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ABSTRACT

The nuclear receptor steroidogenic factor 1 (SF-1, AD4BP,
NR5A1) is a key regulator of the endocrine axes and is essential
for adrenal and gonad development. Partial rescue of Nr5a1�/�

mice with an SF-1-expressing transgene caused a hypomorphic
phenotype that revealed its roles in Leydig cell development. In
contrast to controls, all male rescue mice (Nr5a1�/�;tg+/0)
showed varying signs of androgen deficiency, including sper-
matogenic arrest, cryptorchidism, and poor virilization. Expres-
sion of various Leydig cell markers measured by
immunohistochemistry, Western blot analysis, and RT-PCR
indicated fetal and adult Leydig cell development were
differentially impaired. Whereas fetal Leydig cell development
was delayed in Nr5a1�/�;tg+/0 embryos, it recovered to control
levels by birth. In contrast, Sult1e1, Vcam1, and Hsd3b6
transcript levels in adult rescue testes indicated complete
blockage in adult Leydig cell development. In addition, between
Postnatal Days 8 and 12, peritubular cells expressing PTCH1, SF-
1, and CYP11A1 were observed in control testes but not in
rescue testes, indicating SF-1 is needed for either survival or
differentiation of adult Leydig cell progenitors. Cultured
prepubertal rat peritubular cells also expressed SF-1 and PTCH1,
but Cyp11a1 was expressed only after treatment with cAMP and
retinoic acid. Together, data show SF-1 is needed for proper
development of fetal and adult Leydig cells but with distinct
primary functions; in fetal Leydig cells, it regulates differentia-
tion, whereas in adult Leydig cells it regulates progenitor cell
formation and/or survival.

AD4BP, adult Leydig cell, development, fetal Leydig cell, NR5A1,
SF-1, steroidogenic factor 1

INTRODUCTION

Steroidogenic factor 1 (SF-1, AD4BP, NR5A1) is a member
of the nuclear receptor family that is essential for development
and function of the adrenal and gonadal endocrine systems [1–
4]. Studies in both mice and humans link SF-1 mutations to XY

sex reversal, ovarian failure, and adrenal insufficiency and have
revealed its importance to organ formation and endocrine
regulation [5–11]. SF-1 expression and function are primarily
restricted to the adrenal gland and the hypothalamic-pituitary-
gonadal axis, where it acts in support of steroidogenic cell
lineages of the gonads, adrenocortical cells, pituitary gonado-
tropes, and the ventromedial hypothalamus and to regulate
tissue-specific transcription of genes required for hormone
production and development [11–15]. In mice lacking SF-1,
adrenal and gonad development failed in utero, and all animals,
regardless of genetic sex, were born female and died shortly
after birth from severe corticosterone deficiency [12, 13]. With
respect to the gonads, their early developmental arrest
suggested SF-1 functions in pre-Sertoli/granulosa cells to
direct formation of the indifferent gonad, whereas its identified
target genes indicated it subsequently regulates hormone
production within the steroidogenic cells (i.e., Leydig and
theca cells) [3, 16–18]. Because of the integrated influences of
the endocrine axis and the lack of adrenal glands and gonads,
evaluation of SF-1 null mice provide limited information on its
specific cellular roles in these organs. Consequently, other
models of SF-1 deficiency, including conditional deletions,
compound mutations, and haploinsufficiency, were developed
and used to gain deeper insight into its functions [19–25].
Although some of these implicated SF-1 in Leydig cell
development, direct evidence and details are still missing.

Leydig cells, located within the interstitial region of the
testis, are the major androgen-producing cells and, therefore,
are responsible for establishing the endocrine environment
required for normal male development, physiology, and
reproductive function [26, 27]. In many species, including
humans and rodents, distinct Leydig cell populations are
present during fetal and postnatal life [28–31]. Prior to birth,
fetal Leydig cells (FLCs) produce androgens and other
molecules required for development of male internal and
external genitalia and testis descent [32, 33]. After birth,
androgens produced by adult Leydig cells (ALCs) are required
for production of sperm and acquisition and maintenance of
male characteristics [34]. In mice, FLCs appear in the
interstitium at approximately 12.5 days post coitum (dpc) and
persist in the testis until approximately 1 wk after birth when
ALCs begin to develop [29, 32]. The fate of FLCs remains
controversial as there is evidence that favors both their absence
and their presence (in small numbers) in adult testes [31, 35–
37]. Importantly, ALCs do not emerge from FLCs but are
derived from undifferentiated precursors that differentiate
through intermediate stages of progenitors and immature
Leydig cells before becoming fully mature ALCs [30, 34, 36,
38–42]. However, although it is clear that ALCs and FLCs
develop independently, it is still uncertain whether cells from a
common progenitor pool contribute to both lineages.

SF-1 is expressed in both fetal and adult Leydig cells, but it is
unknown whether its actions are mirrored or divergent in the two
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lineages [12, 43]. The current study used a hypomorphic mouse
model of SF-1, revealing important and distinct functions in
ALC and FLC development. These mice were developed by a
rescue strategy that used a yeast artificial chromosome (YAC)
transgene harboring the rat Nr5a1 locus, and their initial
characterization is reported elsewhere [44, 45]. Relevant to the
current study is that several independent transgenic mouse lines
were created and shown to accurately express Nr5a1 mRNA
from the YAC transgene. The rescue strategy used two of the
lines, 7 and 14, which were crossed into the Nr5a1�/�

background generating rescue (Nr5a1�/�;tgþ/0) mice to test
the transgenes’ functional capacity. Histological analysis
confirmed correct cellular expression of the transgenes in both
of the lines, but differences were observed in their ability to
rescue testis and ovarian function [44, 45]. Gonad histology and
fertility of line 14 rescue mice was indistinguishable from that
of wild type (wt) mice, but despite the transgene’s correct tissue
and cellular expression, line 7 Nr5a1�/�;tgþ/0 mice had gonad
and fertility defects. Structural analysis of the transgenes
showed line 14 had 2 integrated copies of the Nr5a1 YAC,
whereas line 7 had only 1 [44]. However, gonads of Nr5a1þ/�

mice were normal (postnatally), suggesting that SF-1 activity in
line 7 Nr5a1�/�;tgþ/0 mice was below that of Nr5a1
heterozygosity and that further investigation of the hypomor-
phic rescue mice would provide insight into the role of SF-1 in
gonad development [13, 15, 44]. The goal of the current study
was to reveal novel testicular functions of SF-1 through further
evaluation of the Nr5a1�/�;tgþ/0 line 7 mice.

MATERIALS AND METHODS

Mice

Generation, genotyping, and initial characterization of transgenic and
rescue mice are described elsewhere [44, 45]. The hypomorphic mice described
herein were all derived from line 7. All animals were cared for in accordance
with U.S. National Institutes of Health guidelines, and the Laboratory Animal
Research Committee at the University of Kansas Medical Center approved all
experimental procedures. Mice were maintained on a 12L:12D cycle and given
food and water ad libitum.

Preparation of Primary Peritubular Cells

Primary peritubular myoid cells were prepared from 14-day-old rats, as
previously described, and cultured in 100-mm dishes for 4 days in the presence
of Ham F12 medium modified with L-glutamine medium supplemented with
10% fetal bovine serum, 1.5 mM HEPES, and 1% penicillin-streptomycin
solution [46]. At confluency, cells were removed from the dishes, diluted 1:2 in
the above-described medium, and cultured in 150-mm dishes. After 48 h in
culture, cells were treated with vehicle or 1 mM 8-bromo-cAMP (product no.
B7880; Sigma-Aldrich) plus 0.5 lM all-trans retinoic acid (product no. R2625;
Sigma-Aldrich) and harvested 48 h later.

Semiquantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technologies),
according to the manufacturer’s recommendations. RNA was prepared from
testes of 2-mo-old mice by using three mice in each represented group: line 7
Nr5a1�/�;tgþ/0 mice with descended testes (Rd), line 7 Nr5a1�/�;tgþ/0 mice
with cryptorchid testes (Rc), and wt mice. Testis RNA isolated from two 5-day-
old (Nr5a1þ/�) mice was used as a negative control for the expression of ALC
markers. RT-PCR was performed as previously described, and all primers are
listed in Table 1 [47]. For semiquantitative analysis, amplification was
terminated during the logarithmic phase of amplification, after 16, 18, and 20
cycles. The amplified products were separated by agarose gel (1% w/v)
electrophoresis and evaluated by Southern blot analysis using internal 32P-end–
labeled oligodeoxynucleotide probes, and expression levels were quantified by
phosphor imaging (Phosphoimager SI; GE Healthcare Bio-Sciences Corp.) and
ImageQuant TL software (GE Healthcare Bio-Sciences Corp.). The volume
integration signal of each individual band was normalized to the signal intensity
of either Rpl7 (L7) or Cyp11a1 (P450scc). Signals of different genotypes are

reported as relative to that of wt testes. All PCR products were verified by
sequence analysis.

PCR analysis of Thbs2 was performed using cDNA generated from testis
RNA isolated from Rc (Postnatal Day 55 [P55] and P260) and Rd (ages P55,
P75, P195, P251, and P251) mice, using CloneAmp HiFi PCR Premix
(Clonetech Laboratories) according to the manufacturer’s suggested procedure.
Expression of Rpl7 (L7) was similarly analyzed to confirm cDNA integrity.
Cycle number for Rpl7 (L7) was 21 and that for Thbs2 was 34.

Histology

Embryos (14.5 dpc) and testes were dissected from newborn, prepubertal (8
or 12 days old), and adult (2, 4, or 8 mo) Nr5a1�/�;tgþ/0, Nr5a1þ/� and
Nr5a1þ/þ wt mice and immersion fixed at þ48C for 2 to 12 h (based on tissue
size) in freshly prepared 4% paraformaldehyde buffered with phosphate-
buffered saline (PBS; pH 7.4). Tissue samples were serially dehydrated and
embedded in paraffin according to standard procedures. Five-micrometer
sections were treated to remove paraffin by serial washes in Clear-rite 3
solution (Richard-Allan Scientific, VWR) and ethanol and either stained with
hematoxylin (Sigma-Aldrich) and eosin (H&E) or used for immunohistochem-
istry (IHC). To perform antigen retrieval for IHC, serial sections were boiled
using a microwave oven for 12 min in 0.01 M sodium citrate solution (pH 6.0).
Samples were incubated with primary antibody overnight at þ48C and then
with secondary antibody for 1 h at room temperature. Sections were washed
and mounted with Fluoromount-G (SouthernBiotech). Primary antibodies,
sources, and dilutions were as follow: polyclonal rabbit SF-1 antibody (1:1000
dilution; a generous gift from Dr. K. Morohashi, Department of Molecular
Biology, Graduate School of Medical Sciences, Kyushu University, Japan),
polyclonal rabbit cytochrome P450, family 11, subfamily A, polypeptide 1
(CYP11A1) antibody (1:500 dilution; a generous gift from Dr. M. Soares,
Department of Pathology and Laboratory Medicine, University of Kansas
Medical Center, Kansas City, KS), polyclonal goat ghrelin (C-18) antibody
(1:700 dilution; product no. sc-10368, Santa Cruz Biotechnology, Inc.), and
goat polyclonal Mullerian inhibiting substance antibody (MIS) (C-20; 1:1000
dilution; product no. sc-6886; Santa Cruz Biotechnology, Inc.) for detection of
anti-Mullerian hormone (AMH). For secondary antibodies, tetramethylrhod-
amine (TRITC)-conjugated goat anti-rabbit antibody (1:200 dilution; product
no. 111-075-144; Jackson ImmunoResearch Laboratories, Inc.) was used to
visualize SF-1 and CYP11A1 and Cy2-conjugated donkey anti-goat antibody
(1:200 dilution; product no. 705-225-147; Jackson ImmunoResearch Labora-
tories, Inc.) to visualize ghrelin and AMH. Transversely sectioned 14.5-dpc
embryos were fixed and stained as above.

For co-localization of SF-1 and PTCH1, 12- and 16-days-old mouse testes
were immersed in Sainte Marie’s fixative (99:1, 95% ethyl alcohol: glacial
acetic acid) for 1 hour, dehydrated, paraffin embedded and five-micron sections
prepared for immunofluorescence. Anti-SF-1 antibody (described above) and
polyclonal goat anti-patched antibody (G-19), (1:500 dilution; product no. sc-
6149, Santa Cruz Biotechnology, Inc.) were incubated together, followed by
TRITC-conjugated goat anti-rabbit secondary antibody and the Cy2–conjugat-
ed donkey anti-goat secondary antibody, as above. Immunofluorescent staining
of testis sections was analyzed using an Eclipse 80i model microscope (Nikon
Inc. Instrument Group). and digital images were captured using the Retiga
2000R model fast camera and QCapture software (QIMAGING). Images were
overlaid for colocalization of different immunofluorescence signals using
Photoshop software (Adobe).

Hormone Levels

Hormone levels for luteinizing hormone (LH), follicle-stimulating hormone
(FSH), and testosterone (T) were measured in adult male mice ranging in age
from 2.5 to 8 mo old. Samples from Nr5a1�/�;tgþ/0 mice included both
phenotypes, that is, ones with cryptorchid testes (Rc) and ones with Rd, and
controls included wt mice (LH and FSH) and wt plus Nr5a1þ/� mice (T). LH
and FSH levels were measured in serum prepared from blood obtained from
mice anesthetized by intraperitoneal injection of 2.5% avertin (0.015 ml/g per
body weight). Blood was collected through the retro-orbital sinus, using
heparinized Natelson collection tubes (Fisher Scientific), and the serum was
separated by centrifugation at 2000 3 g for 15 min and stored at �208C.
Intratesticular T levels were measured in a single testis from each adult mouse
used in the study. Testes were homogenized in 500 ll of PBS, using 10 strokes
in a Dounce tissue homogenizer (Kontes Glass Co.), followed by sonication for
60 sec with a Vibracell VC130 ultrasonic processor (Sonics & Materials,
Newtown, CT). Tissue homogenates were centrifuged, and supernatants were
collected and stored at �208C until assayed for testosterone. Testosterone and
FSH levels were measured by radioimmunoassay and LH levels by a mouse LH
sandwich assay (performed by Ligand Assay and Analysis Core, Center for
Research in Reproduction, University of Virginia, Charlottesville, VA
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[supported by Eunice Kennedy Shriver National Institute of Child Health and
Human Development/National Institutes of Health Specialized Cooperative
Centers Program in Reproduction and Infertility Research grant U54-
HD28934]). A two-tailed Student t-test assuming equal variance was used
for statistical analysis.

Western Blotting

Cultured peritubular cells (described above) and testes and adrenal glands
from 2-mo-old wt mice were homogenized in cell lysis buffer (50 mM Hepes,
pH 7.6, 250 mM NaCl, 0.5 mM EDTA, 0.1% Triton-X 100, 5 mM b
mercaptoethanol) containing complete protease inhibitor cocktail (Roche
Diagnostics). Cellular and tissue lysates were analyzed for PTCH1, SF-1,
and CYP11A1 by Western blot analysis, as described elsewhere [47, 48].
Antibodies for SF-1, CYP11A1, and PTCH1 (described above) were used at
dilutions of 1:2000, 1:1000, and 1:400, respectively, with either anti-goat
peroxidase-conjugated donkey antibody (1:10 000 dilution; product no. 705-
035-003; Jackson ImmunoResearch Laboratories Inc.) or anti-rabbit peroxi-
dase-conjugated donkey antibody (1:20 000 dilution; product no. 711-035-152;
Jackson ImmunoResearch Laboratories Inc.).

Quantification of Seminiferous Tubules

The age-related decline of spermatogenesis was determined in seven
Nr5a1�/�;tgþ/0 mice at 2, 4, and 8 mo of age by counting the number of
seminiferous tubule cross-sections containing elongated spermatids, which was
selected as the most advanced spermatogenic cell. Counting was performed on
paraffin-embedded sections, which were mounted onto a microscope slide and
processed for H&E staining. Cross-sections were observed under brightfield,
using an Eclipse 80i microscope (Nikon) with magnifications of 1003 and
2003. A minimum of 5 randomly selected cross-sections of each evaluated
testis were used for quantification. Results of statistical analyses are means, and
range is indicated as a measure of dispersion.

RESULTS

Defective Testis Development Resulting From Incomplete
Transgenic Rescue of Nr5a1�/� Mice

Because line 7 Nr5a1�/�;tgþ/0 mice had distinct gonadal
defects, they were further investigated to bring insight to the role
of SF-1 in testis development and male fertility [44]. All
genotypic male (Sry-positive) Nr5a1�/�;tgþ/0 mice (n¼28) were
infertile, and approximately half (54%) presented with signs of
feminization, including areola/nipple retention, reduced anogen-
ital distance, and indications of hypospadias (Fig.1, A and B,
and data not shown). All feminized Nr5a1�/�;tgþ/0 male mice
also had cryptorchid testes positioned abdominally between the
kidney and bladder and are referred to herein as rescue c (Rc)
mice (Fig. 1C, dotted ovals). Masculinized Nr5a1�/�;tgþ/0 male
mice, with respect to external genitalia and testis descent, were
indistinguishable from wt control males and are referred to
herein as rescue d (Rd) mice (Fig. 1D and data not shown). The
phenotype of these mice indicated that about half of them (i.e.,

the Rc mice) had experienced androgen deficiency in utero.
However, all adult Nr5a1�/�;tgþ/0 mice (Rc and Rd) had signs
of androgen deficiency, as revealed by abnormal seminal
vesicles, which were either absent (16%) or underdeveloped
(Fig. 1F). These observations indicated there were defects in
both fetal and adult Leydig cell populations. In addition, testis
sizes and weights were significantly reduced in all rescue mice
compared to that of controls (mean Rc weight¼ 0.024 6 0.009
g; mean Rd weight¼ 0.044 6 0.011 g; control weight¼ 0.117
6 0.014 g) (Fig. 1E), indicating spermatogenesis was impaired.
Notably, no differences in testis weights, testis descent,
spermatogenesis, and virilization were observed between wt
and Nr5a1þ/� mice or between wt and transgenic mice on either
Nr5a1þ/� or wt backgrounds (data not shown), which
demonstrated that the phenotypes of Rc and Rd mice were
caused by the transgene’s inability to support normal testis
development and function and suggested that further evaluation
of the hypomorphic mice would provide new information for the
role of SF-1 in Leydig cells.

Delayed Fetal Leydig Cell Development in Nr5a1�/�;tgþ/0

Mice

H&E staining and IHC were used to evaluate morphology
and protein expression, respectively, in 14.5-dpc testes from
Nr5a1�/�;tgþ/0 and control (Nr5a1þ/�) embryos. Protein
expression was evaluated for SF-1, which is present in both
Sertoli and Leydig cells and proteins restricted to, and thus
distinguished, Sertoli cells and Leydig cells. Proteins included
anti-Mullerian hormone (AMH), a Sertoli cell protein,
cholesterol side-chain cleavage enzyme (CYP11A1), a Leydig
cell protein, and ghrelin, a Leydig cell protein shown
previously to be restricted to fully differentiated fetal and
adult Leydig cells [49, 50]. Similar to the mixed phenotypes at
birth, testes of Nr5a1�/�;tgþ/0 embryos presented with two
distinct phenotypes, as seen in representative embryos rescue
47 and rescue 58 testes (Fig. 2). Testes from rescue 58, with the
exception of ghrelin staining, had similar morphology and gene
expression profiles as that of control (Nr5a1þ/�) testes; both
having clearly defined tubules by H&E staining, and by IHC,
robust interstitial staining (Leydig cells) of SF-1 and CYP11A1
and intratubular staining (Sertoli cells) of AMH, whereas
signals for SF-1 in Sertoli cells were less intense (Fig. 2, A and
C, D and F and insets, G and I, and M and O). Ghrelin staining,
on the other hand, appeared significantly reduced in rescue 58
compared to that in control (Fig. 2, J and L).

In contrast to rescue 58, rescue 47 testes differed
significantly from those of the control. In particular, cord
structures were poorly developed, and SF-1-positive cells were

TABLE 1. RT-PCR primers.

Gene name Primer sequences* GenBank accession no.

Sult1e1 (Est) F: 50-TTGGAGAGTTCCGTGGAGTT S78182
R: 50-GGGTGGCAGGTGAGTTTTTA

Vcam1 F: 50-GGTGGTGCTGTGACAATGAC M84487
R: 50-CATTCCTTACCACCCCATTG

Hsd3b6 F: 50-TCTGGAGGAGATCAGGGTC NM013821
R: 50-GCCCGTACAACCGAGAATATT

Cyp11a1 (P450scc) F: 50-CCATCTCCGTGACCTTGC AF195119
R: 50-GCTTCTTTCCCAATCCAAAC

Rpl7 F: 50-GGGGGAAGCTTCGAAAGGCAAGGAGGAAGCT NM011291
R: 50-GGGGGGTCGACTCCTCCATGCAGATGATGCC

Thbs2 F: 50-CCAAGACAACTGCCCATACA NM011581.3
R: 50-TGCTTCCACATCACCACATAG

* F, forward; R, reverse.
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greatly reduced and lacked the distinct compartmentalized
differences in signal intensities observed in the control and
rescue 58 (Fig. 2, A–F and D–F insets). In addition, expression
levels of CYP11A1 and ghrelin were not detected in rescue 47
testis, whereas AMH was readily observed within the
dysmorphic cord-like structures (Figs. 2, H, K, and N). The
presence of AMH in Sertoli cells of Nr5a1�/�;tgþ/0 embryos
together with the mixed phenotypes in cord structure and gene
expression suggested Sertoli cell function was largely normal
in the rescue embryos but that reduced SF-1 activity caused
either a blockage or delay in development that predominantly
influenced FLC differentiation [51–54]. Because androgens

produced by FLCs are required for virilization, the finding of
significant FLC deficiency in some Nr5a1�/�;tgþ/0 embryos, as
shown by rescue 47, and more mild defects in others (e.g.,
rescue 58) is consistent with the feminized and masculinized
phenotypes observed at birth.

To determine whether the FLC defects observed at 14.5 dpc
represented blocked or delayed development, we evaluated
newborn (P0) testes from Nr5a1þ/� and Nr5a1�/�;tgþ/0 (both
Rc and Rd) mice. Interestingly, testis morphology (data not
shown) and IHC results from SF-1, CYP11A1, and ghrelin
assays were similar among all mice (Fig. 3). As only FLCs are
present at birth, the results indicated that reduced SF-1 activity

FIG. 1. Male reproductive development in Nr5a1�/�;tgþ/0 mice. A and B) Fifty-four percent of Nr5a1�/�;tgþ/0 male mice presented with signs of
feminization (referred to as Rc mice). Anogenital distances in feminized Nr5a1�/�;tgþ/0 male mice (A) were reduced compared to that of wild type (wt)
mice (B) or masculinized Nr5a1�/-;tg7/0 males (not shown). C and D) Testis descent is shown in adult Nr5a1�/�;tgþ/0 feminized and wt male mice. Testes
(dotted ovals) in feminized Nr5a1�/�;tgþ/0 male mice (C) were located above the bladder, whereas testes in wt (D) and masculinized Nr5a1�/-;tg7/0 male
mice (not shown) were descended below the level of the bladder. E–F). Seminal vesicle and testis size are compared in Nr5a1�/�;tgþ/0 and wt mice.
Seminal vesicles from feminized Nr5a1�/�;tgþ/0 (left) and wt (right) mice (F). Testes form feminized Nr5a1�/�;tgþ/0 (left) and wt (right) mice (E). b ¼
bladder; k ¼ kidney.
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FIG. 2. Histological evaluation of 14.5 dpc testes from Nr5a1þ/- and Nr5a1�/�;tgþ/0 embryos. Histology of testes from Nr5a1þ/� (A, D, G, J, and M) and
Nr5a1�/�;tgþ/0 embryos (rescue 47 and rescue 58) at 14.5 dpc. Rescue 47 (B, E, H, K, and N) and rescue 58 (C, F, I, L, and O) represent the two
characteristic phenotypes of Nr5a1�/�;tgþ/0 testes at 14.5 dpc. A–C) H&E-stained 14.5 dpc testis sections. D-F) SF-1 immunofluorescence of 14.5 dpc
testis sections. Insets show enlarged area around a testis cord to emphasize staining intensity between cells in the cords and interstitium. G–I) CYP11A1
immunofluorescence of 14.5-dpc testis sections. J–L) ghrelin immunofluorescence of 14.5 dpc testis sections. M–O) AMH immunofluorescence in 14.5-
dpc testis sections. Original magnification 3200 (A–O) and 3400 (D–F insets).
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from the transgene delayed rather than arrested FLC develop-
ment [38, 55, 56].

Spermatogenic Arrest and Hypergonadotropic
Hypogonadism in Adult Nr5a1�/�;tgþ/0 Mice

Changes in adult Nr5a1�/�;tgþ/0 mice (i.e., reduced testicular
size and underdeveloped seminal vesicles) led to further
investigation of adult animals. Morphological evaluation of
testis cross-sections revealed impaired spermatogenesis in both
Rc and Rd mice but with slightly different outcomes (Figs. 4, A–
C). In contrast to the full compliment of germ cells observed in
wt mice (Fig. 4A), the most mature germ cells in Rc and Rd
mice were pachytene spermatocytes and elongating spermatids,
respectively (Figs. 4, B and C, insets). In Rd mice, there was
also an age-dependent decline in the number of spermatid-
containing tubules, which dropped from approximately 20% at 2
mo to only 3% at 8 mo (Table 2). Given that the phenotype of all
Nr5a1�/�;tgþ/0 mice implicated androgen deficiency, intratestic-
ular testosterone levels were measured and compared between

Nr5a1�/�;tgþ/0 and control (wt and Nr5a1þ/�) mice. This
comparison revealed significantly lower (P , 0.02) intratestic-
ular testosterone in Nr5a1�/�;tgþ/0 male mice (mean T
concentration¼ 505 6 287 ng/dl; n¼ 6 mice) than in controls
(mean T¼ 2915 6 781 ng/dl; n¼ 4 mice). Because SF-1 is also
important for pituitary gonadotropin production and LH is the
major stimulus of adult testosterone biosynthesis, compromised
LH production was considered the potential cause for lower
testosterone levels [57]. Hence, serum LH and FSH concentra-
tions were measured in adult Nr5a1�/�;tgþ/0 and wt mice, which
identified significantly (P , 0.01) higher levels of LH and FSH
in Nr5a1�/�;tgþ/0 mice than in controls (LH in Nr5a1�/�;tgþ/0

mice¼ 1.01 6 0.73 ng/ml [n¼ 12]; and 0.26 6 0.31 ng/ml in
controls [n¼ 9]; FSH in Nr5a1�/�;tgþ/0 mice¼ 83.12 6 29.04
ng/ml (n ¼ 8); and 36.97 6 18.54 ng/ml in controls (n ¼ 9]).
Elevated gonadotropin levels were interpreted as the appropriate
response to reduced negative feedback, suggesting normal
pituitary function and the fact that androgen deficiency in
Nr5a1�/�;tgþ/0 mice was caused by a defect in the adult Leydig
cells.

FIG. 3. SF-1, CYP11A1, and ghrelin immunofluorescence in newborn testes from Nr5a1þ/� and Nr5a1�/�;tgþ/0 mice. Immunofluorescence of SF-1 (A–
C), CYP11A1 (D–F), and ghrelin (G–I) in testes sections from newborn Nr5a1þ/� mice (A, D, G) and from Nr5a1�/�;tgþ/0 mice with either Rc (B, E, H) or
Rd testes (C, F, I). Original magnification 3200.
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FIG. 4. Histological evaluation of adult testes from wild type and Nr5a1�/�;tgþ/0 mice. Adult testis sections from wild type (wt) mice (A, D, G, J) and
Nr5a1�/�;tgþ/0 mice with either Rc (B, E, H, K) or Rd testes (C, F, I, L) were examined by staining with H&E (A–C) or by immunofluorescence using
antibodies against SF-1 (D–F), CYP11A1 (G–I), and ghrelin (J–L). Original magnification 3200 (A–L) and 3400 (B–C insets).

TABLE 2. Degeneration of spermatogenesis in Nr5a1�/�;tgþ/0 Rd mice.

Parameter

Age

2 Months (n ¼ 3) 4 Months (n ¼ 2) 8 Months (n ¼ 2)

Number of tubules evaluated 2321 3397 1831
Number of tubules with elongated spermatids 471 613 58
Percentage of tubules with elongated spermatids 20.2 (range 18.1–24.2) 18.0 (range 16.1–20.2) 3.1 (range 0–4.5)
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Adult Leydig Cell Deficiency in Nr5a1�/�;tgþ/0 Mice

To assess the status of Leydig cells in adult testes, IHC
assay was performed to evaluate SF-1, CYP11A1, and ghrelin
expression. In wt testes, the SF-1 antibody provided a robust
nuclear signal in Leydig cells of the interstitium and a less
intense signal from Sertoli nuclei at the periphery of
seminiferous tubules (Fig. 4D). In testes from both Rc and
Rd Nr5a1�/�;tgþ/0 mice, there were considerably fewer SF-1–
positive Leydig cells, whereas SF-1–positive Sertoli cells
appeared comparable to those of controls (Figs. 4, E and F). In
all animals, CYP11A1 (Fig. 4, G–I) and ghrelin-positive cells
(Fig. 4, J–L) were restricted to the interstitial compartment and
similar to those observed for SF-1. In all, data showed greatly
reduced Leydig cell numbers in adult Nr5a1�/�;tgþ/0 testes
(both descended and cryptorchid), which, based on ghrelin
expression, were fully differentiated.

Although mature Leydig cells were evident in adult
Nr5a1�/�;tgþ/0 testes, it was uncertain whether they represent-
ed persistent FLCs or poorly expanded ALCs. To address this
question, semiquantitative RT-PCR followed by Southern blot
analysis, was used to measure mRNA levels of the selective
ALC markers estrogen sulfotransferase (Sult1e1), vascular cell
adhesion molecule I (Vcam1), and hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 6 (Hsd3b6)
in testis RNA extracted from adult wt and Nr5a1�/�;tgþ/0 (Rd
and Rc) mice and P5 Nr5a1þ/� mice (Fig. 5A, and data not
shown) [58, 59]. Control mRNAs included ribosomal protein
L7 (Rpl7), a ubiquitously expressed gene, and Cyp11a1, a gene
expressed in fetal and adult Leydig cells. Amplified DNA
signal intensities (quantified by densitometry) for Sult1e1,
Vcam1, and Hsd3b6 were normalized to those of either Rpl7 or
Cyp11a1, and the values of Rc, Rd, and P5 samples were
normalized relative to the normalized values from adult wt
testes and were represented graphically (Fig. 5, B–D). Data
showed that levels of Sult1e1, Vcam1, and Hsd3b6 mRNA in
adult Rd and Rc testes were significantly lower than those in
adult wt testes (Fig. 5, B–D). This was true regardless of
whether the samples were normalized to those of Rpl7 or
Cyp11a1. Notably, the levels of Sult1e1, Vcam1, and Hsd3b6
mRNA in Rd and Rc testes closely resembled those found in
P5 testes when only FLCs were present (Figs. 5, B–D). These
data, together with those showing Leydig cells in adult Rc and
Rd testes, expressed ghrelin (Fig. 4), which is present only in
fully differentiated cells, indicated that the few remaining
Leydig cells in Nr5a1�/�;tgþ/0 testes were persistent FLCs and
not partially differentiated ALCs [49]. This was further
supported by RT-PCR analysis results for thrombospondin 2
(Thbs2), a marker of FLCs [59–62]. This showed Thbs2
expressed in all adult rescue testes examined (Rc: n¼ 2; Rd: n
¼ 5; data not shown).

Loss of ALC Progenitors in Postnatal Nr5a1�/�;tgþ/0 Testes

The absence of ALCs in Nr5a1�/�;tgþ/0 testes suggested a
defect in either cell survival or development. To determine
whether ALC development initiated properly, IHC testing was
used to observe ALC progenitors, which arise from peritubular
cells within the first 2 wk of birth [34, 56, 63, 64]. Testes from
wt, Nr5a1þ/�, and Nr5a1�/�;tgþ/0 mice at P8 and P12 were
examined for SF-1 and CYP11A1 expression (Fig. 6). Small
patches of SF-1–stained interstitial cells were observed in all
genotypes, and in wt and Nr5a1þ/� testes, SF-1 was observed
in peritubular cells, but the number of positive cells was higher
in wt mice than in Nr5a1þ/�mice at both ages (Fig. 6, A–F). In
contrast, SF-1-positive peritubular cells were not observed in
Rd and Rc Nr5a1�/�;tgþ/0 testes (Fig. 6, C and F and data not

shown). Like SF-1, patches of CYP11A1-positive cells were
evident in the interstitium of P8 and P12 testes from all
genotypes, but peritubular staining was seen only in wt and
Nr5a1þ/� testes (Figs. 6, G-L). Together, data indicated that the
ALC progenitor population was severely compromised in
Nr5a1�/�;tgþ/0 mice and that the SF-1- and CYP11A1-positive
cells observed in prepubertal and adult Rc and Rd testes were
residual FLCs.

ALC Progenitors Express Both SF-1 and Patched

Desert hedgehog (DHH) is required for development of both
fetal and adult Leydig cells and, similar to Nr5a1�/�;tgþ/0

mice, genotypic male mice lacking DHH presented with
masculinized and feminized phenotypes, and peritubular cell
defects were observed and associated with abnormal Leydig
cell differentiation [65, 66]. Similarities between the findings
suggested a connection between DHH produced by Sertoli
cells and SF-1-positive peritubular cells in ALC development.
To determine whether these cells potentially respond to DHH,
IHC assay was used to identify SF-1 and patched homolog 1
(PTCH1)-expressing cells in P12 wt testes. This experiment
identified cells that expressed both SF-1 and PTCH1, some of
which were peritubular (Fig. 7A, arrows in bottom panels).
Similar results were obtained from P16 control testes, whereas
testes from Nr5a1�/�;tgþ/0 mice lacked PTCH1/SF-1–positive
peritubular cells (Supplemental Fig. S1; all supplemental data
are available online at www.biolreprod.org). Considered
together with the earlier DHH studies, the data suggest DHH
regulates SF-1–positive peritubular cells and that both are
important for ALC development [65, 66].

To further investigate peritubular cells as ALC precursors,
lysates of cultured peritubular cells prepared from P14 rat testes
were examined by Western blot analysis for expression of SF-
1, PTCH1, and CYP11A1. In mouse testis lysates, the anti-
PTCH1 antibody detected a protein of ;180 kDa, the size of
full-length patched, and a more prominent ;100-kDa band
(Fig. 7B, top). In peritubular cell lysates, anti-PTCH1 antibody
detected a faint band at 180 kDa, whereas the ; 100-kDa band
was readily observed together with other bands, which were
observed as fainter bands in testis lysates (Fig. 7B, top). A
prevalent ;100-kDa protein was previously observed for HA-
tagged PTCH1, suggesting the smaller form is predominant in
cultured peritubular cells [67]. Western blot analysis for SF-1
identified a single band at ; 46 kDa, its expected size, in
lysates from peritubular cells and adrenal glands (Fig. 7B,
middle). In contrast, CYP11A1, detected as a 49-kDa band,
was observed only in lysates from adrenal glands, indicating it
is not normally expressed in cultured peritubular cells (Fig. 7B,
bottom). Similarly, RT-PCR followed by Southern blot
analysis showed Cyp11a1 mRNA was absent from peritubular
cells (Fig. 7C, left lane). The presence of SF-1 and absence of
CYP11A1 suggested the cultured peritubular cells represented
a precursor lineage prior to gaining steroidogenic capacity [34,
68]. To determine whether the cells could be induced toward a
steroidogenic lineage, they were cultured in differentiation
medium containing the cAMP analog 8-bromo-cAMP and
retinoic acid (RA), and Cyp11a1 mRNA expression was
measured as described above [69]. This resulted in a marked
induction of Cyp11a1 mRNA. Together, the data suggest that
SF-1 positive, CYP11A1-negative peritubular cells represent
ALC precursors prior to their full commitment to the
steroidogenic lineage (Fig. 7C).
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DISCUSSION

In the current study, a unique transgenic rescue model of
SF-1 hypomorphism was used to uncover new roles of SF-1 in
testis development. Analysis of Nr5a1�/�;tgþ/0 mice revealed
that SF-1 differentially regulates fetal and adult Leydig cell

development and suggested the two lineages derive from
distinct progenitor pools. In utero, Nr5a1�/�;tgþ/0 FLCs were
slower to differentiate, but by birth, their maturation and
numbers matched that of control testes (Figs. 2 and 3).
Importantly, FLCs eventually developed in the Nr5a1�/�;tgþ/0

embryos, confirming existence of FLC progenitors and

FIG. 5. Expression of adult Leydig cell markers in Nr5a1�/�;tgþ/0 mice. Semiquantitative RT-PCR was used to measure mRNA levels for the ALC-specific
genes Sult1e1, Vcam1, and Hsd3b6 (Hsd3b6) and the control genes Cyp11a1 and Rpl7. Template was generated using total RNA isolated from wild-type
(wt), Nr5a1�/�;tgþ/0 cryptorchid (Rc), and Nr5a1�/�;tgþ/0 descended (Rd) adult (2-mo-old) testes and Nr5a1þ/� P5 testes. A) Representative Southern blot
of amplified signals for Sult1e1, Vcam1, Hsd3b6 (Hsd3b6), and Rpl7. B–D) Graphical representation of Rpl7 (black bars) and Cyp11a1 (gray bars)
normalized Sult1e1 (B), Vcam1 (C), and Hsd3b6 (Hsd3b6) (D) signals from Rc, Rd, and P5 testes relative to those of wt testes. Autoradiographic signals
were quantified by densitometry and values for ALC-specific mRNAs were normalized to values for either Rpl7 or Cyp11a1. Normalized values from Rd,
Rc, and P5 testes were then made relative to the normalized values from wt testes.
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indicating that SF-1 is either not required for progenitor
formation or that its activity was sufficient for their derivation.
This differed significantly from the ALC population in these
mice, where the lack of ALCs (Figs. 4 and 5) and ALC
progenitors (Fig. 6) indicated a blockage in lineage develop-
ment. Hence, SF-1 is important for both lineages but
contributes differently to their development.

Studies of SF-1 transcriptional activity, expression, and
function have implicated it in Leydig cell development and

function. Its transcriptional activity is known to regulate a
number of genes important to steroid hormone production and,
therefore, to Leydig cell function (reviewed in [11] and [16]). It
is also expressed in Leydig cells at all stages of FLC and ALC
development, and in both lineages, there is evidence suggesting
SF-1 expression precedes steroidogenic capacity [12, 68, 70–
75]. However, studies using animal models to help elucidate
functional SF-1 contributions to Leydig cells have been less
informative, largely because interpretation was either limited

FIG. 6. SF-1 and CYP11A1 immunofluorescence in P8 and P12 testes from wild-type (wt), Nr5a1þ/� and Nr5a1�/�;tgþ/0 Rd mice. A–F) SF-1
immunofluorescence in tissue sections of P8 (A–C) and P12 (D–F) testes from wt (A and D), Nr5a1þ/� (B and E), and Nr5a1�/�;tgþ/0 Rd (C and F) mice. G–
L) CYP11A1 immunofluorescence in tissue sections of P8 (G–I) and P12 (J–L) testes from wt (G and J), Nr5a1þ/� (H and K), and Nr5a1�/�;tgþ/0 Rd (I and L)
mice. Original magnification 3200. Inset are shown at higher magnification (35) to better reveal positive-staining of peritubular cells.
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by a poorly resolved phenotype or confounded by the inclusion
of additional gene mutations [13, 19–25]. Notably, previous
studies using mice with SF-1 haploinsufficiency (i.e., Nr5a1þ/�

mice) did show delayed Sertoli and Leydig cell differentiation
in the embryos, but in contrast to Nr5a1�/�;tgþ/0 animals,
FLCs recovered prior to 14.5 dpc and genotypic males were

FIG. 7. Peritubular cells as ALC precursors. A) Immunofluorescent images of PTCH1 (green [left]), SF-1 (red [middle]) and PTCH1/SF-1 (merged [right])
in testis section from 12-day-old wt mice. White arrowheads (bottom right panel) indicate peritubular cells positive for both PTCH1 and SF-1. Original
magnification 3200 (top) and 3400 (bottom). B) Western blot analysis of PTCH1 (top), SF-1 (middle), and CYP11A1 (bottom) using protein lysates from
P14 rat peritubular cell cultures (PC) and adult mouse testes (T) and adrenal glands (A). C) Southern blot analysis of Cyp11a1 (top) and Rpl7 (bottom)
mRNAs amplified by RT-PCR, using RNA isolated from rat peritubular cells (PC) cultured in the absence (�) or presence (þ) of retinoic acid (RA) and 8-
bromo-cAMP (cAMP) and testis RNA (T) as positive control.
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fully masculinized and fertile and had ALCs ([13, 15, 76] and
data not shown). Two other models of note had, in combination
with global SF-1 haploinsufficiency, either a gonad-specific
deletion of Nr5a1 or a deletion for Dhh [21, 23]. Using the first
of those models, Jeyasuria et al. [21] deleted Nr5a1 in testicular
somatic cells by using the Amhr2-cre transgene. Testes of
embryos carrying the deletion were developmentally delayed,
significantly dysmorphic and lacked FLCs, as shown by the
loss of key steroidogenic enzymes [21]. Data suggested
significant effects on both Sertoli cells and Leydig cells,
making it difficult to ascertain the primary reason for FLC loss.
Postnatal testes from these mice were also significantly
disrupted, but no evaluation of ALCs was provided. However,
t h e a u t h o r s d i d s u g g e s t L e y d i g c e l l s
were present in the adult testes and, thus, that SF-1 was not
required for Leydig cell survival. The second study evaluated
Nr5a1þ/�;Dhh�/� mice, which had testes that lacked both
Leydig cell lineages [23]. Although the data implicated SF-1 in
the establishment of both Leydig cell lineages, the potential
influence of the Dhh�/� mutation, which is strongly influenced
by genetic background, confounded the interpretation with
respect to contributions of SF-1 [23, 65, 66, 77]. In addition,
testes of Nr5a1þ/�;Dhh�/� mice were severely dysmorphic,
with only tiny rudimentary structures present in prepubertal
and adult animals. Overall, one can conclude that Leydig cells
were absent from testes of Nr5a1þ/� compound mutants, but
the severe loss of structure and cellular composition, as well as
potential contributions from the Dhh�/� mutation, obscured the
ability to assign any direct role of SF-1 in Leydig cell
differentiation.

For the most part, distinct regulatory signals control fetal
and adult Leydig cell differentiation, which is monitored
through the activation of genes involved in steroidogenesis [31,
38, 78, 79]. One major exception to this is the Sertoli cell-
derived signaling molecule DHH, which is necessary for both
ALC and FLC differentiation [65, 66, 75, 77]. Comparison of
the Nr5a1�/�;tgþ/0 phenotype to that reported for Dhh�/� mice
revealed some interesting similarities and differences that
suggest SF-1 and DHH act along a common pathway to
support FLC development but diverge in their support of ALC
development [65, 66, 75, 77]. The concept that SF-1 and DHH
participate in the same pathway regulating FLC development
was proposed earlier in a study of Dhh�/� mice, which
indicated that DHH specifies the FLC lineage by up-regulating
Nr5a1 and Cyp11a1 expression within Ptch1-positive progen-
itor cells located in the interstitium [75].

Comparison of the in utero results of Dhh�/� and Nr5a1�/�

;tgþ/0 mice suggested that neither phenotype indicated a
disruption in the formation, proliferation, or survival of FLC
progenitors but, rather, both of them showed evidence of a
transient disruption in FLC differentiation, as indicated by
temporal delays in Cyp11a1 expression [65, 75]. However, in
Dhh�/� testes at 14.5 dpc, Cyp11a1 expression was still below
that of controls, and later time points were not evaluated [75].
Therefore, although Nr5a1�/�;tgþ/0 FLCs were shown to
recover by P0, the final status of Dhh�/� FLCs remains
uncertain. In addition, both Dhh�/� and Nr5a1�/�;tgþ/0

genotypic male mice presented with a mixture of sexual
phenotypes, indicating that fetal androgen levels and, thus,
FLC function differed among developing embryos [23, 65].
However, the Dhh�/�mouse data for sexual phenotype and that
for FLC development were reported in separate studies, and no
associations were made between FLC defects and feminization.
This contrasts with the current study in which the percentage of
Nr5a1�/�;tgþ/0 feminized male pups closely matched the
percentage of 14.5-dpc embryos (;50%) without recognizable

FLCs. In addition, to changes in FLCs, Nr5a1�/�;tgþ/0 and
Dhh�/� fetal testes both had abnormal cords structures [23, 66].
Whereas the structural abnormalities in Nr5a1�/�;tgþ/0 mice
were resolved by P0, this does not appear to be the case for
newborn Dhh�/� mice, which were reported to have irregular-
ities in the seminiferous tubules, albeit to a lesser extend than
those observed in adult animals [65].

Comparison between the results from postnatal Dhh�/� and
Nr5a1�/�;tgþ/0 mice also revealed similarities and differences
with respect to the ALC population. The most prominent
distinction was noted in testes from masculinized males, in which
ALCs were present in Dhh�/� mice and absent in Nr5a1�/�

;tgþ/0 mice [23, 65]. In the feminized males, ALCs were missing
in the testes of both Dhh�/� mice and Nr5a1�/�;tgþ/0 mice [65].
Thus, Dhh�/� mice with signs of FLC deficiency (i.e.,
feminization) also lacked ALCs, whereas those without signs
of FLC deficiency (i.e., masculinized) did not. Likewise, all
genotypic male Nr5a1þ/�;Dhh�/� mice were feminized and
lacked ALCs [23]. Therefore, a strong association exists between
loss of FLCs and loss of ALCs in the Dhh�/� and Nr5a1þ/�;
Dhh�/� mice. In contrast, this association was not observed in
Nr5a1�/�;tgþ/0 mice, as FLCs were present at birth (Fig. 4) and
ALCs failed regardless of sexual status. Hence, only residual
FLCs were present in adult testes of Nr5a1�/�;tgþ/0 mice (Fig. 5),
indicating that ALCs either failed to develop or survived. IHC
results from P8 and P10 testes implicated developmental failure,
as the peritubular progenitor cells, which expressed SF-1 and
CYP11A1, were absent or severely deficient in Nr5a1�/�;tgþ/0

testes. Interestingly, Clark et al. [65] also observed abnormal
peritubular cells in Dhh�/�mice and, consistent with the findings
herein, that the DHH receptor Ptch1 was present on peritubular
cells.

The finding that SF-1-positive and CYP11A1-positive
peritubular cells were absent from Nr5a1�/�;tgþ/0 testes and
accumulating evidence that peritubular cells are a major source
of ALC progenitors (or stem cells) suggest SF-1 is important
for the formation of ALC progenitors [34, 63, 64]. The lack of
information about SF-1 in testicular peritubular cells or their
relationship to ALC progenitors prompted further examination
of SF-1 in these cells as well as their potential to differentiate
into steroidogenic cells. Since previous studies suggested ALC
progenitors express the DHH receptor, IHC assay was used to
localize SF-1 and PTCH1 together in testis sections of wt mice,
confirming the two proteins are coexpressed in the same cells
(Fig. 7A), some of which localized to the peritubular region
[65]. Additional support for SF-1–positive peritubular cells as
ALC progenitors was provided by studies of cultured
peritubular cells. These cells expressed both SF-1 and PTCH1
and induced Cyp11a1 when treated with cAMP and RA,
indicating they differentiated toward a steroidogenic lineage
(Fig. 7). Notably, the importance of SF-1 to steroidogenic
lineage induction was previously indicated in a study that used
embryonic stem (ES) cells stably expressing SF-1 [69]. In that
study, the authors showed that treatment with cAMP and RA
induced Cyp11a1 expression in SF-1–positive ES but not in
SF-1–negative ES cells. Similar findings were obtained with
mesenchymal stem cells stably expressing SF-1, which
differentiated into steroidogenic cell lineages when treated
with cAMP [80–82]. Finally, the importance of SF-1 to ALC
progenitors is supported by transcriptome data derived from
ALCs at different stages of development [68]. These data
showed that Nr5a1 was expressed in isolated progenitors and/
or stem Leydig cells and that its expression increased upon
differentiation.

In humans, NR5A1 mutations are associated with both
adrenal and reproductive disorders (reviewed in [7]). However,
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human phenotypes associated with NR5A1 mutations vary
widely and indicate that loss of SF-1 activity has a greater
impact on reproductive function than it does on adrenal
function [7]. Accordingly, 46,XY individuals with NR5A1
haploinsufficiency typically present with reproductive disor-
ders but not adrenal insufficiency [7, 83–88]. The clinical
phenotypes of these patients range in severity from ambiguous
genitalia at birth, partial gonadal dysgenesis, and absent or
hypoplastic Mullerian structures to milder cases that include
hypospadias and cryptorchidism. Interestingly, there are also
reports of NR5A1 heterozygous mutations in 46, XY
individuals who were born female or predominantly female
and then, at puberty, were androgenized, indicating differences
between fetal and adult Leydig cell functions [7, 89]. The
phenotype of Nr5a1�/�;tgþ/0 mice is similar in several ways to
the reproductive abnormalities observed in humans with
NR5A1 mutations, particularly with respect to the range of
phenotypes associated with FLC dysfunction, suggesting the
Nr5a1�/�;tgþ/0 mice represent a unique model of SF-1
deficiency that can be used to advance our understanding of
SF-1 and its relationship to human reproductive disorders.

In summary, evaluation of Nr5a1�/�;tgþ/0 mice added to our
understanding of SF-1 Leydig cell development by distin-
guishing its roles in the fetal and adult lineages. In Nr5a1�/�

;tgþ/0 embryos, reduced SF-1 activity delayed FLC develop-
ment. Temporal differences in the delay and varying degrees of
masculinization at birth implied that, like DHH, activity of SF-
1 in utero was influenced by genetic variation between
individual animals. In contrast, ALC progenitors were absent
in Nr5a1�/�;tgþ/0 mice, and therefore, the adult lineage never
developed. To our knowledge, this is the first example of ALC
loss without corresponding loss of FLCs. With that said, many
previous studies did not evaluate both lineages, and therefore,
similar unreported examples may exist. Regardless, the
findings reported here suggest the existence of distinct
progenitor pools for the fetal and adult Leydig cell lineages,
a theory that is also supported in part by two previous studies
[79, 90]. One study, although not including ALCs, established
the existence of different Leydig progenitor cells that
contributed to FLCs [90]. The second study revealed
expression marker differences in the progenitors of ALCs
and FLCs that suggested they are regulated by distinct
signaling pathways [79]. A second interpretation of the present
findings is that there is a shared common progenitor pool for
ALCs and FLCs that was exhausted in the Nr5a1�/�;tgþ/0

mice, after forming the FLC population. Further evaluation is
required to distinguish the two possibilities.
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