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ABSTRACT: The mammalian tachykinins (TKs), substance P and neurokinin A,
are present in sensory nerve fibres in the upper and lower airways of various mam-
malian species, including humans. TKs are released from these afferent nerves in
an “efferent” mode at peripheral level, especially in response to irritant stimuli
TKs exert a variety of biological effects (bronchoconstriction, plasma protein ex-
travasation, stimulation of mucus secretion), collectively known as "neurogenic in-
flammation”, and this process is thought to be of potential pathogenic relevance
for various airway diseases. The recent development of potent and selective TK
receptor antagonists on the one hand provides important new tools for the under-
standing of basic airway physiology and pathophysiology and, on the other, opens
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new possibilities for therapy of airway diseases.
Eur Respir I., 1993, 6, 735-742.

Tachykinins (TKs) are a family of peptides which share
the common C-terminal sequence Phe-X-Gly-Leu-Met-
NH,. In mammals, three different TKs, substance P (SP),
neurokinin A (NKA), and neurokinin B (NKB), have
been shown to act as neurotransmitters (reviews [1-4]).

SP and NKA are products of the same gene (pre-
protachykinin I), which is expressed both in the central
and in the peripheral nervous system, whilst NKB is
produced by a distinct gene (preprotachykinin II), which
is selectively expressed in the central nervous system [3,
4].

TKs, particularly SP and NKA, are widely distributed
in the airways and lungs of several species, including
man [5-7]. The major, if not the sole, source of TKs in
the airways are the peripheral endings of certain primary
afferent neurons, which are sensitive to the stimulant and
toxic action of capsaicin [8-10]. The preprotachykinin
I gene is expressed by capsaicin-sensitive afferent neu-
rons innervating the mammalian airways and, for this rea-
son, SP and NKA are co-stored and co-released from
sensory nerve terminals in the airways [7, 11, 12]. It
should be remembered, that calcitonin gene-related pep-
tide (CGRP) is also expressed by these primary afferent
neurons, and is co-localized and co-released along with
TKSs in the airways [7].

Evidence from several laboratories (reviews [8-10]) has
now established that the capsaicin-sensitive afferents play
a dual, sensory and "efferent” function: these are deter-
mined by transmitter release from central and peripheral
endings of primary afferent neurons, respectively. In the
airways, the sensory function of these nerves deals with
a number of reflex responses, including cough to inhaled
irritants [13, 14]. The "efferent" function involves a va-
riety -of biological effects, including bronchoconstriction,
vasodilatation, increase in plasma protein extravasation,
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recruitment of inflammatory cells etc.; effects which are
collectively known as “neurogenic inflammation" [7, 11,
14]. These effects, mediated through specific receptors
expressed by target cells in the airways, mimic several
of the typical features of asthma. The recognition of this
process has led to the speculation that neurogenic inflam-
mation might play a role in the genesis of asthma/bron-
chial hyperreactivity [7, 11, 14], especially following
processes (e.g. epithelial shedding) which cause damage
to systems which, like neutral endopeptidase, limit the
biological action of released TKs [15]. Accordingly, data
obtained in several laboratories have indicated a signifi-
cant role of neurogenic inflammation in animal models
of asthma/bronchial hyperreactivity [7, 11, 14]. Such
evidence has been chiefly based, until now, on the com-
parison of altered airway function in vehicle- versus
capsaicin-pretreated animals. In fact, when administered
in high doses to intact animals, capsaicin produces a long-
lasting defunctionalization of the sensitive primary affer-
ent neurons, along with neuropeptide depletion [8-10].
This approach undoubtedly demonstrates the overall im-
portance of capsaicin-sensitive afferents in airways patho-
physiology, but does not make it possible to recognize
the relative importance of the individual neuropeptides
released from the primary afferent nerves. A complemen-
tary approach to the use of capsaicin is the use of selec-
tive receptor antagonists for sensory neuropeptides. Since
exogenously administered TKs reproduce the cardinal
signs of asthma/bronchial hyperreactivity in the airways,
and most of their effects are mediated through specific
receptors, much attention has recently been focused on
the discovery and development of selective receptor an-
tagonists for TKs [4]. The basic idea behind these ef-
forts is that TK receptor antagonists may eventually prove
beneficial in treating certain forms of airway disease, and
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prove or disprove the idea of a pathogenic role of sen-
sory nerves in airways disease.

The aim of this short review article is to present some
of the most recent developments in this field, with spe-
cial attention to advancements presented at the Interna-
tional Symposium on Substance P and Related Peptides,
held in Shizuoka, Japan, November 3-6, 1992.

Tachykinins in the airways

The distribution of TKs in sensory nerve endings at air-
ways level has been repeatedly reported in various mam-
malian species, including humans [5-7].

Human airways possess TK-containing nerve profiles
[16], which are of extrinsic origin as they disappear af-
ter lung transplantation [17]. Density of TK innervation
in the lungs varies depending on the localization (high-
est in lamina propria, ganglia and smooth muscle [18]),
species (higher in rodents [16]), and pathology (higher in
asthmatics [19]), although the latter results were not
confirmed in another study [20]. Various TKs, includ-
ing SP, NKA and the N-terminally elongated form of
NKA, neuropeptide K, have been detected in extracts
from the human lung [21], and in the bronchoalveolar
lavage fluid. Indeed, SP has been found to be elevated
in the fluid of allergic patients after allergen provocation
[22].

In guinea-pig airways, nerve stimulation produces
prominent bronchoconstrictor and inflammatory effects,
which are mediated through release of TKs from periph-
eral endings of capsaicin-sensitive nerves: in this species,
TKs fulfil all of the classical criteria used to define neuro-
transmitter status for a given substance [11]. Capsaicin,
which on acute application produces TK release from
sensory nerves, has been reported to produce contraction
of the human isolated bronchus [23], which is enhanced
by peptidase inhibitors [24], and may involve release of
endogenous TKs. However, such a hypothesis needs to
be confirmed with TK receptor antagonists,

Tachykinin receptors

With few, but notable exceptions (e.g. mast cells de-
granulation), the biological effects of TKs in the airways
are mediated through their common C-terminal sequence.
Based on the different rank order of potency of natural
TKs, three distinct TK receptor types have been identi-
fied, which have been termed NK-1 (SP-prefemring), NK-
2 (NKA-preferring), and NK-3 (NKB-preferring) (reviews
[3, 4]). The existence of three distinct receptor types
which mediate TK actions has been strengthened by the
development of selective receptor agonists (synthetic
ligands which stimulate only one of the three receptors
with high selectivity), by the development of receptor se-
lective competitive antagonists (see next sections), and
ultimately by the isolation and cloning of the three
receptor proteins [4, 25].

With few exceptions, not involving the mammalian
airways, the expression of the NK-3 receptor is confined

to the central nervous system, whilst NK-1 and NK-2
receptors are expressed both in the central and peripheral
nervous system [3, 4]. Thus, both SP and NKA are
present in the airways, and are co-released from sensory
nerves in a calcium-dependent manner [12]. Since both
NK-1 and NK-2 receptors are present on target cells in
the airways [11, 26], the expression of various receptor
types on different target cells ultimately determines the
biological consequences of TKergic co-transmission. For
both physiological and, in perspective, therapeutic pur-
poses, the precise assessment of the receptor types
mediating the various biological actions of TKSs in the air-
ways and, especially, the assessment of the receptor types
responsible for their biological actions in human airways
becomes of paramount importance. The issue is com-
plicated by several factors, which can be summarized as
follows:

With the development of newer and more selective
ligands it has become clear that pharmacological differ-
ences exist within the NK-1 and NK-2 receptors. Such
differences involve both species-related variants of the
main TK receptors and, probably, also the existence of
true receptor subtypes (intraspecies variants) [4]. For the
NK-1 receptor, it appears that some competitive receptor
antagonists recognize with different affinities the receptor
expressed in human, guinea-pig and rabbit species, as
opposed to that expressed in the rat or mouse species [27,
28]. Furthermore, the existence of intraspecies heteroge-
neity of the NK-1 receptor has been proposed [29]. Re-
cently, the existence of a novel, "septide-sensitive"
receptor, which could represent an NK-1 receptor subtype,
has also been proposed [30]. It appeals that a septide-
sensitive receptor exists in the guinea-pig bronchi [31],
whilst it is not known whether it is present in human air-
ways. This is an area of very rapid development, and
no clear-cut conclusion has yet been drawn, especially
with regard to nomenclature of the various receptor
subtypes/species variants.

With regard to the NK-2 receptor, the existence of
receptor subtypes (NK-2A and NK-2B) was proposed on
the basis of the different pharmacological profiles detected
in peripheral preparations from various species [4, 32-34].
Although cases for intraspecies heterogeneity have been
presented, which support the idea of the existence of true
receptor subtypes (e.g. NK-2A receptor on guinea-pig tra-
cheobronchial smooth muscle, and NK-2B-like receptor
on guinea-pig alveolar macrophages) [35-37], it is not yet
clear whether the pharmacological criteria used to define
NK-2A and NK-2B receptors chiefly recognize species
variants of the NK-2 receptor. In various smooth mus-
cle preparahons, NK-2A receptor is expressed by the hu-
man, guinea-pig and rabbit species, whilst rat and hamster
express NK-2B receptors [4].

The TK receptors which mediate the same effect may
vary considerably with species. For the airways, one of
the most striking examples is related to broncho-
constriction: this is mediated by NK-1 and NK-2A
receptors in guinea-pigs and rabbits, by NK-2B receptors
in hamsters, and NK-2A receptors in human bronchus
[31-33, 38]. In mice, no bronchoconstriction is produced
by TKs in the isolated bronchus, and bronchodilation may
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be demonstrated through the release of prostanoids from
the epithelium [39].

Tachykinin receptor antagonists

The first generation of TK receptor antagonists was
developed at the beginning of the 1980s, based on inser-
tion of multiple D-Trp residues on the backbone of SP
(review [4]). The best known example of this first gen-
eration of TK receptor antagonists is the undecapeptide
SP derivative, Spantide 1. These compounds have been
instrumental in assessing the status of SP as a neurotrans-
mitter, especially in the peripheral nervous system.

These ligands possess a number of drawbacks, however,
which have seriously hampered basic research on TKergic
transmission; furthermore, owing to their low potency
and limitations linked to their peptide nature, these com-
pounds have not been considered as serious candidates
for application in humans.

In the last 5 yrs, a number of peptide ligands have been
developed which represent the "second generation" of TK
receptor antagonists (tables 1 and 2). Common features
of these ligands are their remarkable improvement in
potency and selectivity for only one of the three TK
receptors and their peptide nature [4]. These ligands have
been of special importance for establishing the relative
role of NK-1 and NK-2 receptors (and by inference of

Table 1. - Amino acid sequence of peptide TK receptor an-

tagonists of second generation

NK-1 selective
L668,169:

Spantide II:
GR 71,251:
GR 82,334:

cyclo(Gln,D-Trp,(NMe)Phe(R)Gly[ANC-2]Leu,Met),
[D-NicLys', Pal®,D-CLPhe’, Asn®,D-Trp"*, Nle!'] SP
[D-Pro’[spiro-y-lactam]Len'®, Trp''] SP
[D-Pro’[spiro-y-lactam]Leu'®, Trp'']physalaemin

FR 113,680: Ac-Thr-DTrp(CHO)-Phe-NMeBzl

FK 888: (2-(N-Me)indolil)-CO-Hyp-Nal-NMeBzl

NK-2 selective

L 659,877: cyclo (GIn-Trp-Phe-Gly-Leu-Met)

MEN 10,207:  [Tyr’, D-Trp**® Arg'®] NKA (4-10)

MEN 10,376:  [Tyr®, D-Trp®#?, Lys'] NKA (4-10)

R 396: Ac-Leu-Asp-Gln-Trp-Phe-Gly

MDL 29,913:  cyclo[Leu-'¥(CH,NCH,)-Leu-Gln-Trp-Phe-Gly]
GR 94,800: PhCO-Ala-Ala-D-Trp-Phe-D-Pro-Pro-NleNH,
MEN 10,573: cyclo[Leuv'i’(CHzNH}-Asp{Ole)-Gh‘l-’I‘l‘p—Phe-ﬂAla]
MEN 10,612:  cyclo[Leu-¥(CH,NH)-Cha-Gln-Trp-Phe-BAla]
TK: tachykinin.

Table 2. -~ Affinities of receptor antagonists of second and third generation for tachykinin

NK-1, NK-2 and NK-3 receptors

Antagonist NK-1 receptor NK-2 receptor NK-3 receptor
GPI RPA HT RPV

L 668,169 6.44 (6.1-6.7) inactive* 6.16 (5.8-6.4) inactive*

Spantide I 7.08 (6.8-7.3) 543 (5.2-5.6) 6.00 (5.8-6.2) inactive*

Gr 82,334 7.59 (7.2-8.0) 5.10 (4.9-5.3) inactive* inactive*

FR 113,680 6.61 (6.3-6.9) 537 (5.2-5.5) 5.21 (4.9-5.5) inactive*®

(£)CP 96,345 8.11 (7.9-8.3) inactive* inactive* inactive*

RP 67,580 7.37 (6.9-7.9) inactive** inactive** inactive**

MEN 10,207 5.52 (5.3-5.8) 7.89 (7.7-8.1) 594 (5.7-6.2) 490 (4.7-5.1)

MEN 10,376 5.66 (54-5.9) 8.08 (7.8-8.3) 5.64 (5.5-5.8) inactive*

L 659,877 5.60 (5.2-5.9) 6.72 (6.5-7.0) 7.92 (1.8-8.0) 5.40 (5.1-5.7)

R 396 inactive* 5.42 (5.2-5.6) 7.63 (1.3-7.9) inactive*

MDL 29,913 5.37 (5.2-5.6) 7.77 (1.6-1.9) 8.60 (8.4-8.8) inactive®

SR 48,968 inactive*** 9.60 (9.4-9.8) 8.50 (8.3-8.6) inactive***

MEN 10,573 6.37 (5.9-6.5) 7.31 (1.2-7.4) 8.66 (8.5-8.8) inactive***

MEN 10,612 6.09 (5.7-6.3) 7.41 (1.5-1.7) 9.06 (8.9-9.2) inactive**#*

TK: tachykinin; NK: neurokinin; GPL guinea-pig ileum in the presence of atropine, substance P
methylester as an agonist; RPA: endothelium-denuded rabbit pulmonary artery, neurokinin A as an
agonist; HT: hainster trachea, neurokinin A as an agonist, RPV: rat portal vein, Arg-neurokinin B as
an agonist. Affinities are presented as pA, values. 95% confidence limits are in brackets. *: inactive
at 10 uM; **: inactive at 1 pM; ***: inactive at 3 pM.
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Fig. |. — Chemical structure of nonpeptide tachykinin receptor antagonists CP 96,345, RP 67,580 and SR 48,968.

SP and NKA) in examples of TKergic co-transmission
(e.g. atropine-resistant bronchoconstriction in guinea-pigs)
(see below). Some of these ligands also have character-
istics (e.g. long duration of action in vivo) which could
enable clinical testing.

Finally, a third generation of TK receptor antagonists
arose from the discovery of potent nonpeptide ligands,
which are highly selective for NK-1 receptor, such as CP
96,345 [27] or RP 67,580 [28], or for the NK-2 receptor,
SR 48,968 [38, 40] (fig. 1). Because of their nonpeptide
nature, these ligands are the most obvious candidates as
drugs to be used in human therapy.

The use of second and third generation TK receptor an-
tagonists has enabled some firm conclusions about TK
receptors and airway pathophysiology to be drawn, espe-
cially in guinea-pigs. These recent advances could be
summarized as follows:

Atropine-resistant bronchoconstriction is produced in
guinea-pigs airways by nerve stimulation through TK re-
lease from sensory nerves. This prominent effect, which
in guinea-pigs equals in magnitude the cholinergic
bronchoconstriction, involves both NK-1 and NK-2
receptors, when exogenous TKs are administered either
in vivo (e.g. recording changes of insufflation pressure),
or in vitro (e.g. recording tension changes in isolated
bronchi). However, when endogenous TKs are released
by stimulating sensory nerves, activation of NK-2
receptors plays a dominant role in the overall bron-
choconstriction, and the role of NK-1 receptors (as de-
duced by the effectiveness of NK-1 receptor antagonists)
is negligible [33, 41, 42]. In the isolated guinea-pig bron-
chus, the relative contribution of NK-1 receptor to the

overall bronchomotor response increases (and that of NK-
2 receptors decreases) after pretreatment with peptidase
inhibitors, suggesting that endogenous SP (NK-1 receptor
preferring) is degraded at a faster rate than endogenous
NKA [33].

Stimulation of TK release from sensory nerves produces
a remarkable increase in plasma protein extravasation in
both rat and guinea-pig airways. This reaction can be
demonstrated not only following electrical stimulation of,
e.g. vagal nerves in vivo, but also in response to inhala-
tion of irritants such as cigarette smoke, administration
of various mediators of inflammation, and antigen chal-
lenge [43]. Plasma protein extravasation produced by
endogenous TKs in the airways is entirely mediated
through NK-1 receptors, as documented by the ability of
selective NK-1 receptor antagonists to abolish the re-
sponse [44, 45]. Likewise, NK-1 receptors seem exclu-
sively responsible for increased mucus secretion produced
by TKs in the airways ([46, 47], and see below).

The results of the above-mentioned studies indicate a
clear specialization of NK-1 versus NK-2 receptors in
mediating the inflammatory versus bronchomotor re-
sponses to endogenous TKs in guinea-pig airways.
Whether exactly the same situation applies to human air-
ways is not known, although it is suggested by some re-
sults, Thus, NK-2 receptors only mediate contraction of
human isolated airways [38], NKA but not SP produces
bronchoconstriction in asthmatics [48, 49] and NK-1
receptors mediate mucus secretion in human isolated
trachea [47]. A preliminary study raised the possibility
that NK-1 receptors may contribute to airway broncho-
constriction in asthmatics, owing to an over expression
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of NK-1 receptor messenger ribonucleic acid (mRNA) in
asthmatic lungs [50]. If the situation which has been de-
lineated from guinea-pig studies were fully applicable to
human airways, it would be logical to conclude that an
antagonist having mixed and possibly balanced affinity for
NK-1 and NK-2 receptor could be therapeutically supe-
rior to a receptor selective antagonist [11]. At the present
time, several examples of antagonists possessing very high
affinity (in the nM range of concentrations) for NK-1 or
NK-2 receptors are available (table 2 and fig. 1). Al-
though the possibility of developing bifunctional receptor
antagonists having high affinity for two distinct receptor
proteins is theoretically feasible, the optimization process
of lead compounds in classical structure-activity relation-
ship studies required to increase the affinity for a given
receptor is almost invariably paralleled by an increase in
selectivity, i.e. development of a compound with high af-
finity (in the nM range of concentrations) for two dis-
tinct receptors is difficult to rationalize. It is not very
difficult to find receptor antagonists which have similar
but low potency (affinity in the pM range of concentra-
tions) in blocking NK-1 and NK-2 receptors: several TK
receptor antagonists of first generation, including Spantide
I have this characteristic [4]. Recently, another compound
of this type (FK 224), which is derived from Streptomy-
ces violaceoniger, has been described [51, 52]. FK 224
possesses similar and relatively balanced affinity for NK-
1 and NK-2 receptors, and blocks, at similar doses, both
bronchoconstriction (NK-2 receptor mediated) and plasma
protein extravasation (NK-1 receptor mediated) in guinea-
pig airways. Although the potency of FK 224 for TK
receptors is not very high, it might represent a new
and interesting tool to assess the pathophysiological im-
portance of TKs in airway diseases. ICHINOSE et al. [53]
recently reported that inhalation of FK 224 inhibits bron-
choconstrictor response to inhaled bradykinin in asthmat-
ics, suggesting the involvement of endogenous TKs in the
evoked response.

Tachykinins and cough

As mentioned earlier, cough to inhaled irritants is one
of the major "sensory" functions produced by capsaicin-
sensitive primary afferents at airway level. It is con-
ceivable that TKs released from central endings of these
afferent neurons act as neurotransmitter/modulators of the
cough reflex in the central nervous system. No data are
available, however, from the use of TK receptor antago-
nists to support this hypothesis.

KoHroar et al. [54] reported that inhalation of extremely
low concentrations of SP produces cough in guinea-pigs,
and suggested a possible role of TKs released in the air-
ways to produce cough. These findings have not been
confirmed by others, however, [55]. A recent study by
Taxanama ef al. [56] showed that inhalation of NKA also
produces cough in conscious guinea-pigs; the response
to the inhaled peptide was increased by phosphoramidon,
and after induction of bronchitis by SO, inhalation,
whilst being abolished by vagotomy. Interestingly, NKA-
induced cough, contrary to SP- or capsaicin-induced

cough, was unaffected by codeine [56]. These results
give further support to the idea that local release of TKs
in the airways may represent a potent stimulus to initi-
ate the cough reflex. Owing to the availability of potent
receptor antagonists for TK receptors, it appears of in-
terest to evaluate whether these compounds may inhibit
cough produced not only by inhaled TKs, but also that
produced by other irritants.

YosHHARA et al. [57] reported a significant elevation
(177% increase above control) of plasma SP levels dur-
ing paroxysmal cough stage in pertussis patients. Plasma
SP levels in such patients were significantly elevated, not
only as compared to plasma SP levels measured in the
same patients during the recovery stage, but were also
significantly higher than those in asthmatic patients meas-
ured during and after asthmatic crisis [57].

Tachykinin and airway response to antigen

Various studies and lines of evidence suggest an acti-
vation of sensory nerves during allergic reactions in the
airways. Earlier studies have reported an attenuation of
allergic reactions to acute antigen exposure in capsaicin-
pretreated guinea-pigs [43, 58]. The idea that sensory
nerves contribute to the acute airway response to antigen
has been supported by several recent reports, as follows:

Eruis and Unpem [59] reported that application of
threshold concentration of antigen to the isolated trachea
from sensitized guinea-pigs determines a remarkable en-
hancement of the TK-mediated atropine resistant contrac-
tion produced by electrical stimulation of sensory nerves.
The antigen-enhanced response was abolished by appli-
cation of TK receptor antagonists, while the response to
exogenously administered SP was not modified. Further-
more, the antigen-induced potentiation was blocked by
pyrilamine, at concentrations which selectively block his-
tamine effects [59]. The authors concluded that antigenic
stimulation of resident mast cells releases endogenous
histamine to produce prejunctional facilitation of TK re-
lease, possibly contributing to the immediate hypersensi-
tivity reaction in the airways [59].

Konroai et al. [60] reported that application of the
neutral endopeptidase inhibitor, phosphoramidon, known
to potentiate TK action in the airways, enhances the
contraction produced by ovalbumin application to isolated
bronchi from sensitized guinea-pigs, and that capsaicin
pretreatment prevents the phosphoramidon-induced
potentiation. Phosphoramidon also enhanced the response
to leukotriene C, and serotonin, whilst leaving contrac-
tion to histamine or platelet-activating factor (PAF) un-
changed. These findings further suggest that mediators
released during the immune reaction activate sensory
nerves to release TKs which contribute to the overall
bronchomotor response.

BERTRAND ef al. [61] reported that CP 96,345, a potent
and selective nonpeptide antagonist of NK-1 receptor,
produces an approximately 50% reduction in plasma
protein extravasation in guinea-pig trachea, produced
by administration of aerosolized ovalbumin to sensit-
ized animals. The response was also enhanced by
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phosphoramidon. Interestingly, the effect of both phos-
phoramidon and CP 96,345 could be demonstrated at 10
but not at 5 min after ovalbumin challenge, suggesting
the involvement of TKs to the delayed phase of reaction
to antigen challenge.

TKs stimulate guinea-pig alveolar macrophages to
release prostanoids through NK-2B-like receptor [36, 62]
BRUNELLESCHI et al. [62] recently reported a dramatic
(1-3 orders of magnitude for different TKs) increase in
sensitivity to TKs in alveolar macrophages from sensitized
guinea-pigs. Concomitantly, no change in the response
to bacterial peptide L-formyl-L-methionyl-L-leucyl-L-
phenylalanine (FMLP) was produced by immunization
[62].

Tachykinins and mucus secretion

Various studies have established that TKs are power-
ful stimulants for mucus secretion in mammalian airways.
Such an effect of TKs has been shown to involve
mucus discharge from both seromucous glands and gob-
let cells [46, 47]. A recent study by MmN et al. [63]
demonstrated, by the use of receptor selective agonists,
that only NK-1 receptors mediate mucus secretion in fer-
ret trachea. Furthermore, the presence of NK-1 receptors
on submucosal glands and epithelium was demonstrated
at autoradiography, whilst NK-2 receptors are present only
on smooth muscle [63]. By the use of receptor selec-
tive antagonists, CP 96,345 [64] and FK 888 [65], the
involvement of NK-1 receptors in mucus secretion of
ferret trachea has finally been proven. FK 888 has also
been shown to block noncholinergic mucus secretion
produced by activation of intramural nerves, providing
evidence for TKergic innervation via NK-1 receptors
[65].

Tachykinins, airway epithelium and inflammatory
cells

TK receptors are present on airway epithelial cells, and
their stimulation leads to the release of epithelium-derived
factor(s) [39, 66, 67]. A recent study [68] provides evi-
dence that pM concentrations of TKs stimulate, through
NK-1 receptors, the release of neutrophil chemotactic
factor(s) from bovine airway epithelial cells in culture.
This report is of particular interest, because antidromic
stimulation of sensory nerves produces leucocyte accumu-
lation in the airways [69]. While application of exog-
enous TKs reportedly affects leucocyte function (review
[11]), these direct effects are usually produced by high,
nonphysiological concentrations of TKs, and their general
significance and mechanisms are poorly understood. The
findings of Von Essen et al. [68] raise the interesting
possibility that leucocyte accumulation produced by TK
release into the airways does not originate because of a
direct chemotactic action of released peptides (i.e. through
a concentration gradient) but may be related to a NK-1
receptor induced release of chemotactic factor(s) from
airway epithelium.

Conclusions and considerations

In conclusion, a wealth of data is now available to
indicate that TKs are neurotransmitters in the airways of
various animal species, where they mediate motor and
inflammatory reactions, which resemble those observed in
various human diseases. There is little doubt that in small
rodents TKs are important physiological mediators of
airway response to a variety of stimuli, and TKs fulfil
all of the classical criteria which are needed to prove
neurotransmission at this level. Available evidence also
indicates that TKs are present in human airways, and
mediate some of the effects which have been extensively
documented in small rodent species. The recent devel-
opment of potent and selective TK receptor antagonists
of second and third generation [4] now offers the exciting
possibility of weighing the exact importance of TKs in
airway pathophysiology. This will undoubtedly happen
in the next few years, when TK receptor antagonists will
undergo clinical evaluation for their potential role in
treatment of airway diseases. When looking at asthma/
bronchial hyperreactivity, it is clear that TKs could take
part in both the chronic, inflammatory component of
the disease and the genesis of the acute bronchospastic
reactions. On the other hand, a plethora of mediators are
involved in the genesis of the inflammatory and motor
components of asthma, and it would be considered
exceptional if TKs were the main mediators underlying
this kind of pathology. Since sensory nerves are the only
source of TKs in the airways, and owing to the peculiar
chemosensitivity of these capsaicin-sensitive primary
afferent neurons, it would be logical to expect that a
local release of TKs in the airways might be especially
important during exposure to irritants. Chronic bronchitis
in smokers could be a suitable clinical conditions for
testing such a hypothesis. Since TKs are transported to
both central and peripheral endings of sensory neur-
ons, their possible role as mediators of airway-targeted
reflexes should also be considered: in particular a po-
tential role of TK receptor antagonists in modulating the
cough reflex in the central nervous system deserves
attention.

In both guinea-pig and ferret airways, a clear speciali-
zation of different TK receptors occurs, with NK-1
receptor mediating the inflammatory and secretory com-
ponents of TK action, and NK-2 receptors being respon-
sible for the bronchomotor response. Whether a similar
specialization occurs with the same characteristics in the
human airways is not definitively proven, although it
might be considered a reasonable assumption on the basis
of the available data. If this were the case, a mixed NK-
1/NK-2 receptor antagonist might prove therapeutically
more effective than antagonists which are selective for
only one of these two TK receptors. Since a highly
potent, "bifunctional" TK receptor antagonist (possibly
with affinity for TK receptors higher than that of natural
TKSs) is not available at the present time, data obtained
with low potency receptor antagonists should be regarded
with caution, when assessing the pathophysiological im-
portance of this family of peptides in the genesis of air-
way diseases.



TACHYKININ RECEPTORS AND AIRWAY PATHOPHYSIOLOGY 741

References
1. Maggio JE. ~ Kassinin in mammals: the newest
tachykinins. Peptides 1985; 6: 237-245.
2. Emson PC, Diez-Guerra FJ, Arai A. - Mammalian

tachykinins: neurochemistry and pharmacology. In: Tumer
AlJ, ed. Neuropeptides and Their Peptidases. Chichester, Ellis
Horwood Ltd, 1987; pp. 87-106.

3. Guard S, Watson SP. — Tachykinin receptor types: clas-
sification and membrane signalling mechanisms. Neurochem
Int 1991; 18: 149-165.

4. Maggi CA, Patacchini R, Rovero P, Giachetti A. -
Tachykinin receptors and receptor antagonists. J Autonomic
Pharmacel 1993; 13: 1-75.

5. Lundberg JM, Brodin E, Saria A. — Effects and distri-
bution of vagal capsaicin-sensitive substance P neurons with
special reference to the trachea and lung. Acta Physiol Scand
1983; 119: 243-252,

6. Lundberg JM, Hokfelt T, Martling CR, Saria A, Cuello
C. — Substance P immunoreactive sensory nerves in the lower
respiratory tract of various mammals including man. Cell Tis-
sue Res 1984; 235: 251-261.

7. Lundberg JM, Saria A. - Polypeptide containing neu-
rons in airway smooth muscle. Ann Rev Physiol 1987; 49:
557-572.

8. Szolcsanyi J. — Capsaicin-sensitive chemoceptive neural
system with dual sensory-efferent function. In: Chahl LA,
Szolcsanyi J, Lembeck F, eds. Antidromic Vasodilatation and
Neurogenic Inflammation. Budapest, Akademiai Kiado, 1984;
pp. 26-52.

9. Maggi CA, Meli A. - The sensory-efferent function of
capsaicin sensitive sensory neurons. Gen Pharmacol 1988; 19:
1-43.

10. Holzer P. - Local effector functions of capsaicin-
sensitive sensory nerve endings: involvement of tachykinins,
calcitonin gene-related peptide and other peptides. Neurosci
1988; 24: 739-768.

11. Maggi CA. - Tachykinin receptors in the airways and
lung: what should we block? Pharmacol Res 1990; 22: 527
540.

12. Maggi CA, Patacchini R, Perretti F, et al. — The effect
of thiorphan and epithelium removal on contractions and
tachykinin release produced by activation of the capsaicin-
sensitive afferents in the guinea-pig isolated bronchus. Naunyn
Schmiedeberg's Arch Pharmacol 1990; 341: 74-79.

13. Solway J, Leff AR. — Sensory neuropeptides and air-
way function. J Appl Physiol 1991; 71: 2077-2087.

14. Bames PJ. — Asthma as an axon reflex. Lancer 1986;
i: 242-244.

15. Nadel JA. — Neutral endopeptidase modulates neurogenic
inflammation. Eur Respir J 1991; 4: 745-754.

16. Lundberg JM, Hokfelt T, Martling CR, Saria A, Cuello
C. — Substance P immunoreactive sensory nerves in the lower
respiratory tract of various mammals including man. Cell Tis-
sue Res 1984; 235: 251-261.

17. Springall DR, Polak JM, Howard L, et al. — Persist-
ence of intrinsic neurones and possible phenotypic changes
after extrinsic denervation of human respiratory tract by heart
lung transplantation. Am Rev Respir Dis 1990; 141: 1538-
1546.

18. Komatsu T, Yamamoto P, Shimokata K, Nagura H. -
Distribution of substance P-immunoreactive and CGRP-
immunoreactive nerves in normal human lungs. Int Arch Al-
lergy Appl Immunol 1991; 95: 23-28.

19. Ollerenshaw SL, Jarvis D, Sullivan CE, Woolcock AJ. -
Substance P immunoreactive nerves in airways from asthmat-
ics and nonasthmatics. Eur Respir J 1991; 4: 673-682.

20. Howarth PH, Djukanovic R, Wilson JW, et al. — Mu-
cosal nerves in endobronchial biopsies in asthma and non-
asthma. Inr Arch Allergy Appl Immunol 1991; 94: 330-333.
21. Martling CR, Theodorsson-Norheim E, Lundberg M. -
Occurrence and effects of multiple tachykinins, substance P,
neurokinin A and neuropeptide K in human airways. Life Sci
1987, 40: 1633-1643.

22. Nieber K, Baumgarten C, Rathsack R, er al. — Substance
P and B-endorphin-like immunoreactivity in lavage fluids of
subjects with and without asthma. J Allergy Clin Immunol
1992; 90: 646-652.

23. Lundberg JM, Martling CR, Saria A. — Substance P and
capsaicin-induced contraction of human bronchi. Acta Physiol
Scand 1983; 119: 49-53.

24. Honda I, Kohrogi H, Yamaguchi T, Ando M, Araki S.
— Enkephalinase inhibitor potentiates substance P- and cap-
saicin-induced bronchial smooth muscle contractions in humans.
Am Rev Respir Dis 1991; 143: 1416-1418.

25. Nakanishi S. — Mammalian tachykinin receptors. Annu
Rev Neurosci 1991; 14: 123-136.

26. Frossard N, Advenier C. — Tachykinin receptors and the
airways. Life Sci 1991; 49: 1941-1953.

27. Snider RM, Constantine JW, Lowe Il JA, et al. — A
potent nonpeptide antagonist of the substance P (NK-1)
receptor. Science 1991; 251: 435-437.

28. Garret C, Carruette A, Fardin V, ef al. — Pharmacologi-
cal properties of a potent and selective nonpeptide substance
P antagonist. Proc Natl Acad Sci USA 1991; 88: 10208-10211.
29. Sakurada T, Yamada T, Tan-no K, et al. — Differential
effects of substance P analogs on NK-1 receptor agonists in
the mouse spinal cord. J Pharmacol Exp Ther 1991; 259:
205-210.

30. Petitet F, Saffroy M, Torrens Y, et al. — Possible exist-
ence of a new tachykinin receptor subtype in the guinea-pig
ileum. Peptides 1992; 13: 383-388.

31. Maggi CA, Patacchini R, Quartara L, Rovero P, Santicioli
P. — Tachykinin receptors in the guinea-pig isolated bronchi.
Eur J Pharmacol 1991; 197: 167-174.

32. Maggi CA, Eglezos A, Quartara L, Patacchini R, Giachetti
A. — Heterogeneity of NK-2 tachykinin receptors in hamster
and rabbit smooth muscles. Regul Pepr 1992; 37: 85-93.

33. Maggi CA, Patacchini R, Astolfi M, ef al. - NK-2
receptor agonists and antagonists. Ann New York Acad Sci
1991; 632: 184-191.

34, Maggi CA, Patacchini R, Giuliani S, ef al. — Competi-
tive antagonists discriminate between NK-2 tachykinin receptor
subtypes. Br J Pharmacol 1990; 100: 588-592.

35. Maggi CA, Patacchini R, Rovero P, Santicioli P. -
Tachykinin receptors and noncholinergic bronchoconstriction in
the guinea-pig isolated bronchi. Am Rev Respir Dis 1991; 144:
363-367.

36. Brunelleschi S, Ceni E, Fantozzi R, Maggi CA. — Evi-
dence for tachykinin NK-2B-like receptors in guinea-pig alveo-
lar macrophages. Life Sci - Pharmacol Lett (in press).

37. Maggi CA, Patacchini R, Rovero P, Meli A. — The ham-
ster isolated trachea: a new preparation for studying NK-2
receptors. Eur J Pharmacol 1989; 166: 435-440.

38. Advenier C, Rouissi N, Nguyen QT, ef al. — Neuroki-
nin A (NK-2) receptor revisited with SR 48968, a potent
nonpeptide antagonist. Biochem Biophys Res Commun 1992;
184: 1418-1424.

39. Manzini S. — Bronchodilatation by tachykinins and cap-
saicin in the mouse main bronchus. Br J Pharmacol 1992,
105: 968-972.

40. Emonds-Alt X, Vilain P, Goulaouic P, et al. — A potent
and selective nonpeptide antagonist of the neurokinin A (NK-
2) receptor. Life Sci - Pharmacol Lent 1992; 50: PL101-106.



742 C.A. MAGGI

41. Ballati L, Evangelista S, Maggi CA, Manzini S. - Ef-
fect of selective tachykinin receptor antagonists on capsaicin-
and TK-induced bronchospasm in anaesthetized guinea-pigs.
Eur J Pharmacol 1992; 214: 215-221.

42. Maggi CA, Giuliani S, Ballati L, et al. — In vivo evi-
dence for tachykininergic transmission using a new NK-2
receptor selective antagonist, MEN 10376. J Pharmacol Exp
Ther 1991; 257: 1172-1178.

43. Sara A, Lundberg JM, Skofitsch G, Lembeck F. — Vas-
cular protein leakage in various tissues induced by substance
P, capsaicin, bradykinin, serotonin, histamine and by antigen
challenge. Naunyn Schmiedeberg’s Arch Pharamcol 1983; 324:
212-218.

44. Eglezos A, Giuliani S, Viti G, Maggi CA. — Direct evi-
dence that capsaicin-induced plasma protein extravasation is
mediated through tachykinin NK-1 receptors. Eur J Pharmacol
1991; 209: 277-279.

45. Lei YH, Bames PJ, Rogers DF. — Inhibition of neuro-
genic plasma exudation in guinea-pig airways by CP 96,345,
a new nonpeptide NK-1 receptors antagonist. Br J Pharmacol
1992; 105: 261-262.

46. Kuo HP, Rohde JAL, Tokuyama K, Barnes PJ, Rogers
DF. — Capsaicin and sensory neuropeptide stimulation of gob-
let cell secretion in guinea-pig tracheal. J Physiol (Lond) 1990,
431: 629-641.

47. Rogers DF, Aursudkij B, Barnes PJ. - Effects of
tachykinins on mucus secretion in human bronchi in vitro. Eur
J Pharmacol 1989; 174: 283-286.

48. Joos G, Pauwels R, Van Der Stracten M. - Effect of
inhaled substance P and neurokinin A on the airways of normal
and asthmatic subjects. Thorax 1987; 42: 779-783.

49. Cheung D, Bel EH, Den Hartigh J, Dijkman JH, Sterk PJ.
— The effect of inhaled neutral endopeptidase inhibitor,
thiorphan, on airway responses to neurokinin in normal humans
in vivo. Am Rev Respir Dis 1992; 145: 1275-1280.

50. Peters MJ, Adcock IM, Gelder CM, et al. - NK-I1
receptor gene expression is increased in asthmatic lung and
reduced by corticosteroids. Am Rev Respir Dis 1992; 145:
AB35.

51. Morimoto H, Murai M, Maeda Y, et al. — FK 224 a
novel cyclopeptide substance P antagonist with NK-1 and NK-
2 receptor selectivity. J Pharmacol Exp Ther 1992; 262: 398-
402,

52. Murai M, Morimoto H, Maeda Y, et al. — Effect of FK
224, a novel compound NK-1 and NK-2 receptor antagonist
on airway constriction and airway edema induced by neuro-
kinins and sensory nerve stimulation in guinea-pigs. J
Pharmacol Exp Ther 1992; 262: 403-408.

53. Ichinose M, Nakajima N, Takahashi T, ef al. — Protec-
tion against bradykinin-induced bronchoconstriction in asthmatic
patients by neurokinin receptor antagonist. Lancer 1992; 340:
1248-1251.

54. Kohrogi H, Graf PD, Sekizawa K, Borson DB, Nadel JA.
— Neutral endopeptidase inhibitors potentiate SP- and capsai-
cin-induced cough in awake guinea-pigs. J Clin Invest 1988;
82: 2063-2068.

55. Karlsson JA, Persson CGA. - Novel peripheral

neurotransmitters and control of the airways. In: Bell C, ed.
Novel Peripheral Neurotransmitters. New York, Pergamon
Press 1991; pp. 193-220.

56. Takahama K, Fuchikami J, Isohama Y, Kai H, Miyata T.
— Neurokinin A but not neurokinin B and substance P induces
codeine-resistant cough in awake guinea-pigs. Regul Pept
1992; (Suppl. 1): S154.

57. Yoshihara S, Kanno N, Ando T, ef al. — Involvement
of substance P in the paroxysmal cough of pertussis. Regul
Pept 1992; (Suppl. 1): S182,

58. Manzini S, Maggi CA, Geppetti P, Bacciarelli C. — Cap-
saicin desensitization protects from antigen-induced bronchos-
pasm in conscious guinea-pigs. Eur J Pharmacol 1987; 138:
307-308.

59. Ellis JL, Undem BJ. - Antigen- induced enhancement
of noncholinergic contractile responses to vagus nerve and elec-
trical field stimulation in guinea-pig isolated trachea. J
Pharmacol Exp Ther 1992; 262: 646-653.

60. Kohrogi H, Yamaguchi T, Kawano O, Honda I, Ando M.
— Inhibition of neutral endopeptidase potentiates bronchial con-
traction induced by immune response in guinea-pigs in vitro.
Am Rev Respir Dis 1991; 144: 636-641.

61. Bertrand C, Geppetti P, Baker J, Yamawaki I, Nadel JA.
~ Tachykinins, via NK-1 receptor activation, play a relevant
role in plasma protein extravasation evoked by allergen chal-
lenge in the airways of sensitized guinea-pigs. Regul Peptid
1992; (Suppl. 1): 837.

62. Brunelleschi S, Parenti A, Ceni E, Giotti A, Fantozzi R.
— Enhanced responsiveness of ovalbumin-sensitized guinea-pig
alveolar macrophages to tachykinins. Br J Pharmacol 1992; (in
press).

63. Meini S, Mak JCW, Rohde JAL, Rogers DF. — Tachy-
kinin control of ferret airways: mucus secretion, broncho-
constriction and receptor mapping. Neuropeptides (in press).
64. Geppetti P, Bertrand C, Bacci E, et al. — The NK-1
receptor antagonist CP 96,345 blocks substance P-evoked mu-
cus secretion from the ferret trachea in vitro. Neuropeptides
1992; 22: 25.

65. Hirayama Y, Ramnarine SI, Fujii T, Bames PJ, Rogers
DF. — Effects of an NK-1 receptor selective antagonist, FK
888, on mucus secretion in ferret trachea: involvement of
tachykinins in neural mucus secretion. Regul Pept 1992;
(Suppl. 1): S72.

66. Tschirhart E, Landry Y. — Airway epithelivm releases a
relaxant factor: demonstration with substance P. Eur J
Pharmacol 1986; 132: 103-104.

67. Grandordy BM, Frossard N, Rhoden KJ, Bames PJ. -
Tachykinin-induced phosphoinositide breakdown in airway
smooth muscle and epithelium: relationship to contraction.
Mol Pharmacol 1988; 33: 515-519.

68. Von Essen SG, Rennard SI, O'Neill D, ef al. — Bron-
chial epithelial cells release neutrophil chemotactic activity
in response to tachykinins. Am J Physiol 1992; 263: L226-
L231.

69. McDonald DM. Neurogenic inflammation in the rat tra-
chea. I. Changes in venules leucocytes and epithelial cells.
J Neurocytol 1988; 17: 583-603.



