British Journal of Pharmacology (2005) 146, 259-267

© 2005 Nature Publishing Group Al rights reserved 0007-1188/05 $30.00 @

www.nature.com/bjp

Effects in vitro and in vivo by apomorphine in the rat corpus

cavernosum
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1 The study was performed to clarify if apomorphine at the level of the rat corpus cavernosum can
produce erectile responses or interfere with nerve-induced penile erection.
2 Apomorphine (10~°-10~*M) exhibited a 10-fold higher potency to relax phenylephrine (Phe)- than
endothelin-1 (ET-1)-induced contractions. Relaxant effects of apomorphine in Phe-activated corpus
cavernosum did not change tissue levels of cyclic nucleotides, and were unaffected by inhibition of the
synthesis of nitric oxide, or by inhibition of the soluble guanylate cyclase.

3 Relaxations by apomorphine of ET-1-contracted rat corpus cavernosum were not influenced by
a,-adrenoceptor blockade (yohimbine, 10~7 M), or by the dopamine D1-like receptor antagonist SCH
23390 (10-°M). Clozapine (10~°M), a proposed dopamine D2-like receptor antagonist, partly reduced
apomorphine-induced relaxations, and significantly altered the —log ICs, value for apomorphine.

4 Nerve-induced contractions of the rat corpus cavernosum were attenuated by apomorphine in
a concentration-dependent and biphasic manner. Yohimbine (10~7M) abolished the biphasic
concentration-response pattern. SCH 23390 (107°M) attenuated the inhibitory effects of apomorphine
on contractions, and significantly altered the —logICs, value for the compound.

5 In anesthetized rats (50mgkg™"' pentobarbital sodium, 10mgkg™' ketamine), intracavernous
apomorphine (100, 300, or 1000 nmol) did not have effects on basal cavernous pressure under resting
conditions, and did not affect filling or emptying rates, or peak pressures of the rat corpus cavernosum
during submaximal activation of the cavernous nerve. In awake rats, apomorphine produced a
maximal number of erections at 300 nmolkg~".

6 In the rat isolated corpus cavernosum, pre- and postjunctional effects of apomorphine appear to
involve dopamine D1- and D2-like receptors, as well as a-adrenoceptors. At relevant systemic doses of
apomorphine, peripheral effects of the compound are unlikely to contribute to its proerectile effects

in rats.
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intracavernous pressure; ET-1, endothelin-1; i.c., intracavernous; L-NNA, N%nitro-L-arginine; MAP, mean
arterial blood pressure; ODQ, 1H-[1,2,4]-oxadiazolo[4,3-a]quinoxalin-1-one; PICP, peak intracavernous pressure;
SCH 23390, (R)-(+ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine

Introduction

Dopaminergic pathways in the central nervous system (CNS)
are of importance for male sexual behavior and penile erection
(see Hull et al., 1999; Giuliano & Rampin, 2000; Andersson,
2001). Depending on their molecular and pharmacological
properties, five subtypes of dopamine receptors, denoted
D1-D5, can be distinguished and further grouped into two
families, the dopamine Dl-like (D1 and DS5) and D2-like
receptors (D2, D3, D4; see Sibley, 1999). Apomorphine is a
nonselective dopamine receptor agonist that can elicit erectile
responses after systemic, intrahypothalamic, intracerebro-
ventricular, or intrathecal administration (see Andersson,
2001; Giuliano et al., 2001). It is not known which of the
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dopamine receptors in the CNS that mainly are responsible for
the regulation of sexual functions in humans, or which
dopamine receptor subtype(s) that apomorphine interact with
to produce erectile responses (see Andersson, 2001; Giuliano
et al., 2001).

Dopamine receptor proteins have been localized to the
adventitia and media of systemic arteries (Amenta et al., 2000;
Zeng et al., 2004). In mesenteric, aortic coronary, renal,
lumbar, mammary, hinquarters, and forearm vascular beds
or arterial preparations from various mammals, dopamine
receptor agonists or apomorphine have been shown to produce
vasorelaxant effects (Anwar & Mason, 1981; Ventura et al.,
1984; Gyorgy & Doda, 1985; Hughes et al., 1986; 1987; Kopia
& Valocik, 1989; van der Niepen et al., 1991; Han et al., 1999;
Teisman et al., 2000; Zeng et al., 2004). Responses to
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dopamine receptor activation appear to vary depending
on which arterial preparation that is studied, and some
investigators have found vasoconstrictive actions of dopamine
receptor agonists in postglomerular arteries, and in tail arteries
from rats (Rashed & Songu-Mize, 1995; Muhlbauer et al.,
2000). Dopamine receptors have also been located on nerves of
the peripheral vasculature, and apomorphine has been shown
to reduce the release of noradrenaline from noradrenergic
nerve terminals, and to decrease nerve-mediated vasoconstric-
tion in rats (see Soares-da-Silva, 1987, Hietala, 1988;
Morgadinho et al., 1999; Murphy, 2000).

Messenger RNA for dopamine D1- and D2-like receptors
has also been detected in the rat corpus cavernosum, and the
respective proteins were found expressed in the nerves and
vasculature of the rat erectile tissues (Hyun ef al., 2002), and in
human corpus cavernosum smooth muscle cells (d’Emmanuele
di Villa Bianca et al., 2004). Functional effects of apomorphine
in the corpus cavernosum tissue have not been thoroughly
investigated. The aims of the present study was to clarify if
actions by apomorphine in the rat corpus cavernosum
contribute to the proerectile effect by the compound, and to
try to evaluate by which mechanism(s) apomorphine may
influence tonus-regulatory functions in this tissue.

Methods
Animals

In all, 67 male Sprague-Dawley rats (280-350 g) were used.
The rats were kept and cared for in standard cages under clean
conditions in separate quarters in a 12—12h light to darkness
cycle with free access to water and pellets. The Animal Ethics
Committee of Lund University approved the experiments
performed.

Functional in vitro experiments

Isometric tension measurements In total, 41 animals were
killed by carbon dioxide asphyxia followed by exsanguination.
The penises were removed and placed in chilled Krebs
solutions. As described previously (Hedlund et al., 1999), the
tunica albuginea was carefully opened, and the erectile tissue
was microsurgically dissected free. Silk ligatures were applied
at both ends of the strip preparations (4 x 0.5 x 0.5mm),
which were then suspended between two metal prongs in
thermostatically controlled organ baths (5ml, 37°C) contain-
ing Krebs solution, routinely changed every 20min, and
bubbled with a mixture of 95% O, and 5% CO, (pH 7.4).
Isometric tension was recorded by means of Grass Instruments
FTO03C force transducers connected to Grass 7D polygraph
(Grass Instruments Co., Boston, MA, U.S.A.).

Experimental procedure During an equilibration period of
40 min, tension was adjusted until a mean stable tension of
1.4+0.05mN (=53, N=41) was obtained. Contractile
abilities of the preparations were established by adding a K*
solution (124mM) to the organ baths, producing a mean
contractile response of 6.2+0.2mN (n=53, N=41). Concen-
tration—response curves for L-phenylephrine (Phe, 10~°—
10*M) or endothelin-1 (ET-1, 107'*-107°M) were determined
by cumulative administration of the respective agonist. The

agonist concentrations used (Phe, 3 x 107°M; ET-1, 3 x 107%)
corresponded to their approximate ECs, values, and produced
stable and reproducible contractions. The cumulative effects of
apomorphine (107°~10~*M) on Phe- or ET-1-contracted CC
preparations were studied. In some experiments, effects of the
compounds were investigated after pretreatment with N°-
nitro-L-arginine (L-NNA) (10~*M), or 1H-[1,2,4]-oxadiazo-
lo[4,3-a]quinoxalin-1-one (ODQ) (107> M). In separate experi-
ments, DMSO was used as an antioxidant vehicle for
apomorphine. In ET-1-contracted preparations, effects of
apomorphine were investigated with or without pretreatment
with  (R)-(+ )-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-
tetrahydro-1H-3-benzazepine (SCH 23390) (107°M) or cloza-
pine (107°M).

Electrical field stimulation was performed using two
platinum electrodes, placed in parallel to strips in the organ
baths. Single square-wave pulses at supramaximal stimulation
(18 Hz, 20 V), and with a duration of 0.3 ms, were delivered by
a Grass S48 stimulator. The train duration was 5s and the
train interval 120s. Frequency-response relationships were
determined, and when investigating the effect of drugs on
electrically induced contractions, a frequency-producing
activity that corresponded to 70% of maximal contraction
was chosen. A preparation was regarded as stable when the
amplitude of three consecutive electrically induced contrac-
tions did not differ by more than 5%. Apomorphine was then
added cumulatively. The degree of inhibition was expressed as
a percentage of the contraction elicited prior to the addition of
the lowest concentration of drugs.

Measurements of guanosine and adenosine 3'5'-cyclic
monophosphate (¢cGMP and cAMP)

Concentrations of cGMP and cGMP were analyzed in Phe-
contracted CC preparations (controls) and in Phe-contracted
preparations exposed to apomorphine (107*M). When the
relaxant effects of apomorphine had reached steady levels,
usually within 4min, the strips were snap-frozen in liquid
nitrogen and then stored in 0.5 ml of 10% trichloracetic acid at
—70°C. The tissue was homogenized and then centrifuged. The
pellets were dissolved and the protein content determined by
the assay described by Bradford (1976). The supernatants were
extracted five times and the aqueous phases were evaporated
and the residues stored at —20°C. The amounts of cGMP and
cAMP were quantified by using ['**I]-cGMP and ['*I]-cAMP
RIA kits (RIANEN, Du Pont Company, Boston, MA,
U.S.A).

In vivo experiments

Intracavernous (i.c.) pressure registration in awake
animals In all, 38 male Sprague-Dawley rats (350-420 g)
were anesthetized with pentobarbital sodium (Apoteket,
Umed, Sweden; 50mgkg™") and ketamine (Parke Davis,
Barcelona, Spain; 10mgkg™') given intraperitoneal (i.p.)
injection. Through a midline scrotal incision, entrance to the
base of the penis was given. Using a 25 G needle, a small entry
hole was made in the tunica albuginea of the crus cavernosum
on one side and a collar-fitted heparinized (100 IEml~") PE50
polyethylene catheter (Becton Dickinson, Franklin Lakes, NJ,
U.S.A.) was introduced into the erectile compartment. The
catheter was secured by a 5/0 pouch-suture (Ethicon, Somer-
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ville, NJ, U.S.A.) in the fibrous tunica. The scrotal skin was
sutured and the catheter tunnelated subcutaneously (s.c.) to
the neck where it was anchored to the skin by 3/0 sutures
(Ethicon, Somerville, NJ, U.S.A.). For administration of
apomorphine, a PE10 polyethylene catheter (Becton Dick-
inson, NJ, U.S.A.) was placed s.c. and anchored to the skin of
the neck.

Continuous direct measurements of i.c. pressures were
performed 12 h after the implantation. Pressures were recorded
with pressure transducers (OHMEDA, Model P23 XL-1,
Singapore) and registered on a Grass Polygraph 7E (Grass
Instrument Co., Boston, MA, U.S.A.). Apomorphine
(100 ugkg~"' (300 nmol kg~ ")) or vehicle (saline) was then given
by s.c. injection and changes in i.c. pressure were registered
during 30min after injection of the drug or vehicle. Basal
intracavernous pressure (BICP), the total number of responses,
total duration of responses (the added duration of all
responses), time to the first response, and peak intracavernous
(PICP) were analyzed in each rat.

L.c. pressure registration and cavernous nerve stimula-
tion Pentobarbital sodium (50mgkg'; Apoteket, Umes,
Sweden) and ketamine (Ketalar®, Parke Davis, Barcelona,
Spain; 10mg kg™"), given i.p., were used for anesthesia. During
the experiment, the animals (n=6) breathed spontaneously.
Through a lower abdominal incision, access was given to pelvic
viscera. With a midline incision in the perineum, the base of
the penis was made visible. The ischiocavernous muscle
covering the corpus cavernosum was bluntly divided on one
side, and entrance to the underlying tunica albuginea of the
crus of the corpus cavernosum was given. A 25G needle
attached to a heparinized (100 IEml™") polyethylene catheter
(Clay Adams PE-10, Parsippany, NJ, U.S.A.) was inserted into
the crus. A 27G needle was placed into the same crus for
administration of drugs. A heparinized polyethylene catheter
was introduced into the carotid artery to monitor blood
pressure. Continuous direct measurements of mean arterial
blood pressure (MAP) and i.c. pressure were performed with
pressure transducers (OHMEDA, Model P23 XL-1, Singa-
pore) and registered by a Grass Polygraph 7E (Grass
Instrument Co., Boston, MA, U.S.A.). The effect of i.c.
apomorphine (100, 300, or 1000 nmol) on i.c. pressure was
investigated in separate experiments.

Electrical stimulation of the cavernous nerve was performed
via a slender bipolar platinum electrode, which was connected
to a S48 stimulator (Grass Instrument Co., Boston, MA,
U.S.A.). Each stimulation had a duration of 30s. A resting
interval of Smin was allowed between stimulations. Voltage—
response relationships (2.5, 5, 7.5, and 10 V) were determined
at 20Hz. A submaximal voltage producing approximately
50% of maximal i.c. pressure was used when investigating the
effects of apomorphine (100, 300, or 1000 nmol) on nerve-
induced erectile responses. The effects of apomorphine on
i.c. pressure responses to cavernous nerve stimulation were
evaluated 3 min after administration of the drug to the erectile
compartment. Before stimulation, BICP was noted.

During tumescence, the PICP and time for the i.c. pressure
to reach 80% of maximal increase (PICP-BICP) were
recorded. At this point, the increase in i.c. pressure per second
(AT80) was evaluated. After stimulation, during detumescence,
the rate (AD20) for i.c. pressure to decrease to 20% of maximal
increase was determined. A stabilizing period of 20-30 min was

allowed before registration of BICP and arterial blood
pressures. Drugs were given i.c. in volumes of 50 ul immedi-
ately followed by an additional 100 ul of vehicle to ensure
appropriate delivery of the compound to the i.c. compartment.
The latter volume was the measured dead-space of the
catheter.

Solutions and drugs

A saline solution, containing 154 mM NaCl, and the Krebs
solution was composed as follows (mM): NaCl 119, KCl 4.6,
CaCl, 1.5, MgCl, 1.2, NaHCO; 15, NaH,PO, 1.2, and glucose
5.5. A high K solution (124 mM) was used, in which the NaCl
in normal Krebs solution was replaced by equimolar amounts
of KCl. The following drugs were used: apomorphine, 1-Phe,
and ET-1 (Peninsula, St Helens, U.K.), ODQ (Tocris Cookson
Ltd, Bristol, U.K.), SCH 23390, yohimbine, L-NNA, and
clozapine (Sigma Chemical Co., St Louis, MO, U.S.A.).
Clozapine was dissolved with DMSO (Sigma Chemical Co.,
St Louis, MO, U.S.A.), and kept as stock solutions (107>M).
All other drugs were dissolved in saline.

Calculations

Student’s paired or unpaired two-tailed z-tests were used for
statistical comparisons of two means. ANOVA with a
Bonferoni post hoc test was used for the comparison of
multiple means. A probability of P<0.05 was accepted as
significant. When appropriate, results are given as mean+
standard error of the mean (s.e.m.). Small n denotes the
number of strip preparations, and capital N denotes the
number of individuals. All statistical calculations were based
on N.

Results
Functional in vitro experiments

Spontaneous contractile activity was not observed in any of
the rat isolated corpus cavernosum preparations. Reproduci-
ble and stable contractile responses to Phe (3 x 107°Mm), or ET-
1 (3x107%M), were obtained and amounted to 3.0+0.2mN
(m=21, N=15), and 3.9+0.3mN (n=28, N=20), respec-
tively.

Apomorphine  (107°-107*M) relaxed  Phe-contracted
(3 x 107°M) corpus cavernosum preparations in a concentra-
tion-dependent manner (Figure 1). A mean relaxant effect of
60.4+4.4% (n=10, N=35) was obtained at 107> M, and at
10~*M, the highest concentration investigated, the relaxant
effect was 86.3+3.4% (n=10, N=5). The —logICs, value for
apomorphine in Phe-activated corpus cavernosum prepara-
tions amounted to 5.17+0.11. There was no difference
between the relaxant effects of apomorphine when the
compound was dissolved in DMSO vehicle (n=5, N=5) and
in saline. DMSO per se did not affect Phe-induced contraction
in control experiments. Pretreatment with L-NNA (10~*M), or
ODQ (10> M, Figure 1) had no significant effect on relaxant
responses induced by apomorphine. In the presence of L-NNA
or ODQ, the relaxant responses to apomorphine at 107°M
amounted to 60.9+4.1% (n=6, N=5), and 64.9+1.3%
(n=6, N=5), respectively, and the —loglICs, value for
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Figure 1 (a) Effect of apomorphine in Phe-contracted (3 x 10-°M)
preparations of rat isolated corpus cavernosum before and after
pretreatment with ODQ (10~°M). Values are given as mean and
s.e.m. (b) Original tracing describing the relaxant effect by
cumulative administration of apomorphine in one Phe-activated
rat isolated corpus cavernosum preparation.

apomorphine in Phe-contracted preparations was unaffected
by pretreatment with either compound.

Apomorphine also produced concentration-dependent
relaxant responses in ET-1 (3 x 1078 M)-contracted corpus
cavernosum preparations (Figure 2). Compared to relaxations
in Phe-activated tissue, the effects on ET-1-induced contrac-
tion by apomorphine were smaller, and at 107*M, a mean
relaxant response of 55.1+4.4% was obtained (n=10, N=38).
At the highest investigated apomorphine concentration
(3x 107*M) in ET-l-activated corpus cavernosum prepara-
tions, a mean relaxant response of 86.6+5.5% (n=10, N=38)
was obtained. The mean —logICs, for apomorphine in
preparations contracted with ET-1 was calculated to
4.10+0.07.

In preparations pretreated with SCH 23390 (10°M), no
effects were detected on relaxant responses at any given
concentration of apomorphine in preparations contracted with
ET-1. A maximal relaxant response (apomorphine 3 x 10~% M)
of 91+2.8% (n=6, N=06; NS) was obtained.

ET-1-activated preparations pretreated with 107°M of
clozapine (Figure 3) were then exposed to cumulatively added
concentrations of apomorphine. In these experiments, the
concentration—response relationship to apomorphine exhibited
a slight rightward shift, whereas the maximal relaxant effect
(88.6+1.6%, N=8, n=238) was unaffected. In the presence
of clozapine, apomorphine (107*M) had a relaxant effect of
42.2+2.3% (P<0.05). The —logICs, value in the presence of
clozapine in ET-1-contracted tissues amounted to 3.88+0.02
(P<0.05). The vehicle for clozapine did not have any effect on
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Figure 2 Effect of apomorphine in ET-1-contracted (3 x 10-%Mm)
preparations of rat isolated corpus cavernosum. Values are given as
mean and s.e.m.
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Figure 3 Effect of apomorphine in ET-I-contracted (3 x 107%M)
preparations of rat isolated corpus cavernosum before and after
pretreatment clozapine (107°M). Values are given as mean and s.e.m.
*P<0.05.

ET-induced contraction of the rat isolated corpus cavernosum
preparations.

Electrical field stimulation produced reproducible, fre-
quency-dependent, and tetrodotoxin-sensitive contractions.
The concentration-dependent (107°~10~%M) inhibitory effects
by apomorphine (=15, N=12) on electrically induced
contractions (20 V, 18 Hz) exhibited biphasic response patterns
(Figure 4). A mean inhibitory effect of 34.4+2.4% was
obtained at 107°M. At 3 x 107° to 107> M, contractile responses
recovered, and amounted to 78.242.6% of the initial
responses (i.e. ~21% inhibition by apomorphine), whereafter
inhibitory effects of 89.6+2.9% were recorded at 10~*M. The
—logICs, value for apomorphine on contractions produced
by EFS was 4.73+0.03. At baseline, no contractile effects of
apomorphine were observed during these experiments.

Pretreatment with 107’M of yohimbine (n=6, N=6) did
not affect the initial inhibitory effects of apomorphine (10~°—
10~°M) on EFS-induced contractions. However, the ‘recovery
phase’ of the contractions seen at 3x107%-107°M of
apomorphine was abolished (Figure 4). At these concentra-
tions of apomorphine, the inhibitory effects were increased
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Figure 4 (a) Effect of apomorphine on preparations of rat isolated
corpus cavernosum activated by electrical field stimulation (25V,
20Hz) before and after pretreatment with yohimbine (1077 M).
Values are given as mean and s.e.m. **P<0.01, ***P<0.001. (b)
Original tracing describing the effect of apomorphine with or
without the presence of yohimbine (10~”M) on electrically induced
contractions in one rat isolated corpus cavernosum preparation.

from 25.242.1% (3x107°M) and 21.4+2.6% (107°M) to
39.6+3.5% (3x107°M, P<0.01) and 43.6+3.4% (107> M,
P<0.001) in the presence of yohimbine (1077 M). No effect of
yohimbine was recorded on the inhibitory action of apomor-
phine at the highest concentration used. In the presence of
yohimbine (107" M), the —logICs, value for apomorphine on
contractions produced by EFS amounted to 5.32+0.19
(P<0.01).

At low concentrations of apomorphine, 10°M of SCH
23390 attenuated inhibitory responses to apomorphine in
EFS-activated preparations (Figure 5). Inhibitory effects
of 19.5422% (107"M), 30.54+3.7% (3 x107"M) and
34.442.4% (107°M) were diminished to 4.84+1.5% (107" M,
P<0.01), 10.142.5% (3x107’M, P<0.01) and 20.4+3.3%
(10-°M, P<0.01) in the presence of SCH 23390. The DI
receptor antagonist did not affect the biphasic inhibitory
pattern or the maximal inhibitory effect of apomorphine in
EFS-activated preparations. The —logICs, value for apomor-
phine on contractions produced by EFS in the presence of
SCH 23390 amounted to 4.73+0.02 (NS).

Measurements of cGMP and cAMP
Cyclic nucleotide levels were determined in Phe-contracted

corpus cavernosum preparations exposed to vehicle (saline)
or to apomorphine (10~*M). In control preparations, the mean
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Figure 5 Effect of apomorphine on preparations of rat isolated
corpus cavernosum activated by electrical field stimulation (25V,
20Hz) before and after pretreatment with SCH 23390 (10~°Mm).
Values are given as mean and s.e.m. **P<0.01.

values of the content of cGMP or cAMP amounted to
35.6+4.5 or 33.0+4.9 pmolprotein~!, respectively. No sig-
nificant difference of the tissue content of the cyclic nucleotides
occurred after administration of apomorphine, and the mean
amount of cGMP and cAMP was determined to 27.74+3.0 and
34.4+4.1 pmol protein~!, respectively.

In vivo experiments

L.c. pressure registration in anesthetized animals A mean
BICP of 12+2.8 mmHg (N = 8) was recorded at the beginning
of the experiments. I.c. injection of apomorphine (100, 300, or
1000 nmol) did not per se exhibit any effects upon the i.c.
pressure in separate experiments (N =15).

An i.c. pressure of 42+1.6mmHg (N=5) was obtained
during activation of the cavernous nerve (10 V, 20 Hz). During
stimulation of the cavernous nerve (Table 1), MAP was stable
in each rat and amounted to 109 +2.5mmHg. At submaximal
stimulation (2.5V, 20Hz), a mean PICP of 22+4+2.8 mmHg
was obtained (N=5). Mean values for AT80 reached
9+2.1mmHgs™! and AD20 amounted to 2+0.3mmHgs™!,
respectively. Submaximal activation of the cavernous nerve did
not affect MAP. At 100 or 300 nmol (i.c.), apomorphine had
no effect on i.c. pressure responses to submaximal activation of
the cavernous nerve (2.5V, 20Hz, Figure 6). The mean i.c.
pressure responses amounted to 22+ 1.3mmHg (N=15) and
20+ 3.8 mmHg (N =5). At these amounts of apomorphine, no
significant effects were recorded for the mean AT80, which
amounted to 74+1.5 and 84+2.1mmHgs™', respectively. The
AD20 reached 1+0.2 and 1+0.4mmHgs™! for 100 and
300 nmol of apomorphine (i.c.). After i.c. administration of
1000 nmol, a mean i.c. pressure response to cavernous nerve
stimulation of 19+3.7mmHg (N=15) was obtained, with a
AT80 of 5+1.0mmHgs™', and the AD20 amounted to
1+0.5mmHgs™'. Irrespective of the amount given, i.c.
administration of apomorphine caused a brief reduction in
MAP in three out of five animals. The reduction in MAP
ranged from 30 to 52mmHg and lasted no longer than 2 min,
whereafter the systemic blood pressure recovered or increased
(Table 1). In two animals, 100 or 300 nmol of apomorphine
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Table 1 Suboptimal activation (2.5V, 20 Hz) of the
cavernous nerve (n=>5)

Apomorphine

Control 100nmol  300nmol 7000 nmol
PICP (mmHg) 22428 22413 2043.8 1943.7
MAP (mmHg) 109+2.5 109+3.9 118+8.8 122+8.6
PICP/MAP 0.214£0.03 0.2040.02 0.17+0.03 0.1540.02
AT80 (mmHgs™") 942.1 7+1.5 8+2.1 54+1.0
AD20 (mmHgs ") 240.3 140.2 1+04 140.5

20
mm Hg

stimulation of the cavernous nerve

b
zo|

10 sec.

mm Hg

10 sec. stimulation of the cavernous nerve

Figure 6 Original tracing of the i.c. pressure (ICP) response to
cavernous nerve stimulation (2.5V, 20 Hz) before (a) and after (b)
i.c. administration of 300 nmol of apomorphine.

(i.c.) caused increases in ICP that were similar in appearance to
responses obtained after s.c. administration of the drug. These
responses were seen separate from nerve-induced increases in
i.c. pressure, and occurred at 6 or 8 min after administration
of apomorphine. PICP for these responses amounted to
62+ 11 mmHg.

Lc. pressure registration in awake animals A mean BICP
of 17+ 1.8 mmHg (N =38) was recorded at the beginning of
the experiments. In control experiments, rats receiving saline
(s.c.) exhibited 0.1+0.1 (N=6) increases in ICP. After s.c
administration of apomorphine (300 nmolkg~" (100 ugkg™")),
a maximal number of erectile responses were recorded. At
this dose, seven out of eight rats exhibited increases in i.c.
pressure, and a mean number of 3.0+0.8 (N=8, P<0.05 vs
vehicle) increases in i.c. pressure was recorded 8.0+ 3.2min
after s.c. administration of apomorphine. Peak i.c. pressure
amounted to 100+11.9mmHg, and had a mean cumulative
duration of 3.6+ 0.8 min. Grooming behavior and yawns were
observed in all animals, and usually, but not always, occurred
just prior to the erectile responses. A mean of 6.54+0.6 yawns
were noted during the observation period of 30 min. At doses
of 10, 30, 100, or a 1000nmolkg™ (s.c.), apomorphine
produced lower number of erections, amounting to 0.6+1.2
(N=5), 07+1.0 (N=7), 1.3+13 (N=7), and 0.2+0.4
(N =5), respectively.

Discussion

Dopamine receptors have been located to the dorsal nerves
and vasculature of the penis, as well as the corpus cavernosum

of the rat, and in human erectile tissue, immunoreactivities for
D1- and D2-like dopamine receptors have been found in
cavernous smooth muscle (Hyun et al., 2002; d’Emmanuele di
Villa Bianca et al., 2004). Based on Western blot analysis,
it has been suggested that dopamine D1 receptors are more
abundant than D2-like receptors in the human corpus
cavernosum (d’Emmanuele di Villa Bianca et al., 2004). It
may be argued if an appropriate quantification of the relative
distribution of the D1- and D2-like dopamine receptors can be
achieved by this approach, and a careful interpretation of this
finding may be in place. Still, evidence indicates the presence of
dopamine receptors in the erectile tissue of rats and humans,
but a functional role for of dopamine receptor-mediated
signals in the penis has not been established, and it is not
known if peripheral effects of apomorphine contribute to its
facilitatory effect on erection.

Corresponding to findings in the human corpus cavernosum
(@’Emmanuele di Villa Bianca et al., 2004), the present
study demonstrates that apomorphine relaxes agonist-
contracted rat isolated corpus cavernosum in a dose-dependent
manner. A 10-fold higher potency was observed for
apomorphine in Phe-contracted as compared to ET-1-acti-
vated tissue. It has been reported that apomorphine has
affinity for a-adrenoceptors (Millan et al., 2002; Newman-
Tancredi et al., 2002; Hsieh et al., 2004), and the relaxant effect
of the compound in human erectile tissue contracted with Phe
has been proposed to be partly mediated by an o;-adreno-
ceptor-antagonistic action (d’Emmanuele di Villa Bianca et al.,
2004). This also appears to be valid for the rat corpus
cavernosum.

The agonist concentrations used to activate the rat isolated
corpus cavernosum corresponded to their approximate ECs,
value. Vascular o;-adrenoceptors and ET-1 receptors mediate
contractions by G-protein-coupled stimulation of phospho-
lipase C, and by activation of the Rho/Rho kinase pathway
(Guimaraes & Moura, 2001; Davenport, 2002; Wingard
et al., 2003). For ET, receptors, the transduction mechanism
includes increase of transmembrane calcium flux, a mechanism
also suggested to mediate effects by ET-1 in the erectile tissue
(Andersson, 2001). It cannot be excluded that the individual
mechanisms of the receptor-mediated signal for Phe or ET-1
to produce a contraction have contributed to the different
—logICs, values obtained for apomorphine in preparations
activated by either agonist.

Apomorphine may undergo auto-oxidation, and oxidized
derivatives of apomorphine have been reported to exhibit
differences in vascular reactivities (Abarca et al., 2003).
Oxidized derivatives of apomorphine have also been suggested
to disrupt endothelial function (Abarca et al., 2003). In the
rat corpus cavernosum, no change in the relaxant action of
apomorphine was observed when the compound was dissolved
in the antioxidant DMSO.

In the present study, apomorphine-induced relaxations were
unaffected by L-NNA or ODQ), suggesting that apomorphine
does not interact with endothelial NO-mediated signals in the
rat corpus cavernosum. No effects on the tissue levels of
cGMP were observed after the addition of apomorphine to
Phe-contracted erectile tissue. Species differences may account
for these contrasting findings, and as suggested for the rat
corpus cavernosum (Hedlund et al, 1999), endothelially
derived NO may be of less functional importance for penile
erection.
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A dopamine D1 receptor selective agonist has been found
to produce endothelium- and NO-dependent relaxations of
the human corpus cavernosum (d’Emmanuele di Villa
Bianca et al, 2004), and dopamine DIl-like receptors
have also been reported to produce vasodilation in other
arterial preparations (Hughes ez al., 1987; Kopia & Valocik,
1989; van der Niepen et al., 1991; Villalon et al., 2003).
Under the current experimental conditions, the selective
dopamine DIl-like receptor antagonist, SCH 23390, had
no effect on apomorphine-induced relaxations in ET-1-
contracted rat corpus cavernosum. The D1-like receptors are
generally held to couple to G-proteins (Gs) that stimulate
adenylate cyclase (Sibley, 1999). In the rat corpus cavernosum,
no effect was observed on the tissue content of cAMP
by 100 uM of apomorphine, a concentration that produced
an almost 90% relaxation of the Phe-induced contraction.
Taken together, the present findings suggest that dopamine
Dl-like receptors are of no major importance for postjunc-
tional relaxant effects by apomorphine in the rat corpus
cavernosum.

In ET-1-contracted tissues, yohimbine did not influence
the relaxant activity of apomorphine, and other mechanisms
of action than effects at o,-adrenoceptors, appear to be
involved in apomorphine-induced relaxations of ET-1-
activated preparations. Clozapine can interact with all
dopamine receptors, but its antagonistic properties at the
D2-like dopamine receptors is considered of importance
for its antipsychotic effect (Millan, 2000; Strange, 2001).
Compared to the affinities for the D2, and D3 subtype,
clozapine is proposed to have a high affinity for the dopamine
D4 subtype receptor (Van Tol et al., 1991; Simpson et al.,
1999). However, data from ligand binding assays for
D2-like dopamine receptors and estimations of drug affinities
to these receptors varies in the literature (Levant, 1997,
Strange, 2001). In ET-l-activated rat isolated corpus
cavernosum, clozapine partly counteracted the relaxant
effect of apomorphine. Since SCH 23390 did not influence
apomorphine-induced relaxations, the shift in ICs, value
for apomorphine in the presence of clozapine may be due
to blockade of D2-like dopamine receptors. In addition to
G-protein-mediated inhibition of adenylate cyclase, the
D2-like dopamine receptors have also been reported to
modify the activities of various ion channels and to affect
potassium and calcium currents (Levant, 1997). No change in
the tissue contents of cAMP in the rat corpus cavernosum
could be detected in the presence of apomorphine, and it may
be speculated if a part of the apomorphine-induced relaxation
is due to D2-like dopamine receptor-mediated effects on
ion channels.

Nerve-induced contractions of the rat isolated corpus
cavernosum were attenuated by apomorphine in a biphasic
pattern, suggesting the involvement of more than one receptor
for this effect. In the presence of yohimbine, at a concentration
approximately corresponding to its K; value for human and rat
ar-adrenoceptors, the accelerated second phase of apomor-
phine on electrically induced contractions were abolished.
Apomorphine was reported to exhibit higher affinity for o,-
adrenoceptors than for o;-adrenoceptors (Newman-Tancredi
et al., 2002; Hsieh et al., 2004), and the present results support
that apomorphine exhibits functional o,-adrenoceptors-anta-
gonistic properties (Newman-Tancredi et al., 2002). Prejunc-
tional ap-adrenoceptors that have been shown to modify the

release of noradrenaline from nerves in the erectile tissue
(Hedlund et al., 1984; Molderings et al., 1989), and a
functional role for prejunctional o,-adrenoceptors has been
demonstrated in the rat corpus cavernosum (Mizusawa et al.,
2002).

The shape of the concentration—response curve for apomor-
phine on nerve-induced contractions of the rat corpus
cavernosum in the presence of yohimbine, that is, a reduction
in the amplitude of the contraction, was opposite to an
expected additive effect of the compounds. One explanation
may be that receptors that couple to Gs, for example, the a,-
adrenoceptor, exist in equilibrium between inactive and active
states (Wade et al., 2001). Yohimbine has been proposed to
bind preferentially to the inactive state of the a,-adrenoceptor,
shifting the equilibrium between active and inactive forms, and
hereby reducing the availability of the former (Wade et al.,
2001). Further studies are needed to evaluate if such a
relationship exists between yohimbine, apomorphine and the
ar-adrenoceptor in the erectile tissue. Contractions of isolated
tissues that are elicited by transmural stimulation of nerves is
the combined result of pre- and postjunctional effects, and it
cannot be ruled out that other than the currently investigated
effects by yohimbine and/or apomorphine contribute to the
appearance of the concentration—response curve of the nerve-
induced contractions of the rat corpus cavernosum. As already
indicated for apomorphine, yohimbine may also counteract
postjunctional o;-adrenoceptor-mediated signals (Mizusawa
et al., 2002).

Prejunctional dopamine receptors are proposed to modify
the release of amines from nerve terminals in vascular tissues
(see Soares-da-Silva, 1987). Apomorphine reduced neurogenic
vasoconstrictor responses (Hietala, 1988), and counteracted
nerve-induced release of noradrenaline in gastric and uterine
arterial preparations by interaction with dopamine D2
receptors (Morgadinho et al, 1999). In the rat corpus
cavernosum, the dopamine D1-like receptor antagonist, SCH
23390, significantly reduced the inhibitory effect of apomor-
phine on nerve-induced contractions. Since SCH 23390 did not
affect relaxant effects by apomorphine in ET-1-contracted
preparations, prejunctional dopamine D1 receptors are
suggested to convey modulatory effects of apomorphine on
nerve-induced contractions in this tissue.

After systemic administration, apomorphine produces
erections in awake rats in a dose-dependent manner (Giuliano
& Rampin, 2000; Andersson, 2001). This correlates well
with the present results, and an optimum of three erectile
events during a 30 min observation period was recorded at a
s.c. dose of 300nmolkg™". In rats, at an efficacious dose of
100 nmolkg™!, the plasma concentration of apomorphine is
reported to be 7.5nM (Hsieh et al., 2004). The currently
investigated i.c. doses of apomorphine (100, 300, and
1000 nmol) are expected to result in higher concentrations
locally in the corpus cavernosum than those obtained at
therapeutic doses for erectile dysfunction. At these amounts,
i.c. apomorphine did not affect BICP under resting conditions,
or filling or emptying rates, or PICP, during suboptimal
activation of the cavernous nerve, and a functional peripheral
site of action for the compound is not likely to occur at
relevant doses.

Apomorphine exhibits a complex pharmacological
profile. In the rat isolated corpus cavernosum, pre- and
postjunctional effects by apomorphine appear to involve
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dopamine D1- and D2-like receptors, as well as o;- and o,-
adrenoceptors. Whereas apomorphine is effective in producing
erections after systemic administration, i.c. apomorphine did
not influence pressure parameters, with or without concomi-
tant activation of the cavernous nerve. At doses of apomor-
phine used for treatment of erectile dysfunction, peripheral
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