
Chapter 1

Early Development of the Gonads: Origin

and Differentiation of the Somatic Cells

of the Genital Ridges

Rafal P. Piprek, Malgorzata Kloc, and Jacek Z. Kubiak

Abstract The earliest manifestation of gonadogenesis in vertebrates is the forma-

tion of the genital ridges. The genital ridges form through the transformation of

monolayer coelomic epithelium into a cluster of somatic cells. This process

depends on increased proliferation of coelomic epithelium and disintegration of

its basement membrane, which is foreshadowed by the expression of series of

regulatory genes. The earliest expressed gene is Gata4, followed by Sf1, Lhx9,
Emx2, and Cbx2. The early genital ridge is a mass of somatic SF1-positive cells

(gonadal precursor cells) that derive from proliferating coelomic epithelium. Pri-

mordial germ cells (PGCs) immigrate to the coelomic epithelium even in the

absence of genital ridges, e.g., in mouse null mutants for Gata4. And conversely,

the PGCs are not required for the formation of the genital ridges. After reaching

genital ridges, the PGCs become enclosed by somatic cells derived from coelomic

epithelium. Subsequently, the expression of sex-determining genes begins and the

bipotential gonads differentiate into either testes or ovaries. Gonadal precursor

cells, derived from coelomic epithelium, give rise to the somatic supporting cells

such as Sertoli cells, follicular cells, and probably also peritubular myoid and

steroidogenic cells.
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1.1 The Earliest Events of Gonadogenesis

The gonads initially form as sexually bipotential structures termed the genital

ridges (gonadal ridges). Such precursors of testes and ovaries arise at the ventro-

medial surface of the embryonic kidneys (mesonephroi) as twofolds running along

both sides of the dorsal mesentery (Brambell 1927; Gropp and Ohno 1966;

Pelliniemi 1975; Wartenberg et al. 1991). The formation of the primordial gonads

starts with the increasing proliferation of the coelomic epithelial cells within a

strictly defined site. This leads to the transformation of a monolayer epithelium into

a dense and pseudostratified layer underlined by the basement membrane that

subsequently disintegrates (Fig. 1.1a, b) (Hu et al. 2013; Karl and Capel 1998;

Kusaka et al. 2010; Paranko 1987). Due to disintegration of the basement mem-

brane, the epithelial cells are able to migrate inward and form multilayered struc-

ture, whose cells undergo epithelial–mesenchymal transition (EMT). The

quintessence of the genital ridges formation is the differentiation of the monolayer

coelomic epithelium into multilayered thickening to which the primordial germ

cells immigrate. The molecular mechanisms driving coelomic epithelium transfor-

mation into the genital ridge remain unclear.

In mice, the first morphological sign of the genital ridge formation—appearance

of the coelomic epithelium thickening and disintegration of the basement mem-

brane underneath—is noticeable at 10.3–10.4 dpc (days post coitum), i.e., stage 5–6
ts (tail somite stages) (Hu et al. 2013). Kusaka et al. (2010) showed that as early as

at 10.25 dpc, the coelomic epithelial cells are already able to migrate and begin

formation of thickened gonadal anlage. In the literature there is a discrepancy in the

timing of genital ridge formation onset, which may reflect diversity in the rate of

mouse development. Some studies indicate that the genital ridges begin develop-

ment at 9.0, 9.5, 10.0, or 10.5 dpc (Chen et al. 2012; Hacker et al. 1995; Karl and

Capel 1995; Nef and Parada 2000; Tanaka and Nishinakamura 2014). Thus, the

onset of gonadal development occurs soon after the intermediate mesoderm starts to

differentiate into the pronephros and mesonephros, which takes place at 9.5 dpc.
Just after 10 dpc, the genital ridges start to develop at the surface of the anterior part
of the mesonephroi. It has been postulated that the gonads share common primor-

dium with adrenal glands (AGP, adrenogonadal primordium) (Fig. 1.2). In mouse,

AGP forms as a thickening of coelomic epithelium as early as 9.5 dpc, and then by

10.5 dpc, the AGP splits into adrenal cortex primordium (anterior) and gonadal

primordium (posterior) (Bandiera et al. 2013; Hatano et al. 1994; Ikeda et al. 1994).

The thickening of the coelomic epithelium begins at the anterior part of a

mesonephros at 10.3 dpc. Then, the process of the genital ridge formation precedes

toward the posterior half of the mesonephros. At 10.4 dpc, the coelomic epithelium

is multilayered in the anterior part; however, the middle and posterior part of a

future genital ridge is still single layered (Hu et al. 2013). Meantime, the primordial

germ cells (PGCs) migrate to the genital ridges from the basis of allantois via the

hindgut and mesentery. They settle down in the genital ridges between 10.0 and

11.5 dpc (Fig. 1.1c) (Gomperts et al. 1994; Molyneaux et al. 2001). From 11.5 dpc
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onward, the sex-specific features appear in the gonads signaling the beginning of

the sexual differentiation of the gonads. In human fetus, the genital ridges form

between 4.5th and fifth week of gestation and remain sexually undifferentiated by

the seventh week (Francavilla et al. 1990). At the end of the fifth and during the

sixth gestational week, human primitive gonads are colonized by PGCs.

1.2 Genetic Mechanisms Initiating Genital Ridge

Development

The molecular control of genital ridge formation is not well understood. However,

studies on mutant mice have provided key information on the genes regulating

initiation of gonadogenesis. Genes participating in the regulation of the genital

ridge formation were summarized in Table 1.1. It is clear that the first molecular

Fig. 1.1 Mouse genital

ridge development. (a)

Coelomic epithelium

(ce) lined by a basement

membrane (bm). (b) Some

coelomic cells lose

epithelial features,

transform into SF1-positive

gonadal precursor cells

(gpc), and ingress through a

disintegrating basement

membrane. (c) The early

genital ridge forms a cluster

of coelomic epithelium-

derived cells; PGCs settle

among SF1-positive

gonadal precursor cells;

fragments of the basement

membrane (asterisk)
present near the surface of

the genital ridge. (d) The

genital ridge grows and is

not covered by a true

epithelial layer;

mesonephros-derived cells

(m) immigrate to the genital

ridges
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signs of the genital ridge formation precede the earliest morphological manifesta-

tion of the genital ridge. One of the first expressed genes is Wt1 (Wilms’ tumor

suppressor 1), which regulates formation of the genital ridge and kidney. Starting

from 9.5 dpc, Wt1 is expressed throughout the whole urogenital ridges, i.e., in the

future gonads and developing kidneys.Wt1 gene encodes 24 isoforms of zinc-finger

transcription factor, among which a short isoform WT1-KTS is a key for the

development of the genital ridges. Mice lacking functional WT1-KTS have

impaired genital ridges due to increased cell death (Hammes et al. 2001; Kreidberg

et al. 1993). Gata4 (GATA-binding factor 4) is the earliest expressed gene specific

for the genital ridge development. In mice, the expression of this zinc-finger

transcription factor begins at 10.0 dpc (26–27 total somite stage) in the anterior

half of the nascent genital ridge and then gradually extends posteriorly within the

coelomic epithelium (Hu et al. 2013). In the posterior half, the expression of Gata4
starts at 10.2 dpc (2 ts). The expression ofGata4 is followed by the thickening of the
coelomic epithelium in anteroposterior direction and leads to the formation of

genital ridges. In mutant mouse embryos, the loss of Gata4 expression results in

single-layered and unthicken coelomic epithelium and thus in the total lack of

genital ridges (Hu et al. 2013). The loss of the Gata4 expression leads to decreased
BrdU incorporation, which suggests that lack of Gata4 abrogates proliferation of

coelomic epithelium. Additionally, in Gata4-deficient mouse embryos, the base-

ment membrane underlying coelomic epithelium does not disintegrate

(Hu et al. 2013). In wild-type mice, the Gata4 expression is followed by the

expression of other genital ridge markers such as Sf1 (SF1, steroidogenic factor

1, also known as Nr5a1, nuclear receptor subfamily 5, group A, member 1 s.
Ad4BP—adrenal 4-binding protein), Lhx9 (LIM homeobox 9), and Emx2 (empty

spiracles homeobox 2) (Birk et al. 2000; Kusaka et al. 2010; Luo et al. 1994;

Miyamoto et al. 1997, 2008). These genes differ slightly in the site of their

Fig. 1.2 Mouse adrenogonadal primordium (AGP) development. In early AGP at 9.5 dpc, the
Gata4 and Wt1 are expressed. In late AGP at 9.75 dpc, the Sf1 expression begins. At 10.5 dpc the
gonad and adrenal primordium split; expression of Gata4, Wt1, and Sf1 continues in the develop-

ing gonads, whereas Sf1 is expressed in the adrenal primordium (modified from Bandiera

et al. 2013)
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expression. Gata4 is expressed not only in the nascent genital ridges but also in

their vicinity, i.e., in the adjacent mesenchyme, mesentery, and gut endoderm

(Hu et al. 2013). Emx2 is expressed in the coelomic epithelium at the site of genital

ridge formation, adjacent mesenchyme, nephric duct, and mesonephric tubules

(Kusaka et al. 2010). Wt1 is expressed in the whole urogenital ridges (gonads and

mesonephroi) from 9.5 dpc. Lhx9 is expressed in the genital ridges and partially in

the mesentery (Hu et al. 2013). In contrast, the expression of the orphan nuclear

receptor Sf1 is restricted to the genital ridges. Thus, the SF1 marks the identity of

true gonadal somatic precursor cells. The expression of Sf1 begins at 10.2 dpc (2 ts)
along the anterior half of the mesonephros and then proceeds posteriorly

(Hu et al. 2013). There is also a striking pattern of gene expression in the AGP,

i.e., the common primordium of the gonads and adrenal gland (Fig. 1.2). In the early

AGP (9.5 dpc), the Wt1 and Gata4 are expressed. In the late AGP (9.75 dpc), Sf1 is

expressed along with Wt1 and Gata4. After AGP splits into gonadal primordium

and adrenal primordium (10.5 dpc), the Sf1,Wt1, andGata4 remain expressed in the

genital ridge, and only Sf1 is expressed in the adrenal primordium (Bandiera

et al. 2013). Although the timing of gene expression pattern described by Bandiera

et al. (2013) differs slightly from the timing described by Hu et al. (2013), undoubt-

edly the differential expression of these genes is a key for development of gonads

and adrenal glands from common primordium. Later in development, in sexually

differentiating gonads, Sf1 expression ceases in the coelomic epithelium covering

the genital ridge but remains in the pre-Sertoli cells and fetal Leydig cells at

12.5 dpc and later persists only in the fetal Leydig cells (Ikeda 1996). In the

developing ovaries, Sf1 expression ends by 13.0 dpc.
In contrast to Gata4 null mutants, in which the genital ridges do not form at all,

in the Wt1, Sf1, Lhx9, and Emx2 null mutant mice, the genital ridges start to form

but degenerate about 12.5 dpc. The Sf1,Wt1, and Emx2mutants show increased cell

death in genital ridges, while Lhx9 mutants show disrupted cell proliferation

(Table 1.1; Birk et al. 2000; Bland et al. 2004; Hammes et al. 2001; Kusaka

et al. 2010; Luo et al. 1994; Mazaud et al. 2002). WT1-KTS (splice form lacking

KTS tripeptide) is required for genital ridge formation through regulation of Sf1
promoter in cooperation with LHX9. The expression of Sf1 is also regulated by

Pod1 (podocyte expressed-1, basic helix-loop-helix transcription factor). POD1

represses Sf1 expression (Cui et al. 2004; Tamura et al. 2001). Pod1 null mutation

leads to the ectopic expression of Sf1 in gonads and mesonephroi and to the

formation of hypoplastic gonads lacking the testis cords or ovarian follicles (Cui

et al. 2004). Other factors involved in regulation of the genital ridge formation

belong to insulin/insulin-like growth factors (IGFs). In mice lacking insulin recep-

tor (Insr) and insulin-like growth factor 1 receptor (Igf1r), development of the

gonads is impaired due to decreased Sf1 expression and reduced proliferation of

somatic cells in the genital ridges (Pitetti et al. 2013). Emx2 null mutants also show

reduced expression of Sf1 (Kusaka et al. 2010). In Emx2 mutants, cell migration

from coelomic epithelium through the basement membrane and thus thickening of

the coelomic epithelium and the formation of multilayer epithelium in the genital

ridges are impaired (Kusaka et al. 2010). All these data indicate that Gata4 is
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required for the initiation of genital ridge formation, whereas Sf1,Wt1, Lhx9, Emx2,
and insulin/IGF signaling are necessary for the maintenance of genital ridges and

their further development (Fig. 1.3a). The expression of all these genes is

interdependent. For example, the expression of Sf1 is significantly downregulated

in Gata4-, Wt1-, Lhx9-, or Emx2-deficient genital ridges (Hu et al. 2013; Kusaka

et al. 2010; Wilhelm and Englert 2002). In Gata4 null mutants, Wt1 and Emx2 but

not Sf1 or Lhx9 are expressed in the genital ridges (Hu et al. 2013). Lhx9 expression
depends on the Gata4 but is not altered by the lack of Sf1, Wt1, and Emx2
(Fig. 1.3a). The lack ofWt1 and Emx2 expression does not impair Gata4 expression
or the thickening of coelomic epithelium. Functional genetic experiments have

revealed a complex network of interactions between the genes expressed in the

primitive gonads (Fig. 1.3a). Interestingly, in mice, the set of these genes involved

in the formation of the genital ridges is also responsible for the regulation of male

sex-determining genes, such as Sry and Sox9 (Piprek 2009a). The described above

genes seem to be evolutionarily conserved among vertebrates; they are also

expressed in developing gonads of zebra fish, tilapia, Xenopus laevis, Trachemys
scripta, alligator, and chicken (Barske and Capel 2010; Kawano et al. 2001; Kent

et al. 1995; Li et al. 2012; Oreal et al. 2002; Smith et al. 1999).

Some of the homeodomain proteins may also be engaged in the early develop-

ment of gonads. These genes are key regulators of the body plan and thus may be

important for spatiotemporal patterning of gonadal development. Hoxa10, Hoxa9,
Hoxa11, and Hoxa13 expressions have been detected in the urogenital system

(Taylor et al. 1997) and thus presumably may be responsible for precise determi-

nation of the site of genital ridge formation. Mutation of Hoxa11 affects gonadal

development in mice, leading to both male and female sterility (Hsieh-Li

et al. 1995). Other homeodomain proteins SIX1 and SIX4 (sine oculis homeobox

homologs 1 and 4) are expressed from the onset of the genital ridge formation.

Double null mutation of these genes leads to reduction in Sf1 expression, delayed

and decreased epithelial–mesenchymal transition (EMT), and disrupted coelomic

epithelial cell ingression during the formation of the genital ridges, decreased

SF1-positive gonadal precursor cells, and decreased gonad size (Fujimoto

et al. 2013). It has been shown that SIX1 and SIX4 transactivate Sf1 promoter

(Fujimoto et al. 2013). Similarly, Pbx1 (pre-B-cell leukemia homeobox 1) contrib-

utes to regulation of genital ridge development via upregulation of proliferation of

SF1-positive cells (Schnabel et al. 2003). Mice with null mutation in Pbx1 display

decreased cell proliferation in genital ridges and highly reduced expression of Sf1
resulting in limited expansion of SF1-positive cells and decreased gonadal growth

(Schnabel et al. 2003). In addition, a polycomb protein CBX2 (chromobox homolog

2, M33) may play a role in regulation of HOX gene expression in the developing

urogenital system. Mice lacking functional Cbx2 show defects in gonadal develop-

ment; decreased Lhx9, Sf1, and Gata4 expression; male-to-female sex reversal; and

hypoplastic gonads of both sexes (Katoh-Fukui et al. 2012). Interestingly, Gata4,
which is the first gene expressed specifically in the genital ridges, is expressed in the

coelomic epithelium located only along the mesonephros, and its expression does

not extend caudally on the surface of the metanephros. It remains to be seen how the
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genital ridge formation becomes restricted only to the site running along the

mesonephros and if the mesonephros induces gonadal development.

The mentioned above genes differ not only in the spatiotemporal pattern of

expression but also in their role in the genital ridge formation. It has been suggested

that (1) Gata4, Six1, and Six4 regulate formation of SF1-positive gonadal precursor

cells in the coelomic epithelium; (2) Lhx9, Wt1-KTS, and IGF influence Sf1
expression and promote genital ridge formation; (3) Emx2 and possibly Six1 and

Six4 contribute to EMT and cell ingression in forming genital ridges; and (4) after

formation of the coelomic epithelium thickening, the Cbx2 and Pod1 modulate Sf1
expression regulating cell proliferation and differentiation of the genital ridges

(Tanaka and Nishinakamura 2014).

Fig. 1.3 (a) Interactions between genes regulating genital ridge development. Green arrows
indicate upregulation and red arrow indicates downregulation. (b) Diagram of gonadal cell lineage

origin, fate, and differentiation
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Interestingly, expression of these genes is not necessary for PGC migration and

colonization. In mutants lacking Lhx9, Sf1, Wt1, or Emx2 expression, the PGCs are

able to colonize genital ridges. In the Gata4 null mutants, the genital ridges do not

form; nevertheless, PGCs immigrate to the monolayer coelomic epithelium at the

surface of the mesonephroi (Hu et al. 2013). This shows that the presence of genital

ridges is not required for the PGC migration, guidance, or settlement. It has been

postulated that developing gonads secrete SDF1 factor that attracts PGCs

(Doitsidou et al. 2002; Molyneaux et al. 2003). However, it must be emphasized

that inGata4 null embryos, the SDF1 continues to be secreted by the mesentery and

mesonephros starting from 9.0 dpc, and probably because of this, the PGCs can still
migrate to the site of presumed genital ridges. On the other hand, the PGCs are not

required for the initiation or development of the genital ridges (McLaren 1991).

1.3 Cell Proliferation in Early Gonadal Development

The gonads’ development depends not only on cell proliferation but also on cell

migration from the adjacent mesonephric mesenchyme. The primordial gonads

initially derive from, at least, three cell lines: coelomic epithelium-derived cells,

mesonephros-derived cells, and germ cells. These three cell lines give rise to a

multitude of cell types in adult testes and ovaries. In early mouse gonads, the most

intensive proliferation has been described for coelomic epithelium-derived cells,

which cover genital ridges (Schmahl et al. 2000; Schmahl and Capel 2003). In

addition, the most robust cell divisions have been reported for the XY gonads

(genetic males) indicating the importance of cell proliferation for early stages of

testis development. There are two phases of male-specific proliferation in develop-

ing gonads. The earliest phase of proliferation affects SF1-positive cells in coelo-

mic epithelium that will give rise to the precursors of Sertoli cells (pre-Sertoli cells)

and possibly also other cell lineages (Fig. 1.3b). This phase takes place between

11.0 and 11.5 dpc and is promoted by fibroblast growth factor 9 (FGF9) acting via

FGFR2 (Karl and Capel 1998; Piprek 2010; Schmahl et al. 2000). Fgfr2 null

mutants show decreased proliferation of somatic cells in XY gonads and impaired

differentiation of Sertoli cells (Kim et al. 2007; Piprek 2010). It is not clear if Sertoli

cells originate from SF1-positive gonadal precursor cells preexisting in the genital

ridges or from cells that ingress inward the genital ridges at later stages. Lineage

tracing indicated that Sertoli cells in mice originate from cells that enter the interior

of the genital ridges from the superficial layer within 2-h window of time between

11.2 and 11.4 dpc (Karl and Capel 1998; Schmahl et al. 2000). After Sf1 expression
in the coelomic epithelium ceases, the precursors of Sertoli cells stop dividing, but

SF1-negative cells of coelomic epithelium continue to proliferate. Cells originating

in this later phase of coelomic epithelium proliferation (11.4–12.5 dpc) give rise to
interstitial cells only. This later phase of male-specific proliferation is promoted by

PDGF rather than by FGF9, since the loss of Pdgfrα receptor disrupts only this

latter phase of proliferation and does not influence the early proliferation of
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SF1-positive cells (Brennan et al. 2003; Piprek 2010). As a result of enhanced

proliferation of somatic cells in the male gonads, the differentiating testis becomes

almost twice the size of the ovary. Proliferation in developing ovaries is not as

robust as in the male gonads, and additionally the follicular cells probably originate

from coelomic epithelium-derived cells ingressing at the earliest stages of

gonadogenesis, which give rise to FOXL2-positive granulosa of medullary folli-

cles, but also during later development (around birth) from LGR5-positive cells

giving rise to the granulosa of cortical follicles (Mork et al. 2012).

1.4 Cellular Events in Genital Ridge Formation in Mice

and Other Vertebrates

The ventral surface of the urogenital ridges is covered by coelomic epithelium

(monolayer of cuboidal cells in the mouse or flat cells in the frog X. laevis) and
underlined by a thick basement membrane separating the epithelium from the

mesonephric mesenchyme and nephrons (Fig. 1.1). As it was mentioned above,

the first cellular sign of genital ridge formation is disintegration of the basement

membrane under coelomic epithelium at the site of gonadal development. In mouse,

the fragments of disintegrating the basement membrane are visible beneath the

epithelium-like layer at the surface of genital ridges (Karl and Capel 1998).

Disintegration of the basement membrane under the epithelium covering the genital

ridges was also observed in human, prosimian Galago, swine, and bovine

(Hummitzsch et al. 2013; Pelliniemi et al. 1998; Pereda et al. 2001; Satoh 1991;

Yoshinaga et al. 1988). The disintegration of the basement membrane occurs

through the action of extracellular matrix (ECM) digesting enzymes such as

metalloproteinases. It would be interesting to study the ECM-remodeling enzymes

during the formation of the genital ridge and to test how these enzymes influence

early gonadogenesis. Disintegration of the basement membrane allows the prolif-

erating cells of the coelomic epithelium to ingress and form a cluster of

SF1-positive gonadal somatic precursor cells constituting the genital ridge

(Fig. 1.1). In bovine embryos these coelomic-derived gonadal somatic precursor

cells have been named the GREL cells (genital ridge epithelial-like cells)

(Hummitzsch et al. 2013). In summary, during the primordial gonad formation,

the coelomic epithelial cells of the genital ridges proliferate, partially lose their

epithelial features, and transform into gonadal precursor cells (GREL cells) and

thus undergo EMT transition and move inward (Hummitzsch et al. 2013; Karl and

Capel 1998; Schmahl and Capel 2003). It is still unknown if these superficial cells

actively migrate or passively ingress due to the high rate of proliferation. The

enhanced divisions of superficial cells (indicated by high incorporation of BrdU)

of the genital ridges lead to the growth of gonadal primordium (Schmahl and Capel

2003). Superficial cell labeling of the genital ridges with fluorescent lipophilic dye

DiL in mice or with a mixture of MitoTracker and rhodamine derivative in a
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red-eared slider turtle Trachemys scripta showed the ingression of coelomic

epithelium-derived cells inward into the gonadal primordium (Karl and Capel

1998; Yao et al. 2004). This proved the origin of the first gonadal cells from the

coelomic epithelium. The onset of gonadogenesis, which is marked by the forma-

tion of coelomic epithelium thickening, is similar in mouse, bovine, chicken, and

T. scripta and is probably characteristic for all amniotes. However, T. scripta and

chicken early gonadogenesis is an exception due to the lack of basement membrane

disintegration under proliferating epithelium. Thus, in these species the increase in

cell number does not lead to the formation of an unorganized cell mass but to the

formation of the fingerlike sex cords covered by the basement membrane (Fig. 1.4).

The genital ridge formation is slightly different in lower vertebrates such as

X. laevis. Here the first sign of gonadal development occurs when a monolayer

coelomic epithelium composed of flat cells bulges into the coelomic cavity forming

mounds containing PGCs (Wylie and Heasman 1976; Fig. 1.5). Interestingly, in

amphibians the coelomic epithelium does not form thickenings at the onset of

genital ridge development, which is characteristic for amniotes.

Studies of the early gonadal development have been facilitated by identification

of molecular markers. Several molecular markers have been identified following

the microarray analysis of gene expression in the gonadal precursor cells (GREL

cells) of bovine embryos (Hummitzsch et al. 2013). GREL cells differentiating

from typical epithelial cells of gonadal surface still express some epithelial-specific

markers such as cytokeratins 18 and 19, plakophilin 2, and desmoglein 2, but also

express StAR, which marks the steroidogenic cells. However, GREL cells do not

express genes specific for gonadal surface cells such as adipophilin, fibulin

2, merocin, or mucin 1. This implies that GREL cells are intermediate cell type

between the coelomic epithelium cells and the mesenchymal cells.

Early studies indicated that the developing gonad is covered by a superficial

epithelium, which proliferates and gives rise to the somatic cells of the gonad (Karl

and Capel 1998), but later studies showed that developing gonad is not covered by a

true epithelium. A definitive epithelium is always composed of a layer of polarized

cells lying on a basement membrane; however, the genital ridge is a mass of cells

and is not organized into the cell layer (Figs. 1.1 and 1.6). This was clearly showed

in the studies on early gonadogenesis in bovine embryo (Hummitzsch et al. 2013).

The gonadal hilum (basal region) is the only region of the primitive gonad covered

by a true epithelium and is continuous with the mesonephric superficial epithelium.

This region of gonadal epithelium is a source of the LGR5-positive stem cells that

are also present in adult ovaries and play an important role in ovarian surface

regeneration after ovulation (Flesken-Nikitin et al. 2013).

The early genital ridge is built of a cluster of somatic cells among which the

primordial germ cells settle (Fig. 1.1). Later, the stromal cells migrate from the

mesonephric mesenchyme into the developing genital ridge (Figs. 1.1 and 1.6)

(Capel et al. 1999). Consequently, the primordial gonads are composed of cells of

various origins. The stromal (mesenchymal-like) cells derived from mesonephroi

invade the genital ridges, which in mice occurs at 11.5 dpc and in bovine between

70 and 130 days of gestation (Hummitzsch et al. 2013; Tilmann and Capel 1999).
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The mesonephric cell migration was also observed in amphibians but not in the

turtle T. scripta (Piprek et al. 2010; Yao et al. 2004). In bovine embryo the stromal

cells migrating from the mesonephroi have a mesenchymal character and are

surrounded by extracellular matrix containing collagen type I, fibrillin 1, fibronec-

tin, and decorin. In contrast, the extracellular matrix of GREL cells consists of

collagen types IV and XVIII, laminin, perlecan, and nidogen (Hummitzsch

et al. 2013). Both the coelomic epithelium-derived and mesonephros-derived

Fig. 1.4 Diagram of genital

ridge development in the

turtle Trachemys scripta
and chicken. (a) Coelomic

epithelium (ce) lined by the

basement membrane (bm).

(b) Coelomic epithelial

cells transform into

SF1-positive gonadal

precursor cells (gpc or

GREL cells) and ingress

forming fingerlike cords

covered by continuous

basement membrane. (c)

Proliferation of the gonadal

precursor cells leads to the

growth of primitive sex

cords (sc) that contain

primordial germ cells

(PGCs). (d) Sex cords

(sc) grow; in the

undifferentiated gonads, the

germ cells are located in the

peripheral, cortical region.

Mesonephros-derived cells

(m) invade the genital

ridges and locate between

the sex cords
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Fig. 1.5 Diagram of genital

ridge development in the

African clawed frog

Xenopus laevis. (a)
Coelomic epithelium

(ce) lined by the basement

membrane (bm). (b) PGC

settlement results in

formation of the genital

ridges that bulge to the

coelomic cavity. (c)

Coelomic epithelial cells

transform into gonadal

precursor cells (gpc) that

proliferate, ingress, and

enclose the PGCs. (d)

Coelomic epithelium-

derived cells locate in the

center of the genital ridges

forming the gonadal

medulla (gm).

Mesonephros-derived

stromal cells (m) ingress

between the medulla and

superficial region (cortex)
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Fig. 1.6 Diagram of genital

ridge development in the

bovine embryo. (a)

Coelomic epithelium

(ce) lined by the basement

membrane (bm). (b)

Coelomic epithelial cells

transform into SF1-positive

gonadal precursor cells

(gpc) also termed GREL

cells that proliferate and

form a cluster; the basement

membrane disintegrates. (c,

d) PGCs and mesonephros-

derived cells (m) invade the

genital ridges. (e) The

basement membrane forms

at the interface between the

mesonephros-derived and

GREL cells, and the sex

cords (sc) develop; blood

vessels (bv) form in the

stromal region (modified

from Hummitzsch

et al. 2013)
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stromal cells produce ECM in the primitive gonads. The basement membrane forms

at the interface between the GREL and stromal cells, which contributes to the

establishment of gonadal structure. The stromal cells penetrate the gonads toward

their surface separating the sex cords. Migrating stromal cells reach the space under

the surface of the gonads and induce differentiation of the superficial cells into the

true epithelium covering the gonads.

The formation of sex cords is a first sign of compartmentalization in developing

gonads. Within the sex cords, the coelomic epithelium-derived gonadal precursor

cells (GREL cells) enclose germ cells, and afterward they differentiate into Sertoli

cells in the developing testes or follicular (granulosa) cells in the developing

ovaries (Fig. 1.6). In mice, the sex cords do not form in the undifferentiated gonads;

they form only in the differentiating testes. The formation of testis cords depends on

the cell migration from the mesonephros (Combes et al. 2009). In bovine, the sex

cords (testis and ovigerous cords) develop in XX and XY gonads when the

mesonephros-derived cells invade the gonads. Subsequently, the basement mem-

branes form at the interface of GREL and stromal cells. This indicates that the

mesonephros-derived cells and timing of their migration are the keys for the

organization of gonadal structure. As it was mentioned before, in T. scripta and

chicken, the sex cords appear earlier in development when the cells of thickened

coelomic epithelium proliferate, which leads to the growth of the fingerlike prim-

itive sex cords protruding inward the genital ridges from the thickened coelomic

epithelium (Smith and Sinclair 2004; Yao et al. 2004) (Fig. 1.4). In these species the

sex cords are covered by the basement membrane that is continuous with the basal

membrane of the coelomic epithelium.

In amphibians, the structure of the primitive gonads is quite unique; the sex

cords are not present, the germ cells remain in the peripheral (cortical) position in

connection with the superficial cells of the gonads, and the proliferating somatic

cells gather in the center of the primitive gonad forming a sterile medulla (Fig. 1.5).

The medullary cells originate from the coelomic epithelium (Falconi et al. 2004;

Iwasawa and Yamaguchi 1984; Merchant-Larios 1979; Merchant-Larios and

Villalpando 1981; Piprek et al. 2010; Tanimura and Iwasawa 1988, 1989). Later

in development, mesenchymal cells immigrate from the mesonephroi into the

gonads and locate between the gonadal cortex and medulla. Eventually the base-

ment membrane forms at the interface of the coelomic epithelium-derived cells and

the stromal cells (Fig. 1.5).

The fate of the bipotential gonads is established in the sex determination process

that occurs in sexually undifferentiated gonads. The molecular mechanism deter-

mining sexual differentiation of the gonads has been described in Chap. 3 of this

volume. In mice, in XY gonads the SF1-positive gonadal precursor cells derived

from the coelomic epithelium start expressing Sry gene followed by the expression

of Sox9 gene (Piprek 2009a). These two genes determine the male sex in mammals

and trigger the differentiation of gonadal precursor cells into Sertoli cells that

enclose the germ cells and gather into the testis cords, which later in development

give rise to the seminiferous tubules (Combes et al. 2009). In XX murine, gonads

Rspo1 and Wnt4 are upregulated; here, the SF1-positive gonadal precursor cells
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gather into the ovarian follicles in which they enclose (as a follicular or granulosa

cells) a single oocyte (Piprek 2009b; Yao et al. 2004). Thus, Sertoli and follicular

cells share common origin (Albrecht and Eicher 2001). It seems that the ingressing

coelomic epithelial cells first undergo EMT (they lose epithelial features to form a

cluster of somatic cells inside the genital ridges) and then some of these cells

commit to MET (mesenchymal–epithelial transition) when they regain epithelial

features differentiating into supporting cells. Nevertheless, gonadal precursor cells

do not have typical mesenchymal character; and they are rather an intermediate

stage between epithelial and mesenchymal cells. In bovine, unlike in mice, both in

XX and XY gonads, the somatic gonadal precursor (GREL) cells initially gather

into sex cords (Hummitzsch et al. 2013). In XY bovine gonads, GREL cells in the

cords differentiate into the Sertoli cells, and the cords develop into seminiferous

tubules; however, in XX gonads, GREL cells give rise to follicular cells and the sex

cords are fragmented into ovarian follicles.

Interestingly, the supporting cells are not the only cells derived from coelomic

epithelium in the primitive gonads. Cell-tracking experiment revealed that the

SF1-positive gonadal precursor cells are also present between the sex cords and

probably give rise to the interstitial lineages (Fig. 1.3b) (Karl and Capel 1998).

Figure 1.3b depicts origin and differentiation of gonadal cell lineages. Originally, it

has been postulated that the interstitial cells (including steroidogenic cells) origi-

nate from the stromal cells migrating from the mesonephros (Buehr et al. 1993;

Martineau et al. 1997; Merchant-Larios et al. 1993). Studies on mouse testis

development showed that the mesonephros-derived cells give rise mainly to the

endothelial cells and thus the gonadal vasculature; however, the interstitial cells

probably originate from the coelomic epithelium (Combes et al. 2009; Cool

et al. 2008). It has been shown that two interstitial cell lineages, the peritubular

myoid cells (PMCs) and the fetal Leydig cells (FLCs), and possibly also the adult

Leydig cells (ALCs) originate from the SF1-positive coelomic epithelium-derived

cells (Barsoum et al. 2013; Brennan et al. 2003; Combes et al. 2009; Cool

et al. 2008). Importantly, Liu et al. (2015) showed that steroidogenic cells in

developing mouse ovaries have a dual origin: coelomic epithelial and mesonephric.

It seems that some of the theca cells originate from WT1-positive cells migrating

from the coelomic epithelium, and others differentiate from Gli1-positive mesen-

chymal cells migrating from the mesonephros (Liu et al. 2015). This may indicate

that the coelomic epithelium-derived and mesonephros-derived cells form a pool of

mixed multipotent precursor cells that randomly commit to different cell fates in the

genital ridges. However, it is more probable that the genital ridge is not an

unorganized mass of multipotent cells that will differentiate into various gonadal

cell lines but that the fate of gonadal cells is determined early: for example, cells

originating from the first wave of coelomic epithelium proliferation give rise to the

supporting cells, whereas later wave of coelomic epithelium proliferation gives rise

to steroidogenic cells. Thus, timing of cell origin may determine the fate of the

cells. The origin of gonadal cell fates and the mechanisms of their differentiation

still require further studies.
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1.5 Conclusion

The analysis of early gonadogenesis reveals a sequence of processes leading to the

formation of the bipotential gonad anlage, which differentiates into the ovaries or testes.

The first step of gonadal development determines the site of genital ridge formation.

Although the molecular mechanism of this process is still obscure, studies of mutant

mice have pointed to a group of genes involved in this earliest step of gonadal

development. At the site of gonadogenesis, the cells of the coelomic epithelium of

the ventromedial surface of mesonephroi undergo transformation; they proliferate, the

underlying basement membrane disintegrates, and these result in the formation of

genital ridges. The basement membrane disintegration depends on activation of

ECM-remodeling enzymes such as metalloproteinases. The proliferating cells leave

the coelomic epithelium, lose their epithelial features, undergo EMT, and invade the

interior of the primitive gonad either individually (mice, frogs) or in the form of cords

(reptiles, birds). The cells in the site of gonadogenesis secrete chemoattractants, which

guide migrating PGCs toward the genital ridges. PGCs settle and associate with the

cells of the thickened coelomic epithelium. The genital ridges are not required for PGC

immigration to the site of gonadogenesis, and PGCs are not needed for genital ridge

formation. In the genital ridges, the cells of the coelomic epithelium transform into a

cluster of SF1-positive cells (termed GREL cells in bovine embryos), and thus the

genital ridges are not covered by true epithelium. In all studied vertebrates, the cells

derived from the coelomic epithelium give rise to the supporting cells and presumably

also to other cell types, such as Leydig and theca cells. The cells of the developing

gonads segregate and the gonad compartmentalizes. In amphibians, distinct cortex and

medulla appear in the developing gonad. In reptiles and birds, the thickened coelomic

epithelium form the cortex from which the sex cords protrudes constituting the med-

ullary region of the gonad in both sexes. In mice, the testis cords and ovarian follicles

emerge from the cell cluster just after the sex determination period. Importantly, the

gonads originate not only from the cells deriving from the coelomic epithelium but also

from the mesonephric mesenchyme, and a specific sequence of changes is cell prolif-

eration, cell adhesion, cell movement, aggregation, deposition of the basement mem-

brane, and cell differentiation that lead to the formation of the testes or ovaries.

Grant Support RPP was supported by the project financed by the National Science Centre

assigned on the basis of the decision number DEC-2013/11/D/NZ3/00184.

References

Albrecht KH, Eicher EM (2001) Evidence that Sry is expressed in pre-Sertoli cells and Sertoli and
granulosa cells have a common precursor. Dev Biol 240:92–107

Bandiera R, Vidal VPI, Motamedi FJ (2013) WT1 maintains adrenal-gonadal primordium identity

and marks a population of AGP-like progenitors within the adrenal gland. Dev Cell 27:5–18

18 R.P. Piprek et al.



Barske LA, Capel B (2010) Estrogen represses SOX9 during sex determination in the red-eared

slider turtle Trachemys scripta. Dev Biol 341:305–314

Barsoum IB, Kaur J, Ge RS, Cooke PS, Yao HH (2013) Dynamic changes in fetal Leydig cell

populations influence adult Leydig cell populations in mice. FASEB J 27:2657–2666

Birk OS, Casiano DE, Wassif CA, Cogliati T, Zhao L, Grinberg A, Huang S, Kreidberg JA, Parker

KL, Porter FD, Westphal H (2000) The LIM homeobox gene Lhx9 is essential for mouse gonad

formation. Nature 403:909–913

Bland ML, Fowkes RC, Ingraham HA (2004) Differential requirement for steroidogenic factor-1

gene dosage in adrenal development versus endocrine function. Mol Endocrinol 18:941–952

Brambell FWR (1927) The development and morphology of the gonads of the mouse—Part I. The

morphogenesis of the indifferent gonad and of the ovary. Proc R Soc Lond B Biol Sci

101:391–409

Brennan J, Tilmann C, Capel B (2003) Pdgfr-α mediates testis cord organization and fetal Leydig

cell development in the XY gonad. Genes Dev 17:800–810

Buehr M, Gu S, McLaren A (1993) Mesonephric contribution to testis differentiation in the fetal

mouse. Development 117:273–281

Capel B, Albrecht KH, Washburn LL, Eicher EM (1999) Migration of mesonephric cells into the

mammalian gonad depends on Sry. Mech Dev 84:127–131

Chen H, Palmer JS, Thiagarajan RD, Dinger ME, Lesieur E, Chiu H, Schulz A, Spiller C,

Grimmond SM, Little MH, Koopman P, Wilhelm D (2012) Identification of novel markers

of mouse fetal ovary development. PLoS One 7(7):e41683

Combes AN, Wilhelm D, Davidson T, Dejana E, Harley V, Sinclair A, Koopman P (2009)

Endothelial cell migration directs testis cord formation. Dev Biol 326:112–120

Cool J, Carmona FD, Szucsik JC, Capel B (2008) Peritubular myoid cells are not the migrating

population required for testis cord formation in the XY gonad. Sex Dev 2:128–133

Cui S, Ross A, Stallings N, Parker KL, Capel B, Quaggin SE (2004) Disrupted gonadogenesis and

male-to-female sex reversal in Pod1 knockout mice. Development 131:4095–4105

Doitsidou M, Reichman-Fried M, Stebler J, Koprunner M, Dorries J, Meyer D, Esguerra CV,

Leung T, Raz E (2002) Guidance of primordial germ cell migration by the chemokine SDF-1.

Cell 111:647–659

Falconi R, Dalpiaz D, Zaccanti F (2004) Ultrastructural aspects of gonadal morphogenesis in Bufo
bufo (Amphibia Anura) 1. Sex differentiation. J Exp Zool A 301:378–388

Flesken-Nikitin A, Hwang CI, Cheng CY, Michurina TV, Enikolopov G, Nikitin AY (2013)

Ovarian surface epithelium at the junction area contains a cancer-prone stem cell niche. Nature

495:241–245

Francavilla S, Cordeschi G, Properzi G, Concordia N, Cappa F, Pozzi V (1990) Ultrastructure of

fetal human gonad before sexual differentiation and during early testicular and ovarian

development. J Submicrosc Cytol Pathol 22:389–400

Fujimoto Y, Tanaka SS, Yamaguchi YL, Kobayashi H, Kuroki S, Tachibana M, Shinomura M,

Kanai Y, Morohashi K, Kawakami K, Nishinakamura R (2013) Homeoproteins Six1 and Six4

regulate male sex determination and mouse gonadal development. Dev Cell 26:416–430

Gomperts M, Wylie C, Heasman J (1994) Primordial germ cell migration. Ciba Found Symp

182:121–134

Gropp A, Ohno S (1966) The presence of a common embryonic blastema for ovarian and testicular

parenchymal (follicular, interstitial and tubular) cells in cattle Bos taurus. Z Zellforsch

Mikrosk Anat 74:505–528

Hacker A, Capel B, Goodfellow P, Lovell-Badge R (1995) Expression of Sry, the mouse sex

determining gene. Development 121:1603–1614

Hammes A, Guo JK, Lutsch G, Leheste JR, Landrock D, Ziegler U, Gubler MC, Schedl A (2001)

Two splice variants of the Wilms’ tumor 1 gene have distinct functions during sex determina-

tion and nephron formation. Cell 106:319–329

Hatano O, Takakusu A, Nomura M, Morohashi K (1994) Identical origin of adrenal cortex and

gonad revealed by expression profiles of Ad4BP/SF-1. Genes Cells 1:663–671

1 Early Development of the Gonads: Origin and Differentiation of the Somatic. . . 19



Hsieh-Li HM, Witte DP, Weinstein M, Branford W, Li H, Small K, Potter SS (1995) Hoxa

11 structure, extensive antisense transcription, and function in male and female fertility.

Development 121:1373–1385

Hu YC, Okumura LM, Page DC (2013) Gata4 is required for formation of the genital ridge in

mice. PLoS Genet 9(7):e1003629

Hummitzsch K, Irving-Rodgers HF, Hatzirodos N et al (2013) A new model of development of the

mammalian ovary and follicles. PLoS ONE 8(2), e55578

Ikeda Y (1996) SF-1: a key regulator of development and function in the mammalian reproductive

system. Acta Paediatr Jpn 38:412–419

Ikeda Y, Shen WH, Ingraham HA, Parker KL (1994) Developmental expression of mouse

steroidogenic factor-1, an essential regulator of the steroid hydroxylases. Mol Endocrinol

8:654–662

Iwasawa H, Yamaguchi K (1984) Ultrastructural study of gonadal development in Xenopus laevis.
Zool Sci 1:591–600

Karl J, Capel B (1995) Three-dimensional structure of the developing mouse genital ridge. Philos

Trans R Soc Lond B Biol Sci 350:235–242

Karl J, Capel B (1998) Sertoli cells of the mouse testis originate from the coelomic epithelium.

Dev Biol 203:323–333

Katoh-Fukui Y, Miyabayashi K, Komatsu T, Owaki A, Baba T, Shima Y, Kidokoro T, Kanai Y,

Schedl A, Wilhelm D, Koopman P, Okuno Y, Morohashi K (2012) Cbx2, a polycomb group

gene, is required for Sry gene expression in mice. Endocrinology 153:913–924

Kawano K, Furusawa S, Matsuda H, Takase M, Nakamura M (2001) Expression of steroidogenic

factor-1 in frog embryo and developing gonad. Gen Comp Endocrinol 123:13–22

Kent J, Coriat AM, Sharpe PT, Hastie ND, van Heyningen V (1995) The evolution of WT1

sequence and expression pattern in the vertebrates. Oncogene 11:1781–1792

Kim Y, Bingham N, Sekido R, Parker KL, Lovell-Badge R, Capel B (2007) Fibroblast growth

factor receptor 2 regulates proliferation and Sertoli differentiation during male sex determina-

tion. Proc Natl Acad Sci U S A 104:16558–16563

Kreidberg JA, Sariola H, Loring JM, Maeda M, Pelletier J, Housman D, Jaenisch R (1993)WT-1 is

required for early kidney development. Cell 74:679–691

Kusaka M, Katoh-Fukui Y, Ogawa H, Miyabayashi K, Baba T, Shima Y, Sugiyama N,

Sugimoto Y, Okuno Y, Kodama R, Iizuka-Kogo A, Senda T, Sasaoka T, Kitamura K,

Aizawa S, Morohashi K (2010) Abnormal epithelial cell polarity and ectopic epidermal growth

factor receptor (EGFR) expression induced in Emx2 KO embryonic gonads. Endocrinology

151:5893–5904

Li J, Chen W, Wang D, Zhou L, Sakai F et al (2012) GATA4 is involved in the gonadal

development and maturation of the teleost fish tilapia, Oreochromis niloticus. J Reprod Dev

58:237–242

Liu C, Peng J, Matzuk MM, Yao HH (2015) Lineage specification of ovarian theca cells requires

multicellular interactions via oocyte and granulosa cells. Nat Commun 6:6934

Luo X, Ikeda Y, Parker KL (1994) A cell-specific nuclear receptor is essential for adrenal and

gonadal development and sexual differentiation. Cell 77:481–490

Martineau J, Nordqvist K, Tilmann C, Lovell-Badge R, Capel B (1997) Male-specific cell

migration into the developing gonad. Curr Biol 7:958–968

Mazaud S, Oreal E, Guigon CJ, Carre-Eusebe D, Magre S (2002) Lhx9 expression during gonadal
morphogenesis as related to the state of cell differentiation. Gene Expr Patterns 2:373–377

McLaren A (1991) Development of the mammalian gonad: the fate of the supporting cell lineage.

Bioessays 13:151–156

Merchant-Larios H (1979) Origin of the somatic cells in the rat gonad: an autoradiographic

approach. Ann Biol Anim Biochim Biophys 19:1219–1229

Merchant-Larios H, Villalpando I (1981) Ultrastructural events during early gonadal development

in Rana pipiens and Xenopus laevis. Anat Rec 199:349–360

20 R.P. Piprek et al.



Merchant-Larios H, Moreno-Mendoza N, Buehr M (1993) The role of the mesonephros in cell

differentiation and morphogenesis of the mouse fetal testis. Int J Dev Biol 37:407–415

Miyamoto N, Yoshida M, Kuratani S, Matsuo I, Aizawa S (1997) Defects of urogenital develop-

ment in mice lacking Emx2. Development 124:1653–1664

Miyamoto Y, Taniguchi H, Hamel F, Silversides DW, Viger RS (2008) A GATA4/WT1 cooper-

ation regulates transcription of genes required for mammalian sex determination and differ-

entiation. BMC Mol Biol 9:44

Molyneaux KA, Stallock J, Schaible K, Wylie C (2001) Time-lapse analysis of living mouse germ

cell migration. Dev Biol 240:488–498

Molyneaux KA, Zinszner H, Kunwar PS, Schaible K, Stebler J, Sunshine MJ, O’Brien W, Raz E,

Littman D, Wylie C, Lehmann R (2003) The chemokine SDF1/CXCL12 and its receptor

CXCR4 regulate mouse germ cell migration and survival. Development 130:4279–4286

Mork L, Maatouk DM, McMahon JA, Guo JJ, Zhang P, McMahon AP, Capel B (2012) Temporal

differences in granulosa cell specification in the ovary reflect distinct follicle fates in mice. Biol

Reprod 86:37

Nef S, Parada LF (2000) Hormones in male sexual development. Genes Dev 14:3075–3086

Oreal E, Mazaud S, Picard JY, Magre S, Carre-Eusebe D (2002) Different patterns of anti-

Mullerian hormone expression, as related to DMRT1, SF-1, WT1, GATA-4, Wnt-4, and

Lhx9 expression, in the chick differentiating gonads. Dev Dyn 225:221–232

Paranko J (1987) Expression of type I and III collagen during morphogenesis of fetal rat testis and

ovary. Anat Rec 219:91–101

Pelliniemi LJ (1975) Ultrastructure of gonadal ridge in male and female pig embryos. Anat

Embryol (Berl) 147:20–34

Pelliniemi LJ, Frojdman K, Sundstrom J, Pollanen P, Kuopio T (1998) Cellular and molecular

changes during sex differentiation of embryonic mammalian gonads. J Exp Zool 281:482–493

Pereda J, Pozo J, Motta PM (2001) Is there a mesonephric cell contribution to the gonadal

primordium before sexual differentiation in humans?: an ultrastructural study. Ital J Anat

Embryol 106:143–154

Piprek RP (2009a) Genetic mechanisms underlying male sex determination in mammals. J Appl

Genet 50:347–360

Piprek RP (2009b) Molecular mechanisms underlying female sex determination—antagonism

between female and male pathway. Folia Biol 57:105–113

Piprek RP (2010) Molecular machinery of gonadal differentiation in mammals. Int J Dev Biol

54:779–786

Piprek RP, Pecio A, Szymura JM (2010) Differentiation and development of gonads in the yellow-

bellied toad, Bombina variegata L. 1758 (Amphibia: Anura: Bombinatoridae). Zool Sci

27:47–55

Pitetti JL, Calvel P, Romero Y, Conne B, Truong V, Papaioannou MD, Schaad O, Docquier M,

Herrera PL, Wilhelm D, Nef S (2013) Insulin and IGF1 receptors are essential for XX and XY

gonadal differentiation and adrenal development in mice. PLoS Genet 9:e1003160

Satoh M (1991) Histogenesis and organogenesis of the gonad in human embryos. J Anat

177:85–107

Schmahl J, Capel B (2003) Cell proliferation is necessary for the determination of male fate in the

gonad. Dev Biol 258:264–276

Schmahl J, Eicher EM, Washburn LL, Capel B (2000) Sry induces cell proliferation in the mouse

gonad. Development 127:65–73

Schnabel CA, Selleri L, Cleary ML (2003) Pbx1 is essential for adrenal development and

urogenital differentiation. Genesis 37:123–130

Smith CA, Sinclair AH (2004) Sex determination: insights from the chicken. Bioessays

26:120–132

Smith CA, Smith MJ, Sinclair AH (1999) Expression of chicken steroidogenic factor-1 during

gonadal sex differentiation. Gen Comp Endocrinol 113:187–196

1 Early Development of the Gonads: Origin and Differentiation of the Somatic. . . 21



Tamura M, Kanno Y, Chuma S et al (2001) Pod-1/Capsulin shows a sex- and stage-dependent

expression pattern in the mouse gonad development and represses expression of Ad4BP/SF-1.

Mech Dev 102:135–144

Tanaka SS, Nishinakamura R (2014) Regulation of male sex determination: genital ridge forma-

tion and Sry activation in mice. Cell Mol Life Sci 71:4781–4802

Tanimura A, Iwasawa H (1988) Ultrastructural observations on the origin and differentiation of

somatic cells during gonadal development in the frog Rana nigromaculata. Dev Growth Differ
30:681–691

Tanimura A, Iwasawa H (1989) Origin of somatic cells and histogenesis in the primordial gonad of

the Japanese tree frog Rhacophorus arboreus. Anat Embryol 180:165–173

Taylor H, Vanden Heuvel GB, Igarashi P (1997) A conserved Hox axis in the mouse and human

female reproductive system: late establishment and persistent adult expression of the Hoxa

cluster genes. Biol Reprod 57:1338–1345

Tilmann C, Capel B (1999) Mesonephric cell migration induces testis cord formation and Sertoli

cell differentiation in the mammalian gonad. Development 126:2883–2890

Wartenberg H, Kinsky I, Viebahn C, Schmolke C (1991) Fine structural characteristics of

testicular cord formation in the developing rabbit gonad. J Electron Microsc Tech 19:133–157

Wilhelm D, Englert C (2002) The Wilms tumor suppressor WT1 regulates early gonad develop-

ment by activation of Sf1. Genes Dev 16:1839–1851

Wylie CC, Heasman J (1976) The formation of the gonadal ridge in Xenopus laevis. I. A light and

transmission electron microscope study. J Embryol Exp Morphol 35:125–138

Yao HH, DiNapoli L, Capel B (2004) Cellular mechanisms of sex determination in the red-eared

slider turtle, Trachemys scripta. Mech Dev 121:1393–1401

Yoshinaga K, Hess DL, Hendrickx AG, Zamboni L (1988) The development of the sexually

indifferent gonad in the prosimian, Galago crassicaudatus crassicaudatus. Am J Anat

181:89–105

22 R.P. Piprek et al.


	Chapter 1: Early Development of the Gonads: Origin and Differentiation of the Somatic Cells of the Genital Ridges
	1.1 The Earliest Events of Gonadogenesis
	1.2 Genetic Mechanisms Initiating Genital Ridge Development
	1.3 Cell Proliferation in Early Gonadal Development
	1.4 Cellular Events in Genital Ridge Formation in Mice and Other Vertebrates
	1.5 Conclusion
	References


