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Presence of Stem/Progenitor Cells in the Rat Penis

Guiting Lin,1 Amjad Alwaal,1 Xiaoyu Zhang,1–3 Jianwen Wang,1,4 Lin Wang,1–3 Huixi Li,1–3

Guifang Wang,1 Hongxiu Ning,1 Ching-Shwun Lin,1 Zhongcheng Xin,1–3 and Tom F. Lue1

Tissue resident stem cells are believed to exist in every organ, and their identification is commonly done using a
combination of immunostaining for putative stem cell markers and label-retaining cell (LRC) strategy. In this
study, we employed these approaches to identify potential stem cells in the penis. Newborn rats were intra-
peritoneally injected with thymidine analog, 5-ethynyl-2-deoxyuridine (EdU), and their penis was harvested at
7 h, 3 days, 1 week, and 4 weeks. It was processed for EdU stains and immunofluorescence staining for stem
cell markers A2B5, PCNA, and c-kit. EdU-positive cells were counted for each time point and co-localized with
each stem cell marker, then isolated and cultured in vitro followed by their characterization using flowcyto-
metry and immunofluorescence. At 7 h post-EdU injection, 410 – 105.3 penile corporal cells were labeled in
each cross-section (*28%). The number of EdU-positive cells at 3 days increased to 536 – 115.6, while their
percentage dropped to 25%. Progressively fewer EdU-positive cells were present in the sacrificed rat penis at
longer time points (1 and 4 weeks). They were mainly distributed in the subtunic and perisinusoidal spaces, and
defined as subtunic penile progenitor cells (STPCs) and perisinusoidal penile progenitor cells (PPCs). These
cells expressed c-kit, A2B5, and PCNA. After culturing in vitro, only *0.324% corporal cells were EdU-
labeled LRCs and expressed A2B5/PCNA. Therefore, labeling of penis cells by EdU occurred randomly, and
label retaining was not associated with expression of c-kit, A2B5, or PCNA. The penile LRCs are mainly
distributed within the subtunic and perisinusoidal space.

Introduction

It is generally believed that tissue-specific stem cells
exist in every organ and tissue, and their function is to

maintain tissue homeostasis by supplying new tissue-specific
cells during normal tissue cycling and when existing tissue
cells are lost due to injuries.

As an organ composed of multiple types of tissues, the
penis itself contains a variety of stem cells. Two types of
foreskin stem cells have been isolated to date, including
skin-derived progenitors (SKPs) and mesenchymal stem
cells (MSCs). A new and unique multipotent progenitor cell
population derived from adult mammalian dermis, termed
SKPs, has been isolated and expanded from rodent and
human skin and differentiated into both neural and meso-
dermal progeny [1,2]. Meanwhile, MSCs were also defined,
from low-temperature preserved human foreskin biopsies,
by their adherent culture growth pattern. These cells could
differentiate into mesodermal lineages, including adipo-
cytes, osteocytes, and myocytes [3]. MSCs are antigenically

distinct from SKPs, and when grown under the same con-
ditions, they grow adherently (plastic adherence is one of
the three hallmarks of MSC), while SKPs grow as floating
spheres.

Vernet et al. investigated whether cells from normal tunica
albuginea and Peyronie’s disease (PD) plaques undergo os-
teogenesis, express stem cells markers, or give rise to other
cell lineages via processes modulated by transforming growth
factor-b1 (TGF-b1) [4]. In addition, penile shaft tissue sec-
tions from the rat and wild-type mouse were immunostained
for Oct 4, an embryonic stem cell marker [5]. The results
showed that Oct 4 + cells were detected in tunical and cor-
poral tissues, and they could differentiate into smooth muscle
cells (SMCs), myofibroblasts, or cardiomyocytes. This is the
first report of isolation and characterization of embryonic-like
endogenous stem cells in penile tissue. Although perivascular
stem cells have been extracted from multiple organs, such as
bone marrow, dental pulp, placenta, fat, and umbilical cord
[6], the penis, as a part of the systematic circulation tree, has
not yet received attention in this regard.
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Due to the lack of specific markers, potential stem cells
in the urinary bladder have tentatively been identified us-
ing the ‘‘label-retaining cell (LRC)’’ strategy [7]. In this
study, the authors intraperitoneally injected thymidine
analog, 5-bromo-2-deoxyuridine (BrdU), into 6-week-old
rats daily for 4 consecutive days. However, the use of adult
rats differs from the original and prevailing LRC protocol
that calls for the use of newborn animals [8,9]. In addition,
the immunohistochemical detection of BrdU-labeled cells
is difficult due to the subtle color difference between BrdU
and nuclear stains. More importantly, the use of strong
acids and high temperature in the detection procedure de-
grades cellular proteins, rendering them unrecognizable by
their cognate antibodies. Consequently, determination of
stem cell marker expression in BrdU-labeled cells is often
not possible.

To overcome these difficulties, we recently introduced a
new stem cell labeling and detection method in which BrdU
was replaced with 5-ethynyl-2-deoxyuridine (EdU) [10,11].
In this study, we injected EdU into newborn rats and ex-
amined the time-dependent distribution of EdU-labeled cells
in the penis. We also investigated the relationship between
EdU-labeled cells and various stem cell and cellular markers
in these penile tissues.

Materials and Methods

Animals

All animal experiments in this study were approved by
the Institutional Animal Care and Use Committee at our
institution. Pregnant Sprague–Dawley rats were purchased
from Charles River Laboratories for a different project
investigating childbirth-related urinary incontinence. A
total of 24 male neonatal pups delivered by these primip-
arous rats were used for the EdU retaining study. Each pup
received an intraperitoneal injection of EdU (50 mg/kg;
Invitrogen) immediately after birth. Six rats were sacrificed
at each of the four time points (7 h, 3 days, 1 week, and 4
weeks postinjection) for penile corpora cavernosa tissue
harvest.

Isolation of penile corporal cells and culture

Penile corporal cells were isolated from rats at 3 days
post-EdU injection by incubation in 0.75% collagenase at
37�C for 20 min. The isolated cells were then cultured in
DMEM supplemented with 10% fetal bovine serum (FBS)
in a 10-cm dish. Corporal cells at passage 1 were seeded into
six-well plates at 70% confluence. Forty-eight hours later,
the cells were fixed with ice-cold methanol for 8 min. Cor-
poral cells at passage 1 and 2 were also used for flowcyto-
metry to identify EdU-positive cells.

Flowcytometry

The penile corporal cells at passage 1 and 2 were washed
with 3% bovine serum albumin and incubated with anti-
PCNA antibody (Abcam) in 50 mL buffer (1% FBS and
0.1% Na3N in PBS) for 30 min on ice. The cells were then
incubated with Click-iT reaction cocktail containing
Alexa594-azide (Cat# C10339; Invitrogen) for 30 min at
room temperature without light. Thereafter, the cells were

washed with PBS, re-suspended in 2 mL PBS, and analyzed
in a fluorescence-activated cell sorter (FACSVantage SE
System; BD Biosciences). The resulting data were further
analyzed with FlowJo software (Tree Star, Inc.) to deter-
mine the percentage of proliferate cell nuclear antigen
(PCNA) and EdU-positive cells among 1 · 105 penile cor-
poral cells.

Preparation of tissue sections

Freshly dissected penile corporal tissue was fixed for 4 h
with cold 2% formaldehyde and 0.002% picric acid in
0.1 M phosphate buffer, followed by overnight immersion
in buffer solution containing 30% sucrose. Tissues were
frozen in optimum cutting temperature compound (Sakura
Finetek) and stored at - 80�C until use. Sections were cut
at 5 mm, adhered to charged slides, and air dried for 5 min
before staining.

Immunofluorescence staining

Frozen tissue sections or fixed cultured penile corporal
cells on glass cover slides were placed in 0.3% H2O2/
methanol for 10 min, washed twice in PBS for 5 min, and
incubated with 3% horse serum in PBS/0.3% Triton X-100
for 30 min at room temperature. After draining the solution
from the tissue section, the slides were incubated overnight
at 4�C with primary antibodies (Table 1) followed by sec-
ondary antibody conjugated with FITC or Texas Red
(Vector Labs). Nuclear staining was performed with 4¢,
6-diamidino-2-phenylindole (DAPI). For tracking EdU-
positive cells, tissue sections were incubated with Click-IT
reaction cocktail (Invitrogen) for 30 min at room tempera-
ture. Control tissue sections were similarly prepared except
no primary antibody was added.

Image and statistical analysis

Tissue slides were examined with a Nikon Eclipse E600
fluorescence microscope and photographed with Retiga
1300 Q-imaging camera using the ACT-1 software (Nikon
Instruments, Inc.). The images were then quantified using
Image-Pro Plus image software (Media Cybernetics). For
statistical analysis, three to five randomly selected fields
per slides were examined and analyzed with Prism 5
(GraphPad Software, Inc.). Data were expressed as
mean – standard deviation. One-way ANOVA was used
and followed by post hoc analysis to determine signifi-
cance (P < 0.05).

Table 1. Antibodies Used in This Study

Target
protein Supplier Catalog no.

SMA Sigma-Aldrich, St. Louis, MO 099K4816
c-Kit Santa Cruz Biotech, Santa Cruz, CA sc-168
vWF Abcam, Inc., Cambridge, MA ab6994
A2B5 Abcam, Inc., Cambridge, MA ab53521
PCNA Abcam, Inc., Cambridge, MA ab18197
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Results

Development of the rat penis from 7 h to 4 weeks

The mean length of the rats penis was 2 + 0.2 mm,
3 + 0.8 mm, 5 + 0.65 mm, and 7 + 0.8 mm, (N = 6) at 7 h, 3 days,
1 week, and 4 weeks after birth, respectively. The growth of
the rat penis was rapid during the first 2 weeks after birth, but
growth slowed down after that point.

Distribution of EdU retaining cells in the penis during
development

An intraperitoneal injection of EdU into newborn rats re-
sulted in a high rate of penile corporal cells labeling (Fig. 1A).
At 7 h post-EdU injection, 410 – 105.3 corporal cells were la-
beled in each cross-section (*28%). These EdU-positive cells
increased to 536 – 115.6, while their percentage dropped to
25% at 3 days. Progressively fewer EdU-positive cells were
present in the sacrificed rat penis at longer time points (1 and 4
weeks) (Fig. 1B).

One week post-EdU injection, the location of EdU-
labeled cells could be recognized with the help of SMA
staining. Most labeling occurred in the penile erectile tissue,
tunica, and urethral tissue, while some EdU-labeled cells
were found in the connective tissue and dorsal vessel space
(Fig. 1C, D). The EdU-labeling rates within the penile tis-
sues just mentioned were similar at 1 and 4 weeks.

The penis contains long-term DNA LRCs

To detect long-term EdU retaining cells, the rats’ penile
tissues at 1 and 4 weeks post-EdU injection were used. At
these time points, the label was mainly detectable in
the perisinusoidal and subtunic tissue. We defined the
EdU long-term LRCs as perisinusoidal penile progenitor

cells (PPCs) and subtunic penile progenitor cells (STPCs)
(Fig. 2A, B).

Characterization of penile LRCs

To characterize those penile LRCs, several cellular
markers were used to screen LRCs at 4 weeks, including
SMA, vWF, c-kit, A2B5, and PCNA (Fig. 3A). In this study,
c-kit was detected in both STPCs and PPCs (Fig. 3B). In
both compartments, the percentage of EdU-positive cells
among c-kit-positive cells was largely constant (10%) at 4
weeks after EdU injection. The percentage of EdU-positive
cells among A2B5-positive cells was also constant at 3.5.
On the other hand, the percentage of A2B5-positive cells
among EdU-positive cells was 99% (Fig. 3C).

To determine the ratio of proliferating cells during penis
development, expression of PCNA was checked. The nu-
clear antigen PCNA is a marker of proliferation and is ex-
pressed only in cycling cells. During the cell cycling at G0
phase, the PCNA was evenly distributed in the entire cell
nucleus and the expression level decreased at Mid-S phase.
The PCNA became condensate at the late-S phase. Eighty
percent of EdU LRCs were at G0 phase and did not express
PCNA, while only 10% of EdU LRCs expressed PCNA and
were at Mid-S/Later-S phase (Fig. 4).

Characterization of long-term LRCs in vitro

Based on the immunohistochemistry analyses, we next
examined whether cultured penile LRCs expressed A2B5
and PCNA. EdU-labeled penile LRCs were harvested and
cultured until passage 1 and 2, and were noted to possess the
ability to form clones in culture dishes, while some of the
cells grew individually (Fig. 5A). A total of 0.324% corporal
cells were EdU-labeled LRCs at passage 1, and this

FIG. 1. Distribution of 5-
ethynyl-2-deoxyuridine (EdU)
label-retaining cell (LRCs) in
rats’ penis. (A) EdU-labeled
penile LRCs at different time
points at 7 h, 3 days, 1 week,
and 4 weeks post-EdU injec-
tion (original at · 40). (B)
Number of EdU-labeled penile
LRCs (P < 0.01). (C) Location
of EdU-labeled LRCs within
the penis at 1 and 4 weeks
post-EdU injection (original
at · 40). (D) percentage of
EdU penile LRCs at different
locations within the penis.
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percentage dropped to 0.033% at passage 2 (Fig. 5B). The
cultured LRCs expressed A2B5 and PCNA but did not ex-
press SMA (Fig. 5C).

Discussion

The motivation for this work comes from the need to
understand the stem cell population(s) of the penis in greater
depth, in order to begin to dissect the molecular regulation
of stem/progenitor cell function in greater detail. Identifying
and locating potential stem/progenitor cells in the penis
might facilitate future stem cell therapies targeting erectile
dysfunction and PD.

A pulse of the thymidine analog BrdU given to young
animals at the optimal time can identify the location of

slow-cycling long-term LRCs, putative adult stem cells,
within the adult tissue [12,13], while EdU could also fulfill
this screening method for stem/progenitor cells [11]. This
study reassesses the penile LRC profile by employing EdU
label whose detection is completely devoid of ambiguity.
With regard to histology, we examined the entire penis and
isolated the LRCs and cultured them in vitro.

Our results indicate that labeling of the neonatal rat penis
by EdU occurred at a high rate, but the number of labeled
cells dropped sharply within 1 week. These observations are
consistent with most LRC studies and generally reflect the
rapid cell cycling in most neonatal animal tissues [8,9,14]. It
is noteworthy that the distribution of the labeled cells was
mainly within the subtunic and perisinusoidal space. To ex-
amine stem cell marker expression in the penis, particularly

FIG. 2. Localization of
EdU penile LRCs. (A) Hy-
pothetical scheme of the pe-
nile LRCs. (B) Location of
STPC (arrowhead) and PPC
(arrow). (a and b · 100, c
and d · 400). STPC, sub-
tunic penile progenitor cells;
PPC, perisinusoidal penile
progenitor cells.

FIG. 3. Characterization of
penile LRCs in tissue. (A)
Cellular markers of penile
LRCs (original at · 200). (B)
Expression of c-Kit in STPC
and PPC (original at · 1000).
(C) Expression of A2B5 in
STPC and PPC (original at
· 1000).
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FIG. 4. Expression of PCNA by penile LRCs (A), including the STPC (B) and PPC (C). (D) Cell cycling of EdU penile
LRCs (original at · 1000). PCNA, proliferate cell nuclear antigen.

FIG. 5. Characterization of
EdU-labeled penile LRCs in
vitro. (A) (a–d) Clone for-
mation in vitro. (B) Flow cy-
tometric assay on EdU penile
LRCs. (C) Cellular markers
of EdU-labeled penile LRCs.
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LRCs, four well-characterized markers that relate to endo-
thelial, SMC, cell proliferates, and neural stem cells were
investigated. Both endothelial and SMCs were not co-
localized with EdU.

Neural stem cell marker A2B5 was strongly expressed in
penile Edu-labeled LRCs, including STPCs and PPCs. The
expression of hematopoietic stem cell (HSC) marker c-kit in
the penis has been extensively studied. While it is expressed
in both mast cells and interstitial cells of Cajal (ICCs), most
attention has been given to the latter as these cells are be-
lieved to be the pacemakers of detrusor contraction [15]. In
this study, we detected c-kit expression in the LRCs near the
penile sinusoids. Although the rate of co-localization in c-kit
expression and EdU labeling is not higher, the location is
quite important as it may play an important role in the re-
laxation and contraction of penile SMCs. While the signif-
icance of these findings is presently unknown, it should be
pointed out that in the bone marrow, c-kit-expressing HSCs
have been found to cycle rapidly from proliferative to qui-
escent state [16], and c-kit has been shown to regulate the
maintenance of quiescent HSC [17]. In addition, c-kit ex-
pression has been associated with quiescent hepatic satellite
cells [18], and ICCs in the adult small intestine have been
found to lack proliferative activity. Therefore, the c-kit-
expressing LRCs in the penis are probably quiescent ICCs.

It has been noted that PCNA expression detected by MAb
may define different cell subpopulations in different cell
types relative to those incorporating BrdU [19]. It has been
widely used for the evaluation of cell proliferation in rat
tissues with BrdU, PCNA, and Ki-67(MIB-5) Immuno-
histochemistry [20,21]. In our current data, it was noted that
most EdU-labeled LRCs did not express PCNA, which in-
dicates that most of these cells are quiescent cells at M0
phase.

After their isolation and culture in vitro, the EdU-labeled
LRCs grew slow and formed cell clones. Only 0.33% of
penile corporal cells were EdU-labeled LRCs, which is
lower than the in situ rate in the penile tissue. This may be
due to the difference of proliferation between the EdU-
labeled LRCs and other types of corporal cells.

Conclusions

Labeling of penile corporal cells by EdU occurred ran-
domly, and label retaining was not associated with expres-
sion of c-kit, A2B5, or PCNA. The penile LRCs are mainly
distributed within the subtunic and perisinusoidal space.
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