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1 The e�ects of tachykinins and capsaicin were studied by means of intracellular membrane potential
and isometric tension recordings in the isolated trachea of the guinea-pig.

2 The basal membrane potential averaged 751 mV, and most preparations demonstrated spontaneous
slow waves. Tetraethylammonium (TEA), a potassium channel blocker (861073

M), depolarized the
membrane potential to 744 mV and induced a rhythmic activity.

3 In control solution, substance P (1078 ± 1076
M), [Nle10]-neurokinin A(4 ± 10) (1078 ± 1076

M) and
capsaicin (1077 ± 1076

M) induced concentration-dependent depolarizations which were statistically
signi®cant at the highest concentration tested (depolarization by 1076

M: 8, 11 and 16 mV for the NK1

agonist, the NK2 agonist and capsaicin, respectively).

4 In the presence of TEA (861073
M), the three substances induced depolarizations which were

statistically signi®cant at the highest concentration tested for substance P (1076
M) and at 1077 and

1076
M for both [Nle10]-neurokinin A(4 ± 10) and capsaicin (depolarization by 1076

M: 11, 17 and 10 mV
for substance P, [Nle10]neurokinin A(4 ± 10) and capsaicin, respectively).

5 In the presence or absence of tetraethylammonium, [MePhe7]-neurokinin B (1078 ± 1076
M) did not

induce any signi®cant changes in membrane potential.

6 The depolarizing e�ects of substance P (1076
M) and [Nle10]-neurokinin A(4 ± 10) (1076

M) were
blocked only by the speci®c antagonists for NK1 and NK2 receptors, SR 140333 (1077

M) and SR 48968
(1077

M), respectively. The e�ects of capsaicin (1076
M) were partially inhibited by each antagonist and

fully blocked by their combination.

7 Substance P (1079 to 1074
M), [Nle10]-neurokinin A(4 ± 10) (10710 to 1075

M), [MePhe7]-neurokinin B
and capsaicin (1077 to 1075

M) evoked concentration-dependent contractions.

8 The contractions to substance P were signi®cantly inhibited by SR 140333 (1078 to 1076
M) but

una�ected by SR 48968 (1078 to 1076
M). Furthermore, the response to [Nle10]-neurokinin A(4 ± 10) was

signi®cantly inhibited by SR 48968 and una�ected by SR 140333 at the same concentrations. Although
SR 48968 (1077

M) alone did not in¯uence the e�ects of substance P, it potentiated the inhibitory e�ect
of SR 140333 (1077

M). A similar synergetic e�ect of these two compounds was observed in the
inhibition of the contractile response to [Nle10]-neurokinin A(4 ± 10).

9 Neither SR 140333 (1077
M) nor SR 48968 (1077

M) alone in¯uenced the contractions to [MePhe7]-
neurokinin B and capsaicin. However, the combination of the two antagonists abolished the contractions
to either peptide.

10 These results demonstrate that the stimulation of both NK1 and NK2 tachykinin-receptors induced
contraction and depolarization of the guinea-pig tracheal smooth muscle and that both receptors were
stimulated during the endogenous release of tachykinins by capsaicin. There was no evidence for a major
role of NK3 receptors in the contractile and electrical activity of the guinea-pig isolated trachea.
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Introduction

In the airways, sensory nerve endings, identi®ed as C-®bres,
release neuropeptides such as calcitonin gene-related peptide
and tachykinins (substance P, neurokinin A and neurokinin B)
in response to physiological stimuli but also to inhaled irritant
substances (Lundberg & Saria, 1983; Barnes et al., 1991a,b).
Tachykinins are involved in neurogenic in¯ammatory disorders
and asthma as they cause bronchoconstriction, bronchial va-
sodilatation, microvascular leakage, in¯ammatory cell mobili-
zation and activation, and mucous hypersecretion (Barnes et
al., 1991a,b; Solway&Le�, 1991; Ichinose et al., 1992;Manzini,
1994). They bind to speci®c cell-surface receptors namely NK1,
NK2 and NK3, characterized by their preferential activation by
endogenous substance P, neurokinin A and neurokinin B, re-
spectively (Regoli et al., 1994; Maggi, 1995). Determination of
the involvement of each receptor subtype has been possible

since the discovery of potent, selective and metabolically-stable
antagonists of the NK2 and NK1 receptors such as SR 48968
and SR 140333 (Emonds-Alt et al., 1992; 1993).

Smooth muscle contraction to neurohumoral substances
could involve pharmacomechanical and/or electromechanical
coupling (Bolton, 1979). Indeed, acetylcholine histamine
(Ahmed et al., 1984) and leukotrienes (McCraig & Rodger,
1988) depolarize the membrane of tracheal smooth muscle cells
and, in some instances, changes in membrane potential and
mechanical responses caused by receptor activation could be
correlated. However, the e�ects of tachykinins on the electrical
activity of airway smooth muscle cells are not known at pre-
sent.

The purpose of this work was to study the contractile re-
sponses and the changes in membrane potential of the guinea-
pig tracheal smooth muscle cells caused by natural and syn-
thetic tachykinins (substance P, [Nle10]-neurokinin A(4 ± 10)
and [MePhe7]-neurokinin B) and capsaicin, a drug known to1Author for correspondence.
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release endogenous tachykinins from the sensory C-®bre end-
ings (Lundberg & Saria, 1983). To determine the receptors
involved in these responses, potent and speci®c tachykinin
receptor antagonists, SR 48968 and SR 140333, were studied.

Methods

Male Hartley guinea-pigs (250 ± 350 g, Charles River, France)
were anaesthetized with an overdose of pentobarbitone
(25 mg kg71, intraperitoneally) and the trachea was excised
from the animal and cleaned of adhering fat and connective
tissue.

Electrophysiological experiments

One segment of the tracheal ring (about 5 mm in width) was
isolated and cut open along the longitudinal axis, the epithelial
layer was preserved as intact as possible. The strip was pinned
horizontally (mucosal surface upward) to the bottom of an
organ bath (0.5 ml), continuously superfused at a constant
¯ow rate of 2 ml min71 with a modi®ed Krebs Ringer-bicar-
bonate solution (378C, pH 7.4 and gassed with 95% O2-5%
CO2 gas mixture). Transmembrane potentials were recorded
with glass microelectrodes ®lled with KCl (3 M) with a tip re-
sistance of 50 ± 90 MO. The microelectrode was mounted on a
sliding micromanipulator (Leitz, St Gallen, Switzerland). The
potential recorded was ampli®ed by means of a recording
preampli®er (WPI, Intra 767, New Haven CT) with capaci-
tance neutralization. The signal was monitored on an oscillo-
scope (3091 Nicolet, Madison WI) and continuously recorded
on paper (Gould, Valley View, Ohio, U.S.A.) and on a video
recorder (TEAC, XR310, Tokyo, Japan); the latter allowed
replay for further analysis. Impalements were not accepted as
valid unless they were signalled by a sudden change in voltage
and were maintained until the membrane potential had stabi-
lized.

Preparations were left to equilibrate for 30 min (at least).
Agonists were added in a cumulative manner. If the micro-
electrode was dislodged during the experimental procedure,
impalements were renewed and the next concentration of drug
applied. Only one concentration-response curve and only one
agonist were studied on a given strip of tissue. Antagonists of
the NK1 and NK2 tachykinin receptors, SR 140333 (1077

M)
and SR 48968 (1077

M), respectively, were incubated for at
least 30 min before the addition of the various agonists.

Organ bath experiments

The guinea-pig isolated tracheae were cut into rings and sus-
pended in organ baths ®lled with modi®ed Krebs-Ringer bi-
carbonate solution. The epithelial layer was maintained as
intact as possible. Tissues were connected to a force transducer
(Gould) and changes in tension were recorded on a polygraph
(Gould). Rings were stretched step by step until optimal and
reproducible contraction to KCl (40 mM) was achieved (basal
tension, approximately 2.0 g). A reference contraction was
then produced with a concentration of KCl (60 mM) which
gave the maximum contraction to the depolarizing solution.
After repeated rinses, rings were subjected to a 45 min period
of equilibration. Cumulative concentration-response curves for
substance P, [Nle10]neurokininA(4 ± 10), [MePhe7]neurokinin B
and capsaicin were then performed. Only one concentration-
response curve and only one antagonist were studied on a gi-
ven strip of tissue. Each antagonist-treated preparation had its
own time-matched, vehicle-treated control preparation ob-
tained from the same animal. Antagonists of the NK1 and NK2

tachykinin receptors, SR 140333 and SR 48968, respectively,
were incubated for at least 30 min before the addition of the
various antagonists.

In order to palliate an eventual degradation of tachykinins,
electrophysiological and organ bath experiments were carried
out in the presence of the neutral endopeptidase inhibitor,

phosphoramidon (1075
M) and the angiotensin converting

enzyme inhibitor, captopril (1076
M). These inhibitors did not

alter the resting membrane potential of the tissue (data not
shown).

Drugs and solutions

Composition of the modi®ed Krebs-Ringer bicarbonate solu-
tion (mM): NaCl 118.3, KCl 4.7, CaCl2 2.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 25.0, EDTA 0.026 and glucose 11.1
Captopril, capsaicin, phosphoramidon, substance P, tetrae-
thylammonium chloride (Sigma, La VerpillieÁ re, France);
[Nle10]neurokinin A(4 ± 10), [MePhe7]-neurokinin B (Nova-
biochem, Paris, France); SR 48968 ((S)-N-methyl-N[4-(4-
acetyl - amino - 4 - phenylpiperidino)-2-(3,4-dichlorophenyl-bu-
tyl]benzamide), SR140333 ((S)-1-(2-[3,4-dichlorophenyl)-1(3-
isopropoxyphenylacetyl)piperidin-3yl]ethyl)-4phenyl1azo,iabi-
cyclo[2.2.2]octane chloride) (Sano® Recherche, Montpellier,
France). Substance P, [MePhe7]-neurokinin B, captopril and
phosphoramidon were dissolved in distilled water and were
then diluted in Krebs solution. Solutions of [Nle10]neurokinin
A(4 ± 10), capsaicin, SR48968 and SR 140333 were prepared in
0.4% of ethanol, then dissolved in distilled water and diluted in
Krebs solution.

Statistical analysis of the results

Data are shown as mean+s.e.mean. For organ bath experi-
ments, n indicates the number of animals from which tissue
was taken. Statistical evaluation was performed by a two-way
analysis of variance (treatment6concentration) with repeated
measure on the two factors. When a signi®cant interaction was
observed (P50.05), a complementary analysis was undertaken
(Newman-Kuel's test) to identify di�erences between groups.
EC50 calculation was performed by a linear regression within
the two half log concentrations surrounding the 50% value.
Apparent antagonist dissociation constants were determined
according to the equation: KB=[Ant]/(concentration-ratio
71) where [Ant] is the concentration of the antagonist and
concentration-ratio is the EC50 in the presence of the antago-
nist divided by the EC50 of the agonist in the absence of the
antagonist. These results were then expressed as the negative
logarithm of the KB (i.e. 7log(KB)=pKB). pA2 values were
calculated according to Tallarida's method; the slope of the
Schild plot was constrained to unity (Tallarida et al., 1979).
Study of interactions between two antagonists were performed
by a three-way analysis of variance (antagonist 16antagonist
26agonist) with repeated measures on the factor agonist.

For electrophysiological experiments, n indicates the num-
ber of cells in which membrane potential was recorded. When
only one concentration of agonist was studied, unpaired Stu-
dent's t test was performed to determine the di�erence with
control (P50.05). When more than one concentration of
agonist was studied, a one-way analysis of variance was per-
formed. When a signi®cant interaction was observed
(P50.05), a complementary analysis was undertaken (New-
man-Keul's test).

Results

Contractile studies

E�ect of NK1 stimulation In guinea-pig isolated trachea,
substance P (1079

M to 1075
M) induced a contractile re-

sponse (Figure 1). The concentration-response curve was
signi®cantly shifted to the right in a concentration-dependent
manner by SR 140333 (1078, 1077 and 1076

M). The maximal
response to substance P was not a�ected by the NK1 receptor
antagonist (Figure 1a). The slope of the Schild plot was sig-
ni®cantly di�erent from unity (0.57+0.23). Apparent pA2

value calculated with the slope of the Schild plot constrained
to unity was 7.54+0.20. The NK2 receptor antagonist SR
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48968, up to 1076
M, did not in¯uence the contractile re-

sponse to substance P (Figure 1b). However, in presence of
SR 48968 (1077

M) the e�ect of SR 140333 (1077
M) was

signi®cantly potentiated (pKB of SR 140333 alone 7.61+0.12;
pKB of the combination of SR 140333+SR 48968: 8.93+0.21,
n=6), (Figure 1).

E�ect of NK2 stimulation [Nle10]-neurokinin A(4 ± 10)
(10710

M to 1075
M) caused smooth muscle contractions which

were signi®cantly and concentration-dependently inhibited by
SR 48968 (1078, 1077 and 1076

M) (Figure 2b). The maximal
response to [Nle10]-neurokinin A(4 ± 10) was not a�ected by the
NK2 receptor antagonist. The slope of the Schild plot was
signi®cantly di�erent from unity (0.38+0.26). Apparent pA2

value calculated with the slope of the Schild plot constrained to
unity was 8.49+0.24. The NK1 receptor antagonist SR
140333, up to 1076

M, did not in¯uence the contractile re-
sponse to substance P (Figure 2a). However in the presence of
SR 140333 (1077

M) the e�ect of SR 48968 (1077
M) was sig-

ni®cantly potentiated (pKB of SR 48968 alone: 8.49+0.23; pKB

of the combination of SR 140333+SR 48968: 9.15+0.22,
n=6) (Figure 2).

E�ect of NK3 stimulation [MePhe7]-neurokinin B (1078
M to

1075
M) caused smooth muscle contractions which were not

signi®cantly in¯uenced either by SR 140333 (1077
M) or by

SR 48968 (1077
M) but which were fully abolished by the

combination of the two antagonists (Figure 3a).

E�ect of capsaicin Similarly, capsaicin (1078
M to 1075

M)
caused smooth muscle contractions which were not in¯u-
enced by SR 48968 (1077

M) or SR 140333 (1077
M) indi-

vidually but abolished by the combination of both NK1 and
NK2 receptor antagonists (Figure 3b).

Electrophysiological studies

E�ects of substance P, [Nle10] neurokinin A(4 ± 10), [MePhe7]
neurokinin B and capsaicin in control solution In control so-
lution, the smooth muscle membrane potential of guinea-pig
isolated trachea averaged 751+1 mV (n=59). Most of the
smooth muscle cells exhibited oscillations of the membrane
potential (slow wave) which varied according to the prepara-
tion (Figure 4). In preparations presenting slow waves, the
mean amplitude and frequency was 10 mV and 60 cycles
min71.

Substance P (1078, 1077, 1076
M), [Nle10]-neurokinin A(4 ±

10), (1078, 1077, 1076
M) and capsaicin (1077 and 1076

M)
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Figure 1 Cumulative concentration-response curves to substance P
in guinea-pig isolated trachea (presence of captopril: 1076

M and
phosphoramidon: 1075

M). (a) E�ect of SR 140333 (1078, 1077 and
1076

M). A concentration-dependent statistically signi®cant inhibition
was observed at the three concentrations studied (two-way analysis of
variance, P50.05). (b) E�ect of SR 48968 (1078, 1077 and 1076

M).
In both (a) and (b) the e�ect of the combination of SR 140333
(1077

M) plus SR 48968 (1077
M) is indicated. A statistically

signi®cant interaction was observed when the combination of the
two compounds was compared to either inhibitor individually at the
same concentration (three-way analysis of variance: P50.05): Data
are presented as means and vertical lines show s.e.mean (n=6).

  –10      –9         –8       –7        –6         –5       –4

  –10       –9        –8       –7        –6        –5        –4

100�

80�

60�

40�

20�

0

100�

80�

60�

40�

20�

0

Control

SR 140333 (10–8 M)

SR 140333 (10–7 M)

SR 140333 (10–6 M)�
SR 140333 (10–7 M) �
+ SR 48968 (10–7 M)

Control

SR 48968 (10–8 M)

SR 48968 (10–7 M)

SR 48968 (10–6 M)�
SR 140333 (10–7 M) �
+ SR 48968 (10–7 M)

[NIe10] neurokinin A(4-10) (log M)

[NIe10] neurokinin A(4-10) (log M)

Te
n

si
o

n
 (

%
 6

0 
m

M
 K

C
I c

o
n

tr
ac

ti
o

n
)

a

b

Figure 2 Cumulative concentration-response curves to [Nle10]-
neurokinin A(4 ± 10) in guinea-pig isolated trachea (presence of
captopril: 1076

M and phosphoramidon: 1075
M). (a) E�ect of

SR 140333 (1078, 1077 and 1076
M). (b) E�ect of SR 48968

(1078, 1077 and 1076
M). A concentration-dependent statistically

signi®cant inhibition was observed at the three concentrations studied
(two-way analysis of variance, P50.05). In both (a) and (b): the
e�ect of the combination of SR 140333 (1077

M) plus SR 48968
(1077

M) is indicated. A statistically signi®cant interaction was
observed when the combination of the two compounds was
compared to either inhibitor individually at the same concentration
(three-way analysis of variance; P50.05). Data are presented as
means and vertical lines show s.e.mean (n=6).
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induced concentration-dependent depolarizations which were
statistically signi®cant at the highest concentration tested
(depolarization at 1076

M: 8, 11 and 16 mV, respectively, for
NK1, NK2 agonist and for capsaicin) (Figures 4 and 5). These
three compounds reduced the amplitude of the slow waves as
the cells became depolarized and the slow wave activity ulti-
mately ceased.

[MePhe7]-neurokinin B (1078 ± 1076
M) did not induce any

signi®cant changes in membrane potential or any consistent
changes in the electrical activity (Figures 4 and 5).

E�ects of substance P, [Nle10] neurokinin A(4 ± 10), [Me-
Phe7] neurokinin B and capsaicin in the presence of tetrae-
thylammonium (861073

M) The potassium channel
blocker tetraethylammonium (861073

M) depolarized the
membrane to 744+1 mV (n=40) and in the presence of
this inhibitor every single cell studied presented rhythmic
electrical activity. Substance P, [Nle10]-neurokinin A(4 ± 10)
and capsaicin induced concentration-dependent depolariza-
tions, which were signi®cant at the concentration of 1076

M

for substance P and at 1077
M and 1076

M for [Nle10]-
neurokinin A(4 ± 10) and capsaicin (Figures 6 and 7). These
drugs decreased the amplitude concentration-dependently
and tended to increase the frequency of the electrical events
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Figure 3 Cumulative concentration-response curves to [MePhe7]-
neurokinin B (a) and capsaicin (b) in guinea-pig isolated trachea
(presence of captopril: 1076

M and phosphoramidon: 1075
M).

E�ects of SR 140333 (1077
M) SR 48968 (1077

M) and the
combination of SR 140333+SR 48968. In both cases, the
combination of SR 140333 (1077

M)+SR 48968 (1077
M) produced

a statistically signi®cant inhibition when compared to control (two-
way analysis of variance, P50.05) and a statistically signi®cant
interaction was observed when the combination of the two
compounds was compared to either inhibitior individually (three-
way analysis of variance; P50.05). Data are presented as means and
vertical lines show s.e.mean (n=4).
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Figure 4 Original tracings showing the e�ects of substance P,
[Nle10]-neurokinin A(4 ± 10), [MePhe7]-neurokinin B and capsaicin on
the intracellular electrical activity of guinea-pig tracheal smooth
muscle cells (presence of captopril: 1076

M and phosphoramidon:
1075

M). Control activity (a) and e�ects of drugs: (b) 1078
M; (c)

1077
M and (d) 1076

M. Tracings shown were obtained during the
impalement of a single cell (from a to d). Substance P, [Nle10]-
neurokinin A(4 ± 10) and capsaicin caused depolarizations and an
increase in slow wave frequency. The highest concentration (1076

M)
of these compounds tended to abolish the electrical activity.
[MePhe7]-neurokinin B did not cause any statistically signi®cant
changes in the membrane potential.

0�

–10�

–20�

–30�

–40�

–50�

–60

0�

–10�

–20�

–30�

–40�

–50�

–60

0�

–10�

–20�

–30�

–40�

–50�

–60

0�

–10�

–20�

–30�

–40�

–50�

–60Control

Agonist 10–8 M�
Agonist 10–7 M�
Agonist 10–6 M

M
em

b
ra

n
e 

p
o

te
n

ti
al

 (
m

V
)

a b

c d

Figure 5 E�ects of tachykinins and capsaicin on membrane
potential of guinea-pig tracheal smooth muscle cells (presence of
captopril: 1076

M and phosphoramidon: 1075
M). (a) Control and in

presence of substance P (1078, 1077 and 1076
M). (b) Control and in

presence of [Nle10]-neurokinin A(4 ± 10) (1078, 1077 and 1076
M). (c)

Control and in presence of [MePhe7]-neurokinin B (1078, 1077 and
1076

M). (d) Control and in presence of capsaicin (1077 and 1076

M). Data shown are means+s.e.mean (n=4 to 28 cells). Asterisks
indicate a statistically signi®cant di�erence from control values (one-
way analysis of variance: *P50.05; **P50.01).
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which ultimately disappeared when the cell became depo-
larized (Figure 6).

[MePhe7]-neurokinin B (1078 ± 1076
M) did not induce sig-

ni®cant changes in membrane potential or any consistent
changes in the electrical activity (Figures 6 and 7).

E�ects of the tachykinin receptor selective antagonists As
impalements were more sustained in the presence of tetrae-
thylammonium and as the changes in membrane potential in-
duced by the four substances studied were similar in the
presence or absence of tetraethylammonium, the e�ects of the
various antagonists were studied in the presence of this po-
tassium channel blocker.

Neither the antagonists SR 140333 (1077
M) nor SR

48968 (1077
M) alone or in combination a�ected the mem-

brane potential of the smooth muscle cells of guinea-pig
isolated trachea treated with tetraethylammonium
(861073

M) (Table 1). The depolarizing e�ect of substance
P (1076

M) was blocked by SR 140333 (1077
M) but was

una�ected by SR 48968 (1077
M). Conversely, SR 48968

(1077
M) fully blocked the depolarizing e�ects of [Nle10]-

neurokinin A(4 ± 10) (1078 and 1077
M) and partially in-

hibited the depolarization induced by the highest concen-
tration of the NK2 receptor agonist (1076

M), while SR
140333 (1077

M) did not signi®cantly in¯uence the response.
The e�ects of capsaicin (1076

M) were partially inhibited by
each antagonist. When both tachykinin receptor blockers

were present, the tachykinins and capsaicin-induced depo-
larizations were abolished (Table 2).

Discussion

This study shows that the natural NK1 agonist, substance P,
the selective, synthetic NK2 receptor agonist, [Nle

10]-neuroki-
nin A(4 ± 10), administered exogenously and tachykinins en-
dogenously released by capsaicin, induce contractions and
depolarize the smooth muscle membrane of the guinea-pig
isolated trachea. The selective NK3 receptor agonist, [MePhe7]-
neurokinin B, was a weaker agonist and did not in¯uence the
membrane potential. This study con®rms that substance P and
neurokinin A are potent contractile agents in guinea-pig air-
way via stimulation of both NK1 and NK2 receptors (Regoli,
1987; Maggi et al., 1991), whereas neurokinin B and other NK3

agonists did not (or only weakly) contract guinea-pig airway
smooth muscle (Ireland et al., 1991; Maggi et al., 1991; Ellis et
al., 1993; Yuan et al., 1994). The membrane-depolarizing e�ect
of the NK1 and NK2 receptor agonists and the moderate
changes which both agents produced on the slow wave activity
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Figure 6 Original tracings showing the e�ects of substance P,
[Nle10]-neurokinin A(4 ± 10), [MePhe7]-neurokinin B and capsaicin on
the intracellular electrical activity of guinea-pig tracheal smooth
muscle cells in tetraethylammonium-containing solution (861073

M)
in presence of captopril (1076

M) and phosphoramidon (1075
M).

Control activity (a) and e�ects of drugs: (b) 1078
M; (c) 1077

M and
(d) 1076

M. Tracings shown were obtained during the impalement of
a single cell (from a to d). Substance P, [Nle10]-neurokinin A(4 ± 10)
and capsaicin caused depolarizations and an increase in slow wave
frequency. The highest concentration (1076

M) of these compounds
tended to abolish the electrical activity. [MePhe7]-neurokinin B did
not cause any statistically signi®cant changes in the membrane
potential.
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Figure 7 E�ects of tachykinins and capsaicin on membrane
potential of guinea-pig tracheal smooth muscle cells in tetraethy-
lammonium-containing solution (861073

M) in presence of captopril
(1076

M) and phosphoramidon (1075
M). (a) Control and in presence

of substance P (1078, 1077 and 1076
M). (b) Control and in presence

of [Nle10]-neurokinin A(4 ± 10) (1078, 1077 and 1076
M). (c) Control

and in presence of [MePhe7]-neurokinin B (1078, 1077 and 1076
M).

(d) Control and in presence of capsaicin (1077 and 1076
M). Data

shown are means+s.e.mean (n=3 to 17 cells). Asterisks indicate a
statistically signi®cant di�erence from control values (one-way
analysis of variance: *P50.05; **P50.01, ***P50.001).

Table 1 E�ects of tachykinin antagonists on the membrane
potential of guinea-pig isolated tracheal smooth muscle cells
in tetraethylammonium (8610±3 M)-containing solution in
presence of captopril (10±6 M) and phosphoramidon (10±5M)

Membrane
n potential (mV)

Control
SR 14033 (10±7 M)
SR 48968 (10±7 M)
SR 140333+SR 48968

35
31
65
18

743+1
744+1
744+1
742+1

Data are shown as mean+s.e.mean; n indicates the number
of cells which were impaled.
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are similar to the e�ects of acetylcholine and histamine ob-
tained in the same tissue (Ahmed et al., 1984). It has recently
been demonstrated that neurokinin A induces rapid and sus-
tained depolarization in single smooth muscle cells isolated
from guinea-pig trachea (Nakajima et al., 1995). In addition to
the sustained inhibition of K+ current, the involvement of a
Ca2+-dependent Cl7 conductance was demonstrated and
could explain the depolarizing e�ect observed in the presence
of the potassium channel blocker tetraethylammonium in our
study. This mechanism has also been implicated, in the same
tissue, for the depolarizing e�ect of acetylcholine and hista-
mine (Janssen & Sims, 1992; 1993). Depolarization should
cause the opening of voltage-dependent Ca2+ channels which
may be involved in the mechanism of tachykinin-induced air-
way smooth muscle contraction. Tachykinins transiently in-
crease the frequency of the slow waves which are Ca2+-
dependent and are associated with Ca2+ in¯ux (Small, 1982;
Foster et al., 1983; 1984; McCaig, 1986). Our experimental
protocol does not allow us to determine whether calcium in¯ux
occurs through voltage-dependent calcium channels or non-
selective cation channels. However, in the case of acetylcholine
and histamine, which produced similar electrical events, the
involvement of voltage-operated Ca2+ channels seems to be
limited (Janssen & Sims, 1992; 1993). Our study was performed
in the presence of the epithelial layer. It has recently been
demonstrated that activation of an epithelial NK1 receptor
subtype induces the release of nitric oxide which relaxes the
guinea-pig isolated trachea (Figini et al., 1996). Furthermore,
in this tissue, endogenously released or exogenously applied
nitric oxide activates large conductance calcium-activated po-
tassuim channels (Ellis & Conanan, 1994). Thus, in this study
which was performed in the absence of a nitric oxide synthe-
tase inhibitor, the mechanical and electrophysiological e�ects
of substance P may have been underestimated.

The contractile and depolarizing e�ects of the NK1 agonist
were speci®cally inhibited by the NK1 receptor antagonist SR
140333 and una�ected by the NK2 receptor antagonist SR
48968. Conversely, the e�ects of the NK2 receptor agonist
[Nle10]-neurokinin A(4 ± 10) were speci®cally inhibited by the
NK2 receptor antagonist and una�ected by the NK1 receptor
antagonist. Similar results have been obtained by Charette et
al. (1994) in the same preparation. This indicates that both
NK1 and NK2 receptors are present in the guinea-pig isolated
tracheal smooth muscle (McKee, 1993) and that stimulation of
these receptors produced changes in both membrane potential
and contractions. The apparent pA2 value found in this study
for the NK2 receptor antagoinst SR 48968 is similar to the
values which have been previously published for the guinea-pig
and hamster trachea or for the rabbit urinary bladder (Ad-
venier et al., 1992; Charette et al., 1994; Maggi et al., 1994), but
one order of magnitude lower than the values found in pre-
parations such as the rabbit pulmonary artery (contractile re-
sponse) or the human bronchus (Advenier et al., 1992;
Emonds-Alt et al., 1992). However, the apparent pA2 value
found in this study for the NK1 receptor antagonist SR 140333
is two to three order of magnitude lower than the pD'2 ob-
tained for this compound in tissues such as the rabbit pul-
monary artery (endothelium-dependent relaxation), guinea-pig

ileum or the human bronchus (Emonds-Alt et al., 1993; Croci
et al., 1995; Naline et al., 1996). In the guinea-pig trachea, NK1

receptor antagonists are considerably more e�ective (52 order
of magnitude) when tested against a NK1 speci®c receptor
agonist such as [Sar9, Met(O2)

11]-substance P than against
substance P itself (Charette et al., 1994). Furthermore, in this
work and in the study of Charette et al. (1994) a marked sy-
nergism was observed between the NK1 and the NK2 receptor
antagonists. The simplest explanation of these data would be
that substance P, behaving as a non-selective agonist, interacts
with another neurokinin receptor subpopulation such as the
NK2 receptor subtype. However, this explanation is probably
too simplistic as, ®rstly, SR 48968, even at high concentrations,
does not individually in¯uence the contractile response to
substance P. Secondly, the inhibition by SR 48968 of the
contractile response induced by the speci®c agonist [Nle10]-
neurokinin A(4 ± 10) was also potentiated by a concentration
of SR 140333 which is totally inactive at the NK2 receptor.
These data suggest some form of cross-talk between the NK1

and NK2 receptors in the guinea-pig tracheal smooth muscle
cells. This study does not allow us to elucidate this phenom-
enon.

Capsaicin interacts with receptors present at the sensory C-
®bre endings (Lundberg & Saria, 1983; Bevan & Szolcsanyi,
1990) to release neuropeptides, including tachykinins (Maggi
& Meli, 1988). In the smooth muscle cells of guinea-pig iso-
lated trachea, capsaicin induced contractions and changes in
the membrane potential. These electrical events were similar to
those evoked by NK1- and NK2-speci®c agonists when used
alone. Each speci®c antagonist (SR 140333 and SR 48968)
partially inhibited the electrical response although the con-
tractile response was not a�ected. The combination of the two
antagonists fully abolish the electrical and mechanical re-
sponses. This con®rms that capsaicin releases endogenous ta-
chykinins which interact with both the NK1 and the NK2

receptor populations (Bertrand et al., 1993; Charette et al.,
1994; Ellis & Undem, 1994; Mitchell et al., 1995; Robineau et
al., 1995). However, a preferential activation of NK2 receptors
by endogenous tachykinins released by capsaicin has been
demonstrated (Ellis & Undem, 1994; Mitchell et al., 1995). In
our study, SR 48968 alone did not a�ect the contractile re-
sponse, although a partial inhibition of the depoarlization was
observed. Experimental conditions such as whether or not
peptidase inhibitors are present, the use of rings versus strips,
performing cumulative concentration-response curves versus
single dose applications or submitting the tissue to a previous
exposure to KCl may explain these discrepancies. In the pre-
sence of both inhibitors, capsaicin consistently induced a re-
laxation of the spontaneous basal tone of the guinea-pig
isolated tracheal rings. This phenomenon was not associated
with a hyperpolarization of the cell membrane. Its origin is
unexplained at present but has been observed by other inves-
tigators (Mitchell et al., 1995). The tachykinin NK3 selective
receptor agonist [MePhe7]-neurokinin B induced contractile
responses, but no changes in membrane potential. The e�ect of
the NK3 receptor agonist could be explained by a pharmaco-
mechanical coupling in the activation of an NK3 receptor lo-
cated on the smooth muscle cells (Bolton, 1979). However this

Table 2 E�ects of SR 140333 (10±7 M), SR 48968 (10±7 M) and their combination on tachykinin- and capsaicin- (10±6 M) induced
changes in membrane potential (mV) of guinea-pig tracheal smooth muscle cells

SR 140333 SR 48968 SR 140333+SR48968
Control +Agonist Control +Agonist Control +Agonist

Substance P
[Nle10] NKA (4 ± 10)
Capsaicin

744+7
746+2
742+3

741+3
733+2 (***)
735+2

743+2
745+2
742+2

730+8 (**)
739+2
735+5

744+2
743+4
741+4

741+4
737+2
740+2

Data are shown as mean+s.e.mean (n=4 to 24 cells). The physiological salt solution contained tetraethylammonium (8610±3 M) and
the experiments were performed in presence of captopril (10±6 M) and phosphoramidon (10±5 M). Asterisks indicate a statistically
signi®cant di�erence from respective control values (unpaired t test: **P<0.01; ***P<0.001).
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hypothesis is unlikely as there are very few or no NK3 recep-
tors in the guinea-pig airway smooth muscle (Maggi et al.,
1991; Ellis et al., 1993; Yuan et al., 1994) and the contraction
to [MePhe7]-neurokinin B is inhibited by the combination of
NK1 and NK2 receptor antagonists. Indeed, SR 48968 and SR
140333 are virtually inactive at the NK3 receptor subtype
(Advenier et al., 1992; Emonds-Alt et al., 1993; Maggi et al.,
1993; Oury-Donat et al., 1995). Although the contractile e�ects
of [MePhe7]-neurokinin B was similar to the response pro-
voked by capsaicin, the activation of an NK3 prejunctional
receptor leading to the release of neurokinins (in this respect
mimicking the e�ect of capsaicin) is also unlikely because the
NK3 receptor agonist did not produce the same level of de-
polarization as capsaicin, suggesting that [MePhe7]-neurokinin
B did not release endogenous tachykinins. One possible ex-

planation for our results is that [MePhe7]-neurokinin B exhi-
bits partial agonism at the NK1 and NK2 receptors (Regoli et
al., 1994).

In conclusion, our study demonstrates that both NK1 and
NK2 tachykinin receptors induced depolarization and con-
traction of guinea-pig tracheal smooth muscle cells and that
both receptors are stimulated during endogenous release of
tachykinins by capsaicin.

The authors are indebted to Dr R. Small for allowing us to develop
the intracellular recording in the guinea-pig trachea and thanks to
Mrs C. Thomas-Haimez, L. Maio®ss and D. Grandsard for the
statistical analysis.
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