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Abstract

Cough is under the control of sensory afferentsctvhinnervate the airways via the
vagus nerve. Cough is an important protective xefteat clears the airway, but can
become exacerbated and deleterious when assoeiitedirways diseases, in which
there is enhanced release of inflammatory mediandsa decrease in lung pH. These
mediators sensitise airway afferents and could fbend enhanced cough associated

with inflammation.

Transient Receptor Potential (TRP) ion channelsamsociated with several disease
pathologies. TRPV1 has an established role in coagth is implicated in the aetiology
of chronic cough; and TRPAL is a promising new eardgnvolvement of these ion
channels in the tussive reflex is awaiting compnshes investigation. | have therefore
explored the role of TRPA1 and TRPVL1 in tussiveoeses to the endogenous irritants
prostaglandin E(PGE), bradykinin (BK) and low pH. To do this | haveedsselective
antagonists and genetically modified mice in modélauman, guinea pig and mouse
vagal sensory nerve depolarisation; conscious guige cough; and guinea pig primary

ganglia cell imaging.

TRPA1 and TRPV1l were shown to mediate PG&nd BK-induced nerve
depolarisation, cough, and activation of gangliéscén contrast, low pH-induced nerve
depolarisation and ganglia cell activation was raesdi via TRPV1 or Acid Sensing lon
Channels (ASICs); whereas, cough was partiallynatteed with TRPAL1 or TRPV1

antagonists.

In summary, | have identified that TRPA1 and TRRWé&diate PGEand BK-induced

cough; and provided evidence that low pH-inducetsey nerve activation is mediated
via TRPV1 and ASICs, but a role for TRPAL is giificlear. These are exciting findings
which add to our understanding of the mechanisras dhive the cough reflex in the
healthy state; builds a base for investigating tohgpersensitivity in disease; and

could help to guide the development of novel etficas anti-tussive therapies.
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1.1 Cough

Cough is one of the most common complaints for whgatients seek medical advice,
and is reported as a troublesome symptom by afisigni proportion of the population
(Ford et al., 2006; McCormick et al., 1995). Undermal circumstances, cough is an
important protective mechanism that helps to degeign material from the airway and
aids in immune defence (Fontana et al., 1999; Irstiml., 1998). In contrast, chronic
cough of various aetiologies often serves no ugafigbose and can lead to a dramatic
decrease in quality of life (Irwin et al., 1998; Ne® et al., 2007). Chronic cough, which
can be defined as a cough persisting for longar thaveeks (Harding, 2006; Irwin et
al., 1998), is associated with a number of inflantanaairway diseases such as chronic
obstructive pulmonary disease (COPD), asthma,xgflastnasal drip, cancer and viral
infections; it is also a side-effect of some melditaatments such as angiotensin-
converting enzyme inhibitors used in the preventdrcardiovascular disorders; and
can be idiopathic in nature (Fuller & Choudry, 198Win et al., 1998; Morice et al.,
2007). During development of chronic cough the s#ilicture and protective function
of human bronchial mucosa are altered, providingnst evidence to suggest that
repetitive physical damage of airway mucosa resgltirom persistent cough may
induce additional injury and inflammation of theveays. This mucosal injury could in
turn enhance cough sensitivity and initiate a wisigycle, which completely offsets the

normal physiological functions of cough (reviewadNiimi & Chung, 2004).

Although we know a great deal about the physiologyhe cough response, we still
know very little about which particular channelstbe sensory nerves are central to the
tussive reflex. Low pH and capsaicin are well-esthbd tussive agents known to
activate the Transient Receptor Potential VanillaeidTRPV1) ion channel. These
ligands are frequently used in clinical trials tes@ss potential anti-tussives and
hypersensitvity associated with disease stategellarbecause they produce a dose-
dependent response which is highly reproduciblevesititolerated (Karlsson & Fuller,
1999; Morice et al., 2007; Morice et al., 2001; Rsford et al., 1985). However, these
models may not be physiologically relevant since deenot currently know which
stimuli or receptors are driving the cough resporather in healthy or diseased
patients. Although some data exists to suggestTiR&V1 is involved in responses to

certain tussive stimuli, no one has yet charaadribe involvement of this or other ion
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channels in the response to many of the otheamtisubstances which are known to
produce cough. Furthermore, very little research lieen carried out to discover if the

same channels are driving the enhanced/excessigh abserved in disease.

1.2 Current therapies

Currently available anti-tussive therapies aredbrgffered over-the-counter (OTC) as
self-medication programmes, and are among the madely used OTC drugs.
However, many OTC remedies are believed only twigeorelief of the symptoms of
cough (e.g. lubrication of a dry throat), or to wiet a placebo effect (Karlsson & Fuller,
1999; Vassilev et al., 2009). Indeed, there aréata to support that OTC products are
effective in children under 2 years of age, and nmyact cause adverse events in
children fewer than 11 years of age (American Aoaglef Pediatrics, 1997; Centre for
Disease Control, 2007; Gunn et al., 2001; Vasstesl., 2009). In January 2008, the
U.S. Food and Drug Administration released an aalyisiotice recommending that
OTC cough and cold medicines not be used to treddiren under 2 years due to
potentially life-threatening side-effects (US Faowl Drug Administration, 2008).

Anti-tussive therapies can be grouped in to twdedsnt types: (i) peripherally acting
anti-tussives which directly target the afferentinomal pathways to inhibit cough, and
(ii) centrally acting treatments, which are genlgrabnsidered to be the most effective
anti-tussives currently available, and are thoughhbave their effect by suppressing a
putative cough centre within the central nervousteay (CNS). The major issue with
these treatments are the associated side-effeatlkiding drowsiness, constipation,
nausea, and in the case of opiates physical addid@elvisi & Geppetti, 2004;
Karlsson & Fuller, 1999; Reynolds et al., 2004)nEeke, cough presents as a significant
unmet medical need, and novel pharmacological @ues to treat cough (with fewer
and/or less severe side effects) are required. ilnportant to note that coughing is a
vital defence reflex that clears unwanted and p@ky dangerous matter from the
respiratory system. The ideal anti-tussive thenapyld therefore inhibit an enhanced
problematic cough without affecting the normal pative cough associated with health
benefits. Interference with the afferent signahisught to provide the best opportunity
for pharmacological intervention, as the putatisegh centre in the brain has yet to be

clearly defined, and may be diffuse. Developmenthefse therapies requires more in
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depth understanding of the underlying mechanisnet #xacerbate cough, and

appropriate pharmacological tools with which tolahe pathways involved.

1.3 Physiology of cough

The physiology of the cough reflex has been wedicdbed, and can be explained as
follows: rapid inspiration followed by an expirayoeffort against a closed glottis and
rapid generation of high intrapulmonary pressupglasive expiration results from
sudden opening of the glottis causing a high lineaocity of gas flow which sweeps
irritant material up towards the pharynx (WiddicamB002). The cough reflex is often
involuntary, but can be accurately mimicked on duntary basis. We do not yet
understand how the afferent nervous system is &ieulito generate the need to cough,
or where in the CNS this information is integratmud organised to generate motor
output (Fong et al., 2004). The cough centre of @GNS is believed to be in close
proximity to the nucleus tractus solitarius (NT8)here the afferent nerves which
mediate cough are known to synapse (Figure 1.1);closely linked to the respiratory
centre because a profound change in breathingrpastean integral part of the cough
reflex (Karlsson & Fuller, 1999).

1.4 Sensory nerves and the cough reflex

Airway afferent nerves express a number of differeceptors and ion channels that
modulate nerve activity when acted upon by phartogical agents. Cough can be
initiated by a wide variety of stimuli that triggepecialised peripheral cough receptors
(Figure 1.1). Opening of ion channels on the ainsagsory nerve terminals leads to
membrane depolarisation, and if this depolarisai®rof sufficient magnitude the
peripheral nervous system will send signals toGNS in the form of action potentials.
Action potentials are carried by subsets of airsansory fibres through the vagus
nerves to the medulla where they terminate in th& .Nsecond order neurons then relay
the message to a respiratory pattern generatomwitie CNS, resulting in activation of
motor neurons and initiation of the cough reflex. dddition, some mediators may
interact with the nerve terminals or ion channelsirthibit depolarisation, alter the
response to activating stimuli, or lead to chanigegene expression (Taylor-Clark &

Undem, 2006). Cell bodies of the vagal sensoryefiboriginate in the nodose and
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jugular ganglia, and branch in to the superiorriggal nerves (SLN) and recurrent
laryngeal nerves (RLN), which carry the airway ébrto the bronchi and trachea
(Belvisi, 2003; Canning et al., 2004). A summarytloé characteristics of each fibre
type is presented in Table 1.1. This data shoulohteepreted with some caution, as all
of this information has been extrapolated from expents on guinea pigs; and there is

yet to be any translational studies investigatiingay fibre types in humans.

1.4.1 Rapidly Adapting Receptors (RARS)

RARs are irritant sensory receptors that resporti vapid adaptation to mechanical
stimulation (e.g. bronchoconstriction, lung inftatj mucus production). They are
myelinated, A fast-velocity fibres that originate in the nodoganglia, terminate
predominantly in the airway epithelium, and areemstive to direct chemical
stimulation (though may be indirectly mechanicadiymulated e.g. with associated
mucus secretion or bronchoconstriction; Widdicon#8#)2). The evidence supporting a
role for RAR fibres in cough comes mainly from wonkth anaesthetised animals
(Tatar et al., 1994; Widdicombe, 1998). Howevehstances such as substance P and
histamine, that have been shown to stimulate RAReuanaesthesia, are ineffective at
causing cough (Canning et al., 2004; Chou et @D82 Although likely to be involved
in the cough reflex, these fibres have few tardetspharmacological anti-tussive

therapy.

1.4.2 Slowly Adapting Receptors (SARS)

Like RARs, SARs conduct action potentials in the rAnge. But the activity of these
fibres is not altered by stimuli that evoke coughd they are thus not believed to be
directly involved in the cough reflex. However,ghdoes not preclude the possibility
that SARs could facilitate the cough reflex by ertlpermitting or preventing RAR
activity (Reviewed in Canning & Mori, 2011; Cannireg al., 2006; Reynolds et al.,
2004).
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Figure1.1. Airway sensory nervesand cough.

Cell bodies for airway nerve fibres originate inawganglia, the jugular and nodose, which are
located under the ear bone within the head. Theayrfibres are carried via the vagus nerve,
where they terminate both in and under the airwaithelium (illustrated in the enlarged
panel). These fibres consist of the C-fibreg;naciceptors, polymodal #Afibres (also called
‘cough receptors’), rapidly adapting receptors (RARand slowly adapting receptors (SARS),
which sense both chemical and mechanical stimdlith®se fibres, the C-fibres and ‘cough
receptors’ are thought to mediate cough. Once dtited, information is carried to the nucleus
of the solitary tract (NTS), located in the medullthere the sensory fibres synapse. Second-
order neurons then relay the message to a respiyapattern generator, which activates
efferent motor neurons, and leads to cough. Thi@d also contain neuropeptides, which are
released upon nerve activation and cause neurogaflammation (Adapted from Grace et al.,
2011; Reynolds et al., 2004).

23



1.4.3 C-fibres

C-fibres are non-myelinated, chemosensitive, slelocity sensory nerves that
originate in both the nodose and jugular vagal Gangnd are found predominantly
within the airway epithelium (Figure 1.1). The chegansitivity of C-fibres makes them
attractive pharmacological targets for anti-tussirgatment, and they have therefore
been a major focus of research in the cough fiBWb types of airway C-fibres have
been identified, termed ‘bronchial’ and ‘pulmonaépending on their distribution
along the airways. Bronchial C-fibres are presarthe airway wall and are stimulated
by chemicals exposed to the bronchial/systemiculdton; whereas, pulmonary C-
fibres are located in the alveolar wall and actdaby chemicals exposed to the
pulmonary circulation (Coleridge & Coleridge, 1988ased on their presence at the
site from which the cough reflex can be triggelieds thought that bronchial C-fibres
mediate cough. Conversely, pulmonary C-fibres Hasen proposed to inhibit cough
(Widdicombe, 1995; Widdicombe, 2002), likely thrdugeneral inhibition of the
respiratory centre in the CNS rather than a spedaifhibition of the cough reflex
(Karlsson & Fuller, 1999). Stimulation of pulmonaB¢fibres triggers a chemoreflex
causing apnoea, rapid shallow breathing, bradyasadd hypotension. During apnoea
the respiratory rhythm generator is suppressedramiratory and expiratory efforts are
inhibited, during which time it is not possible trigger cough. In fact, suppression of
cough appears to be directly proportional to theemxto which respiration is inhibited
(Tatar et al., 1994).

C-fibres are activated by a wide range of stimmcluding food extracts (capsaicin,
wasabi, ginger, allicin, mustard oil), environméntaitants (vehicle exhaust, air
pollution, cigarette smoke, burning vegetation),d aendogenous inflammatory
mediators (prostaglandins, bradykinin) (Bautistaakf 2006; Caterina et al., 1997,
Kaufman et al., 1980). In the guinea pig, expodoreerosols of these compounds
causes cough in conscious animals (Birrell e28i09; Canning et al., 2006; Costello et
al., 1985; Kaufman et al., 1980; Lalloo et al., 39%aude et al., 1993), but fail to
induce cough under anaesthesia (Belvisi & Hele 626@rlsson & Fuller, 1999). It is
possible that stimulation of C-fibres causes améuio cough” sensation, leading to the
conscious generation of cough, which could explagnlack of effect under anaesthesia.

Indeed, C-fibre stimulants such as capsaicin amadiinin are associated with a dry

24



itchy sensation which is often associated with aywnflammation. Alternatively,
anaesthesia may disrupt a C-fibre specific coughatiing pathway, or differentially
upregulate inhibitory effects of pulmonary C-fitaetivation (Canning, 2002). C-fibres
also contain neuropeptides (tachykinins), suchubstance P (SP), neurokinin A and
calcitonin gene-related peptide (CGRP); and exprEssisient Receptor Potential
(TRP) ion channels. In the guinea pig, stimulabdC-fibre nerve endings, for example
by the TRPV1 agonist capsaicin, can result in glease of these neuropeptides which
subsequently cause local neurogenic inflammatiah @NS reflexes such as apnoea,
mucus secretion and smooth muscle contraction (Mbdobe, 1995; Widdicombe,
2002). This process appears to play an importdet irothe pathogenesis of airway
diseases in guinea pig models. Although, data peakifrom guinea pigs may not be
clinically valid, as the existence of neurogenilammation in humans has not been

comprehensively investigated (reviewed in Nasdiai.e 2010).

1.4.4 A nociceptors

Like RARs, A5 nociceptors are myelinated fast-conducting neurdhsse nerve fibres
differ from RARs in that their cell bodies origieain the jugular ganglia, they are only
modestly sensitive to mechanical stimulation, aedpond to chemical nociceptive
stimuli such as capsaicin and bradykinin. The pla@otogy of A nociceptors is
thought to be similar to that of C-fibres, but thaye yet to be systematically
investigated, and their contribution to the cougfiex is unclear. In guinea pigs it has
been found that & nociceptors become ‘tachykinin positive’ duringlammatory
disease states, and they may therefore play aindlee hypersensitive state seen in
airway disease (Carr et al., 2002; Myers et aD220

1.4.5 Cough receptors (polymodai Aociceptors)

The so-called ‘cough receptors’ can be defined xasgulmonary, myelinated, low
threshold mechanosensors that originate in the sedm@anglia and are activated by
punctuate mechanical stimulation, low chloride sohs and citric acid. These nerves
do not express TRPV1 or SP, and are insensitivdasical C-fibre stimulants such as
capsaicin and bradykinin. The cough receptor néitves are distinct from RARS in

that they conduct action potentials in a much slorange (approximately 5 m/s); and
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are insensitive to airway stretch, alterations imvay pressure, and smooth muscle
contraction evoked by histamine, which are stintbét readily activate RAR fibres

(Canning et al., 2004; Mazzone, 2004). Howeverardis such as capsaicin and
bradykinin which robustly cause cough in consciamsmals do not activate cough
receptors. It is possible that multiple cough patirsvexist which contribute distinctly to

different types of cough (e.g. defensive coughwge to cough); or that secondary
airway afferent pathways may evoke or modify covgbponses via interactions with
the primary cough pathway (Mazzone, 2004).

1.5 Transient Receptor Potential (TRP) channelsand cough

The original TRP ion channel was isolated from Bvesophila melanogastespecies

of fly, and was named for its unique property opliaying a transient instead of a
sustained response to bright light (Montell & Ruybib989). The TRP channel
superfamily are a group of cation-selective, putatsix-transmembrane-spanning
proteins with a pore region localised between treemabrane segments 5 and 6
(Caterina et al., 1997). These receptors can beredtirectly or indirectly activated by
intracellular and extracellular messengers, chendompounds, mechanical stimuli,
temperature changes and osmotic stress (Claphd8).Zlhus far, six TRP channels —
vanilloid 1-4 (TRPV1-4), melastatin 8 (TRPM8) anckgrin 1 (TRPAL) — have been
found to be expressed in the peripheral nervouesysand are activated by distinct
sets of irritants and a range of temperatures (Eig2) (Caspani & Heppenstall, 2009).
This list may not be comprehensive, as the aredRIP channel research is fast
expanding. Furthermore, since their discovery, TR® channels have been linked to
various roles in sensory perception, and associai¢ill a wide range of diseases
(Caterina et al., 1997; Nilius, 2007). As suchreatjdeal of research has focused on the
TRPs as pharmacological targets, and it is postlttat their expression profile could
be altered in disease states. An example of tladban discovered in patients suffering
from chronic cough, who show an increase in TRPW&pression in the lungs
(Groneberg et al., 2004). TRPV1 has a well-estabtisrole in cough, and two known
TRPV1 ligands (capsaicin and citric acid) are noefy used to assess the cough reflex

in humans and animals.
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Table 1.1. Characteristics of vagal afferent fibre types thdug be involved in the cough reflex.

C-fibres A nociceptors RAR fibres Cough Receptors
(‘A d-like”) (‘Polymodal AS fibres’)
Speed Small diameter, unmyelinated, Small diameter, myelinated, Myelinated, velocity 14-23 Myelinated, velocity 4-6 m/s
velocity <1 m/s velocity ~6 m/s m/s
Stimulus High-threshold High-threshold Low-threshold Mechanosensitive (punctuate)
sensitivity mechanosensitive (punctuate) mechanosensitive (punctuateijnechanosensitive
Chemosensitive (BK, PGE Chemosensitive (capsaicin, (punctuate, distension,
capsaicin, citric acid, acrolein BK, acid) stretch)
etc.)
Origin Jugular (neural crest) Jugular (neural crest) Nodose (placodal) Nodosz(ualal)

Nodose (placodal)

Termination Extrapulmonary and Extrapulmonary and Intrapulmonary
intrapulmonary intrapulmonary

TRP expression Yes Yes No

Neuropeptide  Yes jugular fibres No (but can become positive No

expression No nodose fibres during airways inflammation)

Extrapulmonary, few
intrapulmonary

No

No

Abbreviations: BK — bradykinin; PGE- prostaglandin £ TRP — transient receptor potential.
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1.5.1 Transient Receptor Potential Vanilloid 1 (NRFp

The mammalian TRPV1 receptor, also called Vanill®dceptor 1 (VR1) or the
‘capsaicin receptor’, was cloned and characterise@aterina and colleagues in 1997.
In this early study, TRPV1 was implicated in thesaion of noxious heat and pain
(Caterina et al., 1997). Since then, TRPV1 has ldemified as a polymodal channel
that is activated by irritant chemicals, changes pimysiological conditions, and
endogenous mediators, including low pH (gH) (Jordt et al., 2000), anandamide (Jia
et al.,, 2002; Kagaya et al., 2002; Zygmunt et H099), heat (Caterina et al., 1997),
bradykinin (Carr et al., 2003; Kollarik & Undem, @), neurotrophins (Ji et al., 2002),
prostaglandins (Moriyama et al., 2005), ATP (Torgmat al., 2001), and leukotrienes
(Hwang et al., 2000). It is presumed that TRPV1 foam hetero- and homomultimers,
which could help explain its polymodal sensitivitjowever, experimental evidence
along these lines is lacking (Tominaga & Tomina?@05). Interestingly, activation of
TRPV1 by vanilloid compounds, heat and protonslzawlissociated by mutagenesis of
amino acid residues. This indicates that stimult #wough either distinct or
incompletely overlapping channel regions, rathentla single agonist sensor domain
(Kuzhikandathil et al., 2001; Tominaga & Tominag@aps).

Though TRPV1 is a non-selective cation channeis ihighly permeable to calcium.
Calcium influx evoked by TRPV1 activation causesirogenic inflammation in the
guinea pig via the release of tachykinins, whicharca number of effector cells in the
respiratory tract (Joos et al., 2000). However,eguivalent neurogenic response in
humans has not yet been proven (Nassini et alQ)20RPV1 expression was initially
believed to be largely confined to nociceptive egt and was originally cloned from
rodent dorsal root ganglia (Caterina et al., 199%eed, TRPVL1 is highly expressed in
rodent afferent neurons whose cell bodies residdoirsal root, trigeminal or vagal
ganglia (Ahluwalia et al., 2000; Caterina et aBR917; Ichikawa & Sugimoto, 2003,
2004). But the TRPV1 receptor is now known to beranwidely distributed, and is
expressed by various neuronal and non-neurond, é¢edluding the skin (Denda et al.,
2001), urinary tract (Avelino et al., 2002; Wardadt 2003), bladder (Avelino et al.,
2002; Birder et al., 2001), and gastrointestinatttr(Anavi-Goffer & Coutts, 2003;
Poonyachoti et al., 2002; Ward et al., 2003). TRRXfression is also widespread in
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the rat CNS, including the hippocampus, olfactanglei, amygdala, hypothalamus and
cerebellum (Mezey et al., 2000).
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Figure 1.2. Temperature and chemical sensitivity of Transient Receptor Potential (TRP)
channels expressed in sensory neurons.

The ion channels TRPA1l, TRPM8 and TRPV1-4 are ss@dein the peripheral sensory
nervous system and mediate responses to noxiousglistThese ion channels are activated by a
range of temperatures, from noxious cold to noxibeat, as well as a number of natural
exogenous irritants. A growing number of endogenuesliators are also being discovered to

activate these ion channels (not illustrated).
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A great deal of research has focussed on the mlER®V1 in pain, where acute
application of capsaicin induces painful sensatismsh as burning, itching, piercing,
pricking and stinging. In animal studies, eithe thhibition of TRPV1 with a selective
antagonist or deletion of the TRPV1 gerlepyl") in mice blunts pain responses
(Caterina et al., 2000; Davis et al.,, 2000; Wallksr al., 2003). Therefore, the
pharmaceutical industry is extremely interestedd@veloping TRPV1 antagonists as
new and effective analgesics, and there are mangVIRantagonists currently in
clinical development. Clinical trials have had solngited success in alleviating pain
with TRPV1 antagonists (Patapoutian et al., 2086@wever, as discussed above, the
expression profile of TRPV1 is diffuse and as sgeheral antagonism of this receptor
could be associated with unwanted side-effectsrebtly, TRPV1 antagonists are
known to induce hyperthermia in a range of animabats, and a recent clinical trial
examining inhibition of dental pain with TRPV1 agtaists demonstrated increases in
core body temperature up to as much as 40°C (Getval, 2008). In response to this,
there has recently been some progress toward gengld RPV1 inhibitors that do not
exhibit hyperthermia (Lehto et al., 2008; Patapmutiet al., 2009; reviewed in
Gunthorpe & Chizh, 2009). Nevertheless, there #nergotential side-effects that may
have yet to be observed. For example, TRPV1-exipgeS®Nnsory neurons project to
both cardiovascular and renal tissues (Singh & pastie, 2009; Wang & Li, 1999;
Wang, 2005). Activation of these neurons can indbeerelease of neuropeptides, such
as CGRP and SP, which are potent vasodilators ametids, and could be associated
with cardioprotective effects (Wang, 2005). Inhilgt these neurons therefore has the
potential to produce unwanted cardiovascular sfteets, though as yet there is no
clinical data to support this (Patapoutian et2009).

An association between hypersensitivity to painp@rglgesia) and hypersensitivity in
the lungs (e.g. to tussive stimuli) has been pattdl Indeed, the classical TRPV1-
selective agonist, capsaicin, causes airway snraastle contraction and sensory nerve
activationin vitro (Belvisi et al., 1992; Patel et al., 2003) andgioin vivo (Lalloo et
al., 1995; Trevisani et al., 2004) in animal modelkich can be blocked with selective
antagonists (Lalloo et al., 1995; McLeod et al.Q&0Trevisani et al., 2004). Capsaicin
is also known to induce airway irritation and coughhumans (Doherty et al., 2000;
Fuller & Choudry, 1987; Laude et al., 1993). Furthere, there is evidence for an

increase in TRPV1 expression in the lungs in p#diesxhibiting chronic cough
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(Groneberg et al.,, 2004). As such, TRPV1 has betantified as a potential
pharamacological target for the development of ew-tussive therapies. Although
TRPV1 is activated by capsaicin and low pH, itas activated by many of the irritants
known to initiate cough, thus implicating one or mmther receptors in the cough

reflex.

1.5.2 Transient Receptor Potential Ankyrin 1 (TRPA1

TRPA1 (formerly ANKTM1), named for its multiple aphn domains in the N-
terminus, is the only member of the TRPA subfartoljnave been discovered thus far
in mammals. Human TRPA1l was first isolated in 1988 cultured fibroblasts
(Jaquemar et al., 1999). It was later discoveratl TRPAL ion channels are expressed
in a subset of TRPV1-expressing small diameterasptive neurons (Bautista et al.,
2005; Story et al., 2003), making this channel anpsing target for detection of
noxious stimuli, and suggesting an involvement mcpsses such as inflammatory
hyperalgesia and neurogenic inflammation (Andrelet2008; Bautista et al., 2006;
McNamara et al., 2007). Like TRPV1, TRPAL is a podgal non-selective cation
channel that is highly permeable to calcium. Sinsenitial discovery, a great deal of
research has focused on the role of TRPAL in nptme This has come about because
of the diversity of compounds that have been disped to activate TRPAL, including
environmental irritants present in air pollutioobacco smoke, and burning vegetation
(e.g. acrolein); compounds present in foods andupess (e.g. allicin, mustard oll,
wasabi and cinnamon); endogenous substances mledseng inflammation
(bradykinin, prostaglandins) and oxidation (4-hydrmonenal [4HNE] and 4-
oxononenal [4ONE]); and purportedly noxious coldhperatures (Andersson et al.,
2008; Bandell et al., 2004; Bautista et al., 20@605; Karashima et al., 2009;
Macpherson et al., 2007; Story et al.,, 2003; Ta@ark et al., 2008a, 2008b).
However, a role for TRPAL in cold sensation s#lnains controversial (Bautista et al.,
2006; Jordt et al., 2004; Nagata et al., 2005; diglet al., 2007; reviewed in Caspani
& Heppenstall, 2009).

The mechanism(s) behind how many of this divers@seompounds activate TRPAL
channels remains elusive. However, Macpherson atidagues (2007) observed that

several compounds which activate TRPAL are elebtiep that react with cysteines,
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and subsequently demonstrated that these ligatidateCcTRPAL by covalently binding
to cysteine residues within the cytosolic N-ternsinlihe molecular mechanism linking
covalent bonding to channel gating has not bedn @llicidated, but it has been shown
that a single amino acid change in rat TRPAL inSberegion determines whether the
channel is activated or inhibited by a compoundPAR is also known to be activated
by many non-electrophilic phytochemicals and sogmghetic compounds, possibly in
the traditional receptor-ligand binding fashion édhet al., 2008; Hinman et al., 2006;
Macpherson et al., 2007; reviewed in Bang & Hwa@))9). In addition, it is thought
that intracellular calcium release can directlyivate cation influx through TRPAL
channels (Zurborg et al., 2007), raising the polyilthat TRPAL1 could act as an
amplifier of other signals that increase intradaliucalcium. Also, G-protein coupled
receptors may activate TRPAL via intracellular selemy messengers (Bandell et al.,
2004; Bautista et al., 2006).

Until very recently, it was thought that TRPAl1 esgsion was restricted to the
peripheral sensory neurons (Patapoutian et al.9)2@ut there is a growing body of
literature now suggesting that TRPA1 may be moréegpread throughout the body,
including cells such as fibroblasts, epithelialself the bladder and prostate gland, and
on central terminals of sensory nerves in the $gioia (reviewed in Rech et al., 2010).
It is interesting to note that these cells playimportant role in chronic inflammatory
diseases, further implicating TRPAL as a detectorogious stimuli and tissue damage
(Rech et al., 2010). As with TRPV1, activation bEtTRPAL ion channel has been
associated with sensations of pain. A large nurobehemical irritants that induce pain
have been found to activate the TRPA1l receptorludiveg allicin, acrolein, and
formalin. This has generated great interest, armeafor TRPAL in various pain states
has now been established, including acute, inflatomand neuropathic pain. Due to
the scarcity of pharmacological tools, a large paHrtthe evidence has come from
models using genetically modified mice that havel tlae TRPA1 gene selectively
deleted Trpal’). The recent development of TRPAl-selective antag® has enabled
scientists to pharmacologically verify the conttibn of TRPAL to pain sensation. In
acute pain modelsTrpal” mice show fewer nocifensive behaviours than wjipet
controls with intraplantar injection and topical pipation of the TRPA1 agonist
mustard oil, but cells fronTrpal” mice displayed normal responses to the TRPV1

agonist capsaicin (Bautista et al., 2006; Kwanl.e@06). Similarly, pretreatment with
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a TRPALl-selective inhibitor significantly attenuditgcute nocifensive responses in rats
evoked by injection of mustard oil into the hindpékid et al., 2008); and reduced
nocifensive behaviours in mice treated with the ARRgonist cinnamaldehyde, but
not the TRPV1 agonist capsaicin (Petrus et al.7200

A growing number of pro-algesic endogenous compsuwnthich are released in
association with tissue injury, inflammation anddative stress have been identified as
activators of TRPAL. Reactive electrophilic alkenauch as 4HNE and 4ONE,
metabolites of arachadonic acid (e.g.15-d-P8EA), hydrogen peroxide (D), and
lipids (e.g. 4-oxo-2-nonenal and 4-hydroxyhexemadluce pain-associated behaviours
when injected in to the hindpaw of wild type mite.contrast, these pain behaviours
are blunted when the same compounds are injectedtie paw ofTrpal” mice
(Andersson et al., 2008; Materazzi et al., 200&viBani et al., 2007). Moreover,
activation of isolated trigeminal neurons by theabelite 15-d-PGjylis inhibited by the
TRPA1 antagonist HC-030031 (Taylor-clark et al.0&0); and activation of trigeminal
neurons by bradykinin, an endogenous mediator settaduring inflammation, is
attenuated in neurons cultured frdpal’ mice in comparison to wild types (Bautista
et al., 2006). Following injection of bradykinin to the hindpawTrpal” mice also
show deficits in withdrawal latency to a heat seurompared to wild types (Bautista et
al., 2006). This data suggests that bradykinin-tedureductions in threshold to noxious
heat are at least partially mediated via the TR channel. In addition, there is
evidence that TRPAL is involved in neuropathic paimvolving sensitisation of
nociceptors resulting from damage to the peripheratentral nervous system (Eid et
al., 2008; Obata et al., 2005), implicating a palssrole for TRPAL in chronic disease

states.

Since the discovery of the TRPA1 channel, it haanlgostulated to be associated with
respiratory irritation. A number of studies havenbastrated that stimulation of TRPAL
activates the vagal bronchopulmonary C-fibres imga pig and rodent lungs (Bessac
et al., 2008; Nassenstein et al., 2008; TayloriCktral., 2008a, 2009), and there is
evidence that TRPAL may be involved in hypersensitio noxious stimuli in disease

states (Petrus et al., 2007). The above evidencwléhe proposal that TRPAL1 may be
central to cough induced by a number of environadesiid endogenous irritants, and

could play a role in excessive cough seen in desstees. Indeed, since beginning this
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project, both our lab and others have demonstritatd TRPAL1 agonists can induce
coughing in humans and guinea pigs, and that ffestds blocked by TRPA1-selective
antagonists (André et al., 2009; Birrell et al.02p

1.5.3 Multimerisation

Because TRPA1 and TRPV1 are co-expressed on semsorgns, there is a possibility
that they may co-operate or form heteromultimehamnels to activate nociceptors and
elicit functional responses. Indeed, it has begussted that TRPA1 channels could be
activated by an overflow of calcium in the locakeother activated channels, without
ever being modified by a reactive ligand. FurtheendRPAL1 channels could act to
amplify other calcium-mobilising pathways, includiactivation of TRPV1 (Cavanaugh
et al., 2008; Zurborg et al., 2007). There is enatefor this type of coupling with
bradykinin signalling in trigeminal neurons (Batdi®t al., 2006). Whether this sort of
cooperation exists in generating cough has yeetddtermined.

1.6 Endogenous mediator sinvolved in cough

Many compounds are released in the body in respdonsdissue injury and
inflammation. This could be important, particulanydisease states where there is an
increase in the release of endogenous inflammatagiators within the airways. For
example, PGE and bradykinin are thought to be involved in hge@sitisation to
tussive stimuli leading to chronic cough (Choudryale, 1989; Fox et al., 1996) has
also been observed that patients who suffer frororet cough exhibit a decrease in
lung pH in comparison to healthy individuals (Hettal., 2000; Kostikas et al., 2002).
As well as sensitising the cough reflex, BGBK and low pH are also capable of
inducing cough when inhaled in aerosolised formai@hry et al., 1989; Costello et al.,
1985; Katsumata et al., 1991, Lalloo et al., 1989&her et al., 2009). It is therefore
possible that enhanced release of these mediatoxammatory airways disease could
sensitise patients to environmental irritants timaiuce cough; or if the endogenous
concentration reaches high-enough levels to aetiamivay sensory nerve endings, they
could in fact cause cough. However, we do not kinow these endogenous ligands
mediate their tussive effects, either in healthgiividuals or when associated with

respiratory disease.
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1.6.1 Prostaglandin £

Series 2 prostaglandins (P&SBEPGD,, PGhb, PGFR, and thromboxane [Tx]A are
endogenous products of arachadonic acid metaboksmd, are involved in a large
number of pathophysiological processes, includimjjammation. Upon release,
prostaglandins may interact with a number of G gimtoupled receptors (GPCRS)
which are loosely divided in to EP, DP, IP, FP dfdsubtypes, named for the type of
prostanoid to which the series 2 prostaglandingepeatially bind — PGE PGD,, PGb,
PGF, and TxA, respectively. In addition, the EP receptor has fkcnown isoforms
(termed EPR through ER). These GPCRs couple to one of a number of G-orote
complexes that can have a variety of effects. leantlore, there is a relative amount of
cross-reactivity between the prostanoid ligandstaedamily of GPCRs. Thus, the area

of prostanoid research can be particularly comfgitgBos et al., 2004).

In contrast to its effects in other parts of thelypdMcCoy et al., 2002; Wilgus et al.,
2002) PGE appears to have protective properties in the l(fHdgy et al., 2006; Martin
et al., 2002; Walters et al., 1982), and has beéentified as a potential therapy for
asthmatics due to its anti-inflammatory and bromuitlator effects (Kawakami et al.,
1973; Melillo et al., 1994; Walters et al., 198Rpwever, the development of P&&s

a treatment for airways disease has been hindaredtal the reflex cough observed
when it is inhaled (Costello et al., 1985; Gauvregaal., 1999; Kawakami et al., 1973;
Melillo et al., 1994; Pavord et al., 1993). In actance with this, PGEhas been shown
to excite airway afferent nerves which initiate togh reflex (Coleridge et al., 1976;
Maher et al., 2009).

The GPCR through which PGEprovokes cough was recently identified as the EP
isoform (Maher et al., 2009). Signalling downstreafrthe initial G-protein activation
must ultimately lead to gating of ion channels mley to lead to a net change in
membrane potential, but our understanding of thehaeisms behind PGHEnduced
cough is limited. There is some evidence for a mieTRPV1 in PGEk-associated
nociception in the pain field, whereby P&BEduced paw oedema in mice is inhibited
with TRPV1-selective antagonists (Claudino et 2006). It is possible that the acute
tussive effects of PGEare also at least partially mediated via activatd the TRPV1

ion channel, which is already well-known to induceughing. TRPAL is another
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promising candidate for mediating acute cough t&EP&imulation. As discussed in
section 1.5.2, TRPA1 has been implicated in theea®n of noxious stimuli, and
mediates the response to numerous irritant gasets,drapours and chemicals linked to
cough; furthermore, TRPAL is co-expressed with TRRM sensory neurons that
innervate the airways (Bandell et al., 2004; Baatist al., 2006, 2005; Jordt et al.,
2004; Simon & Liedtke, 2008; Story et al., 2003yba-Clark et al., 2008a, 2008b).

PGE has also been implicated in the aetiology of clraough, as PGEproduction is
known to be upregulated in inflammatory airwaysdse (Choudry et al., 1989; Ho et
al., 2000; Kwong & Lee, 2002; Lee et al., 2002) aodld therefore contribute to the
pathophysiology of cough associated with such disealindeed, it has been shown that
inhalation of PGE can subsequently enhance the cough response w®aiciap
stimulation in healthy human volunteers (Choudralet1989). This effect is proposed
to occur via sensitisation of the pulmonary affénearves, a theory supported by the
finding that a low dose of exogenous RGiarkedly enhanced the excitability of vagal
pulmonary C-fibres to capsaicin stimulation in asthetised rats (Ho et al., 2000).
Sensitisation of TRPV1 probably occurs due to phosgation of the TRPV1 receptor
downstream of GPCR activation, subsequently enhgnttie excitability of the ion
channel (Kwong & Lee, 2002; Lee et al., 2002). Altgely, PGE release associated
with inflammatory airways disease could directlguice coughing via opening of ion
channels downstream of the #BPCR, if the endogenous concentration reaches high

enough levels to induce sensory nerve activatioah@ et al., 2009).

1.6.2 Bradykinin

Bradykinin (BK) is an amino acid peptide which igrded from the precursor
kininogen during inflammation and tissue injury. Bnds to the Band B GPCRs,
through which it mediates a plethora of effects the airways including
bronchoconstriction, bronchodilation, mucus seorgtistimulation of sensory nerve
afferents, and cough. A number of the effects aasmtwith BK are indirect, caused by
the subsequent release of other endogenous medsaiton as prostanoids and nitrous
oxide (Ellis & Fozard, 2002).
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BK activates C-fibres (Kaufman et al., 1980; Rewsokt al., 2004), and has been
shown to induce cough in both conscious animalsii@a, 2007; Canning et al., 2006;
Kaufman et al., 1980) and humans (Choudry et 8891 Herxheimer & Stresemann,
1961; Katsumata et al., 1991). In cultured trigeathimeurons, application of BK elicits
a robust calcium influx, which is partially attetee in cells cultured fronTrpal’ or
Trpvl” mice (Bautista et al., 2006). Bautista and collsgpropose that a functional
coupling may exist between TRPA1 and TRPV1 in B#nsailing, whereby TRPVL1 is
activated upstream via production of phospholigasend phosphokinase A. Low-level
calcium influx through TRPV1, combined with releasfeintracellular calcium stores
could then enhance the activation of TRPAL, whies been proposed to be directly
gated by intracellular calcium release (Jordt et 2004; Zurborg et al., 2007). It has
also been postulated that BK may be acting indyeeta production of other
endogenous mediators, such as prostaglandins ad@iipoxygenase products of
arachadonic acid (Newton et al., 2002; Rodgers. e2@02; Shin et al., 2002; Zhang et
al., 2008).

The GPCR through which BK elicits its tussive eféeis not known. The Breceptor is
inducible, and not normally constitutively expresg€alixto et al., 2000), and as such
does not usually mediate the effects of BK undamab conditions. In contrast,,B
receptors have been identified in most tissuess(RBllIFozard, 2002), and the majority
of pharmacological effects of kinins can be attrdouto B activation. Thus it is likely
that the effects of BK in the airways are mediatedthe B receptor. However, as the
B1 receptor is inducible by proinflammatory agentiss isoform may be involved in the
hypersensitivity to BK observed in disease statgs a&thma (Ellis & Fozard, 2002).
As mentioned above, BK is released as an endogdnepsoduct of inflammation and
thus high levels of BK are found in patients witlilammatory airways disease. High
endogenous concentrations of BK are proposed tasbeciated with the development
of enhanced cough, as BK sensitises sensory nespemses to capsaicin stimulatian
vitro (Fox et al., 1996; Hwang & Oh, 2002). Inhibitiohtbe breakdown of BK in the
airways has also been linked to cough associatéld patients taking angiotensin-
converting-enzyme (ACE) inhibitors as a therapy lieart disease (Fox et al., 1996;
Katsumata et al., 1991). ACE normally degrades gedous BK, and thus it is thought
that ACE inhibitors cause BK to accumulate, whielbsequently sensitises airway

sensory nerves and augments the cough reflex. Aaneed cough response with ACE
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inhibitor treatment has been demonstrated in a eguipig model, which was
successfully inhibited by aBreceptor antagonist (Fox et al., 1996). Theref@i€,

could be associated with enhanced cough in disstaes either by increasing the
excitability of afferent sensory neurons to othessive stimuli; via the production of
other endogenous mediators that stimulate couglif, the BK concentration reaches
high enough levels, coughing could be directly astated by opening of ion channels

downstream of the associated GPCR, thereby acttyafferent sensory nerve endings.

1.6.3 Low pH

The balance of pH within the body is maintainedhwita narrow range in healthy
individuals. Accordingly, cells possess mechanisonsvhich to sense deviations from
normal pH. It is therefore not surprising that acattivate nociceptive neurons within
the lungs, triggering a powerful reflex cough irttbanimals and humans. Indeed, citric
acid is a well-established tussive agent thateguently used to assess potential anti-
tussives, and the hypersensitvity associated wiseade states (Karlsson & Fuller,
1999; Morice et al., 2007, 2001). Low pH-inducedigio is partially mediated via the
TRPV1 ion channel, but it is not currently knownwhgrotons cause ion channel
opening. Acidic solutions evoke ionic currents whegplied to outside-out but not
inside-out membrane patches excised from HEK293s cekpressing TRPV1,
suggesting that protons act on TRPV1 in the exlrdae domain, in contrast to
capsaicin which interacts at an intracellular/imteanbrane site (Tominaga et al., 1998).
It has been shown that activation of TRPV1 by Vaiulcompounds, heat and protons
can be dissociated by mutagenesis of amino acidues, indicating that these stimuli
act through either distinct or incompletely ovefdaqy channel regions (Kuzhikandathil
et al., 2001; Tominaga & Tominaga, 2005). This miagve implications for
development of future TRPV1 antagonists, as it saggthat it may be possible to
block the capsaicin and/or low pH binding sites haiit affecting temperature
regulation, as hyperthermia is a confounding faatitn the currently available TRPV1

tools. This is briefly discussed in section 1.8.4.

Though low pH is mediated partially via TRPV1, & not known what other ion
channel(s) are involved. Again, TRPAL is a likejndidate, as it is co-expressed with

TRPV1 on sensory nerves, and mediates the effecta oultitude of noxious
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compounds. Moreover, TRPAL1 has been implicatedeiteaing high pH in cellular
assays, andh vivo models of pain (Dhaka et al., 2009; Fujita et 2008). Recently, it
has also been suggested that TRPAL1 may senseicatidifi of the intracellular
environment (Garrity, 2011; Wang et al., 2011).sTHs in contrast to TRPV1, which

senses extracellular changes in pH (Tominaga,et398).

In addition to C-fibres, low pH activates the couglteptors, and induces coughing
under anaesthesia (Canning et al., 2004; Chou,e048). Therefore, the mechanisms
behind the tussive effects of low pH may be morenglex than that of the other
mediators examined in this thesis. In 2002, Kdila&& Undem observed two distinct
responses to low pH stimulation in vagal affergmtsjecting to the airways. Of the
fibres tested, both RAR-like afferents and C-fibresponded to rapid acidification,
with rapidly adapting properties. In addition, ®fts showed sustained activation in
response to slow reduction in pH, whereas the RibRe$ displayed no sensitivity to
this type of stimulation. The slowly inactivatingsponse in C-fibres was attenuated
with TRPV1 antagonists, but the rapidly adaptingpmnse was not affected in either
fibre sub-type. This led the authors to propose $&parate mechanisms for the acid-
induced response in airway C-fibres: the slowlypdith response which allows
continuous monitoring of pH and is mediated by TRPYnd a transient rapidly-
adapting response displaying characteristics simdathat of the Acid Sensing lon
Channels (ASICs), which are also known to be exy@@n sensory neurons. In this
instance, it is also possible that thé ffores could contribute to cough induced by rapid
acidification, such as aspiration or inhaled imt&a It is not yet known if the transient
response in C-fibres anddAibres are mediated via ASICs, or even via the esaon
channels; or indeed how they contribute to low pHediced coughing (Kollarik &
Undem, 2002; Kollarik et al., 2007). The role of IES and other receptors in acid-
sensitive sensory pathways await more definitivestigation.

The five isoforms of ASIC ion channels (ASICla, £3%b, ASIC2a, ASIC2b and
ASIC3) are members of the degenerin/epitheliumwsadihannel (DEG/ENaC) family
of sodium channels that are gated by protons. Tioesehannels are widely expressed
in the nervous system, and have been implicated mnge of functions including
peripheral sensory transduction (Gu & Lee, 2006lldi& & Undem, 2002). ASIC

channels form both homo- and heteromultimeric cklin vivo, the composition of
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which determines the kinetics of pH threshold amebtcourse of activation (Hesselager
et al.,, 2004). Hence, these channels have the itagacsense a wide array of pH
throughout the body, from pH 7 to pH 4; and thesponse pattern can range from large
and transient currents in response to rapid acatibn, to sustained currents in the
continuous presence of acid. This would then theaéy correlate to either a rapid
burst of action potentials, or sustained actioneptal discharge in sensory nerves
(Kollarik et al., 2007).

ASIC-like currents have been observed in airwayavagnsory neurons in both rats and
guinea pigs (Gu & Lee, 2006; Kollarik & Undem, 200Zhe transient, rapidly-
inactivating profile of the responses suggests tinase currents could be mediated by
ASIC1 or ASIC3 ion channels. Interestingly, rat DR@urons express both of these
ASIC subunits. Specifically, medium-to-large diaaretheurons (corresponding to
myelinated A-fibres) express both ASIC1 and ASIC3 subtypes, rede small
diameter neurons (corresponding to C-fibres) exgpesdominantly ASIC1 (Alvarez de
la Rosa et al., 2002). Unfortunately there are $&ective pharmacological tools with
which to probe these pathways, and this area ieducomplicated by the propensity of
ASIC subunits to form heteromultimeric ion channélswever, it could be possible to
determine a role for specific channels in the ggalediated response to low pH by
using genetically modified mice with selected ASd€nes deleted (e.d\sicI” and
Asic3").

Patients with airway inflammatory disease exhibweér airways pH in comparison to
healthy individuals. Indeed, expired breath condensn patients suffering from
asthma, COPD and bronchiectasis can be up to @rtteys lower than control subjects
(Hunt et al., 2000; Kostikas et al., 2002). Intéregy, the threshold for TRPV1 channel
opening is reduced in the presence of low pH le(@&r, 2004; Caterina et al., 1997).
As inflammation is associated with a lowering of/giblogical pH in the lungs, it could
be postulated that airways acidity might sensiisesory nerves, and contribute to the
development of cough hypersensitivity in diseasatest Due to methodological
difficulties, the degree of acidification at therveay nerve terminals has not been
assessed, and as such we do not know the envir¢éanoenditions at the point where
the associated acid-sensitive ion channels areéddcé is possible that pH within the

lungs could physiologically reach a level at whioch channels are not only sensitised
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but activated, thus leading to cough with no rezgent for an external stimulus. Low
pH could, therefore, be involved in the developnantough hypersensitivity by either
sensitising sensory afferents to stimulation byeoitritants; or may cause cough if lung
pH becomes acidic enough to activate the airwagsgrafferents.

1.7 Cough in inflammatory airways disease

Inflammation is a complex physiological processieBy, tissue injury caused by
physical or chemical stimuli leads to vasodilatatian increase in blood flow, vascular
permeability and subsequent cellular recruitmerth#osite of injury. The cells that are
recruited depend on the type and severity of injuviiich is a biochemical process
regulated by inflammatory mediators (Claudino et 2006). Thus far, the mechanisms
driving excessive cough associated with inflammatbseases have been elusive. Both
the central and afferent nervous systems are camdladapting to their environment,
and external influences such as disease, injuryiaffi@mmation are able to induce
changes in expression of various genes involvethénproduction of neuropeptides,
neurotransmitters, and ion channels (Taylor-ClarkJ&dem, 2006). We do not yet
understand this neuroplasticity with regard to d¢eagsociated pathologies, but it is
possible that exposure to tussigenic agents cead to long or short-term changes in
the peripheral sensory nerves; or in the centralaus system, for example the NTS

where airway sensory nerves synapse (Lee & Unde68)2

Studies on subgroups of patients have shown thatcttugh reflex associated with
respiratory viral infections, gastro-oesophagedluxe COPD and ‘cough-variant’
asthma are hypersensitive to capsaicin challengenwdompared to normal controls
(Doherty et al., 2000; Higenbottam, 2002; Nakajebhal., 2006; O’'Connell et al., 1996;
Pecova et al., 2008; Plevkova et al., 2006). Thggests that there may be a common
mechanism behind the augmented cough reflex iretdeseases. As discussed above,
the threshold for TRPV1 channel opening is reduoeithe presence of low pH levels
and inflammatory mediators. Since inflammation ssaxiated with a lowering of
physiological pH in the lungs (Hunt et al., 2000pstikas et al., 2002), and enhanced
release of endogenous inflammatory mediators sadPGE and bradykinin (Choudry
et al.,, 1989; Ellis & Fozard, 2002; Ho et al., 20Q@e et al., 2002), it could be

postulated that this is at least partially invohredhe hypersensitivity seen to capsaicin
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stimulation in inflammatory disease. Furthermore,carelation between TRPV1
expression and chronic cough has been establismelduinans, whereby there is
increased TRPV1 channel density in the airways aifepts suffering from chronic
cough in comparison with healthy controls (Grongbet al., 2004). Thus, there is
growing evidence that the TRPV1 ion channel cowddrvolved in chronic cough of
various aetiologies. As yet there are no equivaktnties investigating changes in
expression of other ion channels during diseagesstessociated with excessive cough.
However, an increase in TRPAL1 expression in senseryes has been observed in
models of pain (Diogenes et al., 2007; Obata £2805).

Studies investigating pain states have found tratronal inflammatory signalling
pathways converge on both the TRPA1 and TRPV1 laneels to enhance C-fibre
excitability via phospholipase C and protein kindsdependent mechanisms. It is this
process which could enable these receptors to bprnategrators of diverse
inflammatory signals. Moreover, inflammatory oxitgripid products and protons can
promote the activity of these ion channels, botlbugh direct interaction and covalent
modification of the receptor. Activation of the TRP receptor via covalent
modification is likely to be significant in pathgizal situations, given that oxidant
stress induced by either an inflammatory respoosdyy exogenous irritants such as
tobacco smoke, can generate reactive electrophdiecules including acrolein, 4-HNE
and 4-ONE (Bautista et al., 2006; Taylor-Clark ket 2008a; Trevisani et al., 2007).
Production of these compounds could then lead tmltiog via activation of TRPA1
ion channels. This may be of particular importancéighly polluted areas such as
large cities, or in occupations where workers dnemically exposed to high levels of
environmental irritants. Moreover, lipid metabolisoan lead to the formation of
endogenous electrophilic compounds e.g. cyclopentory-containing A- and J-series
prostaglandins, which are formed as non-enzymagigdration products of PGEnd
PGD,, respectively. Prostanoids that contain one or elextrophilic carbons (e.qg.
15PGY, D12-PGY, 84s0-PGA,, and PGA) are therefore able to activate nociceptive
neurons via direct interaction with TRPAL (Tayloafk et al., 2008b). Prostaglandins
such as PGEand the inducible form of cyclooxygenase (COX-2¢ @levated in
respiratory disease states at the site of inflanaomgMontuschi et al., 2003; Nemoto et
al., 1976; Profita et al., 2003). Taken togethérs information would suggest that

reactive prostanoids and other endogenous TRPAdndy which are produced in
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greater amounts during inflammation or oxidantsstyeould evoke the excessive cough
seen in conditions such as asthma and COPD (Batrall., 2009).

1.8 Novel Therapeutic Targetsfor Cough

Medications currently available for cough showdigfficacy, and are associated with a
number of side-effects (Karlsson & Fuller, 1999;)yRads et al., 2004; Schroeder &
Fahey, 2002). In fact, certain therapeutic stra®dor excessive cough associated with
respiratory disease do not utilise anti-tussipes se but rather treat the underlying
condition. However, in many cases this type ofdbgrdoes not alleviate the associated
cough. The ideal anti-tussive therapy would suppady enhanced cough associated
with disease, while leaving the protective parttlod reflex functional. It is not yet
known if enhanced cough is due to peripheral otraésensitisation, or a combination
of both, which makes selective targeting of exaessiough difficult. In general,
centrally-acting suppressants are associated watlrotogical side-effects such as
sedation, nausea and physical dependence, whids lineir effective use. In contrast,
peripherally acting anti-tussives exert their etffday targeting peripheral sensory nerve

afferents, and could potentially provide a betigsraach than centrally acting drugs.

1.8.1 Opiates

Currently, the most effective cough therapies afrghe opioid class, for example
codeine, morphine and dihydrocodone. These agoargtsthought to act on opioid
receptors both centrally and peripherally, and associated with a number of side-
effects. Codeine is associated with fewer sideetdfehan other opioids, and is
consequently considered the gold-standard in assite therapy (McLeod et al., 2010;
Reynolds et al., 2004). Dextromethorphan was deeslcas an isomer of the opioid
levomethorphan, but acts on sigma receptors rdthean classical opioid receptors.
Because dextromethorphan has no analgesic or sedatbperties, it is used as a
constituent in many OTC preparations (Belvisi & @efti, 2004). New opioid peptides
are also being investigated which do not bind ® thassical opioid receptors. For
example, nociceptin/orphanin FQ which binds tokl@P1 receptor has been shown to
display anti-tussive activity in guinea pigs andsc@.ee et al., 2006; McLeod et al.,

2002). This anti-tussive activity was blocked bM@P-selective antagonist (McLeod et
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al., 2002). Thus, selective NOP receptor agonigsaw in clinical development, and
could provide a novel therapeutic approach to thatment of cough (McLeod et al.,
2010).

1.8.2 GABA receptor agonists

Baclofen is an agonist of theaminobutyric acid (GABA)-B receptor, which has bee

shown to inhibit capsaicin-induced cough in animmeddels (Bolser et al., 1993) and
healthy human volunteers (Dicpinigaitis & DobkirQ9r). Baclofen is thought to be

centrally active, but there is evidence that apbeally-restricted analogue also has
anti-tussive activity (Bolser et al., 1994). Theref both centrally and peripherally

acting GABA agonists might be useful in the treattr@ cough.

1.8.3 Cannabinoids

Associated side-effects have hampered the usem$e@lective cannabinoid compounds
in therapeutic treatment (Belvisi et al., 2008;ePat al., 2003). Cannabinoids mediate
their effects via two known GPCRs, the C&nd CB receptors. In rodents the €B
receptor is predominantly expressed throughoutGh&s, but is also present at low
levels in the periphery (Buckley et al., 2000; Harkam et al., 1991). In contrast, the
CB; receptor is found for the most part in the perfghprimarily in immune-associated
tissues such as the spleen, tonsils and lymphqayteyeas expression is limited within
the CNS (Buckley et al., 2000; Galiegue et al.,5t90riffin et al., 1997; Munro et al.,
1993). Therefore, there is renewed interest in kdgiteg CBy-selective agonists as these
are likely to be devoid of the CNS mediated sideat$ of the older cannabinoid class
therapeutics. Indeed, a gBelective agonist has been shown to inhibit sgnserve
depolarisation to a number of tussive stimalivitro, and coughing induced by citric
acid in vivo. Moreover, this effect was blocked by a £Zlective antagonist, thereby
confirming the selectivity of the GBagonist compound (Belvisi et al., 2008).
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1.8.4 TRPV1 antagonists

TRPV1 is one of the most promising targets idesdiffor cough therapy in the last
decade. The efficacy of TRPV1 antagonists have les¢ablished in preventing both
citric acid and capsaicin-induced cough (Lallooakt 1995; Trevisani et al., 2004).
Moreover, chronic coughers of various aetiologidsitat higher expression of TRPV1
in the airways when compared to ‘healthy’ countegpdGroneberg et al., 2004),
indicating TRPV1 inhibitors as a potential therapydisease. Though, it is of concern
that drugs of this class may lead to unexpected-aiticts if they become generally
available to the public, as TRPV1 is widely expessthroughout the body. One issue
which has already been identified is that currerdijailable TRPV1 antagonists
consistently cause hyperthermia, leading to thegesigpn that TRPV1 is tonically
active in thermoregulatory pathways (Gavva et24(08; Lehto et al., 2008). This side-
effect is a potentially confounding factor in thenical development of TRPV1 drugs,
as current research investigating inhibitors tleahdt affect body temperature have had
only limited success (Lehto et al., 2008). Desfiiis, a number of TRPV1 antagonists
are currently being developed as anti-tussives amalgesics (Gunthorpe & Chizh,
2009).

1.8.5 Bradykinin receptor antagonists

Bradykinin elicits coughing in man (Choudry et 4989; Katsumata et al., 1991). ACE
inhibitors have also been extensively reportedaiose coughing in humans, an effect
which has been suggested to be caused by accuomulati substances which are
normally metabolised by ACE, including bradykini€atruthers, 1986; Fuller &
Choudry, 1987; McNally, 1987). In agreement withstlypothesis, a Breceptor
antagonist was shown to inhibit ACE inhibitor-in@dccough in guinea pigs (Fox et al.,
1996). More recently, it has been discovered tleaetc polymorphisms exist for the
BDKRB2 and PTGERS genes (encoding the bradykinimfl prostanoid EFGPCRs,
respectively), and that these polymorphisms areceésted with ACE inhibitor cough
(Grilo et al., 2011). This is a very interestingding, as it is known that bradykinin
causes cough via the BPCR (Fox et al., 1996), and P&#auses cough via activation
of the ER GPCR in guinea pigs (Maher et al., 2009). In addito causing cough,

bradykinin can also sensitise C-fibres to activatiy other tussive mediators (Fox et
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al., 1996). According to this data, the cough pefteuld theoretically be inhibited with
bradykinin B receptor antagonists, and may be effective inadisestates where

bradykinin is abundant in the lungs.

1.8.6 ER receptor antagonists

Prostaglandin Ehas beneficial properties in the lungs (Kay et 2006; Martin et al.,
2002; Walters et al., 1982), and has been idedtdga potential therapy for asthmatics
due to its anti-inflammatory and bronchodilatoreets (Kawakami et al., 1973; Melillo
et al., 1994; Walters et al., 1982). UnfortunatégE therapy induces coughing as a
side-effect. Current theory suggests that the hankéffects of PGEmay be able to be
separated from its detrimental effects by selebtivargeting the associated GPCRs
(Maher et al., 2009). Indeed, it has been estadigshat PGEinduces cough via the
EP; receptor (Maher et al., 2009), whereas recent eexie suggests that the
bronchodilator effects may be mediated by the Efeeptor (Buckley et al., 2011).
Thus, cough associated with P&GEould be inhibited by EPselective antagonists
without affecting the beneficial properties of PGfithin the airways. Furthermore, this
therapy could be useful in disease states assdaiatle an increase PGproduction in
the airways where cough is an aggravating symptomas a therapy for coughing
elicited by medications, for example ACE inhibit¢see section 1.8.5).

1.8.7p,-adrenoceptor agonists

B.-adrenoceptor agonists are currently one of the tnedtective bronchodilator
treatments available, and are extensively used Ileviae bronchoconstriction
associated with respiratory diseases such as COBRsthma (Barnes, 2010a, 2010b;
Campbell et al., 2005). The potentialfpfadrenoceptor agonists as a therapy for cough
has been controversial. A number of clinical triadéve reveale@, agonists to possess
anti-tussive properties in both healthy volunte@rewry et al., 1987) and chronic
cough pathologies associated with allergic (Ellutdlef, 1983) or obstructive
conditions (Campbell et al., 2005; Chong et al.0®20Mulrennan et al., 2004;
Pounsford et al., 1985). But other studies haveshotvn any anti-tussive effect (Chang
et al., 1998; Smith et al., 1991). These conflgtiesults may be due to the data

collection protocols used in these studies. Fompta, the use of subjective symptom
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scoring measures; that few of these studies haga performed under double-blind,
randomised and placebo-controlled conditions; &ad ¢ough is rarely a primary end-

point of the research.

More recently, thg, agonist terbutaline was shown to be effectivanhihiting tussive
responses to both capsaicin and citric acid ineacpinical guinea pig cough model
(Freund-Michel et al., 2010). Furthermore, bothngai pig and human airway sensory
nerve responses to a number of tussive irritante vséocked with two differenf,
agonists in ann vitro isolated vagus nerve preparation. This providadegxe that
these compounds directly inhibit the tussive refi@ther than having an effect
secondary to their bronchodilator properties, pwgsivia opening of the large
conductance calcium-activated potassium {BKhannels which would inhibit sensory
nerve activation by inducing hyperpolarisation (KFré-Michel et al., 2010). Further
studies are required to corroborate the aboverfgsjicoupled with well-controlled and
blinded clinical investigation where cough is themary end-point. If these studies
prove to be efficacious, thely agonists could be introduced as an effective ggner
(non-selective) anti-tussive therapy with an algeptbven acceptable safety profile in

man.

1.8.8 Methylxanthines

Methylxanthines are another class of bronchodildtat are widely used in obstructive
airway disease (Barnes, 2010a, 2010b), and have p@posed to inhibit the cough
reflex. In particular, theophylline has been shawrexhibit anti-tussive properties in
patients with poorly controlled asthma and ACE-nitur related cough (Bose et al.,
1987; Cazzola et al., 1993; Fairfax et al., 19%Qrthermore, theophylline is effective
in the treatment of pain, which indicates an infoityi action on sensory nerves, rather
than anti-tussive effects secondary to bronchadiafPechlivanova & Georgiev, 2005;
Rao et al., 2007). There has also been intergsvastigating the anti-tussive effects of
theobromine, another methylxanthine compound. Its wacently shown that
theobromine attenuates citric acid-induced cougguimea pigs and capsaicin-induced
cough in healthy human volunteers (Usmani et &Q052. Again, this compound was
demonstrated to inhibit sensory nerve activatiorarmin vitro model, giving further

support for direct inhibition of the cough reflerather than effects secondary to
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bronchodilation. Further clinical and pre-clinicaials need to be carried out to
investigate the efficacy of methylxanthines in biting excessive cough associated
with disease, and to determine how these compoarelsnediating their anti-tussive
effects, but this class of compound could be carsd a promising future anti-tussive

therapy.

1.9 Models of cough

The main objective of an animal model is to provadsystem in which to elucidate
mechanisms and test potential therapies. Ide&lé/ntodel should parallel as closely as
possible the condition in man. Development of amahmodel that is predictive of the
human cough reflex is difficult due to the facttthiaere are currently no efficacious
anti-tussive drugs available for use in the cliffiberefore there is no point of reference
for which to compare the animal models to man. Regpis, bothin vitro andin vivo
models of cough have been developed and demomsti@atee useful in studying the
underlying mechanisms behind the cough reflex, andssessing the efficacy of
potential anti-tussive treatments. Pre-clinicabllsta of the neural pathways involved in
the cough reflex and its pharmacological regulatiame been conducted in guinea pigs,
rats, mice, rabbits, cats and dogs (Belvisi & BQIs2002). However, there are
reservations about some of the models used. Fan@ra many studies have been
carried out under anaesthesia which appears toresgpmeuronal conduction and
activity in the CNS, and may be the source of @gancy between several of the
observations seen with RAR and C-fibre nerve resgsito tussive stimuli (Belvisi &
Bolser, 2002; Mazzone et al., 2005). Furthermadnere is scepticism regarding the
ability of small rodents such as mice and rats édqum a cough that resembles the
reflex seen in man. This is largely due to theevadlyenic origin of cough in rats, which
appears to originate from the larynx rather thanttacheobronchial tree as it does in
man; and the fact that mice do not have RARs oa@pithelial nerve endings, and are
therefore thought not to have a fully functionauigb reflex (Belvisi & Bolser, 2002).
Whereas, the use of large animals such as cats, atadjpigs involves a cost element,
not only in the purchase price, but the expensesived with maintaining the animals
and the large quantities of drug required for suirege purposes. Therefore, one of the
most useful and convenient animal models whichbegs widely used in investigating

the cough reflex is the guinea pig.
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Results in a number of clinical trials have leadhe perception that animal models are
not predictive of human cough. Although, it is ohiffit to know what drugs are effective
in man, as few clinical trials are run under ideahditions with cough as the primary
endpoint, are not sufficiently powered, or do nawé the appropriate controls. For
example, neurokinin (NK) antagonists, either agdele or combined NK NK; or
NK3 recetpor antagonists, have been shown to be eHett a number of animal
models, including guinea pigs, dogs, cats and tal{Bidvenier et al., 1993; Bolser et
al., 1997; Canning, 2009; Girard et al., 1995; Ha&rBelvisi, 2009). However, NK
antagonists have failed to show anti-tussive agtivi human trials. This lack of effect
could be due to the fact that cough is rarely mary endpoint of clinical studies, and is
guantified using subjective measures. There hae l@en clinical trials looking at NK
antagonists where cough was the main outcome nmegdsuir the results of these trials
have not been reported (Canning, 2009; Nasra &i8eR009). Furthermore, it is still
not known which of the NK receptors is involved ifoa combination of these receptors
contributes to cough; and according to data froomahmodels CNS penetration might
be required for NK antagonists to be effective @olet al., 1997). It is not clear
whether there have been clinical studies performéld centrally acting compounds
that target all three NK receptors; but there haeen clinical trials using either
receptor-selective or peripherally restricted NKiagonists. For example, an NK1-
selective compound (CP-99,994) from Pfizer was fentiive at inhibiting cough
induced by hypertonic saline (Fahy et al., 1995)d ®NK333, an NK/NK; antagonist
from novartis was carried through for clinical tegtafter some success in the guinea
pig (Lewis et al., 2007). However, this was repdrte be a peripherally restricted

compound, and subsequently showed no anti-tusffieet®in humans.

Another source of discrepancy between animal maaledshuman cough is the limited
efficacy of the opioid class of anti-tussives, whiare consistently successful at
inhibiting cough in animals but show variable edfig in the clinic. This may highlight

a difference in dosing, as researchers are notethby toxicity and CNS effects (such
as sedation) in pre-clinical models, but obvioushges are restricted in clinical trials.
Therefore, some of the success of compounds inaniesearch may be due to the
ability to use high doses of compound, which cosidbsequently be showing anti-

tussive activity due to sedation of the animalsheathan an actual inhibition of the
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cough reflex. Below | will discuss in further ddtdie animal models relevant to my
PhD thesis.

1.9.1 Guinea pig isolated vagus nerve model

In vitro models assessing isolated guinea pig vagus negpelatisation have been
shown to be predictive of cough vivo (Maher et al., 2009; Patel et al., 2003). This
provides us with an effective tool with which tape the cough pathways in envitro
model, saving animals, time, and cost. Another fienéthe isolated vagus model is
that we can replicate key studies and directly can@pesponses using human vagus
tissue. On the other hand, though the isolated sragteparation provides a
comprehensive pharmacological assessment tool, ddt@ collected should be
interpreted with care as the agents being testedapplied to the axon of the vagus
nerve instead of the nerve endings. This means thieatextracellular depolarisation
signal recorded represents a summation of the @sangmembrane potential of all the
nerve fibres (including RARs, SARspAibres and C-fibres) via activation of receptors
expressed in the neuronal membrane of the axoaddiition, receptor expression and
signal transduction mechanisms in the axon mayediffom that at the peripheral
endings (Patel et al., 2003). Furthermore, the sagrve innervates several organs in
the body (including the heart and viscera), theeefmwt all fibres carried in the vagus

nerve terminate in the airways.

1.9.2 Mouse isolated vagus nerve model

The mouse isolated vagus preparation has not beewedl characterised as an
assessment tool as the guinea pig described aliasdifficult to directly correlaten
vitro vagus nerve results from mice to functiomal/ivo outcomes, as mice to not have
a fully functional cough reflex. However, the a#at arm of the cough reflex still
appears to be intact in mice as we observe depatanm of the vagus nerve to tussive
stimuli which are comparable to that of human anithegq pig isolated vagus (Maher et
al.,, 2009; in-house data). | have used the mougpisvanerve as a tool in my
investigations largely because we have accessnetigally modified animals, which
will allow me to substantiate the results obtairfemm pharmacological antagonist

investigations in the guinea pig vagus.
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1.9.3 Human isolated vagus nerve model

One of the major advantages of the isolated vagepapation is that we are able to
obtain human tissue. This has allowed me to vehigy key data from animal tissue in

anin vitro human model.

1.9.4 Conscious guinea pig cough model

The conscious guinea pig model of cough is genecalhsidered to be a valid tool for

studying the cough reflex, as there are a numbeappfarent similarities between

coughing in guinea pig and man (Karlsson & Full999). However, there are also
some species differences between the effects tdicatrugs. This could be due to the
greater importance of peripheral afferent nervesegulating guinea pig respiration,

airway tone, and lung function in comparison to sy Two alternative theories are
that C-fibre afferents are distributed differenthyoughout the airways; or that stimuli

activate different signalling pathways with diffatesensitivities to pharmacological

intervention (Karlsson & Fuller, 1999). These degancies are likely to be due not
only to species differences, but also to a lac&pgropriate clinical testing (as discussed
above). Therefore, despite some uncertaintiesgthieea pig model has become the
most frequently used animal model to test develogroempounds pre-clinically.

1.9.5 Isolated primary neuronal cell model

Cell bodies of vagal neurons can be isolated frbe nodose and jugular ganglia,
allowing subsequent analysis of the effects of lagbnists and antagonists on a cellular
level. TRP channels are non-selective cation cHapmdich allow calcium influx in to
airway primary ganglia cells, thereby causing meanbr depolarisation, subsequent
opening of voltage-sensitive sodium channels, &edgeneration of action potentials.
The use of fluorescent dyes allows assessmenttbfdadcium influx in to ganglia cells
and changes in membrane potential, using spedali®@ging equipment. Airway-
specific responses can also be determined by theoftigetrograde labelling. This
preparation was recently established in our labBhyEric Dubuis, using neuronal cells
isolated from guinea pig ganglia. This system noly allows us to investigate the

ability of tussive agonists to activate airway-sfieqrimary vagal ganglia cells, but
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also to differentiate between cells originatingnirthe nodose or jugular ganglia, and to
determine how antagonists are mediating their it effects (e.g. by blocking
calcium entry, activating potassium channels, dnibiting voltage-gated sodium
channels). There is also the potential to studyero#ipecies, such as neuronal cells
isolated from mouse ganglia, which would allow thse of genetically modified
animals (though in this species the nodose andguganglia are fused and not able to
be separated). It is important to note that thigppration still does not allow
differentiation between the types of nerve fibrangestudied (e.g. C-fibre vsdAfibre).
Moreover, we are unable to determine if there aseghenotypical changes induced in
the primary ganglia cells during the isolation aodlture process. Despite these
limitations, the use of isolated primary cells @a in our understanding of the process
by which both agonists and antagonists mediate #ffgcts on a cellular level, which

could be useful in the future development of tagdetnd selective cough treatments.

1.10 ThesisPlan

Acute cough serves to clear the airways of unwambederial, and is an important
protective reflex. However, chronic cough assodatéth inflammatory disease no
longer has a useful purpose, and can be damagititetairways. As described in the
introduction above, current anti-tussive treatmesttsw little efficacy, and a more in-
depth understanding of the cough reflex in botHthgand disease states is required to
develop better medications. Inflammatory airwaysedses are associated with the
enhanced release of P&&nd BK, and a decrease in lung pH; and these noesliean
both induce coughing, as well as sensitise the ltoaflex to stimulation with other
tussive irritants. It is therefore possible thahamced release of these mediators could
be driving the augmented cough response assoacidiiedisease states. The aim of this
thesis was to test the hypothesis that TRPAL1 andVIRion channels are driving the
cough response to PGEBK and low pH. Identification of the ion channahediating
the tussive response to these agents could lehe tevelopment of more effective and
targeted anti-tussive treatments. To investigaie thhave taken an interdisciplinary
approach. Using botim vitro andin vivo models, the ion channel(s) responsible for the

tussive effects of these agents were identified by:
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Utilising a range of TRPA1 and TRPV1 selective agtsnand antagonists to
characterise their potency, efficacy and selegtint models of sensory nerve

activity, cough and primary vagal ganglia cell silation.

Determining the ability of these selective antagtmito pharmacologically
inhibit in vitro andin vivo stimulation of the cough reflex with P@EBK and

low pH

Using isolated vagus nerves from genetically medifimice to investigate
differences in response to the tussive stimuli, perallel pharmacological

experiments above.

Translational research, utilising human vagal néissue which allowed me to
parallel the above experiments, thereby confirmihgt the rodent models

mirrored the response in human tissue.
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CHAPTER 2

M ethodology
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2.1 Introduction

This chapter outlines the general methodology fer techniques used in this thesis.
Specific details of individual experimental prott&@and statistical analyses employed
are given in the methods section of each chaptiérexperiments were performed in

accordance with the UK Home Office guidelines farinaal welfare based on the

Animals (Scientific Procedures) Act of 1986. Drugagents and appropriate vehicles
used in this thesis are listed in appendix 1.

2.2 Breeding and Genotyping of Genetically M odified Mice
2.2.1 Breeding

Homozygous breeding pairs of mice genetically medifto disrupt the TRPA1
(Trpal”) or TRPV1 {rpvl’) gene were obtained from Jackson Laboratories, .USA
Heterozygous breeding pairs of mice devoid of dnta@ ASIC1 @sicI”) alleles were
obtained from Professor Fugger’s lab (John Radclifbspital, University of Oxford),
and subsequently bred in-house to obtain a homamydsicI” colony. Homozygous
mice devoid of the ASIC3Asic3") gene were obtained from Dr. Welsh's lab

(University of lowa).

Upon arrival at Imperial College breeding pairgevboused in individually ventilated
cages at the Central Biomedical Services, Sir Aldea Fleming Building, South
Kensington. Animals were placed on a transgenitatid provided with food and water
ad libitum All knockouts were bred on a C57BI/6] backgrouark viable and fertile.
Genotyping was routinely carried out on each colemyensure gene disruption was

maintained through subsequent generations.
2.2.2 Genotyping

Tail tips were taken and genomic DNA extracted ggimon-chloroform mouse tail kit
(Tepnel Life Sciences, Manchester, UK). Briefly5-Q. cm tail tips were placed in
autoclaved 1.5 ml eppendorf tubes and lysed ovetrag 55°C in 175 ul reagent M1

and 20 pul proteinase K solution (10 mg/ml in nusiefee water). Upon removal from
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the incubator 65 ul reagent M2 and 100 pl Nucle@siiR was added, the contents
mixed and centrifuged at 2000 x g for 10 minutdse Aqueous phase was transferred to
a fresh 1.5 ml eppendorf, taking care not to distilne debris layer. One volume of
100% isopropanol was added and the tubes inveetezta times until DNA precipitate
became visible. Samples were centrifuged at 209@ox 5 minutes to pellet the DNA.
Supernatant was discarded, and the DNA washed#0ih ethanol. Tubes were briefly
vortexed to dislodge the DNA pellet, the samplesaetrifuged at 2000 x g for 2
minutes and supernatant discarded. The DNA peliet ar-dried at room temperature
for 10 minutes, re-suspended in 100 pl nucleaseyirater and allowed to sit at room
temperature for 3 hours to re-hydrate. Samples wiemed at -80°C until required for
analysis. Upon removal from the freezer sampleswédowed to defrost on ice. Purity
and integrity of the DNA was assessed bysd 230 Spectrophotometry using a
GeneQuant RNA/DNA quantifier (Amersham Pharmacisi@&ih, UK).

A neomycin cassette was inserted in to the targeé go produce the desired genotype.
The neomycin cassette is a length of DNA that wgdathe part of the gene that is
deleted, and allows identification of the cellsathhave undergone homologous
recombination to incorporate the target vector. Tdassette gives resistance to
neomycin, allowing survival of mutant cells whemomycin kills the non-mutant cells.
Primer sequences (Invitrogen, UK) were designed ghat the wild type amplicon
would span the disrupted site of the desired g&he ensures that the wild type and
KO can be easily differentiated based on the ampl&ize. DNA sections in between
the primer pairs were exponentially amplified uspawymerase chain reaction (PCR).
The PCR reaction mix contained 1x Green GoTaq Metier, 0.2 mM dNTPs, 2 mM
MgCl,, 1.25 ul enzyme, 10 pmol forward and 10 pmol reegrimers, and a volume of
sample containing 50 ng DNA (or Nuclease-free wétercontrol). Each sample was
made up to 25 pl total volume with Nuclease-freaewgdPromega UK Ltd.). PCR
reactions were carried out using ABI PRISM 7000twgafe (Applied Biosystems,
Warrington, Cheshire, UK). Samples were heatedbf@€Jor 2 minutes followed by 40
cycles of denaturing, annealing and extension stBjssamples were denatured at
95°C for 30 seconds as this is dependent on thgnmemzather than the primer pairs.
The annealing temperature is specific to the pripeer, depending on factors such as
melting temperature and GC content. The temperattirtthe extension step is also

primer dependent, and the length of time that #setion is held for depends on the
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product size i.e. the larger the expected prodiz#, ghe longer the time needed
(approximately 1 minute per 1000bp). A final exiensstep of 10 minutes at the same
temperature was run to ensure that all productg ek length. The reaction was then
stopped by cooling to 4°C for 5 minutes. Specifietails for the annealing and

extension steps will be given in Chapter 3.

The PCR products and a DNA ladder (HyperladderBMJine Ltd, London) were run
on a 2% agarose gel in Tris Borate EDTA (TBE) buéfentaining 0.05 pl/ml Safeview
(NBS Biologicals Ltd, Huntingdon, UK) at 80 V for hour. Finally, the gel was

visualised under ultra-violet light and photograghhe
2.3 Isolated Vagus Nerve Preparation
2.3.1 Nerve dissection

Male Dunkin Hartley guinea pigs (350-500g, Harlan)Male wild type (C57BI/6j) or
genetically modified Trpal”, Trpvl”, AsicI” or Asic3") mice (18-20g) were
sacrificed using 200 mg/kg sodium pentobarbitortee Meck was opened by mid-line
incision to expose the trachea and thorax, and setgmof vagus nerve caudal to the
nodose ganglion were dissected free. The nerves inenediately placed in modified
Krebs solution (mM: NaCl 118; KCI 5.9; MgQQlL.2; CaC} 2.5; NaBHPO, 1.2;
NaHCQ; 25.5 and glucose 5.6; pH 7.4) and bubbled with @%5% CQ. Each nerve
was cleared of connective tissue and carefully elsbied prior to experimentation. Care
was taken throughout to ensure that the nerve sruaknained in oxygenated Krebs

solution, and that they were not stretched or danag any way.

Human lung samples were either obtained throughollboration with Harefield
Hospital (tissue from transplant surgery excesslitocal requirements), or purchased
from the International Institute for the Advancemen Medicine (IIAM, NJ, USA).
Upon arrival at Imperial College, the lungs weramediately transferred to modified
Krebs solution and bubbled with 95% (6% CQ. Cervical vagus and branches of the
recurrent laryngeal nerves were dissected away tlmntrachea. The epineural and
perineural sheath surrounding the vagus nerve mamuairways is much tougher

compared to that of guinea pig nerves, and is curesgly harder to remove. As such,
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special care was taken when attempting to deslteatherve and it may not have been
completely removed in all circumstances. The abditg of human vagus nerve is
scarce and therefore limits the number of experimdrat can be performed, however,
where possible key experiments have been carried 8egments of nerve
approximately 20-30mm long were prepared for meament of depolarisation. The
vagus nerves of seven donors (5 Female, 2 Male722¥years) with no known

respiratory disease were used in these experiments.

2.3.2 Measurement of depolarisation

The desheathed nerve trunk was mounted in a ‘gig@serecording chamber (Figure
2.1). The nerve was drawn longitudinally throughaarow channel (2mm in diameter,
10mm in length) in a Perspex block. Larger chamlense available for human vagus
nerves. The centre of the channel was filled witds&fine, injected on to the middle of
the vagus through a side-arm when the nerve wadaice, creating an area of high
chemical and electrical resistance, thereby isujatine extracellular space between the
two ends of the nerve, which did not allow the passof ions or drugs between
solutions. One end of the nerve emerging into aewidhannel was constantly
superfused with Krebs solution with a flow rateapiproximately 2 ml/min. Ag/AgCl
electrodes (Mere 2 Flexible reference electrodesrld\Precision Instruments), filled
with Krebs solution, made contact at either endtt® nerve trunk and recorded
potential difference via a DAM50 differential anfr (World Precision Instruments).
Voltages were amplified x10, filtered at 1000Hz sadhpled at 5Hz.

A change in membrane potential in response to $iton (compound potential) of the
vagus nerve fibres is detected by means of ionichaxge (mainly sodium and
potassium) through the cell membrane (Figure 2®2hen one end of the nerve is
stimulated with an agonist, N#ns present in the Krebs solution move in torieeve

cell, leaving excess Clons. These Clions interact with the AgCl electrode making
contact with that end of the nerve, giving an eleat charge to the circuit. In contrast,
there would be no change in the @teraction with the electrode on the ‘restinglesof

the nerve. This causes a difference in potentiavden the two electrodes, which is
amplified by the differential Bio-amplifier DAM50na recorded by the chart recorder

(Lectromed Multitrace2) as depolarisation of thevae During repolarisation, Kions
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move out of the nerve cell, which causé iGhs to dissociate from the AgCI electrode,
leading to a loss of electrical charge from theuwir As a result, the potential difference
between the two electrodes becomes more equakth@and recorded as repolarisation.
It should be noted that this preparation does redsure firing of action potentials but
changes of membrane potential (or compound poteptiand therefore cannot
distinguish between a sub-threshold and supratibteésiepolarisation (Figures 2.2 &
2.3).

Temperature of the perfusate was maintained 3t 3% a water bath. Two systems
were run in parallel allowing experiments and measents to be taken from two

different pieces of vagus simultaneously. The sugerg medium could be changed
quickly with little artefact, by means of a multay tap. The new solution would reach
the recording site with a delay of approximatelys2@onds. Vagus nerve depolarisation
was induced by 2min perfusion of a known conceiuinadf agonist on to the exposed
end of the nerve, measured in millivolts (mV) aedarded on a pen chart recorder,
calibrated such that Imm was equivalent to 0.01FMlowing stimulation the nerve

was washed with Krebs solution until responsesmetlito baseline. Each nerve section
was stimulated no more than six times. Specific pammds used in experiments will be

described in the results chapters.

IU\. Chart Recorder Figure 2.1. Diagram of the
1 isolated vagus system.

The vagus nerve trunk was
Krebs/ Drugs Vaseline
| l drawn through a narrow

channel, and the two ends of

| the nerve electrically

Nerve AgCl Reference . . .
AgCl Flectrode Electrode isolated with petroleum jelly.
One end of the nerve (right)
“4 was bathed in Krebs solution

and the other (left) superfused with either Krebghe ligand being tested at a set drip rate of 2
ml/min. Electrodes made contact with either enthefnerve trunk, and measured the difference
in electrical potential between the two ends. Neatgpolarisations were documented on a pen

chart recorder.
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Figure 2.2. Explanation of membrane potential and depolarisation.

A. In the resting state, membrane potential is agpnately -70 mV inside
the cell compared to outside. This is largely du¢hie negative charge of
proteins within the cell, and the large concentvatiof positively charged
sodium outside the cell.

B. Activation of a ligand-gated ion channel, e.g.tdinding of a ligand to

its receptor, causes an influx of positively chargens in to the cell down
electrical and concentration gradients. For examg@enumber of the TRP
channels are selective for calcium ions, but aléovwathe passage of other
cations. This causes depolarisation, making thedensf the cell less-
negative compared to the outside. In this exantpke,charge within the
cell reaches -60 mV, which is not enough to caleestltage-gated sodium
(Nay) channels to open (i.e. it does not reach ‘thrédhoAction potentials

are an all-or-none response; therefore, there ismene depolarisation

but no generation of action potentials.

C. If the membrane voltage does reach threshotéth the Na channels are

activated, causing a massive influx of positivélgrged sodium ions in to
the cell. This then leads to the generation ofactpotentials which are

propagated along the nerve towards the CNS.
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A. Cation Channel Opens
B. Sodium Channels Open
C. Potassium Channels Open / Sodium Channels close

D. Potassium Channels Close

Figure 2.3. lllustration of an action potential.

Action potentials are an all-or-none response, niegnthat

membrane depolarisation must reach a certain thoblin order

to activate action potential generation. Action ¢uials are
always the same, no matter how strong the stimdlhs. strength
of a stimulus is interpreted by the CNS in termisaa¥ many action
potentials are generated, and how they are spacéidie.

A. Resting membrane potential is approximately /A Opening
of membrane-bound ion channels causes depolarisatio

B. If membrane depolarisation reaches thresholdiage-gated
sodium channels will open, causing a massive infflupositively
charged sodium ions, which quickly depolarisesatle membrane
to approximately +30 mV. This is the ‘action potehtwhich is

propagated along the nerve to the CNS.

C. At depolarised potentials, voltage-gated sodiamannels
inactivate, thereby stopping any further depolatima of the cell
membrane. In addition, voltage-gated potassium ob&n open,
causing positively-charged potassium to flow dowts

concentration gradient, thereby repolarising thdl.ce

D. An action potential is always followed by ansahlute refractory period’, during which time thedaam channels are inactivated, and another action

potential cannot fire. This is followed by a ‘rélet refractory period’ during which time it is didtilt to activate another action potential because

potassium efflux has hyperpolarised the cell memdardhis ensures that propagation of action potdsittan only go in one direction, towards the

CNS. Finally, the cell membrane polarises to itsirey potential.
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2.3.3 Agonist and antagonist experimental protocols

Non-cumulative concentration-response curves wetabished for a number of known
tussive stimuli. Equivalent stimulations with vdprisolutions were also tested to ensure they
did not elicit nerve depolarisation of themsel@smuli were applied for 2 minutes, and then
the tissue washed with Krebs solution until baselivas re-established. The magnitude of
depolarisation (mV) for each concentration of agbmias recorded. After characterising the
response to tussive agents on the vagus nervey-maximal concentration of each agonist

was chosen to profile the effect of selective antag}s.

A classic pharmacological profile was used to asslkes effect of an antagonist on agonist
responses. Briefly, agonist was applied for 2 naauand washed with Krebs, this was
repeated to determine an average normal depoiansdthe nerve was then incubated with a
concentration of antagonist for 10 minutes, immiedyafollowed by 2 minutes incubation of
agonist in the presence of antagonist and the degfrenhibition recorded. The agonist and
antagonist were washed off, and a final 2-minuienigation with agonist alone was
performed to ensure nerve viability (Figure 2.4heTability of the antagonist to inhibit
agonist responses was calculated by comparing #gmnitade of depolarisation induced in
the presence of the antagonist with that of th&aintwo agonist-only stimulations, and
expressed as % inhibition. Antagonist concentratesponse curves were initially
established against receptor-selective agonistietermine concentration-related inhibition.
In addition, the effect of vehicle incubation wasablished to ensure that this was not having
an effect on nerve stimulation. The concentratiohsantagonists used in all subsequent
experiments were that which produced the highdsbition of its corresponding selective

agonist without affecting the agonist for the ailtge receptor.
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Figure 2.4. Example of a trace showing the protocol for testing antagonists.

Two 2-minute stimulations of an agonist were applie the vagus nerve, ensuring reproducible
depolarisations, this was followed by a wash-ouiqekto re-establish baseline. An antagonist was
then incubated for10-minutes, followed immediat®tya 2-minute stimulation with agonist in the

presence of antagonist. Both agonist and antagamése then washed out to re-establish baseline
and clear the antagonist. A final 2-minute stimigiatof the vagus nerve by the agonist was appbed t

ensure recovery of the initial response and nerability.

2.4 Conscious Guinea Pig Cough Mode

All experiments were performed in accordance with U.K. Home Office guidelines for
animal welfare based on the Animals (Scientific dedures) Act of 1986. Conscious,
unrestrained guinea pigs (250-350 g, Harlan, UKyewplaced in individual Perspex
chambers (Buxco, USA). The apparatus consistedwof ¢chambers, linked to a single
nebuliser, allowing exposure of two animals to faene stimulus simultaneously. Guinea
pigs were initially placed in the chambers andva#id to acclimatise for at least 5 minutes.
Guinea pigs were then exposed to a nebulised aqusolution of tussive agent or the
appropriate vehicle (details for each stimulusgven in the results chapters). Aerosol was
generated with an Aerogen nebuliser (Buxco, USAY eoughs counted for a total of 10
minutes. Each chamber was fitted with a microphehieh amplified the cough sounds, and
was connected to an external speaker. Coughs veteetdd by both pressure change and
sound, and recorded by a Buxco Cough Analyser (BukiSA). A trained observer also
manually counted the coughs, which were recognisethe characteristic opening of the
mouth, stance and posture of the animal, the spuoduced, and the flow recordings. For
the antagonist studies, suspensions were dose@mgximum 10 ml/kg over two injection
sites) one hour prior to agonist stimulation. Anismaere monitored for any adverse events
during this period. At the end of each experimém, guinea pigs were euthanised with an

overdose of sodium pentobarbitone (200 mg/kg).
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2.5 Isolated Primary Vagal Ganglia Cells

2.5.1 Cell dissociation

Male Dunkin-Hartley guinea pigs (300-5009) werersi@ed by i.p. injection of sodium
pentobarbitone (200 mg/kg). To dissect the vagablja, the top of the skull was cut away
and the brain removed. The ear bone on one sidagheascarefully removed to expose the
jugular and nodose ganglia underneath. The suringnchembrane was cut away, the
ganglia freed from adhering connective tissue anchediately placed in ice-cold Hank’s
balanced salt solution (HBSS; mM: 5.33 KCI, 0.441,R0,, 138 NaCl, 0.3 NadPQ,-7H,0,
5.6 glucose, 5 HEPES; pH 7.4). This process wasatep for the second set of ganglia.
Under a microscope in a sterile hood the nodosejaguaar ganglia were cleared of any
remaining connective tissue, and placed in roonpt&Fature sterile HBSS. The ganglia cells
were then isolated using a two step enzymatic tmedechnique. To break down the
extracellular matrix and collagen, ganglia wereulmated in activated papain buffer (Sigma,;
Papain 200 active units/ml [U/ml] in HBSS suppleteeinwith 0.4 mg/ml L-cysteine, 0.5
mM EDTA and 1.5 mM CaG) for 30 minutes at 37°C, with gentle agitation gvé
minutes. After centrifugation for 2 min at 1400 rpthe papain buffer was disposed of, and
the ganglia incubated at 37°C for 40 minute$'@@e and M§'-free HBSS containing type
4 collagenase (CLS4, Worthington, 320 U/ml) anddase Il (Roche; 1.92 U/ml at 37°C),
with gentle agitation every 5-10 minutes. The celése again centrifuged at 1400 rpm for 2
min, and the collagenase solution carefully removéde cells were dissociated from
remaining tissues, axons and satellite cells hyaiton in 1 ml HBSS at room temperature
with fire-polished glass Pasteur pipettes of destrgptip pore size from 1 mm to 0.3 mm.
Cells were separated from the remaining tissuednyrifugation for 9 min at 22°C (1400
rpm) in L15 medium containing 20% Percoll (v/v).eTRercoll was washed off using 2 ml
L15 medium, and after centrifugation (2300 rpm fdrmin at 22°C) the cells were
resuspended in complete F-12 medium containing EB% and 1% penicillin/streptomycin
(Sigma Aldrich; final solution 2 U/ml penicillin @10 mg/ml streptomycin). The cells were
then plated on poly-d-lysine/Laminin (Sigma; 22.§/ml) coated fluorodishes. After the
suspended primary ganglia cells had been allowedlbh®re for 2h in a 37°C, 95% 05%
CO, environment, the cell-attached fluorodishes weetly flooded with 2 ml of complete

F12 medium. The plates were used for experimematithin 24h.
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2.5.2 Loading cells with fluorescent dyes

Changes in intracellular calcium were determinednigging of a dye which fluoresces upon
binding to calcium. For initial experiments, fludishes were loaded with Fluo-4 AM (4,
Invitrogen) in extracellular solution (ECS; coniaimp in mM: KCI 5.4, NaCl 136, MgGl1,
CaCl 1.8, NaHPQO, 0.33, D-Glucose 10, HEPES 10; pH adjusted with Na®7.4 at 37°C)
and incubated for 40 min in the dark at 25°C. Tlherbdishes were then washed with ECS
and the Fluo-4 AM dye was allowed to de-esterifyrtoo-4 for 30 min in the dark at 25°C
before use. This was later changed for the ratiomdye Fura-2 AM (3uM; Invitrogen),
using the same loading protocol, because Furag2raiometric dye it is more suitable for
longer experiments (such as the antagonist studiesipg a ratio of calcium-bound versus
calcium-free signals avoids issues associated ptitto bleaching of the dye, which causes a
decrease in the subsequent signal when non-ratieniges are used. AM dyes were used as
a means of loading the hydrophilic Fluo-4 and Faimdyes into the ganglia cells. AM esters
make the dyes sufficiently hydrophobic that theg able to passively pass through the cell
membrane by simply adding them to the extracellmd@dium. Intracellular esterases then

cleave the AM group, and trap the dye inside thie(Baredes et al., 2009).

To record membrane potential changes, primary gargll membranes were bound to the
potentiometric dye 4-[2-[6-(dioctylamino)-2-naphiigrayl]ethenyl]-1-(3-sulfopropyl)-
pyridinium (Di-8-ANEPPS; Invitrogen). Di-8-ANEPPSs ia fast-response probe which
exhibits a uniform change in fluorescence of appnately 7.5% per 100 mV change in
membrane voltage (Hardy et al., 2006). Cells weaeléd with Di-8-ANEPPS in ECS in the
dark, during de-esterification of the calcium diggding time did not exceed 20 min and the
cells were used immediately. During loading, terapee was maintained between 10-20°C

to prevent internalisation of the dye and maxinhi@alisation within the cell membrane.
Fluo-4 is excited by a Xenon light 2£485 nm and emitted fluorescent light is recorded a

A=520 nm. Fura2 is excited 340 nm and.=380 nm and emitted fluorescence recorded at
A=520 nm. Di-8-ANEPPS is excited&t470 nm and recorded &t700 nm (Figure 2.5).
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Figure 2.5. Absor ption spectra, emission spectra and filtersfor each of the fluorescent dyes used

in imaging experiments.

Dashed lines represent absorption spectra, anddslaties represent emission spectra. Coloured
bands represent the filter and bandwidth used mwtexand record each fluophoré) Green traces
denote calcium-bound Fura-2 and blue traces denaleium-free Fura-2.
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2.5.3 Intracellular calcium and membrane voltagagimg

Intracellular free calcium ([G&;) measurements and membrane voltage changes were
performed in dissociated jugular and nodose cé&ich fluorodish was placed in a full
incubation chamber mounted at 37°C on the stagewidefield inverted microscope Zeiss
Axiovert 200 (Carl Zeiss Inc., NY, USA) equippedtlivan Hamamatsu EM-CCD C9100-02
camera for ultrafast low light imaging run by SimpCl software. The cells were constantly
superfused with 37°C ECS buffer using a house-desigpressurised solution-changing
perfusion system allowing complete bath (600 pluawd) replacement in 3s (Figure 2.6).
Prior to experiments, the cells were superfused5td0 min with ECS-only. Cells were
excited and signal recorded using a Xenon gas &nplCairn ARC Optosource llluminator,

a Quad filter set Ex 485-20 Bs 475-495 Em 510-531&4d a LD Plan-Neofluar AIR Korr

objective.
Manifold Cells
Outflow
Selected solution flow
Controlvalves /61]} %} éP él H =D \iacuum pump
Pressurized gas Microscope
| | objective Vacuum

Sealed tubes

Xe Light

EXCitatiOy)ichroic mirror
-—>
Filter wheel

Figure 2.6. Diagram of the pressurised solution-changing perfusion system.
Pressurised gas is used to force the selectedigolint to the imaging plate. Changes in fluoresenc

\V/ v \V/
Solutions /Q

Sealed waste container

(from the calcium or voltage dyes) induced by pmdiu of the solution is imaged via an
epifluorescence microscope equipped with an apjmtpset of filters changed via a filter wheelllSti
images are captured by a camera every 1-20 secamtsdisplayed on a computer screen. Excess
solution is drawn out of the imaging plate by aatdge pressure vaccum pump, with waste collected

in a sealed container.
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Potassium chloride in modified ECS solution (K50nt@ining in mM: 50 KCI, 91.4 NaCl, 1
MgCl,, 2.5 CaCJ, 0.33 NaHPQ,, 10 glucose, 10 HEPES; adjusted to pH 7.4) waliexppt
the start and end of each experiment for 10s teesaszell viability and allow for
normalisation of subsequent agonist signals. Cdratgons of agonist were applied for 20-
60s, and antagonists for 60s. After each applinadioagonist, perfusion was switched back
to ECS until complete recovery to baseline of thkeiom level. The same pharmacological
antagonist protocol was used as the isolated vpggaration (described in section 2.3.3),
with the only variation being that the antagoniseye incubated for a shorter period (60s)
prior to agonist stimulation. To take into accotirg multiphasic responses obtained in some
cells, [C&"]; data were measured as total area under curve@Atbtal elevation of calcium
above resting level over time), and expressed ad #e K50 A.U.C response to normalise
the data between experiments. Only ganglia cellsdyming a fast response to K50
stimulation which was washable within 5min, andtthad diameter of over 20m were
analysed. In contrast, peak amplitude change wrdkcence of Di-8-ANNEPS was used to
measure membrane voltage changes, expressed a&k80 peak amplitude to normalise the
data. In the results sections for all imaging expents, n-numbers will be expressed as ‘N’

= number of animals and ‘n’ = total number of cetisorded from.

2.5.4 Retrograde labelling of airway primary vaggnglia cells

Conscious male Dunkin Hartley guinea pigs (250-300gre dosed i.n. with 1 ml/kg of a
lipophilic carbocyanine dye DilC18(3),1,1'-dioctaglke3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil; Invitrogen). Dil has a very lowtotoxicity, and is highly fluorescent and
photostable when incorporated into membranes. dygsuniformly labels neuronal ceNsa
lateral diffusion in plasma membranes at a ratérmim a dayin vivo due to an active dye
transport process. Dil exhibits maximum excitatoa emission fluorescence wavelengths at
approximatelyA=520-550 nm andw=570 nm, respectively (Figures 2.7 & 2.8). A stock
solution of 12.5 mg/ml Dil was made up in 100% ethlaThe solution was kept covered in
aluminium foil to avoid bleaching of the dye in Hig Immediately before use, the stock
solution was diluted in 1/50 with 0.9% saline tok@aa final working concentration of 0.25

mg/ml Dil and 2% ethanol in saline.
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Fourteen days after i.n. dosing with Dil (1 ml/k¢he guinea pigs were sacrificed by i.p.
injection of pentobarbitone (200 mg/kg), the prigneagal ganglia cells isolated, and calcium
imaging experiments carried out as described abbwe. allowed sufficient time for the Dil

tracer to travel to the vagal ganglia and staiwayrcells (Undem et al., 2004).
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Figure2.7. Absorption spectra, emission spectra and filtersfor Dil.
Dashed lines represent absorption spectra, anddskities represent emission spectra. Coloured
bands represent the filter and bandwidth used titexand record the fluophore.

Figure 2.8. Fluorescent staining of airway primary vagal ganglia cells.
Isolated sensory cells collected 14 days afterdasing of guinea pigs with Dil. Staining is showwn
the middle panel. Primary ganglia cells are outtinim yellow on bright field images (left) and on

combined bright field / Dil fluoresence images fitlg In this example, 1 out of 3 cells are stained.
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CHAPTER 3

Characterisation of Models and

Phar macological Tools

70



3.1 Rationale

Both capsaicin and resiniferatoxin are well-estdidd TRPV1-selective agonists that have
been shown to induce coughing in humans and ani(aldsson & Fuller, 1999; Lalloo et
al., 1995; Morice et al., 2007, 2001; Trevisaniakt 2004). However, the role that other
receptors play in the cough reflex has yet to lelist in detail. In this chapter | test the
hypothesis that, due to its co-expression on nptiwe neurons and ability to bind a
multitude of known noxious stimuli, the TRPA1 iohannel is another potential tussive
mediator. These studies are important because erarisonmental and endogenous irritants
are known to be TRPAL or TRPV1 activators, anduah shese receptors could play a role in
cough hypersensitivity associated with inflammataiyways disease. In particular, a
decrease in airways pH and an increase in theseleleendogenous inflammatory mediators
such as PGEand BK have been associated with airways disdédkthree of these mediators
induce coughing of themselves, and can also seaditie cough response to other tussive
mediators (Choudry et al., 1989; Costello et @85, Katsumata et al., 1991; Lalloo et al.,
1995; Maher et al.,, 2009). Low pH directly gates thRPV1 ion channel, and P&Es
thought to activate TRPV1 downstream of its G pmt®upled receptor. Furthermore, BK
mediates some of its nociceptive effects via atbwaof the TRPAL or TRPV1 ion channels
through the intracellular phospholipase C pathwiiye to their activation by such a wide
variety of compounds, it is possible that TRPA1 dRPV1 could be mediating the cough

induced by these endogenous irritants.

In order to investigate a role for TRPA1 and TRHNInediating the tussive effects of low
pH, PGE and BK, it was initially necessary to charactetlsein vitro andin vivo models of
cough that | would be using. | began withiarvitro isolated vagal tissue preparation, which
is a well-established model in our lab, and hasmnb&®wn to be predictive of the cough
reflex in vivo (Maher et al., 2009; Patel et al., 2003; Usmatil.e2005). The isolated vagus
nerve system provides an ideal opportunity to plaaotogically assess TRP receptor
agonists and antagonists, while avoiding potepif@rmacokinetic issues which are inherent
in in vivo models. This system also allows for comprehensharacterisation with lesser
guantities of compound compareditovivo, and reduces both the number of animals and
cost. Moreover, a number of species can be usade&pigs, unlike rats and mice, possess a
functional cough reflex and were therefore the mseof choice for then vitro model.

Mouse vagus nerves can also be used in this syskemgh mice do not possess a cough
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reflex per se the afferent arm of the reflex still appears éoittact and behaves similarly to
guinea pig and human vagus nerves (Birrell eR8l09; Maher et al., 2009). This permits the
use of genetically modified animals which have tae TRPAL1 or TRPV1 gene disrupted,
allowing investigation in to the importance of atmalar receptor without pharmacological
intervention. | also had access to human vagusesesbtained from donor tissue surplus to
clinical requirement and donated for scientific e@€h purposes, thereby allowing
verification of the key results in a human modek (patient details refer to Chapter 2). The
initial aims of this chapter were, therefore, tsess the ability of TRPA1 and TRPV1
agonists to depolarise isolated vagus nerves; terdee the ability of TRPA1 and TRPV1
antagonists to inhibit this response; and to eisfatihe selectivity of these compounds for

their reported receptors.

Though many pharmacological compounds show promisédro, their effects do not always
translatein vivo due to pharmacokinetic and pharmacodynamic isseemea pigs are the
only small animal to exhibit a functional coughlegfwhich resembles human cough. These
animals provide the opportunity to assess a funatioough reflex at a much lower cost than,
for example, the cat or dog. TRPV1 agonists aradly known to induce coughing in guinea
pigs, and both capsaicin and citric acid have beEstablished as reliable tussive agonists in
our lab. Therefore, the second aim of this chaptes to verify than vitro findings on the
vagus nerve in a conscious guinea pig cough matet is, to establish the ability of TRPAL
agonists to induce cough, and the efficacy of tR&-Belective antagonists to inhibit cough

in vivo.
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3.2 Methods
3.2.1 Genotyping of Genetically Modified Mice

Breeding pairs of mice devoid of tAepal, Trpvl, Accn2(ASIC1) orAccn3(ASIC3) genes
were backcrossed on to the C57BI/6j background. ditygous breeding pairs @fpal’ and
Trpv1™ mice were purchased from Jackson Laboratories jli®édAsic3™ mice were kindly
provided by Dr. Welsh (University of lowa). HeteygpusAsicI” mice were provided by
Professor Fugger (John Radcliffe Hospital, Uniuwgrsif Oxford) and subsequently bred to
obtain a homozygous knockout colony. Breeding delnvere maintained at Imperial
College, London.

Following DNA extraction and quantification, the BNsections in between the primer pairs
were exponentially amplified using PCR (see chaptesection 2.2.2 for details). Samples
were heated to the denaturing temperature for 2it@d) followed by 40 cycles of denaturing,
annealing and extension steps (specified in Taklg. A final 10 minutes at the same
temperature as the extension step was run to etisatrall products were full length. The
reaction was then stopped by cooling to 4°C foributes. The PCR products and a DNA
ladder (Hyperladder 1V, Bioline Ltd, London) wengnron a 2% agarose gel in Tris Borate
EDTA (TBE) buffer containing 0.05 pl/ml SafeviewBS Biologicals Ltd, Huntingdon, UK)

at 80 V for 1 hour. Finally, the gel was visualisgwer ultra-violet light and photographed.
Expected base pairs (bp) for the wild type and koat primers are detailed in Table 3.1.
Wild type and knockout primers for the TRPAL, TRP&id ASIC3 genes were run and
visualised in the same reaction, whereas, prin@rsdhie ASIC1 gene were run in separate

reactions.
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Table 3.1. Genotyping PCR conditions and expected primer &afod wild type and

genetically modified mice.

Mouse Type PCR Conditions Expected Primer Bands
Denaturing Annealing Extension  Wild Type Knockout
TRPA1 30s/95°C 30s/68°C 60s/72°C 317bp 448
TRPV1 30s/95°C 60 s/64°C 60s/72°C 984 bp Olgd
ASIC1 30s/94°C 30s/65°C 60 s/75°C 267bp 0128
ASIC3 30s/94°C 30s/59°C 60 s/ 68°C 400bp OG0

Abbreviations: bp = base pairs; s = seconds

3.2.2 Characterisation of the isolated vagus neeparation

3.2.2.1 Guinea pig vagus nerve

Non-cumulative concentration-response (CR) curvesewestablished for a number of
TRPV1- and TRPAl-selective stimuli. In the guineig, ICRs were established for the
TRPV1 agonists capsaicin (0.1, 1, 10, 100 pM) asihiferatoxin (1, 3, 10, 30 nM); and the
TRPAL agonists acrolein (0.1, 0.3, 1, 3 mM), cinaidahyde (0.1, 0.3, 1, 3 mM), and allyl-
isothiocyanate (0.1, 0.3, 1, 3 mM). An equivaldithalation with vehicle (0.1% DMSO v/v

for all agonists) was also tested to ensure thisndit elicit nerve depolarisation of itself.
Stimuli were applied for 2 minutes, and then tresue washed with Krebs solution until
recovery of baseline. After characterisation, sub«mal concentrations of agonist (1 pM
capsaicin and 300 uM acrolein) were chosen to lprifie effect of TRPA1- and TRPV1-

selective antagonists.

A concentration of antagonist was applied to thgugain combination with the agonist to
measure degree of inhibition in depolarisationdiked in chapter 2, section 2.3.3). CRs for
the TRPV1 antagonists capsazepine (1, 3, 10 uM)Jaid 7203212 (0.1, 1, 10, 100 uM)
were established against 1 pM capsaicin; and theAlRantagonist HC-030031 (3, 10, 30
HM) against 300 uM acrolein. In addition, the efffe€ vehicle (0.1% DMSO v/v for all

antagonists) was established to ensure that thisweihaving an effect on nerve stimulation.

The concentration of antagonist which produced makiinhibition was then tested against
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the alternate agonist to demonstrate that there meaoff-target effect at the selected
concentration. Therefore, 10 uM capsazepine anduMJNJI172032121 were tested against
300 pM acrolein; and 10 pM HC-030031 was testedhaga M capsaicin.

3.2.2.2 Mouse vagus nerve

Non-cumulative CR curves in wild type C57BI/6] miwere established for capsaicin (0.1, 1,
10, 100 pM), resiniferatoxin (1, 3, 10, 30 nM),a@ein (0.1, 0.3, 1, 3 mM), cinnamaldehyde
(0.1, 0.3, 1, 3 mM) and allyl-isothiocyanate (L33, 10 mM), or vehicle (0.1% DMSO v/v)
as described for the guinea pig above. After charasing the response to tussive agents on
the vagus nerve, sub-maximal concentrations of iagdd pM capsaicin and 300 uM
acrolein) were chosen for further experiments. dbiity of these agonists to activate vagus
nerves froniTrpal’”” and Trpv1” mice was compared to wild type (C57BI/6j), thergying

an indication of their selectivity at the concetitia chosen.

TRPA1- and TRPV1-selective antagonist CRs were th&tablished for the mouse. The
TRPV1 antagonists capsazepine (1, 3, 10 uM) and 7208212 (1, 10, 100 uM) were tested
against 1 uM capsaicin; and the TRPAL1 antagonistOB@31 (3, 10, 30 uM) was tested
against 300 uM acrolein. In addition, the effecvehicle (0.1% DMSO v/v) was established
to ensure that this was not having an effect onenstimulation. The concentration of each
antagonist which produced maximal inhibition wasnthested against the alternate agonist to
demonstrate the selectivity of the antagonist a ttoncentration. Therefore, 10 uM
capsazepine and 100 pM JINJ172032121 were testaast80 puM acrolein; and 10 pM
HC-030031 was tested against 1 pM capsaicin.

3.2.2.3 Human vagus nerve

Due to the scarcity of human vagus tissue, onlgctetl concentrations of agonist and
antagonist were tested, based on effective coratenmis in the guinea pig experiments.
Therefore, the ability of 1 uM capsaicin and 300 péfolein to activate human vagal tissue
was verified. Following this, the ability of vehécl(0.1% DMSO v/v), JNJ17203212 (100
KM) or HC-030031 (10 uM) to antagonise capsaicth @rolein responses was determined.
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3.2.3 Characterisation of the conscious guineaquggh model

Conscious, unrestrained guinea pigs (300-400g,aHatUK) were individually placed in a

closed chamber. Animals were exposed to a 5 miaatesol of capsaicin (15, 30, 60, 90
KUM), acrolein (10, 30, 100, 300 mM), or appropriagdicle (1% ethanol plus 1% tween 80
in saline for capsaicin; 0.9% saline for acrolelBach guinea pig was exposed to only one
concentration of agonist. The number of coughs measrded during the 5 minute agonist
stimulation and for a further 5 minutes post-stiatiain (10 minutes in total) as described in

chapter 2, section 2.4.

Once a suitable concentration of agonist whichtelicrobust coughing had been determined,
dose-responses for the selective antagonists HO313(B0O, 100, 300, 100 mg/kg; TRPA1)
or JNJ17203212 (30, 100, 300, 1000 mg/kg; TRPV1aapropriate vehicle (0.5% methyl
cellulose in sterile saline for HC-030031; 15% sdlluin 5% dextrose solution for
JNJ17203212) were established as described in eth@ptsection 2.4. Antagonists were
injected i.p. one hour prior to aerosol stimulatwith either acrolein (100 mM) or capsaicin
(60 uM). In addition, at the dose which maximaithibited its own receptor (300 mg/kg HC-
030031 and 100 mg/kg JNJ17203212) the antagoniste wested against the alternate
agonist to demonstrate that there was no off-tagffett at the selected dose. Agonists were
aerosolised for 5 minutes, and the number of coeghsted for 10 minutes.

3.2.4 Data Analysis

Antagonism of agonist-induced vagal sensory necteation was analysed by paired t-test,
comparing responses in the same nerve before serdbatagonist incubation. Antagonism of
agonist-induced cough was analysed using the KiWlkdlis one-way ANOVA followed by
Dunn’s multiple comparison post-hoc test compaaligroups to vehicle. Significance was
set at p < 0.05, and all data were plotted as mtesae.m. oin observations.
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3.3 Results
3.3.1 Genotyping of genetically modified mice

As discussed in section 3.1, though mice do nosgsss a functional cough response, the
isolated vagus nerves from wild type mice displewilar depolarising responses to irritant
stimuli in comparison to both guinea pig and humarves (Birrell et al., 2009; Maher et al.,
2009). It therefore appears that the afferent drthecough reflex is intact in these animals,
and they are hence a very useful model to studglt@as we are able to manipulate their
genetic template. Pairs of mice genetically modifte remove the gene for the TRPAL,
TRPV1, ASIC1 or ASIC3 receptor were obtained, amdetling colonies maintained at
Imperial College. Each colony was genotyped befaed sporadically during
experimentation to confirm knockdown of the appraigr gene. Only male homozygous
knockout animals were used in the isolated vagysemxents. All of the genetically
modified mice were bred on a C57BL/6j backgrourmd as such wild type C57BL/6j mice
were used as the appropriate control.

All animals from the Trpal” and Trpvl” breeding colonies were confirmed to be
homozygous knockouts. Knockdown of the TRPA1l andPVR gene was successfully
maintained in these colonies. Primers and probee designed so that a single band at 184
base pairs (bp) or 600 bp indicates a homozygouBAlIRor TRPV1 knockout animal,
respectively. Whereas, a single band at 317 bBdrkp indicates the associated wild type
gene (Figure 3.1).

Mice for the ASIC1 colony were received as hetegomsAsicI” animals, which were bred
together. Subsequent generations were genotypeidl anfull knockout colony was
established (Figure 3.2A). Because the number dbbthe wild type and knockout genes is
very similar, the primers and probes were run pasate reactions. A single band at 280 bp
indicates a homozygous ASIC1 knockout animal, wéera single band at 267 bp indicates a
wild type animal. DNA from animals showing two ban@ne for each reaction) indicates a
heterozygous animal. Once established, knockdowth@fASIC1 gene was successfully

maintained in this colony.
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Mice for the ASIC3 colony were received as homozyggknockouts, and this was confirmed
via genotyping (Figure 3.2B). A single band at @8® indicates a homozygous ASIC3
knockout animal, whereas, a single band at 40(hBjgates a wild type animal. Knockdown

of the ASIC3 gene was successfully maintained ismablony.

A. C Wild Type Trpal”
300bp > P ——

200bp >

B. C Wild Type Trpvl”
1000 bp ->

600bp >

Figure 3.1. Genotyping of DNA extracted from wild type and genetically modified mice with the
TRPALor TRPV1 genedisrupted.

These gels show DNA extracted from wild type (CHjBhand genetically modified animals. (a) The
primers for the wild type TRPAL gene produce a ban@817 bp and the primers for the disrupted
gene produce a band at 184 bp. (b) The primershfiewild type TRPV1 gene produce a band at 984
bp and the primers for the disrupted gene produbarad at 600 bp. Primers and probes for both the
wild type and disrupted gene were run in the saewction. Only single bands were observed,
indicating that the colonies consisted of only wijghe or homozygous knockout animals, and no

heterozygotes. C = water (negative control).
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A. C Ht J_ Ht Wild Type Asicl”

Wild-type reaction
300 bp >

Knockout reaction

Figure 3.2. Genotyping of DNA extracted from wild type and genetically modified mice with the
ASIC1 or ASIC3 genedisrupted.

These gels show DNA extracted from wild type (CHjBland genetically modified animals. (a) The
primers for the wild type ASIC1 gene produce a bah@67 bp and the primers for the disrupted
gene produce a band at 280 bp. (b) The primershiemwild type ASIC3 gene produce a band at 400
bp and the primers for the disrupted gene produdeaad at 600 bp. Primers and probes for the
ASIC1 wild type or disrupted gene were run in saf@reactions, whereas primers and probes for
the ASIC3 wild type or disrupted gene were run he same reaction. Single bands indicate
homozygous wild type or knockout animals, whereasbleé bands indicate heterozygous (Ht)

animals. C = water (negative control).

3.3.2 Characterisation of isolated vagus nerve oeses

Our lab has previously established the isolatedisgeparation as a reliabtevitro model

for cough, having shown that stimulants which attvthe vagus nerve also induce coughing
in both animals and humans (Belvisi et al., 2008;eB et al., 2009; Maher et al., 2009). |
began by determining concentration-responses fawknTRPA1l- and TRPV1-selective
agonists and antagonists in guinea pig and mowdatesl vagus nerves. | then went on to
ascertain the selectivity of these compounds feir tteported receptor at the concentrations
which were chosen for further experimentation. Keyperiments were repeated in human

vagal tissue.
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3.3.2.1 Sensory nerve activation by TRP-selectymnests

Depolarisation, which is a measure of sensory nactwity, was recorded while perfusing a
concentration of agonist over a 2 minute periochidle (0.1% DMSO) had no effect on the
nerves, whereas all other stimuli caused concémtraependent increases in magnitude of
depolarisation in both the guinea pig and mouseuvagerves (Figures 3.3A & 3.4A).
Selected concentrations of capsaicin (1 pM) andoleier (300 puM) also induced
depolarisation in human isolated vagus nerves (Eigu5). During experimentation it was
observed that multiple stimulations with a TRPAdahd could desensitise subsequent nerve
responses in guinea pig and mouse vagal tissuarfs@.3B & 3.4B). This was investigated
further, as the pharmacological antagonist pro&iguires multiple reproducible stimulations
with an agonist. After ascertaining these effedtsiyas decided to move ahead with a
concentration of 300 uM acrolein for future vagtugges, because this concentration induced
an acceptable magnitude of depolarisation in bethguinea pig and mouse nerves without
causing desensitisation. A 1 pM concentration gise&cin was also chosen for further
experiments because this TRPV1 agonist evokesge land reproducible magnitude of
depolarisation, in contrast to resiniferatoxin m@sges which tend to be smaller, and difficult

to wash out.

Having determined an appropriate concentrationRPAL and TRPV1 agonists with which
to move forward, | then proceeded to establish dbkectivity of these agonists for their
reported receptor. At 300 uM, the TRPA1 agonisbleon induced normal responses in both
wild type andTrpv1’™ mouse vagus nerve, but failed to cause depolimisat Trpal’ tissue.
Conversely, 1 uM of the TRPV1 agonist capsaiciugsdl normal responses in wild type and

Trpal’ nerves, but failed to cause depolarisatiofiripvI” tissue (Figure 3.6).
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Figure 3.3. Characterising TRPV1 and TRPA1 selective agonists on the guinea pig isolated
vagus nerve.

Agonists were applied to guinea pig isolated vagasves for 2 minutes in a random ordéa)
Concentration responses were established for TR&dsaicin [Caps], resiniferatoxin [RTX]) and
TRPA1 (acrolein, cinnamaldehyde [Cinn], allyl ismtyanate [AITC]) agonists, and vehicle (0.1%
DMSO [Veh]). (b) TRPAL1 agonists were found to desensitise the vagoge with consecutive
stimulations. Magnitude of depolarisation (mV) wasorded, and data plotted as mean +s.e.m. of n

= 6 observations.
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Figure 3.4. Characterising TRPV1 and TRPAL1 sdective agonists on the mouse isolated vagus
nerve.

Agonists were applied to wild type mouse (C57Bliggjated vagus nerves for 2 minutes in a random
order. (a) Concentration responses were established for TR¥fsaicin [Caps], resiniferatoxin
[RTX]) and TRPA1 (acrolein, cinnamaldehyde [Cina]lyl isothiocyanate [AITC]) agonists, and
vehicle (0.1% DMSO [Veh])b) TRPA1 agonists were found to desensitise the vagnge with
consecutive stimulations. Magnitude of depolar@atimV) was recorded, and data plotted as mean

+s.e.m. of n = 6 observations.
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Figure 3.5. TRPV1 and TRPAL1 selective agonists activate human isolated vagus nerves.

Agonists were applied to human isolated vagus efwe2 minutes. Both TRPV1 (1 uM capsaicin)
and TRPAL (300 uM acrolein) selective agonists @éedusensory nerve depolarisation. In contrast,
vehicle (0.1% DMSO) did not activate human vagusese Magnitude of depolarisation (mV) was
recorded, and data plotted as mean *s.e.m. offa8-observations.
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Figure 3.6. Establishing the selectivity of TRPV1 and TRPA1 agonists on the mouse isolated
vagus nerve.

Capsaicin (1 pM) or acrolein (300 uM) was appliedwild type (C57BL/6j), Trpal or Trpv1”
mouse isolated vagus nerves for 2 minutes. Thetsati of these agonists for their reported reaept
was confirmed by the lack of response in the cpording knockout mouse, while showing normal
magnitudes of depolarisation (mV) in wild type d@sdue from the alternate knockout mouse. Data

are plotted as mean + s.e.m. of n = 6 observatigh&dicates a lack of depolarising response to
agonist stimulation.
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3.3.2.2 Inhibition of sensory nerve activation dgA-selective antagonists

After confirming that the TRP-selective ligands uedd depolarisation, and that they were
indeed selective for their reported receptor, | ta@nto establish concentration responses for
the associated TRP-selective antagonists. The TRI@lELtive antagonists capsazepine and
JNJ17203212 both concentration-dependently intdbithe TRPV1-selective agonist
capsaicin in guinea pig (Figure 3.7) and mouseuiei.8) isolated vagus nerves. At 10 uM
and 100 uM, respectively, capsazepine and JNJ17120Bbcked capsaicin responses by
100% in both species (p < 0.05). Moreover, 100 pN01¥203212 inhibited capsaicin
responses by 100% in human tissue (p < 0.05). mrast, at these concentrations, neither
capsazepine nor JNJ17203212 had an off-targetitohybeffect on acrolein-induced nerve
depolarisation. Alternately, the TRPA1l selectivetagonist HC-030031 concentration-
dependently inhibited acrolein-induced responsegumea pig (Figure 3.7) and mouse
(Figure 3.8) vagus nerves. At 10 uM, HC-030031hitad acrolein responses by 90 = 7% in
guinea pig, 91 £ 7% in mouse, and 93 + 10% in hutismoe (p < 0.05). HC-030031 showed

no off-target effect on capsaicin-induced nerveadpsation at this concentration.

Il Capsaicin
100 100 100 « [ Acrolein
L %
< 801 < 801 - 804
Q 9 i)
£ 604 £ 604 £ 604
= = = *
£ 404 £ 404 £ 40
X X X
20+ 201 201
0- 0- 0 L
Veh 1 3 10 10 Veh 0.1 1 10 100 100 Veh 3 10 30 10
Capsazepine (UM) JNJ17203212 (uM) HC-030031 (uM)

Figure 3.7. Characterising TRPV1- and TRPA1-selective antagonists on the guinea pig isolated
vagus nerve.

Concentration responses were established for TRe&isazepine, JNJ17203212) and TRPAL (HC-
030031) selective antagonists or vehicle (Veh, 0eIS0) against TRPV1 (1 uM capsaicin, black
bars) and TRPA1 (300 uM acrolein, white bars) dilecagonists. The concentration which
maximally inhibited its own receptor was then tdstgainst the alternate agonist to establish
selectivity at the chosen concentration. Data repré¢ mean + s.e.m of n = 6 observations. *

indicates statistical significance (p < 0.05; paird-test), comparing responses in the same nerve

before and after antagonist incubation.

84



Il Capsaicin
% [ Acrolein

100~ 100-
- *
< 804 * - < 80
R 9 R
£ 60 2 £ 60
S = S *
£ 40 £ £ 40
X * X X
20+ 20
- 0- 0 T
Veh 1 3 10 10 Veh 1 10 100 100 Veh 1 3 10 10
Capsazepine (UM) JNJ17203212 (uM) HC-030031 (uM)

Figure 3.8. Characterising TRPV1- and TRPA1-selective antagonists on the mouse isolated
vagus nerve.

Concentration responses were established for TRe&{isazepine, JNJ17203212) and TRPAL (HC-
030031) selective antagonists or vehicle (0.1% DM%€h]) against TRPV1 (1 uM capsaicin, black
bars) and TRPA1 (300 uM acrolein, white bars) dilecagonists. The concentration which
maximally inhibited its own receptor was then tdstgainst the alternate agonist to establish
selectivity at the chosen concentration. Data reprg mean + s.e.m of n = 6 observations. *

indicates statistical significance (p < 0.05; pairé-test), comparing responses in the same nerve

before and after antagonist incubation.
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Figure 3.9. Characterising TRPV1- and TRPA1-selective antagonists on human isolated vagus

nerve.
(a) Capsaicin-induced sensory nerve depolarisation whtbited by the TRPV1-selective antagonist

JNJ17203212 (JNJ; 100 puM), but was unaffected llyeeithe TRPA1-selective antagonist HC-
030031 (HC; 10 uM) or vehicle (Veh; 0.1% DMSdh) Acrolein-induced sensory nerve
depolarisation was inhibited by HC, but not JNJvehicle. Data represent mean +s.e.m of n = 2-3

observations.
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3.3.3 Characterisation of the conscious guineaquggh model

Capsaicin is a well-established tussive ligand, ignikhown to induce robust cough in both
human and animal models via activation of the TRR®g&eptor. At the time of these
experiments TRPA1 had not yet been established tassive mediator; however we have
subsequently published some of the following resintguinea pigs, and corroborated the
findings in human volunteers (Birrell et al., 2008nhother group has also observed coughing
with TRPA1 stimulation in a guinea pig model (Anditeal., 2009).

In the above experiments, | verified that the agmniacrolein (TRPAL1) and capsaicin
(TRPV1) are selective for their reported receptor vitro. This section establishes
concentration-responses for TRPA1- and TRPV1-gekeetgonists and antagonists inian
Vivo guinea pig cough model. The selectivity of theagohists was also determined at the

concentration which was chosen for further expenitaigon.

3.3.3.1 TRP-selective agonist-induced cough

Concentration-responses for capsaicin and acraoteineed cough were established. The
vehicles elicited no response, whereas both capsanc acrolein concentration-dependently
induced large, single explosive coughs (Figure® &ad 3.11). Concentrations of 60 uM
capsaicin and 100 mM acrolein, which caused subataroughing, were chosen for use in

future experiments.

3.3.3.2 Inhibition of cough by TRP-selective antaigts

In the isolated vagus nerve, the TRPV1-selectitagomists capsazepine and JNJ17203212
were both shown to abolish capsaicin-induced nedegolarisation. Capsazepine is a well-
established TRPV1 antagonist that has previousgn lshown to inhibit capsaicin-induced
cough responses (Lalloo et al., 1995; Trevisaralgt2004). However, capsazepine has a
poor pharmacokinetic profilen vivo (Valenzano et al., 2003). The JNJ17203212 compound
is a new-generation TRPV1 inhibitor which is repdrtto have a good pharmacokinetic
profile in vivo, and has also been shown to inhibit capsaicin aitic acid cough
(Bhattacharya et al., 2007). JNJ17203212 was usdtiesein vivo studies to inhibit the
TRPV1 ion channel. Though a number of TRPV1-selectintagonists have now been
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discovered, there amurrently very few TRPA-selective antagonists available. Of the ¢
that have been established, the-030031 compound has been the most widely usedhas
been show to be effective irin vivo models of painEid et al., 2008; McNamara et ¢
2007). Moreover, in thén vitro isolated vagus model, | have established tha-030031
blocks acroleinnduced nerve responses by approximately ' In agreement with thin
vitro findings, JNJ17203212 concentrai-dependently inhibited capsai-induced guinea
pig cough. Coughing was complet@abolished at a dose of 100 mg/kg and above (p 5)(
but at this dose acroleinduced cough was not ected (Figure 3.1&). Conversely, H-
030031 pre-treatment dodependently inhibited acrole-induced cough, but had no efft
on capsaicin stimulation (Figure12B). Maximum inhibition wasassociated with p-
treatment of 300 mg/kg HG30031, which redied the number of acrole-induced coughs
to 0.4 £ 0.3 in comparison to 8.5 £ 1.2 coughs wehicle pr-treatment (p < 0.0t

Cough

N

\\\\\\ Respiration

Time (2 sec)

[M

Box Flow

(16 ml/s)

Figure 3.10. Example of a cough trace recorded in response to capsaicin stimulation in guinea
pigs.

Inhalation of aerosolis® capsaicin or acrolein caused large, single, esple coughs. Th
occurrence of a cough was distinguished from otlesipiratory events (e.g. sneezes) by ana
software (Buxco, USA) as well as the characterigtisture and sound produced by the ga pigs
during a tussive effort. This image of a cough oese to capsaicin was acquired by screen caf

during real time data replay.
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Figure 3.11. Characterisng TRPV1 and TRPAL selective agonists in a conscious guinea pig
cough model.

Guinea pigs were exposed to aerosolised agonisthicle (Veh) for 5 minutes, with the number of
coughs was counted during this period and for ahferr 5 minutes (10 minutes total). Concentration-
responses were established (aJ capsaicin andb) acrolein. Data are plotted in both bar chart and

scatter-graph format as mean +s.e.m of n = 10-h&esvations.
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Figure 3.12. Characterising the effect of selective TRPV1 and TRPAL1 antagonists in the
conscious guinea pig cough model.

Guinea pigs were exposed to aerosolised TRPV1 b@apsaicin; black bars & filled squares) or
TRPA1 (100 mM acrolein; white bars & open circlegjonists for 5 minutes, and the number of
coughs counted for 10 minutes. Concentration-respenwere established fofa) TRPV1
(INJ17203212) an¢b) TRPAL1 (HC-030031) selective antagonists agairest gelective agonist. The
dose which maximally inhibited its own receptor whsn tested against the alternate agonist to
establish selectivity at the chosen dose. Antagonisre injected i.p. 1 hour prior to stimulatioreh

= antagonist vehicle. Data are plotted in both lwdvart and scatter graph format as mean = s.e.m of
n=8-10 observations. * indicates significance comgghto vehicle control (p < 0.05; Kruskal Wallis

one-way ANOVA with Dunn’s multiple comparison gust-test).
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3.4 Discussion

Discovery of the TRPV1 receptor as a binding sitetéissive stimuli has lead to a greater
understanding of the mechanisms driving cough ith bheealth and disease. Capsaicin and
citric acid, both classical TRPV1 agonists, haverbextensively used to study the cough
reflex in a wide range of models, fram vitro single-fibre and isolated vagus analysisinto
vivo models of cough in animals both conscious and uad@esthesia; to human trials
investigating cough in healthy individuals and #hauffering from various chronic cough
pathologies (including asthma, COPD, gastro-esogdiagflux, and idiopathic cough). The
breakthrough discovery of a specific ion channetatly involved in causing cough brought
with it the possibility of developing novel targdtanti-tussive therapies, which have the
potential to inhibit coughing without the associbgede-effects of current treatments such as
opioids. The more recent discovery of the TRPA1dbannel seems even more promising,
as it is an extremely promiscuous receptor thai$amwide range of both environmental and
endogenous compounds that are associated withratspiirritation. If this receptor is found
to play a significant role in cough, and excessieeigh states associated with disease, it
opens up another area of research that could w#lynéead to the development of more

efficacious anti-tussive therapies.

This chapter outlines the development of two mott@snvestigating the role of TRPAL and
TRPV1 ion channels in sensory nerve activation a@odigh using receptor-selective
pharmacological tools. Furthermore, breeding c@smf genetically modified animals with
the TRPAL, TRPV1, ASIC1 and ASIC3 gene disruptedevestablished, and knockdown of
the appropriate receptor was confirmed using gegmiogy These mice are a valuable asset to
this research, as they allow non-pharmacologicsg¢ssmnent of the importance of these ion
channels in mediating sensory nerve activatioregam by using these animals to confirm the
selectivity of the TRPAL1 and TRPV1 agonists forithreported receptor, which conferred
confidence in moving forward with these tools teastigate the associated receptor-selective

antagonists.

In this chapter | have describediarvitro model of sensory afferent activation in the isadiat
vagus nerve, which has been previously shown terbdictive of tussive effects vivo
(Maher et al., 2009; Patel et al., 2003; Usmamalet2005). The vagus nerves supply the

majority of sensory afferent fibres to the airwdlyerefore, depolarisation of the isolated
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vagus nerve from both guinea pig and mouse wasactaised using a number of TRPA1-
and TRPV1-selective pharmacological tools. The gaimpig was chosen because these
animals are capable of evoking a cough reflex, lacwlld therefore repeat key experiments
in response to tussive stimuli in &m vivo model (Maher et al., 2009; Patel et al., 2003).
Whereas, a mouse model was used as we have agcessitor knockout animals. Although
mice do not cougper se they do still appear to possess the afferentadrthe cough reflex,
and thus provide an invaluable tool for assessntanthermore, it has been established that
the vagus nerves in both of these species respoadimilar manner to that of man (Belvisi
et al., 2008; Maher et al., 2009). Key experimavege also replicated in human vagus tissue,

to confirm that the findings in the animal modais eelevant to man.

Using the isolated vagus nerve preparation, | ingated the ability of a number of TRPAL1-
and TRPV1-selective agonists to activate the vaguges. All TRPAL and TRPV1 agonists
induced depolarisation, and acrolein and capsaeire chosen for further experimentation. |
was able to confirm that acrolein was indeed actigke TRPA1 agonist, and capsaicin a
TRPV1 selective agonist by showing a lack of respoinTrpal‘" andTrpvl‘" mouse vagal
tissue. These compounds were therefore suitableus® in profiling TRP-selective
antagonists. The TRPA1l-selective antagonist HC-BBO®@as shown to inhibit acrolein
responses, but not capsaicin; conversely, the TR$8lKctive antagonists capsazepine and
JNJ17203212 inhibited capsaicin responses, butaoailein. Thus, the selectivity of the
chosen antagonists was established, and a cont@mtchosen for future experiments. Key
experiments were repeated in human isolated vagssetto corroborate the findings in a
human model. Both acrolein and capsaicin inducqubldeisation in human sensory nerves,
which were blocked by their corresponding but ritgraate antagonist. The above results

illustrate that the effects of these compoundshzatranslated across species.

In vitro assessment of sensory nerve depolarisation pw@deliable alternative to vivo

cough experiments, which are associated with imteaed complex pharmacokinetic issues;
are expensive; require the use of a large numbemohals; and a large quantity of test
compound. The isolated vagus nerve preparation allosred assessment of the potential
role of the TRPALl and TRPV1 ion channels with coommts that may not have an ideal
pharmacokinetic profilen vivo. However, the data from the isolated vagus nereparation

should be interpreted with some caution, as th&uasstimuli and compounds are applied to

the trunk of the nerve. Therefore, the signal tisatrecorded extracellularly in these
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experiments represents a summation of the changesmbrane potential of all of the axons
within the vagus nerve, including all types of refibre (e.g. RARS, A nociceptors and C-
fibres) and non-airway fibres. Furthermore, theregpion and transduction mechanisms of
the receptors situated on the membrane of the mx@nnot represent their behaviour at the
peripheral nerve endings (Patel et al., 2003). lkerraative method that is widely used in the
research community is the single fibre techniqubene agents are applied directly to the
nerve ending in the airway, and action potentiatorded from a single fibre in the nerve
trunk (Fox et al., 1997, 1996; Kollarik & Undem, ). However, this technique is less
robust, has a lower throughput and requires speethkequipment. Nevertheless, agents that
activate sensory nerves, using either the isolai@gus preparation or the single fibre
technique, also induce coughvivo (Birrell et al., 2009; Fox et al., 1997, 1996; kwok &
Undem, 2002; Lalloo et al., 1995; Maher et al.,2@atel et al., 2003; Usmani et al., 2005).

To demonstrate that the vitro results do in fact translate o vivo cough responses, both
agonist and antagonist concentration-responses vegreated in a conscious guinea pig
model of cough. Measuring tussive responses inaoas, unrestrained animals allows
analysis (by a trained observer) of the cough twmrporate stance and posture as well as
sound produced during the cough reflex, and doégplace undue stress on the animal by
using restraints. Furthermore, anaesthesia has ingditated in inhibition of the C-fibre
response to tussive stimuli, and some anaestlratcthought to activate the TRPA1L receptor
(Belvisi & Hele, 2006; Eilers et al., 2010; Gall&sFlood, 2010; Karlsson & Fuller, 1999).
An automated system was also in place to countahighs induced by capsaicin and acrolein
(Buxco, USA), which agreed closely with counts fraime trained observer. Tussive
responses in thm vivo cough model mirrored previous findings in both thelated vagus
preparation and neuronal imaging experiments. ®dioth capsaicin and acrolein induced
concentration-related coughing; and these tussspanses were dose-dependently inhibited
by the corresponding TRPA1 (HC-030031) and TRPVNJ{¥203212) antagonists.
Conversely, coughing induced by a selected conatorr of acrolein or capsaicin was not
affected by the alternate antagonist, demonstrdtiagthe antagonists were not acting off-

target at the doses selected.

In summary, | have shown here that TRPA1- and TRB&l&ctive agonists activate human,
guinea pig and mouse vagal sensory nemvestro, and cause cough vivo. Furthermore,

these effects can be blocked by selective antagoaisa concentration which does not
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display off-target actions. Having established ¢h&mls, | went on to probe the role of the
TRPA1 and TRPV1 ion channels in mediating senseryaactivation and tussive responses

to the endogenous irritants P&BK and low pH.
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CHAPTER 4

Endogenous M ediators. Prostaglandin E,

94



4.1 Rationale

PGE is derived from the metabolism of arachadonic aayd cyclo-oxygenase (COX)
enzymes: COX-1 which is costitutively expressed] &OX-2 which is inducible. PGE
elicits coughing when inhaled, and pre-treatmerh WiGE; sensitises airway afferent nerves
and the cough reflex to stimulation with other tussagonists (Choudry et al., 1989; Costello
et al., 1985; Gauvreau et al., 1999; Ho et al. 026@Gwakami et al., 1973). The production of
PGE is known to be upregulated in response to airwaffammation, and as such P&E
could be implicated in the pathogenesis of chramuiagh associated with airways diseases
such as asthma, COPD and post-viral cough. It bas Ipostulated that this mediator may
sensitise patients who suffer from chronic coughrteironmental tussive irritants; or it could
be inducing cough itself if concentrations withire tairways reach sufficient levels to directly

activate airway sensory nerves.

There is a particular interest in determining ho®&? induces cough, as this lipid mediator
has also been shown to have beneficial anti-inflatony and bronchodilatory effects in the
lungs, and has thus been suggested as a novgbyHeraasthmatics (Gauvreau et al., 1999;
Kawakami et al., 1973; Melillo et al., 1994; Pavetdal., 1993). PGEpreferentially binds to
the EP receptor (Bos et al., 2004). Because theréoar isoforms of the EP receptor, it is
possible that the GPCR through which RBGHicits cough could be different from that
through which it has beneficial properties. It wasently established that Pgkhduces
sensory nerve depolarisation in human, guinea pigraouse vagal tissue, and causes cough
in guinea pigs via the BRPeceptor (Maher et al., 2009). However, the sigmaimechanisms
through which PGEmediates its tussive effects downstream of EEeptor activation have

yet to be determined.

Our understanding of the mechanisms behind FGdiiced cough is limited. Signalling
downstream of initial G-protein activation mustimiately lead to gating of an ion channel in
order to cause a net change in membrane potentidl smbsequent action potential
generation. TRPV1 has been associated with theafoRGE in oedema (Claudino et al.,
2006). It is possible that cough elicited by BGE also at least partially mediated via
activation of TRPV1, an ion channel that is alrekdgwn to mediate the tussive effects of
citric acid and capsaicin (Lalloo et al., 1995; visani et al., 2004). This hypothesis is

supported by the fact that prior exposure to PG enhance cough and neuronal responses
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to capsaicin stimulation (Choudry et al., 1989; k&loal., 2000). In addition, TRPAL is
another promising candidate for mediating the usssffects of PGE due to its co-
expression with TRPV1 on sensory neurons that vaterthe airways. TRPAL has also been
implicated in the detection of noxious stimuli, aisdknown to mediate the response to
numerous irritant gases, dusts, vapours and chénlinoked to cough (Bandell et al., 2004,
Bautista et al., 2006, 2005; Jordt et al., 2004ndi & Liedtke, 2008; Story et al., 2003;
Taylor-Clark et al., 2008a, 2008b). In Chapter shbwed that acrolein, a TRPA1-selective
agonist, is able to induce coughing in a guineamidel. This data has been published
alongside a clinical collaboration with ProfessoorMe’s group showing that inhalation of
aerosolised cinnamaldehyde can induce coughingafttty human volunteers (Birrell et al.,

2009), thus confirming a role for TRPAL1 in the tusgeflex.

In Chapter 3, the relevamt vitro andin vivo models were characterised; and the efficacy and
selectivity of TRPA1- and TRPV1-selective agoniatal antagonists was determined. The
aim of this chapter was to examine the role of TRRAd TRPV1 ion channels in P&E
induced sensory nerve activation and cough. | bdgacharacterising responses to BGE
stimulation using guinea pig, mouse and human tedlgagus nerves. The ability of TRPAL
and TRPVl1-selective antagonists to inhibit thesspoases was then assessed, using the
concentrations established in Chapter 3. Finallgsé results were verified in am vivo
model of PGE-induced cough using conscious guinea pigs.
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4.2 Methods
4.2.1 PGE-induced sensory nerve activation

Non-cumulative CR curves were established for yeh{@.1% ethanol) or PGEon guinea
pig (3, 10, 30, 100 uM) and wild type mouse (0.11Q, 100 uM) isolated vagus nerves.
Stimuli were applied for 2 minutes in a random oy@ad then the tissue washed with Krebs
solution until baseline was re-established. Thditgof 10 uM PGE to activate human,

Trpal” andTrpvl mouse vagus nerves was also assessed.

After characterising the response to BGEsub-maximal concentration (10 pM) was chosen
to profile the effect of antagonists. Initially, éaoldress the question of whether application of
PGE induces production of more prostanoids downstrednarachadonic acid via the
cyclooxygenase pathway, which could alter the R{BBuced sensory nerve response, the
effect of a cyclooxygenase inhibitor (10 uM indohsatin) was determined. Indomethacin
was perfused on to guinea pig or wild type moustied vagus nerves for 10 minutes, and
the effect of this inhibitor on PGEesponses was assessed as described in chapéeti@n
2.3.3. Indomethacin was chosen as this is an esdtabl cyclooxygenase inhibitor, which has
been successfully used in other functional preparatat a concentration of 10 uM to block
the production of prostanoids (Belvisi et al., 19P2atel et al., 1995; Takahashi et al., 1994,
Ward et al., 1995).

In chapter 3, appropriate concentrations were bshedd for the TRPA1- (10 uM HC-
030031) and TRPV1-selective (10 uM capsazepine, 1B0JINJ17203212) antagonists,
which maximally inhibited their own receptor butidiot exhibit an off-target effect on the
alternate receptor. These antagonists were asstgsttkir ability to inhibit PGEinduced

activation in guinea pig, mouse (wild typErpal” and Trpvl’) and human isolated vagus

nerves.
4.2.2 PGRE-induced guinea pig cough

Conscious, unrestrained male Dunkin Hartley guipgs (300-400 g, Harlan, UK) were
individually placed in a plethysmography chamben. fhe initial CR, animals were exposed
to 10 minutes of aerosolised vehicle (0.1 M phospbaffer) or 30, 100 or 300 pug/ml PGE
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The number of coughs was recorded during the 1Qit@istimulation as previously described

in section 2.4.

For the antagonist study, guinea pigs were dogedavith a combination of either: (a) vehicle
(0.5% methyl cellulose in sterile saline) plus whi(15% solutol in 5% dextrose solution);
(b) vehicle (15% solutol in 5% dextrose solutiol)pHC-030031 (300 mg/kg); (c) vehicle
(0.5% methyl cellulose in sterile saline) plus JRRX13212 (100 mg/kg); or (d) HC-030031
(300 mg/kg) plus JNJ17203212 (100 mg/kg). Guinga piere then exposed to an aerosol of
300 pg/ml PGEfor 10 minutes, and the number of coughs counggat@viously described.

4.2.3 Data Analysis

Antagonism of PGEinduced vagal sensory nerve activation was andlysepaired t-test,
comparing responses in the same nerve before serdaatagonist incubation. Comparison of
the magnitude of PGHnduced responses frpal’ and Trpvl” tissue was analysed using
the Kruskal-Wallis one-way ANOVA followed by Dunntaultiple comparison post-hoc test
comparing all groups to wild type responses. Antégia of PGE-induced cough was also
analysed using the Kruskal-Wallis one-way ANOVA Idéaled by Dunn’s multiple
comparison post-hoc test comparing all groups tacke. Significance was set at p < 0.05,
and all data were plotted as mean + s.e.m.afservations.
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4.3 Reaults

In chapter 3, | confirmed that stimulation of thRHA1 and TRPV1 ion channels induce both
sensory nerve activatiomn vitro, and coughin vivo. | also established appropriate
concentrations of selective antagonists to useemtodels of cough employed in this thesis,
which maximally inhibited the TRPA1l or TRPV1 recast without showing off-target
effects. In the following chapters | proceededrneestigate the role of TRPAL1 and TRPV1
receptors in mediating the tussive effects of eedogs mediators, beginning with PGE
PGE is an endogenous inflammatory mediator which isegplated in airways disease, and
is associated with both initiation of cough, andssisation of the cough reflex to capsaicin
stimulation (Choudry et al., 1989; Costello et 4085; Gauvreau et al., 1999; Ho et al.,
2000; Kawakami et al., 1973).

4.3.1. PGE-induced sensory nerve activation

PGE provoked concentration-related increases in magdaibf depolarisation in both guinea
pig and mouse isolated vagus nerves. A concemtratidlO puM, which elicits submaximal
nerve activation in both species, was used in spesd experiments. Incubation with 10 uM
PGE also successfully stimulated human isolated vagrses. In contrast, vehicle (0.1%

ethanol) had no effect in any of these speciesu(Eig.1).

To rule out the possibility that the P&@Eesponse is being potentiated due to downstream
production of other prostanoids, the cyclooxygenasgbitior indomethacin (10 uM) was
tested against PGEtimulation. Indomethacin failed to alter P&AEduced depolarisiation of
either the guinea pig or mouse vagus nerves, itidgcéhat the observed response was not

being augmented by subsequent production of ottestanoids (Figure 4.2).

The magnitude of depolarisation induced by 10 pMEP@® Trpal and Trpvl” vagus
nerves was approximately half that seen in wilcetiipsue (Figure 4.3), thus indicating a role
for both of these ion channels in mediating RGEnsory nerve activation. This role was
confirmed using TRPA1- (HC-030031) and TRPV1-salec{capsazepine, JNJ17203212)
antagonists. Either TRPA1 or TRPV1 antagonism allyti inhibited PGE-induced
depolarisation in guinea pig, wild type mouse anmunan isolated vagus. When used in

combination, both TRPA1 and TRPV1 antagonism vilyuabolished nerve responses in
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these species (Figure 4.4). To confirm that thessults were not due to unusual
pharmacological effects of combining the two antagis, TRPA1 or TRPV1 antagonists
were used to inhibit PGEactivtion in vagal tissue taken from the alterngenetically

modified mouse i.e. TRPA1 antagonist withpv1l’ tissue; and TRPV1 antagonist with

Trpal tissue. Results from these studies corroboratedetirlier observations, showing

almost complete loss of P@ihduced sensory nerve activation (Figure 4.4B).
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Figure4.1. Characterisation of the isolated vagus nerve response to PGE, stimulation.
Concentration responses were established for PG (a) guinea pig and(b) wild type mouse

isolated vagus nerveglc) human vagus nerve also responded to PGB pM) but not vehicle

stimulation. Veh = vehicle (0.1% ethanol). Data @resented as mean +s.e.m of n = 6 observations

for guinea pig and mouse; and n = 2-6 for humaneexpents.
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Figure4.2. Inhibition of cyclooxygenase does not alter PGE,-induced vagus nerve stimulation.
Isolated vagus nerves were stimulated with 10 pMEPBr 2 minutes, followed by 10 minutes
incubation with the cyclooxygenase inhibitor inddmaein (Indo, 10 uM), and stimulation with P&E
in the presence of indomethacin. Indomethacin dat alter PGE-induced sensory nerve
depolarisation in either the guinea pig or mouseldsed vagus, determined by paired t-test
comparing responses in the same nerve before aedaftagonist incubation (significance set at p <
0.05). Data are presented as mean = s.e.m. of robgervations.

WT Trpal”™  Trpvi”
PGE, (10 pM)

Figure 4.3. Determining a role for TRPAL and TRPV1 ion channels in PGE,-induced isolated
vagus nerve r esponses.
PGE, (10 uM) was applied to wild type (C57BI/6j), Trgadr TrpvI” mouse isolated vagus nerves
for 2 minutes. The magnitude of depolarisation (niV)the Trpal and Trpvl tissue was
approximately half that seen in wild type, indiogtia role for both of these ion channels in BGE
induced nerve activation. * indicates statisticejraficance compared to wild type control (p < 0,05

Kruskal Wallis one-way ANOVA with Dunn’s multiptengparison post-hoc test). Data are presented

as mean +=s.e.m. of n = 6 observations.
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Figure 4.4. Pharmacologically determining arolefor TRPAL and TRPV1ion channelsin PGE,-
induced isolated vagus nerve responses.

Isolated vagus nerves were incubated with a seled@RPAL antagonist (10 uM HC-030031, HC); a
selective TRPV1 antagonist (10 uM capsazepine, CAFZ UM IJNJ17203212, JNJ); a combination
of both TRPA1 and TRPV1 antagonists (HC+JNJ); drigle (0.1% DMSO, Veh) for 10 minutes
prior to PGE (10 uM) stimulation. Antagonism of either TRPAIT&PV 1 partially inhibited PGE
induced responses ifa) Guinea pig, (b) Mouse and(c) Human vagus nerves. Whereas, a
combination of both TRPA1 and TRPV1 antagonistgjssue taken from Trpdlor Trpvl™ mice
incubated with the alternate antagonist, virtuadlgolished PGE stimulation. * indicates statistical
significance (p < 0.05; paired t-test), comparingsponses in the same nerve before and after
antagonist incubation. Data are presented as meareim. of n = 6 observations for guinea pig and

mouse; and n = 2-3 for human experiments.
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4.3.2 PGE-induced guinegig coug!

In contrast to capsaicin and acrolein, which e' single loud coughs (refer to Figure 0),
PGE elicited trains of smaller coughs, often with mplé bouts occurring during one

minute exposure (Fige 4.5). A concentration-response for P&iduced cough i the
conscious guinepig model had been previously established in ooir INeither vehicle nc
30 png/ml PGE elicited anycoughing; 10 pug/ml induced coughing in one animal; wher
300 pg/micaused robust coughing in most anir (Figure 4.§. Due to the significant cos
involved in testing PGEat higher concentrations, & pg/ml was chosen for use in t

antagonist study.

The ability of TRPA1- (300 mg/kg H(-030031) and TRPV3elective (10 mg/kg
JNJ17203212) antagonists to inhibit the k-induced cough response was then asse
When pretreated with vehicle only, P(; induced on average 16 + 4 coughs.-treatment
with either TRPA1 or TRPV1 antagonists partiallyhilited the coug response.
Interestingly, either antagonist inhibited the nemlmf coughs by over half, i.e. Py
stimulationelicited 2 + 2 and 4 £ 2 coughs with TRF or TRPV1 antagonists, respectivi
(p < 0.05). Furthermore, pteecatment with both TRPA1 and TRPV1 aronists completely
abolished the cough response to I, stimulation (0 £ O coughs; Figure 4.7). T
corroborates then vitro vagal sensory nerve data presented above, anddpsotrong
evidence for activation of both TRPA1 and TRPV1 abrannels by PC, downstream of the

EPs receptor.

e o s T S B T

Time (2 sec)

Box Flow
(16ml/s)

Figure 4.5. Example of a cough trace recorded in responseto PGE, stimulation in guinea pigs.

Inhalation of aerosolised PGEaused bouts of small coughs. These coughs weways detecte
by the analysis softwar@Buxco, USA), and thus the trained observer wasgialun counting the
number of coughs during stimulation. Coughs wertimtjuished by the characteristic posture i
sound produced by guinea pigs during a tussivetefftnis image of a cough respono PGE was

acquired by screen capture during real time datalag.
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Figure 4.6. Characterising PGE,-induced cough in the conscious guinea pig model.
A concentration response for Pgladuced cough was established. RGias aerosolised for 10
minutes, and the number of coughs counted durisgotriod. Data are plotted in both bar chart and

scatter-graph format as mean +s.e.m. of n=8 oba#ons. Veh = vehicle.

21+ 60 - * % *
= 18 £ 501 °
S 1S ]
O 154 o
= = 404
7] w0
S 121 5
] 3 30-
O 4l O
e 9 — 96
o % o o :
o} 5 201 o
o 64 e
€ * * € 1
2 Z 10-
0 0 CISES0E00———CENINENe—
Veh HC INJ HC+JNJ Veh HC INJ HC+JNJ
Antagonist Combination Antagonist Combination

Figure4.7. Determining arolefor TRPA1 and TRPV1ion channelsin PGE,-induced cough.
Guinea pigs were injected i.p. 1 hour prior to assbsed PGE (300 pg/ml) stimulation with: TRPA1
vehicle plus TRPV1 vehicle (Veh); TRPA1 antagdi380 mg/kg HC-030031) plus TRPV1 vehicle
(HC); TRPV1 antagonist (100 mg/kg JNJ17203212) pR®A1 vehicle (JNJ); or TRPA1 antagonist
plus TRPV1 antagonist (HC+JNJ). Data are plottecbimth bar chart and scatter graph format as
mean +s.e.m. of n=12 observations. * indicatesistiaal significance compared to vehicle contiol (

< 0.05; Kruskal Wallis one-way ANOVA with Dunn’sltiple comparison post-hoc test).
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4.4 Discussion

It has been established that PGRuses sensory nerve depolarisation and coughinea
pigs via the ERP GPCR (Maher et al., 2009). Downstream of GPCRvatitin, opening of
one or more ion channels must subsequently occordi@r to induce a tussive response. The
aim of this chapter was to investigate the ion cde¥s) responsible for PGinduced tussive

responses using the isolated vagus preparatioarmindvivo cough model.

It is possible that stimulation with PGHnay cause production of other prostanoids
downstream of the arachadonic acid / cyclooxygemadkeway. This could implicate other
GPCRs and therefore other pathways in the sensoue reffects elicited by stimulation with
PGE. | investigated this theory in the vitro isolated vagus preparation by incubating vagus
nerves with the cyclooxygenase inhibitor indomeitnaasing a normal antagonist profile.
Indomethacin did not alter PGi#hduced sensory nerve responses in either guiigear pvild
type mouse tissue. This provides evidence agduesthteory that downstream production of
prostanoids act to enhance the B@ftluced response in sensory nerves. Thereforeyltc
confidently move ahead with investigating the roleTRPA1 and TRPV1 in the PGE

induced tussive response.

It is well known that irritants which activate tid&RPV1 ion channel cause sensory nerve
activation and cough. In chapter 3, | confirmedstheffects and also established a role for
TRPAL irritants in inducing sensory nerve activatiand cough. Both the TRPA1l and
TRPV1 ion channels have been shown to be activai@dhe phospholipase C pathway
(Claudino et al., 2006; Wang et al., 2008), and P@GEknown to activate this pathway
downstream of the EBReceptor (Claudino et al., 2006); therefore ondath of these ion
channels may mediate the tussive effects of PGaroceeded to investigate this hypothesis
using the concentrations of TRPA1- and TRPV1-seleantagonists established in chapter
3, and genetically modifiedIrpal‘" andTrpvl‘" mice. Pharmacological inhibition of either
receptor with the selective antagonists reduced R€&gponses by approximately 50%; and
when used in combination all-but abolished senswge depolarisation in guinea pig,
mouse and human vagus nerves. Furthermore, knockddwither receptor in genetically
modified mice halved the magnitude of depolarisatinduced by PGE stimulation in
comparison to wild type control; and when usedambination with the alternate antagonist,

again vagus nerve activation was virtually abolishEhis provided strong vitro evidence
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that PGE-induced tussive responses are mediated approxymz@és0 by the TRPAL and
TRPV1 ion channels downstream of Ettivation, and that this effect is translatedoasr

species.

Having implicated a role for both TRPA1 and TRPWL PGE-induced sensory nerve
activation, | proceeded to confirm these resulth@in vivo cough model. Appropriate doses
of TRPA1 (HC-030031) and TRPV1 (JNJ17203212) irtbilsi had been established in
Chapter 3. Pre-treatment with either TRPAL or TRRfagonists partially inhibited guinea
pig cough responses to P&&imulation compared to vehicle control; wheregestpeatment
with a combination of both antagonists abolishedgting altogether. Interestingly, cough
was inhibited 87% by TRPA1 and 77% by TRPV1 antégenalone, in contrast to the
approximate 50% inhibition observed in timevitro models. Furthermore, though treatment
with both TRPA1 and TRPV1 antagonists completelglished PGE-induced cougln vivo,
there was still a small depolarisation effect obedron the vagus nerve vitro. | postulate
that this disparity in outcomes could be due to diféerent end-points being measured
between thén vitro andin vivo preparations. That is, in the isolated vagus npreearation,

| was measuring any change in membrane poterggding to cell membrane depolarisation.
However, this depolarisation needs to reach a ioetitmeshold in order to generate action
potential firing, which informs the CNS that theésea need to cough. As such, 50% inhibition
of the PGE response on the axon of the vagus nerve may preékenstimulus reaching
threshold in more than half of the nerve fibreseréiore fewer action potentials are

generated, and the information relayed to the Calises substantially fewer coughs.

To summarise, this chapter has established that-H@Eced sensory nerve activation in the
guinea pig, mouse and human vagus nerves is equaitijated by opening of the TRPAL
and TRPV1 ion channels. This was confirmed innavivo guinea pig cough model, whereby
inhibition of either TRPAL or TRPV1 substantialgduced the tussive effects of PGand a
combination of both antagonists completely aboliSBR&E, associated cough.
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CHAPTER 5

Endogenous M ediators. Bradykinin
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5.1. Rationale

The production of BK is upregulated during inflantroa, and mediates a wide range of
effects in the airways (Ellis & Fozard, 2002). LIR&E, BK causes cough in both humans
and animals when inhaled in aerosolised form (Choust al., 1989; Herxheimer &

Stresemann, 1961; Katsumata et al., 1991; Kaufmaal.e1980), and sensitises sensory
nerve responses to capsaiém vitro (Fox et al.,, 1996). In addition, inhibition of the
breakdown of BK with ACE inhibitors has been linkiedcough hypersensitivity associated
with this therapy for cardiovascular disease (Fbalg 1996). As such, BK could also be

involved in the pathogenesis of chronic cough dased with airways pathologies.

BK binds to one of two GPCR isoforms, the &1d B receptors. In general, the Beceptor

is constitutively expressed, whereas thad&eptor is inducible (Calixto et al., 2000; EHis
Fozard, 2002; Vianna & Calixto, 1998). It has tHere been assumed that the acute tussive
effects of BK are due to activation of the Beceptor. Indeed, the enhanced cough reflex
observed with ACE inhibitor treatment, which is sad by accumulation of BK due to a
reduction in breakdown, was shown to be sensitvare¢-treatment with aBantagonist (Fox

et al., 1996). However, the GPCR associated \mghttissive effects of BK has never been
explicitly investigated. In addition, a number beteffects associated with BK are indirect,
and include the release of other endogenous meslistch as prostaglandins (Calixto et al.,
2000; Ellis & Fozard, 2002). The first aim of thikapter was to determine the GPCR
through which BK activates sensory nerves, andbéstaif BK-induced sensory nerve

stimulation is due to the subsequent release sivieiprostanoids.

Despite the above suggestion that BK may act inthyréo cause cough, it is also known to
mediate some nociceptive effects via the activatibfRPAL1 and/or TRPV1 ion channels,
probably through the intracellular phospholipassighalling pathway (Bautista et al., 2006;
Wang et al., 2008). It is therefore possible thaiding of BK to one of the bradykinin
receptors induces the release of intracellularrsgey messengers which then phosphorylate
and activate ion channels to cause airway irritatithe second aim of this chapter was to
determine whether TRPAL and TRPV1 are involvedummega pig, mouse and human sensory
nerve activation induced by BK stimulation. Theafimim was to verify the above results in

anin vivo model of conscious guinea pig cough.
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5.2 Methods
5.2.1 BK-induced sensory nerve activation

Non-cumulative CR curves were established for yeh(@.1% dHO) or BK on guinea pig
(1, 3, 10, 30 uM) and wild type mouse (0.1, 1, 100 uM) isolated vagus nerve. Stimuli
were applied for 2 minutes in a random order, &edtissue washed with Krebs solution until
baseline was re-established. The ability of 3 uM ®Kactivate human, or 1 uM BK to
activate Trpal”™ and Trpvl”™ vagus nerves was also assessed. After characteribi
response to BK on the vagus nerve, a sub-maximadesdration (3 UM for guinea pig and

human, or 1 uM for mouse) was chosen to profilefifiect of antagonists.

The GPCR through which BK induces coughing hasyebtbeen definitively established.
Therefore, | initially investigated the ability Bf-selective (1 uM R715) and,Belective (10
KM WIN 64338) antagonists to inhibit BK-induced sery nerve depolarisation in guinea
pig and mouse isolated vagus nerves. These weeel loaisconcentrations 10-fold higher than
the reported affinity for the mouse; BRegoli et al., 1998) or guinea pig, Beceptors
(Scherrer et al., 1995). A concentration 10-folghlerr than the reported affinity is normally
sufficient to inhibit responses in the isolated wagerve, allowing for the fact that we are
testing the axon of the nerve (not at the nervengsyt and that not all of the myelin sheath
may have been removed, which could reduce theabikiy of the drug to the nerve fibres. |
observed an inhibitory effect of thg Beceptor antagonist on BK-induced vagus activaition
mouse tissue, which was unexpected as the dogites steat B receptors are inducible (not
constitutively expressed), therefore, in order tmfem these results | went on to test the
ability of a Bi-selective agonist to concentration-dependentlyideddepolarisation in the
mouse (0.03, 0.1, 0.3, 1 pM Lys-[Des-Agradykinin).

To address the question of whether stimulation \Bikhinduces production of prostanoids
via the cyclooxygenase pathway (which could alesrsery nerve activation), the effect of a
cyclooxygenase inhibitor (10 uM indomethacin) watednined. Indomethacin was perfused
on to guinea pig or wild type mouse isolated vagewsres for 10 minutes, and the effect of
this inhibitor on BK responses was assessed asridedcin chapter 2, section 2.3.3.
Indomethacin was chosen as this is a well-estadalistyclooxygenase inhibitor, which has

been successfully used in other functional preparatat a concentration of 10 uM to block
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the production of prostanoids (Belvisi et al., 19P2tel et al., 1995; Takahashi et al., 1994;
Ward et al., 1995).

In chapter 3, appropriate concentrations were b&skadal for TRPA1- (10 pM HC-030031)
and TRPV1-selective (10 pM capsazepine, 100 pM 3JRI3212) antagonists, which
maximally inhibited their own receptor but did nekhibit off-target effects. These
antagonists were assessed for their ability tobihBK-induced activation in guinea pig,
mouse (wild typeTrpal” andTrpvl’) and human isolated vagus nerves.

5.2.2 BK-induced guinea pig cough

Conscious, unrestrained male Dunkin Hartley guipgs (300-400 g, Harlan, UK) were
individually placed in a plethysmography chamben: fhe initial CR, animals were exposed
to 10 minutes of aerosolised vehicle (0.9% salore).3, 1, 3 or 10 mg/ml BK. The number
of coughs was recorded during the 10 minute stitimraas previously described in section
2.4,

For the antagonist study, guinea pigs were dogedavith a combination of either: (a) vehicle
(0.5% methyl cellulose in sterile saline) plus whi(15% solutol in 5% dextrose solution);
(b) vehicle (15% solutol in 5% dextrose solutiol)pHC-030031 (300 mg/kg); (c) vehicle
(0.5% methyl cellulose in sterile saline) plus JRRX13212 (100 mg/kg); or (d) HC-030031
(300 mg/kg) plus JNJ17203212 (100 mg/kg). Guinga piere then exposed to an aerosol of

3 mg/ml BK for 10 minutes, and the number of coughignted as previously described.
5.2.3 Data Analysis

Antagonism of BK-induced sensory nerve activatiomswanalysed by paired t-test,
comparing responses in the same nerve before tardaatagonist incubation. Comparison of
the magnitude of BK-induced responsedipal” andTrpvl’ tissue was analysed using the
Kruskal-Wallis one-way ANOVA followed by Dunn’s ntigle comparison post-hoc test
comparing all groups to wild type responses. Antégja of BK-induced cough was also
analysed using the Kruskal-Wallis one-way ANOVA Iéaled by Dunn’s multiple

comparison post-hoc test comparing all groups tacle. Significance was set at p < 0.05,

and all data were plotted as mean + s.e.m.adservations.
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5.3 Results

BK is an endogenous inflammatory mediator thatpsegulated in airway disease, and is
associated with both initiation of cough and seseiton of the cough reflex to capsaicin
stimulation (Choudry et al., 1989; Fox et al., 19Batsumata et al., 1991; Kaufman et al.,
1980). Indeed, BK has been implicated in cough msgesitivity observed with patients
taking ACE inhibitors, which are prescribed to heliph cardiovascular disorders (Fox et al.,
1996). In this instance, ACE inhibitors reduce tiegradation of endogenous BK, thereby
causing accumulation, sensitisation and subsequanténhanced cough response. Though it
is yet to be definitively established how the tusseffects of BK are being mediated,

including which GPCR and ion channels are involved.

5.3.1. BK-induced sensory nerve activation

BK provoked concentration-related increases in ntada of depolarisation of both guinea
pig and mouse isolated vagus nerves. Submaximakodrations of 3 uM for guinea pig and
1 uM for mouse were used for subsequent antagexy&riments. Incubation with 3 uM BK
also successfully stimulated human isolated vaguses. In contrast, vehicle (0.1% #b)

had no effect in any of these species (Figure 5.1).

BK binds to one of two known GPCRs: the Eceptor, which is thought to be inducible
rather than constitutively expressed; and ther&eptor, which is constitutive. It has
therefore generally been assumed that theeBeptor mediates the acute tussive effects of
BK. However, this has never been definitively imgeted. | began by determining which
GPCR BK binds to stimulate vagal sensory nerveguinea pig and human isolated vagus
nerves, a Bselective antagonist (1 uM R715) had no inhibiteffect on BK stimulation;
whereas, a Bselective antagonist (10 uM WIN 64338) abolishag¢-iBduced responses
(Figure 5.2A & 5.2C). In contrast, BK-induced moussgus nerve stimulation was largely
mediated via the Breceptor, with a smaller but significant role By (Figure 5.2B). Neither
the B, antagonist in guinea pig and human vagus, norBther B, antagonists in mouse
vagus had an inhibitory effect on acrolein or capsanduced responses, indicating that
these compounds were not acting off-target on tR€AL or TRPV1 ion channels. To
confirm the unexpected results observed in miceBjsselective agonist (Lys-(Des-

Arg?)Bradykinin) was tested on wild type mouse isolatedjus nerves. Depolarisation
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occurred in a concentration-dependent manner, atidg that B was indeed causing a
stimulatory effect in mouse sensory nerves (FiguBy. This indicates that there are species

differences in the way BK effects are mediated ioentompared to guinea pigs and humans.

It has been suggested that BK may induce its tessifects via downstream production of
prostanoids through the cyclooxygenase pathwayis(E®l Fozard, 2002). | tested this
hypothesis by incubating sensory nerves with th@egd cyclooxygenase inhibitor
indomethacin (10 pM). Indomethacin did not alter -Biduced sensory nerve activation
either in mouse or guinea pig tissue (Figure Sptdviding evidence against a role for

prostanoid production in BK-induced cough.
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Figure5.1. Characterisation of the isolated vagus nerveresponseto BK stimulation.

A concentration response was established for BKapguinea pig andb) wild type mouse isolated
vagus nerve(c) Human vagal tissue also responded to BK stimulaf®uM). Veh = vehicle (0.1%
dH20). Data are presented as mean +s.e.m of nob&ervations for guinea pig and mouse; and n =

4-5 for human experiments.
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Figure 5.2. Determining the G protein-coupled receptor responsible for BK-induced sensory
nerve stimulation.

Isolated vagus nerves were incubated with sele@ivél pM R715) or B(10 pM WIN 64338)
inhibitors or vehicle (Veh, 0.1% DMSO) for 10 miggitprior to stimulation with an agonigta)
Guinea pig and(c) human nerve responses stimulated by BK (3 uM) vedraished by B
antagonism, but not inhibited by Bntagonism or vehiclgb) Mouse nerve responses stimulated by
BK (1 uM) were partially inhibited by either, Br B, antagonists, but not affected by vehicle. Neither
B; nor B, antagonism inhibited capsaicin (1 uM) or acrol¢B00 M) responses in guinea pig or
mouse tissue. * indicates statistical significage< 0.05; paired t-test), comparing responseshie t
same nerve before and after antagonist incubatideta are presented as mean +s.e.m. of n = 6

observations for guinea pig and mouse; and n=1¢tAhfonan experiments.
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Figure5.3. A sdlective B1 agonist activates mouse isolated vagus ner ves.

A concentration-response curve was established foe B-selective agonist Lys-[Des-
Arg9]Bradykinin (black bars) in isolated mouse vagwerves to corroborate constitutive expression
of the B receptor in this species. The magnitude of dejsation is compared to the concentration of

bradykinin used in antagonist experiments (1 pMitevbar). Veh = vehicle (0.1% DMSO). Data are
presented as mean xs.e.m. of n=6 observations.
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Figure5.4. Inhibition of cyclooxygenase does not alter BK-induced vagus nerve stimulation.

Isolated vagus nerves were stimulated with BK (3 guvhea pig; 1 uM mouse) for 2 minutes,
followed byl10 minutes incubation with the cyclo@nase inhibitor indomethacin (Indo, 10 uM), and
stimulation with BK in the presence of indomethadimdomethacin failed to alter BK-induced
sensory nerve depolarisation in either the guingagr mouse isolated vagus, determined by paired
t-test comparing responses in the same nerve bafateafter antagonist incubation (significance set
at p < 0.05). Data are presented as mean +s.efm.=06 observations.
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Having established that BK mediates sensory neepeldrisation via the BGPCR in guinea
pigs and humans, and both Bnd B GPCRs in mice, | went on to investigate whether
TRPA1 and TRPV1 were the ion channels stimulatedndgtream of GPCR activation. The
magnitude of depolarisation induced by 1 uM BKTipal” and Trpvl’ vagus nerve was
approximately half that seen in wild type (Figur&)5indicating a role for both of these ion
channels in mediating the BK response in mouseaidis$he importance of TRPA1 and
TRPV1 ion channels in mice as well as guinea pigd humans was confirmed using
TRPA1- (HC-030031) and TRPV1-selective (capsazepiNg17203212) antagonists. Either
TRPA1 or TRPV1 antagonism partially inhibited BKduced sensory nerve activation in
guinea pig, wild type mouse and human isolated sagrves. When used in combination,
both TRPA1 and TRPV1 antagonism virtually abolishrextve responses in all of these
species (Figure 5.6). To confirm that these resuméiee not due to unusual pharmacological
effects of combining two antagonists, TRPAL or TRRAhtagonists were used to inhibit BK
activation in vagal tissue taken from the alterngg@etically modified mouse i.e. TRPAL
antagonist witilrpv1” tissue; and TRPV1 antagonist wifrpal’ tissue. Results from these
studies corroborated the earlier observations, sigpalmost complete loss of BK-induced

sensory nerve responses (Figure 5.6B)
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wT Trpal”  Trpvl”
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Figure 5.5. Determining a role for TRPA1 and TRPV1 ion channels in BK-induced isolated
vagus nerve r esponses.
BK (1 uM) was applied to wild type (C57BI/6j), Tigaor Trpvl™ mouse isolated vagus nerves for 2
minutes. The magnitude of depolarisation (mV) ipallf and Trpv1 tissue was approximately half
that seen in wild type, indicating a role for baththese ion channels in BK-induced nerve activatio
* indicates statistical significance compared tddmype control (p < 0.05, Kruskal Wallis one-way

ANOVA with Dunn’s multiple comparison post-hoc)tdStita are presented as mean £s.e.m. of n =
6 observations.
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Figure 5.6. Pharmacologically determining a role for TRPA1 and TRPV1 ion channelsin BK-
induced isolated vagus nerve responses.

Isolated vagus nerves were incubated with a sele@RPA1 antagonist (10 uM HC-030031, HC); a
selective TRPV1 antagonist (10 uM capsazepine, CAGZuM JNJ17203212, JNJ); a combination
of both TRPA1 and TRPV1 antagonists (HC+JNJ); dmicle (0.1% DMSO, Veh) for 10 minutes
prior to BK (3 uM guinea pig and human; 1 pM moust@nulation. Antagonism of either TRPA1 or
TRPV1 partially inhibited BK-induced responsegahGuinea pig,(b) Mouse andc) Human vagus
nerves. Whereas, a combination of both TRPA1 arRlVIRantagonists, or tissue taken from Tr'bal
or TrpvI”™ mice incubated with the alternate antagonist, udtly abolished BK stimulation. *
indicates statistical significance (p < 0.05; paird-test), comparing responses in the same nerve
before and after antagonist incubation. Data areqemted as mean £ s.e.m. of n = 6 observations for

guinea pig and mouse; and n = 2 for human experimen
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5.3.2 BK-induced guinea pig cough

To investigate BK-induced coughing in consciousgaipigs, | began by establishing a CR
to determine an appropriate concentration of adisezb BK with which to test the
antagonists. Aerosolisation of vehicle produced aooighs, and 30 mg/ml induced few
coughs. In contrast, 1, 3 and 10 mg/ml BK elicitedust coughing in most or all guinea pigs
(Figure 5.7). Similar to PGEBK elicited trains of smaller coughs, often wittultiple bouts
occurring during one 10 minute exposure (referigufe 4.5).

Following the results obtained in the isolated \&agodel, the ability of TRPA1- (300 mg/kg
HC-030031) and TRPV1-selective (100 mg/kg JNJ172@82ntagonists to inhibit the BK-
induced cough response was assessed. When pesdtigih vehicle only, BK induced on
average 12 *+ 4 coughs. Pre-treatment with eithePARor TRPV1 antagonists partially
inhibited the cough response. As observed with Pi@diiced cough, either TRPAL or
TRPV1 antagonists inhibited the number of BK-indliceughs by over half. BK stimulation
elicited 1 £ 0.2 (p < 0.05 in comparison to vehictetrol) and 3 £ 2 coughs with TRPAL or
TRPV1 antagonists, respectively. The cough respanite TRPV1 antagonist pre-treatment
did not reach significance in comparison to vehictmtrol, likely because of variability
introduced in the data due to one animal in the WRRntagonist group that coughed 22
times. Pre-treatment with both TRPA1 and TRPV1 goniésts completely abolished the
cough response to BK stimulation (0 £ 0 coughsufegs.8). This data corroborates the
vitro sensory nerve results presented above, and peositeng evidence for activation of
both TRPA1 and TRPVL1 ion channels by BK downstredthe B receptor in guinea pigs.
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Figure5.7. Characterising BK -induced cough in the conscious guinea pig model.
A concentration response for BK-induced cough vsahdished. BK was aerosolised for 10 minutes
and the number of coughs counted during this pefiata are plotted in both bar chart and scatter-

graph format as mean +s.e.m. of n=4 observatidfeh = vehicle (0.9% saline).
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Figure5.8. Determining arolefor TRPA1 and TRPV1ion channedsin BK-induced cough.

Guinea pigs were injected i.p. 1 hour prior to agwised BK (3 mg/ml) stimulation with: TRPA1
vehicle plus TRPV1 vehicle (Veh); TRPA1 antagdi380 mg/kg HC-030031) plus TRPV1 vehicle
(HC); TRPV1 antagonist (100 mg/kg JNJ17203212) pR®A1 vehicle (JNJ); or TRPAL antagonist
plus TRPV1 antagonist (HC+JNJ). Data are plottedbmth bar chart and scatter graph format as
mean + s.e.m. of n=10-11 observations. * indicagtatistical significance compared to vehicle

control (p < 0.05; Kruskal Wallis one-way ANOVA lwiDbunn’s multiple comparison post-hoc test).
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5.4 Discussion

Inhaled BK induces coughing in both humans and alsrfChoudry et al., 1989; Herxheimer
& Stresemann, 1961; Katsumata et al., 1991; Kaufredral., 1980). Inhibition of the
breakdown of BK with ACE inhibitors has also beenkéd to cough hypersensitivity
associated with this therapy for cardiovasculareabg, which was postulated to be via
activation of the B GPCR (Fox et al., 1996). Indeed, activation of Byeisoform of the
bradykinin receptor is generally believed to meglidie tussive effects of BK. But there has
never been a comprehensive investigation in to WB®CR, or downstream ion channels,
are associated with the tussive effects of BK. @hmas of this chapter were, therefore to
determine both the GPCR and ion channels respenfiblmediating the tussive effects of

BK using the isolated vagus preparation anthanvo cough model.

BK binds to one of two GPCR isoforms, the &d B receptors. In general, the Beceptor

is constitutively expressed, whereas, ther&eptor is thought to be inducible. However, it
has been suggested that there may be some cawmstiéxpression of the ;Bsoform in the
mouse (Vianna & Calixto, 1998). Using the isolatealgus nerve preparation | have
established that BK-induced responses are indeeatlated entirely by the Breceptor in
guinea pig and human tissue. In contrast, bothaBd B isoforms play a role in BK
activation of the mouse sensory nerves, withnigdiating the majority of the response. To
confirm these findings, | tested a-Belective agonist on mouse isolated vagus, anerobd

a concentration-related increase in sensory negpeldrisation. These results corroborate the
findings of Vianna & Calixto (1998), where they@lgroposed constitutive expression af B
in the mouse. This indicates a difference in theg wWeat BK mediates its airway irritant
effects in the mouse in comparison to guinea pigklaumans. Despite this, the subsequent
signalling pathways downstream of GPCR binding appe activate the same ion channels
in these species. In addition to their effects éiBduced vagus nerve depolarisation, both
the B and B antagonists were assessed for their ability tebihltapsaicin and acrolein
responses. Neither antagonist was shown to haveffaat, indicating that they were not
having off-target inhibitory outcomes on the TRP&1TRPV1 ion channels, and therefore
confirming the action of BK on its own GPCRs.

A number of the outcomes associated with BK havenlfeund to be via indirect effects,
including the release of other endogenous mediatoch as prostaglandins downstream of

arachadonic acid metabolism (Ellis & Fozard, 200R)s well-known that PGEactivates
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airway sensory nerves, causing cough; and it sifeathat other prostanoids are capable of
tussive effects as well. | therefore investigateel possibility that BK-induced sensory nerve
activation was an indirect effect due to the dowe@mnh release of irritant prostanoid
compounds. Vagus nerves were incubated with theergéncyclooxygenase inhibitor
indomethacin. Indomethacin did not have any eftecBK-induced nerve depolarisation in
either the guinea pig or mouse, indicating that @¥€s not act via this pathway to stimulate

the vagus nerve.

Despite the above suggestion that BK may act intlyreit is also known to mediate some
nociceptive effects via the activation of TRPALl amdTRPV1 ion channels, probably
through the intracellular phospholipase C signgllpathway (Bautista et al., 2006). It is
therefore possible that binding of BK to one of bhadykinin receptors induces the release of
intracellular secondary messengers which then pluwgfate ion channels to cause airway
irritation. This hypothesis was investigated usihg concentrations of TRPA1 and TRPV1-
selective antagonists established in Chapter 3yedlsas genetically modifiedrpal’”™ and
Trpv1™ mice. Pharmacological inhibition of either TRPALTRPV1 receptors with selective
antagonists reduced BK responses by approxima@¥y; and when used in combination
virtually abolished sensory nerve depolarisationgiinea pig, mouse and human vagus
nerves. Furthermore, knockdown of either the TRRAITRPV1 receptor in genetically
modified mice halved the magnitude of depolarisatioduced by BK stimulation in
comparison to wild type controls. When used in coration with the alternate antagonist,
again, vagus nerve activation was all-but abolislredrpal” and Trpvl’ tissue. These
results provided stron@ vitro evidence that BK-induced tussive responses araateed
approximately 50/50 by the TRPA1 and TRPV1 ion cteds, and that this effect is translated

across species.

Having implicated a role for both TRPAl1 and TRPWi BK-induced sensory nerve
activation, | proceeded to confirm these resultheain vivo cough model. Appropriate doses
of TRPA1 (HC-030031) and TRPV1 (JNJ17203212) irtbilsi had been established in
chapter 3. Pre-treatment with either TRPAL1 or TRRAAtagonists partially inhibited the
guinea pig cough response to BK stimulation congpdce vehicle control, whereas pre-
treatment with a combination of both antagonistsliabed cough altogether. As with P&E
BK-induced cough was inhibited by over half witlther TRPAL1 (95%) or TRPV1 (75%)

antagonists compared to vehicle control, whichoistr@ary to findings in thén vitro isolated
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vagus model, whereby either antagonist inhibited Eponses by around 50%. Similarly,
though treatment with both TRPA1 and TRPV1 antagfsncompletely abolished BK-
induced cough, there was still a small depolaasatffect observed in the vagus nerve
preparation. As discussed in section 4.4 in retatidoPGE-induced responses, this could be
due to the difference in end-points being measbyethese two models. That is, the isolated
vagus nerve preparation measures compound memtbeaodarisation of the sensory nerves,
which does not necessarily lead to action-potegealeration and subsequent coughing. This
is because action potentials are an all-or-nongorese, and if membrane depolarisation of
the nerves does not reach threshold, there is gmalsisent to the brain. As such, 50%
inhibition of the BK response on the vagus nervg pravent the stimulus reaching threshold
in more than half of the nerve fibres, therefonedeaction potentials are generated, and the
information relayed to the CNS causes substantieliyer coughs.

In summary, this chapter has established that RKiged sensory nerve activation in guinea
pig and human vagus nerves is through th6BCR; whereas, the majority of BK-mediated
activation in mouse sensory nerves is throughvidth a smaller role for the Breceptor.
Despite this, signalling downstream in all three@es appears to activate both TRPA1 and
TRPV1 ion channels, which are equally involved iediating the irritant effects of BK.
Furthermore, results generated fromithgivo guinea pig cough model indicat that inhibition
of either TRPAL or TRPV1 could substantially reddlce tussive effects of BK over-and-
above the 50% blockade seen on the axon of thesvagwein vitro; and that a combination

of both antagonists completely abolishes BK assediaough.
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CHAPTER 6

Endogenous M ediators. L ow pH
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6.1. Rationale

The balance of pH within the body is maintained hwit a narrow range in healthy
individuals. Accordingly, cells possess mechanigsmshich to sense deviations from normal
pH levels. Low pH is an established and effectiv&sive agent which is commonly used in
human and animal cough research, and to asses$ typgrsensitivity in disease states
(Karlsson & Fuller, 1999; Morice et al., 2007, 2DpOlhdeed, patients with inflammatory
airways disease have been observed to exhibit lawagr pH than healthy individuals (Hunt
et al., 2000; Kostikas et al., 2002), and as saehdH could play a role in the pathogenesis
of chronic cough associated with these diseaseskitown that sensory nerve activation and
tussive effects of low pH are partially mediated the TRPV1 ion channel, though we do not
currently understand how acidic solutions causecbibopening (Kollarik & Undem, 2002;
Lalloo et al., 1995). We also do not know what oflbbe channel(s) are involved in mediating

the low pH response.

TRPAL1 has also been implicated in detecting chaimgpsl. In DRG neurons, and models of
pain using both wild type antrpal” mice, TRPAL has been demonstrated to play a mole i
sensing high pH (alkalinity) (Dhaka et al., 2008jifa et al., 2008). Moreover, TRPA1 was

recently found to be activated by decreases iacdettular pH (Wang et al., 2011). A role for

TRPAL in low pH-induced cough has not yet beenstigated. The first aim of this chapter

was, therefore, to confirm a role for TRPV1 in onodels, and determine whether TRPA1
plays a role in low pH-induced sensory nerve atitwvain vitro, and guinea pig cougim

Vivo.

In addition, the Acid Sensing lon Channels (ASIGaye been suggested to play a role in low
pH-induced cough. However, research investigatiregé channels is problematic due to the
poor selectivity of the available pharmacologicabls. Moreover, this area of research is
further complicated by the propensity of ASIC chalsrto form heteromultimeric channels.
As such, there is yet to be a comprehensive iryasie effort in to the role these ion
channels play in the tussive response. Currenteacel suggests that the ASIC1 or ASIC3
receptors may be involved, based on their expressicat DRG neurons (Alvarez de la Rosa
et al., 2002), and the rapidly inactivating profdé the TRPV1-independent acid sensing
mechanisms in sensory neurons (Kollarik & UndenQ20Therefore, ASIC1 and/or ASIC3

may be involved in the response either as homodirmeheterodimers, in combination with
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one or more of the other ASIC subtypes. The se@mdof this chapter was to determine
whether ASIC ion channels also play a role in Iddvipduced sensory nerve activation using

a non-selective ASIC channel inhibitor, and tiskom AsicT” andAsic3" mice.
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6.2 Methods
6.2.1 Low pH-induced sensory nerve activation

Low pH activates TRPV1 ion channels at room-tempeeawith a pH< 6 (Jordt et al.,
2000). A solution of pH5 had previously been esshigld to activate guinea pig vagus nerves
within our lab, and | proceeded to confirm thignouse (wild type,Trpal‘" andTrpvl‘") and
human tissue. In these experiments | used a Krabsebsolution altered to pH5 (mM: NaCl
118.5; KCI 1.7; KHPQO, 6.6; MgSQ 1.2; CaC} 2.5; NaHPQO, 0.1; and glucose 10), because
low pH generated with citric acid (which is nornyalised to assess low pH-induced coirgh
vivo) cannot be made up in a physiologically bufferetlitson. Low pH or vehicle (0.1%
dH,0) was applied to the nerve for 2 minutes, thentigsie washed with unaltered Krebs
solution until baseline was re-established. Aftetedmining that low pH depolarised vagal
sensory nerves, TRPA1l- (10 uM HC-030031) and TRB&l&etive (10 uM capsazepine,
100 pM JINJ17203212) antagonists were assessebeiorability to inhibit low pH-induced
sensory nerve activation in guinea pig, mouse (\t\yhb,Trpal'" and Trpvl‘") and human

isolated tissue.

The role of the ASIC ion channels in low pH-inductinulation was also investigated using
the isolated vagus nerve preparation. It has beggested in the literature that the ASIC1 or
ASIC3 ion channels may play a role in low pH resmm (Kollarik & Undem, 2002), and
thus | tested the ability of low pH to induce nedepolarisation irsicI’” andAsic3” mouse
tissue compared to wild type (C57Bl/6j). Followitigs, | investigated the ability of a non-
selective ASIC channel inhibitor (100 uM amiloride)inhibit nerve responses in the guinea
pig, wild type mouse and@irpvl’” mouse tissue; and the ability of TRPV1-selectil@ (1M
capsazepine and 100 uM JNJ17203212), TRPAl-sete(li® uM HC-030031) and non-
selective ASIC antagonists (100 pM amiloride) thiliit responses ifsicI” and Asic3”
tissue. Amiloride (10 uM) is a non-selective blackenich inhibits ASIC1-like, ASIC2-like
and ASIC3-like currents in rat DRG neurons elicibgdstimulation with pH4.5 (Dubé et al.,
2005). A concentration 10-fold higher than thisq310M) was chosen for experiments on the
isolated vagus nerve, as is common practice inpr@paration. Until recently, amiloride and
amiloride-related compounds were the only known Ismalecule blockers of ASIC
channels. A more selective non-amiloride inhibitdrASIC channels has been developed

(Dubé et al., 2005), but is expensive to buy due naulti-step chemical synthesis.
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6.2.2 Citric acid-induced guinea pig cough

Conscious, unrestrained male Dunkin Hartley guipgs (300-400 g, Harlan, UK) were
individually placed in a plethysmography chamben: fhe initial CR, animals were exposed
to 10 minutes of aerosolised vehicle (0.9% salore).1, 0.2, 0.3 or 0.4 M citric acid. The
number of coughs was recorded during the 10 mistineulation as previously described in

chapter 2, section 2.4.

Pre-treatment with the vehicle for JINJ17203212 (Ms$ttol in 5% dextrose solution) was
previously observed to inhibit citric acid coughspenses. Therefore, the vehicle for
JNJ17203212 in this instance was changed to the semnthat for HC-030031 i.e. 0.5%
methyl cellulose in 0.9% saline. For the antagosistly, guinea pigs were dosed i.p. with a
combination of either (a) vehicle (0.5% methyl aldke in 0.9% saline); (b) vehicle plus HC-
030031 (300 mg/kg); (c) vehicle plus JNJ1720321@0(ing/kg); or (d) HC-030031 (300
mg/kg) plus JNJ17203212 (100 mg/kg). Guinea pigeewvileen exposed to an aerosol of 0.3
M citric acid for 10 minutes, and the number of glosi counted as previously described.

6.2.3 Data Analysis

Antagonism of low pH-induced sensory nerve actorativas analysed using paired t-test
comparing responses in the same nerve before serdaatagonist incubation. Comparison of
the magnitude low pH-induced responsedipal’, Trpvl’”, AsicI” or Asic3 tissue was
analysed using the Kruskal-Wallis one-way ANOVA Idéaled by Dunn’s multiple
comparison post-hoc test comparing all groups 1d type responses. Antagonism of citric
acid-induced cough was also analysed using thekidlWallis one-way ANOVA followed
by Dunn’s multiple comparison post-hoc test commall groups to vehicle. Significance

was set at p < 0.05, and all data were plottedessm: s.e.m. afi observations.
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6.3 Results

Citric acid is a well-known tussive ligand thatdasmmonly used in clinical trials to assess
cough sensitivity, and has been shown to activeelRPV1 ion channel in both vitro and

in vivo models of cough. Indeed, TRPV1 mediates respaiasasidic solutions of pH 6
(Jordt et al., 2000). However, antagonism of TR®Yily partially inhibits the tussive effects
of citric acid, implicating at least one other iohannel in this response. Patients suffering
from inflammatory airways disease exhibit a deaegadung pH, and it has been postulated
that this could be important in the developmengxafessive cough seen in disease states. It is
therefore important to establish what other reasptive mediating the irritant effects of
acidity in the airways. TRPAL is a potential tardet sensing acidic solutions, and has
already been discovered to sense alkaline-indue&d (fujita et al., 2008) and intracellular
changes in pH (Wang et al., 2011). Alternately, @%n channels have been postulated to
play a role in sensing acidity in the airways (l&ok & Undem, 2002).

6.3.1 Low pH-induced sensory nerve activation

Low pH 5 provoked reliable and robust depolarisatid the guinea pig, mouse and human
isolated vagus nerves (Figure 6.1). This levelaidliy was chosen as it is known to activate
TRPV1 ion channels. In contrast, vehicle (0.1%@Hhad no effect on nerve stimulation in
any of these species. The magnitude of depolasisatiduced by low pH ifrpvl” mouse
vagus was approximately half that seen in wild tyissue, but was unaffected frpal’
tissue (Figure 6.2). These results were confirmgdguTRPAL1- (HC-030031) and TRPV1-
selective (capsazepine, JNJ17203212) antagonisterally, TRPV1 antagonism partially
inhibited low pH-induced sensory nerve activatiorguinea pig, wild type mouse and human
isolated vagus; TRPA1 antagonism had no effecthennbagnitude of low pH responses.
When used in combination, both TRPA1 and TRPV1 gorism did not inhibit low pH
responses any more than a TRPV1 antagonist alagar@=6.3). This confirms a role for
TRPV1 in mediating low pH-induced sensory nerveivatibn, but does not implicate

TRPAL ion channels in the response.
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Figure 6.1. Characterisation of the isolated vagus nerveresponseto low pH stimulation.

The ability of low pH (Krebs solution altered to phto stimulate sensory nerve fibres was assessed
on (a) guinea pig,(b) wild type mouse an(t) human isolated vagus nerve. Veh = vehicle (0.1%

dH20). Data are presented as mean +s.e.m. of robgervations for guinea pig and mouse; and n =
4-6 for human experiments.
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Figure 6.2. Determining arolefor TRPA1 and TRPV1 ion channelsin low pH-induced isolated
vagus nerve r esponses.

pH 5 was applied to wild type (C57BI/6j), Trpabr Trpvl”™ mouse isolated vagus nerves for 2
minutes. The magnitude of depolarisation (mV) e ipvI” tissue was approximately half that seen
in wild type, indicating a role for this ion charnea low pH-induced sensory nerve activation. In
contrast, the magnitude of depolarisation in Trpalssue was not significantly different to wild éyp
control. * indicates statistical significance commpe to wild type control (p < 0.05, Kruskal Wallis

one-way ANOVA with Dunn’s multiple comparison pust-test). Data are presented as mean *
s.e.m. of n = 6 observations.
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Figure 6.3. Pharmacologically determining a role for TRPA1 and TRPV1 ion channédsin low
pH-induced isolated vagus nerve r esponses.

Isolated vagus nerves were incubated with a seled@RPAL antagonist (10 uM HC-030031, HC); a
selective TRPV1 antagonist (10 uM capsazepine, CAFZ UM IJNJ17203212, JNJ); a combination
of both TRPA1 and TRPV1 antagonists (HC+JNJ); drigle (0.1% DMSO, Veh) for 10 minutes
prior to low pH stimulation (pH 5). Antagonism dRFPV1 but not TRPA1L partially inhibited low pH-
induced responses {ia) Guinea pig,(b) Mouse andc) Human vagus nerves. A combination of both
TRPA1 and TRPV1 antagonists did not inhibit lowrgkponses any more than TRPV1 antagonism
alone. * indicates statistical significance (p <08, paired t-test), comparing responses in the same
nerve before and after antagonist incubation. Dat@ presented as mean * s.em. of n = 6

observations for guinea pig and mouse; and n =rhfonan experiments.
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The magnitude of depolarisation induced by capsaagrolein, PGEand BK in theAsicT"

and Asic3” mice was not altered compared to wild type coniralicating that deletion of
these genes did not generally affect the abilitthefnerves to respond to agonist stimulation
(Figure 6.4A). In contrast, pH 5 iAsicI” mouse vagus was blunted compared to that
observed in wild type tissue (p < 0.05); and low r@idponses ifsic3” mouse tissue were
augmented in comparison to wild type (p < 0.05uFég6.4B). Amiloride, a general ASIC
inhibitor, partially inhibited low pH responses guinea pig, wild type mouse and human
vagal tissue (Figure 6.5). In contrast, amiloride @bt inhibit capsaicin responses in guine-
pig or mouse vagus, thereby confirming that theas no off-target effect of this inhibitor on
TRPV1 ion channels at the concentration usedAsicI” tissue, the TRPV1-selective
antagonists capsazepine and JNJ17203212 inhilove@H responses by 80 + 11% and 68 *
12%, respectively (p < 0.05). IAsic3" tissue, incubation with the TRPV1 antagonists
inhibited low pH responses by 52 + 6% and 45 + 88gpectively (p < 0.05; Fibure 6.6),
which is similar to the inhibition observed in witgpe mouse tissue (refer to Figure 6.3B).
Furthermore, the general ASIC blocker amiloridebithd low pH responses by 91 + 10% in
TrpvI’ tissue; and 47 + 4% iAsic3” tissue (p < 0.05); but did not affect low pH stiation

in AsicI” tissue (3 + 7%; p > 0.05) (Figure 6.6). This imsistent with the above findings
implicating a role for ASIC1 but not ASIC3 ion chraats in the low pH response.
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Figure 6.4. Determining a role for ASIC ion channels in low pH-induced isolated vagus nerve

I eSpONses.

Agonists were applied to wild type (C57BI/6j), Adior Asic3”~ mouse isolated vagus nerves for 2
minutes.(a) The magnitude of capsaicin (1 uM), acrolein (30)uPGE, (10 uM) or BK (1 uM)
responses were not affected by deletion of eitherASIC1 or ASIC3 genes compared to wild type
controls.(b) Magnitude of depolarisation (mV) induced by low @it 5) stimulation in Asicl tissue
was blunted compared to responses in wild typeadisimdicating a role for these ion channels in low
pH-induced nerve activation. In contrast, low ptspenses in the Asi¢3mice were enhanced in
comparison to wild type. * indicates statisticagmsificance compared to wild type control (p < 0.05,
Kruskal Wallis one-way ANOVA with Dunn’s multiptenmgparison post-hoc test). Data are presented
as mean ts.e.m. of n = 6-11 observations.
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Figure 6.5. Pharmacologically determining a role for ASIC ion channels in low pH-induced

isolated vagus nerve r esponses.
Isolated vagus nerves were incubated with a noeesge ASIC channel inhibitor (100 pM

Amiloride; Amil) or vehicle (0.1% DMSO, Veh) for finutes prior to low pH (pH 5) stimulation.
ASIC channel antagonism partially inhibited low pidluced responses if@) guinea pig,(b) wild
type mouse anft) human vagus nerves. * indicates statistical sigaifce (p < 0.05; paired t-test),
comparing responses in the same nerve before daadaftagonist incubation. Data are presented as

mean =s.e.m. of n = 6 observations for guineagmd mouse; and n = 1-2 for human experiments.
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Figure 6.6. Pharmacologically determining a role for the ASIC and TRPV1 ion channelsin low
pH-induced isolated vagus nerve responses from genetically modified mice.

Isolated vagus nerves were incubated with a TRREeBve antagonist (10 pM capsazepine, CAPZ;
100 pM JINJ17203212, JNJ), or a non-selective ASkheel inhibitor (100 uM Amiloride, Amil) for
10 minutes prior to low pH (pH 5) stimulation. It@tion with a TRPV1 antagonist on Asictissue
inhibited low pH responses by approximately 68-80&ap on Asic3 tissue inhibited low pH
responses by 45-52%. Incubation with a general Ashiitor on Trpv1” vagus nerves inhibited low
pH responses by approximately 91%. * indicatesistaal significance (p < 0.05; paired t-test),
comparing responses in the same nerve before dedaftagonist incubation. Data are presented as

mean £s.e.m. of n = 6 observations.
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6.3.2 Citric acid-induced guinea pig cough

A concentration-response for citric acid-inducedigio in the conscious guinea pig model
had been previously established in our lab. Neaicle nor 0.1 M citric acid elicited any
coughing; whereas 0.2, 0.3 and 0.4 M concentratatioged robust coughing in most or all
animals (Figure 6.7). A sub-maximal concentratidnO8 M was chosen for use in the
antagonist study. Citric acid elicited single loodughs similar to capsaicin and acrolein
stimulation (refer to Figure 3.10).

The ability of TRPA1- (300 mg/kg HC-030031) and TMNRPselective (100 mg/kg
JNJ17203212) antagonists to inhibit citric acideioeld cough was then assessed. When pre-
treated with vehicle only, citric acid induced ovesge 9 + 2 coughs. Surprisingly, pre-
treatment with either TRPAL or TRPV1 antagonistgigdy inhibited the number of coughs;
citric acid stimulation elicited 2 + 1 with TRPAQtagonist pre-treatment, and 2 £ 1 coughs
with TRPV1 antagonist pre-treatment (p < 0.05). ldaer, i.p. injection with a combination

of both TRPA1 and TRPV1 antagonists did not inhtbh& cough response any more than
either antagonist alone (1 £ 0.5 coughs; Figurg @RBis is in contrast to the results observed

in thein vitro isolated vagus nerve model, where TRPAL antagodignmot inhibit low pH

responses.
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Figure6.7. Characterising citric acid -induced cough in the conscious guinea pig model.

A concentration response for citric acid-inducedigl was established. Citric acid was aerosolised
for 10 minutes, and the number of coughs countenhglihis period. Data are plotted in both bar
chart and scatter-graph format as mean + s.e.rm=dfO observations. Veh = vehicle (0.9% saline).

The pH of each solution is indicated above the esponding bar on the left-hand bar graph.
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Figure 6.8. Determining a role for TRPA1 and TRPV1 ion channels in citric acid-induced
cough.

One hour prior to 10 minutes stimulation with aevised citric acid (0.3 M), guinea pigs were
injected i.p with: TRPAL vehicle plus TRPV1 vehigleh); TRPAL1 antagonist (300 mg/kg HC-
030031) plus TRPV1 vehicle (HC); TRPV1 antagordiB0(mg/kg JNJ17203212) plus TRPAL vehicle
(INJ); or TRPAL antagonist plus TRPV1 antagonis€{HINJ). Data are plotted in both bar chart
and scatter graph format as mean +s.e.m. of n=&fifervations. * indicates statistical significance
compared to vehicle control (p < 0.05; Kruskal Vi&albne-way ANOVA with Dunn’s multiple

comparison post-hoc test).
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6.4 Discussion

Low pH is an established tussive agent which isrmomly used to assess the cough reflex,
both in animal research and in the clinic (Karls&oRuller, 1999; Morice et al., 2007, 2001).
TRPV1 partially mediates the tussive effects of lp#, but it is not currently know what
other ion channel(s) are involved. | hypothesidet the TRPAL ion channel could also be
activated by low pH solutions. TRPAL is a recephat is activated by a multitude of diverse
ligands, and has been demonstrated in this thesmetdiate both PGEand BK-induced
tussive responses alongside the TRPV1 ion chaseel ¢hapters 4 & 5). In addition, a role
for TRPAL in detecting intracellular acidity haseetly been established (Wang et al., 2011),
and it has been implicated in detecting alkalinkessances (Dhaka et al., 2009; Fujita et al.,
2008). There is also evidence in the literatueg &SIC ion channels, particularly the ASIC1
and ASIC3 isoforms, may be involved in low pH resges (Kollarik & Undem, 2002). The
aim of this chapter was to investigate the ion cle¥s) responsible for low pH-induced

cough using the isolated vagus preparation and &vomodel of cough.

A role for TRPV1 in mediating low pH-induced sensarerve activationin vitro was
confirmed by pharmacological inhibition with TRP\é&lective antagonists in guinea pig,
mouse and human tissue; and assessment of thetodegaof response to low pH in wild type
vs. genetically modifiedTrpvl” animals. In contrast, antagonism or knockdown tef t
TRPAL receptor had no effect on low pH-induced wagerve responses in any of these
species. This data provided evidence against afowl@ RPAL in low pH-induced vagal
sensory afferent stimulation. | therefore went onintvestigate whether the ASIC ion
channels could be mediating low pH responses. thdplearmacological inhibition of the
ASIC channels with a general ASIC antagonist pi#ytiahibited low pH responses in guinea
pig and wild type mouse tissue. Because of a ldckelective antagonists which target the
respective ASIC sub-types, | also used tissue fgemetically modifedAsicT”™ and Asic3”
animals to identify which receptor sub-type(s) werediating the inhibition observed with
the general ASIC antagonigisicI” andAsic3™ mice were obtained due to published data
suggesting that one of these isoforms was likelgeanediating low pH in the airways. This
hypothesis is based on the expression profile dCASn channels in rat DRG neurons; and
their observed activation and deactivation kinetiahich are similar to the TRPV1-
independent low pH response on single fibres ptinjgdo the airways (Kollarik & Undem,

2002; Kollarik et al., 2007). Using the isolatedgua preparation, | found that low pH

135



responses in vagal tissue froksicI” mice were blunted compared to wild type; whereas
responses ilsic3” mice were augmented. This indicates a role forABEC1 ion channels

in mediating the low pH tussive response. The ecé@dmesponse observed in thsic3”
mice was unexpected, but is consistent with therditire, in which Chen and colleagues
found a reduced time to onset of pain responsesankcrease in pain-related behaviours in
Asic3" mice compared to wild type (Chen et al., 2002)support of a role for the ASIC1 ion
channel in low pH-induced sensory nerve activatibRPV1 antagonists produced 68-80%
inhibition of the low pH response isicI” mice, but there was no effect of a general ASIC
inhibitor, thus indicating that knockdown of ASI@&ne accounted for all of this effect. In
contrast, TRPV1 antagonists only inhibited the |oi/response by 45-52% isic3"™ mice,
which is comparable to the inhibition observed iidwype mice of 45-54%. Furthermore,
amiloride produced inhibition of approximately 47ftthe Asic3" tissue, again comparable
to the inhibition seen in wild types of around 448hat | have not investigated in this thesis
is the role of ASIC2 ion channels in the respomsiew pH. Our group has recently obtained
permission to bring in somisic2™ mice, which are being kindly provided by Dr Ladmdki
(Institut de Pharmacologie Moléculaire et Cellidaivalbonne, France). Also, it is important
to note that there are two isoforms of the ASIChrutel (ASICla and ASIC1b). The
knockout mouse colony that | have used in thesdietiare devoid of functional channels for
both of the ASIC1 isoforms and thus further studigi$ be required to determine whether
ASICla or ASIC1b (or both) are mediating the eddbave described above.

In contrast to findings in the isolated vagus prapan, pre-treatment with either TRPAL or
TRPV1 antagonists partially inhibited citric acriduced cough in conscious guinea pigs.
However, pre-treatment with a combination of botitagonists did not inhibit cough any
more than either antagonist alone, indicating tihatre is still a role for the ASIC ion
channels (likely ASIC1) in mediating citric aciddimced cough. There are a number of
possible reasons why tha vitro isolated vagus evidence contradicts thevivo cough
results. Firstly, in the isolated vagus preparatnare measuring from all vagal afferents,
including all the different types of sensory fiblfiRAR, SAR, A and C-fibre), as well as
airway- and non-airway-projecting fibres. Therefany effect of low pH on the TRPA1 ion
channel could be masked in this preparation ifeffiect is small, restricted only to one type
of fibre type, or restricted only to the airway-jating afferents. Furthermore, though we
know we are stimulating the vagus nerve with pkive,cannot be sure what level of acidity

is reached in the lungs when inducing cough with M. citric acid, which has a solution
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acidity of pH 1.6. Therefore, TRPAL1 may mediatepmsses to levels of pH more acidic than
pH 5. These are interesting questions which coeldaswered by using cellular models,
whereby we can measure from single cells and dustsh between airway and non-airway
afferents. Cellular imaging techniques have onbendly been established in our laboratory,
therefore in order to investigate these hypothé$ewe initially had to characterise a model

of vagal ganglia cell imaging, detailed in chapter

In summary, in this chapter | have confirmed a folethe TRPV1 ion channel in mediating
sensory nerve activation and cough induced by asidiutions. Furthermore, the ASIC1 ion
channels appear to partially mediate low pH indusedsory nerve activatian vitro, but
because of the poor selectivity of ASIC channeilnibrs | have not been able to confirm
this in thein vivo cough model. A role for the TRPAL ion channel wk® investigated, with
contradictory evidence indicating an inhibitoryesff on citric acid-induced cough vivo,
but no effect on low pH-induced sensory nerve atiiwv in vitro. More detailed
investigation is therefore required to determineethler TRPAL1 does indeed play a role in

mediating low pH tussive responses.

137



CHAPTER 7

Characterisng a Model of

Primary Ganglia Cell Imaging
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7.1. Rationale

Cellular cation flux and changes in membrane veltagn be assessed on a population of
cells by microscopy, utilising fluorescent dyesisTimethod could allow us to dissect out the
signalling mechanisms of tussive agents on a masi&chevel, and can be used to look not
only at the differences between primary vagal gangglls originating from the two different
ganglia (nodose and jugular), but also to distisgubetween airway and non-airway
projecting fibres. This method therefore providedvamtages over the isolated vagus
preparation, from which we record compound membmegolarisation from all types of
fibres, originating from both vagal ganglia, an@jpcting not only to the airways but other
parts of the body. Thim vitro preparation could therefore help to investigate dtiference

in results with regards to the role of TRPA1 in IpW-induced sensory nerve activation and
cough observed in chapter 6. For example, it isiptsthat TRPAL plays a role in the acid-
induced response in airway fibres, but not non-ayrfibres; and that this effect is hidden in
the natural variability when recording from the exaf the vagus nerve, because both airway
and non-airway fibres are present. However, thalte$rom this preparation must still be
interpreted with caution, as we are recording fribia cell bodies which reside in the vagal
ganglia, rather than the nerve endings within theays. Therefore, the results observed with

this preparation may differ from what is actualtcarring at the nerve terminals.

We recently developed a multi-dye epifluorescerasg cquisition microscopy technique in
our lab. The aims of this chapter were thereforeestablish and characterise a model of
primary vagal ganglia cell imaging; to confirm thesults observed in chapters 4 and 5 for
PGE2 and BK-induced sensory nerve activation angjltoand to attempt to clarify the low
pH-induced responsa vitro. The second aim was to stain airway-specific pringanglia
cells using the retrograde tracer Dil, and deteemirthese cells respond to selected tussive

stimuli.
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7.2 Methods

7.2.1 Characterisation of the isolated primary veganglia cell imaging model

For a description of the methods for collection aswlation of the primary vagal ganglia

cells refer to chapter 2, section 2.5.

7.2.1.1 TRP-selective agonists

Jugular or nodose primary ganglia cells were canistasuperfused with 37°C ECS buffer
using a house-designed pressurised solution-chgmagnfusion system allowing complete
bath (600 pl volume) replacement in 3s (see chaptdfigure 2.5). Potassium chloride
solution (50 mM; K50) was applied at the start @and of each experiment for 10s to assess
cell viability and allow for normalisation of sulipeent agonist signals. Only neurons
producing a fast response to K50, which was waghalihin 5min, and that had diameter of
over 20 um were analysed. Stock solutions of agonists (ceipsand acrolein) and
antagonists (HC-030031 and JNJ17203212) were maden L00% DMSO and diluted
1/1000 in ECS to make a working solution.

Non-cumulative concentrations of capsaicin (0.3, @, 3, 10 uM), acrolein (0.3, 1, 3, 10, 30,
100 uM) or vehicle (0.1% DMSO) were applied for 20n a random order to jugular or
nodose cells. After each application of drug, pgdo was switched back to ECS until
complete recovery of the baseline calcium levetakellular free calcium ([G4;) imaging
was recorded using the Fluo-4 fluorescent dye ¢bapter 2, section 2.5 for details), with
pictures taken every 1 s from 30s prior to drugliappon and for 2min afterward, then every
5 s for the rest of the recording. To take intocactt the multiphasic responses obtained in
some cells, calcium flux (total elevation of caloi@bove resting level over time) was used to
measure calcium elevations, which were normalieezhicium flux generated by application
of K50 solution. Following characterisation of t@®s, submaximal concentrations of 1 uM

capsaicin and 10 uM acrolein were selected foh&rrexperiments.
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7.2.1.2 TRP-selective antagonists

The ability of TRPAl-selective (HC-030031) and TRIPSklective (JNJ17203212)
antagonists to inhibit acrolein and capsaicin-irtlchanges in [G§; was investigated in
jugular cells. CR curves were established for HOGR (0.001, 0.01, 0.1, 1 uM) or vehicle
(0.1% DMSO) against acrolein; and JNJ17203212 @1,100 pM) or vehicle (0.1% DMSO)
against capsaicin. [€3; responses were recorded using Fura-2, with ordycomcentration

of antagonist assessed per plate. Following amlirfi50 response, a standard antagonist
profile was used (described in chapter 2, sectidh ®nce appropriate concentrations of the
antagonists had been determined, the effect ofti®MIHC-030031 on capsaicin and 10 uM
JNJ17203212 on acrolein stimulated {Giawas investigated to establish that there was no

off-target effect at the concentration chosen.

7.2.2 Determining a role for TRP channels in primaragal ganglia cell activation by

endogenous mediators

Jugular or nodose cells were constantly superfugdd37°C ECS buffer using an in-house
designed system as described above. K50 was apglilie start and at the end of each
experiment for 10s to assess cell viability andvalfor normalisation of subsequent agonist
signals. Only primary ganglia cells producing at fiiesponse to K50, which was washable
within 5min, and that had diameter of over 2@ were analysed. Stock solutions of RGE

were made up in 100% ethanol; BK in 100%,@Hand HC-030031 and JNJ17203212 in
100% DMSO. Compounds were then diluted 1/1000 i E©make a working solution. The

pH of ECS buffer was adjusted using HCI to makekivay solutions of low pH.

A CR curve for changes in [€% was established by applying non-cumulative
concentrations of PGHKO.1, 0.3, 1, 3, 10 uM), BK (0.3, 1, 3, 10, 30 yhdw pH (pH 7, 6.5,

6, 5.5, 5), or appropriate vehicle (0.1% ethand%®dHO, or ECS at pH 7.4, respectively)
for 20-60s in a random order to jugular or nodoslsc After each application of drug,
perfusion was switched back to ECS until complemovery of the baseline calcium level.
[Ca™]i imaging was recorded using Fluo-4, with pictursseh every 1s from 30s prior to
drug application and for 2 min afterward, then gV&s for the rest of the recording. To take

into account the multiphasic responses obtainetine cells, calcium flux (total elevation of
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calcium above resting level over time) was usethéasure calcium elevations, which were

normalised to calcium flux generated by applicattdiK50 solution.

From the above experiment, sub-maximal concentratad 1 uM PGE, 10 uM BK, and pH

6 were selected for further investigation. Subsatiyethe ability of TRPA1-selective (0.1
MM HC-030031), TRPV1-selective (10 uM JNJ172032@2)ASIC (10 uM amiloride)
antagonists to inhibit agonist-induced elevatiof@#]; and changes in membrane voltage
in primary jugular cells was investigated. Antagasiwere incubated for 60s prior to agonist
application. In this set of experiments fJa imaging was recorded using the ratiometric
Fluo-2 fluorescent dye and membrane voltage usin8-BNEPPS (see chapter 2, section
2.5.2 for details).

7.2.3 Staining of airway primary vagal ganglia cell

Capsaicin (1 pM) and low pH (pH6) were assessethfar ability to activate airway-specific
vagal ganglia cells. Guinea pigs were dosed i.th wifluorescent dye (Dil; see chapter 2,
section 2.5.4 for details) to selectively stainnaiy cells. Fourteen days later, the animals
were sacrificed by i.p. injection of sodium pentdiitone (200 mg/kg), the vagal ganglia
were dissected, and primary jugular cells isolaldtk resulting cells were loaded with Fura-
2, and changes in [€3; assessed as described above. Care was taken tbexymisure of

the ganglia to light during the isolation procdssavoid photo bleaching of the Dil.

7.2.4 Data Analysis

Calcium and membrane voltage recordings were agdlysing Image J software (Image
Processing and Analysis in Java, National Instinftélealth, USA). Magnitude of agonist

responses in the presence of antagonist were cecdhparcontrol responses within the same
cell by paired t-test. Significance was set at .85, and all data were plotted as mean +

s.e.m. ofN (number of animals) and(number of cells) observations.
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7.3 Results

Calcium imaging is regularly used as a method teestigate cellular activation. This is a
newly established and previously uncharacterisedaiion our labs, but has the potential to
allow more in-depth investigation of how the vag#ffierents mediate responses to tussive
irritants. Though this thesis deals only with tiamcterisation of this model, we hope in the
future to be able to probe the intracellular siingl pathways downstream of GPCR
activation, and to evaluate airway-specific and-aoway cellular responses. This could help
to further elucidate the mechanisms which drivedbegh response, and aid in determining

how these mechanisms are altered in disease states.

7.3.1 Characterisation of the primary vagal gangi&l imaging preparation

In the initial experiments establishing concentratiesponses for the agonists, only{Ga
was measured using the Fluo-4 fluorescent dyeubseqquent antagonist studies this was
changed for the ratiometric Fura-2 calcium dye.aF2iris more appropriate for studies
conducted over a longer period of time, as pho&adiiing of the dye over time does not
affect the magnitude of agonist responses whenesgpd as a ratio of fluorescence.
Furthermore, CRs for the agonists were establighédth nodose and jugular primary cells;
but the effect of antagonists was assessed oniygirar cells.

7.3.1.1 TRP-selective agonists

Concentration-responses for capsaicin and acrola@re established in both nodose and
jugular cells. Capsaicin induced a large mono-ghasirease in [Cd]; in primary jugular
cells, with an EG of 1.4 uM and a maximum responsey(Rexpressed as % of K50
response) of 63 £ 17% at 10 pM. In contrast, capsalid not reliably trigger a significant
response in primary nodose cells at any conceaotragsted (g 0.7 £ 0.5% at 10 uM)
(Figure 7.1).
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Figure 7.1. Concentration-related activation of primary vagal ganglia cells following exposureto
capsaicin.

Capsaicin induced concentration-dependent increasefCa’‘]; in (a) jugular cells, but not (b)
nodose cells. Histograms on the left show changdg€a*]; with application of concentrations of
capsaicin, normalised and expressed as % respang&® control. Data are expressed as mean *
s.e.m. of N=4-6, n=9 observations. The trace innfiddle panel shows a representative recording of
the light intensity over time following exposureltd uM capsaicin. Time and duration of capsaicin
application are indicated by a black bar above ttaze; a 1 min time scale is indicated by the black
bar below the trace. The panel on the right displaglected pseudo-coloured fluorescence images
taken during recording of the middle panel trackeTime of each snapshot is indicated below the
picture, with zero being the start of capsaicin lgagion. A colour code used to indicate light
intensity is shown on the right of each set of iesagvith all light intensities normalised to peak
amplitude of the [C4]; response to K50.
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Different types of response were observed for aamoin the jugular compared to nodose
ganglia. Primary jugular cells responded in a ritiasic pattern, showing periods of
repetitive sharp [Cd]; elevations, with an EG of 6.2 pM and 197 + 31%,Rat 100 pM.
Whereas, acrolein-induced [E€R elevations in the nodose ganglia were mono-phastb,
an EGo of 10 uM and 247 * 94%,Rat 30 uM (Figure 7.2).

A.
Jugular: Acrolein
350 - _—
. a*i
© 300 S Ac_rolem[lOpM] High
2 p ® (o] e o L
o 250 S - : - :
gzoo l T G TRl +15s | +20s | +56s f +60s
o . I
2 150 | T I o|lo|oe|o| e I
9 E ™ . . . .
5 100 1 g +75s | +136s | +171s | +230s | +390s [l
X -
50 1 1min
0 o I |
(MM)  Veh. 03 1 3 10 30 100
B.
Nodose: Acrolein
350 __ Acrolein [10pM] [S?’Z;]i
; u . . . ig
o 250
° =) ST +10s | +17s | +s0s | +75s
gzoo 1 5 N - . o .
=3 £ o o ° @ »
pusl [«2]
5 100 A I +120s | +185s | +307s ] +392s | +495s fiez®
X -
50 [ 1 min
0 [
(M) ven. g3 1 3 10 30

Figure 7.2. Concentration-related activation of primary vagal ganglia cells following exposureto
acrolein.

Acrolein induced concentration-dependent increasefCa®; in (a) jugular and(b) nodose cells.
Histograms on the left show changes in {Qawith application of concentrations of acrolein,
normalised and expressed as % response to K50aoiata are expressed as mean + s.e.m. of
N=4, n=6-7 observations. The trace in the middlegiashows a representative recording of the light
intensity over time following exposure to 10 pMaddein. Time and duration of acrolein application
are indicated by a black bar above the trace; aift tme scale is indicated by the black bar below
the trace. The panel on the right displays selepszlido-coloured fluorescence images taken during
recording of the middle panel trace. The time afheanapshot is indicated below the picture, with
zero being the start of acrolein application. Aaal code used to indicate light intensity is shawn
the right of each set of images, with all lighteinsities normalised to peak amplitude of the3Ga

response to K50.
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7.3.1.2 TRP-selective antagonists

CRs for the TRPV1-selective antagonist JNJ1720324d, TRPA1-selective antagonist HC-
030031 were established in primary jugular celistfeir ability to inhibit agonist induced
[C&®"]; (Figure 3.12). JNJ17203212 concentration-depehdinftibited [C&]; caused by the
TRPV1-selective agonist capsaicin, with a maxinfigdat of 86 + 2% at 10 uM. Alternately,
HC-030031 concentration-dependently inhibited {Gainduced by the TRPA1l-selective
agonist acrolein, with a maximal effect of 76 + &#0.1 uM. At the concentration which
caused maximal inhibition of its own receptor, 1@ ANJ17203212 did not inhibit acrolein,

and 0.1 uM HC-030031 did not inhibit capsaicin stiaion of jugular cells.
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Figure 7.3. Characterising the ability of TRPV1- and TRPA1-selective antagonists to inhibit
[Ca®™]; in guinea pig isolated primary vagal jugular cells.

Concentration responses were established for TRRNWJ17203212) and TRPA1 (HC-030031)
selective antagonists or vehicle (0.1% DMSO, Veajresst TRPV1 (1 pM capsaicin) and TRPA1 (10
KM acrolein) selective agonists. The concentratidnch maximally inhibited its own receptor was
then tested against the alternate agonist to estlaldelectivity at the chosen concentration. Data
represent mean * s.e.m of N=3-4, n = 4-19 obseorati * indicates statistical significance (p <

0.05; paired t-test), comparing responses in theeaell before and after antagonist incubation.
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7.3.2 Determining a role for TRP channels in primaragal ganglia cell activation by

endogenous mediators

In this set of studies the Fura-2 calcium dye wsedun combination with Di-8-ANEPPS to

assess cell membrane voltage changes, in jugutaapr cells only.

7.3.2.1 PGE

PGE2 increased [§; in primary jugular cells with an JRof 37 + 14% at 10 pM, and an
ECsp of 0.6 uM; whereas, in primary nodose cellgs\Was 12 + 3% at 10 uM with an Ef®f
1.3 uM (Figure 7.4). Changes in calcium flux witBE} stimulation were variable, generally
showing multi-phasic responses in both jugular modose cells.

Mirroring observations in the isolated vagus newither TRPA1 (0.1 pM HC-030031) or
TRPV1 (10 uM JNJ17203212) antagonism partially bited PGE-induced increases in

[Ca™]i (55 + 4% and 40 + 9%, respectively) and membraiage changes (47 + 3% and 38
+ 7%, respectively; p < 0.05) in guinea pig primasfls isolated from the jugular ganglia
(Figure 7.5). Furthermore, when used in combinatimth TRPA1 and TRPV1 antagonism
inhibited [C&"]; elevation by 88 + 3%; and depolarisation of thé ceimbrane by 78 + 10%

(p < 0.05). In contrast, vehicle incubation had eftect on either [CH]; (-1 + 11%) or

membrane voltage changes (8 £ 6%; p > 0.05).
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Figure 7.4. Concentration-related activation of primary vagal ganglia cells following exposureto
PGE..

PGE induced concentration-dependent increases in*{zan (a) jugular and(b) nodose primary
cells. Histograms on the left show changes in?[Gawith application of concentrations of PGE
normalised and expressed as % response to K50aomata are expressed as mean + s.e.m. of
N=4, n=6 observations. The trace in the middle pasf®ws a representative recording of the light
intensity over time following exposure to 10 uM RGEmMe and duration of PGEapplication are
indicated by a black bar above the trace; a 1 nmmetscale is indicated by the black bar below the
trace. The panel on the right displays selectedugisecoloured fluorescence images taken during
recording of the middle panel trace. The time afheanapshot is indicated below the picture, with
zero being the start of PGERpplication. A colour code used to indicate ligitensity is shown on the
right of each set of images, with all light inteies normalised to peak amplitude of the {Ga
response to K50.
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Figure 7.5. Pharmacologically determining arole for TRPA1 and TRPV1 ion channelsin PGE,
activation of isolated primary jugular cells.

Isolated vagal jugular cells were incubated witlselective TRPAL antagonist (0.1 uM HC-030031,
HC); a selective TRPV1 antagonist (10 uM JNJ172@32NJ); a combination of both TRPA1 and
TRPV1 antagonists (HC+JNJ); or vehicle (0.1% DM3Meh) for 60 seconds prior to PGEL uM )
stimulation. Antagonism of either TRPA1 or TRPVttiglly inhibited PGE-induced (a) [C4']; and

(b) membrane voltage responses in guinea pig pgmuagular cells, whereas a combination of both
TRPA1 and TRPV1 antagonist virtually abolished RP&tnulation. Vehicle incubation did not have
a significant effect on either [§; or membrane voltage. * indicates statistical sfgaince (p <
0.05; paired t-test), comparing responses in thmeaell before and after antagonist incubation.

Data are presented as mean =s.e.m. of N = 3-4,19=16 observations.

7.3.2.2 Bradykinin

BK increased [C&]; in primary jugular cells with anjRof 29 + 13% at 10 uM, and an &C
of 1.3 uM; whereas, in primary nodose celjg Was only 8 £ 3% at 10 uM with an Efbf
7.4 uM (Figure 7.6). Calcium responses to BK statiah were bi-phasic, showing an initial

sharp elevation with short duration, followed byare prolonged elevation in [E&.

Inhibition of either the TRPA1 (0.1 uM HC-030031) BRPV1 (10 uM JNJ17203212) ion
channels partially reduced BK-induced increases|Ge®]; (45 + 5% and 46 + 7%,
respectively) and membrane voltage changes (39 add®2 + 6, respectively; p < 0.05) in
guinea pig primary vagal ganglia cells isolatednfrehe jugular ganglia (Figures 7.7).
Furthermore, when used in combination, both TRPA#l &aRPV1 antagonism inhibited
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[Ca®"]; elevation by 80 + 12%:; and depolarisation of thi membrane by 77 + 9% (p <
0.05). In contrast, vehicle incubation had no eftet either BK-induced [CG4]; (-4 + 8%) or
membrane voltage changes (-2 = 8%; p > 0.05). d&ta supports the results observed in the
isolated vagus preparation.
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Figure 7.6. Concentration-related activation of primary vagal ganglia cells following exposureto
BK.

BK induced concentration-dependent increases in*[Gan (a) jugular and (b) nodose cells.
Histograms on the left show changes in {Qawith application of concentrations of BK, normalis
and expressed as % response to K50 control. Dataexpressed as mean + s.e.m. of N=3, n=4
observations. The trace in the middle panel showspaesentative recording of the light intensity
over time following exposure to 30 uM BK. Time dandation of BK application are indicated by a
black bar above the trace; a 1 min time scale tidated by the black bar below the trace. The panel
on the right displays selected pseudo-colouredrélscence images taken during recording of the
middle panel trace. The time of each snapshotdgated below the picture, with zero being thetstar
of BK application. A colour code used to indicaght intensity is shown on the right of each set of

images, with all light intensities normalised teage@mplitude of the [C4]; response to K50.
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Figure 7.7. Pharmacologically determining a role for TRPA1 and TRPV1 ion channelsin BK-
stimulated activation of isolated primary jugular cdls.

Isolated vagal jugular cells were incubated witlselective TRPAL antagonist (0.1 uM HC-030031,
HC); a selective TRPV1 antagonist (10 uM JNJ172@32NJ); a combination of both TRPA1 and
TRPV1 antagonists (HC+JNJ); or vehicle (0.1% DMS&@h) for 60 seconds prior to BK (10 uM)
stimulation. Antagonism of either TRPA1 or TRPViighly inhibited BK-induceda) [Ca®*]; and (b)
membrane voltage responses in guinea pig primagular cells, whereas a combination of both
TRPA1 and TRPV1 antagonist virtually abolished BKiglation. Vehicle incubation did not have a
significant effect on either [¢4; or membrane voltage. * indicates statistical sfigaince (p < 0.05;
paired t-test), comparing responses in the samebeébre and after antagonist incubation. Data are

presented as mean xs.e.m. of N = 3, n = 13-19 miasens.

7.3.2.3 Low pH

Low pH increased [CGd]; in primary jugular cells with an\Rof 82 + 20% at pH 5, and an
ECsp of pH 6.1; whereas, in primary nodose cellgs\WRas 17 = 3% at pH 5, with an Ef®f

pH 5.7 (Figure 7.8). Calcium responses to low phHewsansient and mono-phasic, showing a
sharp increase in [€3;, which quickly came back to baseline. An aciditypBl 6, exhibiting

submaximal but robust responses in jugular celés hosen for further experiments.
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Figure 7.8. Concentration-related activation of primary vagal ganglia cells following exposureto

low pH.

Low pH induced concentration-dependent increasd€ai']; in (a) jugular and(b) nodose primary
cells. Histograms on the left show changes in’{Gavith application of concentrations of low pH,
normalised and expressed as % response to K50alomata are expressed as mean + s.e.m. of
N=3-4, n=12-13 observations. The trace in the medphnel shows a representative recording of the
light intensity over time following exposure to pHTime and duration of low pH application are
indicated by a black bar above the trace; a 1 nmmetscale is indicated by the black bar below the
trace. The panel on the right displays selectedugisecoloured fluorescence images taken during
recording of the middle panel trace. The time afheanapshot is indicated below the picture, with
zero being the start of low pH application. A caleode used to indicate light intensity is shown on
the right of each set of images, with all lighteinsities normalised to peak amplitude of the’[Ta
response to K50.
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Incubation with vehicle (0.1% DMSO) did not haveyagffect on [C&]; or membrane
voltage with subsequent low pH stimulation. In &gnent with results observed in the vagus
nerve, antagonism of the TRV1 channel (10 uM JNO3222) inhibited low pH-induced
increases in [Cd]; and changes in membrane voltage by approximagfy(52 + 14% and
46 + 16%, respectively; p < 0.05) (Figure 7.9).tRarmore, inhibition of ASIC channels (10
1M amiloride) blocked low pH [G4]; and membrane voltage responses by 36 + 15% and 29
+ 10%, respectively; and inhibition of both ASICdaiRPV1 channels blocked low pH
responses by 94 + 2% and 74 £ 7%, respectively (p08). Amiloride (10 uM) was also
tested against capsaicin and acrolein responsdsyas shown to have no effect on low pH-
induced changes in either [ER (2 + 7% and -4 + 9%, respectively; p > 0,05) ommbeane
voltage (9 £ 5% and 0.2 = 7%, respectively; p >50.@onfirming that this inhibitor was not
having an off-target effect at the concentrationsan for investigation. TRPAL inhibition
(0.1 pM HC-030031) also had no overall effect oa’[; or membrane voltage changes (13
+ 11% and -1 + 11%, respectively; p > 0.05).
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Figure 7.9. Pharmacologically determining arolefor TRPA1, TRPV1 and ASIC ion channdsin

low pH-stimulated activation of isolated primary jugular cells.

Isolated vagal jugular cells were incubated witlselective TRPAL antagonist (0.1 uM HC-030031,
HC); a selective TRPV1 antagonist (10 uM INJ172@32NJ); a non-selective ASIC antagonist (10
UM Amiloride, Amil); or vehicle (0.1% DMSO, Veh) f60 seconds prior to low pH (pH 6)
stimulation. Antagonism of TRPV1 or ASIC ion chdmrpartially inhibited low pH-induceda)
[Ca?*]; and (b) membrane voltage responses in guinea pig primagylpr cells, whereas TRPA1 and
vehicle had no significant effect. * indicates statal significance (p < 0.05; paired t-test),
comparing responses in the same cell before art afttagonist incubation. Data are presented as

mean +s.e.m. of N = 3-4, n = 9-15 observations.
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During analysis of these results, some interestihgervations were made. Specifically,
inhibition of the TRPV1 ion channel appeared toigate two mutually exclusive sets of
primary jugular cells that respond to low pH: thesasitive to TRPV1 inhibition, and those
non-sensitive. These results were mirrored withgéeeral ASIC inhibitor amiloride, again
indicating two mutually exclusive sets of jugul&ils: those sensitive to ASIC inhibition and
those non-sensitive. This data is presented in r€igl0A, whereby incubation with
JNJ17203212 or amiloride either completely aboliskev pH-induced [CZ];, or had no
effect. Overall, this caused approximately 50% hition of the response (see bar graphs in
Figure 7.9), which is what would have been eviderthe compound depolarisation response
on the isolated vagus nerve. Conversely, the ef#cIRPA1 inhibition was much more
variable, with a spread between approximately O-G@%6bition of the low pH [C&];
response (Figure 7.10A). These results are in ashto those observed for PGéEnd BK,
whereby (except for some outliers) inhibition of H/RL or TRPV1 caused inhibition of
[C&®"]; responses which were clustered around 50% (Figd@B & 7.10C).

7.3.3 Activation of airway-stained primary jugulganglia cells
Jugular cells stained with the retrograde tracer \Rere successfully isolated. It was

subsequently confirmed that stimulation with bagéipgaicin and low pH (Figure 7.11) cause

a transient increase in [€3 in Dil-stained cells.
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Figure 7.10. Effects of TRPA1, TRPV1 and ASIC inhibitors on [Ca?"]; increases stimulated by
endogenousirritantsin primary jugular cells.

Isolated vagal jugular cells were incubated witlselective TRPAL antagonist (0.1 uM HC-030031,
HC); a selective TRPV1 antagonist (10 uM INJ172@33NJ); a non-selective ASIC antagonist (10
UM Amiloride, Amil); a combination of TRPAL1 and NMRPantagonists (HC+JNJ);a combination of
ASIC and TRPV1 antagonists (Amil+JNJ); or vehi@ed§ DMSO, Veh) for 60 seconds prior(&)
low pH (pH 6),(b) PGE, (1 uM ) or(c) BK (10 uM ) agonist stimulation. This expands arier
observations by looking at the spread of the’[Gadata. For clarity, in the absence of inhibition
(where the agonist response during antagonist iatiob was equal to or greater than control),
responses have been normalised to ‘0% inhibitiga). Further examination of the low pH data
reveals two distinct populations of TRPV1-sensitwvel TRPV1-non sensitive, as well as ASIC-
sensitive and ASIC-non sensitive primary cellsjlatdd by either complete block or no effect of the
low pH response with the TRPV1 or ASIC inhibit@snversely, inhibition of the TRPAL ion channel
produced a wide range of effects, from 0-60% intubiof the low pH response. This is in contrast to
(b) PGE; and (c) BK, where inhibiton of TRPAL or TRPVL1 ion chanraasistently inhibited the
agonist responses by around 50% each. Data areepted as mean +s.e.m of N = 3-4, n = 9-19

observations.
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Figure 7.11. Capsaicin and low pH stimulate airway-labelled primary jugular ganglia cells.
Stimulation with(a) capsaicin (1 pM) ofb) low pH (pH 6) caused a transient increase in {Gain
jugular cells labelled with the retrograde traceilDThe top left panel shows a bright field imade o
the selected cell; the middle panel shows an inGgeure of the cell fluorescence when excited at
2=520-550 nm; and the panel on the top right is enbined image confirming that the fluorescence is
restricted to the selected cell. The bottom leftér shows a representative recording of Fura-2tligh
intensity ratio over time following exposure to sajein. Time and duration of agonist application is
indicated by a grey bar above the trace; and a b time scale is indicated by the black bar below
the trace. The panel on the bottom right displatected pseudo-coloured fluorescence images taken
during recording of the trace, with time of eaclagshot indicated below the picture (zero being the
start of agonist application). A colour code usedrtdicate light intensity is displayed on the tigi

the set of images, with all light intensities notised to peak amplitude of [¢g; response to K50.
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7.4 Discussion

We have recently established a primary vagal ganggdil imaging preparation in our labs.
This model will allow us to investigate the sigimadl mechanisms involved in the tussive
response in more depth than what is possible Wwehdolated vagus preparation. In particular
we are interested in probing the intracellular alting pathways that are involved in
activating TRPA1 and TRPV1 ion channels downstrea@PCR activation following PGE
and BK stimulation; and this preparation could helglarify how low pH is being mediated
by the TRPV1, ASIC and possibly TRPAL ion channélswever, before we could start
these studies, | needed to characterise and validlatmodel. The focus of this chapter was,
therefore, to replicate the experiments performegbrievious chapters; to corroborate my
current findings that both TRPA1 and TRPV1 medR&E, and BK-induced responses; and
to further investigate the involvement of TRPA1,AWRL and ASIC ion channels in low pH-

induced primary jugular ganglia cell activation.

The selective agonist acrolein produced concentratlated increases in [Eh in both
nodose and jugular primary cells; whereas capsaatiably produced concentration-related
increases in [CGd]; in most jugular but few nodose cells. ExpressibRPV1 (Kwong et
al., 2008), and a response to capsaicin stimuldtimdem et al., 2004) has been previously
observed in guinea pig C-fibres originating frone thodose ganglia and projecting to the
airways, but only a small percentage of the whaoleuytation of nodose neurons consist of C-
fibres. Because my data is representative of #8 peoducing a response to K50, the CR of
the few nodose cells that did respond to capsasclast in the overall data analysis. It was
decided to move ahead with antagonist studiesimapy jugular cells only, as both acrolein
and capsaicin produced robust responses in thdlse Beconcentration-response for the
selective antagonists JNJ17203212 and HC-03003% ween established against their
respective agonist; and the concentration whichbéed the highest inhibition of its own
receptor was tested against the alternate agandtrhonstrate that there were no off-target

effects.

Once | had established appropriate concentratidnantagonist to use, | proceeded to
characterise the effects of P&BK and low pH on primary vagal cells. All threé these
compounds caused concentration-related increag€sif]; in both nodose and jugular cells.
Furthermore, TRPA1 and TRPV1-selective antagorpsidially inhibited PGE and BK-
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induced [C&"]; and membrane voltage changes in primary jugulés; @d a combination of
both antagonists showed greater inhibition thaheeiantagonist alone. These results agree
with those presented in the previous chapters ukieagsolated vagus preparation andiran
vivo guinea pig model of cough. This indicates thatrémilts from the imaging preparation
closely correspond to the effects in previouslydated models of cough, and can therefore

be used to investigate the cough reflex.

Investigating the low pH response using this mgaetduced some interesting results. That
is, although overall effects of TRPV1 or ASIC chahimhibition showed partial inhibition of
the [C&"]; and membrane voltage response, there appearedtieoimutually exclusive sets
of cells: those sensitive to TRPV1 or ASIC chaninalbition, and those non-sensitive. This
is in contrast to PGEand BK, in which either TRPA1 or TRPV1 antagonisthibited
[C&®"]; and membrane voltage by approximately half eadl; iadicates that TRPV1 and
ASIC ion channels may not be co-expressed on tme sgerve fibres. This warrants further
investigation, and will be discussed in the Futshedies section in chapter 8. Conversely, the
ability of a TRPA1 antagonist to inhibit low pH pEs1ses varied greatly. One explanation for
this could be if (like TRPV1 and ASIC ion channdisgre are TRPA1 antagonist-sensitive
and non-sensitive cells. In this instance, you doexpect some natural variability in the
amount of inhibition observed in TRPA1 antagonestsstive cells, as well as a set of cells in
which there would be no inhibitory effect at alhét TRPA1 antagonist-non-sensitive cells).
This may also help to explain the lack of an effeicTRPAL inhibition seen in the isolated
vagus nerve preparation, where we are measuringaona depolarisation from all types of
nerve fibre, which could hide the small effect odRHAL inhibition within the natural
variability in response. The above hypothesis atsavith thein vivo cough data, as we have
already observed that 50% inhibition of afferentveeresponses with TRPA1 or TRPV1
antagonists leads to greater than 50% inhibitioR@E and BK-induced cough. Therefore, a
small effect of TRPAL inhibition at the level ofetmerve fibres could lead to a significant
inhibition of the cough reflex induced by citricidan vivo.

The final set of experiments looked at the abitifycapsaicin or low pH to activate airway-
specific primary jugular cells, which were stainetth the retrograde tracer Dil. | was
successful in identifying stained and non-staineltscindicating airway-projecting and non
airway-projecting nerve fibres, respectively. Orcstained cell was identified, the cell was

subsequently stimulated with either capsaicin av f[gH using the normal protocol, and
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changes in [Cd]; were measured. Indeed, both capsaicin and lowantded calcium influx
in stained primary cells. It is possible that TRP#Agdiates low pH effects in the airway
nerve fibres, but not non-airway fibres. Therefoegording from airway-only cells may help
to clarify whether TRPAL plays a role in low pH-uwkd sensory nerve activation leading to

cough. These experiments will be discussed in there Studies section of chapter 8.

In summary, in this chapter | have characterisechaglel of primary vagal ganglia cell

imaging. The results for primary vagal cell actiwatmirrored those of previous chapters,
indicating an equal role for the TRPA1 and TRPVA ahannels in mediating the effects of
PGE and BK; and a role for TRPV1 and ASIC ion channelmediating the effects of low

pH. The analysis also presented novel and inteigeskata, indicating that TRPV1 and ASIC
ion channels may be expressed on different setffefent nerve fibres. Furthermore, the
spread of the data with the TRPA1 antagonist suggdbat this ion channel may also play a
small role in some afferents. Finally, | establstiee ability of both capsaicin and low pH to
activate airway-specific cells, which could furthdarify a role for TRPA1 in the low pH

response with further investigation, as it is polesithat this ion channel is involved in
mediating the response to acidic solutions in amat not non-airway projecting nerve
fibres. Therefore, the primary vagal ganglia celaging preparation will provide us with the

opportunity for more in-depth analysis of the metkias driving the cough reflex.
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CHAPTER 8

Discussion and Future Studies
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8.1. Summary and discussion

Cough is a common symptomatic complaint. Thoughmhagrity of people suffer from acute
cough associated with upper respiratory tract tidas, which functions to rid the airways of
inhaled irritants and mucus; approximately 7% & gopulation suffer from chronic, non-
productive cough that is associated with inflammatiiseases (e.g. asthma, COPD, cancer),
but can also be idiopathic (Ford et al., 2006; mret al., 1998; Morice et al., 2007). Of
increasing concern is that the global incidencelobnic respiratory diseases is on the rise
(Barnes, 2010a, 2010b; World Health Organisatid)72 2011a, 2011b), and as such the
prevalence of chronic cough is also likely to ims®e. Furthermore, up to 40% of parents with
children aged 0-17 months seek medical help agsedciaith coughing, a trend which has
been recently highlighted as a concerning issug @ial., 2005; Sands et al., 2011). This is
particularly worrying because of the recent evidetiat cough and cold remedies can cause
adverse events in children under 11 years of agee(kan Academy of Pediatrics, 1997;
Centre for Disease Control, 2007; Gunn et al., 28@ksilev et al., 2009), which prompted
the US Food and Drug Administration to recommendiregl the use of over-the-counter
therapies to treat children under 2 years of agetdpotentially life-threatening side-effects
(US Food and Drug Administration, 2008).

The majority of existing anti-tussive treatment® aasily available as self medication
programmes, purchased over-the-counter. Howevenynod these treatments show little
efficacy and are associated with adverse sidetsfteat can impede daily activity (Karlsson
& Fuller, 1999; Vassilev et al., 2009). Indeed, tigeld-standard’ in cough therapy are
opioid-based drugs, which cause sedation and natlikeadevelopment of more efficacious
and targeted compounds that selectively inhibitabegh reflex and display a better safety
profile are therefore urgently required. Furtherepdhe ideal therapy would not inhibit the
functional cough reflex associated with healthycontes such as removing mucus and other
irritants from the airways; but would target onlget enhanced, non-functional cough.
Currently, the mechanisms driving the cough retea poorly understood, and need to be

ascertained before better, targeted drug therapiede developed.

A number of the TRP family of ion channels are know be expressed in the peripheral
nervous system, and can be activated by a varfatyitants (Caspani & Heppenstall, 2009).

Furthermore, the TRP channels have been linkeditiows roles in sensory perception, and

161



are associated with the pathogenesis of a rangisehses (Caterina et al., 1997; Nilius,
2007). As such, a great deal of research has tgdentised on the TRPs as pharmacological
targets. In particular, the TRPV1 ion channel hage#-established role in mediating cough
induced by the tussive irritants capsaicin and jdvin both animals and humans; and it has
been found that patients suffering from chronic gtouexhibit an increase in TRPV1
expression in the lungs (Groneberg et al., 200dis Mas established the TRPV1 ion channel
as a promising target for anti-tussive therapy.ddmhately, TRPV1 is widely expressed
throughout the body, and is involved in temperatuseneostasis. As such, current TRPV1
antagonists are associated with development ofrthygrenia, which is a confounding factor
that may hinder the development of these compoaad®ugh therapies (Gavva et al., 2008;
Lehto et al., 2008). Furthermore, TRPV1 is notwatéd by many irritants known to initiate
cough. This evidence implicates the involvementré or more other receptors in mediating

the cough reflex.

TRPAL binds a diverse number of irritant compoutits are associated with respiratory
irritation, including those present in the enviremty foodstuffs, and mediators released
endogenously in the body. This highlighted the TRRAn channel as another potential
mediator of the cough reflex. The initial aim oistthesis was therefore to determine whether
activation of the TRPA1 ion channel does indeedsearough. To approach this question, |
characterised models of sensory nerve activatiehcaaugh using both TRPA1 and TRPV1
selective agonists and antagonidts.vitro assays are often utilised for pharmacological
proof-of-concept studies as they are high through-pequire fewer animals, and are more
cost-effective thamn vivo models. | was able to establish that TRPA1 and RBgonists
stimulate sensory afferent nerves in guinea pigusaoand human vagal tissue, thereby
demonstrating that this effect was conserved acspegies. Furthermore, this activation
could be blocked by TRPAL1- and TRPV1-selective goésts. However, results obtainied
vitro do not always translaie vivo, as these models pose more complex pharmacokinetic
and pharmacodynamic issues. | therefore went ogotdirm that TRPAL1 and TRPV1
agonists induce coughing in conscious guinea @gd, again that this can be blocked with
selective inhibitors. Indeed, since beginning teisearch, it has been confirmed that TRPAL
agonists cause cough in humans (Birrell et al.,,9200his has implications for the
development of chronic cough in disease, as isatgan(which have been implicated in the
late asthmatic response) are now also known to toifdRPA1 (Bautista et al., 2006; Finotto

et al.,, 1991; Vandenplas et al., 1993). A role tlus family of compounds in cough is
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supported by recent data showing that allyl-isathémate causes cough in guinea pigs
(Andre et al., 2009).

Inflammatory airways disease is associated witler@manced release of P&&nd BK, and
these two irritants are thought to be involved e hypersensitisation to tussive stimuli
leading to chronic cough (Choudry et al., 1989; letxal., 1996). Furthermore, both PGE
and BK can cause cough in humans and animals witeedd. These two mediators bind to
their associated GPCRs on cell membranes, leaditiget release of intracellular secondary
messengers. For P@HEis has been shown to be the; E€Cceptor (Maher et al., 2009); and |
established in this thesis that for BK in guinegspand humans it is the, Beceptor, but that
both B, and B play a role in the mouse. In order to induce couwgttivation of the GPCR
subsequently needs to cause opening of membrametbon channels in order to lead to a
net change in cell membrane potential and generati@ction potentials (see Figures 2.2 &
2.3, chapter 2). Having established a role for TRIPAL1 and TRPVL1 ion channels in the
cough reflex, | then wanted to investigate whethey were involved in the tussive response
to endogenous mediators associated with inflammal@ease. Using thia vitro isolated
vagus nerve preparation, and tinevivo guinea pig cough model that | had characterised
previously, | was able to establish that TRPA1 aRPV1 partially mediate the response to
both PGE and BK downstream of GPCR activation. These resatticate that both TRPA1
and TRPV1 could be important in the pathogenes@hadnic cough associated with airways

inflammation.

Finally, 1 wanted to investigate the tussive regmoto low pH. It has been observed that
patients who suffer from chronic cough exhibit &réase in lung pH compared to healthy
volunteers (Hunt et al., 2000; Kostikas et al., 20@imilar to PGEand BK, low pH is also
known to both sensitise the cough reflex to stirioaby other agonists, and to induce
coughing itself when inhaled as an aerosol. TRP®4 & well-established role in partially
mediating the tussive effects of low pH (Kollarik &dem, 2002; Lalloo et al., 1995).
Though a role for the ASIC ion channels in the ¢otgsponse to low pH has been suggested
(Kollarik & Undem, 2002), this has not been exphcinvestigated. Furthermore, TRPAL
has been shown to play a role in sensing alkabh&isns and intracellular acidic pH (Dhaka
et al., 2009; Fujita et al., 2008; Wang et al., P0Jand thus | hypothesised that this ion
channel may also play a role in sensing acidityhiwitthe lungs. Again using the isolated

vagus nerve preparation and guinea pig cough madekarly demonstrated a role for
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TRPV1 in partially mediating the cough responselde pH. This confirms previous
observations. Furthermore, using a general ASIhdlainhibitor, and mice devoid of
functional ASIC1 and ASIC3 ion channels, | also destrated a role for ASIC1 in low pH
activation of vagal sensory afferents. Becausenefpoor selectivity of the available ASIC
inhibitors, | did not use an ASIC inhibitor in tire vivo cough model. Conversely, a role for
TRPAL in mediating the tussive effects of low pHswess clear. In th@ vitro vagus nerve
model there did not appear to be any effect ofhitinig the TRPAL ion channel on low pH
responses in any of the species tested (guineanpgise and human). In contrast, the
TRPA1-selective antagonist HC-030031 did inhibitrici acid-induced coughing in the
conscious guinea pig cough model, to a similarre@éthat seen with the TRPV1 antagonist
JNJ17203212. Although, when a combination of bd&#PA1l and TRPV1 antagonists were
used there was no further inhibition of the coughponse, indicating that ASIC channels
may still play a role in low pH-induced coughvivo. Figure 8.1 diagramatically summarises
the findings of this thesis, showing the proposathways for stimulation of cough with
PGE, BK and low pH.

A model of primary vagal ganglia cell imaging cowdovide us with the opportunity to
investigate how agonists and antagonists mediaectiugh reflex in more detail. This
preparation allows the ability to record from smglrimary ganglia cells, isolated from the
nodose or jugular ganglia, which can also be ifiedtias coming from the airways via
retrograde labelling. This method therefore prosidelvantages over the isolated vagus
preparation, from which we are recording the conmgoresponse of all types of nerve fibres,
originating from both vagal ganglia, and termingtin the airway as well as other visceral
organs. In particular, we hope to use this prepardd determine the intracellular signalling
pathways downstream of EBnd B GPCR activation which lead to opening of the TRPA1
and TRPV1 ion channels; and to clarify the effeft§RPAL inhibition on low pH-induced
responses in aim vitro model. Because this is a newly established methibdin our
laboratory, | have focussed on characterising thaging preparation as a reliabke vitro
model of cough. To do this, | began by charactegighe effects of TRPA1 and TRPV1
selective agonists and antagonists in the primagabcells. | then verified that the TRPAL
and TRPVL1 ion channels partially mediated the ¢dferf PGE and BK. These results
mirrored those observed in both the isolated vamuge preparation, and vivo guinea pig
cough model, confirming that imaging of ganglial€elan be used as a model to investigate

the cough reflex.
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Having characterised the imaging model, | went@mimvestigate low pH-induced activation
of vagal ganglia cells. Overall results mirroredgt observed in the isolated vagus nerve.
That is, low pH responses were partially inhibiteg either TRPV1 or ASIC channel
inhibition, but not TRPAL inhibition. However wittloser analysis, | also observed that there
appeared to be distinct sets of cells that welteeeensitive or non-sensitive to TRPV1 or
ASIC channel inhibition. Additional experiments aeqjuired, but this could indicate that
TRPV1 and ASIC channels are not co-expressed amapyivagal ganglia cells. Furthermore,
there was a variable effect of TRPAL inhibition low pH responses in jugular cells, from
approximately 0-60% inhibition of the calcium respe. This is much greater than the
natural variation seen with other experiments ias fireparation. Therefore, this could again
indicate distinct sets of cells that are eithersgere or non-sensitive to TRPAL inhibition;
but also that the inhibitory effect of TRPAL onmary vagal cells is only partial (rather than
complete inhibition observed with either neuronss#tévze to TRPV1 or ASIC antagonists).
One explanation for these results is that TRPAY gk role in sensing low pH in airway-
projecting cells, but not non-airway cells. We abde to investigate this hypothesis using the
imaging model by retrogradelly staining airway selsing the fluorescent dye Dil. The final
experiment in my thesis therefore investigated @hdity of capsaicin and low pH to
stimulate Dil-stained cells. | established thathbot these agonists do indeed activate airway
cells, and | can therefore move ahead with furtitedies investigating how TRPV1, ASICs
and TRPA1 mediate low pH-induced activation of aiywspecific cells. These studies will be

discussed in section 8.3.2.

8.2 Limitations of thethesis

Some of the limitations of the experimental tecliegjused in this thesis have been discussed
previously. Briefly, the isolated vagus nerve prapan provides a relatively high-
throughputin vitro method that has been shown to parallel cough rsgsoseen in the
conscious guinea pig modi vivo, and also human cough responses in the clinicugo
mice do not possess a cough response, and theosfonet be used fon vivo research, the
afferent arm of the reflex still appears to bed¢htand responses in this species parallel those
seen in guinea pigs and humans. Moreover, the tlitke vagus nerve carries all types of
afferent nerve fibres, as well as parasympathedroas, and fibres innervating other organ

systems such as the heart and gastrointestindl tra@ddition, the effect on the isolated
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nerve trunk does not necessarily represent whHappening at the nerve terminals within the
airway. Despite these limitations, one major adagetof the isolated vagus preparation is
that our group has access to human tissue fromrdorbrecipient transplant patients, which
are surplus to clinical requirement. Therefore, ave able to replicate our findings using

human tissue, and demonstrate that our animal matieindeed translate to humans. But,
due to the scarcity of donor tissue, the n-numlbexperiments using human vagus nerves in
this thesis are low (n = 1-8); furthermore we cdncontrol for the time lapse between

retrieval of the tissue to arrival at the laborgi@nd the tissue will become less viable with

time.

The primary vagal ganglia cell imaging model pr@dadcadvantages over the isolated vagus
preparation as aim vitro model, but there are still a number of limitatiomsh this method.
Firstly, we cannot be sure what cellular changk&s fdace during the isolation process. For
example, upregulation or downregulation of receptord ion channels or other phenotypical
changes may occur. Moreover, though we can recanh fsingle cells, we still cannot
distinguish between the type of nerve fibre (e.§.0A C-fibre). An advantage of the system
is the ability to retrogradelly label airway cellsing the fluorescent tracer Dil. However, we
are dosing this dye intranasally, which means soate of the dye may be swallowed and
could stain cells projecting from the oesophagusoAat present we do not have access to
human vagal ganglia and therefore cannot replimatdindings in a human model.

8.3 Conclusions

Identification of the TRPAL ion channel as a kegsiue mediator represents a key step
forward in our understanding of the mechanisms lvkigve the cough reflex. Furthermore,
the finding that TRPA1 and TRPV1 mediate the effaftthe endogenous irritants PGBK

and possibly low pH is novel and exciting. Thisalauggests that TRPA1 antagonists,
possibly in combination with TRPV1 antagonists, \ddobe considered as a promising

therapeutic target for cough.
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Figure 8.1. Summary: Activation of the cough reflex by TRPA1l, TRPV1 and ASIC ion
channels.

TRPA1, TRPV1 or ASIC ion channels can be direcdted) by chemical irritants; changes in
temperature; and changes in pH. Alternately, endogs mediators such as P&&r BK can cause
TRP channel activation by binding to their GPCRd amnitiating subsequent intracellular signalling
cascades. One proposed intracellular cascade imgobctivation of PLC, which leads to hydrolysis
of PIP,, a complex that normally binds to and inhibits PRPand TRPV1; therefore, removal of this
inhibition could act to sensitise these ion chaanklydrolysis of PIRalso leads to the production of
DAG (which activates PKCs) and JPDAG is proposed to directly activate TRPV1, arkiCP
phosphorylates both TRPA1 and TRPV1 ion channlshihds to its receptor on the endoplasmic
reticulum, causing release of intracellular calciwtores and further activation of TRPA1 and PKCs.
Stimulation of these ion channels causes catioluxpfwhich depolarises the cell membrane. If
depolarisation reaches the activation thresholdtage gated N@aand Cg ion channels also open in
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cascade, and action potentials are generated anggyated along the nerve fibre through the vagus
nerve to where it synapses in the NTS. Informasiadghen passed to the respiratory pattern generator
in the CNS, causing activation of efferent motowurnas, and ultimately leading to cough.
Abbreviations: CNS = central nervous system; NTSwgleus tractus solitarius; AITC = allyl
isothiocyanate; GPCR = G protein coupled receptetP, = phosphatidylinositol 4,5-biphosphate;
IP; = inositol triphosphate; DAG = diacylglycerol; PLE phospholipase C; PKC = phosphokinase
C; P = phosphorylation.

8.4 Future Studies

The aim of this thesis was to identify the ion amels involved in mediating tussive effects of
PGE, BK and low pH. Having identified a role for TRPAdnd TRPV1 in the cough
response to PGEand BK, this section identifies further work aimat elucidating the
signalling pathways downstream of GPCR coupling tead to ion channel opening. In
addition, | will discuss how | plan to proceed ietermining a role for TRPAL in mediating
low pH responses in the airways. Finally, | willtime the future direction of this research
investigating the involvement of TRPA1 and TRPVZkegtors in the enhanced cough
associated with inflammatory disease.

8.4.1 Determining the signalling pathways leadimgstimulation of TRPAL1 and TRPV1
downstream of GPCR activation by PG BK

It has been previously established in our labs B@E causes cough by binding to thezEP
GPCR (Maher et al., 2009); and | established ia thesis that in guinea pigs and humans,
BK induces cough via activation of the BPCR. Intracellular secondary messengers are
subsequently released, which ultimately lead tonope of the TRPA1 and TRPV1 ion
channels. Inhibitors of the potential secondaryserger mechanisms (e.g. phosphokinase A,
phosphokinase C or diacylglycerol antagonists) adod utilised in the imaging model in an
attempt to block PGEor BK-induced activation. Subsequently, selecaetvators of these
pathways (e.g. 1l-oleoyl-2-acetyl-sn-glycerol, al celembrane-permeable analogue of
diacylglycerol) in combination with TRPA1 and TRP¥#lective antagonists could be used

to confirm that the identified pathway does indeadse activation of these ion channels.
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8.4.2 Investigating a role for TRPAL in the low piduced sensory afferent response in vitro
8.4.2.1 Determining the effect of other TRPA1-selecantagonists

A potential explanation for the lack of effect tiet TRPA1 antagonist on low pH-induced
responses in then vitro vagus nerve and isolated primary ganglia modelthas acidic

solutions interfere with the ability of HC-03003d inhibit the TRPAL1 ion channel.
Therefore, it would be interesting to investigates tability of other TRPA1-selective

antagonists (e.g. AP18) to inhibit low pH responsdtese models.
8.4.2.2 Airway-specific sensory primary vagal gaagklls

| have established that low pH solutions causevaititin of airway-specific primary vagal
ganglia cells stained using Dil. As discussed pmesly, it is possible that TRPAL is
mediating an effect on airway nerves, but not nioway nerves, and that this effect is being
lost in the natural variability of thén vitro preparations utilised. Therefore, using the
selective TRPAL inhibitor HC-030031 | plan to intigate whether TRPA1 plays a role in
mediating the low pH response in airway stainedséelvitro. In measuring responses only
from the airway-associated cells this could remswme of the variability observed when
testing on all (airway and non-airway) cells. Ferthore, | plan to isolate primary vagal cells
from mouse ganglia, which will allow the use of gBcally modified animals to verify the
antagonist studies. This could also allow me tofiomnmy findings in the isolated vagus
model which indicate a role for ASIC1 but not ASI@® channels in low pH-induced

sensory nerve activation.

8.4.2.3 Investigating a role for TRPAL in mediatlogy pH-induced sensory nerve activation

using more acidic solutions

An alternative hypothesis as to why we are seeinmlaibitory effect of TRPAL antagonists
on the low pH cough responsevivo, but not in than vitro preparations, is that the nerve
endings within the airway are being exposed toghdr level of acidity with inhalation of
citric acid than what we are usimg vitro (pH 5 for isolated vagus, and pH 6 for isolated
primary cells). To test this theory | plan to uselated vagus nerves from wild type and

genetically modified Trpal”, Trpvl”, AsicI”, and Asic3" animals, and perform
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concentration responses for pH to establish whageaf acidity each of these ion channels
detects. | will be using the isolated vagus prejpamaas the axon of the vagus nerve is more
robust than the isolated primary vagal gangliascétir which a pH < 5.5 kills the cells. |
have run a pilot trial for this on wild type vaguoerves, and established that the tissue is still
viable even after stimulation with pH 3 (Figure 8.1 this hypothesis is correct, | should see

a blunted pH response Tipal” mouse vagus compared to wild type for pH < 5.

o =
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Figure 8.2. Concentration-related increases in mouse vagus nerve depolarisation with
decreasing pH.
Isolated wild type (C57BI/6j) mouse vagus was exgh@s non-cumulative concentrations of pH for 2

minutes, followed by wash-out to retain baselineciieasing pH levels caused concentration-related

increases in sensory afferent depolarisation. Data presented as the peak depolarisation (in
millivolts) of n = 1 observation.

8.4.3 Investigating a role for ASIC ion channelgitnic-acid induced cough

In this thesis | investigated the ability of TRPAAd TRPV1 selective antagonists to inhibit
citric acid-induced cougi vivo. Having also established a role for the ASIC ibarmnels in
the sensory afferent response to lowipHitro, it would be interesting to follow this up in
our model of conscious guinea pig cough. The géAe&C inhibitor amiloride was not used
to inhibit citric acid cough in this thesis becaubis compound displays poor potency, and
has inhibitory effects on other receptors of thighetial sodium channel family (ENaC; Dubé
et al., 2005). A recently described non-amilorideibitor of ASIC ion channels, A-317567,

shows better potency than amiloride imvivo models of inflammatory hyperalgesia and
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post-operative pain, and has no apparent effecteeoal ENaCs (Dubé et al., 2005). This
compound could therefore provide a better pharnoggodl tool for in vivo research

investigating the role ASIC family of ion channeiscough.

8.4.4 Investigating a role for TRPA1 and TRPV1he tnhanced cough response using

models of respiratory disease

In this thesis, a role for TRPA1 and TRPV1 in méd@the effects of PGEBK and low pH
have been investigated under ‘normal’ conditionsisTis necessary in order to understand
how the acute cough reflex is being controlledyrigeer to then determine what changes occur
during disease. It would subsequently be intergsiinestablish whether these ion channels
play a role in modification of the cough reflexdisease states. There is enhanced release of
PGE and BK, and a decrease in pH in the airways akpt suffering from inflammatory
airways diseases (e.g. asthma and COPD), and ttréaats have been associated with
sensitisation of the cough reflex (Choudry et B989; Fox et al., 1996; Karlsson & Fuller,
1999; Morice et al., 2007). Therefore, it is pobksithat cough hypersensitivity could be
controlled with therapies that inhibit the TRPAldad@RPV1 receptors. Our lab has
established animal models of asthma (induced bybawsn or LPS sensitisation) and
cigarette smoke exposure. In the cigarette smokdemwe have already successfully
observed enhanced sensory nerve and cough resptingke TRPV1 agonist capsaicin,
which suggests that this is an ideal model in whizhnvestigate excessive cough. Using
these models, we could determine the ability of ARRnd TRPV1 antagonists to inhibit the

excessive cough responses usingrhatro andin vivo models characterised in this thesis.

8.4.5 Measuring RNA and protein expression in ayrhabelled primary vagal ganglia cells

An increase in TRPV1 expression has been foundenlings of patients suffering from

chronic cough (Groneberg et al., 2004), providinpther potential mechanism for the
enhanced cough response to TRPV1 agonists in inflory airway disease. Therefore, it
would be interesting to investigate RNA and protexpression of the TRP channels using
RT-PCR and western blot techniques. This wouldaalls to compare the level of expression

of these receptors in the healthy state with thaiir disease models, discussed above.
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Chemicals and reagents

Appendix

The table below outlines all the chemical reagemis compounds used in this thesis. The

vehicle or diluents have been described where apiate.

)%

Drug/ reagent Source Vehicleor diluents (where applicable)

Acrolein Sigma-Aldrich 0.1% DMSO in Krebs soluti¢in vitro)
0.9% salineif vivo)

Agarose Promega 2% in 1XTBE

AITC (allyl-isothiocyanate)| Sigma-Aldrich 0.1% DMSO Krebs solution

Amiloride Sigma-Aldrich 0.1% DMSO in Krebs solution

Boric Acid Sigma-Aldrich -

Bradykinin Sigma-Aldrich 0.1% d}D (in vitro)

0.9% salineif vivo)

CaCl VWR -

Capsaicin Sigma-Aldrich 0.1% DMSO in Krebs solut{onvitro)
1% ethanol plus 1% Tween 80 in 0.9
saline {(n vivo)

Capsazepine Sigma-Aldrich 0.1% DMSO in Krebs sotuti

Cinnamaldehyde Sigma-Aldrich 0.1% DMSO in Krebsisioh

Citric Acid Sigma-Aldrich 0.9% saline

Collagenase Worthington Cafree, Md'-free Hank's balance
salt solution

Di-8-ANEPPS Invitrogen 0.4% DMSO in extracellular solution

(4-[2-[6-(dioctylamino)-2-
naphthalenyl]ethenyl]-1-(3-
sulfopropyl)-pyridinium)
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Drug/ reagent Source Vehicleor diluents (where applicable)

Dil Invitrogen 2% ethanol in 0.9% saline

(DilC18(3), 1,1"-

dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanin

e perchlorate)

Dispase |I Roche Chfree, Md"-free Hank’s balanced
salt solution

EDTA Promega :

Ethanol VWR -

F12 Invitrogen -

FBS (foetal bovine serum)|  Sigma-Aldrich -

Fluo-4 AM Invitrogen Extracellular solution

Glucose VWR -

HBSS Invitrogen -

HC-030031 ChemBridge 0.1% DMSO in Krebs solutionvftro)
0.5% methyl cellulose in 0.9% salina (
Vivo)

HEPES Sigma-Aldrich -

Hyperladder IV Bioline Ltd -

Indomethacin Sigma-Aldrich 0.1% DMSO in Krebs smint

Isopropanol Sigma-Aldrich -

JNJ17203212 GlaxoSmithKlein 0.1% DMSO in Krebs sohu(in vitro)
15% solutol in 5% dextrose solutioin (
Vivo)

KCI VWR Extracellular solution

KH.PO, VWR -

L15 Sigma-Aldrich -

Laminin Sigma-Aldrich dHO

Lys-[Des-Ard]Bradykinin | Tocris 0.1% DMSO in Krebs solution

Methyl cellulose Sigma-Aldrich -
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Drug/ reagent Source Vehicleor diluents (where applicable)
MgSO, VWR -
NacCl VWR -
NaH,P0,.2H,0 VWR -
NaHCQ; VWR -
Nuclease-free water Promega -
Nucleon resin Tepnel Life -
Sciences
Papain Sigma-Aldrich Cé&free, Md*-free Hank’s balanced
salt solution
Penicillin/streptomycin Sigma-Aldrich -
Percoll Sigma-Aldrich -
Petroleum jelly Vaseline -
PGE Sigma Aldrich 0.1% ethanol in Krebs solution Yitro)
0.1 M phosphate buffem(vivo)
Proteinase K Tepnel Life Nuclease-free pO
Sciences
R715 Tocris 0.1% DMSO in Krebs solution
Reagent M1 Tepnel Life -
Sciences
Reagent M2 Tepnel Life -
Sciences
Resiniferatoxin LC Labs 0.1% DMSO in Krebs solution

0.9% saline (sterile)

Fresenius Kabi

Safeview

NBS Biologicals
Ltd

Sodium pentobarbitone

Merial Animal
Health

Trizma Base Sigma-Aldrich -
Tween 80 Sigma-Aldrich -
WIN 64338 Tocris 0.1% DMSO in Krebs solution
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