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Inhibitors of phosphodiesterase 5 (PDE 5) inhibit
the nerve-induced release of nitric oxide from the
rabbit corpus cavernosum
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Background and purpose: Nitrergic neurons are important for erectile responses in the corpus cavernosum and impaired
signalling results in erectile dysfunction, today treated successfully by oral administration of the selective phosphodiesterase 5
(PDE 5) inhibitors sildenafil, tadalafil and vardenafil. Although the importance of nitrergic neurons in urogenital function has
become evident, it has not been investigated if the PDE 5 inhibitors affect the nerve-induced release of nitric oxide (NO). In a
previous study we found that the soluble guanylate cyclase (sGC)/cyclic guanosine 3’,5’–monophosphate (cGMP) pathway
might modulate nerve-induced release of NO in isolated cavernous tissue.
Experimental approach: Electrical field stimulation (EFS 5 Hz, 40 V, 0.3 ms pulse duration, 25 pulses at intervals of 2 min) of
rabbit isolated cavernous tissue elicited reproducible, nerve-mediated relaxations in the presence of scopolamine (10�5 M),
guanethidine (10�5 M) and phenylephrine (3�10�6 M). In superfusion experiments, nerve stimulation (20 Hz, 40 V, 1 ms) of
the cavernous tissue evoked release of NO/NO2

�, measured by chemiluminescence.
Key results: Sildenafil, tadalafil and vardenafil decreased the muscular tone and prolonged the relaxations to nerve
stimulation. The evoked release of NO decreased to 72711%, 55716% and 61714% of control, respectively after addition of
sildenafil, tadalafil or vardenafil (all 10�4 M, n¼6–8, po0.05).
Conclusions and Implications: Selective PDE 5 inhibitors influence the nerve-induced release of NO, probably via cGMP-
mediated negative feedback. This negative feedback might explain why priapism is not seen during monotherapy with the
PDE inhibitors.
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Introduction

Nitric oxide (NO) is an important neurotransmitter in the

autonomic nervous system and evidence for involvement of

the L-arginine/NO pathway in the urogenital tract has been

found. In the corpus cavernosum, it was suggested that non–

adrenergic non–cholinergic (NANC) inhibitory responses to

nerve stimulation were mediated by NO (Ignarro et al., 1990;

Holmquist et al., 1991). Further, in bovine retractor penis

(Liu et al., 1991) and rat anococcygeus muscles (Li and Rand,

1989; Liu et al., 1991) NO was shown to mediate relaxations

in response to nerve stimulation. These findings were

supported by the identification of NO synthase (NOS)

in neurons of the rat and canine penis (Burnett et al., 1992;

Keast, 1992). Also, NOS positive neurons were found in the

human penis where nerve stimulation of the corpus

cavernosum elicited release of NO in parallel with reprodu-

cible relaxations (Leone et al., 1994). Previously, our group

has quantified the release of NO from autonomic neurons of

rabbit corpus cavernosum. The release of NO decreased in

presence of the NOS inhibitor Nw-nitro-L-arginine methyl

ester (L-NAME) and originated from neurons as indicated by

the decreased release in the presence of tetrodotoxin (TTX)

(Hallén et al., 2005).
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In the cavernous tissue of the rabbit penis, the most

likely sources for NO-synthesis would be the neurons and

endothelium as indicated by their content of NOS (Anders-

son and Wagner, 1995; Dail et al., 1995). Stimulation

of nitrergic neurons results in release of NO that will diffuse

to surrounding smooth muscle cells. On the postsynaptic

side, NO binds to soluble guanylate cyclase (sGC) and the

conversion of GTP to cyclic guanosine 30,5-monophosphate

(cGMP) will be facilitated. The increase in cGMP concentra-

tion results in diminished levels of intracellular calcium and

alterations in protein phosphorylation, thereby causing

relaxation of smooth muscle cells (Andersson and Wagner,

1995). Further, the concentration of cGMP in a cell is

controlled by phosphodiesterases (PDEs) that catalyse the

degradation of cGMP by hydrolysis to GMP. As of today,

11 different subtypes of PDE are characterized in mammalian

tissues. Upon the discovery that the PDE inhibitor zaprinast,

with some preference for phosphodiesterase 5 (PDE 5),

enhances NANC-mediated relaxations of human and

rabbit cavernous tissue, it was suggested that defects of the

cGMP pathway may cause some forms of impotence (Bush

et al., 1992; Rajfer et al., 1992). Indeed, further studies have

revealed the importance of intact NO/cGMP signalling for

erectile responses and selective PDE 5 inhibitors have proven

to be a pharmacological approach in treatment of erectile

dysfunction (Corbin et al., 2002).

PDE 5 is present in corpus cavernosum and of main impor-

tance in the breakdown of cGMP, especially in the rabbit

(Qiu et al., 2000). Other PDEs are present in the cavernous

tissue (Waldkirch et al., 2005), but do not appear to signi-

ficantly modulate changes in cGMP levels associated with

the ability to achieve penile erection (Corbin et al., 2002;

Weeks et al., 2005). Recently, several different selective PDE 5

inhibitors have been developed. First came Viagra (sildenafil)

(Boolell et al., 1996), then Cialis (tadalafil) (Eardley and

Cartledge, 2002), and recently Levitra (vardenafil) (Klotz

et al., 2001) was launched. In common, they all facilitate

erection as a consequence of stimuli by increasing the

cellular content of cGMP in the cavernous tissue (Francis and

Corbin, 2003). Viagra, Cialis and Levitra are now widely used

in treatment of male erectile dysfunction.

Previously, it has been described that cGMP might affect

the release of NO from the autonomic neurons in guinea-pig

colon (Hallén et al., 2001) and in rabbit corpus cavernosum

(Hallén et al., 2005). Application of modulators of the

sGC/cGMP pathway (the analog 8-Br-cGMP, the sGC stimu-

lator 3-(50-hydroxymethyl-2-furyl)-1-benzylindazole (YC-1),

the sGC inhibitor 1-H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-

one (ODQ) and the non-selective PDE 5 inhibitor zaprinast)

suggested that cGMP enhances the release of NO from

autonomic neurons in guinea-pig colon and in rabbit corpus

cavernosum, but the effect of zaprinast was variable. In light

of the previous findings, this study was designed to investi-

gate if the commercially available selective PDE 5 inhibitors

sildenafil, tadalafil and vardenafil affected the nerve–

induced release of NO from cavernous tissue. This would

also give an opportunity to study the effect of modulating

endogenous cGMP levels, which might give more detailed

information compared to applying cGMP analogues to the

entire tissue as in our previous study (Hallén et al., 2005).

Methods

The experiments were approved by the local ethics commit-

tee for experimentation on animals.

Tissue preparation

Male New Zealand rabbits (2.5–3.1 kg) were anaesthetized by

a slow injection of sodium pentobarbital (60 mg kg�1) in the

marginal vein of the ear and exsanguinated by a cut in the

heart. The abdominal aorta was cannulated and perfused

with 150 ml 0.9% NaCl at 371C in order to remove the

hemoglobin from the tissue. The corpora cavernosa were

removed and placed in ice–cold modified Krebs solution

(136.9 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 0.6 mM MgSO4,

11.9 mM NaHCO3, 0.5 mM KH2PO4, 11.5 mM glucose), pre-

pared from ultrafiltrated water (a-Q, Millipore, Bedford, MA,

USA). All buffer salts were of pro-analysis grade. The paired

corpora cavernosa were cleaned from adjacent muscle and

connective tissues. Two types of experiments were per-

formed, organ bath experiments for analysis of muscle

responses and superfusion experiments for analysis of

NO/nitrite -release.

Organ bath experiments

In organ bath experiments the paired corpora cavernosa

had the tunica albuguinea removed, were divided into a total

of 10–14 strips, 10–12 mm in length, and tied between thin

threads. The preparations were suspended in 5.5–6.5 ml

organ baths containing Krebs solution at 201C, and after

20 min were heated to 371C during continuous aeration with

6.5% CO2 in O2. The muscle preparations received trans-

mural electrical field stimulation (EFS) (5 Hz, 40 V, 0.3 ms

pulse duration, 25 pulses at intervals of 2 min), applied

through 10 mm long platinum electrodes in the wall of the

organ bath, 10 mm apart. The stimulation parameters were

chosen to obtain stable and reproducible muscular response

over time and in accordance with stimulation parameters

utilized in previous work (Cellek and Moncada, 1997). The

EFS was applied from a Grass S44 stimulator (Quincy, MA,

USA) and the mechanical muscular activity was recorded

isometrically by Grass force–displacement transducers (FT03)

and displayed with a Grass model 7D Polygraph. For

observations of the relaxing effects mediated by EFS and

PDE inhibitors, a combination of adrenergic blockers and

agonist were added to precontract the tissues (see Results).

Pharmacological substances were added directly into the

organ baths between periods of EFS and each substance was

tested in six preparations from at least three rabbits.

Superfusion experiments for measurements of NO/NO2
�

In experiments where the release of NO was measured,

the cavernous tissue with part of the tunica albuginea was

divided longitudinally to obtain two similar strips

(35�6 mm). A cut was made longitudinally in each strip

in order to increase the exposure of the tissue to the super-

fusate. Each half was tied between monofilic nylon threads

and mounted in an open jacket-type glass chamber at a load
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of 6–10 mN, with continuous superfusion of Krebs solution

at 1 ml/min at a temperature of 371C. The superfusion

experiments were performed without any precontraction of

the tissue. The NOS substrate, L-arginine, (10�5
M) was added

to the Krebs solution and the tissue was left for approxi-

mately 120 min in order to equilibrate before pharmaco-

logical substances were applied.

Needle shaped electrodes were placed on the cavernous

tissue, approximately 3 cm apart. The electrodes used were

made of silver since platinum electrodes are unsuitable

for NO/NO2
�-release experiments due to generation of a

false NO/NO2
�-signal through electrolytic conversion of

compounds released from tissues as well as from amino

acids (e.g. L-arginine) added to the tissue bath (Wiklund

et al., 1993). The tissue received transmural electrical

stimulation (20 Hz, 40 V biphasic, pulse duration 1 ms) for

1 min at 30 min intervals. The stimulation parameters were

chosen to obtain a stable nerve-induced release of NO over

time and in accordance to the stimulation parameters

chosen in previous work (Leone et al., 1994; Cellek and

Moncada, 1997; Hallén et al., 2005). The EFS was applied

through a Grass S88 stimulator and the muscle activity of the

tissue was monitored isometrically by Grass force–displace-

ment transducer (FT03) and displayed with a Grass model

7D Polygraph.

The tissue superfusate was collected during 1 min periods

in freshly rinsed tubes before, and during electrical stimula-

tion, and was immediately analyzed for their content of

NO/NO2
�. The sampled superfusate corresponded to the fluid

being in contact with the tissue exactly during the electrical

stimulation. This was chosen since it previously has

been shown that release of NO from nitrergic nerves falls

by 75% in the first 20 s after a 60 s stimulation period

(Wiklund et al., 1997). This was also confirmed in develop-

ment of the methods for the present study (data not shown).

For determination of NO and its oxidation product NO2
�,

aliquots of the superfusate were injected into a thermostated

glass vessel, containing 150 ml of 1% sodium iodide in

concentrated and deoxygenated hot acetic acid (901C),

continuously purged with N2. In the vessel, NO2
� is reduced

to NO in the acidic and reducing milieu and thereafter

carried further by the stream of N2 into a reaction chamber

where NO reacts with ozone under vacuum, with emission

of photons. A photomultiplier tube counted the photons.

The system was calibrated on a daily basis by injecting

aliquots of NaNO2 solution and using peak heights for

construction of standard curves (Iversen et al., 1994). The

detection limit was 0.5–1 pmol NaNO2 per ml. The back-

ground signal from Krebs solution was subtracted from each

sample. Four periods of stimulations (30 min intervals, see

above) were applied, to determine whether the evoked

release of NO/NO2
� was stable and then the fourth stimula-

tion was applied in the presence or absence of the selective

PDE 5 inhibitor. Experiments without a sufficient or stable

nerve induced release of NO/NO2
� upon electrical stimula-

tion during the first three stimulations were excluded (18%

were excluded). This was possible to determine on-line in

each experiment since the NO/NO2
� analysis was made

immediately after each stimulation. Drug treatments were

applied in a randomized fashion. The concentrations of

sildenafil, tadalafil and vardenafil used were chosen in

accordance to their effect on inhibitory nerve stimulation

evoked relaxations in organ bath experiments. Pharmaco-

logical substances were present for 20 min before the

nerve stimulation and each tissue was exposed to only one

concentration of the selective PDE 5 inhibitor. Also, a

different PDE inhibitor was used within the two preparations

obtained from each animal.

Pharmacological substances

Control experiments were performed to exclude the possi-

bility that the pharmacological substances used would

release NO/NO2
� or that NO2

� would be converted to NO3
�

upon electrical stimulation. Also, another possibility is that

NO/NO2
� could be lost or generated by an unspecific reaction

with L-arginine or the PDE inhibitors used. To avoid the

above-mentioned scenarios, a nylon thread was mounted in

the open-jacket chamber instead of the corpus cavernosum

and the thread was continuously superfused with Krebs

solution. Electrical stimulation of the thread in absence or

presence of the substances used (L-Arg, sildenafil, tadalafil

and vardenafil) did not alter the release of NO/NO2
�. Hence it

can be assumed that none of the substances per se released

NO/NO2
� and that NO2

� was not converted to NO3
� upon

electrical stimulation.

L–Arginine, and dimethyl sulphoxide (DMSO) were pur-

chased from Sigma (St Louis, MO, USA). Sildenafil, tadalafil

and vardenafil were a gift from the producers, Pfizer, Lilly

and Bayer, respectively. Sildenafil, tadalafil and vardenafil

were dissolved in DMSO, while L–arginine was prepared in

a-Q ultrafiltrated water. The substances were diluted 1:1000

(concentrations 10�7–10�5
M) or 1:100 (10�4

M) in the organ

bath or tissue superfusate. DMSO 1:100 to the tissue super-

fusate did not alter the amount of NO released (data not

shown) despite showing an inhibitory effect on smooth

muscle responses.

Statistical analysis

Experimental data are expressed as mean7s.e.m. Statistical

significance of changes in NO/NO2
�-release was tested

according to Student’s t–test for paired observations, com-

paring the release during the fourth stimulation to the third

stimulation. For calculation of statistical differences in organ

bath experiments on muscle tone and responses to nerve

stimulation, and the effect thereupon by the selective PDE 5

inhibitors, repeated measurements One–way ANOVA was

used followed by Tukey’s test. All statistical calculations were

done by using a computer program (SigmaStat, Jandel, San

Rafael, CA, USA). n indicates the number of experiments,

significant difference between treatment groups was ac-

cepted for Po0.05.

Results

Organ baths

Reproducible contractions of the corpus cavernosum could

be observed upon EFS (5 Hz, 40 V, 0.3 ms pulse duration, 25
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pulses at intervals of 2 min). In the presence of scopolamine

(10�5
M), guanethidine (10�5 M) and phenylephrine (3�

10�6
M), a constant degree of contraction was achieved and

EFS elicited reproducible relaxations over time (Figure 1).

The relaxations could be totally abolished in the presence

of TTX (10�6
M) (data not shown). The tone of the cavernous

tissue was significantly lowered by addition of sildenafil,

tadalafil and vardenafil in a dose dependent fashion (Figures

1 and 2). Furthermore, the relaxing phase induced by

electrical stimulation was prolonged with increasing con-

centrations of sildenafil, tadalafil and vardenafil (Figure 3).

The solvent, DMSO, caused some degree of relaxation, which

however was significantly smaller than the combined effect

of a PDE inhibitor and the solvent (Figure 2).

Release of NO/NO2
�

Upon addition of sildenafil (10�5 and 10�4
M), tadalafil (10�5

and 10�4
M) and vardenafil (10�5

M) to the tissue superfusate,

the basal overflow of NO was not altered (Table 1). However,

addition of vardenafil (10�4
M) decreased the overflow of NO.

Electrical stimulation (20 Hz, 40 V, 1 ms) of the rabbit corpus

cavernosum for 1 min, every 30 min, evoked a stable release

of NO (Figure 4), as well as a muscular contraction (not

shown), as described previously (Hallén et al., 2005). In the

presence of sildenafil (10�5
M) and tadalafil (10�5

M) the

nerve-induced release of NO was not altered (93712% of

controls, n¼6 and 103711% of controls, n¼ 6, respectively,

all NS) (Figure 5). In the presence of vardenafil (10�5
M) there

was a small but not significant decrease in the nerve induced

release of NO (Figure 5). At 10-fold higher concentration

of the PDE inhibitors, the nerve stimulation evoked release

of NO decreased after addition of sildenafil, tadalafil or

vardenafil (all at 10�4
M; Figure 5). The solvent, DMSO,

despite having inhibitory effects on muscle tone (Figure 2),

did not modify the release of NO (data not shown).

Discussion

This study confirms that the commercially available selective

PDE 5 inhibitors sildenafil, tadalafil and vardenafil may relax

cavernous tissue of the rabbit penis. As expected, the

responses of inhibitory nitrergic NANC neurons were

enhanced, but unexpectedly the PDE inhibitors had an

inhibitory effect on release of NO. Further, in organ bath

experiments it was found that electrical stimulation of

isolated preparations of rabbit corpus cavernosum elicited

relaxation in the presence of phenylephrine, scopolamine

and guanethidine. The relaxations were reproducible over

time and totally blocked by TTX, indicating that the

relaxations were nerve mediated. By application of selective

PDE 5 inhibitors, sildenafil, tadalafil and vardenafil, a dose

dependent reduction of the tone of the tissue was achieved.

10 mN

10 mN

10 mN

-7 -4-6 -5

2 min

Figure 1 Organ bath experiments. Three representative tracings of
nitrergic relaxations of three rabbit corpus cavernosum preparations
upon electrical stimulation (5 Hz, 40 V, 0.3 ms pulse duration, 25
pulses at intervals of 2 min, as indicated by dots) in the presence of
phenylephrine (3�10�6

M), scopolamine (10�5
M) and guanethi-

dine (10�5
M). Application of sildenafil, tadalafil and vardenafil (all at

10�7–10�4
M; as shown at top of figure) lowered the tone of the

tissue in a dose-dependent fashion and prolonged the duration of
the EFS-induced relaxations.
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Figure 2 The effects of sildenafil, tadalafil and vardenafil (all at
10�7–10�4

M), on phenylephrine-induced tone in preparations of
rabbit corpus cavernosum. The tissue was pretreated with scopola-
mine (10�5

M) and guanethidine (10�5
M). Results are shown as

percentage of the contractile response induced by phenylephrine
(means7s.e.m.). For controls, the error bars were hidden within the
symbol.
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Figure 3 The effects of sildenafil, tadalafil or vardenafil (all at 10�7–
10�4

M), on nitrergic responses in preparations of rabbit corpus
cavernosum. The tissue received EFS (5 Hz, 40 V, 0.3 ms pulse
duration, 25 pulses at intervals of 2 min) and was pretreated with
phenylephrine (3�10�6

M), scopolamine (10�5
M) and guanethi-

dine (10�5
M). Results are shown as percentage of the duration of the

relaxation response induced by EFS (means7s.e.m.).
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The nerve-induced relaxations were totally abolished in the

presence of sildenafil and vardenafil at the concentration

of 10�4
M, most likely due to an almost complete loss of

muscular tone. Tadalafil was less potent in decreasing muscle

tone in our in vitro situation, which is in agreement with

reported data on IC50 values of these drugs on PDE 5 (Kim,

2003). Further, the selective PDE 5 inhibitors used in this

study mediated a prolongation of the nerve-induced relaxing

phase. This effect was also most pronounced for sildenafil

and vardenafil. Taken together our results suggest that

sildenafil, tadalafil and vardenafil were increasing the

muscular relaxations in response to nerve stimulation in a

dose-dependent fashion. Our results are in line with previous

findings (Stief et al., 1998; Giuliano et al., 2003) and higlight

the ability of these PDE 5 inhibitors to modulate the

muscular responses induced by nitrergic neurons.

In experiments where the release of NO from the cavernous

tissue was measured, it was found that electrical stimulation of

the erectile tissue resulted in release of NO/NO2
� as previously

described (Hallén et al., 2005). The release is initiated by

nerve-induced activation of NOS since it can be reduced by

NOS inhibitors and the neurotoxin TTX (Hallén et al., 2005) in

agreement with previous findings (Leone et al., 1994; Cellek

et al., 1996). We report here the novel observation that the

nerve–induced release of NO was subject to modulation by the

selective PDE 5 inhibitors, sildenafil, tadalafil and vardenafil,

and that this modulation was inhibitory. Neither sildenafil,

tadalafil nor vardenafil at the lower concentration used

(10�5
M) affected the basal release of NO, whereas a slight

effect was observed with vardenafil at 10�4
M. This may

indicate slight differences in potencies or cooperative inter-

action between vardenafil and cGMP as described recently

(Blount et al., 2004), but the limited number of experiments

does not allow any conclusions at this point.

The concentrations of the PDE 5 inhibitors necessary

to evoke the modulatory effect on NO/NO2
� release were

considerably higher than those found in clinical use. This

Table 1 Basal release of NO/NO2
� from the cavernous tissue of the rabbit penis before (control) and during addition of sildenafil, tadalafil or vardenafil

(all at 10�5 and 10�4
M)

Sildenafil

10�5
M Control 10�4

M Control
871 771 n¼7 NS 1072 1272 n¼11 NS

Tadalafil
10�5

M Control 10�4
M Control

1073 1073 n¼7 NS 1774 1673 n¼7 NS

Vardenafil
10�5

M Control 10�4
M Control

871 971 n¼7 NS 1072 1572 n¼10 **

Abbrevations: NO, Nitric oxide; NS, not significant, PDE, phosphodiesterase.

Statistically significant change of NO/NO2
�-release is denoted by **(Po0.01). Results are shown as pmol/min, mean7s.e.m. where n denotes the number of

animals and tissues studied at each concentration of PDE inhibitor.

R
el

ea
se

 o
f N

O
/N

O
2-

Basal release of NO/NO2
-

(%
 o

f b
as

al
 r

el
ea

se
)

0

50

100

150

200

250

Release of NO/NO2
- during nerve stimulation

* ***

Figure 4 NO/NO2
�-release from isolated cavernous tissue of the

rabbit penis before and during nerve-induced stimulation (trans-
mural electrical stimulation, at 40 V, 20 Hz, pulse duration 1 ms).
Electrical stimulation was repeatedly applied for 1 min, 30 min apart.
Each period of electrical stimulation elicited-release of NO/NO2

� and
a muscular contraction (not shown). The release of NO/NO2

� was
statistically significantly increased compared to controls. Results are
shown as percentage of NO/NO2

�-release at basal conditions prior
to the first electrical stimulation, Columns show mean and bars
indicate7s.e.m.; n¼5–7; *Po0.05.
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Figure 5 Effect of sildenafil, tadalafil and vardenafil (all at 10�5 and
10�4

M), on nerve induced NO/NO2
�-release from the cavernous

tissue of the rabbit penis. Each column represents the evoked release
during a period of transmural nerve stimulation (40 V, 20 Hz, pulse
duration 1 ms) for 1 min. Application of sildenafil, tadalafil or
vardenafil, at 10�4

M, decreased the nerve–induced NO/NO2
�-

release, whereas the lower concentration (10�5
M) did not alter

nerve–induced NO/NO2
�-release. Results are shown as percentage of

nerve-induced NO/NO2
�–release in controls. Columns show means

and bars indicate7s.e.m.; n¼6–8 for each group; *Po0.05.
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is likely to be due to suboptimal penetration of the substance

in the in vitro situation, where no blood perfusion is at hand.

The concentrations were only slightly above those necessary

for direct relaxation of the tissues (Figure 1). We performed

these experiments to find out the concentration range

needed for biological effects in vitro in our model. We are

therefore of the opinion that the results in this study might

be of relevance for in vivo conditions where drug delivery to

the tissue will be much more efficient.

Comparison with earlier observations on NO/NO2
� release

The observations presented in this study, suggesting a

negative cGMP-mediated feedback on nerve-induced NO

release, may on initial inspection appear to be in contra-

diction with two previous studies from our laboratory. In

the longitudinal smooth muscle layer of guinea-pig colon

(Hallén et al., 2001) and in rabbit corpus cavernosum (Hallén

et al., 2005) it was found that agents mimicking or

stimulating the formation of cGMP led to increases of the

nerve-induced release of NO. Thus, in both studies, enhan-

cing effects on nerve-induced NO release were obtained by

addition of the cGMP analog 8-Br-cGMP or by YC-1, a

stimulator of cGMP synthesis. In the study on colon tissue,

the moderately selective PDE inhibitor zaprinast increased

the nerve-induced release of NO.

First, we will consider the discrepancy with our previous

results in the colon. In intestinal tissue, an excitatory effect

of exogenous NO was observed, leading to smooth muscle

contraction (Olgart et al., 1997). This excitatory effect was

shown to be due to NO-induced activation of cholinergic

nerves and nerves releasing substance P-like peptides. The

intestinal excitatory effect is likely to be exerted proximal to

the most peripheral nerve endings since it was amenable to

blockade by TTX, and was exerted via the cGMP pathway due

to the blockade of the excitation by the guanylate cyclase

inhibitor ODQ (Olgart et al., 1997). Therefore, in our previous

study in colon, an inhibitory feedback by cGMP on NO release

in the nerve terminals of the intestinal neurons might have

been masked by a simultaneous excitatory effect by the

applied NO/cGMP pathway modulators on intestinal neurons

or their axons. The presently observed negative feedback by

cGMP on nerve-induced NO release in the corpus caverno-

sum, as indicated by the effect of the selective PDE 5

inhibitors, might therefore motivate further in-depth studies

on the possibility of a negative cGMP-mediated feedback in

the terminal arborizations of the intestinal neurons.

Second, in our earlier report on the corpus cavernosum

of rabbits (Hallén et al., 2005), neither the basal release of

NO nor the nerve-induced release of NO was altered in

the presence of zaprinast. The lack of effect of zaprinast

contrasting with the presently observed significant effects

of the more selective PDE 5 inhibitors might be due to less

selectivity of zaprinast as a PDE inhibitor. Zaprinast is an

inhibitor of PDE 1, 5 and 6 (Francis and Corbin, 2003) and

inhibition of, for example, PDE 1 might lead to increments

in cAMP, which in turn might act to facilitate neurotrans-

mitter release (Lefkowitz, 1996).

Third, in our previous report on corpus cavernosum,

we observed stimulating effects of 8-Br-cGMP and YC-1 on

NO/NO2
� release (Hallén et al., 2005). Application of these

substances might lead to a more general activation of cGMP

mediated mechanisms (Olgart et al., 1997) in the tissue,

perhaps even activating or sensitizing nerves to stimulation

as observed by us in the intestinal tissue, whereas the

selective PDE 5 inhibitors might only enhance the action of

cGMP generated locally upon nerve-stimulation induced

neuronal activity.

Mechanism of modulation of NO/NO2
� release

Previously it has been shown that cGMP-dependent phos-

phorylation of neuronal NOS leads to inhibition of the

enzyme (Dawson et al., 1993; Dinerman et al., 1994). Thus,

the inhibition of NO release by the selective PDE 5 inhibitors

we found in this study could be effected via phosphorylation

of neuronal NOS.

In their studies on NOS phosphorylation, Dinerman et al.

found that both cAMP- and cGMP-dependent phosphoryla-

tion in living cells mainly occurred at a serine site, with

some phosphorylation at a threonine site. Furthermore,

Dinerman et al. found that NOS-dependent NO generation

was inhibited, whereas NO generation from an NO-donor

(sodium nitroprusside, SNP) was maintained (Dinerman

et al., 1994). The exact locations of the phosphorylated

amino acids were not determined. Subsequent studies have

indicated that phosphorylation of both serine 847 and 1412

in nNOS may inhibit the enzyme (Mount et al., 2005). A

recent study shows that phosphorylation of threonine

1296 of nNOS also inhibits the enzyme in living cells (Song

et al., 2005), an effect observed also with LPS-induced

tyrosine phosphorylation of nNOS in an astrocytoma cell

line (Colasanti et al., 1999). In contrast, endothelial NOS is

activated by cyclic nucleotide-dependent phosphorylation

on two serine and one threonine sites (Butt et al., 2000).

Interestingly, calcium/calmodulin-dependent phosphory-

lation of nNOS also can inhibit the enzyme, but by

phosphorylation at serine 741 (Zoche et al., 1997). Thus,

there is ample evidence for phosphorylation-induced regula-

tion of NOS activity lending support to the hypothesis that

the presently observed inhibitory effect on NO-release by

PDE 5 inhibitors might be through such a mechanism.

The nNOS in the urogenital tract occurs also as a splice

variant, PnNOS, which is elongated by 34 amino acids

(http://www.expasy.org/uniprot/P29476; Magee et al., 1996).

As a database simulation (http://www.cbs.dtu.dk/services/

NetPhos) indicated that several amino acids in the elonga-

tion segment are possible sites of serine phosphorylation it is

obvious that further studies are required to elucidate how the

presently observed effects are exerted at the protein level.

Studies in the kidney show that changes in nNOS phos-

phorylation can occur in physiological conditions (Mount

et al., 2005). We would thus favour the view that the

presently observed effects by the phosphodiesterase inhibi-

tors are exerted via a change in the phosphorylation of an

isoform of NOS, most probably nNOS.

Theoretically, the selective PDE 5 inhibitors, we have used

might exert their effect through other phosphodiesterases

than PDE 5, since expression of a multitude of PDEs has been

observed in the urogenital tract and the corpus cavernosum
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(Kuthe et al., 2001; Makhlouf et al., 2006). Although PDE 11

has attracted considerable attention in these organs (Makh-

louf et al., 2006) it seems less likely as a target for the

presently used inhibitors (Weeks et al., 2005). Augmentation,

by the phosphodiesterase inhibitors, of inhibitory effects of

NO on neuronal calcium entry is another, perhaps less likely

but still possible, explanation for the effects observed by us,

since NO has been shown to decrease calcium entry into CNS

neurons (Snider et al., 2000).

The physiological response to neuronal release of NO in the

corpus cavernosum is increased blood flow to the cavernous

tissue, a prerequisite for achieving and maintaining erection

(Burnett, 2002). Indeed, lack of what is now known to be

nitrergic neurons in human erectile tissue leads to an

inability to maintain erections (Saenz de Tejada et al.,

1989), and in diabetic impotent rats it was found that

nitrergic neurons in the penis undergo degeneration (Cellek

et al., 1999). Apart from the neurons, NO is also released from

the endothelium upon stimulation by acetylcholine (ACh).

However, administration of ACh does not result in reliably

induced erections (Dorr and Brody, 1967) and intracaverno-

sally injected atropine fails to inhibit erections induced by

nerve stimulation (Brindley, 1986; Burnett et al., 1992). Thus,

it was suggested that nitrergic neurons would be required to

maintain erections of the penis. This is further supported by

our previous finding that blockade of the cholinergic path-

way did not affect the release of NO (Hallén et al., 2005).

Possible clinical implications

If there was only a positive feedback on nitrergic neurons,

through NO-stimulated cGMP formation (Hallén et al., 2001,

2005), an uninhibited activation of erection might be

evoked, theoretically leading to priapism. The present study

proposes that increasing concentrations of cGMP generated

via inhibition of PDE 5, results in a negative action on nerve-

induced release of NO. The proposed negative feedback

might be of considerable physiological importance, prevent-

ing induction of priapism. If an exogenous NO donor were

administered concurrently with a PDE 5 inhibitor, there

would be enhancement of the smooth muscle effects of NO

but no cGMP dependent feedback on NO generation, since it

does not involve NO generation through nNOS. The reports

we have found in the literature on priapism with PDE 5

inhibitors involve either the use of selective PDE 5 inhibitors

at a dosage above the recommended level or their use

together with other pro-erectile substances by oral or intra-

cavernous administration (Aoyagi et al., 1999; McMahon,

2003; Yonessi and Saeedi, 2005). At least the latter are

situations where a negative cGMP-dependent feedback on

NO formation might be expected to be bypassed.

Conclusion

Today, a common pharmacological approach for treatment

of erectile dysfunction is to prescribe sildenafil (Viagra),

tadalafil (Cialis) or vardenafil (Levitra). All three will inhibit

PDE 5, thereby increasing the cellular concentration of

cGMP (Jeremy et al., 1997; Ballard et al., 1998; Francis and

Corbin, 2003). The present study provides indications that

the local nerve-induced release of NO is under modulation in

a negative feedback fashion as indicated by the effects of

selective PDE 5 inhibitors. However, at present, this modula-

tion is not fully elucidated and further studies are required,

bearing in mind that a positive effect of NO, via cGMP might

be also be present for neurotransmission in enteric nerve

plexa (Olgart et al., 1998; Hallén et al., 2001). A negative

feedback by NO, via cGMP, on NOS activity might explain

why PDE 5 inhibitors rarely cause priapism as long as other

pro-erectile compounds are not used.
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