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Purpose: Although it has been supposed that the NO/cyclic GMP system produces inhibi-
tory signals to reduce the resistance of the bladder outlet and urethra during the micturition 
phase, little is known on the mechanisms controlling the function of urethral smooth muscle. 
The aim of the present study was to examine in the male and female urethra the expression of 
phosphodiesterase (PDE) isoenzymes, known as key proteins of the cyclic GMP/AMP 
signaling.
Methods: Urethral tissue was obtained from 4 female cadavers and 7 male patients (who 
had undergone gender reassignment surgery). The expression of mRNA encoding for 
PDE1A, 1B, 1C, 2A, 4B, 4D, 5A, 10A and 11A was investigated by means of real-time 
polymerase chain reaction. Western blot (WB) analysis was conducted to detect PDE 
isoenzymes.
Results: RT-PCR revealed relevant amounts of mRNA encoding for PDE1A, 2A, 4B, 5A, 
10A and 11A in male and female urethral tissue. The expression of PDE1A, 2A, 4B and 10A 
was 2-fold higher in the female than in the male urethra, whereas the expression of PDE11A 
mRNA was 7-fold higher in the male tissue. In the WB experiments, immunosignals specific 
for PDE1A, PDE4A and 4B and PDE11A were of higher degree in the female than the male 
tissue specimens, while an almost equivocal expression of PDE2A, PDE5A and PDE10A 
was registered.
Conclusion: On the level of mRNA and function proteins, different patterns of expression 
of PDE isoenzymes were registered in human male and female urethra. Future studies may 
clarify whether inhibition of PDE isoenzymes is likely to facilitate the relaxation of the 
outflow region in both sexes.
Keywords: urethral smooth muscle, phosphodiesterase isoenzymes, cyclic adenosine 
monophosphate, nitric oxide/cyclic guanosine monophosphate

Introduction
The normal micturition cycle in females and males depends on the unimpaired 
function of the smooth musculature of the lower urinary tract (LUT), including the 
urethra. There is evidence that the urethra plays a role in maintaining continence in 
females, while, in males, the function of urethral smooth muscle (USM) has been 
attributed to transient changes in urethral resistance through relaxation and con-
traction during the active voiding phase.1,2 The male urethra is about 18–20 cm 
long and divided into an anterior and a posterior part. The wall of the urethra 
consists of four layers, including two layers of smooth musculature (an inner 
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longitudinal and an outer circular layer). The length of the 
adult female urethra is approx. 4 cm, it stretches from the 
bladder neck to the urethral orifice and is located behind 
the pubic symphysis. Transitional epithelial cells are lined 
along with the proximal part of the urethra, and convert 
into squamous epithelial cells lining most of the urethral 
length. In females, the striated muscle stretches the length 
of the urethra and consists almost exclusively of type 
I slow-twitch fibers (87%) while in males the striated 
muscle stretches from the membranous urethra to the 
prostate and combines slow- and fast-twitch fibers (65% 
vs 35%, respectively).3,4 Experimental studies have indi-
cated that the USM is under the control of the nitric oxide 
(NO)/cyclic GMP pathway, and a significance of cyclic 
GMP specific phosphodiesterase (PDE) isoenzymes, such 
as the PDE5, in this mechanism has been proposed.5,6 

PDE enzymes are responsible for the degradation of 
the second messenger molecules cyclic GMP and cyclic 
AMP, thereby terminating the biological activity of these 
molecules. PDE inhibition has been proven to cause 
smooth muscle relaxation in various tissues of the male 
and female genitourinary tract and offers remarkable 
opportunities in the treatment of various diseases of the 
urogenital system.7–9 It has been shown by means of the 
tissue bath technique that the selective PDE inhibitors 
vinpocetine, rolipram, sildenafil, vardenafil and tadalafil 
can reverse the tension induced via the activation of alpha- 
adrenoceptors of isolated male USM. The relaxing effects 
of the said drugs were paralleled by an increase in cyclic 
AMP and/or cyclic GMP.10 In isolated human female 
urethra, the tonic contraction induced by noradrenaline 
was almost completely reversed by the PDE5 inhibitors 
sildenafil (10 µM) and vardenafil (30 µM).11 By means of 
Western blotting and conventional immunohistochemistry, 
the expression of PDE1A, 4A, 4B and 5A was visualized 
in human urethral tissue. Smooth muscle bundles contain-
ing PDE proteins were seen innervated by nerve fibers 
characterized by the expression of the neuronal nitric 
oxide synthase (nNOS), calcitonin gene-related peptide 
(CGRP) and vasoactive intestinal polypeptide (VIP).12 

Werkström et al reported that immunoreactivity specific 
for PDE5 was evident within urethral and vascular smooth 
muscle cells of the urethra of the female pig.11 However, 
up until today, studies on PDE enzymes in USM of males 
and females are scarce. Research efforts were limited to 
urethral tissue isolated from various animals (rabbit, rat, 
pig) or, in the case that human tissue specimens were 
utilized, focused on one PDE isoenzyme only, namely 

the cyclic GMP PDE5.11,13–15 The aim of the present 
study was to investigate by means of molecular biology 
(quantitative reverse transcriptase polymerase chain reac-
tion = qRT-PCR) and Western blot analysis the expression 
of various PDE isoenzymes – PDE1 (isoforms A, B and 
C), PDE2A, PDE4 (isoforms A/B and D), PDE5A, 
PDE10A and PDE11A – in human female and male ure-
thral tissue.

Materials and Methods
Tissue Source
The study protocol has been approved by the local Ethics 
Committee of the Hannover Medical School (Hannover, 
Germany) and it was in accordance with the Declaration of 
Helsinki. Urethral tissue was obtained from 4 female 
cadavers during forensic autopsies and 7 male patients 
who underwent male-to-female gender reassignment sur-
gery. The mean age of both the female and male subjects 
was 48 years. If legally compulsory, informed consent was 
obtained from the subjects prior to the commencement of 
the study. Macroscopically normal urethral tissue was 
excised from the penile corpus spongiosum or the distal 
parts of the female urethras. Specimens were dissected 
free of fatty and connective tissue, immediately shock- 
frozen in liquid nitrogen and transported to the laboratory 
for further preparation.

RT-PCR Experiments
The expression of mRNA encoding for the PDE isoen-
zymes PDE1A, PDE1B and PDE1C (Ca2+/Calmodulin- 
dependent PDE), PDE2A (cyclic AMP PDE, activated by 
cyclic GMP), PDE4B and PDE4D (cyclic AMP-PDEs), 
PDE5A (cyclic GMP PDE), PDE10A and PDE11A (Dual 
Substrate PDEs) was analyzed by means of Real-time PCR 
using the TaqMan protocol. In brief, 1 to 5 µg of total 
RNA was digested with DNase I and reverse transcribed 
into cDNA using the Superscript-II RT-PCR Kit 
(Invitrogen, Heidelberg, Germany). 2.5% of the resulting 
cDNA (approx. 40 ng) was applied to amplification using 
the TaqMan Universal Master Mix (Eurogentec, Brussels, 
Belgium) and the following protocol: initial denaturation 
for 10 min at 94°C. (denaturation for 15 sec at 94°C), 
annealing for 1 min at 60°C, extension for 1 min at 72°C, 
final extension for 10 min at 72°C, 40 cycles. Fluorescence 
signals were detected using an ABI Prism 7700 device 
(Applied Biosystems, Framingham, USA). In order to 
exclude differences in total RNA concentration, partial 
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degradation of RNA or an inappropriate cDNA synthesis, 
threshold cycle (Ct) values were corrected for mRNA 
related to the housekeeping gene smooth muscle alpha- 
actin. Expression was calculated using the formula relative 
expression = 2(20-dCt) and given in arbitrary units (AU) 
(dCt = difference in Ct value between the gene of interest 
and the reference gene). The expression is displayed as the 
mean of three independent PCR amplification experiments 
for each primer.

Western Blot Analysis
Frozen urethral tissue was sectioned into slices, collected 
in tubes and homogenized in buffer (50 mM TRIS, pH 7.8, 
containing protease inhibitor cocktail tablets and 150 mM 
NaCl) using a high-speed blender. Centrifugation was 
performed at 900 x g for 10 min to remove non- 
homogenized material. Cytosolic supernatants were pre-
pared and blots were blocked in 5% skimmed milk in 
buffer. Specific antibodies directed against PDE1A, 
PDE2A, PDE4A and B, PDE5A, PDE10A and PDE11A 
(raised in rabbits, dilution 1:500) (FabGennix Inc., Frisco, 
TX, USA) were applied and Western blots performed as 
has been described previously and repeated in triplicate.12 

The WB experiments were limited to those PDE isoen-
zymes which have been assumed by various authors to be 
of pharmacological significance in the lower urinary (and 
genital) tract of males and females.16

Results
qRT-PCR Analysis
The efficiency of the various PCR reactions was close to 
100%, the calculated expression of mRNA specific for the 
PDE isoforms examined was only modestly influenced by 
the housekeeping gene used for normalization, indicating 
that mRNA levels of ß-actin were almost similar in the 
tissues specimens applied to examination. The results pro-
vided no basis to assume that the time interval to tissue 
excision may have affected the results of the RT-PCR 
analysis. Potential contamination of the reaction mixtures 
was excluded using negative controls (no template and no 
amplification controls). RT-PCR revealed that mRNA 
encoding for all PDE isoenzymes, which were subject to 
this study, is expressed in the urethral tissues. Different 
magnitudes of mRNA expression were observed: RT-PCR 
revealed a predominant expression of mRNA transcripts 
encoding for PDE1A, PDE4B, PDE4D and PDE5A, 
whereas the expression of PDE1C, PDE2A and PDE10A 

was less pronounced and only negligible amounts of 
mRNA encoding for PDE1B were detected. The expres-
sion of PDE1A, 4B and 10A was approximately 2-fold 
higher in the female urethra compared to the male urethra. 
In contrast, the expression of mRNA encoding PDE11A 
was 7-fold higher in the male tissue. The results from the 
molecular biology studies are displayed in Figure 1 (A–C).

Western Blot Experiments
In addition to the RT-PCR studies, the expression of PDE 
isoenzymes in the female and male urethra was also exam-
ined by Western blotting. Exposure of cytosolic superna-
tants prepared from rough homogenates of urethral tissue 
to anti-PDE1A, -PDE2A, -PDE4A, -PDE4B, -PDE5A, - 
PDE10A or -PDE11A antibodies displayed clear bands 
without background shades within the expected molecular 
weight ranges (PDE1A: 65 kDa, PDE2A: 97 KD, PDE4A: 
66 kDa, PDE4B: 66 kDa, PDE5A: 89–99 kDa, PDE10A: 
90–93 kDa, PDE11A: 65–95 kDa). The degree of density 
of expression varied between the PDE isoenzymes: 
Signals specific for PDE2A, PDE5A and PDE10A were 
most pronounced in tissues taken from both sexes while 
the expression of protein accounting for PDE1A, PDE4A, 
PDE4B and PDE11A varied between females and males. 
In the WB experiments, signals specific for PDE2A, 
PDE5A and PDE10A were almost even in both the male 
and female urethras, in contrast, immunosignals specific 
for PDE1A, PDE4A, PDE4B and PDE11A were of higher 
degree in the female tissue specimens. In the female tis-
sues, an almost equivocal expression of PDE2A, PDE4A, 
PDE10A and PDE11A was registered while in the male 
urethra, a similar degree of dense expression of PDE2A 
and PDE10A was noted. Exposure to anti-PDE11A anti-
bodies resulted in a signal that appeared in abundance in 
the female urethra and was negligible in the male tissue 
samples. The results are displayed in Figure 2 (A–G) and 
Table 1.

Discussion
Data from animal studies have provided extensive evi-
dence that the urethra plays a functional role in maintain-
ing continence and enabling coordinated micturition in 
dogs and cats, while, in man, the contraction and relaxa-
tion of urethral smooth muscle has been attributed to 
transient changes in urethral resistance during the voiding 
sequence.1 Most of the experiments to identify endogen-
ous mediators contributing to the control of the outflow 
region were done using different animal models, therefore, 
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up until now, the pharmacology of the human urethra is 
still only poorly characterized. In contemporary urology, 
enhancement of cyclic nucleotide production brought 
about by NO-releasing drugs or selective inhibitors of 
PDE isoenzymes has become an interesting pharmacolo-
gical option to influence the function of smooth muscula-
ture in the LUT.9 Studies on the expression and 
significance of key proteins of the NO/cyclic GMP or the 
cyclic AMP signalling pathways in the urethra have been 
conducted using mainly tissue from various animal species 
and only in seldom cases from humans.17–19 Very few 
studies have investigated PDE isoenzymes in the human 
urethra, these approaches were almost exclusively limited 
to the potential role of the cyclic GMP PDE5. Werkström 
et al investigated the effects of the PDE5 inhibitors silde-
nafil, vardenafil and tadalafil on isolated urethral smooth 
muscle, Fibbi et al showed the expression of PDE5 in 
human male prostatic urethra.11,20 The present study has 

revealed that, at the mRNA level, transcripts specifically 
encoding for PDE isoforms 1A, 4B, 4D and 5A are pre-
dominantly expressed in urethral tissue of both sexes, 
whereas the expression of PDE1A and 4B was approxi-
mately 2-fold higher in the female urethra compared to the 
male urethra. The amount of mRNA specific for PDE11A 
was clearly higher in male tissue. With regard to the mere 
expression of mRNA transcripts encoding for PDE isoen-
zymes, the findings are in agreement with a previous study 
demonstrating the expression of mRNA related to PDE1, 
PDE4 and PDE5 in human male USM. On the protein 
level, all PDE isoenzymes verified by means of qRT-PCR 
were also detected in the Western blot experiments. We 
found that signals specific for PDE2A, PDE5A and 
PDE10A were most pronounced in tissues taken from 
both sexes while immunosignals specific for PDE1A, 
PDE4A, PDE4B and PDE11A were of higher degree in 
the female urethra. By means of chromatographic and 

Figure 1 (A–C) Relative expression (as determined by means of qRT-PCR) of mRNA transcripts encoding for PDE isoenzymes 1A, 1B and 1C (cyclic AMP-specific PDE, Ca2 

+/calmodulin-dependent) (A), PDE2A (cyclic AMP PDE, cyclic GMP-dependent), PDE4B and 4D (cyclic AMP PDE) (B), PDE5A (cyclic GMP PDE), PDE10A and 11A (1) (Dual 
Substrate PDEs) (C) in human male and female urethra. The (densitometric) degree of PDE-specific mRNA expression is given in arbitrary units (AU), related to the 
expression of the so-called house-keeping gene alpha-actin (known to be a characteristic marker protein of smooth musculature). 
Abbreviations: m, male; f, female.
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immunohistochemical methods, PDE1, PDE4 and PDE5 
were also observed in the human urinary bladder of both 
sexes, with the cyclic GMP PDE5 being the most promi-
nent isoenzyme in smooth muscle fibers of the bladder as 
well as in the endothelium and smooth muscle layer of 
vesicular deferential arteries. However, there is no evi-
dence demonstrating substantial differences in the expres-
sion of PDE isoenzymes in detrusor smooth musculature 

of males and females.20–22 The apparent discrepancies in 
the expression of PDE enzymes on the level of mRNA and 
function proteins, for example, relatively high expression 
of mRNA encoding PDE1A vs mediocre to weak expres-
sion of PDE1 protein in the male urethra, might be due to 
post-transcriptional processing mechanisms so that steady- 
state mRNA levels do not necessarily correlate with the 
protein composition of the cell.23–25 The findings are also 

Figure 2 (A–G) Western blot analysis. Exposure to anti-PDE1A (A), -PDE2A (B), -PDE4A (C), -PDE4B (D), -PDE5A (E), -PDE10A (F) and -PDE11A (G) antibodies of 
cytosolic supernatants prepared from tissue specimens of the human male and female urethra displayed signals of the expected molecular weights for the PDE isoenzymes 
investigated: PDE1A: 65 kDa, PDE2A: 97 kDa, PDE4A/4B: 66 kDa, PDE5A: 89–99 kDa, PDE10A: 90–93 kDa, PDE11A: 65–95 kDa. mwm = molecular weight marker (Page 
Ruler PlusTM Protein ladder, Fermentas GmbH, St. Leon-Roth, Germany). 
Abbreviations: m, male; f, female.
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supported by results from a study utilizing conventional 
immunohistochemistry in order to examine the presence of 
PDE isoenzymes in the male distal urethra. Immunosignals 
specific for PDE1A, 4A, 4B and 5A but not PDE2A were 
observed. Smooth muscle fibers positive for PDE 4B were 
seen transversed by nerves containing VIP, known to act as 
an endogenous stimulator of the cyclic AMP producing 
enzyme adenylyl cyclase, bundles of urethral smooth mus-
cle immunoreactive for PDE5 were innervated by slender 
nerve fibers displaying the expression of CGRP.12 The 
expression of mRNA and its translation into PDE protein 
is only one part of the information required for the under-
standing of the role of this group of enzymes in urethral 
function, whereas functional studies are of paramount 
importance in order to draw substantial conclusions.

Given this premise, our observations are in accordance 
with the results from tissue bath studies using isolated 
human urethral tissue excised from females and males. 
The tonic contraction induced by an adrenergic agonist 
was reversed by the PDE5 inhibitors sildenafil and varde-
nafil, in isolated male urethral smooth muscle, the PDE4 
inhibitor rolipram was shown to be most efficacious in 
reversing the adrenergic tension.10,11 It is believed that 
these experiments may provide evidence for a functional 
role of both PDE4 and PDE5 in the control of urethral 
smooth muscle tension. In vivo, rolipram has also been 
shown to enhance the relaxation of male mice urethra 
induced by the beta-3-adrenoreceptor agonist mirabegron, 
known to stimulate the production of the second messen-
ger cyclic AMP.26 In cystomanometric studies in diabetic 
female rats, sildenafil partially reduced urethral 
pressure.27

Conclusion
On the level of mRNA and function proteins, the expres-
sion of cyclic AMP and cyclic GMP PDE isoenzymes in 
both the human male and female urethra is not homoge-
nous, different gender-specific patterns were observed. It 
remains to be established whether or not selective inhibi-
tion of PDE isoenzymes may represent a new option to 
selectively facilitate the relaxation of the outflow region in 
males and females.

Abbreviations
cDNA, complementary desoxyribonucleic acid; cyclic 
AMP/GMP, cyclic adenosine/guanosine monophosphate; 
kDa, kilodalton; LUT, lower urinary tract; mRNA, mes-
senger ribonucleic acid; NO, nitric oxide; NOS, nitric 
oxide synthase; PDE, phosphodiesterase enzyme; qRT- 
PCR, quantitative reverse transcriptase polymerase chain 
reaction; USM, urethral smooth muscle; WB, Western 
blot.
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