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Abstract
It has been reported that penile PDE5 expression was under androgen regulation. However it
remained unknown whether the observed change in PDE5 expression in castrated animals was under
direct androgen regulation or due to changes in smooth muscle content. In the present study we
showed that castration of rats caused a reduction of penile size and cavernous smooth muscle content.
Immunostaining detected concomitant reduction of PDE5 and alpha smooth muscle actin (α-SMA)
expression in the corpus cavernosum of castrated rats. Real-time PCR and western blotting detected
no change of PDE5 expression when normalized with α–SMA expression in castrated rats. Androgen
receptor (AR) expression was increased while PDE5 expression remained unchanged in DHT-treated
rat cavernous smooth muscle cells (CSMC). Prostate specific antigen (PSA) promoter activity was
upregulated while PDE5A promoter activity remained unchanged in DHT-treated CSMC. Thus,
PDE5 expression was not under direct androgen regulation.
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INTRODUCTION
Detumescence of the erect penis depends on the hydrolysis of cGMP by PDE5 [1;2].
Pharmacological inhibition of PDE5’s cGMP-hydrolytic activity results in the temporary
restoration of erectile function in the otherwise dysfunctional erectile tissue [2;3].
Physiological or pathological regulation of PDE5 activity or PDE5 expression, particularly in
the erectile tissue, is poorly understood. Downregulation of PDE5 expression has been
observed in the penis of rats with ligated pudendal arteries [4] or mice with disrupted eNOS
gene [5]. Reduced PDE5 expression has also been observed in the penis of male-to-female
transsexual individuals and in orchiectomized animals, and these observations have led to the
interpretation that PDE5 expression is positively regulated by androgens [6;7;8].
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In year 2000 when we succeeded in cloning the human PDE5A promoter, we recognized in its
upstream region a putative androgen responsive element (ARE) [9]. However, repeated efforts
failed to demonstrate androgen regulation of PDE5 expression, and as such, the negative results
were never published. In a 2006 review article [2] we mentioned the negative results and we
cited the two studies that showed positive androgen regulation [6;7]. However, it remains
unclear why androgens, which are considered by these authors as positive regulators for erectile
function, could also be positive regulators for PDE5, which is a key molecule for the
termination of erection and is currently the best target for ED treatment [2]. This apparent self-
contradiction and our earlier negative results prompted us to reexamine the effect of androgens
on PDE5 expression. We repeated and expanded our earlier experiments of year 2000; we also
conducted castrated animal experiments similar to those whose results were interpreted as
evidence of androgen regulation of PDE5 [6;7;8]. We report here that the observed reduction
of PDE5 expression in castrated animals is due to a reduction of smooth muscle content, not
direct androgen regulation.

MATERIALS AND METHODS
Castration rat model

Twenty 8-week-old male Sprague-Dawley rats were equally and randomly divided into a
control group and a castration group. Under anesthesia, rats of castration group underwent
bilateral orchiectomy through a 1-cm midline scrotal incision. Rats of control group were sham
operated. One month later, the rats’ body weight was measured and their penises harvested.
After measurement of weight and length, each penis was divided into 3 parts for
immunofluorescence, western blot, and RT-PCR. These animal experiments were approved
by the Institutional Animal Care and Use Committee of the University of California at San
Francisco.

Cell culture and androgen treatment
Rat cavernous smooth muscle cells (CSMC) were isolated and cultured as previously described
[4]. For androgen treatment, CSMC were cultured in phenol red-free Dulbecco’s modified
eagle’s medium with 10% charcoal-treated fetal bovine serum (HyClone Laboratories, Inc.,
Logan, UT). Cells were seeded at 1×106 cells per 10-cm dish for 24 h, treated with 30 nM
dihydrotestosterone (DHT, Sigma-Aldrich Corporation, St. Louis, MO), and harvested at
various time points as indicated in Results.

Immunofluorescence staining
Details of immunofluorescence staining have been described previously [10]. Briefly, frozen
sections of the mid-penis were reacted to anti-α–SMA antibody (1:10000, Sigma, St Louis,
MO) or anti-PDE5A antibody (1:1500, Santa Cruz Biotechnology, Santa Cruz, CA), followed
by staining with FITC-conjugated goat anti-rabbit or Texas red-conjugated goat anti mouse
secondary antibody (Jackson Immuno-Research, West Grove, PA). Nuclear staining was
performed with 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/ml, Sigma-Aldrich, St. Louis,
MO). Five randomly selected fields per tissue were photographed and recorded using Retiga
Q Image digital still camera and ACT-1 software (Nikon Instruments Inc., Melville, NY).

RT-PCR and real-time PCR
RT-PCR was performed as previously described [11]. PDE5A1, PDE5A2, and β-actin primers
used in these experiments were the same as those reported previously [12]. The real-time PCR
procedure has also been described recently [13]. The reaction consisted of 4 μl cDNA, 4 μl
primers [500 nM], 2 μl H2O and 10 μl SYBR Green PCR master mixture and was run in
ABI7300 PCR System (Applied Biosystems, Foster City, CA) with settings of 1 cycle at 95°
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C for 10 min, 1 cycle at 95°C for 15s and 60°C for 1 min, 40 cycles at 95°C for 15s, 60°C for
30s, and 95°C for 15s. The primers used in real-time PCR were: α–SMA-forward: 5′-
CGGGCTTTGCTGGTGATG-3′, α–SMA-reverse: 5′-GGTCAGGATCCCTCTCTTGCT-3′,
PDE5-forward: 5′-CACAGTGCATGTTTGCTGCTCTGA-3′, and PDE5-reverse: 5′-
CAATCAGCAATGCAAGCGTCTCCA-3′. GAPDH-forward: 5′-
ATGATTCTACCCACGGCAAG-3′, and GAPDH-reverse: 5′-
CTGGAAGATGGTGATGGGTT-3′. Each experiment was repeated three times.

Western blot analysis
Primary antibodies used in these experiments were anti-α–SMA (Sigma-Aldrich Corporation,
St. Louis, MO), anti-AR, anti-PDE5 and anti-β-tubulin (Santa Cruz Biotech, Santa Cruz, CA).
Details of the western blotting procedure have been described previously [4]. Briefly, equal
amount of protein (20 μg) from each tissue or cell sample was electrophoresed in 8% SDS-
PAGE, transferred to PVDF membrane (Millipore Corp., Bedford, MA), incubated with a
primary antibody overnight at 4°C, and then incubated with HRP-conjugated secondary
antibody (Pierce Chemical Company, Rockford, IL) for 1 h at room temperature. Detection of
reactive antigens was performed with ECL kit (Amersham Life Sciences Inc., Arlington
Heights, IL). The resulting image was analyzed with ChemiImager 4000 (Alpha Innotech, San
Leandro, CA) for protein band densitometry.

Promoter assay
PDE5A promoter construct and details of promoter assay procedure have been described
previously [9]. Prostate specific antigen (PSA) promoter construct [14] was used as positive
control. Briefly, CSMC were seeded at approximately 2 × 105 per well in a 6-well plate. The
next day, the seeded cells were transfected with 1 μg of PDE5A or PSA promoter construct
and 20 ng of pRL-SV40 (Promega, Inc., Madison, WI). When indicated, cells were treated
with 30 nM of DHT 24 h after transfection. The cells were further maintained for 24 h before
being washed and lysed in 500 μl of lysis buffer (Promega Inc. Madison, WI). The lysates (20
μl) were assayed for firefly luciferase activity (PDE5A or PSA promoter activity) and Renilla
luciferase activity (SV40 promoter activity) with the Dual-Luciferase reporter assay system
(Promega Inc. Madison, WI) and the TD-20/20 luminometer (Turner Designs Inc., Sunnyvale,
CA). The experiment was done in triplicates.

Statistical analysis
Data were analyzed with Prism 4 (GraphPad Software, Inc., San Diego, CA). T-test was used
to analyze differences in mRNA or protein expression between castrated and control rats or
between DHT and vehicle-treated cells. T-test was used to analyze differences in promoter
activity between DHT and vehicle-treated cells. P value <0.05 was considered significant.

RESULTS
Effect of castration on general penile characteristics

Twenty 8-week-old male rats were randomly divided into a castration group of 10 rats and a
control (sham-operated) group of 10 rats. One month later, after body weight measurements
(Table 1), the rats were sacrificed and their penises harvested. Size differences in the penises
of castration and control groups were readily identifiable upon gross inspection. Weight and
length measurements confirmed such observations (Table 1). Measurements of the
circumference of the fixed penile specimens also confirmed the difference between castration
and control groups (Table 1).
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Effect of castration on PDE5 expression
The middle part of each harvested penis was examined by immunofluorescence microscopy.
Mirroring the above-described size differences, castrated rats had much reduced levels of α–
SMA expression in the corpus cavernosum when compared to those of control rats (Fig. 1A).
Interestingly, α–SMA was expressed at similar levels in the dorsal arteries and central vein of
castrated and control rats (Fig. 1A). Castrated rats also had reduced levels of PDE5 expression
in the corpus cavernosum when compared to control rats (Fig. 1A). For real-time PCR analysis,
the distal part of each harvested penises was used. The results showed that the difference in
PDE5 expression between castrated and control rats was statistically insignificant (Fig. 1B).
For western blot analysis, the proximal part of each harvested penises was used. In these
experiments equal amounts of protein (20 μg each) of the homogenized penises, regardless of
the penile size, were examined. Under this condition, there was no significant difference in the
expression of PDE5 or α–SMA between castrated and control rats (Fig. 1C). As an added layer
of precaution, another control protein, β-tubulin, was also used for normalization of PDE5
expression, and the results again showed similar levels of PDE5 expression between castrated
and control rats (Fig. 1C). Together, the staining, real-time PCR and western blotting data show
that castration caused a reduction of cavernous smooth muscle content but not the relative
amounts PDE5 or α–SMA (relative to the total protein content).

Effect of DHT treatment on PDE5 expression
Testosterone was used in previous studies that reported androgen regulation of PDE5
expression [6;7;8]. However, testosterone can be converted into estrogen and its use thus can
produce unintended effects. In addition, DHT has been shown to be the active androgen in
erectile tissue [15]. Thus, DHT rather than testosterone was used throughout this study.
Treatment of cavernous smooth muscle cells with DHT for 1 h or 4 h produced no increase of
PDE5 mRNA expression, as assessed by real-time PCR (Fig. 2A). Treatment for 24 h also did
not result in increased expression of either PDE5A1 or PDE5A2, as assessed by RT-PCR (Fig.
2B). Shorter treatment times (1 h and 4 h) produced similar RT-PCR results as the 24 h-
treatment results (data not shown). The treated cells were also analyzed by western blotting.
Because it has been reported that DHT treatment of CSMC caused increased expression of
androgen receptor [16], we examined AR expression to ensure that our CSMC did respond to
DHT treatment. We also included AR-expressing prostate cancer cell line LnCap as positive
control. The results of 24 h DHT treatment showed that, while AR expression was clearly
upregulated in DHT-treated cells, PDE5 expression was not (Fig. 3).

Effect of DHT treatment on PDE5A promoter activity
We previously reported the identification of a putative ARE in the upstream region of human
PDE5A promoter [9]. Thus a reporter construct containing this ARE was used for the detection
of possible androgen regulation of PDE5A promoter. To ensure the effectiveness of DHT
treatment and the efficacy of the promoter assay system, a reporter construct containing the
androgen-responsive PSA promoter [14] was used as a positive control. Indeed, treatment of
CSMC with DHT resulted in an upregulation of PSA promoter (Fig. 4). However, under
identical treatment conditions, the activity of PDE5A promoter remained unchanged (Fig. 4).

DISCUSSION
Between 2004 and 2006 three studies reported that PDE5 was positively regulated by
androgens [6;7;8]. In addition, 5 recent review articles cited these studies as evidence for
androgen regulation of PDE5 [17;18;19;20;21]. However, if indeed androgens upregulate
PDE5 expression, wouldn’t they undermine the effectiveness of PDE5 inhibitors? The fact is
that, on the contrary, many published studies have shown that androgens increased the
effectiveness of PDE5 inhibitors, as summarized in a recent review article [22].
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Upon closer examination of the 3 original studies [6;7;8] we found that they did not investigate
the smooth muscle content and did not use smooth muscle actin as control in western blotting
and/or RT-PCR analyses. This lack of smooth muscle control raised the question whether the
observed reduction of PDE5 expression in castrated animals was a result of reduced smooth
muscle content. Indeed, several studies have shown that PDE5 is primarily expressed in smooth
muscle and castration causes a reduction of penile smooth muscle content [23;24;25;26;27].
As such, we suspected that the observed reduction of PDE5 expression was due to a reduced
smooth muscle content.

In the present study we noted that, at one month post-orchiectomy, the penises of castrated rats
were much smaller than those of control rats. Similar observations have been reported
previously [28]. Immunostaining further showed that castrated rats had significantly reduced
levels of PDE5 expression in the corpus cavernosum. Similar observations have also been
reported previously [6;7;8]. However, while these studies did not investigate changes in smooth
muscle content, we performed immunostaining for α–SMA and obtained data showing a
significant reduction of this smooth muscle marker in the corpus cavernosum of castrated rats.
Thus, the reduced PDE5 expression in castrated animals paralleled the reduced penile size as
well as the reduced smooth muscle content. Interestingly, no significant difference in α–SMA
expression was found in the central vein and dorsal arteries of castrated and control rats. To
our knowledge, such a differential effect of castration has not been reported and may warrant
further investigation.

While our above-described PDE5 staining data are largely in agreement with the 3 previous
studies [6;7;8], our PCR and western blotting data for PDE5 expression differ sharply from
those reported in these previous studies. Specifically, in our hands, neither PCR nor western
blotting detected a downregulation of PDE5 expression in the castrated rats’ penises. It should
be noted that, while staining analysis has the ability to examine the overall structure of a rat
penis (i.e., its cross section), PCR and western blotting analyses do not. As illustrated in Table
1, castration caused a significant reduction of penile size, and this change was readily detectable
by staining (Fig. 1A). Furthermore, a concomitant reduction of both the smooth muscle content
and PDE5 expression in the castrated rats’ penises was also detectable by staining. On the other
hand, there is no practical way to analyze the whole rat penis by PCR or western blotting.
Rather, protein and RNA samples were compared at equal input regardless of tissue/organ
sizes. As such, the reduction in penile size and the concomitant reduction in PDE5 expression
could not and were not detected by PCR or western blotting analysis. Thus, while the staining
experiments showed that castration caused a reduction of smooth muscle content and PDE5
expression, the PCR and western blotting analyses showed that the castration-associated
reduction of PDE5 expression was due to a castration-associated reduction of smooth muscle
content, not because of a reduction of PDE5 gene activity.

In addition to the above-described animal studies, we also assessed the effect of androgens on
PDE5 expression more directly at the cellular level. By using AR expression as positive control
[16], we showed that DHT had essentially no effect on PDE5 expression in CSMC. By using
PSA promoter as positive control [14], we also showed that DHT had essentially no effect on
PDE5A promoter. These negative results regarding possible androgen regulation of PDE5
expression were further supported by 3 recent studies in which genome-wide searches for
androgen receptor-bound genes were performed [29;30;31]. Specifically, while these searches
identified approximately 1,500 positive genes, PDE5 was not one of them. Thus, whether it
was at gene, RNA, or protein level, PDE5 expression was not directly under androgen
regulation.
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Fig. 1.
Effects of castration on PDE5 expression. (A) The mid-penis was examined by
immunofluorescence microscopy for α–SMA (red) or PDE5 (green). Nuclear staining with
DAPI (blue) was used to locate cells. Boxes in the 20x graphs indicate areas that are displayed
in the 100x graphs. (B) The distal penis was examined by real-time PCR. The expression levels
of PDE5 and α–SMA were each normalized with GAPDH. The normalized values were then
presented as a ratio (PDE5/α-SMA). (C) The proximal penis was examined by western blot.
Panel a shows the protein bands of PDE5, α–SMA, and β-tubulin of 3 rats from each group.
Panel b shows the results of densitometric analysis of the protein bands of PDE5 and α–SMA
of all 10 rats from each group. Panel c shows the results of densitometric analysis of the protein
bands of PDE5 and β-tubulin of all 10 rats from each group.
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Fig. 2.
Effect of androgen on PDE5 mRNA expression. Two rat CSMC strains (indicated as 1 and 2
in panel B) were used in these experiments. Panel A shows the results of real-time PCR analysis
of cells treated with DHT or vehicle (ethanol, noted as control) for 1 h or 4 h. The expression
levels of PDE5 and α–SMA were each normalized with GAPDH. The normalized values were
then presented as a ratio (PDE5/α–SMA). Panel B shows the results of RT-PCR analysis of
cells treated with DHT or vehicle (ethanol) for 24 h. Lane M is size marker (500, 400, and 300
bp). Panel C shows compiled results of densitometric analysis of 3 experiments with 2 CSMC
strains (n=6) as done in panel B.
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Fig. 3.
Effect of androgen on PDE5 protein expression. (A) Two rat CSMC strains (1 and 2) were
treated with DHT or vehicle (ethanol, EtOH) for 24 h and then analyzed by western blotting.
Prostate cancer cells (LnCAP) were included as positive androgen receptor (AR) control. (B)
Compiled results of densitometric analysis of 3 experiments with 2 CSMC strains (n=6) as
done in panel A.
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Fig. 4.
Effect of androgen on PDE5A promoter activity. CSMC were transfected with 1 μg of PDE5A
or PSA promoter construct and 20 ng of SV40 promoter construct (transfection control). The
transfected cells were then treated with 30 nM of DHT or vehicle (ethanol, EtOH) for 24 h.
The cells were assayed for firefly luciferase activity (PDE5A or PSA promoter activity) and
Renilla luciferase activity (SV40 promoter activity). The ratio between firefly and Renilla
luciferase activities of vehicle-treated cells is expressed as 1.0 on the y-axis. The ratio between
firefly and Renilla luciferase activities of DHT-treated cells is expressed relative to the
respective (PSA or PDE5A) vehicle-treated value on the y-axis. The experiment was done in
triplicates.
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Table 1
Comparison of body weight and penile characteristics between castrated and control rats.

Control group (N=10) Castration group (N=10)

Body weight (g) 425.1 ± 11.7 400.8 ± 9.6

Penile weight (mg) 314.40 ± 8.66 192.7 ± 4.0 **

Penile weight/body weight (×10−3) 0.743 ± 0.024 0.484 ± 0.018 **

Penile length (mm) 21.60 ± 0.37 19.10 ± 0.28 **

Penile circumference * (mm) 10.74 ± 0.27 8.72 ± 0.20 **

*
Penile circumference was measured on tissue sections that were used for immunofluorescence analysis (Fig. 1).

**
P < 0.01 versus control group
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