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Abstract Cyclic nucleotides are important secondary
messengers involved in modulating the contractility of
various smooth muscles. Phosphodiesterases (PDE) play
important roles in this process by modulating the levels
of cyclic nucleotides and their duration of action. This
study was designed to identify and characterize the PDE
isoenzymes in rat urinary bladder and to evaluate their
roles in regulating bladder smooth muscle tone. The
involvement of cAMP and cGMP pathways in this
process was also assessed. The studies were carried out
with tissues from male and female rats and no significant
sex-related difference was found in the results. Utilizing
the unique pharmacological properties of different
isoenzymes, PDEI, 2, 3, 4, and 5 were identified in rat
bladder. Organ bath experiments showed that forskolin
was most potent in relaxing pre-contracted rat bladder
strips while sodium nitroprusside was moderately effec-
tive, suggesting the relaxation was mainly mediated by
the cAMP pathway and that the cGMP pathway is
moderately involved. For PDE inhibitors, the non-spe-
cific inhibitor papaverine was most effective in relaxing
pre-contracted bladder strips. Among isoenzyme-selec-
tive inhibitors, vinpocetine, EHNA, and sildenafil in-
duced more relaxation than milrinone and rolipram.
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Introduction

Cyclic nucleotides are important secondary messengers
that are synthesized by their prospective cyclases and
degraded by various phosphodiesterases (PDEs). PDEs
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play critical roles in modulating the levels of cyclic nu-
cleotides and their duration of action insides the cell via
their ability to hydrolyze these compounds. Currently,
21 PDE genes have been cloned and are classified into 11
families (PDE1-11) according to their sequence homol-
ogy, and their biochemical and pharmacological prop-
erties [2, 5, 12, 19]. The effectiveness of PDE inhibitors in
controlling the contractility of corpus cavernosal
smooth muscle [4], vascular smooth muscle [9], and
tracheal smooth muscle[13, 14] has been well docu-
mented, yet the PDE isoenzymes and their role in
modulating bladder smooth muscle tone is still under
intensive study. To date, the PDE isoenzymes in the
bladder have only been studied in humans [17] and pigs
[15]. Tt has been reported that bladder relaxation is
mainly mediated by the cAMP pathway in humans [16],
pigs [18], and rabbits [8]. The involvement of the cGMP
pathway is not as well established and varies between
species [1]. In this study, we identified PDE isoenzymes
from male and female rat urinary bladder. In addition,
the effects of various PDE inhibitors, as well as adeny-
late cyclase and guanylyl cyclase stimulators on the re-
laxation of pre-contracted male and female rat bladder
strips were evaluated using the organ bath technique.

Materials and methods

Materials

All the chemicals were purchased from Sigma except where indi-
cated. Sildenafil was extracted from Viagra tablets.

Tissue preparation

Mature male and female Wistar rat (250-300 g) were killed with
carbon dioxide. The bladder was excised and the bladder body was
separated from the neck. Fat and connective tissues were removed.

Isolation of PDEs

Enzyme isolation was carried out as described previously [10].
Briefly, tissues were homogenized, centrifuged and loaded on a



I ml Mono-Q column pre-equilibrated with column buffer
(20 mM HEPES, pH 7.2, 1 mM EDTA, 0.5 mM PMSF). After
the unbound proteins were washed out with 5 ml of column
buffer, the enzymes were eluted with a linear gradient of 100-
600 mM NacCl in the same buffer and 1 ml fractions were col-
lected.

Phosphodiesterase assay

PDE activities in the elution fractions were determined as described
previously [10]. The data presented here are representative of at
least two enzyme preparations from tissues of each sex. For every
study, each reaction was performed in duplicate. The PDE activity
was expressed as pmoles of cyclic nucleotide hydrolyzed per minute
per milliliter of enzyme preparation. When inhibitors were used,
they were dissolved in either water or DMSO. The final concen-
tration of DMSO in the reaction mixture did not exceed 5% (v/v),
and the same amount of DMSO was added separately as a solvent
control when necessary. In the inhibitor studies, the enzyme con-
centration was adjusted such that the maximum hydrolysis of the
initial total substrate did not exceed 15%, and the rate of product
formation increased in a linear fashion with time and enzyme
concentration.

Organ bath experiments

The organ bath experiments were carried out as described previ-
ously [10]. Longitudinal strips (2 mmx8 mm) of rat bladder were
prepared. The strips were allowed to recover for 30 min in the
organ chamber without any stretch, and then were stretched in-
crementally (0.5 g tension/stretch) in order to reach the optimal
resting isometric tension. After every two to three stretches, the
tissue was contracted with 1 pM carbachol. If the amplitude of this
contraction was within 10% of the previous contraction, the op-
timal resting tension was reached. The strips were allowed to re-
cover for 30 min with frequent washes. To study the ability of the
compounds to induce relaxation, the strips were pre-contracted
with 1 pM carbacol. To eliminate any prostaglandin mediated ef-
fects, 1 mM of indomethacine was added. When the contraction
was stabilized, an accumulative dosage curve was constructed for
each compound. The following stock solutions were prepared:
Sodium nitroprusside (SNP) at 100 mM in saline; milrinone and
rolipram at 100 mM in DMSQO; forskolin and erythro-9-(2-hy-
droxy-3-nonyl) adenine (EHNA) at 30 mM in DMSO; papaverine,
sildenafil, and vinpocetine at 10 mM in saline, DMSO and EtOH
respectively. All of the compounds were further diluted in saline.
The stabilized contraction induced by carbacol minus baseline was
defined as 100% tension. The relaxation was expressed as
percentage tension.
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Results
Characterization of PDE isoenzymes

The PDE isoenzymes were isolated from the urinary
bladders of male and female rats through an anionic
exchange column and the elution fraction was assayed
for its CAMP and ¢cGMP hydrolysing activity. PDE
isoenzyme selective inhibitors were employed to char-
acterize the identity of the isoenzymes. Similar PDE
activity profiles were obtained from both sexes. No
significant difference was observed between sexes and
these will thus be referred to jointly.

The bladder homogenates were loaded on a Mono-Q
column and eluted with a linear NaCl gradient. When
the elution fractions were assayed using cGMP as the
substrate, two major peaks were observed (Fig. 1; PI,
P2). A potent PDES selective inhibitor, sildenafil, in-
hibited most of the P1 activity (Fig. 1), suggesting that
the cGMP hydrolysing activity of P1 was largely con-
tributed by PDES. The majority of the P2 activity was
inhibited by EHNA (Fig. 1), indicating that PDE2 was
responsible for the majority of the activity in this peak.
There were two recognizable peaks that overlapped ex-
tensively when cAMP was used as the substrate (Fig. 2;
P1, P2). Rolipram, a PDE4 selective inhibitor, inhibited
about two thirds of the activity in P2 and P3, suggesting
PDE4 was the major contributor for cAMP hydrolysing
activity (Fig. 2). In the presence of milrinone, a selective
PDE3 inhibitor, roughly one third of the activity in P2
and P3 was suppressed, indicating there was some PDE3
in these two peaks. PDE2 and PDE3 can utilize both
cAMP and cGMP as substrates. Their abilities to hy-
drolyze cAMP are affected by cGMP in opposite direc-
tions. cGMP inhibits PDE3 activity while it stimulates
PDE2 activity. When cAMP hydrolysing activity was
assayed in the presence of cGMP, P2 activity was
stimulated while P3 activity was inhibited (Fig. 2),
confirming the presence of PDE2 in P2 and PDE3 in P3.
Since there was more PDE2 activity in P2, it masked the
presence of PDE3. PDEI is unique among the PDE

} P2 o cGMP
= c¢GMP+ 100nM Sildenafil
v ¢GMP + 30uM EHNA
7 P1
T T T T
10 20 30 40 50 60 70

fractions



390

Fig. 2 The same elution
fractions in Fig. 1 were assayed
for cAMP PDE activity in the
presence and absence of cGMP,
or milrinone, or rolipram, or
200 pM Ca>* and 40 units of
calmodulin. Milrinone is a
PDE3 specific inhibitor with a
reported ICsg of 0.3 uM [6].
Rolipram is a PDE4 specific
inhibitor with a reported 1Cs
of 2.0 uM [11]
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isoenzymes in that its activity can be stimulated by cal-
cium/calmodulin. To investigate whether PDE1 was
present in the elution, a cCAMP PDE assay was carried
out in the presence of calcium/calmodulin. A small new
peak appeared (Fig. 2; P1), suggesting the presence of
PDEI in the preparation.

Effects of various PDE inhibitors and cyclase
stimulators on the relaxation of pre-contracted
bladder strips

To evaluate the functional role of each PDE in relaxing
rat bladder muscle, the ability of PDE inhibitors to relax
male and female bladder muscle strips pre-contracted by
carbachol were tested in organ bath experiments. In
addition, an adenyl cyclase activator (forskolin) and a
guanylyl cyclase activator (SNP) were also used to assess
the involvement of cAMP and ¢cGMP pathways in the
relaxation process. The results are summarized in Fig. 3
and Table 1. Forskolin was the most potent relaxant,
followed by the non-specific PDE inhibitor, papaverine.
Among the selective PDE inhibitors, vinpocetine (PDE1
inhibitor), EHNA and sildenafil were more effective
than milrinone, rolipram. SNP induced moderate re-
laxation. No significant difference was observed between
male and female bladder strips.

Discussion

cAMP and ¢cGMP are important secondary messengers
that control many physiological processes including
smooth muscle contractility. PDEs modulate intracel-
lular cyclic nucleotide levels via their ability to hydrolyse
cyclic nucleotides, and therefore, are critical components
in controlling smooth muscle tone. In this report, we
have identified the PDE isoenzymes in rat urinary
bladder. In addition, organ bath experiments have been
conducted to evaluate the effects of various PDE in-
hibitors and the adenyl and guanylyl cyclase activators
on the relaxation of pre-contracted bladder strips. Since
there are significant differences in the physiology and the
pathology of male and female urinary tracts, male and
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female bladder tissues were compared in all the experi-
ments. However, no significant differences were ob-
served between males and females.

PDEIl, 2, 3, 4 and 5 were identified in rat bladder.
PDEI, 2 and 3 hydrolyze both cAMP and cGMP. PDE4
is cAMP specific while PDES is ¢cGMP specific. The
activities were eluted in three peaks (P1, P2, and P3).
cGMP activity was mainly detected in P1 and P2, while
cAMP activity was found in P2 and P3. Selective PDE
inhibitors were employed to characterize the activities in
the elution. P1 contained mostly the cGMP hydrolyzing
activity that was contributed by PDE5. P3 contained
mainly the cAMP hydrolysing activity that was con-
tributed by PDE3 and 4. On the other hand, P2 had
considerable amount of cAMP and cGMP hydrolyzing
activities, contributed from PDE2, 3 and 4. Thus, it
appeared that PDE3 and 4 activities were found in both
P2 and P3. The PDE4 gene family is the largest one
among all the PDE families. It consists of four different
genes, each of which encodes multiple splicing variants.
PDE3 also consists of products from two different genes.
It is possible that similar pharmacological activities
found in P2 and P3 represent different isoforms of PDE3
and PDE4, or different charged forms of the same iso-
form or even proteolytic fragments of the same isoform.
Although the amount of PDEI detected in rat bladder
was small, it was definitely present. PDE6 is a retina
specific PDE and thus was not pursued further in this
study. Although the existence of PDE7-11 was not de-
termined due to the lack of specific inhibitors, judging
from the extent of activity inhibited by the known in-
hibitors, it is not likely that significant amounts of these
are present in rat bladder. PDE1-5 have also been
identified from human and porcine detrusor [15, 17].
One observable difference is that considerable amount of
PDE]1 has been reported in human and porcine bladder
while our results indicated there was a very limited
amount of PDEI in rat bladder. This probably reflects a
species difference.

Forskolin is a potent activator of adenylate cyclase. It
completely relaxed bladder strip pre-contracted by car-
bachol, suggesting that cAMP accumulation was very
effective in this relaxation process. This observation is in
agreement with previous reports that the relaxation of
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Fig. 3A, B Effects of PDE inhibitors and adenylate and guanylyl
cyclase activators on the relaxation of pre-contracted male rat
bladder strips. The above baseline tension induced by carbachol
was defined as 100%. Relaxation was expressed as mean percentage
tension + SD at each dose. Four to 12 strips from 2-4 preparations
were tested for each inhibitor. A EHNA, milrinone, vinpocetine,
and forskolin; B SNP, Rolipram, sildenafil, and papaverine

Table 1 The effects of PDE inhibitors, adenylate cyclase and
guanylyl cyclase activators on relaxation of pre-contracted rat
bladder strips. Complete relaxation down to baseline was defined
as 100%. E,.x% represents maximal relaxation achieved at highest
concentration tested for each compound. Each value represents the
mean £ SD for 4-12 tissue strips from 2-4 preparations

Compound Maximum Enax(%) ECso (UM)
concentration (uM)  (mean =+ SD)

vinpocetine 44 79.93+£9.79 21.13
EHNA 144 68.31+£2.84 30.12
milrinone 144 49.09+7.73 ND
rolipram 144 53.14+£10.66 ND
sildenafil 44 76.02+8.49 12.74
papaverine 44 88.23+£9.08 14.3
forskolin 44 98.03+5.82 5.83

SNP 144 50.03+11.10 ND

bladder strips is mainly mediated by the cAMP pathway
in species including rabbits [§], humans [16], and pigs
[18]. The involvement of NO induced cGMP accumu-
lation in bladder relaxation is not very consistent among
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different reports in the literature [1]. It seems that the
degree of relaxation varies depending on the species
examined, the way NO is delivered, and the reagents
used for the pre-contraction of bladder strips. Generally,
minimal to moderate relaxation was observed. NO is the
natural activator for soluble guanylyl cyclase. In this
study, SNP was used as the NO donor. It induced about
50% relaxation in bladder strips, indicating that the NO
mediated cGMP pathway played a moderate role in rat
bladder relaxation. This is different from the results in
the human [16] and porcine [18] bladder where the
cGMP pathway has very limited involvement.

Of the PDE inhibitors studied, the non-specific PDE
inhibitor, papaverine, induced the most relaxation
(88%), confirming the importance of cyclic nucleotide
accumulation in urinary bladder relaxation. Both cAMP
and cGMP concentration can be elevated by papaverine.
Vinpocetine, sildenafil and EHNA were the next effec-
tive relaxants, elicited 70-80% relaxation. Milrinone
and rolipram were less effective, generating about 50%
relaxation. Although cAMP accumulation was very ef-
fective in inducing relaxation and most of the cAMP
hydrolyzing activities were contributed by PDE3 and
PDE4, the inhibitors of these two PDEs exhibited the
least effect. There are at least two possible explanations.
First, in isolated tissue strips, the basal activity of ade-
nylate cyclase may be very low, as is also the case for the
cAMP turn over rate. Blockage of cAMP hydrolysis
alone is insufficient to elevate the intracellular cAMP to
a critical level. Second, the solubility of milrinone and
rolipram may limit their accessibility to the cells. There
might be a cellular compartmentalization issue in addi-
tion.

Although vinpocetine has been found to be the most
effective among selective PDE inhibitors in relaxing
human and porcine detrusor smooth muscle [16, 18], its
effectiveness in relaxing rat bladder strips was still sur-
prising given the small amount of PDEI present in rat
bladder. It is possible that compartmentalization played
a significant role here. Sildenafil is a potent PDES5 in-
hibitor with an ICsy of 3.9 nM in the enzyme assay.
PDES5 inhibition increases cGMP levels, which can also
be achieved by SNP stimulation of soluble guanylyl
cyclase. Yet sildenafil was much more effective in in-
ducing relaxation in rat bladder strips than SNP. Part of
the explanation might be the cross inhibition of sildenafil
to other PDEs. Sildenafil has an ICsy of 280 nM against
PDE]1, and 6.3 uM against PDE4 [3]. Thus, in the con-
centration range tested, sildenafil might have inhibited
more than PDES to achieve its maximal effect. Another
possible contributing factor is that there is cross talk
between CAMP and cGMP pathways. Elevated cGMP
levels due to PDES inhibition result in the inhibition of
PDE23, which in turn increases cAMP levels. Inhibition
of PDE2 could increase both cAMP and cGMP con-
centrations and EHNA produced decent relaxation.
Taken together, the data seem to suggest that when PDE
inhibitors are used alone, stimulation of both cAMP and
cGMP pathways is more effective than stimulating just
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one pathway. It is also worth noting that the relative
abundance of PDE isoenzymes does not always correlate
with the significance of the functional roles they play.
Intracellular compartmentalization is critical physio-
logically.
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