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Abstract Chronic exposure to (3,-adrenoceptor agonists,
especially fenoterol, has been shown to increase smooth
muscle contraction to endothelin-1 in human bronchi
partly through tachykinin-mediated pathways. The pur-
pose of this work was to further investigate the role of
sensory nerves in fenoterol-induced sensitization of human
airways and the effect of nociceptin, a nociceptin/orphanin
FQ (NOP) receptor agonist, on the increase in contraction
after fenoterol exposure. Human bronchi from 62 patients
were sensitized to endothelin-1 by prolonged incubation
with fenoterol (0.1 uM, 15 h). The sensitizing effect of
fenoterol was inhibited by high concentration of capsaicin
(10 uM, 30 min before fenoterol sensitization), which
induces depletion of mediators from sensory nerves, or co-
incubation of fenoterol and capsazepine (1 uM), a
vanilloid TRPV-1 receptor antagonist. Moreover, short
pretreatment of bronchi with capsaicin (10 uM) or
capsazepine (1 puM) after sensitization by fenoterol
decreased the rise in smooth muscle contraction to
endothelin-1. Nociceptin (1 puM) also inhibited the
increased contraction in fenoterol-sensitized bronchi.
Tertiapin (10 uM), an inhibitor of the inward-rectifier K*
channels, but not naloxone (0.1 uM), a DOP/KOP/MOP
receptor antagonist, prevented the inhibitory effect of
nociceptin. In conclusion, fenoterol induces sensitization
of human isolated bronchi to endothelin-1 in part through
the stimulation of the vanilloid TRPV-1 receptor on

C. Faisy (D<) - E. Naline - C. Rouget - P.-A. Risse - T. Chinet -
N. Roche - C. Advenier

Unité de Recherche de I’Enseignement Supérieur, Equipe
d’Accueil 220, Faculté de Médecine Paris-Ile de France-Ouest,
Unité de Formation et de Recherche Biomédicale des Saint-
Péres,

45 rue des Saint-Péres,

75006 Paris, France

e-mail: christophe.faisy@wanadoo.fr

Fax: +33-1-42863810

C. Faisy - E. Guerot - J.-Y. Fagon

Service de Réanimation Médicale, Hopital Européen Georges
Pompidou,

20 rue Leblanc,

75908 Paris Cedex 15, France

tachykininergic sensory nerves. Nociceptin inhibits airway
hyperresponsiveness via NOP receptor activation. This
effect involves inward-rectifier K channels.

Keywords Tachykinins - Nociceptin - Vanilloid TRPV-1
receptor - 3,-Adrenoceptor - Airway hyperresponsiveness -
Asthma

Introduction

Nociceptin is a heptadecapeptide isolated in 1995
(Meunier et al. 1995; Reinscheid et al. 1995) which acts
through the opioid receptor-like 1 also called nociceptin/
orphanin FQ (NOP) receptor. In guinea pig airways,
nociceptin inhibits electrical field-induced tachykininergic
contraction of isolated bronchus (Fischer et al. 1998),
acetylcholine release by trachea (Patel et al. 1997), and
capsaicin-induced bronchoconstriction in isolated lung
(Corboz et al. 2000). In rat, nociceptin inhibits capsaicin-
induced release of substance P (SP) and calcitonin gene-
related peptide (CGRP) from trachea (Nemeth et al. 1998).
Finally, in vivo studies have shown that nociceptin inhibits
cough provoked by capsaicin in the guinea pig or by
mechanical stimulation of intra-thoracic airways in the cat
(Bolser et al. 2001; McLeod et al. 2001). All these results
suggest that nociceptin inhibits both cholinergic and
sensory nerves activation in the airways but, to the best
of our knowledge, its role in the regulation of human
airway hyperresponsiveness has not been studied so far.
Tachykininergic afferent sensory nerves in the respira-
tory tract include unmyelinated C-fibers and thinly
myelinated Ad fibers which project to the airway epithe-
lium via a dense and continuous pathway (Lamb and
Sparrow 2002). They play an important role in the
regulation of airway smooth muscle tone and neurogenic
inflammation through storage and release of SP and
neurokinin A (NKA) acting via the neurokinin NK; and
NK, receptors, respectively (Canning and Fisher 2001;
Goldie et al. 2001; Undem et al. 1999). Sensory nerves are
reactive to several stimuli including chemical stimuli such
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as acidic solution or changes in osmolarity or electrolytes
concentration (Hunter et al. 2000; Pedersen et al. 1998;
Riccio et al. 1996). They are also stimulated by chemical
substances or mediators like capsaicin or lipoxygenase
products such as 12 and 15-hydroperoxyeicosatetraenoic
acids (12-HPETE and 15-HPETE) and leukotriene By
(LTB4), which act via the activation of the vanilloid
TRPV-1 receptor, a member of the transient receptor
potential (TRP) channels superfamily (Hwang and Oh
2002; Tominaga et al. 1998). TRPV-1 receptor activation
is also sensitized by protein kinases A and C (PKA and
PKC) (Karschin 1999; Olah et al. 2002; Premkumar and
Ahern 2000; Vellani et al. 2001).

Fenoterol, a short acting [3,-adrenoceptor agonist, has
been used as bronchodilatator for several decades in
asthma treatment. However, regular single use of 3,-
adrenoceptor agonists may enhance bronchial hyperre-
sponsiveness leading to a deleterious effect on asthma
control. That increased risk was at first underlined,
especially with fenoterol, by studies from New Zealand
in the two last decades (Sears 2002). Other studies showed
that inhaled 3,-adrenoceptor agonists, as not only fenot-
erol, could increase airway responsiveness in human
whereas their relaxant effects on the airway smooth
muscle were not decreased (Van Schayck et al. 1990;
Spitzer et al. 1992; Cockcroft et al. 1993; Taylor et al.
1993). But pathophysiologic mechanisms involving these
untoward effects remained unclear. We recently demon-
strated that prolonged exposure to (3,-adrenoceptor ago-
nists, especially fenoterol, induces sensitization of human
bronchi to endothelin-1 (ET-1), a contractile peptide
strongly implicated in chronic inflammatory airway
diseases such as asthma and chronic obstructive pulmo-
nary disease (Michaél and Markewitz 1996; Hay 1998),
and that this phenomenon involves tachykinins (Faisy et
al. 2002).

We hypothesized that sensory nerves are involved in
fenoterol-induced airways sensitization through the acti-
vation of the TRPV-1 receptor, and that nociceptin may
reduce this hyperresponsiveness through an inhibition of
tachykinin release. The purpose of this work was to further
investigate the role of the tachykinergic sensory nerves in
the mechanisms of fenoterol-induced human airway
sensitization to ET-1 and then to determine the effects of
nociceptin on the contraction of the fenoterol-sensitized
human bronchi. This would provide a more rational use of
[3,-adrenoceptor agonists in asthma.

Materials and methods

Human bronchial tissue preparations The study was
approved by our local Ethic Committee. Bronchial tissues
were surgically removed from 69 patients (49 men and 20
women, 63+10 years of age) with lung cancer; all patients
were smokers or ex-smokers. Tobacco smoke was stopped
4 weeks before surgical procedure in all smokers. Just
after resection, segments of human bronchi with an inner
diameter of 1-2 mm were collected as far as possible from

the malignant lesion. We used only macroscopically
normal bronchi and the absence of tumoral infiltration
was retrospectively established in all bronchi. They were
placed in oxygenated Krebs—Henseleit solution (composi-
tion in mM: NaCl 119, KCI 4.7, CaCl, 2.5, KH,PO, 1.2,
NaHCOj3 25 and glucose 11.7). After removal of adhering
lung parenchyma and connective tissues, rings of the same
bronchus were prepared (5-7 mm length x 1-2 mm
internal diameter) and divided into two paired groups
(control and pretreated bronchi). To standardize weight
between control and pretreated bronchi, we paired (length
and diameter) the rings of the same segment of the
dissected bronchus before randomization by another
investigator.

Experimental procedures In a first protocol, one group of
bronchi (control) was placed in Krebs—Henseleit solution
at room temperature for 15 h. The other group (pretreated)
was incubated for 15 h at room temperature with:

1. Fenoterol at 0.1 uM

2. A mixture of fenoterol (0.1 uM) and propranolol
(0.1 uM), a non-selective beta-adrenoceptor antago-
nist

3. Capsazepine (1 uM), a synthetic antagonist of the
TRPV-1 receptor

4. A mixture of fenoterol (0.1 puM) and capsazepine
(I uM)

5. Vehicle of capsaicin (1% ethanol)

6. In the last group, bronchi were first pretreated with
capsaicin at high concentration (10 puM, 30 min),
which induces depletion of tachykinins from C-fibers
and degeneration of sensory nerves (Ellis and Undem
1994a; Fischer et al. 1998; Kiraly et al. 1991; Nemeth
et al. 1998); bronchi were then bathed with fresh
Krebs—Henseleit solution to washout tachykinins and
they were finally incubated with fenoterol (0.1 uM,
15 h, room temperature). Capsaicin, capsazepine and
fenoterol concentrations, incubation time and temper-
ature were chosen according to previously published
data (Faisy et al. 2002; Olah et al. 2002; Pinto et al.
2002; Szallasi et al. 1995; Trevisani et al. 2002).
Nociceptin was not used in this protocol because of its
rapid degradation (Calo et al. 2000).

After 15 h of incubation at room temperature with tested
agents, experiments were performed in parallel (control
and pretreated). The bronchial rings were suspended on
hooks in 5 ml organ bath containing Krebs—Henseleit
solution, gassed with 95% O,, 5% CO, and maintained at
37°C. Each preparation was connected to a force dis-
placement transducer (Statham UF1) and isometric tension
changes were recorded on a polygraph. Preparations were
equilibrated for 60 min. Bronchial rings were washed with
fresh Krebs—Henseleit solution every 10 min and a load of
1-1.5 g was maintained throughout the first 30 min of the
equilibrium period. Cumulative concentration—response
curves to ET-1 (0.1 nM to 0.1 puM, with logarithmic
increments) were then obtained.

To investigate the mechanisms of changes in ET-1-



mediated contraction after sensitization by fenoterol, we
conducted a second protocol where drugs were added to
the organ bath at 37°C before addition of ET-1, but after
15 h of incubation at room temperature. Bronchi that were
previously sensitized with 0.1 uM fenoterol and their
controls were treated with:

1. Capsaicin at high concentration (10 uM); addition of
capsaicin was followed by a 30-min stabilization
period then by washes with fresh Krebs—Henseleit
solution and, 30 min later, the concentration—response
curves to ET-1 were performed

2. Capsazepine (I pM) added 20 min before ET-1
contraction

3. Nociceptin (1 uM), a NOP agonist, added 20 min
before ET-1 contraction

4. Naloxone (0.1 uM), a non-selective DOP/KOP/MOP
receptor antagonist, added 20 min prior to the addition
of nociceptin (1 uM) (Calo et al. 2000; Fischer et al.
1998; Patel et al. 1997)

5. Tertiapin (10 uM), an inhibitor of the inward-rectifier
K" channels, added 40 min prior to the addition of
nociceptin (1 uM; Drici et al. 2000; Jin and Lu 1998;
Yamada 2002). To prevent degradation by endopepti-
dases, peptidase inhibitors (captopril, amastatin,
bestatin and phosphoramidon, 10 uM each) were
added in organ bath before nociceptin according to
previously published data (Calo et al. 2000, 2002; Jia
et al. 2002; Sakurada et al. 2002).

Drugs Fenoterol, a 50:50 mixture of (R)-isomers and (S5)-
isomers, was purchased from Boehringer (Ingelheim,
Germany); ET-1, amastatin, bestatin, phosphoramidon,
propranolol, capsaicin, capsazepine and naloxone from
Sigma (St Louis, MO, USA); nociceptin and tertiapin from
Bachem (Voisin le Bretonneux, France); captopril from
Bristol-Myers Squibb (Epernon, France). All drugs were
dissolved in distilled water except capsaicin which was
dissolved in ethanol at stock concentration of 25 mM. ET-
1 was dissolved in water at stock concentration of
0.25 mM and kept in small aliquots (200 pl) at —20°C
until used. A fresh aliquot was used for each experiment.

Data analysis and terminology Values are means + SEM.
Each experiment was paired with its own control.
Contractile responses are expressed in contraction (g) as
follow: contraction (g) = total measured tension — basal
tone. Eax represents the maximal contraction induced by
0.1 uM ET-1 (Bertrand et al. 1999). AE,., represents the
difference between FE,, obtained with the bronchi
pretreated by tested agents and E,,,x obtained with the
paired control human bronchi. AE,,, is expressed in
contraction (g). Because sensitization of human bronchi by
fenoterol is characterized by an increase in maximal
contraction to 0.1 uM ET-1 (Faisy et al. 2002), analysis of
data was performed from the sample of bronchi with
AE .x of ET-1>0 after 15 h of fenoterol exposure.
Statistical analysis of the results was performed using
Student’s #-test, two-tailed, for paired sample (StatView
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5.0, SAS Institute, Inc., Cary, NC, USA). P<0.05 was
considered significant.

Results
Fenoterol-induced sensitization

Incubation of the 69 bronchi with fenoterol (15 h, 21°C,
0.1 uM) significantly increased their maximal contraction
to 0.1 uM ET-1 (2.21+0.12 g in presence of fenoterol
versus 1.62+0.08 g in paired control bronchi, AE,,,,=0.59
+0.09 g; Fig. 1). Sixty-two bronchi (90%) were sensitized
by prolonged exposure to fenoterol. Also, seven bronchi
(10%) were discarded from analysis.

Effect of propranolol on fenoterol-induced
sensitization

Incubation of human bronchi with propranolol alone (15 h,
21°C, 0.1 uM) did not change their maximal contraction
to ET-1 (n=14, AE,,x=0.04+0.14 g, not significant). In
contrast, propranolol (0.1 uM, coincubated with fenoterol)
abolished the rise in maximal response to ET-1 elicited by
fenoterol in paired bronchi (Fig. 2).

Effect of capsazepine on fenoterol-induced
sensitization

Capsazepine alone (1 uM, 15 h, 21°C) had no effect on the
E nax of ET-1 (=10, AE,,x=0.02+0.13 g, not significant),
but, when coincubated with fenoterol, abolished the rise in
maximal response to ET-1 elicited by fenoterol (Fig. 3a).
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Fig. 1 Concentration—response curves for endothelin-1 (ET-1) in
human bronchi after 15 h of incubation at room temperature with
0.1 uM fenoterol and in paired controls. AE,,: difference between
maximal contraction to 0.1 uM ET-1 in pretreated bronchi and
maximal contraction to 0.1 uM ET-1 in paired control bronchi.
Values are means £ SEM (n=69). ***P<(0.0001 fenoterol versus
paired control
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Propranolol "
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Fig. 2 Effect of propranolol on the increase in £, of ET-1 induced
by fenoterol (15 h, room temperature, 0.1 pM) in human bronchi.
Values are means + SEM (n=14). *P<0.05 versus paired control
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Fig. 3 Effect on the increase in E,x of ET-1 induced by 0.1 uM
fenoterol of a co-incubation for 15 h at room temperature of
capsazepine, an antagonist of the TRPV-1 receptor, with fenoterol
(n=10); b pre-incubation with high concentration of capsaicin (10 p
M, 30 min), which induces depletion of tachykinins from C-fibers,
before fenoterol exposure (n=7). Values are means = SEM. *P<0.05
versus paired control

Effect of pre-incubation of bronchi with capsaicin
before fenoterol-induced sensitization

In preliminary experiments, incubation of human bronchi
with vehicle of capsaicin (1% ethanol, 15 h, 21°C) did not

a
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Fig. 4 Effect of a short pretreatment with a high concentration of
capsaicin (30 min, 37°C) followed by washes (n=10); b capsazepine
(20 min, 37°C), an antagonist of the TRPV-1 receptor (n=11), on the
rise in E,,, of ET-1 after sensitization by fenoterol (15 h, 0.1 uM).
Values are means £ SEM. *P<0.05; **P<0.01 versus paired control

change their maximal contraction to ET-1 (n=11, AE .=
—0.07+0.09 g, not significant). In the absence of fenoterol
exposure, pre-incubation of bronchi with high concentra-
tion of capsaicin (10 uM, 30 min) had no effect on the
E ax of ET-1 (n=7, AE,,x=0+0.17 g, not significant). In
paired bronchi, sensitization by fenoterol was significantly
decreased by preincubation with high concentration of
capsaicin (Fig. 3b).

Effect of capsaicin on ET-1-mediated contraction after
sensitization by fenoterol

After 15 h of incubation at room temperature (21°C), a
short pretreatment with high concentration of capsaicin
(30 min, 37°C, 10 uM) did not change the maximal
contraction of human bronchi to ET-1 (n=10, AE,,,,=0.22
+0.25 g, not significant). In paired bronchi previously
sensitized by fenoterol, short pretreatment with capsaicin
abolished the rise in maximal response elicited by
fenoterol exposure (Fig. 4a).
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Fig. 5 Effect of a short pretreatment (20 min, 37°C) with
nociceptin, a NOP receptor agonist (#=18), on the rise in Ej . of
ET-1 after sensitization by fenoterol (15 h, 0.1 uM). Values are
means = SEM. **P< 0.01 versus paired control

Effect of capsazepine on ET-1-mediated contraction
after sensitization by fenoterol

A short pretreatment (20 min, 37°C) with capsazepine
(1 uM) did not change the maximal contraction of human
bronchi to ET-1 (n=11, AE,,,=0.01+£0.15 g, not signifi-
cant). In paired bronchi previously sensitized by fenoterol,
short pretreatment with capsazepine significantly de-
creased the rise in maximal response to ET-1 elicited by
fenoterol (Fig. 4b).

Effect of nociceptin on ET-1-mediated contraction
after sensitization by fenoterol

In preliminary experiments we found that short pretreat-
ment (30 min, 37°C) with a combination of protease
inhibitors (captopril, amastatin, bestatin and phosphora-
midon, 10 pM each) did not change the maximal
contraction to ET-1 in the absence or presence of
pretreatment with fenoterol (n=19, AE,,,,=—0.09+£0.14 g,
not significant and AE,,,,=0.15+0.14 g, not significant,
respectively). In the absence of fenoterol exposure, short
pretreatment (20 min, 37°C) with nociceptin (I uM) had
no effect on the maximal contraction to ET-1 (n=18,
AE,.x=0.03+0.15 g, not significant). In paired bronchi
previously sensitized by fenoterol, nociceptin (1 uM)
abolished the increase of maximal contraction to ET-1

(Fig. 5).

Action of naloxone and tertiapin on the inhibitory
effect of nociceptin

In the absence of pretreatment with fenoterol, a short
pretreatment with naloxone (20 min, 37°C, 0.1 pM) prior
to nociceptin (1 uM) had no effect on the maximal
contraction of human bronchi (n=12, AE,~=0.07
+0.14 g, not significant). In paired bronchi previously
sensitized by fenoterol, naloxone did not alter significantly
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Fig. 6 Action of a naloxone, a non-selective DOP/KOP/MOP
receptor antagonist (n=12); b tertiapin, an inhibitor of the inward-
rectifier K channels (#=17), on nociceptin inhibitory effect after
sensitization of human bronchi by fenoterol (15 h, 0.1 uM). Values
are means + SEM. **P<(0.01 versus paired control. n.s not
significant

the inhibitory effect of nociceptin (Fig. 6a). In contrast,
addition of tertiapin (40 min, 37°C, 10 uM) prior to
nociceptin (1 uM) completely reestablished the fenoterol-
induced potentiation of the maximal contraction to ET-1 in
sensitized bronchi (Fig. 6b). In the absence of pretreatment
with fenoterol, addition of tertiapin (10 uM) followed by
nociceptin (1 uM) had no effect on the maximal contrac-
tion of paired bronchi (n=17, AE,,,,=0.09+0.12 g, not
significant).

Discussion

In this study, we demonstrate that sensitization of human
isolated bronchi by a prolonged incubation with fenoterol
involves in part the release of mediators from sensory
nerve endings via the TRPV-1 receptor since sensitization
to ET-1 is decreased by both co-incubation with
capsazepine and pre-incubation with high concentration
of capsaicin. Furthermore, after airway sensitization by
fenoterol, short pretreatments with capsaicin at high
concentration, capsazepine or nociceptin decrease the
rise in maximal contraction to ET-1. This suggests that,
in fenoterol-sensitized bronchi, the increase of contraction
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involves sensitization of TRPV-1 receptors in sensory C-
fibers.

Role of sensory nerves in fenoterol-induced airways
sensitization

Results of a previous study in our laboratory have
suggested that sensory nerves may be involved in the
increased response to ET-1 elicited by fenoterol in human
isolated bronchi, since a combination of tachykinin NKj,
NK, and NKj receptor antagonists avoided this airway
sensitization (Faisy et al. 2002). Moreover, animal studies
underlined that in vitro chronic exposure to fenoterol
induced an increased expression of the mRNA for NK;
and NK, receptors in bovine tracheal smooth muscle and
in isolated guinea pig trachea (Katsunuma et al. 1999;
Pinto et al. 2002). In contrast to the NK; and NKj receptor
antagonists SR 140333 and SR 142801, the NK, receptor
antagonist SR 48968 did not reduce the fenoterol-induced
hyperreactivity in isolated guinea pig trachea (Pinto et al.
2002). This discrepancy might be explained by the
regulatory role of NK, receptors in airway hyperrespon-
siveness in nervous components which are not studied in
in vitro conditions (Ellis and Undem 1994b).

Sensory nerves release their peptides content (tachyki-
nins, CGRP) after capsaicin-induced activation of the
vanilloid TRPV-1 receptor characterized by its respon-
siveness to noxious stimuli such as acid and heat.
Recently, ethanol was shown to cause a release of SP
via the TRPV-1 receptor and to enhance nociceptor
responses in the rat (Trevisani et al. 2002). Our results
differ from these data since incubation of human bronchi
with ethanol at the same concentration is unable to elicit
the increase of the contractile response to ET-1. Duration
of incubation and species differences may constitute
possible explanations of these conflicting results. TRPV-
1 receptors can also be activated by endogenous lipoxy-
genase products such as 12-HPETE and 15-HPETE or
LTB,4, which are known to be released from bronchial
epithelial cells (Holtzman 1992; Shelhamer et al. 1995).
TRPV-1 receptor activity is also modulated and activated
by many factors including adenosine triphosphate, phos-
pholipase C, PKA and PKC (Chuang et al. 2001; De
Petrocellis et al. 2001; Kwak et al. 2000; Premkumar and
Ahern 2000; Vellani et al. 2001). In this paper, we observe
that co-incubation with capsazepine, an antagonist of the
TRPV-1 receptor, abolishes the fenoterol-induced sensitiz-
ing effect. In addition, a short pre-incubation with
capsaicin at high concentration, causing depletion in
neuropeptides and neurotoxic axonal degeneration, de-
creases the fenoterol-induced airway sensitization. This
decreased response of tachykinergic C-fibers is in
agreement with our precedent results since tachykinins
receptor antagonists decrease fenoterol-induced sensitiza-
tion to ET-1 and abolish the increase of maximal
contraction to ET-1 in fenoterol-sensitized bronchi (Faisy
et al. 2002). However, although smoking ceased 4 weeks
before surgical resection in our smoker patients, chronic

tobacco smoke could also influence the responsiveness of
the bronchi. Indeed, it has been shown that chronic
tobacco smoke enhance lung C-fibers in sensitized guinea
pigs (Bergren 2001).

We have also shown in this study that a non-selective
beta-adrenoceptor antagonist, propranolol, abolishes the
fenoterol-induced sensitization, suggesting the involve-
ment of [,-adrenoceptor stimulation in the cause of
airway sensitization (Faisy et al. 2002). Indeed, sensitiza-
tion of human isolated bronchi to ET-1 is not specific of
fenoterol since it is observed with others drugs which
increase cCAMP and PKA formation, such as forskolin and
also f3,-adrenoceptor agonists (salbutamol, terbutaline,
formoterol and salmeterol) in a range of pharmacological
concentrations inducing relaxation of smooth muscle
(Faisy et al. 2002). Interestingly, Ho and colleagues
demonstrated that prostaglandin E, (PGE,), a prostanoid
which also increases cAMP intracellular concentration
(England et al. 1996; Taiwo et al. 1989), induced
hypersensitivity of pulmonary C-fibers to chemical and
mechanical stimuli in the rat (Ho et al. 2000). It has been
shown that PGE, increases the phosphorylation of the
tetrodotoxin-resistant Na' channel via the cAMP-PKA
cascade and reduces the amplitude of voltage-gated K"
currents in the rat ganglion neurons (England et al. 1996).
This was also demonstrated in human embryonic kidney
cells where forskolin, an adenylate cyclase activator, and
the cAMP analogue 8-bromo-cAMP increased the activa-
tion of TRPV-1 receptor by anandamide, an agonist of the
TRPV-1 receptor (De Petrocellis et al. 2001; Hwang et al.
2000). Forskolin also enhanced the TRPV-1-mediated
constriction by anandamide in isolated guinea pig bronchi
and the anandamide-induced release of SP in rat dorsal
root ganglia slices (De Petrocellis et al. 2001). In addition,
PKC activation can sensitize human transfected TRPV-1
receptors to capsaicin in Xenopus oocytes (Crandall et al.
2002). These findings suggest that chronic exposure to
fenoterol could sensitize sensory nerves via a kinase-
dependent phosphorylation of ion channels and change in
membrane potential. We previously established that
calphostin C, a PKC inhibitor, is able to inhibit fenot-
erol-induced human airways sensitization (Faisy et al.
2002). However, the links between the increase of cAMP
and the PKC activation, on the one hand, and the C-fibers
stimulation, on the other hand, remain unclear and need
further investigations.

Effect of nociceptin on ET-1-mediated contraction in
sensitized bronchi

Opioid and opioid-like receptors are expressed in sensory
nerves and seem to play a crucial role in the regulation of
mediator’s release. The NOP receptor agonist nociceptin
inhibits capsaicin-induced bronchoconstriction as well as
acetylcholine release from airways in guinea pigs (Corboz
et al. 2000; Fang et al. 2001; Jia et al. 2002; Peiser et al.
2000; Rizzi et al. 1999). Nociceptin also inhibits cough in
the guinea pigs (McLeod et al. 2001) and in the cats
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Fig. 7 Proposed mechanisms underlying the nociceptin inhibitory
effect on human airway neurosensitization induced by fenoterol.
Prolonged exposure of human bronchus to fenoterol induces a
TRPV-1 receptor activation on sensory nerves, maybe via a pathway
involving protein kinases C (see Discussion in the text). Stimulation
of the TRPV-1 receptor enhances neuropeptide release and
contributes to the rise in ET-1-mediated contraction of airway

(Bolser et al. 2001). In our study, nociceptin inhibits the
increased airway smooth muscle contraction in fenoterol-
sensitized bronchi. Moreover, we have shown that, in
fenoterol-sensitized human bronchi, the inhibition by
nociceptin of the raised smooth muscle contraction to
ET-1 is naloxone insensitive, suggesting that nociceptin
acts on sensory nerves via a receptor different from the
classic opioid receptors (Calo et al. 2000; Fischer et al.
1998; Stretton et al. 1992). Nociceptin could inhibit
tachykinins release from sensory nerves through a
hyperpolarizing K" current. Indeed, we have established
in the present study that the inward-rectifier K channels
blocker, tertiapin (Drici et al. 2000; Jin and Lu 1998;
Kitamura et al. 2000), abolished the inhibitory effect of
nociceptin. Jia et al. (2002) also found in isolated guinea
pig lung that tertiapin abolished the nociceptin’s inhibition
of capsaicin-induced airway smooth muscle contraction,
demonstrating that this effect is mediated by inward-
rectifier K* channels activation. In addition, tertiapin
antagonizes the inhibitory effect of nociceptin on capsa-
icin-induced (Ca*")-rise in isolated guinea-pig nodose
ganglia cells (Jia et al. 2002). A membrane hyperpolariz-
ing effect of nociceptin by activation of an inward-rectifier
K" conductance has been reported in other tissues such as
[3-endomorphin neurons, other neurosecretory cells in the
hypothalamic arcuate nucleus and hippocampal pyramidal
cells (Ikeda et al. 1997; Lee et al. 1997, Wagner et al.
1998). However, a variety of K’ channels have been

st
s | s
Heat, H* /n

Capsaicin

smooth muscle. Nociceptin counteracts this effect by activating an
inward-rectifier K' channel (Kir), which reduces neuropeptide
release from sensory nerve endings via a membrane hyperpolariza-
tion. CGRP calcitonin gene-related peptide, NKA neurokinin A,
NOP nociceptin/orphanin FQ receptor, SP substance P, TRPV-1
vanilloid TRPV-1 receptor

identified in the control of the cell membrane potential
(Karschin 1999; Sebille et al. 2004) and our study lacks in
the recognition of which K channel is involved in the
fenoterol-sensitization because tertiapin is not a selective
inward-rectifier K~ (Kir) channel blocker (Jin and Lu
1998). Although Kir3 channels were activated by NOP
receptors in Xenopus oocytes and mammalian cells
(Karschin 1999), additional studies are needed to precise
this point in human bronchus and potassium channel
openers such as cromakalim could be an alternative
approach to explore the mechanisms of sensitization
induced by fenoterol (Sebille et al. 2004).

In summary, as shown in Fig. 7, our study suggests that
prolonged exposure to fenoterol induces a neurosensitiza-
tion of isolated human bronchi, involving, at least in part,
the TRPV-1 receptor of the tachykinergic sensory nerves.
Nociceptin, a NOP receptor agonist, inhibits the potenti-
ation of ET-1-mediated contraction in fenoterol-sensitized
human bronchi through a pathway involving inward-
rectifier K* channels activation on sensory nerves.
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