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ORIGINAL ARTICLE

Androgen receptor signalling in peritubular myoid cells is
essential for normal differentiation and function of adult
Leydig cells
M. Welsh,* L. Moffat,* K. Belling,! L. R. de França," T. M. Segatelli," P. T. K. Saunders,*
R. M. Sharpe* and L. B. Smith*

*MRC Human Reproductive Sciences Unit, Centre for Reproductive Biology, The Queen’s Medical Research Institute, Edinburgh, UK,

!Center for Biological Sequence Analysis, Department of Systems Biology, Technical University of Denmark, Kemitorvet, Lyngby, Denmark, and

"Laboratory of Cellular Biology, Department of Morphology, Federal University of Minas Gerais, Belo Horizonte, MG, Brazil

Introduction

Testosterone is essential for normal male fertility, control-
ling development of the male reproductive system and the
later initiation and maintenance of spermatogenesis
(reviewed in Sharpe, 1994; McLachlan et al., 2002), but
how this is effected remains largely unknown. Testosterone
is produced by the testicular Leydig cells (LC) and binds to
the androgen receptor (AR) to modulate gene transcription
in target cells (Quigley et al., 1995). Postnatally, testoster-
one production is driven by luteinizing hormone (LH),
which binds to the LH receptor (LHR) on the LCs (Huh-
taniemi & Toppari, 1995). Testosterone is synthesized from

cholesterol, which can be imported into the cell from the
circulation or made de novo (Scott et al., 2009); these pro-
cesses involve scavenger receptor b1 (Scarb1) and steroido-
genic acute regulatory protein (StAR) or 3-hydroxy-
3-methylglutaryl-coenzyme A synthase 1 (HMGCS1) and
reductase (HMGCR1), respectively. Cholesterol is
converted into pregnenolone and then into 5-dehydroepi-
androsterone (DHEA); this process is controlled by StAR,
p450 side-chain cleavage (termed P450scc or cyp11a1) and
p450c17 ⁄CYP17A1 (Miller, 1998; Handelsman, 2008).
Within the gonads, DHEA is then converted into testoster-
one or oestradiol by 3b-hydroxysteroid dehydrogenase
(3b-HSD) and 17b-HSD or aromatase, respectively.
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Summary

Testosterone synthesis depends on normal Leydig cell (LC) development, but
the mechanisms controlling this development remain unclear. We recently
demonstrated that androgen receptor (AR) ablation from a proportion of tes-
ticular peritubular myoid cells (PTM-ARKO) did not affect LC number, but
resulted in compensated LC failure. The current study extends these investiga-
tions, demonstrating that PTM AR signalling is important for normal develop-
ment, ultrastructure and function of adult LCs. Notably, mRNAs for LC
markers [e.g. steroidogenic factor 1 (Nr5a1), insulin-like growth factor (Igf-1)
and insulin-like factor 3 (Insl3)] were significantly reduced in adult PTM-AR-
KOs, but not all LCs were similarly affected. Two LC sub-populations were
identified, one apparently ‘normal’ sub-population that expressed adult LC
markers and steroidogenic enzymes as in controls, and another ‘abnormal’ sub-
population that had arrested development and only weakly expressed INSL3,
luteinizing hormone receptor, and several steroidogenic enzymes. Furthermore,
unlike ‘normal’ LCs in PTM-ARKOs, the ‘abnormal’ LCs did not involute as
expected in response to exogenous testosterone. Differential function of these
LC sub-populations is likely to mean that the ‘normal’ LCs work harder to
compensate for the ‘abnormal’ LCs to maintain normal serum testosterone.
These findings reveal new paracrine mechanisms underlying adult LC develop-
ment, which can be further investigated using PTM-ARKOs.
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Testosterone synthesis depends on the normal develop-
ment and differentiation of the LCs, but this process is
poorly understood. There are two phases of LC develop-
ment, which produce two generations of LCs, foetal and
adult. Foetal LCs develop in embryogenesis and persist
into early postnatal life when they become inactive and
involute (Zhang et al., 2001; Haider, 2004). Adult LCs
develop from LC precursor stem cells around postnatal
d7–10 in mice, when they begin to proliferate and subse-
quently transform into progenitor cells (Wu et al., 2010;
Vergouwen et al., 1991; Nef et al., 2000). At this stage,
precursor cells lose their spindle shape and proliferative
capacity and enlarge. These progenitor cells then differen-
tiate beyond d21 in mice (Wu et al., 2010) and increase
expression of 3b-HSD first, and latter cyp17a1 and
cyp11a1 (Zhang et al., 2004). Onset of these steroidogenic
genes is regulated by steroidogenic factor 1 (SF-1; Ikeda
et al., 1994; Hiroi et al., 2004) and occurs by d35 in mice
when immature LCs can be identified (Wu et al., 2010;
Hardy et al., 1989; Baker & O’Shaughnessy, 2001b; Habert
et al., 2001). Unlike mature adult LCs, immature LCs
have numerous cytoplasmic lipid droplets. Immature LCs
then undergo a final cell division around d45 to become
mature adult LCs (Wu et al., 2010). A few precursor LCs
are thought to persist in normal adult testes but, unlike
mature adult LCs, they do not express functional LHRs
(Shan & Hardy, 1992).
The mechanisms controlling adult LC differentiation

are poorly understood, but several factors have been sug-
gested to be involved. These include factors such as desert
hedgehog (Dhh; Clark et al., 2000; Yao et al., 2002), insu-
lin growth factor 1 (IGF-1; Khan et al., 1992), and plate-
let-derived growth factor alpha (PDGFa; Gnessi et al.,
2000), and hormones such as insulin-like factor 3 (INSL3;
Ferlin et al., 2009) and LH (Baker et al., 2003). For exam-
ple, initiation of adult LC differentiation is LH-indepen-
dent, but LH is required later for the steps beyond
progenitor cell differentiation (Baker et al., 2003; Mendis-
Handagama et al., 2007). Androgens are also important
for normal LC development (Murphy et al., 1994); for
example, LC numbers are reduced in adult AR knockout
mice and their function is impaired (O’Shaughnessy et al.,
2002; De Gendt et al., 2005). LC number is also reduced
in sertoli cell (SC)-specific AR knockout (SCARKO) mice
(De Gendt et al., 2005), which highlights a role for SC-
produced paracrine signals in LC development. However,
LC function is not impaired in SCARKO mice (De Gendt
et al., 2005) raising the possibility that androgens act via
cells other than SCs to regulate LC function. We recently
demonstrated that AR ablation from some peritubular
myoid cells (PTM-ARKO) had no effect on LC number,
but resulted in compensated LC failure, despite normal
SC and LC AR expression, and high intra-testicular tes-

tosterone (Welsh et al., 2009). The aim of the current
study was to investigate LC development and functional
differentiation in these PTM-ARKO mice to identify the
basis of this altered LC function. These studies uncovered
evidence for profound effects of PTM cell AR signalling
on postnatal LC development.

Materials and methods

Breeding of transgenic mice
Mice in which the AR was selectively ablated from the
PTM cells were previously generated using Cre ⁄ loxP tech-
nology (Welsh et al., 2009); male mice heterozygous for
Cre recombinase under the control of a smooth muscle
myosin heavy chain (MH; Xin et al., 2002) promoter
were mated to female mice homozygous for a floxed AR
(De Gendt et al., 2004). The Cre-positive (ARflox positive)
male offspring from these matings are termed PTM-
ARKO, whereas the Cre-negative ARflox positive litter-
mates were used as controls. All mice were bred under
standard conditions of care and use under licensed
approval from the UK Home Office. Mice were geno-
typed from ear or tail DNA for the presence of Cre using
standard PCR (http://jaxmice.jax.org/pub-cgi/protocols/
protocols.sh?objtype=protocol&protocol_id=288); all male
offspring were hemizygous for X-linked ARflox.

In vivo treatments

Exposure to exogenous testosterone has been previously
shown to inhibit endogenous testosterone production by
suppressing LH secretion, leading to involution of LCs.
Adult (d100) male PTM-ARKO and control mice (n = 5)
were implanted subcutaneously in the upper back with
1 cm silastic implants filled with testosterone (or ‘empty’
sham implants as controls) to investigate the LC involu-
tion response in PTM-ARKO testes. Implants were left in
situ for 13 weeks, then mice were culled and reproductive
tissues and blood were collected for analyses as detailed
next.

Recovery of testes

Male mice were culled at various postnatal ages (d12–
d300) by inhalation of carbon dioxide and subsequent
cervical dislocation. Testes were removed from the mice,
weighed and either snap-frozen for subsequent RNA anal-
ysis or fixed in Bouins for 6 h. Bouin-fixed tissues were
processed and embedded in paraffin wax and cut into
5-lm sections for histological analysis as reported previ-
ously (Welsh et al., 2006). Sections of testis were stained
with haematoxylin and eosin using standard protocols
and examined for histological abnormalities. Testes were

Leydig cell development in PTM-ARKO mice M. Welsh et al.

2
ª 2011 The Authors

International Journal of Andrology ª 2011 European Academy of Andrology, 1–16



recovered also from adult PTM-ARKO and control males
(d160–200, n = 3) and fixed for 24 h in 4% paraformal-
dehyde for Oil Red O staining for lipid droplets. Testes
were washed in water before cutting 10-lm frozen sec-
tions on a cryotome. Sections were mounted on slides
and stained for Oil Red O using standard staining proto-
cols.

Hormone analysis

Immediately after culling, blood was collected from testos-
terone-treated and ‘empty’ implant mice by cardiac
puncture. Sera were separated and stored at )20 !C until
assayed. LH and testosterone were measured using
previously published assays (Corker & Davidson, 1978;
McNeilly et al., 2000). Intra-testicular testosterone concen-
trations were measured as published previously (Fisher
et al., 2003). All samples from each mouse were run in a
single assay for each hormone, and the within-assay
coefficients of variation were all <10%.

Determination of testicular cell composition

Standard stereological techniques involving point count-
ing of cell nuclei were used as described (De Gendt et al.,
2004), to determine the nuclear volume per testis of each
population of LCs, namely normal adult LCs strongly
immunostained for 3b-HSD or abnormal LCs weakly
positive for 3b-HSD. Briefly, cross-sections of testes from
four to six KO or control mice at d12 and d100 were
stained for 3b-HSD (detailed next) and examined using a
Leitz 363 Plan Apo objective (·63) fitted to a Leitz
Laborlux microscope (Leica Microsystems, Wetzlar,
Germany) and a 121-point eyepiece graticule. For each
animal, 32–64 microscopic fields were counted, and val-
ues for percentage nuclear volume were converted into
absolute nuclear volumes per testis by reference to testis
volume (=weight). LC nuclear size was determined using
an Olympus Optical BH-2 microscope fitted with a Prior
automatic stage (Prior Scientific Instruments, Cambridge,
UK) and Image-Pro Plus version 4.5.1 with Stereolog-
er-Pro 5 plug-in software (Media Cybernetics, Bethesda,
MD, USA). Data were used to determine the nuclear vol-
umes of and number of LCs per testis at d12 and d100.

Immunohistochemical analysis

Three immunohistochemical detection methods were
used: (i) fluorescent immunostaining, (ii) colorimetric
staining with streptavidin-HRP and DAB or (iii) colori-
metric staining using a Bond-X automated immunostain-
ing machine (Vision Biosystems, Newcastle, UK). For all
methods, sections were deparaffinized, rehydrated and

antigen-retrieved as detailed previously (Welsh et al.,
2006). For methods (i) and (ii) above, non-specific bind-
ing sites were blocked, sections were incubated with the
primary antibody diluted accordingly (see Table 1), and
immunostaining was detected using the secondary anti-
body and detection system specified in Table 1. Details of
these methods have been published previously (Welsh
et al., 2009). For method (iii) above, a specific polymer
high-contrast programme was used on a Bond-X auto-
mated immunostaining machine; briefly, slides were per-
oxidase blocked for 5 min, incubated for 2 h with the
primary antibody diluted to the optimal concentration
(detailed in Table 1) in the diluent supplied and then
incubated with the post-primary reagent for 15 min.
Control sections were incubated with diluent alone to
confirm antibody specificity. Sections were then incu-
bated with the polymer reagent for 15 min to increase
sensitivity of detection prior to DAB detection for
10 min. Exact conditions were optimized for each anti-
body and all kits were purchased from Vision Biosystems.
DAB-immunostained slides were counterstained with hae-
matoxylin, dehydrated and mounted with Pertex (Histo-
lab, Gothenburg, Sweden), and images were captured
using a Provis microscope (Olympus UK Ltd, Southend-

Table 1 Immunohistochemistry antibody details

Antibody Antibody source Dilution Detection system

3b-HSD ⁄AR
3b-HSD Santa Cruz

(Santa Cruz, USA)

1 : 4000 Tyramide 488

AR Santa Cruz 1 : 50 Goat anti-rabbit

Alexa 546

LHR ⁄ 3b-HSD
LHR Santa Cruz 1 : 200 Tyramide 488

3b-HSD Santa Cruz

(Santa Cruz, USA)

1 : 4000 Tyramide 633

SF-1 Upstate 1 : 1500 Streptavidin-HRP,

DAB

IGF-1 Abcam 1 : 3 Streptavidin-HRP,

DAB

CYP17A1 Santa Cruz 1 : 2000 Bond-automated

polymer system

CYP11A1a Chemicon 1 : 1000 Bond-automated

polymer system

3b-HSD Santa Cruz 1 : 1000 Bond-automated

polymer system

INSL3 Gift from

Steven Hartung

1 : 300 Bond-automated

polymer system

3b-HSD, 3b-hydroxysteroid dehydrogenase; AR, androgen receptor;

LHR, luteinizing hormone receptor; SF-1, steroidogenic factor 1; IGF-1,

insulin-like growth factor; CYP17A1, cytochrome p450 17;

CYP11A1a, cytochrome p450 11a; INSL3, insulin-like factor 3;

HRP, Horseradish Peroxidase; DAB, 3,3’-Diaminobenzidine.
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on-Sea, UK) equipped with a Kodak DCS330 camera.
Fluorescent immunostained sections were mounted in
Mowiol mounting medium (Calbiochem, San Diego, CA,
USA) and fluorescent images were captured using a Zeiss
LSM 510 Meta Axiovert 100 M confocal microscope
(Carl Zeiss Ltd., Welwyn, UK). To ensure reproducibility
of results, representative testes from at least three animals
at each age were used, and sections from PTM-ARKO
and control littermates were processed in parallel on the
same slide on at least two occasions. Appropriate negative
controls were included to ensure that any staining
observed was specific. All antibodies used showed only
minor non-specific staining.

LC ultrastructure in adult control and PTM-ARKO mice

The testes of four control and four d100 PTM-ARKO
mice were perfusion-fixed with 4% (vol ⁄ vol) glutaralde-
hyde in 0.1 m cacodylate buffer (pH 7.3) followed by a
brief saline wash. The testes were then diced into small
pieces, placed into the same fixative for 1 h, washed in
cacodylate buffer overnight, post-fixed with 1% (wt ⁄ vol)
osmium ⁄ 1.25% (wt ⁄ vol) potassium ferrocyanide, dehy-
drated in ethanol and embedded in Araldite (CY 212).
Thin sections were prepared from each testis, mounted
on 200-mesh grids, stained with uranyl acetate and lead
citrate, and examined on an electron microscope Tecnai –
G2-20-FEI (FEI, Hillsboro, OR, USA).

RNA extraction and reverse transcription

RNA was isolated from frozen testes from PTM-ARKO or
control mice using the RNeasy Mini extraction kit with
RNase-free DNase on the column digestion kit (Qiagen,
Crawley, UK) according to the manufacturer’s instruc-
tions. For quantitative RT-PCR, 5 ng Luciferase mRNA
(Promega Corp., Madison, WI, USA) was added to each
testis sample before RNA extraction as an external stan-
dard (Tan et al., 2005). RNA was quantified using a
NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Random hexamer primed
cDNA was prepared using the Applied Biosystems Taq-
Man reverse transcription kit (Applied Biosystems, Foster
City, CA, USA) according to manufacturers’ instructions.

Quantitative analysis of gene expression

Quantitative PCR was performed on d100 PTM-ARKO
and control testes for the genes listed in Table 2, using
an ABI Prism 7500 Sequence Detection System (Applied
Biosystems) and the Roche Universal Probe library
(Roche, Welwyn, UK), as described previously (Welsh
et al., 2009). The expression of each gene was related to
an external positive control luciferase, as published pre-
viously (Baker & O’Shaughnessy, 2001a; De Gendt et al.,
2005; Tan et al., 2005; Welsh et al., 2009), and all genes
were expressed per testis; as LC number is not signifi-

Table 2 Taqman primer details

Gene Forward primer Reverse primer

Steroidogenic acute regulatory protein (StAR) ttgggcatactcaacaacca acttcgtccccgttctcc

3b-hydroxysteroid dehydrogenase type 1 (3b-HSD1) tgtgaccatttcctacattctga ccagtgattgataaaccttatgtcc

3b-hydroxysteroid dehydrogenase type 6 (3b-HSD6) accatccttccacagttctagc acagtgaccctggagatggt

17b-hydroxysteroid dehydrogenase type 3 (17b-HSD) aatatgtcacgatcggagctg gaagggatccggttcagaat

Cytochrome p450 11a (cyp11a1 or p450scc) aagtatggccccatttacagg tggggtccacgatgtaaact

Cytochrome p450 17 (cyp17a1 or 17aOH) catcccacacaaggctaaca cagtgcccagagattgatga

Cytochrome p450 21a1 (cyp21a1) ccaacctggatgagatggtt ggattcttcccaggttccag

Oestrogen sulphotransferase (EST) tcccagaatagtaaaaactcacctg gcgttccggcaaagatag

HMGCS1 cagggtctgatcccctttg cagagaactgtggtctccaggt

HMGCR1 tgcgtaagcgcagttcct ttgtagcctcacagtccttgg

Scavenger receptor b1 (Scarb1) atggtgccctccctcatc acaggctgctcgggtctat

Steroidogenic factor 1 (SF-1) tccagtacggcaaggaaga ccactgtgctcagctccac

Insulin-like factor 3 (Insl3) aagaagccccatcatgacct tttatttagactttttgggacacagg

Insulin-like growth factor (IGF-1) agcagccttccaactcaattat gaagacgacatgatgtgtatctttatc

Insulin-like growth factor binding protein 3 (IGFBP3) gcagcctaagcacctacctc tcctcctcggactcactgat

Desert hedgehog (Dhh) cacgtatcggtcaaagctgat gtagttccctcagccccttc

GLI-Kruppel family member (Gli1) ctgactgtgcccgagagtg cgctgctgcaagaggact

Platelet-derived growth factor alpha (PDGFa) tccaacctgaacccagacc gccggctctatctcacctc

Kallikrein-1-related peptidase b21 (Klk1b21) gcagcattacacccacgaa attaggcaggggcttgatg

Kallikrein-1-related peptidase b24 (Klk1b24) gtcctgttgaaccccaactg tttgcccagccaaacatta

Kallikrein-1-related peptidase b26 (Klk1b26) ctgtccctaggagggattga tcacagttaaatcctccaacca

Kallikrein-1-related peptidase b27 (Klk1b27) cccaactgggttctcacag tttgcccagccaaacatta

Leydig cell development in PTM-ARKO mice M. Welsh et al.
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cantly different in PTM-ARKO adult testes compared
with controls, this should reflect gene expression per
LC.

Statistical analysis

Data were analysed using GraphPad Prism version 5
(Graph Pad Software Inc., San Diego, CA, USA) using a
two-tailed unpaired t-test or a one-way anova followed
by Bonferroni post hoc tests. Values are expressed as
mean ± SEM. Normality was confirmed using D’Agostino
and Pearson omnibus normality test.

Results

LC function is altered in PTM-ARKO adult testes
We previously identified compensatory adult LC failure
in PTM-ARKO testes in which AR is ablated from
around 40% of the PTM cells (Welsh et al., 2009); to
understand better the mechanisms underlying this,
expression of genes involved in testosterone biosynthesis
was examined at various ages. There was no effect on
the expression pattern of any of the LC markers or ste-
roidogenesis enzymes in PTM-ARKO testes at d1 (data
not shown) suggesting that foetal LCs develop normally.
Conversely, at d12, before any testicular histological
abnormalities were obvious, there was a significant
increase in 3b-HSD1 and 17b-HSD3 mRNA in PTM-
ARKO testes compared with controls; expression of the
other genes involved in steroidogenesis was not affected
(Fig. 1B). At d100, there was a significant reduction in
testicular expression of mRNAs encoding HMGCS1 and
HMGCR1, both of which are involved in de novo cho-
lesterol synthesis, and in 3b-HSD1 and 3b-HSD6, com-
pared with age-matched controls. Conversely, there was
a significant increase in the concentration of mRNA for
cyp17a1 in PTM-ARKO d100 testes compared with con-
trols (Fig. 1A). There was a reduction in SF-1 mRNA
expression in PTM-ARKO testes at d12, d50 and d100
compared with age-matched controls (Fig. 1C) and this
reduction was confirmed at the protein level by immu-
nohistochemistry (Fig. 1D). Interestingly, at d100, some
LC nuclei stained positive for SF-1 in PTM-ARKO tes-
tes, whereas others were less positive or even negative
for SF-1; both cell populations were located in the same
interstitial spaces and were identified by a mouse
pathologist as steroidogenic cells. This suggested that
there might be two sub-populations of LCs in the adult
PTM-ARKO testis; one which expressed all the normal
LC markers examined, termed ‘normal’ throughout, and
one in which normal LC markers were only weakly
expressed ⁄ absent, termed ‘abnormal’ throughout the
manuscript.

Evidence of two sub-populations of LCs in adult
PTM-ARKO

At d100, two sub-populations of LCs could be identified
in PTM-ARKO testes compared with controls (Fig. 2A,
right panels); the ‘normal’ sub-population expressed
CYP11A1 (data not shown), CYP17A1 (Fig. 2A) and 3b-
HSD (Fig. 2A) as in control testes, whereas staining for
these steroidogenic enzymes was weaker or even absent in
the ‘abnormal’ population. These ‘abnormal’ LCs were
interspersed amongst the ‘normal’ LCs expressing normal
LC markers (Fig. 2A). This differential immunostaining
pattern could be identified at d35 (Fig. 2A, left panels),
but not at d21 (data not shown). Furthermore, immuno-
staining for 3b-HSD and LHR revealed that unlike in the
control testes, some 3b-HSD-positive LCs did not express
the mature adult LC marker LHR in PTM-ARKO d100
testes (Fig. 2B); these cells were predominantly the LCs
which were less immunopositive for 3b-HSD (i.e. the
‘abnormal’ population). AR could be detected in LCs in
control testes, as expected, and in both sub-populations
of LCs in PTM-ARKO testes (Fig. 2C). LCs appeared
more lipid-filled in PTM-ARKO testes, an observation
confirmed by staining with Oil Red O (Fig. 2C). This
staining suggested that there may be more lipid-filled
interstitial cells in KO testes than in controls at d100 and
that each lipid-filled cell stained more intensely with Oil
Red O (Fig. 2D).

Confirmation of two sub-populations of LC in
PTM-ARKO testes by electron microscopy

Typical adult mouse LC ultrastructures were identified in
adult control mice (Christensen & Fawcett, 1966), such as
considerable smooth endoplasmic reticulum in whorl
form (WER) that encompasses centrally located cytoplas-
mic components, and continues with cylindrical bodies
(CB; Fig. 3A,C,E). Interestingly, WER and CB and ordin-
ary smooth endoplasmic reticulum were rarely observed
in any PTM-ARKO LCs (Fig. 3B,D,F). Furthermore, the
two different LC sub-populations described before could
be identified by transmission electron microscopy. The
first contained few lipid droplets, similar to control LCs,
and a higher number of mitochondria (L1 in
Fig. 3B,D,F), whereas the second LC sub-population had
cytoplasm almost totally filled with lipid droplets (L2 in
Fig. 3B,D). In comparison with control LCs (Fig. 3E,
insert), mitochondria were obviously larger in both sub-
populations of LCs in PTM-ARKO testes and were irreg-
ularly shaped with unevenly distributed tubular cristae
(Fig. 3F, insert). In addition, the outer mitochondrial
membrane was not evident in either PTM-ARKO LCs
(Fig. 3E).
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LC size and number

We have previously published that there was no signifi-
cant change in LC size (p = 0.34) or number (p = 0.35)
in PTM-ARKO mice at d100 compared with controls
(Welsh et al., 2009). However, in light of the identifica-
tion of the two populations of LCs in adult PTM-ARKO
testes, LC size and number were re-measured. This con-
firmed that there was no significant difference in LC size

(p = 0.74) or overall number (Fig. 4) in d100 PTM-
ARKO testes compared with controls. However, in the
PTM-ARKO testes, total LC number comprised roughly
equal numbers of ‘normal’ and ‘abnormal’ LCs (Fig. 4);
these cells were distinguished by their histology and 3b-
HSD expression. There was no significant difference in
average LC size in PTM-ARKOs (p = 0.27) compared
with controls. Furthermore, there was no significant dif-
ference in the average size of ‘normal’ LCs compared with

Figure 1 Relative expression of steroidogenic

genes in d12 (A) and d100 (B) peritubular

myoid cells (PTM)-androgen receptor (AR)KO

testes compared with controls. (C) Reduced

expression of steroidogenic factor 1 (SF-1) in

PTM-ARKO testes at d12, d50 and d100

compared with controls. (D) Immunoexpres-

sion of SF-1 protein in PTM-ARKO and control

testes at d100. Note that SF-1 is expressed in

all Leydig cells (LC) nuclei in controls (arrow),

but is only expressed in some LC nuclei in

PTM-ARKO adult testes (arrow), while other

LCs are less immunopositive for SF-1 (arrow-

head). Values are mean ± SEM; n = 4–5 mice.

*p < 0.05, **p < 0.01 compared with

controls. Scale bars = 50 lm.
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‘abnormal’ LCs within the PTM-ARKO testes (p = 0.7).
Note that there was no significant difference in the num-
ber (Fig. 4) or size (p = 0.8) of 3b-HSD-positive LCs at
d12.

Development of adult LCs is altered in PTM-ARKO
testes

To gain insight into the origin of the two LC sub-pop-
ulations, various markers of LC differentiation were

examined. Expression of Insl3 mRNA was significantly
reduced in PTM-ARKO testes at d12, d21, d50 and
d100 (Fig. 5A); this was confirmed by immunohisto-
chemistry at d100 (Fig. 5B). Note that INSL3 protein
was detected in all LCs in control d100 testes, but was
only detected in some LCs in PTM-ARKO testes; the
‘abnormal’ LCs appeared less immunopositive or even
negative for INSL3 in PTM-ARKO testes, whereas the
‘normal’ LCs expressed INSL3 similar to LCs in con-
trols (Fig. 5B). IGF-1 signalling was also examined as it

Figure 2 Immunoexpression of proteins

involved in Leydig cell (LC) function suggests

that there are two groups of LCs in peritubu-

lar myoid cells (PTM)-androgen receptor

(AR)KO testes. (A) Immunoexpression of cyto-

chrome p450 17 (CYP17A1) and 3b-hydrox-
ysteroid dehydrogenase (3b-HSD) in d35 and

d100 PTM-ARKO and control testes. Note

that unlike in controls, at d100 some LCs

(arrowhead) in PTM-ARKO testes appear less

positive for CYP17A1, and 3b-HSD than other

LCs (arrow). Scale bars = 20 lm. (B) Immuno-

expression of luteinizing hormone receptor

(LHR, green) and 3b-HSD (blue) in d100 PTM-

ARKO and control testes. Note that all

3b-HSD-positive LCs were positive for LHR

(arrow) in control testes, whereas only some

3b-HSD-positive cells in PTM-ARKO testes

were positive for LHR (arrow), while others

appeared not to express LHR (arrowhead).

(C) Immunoexpression of androgen receptor

(AR, red) and 3b-HSD (blue) in d100 PTM-

ARKO and control testes. Note that AR is

expressed in both ‘normal’ (arrow) and

‘abnormal’ (arrowhead) LCs in PRM-ARKO

testes. (D) Staining of PTM-ARKO and control

testes with Oil Red O revealed an increase in

the amount of lipid (stained red, arrow) in

LCs in PTM-ARKO d100 testes compared with

controls. Scale bars = 50 lm.
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is reported to play a role in LC development (Khan
et al., 1992). IGF-1 mRNA was significantly decreased
at d12 in PTM-ARKO testes (Fig. 5C), whereas IGFBP3

mRNA, an inhibitor of IGF-1, was significantly
increased in PTM-ARKO testes at d12, d21, d50 and
d100 compared with controls (Fig. 5D). It is known
that kallikreins degrade and so reduce IGFBP3 expres-
sion (Schill & Miska, 1992; Matsui et al., 2000, 2005;
Matsui & Takahashi, 2001); kallikreins 21 and 24
mRNA levels were both significantly reduced in PTM-
ARKO testes at d12, d21 and d50, and kallikrein 27
was significantly reduced at d12 and d21, compared
with age-matched controls (Fig. 5E). Expression of IGF-
1 was also examined by immunohistochemistry and
confirmed that IGF-1 protein expression was reduced
or absent in the ‘abnormal’ LCs in PTM-ARKO testes
at both d35 and d100, while other ‘normal’ LCs within
the same interstitial area demonstrated normal expres-
sion of IGF-1 protein (Fig. 5F). Expression of Dhh
mRNA was significantly reduced in PTM-ARKO testes
at d12 and d100 compared with controls (Fig. 6A).
Furthermore, expression of GLI-Kruppel family member
(Gli1) mRNA (Fig. 6B) and PDGFa (Fig. 6C) was also
significantly reduced in PTM-ARKO testes at d50 and
d100.

A B

C D

E F

Figure 3 Leydig cell (LC) ultrastructure in

d100 control (A, C and E) and PTM-ARKO

(B, D and F) mice. Note typical mouse LC

structures in the control such as smooth

endoplasmic reticulum in whorl form (WER;

A and C) that encompasses centrally located

cytoplasmic components, and which

continues (white arrow in A) with cylindrical

bodies (CB; A and E). Both WER and CB were

rarely observed in PTM-ARKO LCs. Two

sub-populations of LCs could be identified in

PTM-ARKO adult testes. The first (L1 in B, D

and F) contained few lipid droplets (Li), as

seen in controls (insert in A), and a higher

amount of mitochondria (M); in the second

population, the cytoplasm is almost totally

filled with lipid droplets (L2 in B and D). In

comparison with the wild type (see insert in

E), in both LC populations found in the

PTM-ARKO (insert in F), mitochondria were

usually much larger, irregularly shaped and

presented unevenly distributed tubular cristae.

Also, the outer mitochondrial membrane

(black arrow in the insert in E) was not

evident in PTM-ARKO LC; Nu indicates

nucleus (Nu). Bar = 1 lm (insert in E;

bar = 0.5 lm).

Figure 4 Leydig cell (LC) number in peritubular myoid cells (PTM)-

androgen receptor (AR)KO and control testes at d12 and d100 (adult).

‘Normal’ LCs strongly immunostained for 3b-hydroxysteroid dehydro-

genase (3b-HSD) whilst ‘abnormal’ LCs were only weakly positive for

3b-HSD. Values are mean ± SEM; n = 4–5 mice.

Leydig cell development in PTM-ARKO mice M. Welsh et al.
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Figure 5 Expression of Leydig cell (LC) differentiation markers in peritubular myoid cells (PTM)-androgen receptor (AR)KO and control testes. (A)

Relative expression of insulin-like factor 3 (Insl3) mRNA is significantly reduced in PTM-ARKO testes at d12, d21, d50 and d100 compared with

controls. (B) INSL3 protein expression is differentially altered in PTM-ARKO adult testes; some LCs express INSL3 in KO testes (arrow), while other

neighbouring LCs are negative for INSL3 (arrowhead). All LCs are INSL3 positive in control testes. (C) Expression of IGF-1 mRNA in PTM-ARKO and

control testes at d12–100. (D) Increased expression of IGFBP3 mRNA in PTM-ARKO testes at d12–100, compared with controls. (E) Relative expres-

sion of kallikreins 21, 24 and 27 in d12–100 control and PTM-ARKO testes. (F) Differentially altered expression of insulin-like growth factor (IGF-1)

protein in PTM-ARKO testes compared with controls at d35 (top panels) and d100 (bottom panels). Note that some LCs in PTM-ARKO testes

(arrow) express IGF-1 similar to that seen in controls (arrow), while others appear negative for IGF-1 (arrowhead). Values are mean ± SEM; n = 4–

5 mice. *p < 0.05, **p < 0.01 compared with controls. Scale bars = 50 lm.

M. Welsh et al. Leydig cell development in PTM-ARKO mice

ª 2011 The Authors
International Journal of Andrology ª 2011 European Academy of Andrology, 1–16 9



Abnormal LC response to exogenous testosterone treat-
ment in vivo

Exposure to exogenous testosterone has been previously
shown to inhibit endogenous testosterone production by
suppressing LH secretion, leading to involution of LCs
(Keeney et al., 1988, 1990). In our study, exposure to
exogenous testosterone for 13 weeks significantly reduced
serum LH concentrations, but resulted in normal serum
testosterone concentrations in both control and PTM-
ARKO-treated males (data not shown). This treatment
had no significant effect on testis weight in either
PTM-ARKO or control mice (Fig. 7A) compared with
age-matched ‘empty’ implant-treated PTM-ARKOs or
controls, respectively. As expected, LCs involuted in
testosterone-treated control testes (Fig. 7B, left panel),
characterized by a reduction in LC size (Keeney et al.,
1988, 1990); conversely, only a proportion of LCs invo-
luted in testosterone-treated PTM-ARKO testes in
response to exogenous testosterone, whereas others
remained large and lipid-filled (Fig. 7B, right panel). In
testosterone-treated control testes, the small involuted
LCs continued to express 3b-HSD, CYP17A1, INSL3 and
CYP11A1 after testosterone treatment (Fig. 7C–F, respec-
tively). Similarly, in testosterone-treated PTM-ARKO
testes, the small involuted LCs normally expressed these
LC markers (Fig. 7C–F, arrows), whereas the larger lipid-
filled ‘abnormal’ LCs were less positive or even negative
for 3b-HSD, CYP17A1, INSL3 and CYP11A1 (Fig. 7C–F,
arrowheads).

Discussion

We demonstrated previously that serum testosterone con-
centrations are normal in adult PTM-ARKO males, but
that supranormal LH concentrations are needed to
achieve this (Welsh et al., 2009), indicative of compen-
sated LC failure. The aim of the current study was to
investigate the basis of this impairment. The present stud-
ies have demonstrated that development of adult LCs is
impaired in PTM-ARKO mice, probably as a consequence
of reduced IGF, Dhh, PDGF and INSL3 signalling. Unex-
pectedly, not all LCs were similarly affected in PTM-

Figure 6 Relative expression of (A) Dhh (desert hedgehog), (B) Gli1

(GLI-Kruppel family member) and (C) PDGFa (platelet-derived growth

factor alpha) in peritubular myoid cells (PTM)-androgen receptor

(AR)KO and control testes at d12, d21, d50 and d100. Values are

mean ± SEM; n = 4–5 mice. *p < 0.05, **p < 0.01 compared with

controls.

Figure 7 Response of peritubular myoid cells (PTM)-androgen receptor (AR)KO and control adult testes to exogenous testosterone. (A) Testis

weight in adult mice treated with ‘empty’ or testosterone-filled implants for 13 weeks. PTM-ARKO testes were significantly smaller than control

testes in both sham-implanted ‘empty’ and testosterone-treated mice. Testosterone treatment had no effect on testis weight in either KO or con-

trol mice, compared with age-matched ‘empty’ sham-implanted mice. (B) Haematoxylin and eosin staining of sham-operated and testosterone-

treated PTM-ARKO and control testes. (C) Expression of 3b-hydroxysteroid dehydrogenase, cytochrome p450 17, insulin-like factor 3 and cyto-

chrome p450 11a in sham-operated and testosterone-treated PTM-ARKO and control testes highlighting the presence of two populations of Ley-

dig cells (LCs) in PTM-ARKO testes, which show differential expression of these LC markers. Arrow, normal LC; arrowhead, ‘abnormal’ LC. Values

are mean ± SEM; n = 4–5 mice. ***p < 0.01 compared with treatment controls. Scale bars = 50 lm.
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ARKO adult testes, but instead there appeared to be two
sub-populations of LCs: one grossly ‘normal’ sub-popula-
tion which normally expressed adult LC makers such as
INSL3, LHR and steroidogenesis enzymes, and another
grossly ‘abnormal’ sub-population which appeared not to
have developed fully into mature adult LCs and which
only weakly expressed INSL3, LHR, and some of the ste-
roidogenesis enzymes, and which had abnormal accumu-
lation of cytoplasmic lipid droplets. It is likely that the
more ‘normal’ LC population (approximately 50% that of
control testes) has to work harder to compensate for the
‘abnormal’ LC population to maintain normal serum
testosterone concentrations; this is likely to explain the
compensatory LC failure in PTM-ARKO males.
Our previous studies showed that overall LC function

is impaired in PTM-ARKO mice, based on the elevated
LH, but normal serum testosterone concentrations
(O’Shaughnessy et al., 2002). The studies presented here
showed a likely basis for this as expression of genes
involved in steroidogenesis was significantly reduced in
adult PTM-ARKO testes. These studies are based on
QRT-PCR analysis of global gene expression in the testis,
which takes no account of the differential gene expres-
sion between the different LC sub-populations, but this
still gives a clear indication of an overall decrease in ste-
roidogenic gene expression in adult PTM-ARKO testes.
For example, expressions of HMGCS1 and HMGCR1,
which are involved in cholesterol synthesis de novo, were
both significantly reduced. This would result in less start-
ing product available for steroidogenesis and so could
limit testosterone production per LC. Furthermore, in
adult PTM-ARKO testes, expressions of 3b-HSD1 and
3b-HSD6 and 17b-HSD3, the enzymes important for the
conversion of DHEA into testosterone, were also
reduced. This could further limit testosterone produc-
tion; reduced expression of these enzymes is consistent
with failure of adult LC differentiation (O’Shaughnessy
et al., 2002). Interestingly, relative expression of 3b-
HSD1 and 3b-HSD6 and 17b-HSD3 was not significantly
reduced in PTM-ARKO testes at d12, the age at which
adult LC development first begins. In fact, relative
expression of 3b-HSD1, which is expressed in both foetal
and adult LCs, and 17b-HSD3, which is mainly
expressed in adult LCs, were both increased in PTM-
ARKO testes at d12 compared with controls. Increased
expression of these genes is among the earliest changes
associated with adult LC development suggesting that
adult LC development begins normally in PTM-ARKO
testes, but that problems arise at later stages. Further-
more, LC size and number were normal at d12 and LC
gene expression was largely normal at d1 and d12.
Together, these results suggest that there is a reduction
in adult LC function at both d12, when the adult LCs

are just developing, as well as in adulthood (d100). Our
results do not indicate any gross dysfunction of foetal
LC as determined by steroidoegenic enzyme expression
at d12, and by the normal masculinisation of PTM-
ARKO males, although there was a relative reduction in
expression of foetal LC markers in adult PTM-ARKO
testes compared with controls.

Steroidogenic enzyme expression, and thus adult LC
differentiation, is critically dependent on SF-1 expression
(reviewed in Hoivik et al., 2010). SF-1 expression was
reduced in PTM-ARKO testes from d12 onwards, which
suggests that PTM cell androgen signalling may affect
normal LC development and function by regulating
(directly or indirectly) SF-1 expression. This requires fur-
ther investigations as there are several mechanisms con-
trolling SF-1 expression (reviewed in Hoivik et al., 2010)
which PTM cell signalling may affect. Interestingly,
immunohistochemical analysis revealed that SF-1 protein
was expressed as expected in some adult PTM-ARKO
LCs, whereas other LCs were less positive or even negative
for SF-1. These ‘abnormal’ cells were confirmed as steroi-
dogenic cells as they expressed some LC markers and ste-
roidogenic enzymes, albeit weakly, but had an abnormal
LC appearance at both light microscopic and electron
microscopic levels. This provided the first evidence to us
of two sub-populations of LCs in adult PTM-ARKO tes-
tes, one of which did not normally express several adult
LC markers, indicating impaired function. These two LC
sub-populations could be identified from d35 onwards.
Adult LCs start developing just before puberty with
immature LCs not identified until d35 (Wu et al., 2010;
Ge et al., 1996). 3b-HSD is the first enzyme to be
expressed in progenitor adult LCs, with CYP11A1 and
CYP17A1 switching on slightly later (Mendis-Handagama
& Ariyaratne, 2001; Zhang et al., 2004). Indeed, in
LHRKO mice, in which LC development is impaired, LCs
express 3b-HSD, but not CYP11A1 or CYP17A1 (Zhang
et al., 2004). This is similar to PTM-ARKOs in which
some 3b-HSD-positive LCs do not express CYP11A1 or
CYP17A1. This suggests that the ‘abnormal’ PTM-ARKO
LCs could be progenitor or immature LCs, which were
arrested in their differentiation and thus failed to become
mature adult LCs. This is the first evidence that AR sig-
nalling via the PTM cells is important for this aspect of
normal adult LC development.

Further investigation of PTM-ARKO testes revealed
that both the ‘normal’ and ‘abnormal’ LCs exhibited an
altered ultrastructure (rare smooth WER and arranged in
CBs, larger irregular mitochondria) compared with con-
trol adult mouse LCs. This suggests that all LCs in PTM-
ARKO testes have impaired development and ⁄or func-
tion, but that some LCs are more affected than others.
Thus, there were clear ultrastructural differences between
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the grossly ‘normal’ and ‘abnormal’ LCs with ‘abnormal’
LCs showing an obvious increase in lipid droplets and
reduced LHR expression, a pattern reminiscent of progen-
itor or immature LCs rather than mature adult LCs,
which normally express LHR and have few lipid droplets
(Shan & Hardy, 1992; Shan et al., 1993; Ge et al., 1996).
The abundant lipid droplets in ‘abnormal’ PTM-ARKO
LCs could reflect a mechanism to overcome the reduced
expression of HMGCS1 and HMGCR1, which are
required for de novo synthesis of cholesterol. This is
similar to immature LCs, which rely on imported lipids
for cholesterol synthesis rather than de novo synthesis, as
in mature adult LCs (Shan et al., 1993). Conversely, accu-
mulation of lipid droplets could simply be a consequence
of reduced steroidogenic output. The latter stages of adult
LC development are dependent on LH signalling and
LHR expression (Zhang et al., 2001). Serum LH is ele-
vated in adult PTM-ARKO mice, but a lack of LHR
expression on some LCs presumably means that these
cells are unable to respond normally to LH, which could
explain their arrested differentiation; they are therefore
unlikely to produce much testosterone. This was apparent
in the reduced immunoexpression of 3b-HSD, CYP17A1
and CYP11A1 in the ‘abnormal’ PTM-ARKO LCs,
whereas the adjacent ‘normal’ LHR-positive LCs normally
immunoexpressed these proteins. LCs also enlarge as they
differentiate from progenitor into immature LCs (Shan &
Hardy, 1992; Shan et al., 1993), but no difference was
observed in the size of the abnormal LCs compared with
either the normal PTM-ARKO LCs or LCs in controls.
Furthermore, the adult size of these abnormal LCs and
their expression of AR suggest that these cells are not
aberrant foetal LCs. Taken together, our findings suggest
that PTM-ARKO LCs undergo initial differentiation from
progenitor to immature LCs, but do not complete their
development into fully mature adult LCs.

In normal adult testes, only a few foetal LCs and
immature adult LCs persist and a majority of LCs are
mature adult LCs. In contrast, in PTM-ARKO testes,
there were a similar number of LCs present as in con-
trols, but the immature LCs do not fully differentiate
into mature adult LCs in PTM-ARKO testes. Instead,
there appears to be a continuum of LC development in
PTM-ARKO testes, with some LCs (normal) maturing
more than others (abnormal). This scenario is strikingly
different from the simple reduction in adult LC number
seen in both SCARKO and ARKO adult mice (De Gendt
et al., 2005). This suggests that androgen action via the
SCs, and probably the LCs, is important for determining
LC number, whereas androgen signalling via PTM cells is
important for the normal differentiation of adult LCs.
The appearance of abnormal LCs in PTM-ARKO testes
at d35, but not before, is consistent with the LC abnor-

malities in PTM-ARKO testes resulting from impaired
adult LC differentiation. However, it remains unclear
why a proportion of LCs arrest in development more
noticeably than others in PTM-ARKOs; this requires fur-
ther investigation. We previously reported that AR is not
ablated from all PTM cells in PTM-ARKO mice (Welsh
et al., 2009); however, we could not find any correlation
between the location of the ‘abnormal’ immature LCs in
the adult PTM-ARKO testes and the presence or absence
of adjacent PTM AR expression. Furthermore, AR is also
ablated from the blood vessel smooth muscle cells in the
PTM-ARKO mouse (Welsh et al., 2009), which might
affect LC development. However, we did not identify a
similar LC phenotype in SMARKO mice in which AR is
only ablated from blood vessel smooth muscle cells
(Welsh et al., 2010). This suggests that the PTM-ARKO
LC phenotype reported here is the consequence of AR
ablation from PTM cells, either alone or in conjunction
with AR ablation from the blood vessel smooth muscle
cells.

We investigated the possible mechanisms underlying
impaired LC development in PTM-ARKOs. First, we
investigated INSL3, which switches on as adult LCs
develop and is a marker of fully differentiated adult LCs
(Pusch et al., 1996; Ivell & Bathgate, 2002; Mendis-
Handagama et al., 2007). It has been suggested that
INSL3 concentrations might serve as a marker for LC
dysfunction (Foresta et al., 2004). Consistent with this
and the problems with LC development identified in
PTM-ARKO mice, expression of Insl3 mRNA was consis-
tently decreased in PTM-ARKO mice at d12–100. This is
similar to the reduction in Insl3 expression observed in
ARKO, but not in SCARKO, mice (De Gendt et al., 2005)
and could contribute to the impaired LC development in
PTM-ARKO testes. Furthermore, immunohistochemistry
revealed that INSL3 continued to be expressed in the
‘normal’ LCs in PTM-ARKOs, but was dramatically
reduced or even absent from the ‘abnormal’ LCs; it
remains unclear why this differential effect occurs and
raises the question whether these cells do not develop
normally because they do not express INSL3 or if they
are programmed not to develop normally so do not
switch on INSL3.

IGF-1 has also been reported to play a role in LC
differentiation and induction of adult LC function, and
IGF-1 knockout mice display abnormal functional and
morphological differentiation of adult LCs (Wang et al.,
2003). IGF-1 expression was reduced in PTM-ARKO tes-
tes and, at the protein level, this reduction was restricted
to the ‘abnormal’ LCs, whereas the ‘normal’ PTM-ARKO
LCs expressed IGF-1 similar to LCs in controls. We inves-
tigated the possible mechanisms underlying the reduction
in IGF-1 expression and discovered that expression of
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IGFBP3 mRNA, an inhibitor of IGF-1, was increased in
PTM-AKRO mice. Kallikreins 21, 24 and 27 are expressed
in LCs, are androgen-dependent and hydrolyse and
degrade IGFBP3 (Schill & Miska, 1992; Matsui et al.,
2000, 2005; Matsui & Takahashi, 2001). Expression of
these kallikreins was reduced in PTM-ARKO testes, which
could result in increased IGFBP3 in LCs and thus a
decrease in IGF1, which in turn leads to arrested LC dif-
ferentiation and impaired function. Whilst disturbances
to this signalling pathway offer a potential explanation for
impaired LC differentiation in PTM-ARKO testes, further
investigations are required to establish how PTM AR sig-
nalling affects LC IGF-1 and why this differentially affects
only a proportion of LCs. Dhh and PDGF-A are also
involved in adult LC development with adult LCs failing
to develop in the absence of expression of ether gene
(Clark et al., 2000; Gnessi et al., 2000). PDGF-A is
expressed pre-pubertally in SCs and in adulthood in LCs
(Mariani et al., 2002) and was reduced in PTM-ARKO
testes, as was Dhh expression. Dhh is made by SCs, which
stimulate differentiation of LCs by upregulating SF-1 and
cyp11a1 and its receptor, Ptch, is expressed on LCs (Clark
et al., 2000; Yao et al., 2002). As expression of both Dhh
and its effector, Gli1 (Kroft et al., 2001), was reduced in
PTM-ARKO testes; this might impair LC differentiation
and partly explain the reduced cyp11a1 and SF-1 expres-
sion in the ‘abnormal’ LCs. Disturbance of the Dhh
signalling pathway in PTM-ARKO testes provides further
evidence that AR signalling via the PTM cells can affect
SC signalling which in turn affects other testicular cells;
this further highlights the importance of paracrine regula-
tion in the testis.
In normal mice, exposure to exogenous testosterone

decreases LH secretion, via negative feedback, thereby
causing LC involution and reduced testicular testosterone
synthesis (Keeney et al., 1988, 1990). We exposed PTM-
ARKO mice to exogenous testosterone for 13 weeks to
investigate whether the two sub-populations of LCs invo-
luted as in control testes. Testosterone treatment inhibited
LH production as expected, but maintained normal
serum testosterone concentrations in controls and KOs.
In control mice, this caused LC involution, as was also
the case for ‘normal’ LCs in PTM-ARKO testes. In
contrast, the ‘abnormal’ LCs in PTM-ARKOs did not
involute. This suggests that the ‘abnormal’ LCs are not
responding to altered LH stimulation, consistent with
their low ⁄ absent expression of LHR. This confirms that
these ‘abnormal’ LCs are not functioning normally. It
may also provide an explanation for the compensated LC
failure observed in PTM-ARKO mice as they have the
same number of LCs as in control testes, yet only half of
them appear to be functionally normal, based on immu-
noexpression data. These ‘normal’ LCs will therefore have

to work harder to maintain normal serum testosterone
concentrations in PTM-ARKO adults. Furthermore, this
finding suggests that as these cells persisted even after
dramatically reducing serum LH concentrations, their
occurrence is not simply a consequence of the elevated
LH in these mice. The idea of LC heterogeneity and
differences in steroidogenic enzyme activity between the
two populations has been proposed previously in both
humans (Qureshi & Sharpe, 1993) and rats (Payne et al.,
1980). Furthermore, it was suggested that in rats popula-
tion II, the more steroidogenically active LCs develop
from population I, but the factors involved remained
unknown (Payne et al., 1980). The studies presented here
offer new insight into this phenomenon and suggest that
PTM cells are involved in the differential development of
these two LC populations.

In conclusion, PTM AR signalling is important in regu-
lating normal development, structure and function of
adult LCs. LC development is impaired in PTM-ARKO
testes, associated with altered SF-1, INSL3, IGF, PDGF
and Dhh signalling, resulting in mixed populations of LC
that may be arrested in different stages of development.
As a consequence, the more ‘normal’ LC sub-population
has to work harder to compensate for the ‘abnormal’ LC
sub-population. It is not clear why these two populations
of neighbouring LCs develop differentially in PTM-ARKO
testes, but these findings uncover new androgen-depen-
dent paracrine mechanisms underlying adult LC develop-
ment. The PTM-ARKO provides a model in which to
investigate these mechanisms.
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