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Abstract

Despite the importance of peritubular myoid (PM) cells in the histogenesis of the fetal testis, understanding the origin and

function of these cells has been hampered by the lack of suitable markers. The current study was aimed at identifying molecu-

lar markers for PM cells during the early stages of testis development in the mouse embryo. Expression of candidate marker

genes was tested by section in situ hybridisation, in some instances followed by immunofluorescent detection of protein pro-

ducts. Collagen type-I, inhibinbA, caldesmon 1 and tropomyosin 1 were found to be expressed by early-stage PM cells. These

markers were also expressed in subsets of interstitial cells, most likely reflecting their common embryological provenance

from migrating mesonephric cells. Although not strictly specific for PM cells, these markers are likely to be useful in studying

the biology of early PM cells in the fetal testis.
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Introduction

In mammals, the gonads first develop as bipotential
organs, the genital ridges, and expression of Sry initiates
development of the testes rather than ovaries in the XY
individual (Gubbay et al. 1990, Koopman et al. 1991).
Many molecular and cellular events occur downstream of
Sry that promote the differentiation of the testes. These
include proliferation of cells on the gonadal surface,
referred to as the coelomic epithelium (Schmahl et al.
2000), the migration of cells from the adjacent mesone-
phros (Capel et al. 1999), the formation of distinct vascu-
lature (Brennan et al. 2002) and the elaboration of sex
cords (Martineau et al. 1997).

Sex cords begin to form around 12.0 days post coitum
(dpc) in the mouse, dividing the testis into two compart-
ments. The interstitial compartment surrounding the sex
cords is the site of steroid hormone synthesis and the for-
mation of vasculature. The sex cords themselves comprise
primordial germ cells that will develop into sperm, Sertoli
cells that interact with the germ cells throughout their
development, and a surrounding layer of peritubular
myoid (PM) cells. Although the sex cords serve primarily
to nurture sperm production and ultimately provide a
means for sperm export from the testis, their initial for-
mation surprisingly does not depend on the presence of

germ cells in the nascent testis: dominant white-spotting
(W) mutant embryos in which a c-Kit mutation abrogates
the migration of the germ cells into the gonads, develop
somatically normal sex cords (Buehr et al. 1993b).

An understanding of the contribution of Sertoli cells to
gonadal development has relied on the use of several mol-
ecular markers, particularly Sry (Albrecht & Eicher 2001),
Sox9 (Kent et al. 1996) and Amh (Münsterberg and Lovell-
Badge 1991, Hacker et al. 1995). There is strong evidence
that pre-Sertoli cells arise from a population of somatic
cells originating at the coelomic epithelium (Karl & Capel
1998, Albrecht & Eicher 2001, Bullejos & Koopman 2001)
and that they act as organising centres to direct the differ-
entiation of all other cell types. Although they are essen-
tial components of sex cords, Sertoli cells develop
independently of cord formation, as evidenced by the use
of hedgehog pathway blockers that interrupt cord for-
mation but not expression of Sertoli cell markers such as
Sox9 (Yao & Capel 2002).

PM cells appear to develop from precursors that migrate
from the mesonephros shortly after peak expression of
Sry (Martineau et al. 1997). Mouse fetal gonadal explant
cultures have shown that without a mesonephros, the tes-
tis will not form sex cords (Buehr et al. 1993a), demon-
strating the importance of migrating mesonephric cells in
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this process. However, the lack of a specific marker has
made it difficult to prove conclusively the provenance of
the PM cells and study their role in sex cord formation.

In the present study we generated a list of candidate
genes that could be evaluated as potential markers of very
early PM cells. This list was based on the known charac-
teristics and behaviour of PM cells. For example, PM cells
are known to cooperate with Sertoli cells to generate
basement membrane (Skinner et al. 1985); Sertoli and PM
cells have been shown to contribute different components
of this membrane, suggesting that a subset of extracellular
matrix molecules and the genes that encode them may be
PM cell-specific. Further, in postnatal stages of gonadal
development, PM cells have a smooth muscle-like pheno-
type, raising the possibility that they might express mar-
kers of smooth muscle cells (Tripiciano et al. 1998,
Campagnolo et al. 2001, Nishino et al. 2001). We also
tested several genes found in molecular screens to be
male-specific (Bowles et al. 2000, McClive et al. 2003),
such as inhibinbA (Inhba), caldesmon 1 (Cald1) and
tropomyosin 1 (Tpm1) that show a distinctive expression
pattern around the edge of the sex cords in wholemount
in situ hybridisation (ISH), as would be expected for a
gene expressed by PM cells. Our results suggest that early
PM cells show a profile of marker expression that largely
overlaps with that of other interstitial types, perhaps
reflecting their common origin as immigrant cells from the
mesonephros.

Materials and Methods

All experiments involving animal tissue were approved
by the Animal Ethics Committee at the University of
Queensland.

Mouse lines and preparation of embryo tissue

Pregnant outbred Swiss Quackenbush mice (Central Ani-
mal Breeding House, Pinjarra Hills, Brisbane) were killed
by cervical dislocation. Embryos were explanted and
staged by hind limb morphology. The sex was determined
by PCR for the Y-chromosomal gene Zfy as described
(Hogan et al. 1994). Embryos were fixed in 4% paraformal-
dehyde in PBS overnight at 4 8C, dehydrated through an
ethanol/PBS series, washed in toluene, equilibrated with
paraffin wax at 65 8C and mounted in 100% paraffin. Alter-
natively, embryos for cryosectioning were equilibrated in
30% sucrose/PBS, then 50% sucrose/OCT mounting med-
ium (TissueTek, Bayer Corp, Pittsburgh, PA, USA),
embedded in OCT, frozen on dry ice, and stored at 280 8C.

ISH probes

ISH probes were generated by PCR using cDNA from
12.5 dpc mouse gonadal tissue and cloned into the
pGEM-Teasy vector (Promega), according to the manufac-
turer’s instructions. The primers used to amplify the genes

were: TrkC (high-affinity receptor for neurotrophin 3 (NT3))
(accession number NM_008746) forward: GCCTGAGGTA-
CGCCTGGAACAT, reverse: CATATGTGTCTGGCTTGTGG-
CAAT; collagen type-1 (Col1a1) (NM_007742) forward:
GCCACCTCAAGAGAAGTCTCAAGA, reverse: GTGCTGTA
GGTGAAGCGACTGTT; alpha smooth muscle actin
(aSma) (NM_007392) forward: CTCCCTGGAGAAGAGCT-
ACGAACT, reverse: GTCACATCTATTCCTGACCACTAGA;
desmin (Des) (NM_010043) forward: CACAGCAACAACAT-
GAAGTGCTGTA, reverse: CAGGCTGGGGATGTCCACA-
AACT; and fibronectin (Fn) (NM_010233) forward: AGAT-
GACTCATGCTTTGACCC, reverse: TGCTGAAGCTGAGAA
CATGGC. The ISH probe for Inhba corresponds to nucleo-
tides 453–1272 of accession number BC053527. The ISH
probe for Cald1 corresponds to nucleotides 286–892 of
EST AV024348. The Tpm1 ISH probe corresponds to
nucleotides 721–1404 of NM_024427.

Section ISH (SISH)

SISH was performed on 12mm sections of frozen, tail
somite-staged male embryos as described previously
(Schaeren-Wiemers & Gerfin-Moser 1993) with the fol-
lowing modifications: after hybridisation, slides were trea-
ted with 10mg/ml RNaseA in 50 mM Tris–HCl (pH 7.5),
150 mM NaCl, to remove remaining unbound probe;
immunological detection of anti-digoxigenin antibody was
carried out with NBT/BCIP (Roche) according to the man-
ufacturer’s instructions; and sections were mounted with
Mount-Quick aqueous medium (Daido Sangyo, Tokyo,
Japan).

Section immunofluorescence

Immunofluorescence was carried out on either 8mm par-
affin sections dried at room temperature overnight, or
12mm cryosections, dried at room temperature for 2 h.

Paraffin immunofluorescence

Slides were dewaxed by two 10 min washes in xylene,
re-hydrated and boiled for 3 min in Antigen Unmasking
Solution (Vector Laboratories), then incubated at room
temperature for 20 min. The slides were washed for
10 min in water and 10 min in 0.1% Triton-X in PBS
(PBTx0.1%). Subsequent steps were performed as for cryo-
section immunofluorescence.

Cryosection immunofluorescence

Slides were washed three times in PBTx0.1% for 5 min and
blocked for 1–2 h at room temperature in blocking buffer
(10% heat-inactivated sheep serum in PBTx0.1%). The sec-
tions were incubated with the respective primary antibody
dilution in blocking buffer at 4 8C overnight. Antibodies
were removed with three washes in PBTx0.1%, and slides
re-blocked for 1–2 h at room temperature. Secondary
antibodies were incubated at room temperature for 2 h.
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The secondary antibodies were removed with three PBS
washes before mounting with a 60% glycerol/PBS sol-
ution. Primary antibodies used were: anti-p75/neurotro-
phin receptor (NTR) (Chemicon), 1:400; anti-platelet
endothelial cell adhesion molecule-1 (PECAM-1) (Pharmi-
nogen), 1:300; anti-TPM1 (gift from P Gunning, The Chil-
dren’s Hospital at Westmead, Parramatta, NSW, Australia),
1:250; and anti-steroidogenic factor-1 (SF-1) (gift from K-I
Morohashi, National Institute for Basic Biology, Okazaki,
Japan), 1:200. Secondary antibodies used were: goat anti-
rabbit Alexa Fluor 594, donkey anti-rat Alexa Fluor 488,
goat anti-mouse Alexa Fluor 594, and goat anti-rabbit
Alexa Fluor 488 (Molecular Probes), all used at 1:200.

Image capture

H&E images were captured on an Olympus IX-70 inverted
microscope with a Spot digital camera and Spot version
3.2.6 software. SISH images were captured with a Leica
DM6000B compound microscope and Leica DC500 digi-
tal camera with Image Manager IM1000 software. Immu-
nofluorescence images were captured with a Bio-Rad
Radiance 2000 MP confocal microscope using Lasersharp
2000 software.

Results

In the past, the identification of PM cells in the mouse
embryonic testis has been based on the characteristic flat-
tened morphology they acquire when they have assembled
into sex cords by 13.5 dpc (Fig. 1A and C). In order to find
a molecular marker with which to identify PM cells prior to
this time point, and to study their role in the early develop-
ment of testes, we evaluated a number of candidates
suggested by the assumed origin, properties and behaviour
of PM cells at different developmental stages.

Candidates relating to cell migration

Sandwich organ culture experiments have alluded to
the presence of a chemoattractant that diffuses from the
nascent testis to induce immigration of cells from the
mesonephros (Martineau et al. 1997, Tilmann & Capel
1999). If PM precursor cells were part of this migrating
cell population, they would be expected to express the
receptor for such a chemoattractant. Previous studies have
identified p75/NTR, the low-affinity receptor tyrosine
kinase for the nerve growth factor family, as a marker of
migrating mesonephric cells (Campagnolo et al. 2001).

We found that PM cells express p75/NTR at 13.5 dpc
(Fig. 1B and D). However, the expression was not
restricted to PM cells, labelling also vascular endothelial
cells identified by expression of the marker PECAM-1
(Fig. 1B and D). These cells have been shown to migrate
into the gonad from the adjacent mesonephros. The
observed pattern of staining suggests that p75/NTR is an
effective marker for migrating mesonephric cells, but is
not specific for PM precursor cells.

Further studies have examined the effects of NT3 and its
high-affinity receptor TRKC on the morphogenesis of the
developing gonad. Beads containing NT3 induced the
migration of mesonephric cells into the ovary, suggesting
that cells in the mesonephros express the receptor TRKC
(Cupp et al. 2003). To test whether TrkC expression is
specific for PM precursor cells, we performed SISH on
13.5 dpc mouse embryos. As expected (Tessarollo et al.
1993), we detected TrkC in the central nervous system
(Fig. 2E and F); however, no specific signal for TrkC could
be detected in 13.5 dpc testis (Fig. 2C and D) above that
obtained using a sense RNA probe as control (Fig. 2A and
B). It is possible that expression of the receptor is down-
regulated immediately after immigrant mesonephric cells
enter the gonads, and can no longer be detected by

Figure 1 Flattened morphology and expression
of p75/NTR in PM cells. (A, C) H&E staining of
a 13.5 dpc mouse embryo section shows flat-
tened PM cells (arrows) at the periphery of a
sex cord (SC). (B, D) Immunofluorescence stain-
ing of 13.5 dpc mouse embryo section using
antibodies to PECAM-1 (green) and p75/NTR
(red). Arrows indicate PM cells at the periphery
of the sex cord, with positive staining for
p75/NTR. Cells expressing both p75/NTR and
PECAM-1 are thought to be endothelial cells
(arrowheads; yellow). T, testis; M, mesonephros;
L, liver; SC, sex cord; Int, interstitium. Rec-
tangles in (A, B) are shown enlarged in (C, D).
Scale bar ¼ 200mm (A), 100mm (B), 33mm
(C, D).
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13.5 dpc. Alternatively, it may be that the NT3/TRKC sig-
nalling pathway does not function in vivo to induce PM
cell migration.

Candidates relating to basement membrane
production in the sex cords

An important component of the sex cords is the basement
membrane formed by, and between, Sertoli and PM cells.
Studies with adult primary cell cultures have shown that
monocultures of Sertoli or PM cells differentially express
specific extracellular matrix components (Skinner et al.
1985). Of these, only PM cells expressed Fn and Col1a1,
indicating that these genes might be useful as PM cell
markers in the embryonic stages of gonadal development
in vivo, and prompting their inclusion in this study.

At 12.5 dpc, Col1a1 expression could be seen in the
mesonephros but not in the gonad (Fig. 3A and B). By
13.5 dpc, Col1a1 expression was detected in the mesone-
phros as well as the interstitium and PM cells of the gonad
(Fig. 3C and D). This indicates that Col1a1 expression is
up-regulated in the testis between 12.5 and 13.5 dpc,
coinciding with the time when PM precursors begin to
interact with Sertoli cells to produce the basement mem-
brane components.

The expression pattern of Fn was found to be dynamic
with respect to its cell type specificity. At 13.5 dpc, Fn
expression was confined to the germ cells inside the sex
cords (Fig. 3E and F). By 15.5 dpc, Fn expression subsided
in the germ cells possibly as a delayed response to with-
drawal from the cell cycle between 12.5 and 13.5 dpc. Fn
was up-regulated in cells in the interstitial space and in
PM cells (Fig. 3G and H). These results identified Fn as a
possible marker for PM cells at stages of testis develop-
ment from 15.5 dpc onwards.

Candidates relating to smooth muscle-like phenotype

In postnatal stages of gonadal development, PM cells
develop a smooth muscle-like phenotype, expressing
smooth muscle markers aSma (Palombi et al. 1992) and Des
(Virtanen et al. 1986), and contracting in vitro after exposure
to prostaglandin F2a (Tripiciano et al. 1998). However, it is
not known when PM cells start to express these markers.

In order to identify the onset of aSma and Des
expression, we performed SISH of mouse embryos at differ-
ent stages. While there was no expression of Des in the XY
gonad at 13.5 dpc (Fig. 4A and B) or 14.5 dpc (data not
shown), aSma expression was seen in a distinct
pattern around the edge of the XY gonad, but not the XX

Figure 2 The high-affinity receptor for NT3, TrkC, is
not expressed in PM cells at 13.5 dpc. In situ
hybridisations showing (A, B) TrkC sense control on
a 13.5 dpc XY embryo cryosection shows no
specific signal, as expected. (C, D) TrkC antisense
probe shows no specific signal, with no staining of
PM cells (arrows). (E, F) Positive control showing
specific staining of cells of the spinal cord (arrow-
heads). [S], sense probe; [AS] antisense probe. T,
testis; K, kidney; SC, sex cord; V, vertebra. Rec-
tangles in (A, C, E) are shown enlarged in (B, D, F).
Scale bar ¼ 200mm (A, C, E), 50mm (B, D, F).
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gonad, at both 13.5 dpc (data not shown) and 14.5 dpc
(Fig. 4C and D), and in the mesonephric tubules (Fig. 4D).
This reflected expression in the tunica albuginea, a smooth
muscle sheath that covers the testis but not the ovary (Karl
& Capel 1998), at similar levels to the staining seen in posi-
tive control smooth muscle tissue such as in the lining of
the small intestine (Fig. 4F). This contrasted with the nega-
tive control, hybridised with sense RNA probe, which
showed no specific signal (Fig. 4E). The absence of Des and
aSma expression in PM cells at 13.5 and 14.5 dpc suggests
that they do not acquire a smooth muscle-like molecular
phenotype until a later stage of testis development.

Candidates arising from expression screens

Molecular screens have identified several genes that
are male-specifically expressed during mouse gonadal

development and show a characteristic expression pattern
around the sex cords that might result from specific
expression in PM cells (Bowles et al. 2000, McClive et al.
2003). These genes, Inhba, Cald1 and Tpm1, were tested
by SISH to identify the cells that express these genes. Both
Inhba (Fig. 5A and B) and Cald1 (Fig. 5C and D)
expression was localised to PM cells and cells of the inter-
stitium. The third candidate, Tpm1, was examined at
the mRNA (Fig. 5E and F) and protein (Fig. 5G and H)
level, and in both cases was detected in PM and other
interstitial cells.

Discussion

Understanding the biology of any cell type in vivo relies,
in part, on having reliable visualisation tools. A robust cell

Figure 3 Genes encoding extracellular matrix pro-
teins are expressed by PM cells. In situ hybridis-
ations showing Col1a1 expression in the
mesonephros, but not the gonad, of a 12.5 dpc XY
embryo (A, B). By 13.5 dpc, Col1a1 is expressed in
the PM cells (arrows) and cells of the interstitium
(Int) (C, D). At 13.5 dpc, Fn is expressed in the
germ cells within the sex cords (SC) (E, F), whereas
at 15.5 dpc (G, H), Fn expression can be seen in
PM cells (arrows) and cells of the interstitium (Int).
T, testis; M, mesonephros; L, liver; K, kidney; SC,
sex cord; Int, interstitium. Rectangles in (A, C, E, G)
are shown enlarged in (B, D, F, H). Scale
bar ¼ 200mm (A, C, E, G), 50mm (B, D, F, H).
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marker not only distinguishes between different cell types,
but depending on the marker, can also provide infor-
mation on the developmental state of the cell type. For
example, much has been learned about the biology of
primordial germ cells and the early development of the
Sertoli cell using the markers alkaline phosphatase and
anti-Müllerian hormone respectively (Tran et al. 1987,
Ginsburg et al. 1990). Without specific markers for PM
cells in the early testis, opportunities for study of the role
of these cells in testicular development are limited.

The common mesenchymal origin of PM and other
interstitial cells from migrating mesonephric cells suggests
molecular similarities between all these cell types, com-
plicating the search for a cell type-specific marker. Never-
theless, at some time in gonadal development, the PM
lineage will be determined and become distinguishable
from the surrounding cells by a unique pattern of gene
expression.

At what point does a PM-specific molecular signature
arise? The population of migrating mesonephric cells may
be pluripotent, with a subset instructed to differentiate as
PM cells through interaction with pre-Sertoli cells around
12.0 dpc. Alternatively, the migrating mesonephric cells
may be pre-determined, in which case the molecular
hallmarks of PM cell fate may exist from as early as
11.5 dpc, when migration begins. This latter explanation is

consistent with the experimental observation that geneti-
cally marked migrating mesonephric cells in explant
organ cultures have the potential to develop into distinctly
different cell types, as judged by morphology and
expression of different cell markers (Nishino et al. 2001).

Irrespective of when a PM cell is first determined, the
flattened morphology of a PM cell by 13.5 dpc, around
the edge of the sex cords, phenotypically distinguishes the
lineage from the surrounding lineages. It is reasonable to
assume that by 13.5 dpc, PM cells express a specific gene,
or complement of genes, associated with this morphology
or with their contribution to basement membrane pro-
duction in the sex cords.

The present study showed that Col1a1, Inhba, Cald1 and
Tpm1 were all expressed in early PM cells, albeit not
uniquely. Further investigation may reveal a combination
of these markers that is unique to PM cells as distinct from
other mesonephros-derived cell types of the early testis.
Notably, the anti-TPM1 antibody used in this study
recognises isoforms 1, 2, 3 and 6 of this protein (Kee et al.
2004), and the ISH probe is not isoform-specific. It is
unclear whether all isoforms are expressed in all
TPM1-positive cells, or whether some isoforms are specific
to a certain cell type, as has been suggested by other
studies examining expression of Tpm1 (Denz et al. 2004).
A more complete expression analysis is required with

Figure 4 Expression of smooth-muscle markers
aSma and Des at 13.5 dpc. In situ hybridisations
showing (A, B) expression of Des in smooth muscle
tissue (arrowhead), but not in PM cells (arrows), at
13.5 dpc. (C, D) Expression of aSma at the periph-
ery of the testis in the tunica albuginea (TA; aster-
isk). PM cells (arrows) lacked aSma expression. (E)
Sense control probe for aSma showing no specific
signal. (F) Positive control smooth muscle tissue in
the lining of the small intestine (SI). T, testis,
demarcated with a dotted line in (A); K, kidney; M,
mesonephros; TA, tunica albuginea; MT, meso-
nephric tubule; SI, small intestine; L, liver. Rec-
tangles in (A, C) are shown enlarged in (B, D).
Scale bar 200mm (A, C, E, F), 50mm (B, D).
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isoform-specific antibodies or ISH probes in order to con-
clude which isoforms are expressed in which cells.

The expression of Col1a1, Inhba, Cald1 and Tpm1
by some interstitial cells limits the usefulness of these
molecules as markers of PM cells, and a marker showing
complete cell-type specificity remains an important goal in
the field. The extensive lists of genes encountered in various
molecular screens (Bowles et al. 2000, Grimmond et al.

2000, Wertz & Herrmann 2000, Menke & Page 2002,
McClive et al. 2003) may provide additional candidates for
such studies. Alternatively, potential chemoattractant recep-
tors involved in signalling pathways other than the
NT3/TRKC pathway may yield a marker specific for
migrating PM cells in vivo. In the interim, genes found in
this study to be expressed by PM cells may provide an ave-
nue for further investigation into PM cell biology.

Figure 5 Expression at 13.5 dpc of can-
didates arising from molecular
screens. In situ hybridisations showing
expression of Inhba (A, B), Cald1 (C,
D) and Tpm1 (E, F) in PM cells
(arrows) at the edge of the sex cords
(SC), as well as in cells of the intersti-
tium (Int). (G, H) TPM1 protein (red)
was detected by immunofluorescence
in PM cells (arrows) and cells of the
interstitium (Int). SF-1 (green) labels
the somatic cells (Leydig and Sertoli)
of the gonad. T, testis; M, mesone-
phros; L, liver; SC, sex cord; Int, inter-
stitium; K, kidney. Rectangles in (A, C,
E, G) are shown enlarged in (B, D, F,
H). Scale bar ¼ 200mm (A, C, E),
100mm (G), 50mm (B, D, F, H).
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