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Abstract

We studied the role of adenosine and P2 receptors in the pelvic nerve stimulation-induced penile tumescence in anesthetized dogs. A
local intracavernous injection of adenosine induced the tumescence, which was abolished by intracavernous 8-( p-sulfophenyl)theophyl-
line (8-SPT), an unspecific adenosine receptor antagonist, and by 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-al[1,3,5]triazin-5-yl
aminolethyl)phenol (ZM241385), an adenosine A ,, receptor antagonist. ATP aso induced the tumescence, which was diminished by
8-SPT, but not by reactive blue-2, a P2 receptor antagonist. Neither intracavernous 8, y-meATP nor ADR,S, P2X and P2Y receptor
agonists, induced tumescence. N S-nitro-L-arginine (L-NAME), a nitric oxide synthase inhibitor, and T-1032, a phosphodiesterase type V
inhibitor, had no effects on the tumescence induced by adenosine. 8-SPT and reactive blue-2 had no effects on the tumescence induced by
pelvic nerve stimulation. These results show that although exogenous adenosine and ATP induce tumescence, neither the adenosine nor
the P2 receptor is involved in the tumescence induced by pelvic nerve stimulation in anesthetized dogs. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Many studies have shown that nitric oxide (NO) synthe-
sized from L-arginine mainly mediates the relaxation of
penile corpus cavernosum muscle and the intracavernous
pressor response to nerve stimulation in a variety of mam-
mals (Anderson, 1993; Ignarro et al., 1990; Trigo-Rocha et
al., 1993). Although it has also been reported that several
other endogenous neurotransmitters such as adenosine,
ATP, vasoactive intestina polypeptide and calcitonin
gene-related peptide exist in the corpus cavernosum, their
roles in erection are till unclear (Andersson and Wagner,
1995). Adenosine and ATP are reported to induce tumes-
cence when they are injected into the corpus cavernosa in
dogs and to relax the isolated corpus smooth muscles from
humans, rats and rabbits (Chiang et al., 1994; Filippi et al.,
1999; Gur and Ozturk, 2000; Ragazzi et a., 1996; Taka
hashi et al., 1992ab; Wu et a., 1993). In addition, the
nerve stimulation-induced relaxation of the isolated corpus
smooth muscle is inhibited by 3,7-dimethyl-1-propargyl-
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xanthine (DMPX), an adenosine A, receptor antagonist
(Chiang et al., 1994). These data suggest that adenosine
and ATP may contribute to physiological penile erection,
but there are no reports about their roles in erection in in
vivo models.

We now studied the roles of adenosine and ATP in
pelvic nerve-stimulated tumescence in anesthetized dogs
using some receptor antagonists.

2. Materials and methods

This project was approved by the Ethical Committee at
Tanabe Seiyaku and al efforts were made to minimize
animal suffering and to reduce the number of animals
used.

2.1. Penile tumescence in anesthetized dogs

Experiments were performed on male mongrel dogs
weighing between 12 and 21 kg. The dogs were anes-
thetized with pentobarbital sodium (30 mg/kg i.v. bolus
injection, followed by 4.5 mg/kg/h i.v. infusion). An
endotracheal tube was placed for ventilation (15 ml /kg/
stroke, 20 strokes/min) with room air. The femora artery
was cannulated for continuous blood pressure monitoring.
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Fig. 1. (A) Intracavernous adenosine injection (0.5 ml /injection) induced
tumescence dose-dependently in anesthetized dogs (n= 6). (B) Repeated
adenosine (1 mM, i.c., three times) induced tumescence to the same
extent (n=3).

The left pelvic nerves, located superior and lateral to the
prostate, were carefully isolated and placed on a bipolar
electrode (IMT-1530; Inter Medical, Nagoya, Japan) con-
nected to an electronic stimulator (SEN-3301, Nihon Ko-
hden, Tokyo, Japan). Two 23-gauge venous needles were
placed in the corpus cavernosum on the left side (~ 1 cm
apart): one was connected to the pressure transducer (TP-
400T, Nihon Kohden) and the recorder (WR3701; Graph-
tec, Tokyo, Japan) for recording intracavernous pressure,
and the other was used for intracavernous injection of
drugs. Adenosine receptor antagonists were administered
intracavernously 5 min before the tumescence. The effec-
tive doses of these drugs were determined from a prelimi-
nary dose—response study. N ©-nitro-L-arginine (L-NAME)
was also injected intracavernously at a concentration of 30
mM as previously reported (Trigo-Rocha et al., 1993).
Reactive blue-2 was administered intracavernously at a
concentration of 10 mM, which was supposed to be enough
to block the P2 receptor, because the dose of 20 uM
(1,500 of 10 mM) was previously reported to be effective
in an in vitro study with corpus cavernosum (Shalev et al.,
1999). T-1032 was given intravenously 5 min before the
tumescence. The pelvic nerves were stimulated by electri-
cal sguare pulses (200-u.s pulse width) of 10 V at frequen-
cies from 3.3 to 5 Hz for a period of 40 s. For quantitative
determination of the tumescence, we measured the area

under the curve and expressed it as millimeters of mercury
multiplied by minutes. The tumescences were repeated
three times in each animal at intervals of 30 min.

2.2. Satistical analysis

The results were expressed as means + SE. Statistical
analyses were done with Student’s t-test for paired data,

(A)

:

tumescence
(mmHg min)
W
g

2501
*
0 5 2 o
pretreatment L-NAME 8-SPT (0.5 ml/injection, i.c.)
adenosine
(1mM, 0.5 ml/injection, i.c.)

tumescence
(mmHg min)

pretreatment  vehicle =~ ZM241385 (0.5 ml/injection, i.c.)

adenosine
(lmM, 0.5 ml/injection, i.c.)

tumescence

pretreatment  T-1032, 300 pgkg, iv.

adenosine
(1mM, 0.5 ml/injection, i.c.)

Fig. 2. (A) Effects of L-NAME (30 mM, 5 min before adenosine) and
8-SPT (1 mM, 5 min before adenosine) on the tumescence induced by
adenosine (1 mM, i.c.) in anesthetized dogs (n=5), "P <0.05. (B)
Effects of ZM241385 (1 mM, i.c, 5 min before adenosine) on the
tumescence induced by adenosine (1 mM, i.c.) in anesthetized dogs
(n=5), "P < 0.05. (C) Effect of T-1032 (300 wg/kg, i.v., 5 min before
adenosine) on the adenosine-induced tumescence in anesthetized dogs
(n=23).
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using Prism (GraphPad Software, San Diego, USA). Dif-
ferences were considered significant when P < 0.05.

2.3. Chemicals

Methyl 2-(4-aminophenyl)-1,2-dihydro-1-oxo-7-(2-py-
ridinylmethoxy)-4-(3,4,5-trimethoxypheny!)-3-isoquinoline
carboxylate sulfate (T-1032 synthesized at Tanabe Seiyaku,
Saitama, Japan) was dissolved in saline containing 0.0025
N HCI. NES-nitro-L-arginine, N S-nitro-p-arginine (L-
NAME, b-NAME, Sigma, St. Louis, MO), adenosine,
ATP, ADR,S (Sigma), 8-( p-sulfophenyltheophylline (8-
SPT, Sigma), reactive blue-2 (Sigma) and B, y-meATP
(Nacalai Tesque, Kyoto, Japan) were dissolved in saline.
4-(2-[7-amino-2-(2-furyl)[1,2,4]triazol o[ 2,3-al[1,3,5]tri azin-
5-yl amino]ethyl)phenol (ZM241385) (Nacalai Tesque) was
dissolved in 1% dimethyl sulfoxide.

3. Results

Intracavernous adenosine injection (0.1, 0.3, and 1 mM,
0.5 ml /injection) induced tumescence dose-dependently
(Fig. 1A). This tumescence could be induced repeatedly to
the same degree at least three times (1 mM, 0.5 ml /injec-
tion, i.c.) (Fig. 1B) and was abolished by pretreatment with
8-SPT (1 mM, 0.5 ml /injection, i.c.), an unspecific adeno-
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Fig. 3. (A) Intracavernous ATP injection (0.5 ml/injection) induced
tumescence dose-dependently in anesthetized dogs (n = 6). (B) Repeated
ATP (3 mM, i.c.) induced tumescence to the same extent (n= 3).
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Fig. 4. (A) Effects of reactive blue-2 (10 mM, 5 min before ATP) and
8-SPT (1 mM, 5 min before ATP) on the tumescence induced by ATP (3
mM, i.c.) in anesthetized dogs (n=5), * P < 0.05. (B) Intracavernous 3,
y-meATP (0.5 ml/injection) and ADP;S (0.5 ml/injection) did not
induce tumescence but lowered systemic blood pressure in anesthetized
dogs (n=15).

sine receptor antagonist, and with ZM 241385 (1 mM, 0.5
ml /injection, i.c.), a specific adenosine A ,, receptor an-
tagonist (Fig. 2A,B). L-NAME (30 mM, 0.5 ml /injection,
i.c.), an NO synthase inhibitor, and T-1032 (300 w.g/kg,
i.v.), a phosphodiesterase type V inhibitor, had no effect
on the adenosine-induced tumescence (Fig. 2A,C). Intra-
cavernous ATP injection (1, 2 and 3 mM, 0.5 ml /injec-
tion) also induced tumescence dose-dependently and this
could be repeated at least three times, as with adenosine
(Fig. 3). ATP-induced tumescence was inhibited by 8-SPT
(1 mM, 0.5 ml /injection, i.c.) but not by reactive blue-2, a
P2 receptor antagonist (10 mM, 0.5 ml /injection, i.c.)
(Fig. 4A). Neither B, y-meATP (3 mM, 0.5 ml /injection,
i.c), a P2X receptor agonist, nor ADR,S (1 mM, 0.5
ml /injection, i.c.), a P2Y receptor agonist induced tumes-
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cence (Fig. 4B). These local injections of P2 receptor
agonists lowered the systemic blood pressure, but none of
the other treatments, including pelvic nerve stimulation,
had any effect on this (Fig. 4B). The pelvic nerve stimula
tion-induced tumescence was inhibited by L-NAME (30
mM, 0.5 ml /injection, i.c.) but not by b-NAME (Fig. 5B).
8-SPT and reactive blue-2 had no effect on the tumescence
induced by the pelvic nerve stimulation (Fig. 5C).
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Fig. 5. (A) Pelvic nerve stimulation (200-ws pulse width, 10 V, 40-s
duration) induced tumescence hertz dependently in anesthetized dogs
(n=5). (B) L-NAME (30 mM, 5 min before nerve stimulation) but
D-NAME (30 mM, 5 min before nerve stimulation) inhibited the tumes-
cence induced by pelvic nerve stimulation (5 Hz, 200-u.s pulse width, 10
V, 40-s duration) in anesthetized dogs (n=5), * P < 0.05. (C) Effects of
8-SPT (1 mM, 5 min before nerve stimulation) and reactive blue-2 (10
mM, 5 min before nerve stimulation) on the tumescence induced by
pelvic nerve stimulation (5 Hz, 200-p.s pulse width, 10 V, 40-s duration)
in anesthetized dogs (n=5).

4, Discussion

Extensive reduction by L-NAME and potentiation by
the phosphodiesterase type V inhibitor have suggested an
essential role of NO in the pelvic nerve-stimulated tumes-
cence in anesthetized dogs (Noto et al., 2000; Trigo-Rocha
et a., 1993). Although intracavernous injections of adeno-
sine and ATP were reported to induce tumescence in dogs
(Takahashi et al., 1992a,b), their roles in the tumescence
induced by pelvic nerve stimulation were not clear
(Andersson and Wagner, 1995). The desensitization of
adenosine and P2 receptors occurred in canine tissues
(Moser et a., 1989; Pamer et a., 1994; Werner et a.,
1996). Almost the same degree of responses to each
repeated treatment with either adenosine or ATP in this
study prompted us to reexamine the effects of some antag-
onists on the tumescence.

The lack of inhibitory effect of L-NAME on the relax-
ation of isolated rabbit corpus cavernosum indicates that
adenosine acts through an NO-independent pathway in
vitro (Gur and Ozturk, 2000; Mantelli et a., 1995). In the
present study, the tumescence induced by the intracav-
ernous adenosine was not influenced by either L-NAME
(30 mM) or T-1032 (300 pg,/kg). Because the lower dose
of T-1032 (30 pg/kg i.v. bolus followed by 1 ng/kg/h
i.v. infusion) was reported to potentiate the tumescence
induced by exogenously applied sodium nitroprusside, an
NO generator, NO is unlikely to participate in adenosine-
induced tumescence (Noto et al., 2000). We suppose that
adenylate cyclase/cAMP systems may contribute to this
tumescence as reported for other tissues (Londos et al.,
1980; Van Caker et al., 1978).

The adenosine-induced relaxation of isolated rabbit cav-
ernosum was antagonized by the adenosine receptor antag-
onist in vitro (Mantelli et a., 1995). In this in vivo study,
the tumescence induced by adenosine was abolished by
8-SPT, an unspecific adenosine receptor antagonist. Man-
telli et a. (1995) aso reported that the adenosine A ,,
receptor was involved in the relaxation caused by adeno-
sine because 2-[ p-(carboxyethyl)phenylethylamino]-5-N-
ethylcarboxamidoadenosine (CGS21680), an adenosine
A ,, receptor agonist, strongly relaxed the specimen. How-
ever, Chiang et al. (1994) reported that CGS21680 had no
effect on the relaxation. So, the receptor subtypes involved
in this tumescence were further characterized by using
ZM?241385, a specific adenosine A ,, receptor antagonist
(Lopes et al., 1999; Poucher et al., 1995). Extensive
reduction by ZM241385 has suggested that adenosine A ,,
receptors contributed to the adenosine-induced tumescence
in this study.

Filippi et al. (1999) reported that, in isolated rabbit
cavernosum, the relaxation caused by ATP was due to
direct stimulation of P2 receptors different from the classi-
cal P2X and P2Y receptor subtypes, and not blocked by
reactive blue-2. In the present in vivo study, the tumes-
cence induced by ATP was aso not influenced by reactive
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blue-2, but we found that the pretreatment with 8-SPT
totally abolished the ATP-induced tumescence in anes-
thetized dogs. As ATP is known to be metabolized to
adenosine by nucleotidases in vivo (Kennedy et al., 1997),
adenosine seems to be responsible for the tumescence
induced by ATP in our study.

Whereas either 3, y-meATP, a stable P2X receptor
agonist, or ADR,S, a stable P2Y receptor agonist, is
reported to relax the isolated cavernous smooth muscle in
vitro (Shalev et al., 1999; Wu et d., 1993), we now found
that intracavernous injection of both agonists lacked the
ability to induce tumescence in vivo. This is in agreement
with the above observation that P2 receptors are not
involved in the tumescence induced by ATP. The lowering
of systemic blood pressure by the local injection of both
agonists excludes the possibility that the doses were too
low to activate the P2X and P2Y receptorsin vivo, respec-
tively.

A previous report suggested that the inhibition by
DMPX, an adenosine A, receptor antagonist, made it
likely that adenosine receptors are involved in the field
stimulation-induced relaxation of isolated corpus caver-
nosum in vitro (Chiang et al., 1994). In the present study,
L-NAME strongly inhibited the tumescence induced by
pelvic nerve stimulation, but had no effect on the adeno-
sine-induced tumescence. In addition, the pelvic nerve
stimulation-induced tumescence was not inhibited by 8-
SPT. Because this dose of 8-SPT abolished the tumescence
induced by exogenously applied adenosine, the adenosine
receptor does not seem to participate in the tumescence
induced by pelvic nerve stimulation in vivo.

The lack of any effects of ATP and B, y-meATP has
suggested that the field stimulation-induced relaxation of
isolated cavernous smooth muscle does not involve the P2
receptors in vitro (Wu et d., 1993). In the present study,
reactive blue-2 showed no effect on the tumescence in-
duced by pelvic nerve stimulation. In addition, intracav-
ernous injection of either P2X or P2Y receptor agonist did
not induce tumescence. In agreement with results obtained
with isolated cavernous smooth muscles, the present study
showed that P2 receptors have no role in the tumescence
induced by pelvic nerve stimulation.

In summary, the present study showed that (1) exoge-
nous adenosine induces tumescence, acting through the
adenosine A ,, receptor, (2) adenosine is responsible for
the ATP-induced tumescence, (3) neither adenosine nor P2
receptor is involved in the tumescence induced by pelvic
nerve stimulation in anesthetized dogs.
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