Pdgfr-a mediates testis cord organization
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During testis development, the rapid morphological changes initiated by Sry require the coordinate integration
of many signaling pathways. Based on the established role of the platelet-derived growth factor (PDGF) family
of ligands and receptors in migration, proliferation, and differentiation of cells in various organ systems, we
have investigated the role of PDGF in testis organogenesis. Analysis of expression patterns and
characterization of the gonad phenotype in Pdgfr-o~/~ embryos identified PDGFR-« as a critical mediator of
signaling in the early testis at multiple steps of testis development. Pdgfr-o~/~ XY gonads displayed
disruptions in the organization of the vasculature and in the partitioning of interstitial and testis cord
compartments. Closer examination revealed severe reductions in characteristic XY proliferation, mesonephric
cell migration, and fetal Leydig cell differentiation. This work identifies PDGF signaling through the o
receptor as an important event downstream of Sry in testis organogenesis and Leydig cell differentiation.
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Organogenesis of the gonad is unique in that both the
testis and ovary are derived from an initially bipotential
tissue, the genital ridge. Development diverges when Sry
is expressed during a narrow window of time between
10.5 and 12.5 days postcoitum (dpc) in the XY gonad,
resulting in rapid morphological changes that produce a
characteristic testis morphology by 12.5 dpc. At this
stage, the organization of testis cords defines two com-
partments of the testis. Inside testis cords are the Sertoli
cells, which support the development of primordial germ
cells, are the cell type that expresses Sry, and are be-
lieved to orchestrate testis organogenesis. Peritubular
myoid cells surround the cords and participate with Ser-
toli cells in the production of basal lamina. The intersti-
tial compartment lies between testis cords and contains
steroid-secreting Leydig cells, fibroblasts, and the char-
acteristic vasculature of the testis.

Although no direct targets of Sry have been identified,
several developmental processes in the gonad depend on
Sry and occur soon after Sry is expressed. One early event
is an increase in proliferation of cells at the coelomic
surface of the XY gonad (Schmahl et al. 2000). Prolifera-
tion occurs in two stages. The first stage of proliferation
occurs between 11.2 and 11.5 dpc and gives rise to Sertoli
cell precursors. The second stage of proliferation occurs
between 11.5 and 12.0 dpc and gives rise to other, un-
characterized somatic cells of the testis (Karl and Capel
1998; Schmahl et al. 2000). The adjacent mesonephros is
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an additional source of cells for the XY gonad. Migration
of cells from the mesonephros is dependent on Sry (Capel
et al. 1999) and is required for organization of testis cords
(Buehr et al. 1993; Merchant-Larios et al. 1993; Martin-
eau et al. 1997; Tilmann and Capel 1999). The migrating
cell population includes peritubular myoid cells and
many endothelial and perivascular cells that contribute
to divergent vascular development in the XY gonad
(Brennan et al. 2002). The origin of fetal Leydig cells has
not been clarified, but several sources have been sug-
gested, which include the coelomic epithelium (Karl and
Capel 1998), a migrating mesonephric population (Mer-
chant-Larios and Moreno-Mendoza 1998; Nishino et al.
2001) that may include neural crest cells (Middendorff et
al. 1993; Mayerhofer et al. 1996), or a common early
precursor of the adrenal steroid cells (Hatano et al. 1996).

Very little is known about the genetic signaling path-
ways operating downstream of Sry that control the cell-
ular mechanisms of testis organogenesis. Using a can-
didate approach, we investigated the platelet-derived
growth factor (PDGEF) family of ligands and receptors,
which have well-characterized roles in the proliferation
and migration of mesenchymal cell types, particularly
smooth muscle and endothelial cells (Betsholtz et al.
2001). There are two identified PDGF receptors, a and B,
and four ligands, A, B, C, and D. Different combinations
of ligands and receptors can homo- and heterodimerize
and activate several distinct and overlapping intracellu-
lar pathways (for review, see Heldin and Westermark
1999; Klinghoffer et al. 2001). PDGFR-a has a broader
specificity for ligand binding and can bind PDGF-A,
PDGEF-B, and PDGF-C homodimers as well as PDGF-AB
heterodimers, whereas PDGFR-$ can bind only PDGF-B
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and PDGF-D homodimers. Generally, Pdgf ligands are
expressed by epithelial or endothelial cells, whereas
mesenchymal cells express Pdgf receptors. Proliferation
and migration of mesenchymal cells in response to
PDGEF signaling contribute to the morphogenesis and in-
tegrity of epithelial and endothelial structures as shown
by genetic disruptions that affect tissues such as the
lung, the kidney, and the intestine (Soriano 1994;
Bostrom et al. 1996; Lindahl et al. 1998; Karlsson et al.
2000).

Previous expression data (Gnessi et al. 1995) and re-
cent genetic data have provided some insight into the
involvement of PDGFs in the postnatal development of
the testis. In the Pdgf-A~/~ testis, very few adult Leydig
cells develop, leading to a reduction in testis size and
spermatogenic arrest by 32 days postnatal (dpn). Adult
Leydig cells are not derived from fetal Leydig cells, but
instead arise as a separate, distinct cell population after
birth (Ariyaratne et al. 2000). Although fetal stages were
not examined, two pieces of evidence implied that fetal
Leydig cell development was normal. First, normal num-
bers of fetal Leydig cells were reported in Pdgf-A~/~ go-
nads at 10-25 dpn, just before they are replaced by adult
Leydig cells. Second, testicular descent and masculiniza-
tion occurred normally, indicating that fetal Leydig cells
were present during fetal development and produced tes-
tosterone. (Gnessi et al. 2000). The role of PDGF signal-
ing in the embryonic testis has not been investigated in
detail. A recent study using the PDGEFR tyrosine kinase
inhibitor, AG1296, implicated PDGF signaling in rat fe-
tal testis cord development (Uzumecu et al. 2002). Large,
dilated cords were noted in the treated samples, although
the cellular and molecular basis for the defect was not
characterized, and the role of specific PDGF receptors
and ligands was not addressed.

Our examination of gonads from Pdgfr-~/~ mice (So-
riano 1994) revealed no overt defects in early XY or XX
development at 11.5-13.5 dpc, ruling out a critical role
for this receptor (K. Tilmann, unpubl.). These data led us
to focus our study on PDGFR-a and its ligands PDGF-A,
PDGF-B, and PDGEF-C. We found that Pdgfr-a and Pdgf-A
display a sexually dimorphic expression pattern in the
gonad. To examine the potential roles of these factors in
gonad development, we analyzed gonad development in
Pdgfr-a~/~ mice. These studies uncovered a sex-specific
role for PDGFR-a signaling in promoting cord formation,
proliferation, endothelial cell migration, and Leydig cell
differentiation. We also provide data placing PDGF sig-
naling in a parallel pathway with Dhh, which is ex-
pressed in Sertoli cells and is the only other fetal Leydig
cell factor identified thus far (Yao et al. 2002).

Results

Pdgfr-a and its ligands are expressed in unique
patterns during early testis development

We examined the RNA expression patterns of Pdgfr-a
and its ligands in XX and XY gonads between 11.5 and
13.5 dpc. Pdgfr-a was expressed at low levels in the mes-
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enchyme of the mesonephros at 11.5 dpc in both sexes
(Fig. 1A). High expression was detected in the coelomic
epithelium, and at the gonad-mesonephros border at
11.5 dpc in both sexes (Fig. 1A, white arrows). However,
expression was seen on cells in the interior of the XY,
but not the XX gonad. By 12.5 dpc, expression was very
strong in the interstitial cells of the XY gonad, particu-
larly in the region near the coelomic epithelium,
whereas, in the XX gonad, there was expression in only a
few scattered cells (Fig. 1A).

Three ligands bind the PDGFR-a receptor: PDGF-A,
PDGF-B, and PDGF-C. Expression of Pdgf-A was de-
tected in both XX and XY gonads and in the mesonephric
tubules (Fig. 1B, asterisk) at 11.5 dpc (Fig. 1B). By 12.5
dpc, Pdgf-A was strongly expressed in Sertoli cells
within testis cords of the XY gonad in contrast to a much
lower level of expression detected in the XX gonad (Fig.
1B). Pdgf-B expression was also present in XX and XY
gonads at early stages, but at low levels in a small num-
ber of cells, which could easily be identified as exclu-
sively endothelial by 13.5 dpc (Fig. 1C, arrow). Pdgf-C, a
newly characterized ligand that binds and activates the
Pdgfr-a receptor, was expressed in a similar, unique pat-
tern in both sexes. At 11.5 dpc, we detected expression of
Pdgf-C in the coelomic epithelium as previously re-
ported (Ding et al. 2000), as well as strong expression at
the gonad/mesonephros boundary and at lower levels in
a scattered population of cells within the gonad. By 12.5
dpc, expression was restricted to the mesonephros/gonad
boundary with little or no expression in the gonad itself
(Fig. 1C, arrow).

Because of the robust, sexually dimorphic expression
of Pdgfr-a and Pdgf-A, they represent the strongest can-
didates for PDGF signaling in the testis. However, the
nonoverlapping expression patterns of the three PDGF
ligands suggest they may perform unique, restricted
functions during testis development.

Pdgfr-o/~ XY gonads have defects in testis cord
formation and vascular development

To determine the role of PDGF signaling in testis devel-
opment, we first examined testis structure in Pdgfr-a ™/~
gonads. We labeled 12.5-dpc gonads with antibodies
against laminin (Fig. 2, green), which outlined testis
cords, and PECAM (Fig. 2, red), which labeled endothe-
lial and germ cells. By 12.5 dpc, wild-type and heterozy-
gous XY gonads began to separate into testis cord and
interstitial compartments (Fig. 2A). The coelomic vessel
formed at the dorsal/ventral boundary under the coelo-
mic epithelium (arrowhead), and vessels branched from
the coelomic vessel into the interstitium between testis
cords of the XY gonad (arrows). No differences were seen
between wild-type and heterozygous littermates. In con-
trast, Pdgfr-a/~ XY gonads failed to subdivide into
proper testis cord and interstitial compartments. Al-
though the coelomic vessel was present (Fig. 2B,C, ar-
rowhead), fewer branches descended between forming
testis cords in all samples analyzed (n = 8). In 2 out of 8
gonads, there was a defect in the organization of the coe-
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A

Figure 1. Expression of Pdgfr-a and Pdgf ligands at early stages of gonad development. In all figures anterior is to the left and the gonad

is located on top of the mesonephros, positioned between the two white arrows as in A. (A) Pdgfr-a was expressed at the coelomic
epithelium and mesonephros/gonad boundary (arrows) as well as on scattered cells in the interior of XY but not XX gonads. Expression
was also detected at lower levels on mesenchymal cells of the mesonephros. Expression of the receptor was very strong in interstitial
cells of the XY gonad at 12.5 dpc, but at much lower levels in the XX gonad. (B) Pdgf-A was expressed in both XY and XX gonads at
11.5 dpc as well as in the mesonephric tubules (*). High levels of Pdgf-A were detected inside the testis cords of XY gonads at 12.5 dpc
(arrows), whereas expression was uniformly detected at low levels in 12.5-dpc XX gonads. (C) Pdgf-B is expressed in the gonad at low
levels at 11.5 dpc. By 13.5 dpc, expression is exclusively endothelial, concentrated in the coelomic vessel of XY gonads (arrow). Pdgf-C

expression is mainly concentrated at the mesonephros/gonad boundary of both XY gonads from 11.5 to 13.5 dpc (arrow).

lomic vessel, and an increased number of endothelial
cells were observed under the coelomic surface that was
not organized as part of the coelomic vessel (Fig. 2C, red
arrowhead). By 13.5 dpc, XY gonads from Pdgfr-a ™/~ mice
had formed some testis cords, but they were reduced in
number and abnormally shaped (Fig. 2E) as compared
with control littermates (Fig. 2D). No defects in ovarian
development were detected in Pdgfr-o~/~ XX gonads (data
not shown).

Fetal Leydig cell differentiation requires PDGFR-a

To determine if PDGFR-a is required for the specifica-
tion of XY cell types, we examined Pdgfr-a~/~ gonads for
the expression of markers specific to the Sertoli and Ley-
dig cell lineages between 12.5 and 13.5 dpc by in situ
hybridization. Expression levels of the Sertoli cell

802 GENES & DEVELOPMENT

marker, Sox9, were similar in 12.5-dpc wild-type, hetero-
zygous (Fig. 3A), and mutant (Fig. 3B) gonads. Sox9 nega-
tive areas corresponding to the interstitium between tes-
tis cords (Fig. 3A, arrows) were absent or severely re-
duced in 12.5-dpc Pdgfr-a~/~ gonads (Fig. 3B). The Leydig
cell marker, P450 side chain cleavage (Scc), was ex-
pressed by many interstitial cells in wild-type XY gonads
(Fig. 3C). However, in Pdgfr-a~/~ XY gonads, Scc was ex-
pressed at much lower levels or not at all (Fig. 3D), in-
dicating that fetal Leydig cell differentiation in these go-
nads was severely impaired. It has been proposed that the
steroid-secreting cells of the gonad and adrenal gland
share a common progenitor (Hatano et al. 1996). Nor-
mally, Scc-positive cells are readily detected by 12.5 dpc
in adrenal samples, as in XY gonads. This expression is
unaltered in adrenals from Pdgfr-a~/~ embryos (data not
shown), suggesting that the defect in Leydig cell differ-
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Figure 2. Analysis of Pdgfr-a™/~ testis structure at 12.5-13.5 dpc. (A) At 12.5 dpc, Pdgfr-a*’* and Pdgfr-a*/~ XY gonads have begun to
form testis cords as outlined by laminin deposition (green). Staining with the endothelial and germ-cell marker PECAM (red) shows
the formation of the coelomic vessel (arrowhead) and branches from the vessel that extend between testis cords (arrows). (B,C) In
12.5-dpc Pdgfr-a~/~ XY samples, subdivision of testis cord and interstitial compartments had not occurred and the coelomic vessel
(arrowhead) had formed few distinct branches between cords (arrows). (C) In a small proportion of samples, the coelomic vessel was
not organized normally, and an increased number of endothelial cells was observed under the coelomic surface that were not organized
as part of the coelomic vessel (red arrowhead). (D) By 13.5 dpc, testis cords (TC, black arrow) separated by regular interstitial spaces
(white arrow) are well formed in Pdgfr-a*/~ gonads. (E) At 13.5 dpc, Pdgfr-«~/~ XY gonads had formed large, abnormally shaped testis
cords (TC, black arrow) separated by irregular interstitial spaces (white arrow).

entiation observed in XY gonads does not occur at the
level of a common precursor for these two steroid cell
populations.

Desert hedgehog (Dhh) signaling was recently shown
to be necessary for fetal Leydig cell development (Yao
et al. 2002). We examined whether these two pathways
interact to direct Leydig cell differentiation. We found
that expression of Pdgfr-a and Pdgf-A (data not shown)
was unaffected in Dhh™/~ XY gonads. Dhh expres-
sion was absent in Pdgfr-a/~ XY gonads at 11.5 dpc,
when expression has normally initiated in wild-type
XY gonads (Fig. 3E,F), but by 12.5 dpc expression was
similar to normal levels (Fig. 3G,H). In contrast, expres-
sion of the Dhh receptor, Ptchl, is still significantly re-
duced at 13.5 dpc (Fig. 3]) compared with control samples
(Fig. 31).

Pdgfr-o/~ XY gonads have defects
in sex-specific proliferation

PDGFs have been shown to act as potent mitogens for
many different cell types (for review, see Heldin and
Westermark 1999). The severe reduction in interstitial
and Leydig cells in Pdgfr-o/~ XY gonads could result
from a defect in proliferation. To examine proliferation

in Pdgfr-/~ XY gonads, we injected pregnant females
with BrdU at stages when characteristic XY proliferation
at the coelomic epithelium has been shown to occur
(Schmabhl et al. 2000). The first wave of XY proliferation
(11.2-11.5 dpc) occurs in cells at the coelomic surface
that express high levels of Steroidogenic factor 1 (SF1,
green) and divide to produce Sertoli cells as well as in-
terstitial cells (Karl and Capel 1998; Schmabhl et al. 2000).
At 11.5-12.0 dpc, Pdgfr-o*/~ and Pdgfr-o/~ XY gonads
contained equivalent numbers of SFl-positive cells
(green), indicating that initial proliferation was not de-
fective in mutant samples. However, the proportion of
proliferating SF1-positive cells within the gonad (below
dashed line) was reduced by ~70% [Fig. 4A,B; arrowheads
indicate yellow cells positive for BrdU (red) and SF1
(green)]. In addition, we found that the second wave of
proliferation, which occurs in cells at the coelomic sur-
face that express low levels of SF1, was reduced by ~60%
compared with wild-type levels (Fig. 4A,B, red cells
above dashed line).

Cells proliferating at the coelomic surface at this stage
(11.5-12.0 dpc) give rise to unidentified interstitial cells,
which could represent progenitors of the Leydig cell
population. To test the hypothesis that proliferating
cells at the coelomic epithelium represent a significant
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Figure 3. Expression of male-specific markers in Pdgfr-a™/~ XY
gonads. (A) Sox9 was expressed in the testis cords of Pdgfr-o*/~
XY gonads at 12.5 dpc. Arrows point to interstitial space be-
tween testis cords in the Pdgfr-a*/~ sample. (B) Sox9 was ex-
pressed in 12.5-dpc Pdgfr-a~/~ XY gonads, but interstitial spaces
between testis cords were absent. (C) Scc, a Leydig cell marker,
is expressed extensively in the interstitium of Pdgfr-o*/~ XY
gonads at 13.5 dpc. (D) Scc was expressed at low levels or was
absent in 13.5-dpc Pdgfr-a”/~ XY gonads (two representative
samples are shown). In 11.5-dpc Pdgfr-a~/~ XY gonads, expres-
sion of Dhh is absent (F) compared with wild-type or heterozy-
gous littermates (E). By 12.5 dpc, Dhh expression is expressed at
normal levels in Pdgfr-a~/~ XY gonads (H) compared with con-
trol XY gonads (G). (I) At 13.5 dpc, Ptchl is normally expressed
in interstitial cells (arrows). (J) In Pdgfr-a™/~ XY gonads, Ptchl
expression is significantly reduced (arrows).

Pdgfr o -

source for the fetal Leydig cell population during the
second stage of proliferation, we labeled the coelomic
epithelium of gonads with Mitotracker Orange (Molecu-
lar Probes) at the 22-23-tail-somite stage (between 11.5
and 12.0 dpc). Following culture for 40 h, samples were
fixed and stained with SF1 (Fig. 4D, green) and PECAM
(Fig. 4D, blue). By 12.5 dpc (or after culture of normal
gonads for 40 h), cells expressing high levels of SF1 also
express Scc, designating these cells as fetal Leydig cells
(Yao et al. 2002). After Mitotracker cell labeling, cells
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migrated into the interstitium during the culture period,
as previously described (Karl and Capel 1998). Interest-
ingly, in the cultured samples, labeled cells were mainly
SF1 negative (82%, white arrow) and SF1 low (15%, ar-
rowhead), and only rarely expressed high levels of SF1
(3%, yellow arrow). This suggests that most of the cells
derived from the coelomic epithelium at this stage do
not become Leydig cells and that this cell population
does not represent a major source for the fetal Leydig cell
lineage.

Pdgfr-a is required in the gonad
for normal mesonephric cell migration
and Leydig cell differentiation

Migration of cells from the mesonephros is an early XY-
specific event downstream of Sry (Buehr et al. 1993; Mer-
chant-Larios et al. 1993; Martineau et al. 1997; Capel et
al. 1999). The expression pattern of Pdgf-A in Sertoli
cells of the XY gonad and the expression of the a receptor
on cells of the mesonephros and interstitial cells of the
gonad suggested that PDGF-A could be a candidate for
the migration factor that induces mesonephric cell mi-
gration in XY gonads. To test whether PDGF factors
could induce migration in the gonad, we cultured XX
gonads in combination with GFP-expressing mesoneph-
rons in the presence of purified PDGF-AA, PDGE-BB, or
PDGF-AB factors. In control cultures with no exogenous
PDGF, XY gonads recruited cells from the mesonephros
(Fig. 5A, arrows), whereas XX gonads did not (Fig. 5B).
The addition of 50 ng of PDGF-AA, PDGF-BB, or PDGF-
AB to the culture media induced recruitment of cells
into the XX gonad after 48 h in culture (Fig. 5C, arrows).
Induced samples were labeled with the endothelial
marker PECAM (Fig. 5D, red), which showed that all
migrating GFP cells were PECAM-positive endothelial
cells. Expression of Pdgfr-a was also up-regulated in in-
duced XX gonads compared with cultured XX controls
(Fig. 5E,F), although other XY markers such as Sox9 and
Scc were not expressed in induced XX samples (data not
shown).

The migration-inducing effect of PDGFs led us to ex-
amine whether mesonephric cell migration was abnor-
mal in Pdgfr-a/~ XY gonads. We transferred the GFP
transgene onto the Pdgfr-a*/~ background to assay for
migration in recombinant organ cultures. We assembled
gonad/mesonephros cultures at 11.5 dpc (data not
shown) and 12.5 dpc in the combinations outlined in
Figure 6. By examining combinations with either Pdgfr-
o/~ mesonephroi or Pdgfr-a~/~ gonads, we could deter-
mine whether the requirement for the Pdgfr-a was in the
gonad or in the migrating mesonephric cells. After 48 h
in culture, samples were examined for the presence of
GFP-positive mesonephric cells in the gonad. As shown
in Figure 6A, in control cultures, XY gonads recruited
mesonephric cells into the interstitium of the gonad.
When the gonadal portion of the culture was Pdgfr-a*/~
and the mesonephroi was Pdgfr-o~/~ (Fig. 6B), cell migra-
tion into the gonad was similar to normal control cul-
tures, demonstrating that the Pdgfr-a is not required on
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Figure 4. PDGFR-« is required for the proliferation of interstitial precursors at early stages of testis development. (A,B) At stages
between 11.5 and 12.0 dpc, samples were stained with BrdU (red) to detect proliferating cells and SF1 (green) to stain Sertoli and Leydig
cell precursors. (A) The coelomic epithelium of Pdgfr-a*/~ XY gonads was highly proliferative in a population of cells that expressed
low levels of SF1 (red cells above broken line, arrows). There were also many proliferating cells expressing SF1 at high levels within
the gonad (arrowheads, yellow nuclei below broken line). (B) Pdgfr-a~/~ XY gonads had 60% fewer proliferating cells at the coelomic
epithelium (above broken line). SF1-positive proliferation within the gonad (arrowheads, below broken line) was also reduced by 70%
compared with controls, as shown graphically in C. (C) Proliferation rates of SF1-low cells at the coelomic epithelium and SF1-high
population in the gonad in Pdgfr-a*/~ XY gonads (blue) and Pdgfr-a~/~ XY gonads (pink). Error bars represent the standard deviation of
the sample mean. (D) Mitotracker vital dye (red) was used to label cells at the coelomic epithelium at 22-23 ts in wild-type XY gonads.
Samples were cultured for 40 h then stained with PECAM (blue) and SF1 (green). During culture, cells moved into the gonad, but only
rarely expressed high levels of SF1, characteristic of Leydig cells (yellow arrow). Most cells derived from the coelomic epithelium were

SF1 negative (white arrow) or SF1 low (arrowhead). Cord boundaries are outlined by dashed lines.

migrating mesonephric cells for migration to occur.
However, when the gonadal portion was Pdgfr-a~/~ and
the mesonephric portion was Pdgfr-a*/~, migration was
severely impaired (Fig. 6C). This result indicates that
PDGFR-« signaling acts indirectly in the cells of the go-
nad to promote migration by activating a secondary signal.

Samples that were analyzed for GFP migration were
subsequently fixed and examined for expression of Scc to
assay for Leydig cell development. In Pdgfr-o*/~ meso-
nephros/gonad combinations or when the mesonephric
portion of the organ culture was mutant for the receptor,
Leydig cells differentiated normally (Fig. 6A,B). How-
ever, when the gonadal portion of the culture was Pdgfr-
o /", Leydig cells failed to differentiate (Fig. 6C), indicat-
ing that differentiation of Leydig cells also requires
Pdgfr-a in the cells of the gonad and cannot be rescued by
a wild-type mesonephros.

Discussion

Our studies provide genetic evidence that signaling
through PDGFR-« is required for several distinct aspects

of early testis development. In Pdgfr-a/~ XY gonads,
there are defects in cell proliferation, cell migration, vas-
cularization, and cell fate determination (Fig. 7). These
data provide insight into the pathways active down-
stream of Sry that control early divergent development
of the testis.

Mesonephric cell migration, vascular patterning,
and development of testis cords are coordinately
impaired in Pdgfr-a null mutants

Examination of Pdgfr-a null gonads revealed a delay in
cord formation at 12.5 dpc, which resolved by 13.5 dpc
into a smaller number of large, dilated cord structures.
Coincident with this disruption in testis cord partition-
ing, we found defects in the formation and branching of
the characteristic coelomic vessel of the testis in Pdgfr-a
mutants. In wild-type XY gonads, the relatively unpat-
terned vasculature at 11.5 dpc is significantly remodeled
through the induction of endothelial cell migration from
the mesonephros into the testis. Most of the vascular
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Figure 5. PDGFs induce endothelial cell migration into XX
gonads. (A) XY gonads recruited cells (arrows) from GFP meso-
nephrons when recombinant cultures were assembled at 11.5
dpc and cultured for 48 h, whereas XX gonads did not (B, XX
gonad outlined with broken lines). (C) When XX gonads were
incubated in culture with 50 ng of PDGF-AA, PDGF-BB, or
PDGF-AB, GFP-positive mesonephric cells were recruited into
the gonad. (D) Following PDGF induction, samples were labeled
with the endothelial and germ-cell marker, PECAM (red), which
double-labeled all migrating cells and identified this population
as endothelial. (E) Pdgfr-a was up-regulated in induced XX cul-
tures compared with XX control cultures (F).

growth at this stage occurs through angiogenesis rather
than vasculogenesis. Migrating cells contribute heavily
to development of the coelomic artery, which forms by
12.5 dpc at the dorso—ventral margin of the XY gonad,
and branches in positions where testis cords partition
(Brennan et al. 2002). Its descending branches come to lie
in close apposition to the boundaries of Sertoli cell cords.
It is not yet clear how the formation and branching of
this vessel is integrated with the structural development
and organization of testis cords. Endothelial or perivas-
cular cells may provide signals that contribute to the
morphological development of the testis cord lamina.
Evidence for the importance of endothelial cells in organ
development and patterning was recently presented in
both the liver and pancreas (Lammert et al. 2001; Mat-
sumoto et al. 2001). In Pdgfr-a~/~ XY gonads, the disrup-
tion of endothelial migration and organization may con-
tribute to the abnormal cord organization that was ob-
served. Further functional studies will be required to
address this question.

Normally, the population of Pdgfr-a-expressing cells
near the coelomic epithelium expands dramatically in
XY gonads between 11.5 and 12.5 dpc as testis cords
partition. This proliferation is reduced by 60% in the
absence of Pdgfr-a. It is known that this proliferating cell
population gives rise to interstitial cells, but their spe-
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cific cell fate has not been determined. Proliferation in
the region where the coelomic vessel normally forms
may be required to establish a cellular guidance tract, in
which secondary signals direct the migration and assem-
bly of cells to form this artery. Another possibility is that
the expansion of this population and their movement to
a position between aggregates of Sertoli and germ cells
may regulate the efficient partitioning of testis cords
through a more general mesenchymal-to-epithelial sig-
naling mechanism. Alternatively, there could be a differ-
entiation or signaling defect in a specific cell type, such
as the peritubular myoid cell, leading to disruptions in
testis cord patterning.

Our induction experiments showed that PDGFs in-
duce the ectopic recruitment of endothelial cells into XX
gonads. Interestingly, our recombinant organ culture ex-
periments indicated that PDGFR-a was required on the
cells of the gonad rather than on mesonephric cells to
promote endothelial cell migration. These data indicate
that PDGF acts as an indirect migratory factor, rather
than a primary factor as originally hypothesized.

PDGEFR-« is required for early stages
of Leydig cell differentiation

The origin of fetal Leydig cells remains controversial
(Hatano et al. 1996; Morohashi 1997; Merchant-Larios
and Moreno-Mendoza 1998; Nishino et al. 2001). Our
data are consistent with the idea that fetal Leydig cells
do not have a single lineage origin but are induced among
a competent gonadal somatic cell population by a net-
work of signaling interactions.

The near complete absence of Leydig cells in our re-
combinant assays when the gonadal compartment is
Pdgfr-a~/~ and the inability of a wild-type mesonephros
to rescue development of Leydig cells suggest that
PDGFR-a is required in gonadal cells for the specifica-
tion or expansion of fetal Leydig cells. These results sup-
port the idea that Leydig cell precursors are already pre-
sent in the gonad by 11.5 dpc, and are not derived from
the mesonephros after this stage. We cannot rule out the
possibility that PDGF signaling is required at earlier
stages before a progenitor reaches the gonad; however,
two pieces of evidence from this work support an argu-
ment against this explanation. (1) The principle evidence
for such a progenitor comes from data linking the origin
of steroid precursors in the adrenal and the gonad
(Hatano et al. 1996). Yet, in Pdgfr-a~/~ mice, steroid cell
development in the adrenal is normal (data not shown),
suggesting that if such a precursor exists, it is not under
the control of PDGFR-« signaling. (2) The neural crest is
another migratory population that is a source for neuro-
endocrine cells that could include Leydig cell precursors
(Middendorff et al. 1993; Mayerhofer et al. 1996). Severe
defects in some derivatives of the neural crest have been
reported in Pdgfr-a~/~ mice (Soriano 1997). To investi-
gate whether neural crest contributes to the fetal Leydig
cell population, we examined two neural crest reporter
lines, PO::Cre;R26R and Wntl ::Cre;R26R (Yamauchi et
al. 1999; Chai et al. 2000), but found no evidence for a



significant contribution of neural crest to the Leydig cell
lineage (data not shown).

We initially speculated that the reduced proliferation
observed at the coelomic epithelium of Pdgfr-a™/~ XY
gonads was responsible for the reduction in fetal Leydig
cells. However, experiments labeling the coelomic epi-
thelium during this proliferative stage rarely labeled a
cell that later differentiated as a Leydig cell as assayed by
high levels of SF1 expression (Yao et al. 2002). These
experiments suggest that although Leydig cells may dif-
ferentiate from this population, it is not the major source
for this lineage.

PDGFR-a could be important for the early allocation
of the Leydig cell lineage or for the subsequent expansion
of cells once their fate has been determined. In Pdgfr-a ™/~
gonads, there are normal numbers of SF1-positive cells at
11.5 dpc, indicating that the early proliferation of so-
matic precursors occurred normally. Based on the reduc-
tion in the second stage of proliferation of SF1-positive
cells within the gonad, we propose that PDGF signaling
normally promotes the expansion of the Leydig precur-
sor population.

Thus far, Dhh is the only other molecule that has a
designated role in fetal Leydig cell specification. As in
Pdgfr-a null mutants, fetal Leydig cells are reduced or
absent in Dhh~/~ gonads (Yao et al. 2002). We found that
expression levels of Pdgf-A and Pdgfr-a are unaffected in
Dhh™/~ gonads, but Dhh expression is delayed in Pdgfr-
o/~ XY gonads. The interstitial defects observed in
Pdgfr-a~/~ XY gonads could contribute to this delay in
Dhh expression. Normally, DHH up-regulates expres-
sion of its receptor, Ptchl, in cells exposed to DHH. In
the XY gonad, this occurs soon after the onset of Dhh
expression, but in Pdgfr-a~/~ samples, Ptchl remained at
low levels at 13.5 dpc, more than 24 h after the onset of
Dhh expression. This suggests that Pdgfr-a may function
in parallel with Dhh to promote the expansion and/or
differentiation of Ptchl-positive cells. Based on our data,
there are two likely ways in which this could occur. (1)
Defects in proliferation could alter the number of Ptchi
precursor cells. (2) The structural and endothelial defects
in Pdgfr-«/~ gonads could interfere with the organiza-

XY-specific role of PDGFR-a

Figure 6. Analysis of migration and Leydig
cell differentiation in Pdgfr-a~/~ recombi-
nant organ cultures. (A) At 12.5 dpc, Pdgfr-
o*’* or Pdgfr-a*/~ XY gonads cultured with
GFP-positive mesonephrons for 48 h re-
cruited cells from the mesonephros (green,
arrows). Following culture, Leydig cells dif-
ferentiated as assayed by SCC expression.
(B) When the gonadal portion of the culture
was Pdgfr-a*/~ and the mesonephros compo-
nent was Pdgfr-a™/~, migration of meso-
nephric cells occurred normally (arrows),
and Leydig cell development was normal
compared with Pdgfr-o*/* or Pdgfr-a*/~ XY
samples (A). (C) When the gonadal portion
of the culture was Pdgfr-a/~, cell migration
(arrow) and Leydig cell development were
both disrupted.

tional and signaling cues normally required to specify
Leydig cell fate. Ongoing experiments are aimed at dis-
tinguishing between these two possibilities.

Thus far, the only known critical factors for Leydig
cell differentiation are Dhh and a newly identified factor
Arx (Kitamura 2002). Our data identify Pdgfr-a as an-
other critical factor and provide additional insight into
the origin and differentiation of the fetal Leydig cell lin-
eage.

PDGEFR-a ligands induce distinct
aspects of testis development

There are three potential PDGF ligands that activate
PDGFR-a signaling. By in situ hybridization, we could
detect expression of Pdgf-B in the testis at low levels in
scattered endothelial cells between 11.5 and 13.5 dpc.
Because of its restricted expression pattern and low lev-
els of expression, we suspect that PDGF-B is not the
major ligand for PDGFR-«, but may contribute to the
vascular defects in XY gonads. Pdgf-A is expressed at
high levels throughout the XY gonad and coelomic epi-
thelium 11.5-12.0 dpc, before expression is sequestered
inside testis cords. This expression pattern puts PDGF-A
in the correct position for promoting the proliferation of
cells at the coelomic epithelium during these stages as
well as promoting mesonephric cell migration and/or es-
tablishing the vascular domain. Loss of signaling in this
pathway may contribute to vascular defects, and to the
delay and defects in cord formation. Defects in the de-
velopment of adult Leydig cells have been reported in
Pdgf-A~/~ mice (Gnessi et al. 2000). Direct examination
of Scc expression in Pdgf-A~/~ testes at 12.5-14.5 dpc was
not reported; however, indirect evidence suggested that
Pdgf-A~'~ mice had normal numbers of fetal Leydig cells
(Gnessi et al. 2000). This implied that another ligand is
important for signaling through the o receptor to support
fetal Leydig cell development early in testis develop-
ment.

Pdgf-C, which is expressed at high levels at the gonad/
mesonephros border and in scattered cells in both the XX
and XY gonad at early stages, could be involved in fetal
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Figure 7. Effects of PDGFR-a signaling in the XY gonad. (A)
Diagram of the expression of Pdgfr-a and its ligands and the
cellular effects promoted by PDGF signaling in the XY gonad.
CV, coelomic vessel; CE, coelomic epithelium; EC, endothelial
cell; M/G, mesonephros/gonad border; SC, Sertoli cell; LC, Ley-
dig cell.

Leydig cell development. Pdgf-C is expressed in an iden-
tical pattern in both XX and XY gonads; thus, PDGF
signaling could promote development of steroid cell pre-
cursors in both XX and XY gonads. In the XX gonad,
these cells could remain dormant until signals are pres-
ent to direct differentiation into theca cells, the analo-
gous steroid-secreting cell in the XX gonad. Although we
could induce migration and the up-regulation of Pdgfr-«
in XX gonads with exogenous PDGF, we could not detect
Leydig cell differentiation. This suggests that an addi-
tional step is required. The absence of Leydig cell differ-
entiation in XX gonads could be attributed to the pres-
ence of female-specific factors that repress Leydig cell
development. One female-specific factor, WNT4, has a
demonstrated role in repressing steroid cell development
in the XX gonad (Vanio et al. 1999). Recently, this activ-
ity has been shown to be a function of the inhibition of
ectopic steroid cell migration from the adrenal gland
rather than endogenous steroid cell development within
the gonad (Heikkila et al. 2002), and thus is probably not
relevant to the signaling pathways that normally control
Leydig cell development in the XY gonad. Alternatively,
there could be a requirement for other XY-specific fac-
tors, such as DHH, to trigger Leydig cell differentiation.

Our experiments have identified PDGFR-a as a key
player in the pathway downstream of Sry that orches-
trates the morphological and cellular development of the
early testis. Signaling through this receptor is critical for
several important events including organization of endo-
thelial cells, partitioning of testis cords, proliferation,
cell migration, and Leydig cell development. Future ex-
periments will address the interaction of PDGF with
other signaling pathways that promote morphological
and cellular development in the testis.

Materials and methods

Mouse strains, matings, and organ culture

129SV/] females were mated to C57BL/6 Pdgfr-o*/~ males
(kindly provided by Philippe Soriano) to yield male and female
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F1 offspring heterozygous for the Pdgfr-a null allele. Siblings
were then intercrossed to yield Pdgfr-a~/~ embryos for experi-
mental analysis. There was no detectable difference in pheno-
type of heterozygous and wild-type littermates; therefore, con-
trol samples were designated Pdgfr-o*/~ and reflect either a wild-
type or heterozygous sample. For assays involving the analysis
of mesonephric cell migration, random-bred females possessing
a ubiquitously expressed GFP transgene [TgN(GFPU)5Nagy;
Hadjantonakis et al. 1998] were mated to C57BL/6 Pdgfr-o*/~
males to generate hybrid offspring that were hemizygous for the
GFP transgene and heterozygous for the Pdgfr-a null allele. Sib-
lings were then intercrossed to yield embryos for organ culture
experiments. Gonads and mesonephrons from these embryos
were dissected in PBS, assembled in agar blocks, and cultured
for 48 h as previously described (Martineau et al. 1997). Dhh~/~
mice (mixed genetic background) were kindly provided by
Wendy Whoriskey (Curis, Inc.). Pdgfr-a and Pdgfr-B mice were
kindly provided by Phillipe Soriano.

To sex embryos before sexual dimorphism was apparent, am-
nions from individual embryos were saved and stained for the
presence of nuclei with the condensed chromatin body (Barr
body) found in XX cells (Palmer and Burgoyne 1991). Tail somite
(ts) stages were counted as previously described (Hacker et al.
1995), where 18 ts corresponds to 11.5 dpc and 30 ts corresponds
to 12.5 dpc.

Genotyping

Genotypes of Pdgfr-a mice and embryos were determined by
isolating genomic DNA from tissue samples incubated in buffer
(0.05 M Tris at pH 7.5, 0.1 M EDTA, 0.5% SDS in water, and 50
pg/mL Proteinase K) at 55°C overnight. DNA was prepared for
PCR by phenol:chloroform extraction and ethanol precipita-
tion. The PCR primer sets were PDGFR-al, CCCTTGTGGT
CATGCCAAAC; PDGFR-a2, GCTTTTGCCTCCATTACAC
TGG; Neo, ACGAAGTTATTAGGTCCCTCGAC. PDGFR-al
and PDGFR-a2 amplified a wild-type fragment of ~500 bp.
PDGFR-al and Neo amplified a mutant fragment of ~250 bp.
The annealing temperature was 62°C for both primer sets.

Immunohistochemistry, cell labeling, and in situ
hybridization

Samples that were used for immunohistochemistry were fixed
in 4% paraformaldehyde/PBS at 4°C overnight. On the follow-
ing day, samples were rinsed twice in PBS and blocked at room
temperature for 1 h in PBS/1% HIGS (heat-inactivated goat se-
rum)/5% BSA (bovine serum albumin}/0.1% Triton-X 100. Pri-
mary antibody incubations were carried out at 4°C overnight in
blocking solution (1/500 dilution of rabbit anti-lamininl anti-
body, provided by Harold Erikson; 1/500 dilution of rat anti-
PECAM antibody, Pharmingen; 1/200 dilution of rabbit anti-
SF1, provided by Ken Morohashi). Secondary antibody incuba-
tions were performed at 4°C overnight with 1/500 dilution of
fluorescently conjugated secondary antibodies (Jackson Immu-
nochemicals). Washes were three times for 1 h in PBS plus 0.1%
Triton X-100.

For BrdU experiments, pregnant females were injected with
50 mg/kg BrdU 2 h before dissection of embryonic gonads.
Staining was carried out as previously described (Schmahl et al.
2000). Samples were mounted on glass slides in DABCO and
subjected to confocal microscopy to detect immunofluoresence.
Images were collected on a Zeiss LSM confocal microscope and
processed using Adobe Photoshop. To obtain comparable sec-
tions, the three most central sections from each gonad were



counted and averaged. An XY gonad from three different Pdgfr-o~/-
embryos was collected and compared with four control gonads.

For labeling of coelomic epithelial cells, a mixture of Mito-
tracker Orange (Molecular Probes, Inc.) and CRSE (Molecular
Probes, Inc.) was pipetted onto the surface of the gonad as pre-
viously described (Karl and Capel 1998; Darnell et al. 2000).
Samples were cultured on agar plates for 40 h. Fixed samples
were embedded in 3:1 Oct:20% sucrose and cryosectioned at 10
pm thickness and stained with anti-SF1 and anti-PECAM anti-
bodies. Representative sections (where labeled cells had mi-
grated beneath the coelomic vessel into regions of SF1-positive
cells) from four different gonads were counted and averaged
separately for each gonad and then averaged together for a final
average percentage of SF1-negative, SF1-low, and SF1-high cells.

In situ hybridization was performed according to Henrique et
al. (1995) with probes against Pdgf-A, Pdgf-B, Pdgfr-a, Pdgfr-
(provided by Christer Betsholtz), Pdgf-C (purchased from In-
cyte), Dhh (provided by Andrew McMahon), Ptchl and Sox9
(provided by Peter Koopman), and Scc (provided by Keith
Parker).
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