
236

Jpn. J. Pharmacol. 86, 236 – 243 (2001)

Involvement of Nitric Oxide and Vasoactive Intestinal Peptide 

in the Nonadrenergic-Noncholinergic Relaxation 

of the Porcine Retractor Penis Muscle

Junho La1, Taewan Kim1, Taesik Sung1, Tongmook Kang2, Janghern Lee1 and Ilsuk Yang1,*

1Department of Veterinary Physiology, College of Veterinary Medicine, Seoul National University, Suwon 441-744, Republic of Korea
2Department of Physiology, Sungkyunkwan University School of Medicine, Suwon 440-746, Republic of Korea

Received September 21, 2000 Accepted March 30, 2001

ABSTRACT—Neurotransmitters mediating nonadrenergic-noncholinergic (NANC) relaxation were investi-

gated in strips of porcine retractor penis muscle (RPM). Muscle tone was raised by phenylephrine (1 �M)

in the presence of atropine (1 �M) and guanethidine (50 �M). Upon electrical field stimulation (1 ms, 80 V,

1 – 32 Hz for 10 s), the initial fast relaxation was followed by the slow relaxation. Although the fast and the

slow relaxation were completely abolished by tetrodotoxin (1 �M), they showed different pharmacological

sensitivities to the nitric oxide (NO) synthase inhibitor N�-nitro-L-arginine methyl ester (L-NAME, 0.1 mM).

The fast relaxation was markedly inhibited by L-NAME in an L-arginine reversible manner and by oxy-

hemoglobin (50 �M), while the slow relaxation was hardly blocked by L-NAME. L-NAME and � -chymo-

trypsin (�-CT, 3 U /ml) selectively inhibited the fast and the slow relaxation, respectively. �-CT abolished

L-NAME-resistant slow relaxation, and L-NAME completely abolished the � -CT-resistant fast relaxation.

�-CT-resistant relaxation was not significantly different from the digitally calculated L-NAME-sensitive

component, and L-NAME-resistant relaxation was similar to the digitally calculated �-CT-sensitive compo-

nent. Vasoactive intestinal peptide (VIP, 0.003 – 0.1 �M) relaxed porcine RPM in a concentration-dependent

manner. The effect of a VIP was partially inhibited by a VIP receptor antagonist, VIP(10 – 28) (1 and 3 �M).

L-NAME-resistant relaxation was also reduced by VIP(10 – 28) (3 �M) and by another putative antagonist,

VIP(6 – 28) (1 �M), although the effects of the two antagonists were somewhat inconsistent. From the his-

tochemical staining, it was verified that nerve bundles that showed VIP-like immunoreactivities were also

positive for the NADPH diaphorase reaction. These results suggest that NO and peptide neurotransmitter(s)

including VIP mediate the NANC relaxation in porcine RPM.
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Animals such as bulls and boars have a fibro-elastic

penis that can be pulled backwards by specialized smooth

muscle called the retractor penis muscle (RPM) to form

a sigmoid flexure. The relaxation of RPM stretches the

sigmoid flexure and results in the protrusion of the penis,

which is a pivotal step for erection in these domestic ani-

mals. It is now well established that nitric oxide (NO), one

of the inhibitory nonadrenergic-noncholinergic (NANC)

neurotransmitters, plays an important role in the relaxation

of bovine RPM (1 – 3).

In contrast, there is limited available information dealing

with the mechanism of NANC relaxation in porcine RPM.

The findings in impotent boar, which exhibits lower num-

ber of vasoactive intestinal peptide (VIP)-immunoreactive

nerve fiber in the penis, suggest VIP as an important inhib-

itory NANC neurotransmitter (4). In addition, recent data

suggest that NO mediates the NANC-nerve stimulated re-

laxation in porcine RPM (5). However, it is still unclear

that VIP and NO mediate the NANC relaxation in porcine

RPM because the previous study on VIP focused only on

the penis itself, and that on NO obtained its results by using

electrical stimulation only at single frequency (2 Hz). It is

known that classical small molecule neurotransmitters and

peptide neurotransmitters are released at different frequen-

cies of stimulation, and that peptides are not released by

single stimulus but only by trains of high frequency stimuli

(6). Therefore, with special respect to both VIP and NO,

the present study was aimed to investigate the neurotrans-

mitters mediating the NANC relaxation caused by wide
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range of electrical stimulation in porcine RPM.

MATERIALS AND METHODS

Preparation of smooth muscle strips

Porcine RPMs were collected at a local slaughter and

transported to the laboratory in cold Krebs solution. Sur-

rounding connective tissues were carefully removed and

the proximal part of porcine RPM was dissected into strips

(7 � 2 mm). The strips were suspended in the tissue holder

and placed between two platinum plates, which were locat-

ed in 20-ml chambers filled with warmed (37�C) and oxy-

genated (95% O2 and 5% CO2) Krebs solution (118.4 mM

NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4,

25 mM NaHCO3, 2.5 mM CaCl2 and 11.7 mM glucose).

The upper end of the strip was connected to the isometric

force transducer (FT-03; Grass-Telefactor, West Warwick,

RI, USA). The output of transducer was processed through

MacLab /2e (AD Instruments, Castlehill, Australia) and

recorded on a Macintosh LC III computer. Two platinum

plates were connected to the electrical stimulator (S88,

Grass).

Recording of muscle tension

An initial tension of 1 g was loaded on each muscle strip

during the 60-min equilibration period with rinsing every

15 min. The muscarinic antagonist atropine (1 �M) and

adrenergic transmission blocker guanethidine (50 �M)

were applied to set the NANC condition. Muscle tone

was raised with phenylephrine (1 �M). Each muscle strip

obtained from the same animal was subjected to different

sets of experiments.

Electrical field stimulation (EFS; 1-ms pulse duration,

80 V, 10-s train duration) was applied via paired platinum

plates in a stepwise-increment of frequency (1 – 32 Hz).

Muscle strips were stimulated at 8 Hz at 5-min intervals

before beginning experimentation. Only muscle strips show-

ing reproducible responses to EFS were used. To evaluate

the effect of various drugs on EFS-induced relaxation, the

muscle strip was washed out after the 1st set of EFS appli-

cation and incubated with drug at least 30 min prior to and

throughout the 2nd set of EFS application. Time-control

experiments were routinely carried out in the absence of

drugs to certify that responses did not vary over the time

course of the experiment.

Magnitudes of the relaxation were measured from the

difference between the pre-stimulus tension and the nadir

tension of the relaxation, and were expressed as percentage

of pre-contracted tension level.

Histochemical staining

The proximal part of porcine RPM was fixed for 4 h in

room temperature with Lana’s fixative (4% paraformalde-

hyde + 0.2% picric acid) and dehydrated with 30% sucrose

solution. The tissue sample was cut into transverse sections

at 30-�m thickness in a cryostat. The sections were incu-

bated with 1% normal donkey serum for 1 h at room tem-

perature, subsequently reacted with guinea pig anti-VIP

antisera (1:600; Peninsula Lab, San Carlos, CA, USA) and

FITC-conjugated secondary antibody (1:200, donkey anti-

guinea pig IgG; Jackson ImmunoResearch Lab, West

Grove, PA, USA) at 4�C overnight. Finally, sections were

mounted on gelatin /chrome-alum-coated glass slides and

coverslipped with p-phenylendiamine /glycerol mixture.

Repeated rinsing in 0.1% PBS were performed between

all reaction steps. The specimen was examined under a

fluorescent-microscope (Axioscope; Zeiss, Frankfurt, Ger-

many) and digitally photographed (Micromax cooled-CCD;

Princeton Instrument, Trenton, NJ, USA).

For the detection of nitrergic nerves, NADPH-diapho-

rase (ND) histochemistry was applied because it was

proved to be a specific marker of neuronal NO synthase

(NOS) in the central and peripheral nervous system (7).

After VIP-like immunoreactivities (VIP-LI) were photo-

graphed, the coverglass was removed, and the specimen

was incubated in a solution of nitroblue tetrazolium

(0.4 mg /ml) and � -NADPH (2 mg /ml). The specimen was

re-coverslipped with Permount (Sigma, St. Louis, MO,

USA) and examined under a light-field microscope (Axio-

scope, Zeiss). The same region previously examined for

VIP-LI was photographed again.

Chemicals

All the following chemicals were purchased from Sigma;

atropine sulfate, guanethidine sulfate, phenylephrine hydro-

chloride, tetrodotoxin (TTX), �-chymotrypsin (�-CT) type

I-S from bovine pancreas, N�-nitro-L-arginine methyl ester

(L-NAME), L-arginine hydrochloride, D-arginine hydro-

chloride, hemoglobin, VIP fragment 6 – 28, VIP fragment

10 – 28, nitroblue tetrazolium and � -NADPH. Oxyhemo-

globin (OxyHb) was prepared according to the method

by Feelisch and Kubitzek (8). The peptides were dissolved

in a medium containing 0.1% bovine serum albumin (BSA)

to avoid their absorption to the glass and plastic apparatus.

When the peptides in 0.1% BSA and �-CT were used, the

tissue baths were coated with Sigmacote because of exces-

sive foaming.

Statistical analyses

Data were expressed as the mean � S.E.M. with n, the

number of strips. Statistical comparisons were made by the

paired or unpaired Student’s t-test according to the cases.

Data were considered significantly different from control

values when P�0.05.
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RESULTS

NANC nerve-mediated relaxation

The fast and the slow relaxation: Muscle strips relaxed

in a frequency-dependent manner by EFS in the NANC

condition (Fig. 1). This relaxation appeared to have two

components. At lower frequencies of stimulation (1 – 2 Hz),

porcine RPM rapidly relaxed during the 10-s train duration

and slowly recovered to the pre-stimulus tension level after

the cessation of EFS. As the frequencies rose above 4 Hz,

another discrete nadir became apparent after the cessation

of EFS. At 32-Hz stimulus, the first nadir appeared at

10-s and the second at 50.4 � 2.0 s (n � 17) following the

start of EFS. Based on their courses of activation time, we

designated the first and the second components generated at

high frequencies of EFS as the fast and the slow relaxation,

respectively. Both relaxations were completely abolished

in the presence of 1 �M TTX, suggesting that they were

mediated by neurotransmitters released from the intrinsic

NANC nerves (Fig. 1A).

Involvement of NO in the fast relaxation: L-NAME

(0.1 mM), a NOS inhibitor, completely abolished the fast

relaxation while leaving the residual L-NAME-resistant

relaxation that was slowly developed and sustained. In

the presence of L-NAME, a brief and small contraction

appeared instead of the fast relaxation during EFS, impli-

cating that EFS-induced neurogenic excitation has been

concealed during the fast relaxation (Fig. 1: B and C).

For more detailed observations, traces obtained at 32 Hz

were magnified and superimposed in Fig. 1C. The L-NAME-

sensitive component was digitally subtracted and denoted

as dotted line. Parameters on this subtracted component

are summarized in Table 1. The fast relaxation that was

sensitive to L-NAME was also inhibited by the NO scaven-

ger OxyHb (50 �M) (Fig. 2A). The inhibitory effect of L-

NAME on the fast relaxation was antagonized by L-argin-

ine (1 mM), a substrate of NOS, but not by D-arginine

(1 mM), an inactive isomer of L-arginine (Fig. 2B).

Fig. 1. NANC relaxation of porcine RPM induced by EFS. A:

Representative traces showing the effect of TTX (1 �M). B: Effect

of L-NAME (0.1 mM) on EFS-induced NANC relaxation. The

numbers at the top of each figure indicate the frequencies of EFS

(1 – 32 Hz). C: Magnified view of NANC relaxation in response to

32-Hz stimulus. L-NAME-resistant relaxation was superimposed on

control relaxation and subtracted to represent the L-NAME-sensitive

component (dotted line). Duration of EFS application was indicated

as an inset mark.

Table 1. A comparison of � -CT-resistant relaxation with digitally calculated L-NAME-sensitive component at 32-Hz stimulus

�-CT-resistant 

relaxation (n � 5)

Digitally calculated L-NAME-

sensitive component (n � 17)

Time to nadir (s) 10.5 � 1.1 10.4 � 0.5

Magnitude of relaxation (%) 41.9 � 3.2 40.1 � 4.5

dF /dt (g /s) 0.33 � 0.08 0.26 � 0.04

Recovery � 1 (s) � f � 8.0 � 2.0 � f � 8.0 � 0.8

� s � 107 � 46 � s � 116 � 20

All parameters were not significantly different between two groups (P�0.05). � 1: Tension recovery time kinetics were fit by a

double exponential function with fast (� f) and slow (� s) time constant.
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Involvement of VIP in the L-NAME resistant, peptidergic

slow relaxation: Administration of � -CT (3 U /ml) to the

bath did not cause a substantial change of basal tension.

As shown in Fig. 3, �-CT (3 U /ml) nearly abolished L-

NAME-resistant slow relaxation, suggesting that the relax-

ation be mediated by peptide neurotransmitter(s) (Fig. 3:

A and C). The inhibitory effect of � -CT was found to be

specific to the slow relaxation because the time-matched

experiments with L-NAME alone did not show any signifi-

cant reduction in relaxation (P�0.7, n � 7). To prove the

selectivity, we administered � -CT into the bath prior to

the addition of L-NAME and tested whether L-NAME

could inhibit �-CT resistant relaxation. As expected, � -CT

only abolished the slow relaxation and 0.1 mM L-NAME

efficiently abolished the residual fast relaxation (Fig. 3: B

and D). At 32 Hz stimulus, �-CT-resistant relaxation had

characteristics (magnitudes, time to nadir, � tension /� time,

and recovery time course) similar to those of the digitally

calculated L-NAME-sensitive component (Table 1). Further-

more, characteristics of the digitally calculated � -CT sensi-

tive component were not greatly different from those of

the L-NAME-resistant relaxation (Table 2). These results

suggest that the fast and the slow relaxation are mediated

by NO and inhibitory peptide neurotransmitter(s), respec-

tively.

Considering the previous report on the decrease of VIP-

containing nerves in impotent boar (4), VIP may be thought

as a candidate for L-NAME-resistant peptidergic relax-

ation. To verify this hypothesis, we attempted to use the

putative VIP-receptor antagonist, VIP(10 – 28). Before we

determined whether VIP(10 – 28) could affect L-NAME-

resistant relaxation, we tested its antagonizing effect on the

relaxant action of exogenously applied VIP. VIP (0.003 –

0.1 �M) induced relaxation that was slowly developed and

sustained. At the highest concentration we tested (0.1 �M),

VIP relaxed porcine RPM to 32.6 � 2.0% (n � 35) of pre-

contracted tension. However, when it was re-administered

to bath media after wash out, its relaxant effect at 0.01 and

0.03 �M was decreased to some extent, which was almost

statistically significant (n � 18, P � 0.068 at both concen-

tration). Therefore, we calculated the magnitude of relax-

ation in the second series of VIP application as the percent-

age of that induced by 0.1 �M of VIP in the first series of

application (Fig. 4A). Then we compared the magnitude of

relaxation by VIP under the presence of antagonist with that

of the time-control as well as that of its own paired control.

Compared with its paired control, 1 �M of VIP(10 – 28)

(n � 10) significantly inhibited the relaxant action of VIP at

concentrations of 0.003 to 0.03 �M. However, when the

comparison was carried out with time control, the effect of

1 �M of VIP(10 – 28) was statistically significant only

against 0.003 and 0.01 �M of VIP. Comparatively, higher

concentration of VIP(10 – 28) (3 �M, n � 7) showed a

statistically significant effect on the relaxation induced by

VIP at all tested concentration regardless of its comparison

partner. The VIP-induced relaxation, at 0.03 and 0.1 �M,

were inhibited by 53.2 � 10.7% (n � 7, P�0.01) and 24.9

� 5.4% (P�0.05) by 3 �M of VIP(10 – 28), respectively.

However, VIP(10 – 28) proved to be an inconsistent

antagonist in the experiment that examined its effect on

L-NAME-resistant relaxation. At 1 �M, VIP(10 – 28) re-

duced the magnitude of L-NAME-resistant relaxation only

in 6 of 17 strips, and statistical significance was not detect-

ed at any frequency (Fig. 4B). At 3 �M, only 6 of 11 strips

Fig. 2. Effects of L-NAME, OxyHb and L-argin-

ine. A: Summarized graph illustrating the inhibitory

effects of L-NAME (0.1 mM, n � 17) and OxyHb

(50 �M, n � 6) on the fast relaxation. The fast relax-

ation was completely abolished by L-NAME and

significantly suppressed by OxyHb (open circle:

control, closed circle: L-NAME, closed triangle:

OxyHb). B: The fast relaxation that was blocked by

L-NAME was restored to 82.8 � 9.2% of the control

at 32-Hz stimulus by L-arginine (1 mM) but not by

D-arginine (1 mM). The numbers of strips are indi-

cated in parentheses. *P�0.05.
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showed the inhibitory action of VIP(10 – 28). Due to this

inconsistency, we attempted to use another putative VIP re-

ceptor antagonist, VIP(6 – 28), which was reported to be

more potent than VIP(10 – 28) (9). The effect of VIP(6 –

28) (1 �M) was also inconsistent. It inhibited L-NAME-

resistant relaxation in 6 of 9 strips. In the 6 strips from each

group, where VIP-receptor antagonists attenuated L-NAME-

resistant relaxation, the degree of inhibition by those 3

treatments did not differ from each others. At 16 and 32 Hz,

each treatment inhibited L-NAME-resistant relaxation by

Fig. 3. Specific inhibitory actions of L-NAME

and �-CT on the fast and the slow relaxation. A:

Administration of L-NAME (0.1 mM) selectively

blocked the fast relaxation but not the slow relax-

ation (middle trace). L-NAME-resistant relaxation

was remarkably inhibited by �-CT (3 U /ml, lower

trace). B: �-CT was administrated prior to L-

NAME (0.1 mM). Upper trace: control, middle

trace: �-CT, lower trace: �-CT (3 U /ml) with L-

NAME (0.1 mM). C: Summarized graph showing

the inhibitory effect of �-CT (n � 6) on the L-

NAME-resistant relaxation (open circle: control,

closed circle: �-CT). D: Summarized graph show-

ing the inhibitory effect of L-NAME (n � 5) on the

�-CT resistant response (open circle: control,

closed circle: L-NAME). *P�0.05.

Table 2. A comparison of L-NAME-resistant relaxation with digitally calculated � -CT-sensitive component at 32-Hz stimulus

L-NAME-resistant 

relaxation (n � 17)

Digitally calculated � -CT-

sensitive component (n � 5)

Time to nadir (s) 64.1 � 3.2 61.7 � 5.0

Magnitude of relaxation (%) 13.7 � 2.1 17.4 � 5.2

dF /dt (g /s) 0.020 � 0.003 0.017 � 0.006

Half recovery time (s) 181 � 12 151 � 15

All parameters were not significantly different between two groups (P�0.05).
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about 50% and 40%, respectively (Fig. 4C).

Histochemical staining

VIP-LI and ND activity were detected only from the

nerve bundles rather than from smooth muscle cells. In the

transverse sections, large-sized nerve bundles (diameter �

104.7 � 8.3 �m, detected number of bundles � 8.2 � 0.8,

n � 32 slides from 12 animals) that showed ND activity

were found in a large portion of the interfascicular space

(Fig. 5A). The small-sized ND-positive nerve bundles

(diameter � 25.1 � 2.5 �m, detected number of bundles �

12.5 � 0.3, n � 32 slides from 12 animals) were also detect-

ed in the perivascular region of the interfascicular space

(Fig. 5B). Every ND-positive nerve bundle also had VIP-LI

(Fig. 5: B and C). However, individual axon fiber positive

to both VIP-LI and ND activity was hard to distinguish

due to the dense reactivity.

DISCUSSION

In the present study, we observed the biphasic relaxation

Fig. 4. Effects of VIP receptor antagonists on the relaxation

induced by VIP or EFS. A: VIP(10 – 28) (n � 10 at 1 �M, n � 7 at

3 �M) inhibited the relaxation induced by VIP (0.003 – 0.1 �M) in a

concentration-dependent manner (open circle: time control, closed

circle: VIP(10 – 28), 1 �M; closed triangle: VIP(10 – 28), 3 �M).

B: Effects of VIP antagonists on L-NAME-resistant relaxation. Both

3 �M of VIP(10 – 28) (n � 11) and 1 �M of VIP(6 – 28) (n � 9)

significantly reduced L-NAME-resistant relaxation in response to

EFS (4 – 32 Hz) (open circle: control, closed circle: VIP(10 – 28),

1 �M; closed triangle: VIP(10 – 28), 3 �M, closed square: VIP(6 –

28), 1 �M). C: Summarized graph comparing the inhibition degrees

of the 3 antagonist treatments (white bar: VIP(10 – 28), 1 �M;

hatched bar: VIP(10 – 28), 3 �M; black bar: VIP(6 – 28), 1 �M).

*P�0.05, **P�0.01.

Fig. 5. Histochemical staining of porcine RPM. A: Large-sized

ND-positive nerve bundle in interfascicular space of porcine RPM

(arrow). B: Small-sized ND-positive nerve bundle in porcine RPM

(arrow). C: The same nerve bundle shown in (B) also has VIP-like

immunoreactive axons. M: muscle, V: vessel, Scale bar � 100 �m

(A) and 50 �m (B and C).
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of porcine RPM in response to the stimulation of NANC

nerves: an initial fast relaxation followed by a slow relax-

ation. The fast relaxation was blocked by L-NAME in a

L-arginine-reversible manner and was nearly abolished by

OxyHb, suggesting that it is mediated by NO. Furthermore,

the presence of numerous ND-positive nerve bundles in

RPM tissue confirmed that the fast relaxation is indeed

mediated by NO. A number of studies indicate that NO is a

principal neurotransmitter for erection, not only in animals

with fibro-elastic penis but also in those with a musculo-

cavernosal type (1 – 3, 10). In addition to NO, the participa-

tion of other inhibitory NANC neurotransmitters in the

process of penile erection has been suggested (11). In the

present study, NANC relaxation of porcine RPM showed

different pharmacological charateristics from those of

bovine RPM. The same concentration of NOS inhibitor

L-NAME (0.1 mM) completely blocked NANC relaxation

in bovine RPM (3) while slowly occurring relaxation still

remained in porcine RPM (Fig. 1). The L-NAME-resistant

relaxation of porcine RPM could be completely abolished

by peptide cleaving agent � -CT (Fig. 3), indicating the

involvement of peptide neurotransmitter(s).

We tried to examine whether VIP is involved in the

generation of peptidergic relaxation by using a VIP antago-

nist that partially but effectively inhibited the relaxation

induced by exogenously administered VIP (Fig. 4A). How-

ever, the putative VIP antagonists showed an inconsistent

effect on L-NAME-resistant relaxation induced by EFS.

Other investigators also reported the inconsistent effects of

VIP antagonists in the opossum lower esophageal sphincter

where all commercially available VIP antagonists failed to

reliably inhibit either VIP-induced or EFS-induced relax-

ation (12). Though the result obtained from our experiment

using the VIP antagonist was somewhat confusing, the

possibility that VIP may be involved in L-NAME-resistant

peptidergic relaxation cannot be ruled out because statisti-

cally significant reduction of this relaxation was observed

in about one half of the investigated muscle strips. In the

muscle strips that responded to VIP antagonists, there was

not a significant difference of inhibitory effect among the

three antagonists treatments; i.e., VIP antagonist did not

inhibit L-NAME-resistant relaxation in a concentration-

dependent or potency-dependent manner. This raises a

question about whether VIP mediates only a portion of the

L-NAME-resistant relaxation and at least one other peptide

neurotransmitter may be responsible for the remaining re-

laxation. We are planning to investigate this issue in further

experiments by using other agents that specifically interfere

with peptidergic neurotransmission.

VIP is considered as an important NANC inhibitory

neurotransmitter in smooth muscles of penile tissue and

suggested to be a cotransmitter with NO (13). In histo-

logical study, we found that all VIP-like immunoreactive

nerve bundles contained ND-positive nerve fibers in por-

cine RPM. Although we did not precisely determine the co-

localization of VIP with NOS, it was previously reported in

other penile tissues such as the cavernous nerve of rats (14)

and humans (15). In the latter, 50% of the perivascular

nerve fibers and more than 90% of the trabecular nerve

fibers within the corpus cavernosum showed positive stain-

ing for both NOS and VIP. In addition to these histological

investigations, there have been several studies reporting

the functional positive interaction between NO and VIP.

NO stimulates the presynaptic release of VIP in isolated

guinea pig intestine ganglia (16) and in synaptosomal frac-

tion of rat intestine (17). On the other hand, VIP stimulates

the postsynaptic generation of NO in guinea pig stomach

(18), ileum (19) and cecum (20). In rabbit corpus caver-

nosum, VIP induces relaxation partially by NO synthesis

(21). However, such positive interaction between NO and

VIP seems unlikely in our experiment. If NO stimulates

the release of VIP, L-NAME-sensitive component should

consist of NO and VIP; therefore, it must be larger in

magnitudes or in duration than �-CT-resistant relaxation

in which all peptide neurotransmitter(s) were removed.

Similarly, if VIP stimulated the synthesis or release of

NO, both VIP and NO should be included in the calculated

�-CT-sensitive component, and consequently the relax-

ation in the presence of NOS inhibitor would be smaller.

However, none of these suppositions was confirmed in our

studies. All characteristics of � -CT-resistant relaxation

were not significantly different from those of the calculated

L-NAME-sensitive component (Table 1). Furthermore, L-

NAME-resistant relaxation had similar characteristics to

those of the calculated � -CT-sensitive component (Table

2). Therefore, we suggest that, at least in our experimental

condition, NO and peptide neurotransmitter(s) including

VIP independently relax the porcine RPM. The biphasic

pattern of relaxation is likely to be due to the two over-

lapping relaxations mediated by NO and peptide neuro-

transmitter(s) with different time kinetics.

Among the reports that suggest the possible involvement

of VIP in neurogenic NANC relaxation, there are several

negative reports suggesting that VIP does not participate

in the relaxation of some penile tissue. In canine corpus

cavernosum, the relaxation induced by nerve stimulation

is mediated solely by NO, although VIP-containing nerve

fibers are immunohistochemicaly detected (22). In human

(23) and monkey (24) cavernosal smooth muscle, VIP was

also reported not to be involved in neurogenic relaxation

because � -CT or VIP receptor desensitization was ineffec-

tive. These reports imply there are differences in penile

neuromuscular transmission among species.

In conclusion, we found that NANC relaxation of por-

cine RPM consisted of two components: NO-mediated fast

relaxation and slow peptidergic relaxation. Our results
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also implicate VIP involvement in a peptidergic component,

although the possible participation of other peptide neuro-

transmitters remains as an issue for further investigation.

REFERENCES

1 Liu XR, Gillespie JS, Gibson IF and Martin W: Effect of NG-

substituted analogues L-arginine on NANC relaxation of rat

anococcyeus and bovine retractor penis muscle and the bovine

penile artery. Br J Pharmacol 104, 53 – 58 (1991)

2 Sheng H, Schmidt HH, Nakane M, Mitchell JA, Pollock JS,

Fostermann U and Murad F: Characterization and localization

of nitric oxide synthase in non-adrenergic non-cholinergic

nerves from bovine retractor penis musscle. Br J Pharmacol

106, 768 – 773 (1992)

3 Martin W, Gillespie JS and Gibson IF: Actions and interactions

of NG-substituted analogues of L-arginine on NANC neurotrans-

mission in the bovine retractor penis and rat annococcygeus

muscles. Br J Pharmacol 108, 242 – 247 (1993)

4 Dalin AM and Rodriguez-Martinez H: Vasointestinal polypep-

tide (VIP)-immunoreactive nerves in the boar penis. J Vet Med

A39, 792 – 797 (1992)

5 Li CG and Rand MJ: Effects of hydroxycobalamin and carboxy-

PTIO on nitrergic transmission in porcine anococcygeus and

retractor penis muscles. Br J Parmacol 127, 172 – 176 (1999)

6 Scheller RH and Hall ZW: Chemical messengers at synapses.

In An Introduction to Molecular Neurobiology, 1st ed, Edited by

Hall ZW, pp 144 – 146, Sinauer Associates, Inc, Sunderland

(1992)

7 Dawson TM, Bredt DS, Fotuhi M, Hwang PM and Snyder SH:

Nitric oxide synthase and neuronal NADPH diaphorase are

identical in brain and peripheral tissues. Proc Natl Acad Sci

USA 88, 7797 – 7801 (1991)

8 Feelisch M and Kubitzek D: The oxyhemoglobin assay. In

Methods in Nitric Oxide Research, Edited by Feelisch M and

Stamler JS, pp 464 – 465, John Wiley & Sons, West Sussex

(1996)

9 Fishbein VA, Coy DH, Hocart SJ, Jiang NY, Mrozinski JE Jr,

Mantey SA and Jensen RT: A chimeric VIP-PACAP analogue

but not VIP pseudopeptides function as VIP receptor antago-

nists. Peptides 15, 95 – 100 (1994)

10 Andersson KE and Stief CG: Neurotransmission and the con-

traction and relaxation of penile erectile tissues. World J Urol

15, 14 – 20 (1997)

11 Andersson KE and Holmquist F: Regulation of tone in penile

cavernous smooth muscle. Established concepts and new find-

ings. World J Urol 12, 249 – 261 (1994)

12 Uc A, Oh ST, Murray JA, Clark E and Conklin JL: Biphasic

relaxation of the opossum lower esophageal sphicter: role of

NO, VIP, and CGRP. Am J Physiol 277, G548 – G554 (1999)

13 Willis EA, Ottesen B, Wagner G, Sundler F and Fahrenkrug J:

Vasoactive intestinal polypeptide (VIP) as a putative neurotrans-

mitter in penile erection. Life Sci 33, 383 – 391 (1983)

14 Tamura M, Kagawa S, Tsuruo Y, Ishimura K, Kimura K and

Kawanishi Y: Localization of NADPH diaphorase and vasoac-

tive intestinal polypeptide-containing neurons in the efferent

pathway to the rat corpus cavernosum. Eur J Urol 32, 100 – 104

(1997)

15 Ehmke H, Junemann KP, Mayer B and Kummer W: Nitric oxide

synthase and vasoactive intestinal polypeptide colocalization in

neurons innervating the human penile circulation. Int J Impot

Res 7, 147 – 156 (1995)

16 Grider JR and Jin JG: Vasoactive intestinal peptide release and

L-citrulline production from isolated ganglia of the myenteric

plexus: evidence for regulation of vasoactive intestinal peptide

release by nitric oxide. Neuroscience 54, 521 – 526 (1993)

17 Allescher HD, Kurjak M, Huber A, Trudrung P and Schusdziarra

V: Regulation of VIP release from rat enteric nerve terminals:

evidence for a stimulatory effect of NO. Am J Physiol 271,

G568 – G574 (1996)

18 Murthy KS, Zhang KM, Jin JG, Grider JR and Makhlouf GM:

VIP-mediated G protein-coupled Ca2+ influx activates a constitu-

tive NOS in dispersed gastric muscle cells. Am J Physiol 265,

G660 – G671 (1993)

19 Rekik M, Delvaux M, Tack I, Frexinos J and Bueno L: VIP-

induced relaxation of guinea pig intestinal smooth muscle cells:

sequential involvement of cyclic AMP and nitric oxide. Br J

Pharmacol 118, 477 – 484 (1996)

20 Motomura Y, Chijiiwa Y, Iwakiri Y, Ochiai T and Nawata H:

Interactive mechanisms among pituitary adenylate cyclase-acti-

vating peptide, vasoactive intestinal peptide, and parathyroid

hormone receptors in guinea pig cecal circular smooth muscle

cells. Endocrinology 139, 2869 – 2878 (1998)

21 Kim YH, Kim JH, Davies MG, Hagen PO and Carson CC:

Modulation of vasoactive intestinal polypeptide (VIP)-mediated

relaxation by nitric oxide and prostanoids in the rabbit corpus

cavernosum. J Urol 153, 807 – 810 (1995)

22 Hayashida H, Okamura T, Tomoyoshi T and Toda N: Neuro-

genic nitric oxide mediates relaxation of canine corpus caver-

nosum. J Urol 155, 1122 – 1127 (1996)

23 Pickard RS, Powell PH and Zar MA: Evidence against vasoac-

tive intestinal polypeptide as the relaxant neurotransmitter in

human cavernosal smooth muscle. Br J Pharmacol 108, 497 –

500 (1993)

24 Okamura T, Ayajiki K and Toda N: Monkey corpus cavernosum

relaxation mediated by NO and other relaxing factor derived

from nerves. Am J Physiol 274, H1075 – H1081 (1998)


