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Abstract

Oxidative stress in the bronchopulmonary airways can occur through a variety of inflammatory
mechanisms and also following the inhalation of environmental pollutants. Oxidative stress causes
cellular dysfunction and thus mammals (including humans) have developed mechanisms for
detecting oxidative stress, such that defensive behavior and defensive biological mechanisms can
be induced to lessen its potential damage. VVagal sensory nerves innervating the airways play a
critical role in the detection of the microenvironment in the airways. Oxidative stress and
associated compounds activate unmyelinated bronchopulmonary C-fibers, initiating action
potentials in these nerves that conduct centrally to evoke unpleasant sensations (e.g. urge to cough,
dyspnea, chest-tightness) and to stimulate/modulate reflexes (e.g. cough, bronchoconstriction,
respiratory rate, inspiratory drive). This review will summarize the published evidence regarding
the mechanisms by which oxidative stress, reactive oxygen species, environmental pollutants and
lipid products of peroxidation activate bronchopulmonary C-fibers. Evidence suggests a key role
for transient receptor potential ankyrin 1 (TRPAL), although transient receptor potential vanilloid
1 (TRPV1) and purinergic P2X channels may also play a role. Knowledge of these pathways
greatly aids our understanding of the role of oxidative stress in health and disease and represents
novel therapeutic targets for diseases of the airways.

1. Introduction

Oxidation of phospholipids, proteins and nucleic acids by reactive oxygen species (ROS)
causes cellular dysfunction and thus oxidative stress can be considered a threat to the
organism (Karihtala and Soini, 2007). Multicellular organisms have developed defensive
systems that can specifically detect noxious stimuli and enact defensive cellular responses
and behavior. Sensory (afferent) nerves are the initial part of this defense mechanism.
Afferent nerves project nerve terminals into peripheral tissue where, through the activation
of specific nerve terminal proteins (ion channels), they detect specific stimuli and relay such
information to the central nervous system (CNS) in the form of action potentials. In the case
of the large airways and lungs, the afferent innervation comes largely from the vagus nerve,
and their activation can cause cough, dyspnea, changes in breathing control, decreased
inspiratory capacity, bronchospasm and hypersecretion. In this review, we will summarize
the mechanisms by which oxidative stress is detected by vagal airway sensory nerves.
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The phrase ‘oxidative stress’ defines a state in which there is a misbalance in the redox
environment. This can be induced in two ways: by increasing the levels of pro-oxidants (e.g.
ROS) or by decreasing the levels of anti-oxidant defenses (e.g. cytosolic glutathione)
(Karihtala and Soini, 2007). In general terms electrophilic pro-oxidants accept electrons
from nucleophilic biological compounds (e.g. molecules with -OH or -SH groups).
Examples of ROS include superoxide radical (O,™), hydroxyl radical, nitric oxide radical,
hydrogen peroxide (H,O5) and ozone (O3). The redox potential of ROS varies between
chemical species and in biological tissue this tends to negatively correlate with half-life: e.g.
the hydroxyl radical is considered the most reactive radical in biology and has a half-life of
approximately 1ns, whereas H,O is far less reactive and (unless broken down by catalase)
has a half-life that is measured in hours/days. In addition to their direct oxidant properties,
ROS can cause the production (via a self-propagating lipid peroxidation reaction) of a host
of compounds with electrophilic reactive alpha-beta unsaturated carbonyl groups that have
many of the same chemical properties (Blair, 2006).

The airways are subjected to oxidative stress derived from two separate sources: inhalation
of exogenous irritants and endogenous inflammation. Oxidative stress can be induced
directly by inhaled irritants (e.g. electrophilic aldehydes in cigarette smoke, diisocyanates
from the manufacture of polyurathane), downstream of ROS production (metal ions and
quinones in particulate matter induces O,~ production), or downstream of ROS propagation
(e.g. Oz induces O,~ and H,0O5 production and lipid peroxidation). The initial step in the
majority of endogenous ROS production is the synthesis of O,7, largely through the actions
of NADPH oxidase, xanthine oxidase and through inherent (although mild in basal
conditions) inefficiencies in mitochondrial electron transfer. Inflammation in the airways
causes substantial ROS production and this is largely due to NADPH oxidase activity in
activated granulocytes, although evidence suggests mitochondria in airway cells also
contribute subsequent to their inflammation-induced dysfunction (Mabalirajan et al., 2010;
Mabalirajan et al., 2009; Mabalirajan et al., 2008). ROS and biomarkers for ROS production
(e.g. HyOo, isoprostanes, nitrotyrosine residues) are found in lung samples from individuals
with asthma and chronic obstructive pulmonary disease (COPD) (Kharitonov and Barnes,
2004; Kirkham and Rahman, 2006; Nadeem et al., 2008) or individuals following exposure
to inhalation irritants such as Os, chlorine, cigarette smoke, particulate matter, diisocyanates,
isothiocyanates; and these findings concur with animal models of airway disease (Brown
and Burkert, 2002; Comandini et al., 2009; Hazbun et al., 1993; Lin and Thomas, 2010;
Rouse et al., 2008; White and Martin, 2010). Precisely how stress contributes to the more
complex disease states of inflammation, asthma and COPD is unresolved. Through the
oxidation of lipid, protein and nucleic acids, exogenously applied ROS induce a variety of
inflammatory pathways (Gloire and Piette, 2009; Valko et al., 2007) which causes in vivo
epithelial damage, remodeling, bronchospasm and airway hyperreactivity in various models
(Comhair and Erzurum, 2010; Hollingsworth et al., 2007; Kinnula et al., 1995; Li et al.,
2008b; North et al., 2011; Uysal and Schapira, 2003). The effect of antioxidants in reducing
airway inflammation has been less than impressive, particularly in humans (Nadeem et al.,
2008). Further evidence for the contribution of oxidative stress to airway disease can be
found in functional polymorphisms of antioxidant defense systems. Polymorphisms that
reduce the reserve capacity of glutathione correlate with severity of airway disease and
exacerbations (Islam et al., 2009; Polimanti et al., 2010; Reddy et al., 2010; Schroer et al.,
2009; Shaheen et al., 2010).

2. Lower Airways innervation

Sensory nerves throughout the mammalian body possess similar cellular structure: a cell
body (soma) that contains the nucleus and the vast majority of gene transcription and
translation machinery/organelles, a peripheral axonal projection from the soma to its target
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tissue that ends in the peripheral terminal, and a central axonal projection from the soma to
synapses with second order neurons within the CNS. Bronchopulmonary vagal sensory
nerves are no exception to this rule: with cell bodies residing in the vagal ganglia; peripheral
projections to the larynx, trachea, main bronchi or lungs; and central projections to second
order neurons in the brain stem, in particular neurons in the nucleus tractus solitarius (nTS)
(Carr and Undem, 2003).

Vagal sensory neurons are not homogenous and vary with respect to myelination,
conduction velocity, ion channel expression, neurotransmitter expression, peripheral targets
and central targets — and considerable effort has been made to elucidate the role of various
vagal sensory nerve subtypes in health and disease (Carr and Undem, 2003; Coleridge and
Coleridge, 1984; Lee, 2009; Taylor-Clark and Undem, 2006). Axonal myelination
determines the conduction velocity of action potentials along the nerve, and this correlates
with the expression of certain ion channels that determine nerve functionality. As with all
sensory systems, airway unmyelinated (C fibers, conduction velocity of 0.3-1.2 m/s) and
partially myelinated (A fibers, 2-8m/s) nerves conduct action potentials initiated by a wide
range of noxious stimuli, whereas highly myelinated rapidly conducting fibers (AP fibers,
12-50m/s) are exquisitely mechano-sensitive but are not directly activated by noxious
stimuli. The ability to discern noxious stimuli comes from the selective expression of ion
channels on nociceptive sensory nerves, for example inhalation of capsaicin (the pungent
ingredient is chili peppers) activates nociceptive airway sensory nerves via the direct
activation of Transient Receptor Potential Vanilloid 1 (TRPV1) (Kollarik and Undem,
2004). AB fibers do not express TRPV1 and so are insensitive to capsaicin treatment.

Regardless of the stimuli, sensory nerve activation at the peripheral terminal occurs
following the opening of specific ion channels, which causes ion fluxes at the nerve
membrane leading to a graded depolarization of the membrane referred to as a “generator
potential”. If the generator potential is great enough to surpass the voltage threshold of
voltage-gated sodium channels this will cause the initiation of action potentials that then
travel in an all-or-nothing fashion along the nerve fiber. The gating of peripheral terminal
ion channels that is required for afferent nerve activation can occur through ionotropic and
metabotropic mechanisms (Taylor-Clark and Undem, 2006). The inotropic mechanism
refers to an ion channel that has a self-contained activation/binding site for a specific
stimulus (e.g. TRPV1 is directly gated by capsaicin). The metabotropic mechanism refers to
the gating of certain ion channels downstream of second messenger systems (metabotropic),
typically following the activation of G-protein-coupled receptors (GPCRs): for example
bradykinin, via the Gg-coupled B5 receptor, can activate TRPV1 channels, inducing nerve
depolarization and action potential discharge (Carr et al., 2003; Chuang et al., 2001; Shin et
al., 2002).

In guinea pigs and larger mammals (including humans) vagal sensory nerve cell bodies
reside in one of two anatomically distinct ganglia: the nodose and the jugular (supranodose)
ganglia. The embryological source of the neurons in these two ganglia is different (the
epibrachial placodes and the neural crest, respectively) and consequently the neurons
express different growth factor receptors (Baker and Bronner-Fraser, 2000). This differential
development of jugular and nodose neurons is thought to underlie differences in nerve
function and protein expression observed between these two sets of nerves (Kwong et al.,
2008; Undem et al., 2004). The gross anatomy of mouse vagal nerves often reveal a single
sensory ganglion. Despite this, recent evidence indicates that the single ganglion is actually
a fusion of neurons derived from the epibrachial placode and the neural crest; in effect the
mouse vagal ganglion is a nodose/jugular fused ganglion, and there are substantial
differences between mouse nodose and mouse jugular neurons (as there is in larger
mammals) (Nassenstein et al., 2010). For example, airway nodose nerves express purinergic
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P2Xy/3 ion channels and are activated by ATP and P2X,3 selective agonists. Jugular
neurons do not express P2X5,/3 channels and ATP fails to cause action potential discharge
from airway jugular neurons. Conversely, most jugular C-fibers express neuropeptides (e.g.
substance P) whereas very few nodose neurons do. Neuropeptides are released from
activated nociceptor nerve terminals and, peripherally, these substances can contribute to
bronchoconstriction, vasodilation and leukocyte infiltration (neurogenic inflammation). The
release of neuropeptides at central synapses is thought to augment synaptic excitability in a
process called ‘central sensitization’ (Mazzone and Canning, 2002a).

The outcomes of afferent nerve stimulation depend on the afferent subtype in question. In
general terms, non-nociceptive fibers relay information to the CNS on mechanical changes
in the airways in order to fine-tune eupnic breathing, whereas nociceptor activation induces
defensive reflexes and behaviors (Carr and Undem, 2003; Coleridge and Coleridge, 1984;
Fuller et al., 1985; Lee, 2009). In particular bronchopulmonary C-fiber activation can evoke
peripheral neurogenic inflammation, reflex-bronchoconstriction, reflex-hypersecretion,
decreased inspiratory capacity and cough and can cause sensations of chest-tightness, urge
to cough and dyspnea. With the exception of the neurogenic inflammation, all these signs
and symptoms are dependent on excitatory afferent input into the CNS.

Sensory nociceptors are polymodal sensors of the peripheral nerve terminal environment and
due to the expression of specific receptors and ion channels are able to directly discriminate
changes in temperature, pH and osmolarity; mechanical force (either stretch or punctate);
and the presence of irritants and inflammatory mediators (Taylor-Clark and Undem, 2006).
However, it should be noted that some stimuli can also activate airway afferents indirectly
following changes in mechanical forces within the airways, such as bronchoconstriction and
edema (Roberts et al., 1986). For example, some non-nociceptive bronchopulmonary A
fibers (which are very sensitive to stretch) are activated by histamine infusion into the
airways, in a manner that is dependent on histamine-induced bronchial smooth muscle
contraction (Bergren, 1997). Airway inflammation and inhalation of noxious pro-oxidant
irritants can cause epithelial damage, edema and bronchoconstriction, and thus has the
potential to indirectly modulate mechano-sensitive airway afferent firing. However, in the
interests of brevity we have decided to limit the scope of this review to the mechanisms by
which pro-oxidants directly modulate airway afferent activity.

3. Activation of airway afferents by oxidative stress

Inhalation of pro-oxidants acutely evoke sensations and changes in lung function, consistent
with the activation of airway afferent nerves. Inhalation of H,O, causes a decrease in
respiratory rate in rats and mice (Bessac et al., 2008; Ruan et al., 2003). Inhalation of O3
causes cough, dyspnea, decreased forced expiratory volume in 1 second (FEV1) and
decreased inspiratory capacity in humans (Hazucha et al., 1989; Kerr et al., 1975;
McDonnell et al., 1999); and O3 modulates respiratory rates and airway afferent excitability
in other mammals including dogs and rodents (Coleridge et al., 1993; Ho and Lee, 1998;
Lee et al., 1979; Schelegle et al., 1993). Inhalation of diisocyanates causes cough, dyspnea
and chest tightness in man (Brugsch and Elkins, 1963; Butcher et al., 1976) and decreased
respiratory rate in mice (Taylor-Clark et al., 2009). Inhalation of acrolein causes cough,
airway irritation, neurogenic inflammation and dyspnea with decreased respiratory rate in
humans and other mammals (Faroon et al., 2008; Morris et al., 1999; Morris et al., 2003).
Inhalation of chlorine causes irritation and increased airway resistance and evokes cough,
wheezing and dyspnea in humans and decreased respiratory rate in mice (Bessac et al.,
2008; Morris et al., 2005; Shusterman et al., 1998; White and Martin, 2010). Cough,
dyspnea and irritation are sensory nerve mediated phenomenon. Changes in lung function
(e.g. decrease in FEV1) can occur through sensory nerve-mediated pathways (e.g. reflex
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increase in the release of acetylcholine from parasympathetic nerves in the airway), but this
is rarely confirmed in clinical reports of pro-oxidant inhalation.

The acute symptoms of pro-oxidant inhalation suggest the involvement of nociceptive
airway sensory nerves: airway nociceptors are selectively activated by the TRPV1 agonist
capsaicin, and capsaicin inhalation causes increased bronchial resistance (which is sensitive
to ipratropium), cough and chest-tightness in humans (Fuller et al., 1985) and cough, reflex-
bronchospasm and decreased in respiratory rate in rodents (Chou et al., 2008; Forsberg et
al., 1988; Mazzone and Canning, 2002b). Electrophysiological recordings of airway sensory
nerves in rodents have confirmed this association — O3, H,O, and alpha-beta unsaturated
carbonyl groups evoke action potential discharge in vagal bronchopulmonary C-fibers (Lin
etal., 2010; Ruan et al., 2003; Taylor-Clark et al., 2008a; Taylor-Clark and Undem, 2010).
Evidence suggests these ROS have no effect on Ap fibers. However Oz has been associated
with the activation of A fibers, an effect likely to be secondary to changes in lung
compliance (Coleridge et al., 1993). Os, unlike the other ROS, has also been shown to
increase the excitability of vagal bronchopulmonary C-fibers, such that other stimuli evoke
augmented responses (Ho and Lee, 1998; Taylor-Clark and Undem, 2010). Vagal sensory
nerve recordings in vivo or ex vivo do not prove a direct interaction between ROS and
nociceptive sensory nerves. Nevertheless direct interactions have been subsequently shown
in dissociated sensory nerves studies using Ca2* imaging or patch clamp analysis.
Capsaicin-sensitive (i.e. nociceptive) neurons are activated by H,O», hypochlorite, O3, 4-
hydroxy-2-nonenal, 4-oxo-2-nonenal, formaldehyde, acrolein, isocyanates and particulate
matter (Agopyan et al., 2003b; Andersson et al., 2008; Andre et al., 2008; Bautista et al.,
2006; Bessac et al., 2009; Bessac et al., 2008; Macpherson et al., 2007b; McNamara et al.,
2007; Taylor-Clark et al., 2009; Taylor-Clark et al., 2008a; Taylor-Clark and Undem, 2010;
Trevisani et al., 2007).

A number of specific mechanisms have been proposed for the activation of nociceptive
bronchopulmonary nerves. We will concentrate specifically on airway sensory nerve studies
and review the available evidence for the roles of transient receptor potential vanilloid 1
(TRPV1), transient receptor potential ankyrin 1 (TRPA1) and purinergic P2X receptors.

3.1 Transient Receptor Potential A1l

Although first cloned from a fibroblast cell line, expression of TRPA1 is largely restricted to
a subset of nociceptive sensory nerves, including vagal sensory nerves (Bandell et al., 2004;
Jordt et al., 2004; Story et al., 2003). Single cell RT-PCR of airway-specific vagal sensory
neurons demonstrate the selective expression of TRPA1 in those neurons that also express
TRPV1 (a marker for nociceptive function) (Nassenstein et al., 2008). Selective TRPA1
ligands (allyl isothiocyanate and cinnamaldehyde) activate dissociated vagal neurons and
bronchopulmonary C-fibers in a TRPA1-dependent manner (Nassenstein et al., 2008;
Taylor-Clark et al., 2008a). Exposing the airways to allyl isothiocyanate evokes decreased
respiratory rates in wild-type mice but not TRPA1 knockout (TRPA1—-/—) mice (Taylor-
Clark et al., 2009). The TRPAL agonist cinnamaldehyde causes cough in human volunteers
and several TRPA1 agonists cause cough in guinea pigs by a mechanism sensitive to
TRPAL1 antagonists (Andre et al., 2009; Birrell et al., 2009).

TRPAL is a polymodal sensor which in heterologous systems can be activated by cold
temperatures, increases in cytosolic Ca2* and irritants such as menthol, icillin and A9-
tetrahydrocannabinol (Bessac and Jordt, 2008; Patapoutian et al., 2009). However, its
activation via covalent modification is likely more relevant to bronchopulmonary detection
of airway oxidative stress. TRPAL ion channels are activated by cysteine-modifying agents
and this seems to be largely independent of the specific structure of the ligands. Hence
iodoacetamide, allyl isothiocyanate, cinnamaldehyde and deoxy A12.14 prostaglandin J, all
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activate TRPA1 due to their reactivity (Hinman et al., 2006; Macpherson et al., 20073;
Takahashi et al., 2008; Taylor-Clark et al., 2008c). Point mutation studies have identified a
few key cysteines on the intracellular N-terminus of human and mouse TRPA1 that are
responsible for this covalent modification-induced TRPAI activation, although a lone lysine
residue has also been implicated. ROS are strong electrophiles capable of cysteine-
modification — this chemical reaction has been exploited by cellular anti-oxidant
mechanisms, such that the cysteine-bearing tripeptide glutathione (often termed GSH) binds
covalently to a huge host of ROS including H,0,, 4-hydroxy-2-nonenal, 4-oxo-2-nonenal,
acrolein, formaldehyde and isocyanates (Blair, 2006). Therefore the basic channel
pharmacology of TRPA1 predicted that it would be relevant to ROS activation of airway
nociceptive nerves. In recent years this hypothesis has received considerable experimental
support (Table 1, Figure 1).

Studies of H,0, demonstrate that 3-5mM H,0, selectively activates dissociated neurons
that also express TRPAL and this response is abolished with ruthenium red (non-selective
TRP channel blocker) or in TRPAL1—/— neurons (Andersson et al., 2008; Bessac et al., 2008;
Takahashi et al., 2008). In vivo inhalation of 3% H,0, evoked a decrease in respiratory rate
and an increase in end expiratory pause that was reduced in TRPA1—/— mice by
approximately 50% and 80%, respectively. In heterologous expression systems, HoO2
(which is membrane-permeable) activates TRPAL via cysteine modification (Bessac et al.,
2008). Direct association of H,O, and the TRPA1 channel has not be proved and so it is not
clear if H,0, activates TRPAL directly or downstream of lipid peroxidation. Nevertheless
TRPAL1 activation by H,0, is reversed by dithiothrietol (Andersson et al., 2008; Takahashi
et al., 2008), a reducing agent that is unable to break C-S bonds that would be expected to be
formed by cysteine covalent modification by downstream products of lipid peroxidation
(e.g. 4-hydroxy-2-nonenal).

Alpha-beta unsaturated carbonyl groups (e.g. 4-hydroxy-2-nonenal, 4-o0xo-2-nonenal,
crotoaldehyde and acrolein) activate TRPA1 in heterologous expression systems (Andersson
et al., 2008; Andre et al., 2008; Bautista et al., 2006; Macpherson et al., 2007b; Taylor-Clark
et al., 2008a; Trevisani et al., 2007) and consistent with their cysteine-modifying reactivity
(Blair, 2006) 4-hydroxy-2-nonenal activation of TRPAL is reduced following point
mutations of specific N-terminal cysteine residues (Trevisani et al., 2007). 1-30uM 4-
hydroxy-2-nonenal, 4-oxo-2-nonenal, crotonaldehyde and acrolein selectively activate
dissociated neurons that also express TRPA1 and this response is substantially reduced with
ruthenium red or in TRPA1—/— neurons (Andersson et al., 2008; Andre et al., 2008; Bautista
et al., 2006; Macpherson et al., 2007b; Taylor-Clark et al., 2008a; Trevisani et al., 2007). 4-
hydroxy-2-nonenal, 4-oxo-2-nonenal, crotonaldehyde and acrolein all cause tachykinin-
dependent contraction of isolated guinea pig bronchus (Andre et al., 2008; Taylor-Clark et
al., 2008a). These responses were inhibited by nociceptor tachykinin depletion, ruthenium
red and the selective TRPA1 antagonist HC-030031. 10pM 4-oxo0-2-nonenal evoked robust
action potential discharge from cinnamaldehyde-sensitive mouse bronchopulmonary C-
fibers, which was reduced by ruthenium red and abolished in nerves derived from TRPA1—/
— mice (Taylor-Clark et al., 2008a). In this study, however, 4-hydroxy-2-nonenal failed to
evoke bronchopulmonary C-fiber activation even at 100uM. 4-hydroxy-2-nonenal evokes
noicefensive behavior after intraplanatar injections of 3-6mM (in a TRPAL-dependent
manner) (Trevisani et al., 2007). It is consistent with the substantial nucleophilic anti-
oxidant defense mechanisms (e.g. glutathione) that are present in complex tissues that these
electrophilic TRPA1 agonists may have dramatically different ECsg in single cell vs. whole
tissue experiments. In inhalation studies in guinea pigs crotonaldehyde and acrolein evoke
cough in awake animals that was reduced by HC-030031 (Andre et al., 2009; Birrell et al.,
2009).
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Toluene diisocyanate, methyl isocyanate and hexamethylene diisocyanate are industrial
pollutants that activate TRPAL channels in heterologous expression systems (Bessac et al.,
2009; Taylor-Clark et al., 2009). 10-100uM isocyanate selectively activates dissociated
neurons that also express TRPA1 and this response is substantially reduced in TRPA1—/—
neurons. 1% toluene diisocyanate evokes defensive reflexes in mice after inhalation
consistent with nociceptive nerve activation such as decreased respiratory rate and an
increased time of brake (Alarie, 1973). These airway reflexes are abolished in TRPA1—-/—
mice (Taylor-Clark et al., 2009).

Hypochlorite (OCI™), the oxidizing mediator of chlorine, and chloramine-T, a chlorine
donor, activate heterologously expressed TRPAL (Bessac et al., 2008). Hypochlorite
selectively activates dissociated neurons that also express TRPAL and this response is
substantially reduced with ruthenium red treatment and abolished in TRPA1—/— neurons
(Bessac et al., 2008). In vivo inhalation of 6ppm NaOCI evoked a decrease in respiratory
rate and an increase in end expiratory pause that was abolished in TRPA1—/— mice (Bessac
etal., 2008).

Solubilized O3 activates heterologously expressed TRPA1 (Taylor-Clark and Undem, 2010).
O3 selectively activates dissociated neurons that also express TRPAL and this response is
abolished in TRPA1—/— neurons. O3 evoked robust action potential discharge from
cinnamaldehyde-sensitive mouse bronchopulmonary C-fibers, which was reduced by
approximately 80% by ruthenium red (Taylor-Clark and Undem, 2010). O3 also causes
airway nociceptor hyperexcitability (Ho and Lee, 1998; Taylor-Clark and Undem, 2010),
although it is unclear if this is due to TRPA1 function. It should be noted that due to O3 high
reactivity it would seem unlikely that inhaled O3 would be able to directly access the
intracellular N-terminal of TRPAL on nociceptive nerves (Pryor, 1992), thus O3 may
stimulate TRPA1 indirectly downstream of ROS production and lipid peroxidation.

The role of TRPAL1 in airway afferent signaling has been studied in more complex
conditions: cigarette smoke and inflammation. Both cigarette smoke (Andre et al., 2008;
Andre et al., 2009; Lin et al., 2010) and inflammation (Joseph et al., 2008; Kamboj et al.,
2010; Kuhad and Chopra, 2009; Tall et al., 2004) have the potential to modulate afferent
excitability downstream of ROS production, although it is well established that cigarette
smoke contains nicotine and inflammation induces bradykinin, lipoxygenase products and
cyclooxygenase products — all of which can modulate airway nociceptor function
independent of oxidative stress (Carr et al., 2003; Kwong and Lee, 2005; Lee et al., 2007;
Lee et al., 1989; McAlexander et al., 1998; Taylor-Clark et al., 2008b). Cigarette smoke
activated guinea pig vagal neurons and evoked a tachykinin-dependent contraction of
isolated guinea pig bronchus in a manner that was reduced by over 80% by either the
TRPAZ1 channel blocker HC-030031 or glutathione (Andre et al., 2008). In nerve fiber
recordings of nociceptive airway afferents in rats, cigarette smoke evoked substantial action
potential discharge that was reduced by 90% by N-acetyl-cysteine and by 60% by
HC-030031 (Lin et al., 2010). In addition, inhibiting TRPA1 with HC-030031 reduced
cigarette-evoked cough in awake guinea pigs by 50% (Andre et al., 2009).

An important role for TRPAL has also emerged in a mouse model of allergic asthma
(Caceres et al., 2009). Allergen-induced eosinophilia, mucin production and airway
hyperreactivity were reduced by HC-030031 in wild-type mice by 35%, 90% and 90%,
respectively. These markers of allergen-induced airway inflammation were also reduced in
TRPA1-/— mice. More work is needed to determine if ROS was involved in the pathway to
TRPAL activation in this model.
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3.2 Transient Receptor Potential Vanilloid 1 (TRPV1)

TRPV1 is a cation channel selectively expressed on nociceptive nerves. TRPV1 is a
polymodal sensor of noxious stimuli, including capsaicin, heat, acid, endocannabinoids and
lipoxygenase products (Bessac and Jordt, 2008; Caterina et al., 1997; Patapoutian et al.,
2009). TRPV1 is expressed on bronchopulmonary C-fibers in all mammals studied, and
capsaicin-induced bronchopulmonary C-fiber activation is abolished by the selective TRPV1
inhibitors (iodoresiniferatoxin (IRTX) and capsazepine) and in TRPV1 knockout (TRPV1-/
—) mice (Kollarik and Undem, 2004; Lee and Lundberg, 1994; Nassenstein et al., 2008;
Ruan et al., 2005; Undem and Kollarik, 2002). There is evidence to support a role of TRPV1
in oxidative-stress induced airway nociceptor activation. In heterologous expression systems
TRPV1 has been shown to be activated by the reactive compounds allicin, 2-aminoethyl
methanethiosulfonate and 4-oxo-2-nonenal (Macpherson et al., 2005; Salazar et al., 2008;
Taylor-Clark et al., 2008a), which is dependent on an individual cysteine residue on TRPV1.
Heterologously expressed TRPV1 has also been shown to be sensitized by chloramine-T
(Susankova et al., 2006) and H,0,, in a dithiothrietol-sensitive mechanism (Chuang and
Lin, 2009). It should be noted that several reactive compounds that are known to stimulate
TRPAL1 have no effect on TRPV1 including acrolein, formaldehyde, iodoacetamide, 4-
hydroxy-2-nonenal, toluene diisocyanate and O3 (Bautista et al., 2006; Dinis et al., 2004;
Macpherson et al., 2007a; McNamara et al., 2007; Taylor-Clark et al., 2009; Taylor-Clark
and Undem, 2010; Trevisani et al., 2007).

Allicin, 2-aminoethyl methanethiosulfonate and 4-oxo-2-nonenal are also TRPA1 agonists
and TRPA1 and TRPV1 are co-expressed on many nociceptive nerves including
bronchopulmonary C-fibers (Nassenstein et al., 2008). Although these 3 reactive compounds
activate dissociated nociceptive neurons in a TRPV1-dependent mechanism, evidence is
unclear as to whether this effect can be observed without inhibiting TRPAL first (Salazar et
al., 2008; Taylor-Clark et al., 2008a). Of the 3 reactive TRPV1 ligands, only the actions of
4-0xo0-2-nonenal has been studied at the nerve terminal of bronchopulmonary afferents, and
no evidence was found for a role of TRPV1. When 100 uM 4-oxo-2-nonenal (a
concentration that activates heterologously expressed TRPV1) was directly applied to the
airway, action potential discharge is observed in wild-type, but not in TRPA1—/— mice
(Taylor-Clark et al., 2008a). It may be possible that higher concentrations may activate the
bronchopulmonary C-fibers via TRPV1, but a recent paper studying nocifensive behaviour
induced by 200-600uM 4-oxo-2-nonenal intraplantar injections demonstrated no role for
TRPV1 (even after TRPAL inhibition) (Graepel et al., 2011). 4-oxo0-2-nonenal has yet to be
shown to induce action potential discharge from nociceptor nerve terminals via TRPV1. As
mentioned above, H,O5, can induce TRPV1 hyperexcitability and a study of rat
bronchopulmonary C-fibers suggest that capsazepine (a TRPV1 antagonist) can reduce
H,0,-induced action potential discharge from nociceptive nerve terminals by 40% (Ruan et
al., 2005). Furthermore, inhalation of H,O5 induces reflex bradypneic responses that are
reduced by 50% by capsazepine (Ruan et al., 2006).

Particulate matter (both PC1q and smaller PC, particles) activates heterologously expressed
TRPV1, in a non-desensitizing manner (Agopyan et al., 2003a). Dissociated trigeminal
nociceptive neurons are also activated by particulate matter which is abolished by
capsazepine in wild-type neurons and absent in TRPV1—/— neurons (Agopyan et al., 2004;
Agopyan et al., 2003b). To date there are no published studies of airway nerve activation by
particulate matter, although reflex changes in cardiac function following inhalation of
particulate matter was reduced by capsazepine (Ghelfi et al., 2008). Particulate matter is
capable of substantial ROS production, via the actions of metal ions and quinones in
particles (Li et al., 2008b); although whether ROS mediate airway nociceptor TRPV1-
mediated activation by particulate matter is yet to be confirmed.
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Oxidative stress is associated with cigarette smoke toxicity, however there is little evidence
to suggest a role for TRPV1. Capsazepine has no effect on neurogenic inflammation induced
by cigarette smoke extract (Andre et al., 2008; Geppetti et al., 1993), although it does reduce
cough by approximately 30% (Andre et al., 2009).

3.3 P2X receptors

P2X receptors are cation channels that are primarily activated by ATP and its analogs.
Airway sensory nerves express mRNA for both P2X, and P2X3. P2X3 protein is expressed
in virtually all airway nociceptive vagal neurons, whereas P2X, protein is only expressed in
airway nociceptive vagal neurons whose cell bodies reside in the nodose ganglia (Kwong et
al., 2008; Nassenstein et al., 2010). Either protein can assemble into functional homomeric
channels, but when co-expressed they form P2X,,3 heteromeric channels that possess
properties distinct from the homomeric channels (Liu et al., 2001). As such airway jugular
nociceptors express mainly rapidly inactivating homomeric P2X3 channels whereas airway
nodose nociceptors express more slowly inactivating P2X5/3 channels. Although both P2X3
and P2X,/3 channels are activated by ATP and o, methylene ATP, at the level of the nerve
terminals in airways, nodose but not jugular C-fibers respond with action potential discharge
(Undem et al., 2004).

H»0, has been shown to activate rat bronchopulmonary C-fibers and this response was
inhibited by 50% by iso-PPADS (non-specific P2X inhibitor) (Ruan et al., 2005). In addition
inhalation of H,0, induces reflex bradypneic responses that are reduced by 50% by iso-
PPADS (Ruan et al., 2006). The bradypneic responses were also reduced by 50% by
scavenging ATP, suggesting that H,O, may activate P2X receptors indirectly following
ATP release. The direct effect of ROS and H,0O» in particular on P2X channels is unclear.
H,0, has been shown to directly modulate P2X, channels, both potentiating ATP-induced
responses (Coddou et al., 2009) and attenuating ATP-induced responses (although only with
homomeric P2X5 and not heteromeric P2X5;3 channels) (Mason et al., 2004). In both studies
P2X3 channels were unaffected. Reactive carbonyl groups have no effect on P2X, channels
(Li et al., 2008a). Lastly, cigarette smoke-induced activation of rat nociceptive airway
nerves was reduced by 50% by either iso-PPADS or ATP scavenging (Lin et al., 2010).

4. Conclusions

There is a growing literature demonstrating the selective activation of nociceptive airway
afferents with various ROS and productions of oxidative stress. Evidence supporting a role
of TRPAL in these responses is very strong. Results from a plethora of studies now indicate
that ROS, regardless of structure, categorically stimulate TRPAL. Furthermore, inhibition of
TRPAL dramatically reduces ROS-induced afferent nerve activation. Whether other ion
channels (TRPV1 or P2X) also contribute is more questionable and may depend more on the
specific ROS. Whereas it is likely that ROS and products of lipid peroxidation directly bind
and activate TRPAL, evidence suggests that purinergic receptor and TRPV1 may be
activated downstream of other ROS-induced biological processes (cellular destruction, lipid
metabolism, ATP release). TRPAL channels represent a potential target for respiratory
symptoms following inhalation of pro-oxidants. Inhibition of TRPA1 may also be useful in
inflammatory diseases associated with oxidative stress, namely asthma and COPD.
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Figure 1.

A wide variety of exogenous and endogenous ROS activate the ion channel TRPAL. Left,
(clockwise from top left) 4-hydroxy-2-nonenal, 4-oxo-2-nonenal, toluene diisocyanate,
acrolein, hydrogen peroxide, hypochlorite, deoxy A1214 prostaglandin J,. Top right, The
free sulphydryl group on specific TRPA1 cysteine residues is the main functional target of
electrophilic ROS. Bottom right, Representative traces of bronchopulmonary C-fiber action
potential discharge to 4-oxo-2-nonenal (4ONE) in wild-type and TRPA1—/— mice. All C-
fibers responded to capsaicin (300nM) at the end of the experiment. Taken from (Taylor-
Clark et al., 2008a).
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Published effects of various oxidants on TRPAL, TRPV1 and P2X2 channels. Data comes from ion channel
overexpression in cell lines (e.g. HEK293 and CHO cells). N.D., not determined. See references for more

details.

TRPAL

TRPV1

P2X2

Superoxide (O,7)

ECs 333uM (Sawada et al., 2008)

N.D.

N.D.

Hydrogen Peroxide (H,0,)

ECsq 23uM (Takahashi et al., 2008)
ECso 200uM (Sawada et al., 2008)

No effect < 10mM (Andersson et al., 2008)
Activation with 10mM (Susankova et al.,

Potentiation with
300uM (Coddou

2003a)

ECso 2304M (Andersson et al., 2008) 2006) ) etal., 2009)
Activation with 1mM (Chuang and Lin, Inhibition
2009) 1C5,730 uM
(Mason et al.,
2004)
Ozone (O3) ECsq 3uM (Taylor-Clark and Undem, No effect < 30 uM (Taylor-Clark and N.D.
2010) Undem, 2010)
Hypochlorite (OCI") ECso 11ppm (Bessac et al., 2008) N.D. N.D.
Chloramine-T ECso 11uM (Bessac et al., 2008) Activation with ImM (Susankova et al., N.D.
2006)
Toluene diisocyanate ECsq 10uM (Taylor-Clark et al., 2009) No effect < 100uM (Taylor-Clark et al., N.D.
2009)
Methyl isocyanate ECsq 25uM (Bessac et al., 2009) No effect < 100uM (Bessac et al., 2009) N.D.
Hexamethylene diisocyanate | ECgq 2.6uM (Bessac et al., 2009) No effect < 100uM (Bessac et al., 2009) N.D.
Acrolein ECso 5uM (Bautista et al., 2006) No effect < 100uM (Bautista et al., 2006) N.D.
ECsp 0.8uM (Andre et al., 2008) No effect < ImM (Dinis et al., 2004)
4-hydroxy-2- nonenal ECso 27uM (Trevisani et al., 2007) No effect < 500uM (Macpherson et al., N.D.
ECso 13uM (Macpherson et al., 2007b) 2007b)
ECso 20uM (Andersson et al., 2008) No effect < 100uM (Andersson et al.,
ECso 10uM (Taylor-Clark et al.,, 2008a) | 2908)
4-o0x0-2-nonenal ECsg 1.9uM (Andersson et al., 2008) Activation with 100uM (Taylor-Clark et N.D.
ECsp 1.6uM (Taylor-Clark et al., 2008a) al., 2008a)
Crotoaldehyde ECso 23uM (Andre et al., 2008) N.D. N.D.
Formaldehyde ECso 200uM (McNamara et al., 2007), No effect seen < 1ImM (Macpherson et al., N.D.
EC 5 357uM (Macpherson et al., 2007b) | 2007b)
No effect seen < 1.25mM (McNamara et
al., 2007)
Particulate Matter (PC10) N.D. Activation with 1 particle (Agopyan et al., N.D.
2003a)
Particulate Matter (PC2) N.D. Activation with 4 particles (Agopyan etal., | N.D.
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