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Airway inflammation and tachykinins: prospects for the development of
tachykinin receptor antagonists

Guy F. Joos, Katelijne O. De Swert, Romain A. Pauwels
Department of Respiratory Diseases, Ghent University Hospital, De Pintelaan 185, B-9000 Ghent, Belgium

Accepted 27 July 2001

Abstract

The tachykinins substance P and neurokinin A are contained within sensory airway nerves. Immune cells form an additional source of
tachykinins in inflamed airways. Elevated levels of tachykinins have been recovered from the airways of patients with asthma and chronic
obstructive pulmonary disease. Airway inflammation leads to an upregulation of tachykinin NK apd NK receptors. Preclinical studies
have indicated a role for the tachykinin NK , NK and NK receptors in bronchoconstriction, airway hyperresponsiveness and airway
inflammation caused by allergic and nonallergic stimuli. Compounds that are able to block two or three tachykinin receptors hold promise
for the treatment of airways diseases such as asthmgaarghronic obstructive pulmonary diseag2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction and their receptors in asthma and chronic obstructive
pulmonary disease is given. In addition, preclinical data on

The tachykinins are potent vasodilators and contractorsthe evaluation of tachykinin receptor antagonists in animal
of smooth muscle. In studies on rodent airways, substancemodels of asthma are discussed.

P and neurokinin A have been implicated as the neuro-

transmitters mediating the excitatory part of the nonad-

renergic, noncholinergi€¢ NANC nervous system. These 2. Presence of tachykinins in normal and diseased air-
noncholinergic excitatory nerves can be activated by me- ways

chanical and chemical stimuli, generating antidromic im- ) o )

pulses and a local axon reflex which leads to noncholi- 2-1- Airway nerves containing sensory neuropeptides

nergic bronchoconstriction and neurogenic inflammation
(Lundberg and Saria, 1982; Barnes, 1986 .

Substance P and neurokinin A have various effects that
could contribute to the changes observed in asthmatic -
airways including smooth muscle contraction, submucosal shown that release of .tachyklmnls frc_)m SENSory Nerves can

: ) N ; be evoked by a variety of stimuli such as capsaicin,
gland secretion, vasodilatation, increase in vascular perme-

o . ; . . . . electrical nerve stimulation, low pH, ether, formalin,
ability, stimulation of cholinergic nerves, stimulation of - : ! - .
. . . toluene diisocyanate, histamine, bradykinin, methacholine,
mast cells, stimulation of B- and T-lymphocytes, stimula-

tion of macrophages, chemo-attraction of eosinophils and prostaglandins, leukotrienes and cigarette smoke reviewed

neutrophils and the vascular adhesion of neutrophils JoosIn Lundberg, 1996; Joos et al., 2000 .

et al., 2000 . Substance P and neurokinin A interact with In guinéa pig, arway Sensory nerves contgmmg
. . . . ! tachykinins are easily demonstrated. However, it has
the different targets in the airways by stimulation of

tachykinin NK,, NK, and NK, receptor§ Maggi, 2000 proven more difficult to demonstrate excitatory nonadren-
1 2 f .

In the present article, an update on the role of tachykinins ergic, noncholinergic nerve_(s_ e-NANC in h“”?a” arways.
Substance P- and neurokinin A are present in nerve pro-

files, found beneath and within the epithelium, around
* Corresponding author. Tel+32-9-240-2359; fax:+32-9-240-2341,  blood vessels and submucosal glands and within the
E-mail address: guy.joos@rug.ac.bé G.F. JOos . bronchial smooth muscle layer Lundberg et al., 1984;

Substance P and neurokinin A are localized in a distinct
subpopulation of primary afferent nerves that are charac-
terized by sensitivity to capsaicin. Studies in rodents have

0014-299901/$ - see front matte© 2001 Elsevier Science B.V. All rights reserved.
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Luts et al., 1993; Sheldrick et al., 1995 . Tachykinins have tissue of asthmatic subjects studied at autopsy. This may
been measured in bronchoalveolar lavage fluid, inducedreflect augmented release of substance P, followed by
sputum and plasma. Various studies have shown thatdegradatior{ Lilly et al., 1995 . Lucchini et al. studied lung
tachykinins can be released into the airways after exposuretissue obtained at thoracotomy from patients with chronic
to allergen, ozone or hypertonic saline. Nieber et al. found bronchitis. The lung tissue in chronic bronchitis did not
a significantly larger amount of substance P in broncho- contain more nerves, and did not show a change in the
alveolar lavage fluid of atopic compared to nonallergic amount of substance P- or calcitonin gene-related peptide
subjects. After intrasegmental provocation with allergen, a containing nerves. In contrast, the density of vasoactive
significant increase in substance P levels was observed inintestinal peptide-containing nerves was significantly
bronchoalveolar lavage fluil Nieber et al., 1992 . Heaney higher in the glands of patients with chronic bronchitis
et al. also recovered neurokinin A from bronchoalveolar compared to control subjects Lucchini et al., 1997 . Data
lavage fluid from normal and asthmatic patients. Neu- on patients with cough are limited. O’Connell et@l. 1995
rokinin A was increased in the asthmatic patients 4 h after reported that in patients with persistent unexplained cough,
inhalation challenge with house dust mite Heaney et al., intraepithelial airway nerves were found to contain in-
1998 . Exposure of healthy individuals to ozone increased creased quantities of the sensory neuropeptide calcitonin
the concentration of substance P in bronchoalveolar lavagegene-related peptide, but not substance P.

fluid (Hazbun et al., 1998 and decreased the immuno-

reactivity for substance P, assessed on bronchial biopsies?-2- Nonneuronal sources of tachykinins in the airways
(Krishna et al., 199¥ . Nasal application of hypertonic

. . . In recent years, it has become clear from both animal
saline also induced release of substand€e P Baraniuk et al., ; .
1999 . and human studies that immune cells may form an ad-

. . ditional source of tachykinin{ Maggi, 1997; Joos and
Substance P has been measured in sputum induced b . .
. . . . . auwels, 2000 . Evidence for the production of substance
inhalation of hypertonic saline. In comparison to healthy

subjects, the concentrations of substance P were S|gn|f|-P by eosinophils( mouse, mhn , monocytes and_ fmacro
i . . . . . phages( rat, man , lymphocytés man and dendritic cells
cantly higher in patients with asthma and chronic bronchi- | . -
: ; ) . (mice) has been reported. Inflammatory stimuli such as
tis. In all subjects, the concentration of substance P in | . :
. . lipopolysaccharide can upregulate the concentration of
induced sputum was related to the degree of airway ob- ST . )
. . tachykinins in these cellé Germonpre et al., 1999; Lam-
struction( Tomaki et al., 1995 . Plasma levels of substance - ;
oo - L . . brecht et al., 1999 . These findings can help to explain the
P-like immunoreactivity were significantly higher in pa-

tients with an acute exacerbation of asthma compared oPara (_10x betvvee_n_ the relatively few sub_stance P- aﬂd neu-
healthy controlg Cardell et al., 1994 . rokinin A-containing nerves observed in human airways

. - and the recovery of substance P and neurokinin A from
Although increased amounts of tachykinins have been . )
. sputum and bronchoalveolar lavage Tomaki et al., 1995;
recovered from airways, there has been debate about

ossible upregulation of substance P-containing nerves ina‘—|eaney et al., 1998 . Thus, increased amounts of immune
b breg 9 cells attracted to the inflamed airways might be responsi-

patients with asthma or chronic obstructive pulmonary ; L
. . . le for an increased content of substance P and neurokinin
disease. In tissue obtained at autopsy, after lobectomy and, . : : . .
A in patients with asthma or chronic obstructive pul-
at bronchoscopy, both the number and the length of sub- . .
monary disease. Moreover, the release of tachykinins from

stance P-immunoreactive nerve fibres were increased in : . . .
. . . . these inflammatory cells might further stimulate and acti-
airways of subjects with asthma, when compared to air- . . . .
vate these cells in an autocrine or paracrine fashion. In-

ways from subjects without asthma Ollerenshaw et al., :
. .. " deed, these inflammatory cells produce and secrete sub-
1991 . However, Howarth et al. 1995 could not identify - ;
- : ..~ stance P and possess tachykinin NK receptors on their
any substance P-containing nerves in endobronchial biop- e
X : . . : membrang Germonpre et al., 1999 .
sies from patients with mild asthma. More recently, in an . X .
) . ) ; ! It is also possible that substance P is produced by
extensive study on 49 asthmatic patients, including 16 .. . :
) . . ~ " epithelial or endothelial cell§ Maggi, 1997 . Chu et al.
patients with severe asthma, Chanez et al. did not find S . o
reported staining for substance P in the epithelium on

evidence for an upregulation of substance P-containing, : . . )
. A biopsy specimens. In comparison to control subjects, pa-
nerves in asthma. Nerves were present in most of the ; . C .
. L ients with asthma showed a significantly higher expres-
endobronchial biopsies, as demonstrated by the general . . L .
. sion of substance P in the epithelium but not in the
neural marker protein gene product PGP 9.5, and were

. o . submucosa. It is of interest to note that in their study, the
found within and below the epithelium and adjacent to ~ "= . . :
epithelial expression of substance P was correlated with
smooth muscle, glands and blood vessels. However, nerve

positive for substance P and calcitonin gene-related pep-SEhe epithelial mucus contefit Chu et al., 2000 .

tide were rarely found in the biopsy specimens and no 5 3 Tachykinin receptors in normal and diseased airways
increase in patients with asthma was observed Chanez et

al., 1998 . On the other hand, it was observed that sub- Using an RNase protection assay, Bai et al. detected the
stance P-like immunoreactivity was decreased in trachealpresence of mRNA for the tachykinin NK and NK
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receptord but not the tachykinin NK receptor in human bronchioli( Advenier et al., 1987; Finney et al., 1985 , but
cartilaginous and membranous bronchi and subpleural lung.is less potent than histamine or acetylcholine Martling et
Tachykinin NK; and NK, receptor mRNAs were ex- al., 1987 . Neurokinin A is a more potent constrictor of
pressed with similar relative abundance in central airways human bronchi than substance P and was reported to be,
and peripheral lung. In lung samples containing membra- on a molar base, 2—3 orders of magnitude more potent
nous airways, tachykinin NK receptor mRNA expression than histamine or acetylcholine. In contrast to guinea pigs,
was increased fourfold in asthmatics compared with non- neurokinin B had no contractile effect on human airways
smoking controls, whereas tachykinin NK receptor mRNA (Advenier et al., 198) . Noncholinergic pathways might be
levels were similar in the two groups Bai et al., 1995 . relatively more important in the smaller airways. Indeed,
Adcock et al. however, reported a 50% increase in neurokinin A and substance P were found to contract small
tachykinin NK; receptor mRNA in asthmatic lung com- airways to a larger extent and at lower concentrations
pared with non-asthmatic control tissue. In situ hybridiza- compared to large airways Frossard and Barnes, Y1991 .
tion indicated that the tachykinin NK receptor mRNA It has long been thought that only tachykinin BK
was expressed in submucosal glands and airway epithelialreceptors are involved in contraction of isolated human
cells. The tachykinin NK and NK receptor mRNAs airways( Advenier et al., 1992 . However, in small-diame-
were not detectable using the in situ hybridization tech- ter bronchi(~ 1 mm in diameter , in addition to a robust
nique (Adcock et al., 1993 . Glucocorticoids are able to tachykinin NK, receptor-mediated contraction, tachykinins
reduce tachykinin NK and NK receptor mRNA expres- also cause contraction via tachykinin NK receptor stimu-
sion (Adcock et al.,, 1993; Katsunuma et al., 1998 . In lation. The tachykinin NK -mediated contraction of small
bovine tracheal smooth muscle, they were found to de- bronchi appears to be mediated by prostangids Naline et
crease the rate of tachykinin NK receptor gene transcrip- al., 1996 . Pretreatment with interleukif-Jpotentiates the
tion (Katsunuma et al., 1998 . contraction of these small human bronchi to a specific
In a study on surgical specimens and using antibodies totachykinin NK; receptor agoni§t Barchasz et al., 1999 . In
the tachykinin NK and NK, receptors, Mapp et al. found an extensive study on medium-sized human isolated
expression of both tachykinin receptors in bronchial glands, bronchi (2—-5 mm in diametgr , the specific tachykinin
bronchial vessels, and bronchial smooth muscle. ReceptorsNK, receptor agonis{ S&r ,Met Q'] -substance P was
were occasionally found in nervés NKX and in inflamma- found to induce contraction in about 60% of the prepara-
tory cells(NK,) such as T lymphocytes, macrophages, and tions, an effect which was not mediated by prostanoids,
mast cells( Mapp et al., 2000 . In this study, the distribu- but from a direct activation of smooth muscle receptors
tion of both tachykinin NK and NK receptors was and release of inositol phosphdte Amadesi et al., 2001 .
similar in the tissues examined from nonsmokers, asymp- So, it appears that in both small- and medium-sized human
tomatic smokers, symptomatic smokers with normal lung bronchi part of the contraction induced by tachykinins is
function and symptomatic smokers with chronic airflow mediated by tachykinin NK receptors.
limitation. In a study on endobronchial biopsies by Chu et  Passive sensitization has been reported to influence the
al., immunoreactivity for the tachykinin NK receptor was in vitro contractile effect of substance P and neurokinin A
found in the epithelium and submucosa. The tachykinin on human bronchi Ben-Jebria et al., 1993 . Human bronchi
NK, receptor expression was mainly seen on cell surfacesincubated overnight with serum from asthmatic patients
of the upper half of the epithelial layer. Goblet cells atopic to Dermatophagoides pteronyssinus showed an en-
appeared to be the cells with the strongest staining. In thehanced sensitivity and an enhanced maximal contractile
submucosa, the tachykinin NK receptor was primarily response to substance P and neurokinin A, an effect that
localized on the endothelial cells of the blood vessels, the was independent of changes in the activity of neutral
surfaces of inflammatory cells, and some smooth muscle endopeptidase. It is important to stress that all the studies
cells. In this study, the expression of substance P as welldescribed above have been performed on airways obtained
as the tachykinin NK receptor was significantly higher in at thoracotomy, mostly from current or ex-smokers with
the epithelium of asthmatic subjedts Chu et al., 2000.  lung cancer. To our knowledge, no studies have been
reported on the effect of tachykinins on isolated asthmatic
bronchi. It has been demonstrated for adenosine that such
an approach could reveal important differences between
normal and asthmatic persons, both with regard to the
potency of the agonist and the mechanism of induced
contraction( Bjorck et al., 1992 .

3. Bronchoconstrictor effect of tachykinins: which
mechanism(s) and which tachykinin receptor?

3.1. In vitro contraction of human bronchi

Tachykinins are potent contractors of airways. This has
been demonstrated both in vitro and in vivo, both in
animal and in human airways. The in vitro contractile
effect of substance P and neurokinin A has been studied The in vivo bronchoconstrictor effect of substance P
extensively. Substance P contracts human bronchi andand neurokinin A, administered by inhalation or intra-

3.2. In vivo bronchoconstrictor effect of tachykinins in
humans
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venous infusion, has been reported by several groups. In ;9
these studies, neurokinin A was found to be a more potent @ EFS
bronchoconstrictor than substance P. Patients with asthma
are hyperresponsive to substance P and neurokinin A
(reviewed in Joos et al., 1994 . The bronchial response to
inhaled neurokinin A is reproducible Joos et al., 1996 .
The bronchoconstrictor effect of inhaled substance P and ACh
neurokinin A in asthmatics can be prevented by pretreat-

P y P o 2O —

ment with sodium cromoglycate and nedocromil sodium
(Crimi et al., 1988; Joos et al., 1989 . This has led us to
postulate that substance P and neurokinin A are indirect
bronchoconstrictors in man. This indirect bronchoconstric- © . - ) S

. . tion mediated by cholinergic nerves. Concomitant release of tachykinins
tor effect could arise from an effect on inflammatory cells from sensory nerves enhances cholinergic contraction by interaction with
(e.g. mast cells anfbr nerves. In experimental animals,  tachykinin NK, receptor§ NK R , causing a positive feedback on acetyl-
tachykinins are able to cause acetylcholine release fromcholine (ACH release from cholinergic nerve endiigs De Swert et al.,
postganglionic cholinergic airway nerve endings Joos et 2001a.
al., 1988b; Szarek et al., 1993; Tanaka and Grunstein,
1984 and to activate mast cells Fewtrell et al., 1982; Joos
et al., 1997 . The exact mechanism of tachykinin-induced methoxyphenyl methyl -1-azabicy¢lo 2.2.2 octan-3-amine ,
bronchoconstriction in man is however not yet known. In a tachykinin NK; receptor antagoni¢t Colasurdo et al.,
some patients, cholinergic mechanisms do play a role 1999 . In a recent study on guinea pig trachea, tachykinin
(Crimi et al., 1990; Joos et al., 1988a . Histamine however NK , receptors were also found to be involved in the
does not seem to be involved as pretreatment with differ- facilitation of acetylcholine releasé D’Agostino et al.,
ent histamine H receptor antagonists astemizole and2000 .
terfenading did not inhibit neurokinin A induced bron-
choconstriction( Crimi et al., 1990, 1993 . We recently 3.4. Role of mast cell activation in the bronchoconstrictor
were able to demonstrate that leukotrienes mediate part ofeffect of tachykinins
the bronchoconstrictor effect of neurokinin A: the CysLT

sensory
nerve

A

parasympathetic
nerve

Fig. 1. Electrical field stimulatiof EPS of mouse trachea causes contrac-

receptor antagonist zafirlukast partially inhibited bron- Substance P degranulates mast cells, leading to the
choconstriction induced by inhaled neurokinin A in pa- release of histamine and 5-HT Cross et al., 1996; Fewtrell
tients with asthm#& Joos et al., 2001a . et al., 1982; Heaney et al., 1995 . Substance P induces

tumor necrosis factos (TNF-a) production and secretion
in a murine mast cell line and in murine peritoneal mast
cells (Ansel et al.,, 1993 . Picomolar concentrations of
substance P trigger electrical responses in rat peritoneal
mast cells without degranulation, resulting in priming of
Substance P has a facilitatory role in the release of these cell{ Janiszewski et al., 1994 .
acetylcholine from postganglionic cholinergic nerves in Both a receptor-independent and receptor-dependent
guinea pig( Hall et al., 1989 , rabbit Colasurdo et al., mechanism has been reported for mast cell activation
19995 and human airways Black et al., 1990; Joos et al., induced by substance P. Highér micromplar concentra-
1988a . By the use of specific tachykinin receptor antago- tions of substance P cause a direct activation of G-proteins.
nists, it has been suggested that tachykinin,NK receptorslit has been proposed that the amino-terminus of substance
may be involved in this facilitatiof Watson et al., 1993 . P is responsible for this receptor-independent mechanism
In a recent study, we evaluated the role of the tachykinin of mast cell activation( Mousli et al., 1992 . However,
NK; receptor on cholinergic neurotransmission in mouse lower (nanomolar concentrations of substance P cause
trachea in vitro. In comparison to wild type mice, electrical mast cell activation by interaction with tachykinin recep-
field stimulation induced a significant lower contraction of tors. The histamine release from the murine ¥8Cmast
the trachea in tachykinin NK receptor knockout mice. cell line is mediated by tachykinin NK receptdrs Krumins
This was accompanied by less acetylcholine release. Thisand Broomfield, 1998 , while the mast cell degranulating
study provides direct evidence for a role of the tachykinin of substance P in Fisher 344 rat airways involves activa-
NK receptor in the augmentation of cholinergic neuro- tion of tachykinin NK; receptor§ Germoripre et al., 1995;
transmission in mouse trachéa De Swert et al., 2D0la Joos and Pauwels, 1993; Joos et al., 1997; Okada et al.,
(Fig. D and is in accordance with experiments in rabbits, 1999 . In Fisher 344 rats, mast cell activation mediated by
where a significant release of acetylcholine was observedstimulation of tachykinin NK receptors and involving
upon application of substance P, an effect that could be release of the mast cell mediator serotopin 5*HT explains
blocked by CP 9634%( Zcis)-2«diphenylmethyl N-[(2- the hyperresponsiveness of the airways to the sensory

3.3. Release of acetylcholine from airway cholinergic nerve
endings by tachykinins
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neuropeptides substance P and neurokinif A Germonpre : F344 rats

etal., 1998 . BDE rats

I 1
Sensory nerve fiber

4. Plasma extravasation

Ablation of sensory nerves by capsaicin pretreatment Mast cell
abolishes airways plasma extravasation induced by a vari- p mq;
ety of mediators and stimuli, including histamine, sero- f
tonin and cigarette smoké Lundberg and Saria, 1983; NK/R,

Saria et al., 1988 . Tachykinin NK receptors that mediate \ -
neurogenic plasma extravasation have been visualized on
postcapillary endothelial cells Bowden et al., 1994 . Once
plasma extravasation occurs, leukocytes initiate a Process posteapittary venule

that results in slowing down their velocity, rolling on and  Fig. 2. Schematic representation of the cellular mechanisms and receptors
adhering to the venular endothelium. Tachykinin NK involved in the neurogenic inflammation in the trachea of BDE and
receptor antagonists reduce all these phenomena caused bfyisher 344 rat¢ Germoripre et al., 1995, 1997 .,NK= Richykinin NK;
different stimuli, including cigarette smoke Baluk et al., feceptor; 5-HE R=serotonin 5-HE receptor; SPsubstance P.

1996, hypertonic saline and cold air Pedersen et al.,

1998; Piedimonte et al., 1993; Yoshihara et al., 2995 . It is

not known how much of this effect is due to a tachykinin activation of tachykinin NK receptors. In Fisher 344 but

Plasma
leakage

NK; receptor-mediated effect on leukocytedothelial not in BDE rats, an additional indirect mechanism, involv-
cells or merely the consequence of inhibition of tachykinin ing mast cell activation, 5-HT release and stimulation of
NK, receptor-mediated plasma extravasation. 5-HT, receptors, participates in this procéss Germonpre et

The involvement of tachykinin NK receptors in the al., 1995, 199¥( Fig. P .
neurogenic plasma extravasation in the central airways of
rats and guinea pigs has been demonstrated by the use of
selective tachykinin receptor agonists and antagonists. The5. M ucus secretion
tachykinin NK; receptors are also implicated in the ex-
travasation caused by hypertonic saline, bradykinin, anti-  Neurogenic mucus secretion results from the contribu-
gen challenge or acetylcholine. Tachykinin BlK receptors tion of different components and shows marked variation
mediate part of the neurogenic plasma extravasation in theamong species. Adrenergic and cholinergic agonists may
secondary bronchi and intraparenchymal airways of the stimulate mucus secretion in the ferret and human airways.
guinea pig( Bertrand et al., 1993b; Delay-Goyet et al., Tachykinins cause also marked mucus secretion in the
1992; Qian et al., 1993; Abelli et al., 1991; Eglezos et al., ferret, an effect exclusively mediated by tachykinin NK
1991; Hirayama et al., 1993; Tousignant et al., 1993 . receptors. Endogenous tachykinins mediate mucus secre-

Using antibodies directed against the tachykinin NK tion induced by electrical stimuli and part of the response
receptor protein, Bowden et al. have demonstrated that inproduced by exposure to antigen via tachykinin NK re-
the rat trachea, tachykinin NK receptors are present on ceptor activatior{ Khan et al., 2001 .
the endothelial cells of the postcapillary venules. These
receptors are internalized in endosomes upon binding with
substance P. They also observed an increase in the numbe8. Plasticity of tachykinergic airway innervation and
of tachykinin NK; receptor immunoreactive endosomes role of neurotrophins
when the vagus nerve is electrically stimulated, indicating
that substance P released by activation of the sensory Allergic airway inflammation may increase the amount
nerves has a direct effect on the tachykinin NK receptors of substance P and neurokinin A in the airways by increas-
on postcapillary venular endothelium Bowden etal., 1994 . ing the number of nerves, agidr by increasing the non-

In addition to the direct effects of tachykinins on the neuronal sources of these tachykinins. In a guinea pig
venular endothelium, indirect mechanisms involving mast model, a three to fourfold increase of substance P, neu-
cell activation and serotonii 5-HT release participate in rokinin A and calcitonin gene-related peptide measured in
the tachykinin-induced plasma exudation in the respiratory lung tissue was seen 24 h following antigen challenge.
tract of some animal species. In rabbit airways, involve- Moreover, increased levels of preprotachykinin | mRNA
ment of 5-HT receptors and arachidonic acid derivatives in were found in the nodose ganglia of these anirfals Fischer
the tachykinin-induced increase in vascular permeability et al., 1996 .
has been suggestéd Delaunois et al., 1993a,b . Neurogenic One of the factors known to increase the expression of
plasma protein extravasation in rat airways involves the substance P is nerve growth factor. Nerve growth factor
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belongs to the family of neurotrophins. Neurotrophins tachykinin NK; receptor was found to be involved in citric
control the survival, differentiation and maintenance of acid-induced cough and enhanced bronchial responsive-
neurons in the peripheral and central nervous system.ness( Daoui et al., 1998, 2000 .

Under physiological conditions, neurotrophins are pro-
duced by nerve-associated cells like glia cells or Schwann
cells and by nerve cells themselves, while during inflam-
mation, neurotrophins can also be produced by fibroblasts,
mast cells, macrophages, and T and B dells for review seeV& changes

Bonini et al., 1999; Braun et al., 20D0 . In a study per-

formed by Virchow et al( 1998 , a significant increase in Tachykinins have been found to be involved in
the neurotrophins nerve growth factor, brain-derived neu- antigen-induced bronchoconstriction, airway inflamma-
rotrophic factor, and neurotrophin-3 was observed in bron- tion and enhanced bronchial responsiveness in various
choalveolar lavage fluid, obtained 18 h after segmental animal models. A combination of a tachykinin NK re-
allergen provocation in patients with asthma. Mice with ceptor antagonist, CP-96,345 Snider et al., 2991, and
nerve growth factor overexpression from a lung-specific a tachykinin NK, receptor antagonist, SR 4896%&)-
promoter were shown to have an increased number of N-methyl-N-(4-acetylamino-4-phenylpiperidino @- 3,4-
tachykinin-containing sensory nerve fibres in the airways dichlorophenyl butyl-benzamide ( Emonds-Alt et al.,
(Hoyle et al., 1998 . When nerve growth factor is injec- 1992, inhibited bronchoconstriction produced by ovalbu-
ted in the tracheal wall of guinea pigs, the substance P ex-min challenge in sensitized guinea pi§s Bertrand et al.,
pression in airway neurons is enhanced. Moreover, a19930. The tachykinin NK receptor antagonist, CP-
phenotypic switch in the nature of vagal sensory neurons 96,345, was also able to limit antigen-induced plasma
producing this neuropeptide was observed: large, cap-extravasatiorf Bertrand et al., 1993a . By using tachykinin
saicin-insensitive nodose neurons become substance P poNK, /NK , receptor blockade, the involvement of endoge-

8. Involvement of tachykinins in antigen-induced air-

itive (Hunter et al., 200D . nous tachykinins in antigen-induced bronchial hyperre-
Another factor thought to be involved in neuronal plas- sponsiveness was demonstrated Kudlacz et al.,)1996 .
ticity is leukemia inhibitory factor. Leukemia inhibitory The relative contribution of the tachykinin NK and

factor is a member of the interleukin-6 cytokine family, NK, receptors in antigen-induced airway changes has now
which is released from a variety of lung cells, including been studied in guinea pigs and rats. In conscious, unre-
fibroblasts, bronchial smooth muscle cells and epithelial strained guinea pigs, the tachykinin NK receptor is in-
cells. Leukemia inhibitory factor can be upregulated and volved in both the development of antigen-induced airway
released by interleukingl interleukin-6 and anti-IgE  hyperresponsiveness to histamine and the antigen-induced
(Knight et al., 1999 . Leukemia inhibitory factor has been infiltration of eosinophils, neutrophils and lymphocytes
shown to increase the expression of tachykinin receptor (Schuiling et al., 1999b . On the other hand, the tachykinin
MRNA as well as the synthesis and release of tachykinins.NK , receptor is involved in the development of the anti-
In a guinea pig tracheal explant model, leukemia inhibitory gen-induced late reactiof Schuiling et al., 1999a . The
factor augmented the contractile responses to both endogeinvolvement of both tachykinin receptors in allergic airway
nous and exogenous tachykinins. Receptors for leukemiainflammation has also been reported in the Brown Norway
inhibitory factor have been localized by immunohisto- rat model( Maghni et al., 2000 . Expression of tachykinin
chemistry to both cholinergic and sensory ner¢es Knight NK, and NK, receptors was demonstrated in lung tissue
et al., 2000 . of both nédive and ovalbumin-sensitized Brown Norway
rats. Substance P was found to increase 2.4-fold in bron-
choalveolar lavage after challenge with ovalbumin. The
7. Involvement of tachykinins in animal models of tachykinin NK; receptor antagonist CP99,9¢4 ) (1S, 2
nonspecific bronchial hyperresponsiveness 39)-3-methoxybenzyl amino -2-phenylpiperidine and the
tachykinin NK, receptor antagonist SR 48968 were not
In animal models, tachykinins and their receptors have able to reduce the early airway response to ovalbumin, but
been involved in airway responses to nonspecific stimuli. both antagonists reduced the ovalbumin-induced late air-
Both the tachykinin NK and NK receptors have been way responses. An interesting finding in this study was
involved in airway contraction induced by cold-&ir Yang that the tachykinin NK receptor antagonist decreased the
et al., 1997; Yoshihara et al., 1996 , hyperventilation and number of eosinophils in bronchoalveolar lavage fluid and
cigarette smoké Wu and Lee, 1999 , in plasma extravasa-decreased the expression of both Thl interfeyprand
tion induced by hypertonic saline Pedersen et al., 1998; Th2 (interleukin-4 and interleukin)s cytokines in broncho-
Piedimonte et al., 1993, and in airway hyperresponsive- alveolar lavage cells. So, from animal studies, it seems that
ness induced by virusés Jacoby et al., 2000; Piedimonte etoth the tachykinin NK and NK receptors are involved
al., 1999 , interleukin-5 and nerve growth factor De Vries in antigen-induced airway effects. In addition, it is possible
et al.,, 1999; Kraneveld et al., 1997 . In addition, the that tachykinin NK; receptors are also involved in this
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process: aerosol administration of the tachykinin NK guinea pigs. The antigen-induced unmasking of tachykinin

receptor antagonist SR142800R)-(N)-(1(3{1-benzoyl- responses was significantly attenuated by vagotomy, indi-

3+(3,4-dichlorophenyl piperidin-3-y! propy! -4-phenylpipe- cating that the nerve fibres connecting the airways and the

ridin-4-yl-N-methylacetamide caused a significant reduc- vagal somata are involved in the transduction of a signal

tion in neutrophil and eosinophil influx in the airways of essential for unmasking tachykinin responges Moore et

ovalbumin sensitized and challenged mice’ Nenan et al.,al., 2000 .

200D . In addition to the ovalbumin model that mimics the
The majority of airway sensory innervation originates anaphylactic response, tachykinin receptor antagonists were

from afferent neurons whose somata reside in vagal nodosestudied in other pathophysiologically relevant models of

and jugulay ganglia. After antigenic activation of nodose asthma. Toluene diisocyanate is known to cause occupa-

ganglion mast cells in vitro, many nodose neurons reveal tional asthma. Many of the proinflammatory actions of

depolarizing responses to substance P that are reversiblytoluene diisocyanate are mediated by stimulation of sen-

abolished by a tachykinin NK receptor antagonist. The sory nerved Mapp et al., 1992 . Toluene diisocyanate-in-

tachykinin NK, receptor expression can occur within 5 duced bronchoconstriction and induction of hyperrespon-

min of mast cell activation by the antigen and can last for siveness in mice are in part mediated by tachykinins

3.5 days. This phenomenon has been designatétims released from sensory nerves Scheerens et al.,)1996 .

masking (Weinreich et al., 1997 . The mast cell mediator

serotonin( 5-HJ acting through 5-HT receptors is able to

induce similar effect§ Moore et al., 1999 . Unmasking of 9. Tachykinin NK ; receptor knockout micein the study

the tachykinin NK;, receptor-mediated responses in vagal of lung and airway inflammation

afferents has now also been described in vivo. Unmasking

of tachykinin NK, receptor-mediated responses in nodose Bozic et al. reported that gene-targeted disruption of the

neurons was observed 24 h after antigen inhalation by tachykinin NK; receptor protected the lung from immune

Table 1

Role of tachykinin NK; receptors in inflammation: findings from NK recepgtor NK R knockout mice

Experimental model Main findings Reference

®|mmune complex-mediated lung injury ® Reduced neutrophil accumulation in tachykinjn NK Bozic et al., 1996
receptor knockout mice

®Air-pouch model ® Reduced neutrophil extravasation in response to Ahluwalia et al., 1998
interleukin-1B in tachykinin NK; receptor knockout mice

®Skin edema formation in dorsal skin ® Edema formation induced by tachykinins Cao et al., 1999

absent in tachykinin NK receptor knockout mice
eCompound 4380 induced greater edema in the
tachykinin NK; receptor knockout mice
(compensatory mechanisin?
®Neutrophil accumulation and edema ® Added substance P, or tachykinjn NK agonist Cao et al., 2000
formation in skin septide, potentiated interleukig-ihduced
neutrophil accumulation in wild type, but not in
tachykinin NK; receptor knockout mice
e Antigen-induced cystitis ® Significant attenuation of congestion and edema Saban et al., 2000
of the mucosa, as well as reduced infiltration
with polymorphonuclear cells, in response
to antigen challenge in tachykinin NK
receptor knockout mice
eFourfold increased number of mast cells in
subepithelial layers, within smooth muscle and around blood
vessels in tachykinin NK receptor knockout mice
®Clostridium difficile-induced enteritis ® Tachykinin NK receptor knockout mice are Castagliuolo et al., 1998
protected from the secretory and inflammatory
changes, as well as from the epithelial cell
damage induced by toxin A
®Caerulein-induced pancreatitis ® The magnitude of hyperamylasemia, hyperlipasemia, Bhatia et al., 1998;
neutrophil sequestration in the pancreas, Grady et al., 2000
and pancreatic-acinar cell necrosis, was
reduced in tachykinin NK R knockout mice
®Pancreatitis-associated lung injUry sequestration of
neutrophils and increased pulmonary microvascular
permeability was reduced in tachykinin NK
receptor knockout mice
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complex injury. The lung tissues of immune complex-chal- 1995; Moreaux et al., 2000; Ujiie et al., 1993 . In guinea
lenged tachykinin NK receptor knockout mice, appeared pigs, substance P locally applied into the airways has been
to be no different from those of control animdls Bozic et shown to producel Kohrogi et al., 1988 or potentiate
al., 1996 . In Table 1, an overview is given on the use of cough produced by other stimuli Moreaux et al., 2000 .
tachykinin NK; receptor knockout mice in the study of These findings support a role for substance P at a periph-
inflammation in various organs. We recently evaluated the eral site of action, probably promoting a local, perineural
role of the tachykinin NK receptor in antigen-induced inflammation. In support of this hypothesis, both periph-
airway inflammation by using these tachykinin NK recep- eral and central sites of action has been reported in guinea
tor knockout mice( De Swert et al., 2001b . Despite all pigs for the antitussive effect of tachykinin NK and NK
available evidence for the role of this receptor in airway receptor antagonist6 Bolser et al., 1997 . Species varia-
inflammation, we were not able to point out any proin- tions may be of importance, as tachykinins appear to act at
flammatory action of the tachykinin NK receptor in our a site located in the central nervous system in the cat
mouse model. Indeed, analysis of different inflammatory (Bolser et al., 1997 .

parameter§ antigen-specific serum IgE, evaluation of cells

in bronchoalveolar lavage fluld revealed no differences

between the tachykinin NK receptor knockout and the 12 Conclusions

wild type animals.

Several lines of evidence indicate a role for the
tachykinins in airways diseases. Elevated levels of
10. Role of tachykininsin virus-induced airway changes tachykinins have been recovered from the airways of
patients with asthma and chronic obstructive pulmonary
Various neural mechanisms are involved in virus-in- gisease. Airway inflammation leads to an upregulation of
duced airway changeé Folkerts et al., 1998 . Epithelial the tachykinin NK and NK receptors. Preclinical studies
damage can expose sensory nerves that may be morgave indicated a role for the tachykinin NK and MK
easily stimulated by inhaled particles and inflammatory receptors in bronchoconstriction, airway hyperresponsive-
mediators. Epithelial damage may also enhance the effecthess and airway inflammation caused by allergic and
of tachykinins by a reduction in the activity of airway nonallergic stimuli. The possible role of the tachykinin
neutral endopeptidase. The muscarinig¢ M - receptors on thenk , receptor in cholinergic neurotransmission and allergic
vagus nerves in the lung, which normally inhibit acetyl- ajrway inflammation has recently been reported. As most
choline release, are no longer functional in guinea pigs of the effects of the tachykinins in the airways are medi-
infected with parainfluenza virus. This virus-induced dys- zted by more than one tachykinin receptor type, blocking
function of the muscarinic M receptor can be prevented gjther the tachykinin NK or the NK receptor is probably
by administration of a tachykinin NK  receptor antagonist jnsyfficient (Joos and Pauwels, 2001 . Recently, dual
(Jacoby et al., 2000 . Infection with respiratory syncytial tachykinin NK, /NK , receptor antagonists have been de-
virus in Fischer 344 rats results in increased inflammatory veloped that deserve clinical evaluation in patients with

responses to substance P and an upregulation of tachykinitgsthma or chronic obstructive pulmonary diseése Joos et
NK; receptor mRNA( Piedimonte et al., 1909 . al., 2001D .
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