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Nitrergic relaxation of the horse corpus cavernosum. Role of cGMP
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Abstract

Ž .The involvement of nitric oxide NO and the mechanisms mediating neurogenic relaxation were investigated in the horse corpus
cavernosum. NADPH-diaphorase activity was expressed in nerve fibres around arteries and muscular bundles in the horse trabecular

Ž y6 .tissue. Relaxations in response to electrical field stimulation were tetrodotoxin 10 M -sensitive, indicating their neurogenic origin. The
Ž y5 .NO synthase inhibitor, L-NO-arginine L-NO-Arg, 3=10 M , abolished the electrically induced relaxations, which were significantly

Ž y3 . Ž y6 y3 .reversed by L-arginine 3=10 M . Exogenous NO 10 –10 M evoked relaxations which were unaffected by L-NO-Arg.
w x w x Ž y6 .1H- 1,2,4 oxadiazolo 4,3,-a quinoxalin-1-one ODQ, 5=10 M , an inhibitor of guanylate cyclase activation by NO, reduced the

Ž y8 . Ž y7 .relaxations in response to electrical stimulation and exogenous NO. Iberiotoxin 3=10 M or apamin 5=10 M , inhibitors of
2q q Ž y6 . qlarge and small conductance Ca -activated K channels, respectively, and glibenclamide 3=10 M , a blocker of ATP-sensitive K

channels, failed to modify the relaxations with NO. It is suggested that NO is present in nerve fibres of the horse corpus cavernosum and
relaxes smooth muscle through a guanylate cyclase-dependent mechanism. Neither Ca2q-activated nor ATP-sensitive Kq channels seem
to be involved in these relaxations. q 1998 Elsevier Science B.V. All rights reserved.

Ž . Ž . qKeywords: Corpus cavernosum horse ; NADPH-diaphorase; Nitric oxide NO ; Guanylate cyclase; K channel

1. Introduction

Penile erection is initiated when, under parasympathetic
influence, the sinusoids and the cavernosal and helicinal
arteries dilate, with subsequent increase in blood flow to
the lacunar spaces of the corpus cavernosum. Relaxation of
the trabecular smooth muscle then follows, expanding and
compressing the plexus of subtunical venules against the
tunica albuginea, thus reducing venous outflow and in-
creasing intracavernous pressure, leading to penis engorge-

Ž .ment and erection Andersson, 1993 .
The peripheral nervous control of relaxation of trabecu-

lar smooth muscle is dependent on an interaction between
adrenergic, cholinergic and nonadrenergic noncholinergic
Ž . ŽNANC mechanisms Klinge and Sjostrand, 1977; Hed-¨
lund and Andersson, 1985; Saenz de Tejada et al., 1988,
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.1989, 1991 . The relaxation of trabecular tissue is achieved
partly by cholinergic nerves, that suppress excitatory
adrenergic neurotransmission, but also by the release of

Ž .relaxing-NANC transmitter s from nerves and from the
endothelium. Thus, NANC neurotransmission has been
considered the most likely neural pathway involved in

Žpenile erection Bowman and Gillespie, 1983; Andersson,
.1993 .

By means of radioimmunoassay and immunohistochem-
Ž .istry techniques, vasoactive intestinal peptide VIP has

Žbeen localized in the corpus cavernosum Shirai et al.,
.1990 . Moreover, the observation that pelvic nerve stimu-

lation caused an output of VIP both from the dog and cat
Ž .penis Willis et al., 1981; Andersson et al., 1987 , led to

the suggestion that VIP might be an important neurotrans-
mitter in penile erection. However, VIP alone caused
relatively poor erections even after direct injection into the

Žcorpus cavernosum Juenemann et al., 1987; Wagner and
.Gerstenberg, 1987; Roy et al., 1990 . Recently, Kim et al.

Ž .1995 suggested that VIP may contribute to NANC neu-
rally mediated cavernosum relaxation, and that its mecha-
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nisms of relaxation involve the generation of prostanoids
Ž .and nitric oxide NO .

NO has been identified as an important inhibitory
Žneurotransmitter involved in penile erection in man Kim

et al., 1991; Bush et al., 1992; Holmquist et al., 1992;
. ŽRajfer et al., 1992 , rabbit Ignarro et al., 1990; Kim et al.,

.1991; Bush et al., 1992; Holmquist et al., 1992 and dog
Ž .Hedlund et al., 1995 . NO causes relaxation by activating
soluble guanylate cyclase, resulting in accumulation of

X X Žintracellular guanosine 3 :5 -cyclic monophosphate cyclic
. Ž .GMP Ignarro et al., 1990 . Cyclic GMP seems to elicit

relaxation of smooth muscle by lowering the intracellular
Ca2q concentration through stimulation of sarcoplasmic
Ca2q-ATPase activity, or through opening of Kq channels

Žleading to hyperpolarization Lincoln and Cornwell, 1991;
.Robertson et al., 1993 . In addition, NO can directly

stimulate Ca2q-activated Kq channels in both vascular
Ž . Ž .Bolotina et al., 1994 and colon Koh et al., 1995 smooth
muscle.

During erection, the local release of NO from endothe-
lium andror the nerves causes relaxation of corpus caver-
nosum smooth muscle. Evidence for a source of NO
nerves supplying the trabecular tissue has been provided
by the immunohistochemical localization of the enzyme
that synthesizes NO, NO synthase, in penile erectile tissue

Žfrom rat, man and dog Burnett et al., 1992, 1993; Vizzard
.et al., 1994; Hayashida et al., 1996 , as well as in the

Žintracavernosum small penile arteries Simonsen et al.,
. Ž1995 . Results of recent studies Simonsen et al., 1995,

.1997c; Recio et al., 1997 , suggest that the reactivity of the
erectile tissue of the horse is similar to that of the human
ŽHedlund and Andersson, 1985; Saenz de Tejada et al.,

.1989; Simonsen et al., 1997b . However, there are no data
related to the presence and role of NO in the horse corpus
cavernosum. The aim of the present study was to investi-
gate both the possible involvement of the L-argininerNO
neural pathway in inhibitory neurotransmission, and the
mechanism underlying relaxations in response to NO in
the horse corpus cavernosum smooth muscle.

2. Material and methods

2.1. Tissue preparation

Corpus cavernosum tissue was obtained from adult
horse penis in the local slaughterhouse, immediately after
the animals were killed by stunning followed by exsan-
guination. The tissue was placed in cold physiological

Ž .saline solution PSS . Throughout the subsequent dissec-
tion the penis was bathed in cold PSS, 48C, of the follow-

Ž .ing composition mM : NaCl 119, KCl 4.7, KH PO 1.18,2 4

MgSO 1.17, CaCl 1.5, ethylenediaminetetraacetic acid4 2
Ž .EDTA 0.027 and glucose 11. The solution was gassed
with 5% CO in 95% O to maintain pH at 7.4.2 2

2.2. NADPH-diaphorase histochemistry

Samples of isolated corpus cavernosum were immersed
in 4% paraformaldehyde in 0.1 M sodium phosphate-

Ž .buffered saline PBS, pH 7.3 at 48C for 24 h, and then
placed in a cryoprotective PBS solution containing 30%

Ž .sucrose for 24 h at 48C. Sections 40 mm were obtained
using a freezing microtome and processed for NADPH-di-
aphorase histochemistry following the protocol of Vicent

Ž .and Kimura 1992 with minor modifications. Briefly, the
preparations were incubated in a medium containing b-
NADPH 1 mgrml, nitro-blue tetrazolium 0.25 mgrml and

Ž .0.3% Triton X-100 in 0.1 M PBS pHs7.4 , for 30–45
min at 378C and protected from light. After incubation, the
sections were rinsed in PBS, mounted, dehydrated in a
graded ethanol series, cleared with xylene and covered

Žwith DePeX neutral solution of polystyrene and plasticiz-
.ers in xylene . The following controls of the histochemical

Ž .reaction were carried out: 1 incubation without the sub-
Ž .strate b-NADPH; 2 incubation without the chromogen

nitro-blue tetrazolium in order to rule out possible nonspe-
Ž .cific formation of reaction products; and 3 overfixation

Ž .of the tissue 2 weeks in fixative medium . In all cases, no
residual reaction was observed.

2.3. Experimental procedures

Ž .Corpus cavernosum strips 4 mm long and 2 mm wide
were suspended horizontally, placed parallel between two
platinum electrodes, with one end connected to an isomet-

Ž .ric transducer Grass FT O3C and the other to a displace-
ment unit, in 5 ml organ baths with PSS, 378C, pH 7.4.
The signal was recorded continuously on a polygraph
Ž .Grass 79E . A passive tension of 3 g was applied to
corpus cavernosum strips and they were allowed to equili-
brate for 60 min. The contractile capacity of the prepara-
tions was challenged by exposing the strips to 124 mM

q Ž q .K -rich PSS K -PSS which was PSS with KCl replacing
for NaCl on an equimolar basis. Corpus cavernosum strips

Ž y5 .were incubated with guanethidine 10 M and atropine
Ž y7 .10 M , during a period of 1 h with washing every 20
min. The drugs were present throughout both electrical
field stimulation and exogenous NO experiments, to block
adrenergic neurotransmission and muscarinic receptors, re-
spectively. The preparations were contracted with phenyl-

Ž y7 .ephrine 2=10 M , and when a stable tone was ob-
tained electrical stimulation was performed with rectangu-

Ž .lar pulses 1 ms duration, 0.5–16 Hz, 20 s trains at 3 min
Žintervals from a Cibertec CS20 stimulator Barcelona,

.Spain with constant supramaximal current output adjusted
to 75 mA. A first frequency–response curve was made
with phenylephrine-contracted preparations. The horse cor-
pus cavernosum strips were repeatedly washed and al-
lowed to equilibrate for at least 1 h before they were

Ž y6 . Gincubated with either tetrodotoxin 10 M , N -nitro-L-
Ž y5 . Žarginine L-NO-Arg, 3=10 M , L-arginine L-Arg, 3=
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y3 . Ž y3 . Ž y510 M , L-Arg 3=10 M plus L-NO-Arg 3=10
. G Ž y5 .M , N -nitro-D-arginine D-NO-Arg, 3=10 M , apamin

Ž y7 . Ž y6 .5=10 M , glibenclamide 3=10 M , Iberiotoxin
Ž y8 . w x w x3=10 M or 1H- 1,2,4 oxadiazolo 4,3,-a quinoxalin-

Ž y6 .1-one ODQ, 5=10 M . After 20 to 30 min incubation
with the corresponding drug, a second frequency–response
curve was made. In each experiment, control curves were
run in parallel. Cumulative concentration–response curves

Ž .for exogenous NO added as acidified NaNO solution2

and S-nitroso-L-cysteine were obtained with phenyl-
ephrine-precontracted corpus cavernosum strips by adding
the drug directly to the bath. The preparations were incu-
bated with the blocking agents for 30 min before the
concentration–response curves were repeated. Relaxation
experiments for both electrical field stimulation and exoge-
nously added NO were performed in the same preparation.

Ž y4 .At the end of the experiments, papaverine 10 M
was added to the organ bath with the aim of obtaining
maximal relaxation of preparations.

2.4. Drugs and solutions

The following drugs were used: apamin, atropine sul-
phate, glibenclamide, guanethidine sulphate, iberiotoxin,
L-arginine hydrochloride, b-nicotinamide adenine din-
ocleotide phosphate reduced form, nitro-blue tetrazolium,
L-NO-Arg, D-NO-Arg, phenylephrine hydrochloride, pa-
paverine hydrochloride, sodium nitrite, tetrodotoxin and

Ž . ŽTriton X-100 Sigma, St. Louis, MO, USA , ODQ Tocris
.Cookson, Bristol, UK . All drugs were dissolved in twice

distilled water, except glibenclamide and ODQ which were
dissolved in dimethyl sulphoxide, and papaverine, which
was dissolved in 96% ethanol. Stock solutions were pre-
pared and stored at y208C and further fresh dilutions were
prepared daily. The NaNO solution of 1 M was prepared2

Ž .daily in distilled water with HCl 37% obtaining a final
pH of 2. This solution was placed on dry ice and protected
from air. Further dilutions were made in this acidified
solution. S-Nitroso-L-cysteine was prepared fresh just be-
fore use by reacting equimolar concentrations of L-cysteine
and sodium nitrite under acidic conditions. Neither acid

Ž .solvent nor NaNO solution pHs7.4 had any effect on2

corpus cavernosum strips.

2.5. Calculations and statistics

For each frequency or concentration–response curve,
the pulse frequency or drug concentration in the absence or
presence of blocking agent required to give half-maximal

Ž .relaxation EF or EC , respectively was determined50 50
Žwith a computer programme Graph Pad Inplot 4.1, San

.Diego, CA, USA , fitting the data to the Hill equation:
Ž .n Ž Ž . Ž .n .ErE sA M r A M qEC M , where ErE ismax H 50 H max

the relative response to the effective concentration of drug,
Ž . Ž .A M , and EC M are given in molar concentrations; n50 H

is a curve fitting parameter or Hill coefficient. The sensi-
tivity and maximal relaxant responses of the exogenous
NO and S-Nitroso-L-cysteine were expressed in terms of
pD and E , respectively. pD was defined as the2 max 2

Ž .negative logarithm of EC ylog EC . The results are50 50

expressed as mean values"S.E.M. where n indicates the
number of preparations studied in each set of experiments.
Each parameter was determined from penis tissue of at
least 4–5 different animals. Statistical significance of dif-
ferences was calculated by one-way analysis of variance
Ž .ANOVA and Student’s t-test with a posteriori Bonferroni

Ž .test Wallenstein et al., 1980 . A probability value less
than 0.05 was considered significant.

3. Results

3.1. NADPH-diaphorase actiÕity

Neural NO synthase-containing fibres were visualized
by NADPH-diaphorase staining in cryostat cross-sections
of the corpus cavernosum. NADPH-diaphorase activity
was present along and between smooth muscle bundles of

Ž .sinusoids in horse penis Fig. 1A . These nerves present
different sizes and coarse nerve trunks; wavy bundles of
nerves usually oriented parallel to the muscle fascicles

Ž .were found Fig. 1B . The smooth muscle bundles show a
Ž .clear network of varicose nerve terminals Fig. 1C . The

cavernosum tissue muscular arteries of different sizes were
surrounded by a dense plexus of varicose nerves forming a
plexus of the adventitia. NADPH-diaphorase activity was

Ž .present in the arterial endothelium Fig. 1D .

3.2. Responses to electrical field stimulation and exoge-
nous NO

Horse corpus cavernosum strips were equilibrated to a
Ž .passive tension of 2.7"0.1 g ns64 . Phenylephrine

Ž y7 .2=10 M induced sustained contractions of 4.7"0.5
Ž . Ž y5 .g ns64 . In the presence of guanethidine 10 M and

Ž y7 .atropine 10 M , electrical stimulation evoked fre-
quency–response relaxations at 0.5–16 Hz, with an EF50

Ž .s3.1"0.2 Hz and a maximum relaxation E ob-max
Ž .tained at 16 Hz which averaged 56.5"3.7% ns43 of

Ž y7 . Žthe tone induced by phenylephrine 2=10 M Fig.
.2A . The electrically induced relaxations were repro-

ducible, giving EF values and E of 3.0"0.2 Hz and50 max

60.4"4.1% and 3.2"0.3 Hz and 59.5"3.4%, in a first
and second frequency–response curve, respectively, made

Ž .with the same preparation ns5 .
Ž y6 y3 .Exogenous NO 10 –10 M induced relaxations

with a pD of 4.8"0.1 and an E of 85.3"2.1%2 max
Ž . Žns42 of the phenylephrine-precontracted strips Fig.

.2A . These relaxations were reproducible in a second
curve with a pD of 4.7"0.3 and an E of 83.2"2.4%2 max
Ž . Ž y4 .ns5 . Papaverine 10 M evoked a maximum relax-
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Ž .Fig. 1. Photomicrographs showing the NADPH-diaphorase activity in corpus cavernosum. A General view of smooth muscle bundles of sinusoids in the
Ž . Ž . Ž .horse penis with a positive nerve trunk NT and blood vessels V surrounded by a dense plexus of positive varicose nerves. B Positive wavy nerve

Ž . Ž . Ž . Ž . Ž .bundles NB . C Network of positive varicose nerve terminals arrows in smooth muscle bundles. D Positive nerve bundle NB forming a dense
Ž . Ž . Ž .plexus of varicose nerves arrows around the blood vessels V and a thick positive nerve trunk NT in horse corpus cavernosum. A positive

NADPH-diaphorase reaction was present in the arterial endothelium. Scale bars100 mm.

Ž .Fig. 2. Isometric force recordings showing the response of corpus cavernosum preparations of horse to electrical field stimulation EFS, 0.5–16 Hz and
Ž y6 y3 . Ž y5 . Ž y7 .exogenous addition of NO 10 –10 M, added as an acidified solution of NaNO . Guanethidine 10 M and atropine 10 M were present2

throughout the experiment to block adrenergic and cholinergic responses, respectively. The corpus cavernosum strips were contracted with phenylephrine
Ž y7 . Ž .PhE, 2=10 M and frequency and concentration–response curves for EFS and NO were made in the absence A and the presence of L-NO-Arg
Ž y5 . Ž . Ž y5 . Ž y3 . Ž .3=10 M B , and L-NO-Arg 3=10 M plus L-Arg 3=10 M C . At the end of the experiment the preparations were relaxed with papaverine
Ž y4 . Ž .Pap, 10 M . Numbers indicate frequency Hz or molar concentration in the bath, W: washout.
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Ž . Ž . Ž .Fig. 3. Average relaxations in response to electrical field stimulation A and exogenous NO in acidified sodium nitrite, NaNO B in horse corpus2
Ž y7 . Ž .cavernosum strips contracted with phenylephrine 2=10 M in the presence of guanethidine and atropine open circles, control , and the effect of

Ž y5 . Ž . Ž y5 . Ž y3 . Ž .L-NO-Arg 3=10 M closed circles and L-NO-Arg 3=10 M plus L-Arg 3=10 M closed triangles . Relaxations are expressed as
percentages of the tension induced by phenylephrine and each point represents the mean"S.E.M. for 8–10 preparations.

Ž . y7ation 100% of 2=10 M phenylephrine-precontracted
strips.

The relaxations in response to electrical stimulation
were completely inhibited in the presence of the neuronal

Ž y6 .sodium channels blocker, tetrodotoxin 10 M , with an
EF s1.7"0.2 Hz and E s72.7"7.4% under con-50 max

trol conditions and E s 0% in the presence ofmax
Ž .tetrodotoxin ns8 . Incubation with the NO synthase

Ž y5 .blocker, L-NO-Arg 3=10 M , inhibited electrically
elicited relaxations. Thus, the EF -values and E were50 max

2.9"0.6 Hz and 63.6"6.1% in the absence, and 8.5"1
ŽHz P-0.001, ANOVA followed by the Bonferroni test,

. Žns10 and 4.3"2.2% P-0.001, ANOVA followed by
.the Bonferroni test, ns10 in the presence of L-NO-Arg

Ž y5 . Ž .3=10 M , respectively Fig. 2B and Fig. 3A . The NO
Ž y3 .synthesis substrate, L-Arg 3=10 M , did not modify

Žeither the basal tension 2.7"0.3 g and 2.7"0.3 g, ns5
.in the absence and presence of L-Arg, respectively , or the

Želectrically-induced relaxations EF s1.9"0.3 Hz and50

E s68.1"6.2% and EF s1.8"0.5 Hz and E smax 50 max

69.7"7.1%, ns5 under control conditions and after

.treatment, respectively of the horse corpus cavernosum
Ž y3 .strips. However, L-Arg 3=10 M significantly re-

Ž y5 .versed the inhibition caused by L-NO-Arg 3=10 M
with an EF s2.9"0.6 Hz and E s63.6"6.1% and50 max

EF s2.7"0.5 Hz and E s47.2"6%, in controls50 max
Ž y5 .and in the presence of L-NO-Arg 3=10 M plus L-Arg

Ž y3 . Ž3=10 M , respectively P-0.05 vs. control, ANOVA
. Žfollowed by the Bonferroni test, ns10 Fig. 2C and Fig.

. Ž y5 .3A . D-NO-Arg 3=10 M , was without effect on
Želectrically-induced relaxations EF s3.5"1.2 Hz and50

E s49.7"12.1% in controls and EF s3.2"0.9 Hzmax 50
.and E s45.6"8.4% after D-NO-Arg treatment, nsmax

.4 .
Relaxations in response to exogenous NO were not

Ž y6 .changed in the presence of tetrodotoxin 10 M with a
pD s4.8"0.2 and E s91.4"14.2% and pD s4.62 max 2

Ž ."0.4 and E s81.8"14.3% ns6 under controlmax

conditions and after treatment, respectively. The incuba-
Ž y5 .tion with L-NO-Arg 3=10 M did not alter the relax-

ations caused by exogenous NO. pD and E being2 max

5.4"0.3 and 88.9"5.1%, and 4.9"0.3 and 93.2"5.3%,

Ž y6 . Ž .Fig. 4. Isometric force recordings showing the effect of ODQ 5=10 M on the responses of horse corpus cavernosum strips to EFS 0.5–16 Hz and
Ž y6 y3 . Ž y5 . Ž y7 .exogenous addition of NO 10 –10 M, added as an acidified solution of NaNO . Guanethidine 10 M and atropine 10 M were present2

throughout the experiment, to block adrenergic neurotransmission and muscarinic receptors, respectively. The corpus cavernosum strips were contracted
Ž y7 .with phenylephrine PhE 2=10 M and when a sustained tone was obtained, frequency and concentration–response curves for EFS and NO were made

Ž y6 . Ž y4 .in the absence and presence of ODQ 5=10 M . At the end of the experiment, papaverine Pap, 10 M was added to obtain the maximal relaxation
Ž .of the horse corpus cavernosum preparations. Numbers indicate frequency Hz or molar concentration in the bath. W: washout.
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Ž . Ž . Ž .Fig. 5. Relaxations in response to electrical field stimulation A and exogenous NO as acidified sodium nitrite, NaNO B in horse corpus cavernosum2
Ž y7 . Ž . Ž . Ž y6 .strips contracted with phenylephrine 2=10 M in absence open circles and presence closed circles of ODQ 5=10 M . Relaxations are

expressed as percentages of the tension induced by phenylephrine, and each point represents the mean"S.E.M. for 7–9 preparations.

Ž .ns7 in absence and in presence of the NO synthase
Ž y5 . Žinhibitor, L-NO-Arg 3=10 M , respectively Fig. 2B

. Ž y7and Fig. 3B . The NO donor, S-Nitroso-L-cysteine 10 –
y4 .10 M induced relaxations of phenylephrine-contracted

Žcorpus cavernosum strips, pD s6.1"0.2 and an E2 max
.of 95.4"2.4%, ns7 .

3.3. Effect of the cyclic GMP inhibitor, ODQ

ŽThe inhibitor of soluble guanylate cyclase ODQ 5=
y6 .10 M had no effect on the resting tension of trabecular

Ž y6 .strips. ODQ 5=10 M however, markedly reduced the

Table 1
q Ž y6The effect of the inhibitors of cGMP and K channels, ODQ 5=10

. Ž y8 . Ž y7 .M , iberiotoxin IbTX, 3=10 M , apamin Apa, 5=10 M , and
Ž y6 .glibenclamide Glib, 3=10 M on relaxations in response to EFS and

Ž y7 .exogenous NO in phenylephrine-precontracted 2=10 M horse cor-
pus cavernosum strips

EFS NO

Ž . Ž . Ž .n EF Hz E % n pD E %50 max 2 max

Control 7 3.2"0.6 55.6"4.3 9 4.7"0.1 90.8"3.2
a b bODQ 7 11.3"2.7 9.4"4.3 9 y 15.9"5.6

Control 5 4.7"0.4 42.5"5.6 5 4.5"0.2 83.1"5.5
IbTX 5 4.4"0.6 37.9"3.0 5 4.5"0.4 78.0"6.0
Control 5 2.6"0.6 52.2"8.1 8 4.5"0.2 81.5"5.9
Apa 5 3.0"0.8 47.0"6.4 8 4.8"0.2 77.5"5.3
Control 5 3.3"0.4 47.1"7.7 7 4.9"0.1 73.9"4.7
Glib 5 3.0"0.5 51.4"3.8 7 4.8"0.1 77.8"4.0

Values are means"S.E.M.
nsNumber of preparations from 4–5 different animals.
EF is the pulse frequency causing half-maximal relaxation and pD is50 2

Ž .the negative logarithm of the EC ylog EC .50 50

E is the maximal relaxation expressed relative to the contractionmax
Ž y7 .induced by phenylephrine 2=10 M .

Significantly different values of parameters with respect to control values,
Ž .as calculated by analysis of variance ANOVA , followed by an a

posteriori Bonferroni test.
aP -0.01; bP -0.001.

Ž .electrically induced relaxations Figs. 4 and 5A, Table 1 .
Ž y6 .Similarly, incubation with ODQ 5=10 M also inhib-

ited the relaxations in response to exogenous NO, although
Ž .a relaxation of 15.9"5.6% ns9 still persisted at the

Ž y3 . Ž .highest concentration 10 M Figs. 4 and 5B, Table 1 .

3.4. Effect of K q channel blockers

Ž y8 . Ž y7 .Iberiotoxin 3=10 M and apamin 5=10 M ,
inhibitors of the large and small conductance Ca2q-
activated Kq channels, respectively, had no effect on basal
tension of the horse corpus cavernosum strips. Moreover,
both the sensitivity and maximal relaxations in response to
electrical stimulation and exogenous NO remained un-
changed in the presence of either iberiotoxin or apamin
Ž .Table 1 , respectively.

The blocker of ATP-activated Kq channels, gliben-
Ž y6 .clamide 3=10 M , did not change the basal tension of

Ž y6 .corpus cavernosum strips. Glibenclamide 3=10 M
had no effect on electrically induced relaxations or exoge-

Ž .nously added NO Table 1 .

4. Discussion

The present study revealed that NADPH-diaphorase
activity is expressed in nerves and that electrical field
stimulation-released and exogenously added NO induces
relaxations of the cavernosum trabecular smooth muscle
from horse through a soluble guanylate cyclase-dependent
mechanism. Iberiotoxin, apamin and glibenclamide-sensi-
tive Kq channels do not appear to contribute to these
relaxations.

NADPH-diaphorase staining is considered as a marker
for the enzyme NO synthase in brain and peripheral tissues
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ŽHope and Vincent, 1989; Dawson et al., 1991; Hope et
.al., 1991; Alm et al., 1993 . During fixation with para-

formaldehyde, only the NADPH-diaphorase activity asso-
Žciated with soluble NO synthase remains intact Matsumoto

.et al., 1993 . Thus, with the fixation procedure applied in
the present study, the NADPH-diaphorase activity ob-
served can be considered specific for NO synthase.
NADPH-diaphorase-positive nerves were found in the

Žhorse corpus cavernosum as well as in human Burnett et
. Žal., 1993 , dog Hedlund et al., 1995; Hayashida et al.,

. Ž1996 and horse deep penile arteries Simonsen et al.,

.1995 . Moreover, the positive nerves of horse trabecular
tissue have varions sizes. There are thick nerve trunks,
wavy nerve bundles and a dense networks of varicose
nerve terminals in smooth muscle bundles and muscular
arteries in cavernosum tissue of horse penis. The localiza-
tion of NO synthase suggests that NO may act as an
inhibitory neurotransmitter in the horse corpus caver-
nosum.

The abolition by tetrodotoxin of electrically induced
relaxations in the presence of guanethidine and atropine
indicates that these responses in horse corpus cavernosum
are mediated via a NANC neuronal pathway.

NO is synthesized by NO synthase, which catalyses the
Ž .conversion of molecular oxygen O and the amino-acid2

L-arginine to form NO and L-citrulline. This reaction can
be inhibited by various N-substituted analogues of L-
arginine, such as N-methyl-, N-nitro- and N-amino-L-
arginine, by competition with endogenous pools of sub-

Ž .strate Palmer et al., 1988 . The inhibition of NO synthesis
can be overcome by subsequent addition of the exogenous
substrate, L-arginine. In the present study, the electrically
induced relaxations of horse corpus cavernosum, were
markedly inhibited by L-NO-Arg, but not by D-NO-Arg,
and this inhibition was reversed by the addition of excess
synthesis substrate, L-arginine. Addition of exogenous NO
mimics the electrically induced relaxations but these are
not affected by L-NO-Arg, which suggests that NO pro-
duces direct relaxation of the cavernosum trabecular smooth
muscle. These results suggest that NO or a NO-related
compound is involved in the NANC relaxations of the
horse corpus cavernosum and confirm earlier observations

Žin penile corpus cavernosum of human Kimura et al.,
. Ž1992; Rajfer et al., 1992 , rabbit Kim et al., 1991; Bush et

.al., 1992; Knispel et al., 1992; Holmquist et al., 1992 , and
Ž .dog Hayashida et al., 1996 . Moreover, the present data

agree with results of recent studies showing the presence
of a functional nitrergic innervation in both human
Ž . Ž .Simonsen et al., 1997b and horse Simonsen et al., 1995
penile resistance arteries. Cyclic GMP and cyclic adeno-

X X Ž .sine 3 :5 -monophosphate cAMP are important intra-
cellular messengers in smooth muscle cells, and NO usu-
ally causes relaxation by activating soluble guanylate cy-
clase by binding to the heme group on this enzyme,
resulting in accumulation of intracellular cyclic GMP
Ž .Ignarro et al., 1990 . Methylene blue has been applied as

inhibitor of the NO-elicited soluble guanylate cyclase acti-
Ž .vation Gruetter et al., 1981 and cyclic GMP accumula-

Ž .tion Martin et al., 1985 . The relaxations induced by
electrical field stimulation and exogenous NO were inhib-
ited in the presence of methylene blue in several tissues of

Žthe urogenital tract such as trigone Persson and Anders-
. Ž .son, 1992 and intravesical ureter Hernandez et al., 1997´

Ž .of the pig; urethra of several species Andersson, 1993 ;
Ž . Ždog Hayashida et al., 1996 , man and rabbit Kim et al.,

.1991; Azadzoi et al., 1992 corpus cavernosum and horse
Ž .deep penile arteries Simonsen et al., 1995 . However,

methylene blue had shown nonspecific actions, i.e., inacti-
vation of NO by generating superoxide anions which

Ž .scavenge NO Wollin et al., 1990 and inhibition of en-
Ž .dothelial NO synthase Mayer et al., 1993 .

Recently, ODQ, a potent and selective inhibitor of
NO-stimulated guanylate cyclase activity, has been synthe-

Ž .sized Garthwaite et al., 1995 . The inhibition exerted by
ODQ seems to be due to irreversible oxidation of the

Žsoluble guanylate cyclase prosthetic heme group Schram-
.mel et al., 1996 . In our studies, ODQ markedly inhibited

the relaxations induced by both electrical stimulation and
exogenous NO in horse corpus cavernosum, which sug-
gests that NO relaxes horse cavernosum trabecular smooth
muscle mostly through activation of a soluble guanylate
cyclase-dependent mechanism. The same has been ob-
served in other tissues, such as the bovine pulmonary

Ž .artery Brunner et al., 1996 , rat vascular smooth muscle
Ž .Moro et al., 1996 and lamb coronary small arteries
Ž .Simonsen et al., 1997a , where ODQ inhibited the relax-
ations in response to NO donors, S-nitroso-L-cysteine and
acidified sodium nitrite. Recent studies showed that ODQ
only caused a partial inhibition of the relaxant responses to

Žexogenous NO in horse penile resistance arteries Prieto et
.al., 1998 indicating that NO may relax this vascular bed

through cGMP-independent mechanisms. This observation
differs from the marked inhibition by ODQ of the NO-in-
duced relaxations of the corpus cavernosum in the same
species. These results suggest heterogeneity in the mecha-
nisms by which NO relaxes the erectile tissues of the
penis.

It is well established that NO may activate Kq chan-
nels, either through cyclic GMP-dependent protein kinase
Ž . 2qRobertson et al., 1993 or by direct opening of Ca -
activated Kq channels without the requirement for cyclic

Ž .GMP Bolotina et al., 1994 . Cyclic GMP has been sug-
gested to cause relaxation of smooth muscle by lowering
the intracellular Ca2q concentration by either stimulating
Ca2q-ATPase activity or through opening of Kq channels,
leading to hyperpolarization and subsequent reduction of

2q 2q ŽCa influx through voltage-operated Ca channels Lin-
.coln and Cornwell, 1991; Robertson et al., 1993 . The

inhibitors of large conductance Ca2q-activated Kq chan-
nels, charybdotoxin andror iberiotoxin have been reported
to inhibit the relaxations induced by exogenous NO or NO

Ž .donors in rabbit aorta Bolotina et al., 1994 and in bovine
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Ž .small bronchioles Hernandez et al., 1998 , and those in´
response to both endogenous and exogenous NO in tra-

Žcheal smooth muscle Ellis and Conanan, 1994; Kannan
.and Johnson, 1995; Bialecki and Stinson-Fisher, 1995 and

Ž .horse deep penile arteries Simonsen et al., 1995 . Iberi-
otoxin, a selective blocker of the large conductance Ca2q-

q Ž .activated K channels Galvez et al., 1990 , which does´
not inhibit other types of voltage-dependent ion channels

Žsensitive to charybdotoxin Galvez et al., 1990; Deutsh et´
.al., 1991 , did not affect the relaxations caused by either

electrical stimulation or exogenous NO in the horse corpus
cavernosum. These results suggest that large conductance
Ca2q-activated Kq channels are not involved in the relax-
ant responses to NO in horse corpus cavernosum.

Small conductance Ca2q-activated Kq channels were
shown to mediate the hyperpolarization and relaxations in
response to electrical stimulation and the NO donor, S-

Žnitroso-L-cysteine in rat gastric fundus Kitamura et al.,
. Ž1993 , in guinea-pig ileal longitudinal muscle Osthaus and

. ŽGalligan, 1992 , canine small intestine Christinck et al.,
. Ž .1991 , rat proximal duodenum Martins et al., 1995 and

Ž .lamb coronary small arteries Simonsen et al., 1997a .
Moreover, NO has been reported to activate both small and
large conductance Kq channels in colon smooth muscle

Ž .from dog Koh et al., 1995 . In the present study, the
selective inhibitor of the small conductance Ca2q-activated

q Ž .K channels, apamin Cook, 1988 , did not change the
relaxations induced by either electrical stimulation or ex-
ogenous NO, which indicates that these types of channels
do not appear to contribute to the NO-mediated NANC
inhibitory neurotransmission of the horse corpus caver-
nosum.

q Ž .ATP-sensitive K channels Cook and Quast, 1990
play an important role in the regulation of the genito-urinary

Ž Ž ..tract smooth muscle see the work of Andersson 1993 .
Thus, ATP-sensitive Kq channels were shown to mediate
the NO-evoked hyperpolarization in rat and rabbit mesen-

Žteric arteries Garland and McPherson, 1992; Murphy and
.Brayden, 1995 and the responses to both electrically

released and exogenously added NO in pig intravesical
Ž .ureter Hernandez et al., 1997 . In horse corpus caver-´

nosum, the inhibitor of ATP-sensitive Kq channels,
Žglibenclamide Ashcroft and Ashcroft, 1990; Edwards et

.al., 1991 , did not affect the relaxation in response to either
electrical stimulation or exogenous NO, which indicates
that ATP-sensitive Kq channels do not seem to be in-
volved in the NO-mediated relaxations in horse corpus
cavernosum.

In summary, the present results suggest that the horse
corpus cavernosum is innervated by nerve fibres contain-
ing NO. NO acts as an inhibitory neurotransmitter by
relaxing trabecular smooth muscle through the activation
of soluble guanylate cyclase. Neither large nor small con-
ductance Ca2q-activated, nor ATP-sensitive Kq channels
seem to be involved in the relaxations evoked by NO in
the horse corpus cavernosum.
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