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Comparative vertebrate oogenesis (1)
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Within ovaries, follicles have different fates to form a well-balanced population. Non-growing, quiescent
follicles (QF) constitute the stockpile of available follicles for reproduction. They are continuously
recruited into the growing follicle (GF) pool according to a tightly regulated dynamics. The maturation
of follicles proceeds through successive growth stages and culminates for a few of them at ovulation by
the release of the mature oocyte. The vast majority of follicles degenerates by a physiological process
named follicular atresia, which may occur at any stage. Follicular atresia corresponds to the death of
the oocyte and/or of its surrounding granulosa cells in the follicle. Accelerated exhaustion of follicle
is a cause of premature ovarian failure, and disrupted growth leads to fertility disorders. Controling
the follicle population distribution, through the recruitment and subsequent maturation of follicles is a
critical issue for fertility, which is at the heart of assisted reproductive technologies.
Partner 2 and others have shown that the first pre-pubertal waves of GFs already participate in the
establishment of the reproductive function [1, 2], even though their mechanistic role is not clear. More
generally, how the growing and non-growing follicle populations evolve and how they interact with
each other to ensure regular ovulations throughout reproductive lifespan remains elusive. The current
hypothesis is that they establish a dialogue, possibly via the signals produced by GFs, such as the
anti-müllerian hormone (AMH), a growth factor of the TGF� superfamily that is exclusively expressed
in GFs.
Using population dynamics modeling developed by Partner 1 [3], and animal models developed by
Partner 2 and 3, allowing the monitoring of the whole follicle population in physiological and perturbed
situations, the objectives of OVOPAUSE are to quantify the main processes involved in the control and
aging of germ cell pools throughout lifespan, in order to bring mechanistic explanations of physiological
and pathological health conditions, and to shed light on potential action levers to improve reproductive
lifespan.

b. Position of the project as it relates to the state of the art

Using animal models to obtain quantitative information on follicle dynamics
Given the major ethical and technical difficulties to number germ cells in women (except in large
follicles, where the cavity can be visualized through ultrasonography), quantitative data on whole
germ cell dynamics are extremely scarce. Exhaustive ovarian follicle counting remains an invasive
and extremely tedious task, which explains that densely sampled age-dependent follicle counts are not
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Figure 1: General dynamics of the follicle population in mammals (left) and fish (right), and modeling viewpoint
developed in OVOPAUSE. Follicles are either grouped into successive growth stages that display marked morphological
features (left subgraphs) or the entire population is structured by follicle size (right middle graph). In both cases, the
follicle population evolves through aging. Adapted from [3] and [4].
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Comparative vertebrate oogenesis (2)

the vitellogenesis stage, is the period when oocytes grow fast due to the
accumulation of yolk in the cytoplasm. Stage IV (690–730 μm in dia-
meter), the mature egg stage, is when the oocytes become translucent
during oocyte maturation due to the cleavage of yolk proteins, and
germinal vesicle breakdown followed by the release of the first polar
body. Stage V (730–750 μm in diameter), the oocytes are expulsed from
the follicles in the process of ovulation into the ovarian cavity until it is
spawned as eggs during mating.

Similar to other vertebrates, the general process of ovarian devel-
opment in zebrafish can be classified into several major steps: (1) PGCs
and SGCs development, (2) from cyst to individual oocyte (from stage
IA to stage IB), (3) follicle activation (from stage IB to stage II), (4)
follicle growth (vitellogenesis, stage III), (5) oocyte maturation (stage
IV), and (6) ovulation (stage V).

4. Targeted gene knockout studies on zebrafish ovarian
development

In the last five years, dozens of genes related to ovarian develop-
ment have been knocked out in zebrafish. Each gene often has multiple
functions in several aspects of ovarian development. To facilitate
reading, these genes will be briefly summarized below according to the
major defects in each step of ovarian development found in knockout
studies in zebrafish (Fig. 2 and Table 1).

4.1. PGCs and SGCs development

Unlike mammals, germ cell fate in zebrafish is determined by the
inheritance of the germ plasm in fertilized eggs. The germ plasm is a
maternally-derived cytoplasm composed of RNA and RNA-binding
proteins (Raz, 2003). It is first formed at the distal end of the cleavage
furrows at the 2- and 4-cell stage embryos (Yoon et al., 1997). At the
32-cell stage, four cells have obtained the germ plasm aggregates and

become presumptive PGCs (Braat et al., 1999). The PGC number during
the blastula stages has been estimated to be five. From the dome stage,
PGCs start to migrate to the future gonad area while proliferating at the
same time. During the first day of embryonic development, PGCs mi-
grate from the positions where they are formed towards the future
gonad area. At 24 h post fertilization (hpf), the migration of PGCs is
complete and there are between 25 and 50 PGCs at the future gonad
area (Weidinger et al., 2002). Between 1 and 8 dpf, germ cell numbers
do not appear to increase (Leerberg et al., 2017; Tzung et al., 2015). At
5 dpf, PGCs will coalesce with SGCs (Braat et al., 1999). At 10 dpf, these
SGCs surrounding the germ cells further differentiate into two layers
including an inner mesenchymal-like layer and an outer epithelial layer
(Leerberg et al., 2017). The PGCs in zebrafish can be readily detected by
marker genes and the migration process is completed within the first
day of development. Hence, the zebrafish is an excellent in vivo model
for investigating the migration of PGCs. Since the first PGC marker Vasa
was found in zebrafish in 1997 (Yoon et al., 1997), a dozen genes in
regulating PGC formation and migration have been identified (Xu et al.,
2010). In contrast to many studies on PGCs, very little attention has
been paid to genetic regulation of early somatic gonad development in
zebrafish.

Recently, using gene knockout studies, several genes involved in the
development of PGCs and SGCs have been identified in zebrafish. A
hormone GnRH3 has been found to regulate PGC proliferation (Feng
et al., 2019). Some factors such as miRNA-202-5p (Jin et al., 2019),
Hsp90aa1.2 (Pfeiffer et al., 2018) and Cftr (Liao et al., 2018) have been
revealed for the first time in vertebrates to be involved in PGC migra-
tion. A dnd gene mutant zebrafish was recently established for making a
sterile recipient for germ cell transplantation studies (Li et al., 2017). In
addition, the importance of Fgf24 in SGC development has been re-
vealed in zebrafish, representing the first functional study on genes
involved in the SGC development (Leerberg et al., 2017).

Gnrh3 Gonadotropin-releasing hormone (Gnrh) is a master

Fig. 2. Illustration of selected genes involved in ovarian development revealed by targeted gene knockout zebrafish. The major defects of gene deficiency at each
stage of ovarian development is denoted by ; Sex-reversal from female to male is denoted by *. Gnrh3, gonadotropin-releasing hormone 3; miR-202-5p, miRNA-
202-5p; Hsp90aa1.2, heat shock protein 90, alpha, class A member 1, tandem duplicate 2; Prmt5, protein arginine methyltransferase 5; Dnd, dead end; Cftr, cystic
fibrosis transmembrane conductance regulator; Fgf24, fibroblast growth factor 24; Amh, anti-müllerian hormone; Figla, factor in the germline alpha; Wnt4a,
wingless-type MMTV integration site family, member 4a; Tdrd12, tudor domain-related proteins; Cyp19a1a, cytochrome P450 family 19 subfamily A member 1a;
Cyp17a1, cytochrome P450 family 17 subfamily A member 1; Fsh, follicle-stimulating hormone; Fshr, follicle-stimulating hormone receptor; Gh1, growth
hormone;Foxl2a, forkhead box L2a; Foxl2b, forehead box L2b; Dio2, deiodinase type 2; Zar1, zygotic arrest 1; Vtgs, vitellogenin proteins; Esr2a, nuclear estrogen
receptor beta a; Esr2b, nuclear estrogen receptor beta b; Bmp15, bone morphogenetic protein 15; Ar, androgen receptor; Gsdf, gonadal soma derived factor; Lh,
luteinizing hormone; Star1, steroidogenic acute regulatory protein 1; Pgrmc1/2, progesterone receptor membrane components 1/2; Mettl3, methyltransferase-like 3;
Ybx1, Y-box binding protein-1; Lhcgr, luteinizing hormone/choriogonadotropin receptor; Pgr, nuclear progesterone receptor; Adamts9, a disintegrin and metallo-
protease with thrombospondin type-1 motifs, member 9; Ptgs2a, prostaglandin endoperoxide synthase 2a.

J. Li and W. Ge 0ROHFXODU�DQG�&HOOXODU�(QGRFULQRORJ\������������������

�

Li & Ge Mol. Cell. Endocrinol. 2020

2. Early stages of oogenesis and folliculogenesis

2.1. Primordial germ cells and follicle formation

Oocytes originate from primordial germ cells (PGCs). Mouse PGCs
originate as early as 7.5 days of embryonic development (E7.5) in the
extra embryonic mesoderm and their development initially depends
on signals derived from both the extra-embryonic ectoderm and visceral
endoderm. Members of the TGFβ family such as bone morphogenetic
proteins (BMPs), BMP4, BMP8b (ectodermorigin) and BMP2 (endoderm
origin) are specific factors needed for PGC formation and regulation of
gene expression [1–3] (Fig. 1).

PGCs migrate to the genital ridge at about E10.5 in the mouse,
where they proliferate by mitosis and give rise to oogonia. Migration,
proliferation and colonization of PGCs to the developing gonads are
controlled by many factors and depend as well on the interaction of
PGCs and their surrounding somatic cells. In vitro studies have
shown that BMP2 and BMP4 increase the number of mouse PGCs in
culture [4,5], whereas Bmp7 mouse knockouts show a reduction in
the number of germ cells around this period [6]. Activin has also
been shown to increase the number of PGCs in human [7], although
activin inhibits PGC proliferation in mouse [8]. The role of germ cell
derived transcription factors at this stage has also been demonstrated
by using knockout approaches and conditional deletions in mice.
These include factors such as BLIMP1 and PRDM14, which are critical
for PGC proliferation and migration [9–11] as well as OCT4, NANOG
[11–13], which are essential for PGC survival. Several factors seem
to be required for PGC survival, such as FIGα (factor in the germ
line alpha), a factor responsible for the early expression of the
glycoproteins that will form the zona pellucida [14], NANOS3
(nanos homolog 3; Drosophila) and DND1 (dead end homolog 1),
two RNA binding proteins that protect PGCs from undergoing apopto-
sis, as well as the KIT/KIT ligand (KITL) pathway. Mutations in any of
the genes coding for these factors lead to a deficiency in the formation
of primordial follicles due to a depletion of germ cells [12–17].

Around the period of PGC migration into the genital ridges (E10.5)
sex determination starts. Differentiation into ovaries seems to be the

default pathway, since the XY genital ridges differentiate into testes
under the influence of the Y-linked gene Sry. The XX gonads have no
SRY, and therefore they develop into ovaries [18]. As soon as PGCs are
formed, the initially bipotential gonad will continue its differentiation
mostly under the influence of somatic cell derived transcription factors
GATA4, FOXL2, LHX9, WT1, WNT4, and SF1 [19–22] (Fig. 1).

After colonization of the gonad (~E13.5), PGCs will undergo a
phase of mitotic proliferation with an incomplete cytokinesis, leading
to the formation of ‘germ cell cysts’ or ‘germ cell nests’ [23]. Following
this event and before follicle formation mitotic divisions stop and
germ cells initiate meiosis, become primary oocytes and commit to
the female program of development [24].

Meiosis initiate with a prophase stage, a complex phase which is
subdivided into five stages: leptotene, zygotene, pachytene, diplotene
and diakinesis.Within the first period of the prophase, a series of crucial
events occur, involving the pairing of homologous chromosomes, syn-
apsis (close association between these chromosomes), and recombina-
tion or ‘crossing over’ (exchange of genetic material). Subsequently,
oocytes progress to the diplotene stage where they enter into a pro-
longed resting phase called dictyate [25]. In mouse embryonic ovaries,
initiation of the meiotic program is dependent on retinoic acid and
Stra8 (stimulated by retinoic acid gene 8) signaling. STRA8 is a cytoplas-
mic factor expressed by female germ cells just prior to entering the pro-
phase of first meiotic division [26], and in response to retinoic acid (RA)
[27–29]. In females Stra8 is required for premeiotic DNA replication as
well as for meiotic prophase events (i.e. chromosome condensation, co-
hesion, synapsis, and recombination) [30].

Oocytes remain at the dictyate stage of meiosis I throughout oogene-
sis, until LH induces final oocyte maturation (in most mammals). Pro-
phase events are vital for germ cell survival and meiotic progression,
and errors occurring along this stage, as well as throughout the consecu-
tive phases ofmeiosis, may originate and/or contribute to femalemeiotic
aneuploidies. Indeed, endocrine-disrupting chemicals, such as Bisphenol
A (BPA), have been shown to cause disturbances in spindle formation, to
interfere with microtubule polymerization and to induce multipolar
spindles in mouse oocytes. In utero exposure to BPA appears to interfere
with control of recombination in fetal prophase I oocytes and increasing

Fig. 1. Representative figure of the factors involved in primordial germ cell (PGC) formation, oogenesis and folliculogenesis. Ovarian factors produced by theca/stromal cells (in
blue), somatic/granulosa cells (in purple), germ cells (in red) or in both germ cell and granulosa cell (green), participate and regulate oocyte and follicle development at each of
the defined stages throughout folliculogenesis. Transcription factors involved are indicated with a star (*). Proteins from the extra embryonic ectoderm that participate in PGC for-
mation are indicated in black.

1897F. Sánchez, J. Smitz / Biochimica et Biophysica Acta 1822 (2012) 1896–1912

Sánchez & Smith Acta Bioch. Biophys. 2012



Main questions and related outcomes

Population scale

⊙ Kinetics of oocyte pool exhaustion / intensity of oocyte pool renewal

⊙ Shaping of the oocyte (size/maturation) distribution

⊙ Contribution of direct and indirect interactions within the oocyte population
Management of oocyte resources / Driving of ovarian cyclicity

Oocyte/follicle scale

⊙ Coupled dynamics between germ cells and somatic cells

⊙ Mechanisms underlying the proper sequence of morphogenetic events

Preserving the ovarian resources

⊙ Ovarian aging

⊙ Reproductive fitness



Knowledge driven modeling approaches (Mammals)
Embedding cell biology/developmental biology/endocrine information

line hypothesis; however, because possible germ cell rear-
rangements are not taken into account, the influence of the
meiotic onset cannot be completely excluded. A tracing study
using an inducible reporter mouse line (such as inducible
Stra8) will be required to prove that oocytes do not move or are
not passively shifted between regions during the development
of the gonad.

Perhaps more intriguingly, our results suggest that the
differentiation of cortical and medullar regions may have a
greater impact in defining where the first follicle activation
wave occurs. In accordance with this hypothesis, spatial
differences in meiotic entry exist between mouse (anterior-to-
posterior wave) and human (starting in the medulla and
spreading radially to the cortex) [48, 49]. The first individual
follicles, however, appear in the corticomedullar interface in
both species, suggesting a common mechanism determined by
a local factor, structure, or somatic cell population in the
medulla. Few studies have explored the molecular mechanisms
controlling specification toward cortex and medulla and their
importance for normal ovarian development and functionality.
Culture in vitro [50] and reaggregation experiments [51] were
used to test the ability of the embryonic ovary to differentiate
cortex from medulla, resulting in impaired development of
early embryonic gonads or global recruitment to growth [50,
51]. It has been suggested that the specification of the medulla
occurs due to selective apoptosis of medullar oocytes [52];
however, a recent study points to the gradual invasion of

mesonephros-derived somatic cells as the driving force for the
formation of ovarian cords and individual follicles [53]. Other
studies reported molecular regionalization of the early mouse
ovary, with particular focus on the distinct somatic cell
populations present in different areas [54, 55]. This somatic
cell regionalization becomes particularly relevant when taking
into account the recent study showing that granulosa cells can
initiate primordial follicle activation [56]. Importantly, gran-
ulosa cells arise from the surface epithelium in two distinct
waves, one before sexual differentiation and contributing to
medullary located follicles and another recruited perinatally
and contributing to cortically located primordial follicle
formation in the neonatal period [24, 57]; thus, granulosa cell
origins and correct differentiation may have an important role
maintaining the balance between primordial follicle quiescence
and activation. Other factors that may contribute to the
regionalization of primordial follicle formation and activation
include the influence of secreted factors through the vascula-
ture (because the major blood vessels are normally found in the
medulla of the dorsal region of the ovary) [58, 59] and the
influence of the rete ovarii (implicated in both meiosis and
follicle formation) [60, 61]. In summary, we hypothesize that
the germ cell asymmetry in development between ovarian
regions may result from how the germ cells wrap around and
interact with the newly formed microenvironment of the
medulla in the dorsal region of the ovary. Further studies are
required to clarify the molecular mechanisms regulating follicle

FIG. 5. Schematics of developmental events in the ventral and dorsal ovarian regions during the embryonic period and first wave of follicle activation.
Early onset of meiosis in the ventral region is represented in the insert (OCT4 and STRA8). First primordial follicles were observed at 18.5 dpc at the
interface between cortex and medulla in the anterior-dorsal region of the ovary, the area where the first cohort of growing follicles appear during the first
week of postnatal development. In contrast, during this same period, germ cells in the ventral region of the ovary are still breaking the nest and forming
individual follicles. The area containing growing follicles expands gradually during the postnatal period, occupying the whole medullar area of the dorsal
region of the ovary. Altogether, our data indicated that the first wave of follicle activation follows a predictable anatomic pattern resulting from regional
differences in timing of follicle formation. *Color resulting from the overlay of the three fluorescent proteins is represented. A, anterior; P, posterior.
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Knowledge driven modeling approaches (Mammals)
Embedding cell biology/developmental biology/endocrine information
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Stochastic compartmental population dynamics
Multiple timescales and order of magnitudes ⇒ Model reduction
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Data-driven parameter estimation : low-throughput data
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Model selection, parameter identifiability, perturbation prediction



Knowledge driven modeling approaches (Fish)
Embedding cell biology/developmental biology/endocrine information
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dominant sex-determining genes and the highly plastic sex differentia-
tion in zebrafish, which may be affected by a variety of factors such as 
genetic background, environmental condition and stage of examination. 
Despite this, the role of Amh in promoting testis development was 
supported by the evidence that double knockout of amh and fshr hin-
dered the female-to-male sex reversal induced by Fshr deficiency albeit 
not completely. 

5-'- Roles of Amh in testicular gro#th and spermatogenesis 

The most striking phenotype observed in the Amh null zebrafish is 
the phenomenal hypertrophy of gonads in both sexes, especially the 
testis. This agrees with the study on amhr' mutant in medaka (Morinaga 
et al., 200E) and recent studies in zebrafish (Lin et al., 201E; Gan et al., 
2019). The enormous growth of the testis was due to pre-meiotic hy-
perplasia or hyperproliferation of spermatogonia and blockade of their 
entry into meiosis. The process of spermatogenesis was therefore 
disturbed with accumulation of pre-meiotic spermatogonia but much 
less meiotic spermatocytes and post-meiotic spermatozoa. This strongly 
suggests that Amh in the testis must play dual roles in controlling 
spermatogenesis, i-e-, suppressing spermatogonial mitosis while pro-
moting their entry into the meiotic cycle to become spermatocytes and 
maturation into spermatozoa. By so doing, Amh helps maintain a proper 
pool of spermatogonia and therefore testis homeostasis (Fig. 11). This 
view agrees well with previous reports that Amh suppressed spermato-
gonial proliferation in cultured zebrafish testis (Morais et al., 201E; 
Skaar et al., 2011). The loss of amh gene would lead to increased sper-
matogonial proliferation but decreased exit to spermatocytes, resulting 
in accumulation of spermatogonia and overgrowth of the testis. The 
germ cells affected are likely the type A spermatogonia because Amh 

protein was detected in the Sertoli cells surrounding these cells in the 
zebrafish testis and its expression decreased or disappeared in the Sertoli 
cells associated with the type B spermatogonia (Skaar et al., 2011). 
Similarly, a zebrafish mutant of %mpr*%%/al+,% gene, the putative Amh 
type I receptor, also demonstrated a significant accumulation of germ 
cells (Neumann et al., 2011). 

5-0- Roles of Amh in ovarian gro#th and folliculogenesis 

In AMH null female mice, the ovaries were morphologically normal 
with no fertility problems (Behringer et al., 1994). However, the ovaries 
of 4 month-old mutant mice were twice larger than age-matched con-
trols, and the increased size was due to higher percentage of preantral 
and small antral follicles (Durlinger et al., 1999). This, together with 
subseKuent in vitro studies, suggests that AMH suppresses the recruit-
ment of primordial follicles in mammals (Carlsson et al., 2006; Durlinger 
et al., 1999, 2002a). Our result agrees well with these findings in 
mammals as well as recent studies in fish (Lin et al., 201E; Liu et al., 
2019; Gan et al., 2019), suggesting an evolutionarily conserved function 
for Amh in controlling early folliculogenesis across vertebrates. Despite 
normal ovarian growth and folliculogenesis in young mutant zebrafish, 
the ovaries of amh mutant contained significantly higher numbers of 
early follicles (BG and BV). The activity of folliculogenesis started to 
decrease in the mutant ovary after 3 mpf, which was characterized by 
continual increase of BG follicles with limited exit to BV and vitellogenic 
growth. Therefore, Amh may likely play similar dual roles in controlling 
folliculogenesis in the ovary as it does in the testis. It maintains a 
steady-state population of BG follicles (stage Ib) probably by limiting 
their formation or recruitment on one hand, while promoting their 
transition to advanced stages on the other. By controlling the two 
checkpoints in early folliculogenesis, viz. formation of BG follicles and 
their exit to the secondary growth (SG) phase, Amh is believed to play 
critical roles in maintaining a steady-state population of BG follicles in 
the ovary under physiological conditions. The hypothetical dual roles 
for Amh in controlling early folliculogenesis are illustrated in Fig. 11. 
This view is similar to the model proposed in the mouse that AMH might 
play a role in follicle homeostasis by regulating the recruitment of pri-
mordial follicles and their selection for dominance (Visser and Them-
men, 200A). 

The exact mechanism by which Amh controls BG follicle formation/ 
recruitment is unknown. It could happen at the oogonial level like that 
in the testis to inhibit oogonial proliferation (Lin et al., 201E) or sub-
seKuent steps of oogenesis, such as follicle assembly or cyst breakdown 
from nested oocytes (from stage Ia to Ib) (Pin et al., 2018). Indeed, AMH 
has been reported to suppress follicle assembly or breakdown of oocyte 
nests in rat ovarian organ culture (Nilsson et al., 2011). The role of Amh 
at this controlling point, viz. BG follicle formation, may involve 
FSH-FSHR signaling as the loss of fsh% attenuated the accumulation of 
the BG follicles or ovarian hypertrophy in amh mutant despite un-
changed fsh% expression in juvenile females. In mammals, AMH has been 
shown to suppress FSH signaling in the ovary by reducing ovarian 
responsiveness to FSH (Durlinger et al., 2001). 

On the other hand, how Amh regulates follicle exit from BG to SG 
phase, which is analogous to selection of dominant follicles in mammals, 
also remains largely unknown. The regulation may happen at different 
levels of the reproductive axis, involving both endocrine and paracrine 
mechanisms. As shown by our data, pituitary FSH could be a potential 
upstream factor involved because its expression (fsh%) in female amh 
mutant started to decrease from 6 mpf, which corresponded to the time 
when BG-BV/SG transition was receding. Furthermore, double knockout 
of amh and fsh% (amh−:−;fsh%−:−) delayed BG-BV transition compared to 
amh single mutant. However, what caused the decrease of fsh% expres-
sion after 6 mpf remains unknown. Gonadal inhibin could be one of the 
factors responsible for the decline because deletion of inha gene pre-
vented the decrease of fsh% expression in both males and females. 
Another factor that could contribute to the receding vitellogenic growth 

Fig. 11. Hypothetical model for dual roles of Amh in regulating early folli-
culogenesis (upper) and spermatogenesis (lower) of the zebrafish. In the ovary, 
Amh suppresses the formation or recruitment of perinucleolar BG follicles by 
inhibiting gonadotropin signaling (e-g-, reduced sensitivity to gonadotropins), 
while promotes BG-BV transition and subseKuent vitellogenic growth. By con-
trolling both entry and exit of BG follicles, Amh plays a critical role in main-
taining a proper pool of BG follicles and therefore ovarian homeostasis to 
ensure a steady process of folliculogenesis. Amh may play similar dual roles in 
spermatogenesis. It suppresses pre-meiotic proliferation (probably the A-type 
spermatogonia) while promotes their exit to meiotic division and maturation. 
CN, chromatin nucleolar stage; EBN, early perinucleolar BG follicles; LBN, late 
perinucleolar BG follicles; BG, primary growth follicles; BV, pre-vitellogenic 
follicles; EV, early vitellogenic follicles. 
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The germinal cradles contained three histolog-
ically distinct germ cell types (Fig. 1E): single iso-
lated germ cells surrounded by sox9b-expressing
somatic cells (referred to as Gs cells), connected
clusters of germ cells that formed cysts (Gcys cells),
and early-stage oocytes (Gdip oocytes) that were at
the diplotene stage on the basis of the perinuclear
localization of nuage (16), meiotic markers, and
diffuse chromatin structures (fig. S4, E, F, I, andL).
The germinal cradles contained four different com-
binations of these three germ cell types (Fig. 1E
and fig. S3,A toC).Nogerminal cradles lackedGs
cells. In addition to the combinations of germ cells,
relatively large, isolated Gdip oocytes were fre-
quently observed in the ovarian cord (Fig. 1B).

To further characterize the different germ cell
types, we used a medaka line (nos2p-EGFP) in
which nanos2 (nos2)-driven EGFP expression is
observed in both oogonial and spermatogonial
cells (17). By using the transgenic medaka, we
detected nos2 expression in Gs cells but not Gcys
cells or Gdip oocytes (fig. S3, D to G). One to
five Gs cells were detected in the germinal cra-
dles of nos2p-EGFP transgenic medaka (n = 118
germinal cradles from three medaka; fig. S3H).

Incorporation of 5-bromo-2´-deoxyuridine
(BrdU) and phosphorylated histone H3 (PH3)
labeling, which marks mitotically dividing cells,
suggested that Gcys cells undergo synchronous
mitosis (fig. S4, A and B). Time-lapse analysis of
cultured germinal epithelia identified a collection
of germ cells that divided synchronously, con-
sistent with the observations in the cysts (fig. S5,
A to C, and movie S2). Additionally, some cysts
contained SYCP1 and SYCP3, two components
of the synaptonemal complex (18) (fig. S4, C and
F). This indicated that the Gcys cell population
could be further split into mitotic and meiotic
cells. SYCP3 was detected in cysts composed of
more than six germ cells, suggesting thatGcys cells
enter meiosis after three to five rounds of synchro-
nousmitotic division (table S1). A small number of
adherent cells ruptured and were eliminated from
the germinal cradle (figs. S4D and S5, D to F, and
movie S3), which may explain why the number
of germ cells within the cysts deviated from 2n.

Gdip oocytes in the germinal cradles were sur-
rounded by sox9b-expressing cells (Fig. 1E), sug-
gesting that the clusters of meiotic Gcys cells
become individual cells as meiosis in the cyst pro-
gresses to the diplotene stage (fig. S4, G to L). The
Gdip oocytes were larger than Gs cells (Fig. 1E
and figs. S2I and S3B). All germ cells were motile
and changed their relative positions. Large germ
cells, in particular, shuttled between the germinal
cradles, and isolated Gdip oocytes in the ovarian
cord may be cells in transit to another germinal
cradle (fig. S5, G to I, and movie S2). Given these
observations, we hypothesized that some or all of
the nos2-expressing Gs cells in the germinal cra-
dles function as ovarian stem cell–like germ cells,
which can produce a population of Gcys cells and
Gdip oocytes.

In some vertebrate tissues and plantmeristems,
stem cells cycle slowly or are quiescent (19–21).

Fig. 2. Nos2-expressing Gs cells include ovarian germline stem cells. (A to C) A representative Gs
clone (A), mosaic clone (B), and full clone (C). All germ cells were detected on the basis of tdrd1
expression (red). Germinal cradles are outlined by dotted lines. Green, anti-EGFP; blue, DAPI. Scale
bars, 10 mm. (D) The percentages (mean T SEM) of the various clone types at 48 hours (n = 7), 1 week
(n = 6), and 3 weeks (n = 8) after heat treatment. (E) Genotyping of F1 offspring from heat-treated
transgenic medaka. Some offspring showed loxP-mediated excision of the genomic region (lanes 4 and
5, 119–base pair (bp) bands].

Fig. 3. A schematic representation of germ cell development in the germinal cradle. Germ cells are
nested within germinal cradles in an interwoven threadlike ovarian cord of sox9b-expressing cells (green)
in the germinal epithelium. Isolated nos2-expressing Gs cells (either Gss or Gsf cells), Gcys cells, and
Gdip oocytes are present in the germinal cradle. After several synchronous mitotic divisions (mitotic
Gcys), the Gcys cells enter meiosis (meiotic Gcys). Whereas some cyst-forming cells die and are
eliminated, others develop into Gdip oocytes and exit the germinal cradles as follicles for further oocyte
development. A population of Gs cells maintains the Gcys and Gdip oocyte populations, enabling the
production of a large number of fertile eggs.

18 JUNE 2010 VOL 328 SCIENCE www.sciencemag.org1562
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Knowledge driven modeling approaches (Fish)
Embedding cell biology/developmental biology/endocrine information

III XI-II IV V-VIII IX

E2

Produce :

AMH

DHP

Germ. cradle Late pre-vitello vitellogenesis post-vitello Egg

activation at the
juvenile-adult transition
(central control)

slows down growth

accelerates growth



Deterministic size-structured population dynamics
Nonlinear conservation laws: numerical scheme and asymptotic behavior

Parameters Interpretation Output Interpretation
λ0 Cradle exit rate ρ0 number of cells in the cradle

r0 Cradle renewal rate ρ size density from stage III to IX

λ growth speed from stage III to IX ρ1 number of stage X oocytes

Wi ”quantity” of hormone i secreted



d
dt ρ0(t) = r0(ρ0)ρ0(t)− λ0(WAMH(t))ρ0(t), t > 0

lim
x→0

(λρ) = λ0ρ0(t), sur [0,+∞)

∂tρ+ ∂x (λ(x ,WAMH ,WE2,WDHP)ρ) = 0, x ∈ [0, 1], t > 0
d
dt ρ1(t) = lim

x→1
(λρ)− spawn(t), t > 0

Wi (t) =
∫ 1

0
ωi (x)ρ(t, x)dx , i ∈ {AMH,E2,DHP}



Data-driven parameter estimation : DL-based data extraction
Work of Violette Thermes and collaborators
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Inputs : 3D ovarian imaging / Automatic follicle segmentation and classification

Outputs : age/space-varying distribution in size/class of the total population of ovarian follicles



Data-driven parameter estimation : DL-based data extraction
Work of Violette Thermes and collaborators

p. 11

* Follicle diameter

Follicular growth dynamics over life time
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Data-driven parameter estimation
Nonparametric inverse problem on stationary state

{
ρ̄(0) = r

∂x (λ(x)ρ̄) = 0, x ∈ [0, 1]

Hormonal interactions cannot be deduced from purely stationary data, yet we can infer the
size-dependent oocyte growth speed.



Ongoing/ future directions
Stochastic and deterministic models of structured populations with nonlinear and nonlocal terms

⊙ Wellposedness / stationary solutions

⊙ Inverse problems

⊙ Structuring variable(s)
Coupling with cell dynamics models on the
single-follicle level
Spatial distribution

⊙ Physics-based modeling (morphogenesis)


