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1 Nociceptin/orphanin FQ (N/OFQ) is the endogenous peptide ligand for a specific G-protein
coupled receptor, the N/OFQ peptide receptor (NOP). The N/OFQ-NOP receptor system has been
reported to play an important role in pain, anxiety and appetite regulation. In airways, N/OFQ was
found to inhibit the release of tachykinins and the bronchoconstriction and cough provoked by
capsaicin.

2 Here we evaluated the effects of NOP receptor activation in bronchoconstriction and airway
microvascular leakage induced by intraesophageal (i.oe.) hydrochloric acid (HCI) instillation in
rabbits. We also tested the effects of NOP receptor activation in SP-induced plasma extravasation and
bronchoconstriction.

3 In anesthetized New Zealand rabbits bronchopulmonary function (total lung resistance (R) and
dynamic compliance (Cqy,)) and airway microvascular leakage (extravasation of Evans blue dye) were
evaluated.

4 Infusion of i.oe. HCI (1N) led to a significant increase in bronchoconstriction and plasma
extravasation in the main bronchi and trachea of rabbits pretreated with propranolol, atropine and
phosphoramidon.

5 Bronchoconstriction and airway microvascular leakage were inhibited by N/OFQ (3-30 ugkg™'
i.v.) in a dose-dependent manner. The NOP receptor agonist [Arg'4,Lys'’]N/OFQ mimicked the
inhibitory effect of N/OFQ, being 10-fold more potent, UFP-101, a peptide selective NOP receptor
antagonist, blocked the inhibitory effects of both agonists.

6 Under the same experimental conditions, N/OFQ and [Arg'* Lys'° ]N/OFQ did not counteract the
bronchoconstriction and airway microvascular leakage induced by substance P.

7 These results suggest that bronchoconstriction and airway plasma extravasation induced by i.oe.
HCl instillation are inhibited by activation of prejunctional NOP receptors.
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Introduction

Nociceptin/orphanin FQ (N/OFQ) (Meunier et al., 1995;
Reinscheid ez al., 1995) is the endogenous peptide ligand for a
specific opioid like G-protein coupled receptor recently named
N/OFQ peptide receptor (NOP) (Cox et al., 2000). The
N/OFQ-NOP receptor system has been reported to play an
important role in various central functions such as pain,
anxiety, memory, locomotion and appetite regulation as well
as in the periphery on the cardiovascular, renal, gastrointest-
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inal and airway systems (Calo et al., 2000; Mogil & Pasternak,
2001). NOP receptors are located both in the CNS and in the
periphery, and mRNA is expressed in upper vagal sensory
ganglia, where cell bodies of the tachykinin-containing sensory
neurons are located (Peiser et al., 2000). In addition, N/OFQ-
immunoreactive nerve fibers in the airway wall, distinct from
the tachykinin-containing fibers, were identified as a pulmon-
ary source of N/OFQ (Fischer et al., 1998; Peiser et al., 2000).

Recent data demonstrated that in the CNS, activation of
NOP receptors by N/OFQ inhibits the release of several
neurotransmitters such as noradrenaline, serotonin, acetylcho-
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line and glutamate (Schlicker & Morari, 2000). In airways,
N/OFQ was found to inhibit the contractions of the guinea-pig
isolated bronchus induced by electrical field stimulation
(Fischer et al., 1998; Shah et al., 1998; Rizzi et al., 1999), an
effect that is mediated by a prejunctional mechanism and not
involving the classical opioid receptors. Other studies showed
that N/OFQ inhibits acetylcholine release in the trachea (Patel
et al., 1997) and capsaicin-induced bronchoconstriction in
isolated lungs (Corboz et al., 2000). In vivo studies have shown
that N/OFQ inhibits bronchoconstriction and cough induced
by capsaicin in guinea-pigs (McLeod et al., 2001; Jia et al.,
2002) or by mechanical stimulation of intrathoracic airways in
the cat (Bolser et al., 2001). Finally, N/OFQ inhibits guinea-
pig airway inflammation induced by esophageal hydrochloric
acid (HCI) instillation (Rouget et al., 2004). Collectively, these
studies demonstrate that N/OFQ may influence airway
physiology by modulating cholinergic and/or tachykininergic
neurotransmission.

Gastroesophageal reflux (GER) disease is a common
condition contributing to cough, bronchoconstriction and
airway inflammation (Theodoropoulos ef al., 2002), and is
frequent in asthmatic patients (Harding et al., 2000). Several
lines of evidence suggest that GER may induce moderate
bronchoconstriction in dogs (Mansfield et al., 1981; Ishikawa
et al., 1999), rabbits (Gallelli er al., 2003), and in asthmatic
patients (Spaulding et al., 1982; Herve et al., 1986). Esophageal
HCI perfusion also induced airway plasma extravasation in
guinea-pigs (Hamamoto ez al., 1997; Daoui et al., 2002). The
mechanism by which GER might aggravate asthmatic
symptoms remains unclear. Two major mechanisms have been
proposed: (i) microaspiration of acid contents into the airways
(reflux theory) (Ishikawa et al., 1999; Ricciardolo, 2001); (ii)
involvement of vagal and sensory nerve terminals in the lower
esophagus (reflex theory) (Mansfield & Stein, 1978; Kjellen
et al., 1981; Herve et al., 1986).

Although instillation of acid into airways could induce
bronchoconstriction in animal models, pulmonary regurgita-
tion of refluxed stomach contents, has not been clearly
demonstrated in asthmatic patients with GER (Ghaed &
Stein, 1979; Berquist et al., 1981). In contrast, the involvement
of the vagus nerve and cholinergic neurotransmission in GER
induced bronchoconstriction has been demonstrated in both
animal and human studies (Mansfield ez al., 1981; Herve et al.,
1986; Colson et al., 1990; Advenier et al., 2002).

The role of sensory nerves and of tachykinins in the airway
effects of intraesophageal (i.oe.) HCI infusion has been
demonstrated in animals. Indeed, airway plasma extravasation
or bronchoconstriction (increase in total lung resistance (Ry)
and decrease in dynamic compliance (Cyy,)) induced by i.oe.
HCI infusion in guinea-pigs (Hamamoto et al., 1997; Daoui
et al., 2002) or rabbits (Daoui et al., 2002; Gallelli et al., 2003)
is abolished by pretreatment with capsaicin, a drug that
induces a depletion of tachykinins from sensory nerves or by
treatment with neurokinin receptor antagonists (Hamamoto
et al., 1997, Daoui et al., 2002; Gallelli ez al., 2003). Tachykinin
involvement in bronchoconstriction and airway microvascular
leakage has been demonstrated with tachykinin receptor
antagonists in our previous paper using this experimental
model of GER (Gallelli ef al., 2003).

Therefore, the aim of the present study was to evaluate in
the rabbit the effects of N/OFQ in airway microvascular
leakage and bronchoconstriction induced by i.oe. HCI

instillation. We also tested the effects of recently described
selective and potent NOP receptor agonist, [Arg'¢ Lys'’]
N/OFQ (Okada et al., 2000; Rizzi et al., 2002), and antagonist
UFP-101 (Calo et al., 2002), in this experimental model of
GER.

Methods
Animals

Rabbits (2.5-2.8kg) of either sex were used throughout
the study. Animals were housed at constant temperature
(21+1°C), relative humidity (55+5%), under a regular light—
dark schedule (light 0700-1900). Food and water were freely
available. The experimental procedures were in accordance
with Ttalian DL. 116/92.

Bronchopulmonary function measurement

Animals were subjected to neuroleptoanalgesia (hypnorm
0.4mlkg™"'; a mixture of fentanyl citrate 0.315mgml~" and
fluanisone 10mgml~', i.m.) and intubated with endotracheal
and endoesophageal tubes for the measurement of flow and
pleural pressure. Total lung resistance Ry and Cyy, values were
evaluated through an on-line respiratory analyzer (PMS
version 8.4, Mumed Ltd, London).

Esophageal stimulation with HCI

Following neuroleptoanalgesia, the thoracic wall was partly
sectioned at the level of the 3rd—5th tracheal cartilage ring and
a catheter placed in the midesophagus for HCI infusion. The
upper portion of the esophagus was ligated to inhibit HCl
leakage, while a latex balloon attached at the end of
endoesophageal tube for pleural pressure, blocked all commu-
nication between esophagus and stomach.

Measurement of airway microvascular leakage

Vascular permeability was quantified by the extravasation of
Evans blue dye (Rogers et al., 1988). Evans blue dye
(30mgkg™") was injected into the rabbit’s ear marginal vein
followed 1-min later by i.oe. HCI 1N or saline (0.4 ml). After
the induction of leakage (10 min after completion of the i.oe.
HCl infusion), the thorax was opened and a blunt ended 13-14-
gauge needle was passed through a left ventriculotomy into the
aorta. The ventricule was cross-clamped and blood was
expelled through an incision into the right atrium at 80 mmHg
pressure with 700 ml of phosphate buffer. The lung was then
removed and dye concentration was evaluated as previously
described (Daoui et al., 2002).

Experimental protocol

All animals were pretreated 30min before experimentation
with atropine (1 mgkg™', i.p.) and propranolol (1 mgkg~", i.p.)
to block muscarinic and beta-adrenergic receptors, and with
phospharamidon (I mgkg™', i.p.) to inhibit tachykinin degra-
dation. To evaluate the effect of NOP receptor activation on
bronchoconstriction and airway plasma extravasation,
N/OFQ (3, 10 and 30 ugkg™') or [Arg',Lys" IN/OFQ (0.3
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and 3 ugkg™"), an NOP receptor agonist, or their saline vehicle
were injected 1 min before Evans blue.

In a complementary series of experiments, UFP-101, an
NOP receptor antagonist, or its vehicle was injected at the dose
of 100 ugkg™" 10min before NOP receptor agonist injection.
In a separate set of experiments, NOP receptor activation on
SP-induced bronchoconstriction and airway plasma extravasa-
tion was evaluated. SP (0.3 ug kg™") was injected intravenously
(i.v.) Smin before Evans blue dye injection. Bronchoconstric-
tion and leakage were evaluated 10 min later. N/OFQ was used
at a dose of 30 ug kg=! and [Arg',Lys'"’IN/OFQ at a dose of
3ug kg,

Drugs

Atropine sulfate, Evans blue dye, formamide, phosphorami-
don, propranolol, HCl and SP were obtained from Sigma,
Italy. Hypnorm was obtained from Janssen Pharmaceutical
Ltd, Grove, Oxfordshire, U.K. [Arg",Lys" IN/OFQ, UFP-101
and N/OFQ were synthesized according to Guerrini et al.
(1997). All the drugs used were dissolved in 0.9% NaCl.

Statistical analysis

All data are expressed as mean+standard error (s.e.m.).
Statistical evaluation was performed by analysis of variance
(ANOVA), followed by the Student—Newman—Keuls post-test.
The threshold of statistical significance was set at P<0.05.

Results

Effect of NOP receptor activation on HCl-induced
bronchoconstriction

i.oe. HCI (1N) infusion induced significant bronchoconstric-
tion (P<0.01), in terms of Ry increase (Figure 1) and Cgyn
decrease (data not shown). This effect was dose-dependently
decreased by N/OFQ treatment (P<0.01) (Figure 1). Similar
results were obtained using [Arg'*,Lys'’IN/OFQ, an NOP
receptor agonist (Figure 2); however, the N/OFQ analog
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was found to be approx 10-fold more potent than the natural
peptide. Pretreatment with the selective NOP receptor
antagonist (UFP-101; 100 ugkg™', i.v.) alone did not affect
HCI induced bronchoconstriction, but blocked the effects of
both N/OFQ and [Arg'*,Lys'’]N/OFQ (Figures 1 and 2).

Effect of NOP receptor activation on HCl-induced plasma
extravasation

i.oe. HCI (1 N) infusion significantly increased plasma extra-
vasation in the trachea and main bronchi. N/OFQ produced a
significant, dose-dependent decrease of HCI on microvascular
leakage in both trachea and main bronchi (Figure 3).
Treatment with [Arg'# Lys'’IN/OFQ (3 ugkg™', i.v.) produced
a similar inhibitory effect to that of 30 ugkg™!, i.v. NJOFQ
(Figure 4). The NOP receptor antagonist UFP-101
(100 ugkg™"', iv.) alone had no effect on HCl-induced
microvascular leakage, but blocked the inhibitory effects of
both NOP agonists (Figures 3 and 4).

Effect of NOP receptor activation on SP-induced
bronchoconstriction and airway microvascular leakage

SP (0.3ugkg 'i.v.)) administration induced a significant
bronchoconstriction (P<0.01), in terms of R; increase
(Figure 5) and Cyy, decrease (data not shown), and signifi-
cantly increased plasma extravasation in the trachea and main
bronchi (Figure 6). Both N/OFQ and [Arg!* Lys'* ]N/OFQ, at
doses active against i.oe. HCI infusion, did not produce any
effect on SP-induced bronchoconstriction or plasma extra-
vasation (Figures 5 and 6).

Discussion

In the present study we have documented the effects of NOP
receptor activation on lung responses in the rabbit induced by
i.oe. HClI infusion. In addition to our previous findings in the
guinea-pig (Rouget ez al., 2004), we have shown that HCI
induced plasma extravasation but also bronchoconstriction
were significantly reduced by a pretreatment with N/OFQ
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Figure 1 Effects of N/JOFQ (3, 10 and 30 ugkg™") on bronchoconstriction induced by i.oe. HCI infusion (1 N) in anesthetized
rabbits with or without NOP receptor antagonist (UFP-101) pretreatment. Rabbits were pretreated with atropine (1 mgkg™'),
propranolol (1mgkg™') and phosphoramidon (1 mgkg~'). UFP-101 was administered 10 min before agonists. All values are
expressed as mean+s.e.m., n=>5 per group; *P<0.01 vs saline; *P<0.05 vs HCI; **P<0.01 vs HCL
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Figure 2 Comparison of the effects of NOP-SA (selective agonist of NOP receptor: [Arg'¥,Lys'* ]N/OFQ) with respect to NJOFQ
(30 ugkg™") on bronchoconstriction induced by i.oe. HCI infusion (1N) in anesthetized rabbits with or without NOP receptor
antagonist (UFP-101) pretreatment. Rabbits were pretreated with atropine (1 mgkg~'), propranolol (1mgkg~') and phosphor-
amidon (I mgkg™"). UFP-101 was administered 10 min before agonists. All values are expressed as mean+s.e.m., n=>5 per group.

#P<0.01 vs saline; *P<0.05 vs HCl; **P<0.01 vs HCI.
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Figure 3 Effects of N/OFQ (3, 10 and 30 ugkg™") on the microvascular leakage induced by i.oe. HCI infusion (1 N) in anesthetized
rabbits with or without NOP receptor antagonist (UFP-101) pretreatment. Rabbits were pretreated with atropine (1 mgkg™'),
propranolol (1 mgkg™") and phosphoramidon (1 mgkg™"). UFP-101 was administered 10min before agonists. All values are
expressed as mean+s.e.m., n=>5 per group. *P<0.01 vs saline; *P<0.05 vs HCL; **P<0.01 vs HCI.

(10-30 ugkg™") and the highly potent NOP receptor agonist
[Arg' Lys'* IN/OFQ (0.3-3 ugkg") (Okada et al., 2000; Rizzi
et al., 2002). We have also shown that the effects of both
agonists were abolished by the selective NOP receptor
antagonist UFP-101 (Calo et al., 2002), suggesting that their
preventive actions on vascular leakage and bronchoconstric-
tion are exclusively due to NOP receptor activation and share
common mechanisms.

In our experimental model, we observed that the NOP
receptor selective agonist [Arg'*,Lys'’IN/OFQ was able to

mimic N/OFQ effects being approx 10-fold more potent than
the natural peptide. These results are in line with previous
data demonstrating that [Arg'*,Lys'’JN/OFQ binds and fully
activates the recombinant human NOP receptor with affinity/
potency higher than N/OFQ while maintains high selectivity
over classical opioid receptors (Okada et al., 2000). This
pharmacological profile was later confirmed at native NOP
receptors; in fact, [Arg'*,Lys"’IN/OFQ behaved in various
N/OFQ sensitive tissues as full agonist, displayed higher
potency than N/OFQ (by three to more than 10 folds), and,
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Figure 4 Comparison of the effects of NOP-SA (selective agonist of NOP receptor: [Arg'*,Lys'* ]N/OFQ), with respect to N/OFQ
(30 ugkg™") on the microvascular leakage induced by i.oe. HCl infusion (1 N) in anesthetized rabbits with or without NOP receptor
(UFP-101) pretreatment. Rabbits were pretreated with atropine (1 mgkg™'), propranolol (I mgkg™") and phosphoramidon
(1 mgkg™"). UFP-101 was administered 10 min before agonists. All values are expressed as mean +s.e.m., n=5 per group. *P<0.01
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Figure 5 Effects of N/JOFQ and NOP-SA (selective agonist of NOP

receptor: [Arg',Lys"’IN/OFQ) on SP-induced bronchoconstriction
in anestethized rabbits pretreated with atropine (1mgkg™"),
propranolol (1mgkg™") and phosphoramidon (1 mgkg~'). SP
(0.3 ugkg™", i.v.) was injected 5min before dye infusion. Data are
expressed as mean+s.e.m., n =35 per group; “P<0.01 vs saline.

more importantly, its effects were antagonized by NOP
antagonists ([Nphe'IN/JOFQ(1-13)NH, and J-113397) with
pA, values similar to those obtained against N/OFQ (Rizzi
et al., 2002).

More importantly, the actions of both NOP agonists were
prevented by the peptide antagonist UFP-101 (Calo et al.,
2000). The NOP selective antagonist properties of this
molecule have been demonstrated in a variety of in vitro
preparations ranging from cells expressing recombinant
receptors (Calo et al., 2000; McDonald et al., 2003), to
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Figure 6 Effects of N/OFQ and NOP-SA (selective agonist of NOP
receptor: [Arg', Lys'’N/OFQ) on SP-induced microvascular leak-
age of anestethized rabbits pretreated with atropine (1mgkg™"),
propranolol (1mgkg™") and phosphoramidon (1mgkg~'). SP
(0.3 ug kg™', i.v.) was injected 5min before dye infusion. Data are
expressed as mean+s.e.m., n =35 per group. "P<0.01 vs saline.

isolated tissues (Calo et al., 2000), and to brain preparations
investigated with neurochemical (Marti ez al., 2004; Mela et al.,
2004) or electrophysiological (Gavioli et al., 2004; Marti et al.,
2004) techniques. The pharmacological activity of UFP-101
has been also confirmed in vivo in rodents after central and
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peripheral administration where the peptide antagonized N/
OFQ actions on pain transmission (Calo er al., 2000),
locomotor activity (Calo et al., 2000; Marti et al., 2004),
neurotransmitter release (Koizumi et al., 2004; Marti et al.,
2004) and cardiovascular parameters (Hashiba et al., 2003).
Moreover, similar to other NOP selective antagonists (i.e.
[Nphe'IN/OFQ(1-13)NH, and J-113397) (Redrobe et al., 2002)
UFP-101 produced antidepressant like effects in mice and rats
(Gavioli et al., 2003; 2004). Interestingly enough, the
antagonist/agonist dose ratio used in the present experiments
for blocking N/OFQ effects is similar to that used in the
above-mentioned studies (range 1-10) further suggesting that
these drugs interact with the same functional sites, namely the
NOP receptor.

As sensory nerves activation and endogenous tachykinins
release seem to be involved in our experimental model of GER
in the rabbit (Gallelli ez al., 2003), our results suggest that
NOP receptor activation inhibits sensory nerve activity. These
results are in agreement with several lines of evidence
indicating inhibitory actions of N/OFQ on sensory nerves in
the guinea-pig, such as inhibition of the contraction of the
isolated bronchus induced by EFS (Fischer er al., 1998), of
capsaicin-induced bronchoconstriction of isolated lung (Cor-
boz et al., 2000), of airway microvascular leakage induced by
i.oe. HCI (Rouget et al., 2004), or in human isolated bronchi,
inhibition of airway hyperresponsiveness induced by beta2-
adrenoceptor agonists (Faisy ez al., 2003). In addition, in this
study, we also showed that N/OFQ and [Arg'* Lys'* ]N/OFQ
did not inhibit SP-induced bronchoconstriction and micro-
vascular leakage in airways, suggesting that NOP agonists do
not interact with postsynaptic neurokinin receptors, but exert
their inhibitory effects on sensory nerves at presynaptic sites.

Since endogenous N/OFQ has been localized on nerve fibers
within guinea-pig bronchus, and NOP receptor mRNA is
expressed in jugular ganglion neuron cells, a direct inhibitory
effect of N/OFQ on the release of tachykinins can be suggested
(Fischer et al., 1996; 1998). Moreover, N/OFQ inhibits the
micturition reflex in rats (Lecci et al., 2000) and in patients
with neurogenic incontinence (Lazzeri et al., 2001; 2003)
through its ability to activate inhibitory NOP receptor
expressed on bladder C-fibers.

However, a vagally mediated autonomic pathway may also
be involved in the experimental models described here, as
Hamamoto et al. (1997) have shown that airway leakage
induced by HCI was abolished in guinea-pigs by bilateral
vagotomy. However, in our study, the effects of N/OFQ do
not involve a cholinergic component of vagal activity since
animals were pretreated by atropine. Our data cannot rule out
a central action of N/OFQ. Indeed, several reports have
documented the involvement of tachykinins (Mutoh et al.,
2000, Mazzone & Canning, 2002) in sensory nerve-mediated
reflexes (Mazzone & Geraghty, 1999) related to the central
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control of cardiovascular and respiratory function by nucleus
of the solitary tract (NTS). Since activation of NOP receptors,
largely expressed in the NTS (Bunzow et al., 1994, Anton et al.,
1996; Mao & Wang, 2000a), is able to reduce the NTS
neuronal responsiveness to baroreceptor input (Mao & Wang,
2000a, b), we may thus suggest that N/OFQ is able to reduce
sensory nerve excitability in this area (Dong et al., 2002) and
consequently to inhibit the bronchoconstriction and airway
microvascular leakage evoked following esophageal acidifica-
tion.

However, as N/OFQ is a long (17 aa) peptide and contains
several positively charge residues, it is likely that the nerve
endings and/or nerve connections between the esophagus and
airways in the autonomic ganglia (Myers & Undem, 1993;
Myers et al., 1996), where anatomical studies have demon-
strated the presence of axon collaterals from visceral afferent
fibers (gastrointestinal tract, bladder, airways) (Coleridge et al.,
1989; Mawe, 1995; Canning et al., 1996; Myers et al., 1996),
represent the site of action of N/OFQ.

Interestingly, Canning ez al. (1998) have reported in an in
vitro preparation of guinea-pig trachea and esophagus with
their respective nerves that capsaicin elicited a concentration-
dependent relaxation of the trachea only when the adjacent
esophagus was intact. On the basis of the ability of
tetrodotoxin to abolish the effect of capsaicin and of
additional immunochemistry studies, it was concluded that
the responses of the guinea-pig trachea induced by esophagus
stimulation were mediated by nerve fibers from parasympa-
thetic ganglia that are intrinsic to the adjacent esophagus
(Canning et al., 1998). Similarly, in the present study,
bronchoconstriction and airway microvascular leakage follow-
ing esophageal acidification may occur as a result of the
activation of the intermediate neurons including those from
parasympathetic ganglia, by HCI stimulation of capsaicin-
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cough reflex mechanism in patients with chronic cough
associated with GER (Irwin et al., 1993). As sensory C-fibers
also play a role in the generation of cough, this study may
contribute to a better understanding of the pathophysiological
mechanisms responsible for cough related to GER, thus
improving pharmacotherapy.

In conclusion, our results suggest that bronchoconstriction
and airway plasma extravasation induced by i.ce. HCI
instillation are inhibited by NOP receptor activation,
suggesting a possible use of N/OFQ and NOP receptor
agonists for future investigations of the mechanisms involved
in gastroesophageal-reflux induced bronchoconstriction and
inflammation in asthmatic patients, and may represent a
novel approach to the treatment of airway diseases relate to
GER.
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