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ABSTRACT

We reported previously that stem cells associated with adult
rat testis seminiferous tubules are able to give rise to
differentiated Leydig cells in vitro. The regulatory mechanisms
by which they do so, however, are uncertain. Herein, we
hypothesized that the proliferation and differentiation of Leydig
cell stem cells (stem Leydig cells, SLCs) depend upon locally
produced factors from the seminiferous tubules. Microarray
analysis revealed that platelet-derived growth factor receptor
alpha (PDGFRalpha) is up-regulated and PDGFRbeta is down-
regulated with postnatal differentiation of SLCs. This suggested
that their ligands, PDGF-AA and PDGF-BB, respectively, might
have important roles in SLC proliferation and differentiation. To
test this, we developed a unique in vitro culture system in which
SLCs proliferate on the surfaces of cultured seminiferous tubules
largely during Week 1 of culture and their progeny subsequently
differentiate to testosterone-forming Leydig cells during Weeks 2
through 4. Using this system, seminiferous tubules from adult rat
testes were cultured with PDGF-AA or PDGF-BB for up to 4 wk.
Both ligands stimulated SLC proliferation during the first week of
culture, with PDGF-BB significantly more potent than PDGF-AA.
Furthermore, PDGF-AA had a stimulatory effect on SLC
differentiation from Weeks 2 through 4 of culture. In contrast,
PDGF-BB, which stimulated cell proliferation during Week 1,
had a significant inhibitory effect on differentiation during
Weeks 2 through 4. These findings, made possible by the
development of the seminiferous tubule culture system, reveal
distinct roles by locally produced PDGFs in SLC regulation.

Leydig cells, PDGF, stem cells, testosterone

INTRODUCTION

Leydig cells produce testosterone via a multistep process
that includes luteinizing hormone (LH) stimulation, cholesterol
translocation into the mitochondria, and an enzymatic cascade
in the mitochondria and smooth endoplasmic reticulum [1].
Adult Leydig cells (ALCs) arise from undifferentiated stem
cells (SLCs), first identified in the early postnatal rat testis and
shown to have the ability to self-renew indefinitely or to

differentiate into testosterone-producing cells [2]. Studies [3–5]
have demonstrated that the elimination of Leydig cells from the
adult testis by a single i.p. injection of ethane dimethanesul-
fonate (EDS) results in Leydig cell repopulation within 6 to 10
wk thereafter, suggesting that there also might be stem cells in
the adult testis. Indeed, precursor cells lacking the LH receptor
and steroidogenic enzymes, as well as having the ability to
proliferate indefinitely or to differentiate into testosterone-
producing Leydig cells in vitro, have been shown to be present
on the surfaces of seminiferous tubules [6]. The regulatory
mechanisms by which the stem cells proliferate and/or
differentiate remain uncertain.

Members of the platelet-derived growth factor (PDGF)
family have been shown to be involved in the development of
ALCs [7–9]. PDGF-A and PDGF-B are expressed in the rat
testis, homodimerizing to form PDGF-AA and PDGF-BB [9].
The PDGF homodimers bind to their corresponding tyrosine
kinase receptors PDGFRa and PDGFRb, thereby activating
unique downstream pathways [10, 11]. Previous investigations
have suggested that Leydig cells are among the testicular cells
that are potential targets for the local action of testicular PDGFs
[9]. During the periods of prenatal and postnatal testis
development, the primary PDGF-expressing and PDGF-
responsive testicular cells are Sertoli cells and Leydig cells,
respectively [7, 8, 12]. The SLCs from neonatal and adult testes
also express both PDGFRa and PDGFRb [2, 13, 14].
Knocking out either PDGFRa or PDGF-A was found to block
the formation of ALCs, perhaps a consequence of the inability
of precursor cells to differentiate into Leydig cells [9, 15, 16].
Both PDGFRa and PDGFRb have been shown to be necessary
for the development of steroidogenic cells in the major steroid-
producing organs, including the ovary, testis, and adrenal gland
[9, 17].

Our objective herein was to analyze the possible regulatory
effects of PDGF-AA and PDGF-BB on SLC proliferation and/
or differentiation. To do so, we utilized a newly developed
seminiferous tubule culture system to evaluate the direct effects
of PDGF-AA and PDGF-BB on SLC regulation in vitro. We
show that, although both PDGF-AA and PDGF-BB stimulated
SLC proliferation, the two ligands had opposite effects on the
differentiation process, with PDGF-AA being stimulatory and
PDGF-BB being inhibitory.

MATERIALS AND METHODS

Chemicals

Rat PDGF-AA was obtained from R&D Systems Inc. (Minneapolis, MN).
Rat PDGF-BB and anti-laminin rabbit antibody were from Sigma (St. Louis,
MO). PDGFRb tyrosine kinase inhibitor IV 521233 was purchased from
Calbiochem (EMD Biosciences Inc., San Diego, CA). Bovine LH (USDA-
bLH-B-6) was provided by the United States Department of Agriculture
Animal Hormone Program (Beltsville, MD). The Invitrogen Click-iT EdU (5-
ethynyl-20-deoxyuridine) imaging kit was from Life Technologies (Grand
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Island, NY). Testosterone was obtained from Steraloids Inc. (Newport, RI), and
(1,2,6,7,16,17-3H [N])-testosterone was obtained from PerkinElmer (Boston,
MA). Testosterone antibody was purchased from MP Biomedicals (Solon, OH).
Ethane dimethanesulfonate was house synthesized according to the method
described by Jackson and Jackson [18].

Animals

Young adult male brown Norway rats, 3 to 5 mo of age, were used. The rats
were purchased from Harlan Sprague-Dawley Inc. (Indianapolis, IN). They
were housed in the animal facilities at the Johns Hopkins Bloomberg School of
Public Health under controlled light (14L:10D) and with free access to water
and rat chow. All animal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals
according to protocols approved by the Johns Hopkins Animal Care and Use
Committee.

Cell Purification and Microarray Analysis

DNA microarray analyses (Affymetrix Inc., Santa Clara, CA) of SLCs,
progenitor Leydig cells (PLCs), immature Leydig cells (ILCs), and ALCs were
published previously by our group [13]. The data were deposited in the
National Center for Biotechnology Information Gene Expression Omnibus
under the accession number GSE26703. For the present study, we conducted
secondary analyses of the data. From each array, probe sets were normalized to
a mean signal intensity of 100.

Isolation and Culture of Seminiferous Tubules

Rats were injected i.p. with a single dose (75 mg/kg of body weight) of
EDS dissolved in a 1:3 solution mixture of dimethyl sulfoxide and PBS. Rats
were killed by decapitation 4 days after EDS treatment, by which time all ALCs
had been eliminated [3–5]. Testes were placed in Dulbecco modified Eagle
medium (DMEM)/F-12 culture medium and decapsulated. Seminiferous
tubules were mechanically separated from the interstitium by fine forceps
under a transillumination dissection microscope [6, 19]. The tubules were
distributed randomly into 24-well or 12-well plates, with each well containing a
group of tubule fragments of equivalent total length (1–2 inches). Tubule
fragments were cultured at 348C and 5% carbon dioxide for up to 4 wk in a 1:1
mixture of DMEM/F-12 and medium 199 (pH 7.2–7.4), sodium bicarbonate
(2.2 mg/ml), bovine serum albumin (1 mg/ml) and penicillin-streptomycin (100
U/ml and 100 lg/ml, respectively). The medium contained LH (10 ng/ml), LH
plus PDGF-AA (10 ng/ml), LH plus PDGF-BB (10 ng/ml), or LH plus
PDGFRb inhibitor 52133 (20 nM). Duplicate wells were used at each time
point, and each experiment was repeated at least three times. Media were
collected and frozen (�208C) for testosterone measurement, and the tubules
were immediately fixed for morphological study.

SLC Differentiation and Proliferation

Testosterone levels were determined by radioimmunoassay as a measure of
SLC differentiation. To measure proliferation, dividing cells on the surface of
the tubules were labeled using the Click-iT EdU imaging kit. In brief, the
seminiferous tubules were labeled with EdU (10 lM for 24 h) and examined at
times thereafter. Click-iT-positive cells on the surface of tubule fragments were
visualized under a fluorescence microscope (excitation/emission at 495/519
nm) and quantified. The total positive cells were counted along the surface of
the tubules and expressed as the number per square unit with the side length
comparable to the diameter of the tubules. More than 100 square areas were
counted that came from at least three different experiments. For some studies,
the tubules were cultured with LH plus PDGF-AA or LH plus PDGF-BB as
described above and then labeled with EdU for 24 hours, fixed in 10% formalin
(15 min), embedded in paraffin, and sectioned. After visualization of EdU-
labeled nuclei, the tubule sections were counterstained for laminin.

Statistical Analysis

Data were analyzed using SigmaStat software version 2.03 (Systat Software
Inc., Richmond, CA). Student t-test was used for two-group comparisons. One-
way ANOVA, followed by Tukey test, was used for multigroup comparisons.
Data were analyzed from at least three separate experiments. Differences were
considered significant at P , 0.05. Data are presented as the mean (SEM).

RESULTS

Effects of PDGF-AA and PDGF-BB on Leydig Cell
Development

Previous studies [20, 21] demonstrated that ALCs arise from
SLCs that are present in the neonatal testis and that undergo
phased transitions through progenitor (PLC) and immature
(ILC) stages before ALCs are formed. We conducted micro-
array analysis to identify differentially regulated genes during
differentiation of neonatal SLCs. As shown in Figure 1,
PDGFRa expression increased in PLCs, ILCs, and ALCs
compared with SLCs, while PDGFRb expression decreased.
The significant changes in the expression of these receptors
suggested that they and their primary ligands, PDGF-AA and
PDGF-BB, respectively, might have important, perhaps
opposite, roles in Leydig cell development.

To directly test the potential effects of PDGF-AA and
PDGF-BB on the formation of Leydig cells from undifferen-
tiated SLCs, we used a newly developed in vitro system that
involves the culture of adult rat seminiferous tubules physically
separated from the interstitium of the adult testis after the
elimination of the existing Leydig cells from the testis with
EDS [6]. In the initial study, isolated seminiferous tubules were
cultured for up to 4 wk in the presence of LH, and testosterone
was measured in the medium throughout this period. As also
reported previously [6], little testosterone was produced during
the first 2 wk in culture but increased dramatically in the period
from 2 to 4 wk (Fig. 2A). To examine the possible effects of
PDGF-AA and PDGF-BB during the 4-wk culture period,
seminiferous tubules were cultured in media containing LH,
LH plus PDGF-AA, or LH plus PDGF-BB for 4 wk (Fig. 2B).
With LH plus PDGF-AA, the testosterone concentration in the
culture media was significantly greater than that in the media of
the tubules cultured with LH alone. In contrast, with LH plus
PDGF-BB there was a significant decrease in the testosterone
concentration compared with LH alone. Previous investigations
had shown that PDGF-BB preferentially binds to PDGFRb [9].
To determine whether binding of PDGF-BB to its receptor
inhibited testosterone formation, the tubules were cultured with
LH, LH plus PDGF-BB, LH plus the specific PDGFRb
inhibitor 521233 (20 nM), or LH plus PDGF-BB plus the
inhibitor. Culturing the tubules with the PDGFRb inhibitor

FIG. 1. Microarray analysis showing gene expression levels of PDGFRa
(black bars) and PDGFRb (white bars) during Leydig cell differentiation
from SLC through PLC, ILC, and ALC phases. The levels are expressed as
percentages relative to SLC expression, with SLC expression normalized to
100%. Asterisks show significant differences relative to SLC expression of
PDGFRa or PDGFRb. Error bars are the mean (SEM).
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along with LH and PDGF-BB prevented the PDGF-BB-
induced reduction in testosterone production (Fig. 2C).
Interestingly, culturing the tubules with LH alone plus the
inhibitor resulted in significantly higher testosterone formation
than with LH alone (Fig. 2C). This suggests that in our culture
system PDGF-BB produced locally by Sertoli cells may have a
role in suppressing testosterone formation and that its
inhibition by the PDGFRb inhibitor results in enhanced
testosterone production in response to LH.

Effects of PDGF-AA and PDGF-BB on SLC Proliferation and
Differentiation

Having shown that during a 4-wk culture period PDGF-AA
had a stimulatory effect on testosterone production and PDGF-
BB had a suppressive effect, we hypothesized that the two
might have significant, perhaps opposite, the effects on SLC
cell proliferation and/or differentiation. To address the effects
on cell proliferation, seminiferous tubules were first cultured
with LH alone, and dividing cells were labeled with EdU at
Days 2, 6, 20, and 27. There was a peak in EdU-positive cells
on the surfaces of the tubules within the first few days of
culture, followed by a decline such that after approximately 1

wk of culture and thereafter relatively few cells were labeled
(Fig. 3). We then examined the effects of PDGF-AA and
PDGF-BB on SLC proliferation (Fig. 4). To this end, the
tubules were cultured with LH alone, LH plus PDGF-AA, or
LH plus PDGF-BB, and dividing cells were labeled with EdU
on Day 5 of culture, a period of active cell proliferation. As
shown in the micrographs (A–C) and bar graph (D) of Figure 4,
treatment with PDGF-AA resulted in a 2-fold increase in EdU-
positive cells, and PDGF-BB resulted in a 5-fold increase. To
determine whether the EdU-positive cells indeed were on the
tubule surfaces rather than within the tubules, the tubules were
cultured with LH plus PDGF-BB, labeled with EdU, and then
fixed, sectioned, and stained for the basement membrane
marker laminin (Fig. 4E). The EdU-positive cells (green) were
almost exclusively located on the outer surfaces of the tubules,
outside of the basement membrane (red). These results indicate
that both PDGF-AA and PDGF-BB are able to act as mitogens
for SLCs. Thus, although incubation of the tubules with PDGF-
BB for 4 wk had been found to suppress testosterone
production, as seen in Figure 2B, PDGF-BB was even more
effective than PDGF-AA in inducing SLC proliferation.

FIG. 2. Effects of LH, PDGF-AA, and PDGF-BB on SLC differentiation from stem cells. A) Testosterone in the media of isolated seminiferous tubules
cultured with LH for 1 to 4 wk. B) Effects of PDGF-AA and PDGF-BB on testosterone formation. Seminiferous tubules were cultured for 4 wk with LH, LH
plus PDGF-AA, or LH plus PDGF-BB. Asterisks indicate significant differences from testosterone formation in response to LH alone. C) Mechanism by
which PDGF-BB inhibits testosterone formation. The testosterone concentrations resulting from the tubules cultured with LH, LH plus PDGF-BB, or LH
plus PDGF-BB plus the PDGFRb inhibitor 521233 were determined. aSignificantly different from LH-only control. bSignificantly different from LH plus
PDGF-BB control. cSignificantly different from LH plus 521233. In B and C, testosterone levels are expressed as percentages relative to LH alone, which is
set at 100%. Error bars are the mean (SEM).
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We next asked whether the cells produced by culturing the
tubules with PDGF-BB and PDGF-AA during the first week
were equally capable of differentiating and ultimately produc-
ing testosterone. The tubules were incubated with LH alone,
LH plus PDGF-AA, or LH plus PDGF-BB for 1 wk and then
switched to LH-only medium for an additional 3 wk to allow
SLCs to differentiate. At 4 wk, the testosterone concentration
in the media was determined. Treatment with PDGF-AA for
the first week of culture, which had resulted in a doubling of
the numbers of cells, also resulted in a doubling of testosterone
production at the end of the 4-wk period compared with the
LH-only controls (Fig. 5A). Similarly, treatment with PDGF-
BB, which had resulted in a 5-fold increase in the numbers of
cells, resulted in almost a 5-fold increase in testosterone
formation (Fig. 5A). These results indicate that cells resulting
from the stimulation of SLC proliferation by PDGF-AA or
PDGF-BB during Week 1 were equally capable of differen-
tiating into testosterone-producing Leydig cells during the
subsequent 3 wk.

Based on these results, we hypothesized that the inhibitory
and stimulatory effects of PDGF-BB and PDGF-AA, respec-
tively, on testosterone formation by the tubules that had been
cultured for the full 4-wk period (Fig. 2B) must be related to
their effects on differentiation of SLCs during Weeks 2 through
4. To test this hypothesis, the tubules were initially cultured
with LH alone for 1 wk and then cultured with LH, LH plus
PDGF-AA, or LH plus PDGF-BB during Weeks 2 through 4
(Fig. 5B). PDGF-AA treatment resulted in a significant 3-fold
increase in testosterone production compared with the LH-only

group. In contrast, PDGF-BB had a significant suppressive
effect on testosterone production during the same period.

DISCUSSION

It is well established that, after the elimination of Leydig
cells from the adult rat testis with EDS, a new population of
ALCs develops [3–5]. The cells that serve as precursors to the
newly formed Leydig cells were recently isolated and
characterized. The isolated cells lacked the LH receptor and
steroidogenic enzymes and had the ability to proliferate
indefinitely or to differentiate into steroid-producing cells [6].
These characteristics identified the cells as stem cells, with
properties similar, if not identical, to those of SLCs identified
by Ge and colleagues [2] in Postnatal Day 7 rat testes.

The mechanisms by which SLC proliferation or self-renewal
and differentiation are regulated remain uncertain, although
previous studies [17, 22–25] suggested the possible involve-
ment of factors produced locally by Sertoli cells. Among these
were PDGF-AA and PDGF-BB [2, 7–9, 12, 15, 16, 26–30], the
receptors for which PDGFRa and PDGFRb, respectively, are
expressed by SLCs [2, 14, 26]. Using microarray analysis, we
found that, with differentiation of SLCs to steroid-producing
PLCs during the early neonatal period, there is up-regulation of
PDGFRa and down-regulation of PDGFRb [13]. The changes
in the expression of these receptors led us to hypothesize that
their ligands, PDGF-AA and PDGF-BB, respectively, might
have important, perhaps opposite, roles in the proliferation and/
or differentiation of SLCs in Leydig cell-depleted adult testis.

FIG. 3. Cell proliferation on the surfaces of seminiferous tubules over time in culture. Seminiferous tubules were cultured with LH, and dividing cells
were labeled with EdU at 0 to 27 days. The EdU-stained tubules at Days 3 and 14 (micrographs above) and the numbers of EdU-positive cells per tubule
length are shown. Bar ¼ 100 lm. Error bars are the mean (SEM).
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It was possible to test this directly by utilizing an in vitro
culture system that we developed [6]. In this system, SLCs
(located on the outer surfaces of isolated seminiferous tubules)
maintain direct interaction with their niche. When the tubules
were cultured for 4 wk with LH-containing media that also
contained PDGF-AA, there was increased testosterone produc-
tion compared with the tubules cultured in the absence of
PDGF-AA. With PDGF-BB, however, testosterone production
was reduced. These results suggested that PDGF-AA and
PDGF-BB, which are produced by Sertoli cells [7, 9, 12],
might exert positive and negative effects, respectively, on SLC
function but did not address whether the effects were on SLC
proliferation, differentiation, or both.

We found that the seminiferous tubule culture method that
we used has the fortunate quality that proliferation and
differentiation of SLCs occur sequentially rather than simul-
taneously, with most proliferation occurring during the first
week of culture and most differentiation occurring subsequent-
ly. This temporal separation of proliferation and differentiation
parallels the in vivo restoration of Leydig cells to the EDS-
treated testis, wherein precursor cells have been shown to

proliferate during the first week after EDS treatment, followed
by differentiation [31–33]. Using the in vitro system, it was
possible to analyze the effects of PDGF-AA and PDGF-BB on
SLC proliferation and differentiation separately. That is, by
adding PDGF-AA or PDGF-BB to the cultured tubules only for
the first week, the effects on proliferation could be assessed;
adding these ligands from Weeks 2 through 4 allowed an
assessment of the effects on differentiation. We found that the
addition of PDGF-AA to the tubules cultured for the first week
resulted in significantly increased numbers of EdU-positive
cells compared with control tubules cultured with LH alone. In
light of the observation that culturing the tubules with PDGF-
BB for 4 wk resulted in a negative effect on testosterone
production, we were particularly surprised to find that PDGF-
BB had an even more robust effect on SLC proliferation than
PDGF-AA, with a 5-fold increase in the number of EdU-
labeled cells during the first week compared with the control.
These results indicated that the enhanced testosterone produc-
tion by PDGF-AA treatment for 4 wk might have resulted at
least in part from increased SLC proliferation and thus
increased cell numbers. However, the inhibition of testosterone

FIG. 4. Cell proliferation in response to PDGF-AA and PDGF-BB during the first week of culture. Micrographs showing EdU-positive cells after the
tubules were cultured for 5 days with LH (A), LH plus PDGF-AA (B), or LH plus PDGF-BB (C). D) The numbers of EdU-positive cells per tubule length for
groups A through C were determined. Different letters indicate significant differences. Error bars are the mean (SEM). E) Click-iT EdU staining (green) on
the surface of the tubules. The basement membrane is immunofluorescently labeled with anti-laminin antibody (red). Bar ¼ 100 lm.
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production by PDGF-BB treatment during the 4-wk period was
not a result of reduced SLC proliferation but rather occurred
despite increased SLC proliferation.

These results suggested that, whereas PDGF-AA treatment
seemed likely to enhance testosterone formation during Weeks
2 through 4 of culture, PDGF-BB would be expected to reduce
testosterone formation despite having stimulated cell prolifer-
ation during Week 1. As hypothesized, testosterone formation
was higher with LH plus PDGF-AA than with LH alone when
added during Weeks 2 through 4, indicating its positive effect
on Leydig cell differentiation in addition to its positive effect
on SLC proliferation. In contrast, LH plus PDGF-BB
significantly reduced testosterone levels when added to the
culture during this period. This indicated that, although PDGF-
BB increased the number of precursor cells that are capable of
differentiating into testosterone-producing cells, its presence
during differentiation had a negative effect on the process.

As yet, the mechanisms by which the two closely related
factors, PDGF-AA and PDGF-BB, have opposite roles in SLC
differentiation are not known. Also, it is unclear how the local
concentration of the two ligands may change during Leydig
cell development in pubertal or adult rat testis after EDS
treatment. A 2008 study [34], however, has indeed found a
transient increase in PDGF-AA mRNA levels in the first week
of EDS-treated rat testis. This is consistent with the period in
which active SLC proliferation takes place in EDS-treated rat
testis [31, 32] and in our culture system. Clearly, understanding
the underlying mechanisms of PDGF-AA and PDGF-BB and
their physiological roles in vivo, as well as other regulatory
factors of the SLC niche, will require further investigations.
Our newly designed in vitro culture system makes it possible to
pursue such studies under highly controlled conditions.
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