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METHODS 

In vivo measurement of bronchoconstriction 

Guinea pigs were anaesthetized with urethane (1.5g/kg) and the trachea cannulated with a short 

length of Perspex tubing and animals artificially ventilated as previously described1. The right jugular 

vein and carotid artery (passed to the ascending aorta/aortic arch) were also cannulated for drug 

administration and measurement of systemic arterial blood pressure. Animals were paralysed with 

vecuronium bromide (0.1mg/kg i.v. initially then 0.05mg/kg i.v. every 20 minutes to maintain 

paralysis). The cervical vagal nerves were located and both cut at the central end19. Tracheal pressure 

was measured with an air pressure transducer (SenSym647) connected to a side arm of the tracheal 

cannula. 

 

GSK1016790A (100ng/ml, 153nM for 15s) was aerosolised into the airways and changes in 

bronchoconstriction indicated by an increase in tracheal pressure which were monitored for 60 

minutes or until responses returned to baseline levels. In antagonist studies, GSK2193874 (300mg/kg, 

i.p.) or vehicle (6% cyclodextrin in saline, i.p) were administered 30 minutes prior to aerosolization of 

GSK1016790A (100ng/ml).  

 

Cell culture 

Primary HASMCs were harvested as previously described2. Once extracted, cells were cultured in 

Dulbecco Modified Eagles medium (DMEM) containing L-glutamine (2mM), sodium pyruvate (1mM), 

penicillin (100U/mL), streptomycin (100µg/mL), amphotericin B (5µg/ml), nonessential amino acids 

(1%) and supplemented with 10% (v/v) foetal bovine serum (FBS). The HASMCs were cultured in 35mm 

glass bottom fluorodishes in air containing 5% carbon dioxide in a humidified chamber at 37°C, until 

cells had grown to 50% confluence. Prior to treatment, culture media was aspirated, and replaced 

with serum-starved media (DMEM containing L-glutamine (2mM), sodium pyruvate (1mM), penicillin 
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(100U/mL), streptomycin (100µg/mL), amphotericin B (5µg/ml), nonessential amino acids (1%), and 

Bovine Serum Albumin (1.3%) for 24h to induce growth to arrest.  

 

Expression profiles in HASMCs and HLMCs 

As a number of TRPV channels have previously been shown to be expressed in both guinea pig and 

human ASM, including TRPV1 and TRPV2 alongside TRPV43,4, expression of TRPV4 on ASM was 

confirmed using Quantitative Real time PCR. Assays for the TRP and P2X ion channels and the PAR2 

GPCR were purchased from Applied Biosystems and validated using cDNA from human tissue/organs 

that expressed the target ion channel at high levels. Expression levels of TRP and P2X ion channels 

along with PAR2 were determined using the validated assays, with real time RT-PCR performed as 

described previously5.  

 

In vitro measurement of contraction: Organ Bath 

Human tracheal and bronchial tissue (approximately 3-4mm in width) and guinea-pig trachea 

(approximately 2 cartilage rings in width) was cut longitudinally by cutting through the cartilage 

directly opposite to the smooth muscle layer and transverse sections cut to produce tracheal strips. 

These were sutured and attached to a steel hook at the bottom end and to force-displacement 

transducers on the other end in 10ml organ baths containing Krebs-Hensleitt solution kept at 37oC, 

bubbled with 95% O2/5% CO2. Changes in force were measured isometrically using force-

displacement transducers connected to a data acquisition system as previously described5. In all cases 

the epithelium was left intact, and indomethacin (10 μM), a non- selective COX inhibitor was present 

throughout to prevent the production of endogenous prostanoids which are known to influence 

airway smooth muscle tone. Once the tissues had equilibrated they were challenged with a 

supramaximal concentration of ACh (1 mM) three times to confirm viability and to standardise 

responses. All experiments were carried out under basal levels of tension. Following the final ACh 

response, single concentrations of the TRPV4 agonist GSK1016790A (1 nM-1 µM), or ATP (100 µM-3 
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mM) were added to separate baths and left to incubate for 40 minutes, or until responses returned 

to baseline, after which a final stimulation with ACh was added to the baths to ensure tissue viability. 

For antagonist experiments, the tissue was preincubated with the selective antagonists (TRPV4: 

GSK2193874 (10 µM); CysLt1: Montelukast (10 µM); 5LO: Zileuton (10 µM); P2X4: 5BDBD (50 µM)) in 

separate baths for 30 minutes. A submaximal concentration of GSK1016790A (100 nM) or ATP (1 mM) 

was then added to the baths and left to incubate for 40 minutes, or until responses returned to 

baseline. A final stimulation with ACh was added following this to ensure tissue viability.  

 

Calcium imaging in HASMCs 

HASMCs harvested from donor tissue were grown in 35mm glass bottom fluorodishes in DMEM 

supplemented with 10% FCS. Twenty-four hours prior to experimental use, culture media was 

replaced with serum-starved media. On the day of the experiment, DMEM was removed from the cells 

and replaced with sterile extracellular solution (ECS) and allowed to equilibrate for 30 minutes at 37oC. 

The cells were then washed twice with ECS at 25oC and loaded with the intracellular calcium [Ca2+]i 

dye Fura-2-AM (12µM, supplemented with 1% PowerLoad + Probenicid (1mM)) for 1h in the dark at 

RT. The cells were then washed twice with ECS and left to de-esterify in the dark at room temperature 

for 1h prior to imaging analysis. After washing, a single fluorodish was placed in a full incubation 

chamber mounted on a stage of a Widefield inverted microscope and imaged at excitation and 

emission fluorescence wavelengths of approximately λ=360/380 nm and λ=650 nm, respectively to 

measure [Ca2+]i in response to agonist. K50 (50mM potassium solution, as opposed to 5.4mM used in 

ECS) was applied at the start of each experiment for 30s to assess cell viability and normalise 

responses. Once responses were obtained the cells were washed to return to baseline, and then 

treated with vehicle (0.1% DMSO) for ten minutes, then washed, following which a single 

concentration of the TRPV4 agonist (1-1000nM) was added to the dish and incubated for ten minutes 

and [Ca2+]i responses monitored.   
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Assessment of single human airway smooth muscle cell contraction: Ptychography 

A novel imaging technique, ptychography, was utilised as a surrogate for cellular contraction of 

HASMCs7. Ptychography is a label free, high contrast microscopy technique which yields contrast 

similar to fluorescent imaging with minimal cell manipulation7. The dish containing the cells and a low 

intensity near infrared laser (635nm) are moved over each other to create a sequential array of 

overlapping illuminated areas, where the light scattered is captured as an array of diffraction pattern 

on a detector. This diffraction pattern array is then processed using Virtual Lens© algorithm to 

calculate a quantitative measure of the light absorbed, the scattering and the phase delay introduced 

into the illumination as it passes through the specimen, which enables analysis of the 3D 

characteristics of the sample7. The parameter extracted for this study was the optical density which 

measures the thickness of the cells as it changes during isotonic contraction. This technique has 

yielded contractile responses in HASMCs (for example in response to ACh) matching [Ca2+]i  elevation 

recorded in the same cells and similar to contractile responses found using whole tissue8.  

 

In order to determine the role of mast cells in TRPV4 induced contraction, HASMCs were cultured with 

HLMCs, or mast cell media (DMEM/HEPES containing Glutamax I and 10% heat inactivated fetal calf 

serum, 100ng/ml SCF, 50ng/ml interleukin-6 and 10ng/ml interleukin-10). Cultured primary HASMCs 

were growth arrested for 24 h, following which they were co-cultured with HLMCs +3% FBS at a 4:1 

ASM to mast cell ratio, or mast cell media, in triplicate in 35mm glass bottomed fluorodishes. One 

hour later, cells were treated with either vehicle or P2X antagonist and incubated at 37oC for 1 hour. 

Cells were placed in the ptychography system (VL21, Phase Focus UK) and then stimulated with 

GSK1016790A (100nM) or vehicle (0.1% DMSO). The effect of GSK1016790A on contraction of 

HASMCs alone and HASMCs co-cultured with HLMCs was then assessed using time lapse 

ptychography. A control experiment conducted in parallel was HASMCs cultured in the same 

conditions without HLMCs, and treated with either GSK1016790A or ATP.  
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ATP release assay 

Human ASM cells from four patients were seeded onto separate 24 well plates and grown to 90% 

confluence.  24 hours following growth arrest, cells were incubated with vehicle or GSK2193874 

(10µM) at 37oC for 30 minutes. The cells were then incubated with GSK1016790A (10nM) or vehicle 

for 1 hour at 37oC, following which the supernatant was aspirated and frozen for later analysis. ATP 

levels were assessed using an ATPlite assay (Perkin Elmer, Cambridge, UK) according to pack 

instructions. 

 

Cysteinyl Leukotriene ELISA 

Primary mast cells were isolated from a macroscopically normal lung biopsy (n=1) as described 

previously9. Cells were cultured for 4 weeks in DMEM GlutaMAX containing 10%FCS, hSCF (100ng/mL), 

hIL-6 (50ng/mL) and hIL-10 (10ng/mL) prior to any experiment. Final purity was >98% assessed by 

metachromatic staining with modified Wright-Giemsa stain. 

Cells were seeded onto a 96 well plate at a density of 10,000 cells/well in 100µL DMEM GlutaMAX 

containing 10%FCS, SCF (100ng/mL), IL-6 (50ng/mL) and IL-10 (10ng/mL). 24 hours later, cells were 

washed twice and equilibrated for 10min at 37oC in 90uL HEPES containing 0.04% BSA SCF (100ng/mL), 

IL-6 (50ng/mL) and IL-10 (10ng/mL) prior to challenge with vehicle (1% dH20), ATP (1mM), ATP (3mM), 

or the positive control positive control, PMA (10nM)/ionomycin (1µM) in duplicate. Following a 30-

minute incubation, the supernatant was aspirated and frozen for later analysis. Total Cysteinyl 

Leukotriene (LTC4, LTD4 and LTE4) levels were assessed using a Cysteinyl Leukotriene Express ELISA kit 

(Cayman Chemical) according to pack instructions. Viability of the cells was not affected, with >90% in 

all treatment groups.  

Compounds and materials 

The selective TRPV4 agonist and antagonist GSK1016790A and GSK2193874 were chosen as the 

ligands to probe the role of the TRPV4 receptor as they have been shown to be potent activators and 
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inhibitors both in vivo and in vitro, with limited off target effects10,11. These were purchased from 

Sigma Aldrich (Poole, UK) with montelukast, zileuton, AZ11645373 and DMSO. 5-BDBD, and Ip5I were 

purchased from Tocris (UK). Drugs were made up in stock solutions using DMSO, or dH20 (ATP) with 

the final concentration of DMSO or dH20 kept at 0.1% for experiments. 
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