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1 This study was designed to investigate the mechanisms for the contractions induced by
tachykinins (substance P (SP), neurokinin A (NKA) and neurokinin B (NKB)) in the rabbit corpus
cavernosum strips, using fura-PE3 ¯uorimetry and a-toxin permeabilization.

2 Tachykinins induced contractions in the rabbit corpus cavernosum in a concentration-dependent
manner. The potency order was SP4NKA4NKB.

3 The tachykinin-induced contractions were enhanced by phosphoramidon (PPAD), an
endopeptidase inhibitor, but not by No-nitro-L-arginine methylester (L-NAME).

4 The NK1 receptor selective antagonist, SR 140333 signi®cantly inhibited the tachykinin-induced
contractions. Although the NK2 receptor selective antagonist, SR 48968 alone did not in¯uence the
e�ects of tachykinins, it potentiated the inhibitory e�ect of SR 140333. The NK3 receptor selective
antagonist, SR142801 had no e�ect.

5 In the rabbit corpus cavernosum, tachykinins induced sustained increases in [Ca2+]i and tension
in normal PSS, while only small transient increases in [Ca2+]i and tension were observed in Ca2+-free
solution.

6 In a-toxin permeabilized preparations, tachykinins induced an additional force development at a
constant [Ca2+]i.

7 These results indicated that in the rabbit corpus cavernosum: (1) Tachykinins induced
contractions by increasing both the [Ca2+]i and myo®lament Ca2+ sensitivity; (2) The tachykinin-
induced [Ca2+]i elevations were mainly due to the Ca2+ in¯ux; (3) Tachykinin-induced contractions
were mainly mediated through the activation of NK1 receptor expressed in the rabbit corpus
cavernosum smooth muscle, and a�ected by the endopeptidase activity and (4) Tachykinins may
thus play a role in controlling the corpus cavernosum tone.
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Introduction

Substance P (SP), neurokinin A (NKA) and neurokinin B
(NKB) belong to a family of neuropeptides named

tachykinins. They share a common C-terminal sequence
Phe-X-Gly-Leu-Met-NH2 which characterizes the tachykinin
family of peptides (Erspamer, 1981). SP and NKA are

products of the same gene and are usually co-localized, while
NKB is derived from a di�erent gene and its distribution is
usually di�erent from that of SP and NKA. These

tachykinins are widely distributed in the mammalian central
and peripheral nervous system, where they produce a wide
variety of biological e�ects, such as pain transmission,
memory processing, cardiovascular functions and smooth

muscle contraction and relaxation. The biological e�ects of
tachykinins are mediated by receptors coupled with guano-

sine 5'-triphosphate binding protein (G-protein) to transduce
the signal to e�ector proteins. Recently, three subtypes of

tachykinin receptors have been determined and named NK1,
NK2 and NK3 receptors (Otsuka & Yoshioka, 1993).
In smooth muscle, tachykinins have been reported to induce

contraction of selected tissues including gastrointestinal tract,
respiratory system and genitourinary tract (Otsuka & Yoshio-
ka, 1993; Maggi, 1995). Regarding vascular tissues, although

SP generally induces endothelium-dependent relaxation (Otsu-
ka & Yoshioka, 1993), tachykinin-induced contractions have
also been described in the rabbit pulmonary artery (D'Orleans-
Juste et al., 1985; Shirahase et al., 1995), rat portal vein

(Mastrangelo et al., 1986) and rabbit mesenteric vein (Couture
& Regoli, 1982). However, little is known about the e�ects of
tachykinins on the corpus cavernosum smooth muscle.

Previous studies have shown that SP immunoreactive nerves
were present in the human corpus cavernosum (Gu et al., 1983)
and SP induced contraction at resting tension (Hedlund &
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Andersson, 1985) and small relaxations in an endothelium
dependent manner (Azadzoi et al., 1992; Patacchini et al.,
2002). However, the underlying mechanisms and mediated

receptor subtypes for the SP-induced contraction have not been
reported before. The e�ects of NKB, which is another member
of tachykinins, on the smooth muscle tone of the corpus
cavernosum are not yet known.

The smooth muscle tone of the corpus cavernosum
regulates penile ¯accidity and erection. The contraction of
the corpus cavernosum smooth muscle plays an important

role in keeping the penis in a ¯accid state, while its
relaxation induces penile erection. The contraction of the
corpus cavernosum smooth muscle is thought to be

mainly maintained by the release of norepinephrine acting
on a-adrenoceptors. However, it has also been reported
that several other factors such as myogenic activity,

prostanoids (thromboxane A2, prostaglandin F2a), endothe-
lins and angiotensins directly contribute to the regulation
of corpus cavernosum contractility (Andersson & Holm-
quist, 1994; Andersson, 2001). It is thus important to

elucidate other receptors and potential pathways for
mediating corpus cavernosum smooth muscle (Moreland
et al., 2001).

In the present study, we examined the e�ect of tachykinins
(SP, NKA and NKB) on the rabbit corpus cavernosum. We
found that all three tachykinins induced contractions of the

rabbit corpus cavernosum smooth muscle and speci®ed the
type of tachykinin receptors involved in the tachykinin-
induced contractions by examining the e�ect of tachykinin

receptor antagonists on the corpus cavernosum contraction.
The mechanisms underlying the tachykinin-induced contrac-
tions were further elucidated by the simultaneous measure-
ments of the intracellular Ca2+ concentration ([Ca2+]i) and

tension of intact fura-PE3 loaded strips and by tension
measurement under the clamped [Ca2+]i level using a-toxin
permeabilized strips.

Methods

Tissue preparation

The study protocol was approved by the Animal Care and

Committee of Research Institute of Angiocardiology, Faculty
of Medicine, Kyushu University. Male Japanese white rabbits
(2 ± 3 kg) were anaesthetized with an overdose of sodium

pentobarbitone and sacri®ced. The penises were excised while
being careful not to damage or overstretch the tissue. The
connective tissue, urethra and surrounding tunica albuginea

were removed and the corpus cavernosum preparation so
obtained was cut into strips measuring approximately
0.561.063.0 mm in a longitudinal direction under a

binocular microscope. The strips were placed in a modi®ed
physiological saline solution (PSS) consisting of the following
compositions (in mM): NaCl 123, KCl 4.7, CaCl2 1.25, MgCl2
1.2, KH2PO4 1.2, NaHCO3 15.5, D-glucose 11.5, gassed with

95% O2 and 5% CO2.

Endothelium disruption

Endothelium disruption, when necessary, was performed by
detergent treatment using the protocol of Kim et al. (1991)

with minor modi®cations. The di�erent points are as follows:
(1) The concentration of CHAPS and the clamping time after
infusion of CHAPS (3-[(3-cholamidopropyl)-dimethylammo-

nio]-1-propane-sulphonate) were 0.3% and 120 s in our
methods, which were 0.5% and 20 s in an original protocol,
respectively and (2) Just before organ bath experiments, we
immersed the strips in 0.3% CHAPS for about 120 s.

Tension measurement

The rabbit corpus cavernosum strips were connected to a
force transducer (TB-612T, Nihon Koden, Japan) and
mounted vertically. The preparation was then immersed in

6 ml baths containing modi®ed PSS solution and 1 mM
tetrodotoxin (TTX) (maintained at 378C and aerated with
5% CO2, 95% O2 to attain pH 7.4). In the presence of

1 mM TTX, electrical ®eld stimulation-induced relaxation
was completely abolished in the strip precontracted with
phenylephrine (Takagi et al., 2001). This modi®ed PSS
solution with TTX was used throughout subsequent

experiments. The strips were stimulated with 10 mM
phenylephrine every 15 min with a stepwise increase in a
resting load until the maximal response was obtained.

When the di�erence of the amplitude of the contraction
was within 10% of the previous contraction, that tension
was considered optimal for isometric contraction.

Fura-PE3 loading and measurement of cytosolic Ca2+

concentration [Ca2+]i

The corpus cavernosum strips without endothelium were
incubated in Dulbecco's modi®ed Eagle medium (DMEM)
gassed with 5% CO2 and 95% O2 containing 50 mM fura-PE3

in the form of acetoxymethyl ester (fura-PE3/AM) and 5%
foetal bovine serum for 7 h at 378C. The strips were
equilibrated in normal PSS for at least 1 h before the

measurements. The changes in the ¯uorescence ratio and
tension development were simultaneously monitored with a
front-surface ¯uorimeter CAM-OF-1 (JASCO, Tokyo, Ja-

pan). The ¯uorescence (500 nm) intensities at alternating
(400 Hz) excitation (340 and 380 nm) and the ratio (F340/
F380) were continuously measured. The data were stored in a
Macintosh computer using a data acquisition system

(MacLab: Analog Digital Instruments, Australia). The
¯uorescence ratio, which indicates [Ca2+]i, was expressed as
a percentage, assigning the resting state and 10 mM
phenylephrine induced contractions to be 0 and 100%,
respectively. All simultaneous measurements of [Ca2+]i and
force were performed at 378C.

Tension measurement of a-toxin permeabilized corpus
cavernosum strips

The permeabilization of the smooth muscle cell membrane in
the rabbit corpus cavernosum was carried out using a-toxin
according to the methods described by Nishimura et al. (1988)

with minor modi®cations. The small strips (about 0.5 mm in
width and 1.2 mm in length) of the rabbit corpus cavernosum
were mounted between two tungsten wires, one of which was

®xed and the other one was attached to a force transducer
(UL2; Minebea Co., Japan). The strips were permeabilized in a
relaxing solution (mM): potassium methansulphonate 100,
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Na2ATP 2.2, MgCl2 3.38, ethyleneglycol-bis (b-aminoethy-
lether)-N',N',N',N'-tetra acetic acid (EGTA) 10, creatine
phosphate 10, Tris-maleate 20 (pH=6.8) containing 5000

units ml71 staphylococcus aureus a-toxin for 45 min. The
activating solution containing the indicated concentrations of
free Ca2+ was made by adding an appropriate amount of CaCl2
to the relaxing solution, using the Ca2+-EGTA binding

constant of 106/M (Saida & Nonomura, 1978). The tension
measurements of the permeabilized tissues were all performed
at room temperature. The tension in the relaxing solution and

maximal tension induced by 1075 M Ca2+ were taken as 0 and
100%, respectively.

Drugs and solutions

The composition of the normal physiological saline solution

(normal PSS) has been described above. High- K+ PSS was
made by an equimolar substitution of KCl for NaCl. The
Ca2+-free solution (Ca2+-free PSS) containing 0.3 mM EGTA
instead of 1.25 mM CaCl2 was produced by excluding of

CaCl2 from the normal PSS. Each solution mentioned above
was gassed with a mixture of 5% CO2 and 95% O2 (pH 7.4
at 378C). The composition of the solution for the

permeabilized preparations was described above. Neurokinin
A and Neurokinin B were purchased from the Peptide
Institute (Osaka, Japan). Fura PE3/AM was purchased from

Texas Fluorescence Laboratory (Austin, TX, U.S.A.).
Substance P, phenylephrine hydrochloride, senktide (succi-
nyl-[Asp6,N-Me-Phe8]-SP6 ± 11), carbachol (carbamylcholine

chloride), L-NAME (L-No-nitro-arginine-methylester), phos-
phoramidon (N-(a-L-rhamnopyranosyl-oxyhydroxy-phosphinyl)-
L-leucyl-L-tryptophan), CHAPS (3-[(3-cholamidopropyl)-di-
methylammonio]-1-propane-sulphonate), CPA (cyclopiazonic

acid) and a-toxin were purchased from the Sigma Chemical
Company (St. Louis, MO, U.S.A.). Tetrodotoxin (TTX) was
purchased from Wako (Osaka, Japan). GTP (guanosine

5'-triphosphate) was purchased from Calbiochem (La Jolla,
CA, U.S.A.). The nonpeptide antagonists SR 140333 [(S)-
(+)-1-(2-(3-(3,4-dichlorophenyl)-1-(3-isopropoxyphenylacetyl)-

piperidin-3-yl)-ethyl)-4-phenyl-1-azoniabicyclo (2,2,2) octane,
chloride], SR48968 [(S)-(7)-N-methyl-N-(4-(4-acetylamino-4-
phenyl)piperidono-2-(3,4-dichlorophenyl)-butyl)-benzamide,
hydrochloride] and SR142801 [(R)-N-(1-(3-(1-benzol-3-(3,

4-dichlorophenyl)-piperidin-3-yl)propyl)-4-phenylpiperidin-4-yl)-
N-methylacetamide, hydrochloride] were donated by Sano®
Recherche (Montpellier, France). All other chemicals were of

the highest grade commercially available.

Statistical analysis

All data were expressed as the mean+standard errors mean
(s.e.m.) along with the number of observations (=n). One

strip obtained from one animal was used for each experiment,
therefore the number of experiments (n value) also indicates
the number of animals. Student's t-test was used to determine
any statistical di�erences between the two mean values.

P50.05 was considered to be signi®cant. The four parameter
logistic model was used to ®t the sigmoidal curve to the
concentration response of each drug (De Lean et al., 1978).

All data were collected using a computerized data acquisition
system (MacLab; Analog Digital Instruments, Australia,
Macintosh; Apple Computer, U.S.A.).

Results

Effect of SP, NKA and NKB on the contractility of the
rabbit corpus cavernosum

Figure 1 shows the concentration-response relationships of
the contractions induced by various concentrations of

tachykinins (1 pM± 30 mM) determined in the strips of the
rabbit corpus cavernosum with an endothelium. In this plot,
the values obtained with 10 mM phenylephrine-induced

contractions were designated to be 100%, because the
phenylephrine-induced contraction in the rabbit corpus
cavernosum strips was most stable and reproducible. The

maximal levels of contractions induced by 30 mM SP, NKA
and NKB were almost similar to those induced by 10 mM
phenylephrine (SP: 102.34+6.71%; n=5, NKA:

99.89+8.06%; n=5, NKB: 95.34+6.09%; n=6). However,
a signi®cant di�erence was observed in the EC50 values
among SP-, NKA- and NKB-induced contractions. The rank
order of potency of these tachykinins was SP

(EC50=84.5+47.7 nM; n=5)4NKA (EC50=149+38 nM;
n=5)4NKB (EC50=408+72 nM; n=6).

Effect of L-NAME and phosphoramidon on the
tachykinin-induced contractions

Figure 2 shows the e�ects of L-NAME, an NO synthase
inhibitor, and phosphoramidon (PPAD), an endopeptidase
inhibitor, on the 1 mM tachykinin-induced contractions of the

corpus cavernosum with an intact endothelium. When the
strips were treated with 100 mM L-NAME for 15 min, the
baseline tension was gradually increased (26.82+3.19% of
the 10 mM phenylephrine-induced contraction; n=15) and

reached a new steady state level. However, the developed
tension induced by SP, NKA or NKB was not augmented by
the treatment with L-NAME. The mean values of the SP-,

NKA- and NKB-induced responses relative to that induced
by 10 mM phenylephrine in the control and the L-NAME-
treated strips were 82.23+2.34% (n=5) and 80.10+2.49%

Figure 1 Concentration-response relationship of three tachykinin-
induced contractions in rabbit corpus cavernosum strips with an
endothelium. Various concentrations of tachykinins (1 pM ± 30 mM)
were cumulatively applied in the normal PSS. For comparison
purposes, SP-, NKA- and NKB-induced contractions were plotted by
assigning the 10 mM phenylephrine-induced contraction to be 100%.
Data are the mean+s.e.mean (n=5±6).
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(n=5) for SP, 74.80+1.85% (n=5) and 69.07+4.55% (n=5)
for NKA and 65.60+4.72% (n=5) and 63.80+4.34% (n=5)

for NKB, respectively. When the strips were treated with
1 mM PPAD for 15 min, the resting tension gradually
increased in a manner similar to that observed in L-NAME

treatment (18.70+1.88% of the 10 mM phenylephrine-induced
contraction; n=15). The subsequent applications of SP,
NKA or NKB induced an enhanced contraction from

82.23+2.34% (n=5) to 95.17+5.80% (n=5) for SP, from
74.80+1.85% (n=5) to 98.80+3.99% (n=5) for NKA and
from 65.6+4.72% (n=5) to 84.82+6.11% (n=5) for NKB.

As shown in Figure 2e, 1 mM carbachol, a standard relaxing

agent in the corpus cavernosum, induced a prompt relaxation
in our preparation. However, SP (1 pM± 1 mM) did not

induce relaxation in strips precontracted by 10 mM pheny-
lephrine (Figure 2d).

Effect of subtype-selective tachykinin receptor antagonists
on the tachykinin-induced contractions

To determine the tachykinin receptor subtypes responsible for
the tachykinin-induced contractions, we examined the e�ects
of SR140333 (an NK1 receptor selective antagonist), SR48968

(an NK2 receptor selective antagonist) and SR142801 (an

Figure 2 The e�ect of L-NAME and phosphoramidon (PPAD) on the tachykinin-induced contractions (a ± c), and the e�ect of SP
and carbachol on the contraction induced by phenylephrine (d, e) in the rabbit corpus cavernosum strips with an endothelium. In
a ± c, the tissues were treated with 100 mM L-NAME (an NO synthase inhibitor) or 1 mM PPAD (an endopeptidase inhibitor) 15 min
before and during the application of 1 mM tachykinins. The tension developments were evaluated at sustained levels after the
application of tachykinins and then were expressed as a percentage, assigning the 10 mM phenylephrine-induced contraction to be
100%. Data are the mean+s.e.mean (n=5) *P50.05, **P50.01, as compared with the control. n.s.; not signi®cant. In (d) and (e),
SP (1 pM ± 1 mM) and carbachol (1 mM) were applied during the sustained contraction induced by 10 mM phenylephrine, respectively.
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NK3 receptor selective antagonist) on the tachykinin-induced
contractions in the strips with an endothelium. As shown in
Figure 3, 100 nM SR 140333 depressed the 30 mM SP-, NKA-

and NKB-induced maximum contractions by 62.19+7.23%
(n=5), 51.98+8.17% (n=5) and 55.72+9.23% (n=5) and
increased the EC50 values to 9.1+4.0 mM (n=5), 276+45 nM
(n=5) and 831+41 nM (n=5), respectively. SR 48968 alone

did not in¯uence the contractile response to tachykinins.
However, the combined treatment with SR 48968 and SR
140333 potentiated the inhibitory e�ect of SR 140333 alone

and almost completely inhibited tachykinin-induced contrac-
tions. SR 142801 had no e�ect on the tachykinin-induced
contractions. In addition, the NK3 receptor selective agonist,

senktide (0.1 nM± 1 mM) did not induce any contraction (data
not shown).

Effect of tachykinins on the [Ca2+]i and tension of the
rabbit corpus cavernosum

Figure 4a,c,e shows the representative recordings of the

changes in [Ca2+]i and tension induced by 1 mM SP, NKA
and NKB, respectively, in normal PSS in the strips without
endothelium. When measuring the [Ca2+]i, we used strips

without endothelium in order to avoid the fura-PE3 signal
aroused from endothelial cells. SP-, NKA- and NKB-induced
contractions were accompanied by the sustained elevation of

[Ca2+]i. To examine the e�ect of tachykinins on the Ca2+

release from the intracellular store, we measured SP-, NKA-
and NKB-induced changes in [Ca2+]i and tension in Ca2+-free

PSS containing 0.3 mM EGTA. When the strips were exposed
to the Ca2+-free PSS containing 0.3 mM EGTA for 3 min
[Ca2+]i decreased to 746.22+3.88% (n=17) without a�ecting

the resting tension. At this point depolarization with 118 mM

K+ did not induce an increase in either [Ca2+]i or tension, thus
indicating extracellular Ca2+ to be completely chelated by

EGTA and no Ca2+-in¯ux (data not shown). In a Ca2+-free
PSS containing 0.3 mM EGTA, SP, NKA and NKB induced a
small transient increase in [Ca2+]i accompanied by a small
transient contraction (Figure 4b,d,f). Figure 5 summarizes the

Ca2+ responses induced by tachykinins in the absence or
presence of the extracellular Ca2+ as a function of time. These
results indicated that tachykinins are able to induce Ca2+

release, but the elevation of [Ca2+]i and tension induced by
tachykinins mainly depends on the Ca2+ in¯ux from the
extracellular space. In addition, we examined whether NK2

receptor is involved in the tachykinin-induced contractions in
the absence of extracellular Ca2+. However, the treatment of
SR 48968 (100 nM, NK2 receptor antagonist) for 15 min

before and during the application of 0.3 mM EGTA did not
attenuate the transient contractions induced by tachykinins in
the absence of extracellular Ca2+. The mean values of the SP-,
NKA- and NKB-induced contractions relative to that induced

by 10 mM phenylephrine in the absence and presence of SR
48968 were 14.33+3.19% (n=5) and 14.97+2.20% (n=5) for
SP, 18.60+6.33% (n=5) and 21.40+4.31% (n=5) for NKA

and 15.00+6.04% (n=5) and 19.58+2.79% (n=5) for NKB,
respectively.
In each panel of Figure 4, the increases in [Ca2+]i and

tension induced by 10 mM phenylephrine and 118 mM K+

depolarization are also shown. Although the sustained
increase in [Ca2+]i induced by SP, NKA and NKB were

smaller than or almost the same as that induced by 118 mM

K+ depolarization, the tension induced by SP, NKA and
NKB were much greater than that induced by 118 mM K+

depolarization (Figure 4a,c,e). In addition, phenylephrine

also induced greater contractions than expected from the
[Ca2+]i increase, compared with increases in [Ca2+]i and
tension induced by 118 mM K+ depolarization (Figure 4a ± f).

These results indicated that tachykinin as well as pheny-
lephrine induced an increase in the Ca2+ sensitivity of the
contractile apparatus.

Effect of tachykinins on the Ca2+ sensitivity of the
contractile apparatus in the a-toxin permeabilized corpus
cavernosum

To further con®rm the e�ect of tachykinins on the Ca2+

sensitivity of the contractile apparatus in the rabbit corpus

cavernosum, we measured the tension development induced
by three tachykinins using the a-toxin permeabilized rabbit
corpus cavernosum strips. In order to rule out the e�ect of

Ca2+ release, we treated the strips with 10 mM CPA (a
sarcoplasmic reticulum Ca2+-ATPase inhibitor) for 10 min
before and during the protocol. As shown in Figure 6a, the

application of 1 mM SP, NKA and NKB in the presence of
10 mM GTP had no contractile e�ect in the nominally Ca2+

free 10 mM EGTA solution. Figure 6b ± d shows representa-
tive recordings of the e�ect of 1 mM SP, NKA and NKB on

tension developed by 300 nM Ca2+ and 10 mM GTP in a-toxin
permeabilized rabbit corpus cavernosum. The application of
SP, NKA and NKB during steady state contractions by the

mixture of 300 nM Ca2+ and 10 mM GTP induced additional
force development at a constant [Ca2+]i and CPA had no
e�ect.

Figure 3 E�ect of subtype-selective tachykinin receptor antagonists
on the tachykinin-induced contractions in the rabbit corpus
cavernosum strips with an endothelium. The tissues were treated
with SR 140333 (100 nM), SR 48968 (100 nM) or SR 142801 (100 nM)
alone or in combination with SR 140333 and SR 48968 for 15 min
before and during the cumulative application of tachykinins. The
tension developments were expressed as a percentage, assigning the
10 mM phenylephrine-induced contraction to be 100%. Data are the
mean+s.e.mean (n=5).
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Discussion

In the present study, we investigated the mechanisms

underlying the tachykinin-induced contractions of the smooth
muscle in the rabbit corpus cavernosum. The major ®ndings
are as follows: Tachykinins induced contractions in the rabbit

corpus cavernosum through the activation of NK1 receptor,
with a minor cooperative contribution of NK2 receptor.
Contractile mechanisms involve both an increase in [Ca2+]i,

and an increase in the Ca2+ sensitivity of the contractile
apparatus. Tachykinin-induced increases in [Ca2+]i are mainly
due to the Ca2+ in¯ux from the extracellular space.

Figure 4 E�ect of SP, NKA and NKB on the [Ca2+]i and tension in the rabbit corpus cavernosum strips without an endothelium.
Representative recordings showing the e�ect of 1 mM SP, NKA and NKB on the [Ca2+]i (upper trace) and tension (lower trace) of the
rabbit corpus cavernosum in normal PSS (a, c, e) and in Ca2+-free PSS containing 0.3 mM EGTA (b, d, f). Ca2+-free PSS with 0.3 mM

EGTA was applied 3 min before and during the addition of SP, NKA and NKB. The developed tension and [Ca2+]i were expressed as a
percentage, assigning the 10 mM phenylephrine-induced contraction to be 100%. The dots represent the wash out with PSS.
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Tachykinin-induced contractions are a�ected by the endo-
peptidase activity. To our knowledge, this is the ®rst study
which systematically describes the mechanisms for the Ca2+

regulation of the contraction in the corpus cavernosum
smooth muscle, using simultaneous measurements of [Ca2+]i
and tension as well as a receptor coupled permeabilized

preparation.
The major function of SP and NKA in the blood vessels is

suggested to be an induction of endothelium dependent

relaxation (Otsuka & Yoshioka, 1993). However, we could
not detect a signi®cant SP-induced endothelium dependent
relaxation in the present study (Figure 2d). In the previous
studies, the SP-induced endothelium dependent relaxations

were reported in the corpus spongiosum urethrae (Andersson et
al., 1983; Patacchini et al., 2002). Regarding the corpus
cavernosum, the ®ndings remain controversial. A small (about

10 ± 25% of the precontraction; Azadzoi et al., 1992; Patacchini
et al., 2002) or no (Okamura et al., 1999) SP-induced
endothelium dependent relaxations have been detected in the

corpus cavernosum. These discrepancies could be explained by
the experimental condition. The former two groups used a PSS
containing 2.5 mM CaCl2, while the latter and we used a PSS
containing 2.2 mM or 1.25 mM CaCl2, respectively. Indeed, we

could detect a signi®cant SP-induced endothelium dependent

relaxation in one out of ®ve tissues, when the CaCl2
concentration was raised to 2.5 mM (data not shown). We thus
concluded that SP can induce an endothelium-dependent

relaxation in the corpus cavernosum, the extent of which is
markedly a�ected by the experimental conditions.
In contrast to the endothelium-dependent relaxation,

Hedlund & Andersson (1985) reported that SP induced a
contraction when added at a resting state. NKA, other member
of tachykinins, also has been reported to induce contraction in

the corpus cavernosum (Patacchini et al., 2002). The present
results clearly showed that SP, NKA and NKB induce
contractions of the rabbit corpus cavernosum (Figure 1). It
should be noted that the contractions induced by tachykinins

were as great as those induced by 10 mM phenylephrine and that
the former may become even greater than the latter when the
endopeptidase was inhibited by PPAD (Figure 2). We thus

speculated that tachykinins and the endopeptidase activity
could potentially be regulators of the corpus cavernosum tone,
in addition to the stimulation of a-adrenoceptors by norepi-

nephrine. These results indicated that the major e�ect of
tachykinins on the corpus cavernosum is a contraction rather
than an endothelium-dependent relaxation.
The biological actions of the tachykinins are mediated

through three subtypes of receptors belonging to the G-

Figure 5 Summary of the e�ects of tachykinins on the [Ca2+]i in the presence or absence of extracellular Ca2+. All measurements
were performed as shown in Figure 4 in normal PSS or in Ca2+-free PSS containing 0.3 mM EGTA. The time course of the change
in [Ca2+]i induced by tachykinins in the absence or presence of EGTA was presented. As shown in Figure 4, the levels of [Ca2+]i at
rest and phenylephrine-induced sustained contraction were designated as 0 and 100%, respectively. Data are the mean+s.e.mean
(n=5±6).
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protein-linked receptor family, named NK1, NK2 and NK3

receptors (Otsuka & Yoshioka, 1993). The a�nities of

agonists for NK1 receptors are SP4NKA4NKB, while
those for NK2 receptors are NKA4NKB4SP and those for
NK3 receptors are NKB4NKA4SP (Lecci et al., 2000).

Because the potency order of three tachykinin-induced
contractions were SP4NKA4NKB (Figure 1), it was
suggested that the tachykinin-induced contractions of the
corpus cavernosum smooth muscle may be mainly mediated

by NK1 receptors. The results obtained by the use of the
subtype selective receptor antagonists (Figure 3) indicated
that the tachykinin-induced contractions in the rabbit corpus

cavernosum are mediated mainly by NK1 receptor and partly
by NK2 receptor. The e�ect of SR 140333 (an NK1 receptor
selective antagonist) was apparently non-competitive, because

this antagonist reduced the tachykinin-induced maximum

contractions. The non-competitive nature of the inhibition by
SR 140333 toward smooth muscle contraction induced by

tachykinins is in good agreement with the previous studies
(Emonds-Alt et al., 1993; Goldhill et al., 1999). Although SR
48968 (an NK2 receptor selective antagonist) alone did not

in¯uence the contractile responses to tachykinins, it poten-
tiated the inhibitory e�ects of SR 140333 on the tachykinin-
induced contractions (Figure 3). A similar synergetic e�ect of
these two compounds has been observed in the previous

studies (Charette et al., 1994; Girard et al., 1997), using
guinea-pig trachea expressing NK1 and NK2 receptors. To
explain this phenomenon, Girard et al. (1997) speculated

some form of cross-talk between NK1 and NK2 receptors.
However, the minute mechanism for this phenomenon is still
unclear. In addition, the involvement of NK3 receptors in the

tachykinin-induced contractions could be ruled out, because

Figure 6 E�ect of tachykinins on the Ca2+-induced contractions in the a-toxin permeabilized corpus cavernosum strips. In (a),
1 mM SP, NKA and NKB were applied in the presence of 10 mM GTP after the treatment with 10 mM EGTA relaxing solution for
10 min. In (b ± d), the corpus cavernosum strips were precontracted by 300 nM Ca2+ and 10 mM GTP. The tissue was treated with
10 mM CPA for 10 min before and during the application of this solution. When the tension reached a steady state, 1 mM SP, NKA
and NKB were applied. After the application of tachykinins, maximal tensions were induced by 10 mM Ca2+. The developed tension
was expressed as a percentage, assigning the values in the relaxing solution ([Ca2+]i510 nM) and in the activating solution
([Ca2+]i=10 mM; maximal tension) to be 0 and 100%, respectively.

British Journal of Pharmacology vol 137 (6)

Tachykinin contract corpus cavernosumR. Takahashi et al852



the treatment with SR 142801 (an NK3 receptor selective
antagonist) had no e�ect on the tachykinin-induced contrac-
tions (Figure 3) and because senktide (an NK3 selective

agonist) did not induce any contractions.
The contraction of the corpus cavernosum smooth muscle

was believed to be regulated by the level of [Ca2+]i (Stief et
al., 1997), similar to other smooth muscles. Recently, the

direct evidence for this was reported (Hashitani et al., 2002).
They reported that the contraction of the corpus cavernosum
smooth muscle was also accompanied by the sustained

increase in [Ca2+]i. The contractions induced by tachykinins
as well as those induced by phenylephrine and high K+

depolarization were accompanied by the increases in [Ca2+]i
in the present study (Figure 4). Tachykinins induced the
sustained increases in [Ca2+]i in the presence of extracellular
Ca2+. These sustained increases in [Ca2+]i were thought to be

mainly due to the Ca2+ in¯ux from the extracellular space,
because tachykinins induced small transient increases in the
[Ca2+]i in the absence of extracellular Ca2+ (Figures 4b,d,f
and 5). We thus concluded that: (1) Tachykinins induce

contractions of the rabbit corpus cavernosum by increasing
[Ca2+]i mainly through the Ca2+ in¯ux from the extracellular
space and (2) Tachykinins are able to release Ca2+ from

intracellular store, but this is not enough to induce a
sustained increase in [Ca2+]i. In addition, the previous study
has described that in the human colon, which expresses both

NK1 and NK2 receptors, NK2 receptor is involved in Ca2+

release (Cao et al., 2000). Therefore, we speculated that the
residual contractions induced by tachykinins in the absence

of extracellular Ca2+ in our preparations might be an NK2

receptor mediated component. However, as described in
results, NK2 receptor antagonist had no e�ect on these
contractions. Therefore in our preparation, the contractions

induced by tachykinins in the absence of extracellular Ca2+

are solely mediated by NK1 receptor.
It is now generally accepted that, although smooth muscle

contraction is primarily regulated by [Ca2+]i, the modulation
of Ca2+ sensitivity also plays an important role in smooth
muscle contraction (Nishimura et al., 1988; Somlyo &

Somlyo, 1994; Kanaide, 1999). However, the involvement of
this mechanism in the contraction of the corpus cavernosum
smooth muscle has not yet been examined before, probably
due to the lack of application of the receptor coupled

permeabilization method for this tissue. The results obtained

in Figures 4 and 6 demonstrated that the increase in Ca2+

sensitivity is involved in tachykinin-induced contractions. The
possibility that the tachykinin-induced additional force

developments might be due to the e�ect of Ca2+ release
would be excluded by the following reasons: (1) In a-toxin
permeabilized preparations, tachykinins did not induce any
contractions in the nominally Ca2+ free 10 mM EGTA

solution (Figure 6a) and (2) the tachykinin-induced addi-
tional contractions in the 300 nM Ca2+ solution could not be
abolished by the treatment with 10 mM CPA (Figure 6b ± d).

It is thus concluded that three tachykinins induced contrac-
tions of the rabbit corpus cavernosum not only by increasing
[Ca2+]i but also by increasing the Ca2+ sensitivity of the

contractile apparatus, but the tachykinin receptor involved in
this e�ect remains to be determined.
The clinical implications of the present results might be

related to the pathogenesis of erectile dysfunction. The
pathophysiology of erectile dysfunction is attributed to a
metabolic imbalance between contractile and relaxatory
factors in the corpus cavernosum. In the case of erectile

dysfunction, contractile factors predominate, or relaxatory
factors are inhibited and, as a result, the trabecular smooth
muscle remains contracted and the penis remains ¯accid

(Moreland et al., 2001). It is thus speculated that the
increased responsiveness to tachykinins or the decreased
endopeptidase activity in the corpus cavernosum might be

involved in the pathophysiology of erectile dysfunction.
Because tachykinin receptor antagonists have been reported
to possibly be clinically e�ective for the treatment of several

human diseases such as irritable bowel syndrome, asthma and
in hyperactive bladder (Lecci et al., 2000), such an approach
could also potentially be useful as a treatment for erectile
dysfunction.
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