Transient receptor potential cation channel subfamily V member 4 (TRPV4) and airway, sensory afferent activation: role of adenosine triphosphate (ATP)
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ABSTRACT
Background: Sensory nerves innervating the airways play an important role in regulating various cardio-pulmonary functions, maintaining homeostasis under healthy conditions and contributing to pathophysiology in disease.  Hypoosmotic solutions elicit sensory reflexes including cough and are a potent stimulus for airway narrowing in subjects with asthma but the mechanisms involved are not known. TRPV4 is widely expressed in the respiratory tract but its role as a peripheral nociceptor has not been explored.
Objective: We hypothesized that TRPV4 is expressed on airway afferents and is a key osmosensor initiating reflex events in the lung.
Methods: We utilised guinea-pig primary cells, tissue bioassay, in vivo electrophysiology and a guinea-pig conscious cough model to investigate a role for TRPV4 in mediating sensory nerve activation in vagal afferents and the possible downstream signalling mechanisms. Human vagus nerve was used to confirm key observations in animal tissues.
Results: Here we show TRPV4-induced activation of guinea-pig airway specific, primary nodose ganglion cells. TRPV4 ligands and hypoosmotic solutions caused depolarisation of murine, guinea-pig and human vagus and firing of Aδ fibres (not C-fibres) which was inhibited by TRPV4 and P2X3 receptor antagonists. Both antagonists blocked TRPV4-induced cough.
Conclusion: This study identifies the TRPV4-ATP-P2X3 interaction as a key osmosensing pathway involved in airway sensory nerve reflexes. The absence of TRPV4-ATP mediated effects on C-fibres indicates a distinct neurobiology for this ion channel and implicates TRPV4 as a novel therapeutic target for neuronal hyperresponsiveness in the airways and symptoms such as cough.

WORD = 242

Key messages: 
· Inhalation of hypoosmolar solutions provokes bronchospasm and cough in asthmatics but the mechanisms involved are unknown. 
· We have identified for the first time the TRPV4-ATP-P2X3 axis as a key osmosensor expressed on Aδ-nociceptors, but not on C-fibre afferents, providing a distinct neurobiology for this channel compared to TRPV1 and TRPA1
· These observations are of therapeutic importance given data reported from a recent clinical study which showed an unprecedented effect of a P2X3 receptor antagonist on daytime cough rate and cough severity in patients with treatment-resistant, chronic cough.

Capsule Summary: This study identifies the TRPV4-ATP-P2X3 axis as a neuronal sensor involved in airway sensory nerve reflexes and provides a mechanistic explanation for recent positive data with a P2X3 antagonist in patients with treatment resistant cough.  
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INTRODUCTION
Sensory nerves innervating the airways play an important role in regulating various cardio-pulmonary functions, maintaining homeostasis under healthy conditions and contributing to pathophysiology in disease conditions. Transient receptor potential (TRP) channels are a family of cation channels that are activated by a large number of diverse stimuli including temperature, pH, osmolarity1. TRPA1 and TRPV1 ion channels expressed on peripheral nociceptors act as sensory transducers for chemosensitive stimuli, temperature and pH. They have also been demonstrated to be involved in initiating the reflex bronchospasm that defines the late asthmatic response2 and cough in humans and animal models3-6.  Hypoosmotic solutions have been shown to elicit sensory reflexes including cough7, are a potent stimulus for airway narrowing in subjects with asthma8,9 and airway surface fluid composition appears to become more hypotonic in patients with asthma10. However, the sensory transduction mechanisms involved in regulating reflexes in response to changes in osmolarity are not known.
TRPV4 is a polymodal, gated TRP channel that is activated by a diverse range of stimuli including acidic pH, temperature, mechanical stress, the synthetic phorbol ester 4 phorbol 12, 13-didecanoate (4-PDD) and arachidonic acid metabolites (epoxyeicosatrienoic acids)11. TRPV4 can also be activated in the cellular response to hypotonicity suggesting it may be an osmosensor and sensing of osmotic changes by nociceptors is reduced in trpv4-/- mice and in rats treated with TRPV4 blockers or TRPV4 anti-sense siRNA12,13 . TRPV4 is widely expressed in the respiratory tract including epithelium (human), macrophages (human, murine) and airway smooth muscle (human, guinea-pig)14-17. Furthermore, polymorphisms in the TRPV4 gene are associated with COPD phenotypes18. However, limited information is available regarding TRPV4 expression in peripheral nociceptive neurons and in particular those that innervate the lung. 
Utilising human, guinea-pig and murine bioassays, calcium imaging techniques, in vivo electrophysiology and an in vivo animal model of cough we have identified a TRPV4-ATP-P2X3 signaling pathway as a key driver of hypotonicity-induced activation of airway afferents. In vivo single fibre electrophysiological experiments demonstrated that both a TRPV4 agonist and a hypoosmotic solution caused a marked, prolonged stimulation of all of the Aδ-fibres examined (both capsaicin sensitive and insensitive fibres) but had no effect on C-fibres. Unlike the activation of fibres observed with capsaicin and citric acid which occurred rapidly, that caused by a TRPV4 ligand was relatively slow which indicated an indirect mechanism of action. All the TRPV4-mediated effects were inhibited in the presence of a P2X3 antagonist indicating a role for ATP. It has previously been demonstrated that ATP release from hypotonically- or TRPV4-stimulated airway epithelial cells involves Rho-regulated opening of pannexin 1 channels19 and we have shown this same mechanism to be operative in the TRPV4-induced activation of vagal afferents. The role of ATP in TRPV4 signalling in peripheral Anociceptors is a novel finding and the absence of TRPV4-ATP mediated effects on C-fibres provide a distinct neurobiology for this ion channel compared to TRPV1 and TRPA1. 


METHODS- All the additional information in the supplementary text.
Animals
Male Dunkin-Hartley guinea-pigs (300-500g; 400-800g for single fibre in vivo studies) and C57BL/6 mice (18-20g) were purchased from Harlan (Bicester, Oxon, UK) or B & K (Hull, UK), and housed in temperature-controlled (21°C) rooms with food and water freely available for at least 1 week before commencing experimentation. Homozygous breeding pairs of mice genetically modified to disrupt the TRPV4 gene (Trpv4-/-) or the Pannexin 1 gene (Px1-/-) were utilised. Experiments were performed in accordance with the U.K. Home Office guidelines for animal welfare based on the Animals (Scientific Procedures) Act of 1986 and the ARRIVE guidelines20. 

Isolated primary airway specific vagal neurons
Cell dissociation
Guinea-pigs were euthanised by injection of sodium pentobarbitone (200 mg/kg, i.p.). Nodose and jugular ganglia were dissected free of adhering connective tissue and neurons isolated by enzymatic digestion as described previously21,22. 

Calcium imaging
Intracellular free calcium ([Ca2+]i) measurements were performed in dissociated nodose and jugular neurons and neurons projecting fibres specifically to the airways, which were identified as previously described21,22.  The concentration-response data represent an overview of responding cells only. The criteria for a ‘responsive cell’ was judged as an increase in [Ca2+]i of ≥10% of the response to 50 mM potassium chloride solution (K50). In each case N = number of animals and n = number of cells tested. 




Single cell RT-PCR
Isolated nodose and jugular derived neurons, harvested from male Dunkin Hartley guinea-pigs, were placed in a petridish containing ECS solution and airway terminating (DiI-stained) neurons were identified using a Widefield Microscope (Olympus IX-71 inverted microscope). Selected individual neurons were carefully harvested using suction into the end of a custom made glass micropippette (tip I.D. 50-70μm, O.D. 2mm; Fivephoton Biochemicals, San Diego, CA, USA) manipulated into place using a micromanipulator (Three-axis water hydraulic micromanipulator MHW3, Narishige, Japan). The micropipette tip was then broken into a microreaction tube containing 1μL RNAse OUT (Life Technologies) and placed on ice. Protocols for DNA digestion, cDNA synthesis and PCR of selected targets were carried out based on the methodology described in Kwong et al. (2008)23.

Isolated vagus nerve preparation
Guinea-pigs and mice (C57BL/6 or Trpv4-/- 24,25) were euthanised by injection of sodium pentobarbitone (200 mg/kg i.p.). The vagus nerves were removed and experiments conducted in a fully characterised isolated vagus preparation as described in previous publications5,26. Human vagal nerve sections (n=6, 38-57 year old male donors and 38-68 year old female donors with no known respiratory disease) were obtained from IIAM (International Institute for the Advancement of Medicine, Edison, NJ) and in all cases, consent was granted for use in scientific research.  Ethics approval was obtained from the Royal Brompton & Harefield Trust.

In vivo single fibre preparation
Guinea-pigs were anaesthetized with urethane (1.5 g/kg) intraperitoneally. If required, anaesthesia was supplemented with additional urethane. The trachea was cannulated with a short length of perspex tubing and blood gases and pH were maintained at physiological levels by artificial ventilation (Ugo Basile small animal ventilator), with a tidal volume of 10 ml/kg and 50-60 breaths/ min of laboratory air. The right jugular vein and carotid artery (passed to the ascending aorta/aortic arch) were cannulated for, respectively, injecting drugs and measuring systemic arterial blood pressure. Tracheal pressure was measured with an air pressure transducer (SenSym 647) connected to a side arm of the tracheal cannula. Animals were paralysed with vecuronium bromide, initially administered at a dose of 0.10 mg/kg i.v., followed every 20 min with 0.05 mg/kg i.v. to maintain paralysis. Both cervical vagus nerves were located, via a cervical incision, and dissected free from the carotid artery, sympathetic and aortic nerves; both vagus nerves were cut at the central end. The left vagus nerve was used for sensory nerve fibre recording as previously described27.Single vagal nerve fibres were identified as originating from the major groups of airway sensory nerve endings, i.e., slowly adapting stretch receptors (SARs), rapidly adapting stretch receptors, (RARs, irritant receptors, Aδ-fibres – further subdivided into those which were more acid and/or less capsaicin sensitive and with CVs slower than conventional RARs), and pulmonary/bronchial C-fibre receptors using several criteria27. These include pattern of spontaneous discharge, response to hyperinflation and deflation, adaptation indices (AIs), response to capsaicin/citric acid administration and conduction velocities. As a rule, a receptor that had no obvious pattern to the spontaneous activity (often very sparse), did not respond to hyperinflation/hyperdeflation but responded to capsaicin aerosol was pursued as a C-fibre. Alternatively, and, in the first instance, a receptor that had a spontaneous discharge with a definite rhythmical respiratory pattern and adapted rapidly/variably to hyperinflation/deflation was pursed as an Aδ-fibre. Finally, verification of fibre type was confirmed at the end of the experiment by determining conduction velocity. 

Conscious guinea-pig cough model
In all experiments the operator was blinded to the treatment groups. Conscious, unrestrained guinea-pigs were placed in individual plastic transparent whole-body plethysmograph chambers (Buxco, Wilmington, NC, USA), and cough detected as previously described5,26. 

Compounds and Materials
Details can be found in the supplementary text. 

Data Analysis and Statistics
The area under curve (A.U.C) of calcium signal (calcium flux: total elevation of calcium above resting level over time) was used to measure primary neuron responses, which were normalised to calcium flux generated by application of K50. Inhibition of agonist induced responses was analysed by an unpaired t-test comparing the %K50 (A.U.C.) with and without antagonist. Data were analysed for ‘responding’ cells only, defined as a neuron with a response ≥10% of K50, and are presented as mean ± s.e.m, where ‘N’ indicates number of animals and ‘n’ indicates number of cells. Inhibition of agonist-induced responses in the isolated vagus nerve preparation were analysed by two-tailed paired t test, comparing responses to agonist in the absence and presence of antagonist in the same piece of nerve. Data are presented as mean ± s.e.m., with statistical significance set at P < 0.05. In the single fibre experiments, data was analysed by paired t-test, comparing responses (absolute values) after stimulus to baseline values immediately preceding the response. Data are presented as mean ± s.e.m., with statistical significance set at P<0.05. Inhibition of fibre firing was analysed by paired t-test comparing responses following antagonist to control values prior to antagonist administration, or using an unpaired t-test comparing responses to vehicle control as appropriate. Statistical significance was set at P<0.05. Inhibition of cough by the TRPV4 antagonist or the P2X3 receptor antagonist in vivo was analysed by Mann-Whitney U test, comparing responses from the antagonist group to vehicle control. Data are presented as mean ± s.e.m with statistical significance set at P<0.05.



RESULTS
Effect of TRPV4 agonists on airway-stained vagal ganglia neurons
To assess the airway-specific effects of TRPV4 stimulation we used fluorescent imaging to investigate the effects of GSK1016790A (TRPV4 agonist28) on isolated neurons from the guinea-pig vagal ganglia which were labelled with the retrograde tracer DiI (Figure 1A). GSK1016790A induced a slow concentration-dependent increase in [Ca2+]i in nodose (Figure 1B, & C), but not jugular neurons (Figure 1D). Maximum [Ca2+]i signals for the responsive nodose neurons (expressed as % of K50 A.U.C) were 132 ± 50% at 300 nM (Figure 1C). There were a total of 36 airway nodose cells examined, of which 75% responded to GSK1016790A, and 34 jugular airway cells of which only 12% were responsive to GSK1016790A stimulation (Figure 1D). A similar pattern was seen in non-airway neurons, of a total of 58 non-airway nodose neuronal cells, 52% were responsive, and of the 46 non-airway jugular neurons, 20% responded to GSK1016790A stimulation. 

Effect of TRPV4 agonists on vagal sensory afferents
TRPV4 agonists (GSK1016790A and 4αPDD29) induced concentration-dependent depolarisation (a measure of nerve activation) of guinea-pig (Figure 2 A and B) and mouse vagal sensory nerves (Figure 2 D and E), reaching a maximum of approximately 50-70% of the control capsaicin response. Hypoosmotic solution also caused an osmotic-strength dependent depolarisation in both the guinea-pig (Figure 2C) and mouse (Figure 2F) vagus nerve. Due to the limited availability of human vagus nerve, only key experiments were performed. Sub-maximal concentrations of GSK1016790A (300 nM), 4αPDD (1 µM) and hypoosmotic solution (-80mOsm), which were effective in the guinea-pig and mouse vagus, were tested on isolated human vagus nerve and induced nerve depolarisation (Figure 2G).
HC067047 (TRPV4 antagonist30) concentration-dependently inhibited GSK1016790A (300 nM)-induced depolarisation of guinea-pig (Figure 3A) and mouse (Figure 3D) vagus. The concentration of HC067047 (10 µM) producing the greatest inhibition of GSK1016790A (Figure 3A) also inhibited depolarisation evoked by 4αPDD (1 µM) and hypoosmotic solution (-80mOsm) in guinea-pig (Figures 3B & C, respectively) and mouse vagus nerve (Figures 3E & F, respectively). Another TRPV4 antagonist, GSK219387431, also inhibited GSK1016790A (300nM)-induced depolarisation in a concentration dependent manner in guinea-pig vagus with a similar potency to HC067047 (Supplementary Figure 1). Neither GSK2193874 (10μM) nor HC067047 (10μM) had any effect on capsaicin or acrolein induced depolarisation in guinea-pig or mouse vagus (Supplementary Figure 2). Depolarisation of the vagus induced by GSK1016790A, 4αPDD and hypoosmotic solution was reduced in Trpv4-/- mice, whereas responses to TRPV1 (capsaicin) and TRPA1 (acrolein) agonists were unaffected (Figure 3G). Genetic knockdown of murine TRPV4 gene in the Trpv4-/- colony was verified by genotyping. Finally, the TRPV4 antagonist (HC067047) inhibited depolarisation evoked by GSK1016790A, 4αPDD and hypotonicity in human vagus (Figure 3H, I).

Effect of TRPV4 agonists on action potential firing in guinea-pig Aδ fibres
Capsaicin (100µM for 15s) when administered by aerosol to anaesthetised guinea-pigs activated two of the three Aδ-fibres (CVs in the range, 2.3 – 7.14 m/s) and all five of the C-fibres (CVs in the range, 0.57 - 0.92 m/s; could not distinguish between bronchial or pulmonary C fibres) examined. Capsaicin also evoked bronchoconstriction in all guinea-pigs examined, which was preceded by activation of the fibre under examination (except for one Aδ-fibre). Moreover, citric acid (0.3M) aerosol activated all of the fibres examined (Figure 4B & C). In contrast to capsaicin, citric acid did not cause bronchoconstriction. Aerosol administration of GSK1016790A (10µg/ml) caused a marked, prolonged stimulation of all of the Aδ-fibres examined: total impulses increased from 15.3±8.7 to 4854±3708 (n=3), but had no effect on the C-fibres (Figure 4 A-C). Unlike the activation of Aδ-fibres observed with capsaicin and citric acid which occurred within 35 s of administration, that caused by GSK1016790A did not commence until 101.5±21.2 s. In addition, whereas the activation of Aδ-fibres lasted no longer than 3.5-4.0 min after capsaicin and citric acid, the fibres were still firing vigorously at 30 min after GSK1016790A (Figure 4A).  GSK1016790A also caused marked bronchoconstriction with a slow onset and prolonged duration which ensued after the Aδ-fibres had been activated. Vehicle administration alone had no effects on the firing of either the Aδ- or the C-fibres examined.
	In an independent series of experiments to examine the effects of hypoosmotic solutions, four separate Aδ-fibres (CVs in the range, 4.7 – 11.3 m/s) and three C-fibres (CVs in the range, 0.47 – 0.85 m/s) were used. Capsaicin activated two of the four Aδ-fibres and the three C-fibres, whereas citric acid activated all fibres. Similarly to GSK1016790A, aerosol administration of hypoosmotic solution (-80mOsm) caused stimulation of all of the Aδ-fibres examined: total impulses increased from 10.33±2.7 to 203.7±24.5 (n=3, p<0.05), but had no effect on C fibres (Figure 4D & E). Control isosmotic solution administration alone had no effects on the firing of either the Aδ- or the C-fibres examined.
[bookmark: OLE_LINK10]
Mechanism involved in TRPV4 induced activation of airway sensory nerves
In order to determine if TRPV4, P2X2 and P2X3 were expressed in individual neurons, single cell RT-PCR was carried out on isolated airway terminating nodose and jugular neurons.  TRPV4 was not expressed in any of the jugular neurons examined (0/30 cells), but was expressed in 1/32 nodose neurons. P2X2 (without P2X3 co-expression) was expressed in 0/30 jugular neurons, and 2/32 nodose neurons. P2X3 (without P2X2 co-expression) was expressed in 22/30 jugular neurons, and 6/32 nodose neurons. P2X2 and P2X3 were co-expressed in 1/30 jugular neurons and 11/32 of nodose neurons. Of interest, the single nodose TRPV4 positive cell co-expressed P2X2 (but not P2X3). Incidentally, the one neuron identified as positive for TRPV4 was confirmed following a second assay utilising the same primers indicating the possibility that TRPV4 is expressed on sensory afferents but that its expression is sparse. All neurons examined expressed both β-actin and PGP9.5. Jugular N=8, n=30, Nodose N=8, n=32 (examples shown in supplementary figure 7A-C). 

[bookmark: OLE_LINK6]In order to determine if ATP is able to directly activate airway sensory nerves, the effect of αβ-MethyleneATP (αβ-MeATP), a more stable agonist at P2X1 and P2X3 receptors, on the activation of vagal sensory nerves was examined. αβ-MeATP (10μM) induced an increase in [Ca2+]i predominantly in airway-specific neurons from nodose ganglia in the guinea-pig (Figure 5A) and was also able to cause a concentration dependent depolarisation of the guinea-pig vagus nerve (Figure 5B). The agonist also caused firing of Aδ fibres, but had no effect on bronchospasm (Supplementary Figure 3). This activation was shown to be specific to P2X3 as depolarisation was inhibited with the P2X2 and P2X3 inhibitor TNP-ATP32 (10µM) and AF-35333 (10µM) in both guinea-pig (Figure 5C) and human vagus (Figure 5D) but these inhibitors did not block responses to capsaicin and acrolein (Supplementary Figure 4).  Activation of TRPV4 has been hypothesised to cause ATP release and subsequent activation of P2X334. Both inhibitors were also shown to inhibit TRPV4 specific depolarisation, as TNP-ATP (10μM) and AF-353 (10μM) inhibited depolarisation induced by GSK1016790A and hypoosmotic (-80mOsm) solution in guinea-pig (Figure 5F) and human vagus (Figure 5G). In addition, depolarisation induced by GSK1016790A was abolished in Px1-/- mice, whereas responses to αβ-MeATP (10μM), capsaicin (1μM) and acrolein (300μM) remained unchanged suggesting that TRPV4 is dependent on Pannexin 1 to induce depolarisation in the mouse (Figure 5E). Furthermore, AF-353 (10μM) significantly inhibited the [Ca2+]i signal induced by GSK1016790A (30nM) in airway specific neurons from nodose ganglia. Calcium responses, expressed as percentage of K50 signal (A.U.C.), induced by GSK1016790A (30nM) were significantly reduced from 93±6.2% with vehicle control to 28±11.9% following incubation with AF-353 (Figure 5H).  

Effect of P2X3 antagonists on the activation of airway sensory nerves by TRPV4 in vivo  
For antagonist studies, only Aδ fibres were investigated. In all cases, citric acid activated the nerves under investigation and was used as an initial test for nerve fibre viability. To investigate the role of the P2X3 antagonist AF-353 on Aδ firing induced by αβMe-ATP,GSK1016790A and hypoosmotic solution, Aδ fibres (N=12) were investigated with conduction velocities ranging from 3.8-14.1 m/s. Following vehicle administration (example trace; in supplementary figure 5A), total impulses induced following aerosol administration of the P2X1/3 agonist αβ-MeATP (300μM) remained unchanged from 177.0±64.73 impulses prior to vehicle administration to 236.0±79.38 impulses afterwards (Figure 6A). Total impulses induced by GSK1016790A (100ng/ml) following vehicle was 346±114.9 (Figure 6A). Following administration of the P2X3 antagonist AF-353 (30mg/kg) (example trace; Supplementary figure 5B), total impulses induced by the P2X1/3 agonist αβ-MeATP (300μM) was significantly reduced from 151.0±18.36 to 12±4.51 impulses, and GSK1016790A firing was also significantly reduced to 22±10.44 impulses compared to vehicle control (Figure 6B& Supplementary Figure 5B). Total impulses induced by hypoosmotic solution were also significantly inhibited following application of the P2X2/3 antagonist AF-353, where total impulses were reduced from 247.0±15.37 to 83.67±20.92 following antagonist administration. Vehicle had no effect on firing (Figure 6 C,D). Treatment with AF-353 (30mg/kg, i.p) had no effect on capsaicin (100µM) induced firing (total impulses 150±58.01 to 209±40.53 following AF-353 administration; n=2).

The TRPV4 antagonist GSK2193874 was also investigated against GSK1016790A, αβMe-ATP and hypoosmotic solution induced firing of Aδ fibres. Aδ fibres (N=12) were investigated with CVs ranging from 3.2-14.3 m/s. Following vehicle administration total impulses induced by TRPV4 agonist GSK1016790A (100ng/ml) was unchanged from 337.7±84.41 to 335±7.64 (Figure 6E). Total impulses induced by the P2X1/3 agonist αβMe-ATP (300μM) administered at the end of the experiment was 156.7±46.70 (Figure 6E). Following administration of the antagonist GSK2193874 (300mg/kg) (example trace shown in supplementary figure 5C), total impulses induced by GSK1016790A (100ng/ml) was significantly reduced from 261.7±20.92 to 27.67±11.55 impulses (Figure 6F).  Firing induced by αβMe-ATP (300μM) remained unchanged at 182.3±20.30 impulses compared to vehicle control (Figure 6F). Similarly, total impulses induced by hypoosmotic solution were significantly reduced from 219.3±58.46 impulses to 71.67±16.13 (Figure 6H). Vehicle had no effect on firing (Figure 6G). Treatment with GSK2193874 (300mg/kg, i.p) had no effect on capsaicin induced firing – i.e. total impulses induced by capsaicin were not significantly changed (total impulses from 130±35.81 to 177±34.51 following GSK2193874 administration; n=3).

Aerosolised GSK1016790A, but not vehicle, induced concentration-related coughing in conscious, unrestrained guinea-pigs (Supplementary data Figure 6). The type of coughs induced were a combination of small trains similar to stimulation with prostaglandin E2 or bradykinin, and large single explosive coughs normally induced by agonists such as acrolein and capsaicin21. HC067047 (100 mg/kg, i.p.) significantly inhibited coughing induced by a submaximal concentration of GSK1016790A agonist (3µg/ml) (Figure 6I). An alternate antagonist GSK2193874 (300mg/kg) also inhibited the number of coughs induced by GSK1016790A (30μg/ml) (6J). The P2X3 antagonist AF-353 (30mg/kg, i.p.) inhibited cough induced by the GSK1016790A (30μg/ml) in the guinea-pig to a similar level to that seen with the TRPV4 antagonist (Figure 6K). Neither AF-353 (30mg/kg, i.p) nor GSK 2193874 (300mg/kg, i.p) were shown to have any effect on capsaicin (60M, aerosolised for 5 min and coughs counted for 10min) -induced cough. Mean cough counts were not significantly changed from 8.5 ± 3.6 following i.p. vehicle administration versus 6.5 ± 2.8, GSK 2193874; 7.6 ± 1.9, AF-353 (n = 8 in each group). Capsaicin-induced cough, utilising the same protocol has previously been shown to be completely inhibited with a TRPV1 receptor antagonist21.


DISCUSSION
The sensory transduction mechanisms involved in regulating reflexes in response to changes in osmolarity in the airway are not known. TRPV4 has previously been shown to be an osmosensor 12,13 and is widely expressed in the respiratory tract 14-17, 35. However, not much is known regarding the role of TRPV4 as a peripheral nociceptor in the airway. 
In order to investigate this we used the guinea-pig as a model species since it is widely utilised for investigations into airway sensory nerve biology and guinea-pigs cough in a similar fashion to humans to a range of tussive agents3-5. In the present study we investigated TRPV4 expression in peripheral nociceptive neurons and in particular those that innervate the lung. Although TRPV4 expression has previously been demonstrated in peripheral sensory nerves with cell bodies located in the trigeminal ganglia36 and dorsal root ganglia37, it has not been identified in neurons from the vagal ganglia. To assess the airway-specific effects of TRPV4 stimulation we used fluorescent imaging in isolated guinea-pig vagal ganglia neurons which were labelled with the retrograde tracer DiI. GSK1016790A (TRPV4 agonist) induced concentration-dependent increases in [Ca2+]i in nodose, but not jugular neurons and GSK1016790A, 4αPDD and hypoosmotic solution induced depolarisation of guinea-pig, mouse and human vagal sensory nerves. These effects were inhibited by the TRPV4 antagonists and reduced in vagus from Trpv4-/- mice (acrolein and capsaicin responses were unaffected). Confirming the activity on airway specific afferents we utilised in vivo single fibre electrophysiological experiments. Aerosol administration of GSK1016790A and hypoosmotic solution caused a marked, prolonged stimulation of all of the Aδ-fibres examined (both capsaicin sensitive and insensitive fibres) but had no effect on the C-fibres. This is in contrast to a previous study where TRPV4 and hypoosmolar solutions activated saphenous nerve, C-fibres in the rat13. It is not clear why we did not see a similar profile of C-fibre activation but perhaps anatomically distinct afferent nerve fibres and different species account for this difference. In addition, whereas the activation of Aδ-fibres was relatively short lived after capsaicin and citric acid, the fibres were still firing vigorously at 30 min after GSK1016790A administration.  GSK1016790A also caused marked bronchoconstriction with a slow onset and prolonged duration which ensued after the Aδ-fibres had been activated. Although the bronchospasm occurred after the initiation of fibre firing we cannot rule out the possibility that firing of A fibres was secondary to bronchospasm. However, the fact that GSK1016790A evoked compound depolarisation of the vagus nerve and increased the [Ca2+]i signal in the vagal ganglia, which are systems that are free from the influence of bronchospasm, suggests that the firing is independent of bronchospasm.  Furthermore, aerosolised GSK1016790A induced cough in conscious, unrestrained guinea-pigs which was inhibited by both TRPV4 antagonists (HC067047, GSK2193874).
It has previously been reported that TRPV4 regulates urothelial ATP release to modulate mechanosensitive, bladder afferent nerves34,38. Furthermore, TRPV4 has been shown to release ATP from human airway macrophages and epithelial cells17. In these studies we have established a role for ATP and the P2X3 receptor in TRPV4 mediated activation of airway afferents. We have demonstrated expression of P2X3 and P2X2 and αβ-MeATP caused [Ca2+]i increase in guinea-pig nodose ganglia neurons which is in agreement with previous studies 23,39. αβ-MeATP was also able to depolarize guinea-pig and human vagus nerve and both the increase in calcium and the vagal depolarization evoked by αβ-MeATP were inhibited by the P2X1 and P2X3 inhibitor TNP-ATP and the P2X3 inhibitor AF-353.  Both inhibitors were also shown to inhibit depolarisation induced by TRPV4 ligands and hypoosmotic solution in guinea-pig and human vagus confirming the hypothesis that TRPV4- and hypotonicity-mediated activation of vagal afferents is mediated by the release of ATP and activation of P2X3 receptors.  In order to confirm the role of ATP/P2X3 in the TRPV4 and hypotonicity induced activation of Aairway specific afferents, in vivo single fibre recording experiments were performed. Unlike the activation of Aδ-fibres observed with capsaicin and citric acid which occurred rapidly that caused by GSK1016790A was relatively slow which indicated an indirect mechanism of action. This firing was inhibited following administration of the TRPV4 antagonist GSK2193874. In addition, the P2X3 antagonist AF-353 decreased the firing frequency to αβ-MeATP and GSK1016790A. Furthermore, the P2X3 antagonist AF-353 inhibited cough induced by the GSK1016790A in the guinea-pig to a similar level to that observed with the TRPV4 antagonist. These studies have identified the TRPV4-ATP-P2X3 axis as a key driver of hypotonicity-induced activation of airway afferents. Although the TRPV4 and the P2X3 receptor antagonists did inhibit the majority of the response to hypotonicity in most of the systems utilized the small residual response may be mediated by an alternative mechanism. 
It is not clear what mechanisms are important in TRPV4-induced ATP release. Interestingly, two recent studies in human epithelial cells have suggested that TRPV4 plays a role in the release of ATP and that this is associated with opening of the pannexin-1 channel17,19.  In order to further investigate the signaling mechanism, studies were performed in vagus obtained from pannexin knockout (Px1-/-) and wild type mice. The TRPV4 agonist response was absent in Px1-/- mice, whereas responses to αβ-MeATP, capsaicin and acrolein remained unchanged suggesting that TRPV4 is dependent on the activation of the Pannexin 1 pore and the subsequent release of ATP to induce depolarisation in the mouse vagus. It is also not certain what cell type is important in TRPV4-induced ATP release in vivo. However, in single cell PCR studies we only demonstrated TRPV4 expression in 1 out of 32 nodose ganglion neurons, suggesting that although TRPV4 can release ATP from neuronal cells it is more likely to be coming from an alternative cell type in close proximity. Furthermore, TRPV4 expression has been demonstrated in neuron associated cells (eg. glia40) and in our studies in some cases an accessory or satellite cell was observed in close proximity to the DiI neuron being imaged (see Figure 1A & B). In addition, TRPV4 can also induce ATP release from several diverse cell types in the airway (eg. epithelial cells, macrophages17) so other sources of ATP cannot be ruled out in the in vivo situation. Interestingly, TRPV4 is expressed on airway smooth muscle and we and others have shown that it causes bronchospasm15 which could theoretically lead to indirect activation of A fibres, action potential generation and cough. However, this data does not suggest that bronchospasm per se activates A fibres given that the effect is also inhibited by the P2X3 antagonist and P2X3 is almost exclusively expressed on sensory nerves. However it is still possible that TRPV4-induced bronchoconstriction could be responsible for ATP release which then leads to A fibre activation. However, it is also possible that TRPV4 may elicit ATP release from other cell types (eg. macrophages, epithelial cells) in the appropriate location independent of bronchospasm. 
Another interesting finding from this study was the absence of TRPV4-ATP mediated effects on C-fibres providing a distinct neurobiology for this target compared to TRPV1/TRPA1 although it is acknowledged that ATP can directly activate both C-fibres and Afibres independent of TRPV4 activation. This work is of particular interest given recent data suggesting that a P2X3 receptor antagonist AF-219 inhibited cough frequency in refractory chronic cough, an effect for which these studies may provide a potential mechanistic explanation41. It is not clear yet whether chronic cough in other patient groups involves the release of ATP and activation of P2X3 receptors, and whether this would happen in a TRPV4-dependent manner. 
Chronic cough is associated with many respiratory diseases (eg. asthma, COPD, pulmonary fibrosis, bronchiectasis, lung cancer) in addition to refractory chronic cough42. Increased levels of extracellular ATP have been reported in the airways of asthmatics and patients with COPD43,44 and polymorphisms in the TRPV4 gene have been associated with COPD phenotypes18 suggesting there may be some rationale for this mechanism being operative in cough associated with asthma and COPD. Current treatment options for chronic cough are limited and a recent systematic review concluded that over the counter (OTC) remedies lack evidence of effectiveness45. Furthermore, cough is the most frequent reason for consultation with a family doctor, or with a general or respiratory physician46. Despite these facts, cough is a largely ignored research area and novel anti-tussive agents are required. 
In summary, this study has identified the TRPV4-ATP axis as the key osmosensor involved in the initiation of airway sensory nerve reflexes. The absence of TRPV4-ATP mediated effects on C-fibres provide a distinct neurobiology for this target compared to TRPV1/TRPA1 and as such presents a distinct target for possible anti-tussive therapies. It is not clear if TRPV4 antagonists will be more or less effective than TRPV1 or TRPA1 antagonists or whether they will address different cough phenotypes. However, human tussive challenge studies may shed more light on this question if certain patient groups respond more to some tussive agents rather than others (eg. hypoosmolar solutions indicative of TRPV4 driven cough hypersensitivity versus capsaicin which is indicative of TRPV1). The effectiveness of the P2X3 antagonist (AF-219) in chronic idiopathic cough patients may suggest that TRPV4 may be an effective alternative therapy in this patient group although we await clinical trials to support or reject this hypothesis. 
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FIGURE LEGENDS
Figure 1. Bright field and pseudocolour images of an airway specific neuron stained by the retrograde tracer DiI (A) and the same neuron exposed to GSK1016790A (100 nM) showing [Ca2+]i increase with the right hand side indicating images taken during real-time recording (B). Effect of GSK1016790A on [Ca2+]i in DiI stained neurons for responsive only nodose (C) and jugular neurons (mean ± s.e.m of n=4-11 observations; N=4-6 guinea-pigs; D). * indicates statistical significance (p < 0.05) compared to relevant control.

Figure 2. Effect of vehicle (0.1% DMSO), TRPV4 agonists GSK1016790A, 4αPDD and hypoosmotic solution on the activation of guinea-pig (A, B, C) and mouse (D, E, F) isolated vagus nerve compared to capsaicin as a reference (n= 4-6). Activation of human vagus nerve by GSK1016790A (300 nM), 4αPDD (1 µM) and -80mOsm (G; n = 3). Mean ± s.e.m. * indicates statistical significance (p < 0.05) compared to relevant control.

[bookmark: OLE_LINK3][bookmark: OLE_LINK7][bookmark: OLE_LINK1]Figure 3. Effect of the TRPV4 antagonist (HC067047) on either TRPV4 agonists GSK1016790A (300 nM), 4αPDD (1 µM) or hypoosmotic solution (-80mOsm)–induced depolarisation of guinea-pig (A, B, C; n=4-6), mouse (D, E, F; n=4-6) and human (H) isolated vagus nerve (n=2-3; example trace shown in panel I). Depolarisation of the vagus from Trpv4-/- and wild type control mice to GSK1016790A (300 nM), 4αPDD (1 µM), hypoosmotic solution (-80mOsm), capsaicin (1 µM) and acrolein (300 µM) (G; n = 4-6). Mean ± s.e.m. * indicates statistical significance (p < 0.05) compared to relevant control.
	
[bookmark: OLE_LINK8]Figure 4: (A) Trace indicates changes in tracheal pressure (top) and action potential firing  (bottom) of Aδ and C fibres in response to GSK1016790A (10µg/ml). Total impulses were  significantly increased after application of citric acid (CA, 0.3M) and GSK1016790A (10µg/ml) in Aδ fibres (B) but only capsaicin (Caps, 100µM) and citric acid (0.3M)  significantly increased firing in C fibres (C). Hypoosmotic solution (-80mOsm) significantly increased total impulses in Aδ fibres, but had no effect on C fibres (respectively D & E). Mean ± s.e.m of n=3/4 observations. Veh = vehicle. # indicates statistical significance (p < 0.05), paired t test comparing responses before and after aerosol administration of agonist.

Figure 5: (A) αβ-MeATP (10μM) caused an increase in [Ca2+]i  predominantly from guinea-pig airway specific, nodose ganglia neurons and a concentration dependent depolarisation of the guinea- pig vagus nerve (B). This response was inhibited by the P2X3 antagonists AF-353 (10μM) and TNP-ATP (10μM) in both guinea-pig (C) and donor human (D) vagus.  (E) Responses to GSK1016790A (300nM) were virtually abolished in Px1-/- mice. Both GSK1016790A and -80mOsm induced depolarisation in guinea-pig (F) and donor human (G) vagus was inhibited by AF-353 (10μM) and TNP-ATP (10μM). (H) [Ca2+]i signal induced by GSK1016790A (30nM) in the guinea-pig airway specific, nodose ganglia neurons was also inhibited by AF-353 (10μM) (N=3; n=4). Mean ± s.e.m. of n=4-6 observations for guinea-pig and n=2-3 observations for human experiments. * indicates statistical significance (p < 0.05), unpaired t-test comparing responses in Px1-/- vagus with wild-type control, or GSK1016790A induced [Ca2+]i responses in nodose neurons. 

Figure 6: Effect of vehicle (10% PEG in saline, 10ml/kg, i.p.) or AF-353 (30mg/kg, i.p) on firing of Afibres induced by αβ-MeATP (aerosolised at 300µM for 1 min) shown in panels A and B, respectively or hypoosmotic solution (-80mOsm–aerosolised for 1 min) (C, D). Effect of vehicle (6% Cavitron in saline, 10ml/kg, i.p.) or GSK2193874 (300mg/kg, i.p) on firing of Afibres induced by GSK1016790A (aerosolised at 100ng/ml for 1 min) or αβ-MeATP or hypoosmotic solution (panels E-H). All n = 3. Effect of vehicle, TRPV4 (HC067047, 100mg/kg; GSK2193874, 300mg/kg, i.p) or P2X3 (AF-353, 30mg/kg, i.p) antagonists on cough induced by the TRPV4 agonist (GSK1016790A, 30 g/ml, aerosolized for 5min) and coughs counted for 10 min. Data expressed as mean ± s.e.m. * indicates statistical significance (p < 0.05) compared to relevant control (n=8-12).
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