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background: Leydig cells (LC) are the sites of testicular androgen production. Development of LC occurs in the testes of most mammalian
species as two distinct growth phases, i.e. as fetal and pubertal/adult populations. In primates there are indications of a third neonatal growth
phase. LC androgen production begins in embryonic life and is crucial for the intrauterine masculinization of the male fetal genital tract and
brain, and continues until birth after which it rapidly declines. A short post-natal phase of LC activity in primates (including human) termed
‘mini-puberty’ precedes the period of juvenile quiescence. The adult population of LC evolves, depending on species, in mid- to late-prepuberty
upon reawakening of the hypothalamic–pituitary–testicular axis, and these cells are responsible for testicular androgen production in adult life,
which continues with a slight gradual decline until senescence. This review is an updated comparative analysis of the functional and morphological
maturation of LC in model species with special reference to rodents and primates.

methods: Pubmed, Scopus, Web of Science and Google Scholar databases were searched between December 2012 and October 2014.
Studies published in languages other than English or German were excluded, as were data in abstract form only. Studies available on primates
were primarily examined and compared with available data from specific animal models with emphasis on rodents.

results: Expression of different markergenes in rodents providesevidence that at least two distinct progenitor lineages give rise to the fetal LC
(FLC) population, one arising from the coelomic epithelium and the other from specialized vascular-associated cells along the gonad-mesone-
phros border. There is general agreement that the formation and functioning of the FLC population in rodents is gonadotrophin-responsive
but not gonadotrophin-dependent. In contrast, although there is in primates some controversy on the role of gonadotrophins in the formation
of the FLC population, there is consensus about the essential role of gonadotrophins in testosterone production. Like the FLC population, adult
Leydig cells (ALC) in rodents arise from stem cells, which have their origin in the fetal testis. In contrast, in primates the ALC population is thought
to originate from FLC, which undergo several cycles of regression and redifferentiation before giving rise to the mature ALC population, as well as
from differentiation of stem cells/precursor cells. Despite this difference in origin, both in primates and rodents the formation of the mature and
functionally active ALC population is critically dependent on the pituitary gonadotrophin, LH. From studies on rodents considerable knowledge
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has emerged on factors that are involved besides LH in the regulation of this developmental process. Whether the same factors also play a role in
the development of the mature primate LC population awaits further investigation.

conclusion: Distinct populations of LC develop along the life span of males, including fetal, neonatal (primates) and ALC. Despite
differences in the LC lineages of rodents and primates, the end product is a mature population of LC with the main function to provide androgens
necessary for the maintenance of spermatogenesis and extra-gonadal androgen actions.

Key words: developmental stage and functionality / Leydig cells / development regulating factors / animal models

Introduction
The main function of Leydig cells (LC) is to produce androgens for
the paracrine regulation of spermatogenesis within the testis, and for the
various systemic endocrine effects, androgenic and anabolic, outside the
testis. LC androgen production begins in embryonic life and is crucial for
masculinization of the male fetus. In addition to androgens, fetal Leydig
cells (FLC) produce a peptide hormone, insulin like-3 (INSL3) that partici-
pates in the induction of testicular descent. Testicular endocrine activity
continues until birth, and a few weeks (rodents) or months (primates;
mini-puberty) beyond, followed by hormonal quiescence until puberty.
During the quiescent period, most FLC disappear or dedifferentiate and
will be replaced at mid-prepuberty (rodents) or at puberty (primates),
when function of the hypothalamic–pituitary–testicular axis reawakens,
by another population of cells, the adult Leydig cells (ALC) (reviewed in
Haider, 2004). Although two growth phases of LC are identifiable in
most mammalian species, they differ in morphology, regulation, functional
features and physiological actions. Such differences are expected and
physiologically meaningful, considering the vastly different environments
they function in, i.e. in utero during the morphogenesis and functional dif-
ferentiation of sexual organs, and ex utero upon their growth, maturation
and maintenance of mature functions. For the same reasons, testicular
hormones have very different functions at different periods of life. Our
purpose is to present an updated review of the salient features in the
differentiation, regulation and function of LC along a male’s lifespan. We
concentrate on two model species, i.e. rodents and primates, and
review findings in other species only when relevant. This text is not
intended to be an exhaustive review, and we have minimized the system-
aticpresentationof the topic, concentratingonfindingsnotyet found in this
context in textbooks and other reviews.

Methods
Most studies on the regulation of LC development in the prenatal and post-
natal testis have been performed in model animals, mainly rodents; the infor-
mation on primates is unfortunately still scarce. The first part of this review
therefore focuses on the origin, differentiation and functionality of LC during
these periods of life in rodents; data on primates are presented when available.
The second part gives an up-to-date overview of our current knowledge on LC
development and function in primates with specific emphasis on humans, and
the differences with the rodent models. The third part of the review discusses
the consequences of aging on LC morphologyand functionality in primates and
animal models. Only peer-reviewed articles have been cited. Review articles
have been used as a reference source and are referred to as such.

Exclusion criteria
Studies published in other languages than English or German are excluded, as
are studies of which only the abstracts are available.

Search strategy
Pubmed, Scopus, Google Scholar and Web of Science have been compre-
hensively searched. Search terms used included combinations of the follow-
ing terms: fetal Leydig cell development/differentiation, adult Leydig cell
development/differentiation, stem Leydig cells, human Leydig cell develop-
ment/differentiation, primate Leydig cells, Leydig cells and aging, testicular
aging, fetal Leydig cell steroidogenesis, adult Leydig cell steroidogenesis,
neonatal Leydig cells, Leydig cell progenitors, immature Leydig cells,
mature adult Leydig cells.

Results

FLCs
Cellular origin of FLC
Gonadal differentiation starts from a layer of coelomic epithelial cells
adjacent to the mesonephros. Upon subsequent differentiation of the
undifferentiated gonad into the testis, following expression of the SRY
gene located on the Y chromosome (Hacker et al., 1995; Sekido and
Lovell-Badge, 2013), two distinct compartments will be defined, i.e.
the testicular cords and the interstitium. The testicular cords give rise
to seminiferous tubules of the adult testis and the interstitium to steroi-
dogenic LC and other less well-defined cells of the interstitial space. The
somatic progenitor cells, subsequently giving rise to FLCs and Sertoli
cells, start early on expressing steroidogenic factor 1 (Sf1) (Chen et al.,
2010). Although differentiation of the Sertoli cells within testicular
cords is considered the defining step of testicular differentiation, also
that of LC is an important milestone of testicular differentiation.

Relatively little is still known about the molecular and cellular diversity
within the interstitial space of the embryonic testis. Recent findings of
DeFalco et al. (2011, 2013) on mice indicated molecular heterogeneity
with distinct molecular markers of specific cell types. On the basis of ex-
pression of these different marker genes, it was concluded that at least
two distinct progenitor lineages give rise to FLC, one arising from the
coelomic epithelium and the other from specialized vascular-associated
cells along the gonad-mesonephros border. Perivascular cells from the
mesonephric border likely represent an interstitial cell precursor
lineage. The early interstitial cells are closely associated with invading
blood vessels, and complex paracrine cell–cell interactions are appar-
ently functional upon the early events of interstitial cell differentiation
and function. The dramatic increase in the number of FLC during embry-
onic development must occur through recruitment from precursor cells
because differentiated FLCs are mitotically inactive (Byskov, 1986).

The morphological characteristics of FLC have been described for
both rodents and primates in several studies (reviewed in Haider,
2004) and are therefore not discussed further in this review.
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Induction of FLC differentiation
One of the signalling molecules involved in FLC differentiation is hedge-
hog, originally discovered in body patterning of Drosophila larvae
(Nusslein-Volhard and Wieschaus, 1980). Hedgehog signalling mediates
in most tissues epithelial-mesenchymal communication. In mammals
there are three hedgehog ligands: desert hedgehog (Dhh), Indian hedge-
hog (Ihh) and sonic hedgehog (Shh) (Varjosalo and Taipale, 2008). In the
absence of ligand, the hedgehog receptors at the cell membrane, patched
(Ptch1 or 2), repress another receptor, smoothened (Smo). Upon ligand
binding to Ptch the repression of Smo is released and the intracellular
signalling cascade is turned on, including the Gli-Krüppel family of
transcription factors (Gli 1, 2 and 3).

Within the mouse embryonic testis, Dhh is expressed in embryonic
day 11.5 (E11.5) Sertoli cells (Bitgood and McMahon, 1995) and Ptch1
and Gli1 in Leydig and myoid cells of the interstitium, indicating the exist-
ence of an epithelial-mesenchyme communication link (Barsoum and
Yao, 2011; Franco and Yao, 2012). The early expression makes Dhh
the first identified morphogenic regulator of the testis after expression
of the testis-determining SRY gene. Several genetic modifications have
demonstrated FLC as targets of hedgehog signalling (Park et al., 2007).
Dhh knockout mice have a reduced number of FLC (Yao et al., 2002),
overexpress Gli1 (Kroft et al., 2001) and show constitutive activation
of Smo (Barsoum et al., 2013) resulting in FLC hyperplasia. It is possible
that the downstream target gene of Dhh signalling in FLC is the orphan
nuclear receptor chicken ovalbumin upstream promoter transcription
factor II (Coup-tfII), as has been demonstrated in other organs (Krishnan
et al., 1997; Xu et al., 2008). Another important factor is the master regu-
latorSf1, and with respect to FLC development and function its role in the
maintenance of Sertoli cell Dhh expression and the FLC steroidogenic
machinery are of particular importance (Park et al., 2005, 2007).

With regard to the role of Coup-tfII in the function of developing FLC,
the existing information is somewhat conflicting. In mice with inducible
knockout of Coup-tfII in late fetal life (E18.5), hypoplasia of LC in the post-
natal testes is observed, indicating that this transcription factor is crucial for
the maintenance and maturation of progenitor cells into mature LC (Qin
et al., 2008). The induction of the knockout both prenatally and post-
natally suggests that Coup-tfII is important for the maintenance and mat-
uration of both fetal and adult progenitor LC. In contrast to these findings,
van den Driesche et al. (2012) observed in mice, that when nuclear
Coup-tfII expression in FLC is switched off during the course of fetal mat-
uration, the expression of Sf1-dependent LC steroidogenic genes (steroid
acute regulatory protein (StAR), P450 cholesterol side-chain cleavage
(Cyp11a), P450 17a hydroxylase/C17-20 lyase (Cyp17a)) is increased.
This was interpreted to mean that COUP-TFII functions as a repressor
of FLC functional maturation; when its expression is lifted, these cells
acquire the steroidogenic machinery to produce testosterone for fetal
masculinization. These two seemingly opposite observations on the role
of Coup-tfII in FLC maturation can be reconciled by speculating that
Coup-tfII maintains the pool of steroidogenically inactive precursor LC
while suppressing the expression of Sf1 dependent steroidogenic genes.
When its expression is switched off, by an as yet unidentified mechanism,
Dhh and Sf1 induce the precursor cells to mature into steroid producing
LC. Hence, Dhh production by Sertoli cells, signalling through Ptch1 and
Gli1 in progenitor and maturing FLCs, and subsequent down-regulation
of Coup-tfII and up-regulation of the Sf1-dependent steroidogenic
enzymes, form a likely regulatory cascade upon FLC maturation.

While Dhh signalling is important for the initial steps in fetal stem LC
(SLC) differentiation, Notch signalling restricts the differentiation of
these stem cells. Constitutive activation of Notch signalling in fetal SLC
causes a dramatic reduction in FLC number and a concomitant accumu-
lation of undifferentiated mesenchymal cells, presumptive fetal SLC, in
the intersititum of the mouse testis (Tang et al., 2008). Differentiated
FLC after E13.5 do not seem to be influenced by Notch signalling impli-
cating that Notch signalling rather acts to maintain the stem cell lineage
(reviewed in Svingen and Koopman, 2013).

Other factors involved in fetal SLC and FLC differentiation include
platelet-derived growth factor-a (Pdgfa) (Brennan et al., 2003), insulin-
like growth factor 1 (Igf1) (Rouiller-Fabre et al., 1998; Wang and
Hardy, 2004), hepatocyte growth factor (Hgf) (Ricci et al., 2012) and
the homeobox gene Aristaless (Arx) (Kitamura et al., 2002). A recent
study implicates Arx to play not only a role in stem cell differentiation
but also in migration, and is thus considered to be a specific marker for
fetal SLC (Miyabayashi et al., 2013). Gonadotrophins do not play a role
in the formation of the FLC population in rodents as the cells acquire
the expression of the LH/CG receptor (Lhcgr) (The official term for
this receptor is LH/CG receptor (LHCGR). We use this term in the
case of the primate receptor. Because there is no cg-b gene in the
rodent genome, we use a more appropriate term, LH receptor (Lhr)
for rat and mouse.) only after they have differentiated from stem cells
(Majdic et al., 1998). The post-natal disappearance of FLC may be regu-
lated by androgen-dependent production of paracrine factors in Sertoli
cells (Hazra et al., 2013).

FLC function and effects of their hormone products
The main hormones produced by the mammalian fetal testes are
androgens [testosterone and 5a-dihydrotestosterone (DHT)] and Insl3
synthesized in FLC, and the Sertoli cell-derived anti-Müllerian hormone
(Amh) and inhibin (Anderson et al., 2002).

Androgens. In the mouse, the expression of steroidogenic enzyme genes
starts shortly after LC differentiation, on E13.0 (Greco and Payne, 1994)
which is the same age when testosterone can be detected for the first
time in the fetal testis (Gondos, 1980). These events occur on Weeks
6–7 of gestation in human male fetuses (Tapanainen et al., 1981; O’Shaugh-
nessy et al., 2007). The peak testosterone level is attained around E17-18 in
the mouse (Gondos, 1980; O’Shaughnessy et al., 1998) and on gestation
weeks 12–14 in the human (Tapanainen et al., 1981).

In principle the production of testosterone in the fetal testis occurs in
similar fashion as in the adult testis along the ‘classical’ steroidogenic
pathways (Fig. 1), using either de novo synthesized cholesterol or
lipoprotein-associated cholesterol from extracellular sources as sub-
strate. Although the fetal circulation is full of suitable substrates for
testosterone synthesis (especially placental progesterone), it seems
that FLC steroidogenesis starts from cholesterol. There are species dif-
ferences in the preference of the D5 and D4 pathways, the former being
preferred in humans (Huhtaniemi et al., 1970; Flück et al., 2003) and
the latter in mice (Greco and Payne, 1994). These differences in
pathway preference are probably due to different substrate affinities
of the Cyp17a C17-20 lyase reaction. The preferential use of the D5

pathway by the human fetal testis may explain why placental progester-
one is not a good substrate for testosterone synthesis (Huhtaniemi
et al., 1970; Mathur et al., 1972). Due to the low level of steroid
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sulphatase activity in fetal tissues the abundantly present adrenal
dehydroepiandrosterone sulphate is also unlikely to serve as a good
substrate for testosterone production.

An interesting special feature of the fetal testis, at least in the mouse, is
the distribution of 17b-hydroxysteroid dehydrogenase type 3 (Hsd17b3),
converting androstenedione to testosterone (O’Shaughnessy et al., 2000;
Shima et al., 2013) (Fig. 2). In the adult testis it is confined to the interstitial
LC but in the fetus to Sertoli cells of the tubular compartment, thus making
fetal testosterone production dependent on the interplay of two cellular
compartments. Another special feature of mouse FLC is the expression
of 11b-hydroxylase (Cyp11b1) and 21-hydroxylase (Cyp21) (Hatano
et al., 1996), in which sense they share functional features with adrenocor-
tical cells. Conversely, the adrenal gland of the mouse produces androgens
only in the fetal period (Keeney et al., 1995).

While testosterone is the main androgen produced by the fetal testis, its
conversion to the more bioactive androgen 5a-DHT is important for mas-
culinization of the external male genitalia. It was formerly thought that
5a-DHT was metabolized fromtestosterone by the action of 5a-reductase
type 2 (SRD5A2) in genital skin. Males with inactivation of this gene
have ambiguous genitalia, i.e. disorder of sexual differentiation (DSD).
However, recent studies of specific cases of DSD have revealed that a sig-
nificant partof fetal 5a-DHT is produced fromprogesterone using the alter-
native or ‘backdoor’ metabolic pathway with 5a-dihydroprogesterone,
allopregnanolone,17-hydroxyallopregnanolone,androsteroneandandros-
tanediol as intermediates (Fig. 1) (Flück et al., 2011). The key enzymes in this
pathway, not employed by the classical steroidogenic pathway, are the
alfa-keto-reductases AKRC2 and AKRC4, of which the former converts
androstanediol to 5a-DHT. Because human males with SRD5A2 and
AKRS2/4 deficiency present with ambiguous genitalia, both pathways are
needed for normal male fetal masculinization.

The backdoor pathway of 5a-DHT synthesis may be a general feature
of mammalian fetal testes, not only confined to humans, because it
has also been found in the marsupial tammar wallaby pouch young
(Shaw et al., 2000), fetal mouse (Mahendroo et al., 2004) and rat
testes (Ge et al., 1999).

INSL3. The second hormonal FLC product is INSL3, which is a member
of the insulin-relaxin family of peptides, acting through a G-protein
coupled receptor relaxin/insulin-like family peptide receptor 2
(RXFP2) (Agoulnik, 2007). INSL3 production starts in rodent and
human fetal testes around the same stage of development and appears
to be largely autonomous (McKinnell et al., 2005; Anand-Ivell et al.,
2008). The evolutionary aspects of this exclusively mammalian peptide
are covered elsewhere (Ivell and Bathgate, 2007). It is expressed in
both mature FLC and ALC, and its only clearly established function so
far is its role, along with androgens, in the transabdominal testicular
descent in fetal life. Its expression in the mouse fetal testis has been
detected as early as on E12.5 (Sarraj et al., 2010), before the onset of
the transabdominal phase of testicular descent (Zimmermann et al.,
1997). In humans, INSL3 has been detected in amniotic fluid in Week
11 of gestation (Anand-Ivell and Ivell, 2014). INSL3 gene expression is
regulated by multiple SF1 response elements in its promoter region
(Sadeghian et al., 2005), and the level of Insl3 expression in the fetal
rodent testis follows in a constitutive fashion the FLC maturational
stage and LH responsiveness, though independently thereof (Balvers
et al., 1998; Bay and Anand-Ivell, 2014). Likewise, INSL3 levels in
humans show a peak during the post-natal ‘mini-puberty’, as a sign of
transient LC activation (Bay et al., 2007).

The role of Insl3 and its cognate receptor Rxfp2 in testicular descent
has been proven by knockout mice for the cognate gene, presenting with

Figure 1 The ‘classical’ and alternative/backdoor pathways of androgen synthesis. The factors functional in the classic pathway are CYP11A1 (cholesterol
side-chain cleavage enzyme, P450scc), CYP17A1(17a-hydroxylase/17,20-lyase, P450c17), HSD3B2 (3b- hydroxysteroid dehydrogenase, type 2), HSD17B3
(17b-HSD3 [17b-hydroxysteroid dehydrogenase, type 3]) and 5a-reductase, type 2 (5a-reductase 2, encoded by SRD5A2). The alternative/backdoor
pathway uses the following additional enzymes: 5a-reductase, type 1 (5a-reductase 1, encoded by SRD5A1), AKR1C2 3 (3a-reductase, type 3) and possibly
AKR1C4(3a-reductase, type1)andRoDH(3-hydroxyepimerase,encodedbyHSD17B6).The trivial namesandabbreviations of thesteroidsare:17-hydroxy-
dihydroprogesterone (17OH-DHP), 5a-pregnane-17a-hydroxy-3,20-dione; 17-hydroxy-allopregnanolone (17OH-allo), 5a-pregnane-3a,17a-dihydroxy-
20-one; 5a-dihydroprogesterone (5a-DHP), 5a-pregnane-3,20-dione; allopregnanolone, 3a-hydroxy-5a-pregnan-20-one.

Leydig cell maturation 313
D

ow
nloaded from

 https://academ
ic.oup.com

/hum
upd/article/21/3/310/677183 by guest on 25 April 2024



high intra-abdominal cryptorchidism (Zimmermann et al., 1997; Nef and
Parada, 1999; Gorlov et al., 2002; Overbeek et al., 2011). Rxfp2 is
expressed in multiple cell types of the male and female urogenital
organs, but its functionally significant expression is confined to the guber-
naculum (Ivell and Bathgate, 2007). In line with this Insl3 is able to stimu-
late the growth of gubernacular cells in vitro (Kumagai et al., 2002), which
in vivo leads to thickening of the gubernaculum with concomitant traction
of the testes to the lower part of the abdominal cavity. Interestingly,
female transgenic mice overexpressing Insl3 present with transabdomin-
ally descended ovaries (Adham et al., 2002; Koskimies et al., 2003).

Normal and disturbed regulation of FLC
Gonadotrophins. It is textbook knowledge that FLC androgen production
induces masculinization of the extra-gonadal genitalia of a male fetus, and
that 5a-DHT is needed for the masculinization of external genitalia. The
old findings on endogenous steroid levels in the human fetal testis (Huh-
taniemi et al., 1970; Tapanainen et al., 1981) and their responsiveness to
hCG stimulation in vitro (Huhtaniemi et al., 1977) have been confirmed
and extended by more recent studies at the genetic level (O’Shaughnessy
et al., 2007). Expression of the LHCGR mRNA in human fetal testis is
detectable at least in Week 11 of gestation (O’Shaughnessy et al.,
2007; Fowler et al., 2009), most likely even earlier, and the concentration
of hCG in fetal circulation during the peak of testosterone secretion on
Weeks 12–14 is over 10-fold higher than that of LH (Fowler et al.,
2009). The decline in testosterone levels during the second trimester
shows good correlation with that of hCG but not of LH. Hence, FLC
responsiveness to placental hCG stimulation, rather than pituitary LH,
suggests that hCG provides the main tropic stimulus at this stage of
FLC development.

Further evidence for the importance of hCG and LHCGR in the regula-
tion of human FLC steroidogenesis is provided by inactivating mutations of
LHCGR and LHB genes (Themmen and Huhtaniemi, 2000). Genetic males
with a LHCGR mutation lack normal intrauterine masculinization of
genitalia and present with the phenotype of pseudo-hermaphroditism
(Themmen and Huhtaniemi, 2000). In contrast, those with an LHB muta-
tion are normally masculinized at birth, because hCG provides sufficient
tropic stimulation for FLC (Valdes-Socin et al., 2004; Lofrano-Porto
et al., 2007) (Fig. 3). The absence of LH becomes evident only at
puberty when ALC maturation and androgen production do not occur.
There is some controversy whether FLC androgen production in
humans is initiated independent of gonadotrophic hormone stimulation
(reviewed in Scott et al., 2009). A study reporting a case of pseudo-
hermaphroditism in males due to a homozygous missense mutation of
the LHCGR gene suggests that human FLC steroidogenesis may begin inde-
pendent of tropic hormone stimulation (Kremer et al., 1995), as is the case
in rodents (see below).

The situation in rodents is somewhat different from primates, one
reason being that there is no choriongonadotrophin in these species.
Several pieces of evidence show that in rodents, FLC steroidogenesis
starts autonomously (or at least independent of LH stimulation). In the
mouse, the FLC start producing testosterone (E13.0) (Gondos, 1980)
before the onset of pituitary Lhb (E16.0) expression (Japon et al., 1994)
and testicular expression of full-length Lhr mRNA (E16.0), capable of
encoding the functional receptor protein (O’Shaughnessy et al., 1998).
Similar findings on earlier expression of steroidogenic enzymes than of
Lhr have been made in fetal rat testes (Gangnerau and Picon, 1987;
Zhang et al., 1994; Majdic et al., 1998). However, although the peak of
mouse FLC testosterone production at E18.0 parallels the peaks of
serum LH levels and testicular Lhr expression (O’Shaughnessy et al.,

Figure 2 Differences in the steroidogenic cascaded between rodent fetal Leydig cells (FLC), progenitor Leydig cells (PLC), immature Leydig cells (ILC)
and adult Leydig cells (ALC). The box with dashed line depicts the difference between PLC and ILC. The main differences between the different LC types are
in the androgenic end products and the capacityof FLC to produce glucocorticoids. The steroidogenic enzymes involved in the metabolic steps are excluded
for the sake of clarity, but they can be found in Fig. 1 and the text. DHEA: dehydroepiandrosterone.
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1998), this does not mean that rodent FLC steroidogenesis is LH depend-
ent. Hypogonadotrophic mice due to a spontaneous inactivating GnRH
mutation (hpg mice) (Cattanach et al., 1977), or gonadotrophin
common a-subunit (Kendall et al., 1995), Lhb (Ma et al., 2004) or Lhr
(Zhang et al., 2001) knockout mice, are normally masculinized at birth
despite complete absence of LH stimulation of the FLC in utero. This is
in contrast to humans, as males with an inactivating mutation of the
LHCGRpresentwith severelyunderdevelopedexternalgenitalia (reviewed
in Svechnikov et al., 2010). Hence, the initiation of FLC steroidogenesis in
humans, like in rodents, may be gonadotrophin independent, but before
the end of the first trimester of pregnancy gonadotrophins become indis-
pensable for steroid production and normal masculinization.

Additional evidence for gonadotrophin independence is provided by
knockout mice for the thyroid-specific enhancer-binding protein
(T/ebp) transcription factor (also called NK2 homeobox 1 (NKX2.1)
or thyroid transcription factor 1), known to control organogenesis and
transcription in the thyroid gland, lung, ventral forebrain, and pituitary
gland (Pakarinen et al., 2002). These mice, despite the absence of a func-
tioning pituitary gland, still show normal masculinization at birth even
though their intratesticular testosterone levels are only 5–10% of the
control concentrations. Another fact this experiment demonstrates is
that there is a large safety margin in the concentration of testosterone
needed to stimulate fetal masculinization, because it can occur at testos-
terone levels ,10% of normal. Hence, we can conclude that rodent FLC
steroidogenesis begins independent of LH stimulation, attains subse-
quently LH-responsiveness, but does not become LH dependent until
after birth. The recent knockout of the Kiss1 gene provides further

evidence for the independence of the regulation of rodent fetal testicular
function on hypothalamic-pituitary level (Poling and Kauffman, 2012);
despite reduced gonadotrophin levels, neonatal Kiss1 knockout
male mice have unaffected testosterone production and are normally
masculinized.

Paracrine regulation. Because of the independence of rodent FLC on LH
stimulation, there must be other factors responsible for the stimulation
of their steroidogenesis. In fact, FLC are found to be in this respect
rather promiscuous, and several factors, both endocrine and paracrine,
have been identified to stimulate specifically FLC, but not ALC (Fig. 3).
Such factors include at least the hypothalamic corticotrophin releasing
hormone (CRH) (McDowell et al., 2012), pituitary adrenocorticotrophic
hormone (ACTH) (O’Shaughnessy et al., 2003), and local para/auto-
crine factors such as Dhh, Pdgfa, Igf1, vasoactive intestinal peptide, pitu-
itary adenylate cyclase-activating polypeptide, natriuretic peptides,
hepatocyte growth factor and the transforming growth factor (TGF-)b
family peptides (El-Gehani et al., 1998, 2000, 2001; Griswold and Behrin-
ger, 2009; Scott et al., 2009; Sarraj et al., 2010; Ricci et al., 2012). Which
of these factors are of critical importance remains to be studied. For
example, pro-opiomelanocortin (Pomc) knockout mice lacking ACTH
and Lhr/Pomc combined knockout mice are normally masculinized,
indicating that neither ACTH nor LH action is essential for FLC steroido-
genesis (O’Shaughnessy et al., 2009). Neither is there evidence for the
lack of masculinization in mice devoid of thyroid-stimulating hormone,
growth hormone or prolactin (Ormandy et al., 1997; Zhou et al.,
1997; Marians et al., 2002). There is apparently a fair amount of
redundancy in the stimulation of FLC, to ensure the occurrence of
such an important maturational step as masculinization.

Much less is known about the role of these paracrine factors in human
FLC development and function. PDGFA, PDGFB and their receptors as
well as the transcription factor GATA-4 have been demonstrated to be
highly expressed in FLC between Weeks 14 and 20 of gestation when
testosterone levels are high (Ketola et al., 2000; Basciani et al., 2002;
reviewed in Svechnikov et al., 2010). It is seems however unlikely that
these factors stimulate FLC function as in the absence of functional
LH/hCGR normal masculinization is inhibited in human males
(Themmen and Huhtaniemi, 2000). All in all, it is curious that the mascu-
linization of male fetuses through FLC testosterone production in men
and mice seem to employ such different backup mechanisms, i.e. hCG
versus paracrine factors.

FLCs as target of endocrine disruptors
The function of FLCs, including in humans, has recently received increased
attention because of the fears of these cells being a sensitive target for
demasculinizing effects of endocrine disrupting chemicals (EDCs)
through interference with their androgen production [see, e.g. (Svechni-
kov et al., 2010; Albert and Jegou, 2013; Martinez-Arguelles et al.,
2013)]. While there is plethora of studies in vivo and in vitro on anti-
androgenic and/or estrogenic inhibitory effects of EDCs (mostly phtha-
lates and bisphenol A) on FLCs in various animal models, there are large
species differences in the actions of these chemicals. The findings of
EDC effects on rat, mouse and human FLC testosterone and INSL3 pro-
duction are rather conflicting, and it is difficult to decipher the salient phe-
nomena from the existing data (Johnson et al., 2012; N’Tumba-Byn et al.,
2012; Moody et al., 2013). Cultured human fetal testes (Hallmark et al.,
2007) and the technically elegant human fetal testicular xenograft studies

Figure3 The difference in regulation of FLC testosterone production
in the human and mouse. Upper panel: In principle two tropic hormones,
pituitary LH and placental hCG can stimulate FLC LH/CG receptor
(LHCGR) (Lhr) and thereby activate androgen biosynthesis. Pituitary
LH is dispensable, because if it is eliminated through mutation, FLC ster-
oidogenesis is unaffected. Inactivating mutations in hCG genes are not
known because apparently they would inhibit pregnancy. Inactivating
Lhr mutations cause pseudohermaphrodite phenotype in genetic
males (i.e. lack of intrauterine masculinization due to defective FLC
testosterone (T) production). Lower panel: In the mouse, FLC androgen
production is possible in the absence of pituitary LH or LHR, as demon-
strated by knockout mouse models, and in these cases a plethora of
paracrine factors are able to induce FLC testosterone production and
intrauterine masculinization.
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in nude mice have reported negative and/or inconclusive findings on dele-
terious effects of EDCs (Heger et al., 2012; Mitchell et al., 2012; Spade
et al., 2014). Somewhat counterintuitive findings were made in a recent
study reporting stimulatory effects of the analgesics aspirin and indometh-
acin, at doses relevant to human exposure, on testosterone production in
human fetal testicular cultures, while N-(4-hydroxyphenyl)-arachidonoy-
lethanolamide (AM404) and paracetamol (acetaminophen) decreased
INLS3 production (Mazaud-Guittot et al., 2013). Similar species differ-
ences, with human FLC being resistant to deleterious effects, have been
reported with the estrogenic compound diethylstilbestrol (Mitchell
et al., 2013). An interesting finding is that maternal smoking reduces
DHH expression during fetal testicular development, which might
explain the (in some cases) impaired reproductive development of
offspring from such pregnancies (Fowler et al., 2008).

Besides the conflicting results between various animal models,
another caveat in the field of EDC research is whether positive findings
have been made using doses that have relevance for real-life exposure
from the environment. The field is currently polarized between propo-
nents and sceptics with respect to the importance of health hazards of
EDCs. An interesting conclusion of a review on EDCs (vom Saal and
Hughes, 2005) is that the harmful effects are likely to be found in research
carried out with governmental funding, whereas no harm is found when
the funding comes from industrial sources! Better models to monitor
human fetal testicular function, and in particular FLC function, continue
undoubtedly to be on the agenda of future EDC research.

MAMLD1. Besides cryptorchidism, hypospadias is another common
disturbance in the development of male genitalia. Mutations and
polymorphisms have been detected in the Mastermind Containing 1
(MAMLD1) gene on human chromosome Xq28 in hypospadias patients,
with and without associated genital abnormalities, such as micro-penis
and cryptorchidism (Ogata et al., 2012). A recent Mamld1 knockout
mouse model (Miyado et al., 2012) shows that this gene specifically
augments FLC gene expression, and although the mice do not have a
significant reproductive phenotype the borderline suppression of FLC
function may explain the reproductive phenotypes in affected humans.
It is apparent that additional genes involved in the function of FLC will
be identified in the future.

An emerging topic is the role of microRNAs in the regulation of
testicular differentiation and function (Rakoczy et al., 2013).

ALC
Cellular origin of ALC
There is no doubt that like the FLC population, ALC arise from stem cells,
which have their origin in the fetal testis. However, to date, it remains
unclear whether these distinct cell populations share a common stem
cell ontogeny. Support for a common ontogeny of both cell populations
comes from similarities in the regulation of their development (Ge and
Hardy, 2007) as well as the presence of common markers. For instance
Dhh and Pdgfa not only stimulate the differentiation of stem cells into
testosterone producing FLC (Yao et al., 2002; Brennan et al., 2003),
but also play a role in ALC development, as gene deletions suppressing
Dhh and Pdgfa expression influence the formation of the ALC population
(Clark et al., 2000; Gnessi et al., 2000). COUPTF-II, initially considered a
marker for fetal SLC in rats and mice (van den Driesche et al., 2012), has
recently been identified in SLC that give rise to the ALC population

(Kilcoyne et al., 2014). Another piece of evidence comes from a study
by Park et al. (2007) who showed that Sf1 haploinsufficiency in combin-
ation with ablation of Dhh gene expression led to a complete inhibition of
the formation of both FLC and ALC populations. In support of this ob-
servation, increased activation of the Dhh pathway in the SLC population
during fetal life alters the dynamics of this population and consequently
the numbers of ALC in adulthood (Barsoum et al., 2013).

Other lines of evidence however contradict a common stem cell on-
togeny for FLC and ALC, pointing to functional differences between the
two LC origins. For instance mature ALC development and androgen
production are highly dependent on the presence of LH and functional
Lhr, while FLC development and steroidogenesis are responsive to,
but not dependent on LH action, as seen in LH receptor knockout
(LuRKO) mice (Zhang et al., 2001, 2004). Another example is the obser-
vation that FLC in the mouse testis respond to ACTH (O’Shaughnessy
et al., 2003), and rat FLC to a vast number of regulatory peptides (see
above), with pronounced increase in testosterone production, but
these compounds have no effect on ALC androgen production.
Hence, to answer the question as to whether FLC and ALC share a
common ontogeny, more information is needed concerning the cellular
characteristics and pattern of gene expression, as well as on lineage
tracing studies, in both FLC and ALC stem cells.

Induction of ALC differentiation
The formation of the ALC population along the LC lineage can be divided
into four steps, based on developmental changes in cell morphology and
steroidogenic capacity. The next section of this review will describe this
process with specific emphasis on the relation between cell function and
morphology.

From stem cell to progenitor cell. The post-natal development of the ALC
population traces back to the stem cell stage. These SLC, which have an
indifferent mesenchymal-like morphological appearance and do not
express lineage specific markers such as Lhr and steroidogenic
enzymes, were identified and isolated several years ago (Ge et al.,
2006). These cells are further characterized, like FLC, by the expression
of Pdgf receptor a (Pdgfra), Gata4, and the stem cell markers leukaemia
inhibiting factor receptor (Lifr) and c-kit. The proliferative activity of
these stem cells is directly stimulated when Lif, stem cell factor (Scf), epi-
dermal growth factor (Egf) and Pdgfa are added to the culture medium.
Differentiation of these stem cells to Lhr expressing, steroid producing
progenitor LC (PLC, the second stage of ALC development) can be
induced by culturing the cells in the presence of LH, IGF-1 and the
active thyroid hormone tri-iodothyronine (T3), or by transplanting the
cells immediately after isolation into a testis depleted of LC (Fig. 4)
(Ge et al., 2006). Further support for a role of IGF-1 and T3 in SLC dif-
ferentiation comes from in vivo studies. In mice with a targeted deletion
of the Igf1 gene, the differentiation of SLC into PLC is delayed, though not
completely inhibited (Wang and Hardy, 2004; Hu et al., 2010).

While daily neonatal T3 treatment of new-born rat pups advances the
differentiation of SLC into PLC (Teerds et al., 1998), suppression of T3
levels has the opposite effect. Initially it was even thought that neonatally
induced hypothyroidism by treatment with the goitrogen 6-propyl-
2-thiouracil (PTU) completely prevents the differentiation of SLC into
PLC (Mendis-Handagama et al., 1998; reviewed in Ariyaratne et al.,
2000a). More recent studies have shown that under PTU or
dietary-induced hypothyroid conditions the differentiation of SLC into
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PLC is not inhibited but delayed (Rijntjes et al., 2009). This seems in con-
trast to the observations made by Ge and colleagues in their in vitro
studies (Ge et al., 2006). However, one has to keep in mind that under
in vivo conditions there is still some T3 present in the circulation and
thus in the testis. This may be enough to facilitate the transition from
SLC into PLC, though at a lower rate, stressing the indispensable role
of T3 in this developmental process.

Besides T3, LH appears to play a role of the utmost importance in this
developmental process as in LuRKO mice ALC development is
completely inhibited (Zhang et al., 2001, 2004; Lei et al., 2004). In vitro
experiments have confirmed these in vivo observations (Teerds et al.,

2007), emphasizing the important difference between FLC and ALC
development, as reviewed above.

Differentiation of SLC into PLC is a balanced process, which is not only
dependent on stimulatory but also on inhibitory factors. Sertoli cell
derived Amh is such an inhibitory factor, as Amh overexpression leads
to accumulation of mesenchymal SLC in the interstitium and a reduced
number of immature LC (ILC) and mature ALC. In accordance with
these observations, in the absence of Amh this differentiation process
is enhanced (Lyet et al., 1995; Racine et al., 1998).

Other factors and cells have been implicated in the process of LC differ-
entiation as well. An example of a transcription factor that is involved in ALC

Figure 4 LC development in the rat testis. Stem Leydig cells (SLC) are characterized by their spindle-shaped morphology and the presence of platelet-
derived growth factor receptor A (Pdgfra) as depicted by the brown cytoplasmic staining (testis section of a 12-day-old rat testiswas stained with an antibody
against Pdgfra, magnification ×750). Under the influence of different factors these SLC proliferate and differentiate into PLC which express Lhr and
3b-hydroxy steroid dehydrogenase (Hsdb3b) (section of a 21-day-old rat testis stained with antibodies against the proliferation marker
5-bromo-2-deoxyuridine (BrdU, brown nuclear staining) and the steroidogenic enzyme Hsd3b (blue cytoplasmic staining), magnification ×360). PLC
undergo several cycles of cell proliferation. This process is regulated by both stimulatoryand inhibitory factors (indicated by + and 2). The major androgens
produced by PLC are metabolites of testosterone. Around the age of 28 days, under the influence of LH PLC differentiate into ILC (section of a 35-day-old
rat testis stained with antibodies against BrdU (brown nuclear staining) and Hsd3b (blue cytoplasmic staining), magnification ×290). ILC undergo one more
cycle of proliferation afterwhich theycontinue to differentiate. During their differentiation into mature Leydig cells a switch in steroid production occurs. The
activity of Srda1 and 3a-hydroxysteroid dehydrogenase (Hsd3a) drops, while the activity of other steroidogenic enzymes, among which is Hsd17b3,
increases making testosterone now the major androgen produced by LC. Around the age of 56 days post-partum most ILC have differentiated in
mature ALC. The ALC population is a stable population of cells with an extremely low proliferative capacity, but also a dynamic population of cells with
a significant regenerative capacity (section of a 70-day-old rat testis; ALC are stained with an antibody against Hsd3b (blue cytoplasm), magnification
×110). Lif: leukaemia inhibiting factor; Scf: stem cell factor; Egf: epidermal growth factor; Pdgfa: platelet-derived growth factor A; Fgf2: fibroblast-like
growth factor type 2; Amh: anti-Müllerian hormone (Amh); Igf1: insulin-like growth factor 1; Tgfa: transforming growth factor a; Il1: interleukin 1; T3: tri-
iodothyronine; Prl: prolactin; Tgfb: transforming growth factor b; Coup-tfII: chicken ovalbumin upstream promoter transcription factor II; Hsd17b10:
17b-hydroxysteroid dehydrogenase type 10; Hsd3b6: 3b-hydroxysteroid dehydrogenase type 6; Hsd11b1: type 1 11b-hydroxysteroid dehydrogenase;
StAR: steroid acute regulatory protein.
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development is Coup-tfII. Time-specific ablation of Coup-tfII during late
embryonic development results in a delay in PLC formation, similar to the
response to Amh overexpression. These observations suggest that Coup-
tfII may be required for LC lineage commitment (Qin et al., 2008).

A cell type suggested to be important for ALC development is the tes-
ticular macrophage. In vivo studies by Gaytan et al. (1994) have shown
that in the absence of macrophages differentiation of SLC into PLC is
completely inhibited. These observations are however puzzling as Ge
et al. (2006) demonstrated that it is possible to induce SLC differentiate
in PLC in vitro following the addition of T3, LH and IGF-1. None of these
factors are specifically macrophage derived.

Based on the above observations we can conclude that the past years
have contributed significantly to our understanding of the first develop-
mental steps of the LC lineage (Fig. 4). Notwithstanding, several ques-
tions still remain unanswered such as the role of macrophages in this
process.

From progenitor cell to ILC. Depending on the strain of rats, the first PLC
develop between Days 10 and 13 post-partum. In general these cells
are located in close vicinity to the seminiferous tubules, although some
reports indicate that they can also be found in the perivascular region.
PLC are identified by their spindle-shaped morphology, the presence
of a limited amount of cytoplasmic organelles involved in steroid produc-
tion, such as smooth endoplasmic reticulum (SER), tubulovesicular mito-
chondria and lipid droplets, and the presence of Lhr, androgen receptor,
Hsd3b and 17b-HSD (Hsd17b) activity (reviewed in Haider, 2004).

Although PLC are capable of producing androgens, the expression
pattern of some of the steroidogenic enzymes differs from mature
ALC (Fig. 2). Like ALC, PLC express StAR, Cyp11a1 and Cyp17a1 al-
though at somewhat lower levels (Kanzaki and Morris, 1999; Dong
et al., 2007). In contrast to ALC, the expression of 3b-HSD type 6
(Hsd3b6) is low (Baker et al., 1999), the expression of 17b-HSD type
3 (Hsd17b3) is negligible (Dong et al., 2007) while 17b-HSD type 10
(Hsd17b10) is first detected in PLC around Day 20 post-partum (Ivell
et al., 2003). Type 1 11b-HSD (HSD11b1) activity is low, and at this
stage of LC development HSD11b reductive activity predominates
over oxidative activity. Hsd11b1 is postulated to increase intracellular
concentrations of active glucocorticoids, which can potentiate the
sensitivity of PLC to LH and stimulate the expression of Srd5a1 and
Hsd3a (Ge et al., 1997). This transient developmental rise in the expres-
sion levels of Srd5a1 and Hsd3a together with the low expression levels
of Hsd3b6 and Hsd17b3 make androsterone and androstenedione
the major steroids produced by PLC (Viger and Robaire, 1995; Dong
et al., 2007; Wu et al., 2007; Figs 2 and 4).

Pulse-chase experiments with [3H]-thymidine show that PLC undergo
several cycles of proliferation before they differentiate into ILC (Hardy
et al., 1989). Support for these initial observations comes from later
studies on the expression of genes that are markers for cellular prolifer-
ation. Pcna, cyclin A2 and D3 expression are highest in PLC compared
with later stages of LC development (Ge and Hardy, 1997; Sriraman
et al., 2000). A gene cluster analysis performed on highly purified PLC
showing high expression of genes involved in cell cycle regulation, e.g.
Cdc25b, Cdc20 and genes encoding growth factor receptors, e.g.
Pdgfra, and interleukin-6-receptor beta chain (Il6st), extends these
observations. The expression levels of these genes decrease when
PLC undergo transition into ILC (Ge et al., 2005a).

Several studies have focused on the role of specific locally produced
growth factors in the regulation of PLC proliferation, offering further
support to the study by Ge et al. (2005a). Growth factors like Pdgfa,
transforming growth factor a (Tgfa) and Igf1 are locally produced in
the (pre)pubertal testis at the time of PLC proliferation. Knockout
studies have demonstrated that the Sertoli cell derived growth factor
Pdgfa is a potent stimulator of PLC proliferation. Gnessi et al. (2000)
showed that PLC proliferation in Pdgfa knockout mice is negligible at
Day 18 post-partum, an age at which PLC show significant proliferative
activity in the wild type (wt) mice.

The presence of Tgfa mRNA has been demonstrated in Sertoli cells,
peritubular/myoid cells and PLC (Skinner et al., 1989; Mullaney and
Skinner, 1992), while Cailleau et al. (1990) and Handelsman et al.
(1985) reported Igf1 production and release by Sertoli cells and peritub-
ular/myoid cells. PLC as well as more mature LC possess both Egf recep-
tors to which Tgfa can bind (Suarez-Quian et al., 1989), and Igf1
receptors (Handelsman et al., 1985), implying that Sertoli cell and peri-
tubular/myoid cell derived Tgfa and Igf1 may play a role in the paracrine
regulation of PLC proliferation in vivo. Support for this assumption comes
from in vitro studies, in which it is shown that these two growth factors can
stimulatePLC DNA synthesis. When a low dose of LH is added concomi-
tantly to these cell cultures, a synergistic effect is observed (Khan et al.,
1992a). Further evidence for a role of Igf1 in the formation of ALC
comes from in vivo studies. Deletion of the Igf1 gene in mice causes a re-
duction in the bromodeoxyuridine labelling index of PLC from post-natal
day 14 through 35, leading to a reduced number of LC in adulthood
(Hu et al., 2010).

Another growth factor that has a stimulatory effect on PLC prolifer-
ation in vitro is TGF-b, although its effects are small in comparison to
those of IGF-1 and TGF-a. However, when added together with
TGF-a and IGF-1, TGF-b appears to significantly attenuate PLC DNA
synthesis (Khan et al., 1992a). In vivo studies have confirmed the produc-
tion and presence of Tgfb during testicular development. Tgfb1, the most
prominent type of TGF-bpresent in the testis, is produced by Sertoli cells
(Skinner and Moses, 1989) and detected immunohistochemically in PLC.
Around Day 21-post-partum, �50% of the PLC stain positively for
Tgfb1; thereafter their proportion decreases rapidly to become un-
detectable in LC by the age of 35 days (Teerds and Dorrington, 1993).
The pattern of Tgfa staining is opposite to Tgfb1 staining; the proportion
of Tgfa positivePLC rapidly increases from Day21-post-partum onwards
(Teerds et al., 1990). Considering the physiological relevance of these
observations, it seems likely that the role of Tfgb in the regulation of
PLC proliferation is probably minor and directed to the initial phase of
PLC proliferation (Fig. 4). As TGF-b is also a potent inhibitor of PLC
androgen synthesis, it has been postulated that the major function of
Tgfb in PLC development is to keep androgen production in abeyance
(Khan et al., 1999).

In vitro studies have further demonstrated that PLC DNA synthesis can
be enhanced by interleukin-1b (IL-1b) (Khan et al, 1992b). Il1 is locally
produced by testicular macrophages, underscribing a role for this cell
type in the formation of the adult LC population (Gaytan et al., 1994;
Cuducini et al., 1997). Despite this, the role of IL-1 in this phase of tes-
ticular development has been critically questioned. Although Il1 recep-
tors have been localized in the interstitial compartment (Takao et al.,
1990), LC development and function, as well as spermatogenesis, are
not affected in Il1 type 1 receptor knockout mice in the absence of Il1 re-
ceptor signalling (Cohen and Pollard, 1998). Hence, although IL-1b has a
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significant stimulatory effect on PLC proliferation in vitro, its role in vivo
seems to be easily overtaken by other factors.

Next to affecting the transition of SLC into PLC, AMH plays a role in
later stages of LC development as deletion of the Amh gene leads to
LC hyperplasia in adulthood, suggestive of a role in LC proliferation (Beh-
ringer et al., 1994; Wu et al., 2005). Whether AMH is only involved in the
regulation of PLC proliferation or also influences ILC proliferation is less
obvious because there is only indirect evidence available. Salva et al.
(2004) used the ethane dimethyl sulfonate (EDS) treated adult rat
model to investigate the role of AMH in PLC proliferation. EDS is a cyto-
toxic drug that specifically destroys LC in the adult rat testis, a process
followed by complete regeneration of the LC population to its original
size. This regeneration process has many similarities with the formation
of the ALC population in the post-natal rat testis (reviewed in Teerds and
Rijntjes, 2007). By depleting the testis of ALC and concomitant intrates-
ticular injection of AMH Salva et al. (2004) showed that AMH not only
inhibited the transition of SLC into PLC but also attenuated PLC prolifer-
ation. Based on the similarities in ALC development in the post-natal
testis and after EDS administration, we postulate that in the prepubertal
rat Amh also negatively regulates PLC proliferation (Fig. 4).

AMH also influences the steroidogenic capacity of LC. Racine et al.
(1998) elegantly showed that plasma testosterone levels are significantly
reduced in mice overexpressing Amh. Using highly purified LC prepara-
tions the same group showed that this reduction was due to a dramatic
decrease in Cyp17a1 mRNA expression. Besides Hsd3b and Cyp11a1
mRNA levels are significantly lower compared with the controls. Intra-
testicular AMH injection confirmed these results (Sriraman et al.,
2001). In a follow-up to these studies, Wu et al. (2005) postulated that
Amh ablation also affects LC androgen production in vivo, as a more pre-
pubertal pattern of androgen release is observed in 36-day-old mice.
These observations are suggestive of a delay in ILC development in
Amh knockout mice. In adulthood, despite LC hyperplasia, androgen
production in the knockout mice is not different from wild type
control animals. The latter is explained by a 42% reduction in the capacity
per LC to produce testosterone (Wu et al., 2005). Hence, both Amh
overexpression as well as ablation negatively influences LC androgen
production in adulthood.

The transcription factor Coup-tfII plays a role in the transition of SLC
into PLC and promotes the maturation of PLC into ILC. Ablation of
Coup-tfII at Day 14-post-partum does not influence the formation of
PLC, however, maturation of these cells into ILC appears to be arrested
in adult mutant mice. Expression of the steroidogenic enzymes Cyp11a1,
Hsd3b and Cyp17a1 is significantly lower compared with the age-
matched controls, while expression of the LC differentiation marker
Insl3 is even 90% reduced. Together these observations suggest that
Coup-tfII is of great importance for the process of LC differentiation,
in particular the step involving the transition of PLC into ILC (Qin
et al., 2008).

Besides locally produced factors and transcription factors, some circu-
lating hormones have been implicated to play a role in the process of PLC
proliferation and differentiation. An important circulating hormone is LH,
which is not only essential for the transition of SLC into PLC but also sti-
mulatesPLC proliferation. Guo et al. (2012) reported that LH maintained
the proliferative capacity of PLC at 73% of control levels in the testes of
rats treated with a GnRH antagonist.

Prolactin seems a hormone that may also be involved in these
processes. PLC express prolactin receptors and experiments in

hypophysectomised prepubertal rats have shown that prolactin stimu-
lates their proliferation (Dombrowicz et al., 1992). Whether LH and
PRL directly or indirectly, via autocrine interaction, affect PLC prolifer-
ation and functioning is not clear at present.

Thyroid hormone is another example of a peripherally produced
hormone essential both for the transition of SLC into PLC and PLC pro-
liferation. Daily neonatal T3 injections both advance the transition of SLC
into PLC and stimulate PLC DNA synthesis, while reduced thyroid
hormone levels delay this developmental process (Teerds et al., 1998;
Rijntjes et al., 2009).

Taken together, these observations show that a significant number of
factors have now been identified as playing roles in PLC proliferation and
differentiation (summarized in Fig. 4). The role of the nuclear orphan
receptor Coup-tfII in this process (Qin et al., 2008) suggests that in
identifying important players in the different steps along the LC lineage
we should not only focus on growth factors and hormones but also
take into account transcription factors that have been identified to be
important for stem cell and progenitor cell differentiation.

From ILC to mature ALC. With the differentiation of PLC into ILC the cel-
lular characteristics and position of the cells in the interstitium changes. In
the rat model around Day 28 post-partum, more and more LC translo-
cate to the centre of the interstitium. At the same time the shape of the
cells is changing from spindle-shaped to oval. The nuclei of the cells
become large and round with condensed heterochromatin; the cyto-
plasm contains now a well-developed Golgi apparatus, considerable
amounts of tubulovesicular mitochondria and numerous small lipid dro-
plets. The cholesterol stored in these lipid droplets serves as substrate
for steroid production. Based on these morphological characteristics
and specific functional qualities these cells are considered to be ILC.
The differentiation and function of ILC is highly dependent on LH
(reviewed in Haider, 2004).

With the formation of ILC the expression levels of the different ster-
oidogenic enzymes start to change. Hsd11b1 reductive activity increases
despite Hsd3a activity initially being still relatively high (Ge et al., 1997).
After the age of 28 days Srd5a1 activity decreases slowly; by Day 91 post-
partum, when all ILC have differentiated into ALC, Srd5a activity has
become negligible (Viger and Robaire, 1995; Ge and Hardy, 1998).

With the differentiation of PLC into ILC the level of Hsd3b6 and
Hsd17b3 start to increase. Due to the initially still high levels of Hsd3a ac-
tivity the major steroid produced by young ILC is androstanediol (Fig. 2).
As the ILC mature along the LC lineage the expression levels of Hsd3b6
and Hsd17b3, as well as that of StAR and Cyp11a1, further increase,
resulting in a gradual shift from androstanediol to testosterone produc-
tion (Ge and Hardy, 1998; O’Shaughnessy et al., 2000) (Fig. 2).

In contrast to PLC, ILC have only a limited proliferativecapacity. Hardy
et al. (1989) calculated that after their transition into ILC the cells
undergo only one more cycle of proliferation. The mRNA levels of the
proliferation markers Pcna and Cyclin D3 are significantly lower in ILC
compared with PLC (Sriraman et al., 2000). The same holds true for
mRNA and protein levels of Cyclin A2, while the level of the cell cycle
inhibitor Cyclin G1 at the same time increases (Ge and Hardy, 1997).
These observations are further extended by a gene cluster analysis, con-
firming a significant decrease in the expression of genes involved in cell
cycle regulation, such as cell division control protein 25 B (Cdc25b)
and Cdcd20 (Ge et al., 2005a).
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Evidence concerning the involvement of growth factors in the regula-
tion of ILC proliferation is limited. IGF-1 is an example of a growth factor
not only important for PLC proliferation but also playing a role in ILC pro-
liferation. Deletion of the Igf1 gene in mice decreases bromodeoxyuri-
dine incorporation not only into PLC but also in ILC. Consequently
testicular LC numbers are reduced in adulthood (Wang and Hardy,
2004). When Igf12/2 mice with functional Igf1 receptors are treated
with recombinant IGF-1 the labelling indices of the PLC and ILC
become similar to those of the age-matched wt mice, indicating that
the reductions in labelling indices are regulated by IGF-1 (Hu et al.,
2010) (Fig. 4).

LH has a clear stimulatory effect on ILC function and presumably does
not have a direct effect on ILC proliferation, but acts indirectly through
the stimulation of Igf1 secretion (Closset et al., 1989). Support for this as-
sumption comes from studies in Igf1 knockout mice where LH is unable
to stimulate LC proliferation, in contrast to wt mice (Wang and Hardy,
2004).

Mature ALC. By Day 50 of post-natal life the transformation of ILC into
mature ALC has been completed in rodents. ALC are large cells mainly
located in the centre of the interstitium. These cells with an oval to
round nucleus are characterized by the abundant presence of SER, tubu-
lovesicular mitochondria, and the absence of lipid droplets (reviewed in
Mendis-Handagama and Ariyaratne, 2001). Unlike FLC, ALC are not sur-
rounded by a basal membrane and an ‘envelope’ of fibroblasts. The cells
are connected with adjacent ALC and fibroblasts by cell contacts
(reviewed in Haider, 2004). With the disappearance of lipid droplets the
matureALC switchestoadifferent sourceofcholesterol as steroidprecur-
sor; cholesterol is now obtained by de novo synthesis or from serum lipo-
proteins (Ge and Hardy, 2007). The dramatic reduction in the activity of
the testosterone metabolizing enzymes Srd5a1 and Hsd3a, and the
concomitant high expression of Hsd3b6 and Hsd17b3, the latter catalysing
the conversion of androstenedione into testosterone, complete the
mature androgen biosynthetic pathway (Fig. 2) (Ge and Hardy, 1998;
O’Shaughnessy et al., 2000; Yamamura et al., 2014).

ALC express high levels and secrete large amounts of Insl3 (Ivell et al.,
2013). Several studies suggest that Insl3 in the adult animal may exert a
local effect in the testis, although not all data areconclusive. In vitroexperi-
ments have shown that INSL-3 stimulates Leydig cell testosterone secre-
tion via a cAMP-dependent mechanism (Pathirana et al., 2012; reviewed
in Bay and Anand-Ivell, 2014). Another function of Insl3 in the adult testis
maybe directed to germ cells. In vitrodata suggest that INSL-3 mayhelp to
protect meiotic germ cells from undergoing apoptosis (Kawamura et al.,
2004). These observations are however corroborated by studies in a
conditional knockout mouse model in which Insl3 receptor gene Rxfp2
ablation was specifically restricted to male germ cells; these mice fail to
develop a testicular phenotype (Huang et al., 2012; reviewed in Bay
and Anand-Ivell, 2014).

In contrast to PLC and ILC, glucocorticoids inhibit testosterone pro-
duction in ALC (Ge et al., 1997). Initially it was thought that the switch
from predominantly reductive to oxidative activity of the Hsd11b1
enzyme was responsible for the metabolism of corticosterone in ALC
thus protecting testosterone production against the negative effects of
glucocorticoids (Ge et al., 1997). More recently the same group demon-
strated the presence of type 2 11b-HSD (Hsd11b2) in ALC, although at a
1000-fold lower expression level than the type 1 enzyme. Hsd11b2 is a
high-affinity oxidase, while the type 1 isotope is a low-affinity oxidase.

The expression level of the latter enzyme may not be sufficient to
protect ALC against stress levels of glucocorticoids. The presence of
both enzyme isotypes in ALC is therefore thought to play an important
physiological role in metabolizing glucocorticoids, thus further facilitating
testosterone production (Ge et al., 2005b).

Although the expression of genes involved in cell cycle regulation and
cell growth is very low in mature ALC (Ge et al., 2005a), interstitial cells in
the adult testis continue to have the potency to proliferate. Support for
this comes from a pulse-chase experiment performed several years
before the cluster analysis by Ge et al. (2005a), showing that the intersti-
tial cells in the adult testis still have a limited capacity to undergo cell
renewal. In this study the turnover time of LC in the adult testis is deter-
mined to range from 142 days to the maximum life span of the animal,
whereas the turnover time of the peritubular/myoid cells (including
SLC) is estimated to range from 85 to 257 days (Teerds et al., 1989).

These are not the only studies suggesting that even in adulthood the
LC lineage is flexible and dynamic. As indicated briefly, nearly 30 years
ago it was discovered that the alkylating agent EDS selectively destroys
the mature LC population in the adult rat testis (Kerr et al., 1985;
Teerds et al., 1988). This process is followed by a complete regeneration
of the original LC population within a few weeks after EDS administra-
tion. Later studies showed that EDS also acts as a LC toxicant in other
species, such as mouse, guinea pig, hamster, monkey and rabbit. Evi-
dence has become apparent that LC regeneration in the adult testis fol-
lowing EDS administration and the development of the ALC population
in the (pre)pubertal testis take place along the same lineage (reviewed in
Teerds and Rijntjes, 2007).

It is not the purpose of this reviewtopresentacompleteoverview of the
similarities between SLC in the (pre)pubertal and adult testis. Only some
highlights will be reported here. It is possible to isolate SLC from the adult
testis following EDS administration, using the same methods previously
used to isolate SLC from the post-natal day 7 testis (Ge et al., 2006;
Stanley et al., 2012). These isolated cells express Pdgfra but not Lhr or
the steroidogenic enzymes Hsd3b and Cyp11a1, like SLC in the post-natal
testis. When 3 days after EDS administration seminiferous tubules with
surrounding putative SLC are subjected to culture in the presence of LH
and growth factors, these Pdgfra positive, Hsd3b negative cells develop
during a subsequent 4-week culture period into Hsd3b positive cells
that produce testosterone (Stanley et al., 2012).

The newly formed LC after EDS administration have many character-
istics in common with PLC in the prepubertal testis, such as the frequent
localization in close vicinity to seminiferous tubules, spindle-shaped
morphology, and the expression of Lhr and Hsd3b. T3 administration sti-
mulates the proliferation of these new LC (Ariyaratne et al., 2000b),
while chronic hypothyroidism delays the formation of new LC after
EDS administration (Rijntjes et al., 2010). These PLC in the adult testis
subsequently differentiate into ILC, which like ILC in the pubertal testis
have lipid droplets in their cytoplasm and produce up to 35 days after
EDS significant levels of androstanediol. Between 35 and 76 days after
EDS androstanediol levels gradually decrease (Vreeburg et al., 1988)
while the testicular activity of both Cyp11a1 and Cyp17a1 increases,
and as a consequence testosterone production further rises (O’Shaugh-
nessy and Murphy, 1991). By Day 70 after EDS administration these ILC
have differentiated into mature ALC, which no longer contain lipid
droplets in their cytoplasm and have ceased to proliferate.

Recent evidence suggests that nerve growth factor (NGF) may be a
potent regulator of ALC development, as it stimulates proliferation of
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SLC, PLC and ILC following EDS administration (Zhang et al., 2013).
Whether NGF fulfils this role also in the (pre)pubertal testis remains
to be elucidated.

Together, these data show that the interstitial cell population in the
adult testis has under normal conditions a negligible proliferative cap-
acity. However, when challenged the LC lineage appears to be highly
dynamic with a great capacity for renewal.

LC development in the primate and rodent
testis: similarities and differences
In this section we will give an overview of the most important similarities
and differences between the LC lineage in primates and rodents.

In contrast to most mammalian species the development of human
and primate LC is considered to be a tri-phasic process, consisting of
fetal, neonatal and pubertal maturational phases (Nistal et al., 1986;
Prince, 2001, 2007). Both in rodents and primates the FLC population
develops from stem cells, and as discussed above, presumably independ-
ent of gonadotrophic stimulation. In primates the FLC population
however rapidly becomes highly dependent on placental hCG to stimu-
late testosterone production (Huhtaniemi et al., 1979; Nistal et al.,
1986). The highest number of FLC and testosterone levels in the
human testis is observed between gestational weeks 12 and 14 when
masculinization occurs and placental hCG levels are still high (Holstein
et al., 1971; Codesal et al., 1990). This is a major difference from the situ-
ation in rodents where even in the absence of pituitary LH masculiniza-
tion proceeds normally during fetal life (Kendall et al., 1995; Ma et al.,
2004).

When hCG levels decrease during the second trimester of human
pregnancy, FLC numbers rapidly decline (Holstein et al., 1971). The in-
volution of the FLC population is associated with a reduction in cell
volume, and signs of degeneration as depicted by the appearance of
electron-dense cells and the presence of lipid accumulations (vacuoles)
(Pelliniemi and Niemi, 1969; Holstein et al., 1971; Codesal et al.,
1990). Some FLC escape involution and remain active throughout preg-
nancy (Codesal et al., 1990; Prince, 2001). In the rodent testis regression
of the FLC population largely occurs after birth (Tapanainen et al., 1984).

Concomitant with the transient neonatal activation of the hypothal-
amic–pituitary–testicular axis between birth and 6 months post-
partum, LC become prominent again in the human testis, which coin-
cides with a sharp increase in testosterone production. The neonatal
LC population consists of a mix of well-developed LC and smaller
cells. These relatively large LC have ultrastructural features, such as ex-
tensive anastomosing SER tubules and pleomorphic mitochondria with
tubular and lamellar cristae, well developed Golgi complex and regiona-
lized rough endoplasmic reticulum, consistent with those of mature FLC,
but alsowith ALCexcept that these neonatal LC do not have Reinkecrys-
tals in their cytoplasm (Prince, 1985, 1990, 2007). The smaller LC in the
neonatal testis have a relatively underdeveloped morphology, e.g. prom-
inent presence of cytoplasmic filaments, small mitochondria and moder-
ate to relatively sparse SER, consistent with regressing LC. The large LC
are considered to be responsible for the neonatal peak in testosterone
production (Prince, 1990). This neonatal androgen surge may play a
role in imprinting various cell types in androgen dependent organs,
including the brain (reviewed in Svechnikov et al., 2010).

There is consensus concerning the origin of the neonatal testosterone
producing LC in the primate testis; these cells are thought to develop

through redifferentiation of involuted FLC as well as differentiation of
stem/precursor cells (Codesal et al., 1990; Prince, 2007; reviewed in
Svechnikov et al., 2010). LH plays an important role in the development
and functioning of the neonatal LC population as blockade of the neo-
natal rise in LH levels in monkeys inhibits the formation of the neonatal
testosterone producing LC population (Prince et al., 1998). As discussed
above, there is no evidence for the presence of a distinct neonatal LC
population in rodents.

The neonatal androgen surge in primates is followed by a prolonged
period of steroidogenic quiescence and inactivity of pituitary gonado-
trophin secretion. The LC population consists now largely of regressed
neonatal LC, also named infantile or immature LC, and LC precursors,
which do not express steroidogenic enzymes like HSD3B (Verhagen
et al., 2014). These LC are characterized morphologically by convoluted
nuclei, a small to moderate amount of SER and some lipid droplets in their
cytoplasm; the stem cell/precursor cells have a more spindle-shaped
morphology (Chemes, 1996; Prince, 2007). Although these cells are
functionally inactive, acute hCG stimulation leads to a precocious rise
in testosterone production, implicating that the cells can rapidly
respond to a trophic stimulus (Chemes et al., 1985). This so-called infant-
ile period lasts until the onset of puberty.

Just before puberty when LH levels increase again HSD3B positive LC
reappear in the primate testis, indicative of a steroidogenically active
ALC population. The developing ALC undergo morphological changes,
move from the peritubular region to the intertubular space and acquire
an epithelioid shape. The SER becomes the most prominent cytoplasmic
organelle forming a large network of anastomosing tubules hosting the
enzymes involved in steroidogenesis. Mitochondria with tubular cristae
and lamellar associations are observed in increasing numbers, as are well-
developed Golgi elements, lipid droplets and Reinke crystals (Chemes,
1996; Prince, 2007). These morphological and functional changes are
largely comparable towhat is observed in the rodent testis with the forma-
tionof the ALC population. Both in rodentsand primates the development
and functioning of the ALC population is critically dependent on LH.

There are several hypotheses concerning the fate of the neonatal LC
and the origin of the ALC population in the primate. One hypothesis pos-
tulates that the neonatal LC population largely undergoes involution;
these cells do not express HSD3B and are thus functionally inactive
(Nistal et al., 1986). A limited number of neonatal LC may escape this
fate and continue to be functionally activeand responsible for the low tes-
tosterone levels in infancy (Swerdloff and Heber, 1981). The ALC popu-
lation develops according to this hypothesis around puberty from stem/
precursors cells mainly located in the vicinity of the seminiferous tubules
(Nistal et al., 1986; Rey et al., 1996; Verhagen et al., 2014). Another hy-
pothesis suggests that the neonatal LC population undergoes partial in-
volution and degeneration (Prince, 1984, 2001). The ALC population
according to Prince develops from both involuted neonatal LC as well
as differentiation of stem/precursor cells. A third hypothesis postulates
that neonatal LC undergo partial involution during the infantile period of
life. These cells disappear however before puberty, presumably around
the time when ALC are formed by differentiation of stem/precursor cells
(Nistal et al., 1986). Proliferation of the newly formed ALC hardly con-
tributes to the final size of the LC population in adulthood (Verhagen
et al., 2014), suggesting that in primates differentiation of stem/precur-
sor cells and/or redifferentiation of involuted cells determine the size
of the ALC population in adulthood. It remains to be elucidated which
of these hypotheses is correct.
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The ALC population in the primate testis has long been considered
stable with negligible proliferative capacity. Nevertheless, there are indi-
cations that LC renewal does occur in the adult testis, not only after
stimulation with supra-physiological doses of hCG (Christensen and
Peacock, 1980; Teerds et al., 1988), but also under normal conditions.
Both in the human and monkey testis mitoses of mature ALC have
been observed, although the frequency of LC proliferation is extremely
low (Fouquet and Raynaud, 1985; Amat et al., 1986; Fouquet and Khan,
1987). Considering the very low incidence of proliferation in the adult
testis, this process is, like in the rodent, presumably not of physiological
significance.

The studies in rodents have contributed enormously to our under-
standing of the essential steps in LC development and functioning, and
the factors involved in these processes. Much less information is available
about this process in humans and primates, although it is clear that there
are differences of the former from rodents. Whether the same factors
identified in rodents also play a role in human male LC development is
at present largely unknown. Hopefully more advanced techniques will
make it possible to increase our knowledge on these processes in the
human/primate testis in the near future, which will increase the transla-
tional potential of this research.

LC function in aging: what can we learn
from model animals
Testicular testosterone synthesis and secretion are under the control of
the pituitary LH drive and paracrine modulators such as Igf1, cytokines
and neurogenic signals. Aging in men is accompanied by a moderate
gradual decrease in plasma testosterone levels and as a consequence,
among others, by a decline in muscle mass and strength, bone density,
sexual function, and increase in visceral adiposity (Perheentupa and
Huhtaniemi, 2009; Huhtaniemi and Forti, 2011).

The age-related decrease in testosterone levels can be either due to a
defect at the hypothalamic-pituitary level, or to a problem within the LC.
Older reports attribute the age-related decrease in testosterone levels in
males to a reduction in LC numbers (Neaves et al., 1985; reviewed in
Zaidi et al., 2012). More recent endocrine literature suggests that this
age-related decrease is largely due to a primary testicular failure (low tes-
tosterone and high LH levels) (reviewed in Perheentupa and Huhtaniemi,
2009). Veldhuis et al. (2012) reported in a study including 92 healthy men
that, with aging, LH efficacy decreases, LC sensitivity to LH diminishes,
and LH-testosterone down-regulation increases, implicating a reduced
effectual LH drive as cause for decreased testosterone levels in older
men. Whether the aging-related decline in LC function is an inevitable
physiological phenomenon or a pathophysiological response to an
aging-associated decline in general health is still a topic of debate. In
support of the latter are the findings that old men in perfect physical con-
dition show no decline in serum testosterone (Sartorius et al., 2012), and
that reversal of obesity, the main reason for low testosterone production
in aging men, reverses testosterone suppression (Camacho et al., 2013).

Ultrastructural analysis of LC in the aged human testis shows clear
changes in morphology. The most frequently encountered alterations
are poor development of mitochondria and SER, organelles involved in
androgen biosynthesis, and accumulation of lipid droplets: the latter is
considered a sign of functional impairment (Paniagua et al., 1986).
These morphological alterations support the observations of decreased
LC functionality in the aged testis. Secondary hypofunction of the testis,

which is also regularly reported in older men (low testosterone and in-
appropriately normal or low LH levels), is largely independent of age
and associated with obesity and comorbidities (Wu et al., 2008, 2010).

In some strains of rodents thereare indications that the age-relatedde-
crease in testosterone production is mainly due to a reduction in GnRH
release from the hypothalamus, thus attenuating pituitary LH release
(reviewed in Wang and Stocco, 2005). The age-related decrease in tes-
tosterone levels in these rodent models is therefore less well comparable
to the situation in aging men, where the specific age effect attenuates LC
function (Huhtaniemi and Forti, 2011). Reproductive aging in the Brown
Norway rat has, in contrast to most other rodent species, solely a
gonadal origin, which makes it a good model of human male aging. The
testes of aged Brown Norway rats, when perfused with maximally stimu-
lating doses of LH, produce significantly less testosterone than the testes
of young rats (Zirkin et al., 1993). This observation is confirmed by in vitro
data showing that LC isolated from aged Brown Norway rat testes
produce significantly less testosterone under LH stimulation than LC iso-
lated from testes of young rats (Chen et al., 2009). Due to the difficulty to
obtain representative human male testicular tissue, it is not surprising
that the Brown Norway rat is frequently used as a model for mechanistic
studies of the age-related reduction in testicular testosterone production
in humans (Chen et al., 1994; reviewed in Zirkin and Tenover, 2012).

The production of steroid hormones is a complex process, which
starts in LC either with de novo synthesis of cholesterol from acetate or
acquisition of cholesterol from the cell membrane or extracellular
sources through internalization of high or low density -cholesterol
(depending on species). A rate-limiting step is the translocation of chol-
esterol from the cytoplasm to the vicinity of the Cyp11a1 enzyme located
in the mitochondrial matrix. The transfer of cholesterol across the mito-
chondrial membranes is critically dependent on the presence of two pro-
teins, StAR and translocator protein (Tspo) (reviewed in Midzak et al.,
2009); LH plays an important stimulatory role in this process. It activates
the Gsa/cAMP/protein kinase A signalling cascade, leading to activation
of transcription factors that regulate StAR gene expression as well as
phosphorylation of the StAR protein. An age-related reduction in func-
tioning has been observed in this regulatory cascade (reviewed in
Wang and Stocco, 2005). Accumulation of recruited cholesterol in mito-
chondria is compromised in aged LC, arguing for an age-related decline in
mitochondrial cholesterol transfer. This assumption is supported by the
fact that both StAR and Tspo mRNA levels significantly diminish with age
(Culty et al., 2002).

Aging also negatively influences several enzymes that form the critical
core of the steroidogenic pathway in LC. Reduced activity of Cyp11a1,
Hsd3b, Cyp17a1, 17-ketoreductase, and Hsd11b2 has been reported
in LC of aged Brown Norway and Lewis rats. Reductions in mRNA
and protein expression of these steroidogenic enzymes (Luo et al.,
1996, 2005; Koeva et al., 2009) fit well with the stereological analysis
demonstrating a reduced absolute volume of mitochondria and a signifi-
cant regression of microsomal volume in aged LC, limiting the maximal
flux of steroid metabolites through the steroidogenic pathway (reviewed
in Midzak et al., 2009).

There is consensus that aging consists of a complex set of processes,
involving numerous causes and consequences that all contribute to the
deterioration of cellular functioning. Among these are changes in the
metabolic generation of free radicals (Beattie et al., 2013). According
to the free radical theory, aging cells are in a chronic state of oxidative
stress as a consequence of an age-related imbalance between
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pro-oxidants and the antioxidant defence system. It is therefore not sur-
prising that LC from testes of aged Brown Norway rats produce signifi-
cantly larger amounts of reactive oxygen species (ROS) than cells from
young rats (reviewed in Midzak et al., 2009). Additionally, there may
be deficits in the antioxidant defence system in LC. Microarray analysis
has revealed an age-related down-regulation of several genes of the
free radical scavenger family, including two glutathione transferase subu-
nits, copper zinc superoxide dismutase (Sod1) - the mostprominent anti-
oxidant enzyme in LC, manganese superoxide dismutase (Sod2), and
glutathione peroxidase (Gpx), leading to accumulation of free radicals
(Luo et al., 2006). A member of the ROS family, hydrogen peroxide, is
capable of inhibiting steroidogenesis by interfering with cholesterol
transport to the mitochondria and its conversion to pregnenolone by
Cyp11a1 (Stocco et al., 1993).

In line with these observations it has been shown that decreased ster-
oidogenesis is associated with a deficiency in autophagy in aged rat LC
(Li et al., 2011). Autophagy is a cellular degenerative pathway that
involves the delivery of affected cytoplasmic organelles to lysosomes,
and is essential for cell survival, development and homeostasis (Mizush-
ima and Levine, 2010). Li et al. (2011) show that decreased autophagic
activity in aged LC may be responsible for the observed reduction in
StAR expression and testosterone production, possibly by elevating
the cellular ROS level.

Disruption at the level of cAMP signalling also appears to be involved in
many of the age-related changes in LC testosterone production. A signifi-
cant lesion in the ability of the Lhr to activate Gs protein and thereby ade-
nylyl cyclase and induce cAMP generation has been reported (reviewed
in Midzak et al., 2009). Two different possible explanations have been
offered for this observation. In the first model the interaction of lipid per-
oxides generated from cellular ROS with membrane lipids results in lipid
cross-linking, thus decreasing molecular mobility in the plasma mem-
brane and, as a consequence, Lhr activation of Gs. In the second
model the decreased Lhr coupling to Gs is explained by a redox shift
to an oxidizing environment that can be linked to desensitization-type
uncoupling of the receptor-adenylyl cyclase interaction in aging LC (for
further details, see Midzak et al., 2009).

Based on the above observations one can conclude that, as aging itself,
the age-related decrease in LC testosterone production is a multifactor-
ial phenomenon. Although in some species decreased function of the
hypothalamic-pituitary axis is reported, in humans and the model
animal Brown Norway rat the major age-related defects occur within
the LC. An age-related imbalance between ROS production and the anti-
oxidant defence system, and the consequent oxidant-induced damage to
LC is postulated to be a major player in the observed age-related reduc-
tion in steroidogenesis (Luo et al., 2006).

Conclusions
Based on the above we can conclude that: the distinct populations of LC
that develop along the life span of males include fetal, neonatal (in
humans) and adult LC; although both in humans and rodents the forma-
tion of FLC is most likely independent of LH/CG stimulation, the newly
formed FLC in the primate testis are highly dependent on CG
for testosterone production, while in the mouse and rat FLC become
LH-responsive later along the lineage. A plethora of paracrine factors
within the fetal testis can apparently maintain (besides LH) FLC steroido-
genesis in rodents, which in primates this is less obvious; albeit in rodents,

in contrast to primates, the initial steps of ALC development are not go-
nadotrophin sensitive due to the absence of Lhr, however the transition
of SLC into PLC and the further development of the ALC population are
highly dependent on LH; PLC, ILC and mature ALC in both the rodent
and primate male differ from each other both morphologically and in
their developmental and functional capacity; the age-related decrease
in testosterone production in ALC is largely a consequence of defects
in the steroidogenic pathway, presumably due to accumulation of ROS
possibly in combination with a disturbed redox balance.
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