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SUMMARY

Adult Leydig cells are terminally differentiated cells with
an organelle structure adapted to serve in steroidogenesis.
Adult Leydig cells are formed during pubertal development
from a precursor cell population, through a series of inter-
mediate stages beginning ultimately with a stem cell desig-
nated as a stem Leydig cell. The stem Leydig cells are
distributed in the interstitial space and might be centrally
located or adjacent to peritubular cells that sit immediately
atop the basal lamina of the seminiferous tubule, or to blood
vessels. The ultimate origin of stem Leydig cells remains a
topic of active research, with most investigators favoring
mesenchymal cells derived from the primitive kidney
(mesonephros), but others supporting sources including the
neural crest and coelomic epithelium, which later give rise
to the tunica (testis capsule). Although it is firmly estab-
lished that luteinizing hormone (LH) is the chief tropic stim-
ulus of Leydig cell steroidogenesis, the process by which
stem Leydig cells acquire the ability to respond to hormone
stimulation is largely unknown. Growth factors produced
locally by Sertoli cells, including Desert Hedgehog, platelet-
derived growth factor, leukemia inhibitory factor, Kit ligand
and insulin-like growth factor-1, may act sequentially or
together to stimulate the transition from stem to later stage
Leydig cell before LH sensitivity is acquired. Androgen,
potentially secreted by fetal Leydig cells may be essential
for initial development of adult Leydig cells. LH signaling
is necessary to amplify cell numbers further and induce the
differentiation of later stage Leydig cell intermediates.
Puberty concludes with the creation, in the testis of the adult
rat, of a population of about 25 million Leydig cells that
produce testosterone.

Key Words: Desert Hedgehog; mesenchymal cell; neural
crest; PDGF; progenitor Leydig cell; stem Leydig cell;
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INTRODUCTION

Leydig cells synthesize and secrete the steroid hor-
mone testosterone, and are the primary source of this
androgenic hormone in the body. Testosterone, referred
to as the male hormone, stimulates male sexual differ-
entiation before birth, and fertility and male secondary
sexual characteristics after birth. Receptors for testos-
terone (androgen receptors) are not confined to the
reproductive system and are widely distributed in other
tissues, including skeletal muscle (1) thymus (2), and
brain (3). Thus, the differentiation of Leydig cells in the
testes is of general importance in the development of
the male body plan. For reasons that remain unclear,
there are discrete phases of testosterone secretion dur-
ing the life cycle: two in the rodent (fetal and adult) and
three in the human (fetal, neonatal, and adult), which
are products of separate generations of Leydig cells.

The first generation forms during embryogenesis and
its members are accordingly designated fetal Leydig
cells. The fetal Leydig cells differentiate from stromal
cells between the nascent testis cords, starting on day
12 of gestation in rats. Shortly after the testis differen-
tiates from the indifferent gonad, the fetal Leydig stem
cells undergo lineage specific commitment and differ-
entiate into mature fetal Leydig cells that are fully
competent in steroidogenesis (4). They reach their peak
of steroidogenic activity just before birth on day 19 of
gestation (5) and the testosterone secreted is critical for
development of the penis and sex accessory glands (4).
Fetal Leydig cells also play a role in the scrotal descent
of the testis, by synthesizing androgen and insulin-like
growth factor-3 (INSL-3, also known as relaxin-like
factor [6]). A receptor for INSL-3, LGR-8, is present
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in the gubernaculum, a ligament attaching the testis to
the bottom of the scrotum (7,8). Fetal Leydig cells
remain in the testis interstitium after birth, but rapidly
involute (9). The fate of fetal Leydig cells after puberty
has been debated for many years (10). The failure to
resolve this issue results from a lack of markers that
would allow for unambiguous identification of fetal
Leydig cells as distinct from their adult counterparts.
However, the fetal and adult Leydig cells can be distin-
guished functionally, and this may lead to an answer.
Whereas luteinizing hormone (LH) stimulates develop-
ment and steroidogenic function in adult Leydig cells,
there is no comparable requirement for LH stimulation
in fetal Leydig cells. In the LH receptor null LH recep-
tor knockout (LHRKO) mouse, testosterone levels do
not differ relative to wild-type control prenatally, and
the failure to develop increased steroidogenic capacity
is clearly associated with the pubertal period. These
results support the hypothesis that fetal Leydig cells
atrophy and become inactive in the testis postnatally
(11–14).

Most of the information available on the adult
Leydig cell lineage comes from studies performed in
the rat. The adult Leydig cells lineage first becomes
evident by day 11 postpartum when spindle-shaped
cells in the interstitium begin to express a functional
marker, the enzyme 3β-hydroxysteroid dehydrogenase
(3β-HSD) (15). The postnatal development of adult
Leydig cells from 3β-HSD immunoreactive spindle-
shaped cells is dependent in turn on a previously myste-
rious population of stem cells, which can be designated
stem Leydig cells (SLCs). As is the case for other stem
cell populations, the SLCs undergo self-renewal divi-
sions to maintain their numbers, and have the ability to
commit to lineage specific development. Stem cell
commitment is followed by processes leading progres-
sively to increased morphological and biochemical dif-
ferentiation of the SLCs into adult Leydig cells that
secrete testosterone and are terminally differentiated
(16). The regulation of these processes will be reviewed
in this chapter.

Leydig Cell Ontogeny 
It is undoubtedly the case that both fetal and adult

generations of Leydig cells arise from stem cells, but it
remains unclear in 2006 whether the mature cells in
each of the generations share a common stem cell
ontogeny. A shared ontogeny of Leydig cell genera-
tions is suggested by similarities of their developmen-
tal regulation. For example, the morphogen Desert
Hedgehog and platelet-derived growth factors (PDGFs)
induce interstitial spindle-shaped (fibroblastic) cells to

express testosterone biosynthetic cholesterol side-chain
cleavage enzyme on day 12.5 in the fetus, and these
cells later differentiate into fetal Leydig cells (17,18).
Desert Hedgehog and PDGFs are also implicated in the
development of the adult Leydig cell population,
because targeted gene deletions suppressing Desert
Hedgehog and PDGF-AA expression, prevents adult
Leydig cells from forming (19,20). In contrast, other
lines of evidence pointing to functional differences
between the two Leydig cell generations might suggest
that they do not have a common origin. For example,
adult Leydig cells rapidly become desensitized to bolus
exposures of LH because of the presence of an
inhibitory guanine nucleotide-binding protein. This pro-
tein is not expressed in fetal Leydig cells (21,22),which
therefore, have a more prolonged response to LH. Fetal
Leydig cell steroidogenesis is independent of LH, as
seen in LHRKO mice (11–13). Finally, fetal Leydig
cells respond to adrenocorticotropic hormone through
the melanocortin type-2 receptor, whereas adult Leydig
cells do not (23).

The most widely held view of Leydig cell ontogeny is
based on the embryological literature, and holds that mes-
enchymal cells of the mesonephros, originally derived
from embryonic mesoderm, migrate into the testis and
furnish a source of fetal Leydig stem cells (24; Fig. 1A).
Opposed to this hypothesis is the observation that inter-
ference with the mesonephric migratory process does not
perturb the eventual differentiation of fetal Leydig cells
(17). The fetal Leydig stem cells may alternatively move
into the testis from the coelomic epithelium overlying the
developing gonad (18). Neural crest cells provide another
potential source of stem fetal Leydig cells (25). It is
tempting to speculate that neural crest cells are the source
of the Leydig cell lineage because a number of proteins
colocalize in Leydig cells, and the brain (ref. 26; Fig. 1B).
Although fetal Leydig cells do not express the Wnt1
proto-oncogene (18), a marker for the neural crest line-
age, dramatic cytological transformation is typical for
this lineage, and so markers may not persist throughout
development. The question of ontogeny is even more
poorly defined for adult Leydig cells, but a recent study
proposes that these cells are derived from the neural crest
lineage of neuroepithelial cells (27). The evidence for this
assertion is based on a regeneration model, using a cyto-
toxicant, ethane dimethane sulphonate (EDS) that kills
the existing adult Leydig cell population which then
reforms from nestin-positive cellular components lining
blood vessels (Fig. 1C).

A nuclear transcription factor, steroidogenic factor
(SF)-1, produced under the direction of the sex-
determining region on the Y chromosome, SRY, directs
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fetal Leydig stem cells toward lineage-specific devel-
opment and steroidogenic competence (28). SF-1 stim-
ulates expression of the cytochrome P450 enzymes of
steroid synthesis and also promotes differentiation of

Sertoli cells and pituitary gonadotropes (29). The
actions of SF-1 in embryonic Sertoli cells most likely
include stimulating the secretion of Desert Hedgehog,
PDGFs and other paracrine regulatory factors such as

Fig. 1. Ontogeny of Leydig cells. In-migration of mesenchymal cells from the mesonephros is thought to furnish the Leydig stem
cells to the interstitial spaces of the testes (arrows, A). However, this hypothesis has not been confirmed in studies of gonad-
mesonephros host tissue recombinants, and Capel and colleagues tentatively proposed that stem Leydig cells could originate in the
coelomic epithelium (A). Alternatively, the pinching off of the neural tube during embryogenesis (B) produces neural crest cells that
migrate widely throughout the body (arrows) and form several cell linages possibly including Leydig cells. However, the stem Leydig
cells come to reside in the testicular interstitium, they continue to be present throughout life in peritubular and perivascular locations,
with their progeny, the differentiated Leydig cells, pushed to more central locations in the interstitial space (arrows, C). (Please see
color version of this figure in color insert following p. 180.)
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insulin-like growth factor (IGF)-1 (30) and vasoactive
intestinal peptide (31) that promote the differentiation
and function of fetal Leydig cells. When over expres-
sion of SF-1 is induced in embryonic stem cells, or
adult mesenchymal stem cells from bone marrow, these
cells show the ability to differentiate into steroidogenic
cells, indicating that SF-1 is involved in stem cell com-
mitment to fetal and adult Leydig cell lineages (28,32).
However, further work is required to establish
whether SF-1 is an essential signal for lineage com-
mitment, because the conditional knockout of SF-1
in Leydig cells reduces, but does not entirely prevent
their differentiation (33).

Several types of adult stem cells have been shown to
possess the ability to transdifferentiate as, for example,
mesenchymal stem cells do from bone marrow. Bone
marrow stem cells with mesodermal origin are able to
differentiate into neurons, which are of ectodermal origin
(34) and hepatocytes of endodermal origin (35).
Recently, transdifferentiation has been reported as a
source of new Leydig cells in EDS-treated rat testes,
with Leydig cells regenerating from vascular smooth
muscle cells and pericytes of testicular blood vessels
(27). The concept of a mixed pool of stem Leydig cells
has been suggested by Russell and colleagues, in that a
multifocal origin of Leydig cells in rat testes postna-
tally (36) is discernable by electron microscopy. A
schematic representation of the stem Leydig cell pool
is shown in Fig. 1.

ADULT LEYDIG CELL ONTOGENY

AND STEM LEYDIG CELLS

The postnatal development of adult Leydig cell pop-
ulation traces back to a stem cell stage. These stem
Leydig cells proliferate neonatally and were identified
as possible precursors largely based on the fact that
they are numerous in the interstitium and, appear
before adult Leydig cells are seen (37). The stem
Leydig cells are proliferative but are assumed not to
express lineage specific markers such as steroidogenic
enzymes and LH receptor (38,39). They are spindle-
shaped and most often located adjacent to the peritubular
cells (39,40). Until recently, this description would be
the sum of what is known about the characteristics of
stem Leydig cells. However, Lo et al. (41) added
another potential characteristic, expression of the mul-
tidrug resistance transporter protein, in a study where
Hoechst 33342 fluorescence staining was used to
enrich a “Hoechst dim” side population by cell sorting.
The Hoechst dim cells so obtained were seen to form
testosterone producing cells after transplantation into
testes of mice that have a hypoplasia of adult Leydig

cells resulting from targeted deletion of the LH recep-
tor (LHRKO) (13). Because abundant expression of
multidrug resistance is a characteristic of mesenchymal
stem cells, this suggested that stem Leydig cells are of
mesenchymal origin and Hoechst dim. Enrichment of
PDGFR-α-positive cells from the interstitium of neona-
tal rat testes showed that these cells also express c-kit
and leukemia inhibitory factor (LIF) receptor and can
differentiate into androgen-producing cells in vitro
(38). The putative PDGFR-α+ stem Leydig cells can
be maintained in an undifferentiated state in media
supplied with LIF (38).

By day 11 postpartum, stem Leydig cells become
committed to the Leydig cell lineage and transform into
progenitor Leydig cells as judged by the onset of
expression of steroidogenic enzymes and, a day later,
LH receptors (39). A small reservoir of stem Leydig
cells persists in adult testes, supporting the concept of
a slow turnover and renewal of the adult Leydig popu-
lation (42). Under pathological circumstances, when
adult Leydig cells are destroyed by exposure to stress
(43) or a cytotoxic chemical such as cadmium (44) or
EDS (45), the rate of Leydig cell renewal from stem
cells is highly accelerated. Commitment and differenti-
ation of stem Leydig cells into later stages of the Leydig
cell lineage can be viewed as a three part process (sum-
marized in Fig. 2): Stem to Progenitor to Immature and,
finally, to adult Leydig cell.

STEM TO PROGENITOR LEYDIG 
CELL TRANSITION 

Progenitor Leydig cells appear in the testis during days
11–28 postpartum. The progenitor Leydig cells are small,
spindle-shaped cells that are identifiable as distinct from
stem Leydig cells by their expression of LH receptors
and steroidogenic enzymes such as 3β-HSD. At the time
of commitment when progenitor Leydig cells first
become distinct from stem Leydig cells they appear to
express genes encoding steroidogenic enzymes such as
cholesterol side chain cleavage enzyme (P450scc), 3β-
HSD, and 17α-hydroxylase/20-lyase (P450c17), but not
the LH receptor (39). Despite the fact that P450scc, 3β-
HSD, and P450c17 appear simultaneously in progenitor
Leydig cells on day 11, evidence from LHRKO mice
indicates that 3β-HSD may be the first enzyme to 
be induced because spindle-shaped 3β-HSD positive
cells continue to exist in the interstitium of LHRKO
males, whereas P450scc and P450c17 are absent (11).
Progenitor Leydig cells express testosterone biosyn-
thetic enzymes at low levels, but have an abundant
capacity to metabolize testosterone as 5α-reductase and 
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3α-hydroxysteroid dehydrogenase levels are elevated
(46–48). Progenitor Leydig cells are highly proliferative
and remain active in the cell cycle (49,50). Their capacity
for proliferation may be mediated in part by cyclin A2
expression, which is required for cell cycle-progression
(49). Other cell cycle progression genes are also known
to be expressed at high levels in the progenitor Leydig
cell, including: Cdk2, CDC25, cyclin B, cyclin C, cyclin
D, and cyclin E (50). Progenitor Leydig cells may retain
some stem cell characteristics in that they continue to
express PDGF receptor-α, LIF receptor, c-kit, which may
be necessary for their proliferation until they become
sensitive to LH (38).

Gradually, progenitor Leydig cells enlarge, become
round and their proliferative capacity is reduced. As they
begin to withdraw from the cell cycle progenitor Leydig
cells acquire some of the differentiated functions
of mature stages of the lineage, including increased

expression of P450scc, 3β-HSD, and P450c17 (39,51).
Paradoxically, progenitor Leydig cells contain negligi-
ble amount of smooth endoplasmic reticulum (ER), the
organelle needed as a lipid platform for steroidogenic
enzyme proteins, yet these cells are competent to
secrete steroids. Before the smooth ER membranes
become extensive, the enzymes of steroidogenesis may
have other locations in the Leydig cell. For example, a
mitochondrial form of 3β-HSD is known to exist in the
Leydig cell although its developmental profile has not
been defined (52–54).

Of the enzymes needed for testosterone biosynthesis
in progenitor Leydig cells, one is lacking: the 17β-
hydroxysteroid dehydrogenase 3. As a consequence,
the testosterone intermediate, androstenedione, is pro-
duced and rapidly metabolized to androsterone as a
result of the activities of two enzymes, 5α-reductase
and 3α-hydroxysteroid dehydrogenase (48). Hormonal

Fig. 2. Development of rat Leydig cells. Double immunolabeling of testicular cells for 3β-HSD and BrdU was assessed in sections of
rat testes obtained on days 7 (A), 14 (B), 35 (C), and 90 (D). A cluster of 3β-HSD-positive presumptive fetal Leydig cells can be seen
(brown staining, indicated by the white arrowheads) on days 7 (A) and 14 (B). At this age, spindle-shaped interstitial cells, which are
the putative stem Leydig cells adjacent to peritubular myoid cells (e.g., *), were often labeled with BrdU (dark blue). One week later
in panel B, a spindle-shaped progenitor Leydig cell (PLC) is brown (black arrow) on day 14 (B). On day 35, immature Leydig cells
are apparent, and are occasionally BrDU labeled (white arrow, C). On day 90, adult Leydig cells have formed and are notably larger
and more heavily stained by the 3β-HSD antibody (D). (Please see color version of this figure in color insert following p. 180.)
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control of the two metabolizing enzymes remains
uncertain, but a large role for LH appears unlikely as
progenitor Leydig cells are relatively insensitive to this
hormone (55). It has been established that progenitor
Leydig cells express a shortened, nonfunctional form
of the LH receptor (56) consisting only of its extracel-
lular domain. At later developmental stage, a change in
the splicing of the LH receptor gene results in the
appearance of functional LH receptors (55).

Only a small number of transcription factors have
been found to be associated with differentiation of
stem Leydig cells. It seems likely that several tran-
scription factors will operate in concert to regulate the
initial commitment of stem Leydig cells to lineage-
specific differentiation. In this regard, SF-1, an orphan
receptor is crucial for the development of the fetal,
adrenal, and gonad. In Leydig cells, SF-1 stimulates
expression of steroidogenic acute regulatory protein
(57) needed for the transport of cholesterol from the
cytosol to the inner mitochondrial membrane, and also
induces P450scc (58,59). A conditional knockout of
SF-1 in Leydig cells leads to undetectable levels of
P450scc in interstitium (33). Furthermore, over
expression of SF-1 in mouse embryonic stem cells or
adult mesenchymal stem cells leads these cells to
commit to differentiation of steroidogenic capability,
forming a mixed population of adrenal and gonadal
endocrine cells (28). These results indicate that SF-1
is necessary but not sufficient for lineage-specific 
differentiation of stem Leydig cells. In this regard, it is
notable that SF-1 is also highly expressed in Sertoli
cells (60) and that Leydig cells are still present in the
interstitium in Leydig cell conditional knockouts of
SF-1 (33). Other transcription factors that may be
involved in Leydig cell development include NUR77,
another nuclear orphan receptor. DNA sequence 
elements that bind to NUR77 are present in many 5′-
untranslated regions of genes that function in Leydig
cell steroidogenesis, such as 3β-HSD2 (61). NUR77
achieves peak expression levels at the progenitor cell
stage of Leydig cell development, providing a context
for it to act together with SF-1 to regulate the commit-
ment of stem Leydig cells (50). Further upstream from
SF-1, LIM-homeodomain transcription factor (Lhx9),
has been implicated in various developmental processes
including gonadogenesis. In the testis, Lhx9 is present
only in interstitial cells (62), and loss of Lhx9 in
knockout mice leads to Leydig and Sertoli cell dysge-
nesis (62,63). Progenitor Leydig cells express Lhx9,
and expression levels increase as they undergo further
differentiation and become competent for steroidogen-
esis (unpublished observations).

Progenitor Leydig cells can be purified by collage-
nase dispersion of the testis and density gradient cen-
trifugation (64). Following this procedure, 90% of
the cells obtained from 21-d-old rats stain lightly for
3β-HSD and 75% have LH receptors (55). Purified
progenitor Leydig cells have been used extensively
to study the regulation of Leydig cell development.

IMMATURE LEYDIG CELLS 

The second transition occurs as progenitor Leydig
cells continue to differentiate, producing the next inter-
mediate, an immature Leydig cell. The immature
Leydig cells are most commonly seen in the testis dur-
ing days 28–56 postpartum in the rat. Freshly isolated
immature Leydig cells stain intensively for 3β-HSD,
have high levels of LH receptor binding (9) and are
rounder because of increased abundance of the smooth
ER (47,55). In the rat, a distinguishing characteristic of
immature Leydig cells is their numerous cytoplasmic
lipid droplets (47,55), which support a high level of
steroidogenic capacity. The content of lipid droplet
diminishes when these cells later mature into adult
Leydig cells (47,55). This transition may reflect a
change in the intracellular source of cholesterol used
in steroidogenesis. Esterified cholesterol from lipid
droplets may be the predominant source in immature
Leydig cells, whereas the source at later stages of develop-
ment is, cholesterol derived from serum lipoprotein or
synthesized de novo. The activities of three testosterone
biosynthetic enzymes, P450scc, 3β-HSD, and P450c17
sharply increase during the period when immature
Leydig cells are in the predominant stage: days 28
through 56 d. The rise of steroidogenic enzyme activi-
ties occurs in tandem with increases in the numbers of
mitochondria and volume of smooth endoplasmic retic-
ulum. By day 56, 17β-hydroxysteroid dehydrogenase 3
begins to be more highly expressed, catalyzing the
conversion of testosterone from androstenedione to
complete the androgen biosynthetic pathway (48). A
transient elevation of androgen metabolism occurs at
the immature Leydig cell stage, and as a result of a peak
in 5α-reductase and 3α-hydroxysteroid dehydrogenase
(3α-HSD) activities, testosterone is converted into 5α-
androstane-3β, 17β-diol (3αDIOL [48,65]). In addi-
tion to the 3α-DIOL-generating form of 3α-HSD,
which is a reductase, immature Leydig cells express
oxidative 3α-HSD activity and can convert 3α-DIOL
back to dihydrotestosterone (66). Retinol dehydroge-
nase II (67) has 3α-HSD oxidative activity, is present
in immature Leydig cells, and might provide another
source of DHT production in immature testes. 
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ADULT LEYDIG CELLS 

Immature Leydig cells undergo a final division before
adult Leydig cell function develops by postnatal day 56
(37). Cell division and growth come to an end at the adult
Leydig cell stage. In contrast to the earlier stages, adult
Leydig cells contain a full complement of the smooth
endoplasmic reticulum, few lipid droplets, high levels of
steroidogenic enzyme activity, and secrete testosterone
as the predominant androgen end product. A dramatic
shift between production of 3α-DIOL and testosterone
results as the immature Leydig cells differentiate into
adult Leydig cells and 5α-reductase expression falls off
sharply (48). Adult Leydig cells comprise the majority
of the Leydig cell population of sexually mature testes,
but smaller numbers of the precursor stages continue to
be present in adulthood. Cell replication among the
precursor stages, may continue to occur during adult-
hood, but is slow after puberty (68). In fact, the estimated
turnover time for adult Leydig cells exceeds the 2-yr life-
span of the average rat (68). A balance between cell
replication by the precursor stages and apoptosis by
the adult Leydig cell apoptosis maintains a constant
Leydig cell number per testis—approx 25 million (69).
Environmental toxins, stress, and seasonal breeding
cycles increase the rate of apoptosis in Leydig cells and,
also their turnover (70–73).

The population of adult Leydig cells is achieved dur-
ing postnatal development, starting with stem Leydig
cells present in the interstitium at birth. Stem Leydig
cells divide asymmetrically, forming one daughter stem
Leydig cell and a daughter committed cell, which will
give rise to a progenitor Leydig cell. Leydig cells are
generated thereafter through a combination of progeni-
tor Leydig cell proliferation, departure of the progenitor
and immature Leydig cells from the cell cycle, and dif-
ferentiation and functional maturation of the progenitor
and immature Leydig cells into adult Leydig cells.
Stem, progenitor, immature, and adult Leydig cells have
distinct sets of biochemical and morphological charac-
teristics and respond differently to hormonal regulators.

HORMONAL REGULATION OF LEYDIG
CELL DEVELOPMENT

Leydig cells are exposed to multiple regulatory fac-
tors that precisely control their numbers and steroido-
genic capacity. The gonadotropin, LH, has a pre-eminent
critical role in Leydig cell differentiation, once LH
receptors are expressed. However, at the earliest stem
cell stage when LH receptors are not present, other reg-
ulatory factors must be active, and many of these are
thought to originate in the local environment of the testis,

from Sertoli and peritubular myoid cells, testicular
macrophages, and possibly the Leydig cells themselves.

Leukemia Inhibitory Factor and Interleukin-6
LIF, a member of the interleukin (IL)-6 family of

cytokines, exerts its effects by binding to a heterodi-
meric receptor made up of a LIF-specific binding
subunit (gp190) coupled to a transmembrane signal
transducing subunit (gp130) receptor chain, which also
is used as the receptor subunit for IL-6 (74), oncostatin M
(75), cardiotrophin-1 (76), and ciliary neurotrophic fac-
tor (77). LIF is essential for blastocyst implantation and
the normal development of hippocampal and olfactory
receptor neurons. LIF has been used extensively to
induce embryonic stem cells to retain their totipotency.
LIF signaling leads to activation of the JAK/STAT (Janus
kinase/signal transducer and activator of transcription)
and mitogen-activated protein kinase cascades (78).
LIF is required for long-term self-renewal of neural
stem cell cultures (79) and for maintenance of primor-
dial germ cell cultures (80). In the rat testis, LIF is
detectable from 13.5 d of gestation onward, and is pre-
dominantly expressed by the peritubular cells sur-
rounding the seminiferous tubules (81). In the 1st wk
postnatally, the peritubular cells have a fibroblastic
ultrastructure (14) and form a two to three cell layer-
thick boundary tissue (aka, lamina propria). It is likely
that the stem Leydig cells are situated in the outermost
layer of the boundary tissues, in the interstitial space
(14) and therefore, are likely targets of LIF signaling.
Stem Leydig cells and all cells of the Leydig cell lin-
eage express gp130, with the highest levels of the
protein being in stem and progenitor Leydig cells
(38,50,82). The action of LIF on differentiated Leydig
cells results in decreased steroidogenesis (83), which
occurs in part by reducing the availability of choles-
terol substrate to P450scc in the mitochondria (82).
Given that LIF withdrawal is a stimulus for differentia-
tion of mouse embryonic stem cells (84) a similar
action may apply in the case of stem Leydig cells.
Consistent with this idea, LIF has been found to stimu-
late stem Leydig cell proliferation (38). IL-6, which is
closely related to LIF, is more highly expressed in
immature testis relative to the adult, and is present in
Sertoli cells, testicular macrophages, and Leydig cells
(85–88). The IL-6 receptor is expressed in progenitor,
immature and adult Leydig cells (85,89). Therefore,
both LIF and IL-6 may regulate stem Leydig cells and
other early members of the Leydig cell lineage. The
LIF knockout mouse does not have a pronounced male
reproduction phenotype, but this may be ascribed to
substitution by other related proteins (IL-6). The LIF
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receptor knockout is lethal to animals in the perinatal
period (90), and it will be necessary to create condi-
tional knockouts of the receptor in Leydig cells to study
its developmental effects further.

PLATELET-DERIVED GROWTH FACTORS

PDGFs form a family of disulfide-linked homod-
imeric proteins that exert mitogenic effects on undiffer-
entiated mesenchymal cells in early stage embryos and
progenitor cell populations. They are also implicated in
tissue remodeling and differentiation. PDGF receptor-α
signaling is essential for differentiation of fetal Leydig
cells (18) and stimulates differentiation of adult Leydig
cells as well. PDGF receptor-α is expressed both in the
Leydig cell lineage and peritubular myoid cells
(20,50,91,92). It has been established that adult Leydig
cells do not differentiate in knockout mice which lack
expression of the PDGF-AA ligand (the homodimer);
(93,94). Expression of PDGF in peritubular cells
begins before birth, well ahead of the onset of Leydig
cell-specific genes such as LH receptor (95), and thus,
PDGF receptor-α signaling may be a proximate cause
of commitment of stem Leydig cells to Leydig cell
differentiation. 

Kit Ligand Kit receptor is present on type A1 sper-
matogonia (96) and in Leydig cells (97–100). Interstitial
expression of Kit is first detectable by day 7 postpartum
in the mouse (97). Kit is expressed at higher levels in
progenitor Leydig cells relative to immature and adult
Leydig cells (50). Kit ligand (also known as stem cell
factor) is produced by the putative stem Leydig cells
(38) in addition to Sertoli cells (98,101). Given that Kit
ligand stimulates germ cell proliferation and survival,
an analogous role for this factor has been postulated for
Leydig cells. The signaling functions of Kit are medi-
ated by receptor autophosphorylation and subsequent
association with PI 3-kinase. To investigate the role of
Kit-mediated PI 3-kinase signaling in vivo, a knockin
mouse, KitY 719F/KitY719F, was created containing a
tyrosine-to-phenylalanine substitution mutation located
in the canonical binding site for the p85 subunit of PI 
3-kinase (102). This mutation causes Leydig cell hyper-
plasia in adult testes (102), indicating that Kit regulates
Leydig cell proliferation and, possibly, differentiation.
The effects of the KitY719F mutation on Leydig cell
development and steroidogenic function were investi-
gated and reduced testosterone biosynthetic capacity
was observed (103). Kit ligand stimulates testosterone
production through the PI3-kinase pathway, as seen by
the fact that the stimulatory action was not detected in
Leydig cells of the KitY719F knock-in mice (103).

Further support for a developmental role of Kit ligand
was obtained in a study using an antibody directed
against the Kit receptor, which partially blocked Leydig
cell regeneration in EDS-treated rats (104).

GONADOTROPINS (LH AND FSH)

LH is the major stimulus regulating testosterone syn-
thesis in Leydig cells and, although there is evidence
for LH receptor expression in testicular capillaries
(105) and the epididymis (106), LH action has been
most clearly delineated in this cell type (107). LH
binding to its receptor triggers the cAMP signaling cas-
cade leading to rapid effects, including cholesterol
mobilization (108–110), and elevated steroidogenic
enzyme activity, and longer term transcriptional effects.
Cessation of LH signaling eventually, results in loss 
of steroidogenic enzyme activities, and declines in
steroidogenic organelle volume and numbers and general
cell atrophy (111).

LH stimulation is required for Leydig cell develop-
ment, but it is unlikely to be the initial stimulus for stem
cell differentiation into the Leydig cell lineage or the
trigger for initial expression of Leydig cell-specific
genes. Evidence for this assertion comes from the fact
that the LH receptor protein is truncated in progenitor
Leydig cells, providing an attenuated response to
gonadotropic stimulation (56). That LH plays a critical
role in the development of Leydig cells is apparent
from studies of GnRHhpg mice, which are deficient in
circulating LH. In these mice, Leydig cell numbers are
about 10% of control (112). Leydig cells are also
severely hypoplastic in LHRKO mice (13,113). In nor-
mal rats and mice, increased Leydig cell proliferative
activity occurs following LH/human choriogonado-
tropin (hCG) administration in vivo (69,108,114),
although the underlying mechanism subsequent to LH
receptor binding that leads to cell cycle progression has
not been identified. In adult Snell dwarf mice, a defi-
ciency in plasma gonadotropin prevents full differenti-
ation of Leydig cells without affecting their numbers
(115). Neither long-term suppression of LH nor the
return of LH to control values in adult rats has a signif-
icant effect on Leydig cell numbers (116,117). In addi-
tion, although LH stimulates DNA synthesis in
immature rat Leydig cells in vitro, these increases are
limited; significant enhancement of the LH effect is
achieved by coadministration of growth factors such as
IGF-1 (49,118). These results raise the possibility that
the action of LH on Leydig cell proliferation requires
the participation of, or is preceded by, the action of
other factors.
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Follicular stimulating hormone (FSH) stimulates
functions in Sertoli cells, but this may in turn act 
on Leydig cells indirectly. The evidence for FSH action
on Leydig cell development is equivocal. Adminis-
tration of FSH injections to animals with low or absent
circulating LH stimulates Leydig cell differentiation,
and steroidogenic activity (119–124). Similarly, an
inactivating mutation of the FSH receptor reduces the
numbers of Leydig cells, and their steroidogenic capac-
ity (125). However, in the presence of normal LH lev-
els, FSH action is not required and, consistent with this
idea, the FSH-β null mutation has no discernible effect
on Leydig cell numbers (125). This contrasts with the
GnRH-deficient mouse lacking both LH, and FSH
which fails to develop Leydig cells (112).

OTHER GROWTH FACTORS

Of the growth factors that have been analyzed in
conjunction with Leydig cell development, IGF-1, has
been the most studied (126). IGF-1 mRNA, protein,
and receptors have been identified in Leydig cells,
peritubular cells, and spermatocytes (127–132). Testi-
cular levels of IGF-1 are the highest at 4 wk postpar-
tum, at the beginning of the pubertal rise in testosterone
secretion (133). LH and hCG stimulate IGF-1 secretion
and upregulate type-1 IGF-1 receptor gene expression
in rodent Leydig cells (133–136). IGF-1 stimulates the
proliferation of Leydig cell precursors, and pretreat-
ment of these cells with LH augments the mitogenic
effect (49,118,132). IGF-1 facilitates Leydig cell 
differentiation and maturation in conjunction with LH.
Other factors such as IGF-1 must stimulate develop-
ment and fulfill a stimulatory role not provided by LH
based on the observation that progenitor Leydig cells
possess few LH receptors and are relatively insensitive
to LH (55,137). Second, Leydig cells differentiate in
GnRHhpg mice (112) despite the deficiency of circulat-
ing LH in this line. Third, IGF-1 and its receptor
mRNAs are highly expressed in progenitor and imma-
ture Leydig cells, and IGF-1 is known to enhance hCG-
stimulated testosterone formation (138). This suggests
that there is a requirement for IGF-1 that precedes LH-
mediated differentiation of the Leydig cell and that
IGF-1 acts in conjunction with LH to further stimulate
the maturational process. 

In vitro studies have shown that IGF-1 stimulates
maturational events such as increased expression of
steroidogenic enzymes leading to higher rates of testos-
terone production (139,140). In contrast, the GH-
deficient Snell dwarf mice have negligible circulating
IGF-1, and low testosterone levels. Administration of

IGF-1 to these mice in vivo induces a marked increase
in the numbers of LH receptors and in the steroidogenic
response (141). It has been shown previously that mice
with an IGF-1-null mutation have marked reductions in
circulating testosterone levels (18% of wild-type con-
trol), associated with decreases in testis size and Leydig
cell numbers (142). This led to the hypothesis that
the dramatic declines seen in circulating testosterone
levels in adult IGF-1-null mutants result from abnormal
testis development, and specifically from an imbalance
in testosterone biosynthetic and metabolizing enzyme
activities in Leydig cells.

It has become clear that although IGF-1 is important
for the development of normal steroidogenic competence,
it is not active at earlier points in the differentiation path-
way. For example, a lack of IGF-1 signaling in the knock-
out mouse does not completely prevent Leydig cells from
forming. It is possible that IGF-1 is not entirely elimi-
nated in the male pups during the perinatal period,
because IGF-2 is present at that time and is known to
bind the IGF-1 receptor (143) but the results suggest that
other factors act proximal to IGF-1 signaling.

ANDROGEN

Androgen receptor is present at all stages of the
Leydig cell lineage (55,144–147), but the trend is for
higher expression levels in progenitor, and immature
compared with adult Leydig cells (55,148). The pres-
ence of androgen receptors indicates that androgen
directly regulates Leydig cell development and func-
tion. When cultured for 3 d in the presence of LH and
dihydrotestosterone, progenitor Leydig cells increase
their capacity for testosterone production more than 10
times and undergo cytological differentiation (64). The
presence of numerous androgen receptors in progenitor
Leydig cells, which have few LH receptors, indicates
that androgen action may precede and facilitate the
response to LH (55). Exposure of progenitor Leydig
cells to androgen stimulates increases in the protein
levels of LH receptor, androgen receptor, and 3α-
hydroxysteroid dehydrogenase (148). In mice with nat-
urally occurring mutations causing androgen insensitivity,
designated testicular feminization, Leydig cell numbers
are decreased and differentiation of Leydig cells is
incomplete (149–151). The defect could arise indirectly,
because the testes fail to descend and the elevated tem-
perature associated with cryptorchidism is known to
affect Leydig cells, or as a secondary consequence of
deficient androgen action on Sertoli cells. Sertoli cells
also contain androgen receptors (152–154) and the
Sertoli cell-specific knockout of androgen receptor
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reduces Leydig cell numbers by 40%, as opposed to
83% in mice with a knockout of the androgen receptor
in all tissues (155). The fact that the reductions are less
severe in the Sertoli cell conditional compared with the
total knockout points to a role for androgen receptor
signaling in the Leydig cell (155).

ESTROGEN

Two types of estrogen receptors (ERs)-α and -β
have been identified, and the α-form is the primary
subtype in Leydig cells. ER-β is detected in mouse
Leydig cells (156–158), in which its function remains
poorly understood. In ER-αKO mice, Leydig cell
steroidogenic capacity is increased, but this may sim-
ply be a consequence of elevated LH levels resulting
from a decline in estrogen-negative feedback on the
pituitary gonadotropes (159).

DESERT HEDGEHOG

The Hedgehog signaling pathway is involved in a
number of developmental processes during embryogen-
esis. At least three Hedgehog proteins, Desert, Sonic,
and Indian, so far have been identified and they act
through the patched receptor. Two patched receptors,
patched 1 and 2, when not bound by Hedgehog proteins,
repress the action of Smoothened (160), Smoothened is
a transmembrane protein mediating the Hedgehog 
signal that induces upregulation of the transcription 
factor Gli (161). Desert hedgehog (Dhh) is expressed by
preSertoli cells in the embryonic testis (162), and its reg-
ulation is closely tied to the action of testis-determining
factor Sry. Dhh knockout male mice are sterile, and
development of adult Leydig cells is defective (19). The
patched receptor is present in Leydig cells (19), which
is consistent with a requirement for Dhh activity in the
development of androgen synthesis. Dhh also appears
to act in the fetal testis, and the knockout prevents fetal
Leydig cells from forming. Migration of putative fetal
Leydig stem cells from the mesonephros and their pro-
liferation and survival in the interstitium were unaf-
fected in the Dhh knockout, and the defect is presumed
to lie with some aspect of differentiation (17).

ROLE OF TESTICULAR MACROPHAGES

Macrophages and Leydig cells exist in close proxi-
mity in the testicular interstitium (163). Macrophages
also secrete cytokines such as IL-1 and transforming
growth factor-α that stimulate proliferation of progeni-
tor Leydig cell (164,165). Developmental interactions
between macrophages and Leydig cells have been

noted in osteopetrotic mice, which have few macro-
phages as a result of a null mutation in the gene encod-
ing colony-stimulating factor-1 (op/op). Leydig cells
obtained from op/op males are deficient in steroido-
genic enzymes expression and testosterone production
(166). In neonatal and immature rats, when macro-
phages are depleted from the testis following treatment
with dichloromethylene diphosphonate, adult Leydig
cells fail to develop normally (167–170). These results
indicate that the dendritic cell and Leydig cell lineages
are developmentally coupled, although the evolution-
ary advantage conferred by their association remains to
be defined.

CONCLUSIONS

Postnatal development of adult Leydig cell popula-
tion draws upon a pool of stem Leydig cells, which pro-
liferate and commit to the Leydig cell lineage. It is
unknown at the present time whether the stem Leydig
cells are unipotential or pluripotential, and their ulti-
mate ontogeny in the embryo is a topic of continued
investigation. Amplification of Leydig cell numbers
occurs primarily during the progenitor stage, and a
small number of Leydig stem cells continue to exist in
the testis throughout adult life. The morphological and
biochemical characteristics of the intermediate stages
of Leydig cells have been defined, providing increased
understanding of the factors that control the develop-
ment of steroidogenic capacity. After commitment of
stem Leydig cells to the Leydig cell lineage, there are
two distinct stages of intermediate development. The
first is a spindle shaped progenitor Leydig cell that con-
tains steroidogenic enzymes such as P450scc, 3β-HSD,
and P450c17, and has truncated LH receptors on the
cell surface. The progenitor Leydig cells also express
metabolic enzymes such as 5α-reductase, and 3α-
hydroxysteroid dehydrogenase, and androsterone is
their primary androgen end product. The progenitor
Leydig cells differentiate into a second intermediate,
the immature Leydig cell, during days 14–28, and these
cells primarily produce 3α-DIOL. On day 28, there are
on average 12 million immature Leydig cells per testis,
which undergo one further round of mitosis and differ-
entiate into adult Leydig cells by day 56. 

The transition from proliferating progenitor Leydig
cell to differentiated adult Leydig cell is hormonally
regulated. The transcription factors responsible for
commitment of stem into progenitor Leydig cells are
largely unknown. SF-1, NUR77, and Lhx9 may be
involved, but additional factors will assuredly be iden-
tified in the next few years. Growth factors produced
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pre-eminently, although not exclusively, by Sertoli cells
include Desert Hedgehog, PDGF, LIF, Kit ligand, and
IGF-1 and may act sequentially or together to regulate
the early transitions from stem to later stage Leydig
cell before LH sensitivity is acquired. Androgen, poten-
tially secreted by fetal Leydig cells may be essential
for initial development of adult Leydig cells. LH
signaling is necessary to amplify cell numbers further
and induce the differentiation of later stage Leydig cell
intermediates. The net result of the developmental
process of puberty is the creation, in the testis of the
adult rat, of a population of about 25 million Leydig
cells that produce testosterone required for spermato-
genesis and pubertal masculinization. 
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GLOSSARY

Adult Leydig Cell
A terminally differentiated Leydig cell. Adult Leydig

cells have an extensive smooth endoplasmic reticulum,
a distinct rim of heterochromatin in the nucleus, promi-
nent nucleolus and few lipid droplets. They primarily
produce testosterone.

Fetal Leydig Cell
A terminally differentiated Leydig cell in the fetus.

Fetal Leydig cells originate in the testis during gesta-
tion. They have an extensive smooth endoplasmic retic-
ulum and, in the rat, many lipid droplets. The fetal
Leydig cells produce testosterone and IGF-3.

Leydig Cell
A testosterone-producing cell in the interstitium of

the testis.

Progenitor Leydig Cell
A cell that is produced by the commitment of a stem

Leydig cell to the Leydig cell lineage. Progenitor
Leydig cells remain fibroblastic in appearance but
posses Leydig cell specific markers such as 3β-HSD
and LH receptors. 

Stem Leydig Cell
The founder cell of the Leydig cell lineage. A stem

Leydig cell is unique in the Leydig cell lineage, in that,

it divides to produce two daughter cells with 
different fates. One of the daughter cells is a stem cell
identical to the mother cell. The other daughter is a
progenitor Leydig cell that will divide, amplifying its
numbers, eventually, differentiating into an adult
Leydig cell. However, this asymmetric division of stem
Leydig cells has yet to be observed.

Immature Leydig Cell
An intermediate in the Leydig cell lineage during

postnatal development, derived from a progenitor
Leydig cell. Immature Leydig cells are similar to fetal
Leydig cells morphologically, in that both possess
numerous lipid droplets. However, fetal Leydig cells
have low 5α-reductase activity and secret testosterone,
whereas immature Leydig cells abundantly express 5α-
reductase, and 3α-hydroxysteroid dehydrogenase and
primarily produce androstane-3α, 17β-diol.

REFERENCES
1. Asthana S, Bhasin S, Butler RN, et al. Masculine vitality:

pros and cons of testosterone in treating the andropause. 
J Gerontol A Biol Sci Med Sci 2004;59:461–465.

2. Kumar N, Shan LX, Hardy MP, Bardin CW, Sundaram K.
Mechanism of androgen-induced thymolysis in rats. Endo-
crinology 1995;136:4887–4893.

3. Handa RJ, Burgess LH, Kerr JE, O’Keefe JA. Gonadal steroid
hormone receptors and sex differences in the hypothalamo-
pituitary-adrenal axis. Horm Behav 1994;28:464–476.

4. Huhtaniemi I, Pelliniemi LJ. Fetal Leydig cells: cellular ori-
gin, morphology, life span, and special functional features.
Proc Soc Exp Biol Med 1992;201:125–140.

5. Habert R, Brignaschi P. Developmental changes in in vitro
testosterone production by dispersed Leydig cells during fetal
life in rats. Arch Androl 1991;27:65–71.

6. Emmen JMA, McLuskey A, Adham IM, Engel W, Grootegoed
JA, Brinkmann AO. Hormonal Control of Gubernaculum
Development during Testis Descent: Gubernaculum Outgrowth
in Vitro Requires Both Insulin-Like Factor and Androgen.
Endocrinology 2000;141:4720–4727.

7. Scott DJ, Fu P, Shen PJ, et al. Characterization of the Rat
INSL-3 Receptor. Ann NY Acad Sci 2005;1041:13–16.

8. Feng S, Bogatcheva NV, Kamat AA, Agoulnik AI. Genetic
targeting of relaxin and insl-3 signaling in mice. Ann NY
Acad Sci 2005;1041:82–90.

9. Codesal J, Regadera J, Nistal M, Regadera-Sejas J, Paniagua R.
Involution of human fetal Leydig cells. An immunohisto-
chemical, ultrastructural and quantitative study. J Anat 1990;
172:103–114.

10. Kerr JB, Knell CM. The fate of fetal Leydig cells during the
development of the fetal and postnatal rat testis. Development
1988;103:535–544.

11. Zhang FP, Pakarainen T, Zhu F, Poutanen M, Huhtaniemi I.
Molecular characterization of postnatal development of testic-
ular steroidogenesis in luteinizing hormone receptor knockout
mice. Endocrinology 2004;145:1453–1463.



66 Ge and Hardy

12. Zhang FP, Poutanen M, Wilbertz J, Huhtaniemi I. Normal pre-
natal but arrested postnatal sexual development of luteinizing
hormone receptor knockout (LuRKO)mice. Mol Endocrinol
2001;15:172–183.

13. Lei ZM, Mishra S, Zou W, et al. Targeted disruption of
luteinizing hormone/human chorionic gonadotropin receptor
gene. Mol Endocrinol 2001;15:184–200.

14. Haider SG. Cell biology of Leydig cells in the testis. In: Jeon
K, ed. International Review of Cytology. Vol. 233. Academic
Press, New York, 2004; pp. 181–241.

15. Ariyaratne HB, Mendis-Handagama SM, Hales DB, Mason IJ.
Studies of the onset of Leydig cell differentiation in the pre-
pubertal rat testis. Biol reprod 2000;63:165–171.

16. Ge RS, Shan LX, Hardy MP. Pubertal Development of Leydig
cells. In: Payne AH, Hardy MP, Russell LD, eds. The Leydig
cell. Cache River Press, Vienna, IL, 1996; pp. 159–173.

17. Yao HH, Whoriskey W, Capel B. Desert Hedgehog/Patched 1
signaling specifies fetal Leydig cell fate in testis organogene-
sis. Genes Dev 2002;16:1433–1440.

18. Brennan J, Tilmann C, Capel B. Pdgfr-α mediates testis cord
organization and fetal Leydig cell development in the XY
gonad. Genes Dev 2003;17:800–810.

19. Clark AM, Garland KK, Russell LD. 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 2000;63:
1825–1838.

20. Gnessi L, Basciani S, Mariani S, et al. Leydig cell loss and
spermatogenic arrest in platelet-derived growth factor
(PDGF)-A-deficient mice. J Cell Biol 2000;149:1019–1026.

21. Warren DW, Huhtaniemi IT, Tapanainen J, Dufau ML, Catt
KJ. Ontogeny of gonadotropin receptors in the fetal and
neonatal rat testis. Endocrinology 1984;114:470–476.

22. Eskola V, Rannikko A, Huhtaniemi I, Warren DW. Ontogeny
of the inhibitory guanine nucleotide-binding regulatory pro-
tein in the rat testis: mRNA expression and modulation of LH
and FSH action. Mol Cell Endocrinol 1994;102:63–68.

23. O’Shaughnessy PJ, Fleming LM, Jackson G, Hochgeschwender
U, Reed P, Baker PJ. Adrenocorticotropic hormone directly
stimulates testosterone production by the fetal and neonatal
mouse testis. Endocrinology 2003;144:3279–3284.

24. De Kretser DM, Kerr JB. The Cytology of the Testis. In:
Knobil E, Neill JD, eds. The Physiology of Reproduction.
Vol. 1. Raven Press, New York, 1988;837–974.

25. Schulze W, Davidoff MS, Holstein AF, Schirren C. Processing
of testicular biopsies—fixed in Stieve’s solution—for visualiza-
tion of substance P- and methionine-enkephalin-like immunore-
activity in Leydig cells. Andrologia 1987;19:419–422.

26. Mayerhofer A. Leydig cell regulation by catecholamines and
neuroendocrine messengers. In: Payne AH, Hardy MP,
Russell LD, eds. The Leydig cell. Cache River Press, Vienna,
IL, 1996; pp. 407–418.

27. Davidoff MS, Middendorff R, Enikolopov G, Riethmacher D,
Holstein AF, Muller D. Progenitor cells of the testosterone-
producing Leydig cells revealed. J Cell Biol 2004;167:935–944.

28. Crawford BA, Spaliviero J, Simpson J, Handelsman DJ.
Androgen effects on bioactive and immunoreactive gonado-
trophin levels during puberty in male baboons. J Pediatr
Endocrinol Metab 1997;10:401–410.

29. Ikeda Y. SF-1: a key regulator of development and function in
the mammalian reproductive system. 45. Acta Paediatr Jpn
1996;38:412–419.

30. Rouiller-Fabre V, Carmona S, Merhi RA, Cate R, Habert R,
Vigier B. Effect of anti-Mullerian hormone on Sertoli and
Leydig cell functions in fetal and immature rats. Endo-
crinology 1998;139:1213–1220.

31. El-Gehani F, Tena-Sempere M, Huhtaniemi I. Vasoactive intes-
tinal peptide stimulates testosterone production by cultured fetal
rat testicular cells. Mol Cell Endocrinol 1998;140: 175–178.

32. Gondo S, Yanase T, Okabe T, et al. SF-1/Ad4BP transforms
primary long-term cultured bone marrow cells into ACTH-
responsive steroidogenic cells. Genes Cells 2004;9:1239–1247.

33. Jeyasuria P, Ikeda Y, Jamin SP, et al. Cell-specific knockout
of steroidogenic factor 1 reveals its essential roles in gonadal
function. Mol Endocrinol 2004;18:1610–1619.

34. Chu M-S, Chang C-F, Yang C-C, Bau Y-C, Ho LL-T, Hung
S-C. Signalling pathway in the induction of neurite outgrowth
in human mesenchymal stem cells. Cell Signal 2006;18:
519–530.

35. Zipori D. Mesenchymal stem cells: harnessing cell plasticity to
tissue and organ repair. Blood Cells Mol Dis 2004;33:211–215.

36. Russell LD, de Franca LR, Hess R, Cooke P. Characteristics
of mitotic cells in developing and adult testes with observa-
tions on cell lineages. Tissue Cell 1995;27:105–128.

37. Hardy MP, Zirkin BR, Ewing LL. Kinetic studies on the
development of the adult population of Leydig cells in testes
of the pubertal rat. Endocrinology 1989;124:762–770.

38. Ge RS, Dong Q, Sottas CM, Hardy MP. Development of
androgen biocynthetic capacity in an enriched fraction of stem
Leydig cells, Bio. Reprod, Quebec City, Quebec, Canada, July
24–27, 2005.

39. Mendis-Handagama SM, Ariyaratne HB. Differentiation of
the adult Leydig cell population in the postnatal testis. Biol
Reprod 2001;65:660–671.

40. Haider SG, Laue D, Schwochau G, Hilscher B. Morpho-
logical studies on the origin of adult-type Leydig cells in rat
testis. Italian J Anatomy Embryol 1995;100:535–541.

41. Lo KC, Lei Z, Rao Ch V, Beck J, Lamb DJ. De novo testos-
terone production in luteinizing hormone receptor knockout
mice after transplantation of leydig stem cells. Endocrinology
2004;145:4011–4015.

42. Teerds KJ, De Rooij DG, Rommerts FF, van der Tweel I,
Wensing CJ. Turnover time of Leydig cells and other intersti-
tial cells in testes of adult rats. Arch Androl 1989;23:105–111.

43. Hardy MP, Gao HB, Dong Q, et al. Stress hormone and male
reproductive function. Cell Tissue Res 2005;322:147–153.

44. Favino A, Baillie AH, Griffiths K. Androgen synthesis by the
testes and adrenal glands of rats poisoned with cadmium chlo-
ride. J Endocrinol 1966;35:185–192.

45. Teerds KJ. Regeneration of Leydig cells after depletion by
EDS: a model for postnatal Leydig cell renewal. In: Payne
AH, Hardy MP, Russell LD, eds. The Leydig cell. Cache
River Press, Vienna, IL, 1996; pp. 203–220.

46. Viger RS, Robaire B. Steady state steroid 5α-reductase mes-
senger ribonucleic acid levels and immunocytochemical
localization of the type 1 protein in the rat testis during post-
natal development. Endocrinology 1995;136:5409–5415.

47. Shan LX, Phillips DM, Bardin CW, Hardy MP. Differential
regulation of steroidogenic enzymes during differentiation
optimizes testosterone production by adult rat Leydig cells.
Endocrinology 1993;133:2277–2283.

48. Ge RS, Hardy MP. Variation in the end products of androgen
biosynthesis and metabolism during postnatal differentiation
of rat Leydig cells. Endocrinology 1998;139:3787–3795.



Regulation of Leydig Cells During Pubertal Development 67

49. Ge RS, Hardy MP. Decreased cyclin A2 and increased cyclin
G1 levels coincide with loss of proliferative capacity in rat
Leydig cells during pubertal development. Endocrinology
1997;138:3719–3726.

50. Ge R-S, Dong Q, Sottas CM, Chen H, Zirkin BR, Hardy MP.
Gene Expression in Rat Leydig Cells During Development
from the Progenitor to Adult Stage: A Cluster Analysis. Biol
Reprod 2005;72:1405–1415.

51. Haider S, Rai U. Effects of cyproterone acetate and flutamide
on the testis and epididymis of the Indian wall lizard,
Hemidactylus flaviviridis (Ruppell). Gen Comp Endocrinol
1986;64:321–329.

52. Chapman JC, Waterhouse TB, Michael SD. Changes in mito-
chondrial and microsomal 3 β-hydroxysteroid dehydrogenase
activity in mouse ovary over the course of the estrous cycle.
Biol Reprod 1992;47:992–997.

53. Cherradi N, Defaye G, Chambaz EM. Characterization of
the 3 β-hydroxysteroid dehydrogenase activity associated
with bovine adrenocortical mitochondria. Endocrinology
1994;134:1358–1364.

54. Cherradi N, Defaye G, Chambaz EM. Dual subcellular local-
ization of the 3 β-hydroxysteroid dehydrogenase isomerase:
characterization of the mitochondrial enzyme in the bovine
adrenal cortex. J Steroid Biochem Mol Biol 1993;46: 773–779.

55. Shan LX, Hardy MP. Developmental changes in levels of
luteinizing hormone receptor and androgen receptor in rat
Leydig cells. Endocrinology 1992;131:1107–1114.

56. Tena-Sempere M, Zhang FP, Huhtaniemi I. Persistent expres-
sion of a truncated form of the luteinizing hormone receptor
messenger ribonucleic acid in the rat testis after selective
Leydig cell destruction by ethylene dimethane sulfonate.
Endocrinology 1994;135:1018–1024.

57. Hiroi H, Christenson LK, Strauss JF, 3rd. Regulation of tran-
scription of the steroidogenic acute regulatory protein (StAR)
gene: temporal and spatial changes in transcription factor
binding and histone modification. Mol Cell Endocrinol
2004;215:119–126.

58. Ikeda Y, Shen WH, Ingraham HA, Parker KL. Developmental
expression of mouse steroidogenic factor-1, an essential
regulator of the steroid hydroxylases. Mol Endocrinol 1994;
8:654–662.

59. Clemens JW, Lala DS, Parker KL, Richards JS. Steroidogenic
factor-1 binding and transcriptional activity of the cholesterol
side-chain cleavage promoter in rat granulosa cells. Endo-
crinology 1994;134:1499–1508.

60. Tremblay JJ, Viger RS. Nuclear receptor Dax-1 represses the
transcriptional cooperation between GATA-4 and SF-1 in
Sertoli cells. Biol Reprod 2001;64:1191–1199.

61. Martin LJ, Tremblay JJ. The human 3α-hydroxysteroid dehy-
drogenase/∆5–∆4 isomerase type 2 promoter is a novel tar-
get for the immediate early orphan nuclear receptor Nur77 in
steroidogenic cells. Endocrinology 2005;146: 861–869.

62. Birk OS, Casiano DE, Wassif CA, et al. The LIM homeobox
gene Lhx9 is essential for mouse gonad formation. Nature
2000;403:909–913.

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

64. Hardy MP, Kelce WR, Klinefelter GR, Ewing LL.
Differentiation of Leydig cell precursors in vitro: a role for
androgen. Endocrinology 1990;127:488–490.

65. Chase DJ, Payne AH. Changes in distribution and androgen
production of Leydig cells of two populations during sexual
maturation in the rat. Endocrinology 1983;112:29–34.

66. Ge RS, Hardy DO, Catterall JF, Hardy MP. Opposing changes
in 3α-hydroxysteroid dehydrogenase oxidative and reductive
activities in rat leydig cells during pubertal development. Biol
Reprod 1999;60:855–860.

67. Hardy DO, Ge RS, Catterall JF, Hardy MP. Oxidative 3α-
hydroxysteroid dehydrogenase activity of retinol dehydroge-
nase II, Abstracts of 81st Annual Meeting of the Endocrine
Society, San Diego, CA, 1999.

68. Kerr JB, Knell CM, Irby DC. Ultrastructure and possible
function of giant crystalloids in the Sertoli cell of the juvenile
and adult koala (Phascolarctos cinereus). Anat Embryol
(Berl.) 1987;176:213–224.

69. Christensen AK, Peacock KC. Increase in Leydig cell number
in testes of adult rats treated chronically with an excess of
human chorionic gonadotropin. Biol Reprod 1980;22:383–391.

70. Taylor MF, de Boer-Brouwer M, Woolveridge I, Teerds KJ,
Morris ID. Leydig cell apoptosis after the administration of
ethane dimethanesulfonate to the adult male rat is a Fas-
mediated process. Endocrinology 1999;140:3797–3804.

71. Taylor MF, Woolveridge I, Metcalfe AD, Streuli CH,
Hickman JA, Morris ID. Leydig cell apoptosis in the rat testes
after administration of the cytotoxin ethane dimethane-
sulphonate: role of the Bcl-2 family members. J Endocrinol
1998;157:317–326.

72. Gao HB, Tong MH, Hu YQ, et al. Mechanisms of glucocorti-
coid-induced Leydig cell apoptosis. Mol Cell Endocrinol
2003;199:153–163.

73. Gao HB, Tong MH, Hu YQ, Guo QS, Ge R, Hardy MP.
Glucocorticoid induces apoptosis in rat Leydig cells.
Endocrinology 2002;143:130–138.

74. Peters M, Muller AM, Rose-John S. Interleukin-6 and soluble
interleukin-6 receptor: direct stimulation of gp130 and
hematopoiesis. Blood 1998;92:3495–3504.

75. Malaval L, Liu F, Vernallis AB, Aubin JE. GP130/OSMR is
the only LIF/IL-6 family receptor complex to promote
osteoblast differentiation of calvaria progenitors. J Cell
Physiol 2005;204:585–593.

76. Wijdenes J, Heinrich PC, Muller-Newen G, et al. Interleukin-
6 signal transducer gp130 has specific binding sites for differ-
ent cytokines as determined by antagonistic and agonistic
anti-gp130 monoclonal antibodies. Eur J Immunol 1995;25:
3474–3481.

77. Sleeman MW, Anderson KD, Lambert PD, Yancopoulos GD,
Wiegand SJ. The ciliary neurotrophic factor and its receptor,
CNTFR-α. Pharm Acta Helv 2000;74:265–272.

78. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F,
Graeve L. Interleukin-6-type cytokine signalling through the
gp130/Jak/STAT pathway. Biochem J 1998;334(Pt 2):297–314.

79. Wright LS, Li J, Caldwell MA, Wallace K, Johnson JA,
Svendsen CN. Gene expression in human neural stem cells:
effects of leukemia inhibitory factor. J Neurochem 2003;
86:179–195.

80. Cheng L, Gearing DP, White LS, Compton DL, Schooley K,
Donovan PJ. Role of leukemia inhibitory factor and its recep-
tor in mouse primordial germ cell growth. Development
1994;120:3145–3153.

81. Piquet-Pellorce C, Dorval-Coiffec I, Pham MD, Jegou B.
Leukemia inhibitory factor expression and regulation within
the testis. Endocrinology 2000;141:1136–1141.



68 Ge and Hardy

82. Mauduit C, Goddard I, Besset V, et al. Leukemia inhibitory
factor antagonizes gonadotropin induced-testosterone synthesis
in cultured porcine leydig cells: sites of action. Endocrinology
2001;142:2509–2520.

83. Bornstein SR, Rutkowski H, Vrezas I. Cytokines and
steroidogenesis. Mol Cell Endocrinol 2004;215:135–141.

84. Ward CM, Barow KM, Stern PL. Significant variations in dif-
ferentiation properties between independent mouse ES cell
lines cultured under defined conditions. Exp Cell Res
2004;293:229–238.

85. Okuda Y, Morris PL. Identification of interleukin-6 receptor
(IL-6R) mRNA in isolated Sertoli and Leydig cells: regula-
tion by gonadotropin and interleukins in vitro. Endocrine
1994;2:1163–1168.

86. Boockfor FR, Wang D, Lin T, Nagpal ML, Spangelo BL.
Interleukin-6 secretion from rat Leydig cells in culture.
Endocrinology 1994;134:2150–2155.

87. Cudicini C, Lejeune H, Gomez E, et al. Human Leydig cells
and Sertoli cells are producers of interleukins-1 and -6. J Clin
Endocrinol Metab 1997;82:1426–1433.

88. Potashnik H, Elhija MA, Lunenfeld E, et al. IL-6 expression
during normal maturation of the mouse testis. Eur Cytokine
Netw 2005;16:161–165.

89. Afane M, Dubost JJ, Sauvezie B, et al. Modulation of Leydig
cell testosterone production by secretory products of
macrophages. Andrologia 1998;30:71–78.

90. Ware C, Horowitz M, Renshaw B, et al. Targeted disruption
of the low-affinity leukemia inhibitory factor receptor gene
causes placental, skeletal, neural and metabolic defects and
results in perinatal death. Development 1995;121:1283–1299.

91. Gnessi L, Emidi A, Farini D, et al. Rat Leydig cells bind
platelet-derived growth factor through specific receptors and
produce platelet-derived growth factor-like molecules.
Endocrinology 1992;130:2219–2224.

92. Loveland KL, Zlatic K, Stein-Oakley A, Risbridger G,
deKretser DM. Platelet-derived growth factor ligand and
receptor subunit mRNA in the Sertoli and Leydig cells of the
rat testis. Mol Cell Endocrinol 1995;108:155–199.

93. Mariani S, Basciani S, Arizzi M, Spera G, Gnessi L. PDGF
and the testis. Trends Endocrinol Metab 2002;13:11–17.

94. Hoch RV, Soriano P. Roles of PDGF in animal development.
Development 2003;130:4769–4784.

95. Gnessi L, Emidi A, Jannini EA, et al. Testicular development
involves the spatiotemporal control of PDGFs and PDGF
receptors gene expression and action. J Cell Biol 1995;131:
1105–1121.

96. Feng LX, Ravindranath N, Dym M. Stem cell factor/c-kit up-
regulates cyclin D3 and promotes cell cycle progression via
the phosphoinositide 3-kinase/p70 S6 kinase pathway in sper-
matogonia. J Biol Chem 2000;275:25,572–25,576.

97. Manova K, Nocka K, Besmer P, Bachvarova RF. Gonadal
expression of c-kit encoded at the W locus of the mouse.
Development 1990;110:1057–1069.

98. Sandlow JI, Feng HL, Cohen MB, Sandra A. Expression of 
c-KIT and its ligand, stem cell factor, in normal and subfertile
human testicular tissue. J Androl 1996;17:403–408.

99. Loveland KL, Schlatt S. Stem cell factor and c-kit in the
mammalian testis: lessons originating from Mother Nature’s
gene knockouts. 71. J Endocrinol 1997;153:337–344.

100. Yoshinaga K, Nishikawa S, Ogawa M, et al. Role of c-kit in
mouse spermatogenesis: identification of spermatogonia as a
specific site of c-kit expression and function. Development
1991;113:689–699.

101. de Jong FH, Welschen R, Hermans WP, Smith SD, van der
Molen HJ. Effects of factors from ovarian follicular fluid
and Sertoli cell culture medium on in-vivo and in-vitro
release of pituitary gonadotrophins in the rat: an evaluation
of systems for the assay of inhibin. J Reprod Fertil Suppl
1979;47–59.

102. Kissel H, Timokhina I, Hardy MP, et al. Point mutation in kit
receptor tyrosine kinase reveals essential roles for kit signal-
ing in spermatogenesis and oogenesis without affecting other
kit responses. Embo J 2000;19:1312–1326.

103. Rothschild G, Sottas CM, Kissel H, et al. A role for kit recep-
tor signaling in leydig cell steroidogenesis. Biol Reprod
2003;69:925–932.

104. Yan W, Samson M, Jegou B, Toppari J. Bcl-w forms com-
plexes with Bax and Bak, and elevated ratios of Bax/Bcl-w
and Bak/Bcl-w correspond to spermatogonial and spermato-
cyte apoptosis in the testis. Mol Endocrinol 2000;14:682–699.

105. Ghinea N, Mai TV, Groyer-Picard MT, Milgrom E. How pro-
tein hormones reach their target cells. Receptor-mediated
transcytosis of hCG through endothelial cells. J Cell Biol
1994;125:87–97.

106. Lei ZM, Zou W, Mishra S, Li X, Rao Ch V. Epididymal phe-
notype in luteinizing hormone receptor knockout animals and
its response to testosterone replacement therapy. Biol Reprod
2003;68:888–895.

107. Hai MV, De Roux N, Ghinea N, et al. Gonadotropin recep-
tors. Ann Endocrinol (Paris) 1999;60:89–92.

108. Scott IS, Charlton HM, Cox BS, Grocock CA, Sheffield JW,
O’Shaughnessy PJ. Effect of LH injections on testicular
steroidogenesis, cholesterol side-chain cleavage P450 mRNA
content and Leydig cell morphology in hypogonadal mice. 
J Endocrinol 1990;125:131–138.

109. Misrahi M, Beau I, Meduri G, et al. Gonadotropin receptors
and the control of gonadal steroidogenesis: physiology and
pathology. Baillieres Clin Endocrinol Metab 1998;12:35–66.

110. Cooke BA. Transduction of the luteinizing hormone signal
within the Leydig cell. In: Payne AH, Hardy MP, Russell LD,
eds. The Leydig cell. Cache River Press, Vienna, IL, 1996;
pp. 351–364.

111. Wing TY, Ewing LL, Zirkin BR. Effects of luteinizing hor-
mone withdrawal on Leydig cell smooth endoplasmic reticu-
lum and steroidogenic reactions which convert pregnenolone
to testosterone. Endocrinology 1984;115:2290–2296.

112. Baker PJ, O’Shaughnessy PJ. Role of gonadotropin in reg-
ulating numbers of Leydig and Sertoli cells during fetal 
and postnatal development in mice. Reproduction 2001;
122:227–234.

113. Zhang F-P, Poutanen M, Wilbertz J, Huhtaniemi I. Normal
prenatal but arrested postnatal sexual development of luteiniz-
ing hormone receptor knockout (LHRKO) mice. Mol
Endocrinol 2001;15:172–183.

114. Vergouwen RP, Jacobs SG, Huiskamp R, Davids JA, de Rooij
DG. Proliferative activity of gonocytes, Sertoli cells and inter-
stitial cells during testicular development in mice. J Reprod
Fertil 1991;93:233–243.

115. Hochereau-de Reviers MT, Monet-Kuntz C, Courot M.
Spermatogenesis and Sertoli cell numbers and function in
rams and bulls. 80. J Reprod Fertil Suppl 1987;34:101–114.

116. Keeney DS, Mendis-Handagama SM, Zirkin BR, Ewing LL.
Effect of long term deprivation of luteinizing hormone on
Leydig cell volume, Leydig cell number, and steroidogenic
capacity of the rat testis. Endocrinology 1988;123:
2906–2915.



Regulation of Leydig Cells During Pubertal Development 69

117. Keeney DS, Ewing LL. Effects of hypophysectomy and alter-
ations in spermatogenic function on Leydig cell volume, num-
ber, and proliferation in adult rats. J Androl 1990;11:367–378.

118. Khan SA, Teerds K, Dorrington J. Steroidogenesis-inducing
protein promotes deoxyribonucleic acid synthesis in Leydig
cells from immature rats. Endocrinology 1992;130:599–606.

119. Odell WD, Swerdloff RS, Jacobs HS, Hescox MA. FSH
induction of sensitivity to LH: one cause of sexual maturation
in the male rat. Endocrinology 1973;92:160–165.

120. Chen YI, Payne AH, Kelch RP. FSH stimulation of Leydig
cell function in the hypophysectomized immature rat. Proc
Soc Exp Biol Med 1976;153:473–475.

121. Selin LK, Moger WH. The effect of FSH on LH induced
testosterone secretion in the immature hypophysectomized
male rat. Endocr Res Commun 1977;4:171–182.

122. Kerr JB, Sharpe RM. Follicle-stimulating hormone induction of
Leydig cell maturation. Endocrinology 1985;116:2592–2604.

123. Vihko KK, LaPolt PS, Nishimori K, Hsueh AJ. Stimulatory
effects of recombinant follicle-stimulating hormone on Leydig
cell function and spermatogenesis in immature hypophysec-
tomized rats. Endocrinology 1991;129:1926–1932.

124. O’Shaughnessy PJ, Bennett MK, Scott IS, Charlton HM.
Effects of FSH on Leydig cell morphology and function in
the hypogonadal mouse. J Endocrinol 1992;135:517–525.

125. Baker PJ, Pakarinen P, Huhtaniemi IT, et al. Failure of normal
Leydig cell development in follicle-stimulating hormone
(FSH) receptor-deficient mice, but not FSHβ-deficient mice:
role for constitutive FSH receptor activity. Endocrinology
2003;144:138–145.

126. Lin T. Insulin-like growth factor-I regulation of the Leydig
cell. In: A.H. Payne MPH, L.D. Russell, ed. The Leydig Cell.
Cache River Press, Vienna, Illinois, 1996; pp. 477–492.

127. Handelsman DJ, Spaliviero JA, Scott CD, Baxter RC.
Identification of insulin-like growth factor-I and its receptors
in the rat testis. Acta Endocrinol (Copenh) 1985;109:543–549.

128. Lin T, Haskell J, Vinson N, Terracio L. Characterization of
insulin and insulin-like growth factor I receptors of purified
Leydig cells and their role in steroidogenesis in primary culture:
a comparative study. Endocrinology 1986;119:1641–1647.

129. Hansson HA, Billig H, Isgaard J. Insulin-like growth factor I
in the developing and mature rat testis: immunohistochemical
aspects. Biol Reprod 1989;40:1321–1328.

130. Lin T, Wang DL, Calkins JH, Guo H, Chi R, Housley PR.
Regulation of insulin-like growth factor-I messenger ribonu-
cleic acid expression in Leydig cells. Mol Cell Endocrinol
1990;73:147–152.

131. Dombrowicz D, Hooghe-Peters EL, Gothot A, et al. Cellular
localization of IGF-I and IGF-II mRNAs in immature
hypophysectomized rat testis and epididymis after in vivo
hormonal treatment. Arch Int Physiol Biochim Biophys
1992;100:303–308.

132. Moore A, Morris ID. The involvement of insulin-like growth
factor-I in local control of steroidogenesis and DNA synthe-
sis of Leydig and non-Leydig cells in the rat testicular inter-
stitium. J Endocrinol 1993;138:107–114.

133. Closset J, Gothot A, Sente B, et al. Pitutary hormones depend-
ent expression of insulin-like growth factors I and II in teh
immature hypophysectomized rat testis. Mol Endocrinol
1989;3:1125–1131.

134. Cailleau J, Vermeire S, Verhoeven G. Independent control of
the production of insulin-like growth factor I and its binding
protein by cultured testicular cells. Mol Cell Endocrinol
1990;69:79–89.

135. Nagpal ML, Wang D, Calkins JH, Chang WW, Lin T. Human
chorionic gonadotropin up-regulates insulin-like growth factor-I
receptor gene expression of Leydig cells. Endocrinology
1991;129:2820–2826.

136. Lin T, Blaisdell J, Haskell JF. Hormonal regulation of type I
insulin-like growth factor receptors of Leydig cells in
hypophysectomized rats. Endocrinology 1988;123:134–139.

137. Odell WD, Swerdloff RS, Bain J, Wollesen F, Grover PK. The
effect of sexual maturation on testicular response to LH stimu-
lation of testosterone secretion in the intact rat. Endocrinology
1974;95:1380–1384.

138. Lin HK, Penning TM. Cloning, sequencing, and functional
analysis of the 5′-flanking region of the rat 3α-hydroxys-
teroid/dihydrodiol dehydrogenase gene. Cancer Res 1995;55:
4105–4113.

139. Benahmed M, Morera AM, Chauvin MC, de Peretti E.
Somatomedin C/insulin-like growth factor 1 as a possible
intratesticular regulator of Leydig cell activity. Mol Cell
Endocrinol 1987;50:69–77.

140. Gelber SJ, Hardy MP, Mendis-Handagama SM, Casella SJ.
Effects of insulin-like growth factor-I on androgen produc-
tion by highly purified pubertal and adult rat Leydig cells. 
J Androl 1992;13:125–130.

141. Chatelain P, Naville D, Avallet O, et al. Paracrine and
autocrine regulation of insulin-like growth factor I. Acta
Paediatr Scand Suppl 1991;372:92–95; discussion 96.

142. Baker J, Hardy MP, Zhou J, et al. Effects of an IGF1 gene
null mutation on mouse reproduction. Mol Endocrinol
1996;10:903–918.

143. Baker J, Liu JP, Robertson EJ, Efstratiadis A. Role of insulin-
like growth factors in embryonic and postnatal growth. Cell
1993;75:73–82.

144. Gulizia S, D’Agata R, Sanborn BM, Steinberger E. Evidence
for the presence of androgen receptors in purified rat Leydig
cells. J Androl 1983;4:248–252.

145. Isomaa V, Orava M, Vihko R. Evidence for an androgen
receptor in porcine Leydig cells. Acta Endocrinol (Copenh)
1987;115:119–124.

146. Namiki M, Yokokawa K, Okuyama A, et al. Evidence for the
presence of androgen receptors in human Leydig cells. 
J Steroid Biochem Mol Biol 1991;38:79–82.

147. Hardy MP, Rao AJ, Shan L-X. LH and androgen receptor
mRNAs remain constant while steroidogenic enzyme mRNAs
decline in Leydig cell progenitors isolated from pubertal rats
after suppression of serum LH \f2in vivo\f1. 12th North
American Testis Workshop, Tampa, FL 1993;Abstract No. 
I-34:45.

148. Shan L, Hardy DO, Catterall JF, Hardy MP. Effects of
luteinizing hormone (LH) and androgen on steady state levels
of messenger ribonucleic acid for LH receptors, androgen
receptors, and steroidogenic enzymes in rat Leydig cell pro-
genitors in vivo. Endocrinology 1995;136:1686–1693.

149. Le Goascogne C, Sannanes N, Gouezou M, Baulieu EE,
Robel P. Suppressed expression of the cytochrome P45017 
α-protein in the testicular feminized (Tfm) mouse testes. 
J Endocrinol 1993;139:127–130.

150. Murphy L, Jeffcoate IA, O’Shaughnessy PJ. Abnormal
Leydig cell development at puberty in the androgen-resistant
Tfm mouse. Endocrinology 1994;135:1372–1377.

151. O’Shaughnessy PJ, Murphy L. Cytochrome P-450 
17α-hydroxylase protein and mRNA in the testis of the 
testicular feminized (Tfm) mouse. J Mol Endocrinol 1993;
11:77–82.



70 Ge and Hardy

152. Shan LX, Zhu LJ, Bardin CW, Hardy MP. Quantitative analy-
sis of androgen receptor messenger ribonucleic acid in devel-
oping Leydig cells and Sertoli cells by in situ hybridization.
Endocrinology 1995;136:3856–3862.

153. Shan LX, Bardin CW, Hardy MP. Immunohistochemical
analysis of androgen effects on androgen receptor expression
in developing Leydig and Sertoli cells. Endocrinology
1997;138:1259–1266.

154. Buzek SW, Sanborn BM. Nuclear androgen receptor dynamics
in testicular peritubular and Sertoli cells. J Androl 1990;11:
514–520.

155. De Gendt K, Atanassova N, Tan KA, et al. Development and
function of the adult generation of Leydig cells in mice with
Sertoli cell-selective or total ablation of the androgen recep-
tor. Endocrinology 2005;146:4117–4126.

156. Nielsen M, Bjornsdottir S, Hoyer PE, Byskov AG. Ontogeny
of oestrogen receptor-α in gonads and sex ducts of fetal and
newborn mice. J Reprod Fertil 2000;118:195–204.

157. Akingbemi BT, Ge R, Rosenfeld CS, et al. Estrogen receptor-α
gene deficiency enhances androgen biosynthesis in the mouse
Leydig cell. Endocrinology 2003;144:84–93.

158. Zhou Q, Nie R, Prins GS, Saunders PT, Katzenellenbogen BS,
Hess RA. Localization of androgen and estrogen receptors in
adult male mouse reproductive tract. J Androl 2002;23:870–81.

159. Akingbemi BT, Ge R, Rosenfeld CS, et al. Estrogen receptor-α
gene deficiency enhances androgen biosynthesis in the mouse
Leydig cell. Endocrinology 2003;144:84–93.

160. Capdevila J, Belmonte JCI. Extracellular modulation of the
hedgehog, Wnt, and TGF-β signalling pathways during embry-
onic development. Curr Opin Genet Dev 1999;9:427–433.

161. Walterhouse DO, Yoon JW, Iannaccone PM. Developmental
pathways: Sonic hedgehog-Patched-GLI. Environ Health
Perspect 1999;107:167–171.

162. Bitgood MJ, McMahon AP. Hedgehog and Bmp genes are
coexpressed at many diverse sites of cell-cell interaction in
the mouse embryo. Dev Biol 1995;172:126–138.

163. Hutson JC. Development of cytoplasmic digitations between
Leydig cells and testicular macrophages of the rat. Cell Tissue
Res 1992;267:385–389.

164. Khan S, Teerds K, Dorrington J. Growth factor requirements
for DNA synthesis by Leydig cells from the immature rat.
Biol Reprod 1992;46:335–341.

165. Khan SA, Dorrington JH, Moran MF. Steroidogenesis-inducing
protein stimulates protein-tyrosine kinase activity in rat
Leydig cells. Endocrinology 1993;132:109–114.

166. Cohen PE, Hardy MP, Pollard JW. Colony-stimulating 
factor-1 plays a major role in the development of repro-
ductive function in male mice. Mol Endocrinol 1997;11:
1636–1650.

167. Gaytan F, Bellido C, Morales C, Reymundo C, Aguilar E, van
Rooijen N. Selective depletion of testicular macrophages and
prevention of Leydig cell repopulation after treatment with
ethylene dimethane sulfonate in rats. J Reprod Fertil 1994;
101:175–182.

168. Gaytan F, Bellido C, Aguilar E, van Rooijen N. Requirement
for testicular macrophages in Leydig cell proliferation and
differentiation during prepubertal development in rats. 
J Reprod Fertil 1994;102:393–399.

169. Gaytan F, Bellido C, Morales C, Reymundo C, Aguilar E, Van
Rooijen N. 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
1994;15:558–564.

170. Gaytan F, Romero JL, Morales C, Reymundo C, Bellido C,
Aguilar E. Response of testicular macrophages to EDS-
induced Leydig cell death. Andrologia 1995;27:259–265.




