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Abstract

Trandent receptor potentid vanilloid type channels (TRPV'S) are expressed in
severd cdl typesin human and anima lungs. Increasing evidence has demondtrated
important roles of these cation channds, particularly TRPV1 and TRPV4, in the
regulaion of airway function. These TRPV's can be activated by a number of endogenous
substances (hydrogen ion, certain lipoxygenase products, etc.) and changesin
physiologica conditions (e.g., temperature, osmolarity, etc.). Activation of these channels
can evoke Ca?™ influx and excitation of the neuron. TRPV1 channds are generally
expressed in non-myelinated afferents innervating the airways and lungs, which dso contain
sensory neuropeptides such as tachykinins. Upon stimulation, these sensory nerves dicits
centrally-mediated reflex responses as well aslocal reease of tachykinins, and resultsin
cough, airway irritation, reflex bronchocondtriction and neurogenic inflammation in the
arways. Recent sudies clearly demondtrated that the excitability of TRPV 1 channelsis
up-regulated by certain autacoids (e.g., prostaglandin E;, bradykinin) released during
arway inflammatory reaction. Under these conditions, the TRPV 1 can be activated by a
dight increase in airway temperature or tissue acidity. Indirect evidence aso suggests
that TRPV channels may play a part in the pathogenesis of certain respiratory diseases
such as asthma and chronic cough. Therefore, the potential use of TRPV antagonistsasa

novel therapy for these diseases certainly merits further investigation.
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1. Introduction

Trandent receptor potentid (TRP) ion channd family conssts of 28 ion channels,
and can be further divided into six subgroups based upon the structure and activation
characterigtics of the channds[1, 2]. TRP subfamiliesinclude canonicd (TRPC, 7
channds), mdagatin (TRPM, 8 channds), ankyrin (TRPA, 1 channd), vanilloid (TRPV,
6 channels), polycystin (TRPP, 3 channds) and mucolipin (PRTML, 3 channels)
families TRPV channd family (TRPV 1-6) are widdly expressed in various cdll types of
the mammalian organ systems. Since these TRPV channels were cloned in the last
severd years, increasing evidences begin to reved the important physiologica properties
and function of these channels. TRPV channels are nonsdlective cation channd with a
high permesbility to Ca?*, and the selectivity of cations varies among different TRPV
channels. It iswdl recognized that intracellular cacium is an important sgnd
transduction molecule indl cells, and plays a criticd role in the regulaion of membrane
excitability, neurotransmitter release, synaptic transmisson and other important
biologica functionsin neurons. Hence, because of the high permesbility to Ca#* and their
sengtivitiesto various physiologica stimuli, TRPV channds are believed to play an
important role in the regulation of airway function under both normal and disease
conditions.

lon channdsin TRPV family can be activated by a diverse range of biologica
dimuli that are found in the respiratory tract, including acid, changesin temperature and
osmolarity, mechanical stress, changein intracdlular C&€* concentration, and various

inflammatory mediators. In addition, up-regulaion of TRPV expresson and senstivity in



the lung may aso contribute to the manifestation of various symptoms of airway
inflammeatory diseases. In this review, we discuss the expression and function of TRPV
channdsin the lung, the endogenous substances and physiologica conditions that can
activate and modulate the sengitivity of these channds, and the potentid involvements of

TRPVsin the pathogenesis of certain respiratory diseases.

2. TRPV channé expression and function in the lung

Severd TRPV channels have been detected in mammalian lung tissues, including
alrway sensory nerves, airway smooth muscle cdls, epithdid cdls, vascular endothelid
cdls, submucosa glands, and inflammeatory cdls [3-7]. Although their preciserolesin
regulating the function of each individud cdll type are not clearly defined, recent sudies
have reveded some convincing evidence of ther involvements under both norma and
disease conditions. Of course, many of these studies were performed in the
heterologoudy expressed TRPV channdls, cautions are required in extrapolating these
findings to the responsesin native cdls and biologica sysems, and certain inherent
limitations should aso be taken into condderation in predicting the potentia
physiologica implications. We will focus this review primarily on the function of
TRPV1 and TRPV4 expressed in the respiratory tract because of the recent progressesin
research on these two TRPV channels and our existing knowledge about their possible

involvements in the pathogenesis of certain airway diseases.

21 TRPV1



TRPV1 expression in the airway: The expression of the TRPV 1 in the mammadian

respiratory tract is predominantly localized in the sensory nerves, despite that its presencein
other cell types has aso been reported. The afferent activities arisng from sensory terminas
located in the lung and airways are conducted primarily by branches of vagus nerves[8, 9]
that project to the nucleus tractus solitarius in the brainstem, and their cdll bodiesresidein
the nodose and intracranid jugular ganglia Among these vagd bronchopulmonary
afferents, approximately 75% are small-diameter, dow-conducting non-myelinated (C-)
fibers[10]. One of the mogt digtinct characterigtics of these C-fiber afferentsisthe
functiond expresson of TRPV1 at the sensory terminds, as evident by their exquisite
sengitivity to capsaicin ddlivered either by inhdation or by injection into the pulmonary
circulaion [11, 12]. In asharp contrat, their myelinated counterpart of the vagad pulmonary
afferents either do not or rardy exhibit any sengtivity to capsaicin [11].
Immunohistochemical evidence shows that TRPV 1 channels are often co-locdized
with certain sensory neuropeptides, such as tachykinins (TKs) and calcitonin gene-related
peptide (CGRP), in the same axon [7, 13, 14]. These TRPV 1-expressing C-fiber endings
aso digplay digtinct senstivity to chemicd irritants aswell as certain endogenoudy released
autacoids[11, 12, 15, 16]. Recent studies suggest that the actions of some of these
gimulants are mediated through the activation of TRPV 1. These chemosengtive endings
innervate the entire respiratory tract, from upper airways (nose, larynx, trachea) to lung
parenchyma (alveolar wal). They are found in the mucosa as well asin the deeper regions
of thearway structure (e.g., near smooth muscles). In the conducting airways, they show

extensive axond arborization that either extends into the space between epithelid cells or



forms network-like plexusimmediately benegth the basement membrane of airway
epithdium in various speciesincluding humans [17-19].

Biologicd response to TRPV 1 activation Activation of TRPV 1 channdson

airway sensory nervesinduces Ca”* influx into the neurond cell, membrane
depolarization and action potentials. Activation of these TRPV 1-expressing vagd sensory
termindsin the airways can dlicit extensve reflex responses such as bronchocondriction,
mucus secretion, bradycardia and hypotension mediated through the efferent pathways of
the autonomic nervous system, which are accompanied by rapid shallow bresthing, airway
irritation and cough. Together, these are the typical respiratory defense responses against
inhaled irritants [12, 20]. Ca?* influx evoked by TRPV1 activation can aso trigger the
reease of TKs and CGRP from both peripherd and central nerve terminals. These
neuropeptides are known to act onanumber of effector cellsin the respiratory tract (e.g.,
arway and vascular smooth muscles, cholinergic ganglia, inflammatory cells, mucous
glands), and cause bronchocondriction, protein extravasation, airway mucosa edemaand
inflammeatory el chemotaxis [21, 22]. Thus, prolonged and intense stimulation of these
endings can lead to the development of "'neurogenic inflammatory reaction” in the airways

[21, 23, 24].

22 TRPV4

TRPV4 expresson in the lung: The TRPV4 channd iswiddy expressed in

mammalian tissues including lung, heart, kidney, sensory neurons, sympathetic nerves,
brain, skin, intestine, salivary glad, sweat glands, inner ear, endothelium and fat tissue

[25-30]. In the lung, TRPV4 is detected by RT-PCR in a human bronchid epithdid cell



line[31] and in cultured human airway smooth muscle cdls [32]. Immunohistochemistry
study showed that TRPV4 is expressed in the dveolar wall in human, rat and mouse lung
[33].

Biologica response to TRPV4 activation Activation of TRPV4 channd increases

intracellular Ca?* concentration and thus may play an important rolein Ca?* sgnding
during osmatic stimulation. The physiologicd role of TRPV4 activation may vary among
different tissues. TRPV4 in human bronchid epithelid cdls may be involved in
hypotonic solution-induced cdll regulatory volume- decrease response through the
activation of Maxi K* channels [31]. TRPV4 activation aso induces Ca?* influx in
human airway smooth muscle cdlls as well as smooth muscle contraction in isolated
human and guinea pig airways [32]. In isolated rat lung, TRPV 4 activation increases

endothelial permesability and disrupts the alveolar septd barrier [33].

3. Endogenous TRPV activatorsand modulatorsin normal and disease conditions

3.1 Endogenous activators of TRPV1

Recent studies have demondtrated several endogenous chemical substances that
can activate TRPV1 in thelung, and their simulatory effects become more pronounced
under various pathophysiologica conditionsin the airways.

Hydrogen lon: Inhalation of acidic aerosol or right-atrid injection of lactic acid
eicits cough and reflex bronchocondriction in humans and animas [34-36], suggesting that
dimulation of lung afferentsisinvolved [37, 38]. It isknown that hydrogen ion can

modulate the stimulatory effect of capsaicin on heterologoudy expressed TRPV1 [39].



The dtes of interaction have been suggested to be located within putative extrace lular
loops of TRPV1, particularly at two glutamate resduas E648 and E600 [40]. The
evidence of acid simulation of TRPV 1 in the airway nerves was first reported by Fox

and co-workers [41] who demonstrated that C-fiber afferents innervating the guinea pig
trachea were stimulated when the isolated guinea pig airway was perfused with acidic buffer
a pH of 5.0, and that the effect was aborogated by capsazepine [42]. However, itisaso
possible that certain autacoids (e.g., lipooxygenase metabolites, etc.) are released from the
surrounding tissue upon the action of hydrogen ion, which in turn can activate the TRPV 1
receptor on the nerve terminds[43]. A direct simulatory effect of hydrogen ionson
TRPV 1swas recently demonstrated in pulmonary sensory neuronsisolated from rat
nodose/jugular ganglia[44]. The current evoked by lowering the pH of extracdlular
solution to 7.0 congsted of only atransent, rapidly inactivating component with small
amplitude, which increased in amplitude when the H™ concentration was devated. In
addition, adow, sustained inward current began to emerge when pH was reduced to
below 6.5. The trangent component was dose-dependently inhibited by amiloride, a
common blocker of acid-sengng ion channds (ASICs) [45], whereas the sustained
component was dmaost completely abolished by capsazepine, indicating a critica
involvement of TRPV 1 in the acid-evoked current in these neurons (Fig. 1) [44].
Presumably, thislong-lasting effect of TRPV 1-activation is responsible for, to some extent,

the lingering irritant effect of acid on the airways.

Lipoxygenase Products of Arachidonic Acid: Products derived from lipoxygenase
metabolism of arachidonic acid are released in inflammatory tissues, and are believed to

be involved in the inflammation+induced hyperalgesa[46]. Some of these lipoxygenase



products, such as 12-(S)- and 15-(S)- hydroperoxyeicosatetraenoic acid (12S- and 15S-
HPETE), have been shown to exert a highly potent stimulatory effect on TRPV1[43],
and severd isoforms have been found in the lung tissue [47-49]. These lipoxygenase
products are known to be released in the airways during asthmatic attack [50], and
therefore are considered as the primary candidates of the endogenous TRPV 1 activators
in arway inflammatory diseases. However, despite al the suggestive evidence, the
convindng in-vivo or in-vitro evidence demondrating the direct activation of TRPV 1-
expressing sensory nervesin the airways is dtill lacking; this discrepancy may be related
to the ingtability of these compounds and the difficulty of effectively ddivering them to
the receptor site. This notion is supported by the findings that endogenoudy released
lipoxygenase products are critically involved as the intermediate mediatorsin the
activation of TRPV1 by certain autacoids (e.g., bradykinin) [51-53].

Anandamide: Anandamide, an endogenous neurond lipid mediator, isthe
ethanolamine amide of arachidonic acid firgt isolated from porcine brain [54].
Anandamide is synthesized in the nervous system as well asin peripherd tissues
induding arways and lung [55, 56]. Anandamideis previoudy known as a cannabinoid
receptor agonist. Recent evidence shows that anandamide aso activates human and rat
TRPV 1 receptors in TRPV 1-transfected cdlls, rat dorsd root ganglia (DRG) neuronsin
vitro [57, 58], and bronchopulmonary C-fiber afferentsin vivo [59-61]. Anandamide has
asimilar Ki for TRPV1 in recombinant cell lines, but adistinctly lower potency in
various assays [62], which raises the question as to the probability of its action asan
endogenous activator of TRPV 1 [61]. Anandamideisfound to be either apartid or afull

agonist depending on the tissue tested as well as the physiologica conditions. For



example, asapartid agonist, anandamide may sengtize the channedl response to other
TRPV 1 agonigts, while in certain pathophysiologica conditions (e.g., airway
inflammation) when TRPV 1 sengtivity is up-regulated, anandamide may serve asan
endogenous agonist and activate the channd. A recent study further revedled the role of
anandamide as an intracd lular messenger thet is formed following the activation of
phospholipase C / inosital 1,4,5-triphosphate pathway and can activate the TRPV1 in rat
DRG neurons [62].

Hyperthermia: TRPV1 is generaly considered as the sensor for detecting noxious
heet in the somatic sensory system, and its response characteristics and chamnd activation
by hest are well documented [63, 64]. Because the temperature threshold for its
activation isrdaivey high (43°C) and the pulmonary sensory nerves is condantly
exposed to body temperature, a possible role of the TRPV1 as atherma sensor inthe
physiological range of body temperature was generaly overlooked. However, arecent
study showed that increasing temperature from 23°C to 41°C in aramp pattern evoked an
inward current or membrane depolarization in isolated rat pulmonary sensory neurons
after exceeding athreshold of ~34.4°C. Further increase in temperature increased the
amplitude of inward current sharply, or evoked action potential as the temperature
reached 39-40°C. The temperature coefficient, Qio, was 29.5 + 6.4 over the range of
35- 41°C and digtinctly higher than that over the lower temperature range (23- 30°C, Qio
= 2.84 £ 0.56), which clearly illustrates the thermd sengitivity of these pulmonary
sensory neurons [4]. Approximately 48% of the response was blocked by pretreatment
with capsazepine, suggesting an important role of the TRPV 1; the remaining response

probably involves TRPV 2-4 channels because it was totdly abolished by ruthenium red,

10



anon-sdective TRPV and cacium channel blocker (Fig. 2) [4]. In view of the facts that
hyperthermia occurs commonly in norma (e.g., during exercise) aswell asin disease
conditions (e.g., fever, heat stroke) and that a sgnificantly higher tissue temp was found in
the airways of asthmatic patients [65], the thermd sengtivity of individud TRPV

channds and ther relative contributions to the regulation of airway function certainly
require further investigation.

Other endogenous TRPV1 activators. Based upon the structure-activity

relaionship studies, saverd endogenous agonists of TRPV 1 have been proposed. N-
arachidonoyl-dopamine (NADA) is an endogenous substance with structural smilarity to
cgpsaicin and has been found in mammalian nervous tissues, modtly in the centrdl
nervous system. NADA activates the TRPV 1 over-expressed in HEK 293 cdlls, with
potency and efficacy Smilar to those of cgpsaicin. Furthermore, NADA can activate
TRPV1 channdsin the nociceptive neuronsin rat dorsal root ganglion [66]. Smilarly, N-
oleoyldopamine (OLDA) was found in mammalian brain, and can activate the TRPV 1-
trandfected HEK cdlsin vitro and induce a hyperdgesic effect in vivo [67], which can be
blocked by iodo-resiniferatoxin, a TRPV 1 antagonist. To our knowledge, the
physiologica and pharmacological actions of these compounds on capsaicin-sensitive
afferents innervating the airways and lung have not been studied.

Some interesting studies recently reported that increasing extracellular
concentrations of cations, such asNa', Mg?*, and Ca?*, can actively gate the TRPV1
channd expressed in HEK 293 cdlls and oocytes, and these effects seem to result form
electrogtatic interactions between these ions and two glutamates located near the channe

pore (E600 and E648), formerly identified as protorn+binding residues [40, 68]. In
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addition, polyamines, such as spermine and putrescine, which are positively charged can
directly activate TRPV 1 in a charge-dependent manner, both in heterologous expression
systems and in sensory neurons [69]. These observations are consstent with the finding
that eosinophil granule-derived proteins carrying cationic charges can activate and
sengitize the TRPV 1-expressing pulmonary sensory nerves in anesthetized rats [ 70, 71].

Reactive Oxygen Species (ROS) such as hydrogen peroxide and hydroxyl radicas
have been suggested to play a part in the nociceptor activation during tissue inflammation
and ischemia[72], but transduction mechanism was not fully understood. Recent studies
have reveaed that activation of the TRPV 1 receptor by cyclooxygenase metabolitesis
partidly responsible for ROS-evoked stimulation of pulmonary C-fiber afferentsin rats
because the stimulatory effect of aerosolized hydrogen peroxide was reduced to hdf by
pretrestment with elther capsazepine or indomethacin [73, 74].

Although most of the TRPV channels are considered to be voltage independent, a
recent study has clearly shown that physiologicd stimuli of TRPV 1 (and some other
temperature- sengitive TRP channels), such as high temperature and cgpsaicin, can shift
its activation curve (open probability vs. voltage) from anon-physologicd postive
voltage range towards the negative potentia [75]. This large shift of voltage- dependent
activation curve to a physiologicaly reevant voltage range with ardativey smal gating
charge is believed to be an important factor underlying the functiona properties of

TRPV1 and its sengtivity to adiverse range of biologica stimuli [75].

3.2 Endogenous TRPV 4 ectivators
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Heterologoudy expressed TRPV4 channd can be activated by hypotonic
solutions [27], phorbol derivatives[76, 77] and by increase in temperature [25, 78]. It has
been reported that the osmolarity of airway surface fluid is about 80% of isotonic body
fluids (222 vs 285 mOsM) in hedthy humans [79]. However, the osmolarity of airway
surfece fluid is Sgnificantly decreased in certain airway diseases (e.g., asthma; [79]).
Hypotonicity has dso been reported in rat and mouse airway surface fluid [80, 81]. This
leve of hypotonicity islikely to be sufficient to activate TRPV4 if airway smooth muscle
cdlsare exposed in Stu. In normal airways, TRPV4 on smooth muscle cells may not be
activated by the hypotonic airway surface fluid because of the epithdium barrier.
However, when the epithdium is disrupted in inflammatory airway diseases such as
asthma|[82, 83], arway smooth muscles are exposed to the hypotonic airway surface
flud, which may then activate the TRPV4 on these musdle cdlls. Indeed, inha ation of
distilled water or hypotonic sdline aerosols induces bronchocongriction and afdl in
forced expiratory volume in one second (FEV1) in asthma patients but not in normal
subjects [84-88]. Part of the bronchocondriction is probably mediated through
cholinergic reflex ance hypotonicity can simulate both C-fiber afferents and rapidly
adapting receptors in the airways, dthough alack of chlorideion gppearsto bedso a
contributing factor [89-91]. TRPV4 activation aso increases the permegbility of
endothdid cdls and disrupts the aveolar septal barrier in isolated rat lung. Therefore, it
has been suggested that the TRPV4 activation may be involved in the devel opment of
acute lung injury [33].

TRPV4 can be dso activated by increase in temperature with an activation

threshold of 24° -32°C [2, 25, 78, 92], which is below the norma range of body
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temperature. Thus, whether the therma sensitivity of TRPV4 plays any rolein the
regulation of physiologica function of lung afferents remains to be determined, despite
that both mRNA and protein expresson of TRPV4 have been demondtrated in the

pulmonary sensory neurons[4].

3.3 Endogenous modulators of TRPV sengtivity

It iswel documented that a number of endogenous inflammatory mediators can
modulate the sengtivity of TRPV1 during tissue inflammation, which leads to nociceptor
hypersengtivity and hyperdgesia. The mechanisms underlying the sengtization of
TRPV1 are not yet fully understood, but severa sgnd transduction pathways are known
to beinvolved, TRPV 1 has severa consensus phosphorylation stes that can be
phosphorylated by protein kinases A, C, and G (PKA, C and G), tyrosine kinase, etc. [93-
96]. As demongtrated in recent studies, some of the endogenous mediators can modulate
the excitability of TRPV1 expressed in pulmonary/airway sensory neurons and enhance
the airway responsiveness to chemicd irritants.

Progtaglandin E,. The sengtivity of cough reflex dicited by capsaicin is enhanced by

inhded PGE; in hedthy human volunteers[97], suggesting a PGE,-induced sengtization of
TRPV1in pulmonary sensory nerves. Indeed, this contention is supported by the
observation that exogenous PGE; at alow dose markedly enhances the excitabilities of
vagd pulmonary C fibersto capsaicin in anesthetized rats [98] . In cultured nodose and
jugular pulmonary sensory neurons, PGE; (1 nM) markedly increased the whole cell current
density and the number of action potentials evoked by capsaicin [94]. The sengtizing effect

of PGE; could aso be mimicked by butaprost [94], a sdlective agonist of the EP, prostanoid
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receptor, or by adirect activation of adenylyl cyclase or protein kinase A (PKA), and
prevented by pretrestment with inhibitors of adenylyl cyclase or PKA [93]. Taken together,
these studies suggest that PGE; activates the Gs protein-coupled EP, prostanoid receptor
present on the membrane of these neurons, which upon activation increases the enzyme
activity of adenylyl cycdase[93, 94, 99]. The reaulting risein CAMP may then simulate
PKA, which in turn increases the phosphorylation of TRPV 1 and enhancesiits excitability
[94, 100].

Bradykinin: Bradykinin, a nonapeptide derived from kininogen precursors, is
produced upon the activation of tissue or plasma kalikreins by tissue damage, vird infection
and other inflammatory reections. A pronounced increase in kinin and kdlilrein activity in
the bronchoaveolar lavage were found in patients suffering from asthma attack or
angphylaxis [101]. Bradykinin has been shown to enhance the sengitivity of C-fiber afferents
to cgpsaicin in isolated guinea pig airways [102]. Although the mechanisms underlying this
action are il not fully understood, activation of the G protein-coupled bradykinin B,
receptorsis believed to play a part in this action. An involvement of TRPV 1 channd in the
bradykinin-induced increase in the excitability of these sensory neurons has been reported in
severa recent studies [60, 95, 103]. One possibility isthat modulation of the TRPV'1 current
by bradykinin is generated by a direct action of PKC on the TRPV 1 receptor [95]. A recent
study by Carr et d. [51] further reveded that B, receptor-mediated effect of bradykinin on
airway C fibersis mediated through the production of lipooxygenase products that in turn
activate TRPV 1 receptors. This possibility is supported by the finding that bradykinin
induces the production of 12-lipoxygenase metabolites of arachidonic acid in DRG neurons

[53]. Furthermore, activation of the B, receptor is known to stimulate phospholipase C and
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increase production of diacylglyceral (DAG), which in turn activates the protein kinase C
(PKC) [103]; pretreatment with the B-receptor antagonist or the PKC inhibitor effectively
attenuates the effect of bradykinin on these nociceptive afferents [104-106]. In isolated
guinea pig trachea- bronchus preparation, bradykinin has been shown to activate airway
C-fiber afferents through a combined effect of activation of both TRPV1 and Ca*-
activated chloride channels [107].

Nerve Growth Factor (NGF): NGF isamember of neurotrophin family, and

known for itsimportant influence on the growth and maintenance of certain spedific
subsets of peripheral sensory neurons [108].  Recent investigations have further reveded
its important role as an inflammatory mediator during acute tissue injury; in patients with
asthmaor other types of airway inflammatory reactions, thereis a pronounced increasein
the NGF levd in the serum and bronchoaveolar lavage fluid [109, 110]. Adminigration
of NGF in somtic tissues induces both acute and long-lasting hyperalgesic effects, and
increases the cgpsaicin sengtivity in DRG nociceptive neurons [111]. In cultured DRG
neurons or frog oocytes co-expressing TRPV1 and TrkA tyrosine kinase receptors, NGF
increases the neurond sengtivity to cgpsaicin, hydrogen ion and thermd stimulation

[103, 111]; the responses to these stimuli seem to be linked specificaly to a modulatory
effect on the TRPV1 [103]. Whether NGF a0 aters the excitability of other ligand-
gated channds in nociceptive neuronsis unclear [112]. This hyperalgesic action of NGF
on DRG neurons is believed to be mediated through the G-protein-coupled TrkA
receptors, which in turn activates mitogen-activated protein kinase and phospholipase C
(PLC)-gsgnding pathway [103, 113]. Furthermore, these studies suggest that PLC

activation is the primary pathway in the NGF-induced potentiation of TRPV 1 channdl
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[103]. A recent study further demonstrated that phosphoionostide 3-kinase (PI3K) is
physicaly and functionaly coupled to TRPV 1, which facilitates trafficking of TRPV1to
the plasma membrane [114]. More interestingly, the NGF-induced sengtization of DRG
neurons can be completely abrogated by inhibition of PI3K activity [114].

Hydrogen lon: It iswell documented that pH is reduced in the extrace lular fluid
of inflamed and ischemic tissues. In patients during asthmatic attack, the pH in the
expired breasth condensate is reduced to 5.23, as compared to 7.65 in healthy subjects.
This abnormaly low airway pH returns to normd after anti-inflammeatory therapy,
uggedting thet the airway acidosis is caused by tissueinflammation [115, 116]. Tissue
acidification has been shown to induce hyperdgesia by sengtizing nociceptorsin the
somatic afferents[117, 118]. Electrophysiologica recording further demongtrated that
acid enhanced the stimulatory effect of capsaicin on DRG neurons and heterologoudy
expressed TRPV 1, indicating a positive interaction between H™ and TRPV1 [39, 118,
119]. Acidification of lung tissue occurs commonly when CO, concentration increasesin
the alveolar gas, resulting from exceedingly high CO, production (e.g., during strenuous
exercise) and/or from hindered CO, dimination from the lungs (eg., in obstructive
arway diseases). A recent study showed that the stimulatory effect of cgpsaicin on
pulmonary C-fiber afferents was markedly eevated, when pH in the pulmonary venous
(Ieft atrid) blood was reduced from 7.40 to 7.17 during dveolar hypercapnia[120]. The
hypersengtivity of TRPV1 could be largely prevented by infusion of bicarbonate to
minimize the change in blood pH, further demongtrating the modulatory effect of H™ on

TRPV1 sengtivity.
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Proteases. Proteases such astrypsin and elastase are released from mast cdlls and
leukocytes during tissue inflammation and injury, and can cleave protease-activated
receptor 2 (PAR2) expressed on primary afferent neurons to cause neurogenic
inflammation and hyperdgesiain somatic tissue. The PAR2-induced hyperalgesic effect
involves sengtization of TRPV1, and can be aborogated by antagonist of PAR2, PKC or
TRPV1[121, 122]. In DRG neurons, simulation of PAR2 activates PK Ce and PKA,
which in turn increases the TRPV 1 excitability [123]. A recent study showed that
activation of PAR2 up-regulates the excitability of isolated rat pulmonary chemosenstive
neurons, and the effect of PAR2 activation was mediated though the PLC/PK C transduction
pathway [44]. These results suggest that the interactions between PAR2 and pulmonary
Sensory nerves may play apart in the arway hyperresponsiveness induced by PAR2
activation. Indeed, it has been reported that PAR2 activation increases the TRPV 1-
mediated cough in guinea pigs via activation of PKC- and PK A-sgnd transduction
pathways as well as the endogenous release of prostanoids [124]. A recent report further
demondtrated that PAR?2 cleavage by proteases activates a second messenger to increase
the sengtivity of the TRPV4 naturdly expressed in the bronchid epithelid cdlls and

induce mechanica hyperdgesain mice[125].

4. Potential role of TRPV channelsin respiratory diseases

4.1 Cough

Cough is arguably the most common symptom associated with pulmonary

diseases, such as bronchitis, COPD and the common cold. This respiratory defense
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mechanism is facilitated by a coordinated effort of neuromuscular ements that
comprises acomplex reflex arc. The reflex arc includes avagd sensory afferent limb, a
central processing center locate in the lower brainstem referred to as the * cough center”
and an efferent motor limb. Increasing evidence has suggested a significant role of
TRPV1inthe genesis of cough, as evidenced by the following observations. Firdly, itis
generdly bdieved tha the airway sensory nerves expressing TPRV 1 receptors are
involved in diditing the cough reflexes[ 100, 126]. Inhdation of capsaicin or acid aerosol
consistently and reproducibly produces coughs in a dose-dependent manner in humans and
various animds [ 34, 127-129], and both these tussive agents commonly used in human
dudies are potent TRPV1 activators. Secondly, anumber of endogenous inflammetory
mediators that are known to upregulate the TRPV 1 sengtivity, such as PGE2, bradykinin,
histamine, etc., can aso enhance the cough sengtivity in experimenta animasaswdl asin
human subjects [97, 102, 130]. Thirdly, over-expresson of TRPV1 isfound in the bronchia
tissue of patientswith chronic cough [131, 132]; when the airway mucosda biopsies were
obtained by fiberoptic bronchoscopy and compared between hedlthy volunteers (n=17)
and patients with chronic cough (n=29), afive-fold increase of TRPV-1 immunoreective
nerve profiles was found in patients with cough [131] (Fig. 3). Furthermore, therewas a
sgnificant correlation between the cough sengtivity to capsaicin inhdation chalenge and
the dengty of TRPV 1-expressing nerves in the mucosa of patients with cough (Fig. 3).
These findings offer compelling evidence to suggest that an increase in expresson and/or
sengtivity of TRPV1 in the sensory endings of arway mucosa may be involved in the

development of chronic cough.
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4.2 Aghma

Asthmaisachronic inflammatory disease characterized by reversible airway
obstruction and bronchia hyperresponsiveness to various stimuli, and indirect evidences
have suggested a potentia involvement of TRP channdsin the pathogenesis of asthma.
For example, it is known that TRPCG is expressed in eosinophils, neutrophils, mast cells and
CD4" T-lymphocytes, the mgor immune cdlls involved in the pathogenesis of asthma and
arway dlergic reaction [133-135]. In addition, expresson of TRPV1in airway C-fiber
sensory nerves is well documented, and activation of these sensory nerves by endogenous
TRPV 1 activators or inhaled irritants and the resulting release of tachykinins are believed
to contribute to the manifestation of various pathophysiological features of asthma
Endogenous TRPV 1 activators, such as airway acidification and lipoxigenase products,
have been detected in asthmatic patients [50, 115]. Inhaed capsaicin induces
bronchocondtriction in 40% of asthma patients but not in norma subjects [136].
Capsaicin-induced cough response is increased in asthmatic patients, indicating an
increased TRPV1 activity in asthma. In dlergic anima modds, pre-treatment with
capsaicin to degenerate the airway TRPV 1-expressing afferents and to deplete sensory
neuropeptides, inhibits dlergen-induced airway condriction in sengtized guinea pigs
[137] and airway hyperresponsiveness in dlergic rabbits [ 138], suggesting an important
role of these airway sensory nerves. In amouse model of non-atopic asthma,
dinitrofluirobenzene senstization and chalenge induces inflammatory cdls accumuletion
and airway hyperresponsveness, these responses can dso beinhibited by capsaicin
pretrestment [139]. Recent studies have further presented convincing evidence of an

important role of TRPV1 in the manifestation of various symptoms of airway
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hypersengtivity associated with arway inflammation [16, 32, 140]; for example,
bronchomotor response and cough sensitivity to TRPV 1 activators, capsaicin or citric acid
aerosol, are markedly devated in patients with asthma or airway inflammation [141,
142]. One of the most prominent pathophysiologica features of asthmais bronchia
hyperresponsiveness [143, 144], which is generdly believed to be closdy associated with
endogenous release of various chemica mediators from inflammatory cells. Recent sudies
have demondtrated that some of these inflammatory mediators (e.g., prostaglandins,
bradykinin, leukotrienes, eosinophil granule-derived cationic proteins, etc.) can markedly
enhance the sengitivity of TRPV1 and lower itsthreshold for activation [16, 71].
Furthermore, a recent report has further reveded a higher tissue temperature in the airways
of ahmatic patients[65]. Thus, agiven levd of simulation may evoke a greater afferent
discharge of the TRPV 1-expressing C-fiber endings and consequently a more severe
bronchocondtriction via both central cholinergic pathway and loca axon reflex [16].
Exercise-induced asthmais a pathpophysiologica condition of the airways induced
by hyperventilation of dry ar, and present in gpproximately haf of the asthmatic patients
[145, 146]. It is generdly believed that the primary cause of bronchospasm during exercise
istheinjury of arway epithdium caused by evaporation during hyperventilation,
resulting the release of various inflammatory mediators such as leukotrienes and
higamine [145, 146], which in turn triggering bronchocongtriction. Recent studies have
demondtrated that TRPV4 is not only activated by hypotonicity as described in the origing
observation [30], but dso by amild increase in osmolarity, especidly at the presence of
tissueinflanmation [ 147, 148]. However, whether activation of TRPV4 channels expressed

in the tracheobronchid epithdid cells and subsequent Ca2+ influx are involved in triggering
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the release of autacoids from epithdid and inflammatory cdls during exercise-induced

asthmaremains to be determined.

4.3 Chronic Obstructive Pulmonary Disease (COPD)

COPD isan airway disease characterized by chronic inflammation, and airflow
obgtruction that is usudly progressve, and not reversible; the disease Sate is often
associated with the presence of emphysemaor chronic bronchitis. To our knowledge,
there is no exiging evidence indicating adirect link between TRP channels and the
pathogenesis of COPD. However, it is known that an increased production of certain
endogenous cytokinesisinvolved in the chronic airway inflammation and disease process
of COPD [149, 150], and indirect evidence suggests that some of these pro-inflammatory
cytokines may lead to the simulation of TRPV 1-expressing lung afferents. For example,
tumor necrogs factor a and interleukin 6 (IL-6) have been shown to sengtize the DRG
nociceptors and play apart in the inflammatory hyperalgesa[151, 152], and IL-13can
dimulate pulmonary C-fibersin rats and rabbits[153, 154]. Moreover, certain cytokines are
known to cause an increased release of prostaglandins [155], such as PGE,, which can
enhance the sengtivity of TRPV 1 in pulmonary sensory neurons[94]. Severa types of the
proteases released from inflammatory cells such as mast cells and macrophages during the
chronic airway inflammation are dso known to modulate the TRPV 1 sengitivity [44, 124].
In addition, activation of TRPV 1 is known to evoke the release of tachykinins from sensory
endings in the airways, and these neuropeptides can exert chemotactic action on certain

immune cdls (eg., mast cells and T-lymphocytes expressing neurokinin-1 receptors), which

22



in turn may induce inflammeatory reaction and contribute to the progressive deterioration of

arway sructure and function [21, 156].

4.4 Other airway diseases

Respiratory Vird Infection Respiratory vird infections are often accompanied by

inflammation and injury of the airway mucosatheat is densdy supplied by tachykinins-
containing, TRPV 1-expressing sensory nerves[17, 18]. Vird infection is dso frequently
associated with more serious complications such as chronic cough and exacerbation of
aghma, epecidly in young children [157, 158]. Neurogenic inflammation in the arways
evoked by TRPV 1 activation with capsaicin was amplified in rats inoculated with
respiratory syncytid virus (RSV), resulting from the upregulation of neurokinin-1 (NK-1)
receptors in the airway epithelium and vascular epithdium [159]. Stimulation of the
TRPV1-expressing sensory nervesis aso involved in the overexpresson of NK-1
receptorsin CD4+ T cells and the chemotactic effect on these lymphocytes during the
RSV infection in the airways [160]. Furthermore, inoculation of guineapigs or ratswith
RSV or Sendal virus (parainfluenza virus) generates long-lasting arway inflammation,
promotes over-expression of NGF, and causes a phenotypic switch in tachykininergic
innervation of the arways [158, 161, 162]. Whether these observed increasesin the
arway tachykinin synthesis and expression of NK-1 receptor are accompanied by
upregulation of TRPV1 expression in the vird infection-induced airway hyperreactivity
[163] is not known. More importantly, whether respiratory vird infection dtersthe

excitability of TRPV1 in the airway sensory nerves dso remains to be determined.
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Gastroesophaged Reflux Diseases. The association between gastroesophaged reflux

and asthma has been well documented in the literature; the prevaence of gastroesophagea
reflux symptoms in asthmeticsis sgnificantly higher than that in the control population
[164]. As described earlier, TRPV 1s are found in the unmyelinated sensory nerves
innervating the upper airways including larynx and trachea. The pH in the gastric acid can
be aslow as 2.0; microaspiration of gastric acid can activate these larynged and
tracheobronchia C-fibers, and dicits reflex bronchospasm via the cholinergic efferent
pathway and also evokes local release of tachykininsin the airways. The latter can cause
neurogenic inflammeation, mucus secretion, bronchospasm and cough. Furthermore, vaga
afferents innervating the esophagus can be aso activated by capsaicin and low pH [165],
suggesting expresson of TRPV 1 in these sensory nerves. Indeed, a recent study reported
that TRPV 1-immunoreactive sensory fibers are expressed in human esophagus, and the
expression is upregulated in patients with esophagitis[166]. Thus, exposure of the
esophageal mucosato gastric acid may also cause bronchospasm by activating these
nociceptors and dicit vaga-mediated reflex and release of substance P in the bronchia
mucosa [164].

[rritant Tracheobronchitis: Chronic exposure of the airwaysto chemicd irritants,

occupationd and environmenta pollutants often leads to development of irritant
tracheobronchitis. For example, chronic exposure to airborne particulate matter, such as
fly ash and smoke, is associated with respiratory disorders and increased morbidity.
TRPV1 channels are expressed in cultured human airway epithdid cdlls, and particulate
matter increasss intracellular Ca* that was inhibited by capsazepinein 70% of the cells

[167]. Particulate matter also induces epithelid apoptosis via an action on the TRPV1
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receptor. Accordingly, inhibition of TRPV 1 receptors has been suggested to be an
effective pharmacologicd intervention to prevent certain pathologicd actions and
toxicity induced by environmenta particulate matters [3, 167]. In addition, prolonged
exposure to inhaed irritants or air pollutants such as ozone, toluene disocyanate or
cigarette smoke has aso been shown to enhance the sensitivity of airway sensory nerves

to capsaicin aswell asthe synthess of TKsand CGRP [11, 168, 169].

5. Current status on drug discovery

Severd synthetic antagonists of the TRPV 1 channel have been discovered and are
under investigation mainly for aleviaing the pain sensation. Several phase-1I dinica
trials on pain and migraine are currently in process. Airway diseases such as asthma and
chronic cough have been listed as an potentid indication for the TRPV 1 antagonist drug
discovery research. For example, Merck, in collaboration with Neurogen Corp, is
developing an oraly active TRPV 1 antagonist, NGD-8243 (MK -2295), for the treatment
of pain, urinary incontinence and asthma; a phase-11 trid for pain began in November
2006. Glenmark Pharmaceutica Ltd aso discovered a sdlective TRPV 1 antagonist, GRC-
6210, for the treetment of pain, urinary incontinence and asthma, and its phase-1 dinicd
study began in October 2006. However, to our knowledge, no TRPV 1 antagonist

compound has yet been tested for treatment of airway diseasesin humans.

6. Summary

Evidence obtained from dectrophysologica and immunohistochemica studies

has clearly demongtrated the expresson of TRPV channdsin various cdll typesin the
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respiratory tract. However, the roles of these cation channdsin regulating the overdl
respiratory function are till not clearly understood. TRPV1 is abundantly expressed in
the unmyelinated sensory nerves innervating the airways and lung, and widdy recognized
asatransducer aswdl as an integrator of multiple physiologica and environmenta
gimuli thet the airways are exposed to. Recent studies began to uncover many of the
endogenous substances that can either activate or regulate the sengtivity of TRPV1,
which further characterize itsimportant role in regulating the airway responsiveness,
especidly under pathophysiologica conditions. These new findings further suggest the
involvement of TRPV1 in the pathogenesis of certain airway diseases such as asthmaand
chronic cough, but definitive evidence has not yet been established. Theinvestigation in
search for answers to these questionsis hindered by the unavailability of sdective
antagonigts to theindividual TRPV receptors, other than TRPV 1. The development of
TRPV-null mouse models have offered excdllent potentia to answer some of these
important questions. More importantly, clinica studies designed to block sdectively the
TRPV channdsin the airways of the patients with specific respiratory diseases are
required to verify therole of TRPVsin humans. If their involvements are confirmed,
TRPV channels could become important therapeutic targets for developing novel

treatments of these respiratory diseases.

Acknowledgement

26



The work was supported in part by grants from the Nationd Ingtitutes of Hedth (HL-
58686 and HL-67379) to LY L. The authors thank Michelle Wiggersfor her assstancein

the preparation of this review.

27



7. References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

SF. Pedersen, G. Owsanik, B. Nilius, TRP channds. an overview, Cdl cdcium
38 (2005) 233-252.

D.E. Clgpham, D. dulius, C. Montell, G. Schultz, Internationd Union of
Pharmacology. XL1X. Nomenclature and structure-function relationships of
trangent receptor potential channels, Pharmacological reviews 57 (2005) 427-
450.

N. Agopyan, J. Head, S. Yu, SA. Simon, TRPV 1 receptors mediate particulate
matter-induced gpoptosis, American journa of physiology 286 (2004) L563-572.

D. Ni, Q. Gu, H.Z. Hu, N. Gao, M.X. Zhu, L.Y. Lee, Thermal sengitivity of
isolated vagal pulmonary sensory neurons: role of transient receptor potentia
vanilloid receptors, Am J Physiol Regul Integr Comp Physiol 291 (2006) R541-
550.

C.A. Reilly, JL. Taylor, D.L. Lanza, B.A. Car, D.J. Crouch, G.S. Yog,
Capsaicinaids cause inflammeation and epithdid cdl death through activation of
vanilloid receptors, Toxicol Sci 73 (2003) 170-181.

N. Seki, H. Shirasski, M. Kikuchi, T. Sekamoto, N. Watanabe, T. Himi,
Expresson and locdization of TRPV 1 in human nasal mucosa, Rhinology 44
(2006) 128-134.

N. Watanabe, S. Horie, G.J. Michadl, D. Spina, C.P. Page, J.V. Priestley,
Immunohistochemica locdization of vanilloid receptor subtype 1 (TRPV1) inthe
guinea pig respiratory system, Pulmonary pharmacology & thergpeutics 18 (2005)
187-197.

H. Coleridge, J. Coleridge, Reflexes evoked from tracheobronchia tree and
lungs, in: N. Cherniak, J. Widdicombe (Eds.), Handbook of Physiology, Section
3: The Respiratory System, val. I1: Control of Bregthing, part 1, American
Physiologica Society, Washington, D.C., (1986), pp. 395-429.

G. SantAmbrogio, Information arising from the tracheobronchid tree of
mammals, Physiologicd reviews 62 (1982) 531-569.

Y. Jammes, E. Fornaris, N. Md, E. Barrat, Afferent and efferent components of
the bronchia vagd branchesin cats, Journd of the autonomic nervous system 5
(1982) 165-176.

C.Y.Ho, Q. Gu, Y.S. Lin, L.Y. Lee, Sengtivity of vagd afferent endingsto
chemicd irritantsin the rat lung, Respiration physiology 127 (2001) 113-124.

28



[12] L.Y.Lee T.E. Pisari, Afferent properties and reflex functions of
bronchopulmonary C-fibers, Respiration physiology 125 (2001) 47-65.

[13] N.Watanabe, S. Horie, G.J. Michadl, S. Keir, D. Spina, C.P. Page, J.V. Priestley,
Immunohistochemical co-locdization of trandent receptor potentia vanilloid
(TRPV)1 and sensory neuropeptides in the guinea: pig respiratory system,
Neuroscience 141 (2006) 1533-1543.

[14] Q.T.Dinh, D.A. Groneberg, C. Peiser, E. Mingomatg, R.A. Joachim, C. Witt,
P.C. Arck, B.F. Klapp, A. Fischer, Substance P expression in TRPV 1 and trkA-
positive dorsdl root ganglion neurons innervating the mouse lung, Respiratory
physiology & neurobiology 144 (2004) 15-24.

[15] L.Y.Lee R.F. Morton, Histamine enhances vagd pulmonary C-fiber responses to
capsaicin and lung inflation, Respiration physiology 93 (1993) 83-96.

[16] L.Y.Lee, B.J. Undem, Bronchopulmonary vaga sensory nerves. Chapter 11, in:
B.J. Undem, D. Weinreich (Eds.,), Advancesin Vagd Afferent Neurobiology:
Frontiers in Neruosciences Series, CRC Press, (2005).

[17] D. Adriaensen, JP. Timmermans, |. Brouns, H.R. Berthoud, W.L. Neuhuber,
D.W. Scheuermann, Pulmonary intragpithelid vaga nodose afferent nerve
terminds are confined to neuroepitheid bodies. an anterograde tracing and
confocal microscopy study in adult rats, Cell and tissue research 293 (1998) 395-
405.

[18] P.Bduk, JA. Nadd, D.M. McDonald, Substance P-immunoreactive sensory
axonsin the rat respiratory tract: a quantitative study of their digtribution and role
in neurogenic inflammation, The Journa of comparative neurology 319 (1992)
586-598.

[19] T.Komatsu, M. Yamamoto, K. Shimokata, H. Nagura, Distribution of substance
P-immunoreactive and cacitonin gene-rel ated peptide-immunoreactive nervesin
norma human lungs, Internationd archives of dlergy and gpplied immunology
95 (1991) 23-28.

[20] J.C. Coleridge, H.M. Coleridge, Afferent vagd C fibre innervation of the lungs
and airways and its functiond sgnificance, Reviews of physology, biochemistry
and pharmacology 99 (1984) 1-110.

[21] G.F. Joos, P.R. Germonpre, R.A. Pauwels, Role of tachykininsin asthma, Allergy
55 (2000) 321-337.

[22] JM. Lundberg, A. Saria, Polypeptide-containing neuronsin arway smocth
muscle, Annud review of physiology 49 (1987) 557-572.

29



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

P. Barnes, J. Lundberg, Airway neuropeptides and asthma. Chapter 14, in: M.
Kaliner, P. Barnes, C. Persson (Eds.), Asthma: Its Pethology and Treatment, vol.
49, Dekker, New York, 1991.

M. Trevisani, D. Gazzieri, F. Benvenuti, B. Campi, Q.T. Dinh, D.A. Groneberg,
M. Rigoni, X. Emonds-Alt, C. Creminon, A. Fischer, P. Geppetti, S. Harrison,
Ethanol causes inflammation in the airways by a neurogenic and TRPV 1-
dependent mechanism, The Journd of pharmacology and experimenta
therapeutics 309 (2004) 1167-1173.

A.D. Guler,H. Lee, T. lida, I. Shimizu, M. Tominaga, M. Caterina, Heat-evoked
activation of theion channd, TRPV4, JNeurosci 22 (2002) 6408-6414.

M.J. Gunthorpe, C.D. Benham, A. Randdl, JB. Davis, The diverdty inthe
vanilloid (TRPV) receptor family of ion channds, Trends in pharmacol ogical
sciences 23 (2002) 183-191.

W. Liedtke, Y. Choe, M.A. Marti-Renom, A.M. Bell, C.S. Denis, A. Sdi, AJ.
Hudspeth, JM. Friedman, S. Heller, VVanilloid receptor-related osmoticaly
activated channd (VR-OAC), a candidate vertebrate osmoreceptor, Cell 103
(2000) 525-535.

B. Nilius, J. Prenen, U. Wissenbach, M. Bodding, G. Droogmans, Differentia
activation of the volume-senstive cation channed TRP12 (OTRPC4) and volume-
regulated anion currents in HEK -293 cells, Pflugers Arch 443 (2001) 227-233.

U. Wissenbach, M. Bodding, M. Freichd, V. Flockerzi, Trpl2, anove Trp
related protein from kidney, FEBS letters 485 (2000) 127-134.

R. Strotmann, C. Harteneck, K. Nunnenmacher, G. Schultz, T.D. Plant, OTRPC4,
anonsdective cation channe that confers sengtivity to extracdlular osmolarity,
Nature cell biology 2 (2000) 695-702.

JM. Fernandez-Fernandez, M. Nobles, A. Currid, E. Vazquez, M.A. Vaverde,

Maxi K+ channel mediates regulatory volume decrease response in a human
bronchid epithdid cel line, Am JPhysiol Cdl Physiol 283 (2002) C1705-1714.

Y. Ja X.Wang, L. Varty, CA. Rizzo, R. Yang, C.C. Corrdl, P.T. Phelps, RW.
Egan, JA. Hey, Functiond TRPV4 channels are expressed in human airway
smooth muscle cells, American journd of physiology 287 (2004) L272-278.

D.F. Alvarez, JA. King, D. Weber, E. Addison, W. Liedtke, M.I. Towndey,
Trandent receptor potentia vanilloid 4-mediated disruption of the alveolar septd
barrier: anovel mechanism of acute lung injury, Circulation research 99 (2006)
988-995.

30



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

JA. Karlsson, RW. Fuller, Pharmacologica regulation of the cough reflex--from
experimental modd s to antitussve effects in Man, Puimonary pharmacology &
therapeutics 12 (1999) 215-228.

M.A. Nault, S.G. Vincent, J.T. Fisher, Mechanisms of capsaicin- and lactic acid-
induced bronchocondtriction in the newborn dog, The Journd of physiology 515 (
Pt 2) (1999) 567-578.

B.G. Smonsson, F.M. Jacobs, JA. Nadd, Role of autonomic nervous system and
the cough reflex in the increased responsiveness of airwaysin patientswith
obstructive airway disease, The Journal of clinical investigation 46 (1967) 1812-
1818.

JL. Hong, K. Kwong, L.Y. Lee, Stimulation of pulmonary C fibres by lactic acid
inrats. contributions of H+ and lactate ions, The Journd of physiology 500 ( Pt 2)
(1997) 319-329.

L.Y. Lee, R.F. Morton, JM. Lundberg, Pulmonary chemoreflexes dicited by
intravenous injection of lactic acid in anesthetized rats, J Appl Physiol 81 (1996)
2349-2357.

M.J. Caterina, M.A. Schumacher, M. Tominaga, T.A. Rosen, JD. Levine, D.
Julius, The capsaicin receptor: a heat-activated ion channd in the pain pathway,
Nature 389 (1997) 816-824.

S.E. Jordt, M. Tominaga, D. Julius, Acid potentiation of the capsaicin receptor
determined by akey extracdlular site, Proceedings of the Nationd Academy of
Sciences of the United States of America 97 (2000) 8134-8139.

A.J. Fox, L. Urban, P.J. Barnes, A. Dray, Effects of capsazepine againgt
capsaicin- and proton-evoked excitation of sngle arway C-fibres and vagus nerve
from the guinea- pig, Neuroscience 67 (1995) 741-752.

M. Kollarik, B.J. Undem, Mechanisms of acid-induced activation of airway
afferent nerve fibresin guinea-pig, The Journa of physiology 543 (2002) 591-
600.

S\W. Hwang, H. Cho, J. Kwak, S.Y. Lee, C.J. Kang, J. Jung, S. Cho, K.H. Min,
Y.G. Suh, D. Kim, U. Oh, Direct activation of capsaicin receptors by products of
lipoxygenases. endogenous capsaicin-like substances, Proceedings of the National
Academy of Sciences of the United States of America 97 (2000) 6155-6160.

Q. Gu, L.Y. Lee, Characterization of acid sgnding in rat vagd pulmonary
sensory neurons, American journa of physiology 291 (2006) L58-65.

31



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

R. Wadmann, G. Champigny, F. Basslana, C. Heurteaux, M. Lazdunski, A
proton-gated cation channd involved in acid-sensing, Nature 386 (1997) 173-177.

JD. Leving, D. Lam, Y.O. Taiwo, P. Donatoni, E.J. Goetzl, Hyperagesic
properties of 15-lipoxygenase products of arachidonic acid, Proceedings of the
Nationa Academy of Sciences of the United States of America 83 (1986) 5331-
5334.

P. Bradding, A.E. Redington, R. Djukanovic, D.J. Conrad, S.T. Holgate, 15
lipoxygenase immunoreectivity in norma and in ashmétic airways, American
journd of respiratory and critical care medicine 151 (1995) 1201-1204.

H.W. Chu, S. Balzar, J.Y. Westcott, J.B. Trudeau, Y. Sun, D.J. Conrad, SEE.
Wenzd, Expresson and activation of 15-lipoxygenase pathway in severe athma:
relationship to easinophilic phenotype and collagen depostion, Clin Exp Allergy
32 (2002) 1558-1565.

T. Yoshimoto, Y. Takahashi, Arachidonate 12-lipoxygenases, Prostaglandins &
other lipid mediators 68-69 (2002) 245-262.

S. Dahlen, Leukotrienes, in: S. Holgate, W. Busse (Eds.), Inflammatory
mechaniams in asthma, vol. 117, Dekker, New Y ork, (1998), pp. 679-692.

M.J. Carr, M. Kollarik, SN. Meeker, B.J. Undem, A rolefor TRPV1in
bradykinin-induced excitation of vagd arway afferent nerve terminds, The
Journd of pharmacology and experimentd therapeutics 304 (2003) 1275-1279.

P.G. McLean, D. Aston, D. Sarkar, A. Ahluwalia, Protease-activated receptor-2
activation causes EDHF-like coronary vasodilation: sdective preservaion in
ischemialreperfusion injury: involvement of lipoxygenase products, VR1
receptors, and C-fibers, Circulation research 90 (2002) 465-472.

J. Shin, H. Cho, SW. Hwang, J. Jung, C.Y. Shin, S.Y. Leg, SH. Kim, M.G. Leg,
Y .H. Chai, J. Kim, N.A. Haber, D.B. Reichling, S. Khasar, JD. Levine, U. Oh,
Bradykinin-12-lipoxygenase-VR1 sgnding pathway for inflammatory
hyperalgesia, Proceedings of the National Academy of Sciences of the United
States of America 99 (2002) 10150-10155.

W.A. Devane, L. Hanus, A. Breuer, R.G. Pertwee, L.A. Stevenson, G. Griffin, D.
Gibson, A. Mandebaum, A. Etinger, R. Mechoulam, Isolation and structure of a
brain congtituent that binds to the cannabinoid receptor, Science 258 (1992) 1946-
1949.

A. Cdignano, |. Katona, F. Desarnaud, A. Giuffrida, G. LaRana, K. Mackie, T.F.

Freund, D. Fiomelli, Bidirectiona control of airway responsiveness by
endogenous cannabinoids, Nature 408 (2000) 96-101.

32



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

V. Di Marzo, A. Fontana, H. Cadas, S. Schindlli, G. Cimino, J.C. Schwartz, D.
Flomdli, Formation and inactivation of endogenous cannabinoid anandamidein
central neurons, Nature 372 (1994) 686-691.

D. Smart, M.J. Gunthorpe, J.C. Jerman, S. Nasir, J. Gray, A.l. Muir, JK.
Chambers, A.D. Randdll, JB. Davis, The endogenous lipid anandamideis afull
agonig a the human vanilloid receptor (hVR1), Br J Pharmacol 129 (2000) 227-
230.

P.M. Zygmunt, J. Petersson, D.A. Andersson, H. Chuang, M. Sorgard, V. Di
Marzo, D. dulius, E.D. Hogestatt, Vanilloid receptors on sensory nerves mediate
the vasodilator action of anandamide, Nature 400 (1999) 452-457.

Y.Ja R.L. McLeod, X. Wang, L.E. Parra, RW. Egan, JA. Hey, Anandamide
induces cough in conscious guinea-pigs through VR receptors, Br J Pharmacol
137 (2002) 831-836.

M. Kallarik, B.J. Undem, Activation of bronchopulmonary vagd afferent nerves
with bradykinin, acid and vanilloid receptor agonigts in wild-type and TRPV1-/-
mice, The Journd of physiology 555 (2004) 115-123.

Y.S. Lin, L.Y. Lee, Stimulation of pulmonary vagd C-fibresby anandamidein
anaesthetized rets: role of vanilloid type 1 receptors, The Journa of physiology
539 (2002) 947-955.

M. van der Stdlt, M. Trevisani, V. Véelani, L. De Petrocdlis, A. Schiano Moridlo,
B. Campi, P. McNaughton, P. Geppetti, V. Di Marzo, Anandamide acts as an
intracellular messenger anplifying Ca2+ influx via TRPV 1 channels, Embo J 24
(2005) 3026-3037.

A. Patapoutian, A.M. Peier, G.M. Story, V. Viswanath, ThermoTRP channdls and
beyond: mechanisms of temperature sensation, Nature reviews 4 (2003) 529-539.

M. Tominaga, M.J. Caterina, Thermosensation and pain, Journa of neurobiology
61 (2004) 3-12.

P. Paredi, SA. Kharitonov, P.J. Barnes, Faster rise of exhaled breath temperature
in ashma anove marker of arway inflanmation?, American journa of
respiratory and critica care medicine 165 (2002) 181-184.

S.M. Huang, T. Bisogno, M. Trevisani, A. Al-Hayani, L. De Petrocdllis, F. Fezza,
M. Tognetto, T.J. Petros, JF. Krey, C.J. Chu, JD. Miller, SN. Davies, P,
Geppetti, IM. Waker, V. Di Marzo, An endogenous capsaicin-like substance
with high potency at recombinant and native vanilloid VR1 receptors,

Proceedings of the National Academy of Sciences of the United States of America
99 (2002) 8400-8405.

33



[67] C.J. Chu, SM. Huang, L. De Petrocdllis, T. Bisogno, SA. Ewing, J.D. Miller,
R.E. Zipkin, N. Daddario, G. Appendino, V. Di Marzo, JM. Walker, N-
oleoyldopamine, anovel endogenous capsaicin-like lipid that produces
hyperalgesia, The Journa of biologica chemistry 278 (2003) 13633-13639.

[68] G.P.Ahern, .M. Brooks, R.L. Miyares, X.B. Wang, Extracelular cations
sengtize and gate capsaicin receptor TRPV 1 modulating pain signding, J
Neurosci 25 (2005) 5109-5116.

[69] G.P. Ahern, X. Wang, R.L. Miyares, Polyamines are potent ligands for the
capsaicin receptor TRPV1, The Journd of biologica chemistry 281 (2006) 8991-
8995.

[70] L.Y.Lee Q. Gu, Mechanisms of bronchopulmonary C-fiber hypersengtivity
induced by cationic proteins, Pulmonary pharmacology & therapeutics 16 (2003)
15-22.

[71] L.Y.Lee Q. Gu, GJ Glech, Effects of human eosnophil granule-derived
cationic proteins on C-fiber afferentsin therat lung, J Appl Physiol 91 (2001)
1318-1326.

[72] H.S Huang, H.L. Pan, G.L. Stahl, J.C. Longhurst, Ischemia- and reperfusion:
sengtive cardiac sympathetic afferents: influence of H202 and hydroxyl radicals,
The American journa of physiology 269 (1995) H888-901.

[73] T.Ruan, Y.S. Lin, K.S. Lin, Y.R. Kou, Sensory transduction of pulmonary
reactive oxygen species by capsaicin-sendtive vagd lung afferent fibresin ras,
The Journa of physiology 565 (2005) 563-578.

[74] T.Ruan, Y.S Lin, K.S Lin, Y.R. Kou, Mediator mechanismsinvolved in TRPV1
and P2X receptor-mediated, ROS-evoked bradypneic reflex in anesthetized rats, J
Appl Physiol 101 (2006) 644-654.

[75] B.Nilius, K. Tdavera, G. Owsanik, J. Prenen, G. Droogmans, T. Voets, Gating
of TRP channels: a voltage connection®?, The Journd of physiology 567 (2005)
35-44.

[76] X. Gao, L. Wu, R.G. ONell, Temperature-modulated diversity of TRPV4 channd
gating: activation by physica stresses and phorbol ester derivatives through
protein kinase C-dependent and -independent pathways, The Journa of biologica
chemistry 278 (2003) 27129-27137.

[77] H.Watanabe, JB. Davis, D. Smart, J.C. Jerman, G.D. Smith, P. Hayes, J. Vriens,
W. Cairns, U. Wissenbach, J. Prenen, V. Flockerzi, G. Droogmans, C.D. Benham,
B. Nilius, Activation of TRPV4 channds (hVRL-2/mTRP12) by phorbol
derivatives, The Journd of biological chemistry 277 (2002) 13569-13577.



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

H. Watanabe, J. Vriens, SH. Suh, C.D. Benham, G. Droogmans, B. Nilius, Hesat-
evoked activation of TRPV4 channdlsin a HEK 293 cdll expression system and in
native mouse aorta endothelid cdls, The Journd of biologica chemistry 277
(2002) 47044-47051.

L. Joris, I. Dab, P.M. Quinton, Elementa composition of human airway surface
fluid in hedthy and diseased airways, The American review of respiratory disease
148 (1993) 1633-1637.

E.A. Cowley, K. Govindargu, C. Guilbault, D. Radzioch, D.H. Eiddman, Airway
surface liquid composition in mice, American journd of physiology 278 (2000)
L 1213-1220.

E.A. Cowley, K. Govindargu, D.K. Lloyd, D.H. Eiddman, Airway surface fluid
compoasition in the rat determined by capillary dectrophoress, The American
journd of physiology 273 (1997) L895-899.

C. Elig, C. Bucca, G. Rolla, E. Scappaticci, D. Cantino, A freeze-fracture study of
human bronchid epithdium in normal, bronchitis and asthmatic subjects., J
Submicrosc Cytol Pathol 20 (1998) 509-517.

L.A. Laitinen, M. Heino, A. Laitinen, T. Kava, T. Haahtela, Damage of the
arway epithdium and bronchiad reectivity in patients with asthma, The American
review of respiratory disease 131 (1985) 599-606.

L. Allegra, S. Bianco, Non-specific broncho-reectivity obtained with an ultrasonic
aerosol of didtilled water, European journd of respiratory diseases 106 (1980) 41-
49,

S.D. Anderson, R.E. Schoeffd, M. Finney, Evauation of ultrasonically nebulised
solutions for provocation testing in patients with asthma, Thorax 38 (1983) 284-
291.

L.T. Rodwell, SD. Anderson, JP. Sede, Inhaled clemastine, an H1 antihisamine
inhibits airway narrowing caused by aerosols of nor+isotonic sdine, Eur Respir J
4 (1991) 1126-1134.

R.E. Schoeffd, SD. Anderson, R.E. Altounyan, Bronchid hyperreactivity in

response to inhdation of ultrasonically nebulised solutions of digtilled water and
sdine, British medicd journd (Clinical research ed 283 (1981) 1285-1287.

D. Sheppard, N.W. Rizk, H.A. Boushey, R.A. Bethel, Mechanism of cough and

bronchocongtriction induced by ditilled water aerosol, The American review of
respiratory disease 127 (1983) 691-694.

35



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

G. Sant'/Ambrogio, JW. Anderson, F.B. Sant'Ambrogio, O.P. Mathew, Response
of larynged receptors to water solutions of different osmoldity and ionic
composition, Respiratory medicine 85 Suppl A (1991) 57-60.

A.J. Fox, P.J. Barnes, A. Dray, Stimulation of guinea-pig trached afferent fibres
by non-isosmotic and low-chloride simuli and the effect of frusemide, The
Journd of physiology 482 ( Pt 1) (1995) 179-187.

T.E. Risarri, A. Jonzon, H.M. Coleridge, J.C. Coleridge, Vagd afferent and reflex
responses to changes in surface osmolarity in lower airways of dogs, J Appl
Physiol 73 (1992) 2305-2313.

M.K. Chung, H. Lee, M.J. Caterina, Warm temperatures activate TRPV4 in
mouse 308 keratinocytes, The Journd of biological chemistry 278 (2003) 32037-
32046.

Q. Gu, K. Kwong, L.Y. Lee, Caz2+ trandent evoked by chemica simulation is
enhanced by PGE2 in vaga sensory neurons. role of CAMP/PKA sgnding
pathway, Journa of neurophysiology 89 (2003) 1985-1993.

K. Kwong, L.Y. Lee, PGE(2) sengtizes cultured pulmonary vaga sensory
neurons to chemical and dectrica stimuli, JAppl Physiol 93 (2002) 1419-1428.

L.S. Premkumar, G.P. Ahern, Induction of vanilloid receptor channd activity by
protein kinase C, Nature 408 (2000) 985-990.

V. Vdlani, S. Mapplebeck, A. Moriondo, JB. Davis, P.A. McNaughton, Protein
kinase C activation potentiates gating of the vanilloid receptor VR1 by capsaicin,
protons, heat and anandamide, The Journa of physiology 534 (2001) 813-825.

N.B. Choudry, RW. Fuller, N.B. Pride, Sengitivity of the human cough reflex:
effect of inflammatory mediators prostaglandin E2, bradykinin, and hisamine,
The American review of respiratory disease 140 (1989) 137-141.

C.Y.Ho, Q. Gu, JL. Hong, L.Y. Lee, Prostaglandin E(2) enhances chemica and
mechanica sengtivities of pulmonary C fibersin therat, American journd of
respiratory and critical care medicine 162 (2000) 528-533.

S. England, S. Bevan, R.J. Docherty, PGE2 modul ates the tetrodotoxin-resistant
sodium current in neonatd rat dorsa root ganglion neurones via the cyclic AMP-
protein kinase A cascade, The Journd of physiology 495 ( Pt 2) (1996) 429-440.

L.Y. Lee K. Kwong, Y.S. Lin, Q. Gu, Hypersengtivity of bronchopulmonary C-
fibersinduced by airway mucosd inflammation: cdllular mechanisms, Pulmonary
pharmacology & therapeutics 15 (2002) 199-204.

36



[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

B. Zuraw, S. Chrigtiansen, Kinins. Chapter 33, in: S. Holgate, W. Busse (Eds)),
Inflammatroy mechanismsin asthma, vol. 117, Dekker, New Y ork, (1998).

A.J. Fox, U.G. Laloo, M.G. Belvis, M. Bernareggi, K.F. Chung, P.J. Barnes,
Bradykinin-evoked senstization of arway sensory nerves. amechanism for ACE-
inhibitor cough, Nature medicine 2 (1996) 814-817.

H.H. Chuang, E.D. Prescott, H. Kong, S. Shields, S.E. Jordt, A.l. Basbaum, M.V.
Chao, D. Julius, Bradykinin and nerve growth factor release the capsaicin receptor
from Ptding(4,5)P2-mediated inhibition, Nature 411 (2001) 957-962.

S. Bevan, Intrace lular messangers and signd transduction in nociceptors,, in: C.
Belmonte, F. Cervero (Eds.), Neurobiology of Nociceptors, Oxford University
Press, Oxford, U.K., (1996), pp. 298-324.

A. Dray, J. Bettaney, P. Forster, M.N. Perkins, Bradykinin-induced stimulation of
afferent fibres is mediated through protein kinase C, Neuroscience letters 91
(1988) 301-307.

R. Kgekar, D. Proud, A.C. Myers, S.N. Meeker, B.J. Undem, Characterization of
vagd afferent subtypes simulated by bradykinin in guinea pig trachea, The
Journa of pharmacology and experimenta thergpeutics 289 (1999) 682-687.

M.G. Lee, D.W. Macglashan, Jr., B.J. Undem, Role of chloride channesin
bradykinin-induced guinea pig airway vaga C-fibre activation, The Journa of
physiology 566 (2005) 205-212.

H. Thoenen, C. Bandtlow, R. Heumann, The physologica function of nerve
growth factor in the central nervous system: comparison with the periphery,
Reviews of physiology, biochemistry and pharmacology 109 (1987) 145-178.

S. Bonini, A. Lambiase, S. Bonini, F. Angelucci, L. Magrini, L. Manni, L. Aloe,
Circulating nerve growth factor levels are increased in humans with dlergic
diseases and asthma, Proceedings of the National Academy of Sciences of the
United States of America 93 (1996) 10955-10960.

C. Olgart, N. Frossard, Human lung fibroblasts secrete nerve growth factor: effect
of inflammatory cytokines and glucocorticoids, Eur Respir J 18 (2001) 115-121.

X. Shu, L.M. Menddll, Nerve growth factor acutely sengitizes the response of
adult rat sensory neurons to capsaicin, Neuroscience letters 274 (1999) 159-162.

S. Bevan, J. Winter, Nerve growth factor (NGF) differentidly regulates the

chemosengtivity of adult rat cultured sensory neurons, J Neurosci 15 (1995)
4918-4926.

37



[113] P. Ganju, JP. OBryan, C. Der, J. Winter, |.F. James, Differentia regulation of
SHC proteins by nerve growth factor in sensory neurons and PC12 cells, The
European journa of neuroscience 10 (1998) 1995-2008.

[114] A.T. Stein, CA. Ufret-Vincenty, L. Hua, L.F. Santana, S.E. Gordon,
Phosphoinositide 3-kinase binds to TRPV 1 and mediates NGF-stimulated TRPV1
trafficking to the plasma membrane, The Journd of generd physiology 128
(2006) 509-522.

[115] JF. Hunt, K. Fang, R. Maik, A. Snyder, N. Mdhatra, T.A. Plaits-Mills, B.
Gaston, Endogenous airway acidification. Implications for asthma
pathophysiology, American journd of respiratory and critical care medicine 161
(2000) 694-699.

[116] K. Kostikas, G. Papatheodorou, K. Ganas, K. Psathakis, P. Panagou, S. Loukides,
pH in expired breasth condensate of patients with inflammatory airway diseases,
American journd of respiratory and critical care medicine 165 (2002) 1364-1370.

[117] S Bevan, P. Geppetti, Protons: small stimulants of capsaicin-sengtive sensory
nerves, Trendsin neurosciences 17 (1994) 509-512.

[118] K.H. Steen, P.W. Reeh, F. Anton, H.O. Handwerker, Protons sdlectively induce
lagting excitation and sengtization to mechanica stimulation of nociceptorsin rat
skin, in vitro, J Neurosci 12 (1992) 86-95.

[119] M. Kress, S. Fetzer, PW. Reeh, L. Vyklicky, Low pH facilitates capsaicin
responses in isolated sensory neurons of the rat, Neuroscience letters 211 (1996)
5-8.

[120] Q. Gu, L.Y. Lee, Alvedlar hypercapnia augments pulmonary C-fiber responsesto
chemicd stimulants: role of hydrogen ion, J Appl Physiol 93 (2002) 181-188.

[121] S. Amaded, J. Nie, N. Vergnalle, G.S. Cottrdl, E.F. Grady, M. Trevisani, C.
Manni, P. Geppetti, JA. McRoberts, H. Ennes, JB. Davis, EA. Mayer, N.W.
Bunnett, Protease-activated receptor 2 sengitizes the capsaicin receptor transient
receptor potentia vanilloid receptor 1 to induce hyperalgesia, J Neurosci 24
(2004) 4300-4312.

[122] Y.Da, T. Moriyama, T. Higashi, K. Togashi, K. Kobayashi, H. Y amanaka, M.
Tominaga, K. Noguchi, Proteinase-activated receptor 2-mediated potentiation of
trangent receptor potential vanilloid subfamily 1 activity reveds a mechanism for
proteinase-induced inflammeatory pain, J Neurosci 24 (2004) 4293-4299.

[123] S. Amades, G.S. Cottrdll, L. Divino, K. Chapman, E.F. Grady, F. Bautista, R.

Karanjia, C. Bargas-Lopez, S. Vanner, N. Vergnolle, N.W. Bunnett, Protease-
activated receptor 2 senstizes TRPV 1 by protein kinase Cepsilont and A-

38



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

dependent mechanismsin rats and mice, The Journd of physiology 575 (2006)
555-571.

R. Gatti, E. Andre, S. Amadesi, T.Q. Dinh, A. Fischer, N.W. Bunnett, S.
Harrison, P. Geppetti, M. Trevisani, Protease-activated receptor-2 activation
exaggerates TRPV 1-mediated cough in guinea pigs, JAppl Physial 101 (2006)
506-511.

A.D. Grant, G.S. Cottrell, S. Amades, M. Trevisani, P. Nicoletti, S. Materazzi, C.
Altier, N. Cenac, G.W. Zamponi, F. Bautista-Cruz, C. Bargjjas Lopez, E. Joseph,
JD. Levine, W. Liedtke, S. Vanner, N. Vergnolle, P. Geppetti, N.W. Bunnett,
Protease- Activated Receptor 2 Sensitizes the Transent Receptor Potentia
Vanilloid 4 lon Channel to Cause Mechanica Hyperdgesia, The Jourrd of
physology (2006).

B.J. Canning, N. Mori, SB. Mazzone, Vagd afferent nerves regulating the cough
reflex, Respiratory physiology & neurcbiology 152 (2006) 223-242.

T. Higenbottam, Chronic cough and the cough reflex in common lung diseases,
Pulmonary pharmacology & therapeutics 15 (2002) 241-247.

U.G. Ldloo, A.J. Fox, M.G. Belvig, K.F. Chung, P.J. Barnes, Capsazepine
inhibits cough induced by capsaicin and citric acid but not by hypertonic sdinein
guineapigs, JAppl Physial 79 (1995) 1082-1087.

A.J Winning, R.D. Hamilton, SA. Shea, A. Guz, Respiratory and cardiovascular
effects of centra and periphera intravenous injections of cgpsaicin in man:
evidence for pulmonary chemaosensitivity, Clin Sci (Lond) 71 (1986) 519-526.

R. Polosa, ST. Holgate, Comparative airway response to inhaled bradykinin,
kalidin, and [des- Arg9]bradykinin in norma and asthmatic subjects, The
American review of respiratory disease 142 (1990) 1367-1371.

D.A. Groneberg, A. Niimi, Q.T. Dinh, B. Cosio, M. Hew, A. Fischer, K.F. Chung,
Increased expression of transient receptor potentia vanilloid-1 in airway nerves of
chronic cough, American journa of respiratory and critical care medicine 170
(2004) 1276-1280.

JE. Mitchell, A.P. Campbell, N.E. New, L.R. Sadofsky, JA. Kastdik, S.A.
Mulrennan, S.J. Compton, A.H. Morice, Expression and characterization of the
intracdlular vanilloid receptor (TRPV'1) in bronchi from patients with chronic
cough, Experimental lung research 31 (2005) 295-306.

A. Gamberucci, E. Giurisato, P. Pizzo, M. Tasd, R. Giunti, D.P. Mclntosh, A.

Benedetti, Diacylglyceral activates the influx of extracdlular cationsin T-
lymphocytes independently of intracellular calcium-store depletion and possibly

39



invalving endogenous TRP6 gene products, The Biochemica journa 364 (2002)
245-254,

[134] RL. Garcia, W.P. Schilling, Differentid expresson of mammadian TRP
homol ogues across tissues and cdll lines, Biochemica and biophysical research
communications 239 (1997) 279-283.

[135] S Li, J Westwick, C. Poll, Trangent receptor potentia (TRP) channels as
potential drug targets in respiratory disease, Cell calcium 33 (2003) 551-558.

[136] T.J. Hathaway, T.W. Higenbottam, J.F. Morrison, C.A. Cldland, J. Walwork,
Effects of inhded cgpsaicin in heart-lung transplant petients and asthmetic
subjects, The American review of respiratory disease 148 (1993) 1233-1237.

[137] S Manzini, CA. Maggi, P. Geppetti, C. Bacciardlli, Capsaicin desengtization
protects from antigen+induced bronchospasm in conscious guinea: pigs, European
journd of pharmacology 138 (1987) 307-308.

[138] C.M. Herd, N. Gozzard, C.P. Page, Capsaicin pre-treatment prevents the
development of antigen-induced airway hyperresponsiveness in neonatally
immunisad rabbits, European journa of pharmacology 282 (1995) 111-119.

[139] T.L.Buckley, F.P. Nijkamp, Airways hyperreactivity and cellular accumulation in
a delayed-type hypersensitivity reaction in the mouse. Modulation by cgpsaicin-
sengtive nerves, American journd of respiratory and critical care medicine 149
(1994) 400-407.

[140] P. Geppetti, S. Materazzi, P. Nicoletti, The trangent receptor potential vanilloid 1:
role in airway inflammation and disease, European journa of pharmacology 533
(2006) 207-214.

[141] M.J. Doherty, R. Mister, M.G. Pearson, P.M. Calverley, Capsaicin responsiveness

and cough in asthma and chronic obstructive pulmonary disease, Thorax 55
(2000) 643-649.

[142] F. O'Conndl, V.E. Thomas, JM. Studham, N.B. Pride, RW. Fuller, Capsaicin
cough sengitivity increases during upper respiratory infection, Respiratory
medicine 90 (1996) 279-286.

[143] A. Catier, N.C. Thomson, P.A. Frith, R. Roberts, F.E. Hargreave, Allergen
induced increase in bronchia responsiveness to hislamine: relaionship to the late
aghmatic response and change in airway caliber, The Journd of dlergy and
dinica immunology 70 (1982) 170-177.

[144] JA. Nadd, Bronchid reactivity, Advancesin interna medicine 28 (1983) 207-
223.

40



[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

S.D. Anderson, E. Daviskas, The mechanism of exercise-induced asthmais, The
Journa of alergy and clinical immunology 106 (2000) 453-459.

T.S. Halstrand, M.W. Moody, M.M. Wurfd, L.B. Schwartz, W.R. Henderson,
Jr., M.L. Aitken, Inflammeatory basis of exercise-induced bronchocondtriction,
American journa of respiratory and critical care medicine 172 (2005) 679-686.

N. Alessandri-Haber, O.A. Dina, E.K. Joseph, D. Reichling, JD. Levine, A
trangent receptor potentid vanilloid 4-dependent mechanism of hyperdgesais
engaged by concerted action of inflammatory mediators, J Neurosci 26 (2006)
3864-3874.

N. Alessandri-Haber, E. Joseph, O.A. Dina, W. Liedtke, J.D. Levine, TRPV4
mediates pain-related behavior induced by mild hypertonic stimuli in the presence
of inflammatory mediator, Pain 118 (2005) 70-79.

P.J. Barnes, Cytokine-directed therapies for the treatment of chronic airway
diseases, Cytokine Growth Factor Rev 14 (2003) 511-522.

K.F. Chung, Cytokines as targets in chronic obstructive pulmonary disease, Curr
Drug Targets 7 (2006) 675-681.

F.Q. Cunha, S. Poole, B.B. Lorenzetti, SH. Ferreira, The pivota role of tumour
necrogs factor dphain the development of inflammatory hyperdgesia, Br J
Pharmacol 107 (1992) 660-664.

C. Sommer, M. Kress, Recent findings on how proinflammeatory cytokines cause
pain: periphera mechanismsin inflanmatory and neuropathic hyperdgesa,
Neuroscience |etters 361 (2004) 184-187.

Q. Gu, L.Y. Lee, Puimonary chemoreflex sengtivity is enhanced by intratrached
indillation of interleukin-1b in anesthetized rats., J Respir Crit Care Med 169
(2004) A26.

J. Yu, S Lin, J. Zhang, P. Oatmishi, Airway nociceptors activated by pro-
inflammeatory cytokines., Respiratory physiology & neurobiology (in press 2006).

A. Ericsson, C. Arias, P.E. Sawchenko, Evidence for an intramedullary
prostaglandin- dependent mechanism in the activation of stress-related
neuroendocrine circuitry by intravenous interleukin-1, J Neurosci 17 (1997) 7166-
7179.

L.G. Heaney, L.J. Cross, C.F. Stanford, M. Ennis, Substance P induces hisamine
release from human pulmonary mast cdlls, Clin Exp Allergy 25 (1995) 179-186.

41



[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

JE. Gern, Vird respiratory infection and the link to asthma, Pediatr Infect Dis J
23 (2004) S78-86.

G. Piedimonte, Contribution of neuroimmune mechanismsto airway
inflammation and remodding during and after respiratory syncytid virus
infection, Pediatr Infect Dis J 22 (2003) S66- 74; discussion S74-65.

G. Piedimonte, M.M. Rodriguez, K.A. King, S. McLean, X. Jang, Respiratory
syncytid virus upregulates expression of the substance P receptor in rat lungs,
The American journd of physiology 277 (1999) L831-840.

A. Auais, B. Adkins, G. Nagpchan, G. Piedimonte, Immunomodulatory effects of
Sensory nerves during respiratory syncytid virus infection in rats, American
journd of physiology 285 (2003) L105-113.

M.J. Car, D.D. Hunter, D.B. Jacoby, B.J. Undem, Expression of tachykininsin
nonnociceptive vagd afferent neurons during respiratory vird infection in guinea
pigs, American journa of respiratory and critica care medicine 165 (2002) 1071-
1075.

C. Hu, K. Wedde-Besr, A. Auais, M.M. Rodriguez, G. Piedimonte, Nerve growth
factor and nerve growth factor receptorsin respiratory syncytia virus-infected
lungs, American journa of physiology 283 (2002) L494-502.

C.K. Buckner, V. Songsiridg, E.C. Dick, W.W. Busse, In vivo and in vitro
gudies on the use of the guinea pig asamodd for virus-provoked airway
hyperreectivity, The American review of respiratory disease 132 (1985) 305-310.

SM. Harding, Gastroesophaged reflux: a potential asthma trigger, Immunology
and dlergy clinics of North America 25 (2005) 131-148.

B.J. Canning, S.B. Mazzone, Reflex mechanismsin gastroesophaged reflux
disease and asthma, Am JMed 115 Suppl 3A (2003) 45S-48S.

P.J. Matthews, Q. Aziz, P. Facer, JB. Davis, D.G. Thompson, P. Anand,
Increased capsaicin receptor TRPV 1 nerve fibres in the inflamed human
oesophagus, Eur J Gastroenterol Hepatol 16 (2004) 897-902.

N. Agopyan, T. Bhatti, S. Yu, SA. Smon, Vanilloid receptor activation by 2- and
10-microm particles induces responses leading to gpoptosisin human airway
epitheid cdls, Toxicol Appl Pharmacol 192 (2003) 21-35.

D.R. Bergren, Enhanced lung C-fiber responsivenessin senditized adult guinea
pigs exposed to chronic tobacco smoke, J Appl Physiol 91 (2001) 1645-1654.

42



[169] D.D. Hunter, B.E. Satterfield, J. Huang, J.S. Fedan, R.D. Dey, Toluene
diisocyanate enhances substance P in sensory neurons innerveting the nasd
mucosa, American journa of respiratory and critical care medicine 161 (2000)
543-549.



Figure Legends:

Fig. 1. Roleof TRPV1 inthe acid-evoked currentsin rat vaga pulmonary sensory

neurons. Panel A: representative records illugtrating the effects of amiloride (100 pM; 2
min) and capsazepine (CPZ; 10 uM, 2 min) on pH 5.5 (6 s)-evoked inward currentsin a
jugular neuron (23.1 pF). Pand B: group data showing the effects of 2-min pretrestment
with amiloride (100 uM) and CPZ (10 uM) on both transent and sustained components
evoked by low pH (6.5-5.5; 6 s). * P < 0.05 as compared with the corresponding control.

Data represent means = SEM. (From Reference 44)

Fig. 2. Involvements of TRPV 1 and other TRPV's in the responses of isolated rat vagal
pulmonary sensory neurons to increase in temperature. Panel A: in current-clamp mode,
increasing the temperature in aramp pattern evoked depolarization and action potentials
inajugular neuron (21.0 pF). V, membrane potential. Insets display the action potentid
signas at an expanded time scae. Panel B: in voltage-clamp mode (holding potentia =

- 70 mV), capsaicin (0.5 uM, 2-sduration) and hyperthermia were gpplied to ajugular
neuron (28.6 pF). Pand C: the consstent temperature-current relationships of the two
different hyperthermia chalenges in the same neuron (from data shown in Pand B).

Tl200 Was determined by locating the temperature point where the amplitude of the
current reached 20% of the peak current generated at 41°C. Pand D: representative traces
illugtrating the inward currents evoked by hyperthermia a control, after pretreatments
with capsazepine (CPZ, 10 uM), aselective TRPV 1 antagonis, and ruthenium red (RR, 3
M), a non-sdective but effective blocker of TRPV 1-4 channels, and after washout in a
jugular neuron (28.6 pF). At least 10 min was alowed for the cell to recover between

tests. Pand E: the temperature- current relationships of the four current traces shown in



Pand D. Pand F: group data showing the effects of different treetments on cdl response
to hyperthermia. Data are means+ SEM (n = 11; RR was studied in only 9 of these cells).
*, sgnificantly different (P < 0.05) from the control response; t, sgnificant difference (P

< 0.05) between the responses after CPZ and RR treatments. (M odified from reference 4)

Fig. 3. Immunofluorescence staining of airway nervesin abronchid biopsy with an anti-
TRPV 1 antibody in anorma non-coughing volunteer (norm; Panel 1) and in a patient
with chronic cough (cough; Pand 2). Panel 3 shows no staining with the negetive control
when the primary antibody was not added. Individua percentages of bronchid epithdlia
area stained positive for TRPV-1 was Sgnificantly greater in patients with chronic cough
than in hedlthy volunteers (P<0.001; Pand 4). Arrows denote positive neurona staning;
origind magnification x250. There was agignificant correlation (r =-0.41; P<0.05)
between TRPV-1 expression (percentage of epithelid areq) and the capsaicin
concentration PCs in the 29 patients with chronic cough (Pandl 5); PCs isthe
concentration (UM) of capsaicin aerosol that evoked five coughs or morein individud

patients. (Modified from reference 131)
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