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nerve cell bodies, transported by axoplasmic

flow, and stored in the terminal ramifications
of axon dendrites. Stimulation of peptidergic nerves,
either sensory or motor, can lead to the release of these
peptides into the microenvironment. The neuropep-
tides so released have the capacity to mediate a number
of distinct physiological effects and therefore fit into
the broad category of neurotransmitters. Immunobhis-
tochemical analyses of tissues from both the central
and peripheral nervous systems have demonstrated the
presence of numerous structurally distinct peptides with
potential neurotransmitter function.

Although much is known about the biology of
neuropeptides in general (1-5), our understanding of
the role of these molecules in lung tissues is limited (6,
7). However, our appreciation of the role of neuropep-
tides as modulators of lung function has grown substan-
tially over the past 5 years. Neuropeptides have been
implicated as factors governing the growth and differ-
entiation of the lung during embryogenesis (8, 9), reg-
ulating the tone of the pulmonary vasculature (10, 11),
and modulating both the growth of certain forms of
lung cancer (12, 13) and airway secretions (14). Sub-
stantial progress has been made in understanding the
role of neuropeptides in modulating airway patency
and therefore potentially contributing to the pathogen-

Neuropeptides are small peptides synthesized in
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esis of asthma and related disorders. This Minireview
will focus on the latter aspect of neuropeptide function
in the lung. Furthermore, although numerous neuro-
peptides have been identified throughout the body, the
bulk of the information currently available about neu-
ropeptides in the lung concerns the contractile peptides
substance P (SP) and neurokinin A (NKA) and the
inhibitory peptide vasoactive intestinal peptide (VIP).
There is reason to believe that the excitatory physiolog-
ical effects of SP and NKA are counterbalanced by the
inhibitory effects of VIP. This Minireview will deal
predominantly, but not exclusively, with these three
peptides.

Studies of the modulation of airway obstruction by
neuropeptides have established that the physiological
effects of SP, NKA, and VIP are limited by their
degradation at or near the site of their release. These
peptides are all subject to cleavage by neutral endopep-
tidase (NEP; E.C. 3.4.24.11); SP (but not NKA or VIP)
is also subject to cleavage and inactivation by angioten-
sin-converting enzyme (ACE; E.C.3.14.5.1). In isolated
systems, VIP can be cleaved and inactivated by mast
cell-derived chymase and tryptase. Not only are these
neuropeptides subject to enzymatic degradation, good
evidence suggests that the expression or activity of the
enzymes that cleave them is also modulated. For ex-
ample, in an inflammatory microenvironment, such as
the asthmatic lung, the loss of NEP activity could
enhance the phlogistic responses elicited by SP and
NKA. Ordinarily, the inhibitory actions of VIP coun-
teract the effects of SP and NKA. However, when the
inactivation of SP and NKA is inhibited because NEP
is inactive, the contractile and microvascular effects of
SP and NKA may be so great as to prevent a counter-
balancing action of VIP. This loss of the potential
homeostatic effects of VIP may be especially devastat-



ing since loss of NEP activity does not prevent degra-
dation of VIP by other enzyme systems, such as mast
cell chymase and tryptase. As a result, airway inflam-
mation has the potential to differentially enhance the
prophlogistic effects of SP/NKA and to diminish the
homeostatic effects of VIP.

In this Minireview we will consider (i) the identity
of the neuropeptides present in the airways and their
specific locus of expression; (ii) the enzymatic inacti-
vation of SP, NKA, and VIP (i.e., which enzymes are
known to inactivate these peptides and how the peptides
are cleaved); (iii) the stimuli responsible for the release
of the neuropeptides; and (iv) the inflammatory mod-
ulation of neuropeptide cleavage in the lung. The rela-
tionships among these various aspects of neuropeptide
physiology in the lung are shown in Figure 1.

Location of Neuropeptides in the Airways

Multiple neuropeptides have now been identified
in the lungs and airways. These include—but are not
limited to—SP, NKA, calcitonin gene-related peptide,
VIP, gastrin-releasing peptide, enkephalin, neuropep-
tide Y, somatostatin, neuropeptide K (NPK), and pep-
tide histidine isoleucine/methionine. Neuropeptides
are present (i) co-localized with acetylcholine and nor-
epinephrine in parasympathetic and sympathetic nerve
varicosities; (ii) in and around airway ganglia; (iii) in C
fiber afferent nerves; and (iv) in neuroendocrine cells.
Distinct patterns exist for each peptide. The distribution
of each peptide also varies with the species studied and
with the location in the tracheobronchial tree. This
discussion will be limited to the tachykinins and VIP.
The reader is referred to a recent review article (15) for
information on the localization of other neuropeptides.

Tachykinins. The tachykinins are a family of small
neuropeptides that share a common amidated carboxyl-
terminal amino acid sequence: Phe-X-Gly-Leu-Met-
NH,. At least three mammalian tachykinins have been
identified: SP, NKA, and neurokinin B. However, only
SP and NKA have been localized to the lungs and
airways. Both SP and NKA are derived from the PPT-
I gene (16, 17), which can be alternatively spliced to
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Figure 1. Potential interactions between evocative stimuli and sec-
ondarily released SP, NKA, and VIP.

yield at least three distinct forms of PPT-I mRNA: q,
B, and v. SP is produced by translation of all three
forms, whereas NKA is produced only from the 8- and
v-forms. In addition, recent reports indicate that three
other NKA-related peptides—NKA;.,0, NPK, and neu-
ropeptide-y—can be produced by differential posttrans-
lational processing of the 8- and vy-forms (18). NPK
and neuropeptide-y are N-terminally extended forms
of NKA.

SP has been localized to C fiber afferent nerves in
the airways of several species, including humans. This
neuropeptide is synthesized in the cell bodies of these
neurons, which lie in the nodose and thoracic dorsal
root ganglia, and is transported by axoplasmic flow
down these nerves to the lungs. In rats and guinea pigs,
SP-immunoreactive nerves are found in the airways
from the pharynx down to the peripheral bronchioli,
although their concentration is greatest in the larger
bronchi (19, 20). SP-immunoreactive nerves have even
been demonstrated at the alveolar level in some species
(21). Measurements of SP content from extracts of
lungs and airways confirm this distribution; SP content
is greatest in the main stem bronchi, though measurable
amounts are also obtained from peripheral lung sam-
ples (21, 22). In the airways, SP-immunoreactive nerves
are seen close to and within the respiratory epithelium,
near blood vessels, within the bronchial smooth muscle
layer, and around but not in tracheobronchial ganglion
cells (19, 20). SP-containing nerves are also present in
the pulmonary vasculature (23).

There are some species-related differences in the
amount and distribution of SP in the airways. SP con-
tent is greatest in airways from rats and guinea pigs (21,
22). In addition, it appears that in larger mammals,
such as cats and humans, fewer SP-immunoreactive
fibers are present in the airway epithelium (22). Age-
related changes in the distribution of SP-immunoreac-
tive nerves have been documented. Examination of
autopsy specimens from children 3 years of age or less
has revealed SP-containing nerves in airways from
bronchi all the way to the alveolar ducts (24). In con-
trast, in airways from persons aged 10 years and older,
SP-containing nerves are present in bronchi but are
only rarely observed in smaller airways (although gen-
eral neuronal markers do confirm their presence at this
site).

NKA is co-localized to the same nerve terminals
as SP and has a similar distribution (25, 26). When
tachykinins are extracted from the lungs and airways
of rodents, about two thirds as much NKA-like im-
munoreactivity (NKA-LI) as SP-like immunoreactivity
(SP-LI) is recovered (27). While this difference may
reflect the actual content of each peptide, it is also
possible that the extraction procedure results in differ-
ential loss of NKA and SP.

High-performance liquid chromatography of ex-
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tracts of airway tissues from guinea pig trachea show
three peaks of NKA-LI (28, 29). One peak corresponds
to the retention time of authentic NKA and another to
the retention time of NPK. The third peak of activity,
termed eledoisin-like, has a retention time correspond-
ing to that of NKA;.,o. Neuropeptide-y has not yet been
detected in lung extracts, although it is present in
extracts of other organs (30). Thus both NPK and
NKA;_ o appear to be present in the airways.

VIP. VIP is a 28-amino acid peptide that was
originally described in extracts of pig duodenum.
Nerves with VIP immunoreactivity have been found in
the airways of most mammalian species studied (15,
22). VIP immunoreactivity is localized both to nerves
and to ganglia in the airway wall, is often, though not
exclusively, co-localized with acetylcholine (15), and
has been observed in ganglion cells from the trachea to
the intrapulmonary bronchi. In adult human lungs,
VIP-like immunoreactivity is found as branching net-
works of fibers from major bronchi down to bronchioli
as small as 200 um; however, the number of VIP-
immunoreactive nerves decreases with distance into the
lung (24). VIP-immunoreactive fibers are found within
the smooth muscle and in association with vessels and
mucous glands (21, 22, 31, 32). In some species, VIP
has been localized to nerves running beneath the epi-
thelium, though these subepithelial fibers appear to be
of sensory origin (15). The presence of VIP in the
atrways has been confirmed by measurements of the
VIP content of extracts of airway tissue (21, 33).

Like those of SP, the content and distribution of
VIP in the airways differ significantly according to the
species studied. VIP-containing nerve fibers are most
abundant in cat airways (22), whose VIP content is
about 10 times that found in rat or guinea pig airways
(21). In smaller mammalian species, VIP-containing
nerves are found mostly in association with mucous
glands and are less abundant in airway blood vessels
and airway smooth muscle. In larger species, including
humans, the degree of VIP innervation in smooth mus-
cle and in blood vessels is greater (22). There are also
age-related changes in the location of VIP-containing
nerves in the airways. In airways from children less
than 3 years of age, VIP is localized to ganglia (promi-
nent in young children) and to nerves from the bronchi,
bronchioli, respiratory bronchioli, and alveolar ducts
(24). In humans more than 10 years of age, VIP-
containing nerves do not extend beyond bronchioli.
Gepetti et al. (34) reported a decrease in VIP content
(as measured both by radioimmunoassay and by im-
munofluorescence) in rat airways with increasing age.

Changes in the distribution of VIP-immunoreac-
tive nerves have also been reported in airways (or airway
biopsies) from patients with airway disease. Olleren-
shaw et al. (35) reported few, if any, VIP-containing
nerves in the airways of asthmatic patients; in contrast,
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such nerves were found in other subjects. The VIP
content of airways of children who died of acute respi-
ratory distress syndrome did not differ from that of
airways in age-matched control children who died of
nonrespiratory causes (33).

Peptidase Cleavage of Neuropeptides in the Airways
Peptidase Cleavage of NKA. The airway effects
of SP, NKA, and VIP are limited in part by enzymatic
degradation by NEP. NEP is a membrane-bound ec-
toenzyme found on a variety of cells constitutive to the
airway wall. This location is ideal for the exertion of a
regulatory effect on peptide mediators released into the
extracellular microenvironment. NEP is anchored to
the membranes of cells through a small hydrophobic
domain near the amino terminus; the glycosylated hy-
drophilic extracellular domain contains the zinc-requir-
ing active site (36). NEP cleaves peptides preferentially
at the amino-terminal side of the hydrophobic amino
acid residues Phe, Leu, Ile, Val, Tyr, and Trp. NEP,
purified from the brush border of the kidney, hydrolyses
NKA primarily at Gly®-Leu’ and Ser>-Phe® (Fig. 2).
High-performance liquid chromatography analysis of
peptides recovered after the introduction of radiola-
beled NKA into the perfusate of tracheally perfused
guinea pig lungs suggests that lung NEP cleavage of
NKA occurs at the same sites (37). A cleavage site with
less favorable kinetics has also been described at Phe®-
Val’ (38). The K, for NKA obtained from renal brush
border is 113 uM and the k.../K,, for NEP with NKA
as substrate exceeds that for SP. Among 22 putative
substrates for NEP, NKA and SP were cleaved with the
greatest efficiency (38, 39). An important observation
is that NEP cleavage of NKA results in biologic inacti-
vation of the peptide; the products of NKA cleavage by
NEP are markedly less potent bronchoconstrictors than
intact NKA (40). NKA is not efficiently cleaved by
ACE prepared from kidney (36) or lung (41), but is a
substrate for the corpus striatum isozyme of ACE.
Importance of NKA Cleavage in Its Physiologic
Actions. The physiologic relevance of NKA inactiva-
tion by enzymatic hydrolysis has been deduced from
studies of the effects of enzyme inhibitors on the phys-
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Figure 2. Established sites for proteolytic cleavage of SP, NKA, and
VIP. Only sites whose kinetics are consistent with physiologic activity
are shown.



iologic action of exogenously administered peptides.
When given intravenously to anesthetized, mechani-
cally ventilated guinea pigs, NKA is a more potent
bronchoconstrictor than SP (36, 42, 43). NKA-induced
bronchoconstriction is significantly enhanced when the
NEP inhibitors thiorphan and SCH32615 are admin-
istered (40, 44, 45). NEP inhibition with phosphoram-
idon has been shown to enhance NKA-induced bron-
choconstriction throughout the tracheobronchial tree
and to enhance microvascular leakage in proximal
intrapulmonary airways (46). These same inhibitors
enhance NKA-induced pulmonary constriction in
tracheal superperfused lungs (37). In this model, the
addition of a combination of other inhibitors—includ-
ing inhibitors of aminopeptidases, serine proteases, and
ACE—along with NEP inhibitors failed to enhance
NKA-induced bronchoconstriction beyond the level
provided by NEP inhibitors alone. These results suggest
that these other enzyme systems are not relevant for
NKA-induced bronchoconstriction in this system (37).
Likewise, ACE inhibitors have no effect on NKA-
induced bronchoconstriction in the intact guinea pig
(45). Further evidence against a regulatory role for
aminopeptidases is provided by the observation that
the C-terminal fragments of NKA, which would be the
products of aminopeptidase cleavage of NKA, are bron-
choconstrictors as potent as NKA itself (40).

Peptidase Cleavage of SP. NEP. In the lung, SP
is inactivated by enzymatic cleavage by two enzymes,
NEP and ACE. NEP, prepared from the brush border
of the pig kidney, hydrolyzes SP at three sites: GIn®-
Phe’, Phe’-Phe?, and Gly®-Leu'® (Fig. 2) (47). NEP
efficiently cleaves and inactivates SP with a K,, of 31.9
uM. It hydrolyzes | mM SP at a rate of 7.7 pmol/min/
mg. This cleavage is completely inhibited in the pres-
ence of 1 uM phosphoramidon.

ACE. ACE prepared from rat lung hydrolyzes SP
at the Phe?-Gly® bond with a ke../K,, 60-fold lower than
that reported for ACE hydrolysis of angiotensin I (48).
A second cleavage site with less favorable kinetics has
been reported at Gly>-Leu'® (49). In human lung prep-
arations, Phe®-Gly® cleavage occurs three times more
frequently than Gly’-Leu'® cleavage (41). Similar SP
cleavage sites have been documented with use of ACE
prepared from human kidney (50, 51), although when
enzymes from this renal source are used, cleavage at
Phe®-Gly® is preferred by a ratio of 4:1 to cleavage at
Gly®-Leu'®. ACE cleaves 0.1 mM SP at a rate of 1.2
pmol/min/mg, and this action is completely inhibited
by 1 uM captopril. The products of NEP or ACE
hydrolysis of SP at Gly®-Leu'? are inactive in anesthe-
tized, mechanically ventilated guinea pigs (52).

Dipeptidyl(amino)peptidase IV. In human and rat
plasma, SP is cleaved sequentially at Pro*-Lys® and
Pro*-Gln® by dipeptidyl(amino)peptidase IV (DAP-IV;
E.C.3.4.14.5), which is specifically inhibited by diprotin

(53). The resulting products SP3.;; and SPs.;; are more
potent bronchoconstrictors (52) than intact SP,_,, but
each can be rapidly inactivated in plasma by amino-
peptidase M (54). Rats genetically deficient in DAP IV
are more sensitive to the salivary effects of SP than are
normal rats; this difference indicates that DAP IV can
be physiologically significant for SP metabolism. The
significance of DAP IV in limiting the pulmonary
action of SP is unclear.

Chymase. SP is cleaved at Phe’-Phe® by chymase
derived from canine mastocytoma cells (55), but not
by tryptase derived from the same cells. The K/ K, for
the action of chymase on SP is 3.9 X 10*—a value
significantly lower than the corresponding value for
NEP or ACE. Thus it appears that SP is not a favored
substrate for chymase.

importance of SP Cleavage in Limiting Its Phys-
iologic Action. The physiologic importance of NEP
and ACE as regulators of the pulmonary action of SP
appears to depend on the route of administration of the
peptide to the lung. When SP is presented to the lung
via the vasculature, its airway effects are enhanced (56,
57) by the inhibition of ACE. The further enhancement
of SP-induced pulmonary constriction when a NEP
inhibitor is added to the ACE inhibitor indicates mod-
ulation of this process by NEP. NEP inhibition with
phosphoramidon or thiorphan, but without captopril,
augments SP-induced increases in lung resistance in
anesthetized, mechanically ventilated guinea pigs (56,
58). However, when SCH32615 is used to inhibit NEP,
the SP response is not augmented unless ACE is also
inhibited (59). Since SCH32615 is a very specific NEP
inhibitor (60) (i.e., has no significant effect on ACE)
while thiorphan has some anti-ACE activity, it appears
that NEP and ACE are physiologically competitive in
their capacity to degrade SP.? In the presence of thior-
phan and captopril (given to inhibit NEP and ACE),
the detection of SP-LI in arterial blood after intravenous
administration of SP is enhanced (56). Recovery is not
enhanced by a specific NEP inhibitor alone (59), but is
enhanced by captopril alone (56). Thus, when admin-
istered by the vascular route, ACE appears to control
the quantity of SP in the circulation, while NEP has an
effect on activity independent of circulatory level.

In contrast, when SP is presented via the airway
lumen, NEP alone appears to be important in modu-
lating its bronchoconstrictor activity. Addition of the
NEP inhibitor thiorphan or SCH32615 alone to the

2In this discussion, except as noted, we have assumed that enhancement of
neuropeptide action by phosphoramidon, thiorphan, or SCH32615 is evidence
for cleavage by NEP (EC 3.4.24.11). However, there is increasing evidence for
a distinct phosphoramidon, and to some extent, a thiorphan, sensitive activity
known as endothelin-converting enzyme (ECE; 61-63). It is not known at this
time if ECE can cleave SP, NKA, or VIP. If it is discovered that ECE can cleave
SP, NKA or VIP, the surety of the conclusions drawn about NEP from
experiments using these two inhibitors is somewhat tempered.
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perfusate of isolated tracheally perfused lungs increased
both the bronchoconstriction induced by a bolus of SP
added to perfusate as well as recovery of the intact
peptide from the lung effluent. In contrast, captopril
had no effect (37). NEP inhibitors also increase the
bronchoconstriction induced by inhaled aerosolized SP
(64). In contrast, ACE inhibitors do not alter these
responses (43). In isolated guinea pig, ferret, and human
airways, inhibition of NEP but not ACE activity aug-
ments SP-induced contractions (65-67).

Inhibitor studies have indicated that NEP also
modulates nonbronchoconstrictor actions of SP that
occur at or near the airway epithelium. In addition to
their effects on SP-induced airway obstruction, NEP
inhibitors have been shown to augment SP-induced
tracheal secretion of macromolecules (68) and NEP
inhibitors nebulized to the airways augment SP-induced
cough (69). Further evidence that airway NEP modu-
lates cough (induced by nebulization of SP to the airway
epithelial surface) is the decrease in SP-induced cough
in guinea pigs pretreated with nebulized human recom-
binant NEP (70). SP (71) and capsaicin (72) increase
the ciliary beat frequency of tracheal epithelial cells,
and inhibitors of NEP (but not those of serine proteases,
ACE, or aminopeptidases) increase the ciliary beat fre-
quency of cultured rabbit epithelium—an effect sug-
gesting endogenous SP release (73). SP induces chloride
secretion in cultured canine tracheal epithelial cells
(74); NEP inhibition increases the capacity of SP to
elicit this response, while agents capable of inhibiting
aminopeptidases or serine proteases do not. These ob-
servations suggest that in cultured epithelia! cells only
NERP is present in a locus that is physiologically com-
petitive for SP receptors.

Cleavage of VIP. VIP is known to be cleaved by
NEP, mast cell tryptase, and mast cell chymase, which
are active at neutral pH in the extracellular microen-
vironment. NEP hydrolyzes VIP at several sites, with
the kinetics most favorable for human recombinant
NEP cleavage of VIP at the Asp>-Ala®, Ala‘-Val®, Lys?!-
Tyr??, and Ser®-Ile*® bonds. Cleavage sites with less
favorable kinetics are present at the Arg'?-Lys!? and the
GlIn'S-Met'” bond (75). Studies in isolated tracheal per-
fused lungs have demonstrated that NEP hydrolysis
fragments of VIP are not physiologically active (76).

Mast cell proteases have also been shown to hydro-
lyze VIP. Canine mastocytoma tryptase cleaves human
VIP with favorable kinetics at the Arg'*-Lys'® and Lys*-
Lys®' bonds (55); the kea/K, for this hydrolysis is 2.2
X 10° sec™! M~!, and the K,, is 3.3 mM. These kinetic
parameters compare favorably to those of other sub-
strates screened for susceptibility to human skin and
lung mast cell proteases (77). Chymase, obtained by
purified carbon from canine mastocytoma cells, has
favorable kinetics for cleaving VIP at Tyr*’-Leu® (55).
The K,, of 3.3 mM and the ke, of 179 sec™! for this
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cleavage give a kea/K,, of 5.4 X 10* sec™ M~'. While
this k.../K,, is not as high as that obtained for tryptase,
it is consistent with physiologically relevant inactivation
of VIP by chymase. In this regard, it is important to
note that the products of hydrolysis of VIP by tryptase
or chymase fail to relax vascular, gastrointestinal, or
tracheal smooth muscle (55) or tracheal perfused lungs
(76).

Modulation of VIP Responses by Enzymatic
Cleavage. VIP-induced pulmonary relaxation can be
attenuated by the addition of exogenous mast cell tryp-
tase or chymase in the ferret (78) and by the addition
of exogenous chymotrypsin or papain in the guinea pig
(79). VIP-induced relaxation was not augmented in cat
airways by a combination of inhibitors devoid of a NEP
inhibitor (80), but was augmented in guinea pig bron-
chial tissues by soybean trypsin inhibitor (79) and in
guinea pig tracheal rings by inhibitors of NEP (81); in
the latter tissue, inhibitors of ACE and aminopeptidases
were ineffective. Other studies in guinea pig tracheal
rings demonstrate the importance of NEP in modulat-
ing the effects of VIP; when the NEP level is decreased
by removal of the airway epithelium, the enhancement
of VIP-induced relaxation is equivalent to that observed
upon treatment of the epithelial intact airways with
NEP but not ACE inhibitors (82). In human bronchial
rings, VIP-induced relaxation is potentiated by a com-
bination of serine protease and NEP inhibitors (83). In
1solated tracheal perfused guinea pig lungs, combina-
tions of enzyme inhibitors augment VIP-induced pul-
monary relaxation, while single-agent inhibitors are
ineffective (76). Effective combinations of inhibitors
also increase the amount of intact VIP recovered from
lung effluent. Analysis of hydrolysis fragments and
inhibitor profiles allows the identification of NEP and
a tryptic enzyme with a cleavage profile identical to
that of mast cell tryptase. These enzymes are similar to
those responsible for limiting VIP-induced pulmonary
relaxation.

Other Neuropeptides. NEP also appears to be
important in modulating the bronchoconstrictor activ-
ity of other neuropeptides. Changes in pulmonary re-
sistance induced by NKAj; ;o (40) and by NPy (84) are
increased when guinea pigs are pretreated with the NEP
inhibitor SCH32615. In contrast, the bronchoconstric-
tion induced by NPK is not altered by NEP inhibitors
(84), even though this peptide has the same carboxyl
terminal sequence as NKA, NKA;_ o, and NP~.

Role of Neuropeptides in Modulating Airway
Responses

C fibers are stimulated both by exogenous sub-
stances, such as inhaled irritants, and by endogenous
substances, such as inflammatory mediators. A list of
such agents is given in Table I. Once stimulated, C
fibers transmit information to the central nervous sys-



Table I. C Fiber Stimulants

Exogenous Endogenous
Cigarette smoke Histamine
Capsaicin Cholinergic agonists
Formaldehyde Bradykinin
TDI Leukotrienes
Acrolein Prostaglandins
SO, Platelet-activating factor
Ether Arachidonic acid

tem, where reflex responses may be evoked. In addition,
under many if not all circumstances, tachykinins are
released from the peripheral ends of these afferents into
the airway microenvironment, where they can alter
airway tone. A single bronchoconstrictor stimulus can,
therefore, have two effector arms: a direct effect, in
which the stimulus acts directly on the target tissue,
and a secondary effect, in which the stimulus prompts
the release of neuropeptides, which then elicit a re-
sponse in the target organ (Fig. 1). In the airways,
bronchoconstriction and microvascular leak are the
most extensively studied responses resulting from the
release of neuropeptides. Because a given stimulus may
simultaneously have both a direct and a neuropeptide-
mediated effect, a number of approaches have been
developed to unmask the role of neuropeptides in mod-
ulating airway responses. It is important to review these
general strategies before considering the various physi-
ologic roles attributed to the neuropeptides (Fig. 3).
Strategies to Detect Neuropeptide Release.
Capsaicin (8-methyl-N-vanillyl-6-nonenamide) has the
capacity to release neuropeptides into the microenvi-
ronment. When capsaicin is given as an acute experi-
mental reagent (acute capsaicin administration), neu-
ropeptides are released and their physiological effects
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examined. In contrast, when capsaicin is given repeat-
edly in large doses (85) (chronic capsaicin depletion),
neuropeptides are depleted from sensory nerves. Inves-
tigators have examined the role of neuropeptides by
comparing the response to a stimulus in normal control
animals with that in animals depleted of neuropeptides
by chronic capsaicin treatment. An altered response is
attributed to the effects of depleted neuropeptides. It is
important in evaluating experimental regimens that use
this protocol to consider that all neuropeptides may not
be depleted by capsaicin treatment and that capsaicin
treatment itself may induce inflammation that could
alter airway responses. Because of this latter problem,
most investigators allow at least 1 week to elapse after
administering the last dose in a series required for
chronic capsaicin depletion to use animals in an exper-
iment.

Because neuropeptides are inactivated in the mi-
croenvironment by peptidases, another strategy used to
examine their role has been the evaluation of the effects
of peptidase inhibitors in a given physiologic setting.
For example, if a given stimulus exerts its physiologic
effects by directly constricting airway smooth muscle
and at the same time releasing neuropeptides that mod-
ulate this direct effect, then peptidase inhibitors, which
prevent the inactivation of the neuropeptides of note,
should amplify the effects of the secondarily released
neuropeptides. When this strategy is used, it is impor-
tant to remember that many neuropeptides may be
subject to cleavage by multiple peptidases and that all
potentially important peptidases must be inhibited in
order to achieve a physiologic effect.

The recent discovery of a number of specific and
selective neuropeptide antagonists at various neuropep-
tide receptors (86-96) has allowed another approach to
the assessment of the role of various neuropeptides in
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Figure 3. Schematic diagram of approaches used to implicate neuropeptides as modulators of airway responses.
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a physiologic setting. If neuropeptides are of physiologic
importance in modulating a response, then the differ-
ence of experimental results with and without a specific
neuropeptide antagonist can be attributed to action at
this receptor. With this approach it is important to
remember that many neuropeptide receptors are pro-
miscuous; that is, they can transduce signals, albeit with
varying efficiency, from a number of neuropeptide
agonists.

A final approach to determining the role of neu-
ropeptides in a given response is the measurement of
their release into the microenvironment by means of
specific immunoassays. Failure to detect a peptide in a
given setting does not mean that it is not of physiolog-
ical significance. For example, the local concentrations
at the site of release may be high enough to effect a
response but not high enough to be detectable in bio-
logic fluids. Alternatively, a peptide may be cleaved
after it acts; in this case, it could have an effect but not
be detectable. Finally, a peptide may be detected in
biologic fluids, but its site of release and action may be
distinct; in this case, its detection may not indicate a
physiological role.

Because of the limitations of the various methods
used to discern the effects of neuropeptides, it is com-
mon to use more than one of these approaches at a
given time.

Evidence that Various Stimuli Release Neuro-
peptides. Capsaicin. In isolated guinea pig bronchi,
capsaicin induces airway constriction (97-99), and
there is strong evidence that tachykinins mediate this
event. Pretreatment with phosphoramidon (97) or
thiorphan (99) has been shown to enhance the contract-
ile response elicited by capsaicjn. Furthermore, both
SP-LI and NKA-LI can be detected in organ baths in
which tracheas are incubated with capsaicin (99). In
the guinea pig trachea, there is a close correlation
between the contractile response to capsaicin and the
content of SP-LI (98). In isolated vascularly perfused
guinea pig lungs, pulmonary arterial injection of cap-
saicin results in a concentration-dependent increase in
the pressure required to ventilate the lungs; this effect
is neural in origin, as it is blocked by tetrodotoxin (100).
In the presence of phosphoramidon, capsaicin infusion
is associated with the appearance of NKA-LI. In the
tracheally perfused guinea pig lung, capsaicin treatment
results in an increase in tracheal perfusion pressure,
and both NKA-LI and SP-LI can be detected in lung
perfusate (27). Both the physiological effects of capsai-
cin and the amount of SP-LI and NKA-LI detected are
enhanced by treatment with a NEP inhibitor but not
by treatment with captopril. Chronic depletion with
capsaicin ablates the acute airway response to capsaicin
(27). When NEP inhibitors were not present, capsaicin-
induced contraction was apparent in four of nine sam-
ples of isolated human bronchi (66); when phosphor-
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amidon, but not captopril, was included in the organ
bath, all of five samples tested responded to capsaicin
treatment.

In intact anesthetized rats given Evans blue dye
into the circulation, capsaicin treatment is associated
with increased recovery of the dye from the trachea,
which suggests an increase in airway vascular permea-
bility. This effect is blocked by the specific NK1 recep-
tor antagonist CP-96,345 (101). In awake guinea pigs,
capsaicin-induced cough is enhanced in the presence of
leucine-thiorphan and phosphoramidon (69), a result
suggesting that this response is also mediated by tachy-
kinins.

Taken together, these data indicate that SP and/or
NKA may serve as the physiological effector molecule
when capsaicin is administered to the airways. The
relative importance of these two tachykinins is not
known at this time. Studies with specific and selective
antagonists of the NK1 and NK2 receptors will be
required for determination of the relative importance
of each of these peptides.

Vagal nerve stimulation. Vagal nerve stimulation
has the capacity to release both contractile and bron-
chodilator neuropeptides. Retrograde stimulation of C
fibers carried in the vagus may result in the release of
SP and NKA, while VIP may be released from cholin-
ergic nerves. Similarly, electrical-field stimulation (EFS)
of isolated airways stimulates all nerves in the prepa-
ration, both afferent and efferent.

The contractile response resulting from EFS in
isolated guinea pig bronchi appears to be partly me-
diated by tachykinins. Both thiorphan (99) and phos-
phoramidon (97) enhance the response, while captopril,
leupeptin, and bestatin have no effect. NEP inhibitors
have similar effects in the ferret trachea (67). In addi-
tion, in the latter tissues, the EFS-induced contractile
response in the presence of leucine-thiorphan is inhib-
ited by [D-Pro,, D-Trp74]SP, a tachykinin receptor an-
tagonist. When vagal stimulation rather than EFS is
examined in guinea pig trachea, a biphasic response is
evident (102, 103). The first, rapid phase is atropine
sensitive. The second phase is slow in onset, can be
prevented by chronic tachykinin depletion with capsai-
cin, and can be inhibited by pretreatment with SKF
104353, WY 48252, or ICI 1986135, all inhibitors of the
action of leukotriene D, (102). This inhibition suggests
that interactions between tachykinins and leukotrienes
may be important in the mediation of bronchoconstric-
tion.

In the guinea pig, graded vagal nerve stimulation
in the presence of atropine induces a graded broncho-
constrictor response. This response is enhanced in the
presence of phosphoramidon and is inhibited by [D-
Arg,, D-Pro;, D-Trp;9, Leu;]SP, a tachykinin receptor
antagonist (64). Inhibitors of ACE do not influence this
response (104). Taken together, these data suggest that



the atropine-resistant component of the vagal stimula-
tion response is mediated by SP release and that the
release occurs endobronchially where ACE concentra-
tions are low. However, each of two relatively selective
NK2 receptor antagonists, MEN10207 and
MEN10376, inhibits this response by about 50% (88).
Since SP and NKA can each stimulate NK1 and NK2
receptors, it will be necessary to determine the effects
of more selective antagonists, individually and together,
on atropine-resistant vagal nerve responses.

There is much less information about neural re-
sponses that result in smooth-muscle relaxation. In the
guinea pig trachea, relaxation responses induced by EFS
are unaffected by the tryptic inhibitors aprotinin and
soybean trypsin inhibitor. However, the relaxant re-
sponses are depressed by thiorphan. This effect can be
prevented by chronic capsaicin depletion. The authors
of the study yielding this information (79) interpreted
it to mean that the inhibitory neurotransmitter was not
VIP. However, if VIP is cleaved by more than one
distinct enzyme system, the data are compatible with
the hypothesis that VIP is released by EFS. The actions
of VIP may not be “direct”; rather, VIP may stimulate
the synthesis of nitric oxide, which itself induces airway
relaxation (105, 106).

Antigen challenge. Repeated challenge with specific
antigen elicits a state of airway hyperresponsiveness.
The experimental strategies described earlier in this
section have been used to examine the role of neuro-
peptides in modulating airway hyperresponsiveness.
The results have been mixed. Repeated antigen chal-
lenge can be shown to induce elevated airway resistance
and hyperresponsiveness in the guinea pig. Lai (107)
and Ingenito and co-workers (108) were unable to
demonstrate an effect of chronic capsaicin depletion on
airway responses or responsiveness to antigen challenge
in the guinea pig. Ingenito and associates documented
the adequacy of chronic capsaicin depletion by showing
decreased tissue levels of SP-LI and NKA-LI. In con-
trast, Matsuse and colleagues (109) demonstrated that
chronic capsaicin depletion blunted the hyperrespon-
siveness induced by repeated antigen exposure in guinea
pigs. Similarly, Manzini et al. (110) documented a
protective effect of chronic capsaicin depletion on an-
tigen-induced bronchospasm in the guinea pig. Lotvall
and co-workers (111) detected no effect of chronic
capsaicin depletion on the microvascular response to
chronic antigen challenge, while Lundberg et al. (112)
found such an effect. Although the data gathered by
these various groups are discordant, there is probably a
simple explanation for the discordance. Antigen expo-
sure induces inflammation and also may initiate the
local release of tachykinins. The inflammatory mi-
croenvironment may vary substantially with the precise
details of the immunization procedure and the genetic
background of the animals studied. As outlined below

in the section on inflammatory modulation of neuro-
peptide processing, differences in the capacity of the
cells resident in the inflammatory lesion to cleave neu-
ropeptides may substantively alter the modulatory role
of neuropeptides. It is likely that such differences are
reflected in the results of the various studies cited above.

Dry gas hyperpnea. Dry gas hyperpnea is a some-
what unusual stimulus in that almost all of its effects
appear to be due to neuropeptide release. Hyperpnea-
induced bronchospasm is diminished in guinea pigs
receiving chronic capsaicin treatment. In contrast,
phosphoramidon enhances bronchoconstrictor re-
sponses (113). However, the potential role of sensory
neuropeptide release during hyperpnea-induced bron-
choconstriction in human subjects with exercise-in-
duced asthma remains uncertain.

Inflammatory mediators. Histamine. Addition of
histamine to the perfusate of isolated tracheally per-
fused lungs causes an increase in the levels of SP-LI
and NKA-LI detected in the effluent (114), and addi-
tion of the NEP inhibitor thiorphan augments these
levels. Thiorphan also causes an increase in the change
in airway opening pressure induced by histamine, par-
ticularly at low doses of histamine. Taken together,
these results suggest that tachykinins released by hista-
mine contribute to the bronchoconstrictor response to
histamine, at least under circumstances in which NEP
degradation of SP and NKA is inhibited. Experiments
with tachykinin receptor antagonists will be required
for confirmation of the contribution of tachykinins to
the response in normal airways. However, such a con-
tribution is suggested by data from experiments in
guinea pigs subjected to chronic capsaicin pretreatment.
Two groups of investigators have demonstrated a de-
crease in the bronchoconstriction induced by histamine
in anesthetized guinea pigs after chronic capsaicin pre-
treatment (115, 116).

Cholinergic agonists. Experiments performed in
isolated perfused lungs with methacholine yield results
similar to those obtained with histamine. Methacholine
increases levels of SP-LI and NKA-LI, and thiorphan
enhances bronchoconstrictor responses to methacho-
line. Saria et al. (28) have demonstrated that addition
of a ganglionic stimulant to the perfusate of vascularly
perfused guinea pig lungs also results in the release of
materials with SP-LI and NKA-LIL. Finally, chronic
capsaicin pretreatment attentuates bronchoconstrictor
responses to methacholine in guinea pigs in vivo (116).

Leukotrienes. Leukotriene D, causes the release of
materials containing SP-LI and NKA-LI from isolated
tracheally perfused guinea pig lungs (114) and in iso-
lated guinea pig trachea (117). We were not able to
augment leukotriene D4-induced changes in airway
opening pressure in the isolated tracheally perfused lung
with thiorphan, but responses to leukotriene Dy in this
preparation may reflect events occurring in the lung
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periphery. In contrast, in the guinea pig trachea, con-
traction induced by leukotriene D, is partially inhibited
by a tachykinin receptor antagonist (117) and is aug-
mented by the NEP inhibitor thiorphan (118).

Other mediators. Prostaglandin I, contracts the
guinea pig bronchus. This effect can be inhibited by
chronic capsaicin depletion and by treatment with an
NK2 receptor antagonist (119). It has been suggested
that this prostaglandin I,-induced contraction is in part
mediated by endogenous release of tachykinins. Ara-
chidonic acid also induces contractions of isolated
guinea pig bronchial rings, and these contractions are
augmented by thiorphan (120) and inhibited by chronic
capsaicin depletion (121). Although platelet-activating
factor (114, 122) can induce the release of SP-LI and
NKA-LI inhibition of NEP does not enhance the phys-
iologic effects of platelet-activating factor administra-
tion in isolated perfused guinea pig lungs. This obser-
vation suggests that the tachykinins released do not
contribute to the contraction induced.

Inflammatory Modulation of Neuropeptide
Degradation

There is reason to believe that the inflammatory
microenvironment differs from the normal microenvi-
ronment in its capacity for enzymatic degradation of
neuropeptides and thus influences the capacity of neu-
ropeptides to elicit biologic responses in the airways. In
this section we consider (i) the evidence for changes
induced by different forms of inflammation in the
activity of the enzymes (particularly NEP) that nor-
mally degrade neuropeptides; (ii) the mechanisms that
account for these changes in NEP activity; and (iii) the
importance of other constitutive peptidases (which may
be unmasked when NEP action is altered) in modula-
tion of neuropeptide responses.

Evidence for Alterations in NEP Activity Under
Conditions Associated with Airway Inflammation.
Exposure to a variety of agents known to induce inflam-
mation in the airways is associated with decreased NEP
activity. In the airways of rodents, NEP activity de-
creases with respiratory viral infections; after exposure
to toluene 2,4-diisocyanate (TDI), a plasticizer used
extensively in industry; after inhalation of cigarette
smoke; and after exposure to ozone. In contrast, anti-
inflammatory agents, such as corticosteroids, increase
NEP activity. In most studies, physiologically relevant
changes in NEP activity have been measured as altera-
tions in the capacity of thiorphan or phosphoramidon
to augment airway responses to endogenous or exoge-
nous neuropeptides in intact animals. However, NEP
activity, as measured by specific substrate cleavage, has
also been evaluated in homogenates of airway tissue
derived from these animals.

Respiratory infections. Ferret tracheal rings cul-
tured in vitro with human influenza virus type A (123)
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or obtained from animals inoculated in vivo with this
virus (124) showed a stronger contractile response to
SP than did tracheal rings from uninfected controls.
The ability of phosphoramidon and thiorphan to aug-
ment contractile responses to SP was more pronounced
in control rings than in rings infected with virus (123,
124). Indeed, after treatment with phosphoramidon,
contractile responses to SP did not differ between
groups. Likewise, an increased responsiveness to SP
and a decreased ability of phosphoramidon or thior-
phan to enhance the pulmonary resistance response to
SP in guinea pigs infected with Sendai virus (125) were
consistent with diminished endogenous NEP activity.
Similar results were obtained when tracheal vascular
permeability was used as an index of response in rats
exposed naturally to Mycoplasma pneumoniae, coron-
avirus, or Sendai virus (126). These data provide indi-
rect evidence for decreased NEP activity in the airways
and are consistent with the hypothesis that diminished
degradation of SP is responsible for increased functional
responses to this peptide during viral infections. NEP-
like activity was decreased in tracheal homogenates
from animals with experimental viral infection (123,
125, 126). When the trachea was further dissected into
epithelium, submucosa, and smooth muscle, the de-
crease in NEP activity was found to be restricted to the
epithelial layer (125). This locus of alteration in NEP
activity may help explain the observation that, whereas
contractile responses to SP are augmented in virus-
infected ferret trachea, mucous secretory responses to
the tachykinins are not altered (124).

TDI. Acute exposure to TDI, a widely used plasti-
cizer, augments the changes in pulmonary resistance
induced by intravenous administration of SP. Phos-
phoramidon causes only a slight augmentation of the
bronchoconstrictor response to SP in TDI-exposed
guinea pigs compared with the augmentation of SP
responses observed in control guinea pigs. These data
suggest either a lower level of activity or a lesser impor-
tance of NEP than of other enzymes in degrading SP
under these conditions. In support of lower level activ-
ity as the explanation, the authors also noted a decrease
of approximately 30% in the phosphoramidon-inhibit-
able capacity of tracheal homogenates from TDI-ex-
posed animals to degrade a radiolabeled NEP substrate
(127).

Inhalation of 1-3 ppm of TDI for 1 hr enhances
airway responsiveness to intravenously administered
acetylcholine as well as SP in guinea pigs. The fact that
this increased responsiveness is abolished after pretreat-
ment with capsaicin or administration of an SP receptor
antagonist suggests mediation by tachykinins. We have
reported previously that another cholinergic agonist,
methacholine, causes release of SP and NKA into the
effluent of isolated, tracheally perfused guinea pig lungs
and that the NEP inhibitor SCH32615 augments the



contractile response to methacholine in this preparation
(114). These findings suggest that most of the broncho-
constriction induced by acetylcholine results from a
direct effect of this agonist on airway smooth muscle,
but that tachykinins are released by this stimulus and
degraded before they can exert a physiological effect. It
is possible that a TDI-induced decrease in NEP activity
in the airways permits the tachykinins released by ace-
tylcholine to exert a greater physiologic effect (128). In
addition, TDI itself is capable of constricting guinea pig
bronchial rings in vitro—an effect that is also mediated
by tachykinins (129). Whether these effects of TDI on
the release and degradation of tachykinins are in any
way related to the ability of TDI to induce asthma after
repeated occupational exposures remains to be estab-
lished.

Cigarette smoke. Dusser et al. (125) have demon-
strated that inhalation of cigarette smoke enhances the
bronchoconstrictor response to inhaled SP in guinea
pigs. In experiments conducted by these investigators,
inhaled aerosolized SP at concentrations up to 100 uM
had no effect on pulmonary resistance in control ani-
mals but resulted in 2- and 3-fold increases in pulmo-
nary resistance in animals that had breathed the smoke
from one and two cigarettes, respectively. Notably,
phosphoramidon increased the bronchoconstriction in-
duced by SP in control animals, as the authors had
reported previously (64), but not in animals that had
been exposed to smoke from two cigarettes. The authors
also measured the ability of homogenates of guinea pig
tracheas to degrade leu-enkephalin. Bubbling of in-
creasing amounts of cigarette smoke through the assay
buffer caused a progressive decrease in the phosphor-
amidon-inhibitable degradation of this peptide by the
tracheal homogenates. The authors interpreted these
results to indicate that inhalation of cigarette smoke
inactivated the airway NEP that normally limits SP-
induced bronchoconstriction. However, the NEP activ-
ity in tracheas of animals exposed to cigarette smoke in
vivo was not measured. In a preliminary report, Kwon
et al. (130) showed that levels of NEP activity and NEP
mRNA in trachea and lungs of guinea pigs sacrificed 5
or 30 min after exposure to 50 puffs of cigarette smoke
were not significantly different from levels in air-ex-
posed animals. One potential explanation for this ap-
parent discrepancy is that the NEP whose inhibition
results in enhanced physiologic responses to inhaled SP
represents only a small fraction of the total NEP in the
lungs and airways.

Many of the airway responses to cigarette smoke,
including increased airway vascular permeability (131)
and increased macrophage cytoplasmic motility (132),
are not observed in animals receiving chronic capsaicin
treatment and hence may be mediated by tachykinins
released from C fibers. Prolonged exposure to cigarette
smoke causes increases in tussive responses to capsaicin

in guinea pigs (133). The role of alterations in NEP
activity in these events merits consideration, particu-
larly in light of observations that cough induced by SP
is augmented by NEP inhibition (69).

Ozone. In guinea pigs as well as many other species,
exposure to ozone results in the recruitment of neutro-
phils to the airways and increased responsiveness to
inhaled aerosolized bronchoconstrictor agonists such as
methacholine (134). Murlas et al. (135) recently re-
ported that inhaled ozone also increases the responsive-
ness to intravenously administered SP. Furthermore,
whereas phosphoramidon increased the changes in spe-
cific airway resistance induced by SP in air-exposed
animals (as had been reported by Thompson and Shep-
pard [58]), this NEP inhibitor had no effect on SP
responses after exposure of guinea pigs to 3 ppm of
ozone for 2 hr. One explanation for these data is that
ozone enhances airway responses to SP by inactivating
NEP in the airways. Consistent with this hypothesis,
the NEP activity in tracheal tissue from ozone-exposed
animals was slightly but significantly lower than that in
tracheal tissue from air-exposed control animals (135).
Alternatively, ozone exposure may increase the activity
of other enzymes (e.g., ACE) that are important in the
degradation of SP to such an extent that the presence
or absence of NEP makes little difference. However, if
the expression of ACE were enhanced, ozone exposure
might be expected to result in a decreased rather than
an increased SP response (136).

Allergic inflammation. There is increasing evidence
for a role of tachykinins in the bronchoconstriction
induced by allergen in sensitized animals (109, 118).
However, the possibility that sensitization and chal-
lenge result in changes in NEP activity in the airways
has not been extensively explored. In humans, the
administration of thiorphan causes increased airway
responses, as indicated by changes in maximal expira-
tory flow rates after inhalation of aerosolized NKA by
healthy subjects (137). In addition, NKA-induced bron-
choconstriction is greater in asthmatic than in nonasth-
matic subjects (138). However, a recent preliminary
report suggests that the augmented NKA responses of
asthma are not related to decreased NEP activity; asth-
matics responded to thiorphan with an increase in
NKA-induced bronchoconstriction similar in magni-
tude to that in normal subjects (139).

Anti-inflammatory agents (corticosteroids).
Whereas in each of the above situations a stimulus
evoking inflammation in the airways has been associ-
ated with decreased NEP activity, anti-inflammatory
agents—particularly corticosteroids—have been shown
to increase the magnitude of NEP activity in airway
tissues. Borson and Gruenert (140) reported that trans-
formed human airway epithelial cells grown in culture
express NEP activity. Addition of budesonide or dexa-
methasone to the culture medium resulted in an in-
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crease by up to 5-fold in NEP activity and NEP mRNA
in these cell cultures. Although the effect of dexameth-
asone treatment in vivo on NEP expression in airway
tissues has not yet been reported, the increase in vas-
cular permeability effected by intravenous capsaicin
was reduced in rats treated with dexamethasone for 8
to 120 hr (141). Because capsaicin exerts its effects by
releasing tachykinins and capsaicin-induced changes in
airway vascular permeability are augmented by NEP
inhibitors, one explanation for these data is that the
decrease in vascular permeability was the result of an
increase in NEP. The subsequent demonstration by
these authors that treatment of rats with combined NEP
and ACE inhibitors prevented the effect of dexameth-
asone (142) provided evidence in favor of this hypoth-
esis. Adrenalectomy reduces and dexamethasone treat-
ment increases pulmonary ACE activity in rats (143);
thus, even endogenous levels of corticosteroids may be
important in the regulation of SP responses in the
airways by modulating ACE degradation.
Mechanisms for Changes in NEP Activity. The
data summarized so far indicate changes in NEP activ-
ity without establishing how these changes may occur.
At the onset of airway inflammation, a number of
changes may alter NEP activity within the airways.
These are summarized in Table II and discussed below.
Decreased NEP. The epithelium is a rich source of
NEP within the airways, as has been demonstrated both
immunohistochemically (144) and by measurements of
NEP activity in homogenates of this tissue (145). Epi-
thelial damage or sloughing, such as that seen in biopsy
samples from patients with asthma, could result in loss
of one of the primary cell types expressing this enzyme.
Indeed, numerous reports indicate that removal of the
airway epithelium increases the contractile responses of

Table Il. Mechanisms for Alterations in NEP Activity
in the Airways During Inflammation

Decreased activity Increased activity

Loss of cells expressing NEP  Increase in cells express-

through ing NEP
+Epithelial sloughing or +Neutrophilia
desquamation +Airway fibrosis

*Smooth-muscle
hypertrophy
Inactivation of NEP
+Oxidants
+Endogenous inhibitors?

Loss of NEP from the cell Increased NEP on the cell

surface surface
+Endocytosis of cell mem- +Translocation from in-
brane tracellular compart-

ments
Increased transcription
+Corticosteroids

+Proteolytic clipping
Decreased transcription
+Protein kinase C activa-
tion
Alternative splicing
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airways to SP and decreases the augmentation in SP
responses normally observed after addition of NEP
inhibitors (67, 97, 146, 147). Although the epithelium
is a major target of respiratory viruses, it is unlikely
that epithelial sloughing is responsible for increases in
SP responses in virus-infected animals. Epithelial
sloughing, if it occurred, would also cause an increase
in acetylcholine responses (148), whereas these re-
sponses are unchanged in virus-infected animals (123).
Nevertheless, it is possible that viral infection altered
NEP at a transcriptional level in these experiments.

Oxidants produced during the inflammatory proc-
ess can inactivate NEP. When the chemical oxidant V-
chlorosuccinimide was incubated with guinea pig tra-
cheal homogenates, the capacity of the tissue to degrade
a NEP substrate was markedly diminished (125). The
ability of cigarette smoke to decrease NEP activity in
the airways appears to be related to oxidants in the
smoke. When the antioxidant superoxide dismutase
was administered to guinea pigs before exposure to
cigarette smoke, the smoke exposure-enhanced respon-
siveness to SP normally induced by this intervention
was no longer observed. The investigators did not de-
termine whether or not the ability of phosphoramidon
to augment SP-induced bronchoconstriction was also
restored.

Changes in the inflammatory microenvironment
may also result in loss of NEP from the surface of
airway cells, as has been indicated by a variety of
studies. Neutrophils incubated with phorbol esters in
order to activate protein kinase C show lower NEP
activity than neutrophils incubated in the presence of
buffer alone (149, 150). Although phorbol esters acti-
vate neutrophils and although the oxidative products
of activated neutrophils may account for the loss of
NEP activity, the authors of one study tried to prevent
the decrease by using a panel of enzyme inhibitors,
antioxidants, and hydroxyl radical scavengers, all of
which were without effect (149). However, if the ex-
posed cells were lysed within 5 min of the addition of
phorbol ester, all NEP activity was recovered. These
results suggest that neutrophils stimulated with phorbol
esters internalize NEP by endocytosis. A similar process
appears to take place in human airway epithelial cells
exposed to hypochlorous acid (151), which causes a
dose-related decrease in NEP activity measured in
whole cells but not in cell membranes or in cells after
lysis by sonication. Internalization of plasma mem-
brane containing NEP by HOCI could account for these
results. HOCI has also been shown to cause decreased
NEP activity and increased contractile responses in
tracheal rings; thus, this mechanism may also be im-
portant to NEP functional responses in whole airways.
Recent reports indicate that corticosteroids are capable
of restoring the NEP activity of these cells after treat-
ment with HOCI (152).



In addition to internalization of cell membrane,
proteolytic cleavage of the enzyme from the cell surface
may result in the loss of NEP in the inflammatory
setting. Patients with adult respiratory distress syn-
drome and some other lung diseases have higher levels
of NEP activity in serum than do healthy subjects, in
whom these levels are very low (153). It was hypothe-
sized that neutrophil elastase might be responsible for
cleavage of this membrane-bound enzyme and its sub-
sequent release into the circulation.

Inflammation may also alter NEP at the transcrip-
tional level. For example, the phorbol ester 12-O-tetra-
decanoylphorbol 13-acetate decreases the expression of
NEP mRNA transcripts in rabbit synovial fibroblasts
and mammary epithelial cells (154). 12-O-Tetradeca-
noylphorbol 13-acetate acts mainly by increasing pro-
tein kinase C, an effect that is shared by many of the
mediators released during inflammation of the airways.
Alternative splicing of the NEP gene from human lung
has also been demonstrated. NEP activity of COS cells
transfected with the alternatively spliced gene exon 16
del was markedly lower than that of cells expressing
authentic enzyme (155). The extent to which alternative
splicing occurs in normal versus inflamed lungs is not
yet known.

Increased NEP. Although there is substantial evi-
dence for decreased NEP activity associated with many
acute inflammatory responses in the airways, the pos-
sibility that NEP activity can increase in this setting,
perhaps as a result of chronic inflammation, should
also be explored, especially as an increase in NEP
activity is associated with chronic inflammatory con-
ditions in other tissues (156). The neutrophil expresses
NEP activity associated with the plasma membrane.
While the number of neutrophils in an inflamed airway
may be small in comparison with numbers of other
constitutive cells that express this enzyme, neutrophils
may become an important source of enzyme in the
local microenvironment in which epithelial NEP is
inactive or missing. The hypertrophy or hyperplasia of
fibroblasts and smooth-muscle cells in the airways and
air spaces that is observed during some chronic inflam-
matory states may also result in an overall increase in
airway NEP, since both cell types express this enzyme
(157). In addition, the NEP activity of neutrophils
increases in response to many inflammatory mediators,
including C5a and the cytokines tumor necrosis factor
and granulocyte-macrophage colony-stimulating factor
(150, 158), apparently as the result of translocation of
enzyme from intracellular membrane compartments to
the cell surface. The ability of inflammatory mediators
to similarly alter NEP activity in airway cells remains
to be examined.

Induction of New Enzymes. While NEP and ACE
appear to be the major enzymes responsible for degra-
dative modulation of tachykinin responses in the air-

ways of healthy animals, these peptides can also be
cleaved by a variety of other enzymes. In the absence
of NEP activity, degradation of neuropeptides by other
enzymes (not yet identified with certainty) may in-
crease. Alternatively, it is possible that inflammation
influences the access of other enzymes to peptides
released by C fibers in the lung. Increased permeability
of the airway vasculature, such as that seen in response
to numerous inflammatory mediators, would allow an
influx of plasma proteins to the airway interstitium.
The plasma is a rich source of both aminopeptidases
and DAP-IV, which are capable of degrading SP (36,
54). In fact, the half-life of SP in guinea pig or human
plasma is on the order of seconds (39, 159, 160), though
NKA is less susceptible to degradation by plasma en-
zymes (39). Neutrophil influx occurs with many forms
of inflammation, and activated neutrophils have an
increased capacity to degrade SP through the action of
cathepsin G (161) as well as NEP. Though neutrophils
express NEP on their surfaces, their ability to degrade
SP is related primarily to cathepsin G activity. Mast
cell activation or degranulation would result in in-
creased concentrations of chymase, which is also capa-
ble of degrading SP (55) in the airway microenviron-
ment.

Summary

SP and NKA are potent endogenous bronchocon-
strictors, whereas VIP is a potent endogenous bron-
chodilator. There is abundant evidence that these neu-
ropeptides are released in the lung in a variety of
conditions and that they have the capacity to modulate
the bronchoactivity of the same stimuli that release
them. On many occasions, their bronchoactive effects
are masked by their degradation at or near the site of
their release. However, when the microenvironment is
modified to decrease their cleavage, they can express
enhanced physiologic effects. Although it appears that
the human asthmatic lung may be an environment in
which the effects of neuropeptides can be amplified,
the role of neuropeptides in the pathogenesis of airway
obstruction remains speculative.

This work was supported by National Institutes of Health Grants
HL19170 and HL39827.

1. Borish L, Joseph BZ. Inflammation and the allergic response.
Med Clin North Am 76:765-787, 1992.

2. Hughes J, Woodruff GN. Neuropeptides. Function and clinical
applications. Arzneimittetforschung 42:250-255, 1992.

3. Helke CJ, Krause JE, Mantyh PW, Couture R, Bannon MJ.
Diversity in mammalian tachykinin peptidergic neurons: Mul-
tiple peptides, receptors, and regulatory mechanisms. FASEB J
4:1606-1615, 1990.

4. Carr DJ. Neuroendocrine peptide receptors on cells of the
immune system. Chem Immunol 52:84-105, 1992.

PEPTIDASE MODULATION OF AIRWAY EFFECTS 399



17.

18.

19.

20.

21.

22.

23.

24.

400

. Johnson HM, Downs MO, Pontzer CH. Neuroendocrine pep-

tide hormone regulation of immunity. Chem Immunol 52:49-
83, 1992.

. Barnes PJ. Neurogenic inflammation in airways. Int Arch Al-

lergy Appl Immunol 94:303-309, 1991.

. Barnes PJ, Baraniuk JN, Belvisi MG. Neuropeptides in the

respiratory tract. 2. Am Rev Respir Dis 144:1391-1399, 1991.

. Sunday ME, Hua J, Torday J. Bombesin may play a role in

fetal lung growth and maturation in utero and in lung organ
culture. Chest 99:218, 1991.

. Sunday ME, Hua J, Dai HB, Nusrat A, Torday JS. Bombesin

increases fetal lung growth and maturation in utero and in organ
culture. Am J Respir Cell Mol Biol 3:199-205, 1990.

. Matran R. Neural control of lower airway vasculature—Involve-

ment of classical transmitters and neuropeptides. Acta Physiol
Scand 142:1-54, 1991.

. Piedimonte G, Hoffman JIE, Husseini WK, Hiser WL, Nadel

JA. Effect of neuropeptides released from sensory nerves on
blood flow in the rat airway microcirculation. J Appl Physiol
72:1563-1570, 1992.

. Shipp MA, Tarr GE, Chen CY, Switzer SN, Hersh LB, Stein H,

Sunday ME, Reinherz EL. CD10/Neutral endopeptidase-24.11
hydrolyzes bombesin-like peptides and regulates the growth of
small cell carcinomas of the lung. Proc Natl Acad Sci USA
88:10662-10666, 1991.

. North WG. Neuropeptide production of small cell carcinoma—

Vasopressin and oxytocin as plasma markers of disease. J Clin
Endocrinol Metab 73:1316-1320, 1991.

. Nadel JA. Role of mast cell and neutrophil proteases in airway

secretion. Am Rev Respir Dis 144:S48-S51, 1991.

. Barnes PJ, Baraniuk JN, Belvisi MG. Neuropeptides in the

respiratory tract. 1. Am Rev Respir Dis 144:1187-1198, 1991.

. Krause JE, Chirgwin JM, Carter MS, Xu ZS, Hershey AD.

Three rat preprotachykinin mRNAs encode the neuropeptides
substance P and neurokinin A. Proc Natl Acad Sci USA 84:881-
885, 1987.

Nawa H, Kotani H, Nakanishi S. Tissue-specific generation of
two preprotachykinin mRNAs from one gene by alternative
RNA splicing. Nature 312:729-734, 1984,

MacDonald MR, Takeda J, Rice CM, Krause JE. Multiple
tachykinins are produced and secreted upon post-translational
processing of the three substance P precursor proteins, alpha-,
beta-, and gamma-preprotachykinin. Expression of the prepro-
tachykinins in AtT-20 cells infected with vaccinia virus recom-
binants. J Biol Chem 264:15578-15592, 1989.

Lundberg JM, Hokfelt T, Martling CR, Saria A, Cuello C.
Substance P-immunoreactive sensory nerves in the lower res-
piratory tract of various mammals including man. Cell Tissue
Res 235:251-261, 1984.

Nilsson G, Dahlberg K, Brodin E, Sundler F, Strandberg K.
Distribution and constrictor effect of substance P in guinea pig
tracheobronchial tissue. In: von Euler US, Pernow B, Eds.
Substance P. New York: Raven Press, pp75-81, 1975.

Ghatei MA, Sheppard MN, O’Shaughnessy DJ, Adrian TE,
McGregor GP, Polak JM, Bloom SR. Regulatory peptides in
the mammalian respiratory tract. Endocrinology 111:1248-
1254, 1982.

Springall DR, Bloom SR, Polak JM. Distribution, nature, and
origin of peptide containing nerves in mammalian airways. In:
Kaliner MA, Barnes PJ, Eds. The Airways: Neural Control in
Health and Disease. New York: Marcel Dekker, pp299-341,
1988.

Allen KM, Wharton J, Polak JM, Haworth SG. A study of
nerves containing peptides in the pulmonary vasculature of
healthy infants and children and of those with pulmonary
hypertension. Br Heart J 62:353-360, 1989.

Hislop AA, Wharton J, Allen KM, Polak JM, Haworth SG.

PEPTIDASE MODULATION OF AIRWAY EFFECTS

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Immunohistochemical localization of peptide-containing
nerves in human airways: Age-related changes. Am J Respir
Cell Mol Biol 3:191-198, 1990.

Sundler F, Brodin E, Ekblad E, Hakanson R, Uddman R.
Sensory nerve fibers: Distribution of substance P, neurokinin A
and calcitonin gene-related peptide. In: Hakason R, Sundler F,
Eds. Tachykinin Antagonists. New York: Elsevier Science, pp3-
14, 1985.

Uchida Y, Ohtsuk M, Goto K, Kimura S, Sugita Y, Uchiyama
Y. Neurokinin A as a potent bronchoconstrictor. Am Rev
Respir Dis 136:718-721, 1987.

Martins MA, Shore SA, Drazen JM. Capsaicin-induced release
of tachykinins: Effects of enzyme inhibitors. J Appl Physiol
70:1950-1956, 1991.

Saria A, Martling CR, Yan Z, Theodorsson-Norheim E, Gamse
R, Lundberg JM. Release of multiple tachykinins from capsai-
cin-sensitive sensory nerves in the lung by bradykinin, hista-
mine, dimethylphenyl piperazinium, and vagal nerve stimula-
tion. Am Rev Respir Dis 137:1330-1335, 1988.

Hua XY, Theodorsson-Noreim E, Brodein E, Lundberg JM,
Hokfelt T. Multiple tachykinins (neurokinin A, neuropeptide
K and substance P) in capsaicin-sensitive sensory neurons in
the guinea-pig. Regul Pept 13:1-19, 198S.

Takeda Y, Takeda J, Smart BM, Krause JE. Regional distribu-
tion of neuropeptide gamma and other tachykinin peptides
derived from the substance P gene in the rat. Regul Pept 28:323-
333, 1990.

Dey RD, Shannon WA Jr, Said SI. Localization of VIP-immu-
noreactive nerves in airways and pulmonary vessels of dogs,
cats, and human subjects. Cell Tissue Res 220:231-238, 1981.
Laitinen A, Partanen M, Hervonen A, Pelto-Huikko M, Laiti-
nen LA. VIP-like immunoreactive nerves in the human respi-
ratory tract. Histochemistry 82:313-319, 1985.

Ghatei MA, Sheppard DJ, Henzen-Logman S, Blank MA, Polak
JM, Bloom SR. Bombesin and vasoactive intestinal polypeptide
in the developing lung: Marked changes in the acute respiratory
distress syndrome. J Clin Endocrinol Metab 57:1226-1232,
1983.

Geppetti P, De Rossi M, Renzi D, Amenta F. Age-related
changes in vasoactive intestinal polypeptide levels and distri-
bution in the rat lung. J Neural Transm 74:1-10, 1988.
Ollerenshaw S, Jarvis D, Woolcook A, Sullivan C, Scheibner T.
Absence of immunoreactive vasoactive intestinal polypeptide
in tissue from the lungs of patients with asthma [see comments]
. N Engl ] Med 320:1244-1248, 1989.

Turner AJ, Matsas R, Kenny AJ. Are there neuropeptide-
specific peptidases? Biochem Pharmacol 34:1347-1356, 1985.
Martins MA, Shore SA, Gerard NP, Gerard C, Drazen JM.
Peptidase modulation of the pulmonary effects of tachykinins
in tracheal superfused guinea pig lungs. J Clin Invest 85:170-
176, 1990.

Hooper NM, Kenny AJ, Turner AJ. The metabolism of neu-
ropeptides. Neurokinin A (substance K) is a substrate for en-
dopeptidase-24.11 but not for peptidyl dipeptidase A (angioten-
sin-converting enzyme). Biochem J 231:357-361, 1985.
Martling CR, Theordorsson-Norheim E, Norheim I, Lundberg
JM. Bronchoconstrictor and hypotensive effects in relations to
pharmacokinetics of tachykinins in the guinea-pig—Evidence
for extraneuronal cleavage of neuropeptide K to neurokinin A.
Naunyn Schmiedebergs Arch Pharmacol 336:183-189, 1987.
Shore SA, Drazen JM. Relative bronchoconstrictor activity of
neurokinin-A and neurokinin-A fragments in guinea pigs. J
Appl Physiol 71:452-457, 1991.

Thiele EA, Strittmatter SM, Snyder SH. Substance K and
substance P as possible endogenous substrates of angiotensin
converting enzyme in the brain. Biochem Biophys Res Com-
mun 128:317-324, 1985.



42,

43.

44.

45.

46.

47,

48.

49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shore SA, Drazen JM. Enhanced airway responses to substance
P after repeated challenge in guinea pigs. J Appl Physiol 66:955-
961, 1989.

Suzuki M, Suzuki S, Okubo T. Modulation of bronchial reac-
tivity by angiotensin-converting enzyme in unanesthetized
guinea pigs. Am Rev Respir Dis 146:154-158, 1992,

Joos GF, Pauwels RA. Mechanisms involved in neurokinin-
induced bronchoconstriction. Arch Int Pharmacodyn Ther
303:132-146, 1990.

Shore SA, Drazen JM. Degradative enzymes modulate airway
responses to intravenous neurokinins A and B. J Appl Physiol
67:2504-2511, 1989.

Lotvall JO, Elwood W, Tokuyama K, Barnes PJ, Chung KF.
Differential effects of phosphoramidon on neurokinin-A-in-
duced and substance-P-induced airflow obstruction and airway
microvascular leakage in guinea-pig. Br J Pharmacol 104:945-
949, 1991.

Matsas R, Kenny AJ, Turner AJ. Metabolism of neuropeptides.
The hydrolysis of peptides, including enkephalins, tachykinins
and their analogues, by endopeptidase-24.11. Biochem J
223:433-440, 1984.

Cascieri MA, Bull HG, Mumford RA, Patchett AA, Thornberry
NA, Liang T. Carboxyl-terminal tripeptidyl hydrolysis of sub-
stance P by purified rabbit lung angiotensin-converting enzyme
and the potentiation of substance P activity in vivo by captopril
and MK-422. Mol Pharmacol 25:287-293, 1984.

Umeno E, Hirose T, Nishima S. Pretreatment with aerosolized
capsaicin potentiates histamine-induced bronchoconstriction in
guinea pigs. Am Rev Respir Dis 146:159-162, 1992.

Fink MP, Kruithoff KL, Antonsson JB, Wang HL, Rothschild
HR. Delayed treatment with an LTD./E, antagonist limits
pulmonary edema in endotoxic pigs. Am J Physiol 20:R1007-
R1013, 1991.

Skidgel RA, Engelbrecht S, Johnson RA, Erdos EG. Hydrolysis
of substance P and neurotensin by converting enzyme and
neutral endopeptidase. Peptides 5:769-776, 1984.

Shore SA, Drazen JM. Airway responses to substance P and
substance P fragments in the guinea pig. Pulmonary Pharmacol
1:113-118, 1988.

Wang LH, Ahmad S, Benter IF, Chow A, Mizutani S, Ward
PE. Differential processing of substance-P and neurokinin-A by
plasma dipeptidyl(amino)peptidase-1V, aminopeptidase-M and
angiotensin converting enzyme. Peptides 12:1357-1364, 1991.
Ahmad S, Wang LH, Ward PE. Dipeptidyl(amino)peptidase-IV
and aminopeptidase-M metabolize circulating substance-P in
vivo. J Pharmacol Exp Ther 260:1257-1261, 1992.

Caughey GH, Leidig F, Viro NF, Nadel JA. Substance P and
vasoactive intestinal peptide degradation by mast cell tryptase
and chymase. J Pharmacol Exp Ther 244:133-137, 1988.
Shore SA, Stimler-Gerard NP, Coats SR, Drazen JM. Substance
P-induced bronchoconstriction in the guinea pig. Enhancement
by inhibitors of neutral metalloendopeptidase and angiotensin-
converting enzyme. Am Rev Respir Dis 137:331-336, 1988.
Drazen JM, Shore SA, Gerard NP. Substance P-induced effects
in guinea pig lungs: Effects of thiorphan and captopril. J Appl
Physiol 66:1364-1372, 1989.

Thompson JE, Sheppard D. Phosphoramidon potentiates the
increase in lung resistance mediated by tachykinins in guinea
pigs. Am Rev Respir Dis 137:337-340, 1988.

Shore SA, Martins MA, Drazen JM. Effect of the NEP inhibitor
SCH32615 on airway responses to intravenous substance P in
guinea pigs. J Appl Physiol 73:1847-1853, 1992,

Chipkin RE, Berger JG, Billard W, Iorio L, Chapman R, Barnett
A. Pharmacology of SCH 34826, an orally active enkephalinase
inhibitor analgesic. J Pharmacol Exp Ther 245:829-838, 1988.
Opgenorth TJ, Wu-Wong JR, Shiosaki K. Endothelin-convert-
ing enzymes. FASEB J 6:2653-2659, 1992.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

PEPTIDASE MODULATION OF AIRWAY EFFECTS

Wu-Won JR, Budzik P, Devine EM, Opgenorth TJ. Character-
ization of endothelin converting enzyme in rat lung. Biochem
Biophys Res Commun 171:1291-1296, 1990.

Kundu GC, Wilson IB. Identification of endothelin converting
enzyme in bovine lung membranes using a new fluorogenic
substrate. Life Sci 50:965-970, 1992.

Dusser DJ, Umeno E, Graf PD, Djokic T, Borson DB, Nadel
JA. Airway neutral endopeptidase-like enzyme modulates ta-
chykinin-induced bronchoconstriction in vivo. J Appl Physiol
65:2585-2591, 1988.

Stimler-Gerard NP. Neutral endopeptidase-like enzyme con-
trols the contractile activity of substance P in guinea pig lung.
J Clin Invest 79:1819-1825, 1987.

Honda I, Kohrogi H, Yamaguchi T, Ando M, Araki S. Enkeph-
alinase inhibitor potentiates substance P-induced and capsaicin-
induced bronchial smooth muscle contractions in humans. Am
Rev Respir Dis 143:1416-1418, 1991.

Sekizawa K, Tamaoki J, Nadel JA, Borson DB. Enkephalinase
inhibitor potentiates substance P- and electrically induced con-
traction in ferret trachea. J Appl Physiol 63:1401-1405, 1987.
Borson DB, Corrales R, Vrson S, Gold M, Viro N, Caughey G,
Ramachandran J, Nadel JA. Enkephalinase inhibitors poten-
tiate substance P-induced secretion of 35S0,-macromolecules
from ferret trachea. Exp Lung Res 12:21-36, 1987.

Kohrogi H, Graf PD, Sekizqawa K, Borson DB, Nadel JA.
Neutral endopeptidase inhibitors potentiate substance P- and
capsaicin-induced cough in awake guinea pigs. J Clin Invest
82:2063-2068, 1988.

Kohrogi H, Nadel JA, Malfroy B, Gorman C, Bridenbaugh R,
Patton JS, Borson DB. Recombinant human enkephalinase
(neutral endopeptidase) prevents cough induced by tachykinins
in awake guinea pigs. J Clin Invest 84:781-786, 1989.

Wong LB, Miller IF, Yeates DB. Pathways of substance P
stimulation of canine tracheal ciliary beat frequency. J Appl
Physiol 70:267-273, 1991.

Yeates DB, Eljamal M, Wong LB, Miller IF. Cellular-neural-
cellular pathways mediating the response of tracheal ciliary beat
frequency (DBFt) to inhaled capsaicin. Chest 101:72S-73S,
1992.

Kondo M, Tamaoki J, Takizawa T. Neutral endopeptidase
inhibitor potentiates the tachykinin-induced increase in ciliary
beat frequency in rabbit trachea. Am Rev Respir Dis 142:403—
406, 1990.

Tamaoki J, Sakai N, Isono K, Kanemura T, Chiyotani A,
Yamauchi F, Takizawa T, Konno K. Effect of neutral endopep-
tidase inhibition on substance-P-induced increase in short-cir-
cuit current of canine cultured tracheal epithelium. Int Arch
Allergy Appl Immunol 95:169-173, 1991.

Goetzl EJ, Sreedharan SP, Turck CW, Bridenbaugh R, Malfroy
B. Preferential cleavage of amino- and carboxyl-terminal oli-
gopeptides from vasoactive intestinal polypeptide by human
recombinant enkephalinase (neutral endopeptidase, EC
3.4.24.11). Biochem Biophys Res Commun 158:850-854, 1989.
Lilly CM, Martins MA, Drazen JM. Peptidase modulation of
the effects of vasoactive intestinal peptide in the isolated tracheal
perfused guinea pig lung. J Clin Invest 91:235-243, 1993.
Tanaka T, McRae BJ, Cho K, Cook R, Fraki JE, Johnson DA,
Powers JC. Mammalian tissue trypsin-like enzymes. Compar-
ative reactivities of human skin tryptase, human lung tryptase,
and bovine trypsin with peptide 4-nitroanilide and thioester
substrates. J Biol Chem 258:13552-13557, 1983.

Franconi GM, Graf PD, Lazarus SC, Nadel JA, Caughey GH.
Mast cell tryptase and chymase reverse airway smooth muscle
relaxation induced by vasoactive intestinal peptide in the ferret.
J Pharmacol Exp Ther 248:947-951, 1989.

Thompson DC, Diamond L, Altiere RJ. Enzymatic modulation
of vasoactive intestinal peptide and nonadrenergic noncholi-

401



80.

81.

82.

83.

84.

8s.

86.

87.

88.

89.

90.

9l.

92.

93.

94.

9s.

96.

97.

402

nergic inhibitory responses in guinea pig tracheae. Am Rev
Respir Dis 142:1119-1123, 1990.

Thompson DC, Altiere RJ, Diamond L. The effects of antago-
nists of vasoactive intestinal peptide on nonadrenergic non-
cholinergic inhibitory responses in feline airways. Peptides
9:443-447, 1988.

Hachisu M, Hiranuma T, Tani S, lizuki T. Enzymatic degra-
dation of helodermin and vasoactive intestinal polypeptide. J
Pharmacobiodyn 14:126-131, 1991.

Farmer SG, Togo J. Effects of epithelium removal on relaxation
of airway smooth muscle induced by basoactive intestinal pep-
tide and electrical field stimulation. Br J Pharmacol 100:73-78,
1990.

Tam EK, Franconi GM, Nadel JA, Caughey GH. Protease
inhibitors potentiate smooth muscle relaxation induced by ba-
soactive intestinal peptide in isolated human bronchi. Am J
Respir Cell Mol Biol 2:449-452, 1990.

Shore SA, Sharpless C, Drazen JM. Bronchoconstrictor activi-
ties of NPy and NPK in anesthetized guinea pigs: Effect of NEP
inhibition. Pulmonary Pharmacol (in press).

Holzer P. Capsaicin—Cellular targets, mechanisms of action,
and selectivity for thin sensory neurons. Pharmacol Rev
43:143-201, 1991.

Rouissi N, Gitter BD, Waters DC, Howbert JJ, Nixon JA,
Regoli D. Selectivity and specificity of new, non-peptide, quin-
culidine antagonists of substance-P. Biochem Biophys Res
Commun 176:894-901, 1991.

Regoli D, Nantel F. Pharmacology of neurokinin receptors.
Biopolymers 31:777-783, 1991.

Maggi CA, Giuliani S, Ballati L, Lecci A, Manzini S, Patacchini
R, Renzetti AR, Rovero P, Quartara L, Giachetti A. In vivo
evidence for tachykininergic transmission using a new NK-2
receptor-selective antagonist, MEN-10,376. J Pharmacol Exp
Ther 257:1172-1178, 1991.

Patacchini R, Astolfi M, Brown MCS, Maggi CA. Actinomycin-
D is a competitive and selective antagonist by NK-2 tachykinin
receptors. Neuropeptides 20:109-114, 1991,

Beresford 1JM, Birch PJ, Hagan RM, Ireland SJ. Investigation
into species variants in tachykinin NK-1 receptors by use of the
non-peptide antagonist, CP-96,345. Br J Pharmacol 104:292-
293, 1991.

Snider RM, Constantine JW, Lower JA, Longo KP, Lebel WS,
Woody HA, Drozda SE, Desai MC, Vinick FJ, Spencer RW,
Hess H-J. A potent nonpeptide antagonist of the substance P
(NK1) receptors. Science 251:435-437, 1991.

Maggi CA, Patacchini R, Giuliani S, Rovero P, Dion S, Regoli
D, Giachetti A, Meli A. Competitive antagonists discriminate
between NK2 tachykinin receptor subtypes. Br J Pharmacol
100:589-592, 1990.

Jukic D, Rouissi N, Laprise R, Boussougou M, Regoli D.
Neurokinin receptors antagonists—Old and new. Life Sci
49:1463-1469, 1991.

Rovero P, Astolfi M, Renzetti AR, Patacchini R, Giachetti A,
Maggi CA. Role of D-tryptophan for affinity of MEN-10207
tachykinin antagonist at NK-2 receptors. Peptides 12:1015-
1018, 1991.

Logan ME, Goswami R, Tomczuk BE, Venepalli BR. Recent
advances in neurokinin receptor antagonists. Annu Rep Med
Chem 26:43-51, 1991.

Emondsalt X, Vilain P, Goulaouic P, Proietto V, Vanbroeck
D, Advenier C, Naline E, Neliat G, Lefur G, Breliere JC. A
potent and selective non-peptide antagonist of the neurokinin-
A (NK-2) receptor. Life Sci 50:PL.101-PL106, 1992.

Djokic TD, Nadel JA, Dusser DJ, Sekizawa K, Graft PD,
Borson DB, Inhibitors of neutral endopeptidase potentiate elec-
trically and capsaicin-induced noncholinergic contraction in
guinea pig bronchi. J Pharmacol Exp Ther 248:7-11, 1989.

PEPTIDASE MODULATION OF AIRWAY EFFECTS

98

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Manzini S, Conti S, Maggi CA, Abelli L, Somma V, Del Bianco
E, Geppetti P. Regional differences in the motor and inflam-
matory responses to capsaicin in guinea pig airways. Correlation
with content and release of substance P-like immunoreactivity.
Am Rev Respir Dis 140:936-941, 1989.

Maggi CA, Patacchini R, Perretti F, Meini S, Manzini S, San-
ticioli P, Del Bianco E, Meli A. The effect of thiorphan and
epithelium removal on contractions and tachykinin release
produced by activation of capsaicin-sensitive afferents in the
guinea-pig isolated bronchus. Naunyn Schmiedebergs Arch
Pharmacol 341:74-79, 1990.

Kroll F, Karlsson JA, Lundberg JM, Persson CG. Capsaicin-
induced bronchoconstriction and neuropeptide release in
guinea pig perfused lungs. J Appl Physiol 68:1679-1687, 1990.
Eglezos A, Giuliani S, Viti G, Maggi CA. Direct evidence that
capsaicin-induced plasma protein extravasation is mediated
through tachykinin NK-1 receptors. Eur J Pharmacol 209:277-
279, 1991.

Ellis JL, Undem BJ. Role of peptidoleukotrienes in capsaicin-
sensitive sensory fibre-mediated responses in guinea-pig air-
ways. J Physiol London 436:469-484, 1991.

Undem BJ, Myers AC, Barthiow H, Weinreich D. Vagal inner-
vation of guinea pig bronchial smooth muscle. J Appl Physiol
69:1336-1346, 1990.

Lotvall JO, Tokuyama K, Lofdahl CG, Ullman A, Barnes PJ,
Chung KF. Peptidase modulation of noncholinergic vagal bron-
choconstriction airway microvascular leakage. J Appl Physiol
70:2730-2735, 1991.

Grider JR, Murthy KS, Jin JG, Makhlouf GM. Stimulation of
nitric oxide from muscle cells by VIP—Prejunctional enhance-
ment of VIP release. Am J Physiol 262:G774-G778, 1992.
Kannan MS, Johnson DE. Nitric oxide mediates the neural
nonadrenergic, noncholinergic relaxation of pig tracheal smooth
muscle. Am J Physiol 262:L.511-L514, 1992.

Lai YL. Endogenous tachykinins in antigen-induced acute bron-
chial responses of guinea pigs. Exp Lung Res 17:1047-1060,
1991.

Ingenito EI, Pliss LB, Martins MA, Ingram RH Jr. Effects of
capsaicin on mechanical, cellular, and mediator responses to
antigen in sensitized guinea pigs. Am Rev Respir Dis 143:527-
577, 1991.

Matsuse T, Thomson RJ, Chen XR, Salari H, Schellenberg RR.
Capsaicin inhibits airway hyperresponsiveness but not lipoxy-
genase activity or eosinophilia after repeated aerosolized antigen
in guinea pigs. Am Rev Respir Dis 144:368-372, 1991.
Manzini S, Maggi CA, Geppetti P, Bacciarelli C. Capsaicin
desensitization protects from antigen-induced bronchospasm in
conscious guinea-pigs. Eur J Pharmacol 138:307-308, 1987.
Lotvall JO, Hui KP, Lofdahl CG, Barnes PJ, Chung KF. Cap-
saicin pretreatment does not inhibit allergen-induced airway
microvascular leakage in guinea pig. Allergy 46:105-108, 1991.
Lundberg JM, Alving K, Karlsson JA, Matran R, Nilsson G.
Sensory neuropeptide involvement in animal models of airway
irritation and of allergen-evoked asthma. Am Rev Respir Dis
143:1429-1431, 1991.

Ray DW, Hernandez C, Leff AR, Solway J. Tachykinins me-
diate bronchoconstriction elicited by isocapnic hyperpnea in
guinea pigs. J Appl Physiol 66:1108-1112, 1989.

Martins MA, Shore SA, Drazen JM. Release of tachykinins by
histamine, methacholine, PAF LTD,, and substance-P from
guinea pig lungs. Am J Physiol 261:1.449-1.455, 1991.

Biggs DF, Ladenius RC. Capsaicin selectively reduces airway
responses to histamine, substance P and vagal stimulation. Eur
J Pharmacol 175:29-33, 1990.

Martling CR, Saria A, Andersson P, Lundberg JM. Capsaicin
pretreatment inhibits vagal cholinergic and non-cholinergic.
Naunyn Schmiedebergs Arch Pharmacol 325:343-348, 1984.



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132,

133.

134,

135.

Bloomquist EI, Kream RM. Release of substance P from the
guinea pig trachea (by) leukotriene D4. Exp Lung Res 16:645—
659, 1990.

Kohrogi H, Yamaguchi T, Kawano O, Hondal, Ando M, Araki
S. Inhibition of neutral endopeptidase potentiates bronchial
contraction induced by immune response in guinea pigs in
vitro. Am Rev Respir Dis 144:636-641, 1991,

Frossard H, Rhoden KJ, Barnes PJ. Influence of epithelium on
guinea pig airway responses to tachykinins: Role of endopepti-
dase and cyclooxygenase. J Pharmacol Exp Ther 248:292-298,
1989.

Manzini S, Meini S. Involvement of capsaicin-sensitive nerves
in the bronchomotor effects of arachidonic acid and melittin:
A possible role for lipoxin A4. Br J Pharmacol 103:1027-1032,
1991.

Manzini S, Ballati L, Geppetti P, Rubini I, Meini S, Perretti F.
Arachidonic acid-induced bronchomotor responses are partially
mediated by release of sensory neuropeptides from capsaicin-
sensitive structures. Br J Pharmacol 98:1077-1079, 1989.
Lotvall JO, Elwood W, Tokuyama K, Barnes PJ, Chung KF.
Plasma exudation into airways induced by inhaled platelet
activating factor: Effect of peptide inhibition. Clin Sci 80:241-
247, 1991.

Jacoby DB, Tamaoki J, Borson DB, Nadel JA. Influenza infec-
tion causes airway hyperresponsiveness by decreasing enkeph-
alinase. J Appl Physiol 64:2653-2658, 1988.

Murray TC, Jacoby DB. Viral infection increases contractile
but not secretory responses to substance-P in ferret trachea. J
Appl Physiol 72:608-611, 1992,

Dusser DJ, Djokic TD, Borson DB, Nadel JA. Cigarette smoke
induces bronchoconstrictor hyperresponsiveness to substance P
and inactivates airway neutral endopeptidase in the guinea pig.
Possible role of free radicals. J Clin Invest 84:900-906, 1989.
Borson DB, Brokaw JJ, Sekizawa K, McDonald DM, Nadel JA.
Neutral endopeptidase and neurogenic inflammation in rats
with respiratory infections. J Appl Physiol 66:2653-2658, 1989.
Sheppard D, Thompson JE, Scypinski L, Dusser D, Nadel JA,
Borson DB. Toluene diisocyanate increases airway responsive-
ness to substance P and decreases airway neutral endopeptidase.
J Clin Invest 81:1111-1115, 1988.

Conroy DM, Samhoun MN, Piper PJ. Effects of vasoactive
intestinal peptide, helodermin and galanin on responses of
guinea-pig lung parenchyma to histamine acetylcholine and
leukotriene-Ds. Br J Pharmacol 104:1012-1018, 1991.

Mapp CE, Graf PD, Boniotti A, Nadel JA. Toluene diisocyanate
contracts guinea pig bronchial smooth muscle by activating
capsaicin-sensitive sensory nerves. J Pharmacol Exp Ther
256:1082-1085, 1991.

Kwon OJ, Baraniuk JN, Kuo HP, Barnes PJ. Effect of cigarette
smoke and capsaicin on neutral endopeptidase. Am Rev Respir
Dis 145:A47, 1992,

Lundberg JM, Saria A. Capsaicin-induced desensitization of
airway mucosa to cigarette smoke, mechanical and chemical
irritants. Nature 302:251-253, 1983.

Zayasu K, Ohrui T, Sekizawa K, Yamaya M, Fukushima T,
Sasaki H, Takishima T. Capsaicin desensitization inhibits cig-
arette smoke-induced increase in cytoplasmic motility of alveo-
lar macrophages in guinea pigs. Am Rev Respir Dis 145:197-
202, 1992,

Karlsson JA, Zackrisson C, Lundberg JM. Hyperresponsiveness
to tussive stimuli in cigarette smoke-exposed guinea-pigs: A role
for capsaicin-sensitive, calcitonin gene-related peptide-contain-
ing nerves. Acta Physiol Scand 141:445-454, 1991.

Gordon T, Venugopalan CS, Amdur MO, Drazen JM. Ozone-
induced airway hyperreactivity in the guinea pig. J Appl Physiol
57:1034-1038, 1984.

Murlas CG, Lang ZH, Williams GJ, Chodimella V. Aerosolized

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

PEPTIDASE MODULATION OF AIRWAY EFFECTS

neutral endopeptidase reverses ozone-induced airway hyper-
reactivity to substance-P. J Appl Physiol 72:1133-1141, 1992.
Gerard NP. Characterization of substance P contractile activity
on isolated guinea pig lung tissues. J Pharmacol Exp Ther
243:901-906, 1987.

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

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 42:779-783, 1987.

Cheung D, Timmers MC, Bel EH, Den Hartigh J, Dijkman JH,
Sterk PJ. An inhaled neutral endopeptidase inhibitor, thior-
phan, enhances airway narrowing to neurokinin A in asthmatic
subjects in vivo. Am Rev Respir Dis 145:A682, 1992.

Borson DB, Gruenert DC. Glucocorticoids induce neutral en-
dopeptidase in transformed human tracheal epithelial cells. Am
J Physiol 260:L83-L89, 1991.

Piedimonte G, McDonald DM, Nadel JA. Glucocorticoids in-
hibit neurogenic plasma extravasation and prevent virus-poten-
tiated extravasation in the rat trachea. J Clin Invest 86:1409-
1415, 1990.

Piedimonte G, McDonald DM, Nadel JA. Neutral endopepti-
dase and kininase-II mediate glucocorticoid inhibition of neu-
rogenic inflammation in the rat trachea. J Clin Invest 88:40-
44, 1991.

Mendelsohn FA, Lloyd CJ, Kachel C, Funder JW. Induction of
glucocorticoids of angiotensin converting enzyme production
from bovine endothelial cells in culture and rat lung in vivo. J
Clin Invest 70:684-692, 1982.

Choi HS, Lesser M, Cardozo C, Orlowski M. Immunohisto-
chemical localization of endopeptidase 24.15 in rat trachea,
lung tissue, and alveolar macrophages. Am J Respir Cell Mol
Biol 3:619-624, 1990.

Murlas CG, Murphy TP, Lang Z. HOCI causes airway substance
P hyperresponsiveness and neutral endopeptidase hypoactivity.
Am J Physiol 258:1.361-L368, 1990.

Fine JM, Gordon T, Sheppard D. Epithelium removal alters
responsiveness of guinea pig trachea to substance P. J Appl
Physiol 66:232-237, 1989.

Frossard N, Rhoden KJ, Barnes PJ. Influence of epithelium on
guinea pig airway responses to tachykinins: Role of endopepti-
dase and cyclooxygenase. J Pharmacol Exp Ther 248:292-298,
1989.

Flavahan NL, Aarhus LL, Rimele TJ, Vanhoutte PM. Respi-
ratory epithelium inhibits bronchial smooth muscle tone. J
Appl Physiol 58:834-838, 1985.

Erdos EG, Wagner B, Harbury CB, Painter RG, Skidgel RA,
Fa XG. Down-regulation and inactivation of neutral endopep-
tidase 24.11 (enkephalinase) in human neutrophils. J Biol Chem
264:14519-14523, 1989.

Shipp MA, Stefano GB, Switzer SN, Griffin JD, Reinherz EL.
CD10 (CALLA)/Neutral endopeptidase 24.11 modulates in-
flammatory peptide-induced changes in neutrophil morphol-
ogy, migration, and adhesion proteins and is itself regulated by
neutrophil activation. Blood 78:1834-1841, 1991.

Lang ZH, Murlas CG. HOCI exposure of a human airway
epithelial cell line decreases its plasma membrane neutral en-
dopeptidase. Lung 169:311-323, 1991.

Lang Z, Murlas CG. Neutral endopeptidase of a human airway
epithelial cell line recovers after hypochlorous acid exposure:
Dexamethasone accelerates this by stimulating neutral endo-
peptidase mRNA synthesis. Am J Respir Cell Mol Biol 7:300-
306, 1992.

Johnson AR, Coalson JJ, Ashton J, Larumbide M, Erdos EG.
Neutral endopeptidase in serum samples from patients with

403



154.

155.

156.

157.

404

adult respiratory distress syndrome. Comparison with angioten-
sin-converting enzyme. Am Rev Respir Dis 132:1262-1267,
1985.

Werb Z, Clark EJ. Phorbol diesters regulate expression of the
membrane neutral metalloendopeptidase (EC 3.4.24.11) in rab-
bit synovial fibroblasts and mammary epithelial cells. J Biol
Chem 264:9111-9113, 1989.

Iijima H, Gerard NP, Squassoni C, Ewig J, Face D, Drazen JM,
Kim YA, Shriver B, Hersh LB, Gerard C. Exon 16 del: A novel
form of human neutral endopeptidase (CALLA). Am J Physiol
262:1.725-1.729, 1992.

Sreedharan SP, Goetzl EJ, Malfroy G. Elevated synovial tissue
concentration of the common acute lymphoblastic leukaemia
antigen (CALLA)-associated neutral endopeptidase (3.4.24.11)
in human chronic arthritis. Immunology 71:142-144, 1990.
Johnson AR, Ashton J, Schulz WW, Erdos EG. Neutral metal-

PEPTIDASE MODULATION OF AIRWAY EFFECTS

158.

159.

160.

161.

loendopeptidase in human lung tissue and cultured cells. Am
Rev Respir Dis 132:564-568, 1985.

Werfel T, Sonntag G, Weber MH, Gotze O. Rapid increases in
the membrane expression of neutral endopeptidase (CD10),
aminopeptidase N (CD13), tyrosine phosphatase (CD45), and
Fc v-RIII (CD16) upon stimulation of human peripheral leu-
kocytes with human C5a. J Immunol 147:3909-3914, 1991.
Conlon JM, Sheehan L. Conversion of substance P to G-
terminal fragments in human plasma. Regul Pept 7:335-345,
1983.

Nausch I, Heymann E. Substance P in human plasma is de-
graded by dipeptidyl peptidase IV, not by cholinesterase. J
Neurochem 44:1354-1357, 1985.

Skidgel RA, Jackman HL, Erdos EG. Metabolism of substance
P and bradykinin by human neutrophils. Biochem Pharmacol
41:1335-1344, 1991.





