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ABSTRACT 

Purpose: The effects of sildenafil, a highly selective inhibitor of cyclic guanosine 
monophosphate-specific phosphodiesterase type 5, on erectile function in the anesthetized dog 
were evaluated. 

Materials and Methods: In pentobarbital-anesthetized dogs, increases in intracavernosal pres- 
sure in the corpus cavernosum and penile blood flow were induced by pelvic nerve stimulation 
over a frequency range of 1 to 16 hertz. The effects of increasing doses of sildenafil on electrically 
stimulated intracavernosal pressure, penile blood flow, blood pressure, and heart-rate were 
evaluated. In parallel experiments, the effects of the nitric oxide synthase inhibitor No-Nitro- 
L-Arginine (L-NOArg) on these same parameters also were assessed. 

Results: The effects of nerve stimulation on intracavernosal pressure and blood flow to the 
penis were blocked by L-NOArg, 0.1-3 mg./kg., in a dose-related manner, confirming the 
important role of nitric oxide in producing erections. Sildenafil, 1 - 100 pg./kg administered 
intravenously, had no direct effect on intracavernosal pressure but potentiated the increase in 
intracavernosal pressure induced by nerve stimulation. This potentiation occurred at  sildenafil 
plasma concentrations consistent with its relaxation effect on isolated human cavernosal tissue 
and its inhibition of phosphodiesterase type 5 in vitro. Sildenafil had no significant effect on blood 
pressure or heart rate. 

Conclusions: By inhibiting cyclic guanosine monophosphate-specific phosphodiesterase type 5, 
sildenafil augments the neuronal mechanism responsible for penile erection. This mechanism 
explains the significant improvements reported in the rigidity and duration of erections seen in 
patients with erectile dysfunction who have been treated with oral sildenafil. 
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Erectile dysfunction (ED) is a common medical condition’s2 
for which there is no highly effective oral t ~ e a t m e n t . ~ . ~  ED 
can be classified as either psychogenic or organic, depending 
on its etiology, but frequently a psychogenic component ex- 
ists in the etiology of organic ED.4 Management of this dis- 
ease relies on a range of treatments, such as psychotherapy, 
self-injection or transurethral application of vasodilator 
agents, vacuum constriction devices, prosthesis implanta- 
tion, and venoudarterial ~ u r g e r y . ~  

The physiology and pharmacology of penile erection have 
been widely investigated over the past several years. Many 
studies have highlighted the pivotal role of nitric oxide (NO) 
and its stimulation of cyclic guanosine monophosphate 
(cGMP) in the mediation of the erectile p roce~s .~  Sildenafil is 
a selective phosphodiesterase type 5 (PDES) inhibitor: 
which is being clinically evaluated for the oral treatment of 
both psychogenic and organic ED. In early clinical trials, 
sildenafil has significantly improved erectile function in pa- 
tients with ED.6.7 Fig. l shows a schematic diagram of the 
NO/cGMP pathway of penile erection and the effect of silde- 
nafil on this pathway. These mechanisms have been studied 
in rabbits,’-’’ dogs,”-’3 and m~nkeys . ’~  Most of these ani- 
mal studies have used similar methods for the measurement 
of intracavernosal pressure (ICP). However, the dog probably 
offers the best model for the measurement of a wide range of 
other complementary hemodynamic parameters, such as 
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blood pressure, heart rate, regional blood flow, and vascular 
resistance. 

A dog model has been used in which increases in ICP and 
pudendal artery blood flow are produced by electrical stimu- 
lation of the cavernosal branch of the pelvic nerve. 

This paper describes this model and demonstrates its re- 
producibility and stability in control animals. The mecha- 
nisms involved in penile erection are assessed in experiments 
using the nitric oxide synthase inhibitor No-nitro-L-arginine 
(L-NOArg). Finally, the effects of sildenafil were evaluated in 
this dog model of erectile function. 

MATERIALS AND METHODS 

Male beagles, with body weights of 12-14 kg., were de- 
prived of food overnight. Animals were anesthetized with 
sodium pentobarbital, 30 -45 mg./kg., administered intrave- 
nously via an angiocatheter in the brachial vein. Anesthesia 
was maintained throughout the experiments by a continual 
infusion of pentobarbital 1- 1.3 ml./hr. A catheter was intro- 
duced into the left femoral vein for the administration of 
compounds. The left femoral artery was cannulated for the 
measurement of blood pressure, and a lead I1 electrocardio- 
gram was recorded to determine heart rate. Both ureters 
were cannulated via a mid-line abdominal incision to prevent 
urine accumulation in the bladder, and the bladder was 
completely emptied. The left internal pudendal artery was 
carefully dissected free of surrounding tissues to allow a flow 
probe to be placed around it. Blood flow was measured using 
a Transonic flow meter (Transonic Instruments Inc., Ithaca, 
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FIG. 1. Cyclic GMP pathway: Nitric oxide (NO) is released from 

L-arginine following stimulation of pelvic nerve (NANC). This can be 
inhibited by No-nitro-L-arginine (L-NOArg). NO can also be re- 
leased from an NO donor, such as sodium nitroprusside. NO diffuses 
into smooth muscle cells activating soluble guanylate cyclase, which 
catalyzes breakdown of GTF’ to cGMP, which in turn stimulates 
smooth muscle relaxation. cGMP is converted to GMP by the enzyme 
phosphodiesterase. Sildenafil selectively inhibits phosphodiesterase 
type 5, thereby enhancing action of cGMP. Minus sign denotes inhi- 
bition and plus sign denotes stimulation. Adapted from Trigo-Rocha, 
F. et a1.” 

NY). The cavernosal branch of the pelvic nerve was identified 
and a small section was dissected free and placed into bipolar 
stimulating electrodes. The penis was carefully denuded of 
skin down to the base, without damaging the prepuce, and 
the left corpus cavernosum was exposed. A 21-gauge scalp 
needle, attached by flexible catheter to a pressure trans- 
ducer, was inserted into the corpus cavernosum for the meas- 
urement of intracavernosal pressure (ICP). The system was 
filled with heparinized saline (15-20 U/ml.), which was 
flushed through prior to each measurement cycle. The dogs 
were artificially respired with a Ugo Basile 5025 dog venti- 
lator (Ugo Basile, Varese, Italy), adjusted to maintain blood 
gasses a t  PO, 95-115 mm. Hg; pCO,25-40 mm. Hg; and pH 
7.35-7.45. Expired air was continually monitored by a Datex 
Normocap 200 (Datex Instrumentarium Corp., Helsinki, Fin- 
land) to aid respiratory control. Body temperature was main- 
tained a t  36-38C using an electric blanket (Harvard Instru- 
ments, South Natick, Mass.). Parameters were recorded on a 
Grass model 7D polygraph (Grass Inc., Quincy, Mass.) and 
all data acquisition and calculation of derived parameters 
was carried out on-line using a Motorola 68000-based micro- 
computer system. The pelvic nerve was stimulated with a 
Grass S88 stimulator (Grass Inc.) at  10-15 volts, with a 
2-millisecond pulse width, which gave optimum responses, 
for 1 minute to ensure that pressure increases had reached a 
plateau over a frequency range of 1-16 hertz. Changes in 
ICP were expressed as percent of mean blood pressure. Blood 
flow parameters were expressed as percent maximum flow 
produced by stimulation at  16 hertz. 

A series of four experiments were performed with the NO 
synthase inhibitor Nw-nitro-L-arginine (L-NOArg) (Sigma, 
Poole, United Kingdom) to evaluate the major mechanisms 
involved in pelvic nerve-stimulated increases in intracaver- 
nosal pressure and blood flow. Following a period of equili- 
bration, control frequency-response curves were generated 
beginning at  a frequency of 1 hertz. The peak pressure within 
the corpus cavernosum and peak penile blood flow were meas- 
ured. This was repeated at 2, 4, 8, and 16 hertz, when the 
previous responses had returned to baseline. A second con- 
trol cycle was started 40 minutes after the first cycle was 
completed. L-NOArg was dissolved in saline and a 100 pg./ 

1 kg. dose was administered intravenously, with electrical 
stimulation commencing 5 minutes post-dose. The dose of 
L-NOArg was increased a t  40-minute intervals to a maxi- 
mum dose of 3 mg./kg. Drug concentrations of L-NOArg were 
calculated on the basis of its molar weightkg. body weight, 
allowing ‘pseudo’ PA, values to be calculated for both in- 
creases in ICP and internal pudendal artery blood flow by 
Schild analysis using frequency ratios derived from stimula- 
tion frequency-response curves. The term ‘pseudo’ PA, was 
used because the calculation was based on the assumption 
that the maximum ICP and blood flow increases were equiv- 
alent to those produced, under control conditions, by stimu- 
lation at  16 hertz. 

Experiments with sildenafil were performed in a similar 
way to  those described for L-NOArg. Sildenafil was dissolved 
in saline and given at  doses of 1-100 pg./kg., with stimula- 
tion cycles beginning 15 minutes after dosing. In addition, 
blood samples were drawn just prior to electrical stimulation 
for measurement of sildenafil plasma concentrations, using 
the methods described by Boolell et a1.6 

Frequency-response curves obtained in the presence of var- 
ious doses of sildenafil were compared with the control curve 
using analysis of variance, based on the assumption that the 
effect of changing dose was to displace the frequency re- 
sponse curves in a vertical direction. In other analyses, Stu- 
dent’s t test was used. 

RESULTS 

Electrical stimulation of the cavernosal nerve produced a 
rapid increase in internal pudendal artery blood flow, fol- 
lowed, after a brief latent period, by an increase in ICP. 
These increases were maintained during stimulation and 
decreased rapidly when stimulation was stopped. They also 
were frequency dependent, over the range 1 to 16 hertz, with 
the 16-hertz frequency producing peak pressure increases 
that were >90% of mean blood pressure, which was defined 
as a full erection. In a series of four control experiments, the 
mean frequency-ICP response patterns were reproducible 
and stable over at least five stimulation cycles, with little or 
no evidence of a diminution of the responses (fig. 2) .  A similar 
pattern was seen with internal pudendal artery blood flow 
and vascular resistance. Blood pressure and heart rate re- 
mained unchanged. The rises in ICP and penile blood flow 
produced a pronounced elongation of the penis and an in- 
crease in volume that was most pronounced in the glans and 
corpus spongiosum. 

Four dogs were treated 5 minutes prior to stimulation of 
the pelvic nerve with the NO synthase inhibitor L-NOArg a t  
doses of 100 pgJkg. to 3 mg./kg. This compound produced 
marked, dose-related rightward shifts in the frequency- 
response curves for ICP. After 3 mg./kg., L-NOArg com- 
pletely blocked the response up to 4 hertz and reduced the 8 
hertz response by more than 90% (fig. 3). The frequency- 
response curves for peak pudendal artery flow also were 
shifted to the right (data not shown). Measures of the in vivo 
potency of L-NOArg on ICP and blood flow parameters indi- 
cated that L-NOArg inhibited NO synthase, resulting in the 
blockade of electrically stimulated increases in ICP and blood 
flow. Also, the ‘pseudo pA2’ values, calculated by Schild anal- 
ysis, had slopes close to 1, suggesting competitive inhibition 
of the enzyme (see table). In addition, L-NOArg produced a 
slight, dose-dependent increase in mean blood pressure (data 
not shown), possibly resulting from decreases in vascular 
endothelial NO production. 

Sildenafil, 1 to 100 pg./kg., had no direct effect on basal 
ICP in any of the dogs but produced a dose-dependent poten- 
tiation of the increases in ICP produced by electrical stimu- 
lation. Pressure tracings from a typical experiment are 
shown in fig. 4, and the mean frequency-response curves for 
the control and the 1, 10, and 100 pg.lkg. doses of sildenafil 
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FIG. 2. Effect of five repeated stimulation cycles on intracavern- 

osal pressure (ICP) induced by 1 minute of pelvic nerve stimulation 
at 10- 15 volts, with 2 millisecond pulse width, at fre uency of 1-16 
hertz. Values represent mean 2 standard error of 490gs. 

are shown in fig. 5. The frequency-response curves for the 10 
and 100 pg./kg. doses of sildenafil were significantly different 
from that  of the control using analysis of variance (p  <0.01 
and p <0.001, respectively), indicating a marked potentia- 
tion. However, the pattern of the potentiation of ICP by 
sildenafil varied among dogs, with each dog having an opti- 
mum, most sensitive, stimulation frequency (that is, 2 to 8 
hertz). Following sildenafil administration, the ICP at these 
frequencies was increased approximately 2-4-fold. When the 
mean effects of sildenafil on ICP at the optimum stimulation 
frequencies were calculated (fig. 6), ICP increases were sig- 
nificantly potentiated at sildenafil doses of 10, 30, and 100 
pg./kg. By assuming that the maximum degree of potentia- 
tion, at the most sensitive frequency, occurs at the highest 
sildenafil dose used for each dog, an ED,, value (dose pro- 
ducing half maximum potentiation) could be estimated. For 
the five dogs, the mean ED,, value was 12.0 t 2.0 pg./kg. 
Interestingly, sildenafil had no statistically significant effect 
on the rise in internal pudendal artery blood flow produced 
by stimulation at the optimal frequencies for ICP or any 
other frequency (data not shown). 

Plasma concentrations of sildenafil were 13.7 t 1.2 and 
49.0 % 2.6 ng./ml. 15 minutes following the 30 and 100 
pg./kg. sildenafil doses, respectively. The other doses of sil- 
denafil yielded plasma concentrations that were below the 4 
ng./ml. detection limit of the assay. Finally, sildenafil pro- 
duced no change in either blood pressure or heart rate. 
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FIG. 3. Mean effect ( 2  standard error) of various concentrations of 

L-NOArg on frequency-response curve for intracavernosal pressure 
(ICP) in anesthetized dog (n = 4). 

Effect of NO synthase inhibitor L-NOArg on electrically stimulated 
intracavernosal pressure and penile blood flow values 

'Pseudo' Par am e te r ,,A, % SE Slope 2 SE 

Increase in intracavemosal pressure 5.53 % 0.11 0.90 2 0.07 
Increase in pudendal artery blood flow 0.98 2 0.13 5.65 2 0.13 

Affinities were determined by Schild analysis of dose ratios derived from 
shifis in the frequency-response curves to pelvic nerve stimulation (1-16 
hertz). Values represent mean 2 standard error (SE). 
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FIG. 4. Representative increase in intracavernosal pressure (ICP) 
produced by sildenafil at doses of 0 (control), 1, 10, 30, and 100 
pg.kg. in dog stimulated at frequency of 8 hertz. 

DISCUSSION 

It has been well established that the corpus cavernosal 
smooth muscle relaxation required for erectile function is 
mainly, if not totally, dependent on the neuronal NO/cGMP 
system." Many studies have shown the potentiating effects of 
NO donors and the inhibiting effects of NO synthase inhibi- 

tors and NO blockers on erectile mechanisms, both in 
~ i t r o ' ~ ' ~  and in v i ~ o . " - ~ ~  The importance of NO in the phys- 
iology of erectile function and on the effects of pelvic nerve 
stimulation is clearly supported by the results obtained with 
the NO synthase inhibitor L-NOArg in the present study. 
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FIG. 5. Mean effect (t- standard error) of sildenafil on frequency- 

response curve for intracavernosal pressure (ICP) in anesthetized 
dog (n = 5). Curves for 10 and 100 FgJkg. dose levels were signifi- 
cantly different from control curve, p <0.01 and p <0.001 respec- 
tively. (Curves for 3 and 30 pg./kg. doses have been omitted for 
clarity.). 

Neuronally released NO exerts its effect by diffusing into the 
adjacent smooth muscle cells and activating soluble guany- 
late cyclase and increasing levels of intracellular cGMP, re- 
sulting in smooth muscle re laxat i~n. '~ . '~  Thus sildenafil, a 
selective cGMP-specific PDE5 inhibitor, would be expected to 
amplify this mechanism by blocking cGMP metabolism and 
further elevating cGMP levels. The PDE5 inhibitor zapri- 
nast, administered intracavernosally in the anesthetized 
dog, has been reported to potentiate the effects of nerve 
stimulation, giving support to this argument." 

There is some evidence in the literature that factors other 
than NO may be involved in penile erection, such as vasoac- 
tive intestinal polypeptide (VIP) acting through cAMP.18 
However, it has also been reported that blockade of adenylate 
cyclase did not reduce the response to pelvic nerve stimula- 
tion in the dog.'' Thus, the role of VIP is unclear. 

In the dog model of penile erection described here, silde- 
nafil potentiated the increases in ICP induced by nerve stim- 
ulation without having any direct effect on ICP or potentiat- 
ing penile blood flow parameters. These effects occurred at 
sildenafil doses that had no effect on blood pressure or heart 
rate. However, this potentiation did not occur uniformly 
across all frequencies; as a proportion of the control response 
it was most marked at  2-8 hertz, with the most sensitive 
frequency varying from dog to dog. However, the inter-dog 
variability seen in the present studies was not unexpected. 
Takahashi and associates, studying the effects of intracaver- 
nosal adenosine on penile erection in the dog, found a 22-fold 
variability in the dose required to produce a full response.lg 
Although that study did not involve an NO system, it does 
show the potential inter-dog variability of cavernosal pres- 
sure responses. 

Sildenafil dose (pg/kg) 

FIG. 6. Mean effect ( 2  standard error) of sildenafil on intracaver- 
nosal pressure (ICP) increases induced by electrical stimulation at 
optimum frequency in anesthetized dogs (n = 5). * p <0.01 versus 
control; p <0.005 versus control; ** p <0.001 versus control using 
Student's t test. 

ICP values increased at  least 2-fold following treatment 
with sildenafil at  doses of 30 to 100 pg./kg., which corre- 
sponded to peak plasma concentrations of 13.7 to 49.0 ng./ml. 
or 29 to 103 nM. In the dog, sildenafil has been found to be 
86% protein bound in plasma, giving a free fraction of 14% 
(unpublished data). Thus, following treatment with 30 and 
100 pg./kg. doses of sildenafil, the free plasma concentrations 
would be approximately 4 nM and 14 nM, respectively. These 
plasma concentrations correspond with in vitro data that 
indicate that sildenafil dose-dependently enhanced electrical 
field-stimulated relaxation of human corpus cavernosum at 
concentrations ranging from 1 nM to 1 pM." In addition, the 
estimated ED,, value of 12.0 pg./kg. corresponds with a 
sildenafil plasma concentration of approximately 14 nM or 2 
nM free drug, which is broadly consistent with the IC,, value 
of 4 nM for PDE5 inhibition by sildenafil.6.'o 

In recent studies sildenafil has been shown to potentiate 
the ICP rises induced by intracavernosal injection of the 
nitric oxide donor sodium nitroprusside (SNP) in the anes- 
thetized dog. This enhancement occurred at  a similar potency 
to that obtained with nerve stimulation, with a free drug 
plasma concentration a t  the ED,, value of 2.2 nM."' 
Sildenafil enhanced the NO-induced ICP rises in the absence 
of electrostimulation suggesting that it acts locally in the 
corpus cavernosum to produce its pro-erectile effects. 

CONCLUSIONS 

In an anesthetized dog model of erectile function, sildenafil 
potentiated the increases in ICP induced by pelvic nerve 
stimulation at  dose levels resulting in sildenafil plasma con- 
centrations consistent with its in vitro activity and PDE5 
inhibition. The frequencies 2 to 8 hertz, where maximum 
sildenafil-induced potentiation occurred, were (importantly) 
also those most sensitive to inhibition by the NO synthase 
inhibitor L-NOArg. Thus, sildenafil augments the normal 
physiological NO/cGMP mechanism of penile erection, and 
has the potential to be a significant advance in ED treatment 
options. 
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