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Endothelium-dependent contraction in intrapulmonary arteries:
mediation by endothelial NK1 receptors and TXA2
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1 We have examined whether three natural tachykinins, substance P (SP), neurokinin A (NKA) and
neurokinin B (NKB) induce an endothelium-dependent contraction (EDC) in the rabbit isolated
intrapulmonary artery.
2 Removal of the endothelium almost abolished the contraction induced by SP (10' M) while it did not
attenuate the contraction induced by SP (lI-V M), NKA (0 -l10-7 M) or NKB (10' and 10 M).
3 The EDC induced by SP (10' M) was abolished by NKI antagonists (FK-888, CP-96345, CP-99994
and SR-140333) but not by an NK2 antagonist (SR-48968).
4 The EDC induced by SP was attenuated by cyclo-oxygenase inhibitors (aspirin and indomethacin),
thromboxane A2 (TXA2) synthetase inhibitors (OKY-046, KY-234 and KY-063) and a TXA2 antagonist
(S-1452).
5 The rank order of potency causing endothelium-independent contraction (EIC) was

NKA >NKB> SP. The EIC induced by SP (1O' M) was attenuated by an NK2 antagonist but not by
NK, antagonists, cyclo-oxygenase inhibitors, TXA2 synthetase inhibitors or a TXA2 antagonist.
6 In conclusion, SP at 101 M induces EDC via endothelial NK, receptors and TXA2 production, and
SP at 10-7 M induces EIC via NK2 receptors in the rabbit intrapulmonary artery.
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Introduction

Arterial endothelial cells modulate vascular tone through
production of endothelium-derived relaxing or contracting
factors (EDRF or EDCF). In most of the peripheral arteries
from various species, endothelium-dependent relaxation
(EDR) has been predominantly observed and considered to be
more important than endothelium-dependent contraction
(EDC). In canine cerebral arteries, various vasoactive sub-
stances including acetylcholine (ACh), Ca2+ ionophore and
adenine nucleotides cause EDC while they evoke EDR in
peripheral arteries (Usui et al., 1983; Shirahase et al., 1987;
1988a,b). Vasoactive peptides such as angiotensin II, en-
dothelin-1 and somatostatin also induce EDC in cerebral ar-
teries (Manabe et al., 1989; Shirahase et al., 1991; 1993). Thus,
we have suggested that EDC plays an important role in the
regulation of vascular tone in cerebral arteries (Kurahashi et
al., 1994). The rabbit pulmonary artery also responds to
acetylcholine with EDC via production ofTXA2 (Altiere et al.,
1986). In the pulmonary circulation, neuropeptides such as
tachykinins have been considered to play an important role as
physiological modulators of vascular tone since the perivas-
cular nerves containing neuropeptides have been identified
immunohistochemically (Allen et al., 1989). However, it has
not been reported whether the neuropeptides cause EDC in
pulmonary arteries. In the present study, we found that sub-
stance P (SP), a natural tachykinin causes EDC in isolated
intrapulmonary arteries of the rabbit and characterized the SP-
induced EDC pharmacologically.

Methods

Male Japanese white rabbits (2-3 kg) (Oriental Bio Service,
Kyoto, Japan) were fed regular chow (CR-3, Clea Japan,
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Osaka, Japan) and allowed access to tap water ad libitum.
Animals were anaesthetized with sodium pentobarbitone
(25 mg kg-', i.v.) and were exsanguinated from the common
carotid arteries. The thoracic cavity was opened and the lungs
were excised and placed in aerated Krebs-Henseleit solution.
The composition of the solution was as follows (mM):
NaCl 120, KCl 4.7, MgSo4 1.2, KH2PO4 1.2, CaC12 2.5,
NaHCO3 25, and glucose 10. The peripheral portion of the
intrapulmonary arteries (diameter 0.3-1.0 mm) was isolated
from the lungs and cleaned of lung parenchymal, fat and
connective tissue carefully. The arteries were cut helically and
the strips were fixed vertically between hooks in a 10 ml organ
bath containing a nutrient solution maintained at 37+0.5°C
and bubbled with a mixture of95% O2and 5% CO2. The pH of
the solution was 7.4. The end of each strip was attached to the
lever of a force-displacement transducer (NEC San-Ei Instru-
ment Co. Ltd., Tokyo, Japan) connected to an ink-writing
oscillograph (NEC San-Ei Instrument Co. Ltd.) and isometric
changes in tension were recorded. The applied tension was
adjusted to 1.5 g. Each strip was allowed to equilibrate for 1 h,
during which the nutrient solution was changed every 10 min
and the applied tension was re-adjusted. In several experi-
ments, the intact and endothelium-removed strips were pre-
pared from the same artery. The functional integrity of the
endothelium in the intact preparations was checked with ACh,
which causes EDR in the presence of active tone (Altiere et al.,
1986). The endothelium was removed by intimal rubbing. The
rubbed preparations showed no ACh-induced relaxations. The
elimination of endothelium was verified morphologically by
scanning electron microscopy as described previously (Shir-
ahase et al., 1987). We also verified that the endothelium-in-
dependent contraction induced by 9,1 1-epithio-l 1,12-
methano-thromboxane A2 (STA2) was not affected by removal
of the endothelium. Various concentrations of SP, neurokinin
A (NKA) and neurokinin B (NKB) were added non-cumula-
tively. Various concentrations of receptor antagonists or en-
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zyme inhibitors were applied 20 min before the administration
of SP at 10' or 10- M.

SP, NKA, NKB and [SariAla8]-angiotensin II were pur-
chased from Peptide Institute, Osaka, Japan. A-23187, hista-
mine, atropine, aspirin, indomethacin, phentolamine and
diphenhydramine were purchased from Sigma, St Louis, MO.
STA2 (Ono Pharmaceutical Co. Ltd., Osaka, Japan), sodium
(E)-3[p-(1H-imidazol-1-ylmethyl)phenyl]-2-propenoate (OKY-
046) (Ono Pharmaceutical Co. Ltd., Osaka, Japan), (+ )-(5Z)-
7-[3-endo- [ (phenyl-sulfonyl)amino]bicyclo[2.2. 1]hept-2-exo-y-
l]heptenoic acid (S-1452) (Shionogi & Co., Osaka, Japan), N2-
[ (4 R) - 4-hydroxy-1- (1-methyl-IH-indol-3-yl) carbonyl-L-pro-
lyl] -N-methyl-N-phenylmethyl-3- (2-naphthyl)-L-alaninamide
(FK-888) (Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan),
(2s,3s) - cis-2 (diphenylmethyl)-N-[ (2-methoxyphenyl)-methyl]-
l-azabicyclo [2,2,2]octan-3-amine (CP-96345) (Pfizer Inc.,
Groton, CT), (+)-(2s, 3s)-3-(2-methoxybenzylamino)-2-phe-
nylpiperidine (CP-99994) (Pfizer Inc.), (S)-l-{2-[3-(3,4,-di-
chlorophenyl) -1- (3-isopropoxyphenyl-acetyl) piperidin - 3 -yl] -
ethyl}-4-phenyl-1-azoniabicyclo[2.2.2]octane chloride (SR-
140333) (Sanofi Recherche, Cedex, France), (S)-N-methyl-N-
[4- (4-acetylamino-4-phenylpiperidino) -2- (3,4-dichlorophenyl)
butyl]benzamide (SR-48968) (Sanofi Recherche), 1-[3-(4-
benzhydryl- I -piperazinyl) propyl]-3-(1H-imidazol-1 -ylmethyl)-
1H-indole-6-carboxylic acid trihydrochloride (KY-234) (Kyo-
to Pharmaceutical Industries, Kyoto, Japan), 5-hexyloxy-3-(l-
imidazolylethyl)indoline-1-propanoic acid (KY-063) (Kyoto
Pharmaceutical Industries) and 1-[{5'-(3"-methoxy-4"-hydro-
xyphenyl)-2',4'-pentadienoyl} amino-ethyl]-4-diphenylnethox-
ypiperidine (TMK-777) (Terumo, Tokyo, Japan) were kindly
provided by the indicated manufacturer.

Data were expressed as the mean+ s.e.mean. The response
to SP in the presence of various concentrations of receptor
antagonists or enzyme inhibitors was expressed as relative
values compared to the corresponding response in the absence
of drugs. The statistical significance was analysed by Student's
t test for paired data. A P value less than 0.05 was considered
significant.

Results

Response to SP, NKA and NKB in endothelium-intact
intrapulmonary artery

Peptides at i0-1-io-' M were added to the organ bath non-
cumulatively. SP (10' and 10-7 M), NKA (10-I-V0- M) and
NKB (101 and 10i- M) caused concentration-dependent con-
tractions in rabbit intrapulmonary arteries (Figure 1). The
contraction induced by SP (101 M) was transient. SP (10-7 M),
NKA (10--10-7 M) and NKB (10-8 and 10-7 M) caused sus-
tained contraction.

Effect of removal of endothelium on responses to SP,
NKA and NKB

The contraction induced by SP at 10' M was nearly abolished
by removal of endothelium (Figure 2). However, removal of
the endothelium did not affect the contractile response to SP at
10 M. The contraction induced by NKA at 10-9 and 10' M
and NKB at 10' and 10-7 M was slightly enhanced by removal
of the endothelium (Figure 2). The rank order of potency
causing the EIC was NKA >NKB > SP (Figures 1 and 2).

Effects of tachykinin, NK, and NK2 receptor antagonists
on the EDC induced by SP

The endothelium-intact arteries were treated with various
concentrations of tachykinin NKI and NK2 receptor antago-
nists prior to application of SP (10' M). FK-888 (Fujii et al.,
1992) (10-1o-10 M), CP-96345 (Snider et al., 1991) (101o° -

10-8M), CP-99994 (Desai et al., 1992) (10`o0101 M) and SR-
140333 (Emonds-Alt et al., 1993) (10-l0-10 M), all tachykinin
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Figure 1 Representative tracings of contractions induced by
substance P (SP), neurokinin A (NKA) and neurokinin B (NKB)
in the rabbit intact intrapulmonary artery. The numeral with a dot
shows the concentration of the peptide (-log M).
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Figure 2 Contractions induced by substance P (SP) (a), neurokinin
A (NKA) (b) and neurokinin B (NKB) (c) in the intact (O) and
endothelium-free ([J) rabbit intrapulmonary artery. Data are mean
+ s.e.mean n = 12. **P< 0.01, Student's test for paired data.
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Figure 3 Effects of tachykinin NK1 and NK2 receptor antagonists
on the endothelium-dependent contraction induced by substance P
(078M) in the rabbit intact intrapulmonary artery. NK1 antagonists:
(0) FK-888 (n = 9); (0) CP-96345 (n = 10); (A) CP-99994 (n= 10);
(A) SR-140333 (n= 10). NK2 antagonist: (0) SR-48968 (n = 9). The
contractions in the absence of NK1 or NK2 receptor antagonists were
taken as 100%. Data are mean±s.e.mean. *P<0.05, **P<0.01,
Student's test for paired data.
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NK1 receptor antagonists attenuated the EDC induced by SP
in a concentration-dependent manner (Figure 3). SR-140333
attenuated the EDC more strongly than FK-888, CP-96345
and CP-99994. SR-48968 (Emonds-Alt et al., 1992), an NK2
antagonist had little effect on the EDC at 10-°-10' M and
attenuated it by 22% at 10- M. NKI receptor antagonists and
an NK2 antagonist at concentrations used here had little effect
on the STA2 (10' M)-induced EIC (data not shown). Other
receptor antagonists such as atropine (101 M), phentolamine
(10O M), diphenhydramine (10 M) and [Sar', Ala8]-angio-
tensin II (101 M) had no effect on the EDC (data not shown).

Effects of cyclo-oxygenase, TXA2 synthetase inhibitors and
a TXA2 antagonist on the EDC induced by SP

The endothelium-intact arteries were treated with various
concentrations of cyclo-oxygenase, TXA2 synthetase inhibitors
and a TXA2 antagonist prior to application of SP (101 M). The
SP-induced EDC was attenuated by aspirin (1o-5-10-' M) and
indomethacin (101-10V M), both cyclo-oxygenase inhibitors
(Vane 1971), OKY-046 (Iizuka et al., 1981) (10-7 and 101 M),
KY-234 (Kanda et al., 1993) (1IV-10 M) and KY-063
(Shirahase et al., 1994) (10O-1OV M), all TXA2 synthetase in-
hibitors and S-1452 (Narisada et al., 1988) (1IV-10-I M), a
TXA2 antagonist (Figure 4). The STA2 (101 M)-induced con-
traction was attenuated by the TXA2 antagonist at the con-
centrations used here but was affected by neither cyclo-
oxygenase inhibitors nor TXA2 synthetase inhibitors (data not
shown). TMK-777 (10' M), a specific 5-lipoxygenase inhibitor
(Wakabayashi et al., 1987) did not affect the EDC (data not
shown).

Effects of tachykinin NK, and NK2 receptor antagonists
on the EIC induced by SP

The arteries without endothelium were treated with various
concentrations of tachykinin NKI and NK2 receptor antago-
nists prior to application of SP (10-' M). The NK2 antagonist
(SR-48968) at 10-1-101 M attenuated the EIC induced by SP
in a concentration-dependent manner (Figure 5). Among the
NK, antagonists, CP-96345 and CP-99994 at 10O-10 M did
not affect the EIC (Figure 5). FK-888 and SR-140333 atte-
nuated it slightly and significantly only at 1IV M: 13 and 35%
inhibition respectively (Figure 5). Other receptor antagonists
such as atropine (101 M), phentolamine (10 M), diphenhy-
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Figure 4 Effects of cyclo-oxygenase inhibitors, TXA2 synthetase
inhibitors and a TXA2 antagonist on the endothelium-dependent
contraction induced by substance P (10-8M) in the rabbit intact
intrapulmonary artery. Cyclo-oxygenase inhibitors (a): (*) aspirin;
(0) indomethacin. TXA2 synthetase inhibitors and a TXA2
antagonist (b): (0) OKY-046; (0) KY-234; (A) KY-063; (A) S-
1452. The contractions in the absence of cyclo-oxygenase inhibitors,
TXA2 synthetase inhibitors or a TXA2 antagonist were taken as
100%. Data are mean±s.e.mean, n=9. *P<0.05, **P<0.01,
Student's test for paired data.
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Figure 5 Effects of tachykinin NK1 and NK2 receptor antagonists
on the endothelium-independent contraction induced by substance P
(10-7M) in the endothelium-free intrapulmonary artery of the rabbit.
NK1 antagonists: (0) FK-888 (n= 9); (0) CP-96345 (n= 9); (A) CP-
99994 (n= 8); (A) SR-140333 (n= 9). NK2 antagonist: (U) SR-48968
(n= 10). The contractions in the absence of NK1 or NK2 receptor
antagonists were taken as 100%. Data are mean±s.e.mean.
*P < 0.05, **P < 0.01, Student's test for paired data.
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Figure 6 Effects of cyclo-oxygenase inhibitors, TXA2 synthetase
inhibitors and a TXA2 antagonist on the endothelium-independent
contraction induced by substance P (10-7M) in the endothelium-free
intrapulmonary artery of the rabbit. Cyclo-oxygenase inhibitors (a):
(S) aspirin; (0) indomethacin. TXA2 synthetase inhibitors and a

TXA2 antagonist (b): (0) OKY-046; (0) KY-234; (A) KY-063; (A)
S-1452. The contractions in the absence of cyclo-oxygenase
inhibitors, TXA2 synthetase inhibitors or a TXA2 antagonist were

taken as 100%. Data are mean+s.e.mean. n=8. *P<0.05,
**P<0.01, Student's test for paired data.

dramine (10' M) and [Sar',Ala8]-angiotensin II (10' M) had
no effect on the EIC (data not shown).

Effects of cyclo-oxygenase, TXA2 synthetase inhibitors
and a TXA2 antagonist on the EIC induced by SP

The endothelium-free arteries were treated with various con-

centrations of cyclo-oxygenase, TXA2 synthetase inhibitors
and a TXA2 antagonist prior to application of SP (10-7 M).
Cyclo-oxygenase inhibitors (aspirin and indomethacin), TXA2
synthetase inhibitors (OKY-046, KY-234 and KY-063) and a

TXA2 antagonist (S-1452) had little effect on the SP-induced
EIC (Figure 6) and 5-lipoxygenase inhibitor (TMK-777) did
not affect it (data not shown).

Discussion

The present study demonstrated that SP caused EDC at 10' M
and EIC at 10- M in rabbit isolated intrapulmonary arteries.
SP has been reported to induce EDR in various peripheral
arteries including rabbit pulmonary arteries in the presence of
active tone (Regoli et al., 1990; Emonds-Alt et al., 1993). ACh
also causes EDC in the non-contracted rabbit pulmonary ar-

tery while it evokes EDR in the precontracted preparations

(Altiere et al., 1986). Either EDR or EDC seems to play a
predominant role, depending on the degree of the tone, in the
regulation of pulmonary circulation.

SP has been previously reported to cause EDR via release of
acetylcholine (Tanaka et al., 1985). However, the SP-induced
EDC was not affected by muscarinic, histamine, adrenaline or
angiotensin II receptor antagonists. Thus, ACh, catechola-
mines, histamine or angiotensins are unlikely to be involved in
the EDC. SP seems to activate endothelial tachykinin receptors
and directly release the EDCF. For tachykinins, three types of
receptors are currently recognized, namely NK1, NK2 and NK3
(IUPHAR Committee on Drug Classification and Receptor
Nomenclature, 1994). The rank order of potency is
SP >NKA > NKB for activating NKI receptors, NKA >
NKB> >SP for activating NK2 receptors and NKB>
NKA > SP for activating NK3 receptors. In the present study,
the EDC was induced by SP but not NKA or NKB, suggesting
the involvement of NK1 receptors rather than NK2 or NK3.
Indeed, specific NKI receptor antagonists such as FK-888, CP-
96345, CP-99994 and SR-140333 but not an NK2 antagonist,
SR-48968 potently attenuated the EDC induced by SP. These
findings indicate that SP causes EDC by activating endothelial
NKI receptors. The presence offunctional NK1 receptors on the
endothelium has been demonstrated in human umbilical arteries
(Greeno et al., 1993). The tachykinin receptor mediating EDR is
also the NK1 subtype in guinea-pig and rabbit pulmonary ar-
teries (Emonds-Alt et al., 1993; Floch et al., 1994). Whether
EDC and EDR are mediated by the same NK1 receptor remains
to be clarified. NK1 receptors in the guinea-pig broncho-
pulmonary system and rat vascular system are different phar-
macologically (Floch et al., 1994). We have found that unlike
EDC, naturally occurring tachykinins all cause EDR according
to the rank order of potency SP >NKA > NKB (unpublished
data). Further study is needed to determine the possible het-
erogeneity of the pulmonary endothelial NKI receptor causing
EDC and EDR.
We have reported that EDCF released by various sub-

stances is probably TXA2 in canine cerebral arteries (Usui et
al., 1983; Shirahase et al., 1987; 1988a,b; 1991; 1993; Man-
abe et al., 1989). In rabbit pulmonary arteries, ACh causes
an EDC via production of TXA2 (Altiere et al., 1986). In
the present study, the EDC was abolished by cyclo-oxyge-
nase inhibitors (aspirin and indomethacin), TXA2 synthetase
inhibitors (OKY-046, KY-063 and KY-234) and a TXA2
antagonist (S-1452). The effective concentration of cyclo-
oxygenase inhibitors and TXA2 synthetase inhibitors was
similar in the present experiments and previous reports on
the respective enzyme activities (Vane 1971; Iizuka et al.,
1981; Kanda et al., 1993; Shirahase et al., 1994). The ef-
fective concentration of S-1452 against the EDC was com-
patible with that reported for the TXA2 agonist-induced
contraction of rat aorta (Narisada et al., 1988). A 5-lipox-
ygenase inhibitor, TMK-777, did not affect the EDC. From
these findings, the SP-induced EDC was concluded to be
mediated by TXA2 production activated via endothelial NK1
receptors. These findings are also compatible with previous
reports showing that SP administered intravenously causes
pulmonary vasoconstriction via PG or TXA2 in anesthetized
rabbits (Worthen et al., 1985).

SP at I0-7 M, NKA and NKB at concentrations used here
caused EIC in the rabbit pulmonary arteries. SP has already
been reported to induce EIC via NK2 receptors (Regoli et al.,
1989). We also demonstrated that for EIC, the rank order of
potency was NKA > NKB > SP and that the EIC was sensitive
to NK2 but not NKI antagonists. The EIC was not affected by
cyclo-oxygenase inhibitors, TXA2 synthetase inhibitors, a
TXA2 antagonist or a 5-lipoxygenase inhibitor. These findings
demonstrate that tachykiins cause ETC via direct activation of
NK2 receptors on smooth muscle cells.

The physiological or pathological significance of the EDC
and EIC induced by tachykinins remains to be clarified. Pul-
monary arteries are innervated by SP immunoreactive fibres
(Allen et al., 1989). The C-fibre activator, capsaicin and elec-
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trical stimulation of vagal nerves release SP and NKA in the
guinea-pig perfused lung (Saria et al., 1988). Therefore, neu-
ronal tachykinins may cause EDC and/or EIC in the pul-
monary artery. However, it is not clear whether SP released
from the nerve endings diffuse to the endothelium and cause
EDC. On the other hand, the concentration of SP in blood is
not high enough to cause EDC (Mori et al., 1992). SP is lo-
calized in endothelial cells and released by hypoxia and change

in flow (Milner et al., 1989; Ralevic et al., 1990). SP may play a
role in the regulation of vascular tone as a paracrine autacoid
releasing EDCF.

In conclusion, three natural tachykinins cause EIC and only
SP induces EDC. The SP-induced EDC is mediated by TXA2
produced via activation of endothelial NKI receptors and the
EIC is associated with NK2 receptors on smooth muscle cells.
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