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Characterization of nitrergic function in monkey penile
erection in vivo and in vitro

Kazuhide Ayajiki1,2, Hideshi Hayashida1, Masashi Tawa1, Tomio Okamura1 and Noboru Toda1,3

The nitrergic nerve appears to have a major role in the neuronal regulation of penile erection. Cholinergic innervation has been

shown histochemically in penile cavernous tissues, but its functional role is not well understood. This study was aimed at

examining the functional properties of the nitrergic nerve and the possible involvement of cholinergic function in the regulation

of monkey penile erection in vivo and in vitro. In anesthetized Japanese monkeys, electrical stimulation of the cavernous nerve

caused a frequency-dependent increase in intracavernous pressure and penile erection, and atropine enhanced the pressure

response. Intravenous injections of NG-nitro-L-arginine (L-NA) markedly inhibited the stimulation-induced pressure increase and

the erectile response, and L-arginine partially restored the pressure response. In some monkeys, the intracavernous pressure

increase caused by nerve stimulation was reversed by treatment with L-NA; however, L-arginine restored the pressor response.

In addition, hexamethonium suppressed the pressure increase that resulted from the nerve stimulation. In corpus cavernosum

isolated from monkeys, transmural electrical stimulation elicited frequency-dependent relaxation. The relaxation was attenuated

by physostigmine, and was potentiated by atropine. Relaxation was markedly inhibited by treatment with L-NA. It appears that

nitric oxide (NO) released from inhibitory nerves, even at low frequencies, has a pivotal role in the initiation and maintenance

of intracavernous pressure increase and penile erection in monkeys. Prejunctional muscarinic receptors in nitrergic nerves are

expected to participate in the impairment of NO release. Nitrergic nerves responsible for penile erection may originate from

ganglia close to the corpus cavernosum.
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INTRODUCTION

The function of nitric oxide (NO) as a neurotransmitter in nona-
drenergic, noncholinergic nerves responsible for penile erection was
first determined in the corpus cavernosum isolated from rabbits.1 The
presence of NO-synthase-containing nerve fibers in the corpora
cavernosa and the involvement of NO in the intracavernous pressure
increase by electrical stimulation of the cavernous nerve in anesthe-
tized rats were outlined by Burnett et al.2 The role of neurogenic NO
in penile erection has been shown in a variety of experimental
animals.3–5 Involvement of the NO–cyclic GMP pathway in the
relaxation of human corpus cavernosum strips in response to electrical
field stimulation has also been shown.6–9 Efficacy of phosphodiester-
ase-5 inhibitors in patients with erectile dysfunction supports the idea
that cyclic GMP formed by NO-mediated activation of guanylyl
cyclase has an important role in penile tumescence.10 Recent studies
suggest that NO released from the sinusoidal endothelium is also
involved in the maintenance of penile erection.11

Although cholinergic innervation has been shown in the penile
corpus cavernosum, the functional role has not been elucidated.12,13

Furthermore, reports in the literature have revealed interspecies

variation in the responses to efferent nerve stimulation of the isolated
corpus cavernosum. Differences in the responses of erectile tissues
have also been shown between isolated preparations and anesthetized
animals. It is important to determine how data obtained from
experimental mammals can be applied to humans in vivo; however,
information about primates in vivo is lacking. This study was under-
taken to analyze the mechanisms that underlie the intracavernous
pressure responses to electrical stimulation of the cavernous nerve in
anesthetized monkeys, to compare these responses to those obtained
from subprimate mammals, and to determine whether endogenous
acetylcholine and endothelial NO are involved in the regulation of
nitrergic nerve function in vivo and in vitro.

METHODS

Animals
The Animal Care and Use Committee at the Shiga University of Medical

Science approved this study. The number of Japanese monkeys (Macaca

fuscata) used for this project was 10 (four for the in vivo study and six for

the in vitro study).
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In vivo study
Four male monkeys, weighing 10–15 kg, were premedicated with an intramus-

cular injection of ketamine (15mg kg�1) and anesthetized with pentobarbital

sodium (20mg kg�1) given intravenously. Stable anesthetic conditions were

maintained by additional injections as needed. The animals were intubated for

spontaneous breathing. Arterial pressures were monitored with a pressure

transducer (MPU0.5, Toyo Measuring Instruments, Tokyo, Japan) and ampli-

fier (AP641G, Nihon-Kohden Kogyo, Tokyo, Japan) through a catheter inserted

into the right femoral artery. The lower abdomen was opened through a

midline abdominal incision. The left cavernous nerve derived from the pelvic

plexus was carefully isolated and placed on a bipolar electrode (Iwashiya

Kishimoto Medical Instruments, Kyoto, Japan) connected to an electronic

stimulator (Nihon-Kohden Kogyo). To measure the intracavernous pressure, a

21-gauge needle was placed in the cavity of the left corpus cavernosum for

connecting to the pressure transducer and recorder. Drugs were administered

systemically through the right femoral vein. The cavernous nerve was stimu-

lated by 1.0ms electrical square pulses of 10V in frequencies of 0.5, 1, 2, 5, 10

and 20Hz for a period of 20 s at intervals of 10–15min. After the stabilization

of intracavernous pressor responses to the nerve stimulation, atropine

(1mgkg�1), NG-nitro-L-arginine (L-NA; 5mg kg�1) or hexamethonium

(4mgkg�1) was administered intravenously. After the pressor responses at

different frequencies were obtained under treatment with L-NA, L-arginine

(500mg kg�1) was slowly infused into the femoral vein. Thus, the effects of

several agents on intracavernous pressure were obtained.

In vitro study
Six male monkeys, weighing 8–10kg, were anesthetized with ketamine

(40mgkg�1, intramuscular) and sodium pentobarbital (30mg kg�1, i.v.). The

animals were subsequently killed by bleeding from the carotid arteries. The

penis was removed, and the corpora cavernosa were isolated. The tunica

albuginea was removed, and 2–4 strips (B3�5�10mm) from each individual

corpus were obtained. Each specimen was vertically fixed between hooks in a

muscle bath (10ml capacity) containing a modified Ringer-Locke solution of

the following composition (mmol l�1): NaCl 120, KCl 5.4, CaCl2 2.2,

MgCl2 1.0, NaHCO3 25.0, and dextrose 5.6. The bathing media were main-

tained at 37±0.3 1C and aerated with a mixture of 95% O2 and 5% CO2; the

pH of the solution was in the range of 7.38–7.43. The hook fixing the upper

end of the strips was connected to the lever of a force-displacement

transducer, and the resting tension was adjusted to 0.25 g, which is the optimal

tension for inducing maximal contraction.14 Before the start of the experi-

ments, the strips were allowed to equilibrate in the bathing media. During

this time, the fluids were replaced three times with fresh media at approxi-

mately 10-min intervals.

Isometric mechanical responses were displayed on a pen recorder. The

contractile response to 30mmol l�1 K+ was obtained first, and the strips were

repeatedly washed with fresh media and equilibrated. The strips were

placed between stimulating electrodes. Transmural electrical stimulation

(TES) of 0.2ms square-wave pulses at 0.2, 0.5 and 2Hz for 40 s was applied

to the strips. The strips were partially contracted with prostaglandin F2a to

obtain a relaxation in response to TES. After the responses to TES

were stabilized, test agents (10�7mol l�1 atropine, 10�7mol l�1 physostigmine

and 10�4mol l�1
L-NA) were added directly to the solution. Papaverine

(10�4mol l�1) was added at the end of the experiments to attain maximal

relaxation. Results showed the TES-induced relaxations relative to those

induced by papaverine.

Statistics and drugs used
Quantitative data are presented in the Results section for the in vivo study (four

monkeys) and the in vitro study (six monkeys). The results are expressed as

means±s.e. Statistical analyses were made with Student’s paired t-test and

Tukey’s method after one-way analysis of variance. The drugs used were L-NA

(Peptide Institute, Minoh, Japan), L-arginine (Kanto Chemical, Tokyo, Japan),

hexamethonium bromide (Nacalai Tesque, Kyoto, Japan), physostigmine sulfate

(Sigma, St Louis, MO, USA) and atropine sulfate (Tanabe, Osaka, Japan).

RESULTS

In vivo study
Electrical stimulation (2–10Hz for 20 s) of the cavernous nerve
produced a frequency-dependent increase in the intracavernous pres-
sure and penile erection in anesthetized monkeys. Treatment with
atropine (1mg kg�1, i.v.) enhanced, rather than reduced, the pressor
response (Figure 1). The following study was carried out in monkeys
treated with atropine.
Figure 2 summarizes the frequency (1–10Hz)-related increase in

the intracavernous pressure induced by electrical nerve stimulation in
four monkeys, in which reproducible responses were obtained. In two
monkeys, the stimulation at 0.5Hz elicited a slight but significant
increase in pressure (6 and 8 cm H2O). The maximal response was
attained at 5 or 10Hz. Similar magnitudes of pressure increase
occurred at 20Hz (n¼3). The stimulus frequency sufficient to induce
a half-maximum response averaged 1.6Hz and was obtained from the
control curve shown in Figure 2. After electrical stimulation, the
intracavernous pressure rose with a latency of 3–8 s, reached a plateau
around 15 s, and rapidly declined after termination of the stimulation.
This transient pattern of responses was in contrast to those seen in
anesthetized dogs, in which the pressure rise persisted for many
minutes after nerve stimulation (10 or 20Hz) was terminated.15 In
all the four monkeys tested, the pressure increase was transient at
frequencies of 0.5–20Hz irrespective of atropine treatment. The penis
was visibly engorged and erect, in association with the increase in
intracavernous pressure (Figure 3), and became detumescent when the
pressure returned to the control level.
Intravenous administration of L-NA (5mgkg�1) markedly inhib-

ited the stimulation-induced increase in intracavernous pressure, and
L-arginine (500mg kg�1, i.v.) partially restored the response (Figure 2).
Typical tracings of the pressure response as affected by L-NA and
L-arginine are shown in Figure 4. The basal pressure was not affected
by the administration of either L-NA or L-arginine. The erectile
response was also depressed by L-NA. In one of four monkeys treated
with L-NA, the pressure increase in response to electrical nerve
stimulation was reversed to a decrease in the pressure, and L-arginine

2 Hz (4) 5 Hz (3) 10 Hz (3)

C A

10
0%

15
1%

a

10
0%

15
1%

b

10
0% 12

8%

C A C A

20

40

60

0

P
re

ss
ur

e 
in

cr
ea

se
 (

cm
 H

2O
)

Figure 1 Effects of atropine (1 mgkg�1, i.v.) on the intracavernous pressure

increase induced by electrical stimulation (2, 5 and 10Hz) of the cavernous

nerve in anesthetized monkeys. C, control; A, atropine. The ordinate denotes

the pressure increase with respect to nerve stimulation. Numbers in

parentheses indicate the number of monkeys used. Vertical bars represent

s.e. of the means. Significantly different from control, aPo0.001, bPo0.05

(paired t-test).
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restored the pressor response (Figure 5). In two monkeys, hexa-
methonium (4mg kg�1, i.v.) suppressed the pressor response to
nerve stimulation that had been restored by L-arginine.

In vitro study
Transmural electrical stimulation produced a frequency-related relaxa-
tion at frequencies of 0.2, 0.5 and 2Hz in the strips of the monkey
corpus cavernosum partially contracted with prostaglandin F2a. Treat-
ment with atropine at a concentration of 10�7mol l�1 slightly but
significantly potentiated relaxation at a frequency of 0.2Hz, whereas
atropine did not affect relaxation at stimulation frequencies of 0.5 and
2Hz (Figure 6, left). Treatment with 10�7mol l�1 physostigmine
significantly attenuated the stimulation-induced relaxation at frequ-
encies of 0.5 and 2Hz (Figure 6, middle). The stimulation-induced
relaxation at 0.2, 0.5 and 2Hz was markedly inhibited by treatment

with the high concentration of L-NA (10�4mol l�1, Figure 6, right).
Furthermore, the stimulation-induced relaxation was abolished by
treatment with 3�10�7mol l�1 tetrodotoxin (Ayajiki et al., unpub-
lished observation; n¼6).

DISCUSSION

In anesthetized monkeys, the frequency-dependent increase in the
intracavernous pressure by electrical stimulation of the cavernous
nerve was depressed by L-NA and partially restored by L-arginine.
The penile erection in association with the pressor response was also
abolished by L-NA. In strips of the corpus cavernosum isolated from
Japanese monkeys14 and humans,6,9,16 electrical field stimulation
produced relaxation that was markedly inhibited by L-NA, but not
D-NA, and L-arginine reversed the response. NADPH diaphorase-
positive nerve fibers were also found in the monkey and human
corpus cavernosum.14,17 Release of NO by electrical nerve stimulation
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Figure 2 Modification by L-NA (5 mgkg�1, i.v.) and L-arginine (L-Arg.,
500 mgkg�1, i.v.) of the intracavernous pressure increase induced by

cavernous nerve stimulation (1–10 Hz) in anesthetized monkeys (n¼4). The

ordinate denotes the pressure increase with respect to nerve stimulation.

Vertical bars represent s.e. of the means. Significantly different from the

value in control, aPo0.01; significantly different from the value with L-NA,
bPo0.01, cPo0.05 (Tukey’s method).

Figure 3 Engorgement of the penis in response to cavernous nerve

stimulation in an anesthetized monkey: (a) before stimulation; (b) during
stimulation (10 Hz), by which the maximal increase in intracavernous

pressure was attained. The penis tumefied and erected, and then collapsed

but remained tumescent. Bars¼20mm.

Figure 4 Typical tracings of the response of intracavernous pressure to

electrical stimulation of the cavernous nerve (2, 5 and 10Hz) before

(control) and after L-NA (5 mgkg�1, i.v.) and L-NA plus L-arginine (L-Arg.,

500mg kg�1, i.v.) in an anesthetized monkey. Bars just under the tracings

represent the application of nerve stimulation (20 s).

Figure 5 Responses of the intracavernous pressure to nerve stimulation at 2

and 5 Hz as affected by L-NA (5mgkg�1, i.v.) and additional administration

of L-arginine (L-Arg., 500 mgkg�1, i.v.) in an anesthetized monkey. L-NA
reversed the pressor response to a depressor response, and the effect was

antagonized by L-arginine. Bars just under the tracings represent the

application of nerve stimulation (20s).
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was shown in human corpora cavernosa.17 These findings support the
hypothesis that NO derived from inhibitory nerves has a major role in
inducing cavernous smooth muscle relaxation, intracavernous pres-
sure increase and penile erection in primates. Intravenous L-NA and
L-arginine did not appreciably change the basal pressure, suggesting
that the quantity of NO tonically released from the nerve and the
endothelium was insufficient, under current experimental conditions,
to raise the intracavernous pressure.
In anesthetized dogs, electrical stimulation of the cavernous nerve

has been shown to increase the intracavernous pressure in a fre-
quency-related manner, and the pressure increase at high frequencies
of 10 and 20Hz can persist after cessation of nerve stimulation.15,18 By
contrast, the relaxant response to nitrergic nerve stimulation of
isolated dog corpus cavernosum strips ceases rapidly after stimulation
ends.19 We speculated that the differential pattern of the responses
in vitro and in vivo could be explained by the NO released from the
sinusoidal endothelium as a result of stretching, which is due to the
intracavernous pressure increase induced by neurogenic NO. This
sequence of events has been postulated by Hurt et al.11 However, this is
not the case in monkeys, as both the intracavernous pressure response
to nerve stimulation and the relaxant response of isolated cavernous
strips to electrical field stimulation rapidly decayed after nerve
stimulation was terminated. In monkey preparations in vitro and
in vivo, the cavernous smooth muscle relaxation14 and intracavernous
pressure increase (data not shown) persisted during nerve stimulation
but faded after the stimulation was removed. These findings strongly
suggest that nerve-derived NO primarily contributes to the initiation
and maintenance of penile erection in monkeys. The possible involve-
ment of neurogenic acetylcholine in releasing endothelial NO was
excluded, as discussed below.
Intracavernous pressure in monkeys was increased by nerve stimu-

lation at frequencies as low as 0.5Hz, and the stimulus frequency
sufficient to induce half-maximal response was 1.6Hz. This was
appreciably lower than the analogous frequency measured in dogs
(about 7Hz),15 rabbits (4–5Hz),1 rats (about 2.5Hz)20 and mice
(7.2Hz with stimulation intensity of 1.5 volts).21 The finding was
confirmed in isolated monkey corpus cavernosum strips, in
which electrical stimulation at 1Hz induced marked relaxation at a
magnitude close to the maximal level.14 Human cavernous strips
also appear to be sensitive to neural stimulation (about 2Hz),9

although in vivo data have not been obtained. Penile erection in
primates appears to be elicited by a physiological range of nitrergic
nerve activation.
In some instances, treatment with L-NA reversed the intracavernous

pressor response to nerve stimulation and converted it to a depressor
response. L-arginine restored the pressor response. The observation of
this result in a limited number of monkeys may reflect individual
variation of antierectile innervation. The pelvic plexus contains not
only parasympathetic but also sympathetic neurons. The pressor
response may be induced by parasympathetic nitrergic nerve activa-
tion, whereas the depressor response may be derived from sympathetic
nerve stimulation. In the isolated monkey corpus cavernosum,
NO-mediated relaxation elicited by electrical nerve stimulation was
potentiated by treatment with prazosin,14 suggesting that the activa-
tion of a1-adrenoceptors by neurogenic norepinephrine may counter-
act nitrergic relaxation. Cellek and Moncada22 hypothesized that
adrenergic influences on the smooth muscle tone of human and
rabbit corpora cavernosa are masked by powerful nitrergic innervation
and are manifested only when NO production is impaired. This seems
to be the case in monkey penile tissues in vivo, despite a lack of direct
evidence in this study of the involvement of sympathetic innervation.
We have previously provided histochemical and physiological

evidence in vivo, using a ganglionic blocking agent, that efferent
nerves responsible for relaxation of the dog corpus cavernosum
originate from ganglia proximal to the tissue but not directly from
the pelvic plexus.23 The present finding that ganglionic blockade by
hexamethonium depressed the NO-mediated intracavernous pressor
response to electrical cavernous nerve stimulation may indicate that
the monkey corpus cavernosum is also innervated by nitrergic nerves
from the local ganglia, which receive neurons from the pelvic plexus.
It has been reported that acetylcholine produces relaxation of

cavernous smooth muscle because of the release of NO from the
sinusoidal endothelium in humans,13,24 dogs,25 rabbits26 and rats.27

Evidence supporting the hypothesis that NO released by acetylcholine
from cholinergic nerves participates in the relaxation of corpus
cavernosum strips has not been found,25 whereas the intracavernous
pressure response to nerve stimulation was reportedly endothelium-
dependent and atropine-sensitive in anesthetized dogs.28 In this study,
however, atropine did not reduce the intracavernous pressure increase
induced by nerve stimulation in monkeys in vivo, suggesting that NO
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in an amount sufficient to increase the pressure is not liberated from
the sinusoidal endothelium even if acetylcholine is released from
cholinergic nerves. By contrast, atropine enhanced the stimulation-
induced pressure increase. Prejunctional muscarinic receptors located
in nitrergic nerves are believed to inhibit the release of neurogenic NO
in monkey and porcine cerebral arteries in vitro29,30 and in monkey
ophthalmic arteries in vivo.31 The present and previous studies14 that
used isolated monkey corpus cavernosum have shown that TES-
induced tetorodotoxin-sensitive relaxation was markedly attenuated
by treatment with L-NA. These findings suggest that the relaxation in
monkey corpus cavernosum caused by electrical stimulation is neuro-
genic and that the relaxing factors released from nerve terminals
consist primarily of NO. The present in vitro study using isolated
corpus cavernosum also showed that atropine treatment added to TES
at a frequency of only 0.2Hz potentiated relaxation. Furthermore,
relaxation was attenuated by treatment with physostigmine, a choli-
nesterase inhibitor. Therefore, atropine enhancement of the neuro-
genic response in the monkey penis is thought to result from the
elimination of inhibitory action of endogenous acetylcholine on
prejunctional muscarinic receptors. The weaker enhancing effect of
atropine on the stimulation-induced relaxation in corpus cavernosum
in vitro, compared with that on the stimulation-induced increase in
the pressure of corpus cavernosum in vivo, led us to speculate that the
amount of endogenous acetylcholine in the cavernous tissue may be
decreased by degradation after isolation.
In summary, in anesthetized monkeys, electrical stimulation of the

cavernous nerve at low frequencies (0.5–2Hz) elicited penile engorge-
ment and a NO-mediated increase in the intracavernous pressure. The
initiation and maintenance of increased intracavernous pressure and
penile erection could be caused, as in other animals, by NO released
from inhibitory nerves. By contrast, this study is the first to show that
prejunctional muscarinic receptor stimulation by endogenous acet-
ylcholine from cholinergic nerves may inhibit the nitrergic function
responsible for penile erection in primates. A detailed analysis of
muscarinic receptor subtypes remains to be performed. Nitrergic
nerves from ganglia close to the corpus cavernosum, but not directly
from the pelvic plexus, appear to control penile function. The
intracavernous pressure decrease resulting from cavernous nerve
stimulation may be mediated by norepinephrine from adrenergic
nerves.
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