
Chapter 5

Origin and Differentiation of Androgen-

Producing Cells in the Gonads

Sarah J. Potter, Deepti Lava Kumar, and Tony DeFalco

Abstract Sexual reproduction is dependent on the activity of androgenic steroid

hormones to promote gonadal development and gametogenesis. Leydig cells of the

testis and theca cells of the ovary are critical cell types in the gonadal interstitium

that carry out steroidogenesis and provide key androgens for reproductive organ

function. In this chapter, we will discuss important aspects of interstitial androgenic

cell development in the gonad, including: the potential cellular origins of interstitial

steroidogenic cells and their progenitors; the molecular mechanisms involved in

Leydig cell specification and differentiation (including Sertoli-cell-derived signal-

ing pathways and Leydig-cell-related transcription factors and nuclear receptors);

the interactions of Leydig cells with other cell types in the adult testis, such as

Sertoli cells, germ cells, peritubular myoid cells, macrophages, and vascular endo-

thelial cells; the process of steroidogenesis and its systemic regulation; and a brief

discussion of the development of theca cells in the ovary relative to Leydig cells in

the testis. Finally, we will describe the dynamics of steroidogenic cells in seasonal

breeders and highlight unique aspects of steroidogenesis in diverse vertebrate

species. Understanding the cellular origins of interstitial steroidogenic cells and

the pathways directing their specification and differentiation has implications for

the study of multiple aspects of development and will help us gain insights into the

etiology of reproductive system birth defects and infertility.

5.1 Origins of Androgen-Producing Cells (Cell Migration

and Progenitors)

Androgen-producing cells differentiate in the interstitium of the mammalian gonad,

outside of the germ-cell-containing compartments of the testis (testis cords/semi-

niferous tubules) and ovary (follicles). While steroidogenic cells of the male gonad,
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termed Leydig cells (after the German anatomist Franz Leydig who first described

them), arise during fetal development (Fig. 5.1), theca cells, one of the steroido-

genic cell populations of the ovary which produces androgens, do not differentiate

until perinatal stages when follicular development begins (Barsoum and Yao 2010;

Magoffin 2005; Mannan and O’Shaughnessy 1991).

Fetal Leydig cells (FLCs), the steroidogenic population in the developing testis,

arise 24 h after Sertoli cell specification at approximately 12.5 dpc (days post
coitum) in the mouse fetal gonad (Barsoum and Yao 2010). The number of FLCs

increases dramatically from 12.5 to 18.5 dpc (Barsoum and Yao 2010), after which

FLC number decreases over the first week of postnatal life. FLCs are gradually

replaced by adult Leydig cells (ALCs), which arise anew postnatally (i.e., not

directly derived from differentiated FLCs; this is discussed in greater detail later

in this chapter). As differentiated FLCs and ALCs are mitotically inactive (Byskov

1986; Migrenne et al. 2001; Orth 1982), the expansion of both cell types depends on

the differentiation of progenitor cells in the interstitium. The origin of FLCs has not

yet been identified definitively and has been a subject of debate for many years.

Nevertheless, multiple potential sources have been speculated for the origin of

FLCs (Fig. 5.2). These include neural crest cells, coelomic epithelium,

Fig. 5.1 Leydig cells differentiate in the interstitium of the fetal testis. Confocal microscopy

image of a 13.5 dpc fetal mouse XY gonad, showing the development of two main testicular

compartments: the testis cords, which contain Sertoli cells (marked in blue with anti-AMH

antibody) and germ cells (marked in red with anti-Cadherin1/E-cadherin antibody), and the

interstitium, which contains differentiated steroidogenic Leydig cells (marked in green with

anti-HSD3B1/3β-HSD antibody)
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mesonephros, adrenogonadal primordium, and perivascular cells. While it is

assumed that female androgen-producing cells arise from similar progenitors as

their male counterparts, not as much is known about the fetal origin of theca cells;

we have discussed theca cell origin relative to Leydig cells in greater detail in

Sect. 5.6. Other cell types in the gonad, such as Sertoli cells, granulosa cells, and

luteal cells, also produce steroid hormones and other factors involved in steroid

hormone regulation; however, we will focus on the interstitial androgen-producing

cells, as the other cell types will be discussed in greater detail in other chapters in

this volume.

Neural crest cells Neural crest cells (NCCs) arise from a group of precursor cells

located between the neural plate and the epidermis in the developing embryo and

give rise to different cell types of the body. Studies have shown that NCCs can

contribute to neuroendocrine populations of the developing embryo, including the

steroidogenic cells of the adrenal medulla and neuroendocrine cells in the pancreas

and foregut (Huber 2006). Despite some contradictory findings with respect to the

Fig. 5.2 Potential origins of fetal Leydig cells. Schematic of a fetal mouse XY gonad, showing

potential cellular sources that give rise to fetal Leydig cells and their progenitors. Arrows indicate
cellular sources that have been suggested in the literature (neural crest cells, coelomic epithelium,

mesonephros, adrenogonadal primordium, and perivascular cells), while question marks indicate
cellular sources that are still untested (adrenogonadal primordium) or are unsupported or incon-

sistent with data in the field (neural crest cells). It is still unclear for some cell populations whether

they initially give rise to progenitors or if they directly differentiate into mature Leydig cells. The

events depicted likely do not occur simultaneously, but can occur over a span of 48 h in the mouse

(11.5–13.5 dpc)
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pancreas and the foregut, the hypothesis that NCCs are putative precursors for

neuroendocrine cells has persisted (Andrew and Kramer 1979; Andrew et al. 1998;

Kirchgessner et al. 1992; Pictet et al. 1976). Given that the adrenal gland and the

gonad share a common origin, i.e., arising from the same primordium (Griswold

and Behringer 2009), along with studies showing that NCCs might be precursors for

neuroendocrine populations (Griswold and Behringer 2009), it was reasonable to

hypothesize that FLCs arise from NCCs; additionally, it was shown that Sertoli

cells and NCCs have common DNA regulatory elements for testis-expressed genes

such as Gata4 and Sry (Boyer et al. 2006; Pilon et al. 2008). Studies have also

shown that fetal and adult Leydig cells express a number of neural markers such as

Nestin, Neural cell adhesion molecule (NCAM, official name NCAM1), S-100, and

Neurofilament protein 200 (official name Neurofilament, heavy polypeptide/

NEFH) (Davidoff et al. 2002; Lobo et al. 2004; Middendorff et al. 1993; May-

erhofer et al. 1996). These neuroendocrine characteristics of the FLCs led to the

idea that one of the potential sources of FLC origin could be NCCs. To determine if

NCCs give rise to FLCs, Brennan and colleagues lineage traced NCCs using a

Cre-responsive lacZ reporter strain driven by two distinct NCC-specific Cre lines

(under the control of either the P0 or Wnt1 promoter), but did not find significant

evidence for the contribution of NCCs toward Leydig cell lineages (Brennan

et al. 2003). These findings suggested that FLCs do not originate from the neural

crest cell lineage and instead acquire their neuroendocrine properties later on during

development of the testis.

Coelomic epithelium Another potential source for the origin of FLCs is the coelo-

mic epithelium of the gonad. Karl and Capel used a lipophilic dye (DiI) to label the

cells of the coelomic epithelium and tracked them for 12–24 h in ex vivo organ

explant cultures (Karl and Capel 1998). The migration of labeled cells into the

testicular compartment and their subsequent differentiation were dependent upon

the developmental stage at which the gonad was exposed to the dye. When the dye

was injected at 11.2–11.4 dpc (during 15–17 tail-somite stages), the labeled cells

were able to migrate into the gonad and were found in the testis cords (suggestive of

a Sertoli cell fate) as well as in the interstitium (suggestive of FLC fate). In later

stages of development, i.e., at 11.5 dpc or later (18–20 tail-somite stages), labeled

cells were excluded from the testis cords and were restricted to the interstitium.

Whether these labeled cells directly gave rise to FLCs was not specifically tested.

However, DeFalco et al. (2011) performed similar dye-labeling experiments using a

MitoTracker dye and showed that a subset of later-stage (11.5 dpc or later) labeled
cells expressed the Leydig-cell-specific enzyme 3β-HSD (official name HSD3B1),

demonstrating definitively that the coelomic epithelium is one of the cellular origins

of FLCs. Further studies are required to establish the specific roles of the progeny of

the coelomic epithelium at different stages with regard to FLC development.

Mesonephros The mesonephros, the organ that borders the gonad, is another tissue

that is thought to contain precursors of FLCs. The mesonephros gives rise to the

extra-gonadal ducts of the reproductive tract, such as the epididymis and oviduct in

males and females, respectively. In mice, shortly after sex determination at around
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12.5 dpc, one of the dramatic changes that occur in the male gonad is migration of

cells from the mesonephros. This migration is induced by the male gonad (the sex

of the mesonephros does not matter) and is dependent on Sry function (Capel

et al. 1999; Martineau et al. 1997). Studies using gonad/mesonephros recombina-

tion organ cultures (male wild-type gonads cultured on top of a mesonephros

carrying a ubiquitously expressed GFP or lacZ reporter under the β-actin or

ROSA26 promoter, respectively) demonstrated that cells from the adjacent meso-

nephros contribute to the gonadal population. GFP- and lacZ-positive cells from the

mesonephros were shown to migrate into the gonad, but most of these cells were

characterized as endothelial cells (Combes et al. 2009; Cool et al. 2008; Martineau

et al. 1997). Additionally, using kinase insert domain protein receptor (Kdr)-lacZ
mice (mice with lacZ expression driven by the promoter of Kdr, the gene encoding
VEGFR2), it was shown that Kdr-lacZ-expressing endothelial cells from the meso-

nephros migrated in the XY gonad at 11.5 dpc (Bott et al. 2010). This migratory

event occurs specifically in the male gonad and is essential for normal testis cord

formation (Tilmann and Capel 1999). Further research is required to determine

definitively if any non-endothelial mesonephric cells that migrate into the gonad

originate from the mesenchyme or epithelia of the mesonephros, and if any cells

that may migrate during earlier gonad development (i.e., prior to the stages when

gonad–mesonephros recombination cultures can be set up) contribute to the FLC

population.

Steroidogenic factor-1 (SF-1)-positive progenitors in the adrenogonadal
primordium Studies have shown that 11.5 dpc (a stage prior to the migration of

cells from the mesonephros) male gonads cultured in the absence of the mesoneph-

ros failed to develop testis cords, but did contain a subpopulation of cells that have

FLC characteristics (Merchant-Larios et al. 1993). This indicates that the precursors

that give rise to the FLC population are present in the gonad prior to the migratory

event that takes place from the adjacent mesonephros. Both Sertoli cells and Leydig

cells express SF-1 (Steroidogenic factor 1; official name is nuclear receptor sub-

family 5, group A, member 1 [NR5A1]), and hence, it has been suggested that they

arise from progenitors that express SF-1 (Luo et al. 1994, 1995). SF-1 expression

begins early on in adrenogonadal development and SF-1-positive cells are known to

contribute to steroidogenic cells in the adrenal cortex. Whether these SF-1-positive

cells are the FLC precursors present in the adrenogonadal primordium or whether

the precursors arise as a separate population and subsequently initiate SF-1 expres-

sion independently is not known and warrants further testing.

Perivascular cells and pericytes DeFalco et al. (2011) performed a detailed anal-

ysis of the cells that form the interstitial compartment of the developing mouse

gonad. They found that the interstitium is comprised of a heterogeneous population

of cells, some of which are closely associated with the vasculature during organ

formation. Using immunofluorescence, the authors identified expression of the Maf

family of basic leucine zipper transcription factors, specifically MAFB and C-MAF

(official name MAF), within the interstitium. These factors are the mammalian

orthologs of the Drosophila gene traffic jam known to regulate cell adhesion
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interactions during morphogenesis of the fly gonad (Li et al. 2003) and were

examined for their potential roles in mammalian gonad development; MAFB and

C-MAF were found to be early markers of the interstitial lineage. MAFB was

dynamically expressed in the gonad with expression along the gonad–mesonephros

border in 11.5 dpc embryos and in some interstitial cells in both male and female

gonads. Additionally, some scattered cells at 11.5 dpc also showed expression of

MAFB in the gonadal surface domain just beneath the coelomic epithelium only in

the male gonad; the expression of MAFB was mutually exclusive with Sertoli cell

markers, suggestive of an early interstitial fate. By 12.5 dpc, expression expanded

to most of the somatic cells in the male interstitium, i.e., outside the testis cords. By

13.5 dpc MAFB and C-MAF were expressed in most interstitial cells. Later on in

fetal life (by 14.5 dpc), Mafb-GFP knock-in reporter expression was observed

specifically in the Leydig cell lineage. C-MAF expression was also observed

along the gonad–mesonephros border and also within interstitial cells, although

the onset of its expression was slightly delayed relative to MAFB; later expression

of C-MAF was restricted to non-Leydig interstitial cells (DeFalco et al. 2011).

Subsequent work revealed that some of the C-MAF-positive cells are gonadal

macrophages (DeFalco et al. 2014). The MAFB/C-MAF double-positive interstitial

cells likely represent Leydig progenitors during initial testis formation, and these

two factors subsequently segregate into unique lineages, similar to MAFA and

MAFB during alpha and beta cell specification in the pancreas (Nishimura

et al. 2009).

Additionally, to determine if MAFB/C-MAF-positive perivascular cells along

the gonad–mesonephric border migrate into the gonad and contribute to the inter-

stitial population, a modified GFP recombination assay (see above) was performed

by DeFalco and colleagues (DeFalco et al. 2011). Usually vascular sprouts and

associated perivascular cells are disrupted during preparation of gonadal and

mesonephric tissues in recombination assays, and GFP-positive migratory cells

are strictly endothelial cells (Combes et al. 2009). However, in this case, vascular

sprouts and associated cells were kept intact in the mesonephric component of the

recombination culture. The researchers found that the GFP-positive cells also

expressed VCAM1, a marker for vasculature-associated interstitial cells, and

these cells migrated into the gonad. They also showed that these GFP-positive

interstitial cells were adjacent to GFP-positive endothelial cells, suggesting that

these two cell types migrated into the gonad together. Staining with 3β-HSD, a
marker for differentiated FLCs, following a 64-h culture (time during which the

cells would differentiate into Leydig cells), revealed 3β-HSD expression in

GFP-positive cells (DeFalco et al. 2011). Thus, these findings indicated that

migrating perivascular cells at the gonad–mesonephros border represent a progen-

itor population that gives rise to fetal Leydig cells.
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5.2 Molecular Mechanisms of FLC Differentiation

5.2.1 Signaling Pathways Regulating FLC Development

Regardless of their origin, FLCs lack expression of Sry or Sox9 and hence their

male-specific differentiation likely depends on molecular cues from the neighbor-

ing Sertoli cells (Barsoum and Yao 2010). For example, Sertoli-cell-derived sig-

naling molecules such as Desert hedgehog (DHH) and Platelet-derived growth

factor alpha (PDGFA) have been shown to positively regulate FLC differentiation

(Brennan et al. 2003; Yao et al. 2002). Balance between differentiation-promoting

and differentiation-inhibiting factors regulates maintenance and differentiation of

the Leydig cell population in the fetal gonad (Fig. 5.3).

Hedgehog signaling In the XY gonad, desert hedgehog (Dhh) mRNA is expressed

in Sertoli cells beginning at 11.5 dpc and the gene encoding its corresponding

receptor, patched homolog 1 (Ptch1), is expressed in the interstitium of only XY

gonads at around 12.5 dpc (Yao et al. 2002). XY gonads lacking Dhh show defects

in the differentiation of FLCs and have disruptions in testis cord formation

Fig. 5.3 Mechanisms regulating fetal Leydig cell differentiation. Signaling pathways and factors

involved in maintaining a balance between fetal Leydig cell progenitors and differentiated fetal

Leydig cells in the interstitium of the XY gonad. The question mark indicates the unknown

relationship between vasculature/perivascular cells and Notch signaling. The transcription factors

mentioned in the progenitor cell population are expressed in these cells but do not necessarily

promote progenitor identity, as many are responsible for promoting differentiation. Abbreviations

are as follows: EC endothelial cells, GC germ cells, PC pericytes, PMC peritubular myoid cells,

SC Sertoli cells
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(Yao et al. 2002). In prepubertal and adult stages, Dhh-null mice show

spermatogenetic defects and lack adult Leydig cells (Clark et al. 2000). Humans

with mutation in the DHH gene show pseudohermaphroditism and gonadal dys-

genesis, a phenotype similar to Dhh-null mice (Canto et al. 2004; Umehara

et al. 2000). Dhh is thought to act by regulating the expression of Sf-1 and

cytochrome P450, family 11, subfamily a, polypeptide 1 (Cyp11a1, also called

side chain cleavage [Scc], a steroidogenic enzyme required for androgen synthesis)

genes (Barsoum and Yao 2010). These data suggest that DHH secreted from Sertoli

cells signals to the interstitium, which expresses the PTCH1 receptor, to determine

FLC cell fate (Yao et al. 2002).

Platelet-derived growth factor (PDGF) signaling The PDGFA ligand is secreted

from Sertoli cells and is thought to signal to its receptor PDGFRA, which is

expressed throughout the mesenchyme of the XY interstitium (fewer cells express

PDGFRA in the XX interstitium) (Brennan et al. 2003). While both PDGFRA and

PDGFRB receptors are expressed in the interstitium, only Pdgfra function is

uniquely required for testis differentiation: analyses of Pdgfrb-mutant embryos

revealed no gross defects in the early fetal testis (Brennan et al. 2003). The

Pdgfra-null XY gonad showed a disruption in the formation of testis-specific

vasculature and patterning of the testis cords; mesonephric cell migration and

proliferation of interstitial FLC precursors were also severely reduced (Brennan

et al. 2003). This indicates that PDGFA-PDGFRA signaling plays an important role

in testis organogenesis and Leydig cell differentiation (Brennan et al. 2003). These

studies strongly suggest that a network of signaling from the Sertoli cells to the

mesenchymal cells of the interstitium is responsible for regulating the process of

FLC differentiation.

Insulin-like growth factor (IGF) signaling In addition to Hedgehog and PDGF

signaling pathways, Insulin-like growth factor (IGF) signaling from the Sertoli cells

is also known to positively regulate FLC differentiation (Baker et al. 1996). Insulin-
like growth factor 1 (Igf1)-mutant mice are infertile dwarfs with dramatically

reduced testosterone levels, causing a failure of masculinization and subsequent

infertility (Baker et al. 1996). Further analyses of mutant Leydig cells showed that

there is a developmental delay, pointing toward an essential role of Igf1 in Leydig

cell differentiation (Baker et al. 1996), although it is possible that Leydig cell

differentiation is altered due to delays or defects in testis cord development in

IGF pathway mutants (Nef et al. 2003; Pitetti et al. 2013).

Notch signaling While Sertoli-cell-derived DHH and PDGFA positively regulate

FLC differentiation, Notch signaling was shown to negatively regulate FLC differ-

entiation (Tang et al. 2008). Inhibition of Notch signaling in the fetal testis using

DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), a
gamma-secretase inhibitor, or disruption of the Notch target gene hairy and
enhancer of split 1 (Hes1) resulted in an increase in the number of differentiated

FLCs (Tang et al. 2008). Conversely, constitutive activation of Notch in the somatic

gonad using a Sf-1-Cre-driven Rosa-Notch1-intracellular-domain transgene led to a

decrease in FLC number (Tang et al. 2008). Thus, Notch signaling in the fetal
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gonad promotes the maintenance of the Leydig progenitor cell population by

restricting Leydig cell differentiation within the interstitial compartment. The

exact cell types engaging in Notch signaling have not been clearly defined; how-

ever, a recent study showed that the activity of Jag1 (a gene encoding one of the

Notch ligands) is required in the interstitium and perivascular cells for a proper

balance between progenitors and differentiated cells, and JAG1 signaling may act

through the receptor NOTCH2 (DeFalco et al. 2013).

5.2.2 Transcription Factors and Nuclear Receptors Involved
in FLC Differentiation

Apart from paracrine factors, studies have shown that several transcription factors

and nuclear receptors play a role in regulating the differentiation of FLCs. These

factors likely act downstream of key signaling pathways (described above) cell

autonomously to regulate key aspects of steroidogenic development within inter-

stitial cells.

Transcription factor 21 (TCF21) Transcription factor 21 (TCF21) (also called

Pod1/Capsulin or Epicardin), a basic helix-loop-helix transcription factor, nega-

tively regulates FLC differentiation (Cui et al. 2004). While Tcf21-mutant mice die

at birth due to respiratory failure caused by the absence of alveoli, the authors

described feminization of the external genitalia in XY gonads from Tcf21-mutant

mice. The effect of Tcf21 mutation on gonad development was revealed to be an

ectopic expression of SF-1; this upregulation of SF-1 resulted in more progenitor

cells committing to a steroidogenic cell fate, resulting in abnormal steroidogenesis

(Cui et al. 2004).

Aristaless-related homeobox (ARX) ARX is another transcription factor that plays

a role in FLC differentiation (Kitamura et al. 2002; Miyabayashi et al. 2013). Arx-
mutant testes show defective Leydig cell differentiation with a decrease in FLC

number throughout fetal life. Since differentiated Leydig cells do not proliferate,

this decrease in Leydig cell number is attributed to defects in the Leydig cell

progenitor population. Miyabayashi et al. (2013) showed that the progenitor pop-

ulation that gives rise to differentiated FLCs is ARX positive. The authors’ general
conclusion was that the ARX transcription factor positively regulates fetal Leydig

cell differentiation (Miyabayashi et al. 2013).

LIM homeobox protein 9 (LHX9) LHX9 belongs to the LIM homeobox gene

family of transcription factors (Birk et al. 2000). It is known to play an important

role in gonadal primordium development, as mice lacking Lhx9 show gonadal

agenesis (lack of gonads), lack male accessory sex organs, and are infertile (Birk

et al. 2000). In early-stage embryos (11.5 dpc), Lhx9 is highly expressed in the

somatic progenitors of the coelomic epithelium and the subjacent mesenchyme.

Tang et al. (2008) reported an increase in the number of LHX9-positive spindle-
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shaped progenitor cells and a concomitant decrease in the number of differentiated

Leydig cells following constitutive activation of Notch signaling in the male fetal

gonad. As spindle-shaped cells have been identified as putative adult Leydig stem

cells (Davidoff et al. 2004), it is likely that these spindle-shaped LHX9-positive

cells represent a progenitor pool that gives rise to differentiated FLCs. Whether

these LHX9-positive progenitor cells directly give rise to differentiated FLCs is not

known. Nevertheless, the authors concluded that constitutive activation of Notch

signaling maintains the LHX9 progenitor population and likely prevents their

differentiation into Leydig cells (Tang et al. 2008).

Nuclear receptor subfamily 0, group B, member 1 (NR0B1) Nuclear receptor

subfamily 0, group B, member 1 (NR0B1), also called DAX1, is a nuclear receptor

that plays an important role in testis cord organization during gonadal differentia-

tion (Meeks et al. 2003). Gonads lacking Dax1 show a host of testis defects, such as

abnormal organization of Sertoli cells, lack of basal laminae in the testis, and

disrupted peritubular myoid cell development. Both the number and organization

of immature Leydig cells, as shown by the expression of CYP11A1 (a steroidogenic

enzyme required for androgen synthesis), were affected. Immunohistochemical

staining with SF-1 revealed that Leydig cells were restricted to the coelomic surface

in Dax1-mutant mice (Meeks et al. 2003).

Nuclear receptor subfamily 2, group F, member 2 (NR2F2) Nuclear receptor

subfamily 2, group F, member 2 (NR2F2), also called COUP-TFII, is a member

of the nuclear receptor family of proteins and was also shown to play an essential

role in differentiation of both fetal and adult Leydig cells (Qin et al. 2008). Nr2f2 is
highly expressed in the mesenchyme and is absolutely essential for development, as

embryos lacking a functional copy of Nr2f2 die at 10.5 dpc due to angiogenic and

cardiovascular defects (Pereira et al. 1999; Tsai and Tsai 1997). In rats, between

15.5 and 21.5 dpc there is a threefold increase in FLC number, cytoplasmic volume

per Leydig cell, and intratesticular testosterone levels, along with a decrease in the

Leydig cell population expressing NR2F2. Exposing fetal rats to dibutyl phthalate

(DBP), a drug that induces masculinization disorders, prevented this decrease in

NR2F2-expressing Leydig cells and also prevented a normal age-dependent change

in Leydig cell cytoplasmic volume, nuclear volume, and ITT levels, but did not

have any effect on FLC number at any age. Furthermore, exposure to DBP

downregulated the expression of SF-1-regulated steroidogenic genes such as

StAR, Cyp11a1, and Cyp17a1 (with binding sites for both SF-1 and NR2F2 in

their promoter regions), but not 3β-HSD (with binding sites for only SF-1 in its

promoter region). The authors concluded that repression of NR2F2 may be an

important mechanism by which fetal Leydig cells regulate the production of

testosterone to ultimately drive masculinization (van den Driesche et al. 2012).

To determine the role of Nr2f2 in postnatal stages, conditional ablation of the Nr2f2
gene was achieved using a ubiquitously expressed tamoxifen-inducible Cre line

(Qin et al. 2008). Loss of Nr2f2 during prepubertal stages following injection of

tamoxifen at postnatal day 14 resulted in defective testosterone biosynthesis that led
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to arrest of spermatogenesis at the round spermatid stage, ultimately leading to

infertility (Qin et al. 2008).

5.3 Adult Leydig Cell Sources and Differentiation

5.3.1 Sources of Adult Leydig Cells

Unlike most cell types, Leydig cells in the adult testis do not directly arise from

Leydig cells in the fetal testis; instead they differentiate anew in postnatal life as

fetal cells disappear. It has been suggested that both FLCs and ALCs originate from

stem cell precursors (Benton et al. 1995; Ge et al. 2006; Hardy et al. 1989, 1990),

but whether FLCs and ALCs arise from the same stem cell progenitor has not been

fully resolved. Additionally, the source of the stem Leydig cell (SLC) that gives rise

to the ALC is unclear; possibilities include perivascular smooth muscle and

pericytes (Davidoff et al. 2004) or peritubular mesenchyme cells (Haider

et al. 1995).

Davidoff et al. (2004, 2009) reported that vascular smooth muscle cells and

pericytes present in the testis represent the progenitor population that gives rise to

adult Leydig cells (ALCs). The putative Leydig cell progenitors (i.e., vascular

smooth muscle cells and pericytes) expressed the intermediate filament protein

Nestin, also known to be expressed in neural stem cells and progenitors (Davidoff

et al. 2004, 2009). Furthermore, to determine if these Nestin-positive progenitors

give rise to the ALC population, the authors injected ethane dimethane sulfonate

(EDS) into adult rats. EDS is a cytotoxic compound that specifically eliminates the

existing Leydig cell population temporarily; however, Leydig cells start

regenerating within 2 weeks and are completely recovered by 1 month. Fourteen

days following EDS treatment, Nestin-positive cells reappeared as clusters near the

vicinity of the blood vessels (Nestin was used as a marker for Leydig progenitors).

These Nestin-positive cells were identified as vascular smooth muscle cells and

pericytes. Using Nestin-GFP transgenic mice it was recently demonstrated that

Nestin-GFP-positive cells have the ability to undergo self-renewal in vitro and are

able to differentiate into Leydig cells (Jiang et al. 2014). Additionally, when these

Nestin-positive cells were transplanted into Leydig-cell-depleted mice (following

injection of EDS), these cells were able to colonize the interstitium, differentiate

into Leydig cells, partially rescue testosterone deficiency, and thereby improve

spermatogenesis, as testosterone is known to be critical for completion of meiosis

and spermiogenesis in rodents (McLachlan et al. 2002). In all, it was shown that

perivascular cells and pericytes can give rise to adult Leydig cells.

SLCs are capable of differentiation into the Leydig lineage, as SLCs give rise to

ALCs when transferred to postnatal mice, resulting in ALC reconstitution

(Ge et al. 2006). SLCs that give rise to ALCs express growth factor receptors,

such as those for Kit ligand/Stem cell factor (SCF), Leukemia inhibitory factor

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 111



(LIF), and Platelet-derived growth factor alpha (PDGFA), which allow SLCs to

functionally respond to these mitogens by proliferating (Ge et al. 2006). Decreased

androgen receptor (AR) expression and DBP-induced epigenetic changes both

influence the SLC population, thus affecting ALC differentiation (Kilcoyne

et al. 2014; O’Shaughnessy et al. 2002). Factors, such as SF-1, a Leydig-cell-related
transcription factor, and DHH, a Sertoli-cell-released factor, both have roles in FLC

differentiation and influence ALCs, suggesting that the presence of FLCs or their

related intrinsic or extrinsic factors may be involved in ALC development (Park

et al. 2007). Yang et al. (2015) showed that the development of ALCs from mouse

embryonic stem (mES) cells requires SF-1, supporting the role of intrinsic

FLC-related transcription factors in the development of ALCs. Alternatively,

Kilcoyne et al. (2014) via lineage tracing in rats determined that NR2F2-positive

cells, the putative progenitor cell population for ALCs, exist during fetal stages.

Therefore, ALC stem cells might be the same progenitor population for both FLCs

and ALCs. Furthermore, FLC and ALC populations overlap during the first few

weeks of postnatal life in rodents, when FLCs decline and are slowly replaced with

ALCs, leaving a small number of FLCs remaining in adulthood (Benton

et al. 1995).

5.3.2 Differentiation of Adult Leydig Cells from Stem Cell
Progenitors

In humans, there is a triphasic progression of Leydig cells: fetal (first trimester),

postnatal (2–3 months), and adult stages (puberty), all of which have distinct

characteristics (Forest et al. 1973; Prince 1990; Reyes et al. 1974). In humans and

pigs, FLCs (discussed in earlier sections) reach their maximum number by the end

of fetal development, regressing in both number and size during neonatal periods

followed by the propagation of a new subset of Leydig cells. The postnatal

population peaks and also regresses by the first wave of spermatogenesis. This is

followed by the appearance of a more permanent population that persists through-

out adulthood (Prince 1990). In rats, most studies suggest a biphasic pattern, with

FLCs peaking and then declining around the time when ALCs arise (Christensen

and Gillim 1969). This difference may be due to the timescale of human gestation

as compared to rodents.

Differentiation Although several studies have addressed morphological and gene

expression differences between FLCs and the progenitor stages of adult Leydig

cells (ALC) and others have analyzed SLC and ALC gene expression (Stanley

et al. 2011), the differences between the terminally differentiated populations of

FLCs and the ALCs have not been fully elucidated. In the rat model, the stem

Leydig cells (SLCs) arise around postnatal day 7 and differentiate through various

discrete stages resulting in mature ALCs by postnatal days 28–90 (Chen et al. 2010;

Ge et al. 2006; Stanley et al. 2011) (Fig. 5.4 depicts the timescale and
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characteristics of each stage). The SLCs differentiate into progenitor Leydig cells

(PLCs), which are characterized by their expression of luteinizing hormone recep-

tor (LHR), 3α-HSD, and 3β-HSD. PLCs appear more spindle shaped and have

negligible smooth ER, but still retain the ability to secrete androsterone as com-

pared to SLCs. The PLCs enlarge, become round, and decrease their proliferative

capacity, transitioning into immature Leydig cells (ILCs). ILCs are considered

steroidogenic, containing abundant amounts of smooth ER and cytoplasmic lipid

droplets. ILCs contain high levels of 5α-androstan-3α,17β-diol (3α-diol) (the inac-
tive form of 5α-dihydrotestosterone [DHT]) and undergo a single mitotic division

to produce ALCs (Chen et al. 2009). ALCs are large post-mitotic polyhedral cells,

which have decreased lipid droplets and decreased levels of 5α-androstan-3α.
Although the ALCs themselves do not proliferate (Teerds et al. 1989), studies

have shown that, if eliminated upon administration of cytotoxic drugs like EDS,

Fig. 5.4 Adult Leydig cell development. Diagram describing the characteristics (mitotic activity,

morphology, smooth ER, testosterone metabolism, testosterone synthesis, age when cell is typical,

LH receptor number, and androgen receptor number) of adult Leydig cell progenitors through

differentiated cell populations in postnatal through aged rats. This figure is from Chen et al. (2009),

used with permission from Elsevier andMolecular and Cellular Endocrinology. Abbreviation is as
follows: ER endoplasmic reticulum. Refer to Sect. 5.3.2 in text
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the ALC (3β-HSD-positive) population is replenished from SLCs (3β-HSD-/LHR-/
PDGFRAþ cells) in as little as 10 days in rats (Ge et al. 2006).

Aging In aging adults, declines in testosterone production occur (Harman

et al. 2001). There is some debate if this decrease is due to a decline in ALC

numbers (Neaves et al. 1985) or due to reduced steroidogenesis in individual cells

(Chen et al. 1994). Zirkin and Chen (2000) demonstrated that reactive oxygen

species from the Leydig cells themselves may be a source for ALC age-related

testosterone decrease. Furthermore, degeneration of ALCs in aging adults by

atrophy (i.e., changes in cytoplasmic volume), rather than dedifferentiation (Neaves

et al. 1984), is supported by observations of classic aging pigments (lipofuscin

granules), crystalline inclusions, decreased mitochondria, and diminished smooth

endoplasmic reticulum (Mori et al. 1978, 1982; Paniagua et al. 1986).

5.4 Cellular Interaction with Leydig Cells

Leydig cells have complex interactions both locally and systemically which influ-

ence their survival, differentiation, and functionality (Fig. 5.5). Here we discuss

their specific interactions with cells of the interstitium (including macrophages and

vascular endothelial cells), as well as with cells of the seminiferous tubules (includ-

ing germ cells, Sertoli cells, and peritubular myoid cells [PMCs]). However, the

potential influence of FLCs on the generation of ALCs cannot be discounted, as

ALC stem cells temporally overlap with FLC populations and, thus, the microen-

vironment during fetal and postnatal stages may influence ALC functionality later

on (Kilcoyne et al. 2014); this interaction needs to be elucidated in further detail.

5.4.1 Cells of the Interstitium

Macrophages Testicular macrophages are intimately associated with Leydig cells.

The interdigitation of slender Leydig cytoplasmic processes within macrophages

forms deep channels (Christensen and Gillim 1969; Hutson 1992; Miller

et al. 1983) and is thought to mediate proper ultrastructure in ALCs that is required

for steroidogenesis (Cohen et al. 1997). This macrophage–Leydig interdigitation

has been documented as early as 20–30 days postnatally in rats, just prior to

pubertal testosterone secretion (Christensen and Gillim 1969; Hutson 1992; Miller

et al. 1983). Their close proximity and cellular interdigitation has been thought to

modulate the production of testosterone through lipophilic factors and/or cytokines

(Hales 2002; Hutson 1998; Lukyanenko et al. 1998; Watson et al. 1994). Some

cytokines (including interleukin-1, tumor necrosis factor-α, interleukin-6,

transforming growth factor-β (TGFβ), interferon-γ, lipopolysaccharide, reactive
oxygen species, and nitric oxide) are known to decrease steroidogenesis (reviewed
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by Hales 2002), whereas unidentified lipophilic factors seem to increase testoster-

one production (Hutson 1998). Modulation of testosterone production has systemic

effects and has been associated with changes in male mating behaviors, libido, and

inter-male aggression (Hales 2002). It has been long known that macrophages

directly secrete factors that positively influence steroidogenesis in Leydig cells

(Yee and Hutson 1985); one of these candidate macrophage-derived factors has

been identified as 25-hydroxycholesterol (Chen et al. 2002), an intermediate in the

testosterone biosynthetic pathway (Nes et al. 2000). It is assumed that macrophage-

secreted 25-hydroxycholesterol can be metabolized by Leydig cells and influences

the capacity of Leydig cells to produce testosterone (Lukyanenko et al. 2001).

Additionally, transient macrophage depletion (via a Cx3cr1-Cre-induced diphtheria
toxin receptor ablation method) in the adult mouse testis does not disrupt Leydig

cell numbers, but does decrease testosterone intratesticularly by half within 10 days

Fig. 5.5 Regulation of adult Leydig cell function. Cartoon depicting local and systemic factors

that influence adult Leydig cell survival, differentiation, or steroidogenesis. Dashed arrows
indicate long-distance or indirect interactions. Abbreviations are as follows: AR androgen recep-

tor, C-KIT kit ligand/stem cell factor receptor, EGFα epidermal growth factor-α, FGF-9 fibroblast
growth factor-9, bFGF basic fibroblast growth factor,GC differentiated germ cell,GDNF glial cell

line-derived neurotrophic factor, IGF1 insulin-like growth factor, LH luteinizing hormone, LHR
luteinizing hormone receptor, PMC peritubular myoid cell, SCF stem cell factor, SSC spermato-

gonial stem cell, TGFα transforming growth factor-α, TGFβ transforming growth factor-β, TJ tight
junction
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(DeFalco et al. 2015), showing that macrophage–Leydig cell interactions are

dynamic and can rapidly affect steroidogenesis.

Testicular macrophages also play a role in adult Leydig cell development by

providing growth and differentiation factors, as lack of macrophages leads to

abnormally developed Leydig cells with altered functionality (Hales 2002); addi-

tionally, recovery of Leydig cells after EDS treatment is severely hindered in their

absence (Gaytan et al. 1994b, c). Macrophages are important for ALC differenti-

ation, as depletion of macrophages during critical windows in prepubertal rat

development hindered Leydig cell differentiation (Gaytan et al. 1994a). Addition-

ally, Leydig functionality may be influenced by macrophage activation status, as

unstimulated macrophages inhibit testosterone in adult, but not immature, rats,

whereas activated macrophages seemingly enhanced testosterone production in

both adult and immature rats (Afane et al. 1998).

Vascular endothelial cells FLC progenitors are maintained via Notch signaling

within a perivascular niche (DeFalco et al. 2013; Tang et al. 2008). Cells localized

in the perivascular region are thought to be the stem cell source for ALCs that

reconstitute the testis after Leydig cell depletion (Davidoff et al. 2004), although it

is unknown if perivascular cells represent a common progenitor for other interstitial

cells. Additionally, there is a knowledge gap in the field regarding the direct effects

of vasculature on ALCs (e.g., differentiation, number, survival, and steroidogene-

sis). In the adult, Leydig cells are intimately localized to arterial and venous

microvasculature, such as capillaries (Ergun et al. 1994). Conversely, Leydig cell

activation via human chorionic gonadotropin (hCG) stimulation contributes to

testicular vascular permeability (Collin and Bergh 1996; Setchell and Rommerts

1985) and endothelial cell proliferation (Collin and Bergh 1996). Given that ALCs

localize near interstitial vasculature and that influential substances (e.g., luteinizing

hormone [LH]) are delivered to ALCs from the systemic vasculature, it is likely that

vasculature is critical for Leydig cell function. DeFalco et al. (2013) demonstrated

that active Notch signaling, which is often associated with vasculature, was not

detected in the interstitium of the adult testis; therefore, unlike FLCs, it is unlikely

that vascular Notch signaling regulates ALC differentiation or function. However,

alternative direct regulatory interactions have not been elucidated.

5.4.2 Cells of the Seminiferous Tubules

Germ cells Bergh (1982, 1983) previously hypothesized that germ cells influence

Leydig steroidogenesis, due to differences in the size of Leydig cells associated

with various stages of spermatogenesis. This correlation may be an indirect rela-

tionship, as other groups have demonstrated that germ cells do not play a role in

Leydig cell steroidogenesis locally or systemically, utilizing both in vivo and cell

culture germ-cell-depletion models (Chen et al. 2004; O’Shaughnessy et al. 2008;

Sprando and Zirkin 1997; Wright et al. 1993). Germ cell influence on Leydig cells
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is probably mediated through their modulation of Sertoli cells by controlling,

among other factors, 17β-estradiol, transferrin, and inhibin (Carreau 1996), all of

which influence testosterone production (Boujrad et al. 1992). Conversely, Leydig

cells support germ cell development (Carreau et al. 2008; Hess 2003). This effect

could be mediated through testosterone, as removal of testosterone blocks sper-

matogenesis at meiotic stages, and post-meiotic cells detach from Sertoli cells and

undergo programmed cell death at the time of testosterone blockade.

Sertoli cells Adult Sertoli cells release factors important for Leydig cell survival

(Rebourcet et al. 2014a, b), such as follicle-stimulating hormone (FSH), which is

important for survival of both FLCs and ALCs (Benahmed et al. 1985); further-

more, loss of FSH receptors causes a decrease in Leydig cell numbers (Baker

et al. 2003). Modulating AR expression in Sertoli cells has been shown to influence

Leydig cell number and differentiation (Hazra et al. 2013). Additional paracrine

activity of Sertoli cells (e.g., through inhibin subunits (Hsueh et al. 1987), basic

fibroblast growth factor (bFGF) (Liu et al. 2014), and IGF1 (Hu et al. 2010) affects

Leydig cell differentiation and influences steroidogenesis positively through fibro-

blast growth factor-9 (FGF-9) (Lin et al. 2010), basic fibroblast growth factor

(bFGF) (Laslett et al. 1997; Liu et al. 2014; Sordoillet et al. 1992), insulin-like

growth factor-1 (IGF1) (Gelber et al. 1992), epidermal growth factor-α (EGF-α),
and transforming growth factor-α (TGF-α) (Millena et al. 2004), and negatively

through transforming growth factor-β (TGF-β) (Lin et al. 1987). Testosterone

influences Sertoli cell expression of Claudin-3, a tight junction protein comprising

part of the blood–testis barrier (BTB), as well as affecting germ cell differentiation,

thus having a major influence on fertility (Meng et al. 2005).

Peritubular myoid cells PMCs, a muscle cell type surrounding the tubules, influ-

ence adult Leydig cell development, ultrastructure, and function through the activ-

ity of AR. Mice lacking AR in PMCs had Leydig cells which were split into two

groups: an unaffected, apparently “normal” group and an “abnormal” group, which

displayed an arrested phenotype with lower levels of Insulin-like 3 (INSL3), LHR,

and steroidogenic enzymes (Welsh et al. 2012), demonstrating the influence of

PMCs on Leydig cells.

5.5 Interstitial Steroidogenesis

5.5.1 Normal Interstitial Steroidogenesis in the Male

Male interstitial steroidogenic cells Steroidogenic cells are located in the brain,

placenta, adrenal glands, and the gonad. Regulation of steroidogenesis within the

gonad is essential for sexual differentiation (Barsoum and Yao 2006), organ

maintenance, and fertility (Meng et al. 2005). Testosterone, produced and released

by ALCs and fetal/immature Sertoli cells (after production of androgenic
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precursors by FLCs), functionally influences multiple aspects of male development:

spermatogenesis (Walker 2011); the levels of gonadotropin-releasing hormone

(GnRH) and luteinizing hormone (LH); male external genitalia differentiation

(Tomiyama et al. 2003); and secondary sexual characteristics at puberty. Although

steroidogenesis is commonly associated with local effects within the gonad, sex

steroid hormones influence the maintenance of the whole body, including bone

formation, metabolism, and erythropoiesis (Snyder et al. 2000).

Male interstitial steroidogenesis Steroidogenesis, the process of making steroid

hormones, is performed within specialized cells, Leydig and Sertoli cells (male),

and theca, granulosa, and luteal cells (female), within the gonad. Steroidogenic

cells utilize enzymes to convert cholesterol into various hormones and hormone

precursors. Steroidogenic acute regulatory protein (StAR), whose expression is

restricted to steroidogenic organs, shuttles cholesterol across the mitochondrial

membrane for processing, thereby regulating steroid production (Clark

et al. 1994). This process requires LH stimulation of the Leydig cells to produce

cyclic adenosine monophosphate (cAMP) to fuel movement of cholesterol across

the membrane. Under the influence of gonadotropins, steroidogenesis is controlled

through the production of steroidogenic enzymes, such as CYP11A1 (Hum and

Miller 1993). Within the mitochondria, cholesterol is converted via CYP11A1 into

cytosolic pregnenolone, which serves as a precursor to most sex hormones. Preg-

nenolone is further converted into progesterone via 3β-HSD (King and LaVoie

2009); the stepwise processing of the hormones from pregnenolone occurs within

the smooth endoplasmic reticulum. The conversion of progesterone into andro-

stenedione is performed by CYP17A1 (Gilep et al. 2011), followed by its final

conversion into testosterone via 17β-HSD (Ge and Hardy 1998). Testosterone needs

to be metabolically converted into dihydrotestosterone (DHT) via two isoforms of

5α-reductase (Ge and Hardy 1998).

Male-specific testosterone feedback loop Testosterone production is controlled

systemically by the hypothalamic–pituitary–gonadal (HPG) axis. The hypothala-

mus produces gonadotropin-releasing hormone (GnRH), which induces the pitui-

tary to produce the gonadotropins FSH and LH, which modulate Leydig cell

function either directly or indirectly through other testicular cells, such as Sertoli

cells (Krishnamurthy et al. 2001). LH signaling within Leydig cells stimulates the

production of testosterone. Testosterone is then part of two feedback loops. The first

is a systemic negative feedback loop, in which once a particular level of testoster-

one is reached, the hypothalamus will adjust the amount of GnRH produced,

influencing LH, which in turn reduces testosterone output. The other feedback

mechanism is local, in which Sertoli cells regulate the local pool of testosterone

production in Leydig cells through releasing androgen-binding protein (ABP)

which binds testosterone, thus keeping the concentration high locally; the local

concentration of testosterone is 50–100-fold higher than systemic serum

concentrations.

118 S.J. Potter et al.



Stage-dependent male interstitial steroidogenesis Steroidogenesis in the testis

occurs in a triphasic fashion in humans (Prince 2001), corresponding to the dynam-

ics of the wavelike development and transitioning of distinct Leydig populations,

thereby introducing fluctuations in testosterone production. Steroidogenesis is

important for different reasons during various time periods in development. FLCs

are required for the masculinization of the fetus, whereas the ALCs are essential for

puberty and have important roles in spermatogenesis, libido, and overall male

health. FLCs, the steroidogenic cells of the testis, appear within the mouse gonad

by 12.5 dpc. By 13.5 dpc, FLCs are fully differentiated and express steroidogenic

factor 1 (SF-1), which initiates steroidogenesis (Luo et al. 1994), and additionally

express steroid biosynthesis enzymes, such as 3β-HSD, which are important for the

production of androgens. FLC function is to convert cholesterol into androgen

precursors, such as androstenedione. This is performed by acquiring exogenous

cholesterol from sources outside the testis (Budefeld et al. 2009); the fact that

cholesterol arrives to the testis via the vasculature is a possible reason why FLCs are

localized to perivascular regions. Conversion of cholesterol to testosterone is

gonadotropin-independent in rodents, as the HPG axis is not yet active during

this time (O’Shaughnessy et al. 1998, 2006). FLCs do not contain a key steroido-

genic enzyme, 17β-HSD, also called HSD17B3, which is required to convert

androstenedione to testosterone; therefore, FLCs require the export of androstene-

dione to fetal Sertoli cells for the final processing of testosterone that is required for

secondary sexual differentiation (O’Shaughnessy et al. 1998; Shima et al. 2013).

Postnatally, there is a transition period in which FLCs are still present, while the

progenitors of ALCs are presumably present but have not started to differentiate.

This period is followed by FLC degeneration, in which the production of testoster-

one reaches its lowest. After ALCs differentiate from ILCs, the 5α-reductase
enzymes decrease, while 17β-HSD increases, switching the major output away

from 5α-androstan-3α,17βdiol, a testosterone metabolite, toward testosterone

within the testis. The conversion of cholesterol into testosterone in postnatal and

adult stages occurs in a gonadotropin-dependent manner, as LH stimulation leads to

increased testosterone production within ALCs. The importance of LH for ALC

function not only lies in its stimulation of testosterone production; it also is required

for the proliferation and differentiation of the ALC population (Baker and

O’Shaughnessy 2001). ALCs have the capacity to produce more testosterone than

FLCs, and, upon the onset of puberty, testosterone levels rise and are maintained

when the organism reaches sexual maturity. This increase in testosterone is impor-

tant, as testosterone deficit in hypogonadism patients is associated with multiple

symptoms such as ambiguous genitalia, reduced masculinization (including

decreased hair growth, decreased muscle mass, development of breasts), and

infertility. In aged animals, testosterone production, both locally and systemically,

starts to decrease (Harman et al. 2001), although the underlying cellular cause of

this decrease is still under debate.
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5.5.2 Endocrine Disruptors of Male Interstitial
Steroidogenesis

Leydig cell steroidogenesis can be influenced by various environmental contami-

nants, including, but not limited to, pesticides, phthalates, industrial by-products,

metals, and estrogenic compounds. The perturbation of Leydig cell function by

these endocrine-disrupting compounds has relevance for human reproductive

health, and uncovering their mechanism of action is a major area of research.

Pesticides One major class of pesticides, organochlorines, includes compounds

such as p,p0-DDT (and its derivatives) and lindane (also known as gamma-

hexachlorocyclohexane [γ-HCH]); these agents influence steroidogenesis (Enangue
Njembele et al. 2014) by preventing cholesterol transport across the mitochondrial

membrane via StAR (Walsh and Stocco 2000), conversion of the initial stages of

testosterone synthesis from cholesterol to pregnenolone (Murono et al. 2006), or

later stages by affecting 3β-, 17β-, and 11β-HSD enzymes (methoxychlor and

2,2-bis( p-hydroxyphenyl)-1,1,1-trichloroethane, also known as HPTE) (Guo

et al. 2013; Hu et al. 2011). Some pesticides (e.g., procymidone, vinclozolin,

linuron) modulate their effects on steroidogenesis via AR (Svechnikov

et al. 2010). Pesticides can also influence StAR function by decreasing StAR
expression levels transcriptionally (dimethoate and lindane) and through posttran-

scriptional modification (Glyphosate; commonly known as the commercial pesti-

cide Roundup) (Walsh et al. 2000a, b; Walsh and Stocco 2000).

Phthalates Phthalate exposure can induce changes in FLC function (testosterone

production), mitosis (number), and behavior (aggregation) or SLC proliferation and

differentiation, all of which are hypothesized to lead to testicular dysgenesis

syndrome (TDS) (Hu et al. 2009). Phthalates, commonly used in plastic

manufacturing, influence Leydig cells in a stage-specific manner (Akingbemi

et al. 2001; Rodriguez-Sosa et al. 2014) and in a species-specific manner (rat

FLCs are sensitive, but mouse and human FLCs seem to be resistant) (Johnson

et al. 2012). In rats, di(2-ethylhexyl)phthalate (DEHP) given postnatally (at 21–35

days old) caused significantly reduced 17β-HSD function and decreased testoster-

one output, whereas when given to adults (at 62–89 days old) there seemed to be no

effect on androgen biosynthesis (Akingbemi et al. 2001).

Phthalate esters (such as DEHP and di-n-octyl phthalate [DOP]) perturb both the
structure of Leydig cells and their testosterone output (Jones et al. 1993). Although

some metabolites of phthalates (monophthalates) do not have any effect on Leydig

cells (such as mono-n-butyl phthalate and mono-n-benzyl phthalate), others, such
as mono-2-ethylhexyl phthalate (MEHP; the monoester of DEHP), have been

demonstrated to influence mitochondrial function and stimulate basal steroidogen-

esis via StAR in postnatal mice (Savchuk et al. 2015). Others have shown that

dibutyl phthalate (DBP) causes epigenetic modifications (via histone methylation)

at the StAR promoter (Kilcoyne et al. 2014).
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Industrial by-products Industrial by-products, such as dioxin, decrease size and

number of Leydig cells (Johnson et al. 1994) and can influence cAMP levels (Lai

et al. 2005) and cytochrome activity (Moore et al. 1991), thereby influencing

steroidogenesis. Differential changes in steroidogenesis occur in a dose-dependent

manner, as low doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (0.3 μg/kg)
affect intratesticular testosterone, whereas higher concentrations (1 μg/kg) influ-
ence systemic feedback loops in rats (Adamsson et al. 2009). Another industrial

by-product is benzophenones (BP). BP-1 is known to selectively inhibit 17β-HSD
and therefore influences testosterone production (Nashev et al. 2010).

Metals Some metal cations (such as cadmium, cobalt, copper, mercury, nickel, and

zinc) suppress hCG-induced or cAMP-induced testosterone production in Leydig

cells (Laskey and Phelps 1991). This suppression may be through steroidogenic

enzymes, such as 3β-HSD (arsenic, cadmium, chromium, lead, and mercury),

17β-HSD (arsenic and cadmium), CYP11A1 (lead), or via blocking StAR protein

activity (cadmium, lead) (Payne and Hardy 2007).

Estrogenic compounds Testosterone can be metabolized into DHT (via 5-

α-reductase) and estrogen (via aromatase). Since these two metabolites have

opposing effects, disruption in the androgen:estrogen ratio can lead to infertility;

therefore, a delicate balance is necessary for testicular function. Estrogen, acting

through estrogen receptor alpha (ER-α), causes a reduction in StAR, CYP17A1, and
17β-HSD steroidogenic gene expression, thereby influencing male-specific ste-

roidogenesis (Strauss et al. 2009). Estrogen can be detrimental to Leydig cell

development, as it blocks Leydig progenitor cell division when given between

5 and 30 days after EDS-induced Leydig cell depletion in rats; however, this

blockade depends on the stage given, as when it is given at day 0–5 after EDS

treatment it had no effect (Abney and Myers 1991). The xenoestrogen compound

bisphenol A (BPA) has seemingly different effects on Leydig cells depending on

the stage or species (N’Tumba-Byn et al. 2012). BPA disrupts immature Leydig

steroidogenesis by affecting the conversion of testosterone into its metabolite

5α-androstan-3α,17βdiol, but does not affect basal androgen production (Savchuk

et al. 2013) as it does in mature ALCs (Akingbemi et al. 2004). Differences were

observed between rodent and human testis cultures: INSL3 mRNA and testosterone

production were reduced in humans, but not for rodents at low concentrations of

10(-8) M BPA (N’Tumba-Byn et al. 2012). Distinct signaling mechanisms between

rodents and humans have been demonstrated, as nuclear estrogen receptor alpha,

ERα, plays a role in BPA-reduced testosterone in rodents only, as fetal humans lack

ERα (Gaskell et al. 2003) and seemingly signal through G-protein coupled receptor

30 and estrogen-related receptor gamma (Bouskine et al. 2009; N’Tumba-Byn

et al. 2012).

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 121



5.6 Differing Properties of Male and Female Androgen-

Producing Cells

The gonad initially arises as a bipotential organ during fetal development; thereaf-

ter, gonadal programming is required for sexual differentiation into the ovary and

the testis. While some studies have suggested that the supporting cell types in the

male and female gonad, the Sertoli and granulosa cells, respectively, arise from a

common progenitor (Albrecht and Eicher 2001), not as much is known about the

interstitial compartment of the gonad. The analogous interstitial androgen-

producing cell type in the ovary corresponding to Leydig cells is the theca cell,

which is localized around developing follicles. Similar to the origins of the adult

testicular Leydig cells, theca cells are thought to arise from an adult stem cell

progenitor, likely mesenchymal stromal precursor cells or steroidogenic cells with

copious amounts of smooth endoplasmic reticulum. However, while Leydig cells

commence steroidogenesis soon after initial testis formation, theca cells do not

produce androgens until after birth upon LH stimulation when folliculogenesis

begins (Mannan and O’Shaughnessy 1991; Fortune and Armstrong 1977).

While it is assumed that interstitial cells are recruited around the developing

follicle due to paracrine signals from granulosa cells, the embryonic origin of theca

cells is less clearly defined. Recent work has shown that, similar to Leydig cells,

theca cells likely have multiple cellular origins: a subset of indigenous embryonic

ovarian cells expressingWt1 (Wilms tumor 1 homolog) and migrating mesonephric

mesenchymal cells expressing Gli1 (encoding a member of the Hedgehog signaling

pathway), which respond to Hedgehog signaling from granulosa cells (Liu

et al. 2015). An early marker of fetal interstitial cells is the transcription factor

MAFB; MAFB-expressing cells appear in the mouse gonad regardless of sexual

differentiation around 12.5 dpc (DeFalco et al. 2011). Within the female, these cells

reside near blood vessels, whereas their male counterparts not only localize to

perivascular regions but also spread throughout the entire interstitial region

(DeFalco et al. 2011). An additional putative marker for theca progenitors includes

NR2F2, which is expressed in a unique subset of interstitial mesenchyme in the

fetal ovary (Rastetter et al. 2014). Interestingly, NR2F2 is also expressed in Leydig

cells and is required for Leydig cell differentiation during prepubertal stages (Qin

et al. 2008), revealing a potential similarity between Leydig and theca cells.

Upon the development of the primary follicle, theca cells migrate and proliferate

in the areas adjacent to the follicle (Eshkol and Lunenfeld 1972; Peters 1969).

Granulosa-derived factors are thought to contribute to the androgen production and

morphology of the theca interna cells (Kotsuji et al. 1990; Tajima et al. 2007).

Although likely of similar cellular origin, different signaling pathways and genes

likely regulate the differentiation of theca and Leydig cells; for example, Gdf9 is

required for theca cells alone, while Hedgehog signaling is required for proper

function (i.e., steroid production) of both cell types (Clark et al. 2000; Dong

et al. 1996; Liu et al. 2015). In the preantral follicle, Parrott and Skinner (1997)

have shown that granulosa-derived SCF activates theca cell growth and
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androstenedione production in cows, compared to a survival factor in Leydig cells.

Although this is not an exhaustive list of factors, these examples demonstrate the

heterogeneity of signaling influences between male and female androgen cells.

Both theca and Leydig cell androgen production are under the control of LH

(Baird et al. 1981; Campbell et al. 1998; Palermo 2007; Ryan et al. 2008). Although

LH/hCG and estrogen can stimulate theca cell steroidogenesis, additional factors,

such as granulosa-derived activin, inhibin, BMPs, TGF-β, Gdf-9, and follistatin,

can modulate hormone production (Tajima et al. 2007; Young and McNeilly 2010).

Unlike ALCs, theca cells lack 17β-HSD, which is essential for conversion of

androstenedione into testosterone, but do contain 3β-HSD (Sawetawan

et al. 1994). Upon reaching the age of sexual maturity, Leydig cells reside in a

post-mitotic phase with consistent numbers, whereas theca cells during ovulation

become theca luteal cells, which produce massive amounts of progesterone until

luteolysis (reviewed in Magoffin 2005). During and after luteolysis, theca luteal

cells undergo apoptosis and become reabsorbed with the rest of the cells within the

corpus albicans. An alternative fate of theca cells within atretic follicles is that they

become hypertrophied and eventually lose their steroidogenic capacity

(Himelstein-Braw et al. 1976; reviewed in Magoffin 2005).

5.7 Origin and Differentiation of Interstitial Steroidogenic

Cells in Other Vertebrates

Vertebrates encompass a diverse set of animals, including amniotes (e.g., mam-

mals, birds, and reptiles) and anamniotes (e.g., fish and amphibians), both of which

possess reproductive organs but which have distinct testicular morphology. Amni-

otes exhibit a tubular structure interspersed with clumps of vasculature and inter-

stitial cells, whereas the anamniotes have a cystic structure, either in the form of

cysts or lobes. Originally thought to be lacking in anamniotes, Leydig cells have

been observed in areas between the cystic regions (Norris and Carr 2013). Within

the amniotes, seasonal and continuous/opportunistic breeders both have Leydig

cells. Within the Leydig cells, the internal steroidogenic machinery, e.g., StAR, is

evolutionarily conserved across species (i.e., piscine, avian, amphibian, and mam-

malian species) (Bauer et al. 2000).

Even among mammalian species, there are diverse gonadal phenotypes in terms

of sex-specific steroidogenic cells. European mole (Talpa occidentalis) females

have ovotestes that exhibit major fluctuations in steroid production and steroido-

genic cell number in breeding versus nonbreeding seasons (Jimenez et al. 1993),

likely to promote different behaviors appropriate for mating versus protection of

offspring or territory. Similarly, spotted hyena females have high levels of andro-

gen production (Browne et al. 2006), which drives female aggression that is

evolutionarily advantageous due to the scavenger lifestyle of the hyena. However,

this masculinization comes at great reproductive costs, as high levels of testosterone
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result in a pseudoscrotum and elongated peniform clitoris which are ill-suited for

the birthing process, so many females die during parturition (Browne et al. 2006;

Dloniak et al. 2006; Lindeque and Skinner 1982).

Among certain species, Leydig cell function and breeding patterns vary season-

ally. Rainfall, temperature, light, and nutrition all affect seasonal breeding patterns,

likely through influencing androgen production. Changes in androgen biosynthesis

by altered light cycle in hamsters are caused by changes in synthesis and secretion

of testosterone, as well as direct regulation of circulating LH and Leydig cell

responsiveness to LH signaling (Desjardins et al. 1971; Hardy et al. 1987). Oppor-

tunistic breeders, such as some rodents and humans, do not have seasonal changes

in testicular weight once they reach sexual maturity (Suzuki and Racey 1978).

Therefore, opportunistic breeders have relatively little change in their testis cellular

populations until aging occurs. In contrast, seasonal breeders have months of

recrudescence and intervening periods of regression, in which each period differs

in testicular weight and spermatogenic activity. Within seasonal breeders, there are

variations in how testis function is modulated: bats show changes in individual

Leydig cell volume and Leydig cell granule number (Loh and Gemmell 1980),

while stallions, birds, and amphibians exhibit changes in Leydig and Sertoli cell

numbers instead of individual cell size (Johnson and Nguyen 1986; Johnson and

Thompson 1986).

5.8 Conclusions and Future Areas of Research in the Field

While much research has been done regarding steroidogenic cells of the gonad,

there are several outstanding questions in the field that are likely to be fruitful areas

of future research. The first major topic deals with the origins of FLCs and ALCs.

Indirect evidence points to several potential sources for the origin of FLCs and

ALCs; however, which cell type(s) definitively gives rise to FLCs and ALCs still

remains somewhat unresolved. Additionally, the physiological significance of the

presence of two distinct populations of Leydig cells (fetal and adult) is unclear and

requires further investigation. Another major unanswered question in the field is

whether FLCs and ALCs arise from the same stem cell precursors or have distinct

cellular origins. Finally, another topic of great interest to human health concerns the

effects of endocrine-disrupting compounds on the differentiation and function of

Leydig cells, as well as the subsequent impacts on male development. Answering

these questions will provide a more comprehensive understanding of the molecular

mechanisms of steroidogenic cell differentiation and its cellular origins in fetal and

adult life. This knowledge will surely be of significance as it will help reveal the

etiology of disorders of sexual development and will have implications for our

understanding of fertility and other aspects of human health that are dependent on

or influenced by gonadal steroid hormones.

124 S.J. Potter et al.



Acknowledgments We would like to thank Haolin Chen and Barry Zirkin for permission to use a

figure from their previous publication (Chen et al. 2009) in Molecular and Cellular Endocrinol-
ogy. This work was supported by Cincinnati Children’s Hospital Medical Center (CCHMC)

developmental funds, a CCHMC Trustee Award, and a March of Dimes Basil O’Connor Starter
Scholar Award (#5-FY14-32) to T.D.; S.J.P. was supported by a CancerFree KIDS Research

Grant.

References

Abney TO, Myers RB (1991) 17 beta-estradiol inhibition of Leydig cell regeneration in the ethane

dimethylsulfonate-treated mature rat. J Androl 12:295–304

Adamsson A, Simanainen U, Viluksela M, Paranko J, Toppari J (2009) The effects of 2,3,7,8-

tetrachlorodibenzo-p-dioxin on foetal male rat steroidogenesis. Int J Androl 32:575–585

Afane M, Dubost JJ, Sauvezie B, Issoual D, Dosgilbert A, Grizard G, Boucher D (1998)

Modulation of Leydig cell testosterone production by secretory products of macrophages.

Andrologia 30:71–78

Akingbemi BT, Youker RT, Sottas CM, Ge R, Katz E, Klinefelter GR, Zirkin BR, Hardy MP

(2001) Modulation of rat Leydig cell steroidogenic function by di(2-ethylhexyl)phthalate. Biol

Reprod 65:1252–1259

Akingbemi BT, Sottas CM, Koulova AI, Klinefelter GR, Hardy MP (2004) Inhibition of testicular

steroidogenesis by the xenoestrogen bisphenol A is associated with reduced pituitary

luteinizing hormone secretion and decreased steroidogenic enzyme gene expression in rat

Leydig cells. Endocrinology 145:592–603

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

Andrew A, Kramer B (1979) An experimental investigation into the possible origin of pancreatic

islet cells from rhombencephalic neurectoderm. J Embryol Exp Morphol 52:23–38

Andrew A, Kramer B, Rawdon BB (1998) The origin of gut and pancreatic neuroendocrine

(APUD) cells-the last word? J Pathol 186:117–118

Baird DT, Swanston IA, McNeilly AS (1981) Relationship between LH, FSH, and prolactin

concentration and the secretion of androgens and estrogens by the preovulatory follicle in

the ewe. Biol Reprod 24:1013–1025

Baker PJ, O’Shaughnessy PJ (2001) Role of gonadotrophins in regulating numbers of Leydig and

Sertoli cells during fetal and postnatal development in mice. Reproduction 122:227–234

Baker J, Hardy MP, Zhou J, Bondy C, Lupu F, Bellve AR, Efstratiadis A (1996) Effects of an Igf1

gene null mutation on mouse reproduction. Mol Endocrinol 10:903–918

Baker PJ, Pakarinen P, Huhtaniemi IT, Abel MH, Charlton HM, Kumar TR, O’Shaughnessy PJ

(2003) Failure of normal Leydig cell development in follicle-stimulating hormone (FSH)

receptor-deficient mice, but not FSHbeta-deficient mice: role for constitutive FSH receptor

activity. Endocrinology 144:138–145

Barsoum I, Yao HH (2006) The road to maleness: from testis to Wolffian duct. Trends Endocrinol

Metab 17:223–228

Barsoum IB, Yao HH (2010) Fetal Leydig cells: progenitor cell maintenance and differentiation. J

Androl 31:11–15

Bauer MP, Bridgham JT, Langenau DM, Johnson AL, Goetz FW (2000) Conservation of ste-

roidogenic acute regulatory (StAR) protein structure and expression in vertebrates. Mol Cell

Endocrinol 168:119–125

Benahmed M, Reventos J, Tabone E, Saez JM (1985) Cultured Sertoli cell-mediated FSH

stimulatory effect on Leydig cell steroidogenesis. Am J Physiol 248:E176–E181

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 125



Benton L, Shan LX, Hardy MP (1995) Differentiation of adult Leydig cells. J Steroid Biochem

Mol Biol 53:61–68

Bergh A (1982) Local differences in Leydig cell morphology in the adult rat testis: evidence for a

local control of Leydig cells by adjacent seminiferous tubules. Int J Androl 5:325–330

Bergh A (1983) Paracrine regulation of Leydig cells by the seminiferous tubules. Int J Androl

6:57–65

Birk OS, Casiano DE, Wassif CA, Cogliati T, Zhao L, Zhao Y, 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

Bott RC, Clopton DT, Fuller AM, McFee RM, Lu N, McFee RM, Cupp AS (2010) KDR-LacZ-

expressing cells are involved in ovarian and testis-specific vascular development, suggesting a

role for VEGFA in the regulation of this vasculature. Cell Tissue Res 342(1):117–130

Boujrad N, Guillaumin JM, Bardos P, Hochereau De Reviers MT, Drosdowsky MA, Carreau S

(1992) Germ cell-Sertoli cell interactions and production of testosterone by purified Leydig

cells from mature rat. J Steroid Biochem Mol Biol 41:677–681

Bouskine A, Nebout M, Brucker-Davis F, Benahmed M, Fenichel P (2009) Low doses of

bisphenol A promote human seminoma cell proliferation by activating PKA and PKG via a

membrane G-protein-coupled estrogen receptor. Environ Health Perspect 117:1053–1058

Boyer A, Pilon N, Raiwet DL, Lussier JG, Silversides DW (2006) Human and pig SRY 50 flanking
sequences can direct reporter transgene expression to the genital ridge and to migrating neural

crest cells. Dev Dyn 235(3):623–632

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

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

Browne P, Place NJ, Vidal JD, Moore IT, Cunha GR, Glickman SE, Conley AJ (2006) Endocrine

differentiation of fetal ovaries and testes of the spotted hyena (Crocuta crocuta): timing of

androgen-independent versus androgen-driven genital development. Reproduction

132:649–659

Budefeld T, Jezek D, Rozman D, Majdic G (2009) Initiation of steroidogenesis precedes expres-

sion of cholesterologenic enzymes in the fetal mouse testes. Anat Histol Embryol 38:461–466

Byskov AG (1986) Differentiation of mammalian embryonic gonad. Physiol Rev 66:71–117

Campbell BK, Baird DT, Webb R (1998) Effects of dose of LH on androgen production and

luteinization of ovine theca cells cultured in a serum-free system. J Reprod Fertil 112:69–77

Canto P, Soderlund D, Reyes E, Mendez JP (2004) Mutations in the desert hedgehog (DHH) gene

in patients with 46, XY complete pure gonadal dysgenesis. J Clin Endocrinol Metab

89:4480–4483

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

Carreau S (1996) Paracrine control of human Leydig cell and Sertoli cell functions. Folia

Histochem Cytobiol 34:111–119

Carreau S, De Vienne C, Galeraud-Denis I (2008) Aromatase and estrogens in man reproduction: a

review and latest advances. Adv Med Sci 53:139–144

Chen H, Hardy MP, Huhtaniemi I, Zirkin BR (1994) Age-related decreased Leydig cell testoster-

one production in the brown Norway rat. J Androl 15:551–557

Chen JJ, Lukyanenko Y, Hutson JC (2002) 25-hydroxycholesterol is produced by testicular

macrophages during the early postnatal period and influences differentiation of Leydig cells

in vitro. Biol Reprod 66:1336–1341

Chen H, Irizarry RA, Luo L, Zirkin BR (2004) Leydig cell gene expression: effects of age and

caloric restriction. Exp Gerontol 39:31–43

Chen H, Ge RS, Zirkin BR (2009) Leydig cells: from stem cells to aging. Mol Cell Endocrinol

306:9–16

Chen H, Stanley E, Jin S, Zirkin BR (2010) Stem Leydig cells: from fetal to aged animals. Birth

Defects Res C Embryo Today 90:272–283

126 S.J. Potter et al.



Christensen AK, Gillim SW (1969) The correlation of fine structure and function in steroid-

secreting cells, with emphasis on those of the gonads. In: Mckerns KW (ed) The gonads.

Appleton-Century-Crofts, New York

Clark BJ, Wells J, King SR, Stocco DM (1994) The purification, cloning, and expression of a novel

luteinizing hormone-induced mitochondrial protein in MA-10 mouse Leydig tumor cells.

Characterization of the steroidogenic acute regulatory protein (StAR). J Biol Chem

269:28314–28322

Clark AM, Garland KK, Russell LD (2000) Desert hedgehog (Dhh) gene is required in the mouse

testis for formation of adult-type Leydig cells and normal development of peritubular cells and

seminiferous tubules. Biol Reprod 63:1825–1838

Cohen PE, Hardy MP, Pollard JW (1997) Colony-stimulating factor-1 plays a major role in the

development of reproductive function in male mice. Mol Endocrinol 11:1636–1650

Collin O, Bergh A (1996) Leydig cells secrete factors which increase vascular permeability and

endothelial cell proliferation. Int J Androl 19:221–228

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

Davidoff MS, Middendorff R, Kofuncu E, Muller D, Jezek D, Holstein AF (2002) Leydig cells of

the human testis possess astrocyte and oligodendrocyte marker molecules. Acta Histochem

104:39–49

Davidoff MS, Middendorff R, Enikolopov G, Riethmacher D, Holstein AF, Muller D (2004)

Progenitor cells of the testosterone-producing Leydig cells revealed. J Cell Biol 167:935–944

Davidoff MS, Middendorff R, Muller D, Holstein AF (2009) The neuroendocrine Leydig cells and

their stem cell progenitors, the pericytes. Adv Anat Embryol Cell Biol 205:1–107

DeFalco T, Takahashi S, Capel B (2011) Two distinct origins for Leydig cell progenitors in the

fetal testis. Dev Biol 352:14–26

DeFalco T, Saraswathula A, Briot A, Iruela-Arispe ML, Capel B (2013) Testosterone levels

influence mouse fetal Leydig cell progenitors through notch signaling. Biol Reprod 88:91

DeFalco T, Bhattacharya I, Williams AV, Sams DM, Capel B (2014) Yolk-sac-derived macro-

phages regulate fetal testis vascularization and morphogenesis. Proc Natl Acad Sci U S A 111:

E2384–E2393

DeFalco T, Potter SJ, Williams AV, Waller B, Kan MJ, Capel B (2015) Macrophages contribute to

the spermatogonial niche in the adult testis. Cell Rep 12(7):1107–1119

Desjardins C, Ewing LL, Johnson BH (1971) Effects of light deprivation upon the spermatogenic

and steroidogenic elements of hamster testes. Endocrinology 89:791–800

Dloniak SM, French JA, Holekamp KE (2006) Rank-related maternal effects of androgens on

behaviour in wild spotted hyaenas. Nature 440:1190–1193

Dong J, Albertini DF, Nishimori K, Kumar TR, Lu N, Matzuk MM (1996) Growth differentiation

factor-9 is required during early ovarian folliculogenesis. Nature 383:531–535

Enangue Njembele AN, Bailey JL, Tremblay JJ (2014) In vitro exposure of Leydig cells to an

environmentally relevant mixture of organochlorines represses early steps of steroidogenesis.

Biol Reprod 90:118

Ergun S, Stingl J, Holstein AF (1994) Microvasculature of the human testis in correlation to

Leydig cells and seminiferous tubules. Andrologia 26:255–262

Eshkol A, Lunenfeld B (1972) Gonadotropic regulation of ovarian development in mice during

infancy. In: Saxena BB, Boling O, Gandy HM (eds) Gonadotropins. Wiley Interscience,

New York

Forest MG, Cathiard AM, Bertrand JA (1973) Evidence of testicular activity in early infancy. J

Clin Endocrinol Metab 37:148–151

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 127



Fortune JE, Armstrong DT (1977) Androgen production by theca and granulosa isolated from

proestrous rat follicles. Endocrinology 100:1341–1347

Gaskell TL, Robinson LL, Groome NP, Anderson RA, Saunders PT (2003) Differential expression

of two estrogen receptor beta isoforms in the human fetal testis during the second trimester of

pregnancy. J Clin Endocrinol Metab 88:424–432

Gaytan F, Bellido C, Aguilar E, Van Rooijen N (1994a) Requirement for testicular macrophages in

Leydig cell proliferation and differentiation during prepubertal development in rats. J Reprod

Fertil 102:393–399

Gaytan F, Bellido C, Morales C, Reymundo C, Aguilar E, Van Rooijen N (1994b) Effects of

macrophage depletion at different times after treatment with ethylene dimethane sulfonate

(EDS) on the regeneration of Leydig cells in the adult rat. J Androl 15:558–564

Gaytan F, Bellido C, Morales C, Reymundo C, Aguilar E, Van Rooijen N (1994c) Selective

depletion of testicular macrophages and prevention of Leydig cell repopulation after treatment

with ethylene dimethane sulfonate in rats. J Reprod Fertil 101:175–182

Ge RS, Hardy MP (1998) Variation in the end products of androgen biosynthesis and metabolism

during postnatal differentiation of rat Leydig cells. Endocrinology 139:3787–3795

Ge RS, Dong Q, Sottas CM, Papadopoulos V, Zirkin BR, Hardy MP (2006) In search of rat stem

Leydig cells: identification, isolation, and lineage-specific development. Proc Natl Acad Sci U

S A 103:2719–2724

Gelber SJ, Hardy MP, Mendis-Handagama SM, Casella SJ (1992) Effects of insulin-like growth

factor-I on androgen production by highly purified pubertal and adult rat Leydig cells. J Androl

13:125–130

Gilep AA, Sushko TA, Usanov SA (2011) At the crossroads of steroid hormone biosynthesis: the

role, substrate specificity and evolutionary development of CYP17. Biochim Biophys Acta

1814:200–209

Griswold SL, Behringer RR (2009) Fetal Leydig cell origin and development. Sex Dev 3:1–15

Guo J, Deng H, Li H, Zhu Q, Zhao B, Chen B, Chu Y, Ge RS (2013) Effects of methoxychlor and

its metabolite 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane on 11beta-hydroxysteroid dehy-

drogenase activities in vitro. Toxicol Lett 218:18–23

Haider SG, Laue D, Schwochau G, Hilscher B (1995) Morphological studies on the origin of adult-

type Leydig cells in rat testis. Ital J Anat Embryol 100(Suppl 1):535–541

Hales DB (2002) Testicular macrophage modulation of Leydig cell steroidogenesis. J Reprod

Immunol 57:3–18

Hardy MP, Mendis-Handagama SM, Zirkin BR, Ewing LL (1987) Photoperiodic variation of

Leydig cell numbers in the testis of the golden hamster: a possible mechanism for their renewal

during recrudescence. J Exp Zool 244:269–276

Hardy MP, Zirkin BR, Ewing LL (1989) Kinetic studies on the development of the adult

population of Leydig cells in testes of the pubertal rat. Endocrinology 124:762–770

Hardy MP, Kelce WR, Klinefelter GR, Ewing LL (1990) Differentiation of Leydig cell precursors

in vitro: a role for androgen. Endocrinology 127:488–490

Harman SM, Metter EJ, Tobin JD, Pearson J, Blackman MR (2001) Longitudinal effects of aging

on serum total and free testosterone levels in healthy men. Baltimore Longitudinal Study of

Aging. J Clin Endocrinol Metab 86:724–731

Hazra R, Jimenez M, Desai R, Handelsman DJ, Allan CM (2013) Sertoli cell androgen receptor

expression regulates temporal fetal and adult Leydig cell differentiation, function, and popu-

lation size. Endocrinology 154:3410–3422

Hess RA (2003) Estrogen in the adult male reproductive tract: a review. Reprod Biol Endocrinol

1:52

Himelstein-Braw R, Byskov AG, Peters H, Faber M (1976) Follicular atresia in the infant human

ovary. J Reprod Fertil 46:55–59

Hsueh AJ, Dahl KD, Vaughan J, Tucker E, Rivier J, Bardin CW, Vale W (1987) Heterodimers and

homodimers of inhibin subunits have different paracrine action in the modulation of luteinizing

hormone-stimulated androgen biosynthesis. Proc Natl Acad Sci U S A 84:5082–5086

128 S.J. Potter et al.



Hu GX, Lian QQ, Ge RS, Hardy DO, Li XK (2009) Phthalate-induced testicular dysgenesis

syndrome: Leydig cell influence. Trends Endocrinol Metab 20:139–145

Hu GX, Lin H, Chen GR, Chen BB, Lian QQ, Hardy DO, Zirkin BR, Ge RS (2010) Deletion of the

Igf1 gene: suppressive effects on adult Leydig cell development. J Androl 31:379–387

Hu GX, Zhao B, Chu Y, Li XH, Akingbemi BT, Zheng ZQ, Ge RS (2011) Effects of methoxychlor

and 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane on 3beta-hydroxysteroid dehydrogenase

and 17beta-hydroxysteroid dehydrogenase-3 activities in human and rat testes. Int J Androl

34:138–144

Huber K (2006) The sympathoadrenal cell lineage: specification, diversification, and new per-

spectives. Dev Biol 298:335–343

Hum DW, Miller WL (1993) Transcriptional regulation of human genes for steroidogenic

enzymes. Clin Chem 39:333–340

Hutson JC (1992) Development of cytoplasmic digitations between Leydig cells and testicular

macrophages of the rat. Cell Tissue Res 267:385–389

Hutson JC (1998) Interactions between testicular macrophages and Leydig cells. J Androl

19:394–398

Jiang MH, Cai B, Tuo Y, Wang J, Zang ZJ, Tu X, Gao Y, Su Z, Li W, Li G, Zhang M, Jiao J,

Wan Z, Deng C, Lahn BT, Xiang AP (2014) Characterization of Nestin-positive stem Leydig

cells as a potential source for the treatment of testicular Leydig cell dysfunction. Cell Res

24:1466–1485

Jimenez R, Burgos M, Sanchez A, Sinclair AH, Alarcon FJ, Marin JJ, Ortega E, Diaz De La

Guardia R (1993) Fertile females of the mole Talpa occidentalis are phenotypic intersexes with

ovotestes. Development 118:1303–1311

Johnson L, Nguyen HB (1986) Annual cycle of the Sertoli cell population in adult stallions. J

Reprod Fertil 76:311–316

Johnson L, Thompson DL Jr (1986) Seasonal variation in the total volume of Leydig cells in

stallions is explained by variation in cell number rather than cell size. Biol Reprod 35:971–979

Johnson L, Wilker CE, Safe SH, Scott B, Dean DD, White PH (1994) 2,3,7,8-Tetrachlorodibenzo-

p-dioxin reduces the number, size, and organelle content of Leydig cells in adult rat testes.

Toxicology 89:49–65

Johnson KJ, Heger NE, Boekelheide K (2012) Of mice and men (and rats): phthalate-induced fetal

testis endocrine disruption is species-dependent. Toxicol Sci 129:235–248

Jones HB, Garside DA, Liu R, Roberts JC (1993) The influence of phthalate esters on Leydig cell

structure and function in vitro and in vivo. Exp Mol Pathol 58:179–193

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

Dev Biol 203:323–333

Kilcoyne KR, Smith LB, Atanassova N, Macpherson S, Mckinnell C, Van Den Driesche S, Jobling

MS, Chambers TJ, De Gendt K, Verhoeven G, O’Hara L, Platts S, Renato De Franca L, Lara

NL, Anderson RA, Sharpe RM (2014) Fetal programming of adult Leydig cell function by

androgenic effects on stem/progenitor cells. Proc Natl Acad Sci U S A 111:E1924–E1932

King SR, Lavoie HA (2009) Regulation of the early steps in gonadal steroidogenesis. In: Chedrese

PJ (ed) Reproductive endocrinology: a molecular approach. Springer, New York

Kirchgessner AL, Adlersberg MA, Gershon MD (1992) Colonization of the developing pancreas

by neural precursors from the bowel. Dev Dyn 194:142–154

Kitamura K, Yanazawa M, Sugiyama N, Miura H, Iizuka-Kogo A, Kusaka M, Omichi K,

Suzuki R, Kato-Fukui Y, Kamiirisa K, Matsuo M, Kamijo S, Kasahara M, Yoshioka H,

Ogata T, Fukuda T, Kondo I, Kato M, Dobyns WB, Yokoyama M, Morohashi K (2002)

Mutation of ARX causes abnormal development of forebrain and testes in mice and X-linked

lissencephaly with abnormal genitalia in humans. Nat Genet 32:359–369

Kotsuji F, Kamitani N, Goto K, Tominaga T (1990) Bovine theca and granulosa cell interactions

modulate their growth, morphology, and function. Biol Reprod 43:726–732

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 129



Krishnamurthy H, Kats R, Danilovich N, Javeshghani D, Sairam MR (2001) Intercellular com-

munication between Sertoli cells and Leydig cells in the absence of follicle-stimulating

hormone-receptor signaling. Biol Reprod 65:1201–1207

Lai KP, Wong MH, Wong CK (2005) Inhibition of CYP450scc expression in dioxin-exposed rat

Leydig cells. J Endocrinol 185:519–527

Laskey JW, Phelps PV (1991) Effect of cadmium and other metal cations on in vitro Leydig cell

testosterone production. Toxicol Appl Pharmacol 108:296–306

Laslett AL, McFarlane JR, Risbridger GP (1997) Developmental response by Leydig cells to

acidic and basic fibroblast growth factor. J Steroid Biochem Mol Biol 60:171–179

Li MA, Alls JD, Avancini RM, Koo K, Godt D (2003) The large Maf factor Traffic Jam controls

gonad morphogenesis in Drosophila. Nat Cell Biol 5(11):994–1000

Lin T, Blaisdell J, Haskell JF (1987) Transforming growth factor-beta inhibits Leydig cell

steroidogenesis in primary culture. Biochem Biophys Res Commun 146:387–394

Lin YM, Tsai CC, Chung CL, Chen PR, Sun HS, Tsai SJ, Huang BM (2010) Fibroblast growth

factor 9 stimulates steroidogenesis in postnatal Leydig cells. Int J Androl 33:545–553

Lindeque M, Skinner JD (1982) Fetal androgens and sexual mimicry in spotted hyaenas (Crocuta

crocuta). J Reprod Fertil 65:405–410

Liu H, Yang Y, Zhang L, Liang R, Ge RS, Zhang Y, Zhang Q, Xiang Q, Huang Y, Su Z (2014)

Basic fibroblast growth factor promotes stem Leydig cell development and inhibits

LH-stimulated androgen production by regulating microRNA expression. J Steroid Biochem

Mol Biol 144(Pt B):483–491

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

Lobo MV, Arenas MI, Alonso FJ, Gomez G, Bazan E, Paino CL, Fernandez E, Fraile B,

Paniagua R, Moyano A, Caso E (2004) Nestin, a neuroectodermal stem cell marker molecule,

is expressed in Leydig cells of the human testis and in some specific cell types from human

testicular tumours. Cell Tissue Res 316:369–376

Loh HS, Gemmell RT (1980) Changes in the fine structure of the testicular Leydig cells of the

seasonally-breeding bat, Myotis adversus. Cell Tissue Res 210:339–347

Lukyanenko YO, Carpenter AM, Brigham DE, Stocco DM, Hutson JC (1998) Regulation of

Leydig cells through a steroidogenic acute regulatory protein-independent pathway by a

lipophilic factor from macrophages. J Endocrinol 158:267–275

Lukyanenko YO, Chen JJ, Hutson JC (2001) Production of 25-hydroxycholesterol by testicular

macrophages and its effects on Leydig cells. Biol Reprod 64:790–796

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

Luo X, Ikeda Y, Schlosser DA, Parker KL (1995) Steroidogenic factor 1 is the essential transcript

of the mouse Ftz-F1 gene. Mol Endocrinol 9:1233–1239

Magoffin DA (2005) Ovarian theca cell. Int J Biochem Cell Biol 37:1344–1349

Mannan MA, O’Shaughnessy PJ (1991) Steroidogenesis during postnatal development in the

mouse ovary. J Endocrinol 130:101–106

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

Mayerhofer A, Lahr G, Seidl K, Eusterschulte B, Christoph A, Gratzl M (1996) The neural cell

adhesion molecule (NCAM) provides clues to the development of testicular Leydig cells. J

Androl 17:223–230

McLachlan RI, O’Donnell L, Meachem SJ, Stanton PG, De Kretser DM, Pratis K, Robertson DM

(2002) Identification of specific sites of hormonal regulation in spermatogenesis in rats,

monkeys, and man. Recent Prog Horm Res 57:149–179

Meeks JJ, Crawford SE, Russell TA, Morohashi K, Weiss J, Jameson JL (2003) Dax1 regulates

testis cord organization during gonadal differentiation. Development 130:1029–1036

Meng J, Holdcraft RW, Shima JE, Griswold MD, Braun RE (2005) Androgens regulate the

permeability of the blood-tests barrier. Proc Natl Acad Sci U S A 102:16696–16700

130 S.J. Potter 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

Middendorff R, Davidoff M, Holstein AF (1993) Neuroendocrine marker substances in human

Leydig cells—changes by disturbances of testicular function. Andrologia 25:257–262

Migrenne S, Pairault C, Racine C, Livera G, Geloso A, Habert R (2001) Luteinizing hormone-

dependent activity and luteinizing hormone-independent differentiation of rat fetal Leydig

cells. Mol Cell Endocrinol 172:193–202

Millena AC, Reddy SC, Bowling GH, Khan SA (2004) Autocrine regulation of steroidogenic

function of Leydig cells by transforming growth factor-alpha. Mol Cell Endocrinol 224:29–39

Miller SC, Bowman BM, Rowland HG (1983) Structure, cytochemistry, endocytic activity, and

immunoglobulin (Fc) receptors of rat testicular interstitial-tissue macrophages. Am J Anat

168:1–13

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

Morohashi K (2013) Aristaless related homeobox gene, Arx, is implicated in mouse fetal

Leydig cell differentiation possibly through expressing in the progenitor cells. PLoS One 8:

e68050

Moore RW, Jefcoate CR, Peterson RE (1991) 2,3,7,8-Tetrachlorodibenzo-p-dioxin inhibits ste-

roidogenesis in the rat testis by inhibiting the mobilization of cholesterol to cytochrome

P450scc. Toxicol Appl Pharmacol 109:85–97

Mori H, Fukunishi R, Fujii M, Hataji K, Shiraishi T, Matsumoto K (1978) Stereological analysis of

Reinke’s crystals in human Leydig cells. Virchows Arch A Pathol Anat Histol 380:1–9

Mori H, Hiromoto N, Nakahara M, Shiraishi T (1982) Stereological analysis of Leydig cell

ultrastructure in aged humans. J Clin Endocrinol Metab 55:634–641

Murono EP, Derk RC, Akgul Y (2006) In vivo exposure of young adult male rats to methoxychlor

reduces serum testosterone levels and ex vivo Leydig cell testosterone formation and choles-

terol side-chain cleavage activity. Reprod Toxicol 21:148–153

Nashev LG, Schuster D, Laggner C, Sodha S, Langer T, Wolber G, Odermatt A (2010) The

UV-filter benzophenone-1 inhibits 17beta-hydroxysteroid dehydrogenase type 3: virtual

screening as a strategy to identify potential endocrine disrupting chemicals. Biochem

Pharmacol 79:1189–1199

Neaves WB, Johnson L, Porter JC, Parker CR Jr, Petty CS (1984) Leydig cell numbers, daily

sperm production, and serum gonadotropin levels in aging men. J Clin Endocrinol Metab

59:756–763

Neaves WB, Johnson L, Petty CS (1985) Age-related change in numbers of other interstitial cells

in testes of adult men: evidence bearing on the fate of Leydig cells lost with increasing age.

Biol Reprod 33:259–269

Nef S, Verma-Kurvari S, Merenmies J, Vassalli JD, Efstratiadis A, Accili D, Parada LF (2003)

Testis determination requires insulin receptor family function in mice. Nature 426

(6964):291–295

Nes WD, Lukyanenko YO, Jia ZH, Quideau S, Howald WN, Pratum TK, West RR, Hutson JC

(2000) Identification of the lipophilic factor produced by macrophages that stimulates ste-

roidogenesis. Endocrinology 141:953–958

Nishimura W, Bonner-Weir S, Sharma A (2009) Expression of MafA in pancreatic progenitors is

detrimental for pancreatic development. Dev Biol 333:108–120

Norris DO, Carr JA (2013) Vertebrate endocrinology. Academic (Elsevier), China

N’tumba-Byn T, Moison D, Lacroix M, Lecureuil C, Lesage L, Prud’homme SM, Pozzi-Gaudin S,

Frydman R, Benachi A, Livera G, Rouiller-Fabre V, Habert R (2012) Differential effects of

bisphenol A and diethylstilbestrol on human, rat and mouse fetal leydig cell function. PLoS

One 7:e51579

O’Shaughnessy PJ, Baker P, Sohnius U, Haavisto AM, Charlton HM, Huhtaniemi I (1998) Fetal

development of Leydig cell activity in the mouse is independent of pituitary gonadotroph

function. Endocrinology 139:1141–1146

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 131



O’Shaughnessy PJ, Johnston H, Willerton L, Baker PJ (2002) Failure of normal adult Leydig cell

development in androgen-receptor-deficient mice. J Cell Sci 115:3491–3496

O’Shaughnessy PJ, Baker PJ, Johnston H (2006) The foetal Leydig cell—differentiation, function

and regulation. Int J Androl 29:90–95

O’Shaughnessy PJ, Hu L, Baker PJ (2008) Effect of germ cell depletion on levels of specific

mRNA transcripts in mouse Sertoli cells and Leydig cells. Reproduction 135:839–850

Orth JM (1982) Proliferation of Sertoli cells in fetal and postnatal rats: a quantitative autoradio-

graphic study. Anat Rec 203:485–492

Palermo R (2007) Differential actions of FSH and LH during folliculogenesis. Reprod Biomed

Online 15:326–337

Paniagua R, Amat P, Nistal M, Martin A (1986) Ultrastructure of Leydig cells in human ageing

testes. J Anat 146:173–183

Park SY, Tong M, Jameson JL (2007) Distinct roles for steroidogenic factor 1 and desert hedgehog

pathways in fetal and adult Leydig cell development. Endocrinology 148:3704–3710

Parrott JA, Skinner MK (1997) Direct actions of kit-ligand on theca cell growth and differentiation

during follicle development. Endocrinology 138:3819–3827

Payne A, Hardy M (2007) The Leydig cell in health and disease. Humana, Totowa, NJ

Pereira FA, Qiu Y, Zhou G, Tsai MJ, Tsai SY (1999) The orphan nuclear receptor COUP-TFII is

required for angiogenesis and heart development. Genes Dev 13:1037–1049

Peters H (1969) The development of the mouse ovary from birth to maturity. Acta Endocrinol

(Copenh) 62:98–116

Pictet RL, Rall LB, Phelps P, Rutter WJ (1976) The neural crest and the origin of the insulin-

producing and other gastrointestinal hormone-producing cells. Science 191:191–192

Pilon N, Raiwet D, Viger RS, Silversides DW (2008) Novel pre- and post-gastrulation expression

of Gata4 within cells of the inner cell mass and migratory neural crest cells. Dev Dyn 237

(4):1133–1143

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(1):e1003160

Prince FP (1990) Ultrastructural evidence of mature Leydig cells and Leydig cell regression in the

neonatal human testis. Anat Rec 228:405–417

Prince FP (2001) The triphasic nature of Leydig cell development in humans, and comments on

nomenclature. J Endocrinol 168:213–216

Qin J, Tsai MJ, Tsai SY (2008) Essential roles of COUP-TFII in Leydig cell differentiation and

male fertility. PLoS One 3:e3285

Rastetter RH, Bernard P, Palmer JS, Chassot AA, Chen H, Western PS, Ramsay RG, Chaboissier

MC,Wilhelm D (2014) Marker genes identify three somatic cell types in the fetal mouse ovary.

Dev Biol 394:242–252

Rebourcet D, O’Shaughnessy PJ, Monteiro A, Milne L, Cruickshanks L, Jeffrey N, Guillou F,

Freeman TC, Mitchell RT, Smith LB (2014a) Sertoli cells maintain Leydig cell number and

peritubular myoid cell activity in the adult mouse testis. PLoS One 9:e105687

Rebourcet D, O’Shaughnessy PJ, Pitetti JL, Monteiro A, O’Hara L, Milne L, Tsai YT,

Cruickshanks L, Riethmacher D, Guillou F, Mitchell RT, Van’t Hof R, Freeman TC, Nef S,

Smith LB (2014b) Sertoli cells control peritubular myoid cell fate and support adult Leydig cell

development in the prepubertal testis. Development 141:2139–2149

Reyes FI, Boroditsky RS, Winter JS, Faiman C (1974) Studies on human sexual development.

II. Fetal and maternal serum gonadotropin and sex steroid concentrations. J Clin Endocrinol

Metab 38:612–617

Rodriguez-Sosa JR, Bondareva A, Tang L, Avelar GF, Coyle KM, Modelski M, Alpaugh W,

Conley A, Wynne-Edwards K, Franca LR, Meyers S, Dobrinski I (2014) Phthalate esters affect

maturation and function of primate testis tissue ectopically grafted in mice. Mol Cell

Endocrinol 398:89–100

132 S.J. Potter et al.



Ryan KE, Glister C, Lonergan P, Martin F, Knight PG, Evans AC (2008) Functional significance

of the signal transduction pathways Akt and Erk in ovarian follicles: in vitro and in vivo studies

in cattle and sheep. J Ovarian Res 1:2

Savchuk I, Soder O, Svechnikov K (2013) Mouse leydig cells with different androgen production

potential are resistant to estrogenic stimuli but responsive to bisphenol a which attenuates

testosterone metabolism. PLoS One 8:e71722

Savchuk I, Soder O, Svechnikov K (2015) Mono-2-ethylhexyl phthalate stimulates androgen

production but suppresses mitochondrial function in mouse leydig cells with different ste-

roidogenic potential. Toxicol Sci 145:149–156

Sawetawan C, Milewich L, Word RA, Carr BR, Rainey WE (1994) Compartmentalization of type

I 17 beta-hydroxysteroid oxidoreductase in the human ovary. Mol Cell Endocrinol 99:161–168

Setchell BP, Rommerts FF (1985) The importance of the Leydig cells in the vascular response to

hCG in the rat testis. Int J Androl 8:436–440

Shima Y, Miyabayashi K, Haraguchi S, Arakawa T, Otake H, Baba T, Matsuzaki S, Shishido Y,

Akiyama H, Tachibana T, Tsutsui K, Morohashi K (2013) Contribution of Leydig and Sertoli

cells to testosterone production in mouse fetal testes. Mol Endocrinol 27:63–73

Snyder PJ, Peachey H, Berlin JA, Hannoush P, Haddad G, Dlewati A, Santanna J, Loh L, Lenrow

DA, Holmes JH, Kapoor SC, Atkinson LE, Strom BL (2000) Effects of testosterone replace-

ment in hypogonadal men. J Clin Endocrinol Metab 85:2670–2677

Sordoillet C, Savona C, Chauvin MA, De Peretti E, Feige JJ, Morera AM, Benahmed M (1992)

Basic fibroblast growth factor enhances testosterone secretion in cultured porcine Leydig cells:

site(s) of action. Mol Cell Endocrinol 89:163–171

Sprando RL, Zirkin BR (1997) Is Leydig cell steroidogenic function affected by the germ cell

content of the seminiferous tubules? J Androl 18:424–430

Stanley EL, Johnston DS, Fan J, Papadopoulos V, Chen H, Ge RS, Zirkin BR, Jelinsky SA (2011)

Stem Leydig cell differentiation: gene expression during development of the adult rat popula-

tion of Leydig cells. Biol Reprod 85:1161–1166

Strauss L, Kallio J, Desai N, Pakarinen P, Miettinen T, Gylling H, Albrecht M, Makela S,

Mayerhofer A, Poutanen M (2009) Increased exposure to estrogens disturbs maturation,

steroidogenesis, and cholesterol homeostasis via estrogen receptor alpha in adult mouse Leydig

cells. Endocrinology 150:2865–2872

Suzuki F, Racey PA (1978) The organization of testicular interstitial tissue and changes in the fine

structure of the Leydig cells of European moles (Talpa europaea) throughout the year. J Reprod

Fertil 52:189–194

Svechnikov K, Izzo G, Landreh L, Weisser J, Soder O (2010) Endocrine disruptors and Leydig cell

function. J Biomed Biotechnol. doi:10.1155/2010/684504

Tajima K, Orisaka M, Mori T, Kotsuji F (2007) Ovarian theca cells in follicular function. Reprod

Biomed Online 15:591–609

Tang H, Brennan J, Karl J, Hamada Y, Raetzman L, Capel B (2008) Notch signaling maintains

Leydig progenitor cells in the mouse testis. Development 135:3745–3753

Teerds KJ, De Rooij DG, Rommerts FF, Van Der Tweel I, Wensing CJ (1989) Turnover time of

Leydig cells and other interstitial cells in testes of adult rats. Arch Androl 23:105–111

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

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

Tomiyama H, Hutson JM, Truong A, Agoulnik AI (2003) Transabdominal testicular descent is

disrupted in mice with deletion of insulinlike factor 3 receptor. J Pediatr Surg 38:1793–1798

Tsai SY, Tsai MJ (1997) Chick ovalbumin upstream promoter-transcription factors (COUP-TFs):

coming of age. Endocr Rev 18:229–240

Umehara F, Tate G, Itoh K, Yamaguchi N, Douchi T, Mitsuya T, Osame M (2000) A novel

mutation of desert hedgehog in a patient with 46, XY partial gonadal dysgenesis accompanied

by minifascicular neuropathy. Am J Hum Genet 67:1302–1305

5 Origin and Differentiation of Androgen-Producing Cells in the Gonads 133

http://dx.doi.org/10.1155/2010/684504


Van Den Driesche S, Walker M, McKinnell C, Scott HM, Eddie SL, Mitchell RT, Seckl JR, Drake

AJ, Smith LB, Anderson RA, Sharpe RM (2012) Proposed role for COUP-TFII in regulating

fetal Leydig cell steroidogenesis, perturbation of which leads to masculinization disorders in

rodents. PLoS One 7:e37064

Walker WH (2011) Testosterone signaling and the regulation of spermatogenesis. Spermatogen-

esis 1:116–120

Walsh LP, Stocco DM (2000) Effects of lindane on steroidogenesis and steroidogenic acute

regulatory protein expression. Biol Reprod 63:1024–1033

Walsh LP, McCormick C, Martin C, Stocco DM (2000a) Roundup inhibits steroidogenesis by

disrupting steroidogenic acute regulatory (StAR) protein expression. Environ Health Perspect

108:769–776

Walsh LP, Webster DR, Stocco DM (2000b) Dimethoate inhibits steroidogenesis by disrupting

transcription of the steroidogenic acute regulatory (StAR) gene. J Endocrinol 167:253–263

Watson ME, Newman RJ, Payne AM, Abdelrahim M, Francis GL (1994) The effect of macro-

phage conditioned media on Leydig cell function. Ann Clin Lab Sci 24:84–95

Welsh M, Moffat L, Belling K, De Franca LR, Segatelli TM, Saunders PT, Sharpe RM, Smith LB

(2012) Androgen receptor signalling in peritubular myoid cells is essential for normal differ-

entiation and function of adult Leydig cells. Int J Androl 35:25–40

Wright WW, Fiore C, Zirkin BR (1993) The effect of aging on the seminiferous epithelium of the

brown Norway rat. J Androl 14:110–117

Yang Y, Su Z, Xu W, Luo J, Liang R, Xiang Q, Zhang Q, Ge RS, Huang Y (2015) Directed mouse

embryonic stem cells into leydig-like cells rescue testosterone-deficient male rats in vivo. Stem

Cells Dev 24:459–470

Yao HH, Whoriskey W, Capel B (2002) Desert Hedgehog/Patched 1 signaling specifies fetal

Leydig cell fate in testis organogenesis. Genes Dev 16:1433–1440

Yee JB, Hutson JC (1985) Effects of testicular macrophage-conditioned medium on Leydig cells

in culture. Endocrinology 116:2682–2684

Young JM, McNeilly AS (2010) Theca: the forgotten cell of the ovarian follicle. Reproduction

140:489–504

Zirkin BR, Chen H (2000) Regulation of Leydig cell steroidogenic function during aging. Biol

Reprod 63:977–981

134 S.J. Potter et al.


	Chapter 5: Origin and Differentiation of Androgen-Producing Cells in the Gonads
	5.1 Origins of Androgen-Producing Cells (Cell Migration and Progenitors)
	5.2 Molecular Mechanisms of FLC Differentiation
	5.2.1 Signaling Pathways Regulating FLC Development
	5.2.2 Transcription Factors and Nuclear Receptors Involved in FLC Differentiation

	5.3 Adult Leydig Cell Sources and Differentiation
	5.3.1 Sources of Adult Leydig Cells
	5.3.2 Differentiation of Adult Leydig Cells from Stem Cell Progenitors

	5.4 Cellular Interaction with Leydig Cells
	5.4.1 Cells of the Interstitium
	5.4.2 Cells of the Seminiferous Tubules

	5.5 Interstitial Steroidogenesis
	5.5.1 Normal Interstitial Steroidogenesis in the Male
	5.5.2 Endocrine Disruptors of Male Interstitial Steroidogenesis

	5.6 Differing Properties of Male and Female Androgen-Producing Cells
	5.7 Origin and Differentiation of Interstitial Steroidogenic Cells in Other Vertebrates
	5.8 Conclusions and Future Areas of Research in the Field
	References


