female puberty: studies in 

the rat. Recent Progress in Hormone Research 42, 385-442. 

98. Ottolenghi, C., Omari, S., Garcia-Ortiz, J.E., Uda, M., Crisponi, L., Forabosco, A., Pilia, G., and 

Schlessinger, D. (2005). Foxl2 is required for commitment to ovary differentiation. Human 

Molecular Genetics 14, 2053-2062. 

99. Ottolenghi, C., Pelosi, E., Tran, J., Colombino, M., Douglass, E., Nedorezov, T., Cao, A., 

Forabosco, A., and Schlessinger, D. (2007). Loss of Wnt4 and Foxl2 leads to female-to-male 

sex reversal extending to germ cells. Human Molecular Genetics 16, 2795-2804. 

100. Ozhan-Kizil, G., Havemann, J., and Gerberding, M. (2009). Germ cells in the crustacean 

Parhyale hawaiensis depend on Vasa protein for their maintenance but not for their formation. 

Developmental Biology 327, 230-239. 

101. Pacchiarotti, J., Maki, C., Ramos, T., Marh, J., Howerton, K., Wong, J., Pham, J., Anorve, S., 

Chow, Y.C., and Izadyar, F. (2010). Differentiation potential of germ line stem cells derived 

from the postnatal mouse ovary. Differentiation 79, 159-170. 

102. Pangas, S.A., Choi, Y., Ballow, D.J., Zhao, Y., Westphal, H., Matzuk, M.M., and Rajkovic, A. 

(2006). Oogenesis requires germ cell-specific transcriptional regulators Sohlh1 and Lhx8. 

Proceedings of the National Academy of Sciences of the United States of America 103, 8090-

8095. 

103. Payer, B., Saitou, M., Barton, S.C., Thresher, R., Dixon, J.P., Zahn, D., Colledge, W.H., 

Carlton, M.B., Nakano, T., and Surani, M.A. (2003). Stella is a maternal effect gene required for 

normal early development in mice. Current biology 13, 2110-2117. 

104. Pedersen, T. (1969). Follicle growth in the immature mouse ovary. Acta Endocrinologica 62, 

117-132. 

105. Pedersen, T. (1970). Follicle kinetics in the ovary of the cyclic mouse. Acta Endocrinologica 

64, 304-323. 

106. Pedersen, T., and Peters, H. (1968). Proposal for a classification of oocytes and follicles in the 

mouse ovary. Journal of Reproduction and Fertility 17, 555-557. 

107. Pepling, M.E. (2006). From primordial germ cell to primordial follicle: mammalian female 

germ cell development. Genesis 44, 622-632. 

108. Pepling, M.E. (2012). Follicular assembly: mechanisms of action. Reproduction 143, 139-149. 

34



35 

 

109. Pepling, M.E., and Spradling, A.C. (1998). Female mouse germ cells form synchronously 

dividing cysts. Development 125, 3323-3328. 

110. Pepling, M.E., and Spradling, A.C. (2001). Mouse ovarian germ cell cysts undergo programmed 

breakdown to form primordial follicles. Developmental Biology 234, 339-351. 

111. Pepling, M.E., Sundman, E.A., Patterson, N.L., Gephardt, G.W., Medico, L., Jr., and Wilson, 

K.I. (2010). Differences in oocyte development and estradiol sensitivity among mouse strains. 

Reproduction 139, 349-357. 

112. Peters, H., Himelstein-Braw, R., and Faber, M. (1976). The normal development of the ovary in 

childhood. Acta Endocrinologica 82, 617-630. 

113. Popova, E., Krivokharchenko, A., Ganten, D., and Bader, M. (2002). Comparison between 

PMSG- and FSH-induced superovulation for the generation of transgenic rats. Molecular 

Reproduction and Development 63, 177-182. 

114. Rajkovic, A., Pangas, S.A., Ballow, D., Suzumori, N., and Matzuk, M.M. (2004). NOBOX 

deficiency disrupts early folliculogenesis and oocyte-specific gene expression. Science 305, 

1157-1159. 

115. Reddy, P., Adhikari, D., Zheng, W., Liang, S., Hamalainen, T., Tohonen, V., Ogawa, W., Noda, 

T., Volarevic, S., Huhtaniemi, I., et al. (2009). PDK1 signaling in oocytes controls reproductive 

aging and lifespan by manipulating the survival of primordial follicles. Human Molecular 

Genetics 18, 2813-2824. 

116. Reddy, P., Deguchi, M., Cheng, Y., and Hsueh, A.J. (2013). Actin cytoskeleton regulates Hippo 

signaling. PLoS One 8, e73763. 

117. Reddy, P., Liu, L., Adhikari, D., Jagarlamudi, K., Rajareddy, S., Shen, Y., Du, C., Tang, W., 

Hamalainen, T., Peng, S.L., et al. (2008). Oocyte-specific deletion of Pten causes premature 

activation of the primordial follicle pool. Science 319, 611-613. 

118. Reddy, P., Zheng, W., and Liu, K. (2010). Mechanisms maintaining the dormancy and survival 

of mammalian primordial follicles. Trends in Endocrinology and Metabolism 21, 96-103. 

119. Richards, J.S., Russell, D.L., Ochsner, S., Hsieh, M., Doyle, K.H., Falender, A.E., Lo, Y.K., and 

Sharma, S.C. (2002). Novel signaling pathways that control ovarian follicular development, 

ovulation, and luteinization. Recent Progress in Hormone Research 57, 195-220. 

120. Saitou, M., Barton, S.C., and Surani, M.A. (2002). A molecular programme for the specification 

of germ cell fate in mice. Nature 418, 293-300. 

121. Saitou, M., and Yamaji, M. (2012). Primordial germ cells in mice. Cold Spring Harbor 

perspectives in biology 4. 

122. Schmidt, D., Ovitt, C.E., Anlag, K., Fehsenfeld, S., Gredsted, L., Treier, A.C., and Treier, M. 

(2004). The murine winged-helix transcription factor Foxl2 is required for granulosa cell 

differentiation and ovary maintenance. Development 131, 933-942. 

35



36 

 

123. Schumer, S.T., and Cannistra, S.A. (2003). Granulosa cell tumor of the ovary. Journal of 

Clinical Oncology 21, 1180-1189. 

124. Schüpbach, T., and Wieschaus, E. (1986). Maternal-effect mutations altering the anterior-

posterior pattern of the Drosophila embryo. Roux's Archives of Developmental Biology 195, 

302-317. 

125. Shah, S.P., Kobel, M., Senz, J., Morin, R.D., Clarke, B.A., Wiegand, K.C., Leung, G., Zayed, 

A., Mehl, E., Kalloger, S.E., et al. (2009). Mutation of FOXL2 in granulosa-cell tumors of the 

ovary. The New England Journal of Medicine 360, 2719-2729. 

126. Soyal, S.M., Amleh, A., and Dean, J. (2000). FIGalpha, a germ cell-specific transcription factor 

required for ovarian follicle formation. Development 127, 4645-4654. 

127. Spiegelman, M., and Bennett, D. (1973). A light- and electron-microscopic study of primordial 

germ cells in the early mouse embryo. Journal of Embryology and Experimental Morphology 

30, 97-118. 

128. Styhler, S., Nakamura, A., Swan, A., Suter, B., and Lasko, P. (1998). Vasa is required for 

GURKEN accumulation in the oocyte, and is involved in oocyte differentiation and germline 

cyst development. Development 125, 1569-1578. 

129. Suzuki, H., Ahn, H.W., Chu, T., Bowden, W., Gassei, K., Orwig, K., and Rajkovic, A. (2012). 

SOHLH1 and SOHLH2 coordinate spermatogonial differentiation. Developmental Biology 361, 

301-312. 

130. Suzuki, H., Dann, C.T., and Rajkovic, A. (2013). Generation of a germ cell-specific mouse 

transgenic CHERRY reporter, Sohlh1-mCherryFlag. Genesis 51, 50-58. 

131. Tam, P.P., and Snow, M.H. (1981). Proliferation and migration of primordial germ cells during 

compensatory growth in mouse embryos. Journal of Embryology and Experimental Morphology 

64, 133-147. 

132. Tanaka, S.S., Toyooka, Y., Akasu, R., Katoh-Fukui, Y., Nakahara, Y., Suzuki, R., Yokoyama, 

M., and Noce, T. (2000). The mouse homolog of Drosophila Vasa is required for the 

development of male germ cells. Genes & Development 14, 841-853. 

133. Telfer, E.E. (2004). Germline stem cells in the postnatal mammalian ovary: a phenomenon of 

prosimian primates and mice? Reproductive Biology and Endocrinology 2, 24. 

134. Telfer, E.E., Gosden, R.G., Byskov, A.G., Spears, N., Albertini, D., Andersen, C.Y., Anderson, 

R., Braw-Tal, R., Clarke, H., Gougeon, A., et al. (2005). On regenerating the ovary and 

generating controversy. Cell 122, 821-822. 

135. Tingen, C., Kim, A., and Woodruff, T.K. (2009). The primordial pool of follicles and nest 

breakdown in mammalian ovaries. Molecular Human Reproduction 15, 795-803. 

136. Tomancak, P., Guichet, A., Zavorszky, P., and Ephrussi, A. (1998). Oocyte polarity depends on 

regulation of gurken by Vasa. Development 125, 1723-1732. 

36



37 

 

137. Toyoda, S., Miyazaki, T., Miyazaki, S., Yoshimura, T., Yamamoto, M., Tashiro, F., Yamato, E., 

and Miyazaki, J. (2009). Sohlh2 affects differentiation of KIT positive oocytes and 

spermatogonia. Developmental Biology 325, 238-248. 

138. Toyooka, Y., Tsunekawa, N., Akasu, R., and Noce, T. (2003). Embryonic stem cells can form 

germ cells in vitro. Proceedings of the National Academy of Sciences of the United States of 

America 100, 11457-11462. 

139. Toyooka, Y., Tsunekawa, N., Takahashi, Y., Matsui, Y., Satoh, M., and Noce, T. (2000). 

Expression and intracellular localization of mouse Vasa-homologue protein during germ cell 

development. Mechanisms of Development 93, 139-149. 

140. Tsunekawa, N., Naito, M., Sakai, Y., Nishida, T., and Noce, T. (2000). Isolation of chicken vasa 

homolog gene and tracing the origin of primordial germ cells. Development 127, 2741-2750. 

141. Uda, M., Ottolenghi, C., Crisponi, L., Garcia, J.E., Deiana, M., Kimber, W., Forabosco, A., 

Cao, A., Schlessinger, D., and Pilia, G. (2004). Foxl2 disruption causes mouse ovarian failure 

by pervasive blockage of follicle development. Human Molecular Genetics 13, 1171-1181. 

142. Uhlenhaut, N.H., Jakob, S., Anlag, K., Eisenberger, T., Sekido, R., Kress, J., Treier, A.C., 

Klugmann, C., Klasen, C., Holter, N.I., et al. (2009). Somatic sex reprogramming of adult 

ovaries to testes by FOXL2 ablation. Cell 139, 1130-1142. 

143. Valdes-Dapena, M.A. (1967). The normal ovary of childhood. Annals of the New York Academy 

of Sciences 142, 597-613. 

144. Wassarman, D.A., and Steitz, J.A. (1991). RNA splicing. Alive with DEAD proteins. Nature 

349, 463-464. 

145. White, Y.A., Woods, D.C., Takai, Y., Ishihara, O., Seki, H., and Tilly, J.L. (2012). Oocyte 

formation by mitotically active germ cells purified from ovaries of reproductive-age women. 

Nature Medicine 18, 413-421. 

146. Vincent, S.D., Dunn, N.R., Sciammas, R., Shapiro-Shalef, M., Davis, M.M., Calame, K., 

Bikoff, E.K., and Robertson, E.J. (2005). The zinc finger transcriptional repressor 

Blimp1/Prdm1 is dispensable for early axis formation but is required for specification of 

primordial germ cells in the mouse. Development 132, 1315-1325. 

147. Wu, S.M., and Hochedlinger, K. (2011). Harnessing the potential of induced pluripotent stem 

cells for regenerative medicine. Nature Cell Biology 13, 497-505. 

148. Yamaji, M., Seki, Y., Kurimoto, K., Yabuta, Y., Yuasa, M., Shigeta, M., Yamanaka, K., 

Ohinata, Y., and Saitou, M. (2008). Critical function of Prdm14 for the establishment of the 

germ cell lineage in mice. Nature Genetics 40, 1016-1022. 

149. Ying, Q.L., Wray, J., Nichols, J., Batlle-Morera, L., Doble, B., Woodgett, J., Cohen, P., and 

Smith, A. (2008). The ground state of embryonic stem cell self-renewal. Nature 453, 519-523. 

37



38 

 

150. Yoon, C., Kawakami, K., and Hopkins, N. (1997). Zebrafish vasa homologue RNA is localized 

to the cleavage planes of 2- and 4-cell-stage embryos and is expressed in the primordial germ 

cells. Development 124, 3157-3165. 

151. Yoshida, H., Takakura, N., Kataoka, H., Kunisada, T., Okamura, H., and Nishikawa, S.I. 

(1997). Stepwise requirement of c-kit tyrosine kinase in mouse ovarian follicle development. 

Developmental Biology 184, 122-137. 

152. Yoshinaga, K., Nishikawa, S., Ogawa, M., Hayashi, S., Kunisada, T., and Fujimoto, T. (1991). 

Role of c-kit in mouse spermatogenesis: identification of spermatogonia as a specific site of c-

kit expression and function. Development 113, 689-699. 

153. Yuan, J., Zhang, D., Wang, L., Liu, M., Mao, J., Yin, Y., Ye, X., Liu, N., Han, J., Gao, Y., et al. 

(2013). No evidence for neo-oogenesis may link to ovarian senescence in adult monkey. Stem 

Cells 31, 2538-2550. 

154. Zhang, H., Adhikari, D., Zheng, W., and Liu, K. (2013). Combating ovarian aging depends on 

the use of existing ovarian follicles, not on putative oogonial stem cells. Reproduction 146, 

R229-233. 

155. Zhang, H., Zheng, W., Shen, Y., Adhikari, D., Ueno, H., and Liu, K. (2012). Experimental 

evidence showing that no mitotically active female germline progenitors exist in postnatal 

mouse ovaries. Proceedings of the National Academy of Sciences of the United States of 

America 109, 12580-12585. 

156. Zhang, Y., Yang, Z., Yang, Y., Wang, S., Shi, L., Xie, W., Sun, K., Zou, K., Wang, L., Xiong, 

J., et al. (2011). Production of transgenic mice by random recombination of targeted genes in 

female germline stem cells. Journal of Molecular Cell biology 3, 132-141. 

157. Zheng, W., Nagaraju, G., Liu, Z., and Liu, K. (2012). Functional roles of the 

phosphatidylinositol 3-kinases (PI3Ks) signaling in the mammalian ovary. Molecular and 

cellular Endocrinology 356, 24-30. 

158. Zheng, W., Zhang, H., Gorre, N., Risal, S., Shen, Y., and Liu, K. (2014). Two classes of ovarian 

primordial follicles exhibit distinct developmental dynamics and physiological functions. 

Human Molecular Genetics 23, 920-928. 

159. Zou, K., Yuan, Z., Yang, Z., Luo, H., Sun, K., Zhou, L., Xiang, J., Shi, L., Yu, Q., Zhang, Y., et 

al. (2009). Production of offspring from a germline stem cell line derived from neonatal ovaries. 

Nature Cell Biology 11, 631-636. 

160. Zuckerman, S. (1951). The Number of Oocytes in the Mature Ovary. Recent Progress in 

Hormone Research 6, 63-109. 

 

38




