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1 Melanotan-II had been reported to cause penile erections in men with erectile dysfunction. In the
present study, we investigated the mechanisms by which systemic administration of MT-II increases
intracavernosal pressure in anaesthetized rabbits.

2 MT-II (10 mM) had no e�ect on electrical ®eld stimulation-evoked relaxations of rabbit corpus
cavernosal strips in vitro.

3 Intravenous injection of MT-II (66 and 133 mg kg71 elicited dose-related increases in cavernosal
pressure. SHU 9119 (3 mg kg71, i.v.), a non-selective antagonist of MC3 and MC4 receptors did not
signi®cantly a�ect either cavernosal pressure or systemic blood pressure but abolished the MT-II-
induced increases in cavernosal pressure. SHU 9119 also inhibited the depressor response produced
by MT-II.

4 Intracavernosal injection 100 ml of the cocktail containing phentolamine mesylate (1 mg ml71),
papaverine (20 mg ml71) and PGE1 (20 mg ml71) increased the cavernosal pressure by about 4 fold.

5 The role of NO-cyclic GMP dependent pathway to MT-II-induced increases in cavernosal
pressure was investigated by bilateral transection of the pudendal nerves and by inhibition of NO
synthase with L-NAME (20 mg kg71, i.v. over 30 min). Ablation of the pudendal nerves or
pretreatment with L-NAME abolished the MT-II-induced increases in intracavernosal pressure in
anaesthetized rabbits.

6 The data suggest that activation of central melanocortin receptors by MT-II increases cavernosal
pressure by the neuronal release of NO.
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Introduction

The melanocortins, a-MSH, b-MSH, g-MSH and ACTH

exert diverse physiological e�ects that are mediated by both
central and peripheral mechanisms. Melanocortins have been
shown to a�ect skin pigmentation, learning and memory,
grooming behaviour, food intake, in¯ammation, pyretic

control, pain perception and blood pressure (O'Donahue &
Dorsa, 1982; Boston, 2000). Central administration of
melanocortins in rodents has also been reported to cause

stretching, yawning and penile erection (Argiolas et al., 2000).
Earlier, it was shown that subcutaneous administration of
MT-II, (Ac-Nle-c[Asp-His-D-phe-Arg-Trp-Lys]-NH2), a po-

tent synthetic cyclic heptapeptide, containing amino acids 4 ±
10 of a-MSH and ACTH that represent the core melano-
cortin receptor binding region (Al-Obeidi et al., 1989; 1989a),

was reported to cause clinically apparent erections in men
with psychogenic erectile dysfunction (Wessells et al., 1998;
2000). However the mechanism(s) by which MT-II elicits
erections in experimental models of erectile function are not

fully elucidated.

Five subtypes of melanocortin receptors MC1, MC2, MC3,

MC4 and MC5 have been cloned and characterized
(Mountjoy et al., 1992; Gantz et al., 1993; Roselli-Rehfuss
et al., 1993; Chhajlani & Wikberg, 1992; Adan & Gispen,
1997; Adan et al., 1999). The MC1 receptor is the a-MSH

receptor which is present in melanocytes and stimulates skin
pigmentation. The MC2 receptor is the ACTH receptor that
is present in the adrenal glands and controls adrenal steroid

production. The MC3 and MC4 receptors are distributed
mostly in the hypothalamus and are known to regulate energy
homeostasis (Gantz et al., 1993; Lindblom et al., 1998), while

the MC5 receptor has a wide peripheral distribution and
controls exocrine gland secretion (Chen et al., 1997).
The purpose of the present investigation was to investigate

the mechanism(s) by which MT-II increases intracavernosal
pressure in anaesthetized rabbits. We ®rst sought to study the
e�ects of MT-II on electrical ®eld stimulation elicited
relaxation of rabbit corpus cavernosum in vitro. This in vitro

preparation is widely used to assess the role of nonadrenergic
noncholinergic neurons in the relaxation of corpus caverno-
sum (Ignarro et al., 1990; Rajfer et al., 1992). The e�ects of

SHU 9119 (Ac-Nle4-c[Asp5, D-Nal(2)7,Lys10] a-MSH-(4-
10)NH2) (Hruby et al., 1995), a non-speci®c antagonist of
brain MC3 and MC4 receptors and the contribution of the
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NO-cyclic GMP dependent pathway to MT-II-induced
increases in cavernosal pressure was also investigated.

Methods

Guidelines

Animal experimentation in this study was conducted in
accordance with the NIH guidelines on the care and use of

laboratory animals and the Animal Welfare Act in an
AAALAC accredited programme.

In vitro studies

The method was described in detail previously (Ignarro et al.,

1990; Rajfer et al., 1992; Vemulapalli & Kurowski, 2001).
Brie¯y, male New Zealand white rabbits (3 ± 3.5 kg) were
sedated with an intramuscular injection of a mixture of
ketamine (60 mg kg71) and xylazine (8 mg kg71) and were

anaesthetized with sodium pentobarbital (15.0 mg kg71, i.v.)
through the marginal ear vein. The rabbit penises were
removed en bloc and the corpus cavernosum was dissected

free from the surrounding tunica albuginea. One end of the
corpus cavernosum was tied to the electrode and the strips
were immersed in 25 ml organ bath chambers containing

physiological salt solution with the following composition in
(mM): NaCl 118, NaHCO3 25, KCl 4.7, KH2PO4 1.2, MgSO4

1.2, glucose 11, CaCl2 21.5. The physiological salt solution

was maintained at 378C and continuously aerated with 95%
O2 and 5% CO2. The other end of the corpus cavernosum
was tied to the force displacement transducer (FT03, Grass
Instruments, Quincy, MA, U.S.A.) connected to a Grass

polygraph. Optimal length ± tension curves were obtained by
gradual stretching and contracting the tissues with pheny-
lephrine (10 mM). The tissues were considered to have reached

optimal isometric tension if two consecutive contractions
remained within 10% of each other. The tissues were then
equilibrated in physiological salt solution containing indo-

methacin (5 mM), atropine (1 mM) and guanethidine (5 mM).
An hour after the addition of inhibitors, the tissues were
subjected to electrical ®eld stimulation (EFS). EFS was
achieved with the help of two parallel platinum electrodes on

either side of the strips that were connected to a current
ampli®er and Grass S 48 stimulator. Each tissue was
stimulated at 10 V, 0.5 msec pulse duration, for 10 sec at

frequencies ranging from 0.5 ± 16 Hz. Two control stimula-
tions were performed in tissues contracted submaximally with
phenylephrine (3 mM).

After obtaining the baseline electrical ®eld stimulation
frequency responses as outlined above, the tissues were
treated with vehicle or MT-II (10 mM) and incubated for

30 min. At the end of 30 min, the tissues were contracted
with phenylephrine (3 mM). After the contractile responses to
phenylephrine were stabilized, the tissues were subjected to
electrical ®eld stimulations.

In vivo studies

The rabbits were sedated with a mixture of ketamine and
xylazine as mentioned above. The rabbits were placed in
supine position and the body temperature was maintained at

378C with a heating pad. The left femoral artery and vein
were cannulated with PE 50 tubing to record blood pressure
and to administer drugs, respectively. Blood pressure was

recorded by connecting the arterial catheter to a Statham
pressure transducer (P23xl) and recorded on a Grass
polygraph. The skin over the penis was excised and the
corpus cavernosum was exposed at the root of the penis. A

25 gauge winged infusion set (needle) was inserted in the
corpus cavernosum to record cavernosal pressure. Another 26
gauge needle connected to silastic tubing (Cat.NO 602-105;

Dow Corning) was also inserted in the cavernosam to inject
100 ml of the cocktail containing phentolamine mesylate
(1 mg ml71), papaverine (20 mg ml71) and PGE1

(20 mg ml71) directly into the cavernosum to verify the
position of the needle in the cavernosum. This treatment
consistently increased the cavernosal pressure in all rabbits.

After the cavernosal pressure returned to the basal values, the
rabbits were challenged with MT-II (66 and 133 mg kg71, i.v.)
and the changes in cavernosal pressure and blood pressure
were recorded.

In a second group of anaesthetized rabbits, the e�ects of
pretreatment with SHU 9119 (a non speci®c melanocortin
receptor antagonist) on MT-II-elicited increases in cavernosal

pressure and blood pressure were also investigated. The
rabbits were surgically instrumented with arterial, venous and
cavernosal catheters as described above. After an equilibra-

tion period of 30 min, the rabbits were administered MT-II
(133 mg kg71). After the cavernosal pressure returned to
control values, the rabbits were treated with SHU 9119

(3 mg kg71, i.v.). Ten minutes later, the rabbits were
challenged with MT-II (133 mg kg71, i.v.) and the changes
in cavernosal pressure and blood pressure were noted.

In a third group of anaesthetized rabbits, the role of

pudendal nerves in modulating the e�ects of MT-II on
intracavernous pressure was investigated. The rabbits were
instrumented with arterial, venous and cavernosal catheters

as described above. The pudendal nerves were bilaterally
severed and MT-II (133 mg kg71, i.v.) was administered after
the stabilization of blood pressure and cavernosal pressure.

In a fourth group of anaesthetized rabbits, the role of nitric
oxide in modulating the e�ects of MT-II on cavernosal
pressure was investigated. In these studies, the rabbits were
infused with L-NAME (20 mg kg71, i.v.) over 30 min. At the

end of 30 min, the rabbits were challenged with MT-II
(133 mg kg71, i.v.) and the changes in cavernosal pressure and
blood pressure were noted.

Materials

Melanotan-II and SHU 9119 were purchased from Bachem
Bioscience (King of Prussia, PA, U.S.A.). L-NAME,
phenylephrine, PGE1, atropine and guanethidine were

purchased from Sigma Chemical Co (St. Louis, MO, U.S.A.).

Data analysis

The data are presented as means+s.e.mean of n independent
observations. Relaxation (in vitro experiments) was calcu-
lated as the percentage of phenylephrine induced contrac-

tion. The data was analysed by paired t-test in the same
tissues and by unpaired t-test when the responses in di�erent
tissues were compared. The data from in vivo experiments
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were analysed by anova. A P value of 50.05 was considered
signi®cant.

Results

Effects of MT-II on EFS-induced relaxation of
rabbit corpus cavernosum

The contraction of rabbit corpus cavernosal strips with

phenylephrine (3 mM) in the presence of noradrenergic,
cholinergic and cyclo-oxygenase inhibitors produced a
tension of 2.9 to 3.3 g. Stimulation of the nonadrenergic

noncholinergic neurons of the corpus cavernosum caused a
frequency-dependent relaxation of the phenylephrine con-
tracted tissues (Figure 1). MT-II at 10 mM had no e�ect on

electrical ®eld stimulation-induced relaxations (Figure 1).
MT-II at doses as high as 30 mM also had no a�ect on
electrical ®eld stimulation elicited relaxations (data not
shown).

Effects of MT-II on cavernosal pressure in
anaesthetized rabbits

The baseline cavernosal pressure in di�erent groups ranged
from 10.1+1.5 to 11.2+1.8 mmHg and was not signi®cantly

di�erent between groups (P4.05). The resting blood pressure
in various groups of anaesthetized rabbits averaged between
54.5+3 to 58.5.0+2 mmHg and was not statistically

signi®cant between groups. Intracavernosal administration
of 100 ml of the cocktail containing papaverine (20 mg ml71),
phentolamine mesylate (1 mg ml71) and PGE1 (20 mg ml71)
increased the cavernosal pressure by about 4 fold whereas the

high dose of MT-II administered as an intravenous bolus
increased the cavernosal pressure by 3.2 fold (Figure 2). The
duration of the increases in cavernosal pressure after the

administration of the cocktail lasted up to 43+2 min. MT-II-
induced increases in cavernosal pressure lasted up to 20+2
and 41.5+2 min at the low and high doses, respectively. The

increases in cavernosal pressure produced by the high dose of
MT-II was accompanied by slight but signi®cant reduction in
blood pressure (Figure 3).

Figure 1 MT-II does not a�ect electrical ®eld stimulation-induced relaxation of rabbit corpus cavernosum in vitro. The rabbit
corpus cavernosum strips were incubated with MT-II (10 mM) and 10 min later contracted with phenylephrine and electrically
stimulated. See methods for details. n=5 tissues per group.

Figure 2 E�ects of cocktail and MT-II on cavernosal pressure in
anaesthetized rabbits. One hundred mls of the cocktail (see methods
for composition) was injected into the cavernosum and ¯ushed with
100 ml of saline. MT-II was administered intravenously into the
femoral vein and the changes in cavernosal pressure were recorded.
n=6 rabbits per group. *P50.05 vs baseline.

Figure 3 E�ects of cocktail and MT-II on systemic blood pressure
in anaesthetized rabbits. Refer to Figure 2 legend for details. n=6
per group. *P50.05 vs baseline.
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Effect of MT-II on cavernosal pressure in rabbits
treated with SHU 9119

The e�ects of MT-II on cavernosal pressure in anaesthetized
rabbits treated with SHU 9119 are summarized in Figure 4.
The baseline cavernosal pressure in these groups of
anaesthetized rabbits ranged between 10.1+1.2 and

10.3+1 mmHg. MT-II (133 mg kg71, i.v.) increased caverno-
sal pressure 10.2+1.3 to 29.5+1.5 mmHg (P50.05 vehicle).
Injection of SHU 9119 (3 mg kg71) itself did not signi®cantly

modify cavernosal pressure. However, SHU 9119 abolished
the MT-II-induced (133 mg kg71, i.v.) increases in cavernosal
pressure in anaesthetized rabbits. Similarly, SHU 9119 did

not a�ect systemic blood pressure but prevented the MT-II
(133 mg kg71, i.v.) induced depressor response (Figure 5).

Effect of bilateral transection of pudendal nerves on
MT-II-induced increases in cavernosal pressure in
anaesthetized rabbits

The e�ect of bilateral transection of pudendal nerves on
MT-II elicited increases in cavernosal pressure was investi-
gated in anaesthetized rabbits. Bilateral transection of

pudendal nerves did not a�ect either the resting blood
pressure (60+4 mmHg vs 60+4 mmHg after bilateral
transection of pudendal nerves) or cavernosal pressure

(10+1 mmHg vs 10+1 mmHg after bilateral transection of
pudendal nerves). Intravenous injection of MT-II
(133 mg kg71) to these rabbits failed to increase cavernosal

pressure suggesting MT-II-induced increases in cavernosal
pressure is dependent upon intact pudendal nerve supply to
the corpus cavernosum.

Effects of MT-II on cavernosal pressure in L-NAME
treated anaesthetized rabbits

The role of the NO-cyclic GMP dependent pathway in MT-
II-induced increases in cavernosal pressure was investigated
in anaesthetized rabbits pretreated with L-NAME

(20 mg kg71, i.v.). Systemic administration of L-NAME
increased blood pressure from 58+5 to 80+6 mmHg
(P50.05) without a�ecting cavernosal pressure

(12.8+3 mmHg (baseline) vs 15.0+3 mmHg in L-NAME

treated rabbits). MT-II (133 mg kg71, i.v.) failed to increase
cavernosal pressure in L-NAME pretreated anaesthetized
rabbits. The transection of the pudental nerves or L-NAME

treatment did not alter intracavernosal pressure in response
to intracavernous administration of the phentolamine/
papaverine/PGE cocktail (data not shown).

Discussion

Penile erection is mediated by a neurogenic and vascular
process during which the vascular smooth muscles of the
corpus cavernosum are relaxed and as a result the blood ¯ow

to the cavernosum is greatly increased. The increased blood
¯ow to the cavernosum increases the cavernosal pressure
which facilitates an erection (Andersson & Wagner, 1995).

The results of the present study suggest that MT-II increases
cavernosal pressure in anaesthetized rabbits. Inhibition of
melanocortin MC4 and MC3 receptors with SHU 9119 or

inhibition of NO synthase with L-NAME or bilateral ablation
of pudendal nerves abolished the MT-II-induced increases in
intracavernosal pressure in anaesthetized rabbits. These
results suggest that activation of brain melanocortin receptors

by MT-II increases cavernosal pressure by the neuronal
release of NO.

Systemic administration of MT-II increased cavernosal

pressure in anaesthetized rabbits, an e�ect that was
abolished by SHU 9119 (3 mg kg71, i.v.) a non-selective
antagonist of melanocortin receptors. MT-II could increase

cavernosal pressure by a direct action in the corpus
cavernosum or indirectly via a centrally mediated mechan-
ism. Electrical ®eld stimulation of the nonadrenergic

noncholinergic neurons of the rabbit penile smooth muscle
relaxes rabbit corpus cavernosum by the neuronal release of
NO (Ignarro et al., 1990; Burnett et al., 1992; Rajfer et al.,
1992). Sildena®l, a potent cyclic GMP-speci®c type 5

phosphodiesterase inhibitor augments electrical ®eld stimula-
tion-induced relaxation of the rabbit penile smooth muscle
by preventing the inactivation of cyclic GMP and promoting

its accumulation in the corpus cavernosum (Jeremy et al.,
1997). In the present study, MT-II failed to a�ect electrically
evoked relaxation of rabbit corpus cavernosum in vitro.

These data argue against a direct action of MT-II in the
corpus cavernosum.

Figure 4 SHU 9119 abolished the MT-II induced increases in
cavernosal pressure in anaesthetized rabbits. The rabbits were ®rst
injected with MT-II (133 mg kg71, i.v.). After the cavernosal pressure
returned to basal values, the rabbits were administered SHU 9119
3 mg kg71 i.v. and 10 min later challenged with MT-II (133 mg kg71,
i.v.) and changes in cavernous pressure were recorded. n=5 per
group. *P50.05 vs baseline.

Figure 5 E�ects of MT-II on systemic blood pressure in rabbits
treated with SHU 9119 (3 mg kg71, i.v.). Refer to Figure 4 legend for
details. n=5 per group.
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MT-II is a potent agonist of MC1, MC3, MC4 and MC5

receptors while SHU 9119, a cyclic lactam analogue of a-
MSH is a potent antagonist of MC4 and MC3 receptors

(Hruby et al., 1995; Fan et al., 1997) and an agonist for MC1

and MC5 receptors. In our study, prior injection of SHU
9119 abolished MT-II-elicited increases in cavernosal pressure
suggesting activation of central MC3 and MC4 melanocortin

receptors by MT-II contributes to the increases in cavernosal
pressure. In line with this contention, the hypothalamus
contains high concentrations of MC3 and MC4 receptors and

SHU 9119 inhibits MT-II-elicited increases in cavernosal
pressure by inhibiting these receptors in the CNS. In contrast,
HS014 another melanocortin receptor antagonist was recently

reported to block the a-MSH-induced penile erections in
some (Argiolas et al., 2000) but not in other studies (Vergoni
et al., 1998). The reasons for the discrepancy are not known.

HS014 is a cyclic MSH analogue that is a potent and selective
antagonist at MC4 receptors and a partial agonist at MC1

and MC5 receptors. HS104 selectivity for the MC4 receptors
is 34, 17 and 220 fold higher than for the MC1, MC3 and

MC5 receptors, respectively (Schioth et al., 1998). These data
may argue that central MC4 receptor activation is responsible
for the pro-erectile e�ects of MT-II. It can be argued that

intravenous administration of MT-II could increase caverno-
sal pressure in rabbits via a direct e�ect by inhibiting MC
receptors in the urogenital tract. However, to our knowledge,

the localization of MC receptors in the cavernosal tissue has
not been reported. Therefore, it remains to be investigated
whether intravenous injection of MT-II increases cavernosal

pressure by inhibiting MC receptors in the erectile tissue.
Central administration of melanocortin peptides such as a-

MSH have been shown to induce erection in rats (Argiolas &
Melis, 1995). Therefore, the notion that the e�ects of MT-II are

centrally mediated is supported by the ®nding that ablation of
the e�erent nerves (pudendal nerves) to the corpus cavernosum
prevented the MT-II-induced increases in cavernosal pressure.

The observations that NO synthase inhibition with L-NAME
abolished the e�ects of MT-II suggested that the MT-II action
is dependent upon the neuronal release of NOmost likely at the

central sites. In support of this argument, NO in the central
nervous system has been implicated to cause penile erections
(Argiolas et al., 2000). Recently, Andersson et al. (1999)
demonstrated that subcutaneous administration of apomor-

phine increased cavernosal pressure in rats that was abolished
by bilateral cavernous nerve transection or pretreatment with
L-NAME. These data clearly suggest that central NO plays an

important role in modulating penile erections. In addition, the
pro®le of side e�ects such as nausea and vomiting observed
after the subcutaneous administration ofMT-II to humans also
suggest a central mechanism of action (Wessells et al., 1998).

Melanocortins had been reported to exert profound
cardiovascular e�ects in rodents (Versteeg et al., 1998). In our
study, MT-II-induced increases in cavernosal pressure was

accompanied by slight but signi®cant reductions in systemic
blood pressure especially at the high dose. Pretreatment with
SHU 9119 abolished the depressor e�ects of MT-II suggesting

that endogenous melanocortins may play a role in regulating
the cardiovascular system. These results con®rm and extend the
published results that central and peripheral administration of

a-MSH reduced blood pressure in anaesthetized rats, an e�ect
that was abolished by SHU 9119 (Li et al., 1996; Adan &
Gispen, 1997). As mentioned above, because of the limited
selectivity of the SHU 9119 for MC4 and MC3 receptors, we

cannot conclude which one of melanocortin receptors mediates
the depressor e�ects of MT-II.
The advent of sildena®l had signi®cantly changed the

treatment of erectile dysfunction. However, the interaction of
sildena®l with organic nitrates causes marked hypotension
(Webb et al., 1999) and is therefore contraindicated in

patients taking nitrates. Therefore, there is a clinical need for
newer agents to treat erectile dysfunction that are devoid of
side e�ects associated with PDE5 inhibitors. MT-II had been

reported to cause erections in men with erectile dysfunction
(Wessells et al., 2000). Our results that intravenous
administration of MT-II increases cavernosal pressure in
rabbits supports the contention that MT-II may be used to

treat erectile dysfunction.
In conclusion our results suggest that intravenous injection

of MT-II increases cavernosal pressure in anaesthetized

rabbits, an e�ect that was abolished by pretreatment with
SHU 9119. Inhibition of NO synthase with L-NAME or
bilateral transection of the pudendal nerve supply to the

cavernosum also abolished the MT-II elicited increases in
cavernosal pressure. The data suggest that activation of brain
MC3 and/or MC4 receptors by MT-II increases cavernosal
pressure by the neuronal release of NO.
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