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Abstract 45 

Background: Allergic inflammation has long been implicated in asthmatic 46 

hyperresponsiveness of airway smooth muscle (ASM), but its mechanism underlying 47 

remains incompletely understood. Serving as GPCR agonists, several inflammatory 48 

mediators can induce membrane depolarization, contract ASM and augment cholinergic 49 

contractile response.  We hypothesized that the signal cascade integrating on 50 

membrane depolarization by the mediators might involve asthmatic 51 

hyperresponsiveness. 52 

Objective: We sought to investigate the signalling transduction of inflammatory 53 

mediators in ASM contraction and assess its contribution in the genesis of 54 

hyperresponsiveness.  55 

Methods: We assessed the capacity of inflammatory mediators to induce depolarization 56 

currents by electrophysiological analysis.  We analysed the phenotypes of TMEM16A 57 

knockout mice, applied pharmacological reagents and measured the Ca2+ signal during 58 

ASM contraction. To study the role of the depolarization signalling in asthmatic 59 

hyperresponsiveness, we measured the synergistic contraction by acetylcholine and 60 

inflammatory mediators both ex vivo and in OVA-induced mouse model  61 

Results: Inflammatory mediators, such as 5-HT, histamine, U46619 and LTD4, are 62 

capable of inducing ClCa currents in ASM cells, and these currents are mediated by 63 

TMEM16A.  A combination of multiple analysis revealed that a 64 
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GPCR-TMEM16A-VDCC signalling axis was required for ASM contraction induced by 65 

inflammatory mediators.  Block of TMEM16A activity may significantly inhibit the 66 

synergistic contraction of acetylcholine and the mediators, and hence reduces 67 

hypersensitivity.  68 

Conclusions: A GPCR-TMEM16A-VDCC axis contributes to inflammatory 69 

mediator-induced ASM contraction, and synergistically activating TMEM16A by 70 

allergic inflammatory mediators with cholinergic stimuli. 71 

  72 
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Key Messages 73 

•TMEM16A activation depolarizes the membrane of ASM, and causes calcium influx 74 

and contraction, which confers the airway to sensitively respond to several inflammatory 75 

mediators and cholinergic stimuli. 76 

•Synergistic activation of TMEM16A by allergenic inflammatory mediators and 77 

cholinergic transmitter contributes to asthmatic hyperresponsiveness. 78 

Capsule Summary 79 

The GPCR-TMEM16A-VDCC signalling axis plays important role in inflammatory 80 

mediator-induced ASM contraction and hypersensitivity.  TMEM16A may be a prospective 81 

drug target of asthma. 82 

Key words: asthma, airway smooth muscle, inflammatory mediator, TMEM16A, 83 

hypersensitivity. 84 

Abbreviation: ASM, airway smooth muscle; ASMC, airway smooth muscle cell; ClCa, 85 

Ca2+-activated Cl-; GPCR, G protein-coupled receptor; IT-CI, IP3/TMEM16A-mediated 86 

calcium influx; MLCK, myosin light chain kinase; PLC, phospholipase C; ROCI, 87 

receptor-operated Ca2+ influx; Rrs, Resistance of the respiratory system; SOCI, store-operated 88 

Ca2+ influx; SR, sarcoplasmic reticulum; TMEM16A, transmembrane protein 16A; TXA2, 89 

thromboxane A2; VDCC, voltage dependent Ca2+ channel; VOCI, voltage-operated Ca2+ 90 

influx; 91 
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INTRODUCTION 94 

Mammalian airways are innervated by cholinergic nerve fibres, which regulate in vivo airway 95 

resistance1.  In asthmatic airways, the smooth muscle tissue may be infiltrated with 96 

inflammatory cells, which produce a large amount of cytokines, chemokines, growth factors, 97 

and inflammatory mediators2, 3.  These inflammatory factors may affect multiple processes 98 

in asthmatic pathology.  Interestingly, in addition to mediating immunological responses, 99 

some mediators, such as histamine4, 5-HT5, prostanoids6, 7 and cysteinyl leukotrienes 100 

(CysLTs)8, also directly evoke the contraction of airway smooth muscle cells (ASMCs)9.  101 

Furthermore, the existence of inflammatory mediators also make ASM more sensitive to other 102 

stimuli through a synergistic or augmentation effect10, 11, such a sensitivity is one of the 103 

essential factors for the formation of asthmatic hyperresponsiveness.  The mechanisms by 104 

which these mediators regulate smooth muscle contraction and sensitize ASM are 105 

incompletely clear. Previous reports have shown that these mediators may bind to their 106 

corresponding G protein-coupled receptors (GPCRs)12 and thus activate Gq/Gi heterotrimeric 107 

G proteins, which cause calcium release from the endoplasmic reticulum (ER) through 108 

phospholipase C (PLC)/inositol 1,4,5-triphosphate (IP3) signaling13, 14.  In smooth muscle 109 

cells, the activation of this signalling cascade may lead to calcium release from the 110 

sarcoplasmic reticulum (SR), which is required for myosin light chain kinase (MLCK) 111 

activation and the initiation of contraction. There are observations implying that, in addition 112 

to IP3 induced Ca2+ release, other Ca2+ sources may also involve in the contraction of 113 

inflammatory mediators, e.g. histamine  causes lower phosphoinositide hydrolysis than 114 

cholinergic agents but show a comparable capacity to induce contraction15, 16; SKF96365, a 115 
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non-selective antagonist of Ca2+ channels markedly inhibit ASM contraction induced by many 116 

different inflammatory mediators17, 18. Three patterns of Ca2+ influx, including 117 

receptor-operated Ca2+ influx (ROCI), store-operated Ca2+ influx (SOCI) and 118 

voltage-operated Ca2+ influx (VOCI) have been implicated in airway smooth muscle 119 

contraction19. As ASM abundantly expresses TMEM16A, a key molecule in Ca2+-activated 120 

Cl- (ClCa) channels, we speculate an essential role of VOCI in the contraction of mediators, 121 

because Cl- channels can mediate depolarization currents in smooth muscle cells20.   122 

 TMEM16A is a member of the ClCa channel family and is expressed in many different 123 

tissues21.  In smooth muscle cells, TMEM16A expression varies according to the tissue 124 

origin, e.g., it is abundantly expressed in the airway22, 23, modestly expressed in vascular 125 

vessels24, and expressed at low levels in the gut22.  TMEM16A activation is sensitive to 126 

[Ca2+] i
25, by mediating VOCI, which may serve as a sensitive Ca2+ signal amplifier to 127 

participate in contraction in smooth muscle cells.  In ASM and internal anal sphincter 128 

smooth muscle, even the intrinsic calcium spark may activate TMEM16A to a certain extent, 129 

or even induce contraction26, 27, 28.  In this report, we demonstrated that some asthmatic 130 

inflammatory mediators may efficiently activate TMEM16A and thereby mediate ASM 131 

contraction.  These contractile properties of ASM may be conferred by the abundant 132 

expression of TMEM16A and mediator receptors.  Moreover, we suggest that inflammatory 133 

mediator-mediated contraction is regulated by a GPCR/IP3/Ca2+/TMEM16A/VDCC 134 

signalling cascade, and this cascade may serve as a sensitive mechanism by which ASM 135 

responds to physiological and pathological stimuli.  Our results emphasize the importance of 136 

inflammatory mediators in some types of asthmatic hyperresponsiveness.   137 
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METHODS 138 

Animals 139 

The animal experiments performed in this study were conducted in accordance with the 140 

guideline of the Animal Care and Use Committee of the Model Animal Research Center of 141 

Nanjing University (Nanjing, China).  Establishment of the floxed allele of Tmem16a in mice 142 

has been described previously27.  Hartley guinea pigs were used in some tests, because 143 

histamine and LTD4 are not potent bronchoconstrictors in mice4, 29, while guinea pig ASM shows 144 

the same response as the case with humans30. 145 

Western blot analysis 146 

Muscle strips were homogenized in 100 µl of lysis buffer as described by Alison J. Davis et 147 

al.31. The primary antibodies used for the Western blots are summarized in Table E1.  ECL 148 

(Surdogen Co., Ltd., China) was used to visualize the blots.  149 

Isolation of airway smooth muscle cells 150 

Smooth muscle strips were prepared from the trachea and extra-pulmonary bronchus of the 151 

TMEM16A CTR and KO mice (8-20 weeks, both genders) or Hartley guinea pigs (250-300 g, 152 

male), and treated with papain and collagenase as previously described28.  153 

Patch-clamp recording  154 

All currents were recorded using a MultiClamp 700B amplifier, Digidata 1440A and pClamp 155 
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10 (Molecular Devices).  The currents were filtered at 2 kHz and sampled at 10 kHz, and the 156 

data were analysed using Clampfit 10.  A whole-cell patch clamp was used to record the Cl- 157 

currents.  A focal pressurized perfusion (ALA Scientific Instruments) of 3 µM 5-HT, 1 µM 158 

U46619, 3 µM histamine, 100 nM LTD4, 3 µM MCh and 10 mM caffeine was administered 159 

through the application pipette to induce currents. 160 

Isometric contraction measurement 161 

Isometric contraction of mouse left extra-pulmonary bronchi were measured by using a wire 162 

myograph (610-M; Danish Myo Technology) with 37°C Krebs solution.  Isometric 163 

contraction of guinea pig tracheal and human bronchial smooth muscle strips were measured 164 

by using a force transducer (MLT0201, AD Instruments). Smooth muscle strips of guinea pig 165 

were incubated in a 37°C organ bath with modified Krebs solution (mKrebs)32, while human 166 

bronchial strips were measured in Krebs.  Human bronchial smooth muscle strips were 167 

isolated from lung biopsies of pulmonary cancer patients, from department of thoracic and 168 

cardiovascular surgery of Jiangsu province hospital. 169 

Measurement of Ca2+ signals 170 

The Tmem16aSMKO and CTR mice were crossed with a Cre-dependent GCaMP3 reporter 171 

mouse (Ai38D)33.  The GCaMP3 fluorescence of left extra pulmonary bronchial smooth 172 

muscle was excited using a 488 nm argon laser, and the images were recorded every 2.5 173 

seconds using a confocal microscope (FV-1000, Olympus).  The dynamics of the Ca2+ 174 

signals were determined by the percent fluorescence ratio (% ∆F/F0). 175 
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Measurement of respiratory resistance 176 

We used the flexiVentTM system (SCIREQ) to measure respiratory resistance.  The ventilator 177 

was set to generate a tidal volume of 10 ml/kg at a frequency of 150 breaths/min.  Resistance 178 

of the respiratory system (Rrs) was measured by a perturbation of SnapShot.   179 

Statistical analysis  180 

The data are presented as the mean ± s.e.m.  Differences among the groups were determined 181 

using an unpaired two-tailed Student’s t-test or a two-way analysis of variance (ANOVA).  A 182 

paired two-tailed t-test was also used to evaluate differences in some experiments (labelled in 183 

the text).  The significance levels were set as follows: NS P > 0.05, *P < 0.05, **P < 0.01, 184 

*** P < 0.001, ****P < 0.0001. 185 

The detailed description of materials and methods please find in online supplement. 186 

 187 

RESULTS 188 

Inflammatory constrictors induce ClCa currents through TMEM16A in ASMCs  189 

Many inflammatory mediator receptors belong to the GPCR family, and their activation 190 

generates ClCa currents to depolarize the membrane in ASMCs34, 35.  To determine the 191 

molecular nature of these currents, we performed whole cell voltage clamp recording (Figure 192 

1A) in ASMCs from TMEM16A knockout mice and their controls. Before the tests, we 193 

measured the knockout efficiency of TMEM16A protein and ClCa currents in airway smooth 194 
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muscle (see Figure E1 in on line data supplement). In CTR ASMCs, 3 µM 5-HT elicited 195 

inward currents in 11 of 26 smooth muscle cells (Figure 1B and Figure E2A).  Similar 196 

currents were also detected when cells were treated with 1 µM U46619, a stable derivative of 197 

thromboxane A2 (TXA2)
36, 37 (Figure 1C and Figure E2B).  3 µM methylcholine also 198 

efficiently induced inward currents, with apparent outward currents (Figure 1D and Figure 199 

E2C). Strikingly, deletion of TMEM16A essentially eliminated the inward currents induced 200 

by all three constrictors (Figures 1B-D and Figures E2A, C).  This effect was highly unlikely 201 

to be secondary to TMEM16A deletion because the expression of the constrictor receptors 202 

remained unchanged in the mutant ASM (Figure E3).  These data indicate that both 203 

cholinergic and inflammatory constrictors share a common mechanism by activating 204 

TMEM16A to elicit ClCa currents. 205 

We wondered whether TMEM16A also underlies ClCa currents evoked by other 206 

inflammatory mediators.  We selected guinea pig to test the effects of histamine and LTD4, 207 

because these two mediators are not potent in mice4, 29, and guinea pig ASM shows the same 208 

response as the case with humans30.  Figures 1E and F show that histamine and Cys-LTs 209 

generated inward currents similar to the ClCa current induced by 5-HT and U46619 in mice 210 

ASMCs, although the amplitudes varied.  These ClCa currents results from the opening of 211 

TMEM16A channels, because 10 µM T16Ainh-A01, a specific inhibitor of TMEM16A38, 212 

essentially blocked these currents (Figures 1E, F and Figures E2D, E).  In sum, TMEM16A 213 

underlies inflammatory mediator-induced ClCa channel activity in ASM cells from different 214 

species. 215 
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TMEM16A is required for contractile responses to inflammatory constrictors 216 

We sought to determine the role of TMEM16A in constrictor-mediated contraction using 217 

TMEM16A KO and T16Ainh-A01-treated ASM ex vivo.  We first examined the morphology 218 

of airways from KO and CTR mice.  As shown in Figures 2A and B, no apparent 219 

morphological difference is noticed, and no apparent change in muscle thickness can be 220 

detected in KO bronchus (P > 0.05, vs CTR, unpaired two-tail Student’s t test).  We then 221 

compared the contractile responses to different stimuli in ASM from the KO (flox/flox; Cre+) 222 

and control mice (flox/+; Cre+ or flox/flox; Cre-).  Upon stimulation with 60 mM KCl or 10 223 

µM MCh, the KO ASM developed a force that was comparable to the control muscles 224 

(Figures 2C, D and Figure E4A, B), suggesting that these muscles had a normal contractile 225 

apparatus.  Interestingly, when the KO muscle was treated with MCh at a concentration as 226 

low as 300 nM, the evoked force was significantly reduced (KO: 2.58 ± 0.68 mN vs CTR: 227 

5.66 ± 0.95 mN, P <0.05, unpaired two-tail Student’s t test, Figure E5).  This result indicates 228 

that TMEM16A may be necessary for the contractile response to mild cholinergic stimulation.  229 

U46619 induced ASM contraction in a dose-dependent manner (Figure 2E and Figure E4C), 230 

and the maximal force induced was comparable to MCh (~12 mN for MCh, ~10 mN for 231 

U46619).  After TMEM16A deletion, 34%-76% of the force was significantly inhibited (P < 232 

0.0001 by two way ANOVA, Figure 2E), and the extent of inhibition varied with the dosage, 233 

as TMEM16A contribute more contraction at low U46619 concentration.  5-HT also evoked 234 

CTR ASM contraction in a dose-dependent manner, the maximal force developed was ~5 to 6 235 

mN, which was only half of the force induced by U46619 or MCh (Figure 2F).  To our 236 

surprise, TMEM16A-deficient ASM displayed an almost abolished contractile response to 237 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

various doses of 5-HT (P < 0.0001, two way ANOVA; Figure 2F and Figure E4D), indicating 238 

that the force induced by 5-HT was primarily mediated by TMEM16A. This effect could be 239 

further confirmed in vivo, as the elevated Rrs of the mice challenged with 5-HT was 240 

significantly inhibited by TMEM16A deletion (P < 0.001, two way ANOVA, Figure 2G). 241 

We also used ASM from guinea pig to measure the contractile responses to histamine and 242 

LTD4.  Both constrictors generated force in a dose-dependent manner, as previously 243 

reported30 (Figures 3C and D).  Next, we used the inhibitor, T16Ainh-A01, to assess the role 244 

of TMEM16A in histamine- and LTD4-induced contraction.  The specificity of this inhibitor 245 

in ASM was first confirmed using Tmem16aSMKO mice (Figure 3A and B). Pre-incubating with 246 

T16Ainh-A01 largely dropped the basal tone of guinea pig ASM, and decreased the capacity of 247 

histamine and LTD4 to induce contraction (Figures. 3C, D and Figure E6A-C).  In particular, 248 

the addition of T16Ainh-A01 almost completely abolished the force induced by low doses of 249 

histamine (10-300 nM) and LTD4 (0.01-0.3 nM) (Figures CH, D and Figure E6A, B).  As the 250 

doses increased, the inhibition due to T16Ainh-A01 was rapidly reduced. When the histamine 251 

and LTD4 doses reached 3 µM and 10 nM, respectively, T16Ainh-A01 showed no apparent 252 

inhibition effect.  Inhibition of TMEM16A shifts the EC50 for histamine from 0.18 ± 0.07 253 

µM to 1.54 ± 0.45 µM (P < 0.05, unpaired two-tail Student’s t test, n=5), for LTD4 from 69.09 254 

± 18.76 pM to 2.58 ± 0.85 nM (P < 0.05, unpaired two-tail Student’s t test, n=5).  These 255 

results suggest that TMEM16A is required for the sensitized response to weak stimulation 256 

with histamine and LTD4.  We also tested T16Ainh-A01 activity on human bronchial smooth 257 

muscle.   The addition of 10 µM T16Ainh-A01 didn’t alter the basal tone, but significantly 258 

inhibited the force induced by histamine (Figure 3E).  Taken together, the genetic deletion or 259 
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pharmacological inhibition of TMEM16A inhibits the force evoked by inflammatory 260 

constrictors, suggesting that TMEM16A is required for the contraction.  261 

Inflammatory constrictors activate GPCR/TMEM16A/VDCC signalling axis, leading to ASM 262 

contraction   263 

How do inflammatory constrictors activate TMEM16A, leading to ASM contraction?  264 

Based on the results in Figures 1 and 2 that inflammatory mediators induce ClCa currents, and 265 

that the reversal potential for Cl- in smooth muscle is ~ -30 to -20 mV20, we hypothesized that 266 

inflammatory mediators activate GPCR to release Ca2+ from SR, which in turn opens 267 

TMEM16A and subsequently VDCCs, leading to Ca2+ influx and contraction.  To test this 268 

hypothesis, we examined the changes in Ca2+ signal by interfering with this signalling 269 

pathway.  To measure the intracellular calcium concentration, we crossed Tmem16aSMKO 270 

mice with Ai38D mice, a line that expresses the GCaMP3 calcium indicator33.  In ASM from 271 

Tmem16aSMKO, 60 mM KCl induced a robust calcium elevation similar to the CTR muscle 272 

(Figure 4A and Movie E1).  3 µM MCh induced an increase in calcium, with an average 273 

peak ∆F/F0 value of 39.67 ± 3.44%, which did not differ from the control (P = 0.167) (Figure 274 

4B and Movie E2).  These calcium elevation patterns appeared to be consistent with the 275 

corresponding contractile responses (Figure E5).  Because 5-HT is a primary and typical 276 

inflammatory constrictor in mice, we measured the substantial calcium-releasing effect of 277 

5-HT.  300 nM 5-HT induced a smaller rise in the ∆F/F0 peak value in KO ASM compared 278 

with the CTR (Tmem16aSMKO: 6.56 ± 1.02% vs CTR: 13.20 ± 2.15%; P < 0.05, unpaired 279 

two-tail Student’s t test; Figure 4C and Movie E3).  When the muscle was treated with a 280 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

relatively high dose of 5-HT (3 µM), the ∆F/F0 peak value was 23.00 ± 3.29%, which was 281 

also significantly lower than the control (34.35 ± 4.31%) (P < 0.05, unpaired two-tail 282 

Student’s t test, Figure 4D and Movie E4).  The ∆F/F0 value in the sustained phase was 283 

significantly reduced in 5-HT-treated KO muscle (P < 0.001, two way ANOVA; Figure. 4C 284 

and D).  We also measured the calcium release induced by other constrictor in Tmem16aSMKO 285 

smooth muscles and observed similar trends (data not shown).  These results showed that 286 

TMEM16A was required for the calcium elevation in response to constrictors.  287 

To determine whether this calcium release was mediated by VDCCs, we examined the 288 

effect of nifedipine, a specific inhibitor of L-type Ca2+ channels39 on constrictor-induced rise 289 

of contraction.  1 µM nifedipine reduce both contraction induced by MCh and 5-HT, though 290 

to a much greater extent in 5-HT. However, in the KO bronchial smooth muscles, 1 µM 291 

nifedipine did not alter the dose-response curves of either MCh or 5-HT (Figures 5A and B).  292 

Although previous report suggested that TMEM16A may also regulate Ca2+ release from SR40, 293 

we didn’t observe a greater inhibition effect in TMEM16A KO ASM comparing with 294 

nifedipine treated CTR ASM (Figure 5).  Collectively, the results suggested that both 295 

inflammatory constrictors and a low dose of MCh might regulate ASM contraction through 296 

the GPCR/TMEM16A/VDCC axis.  297 

Inflammatory constrictors augment the cholinergic response through TMEM16A and are 298 

required for asthmatic hypersensitivity 299 

In asthma, the ASM becomes more sensitive to cholinergic stimulation, which reflects airway 300 

hyper-responsiveness.  We hypothesized that TMEM16A activation by inflammatory 301 
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constrictors might be involved in this process.  Thus, we measured the ability of different 302 

inflammatory constrictors to augment MCh-induced responses.  We pretreated mouse ASM 303 

with low doses of the constrictors (5-HT: 100 nM; U46619: 30 nM), and found no apparent or 304 

weak contraction.  The ASM was then treated with low doses of MCh (30nM or 100 nM), 305 

which also evoked no apparent or weak contraction (Figure E7).  But the combination of 306 

inflammatory constrictors and MCh led to a significant increase in the evoked force (Figure 307 

6A and Figure E7).  These augmented effects were significantly inhibited by TMEM16A 308 

deletion (Figure 4A, P < 0.05, unpaired two-tail Student’s t test): The percent inhibition of 309 

5-HT and U46619 in the KO was 42.17 ± 10.51% and 60.34 ± 4.56%, respectively.  These 310 

results show that the inflammatory constrictors potentiate ASM contraction in response to 311 

cholinergic stimulation through TMEM16A  312 

To determine the possible contribution of this augmented effect in asthmatic constriction, 313 

we established an acute asthma model induced by chicken ovalbumin (OVA).  Both the CTR 314 

and KO asthmatic mice displayed similar inflammatory infiltration and epithelial swelling 315 

(Figure E8).  The CTR asthmatic animals that were challenged with the allergen (5% OVA) 316 

showed an elevated Rrs, as expected, whereas the KO asthmatic animals had a significantly 317 

lower Rrs (P < 0.001, two way ANOVA, Figure 6B).  Moreover, after challenge with various 318 

doses of MCh, the knockout animals also displayed reduced airway constriction (Figure 6C), 319 

but the extent of inhibition varied with the MCh dose.  When the MCh dose was less than 30 320 

µg per mouse, the ∆Rrs was inhibited by 40% in the KO mice, but no inhibition was measured 321 

when the doses were increased to 100-300 µg per mouse (Insert panel of Figure 6C).  322 

Collectively, these results suggest that inflammatory constrictors may increase the cholinergic 323 
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response through TMEM16A, thereby regulating asthmatic constriction.   324 

 325 

DISCUSSION 326 

In asthmatic airways, amount of inflammatory mediators are released from infiltrated immune 327 

cells, and some directly cause smooth muscle spasms12.  The molecular mechanism of 328 

inflammatory mediator-induced airway contraction remain incompletely understood.  In this 329 

study, we found that inflammatory constrictors such as 5-HT, TXA2, LTD4 and histamine were 330 

capable of inducing ClCa currents in ASMCs by activating the TMEM16A chloride channel, 331 

the resultant activation of TMEM16A and calcium influx were necessary for their contractile 332 

responses.  This regulatory mechanism was also predominantly adopted by a weak 333 

cholinergic stimulation in terms of contraction.  Because of the abundant expression of 334 

TMEM16A in ASM, TMEM16A-based signalling may serve as a sensitive mechanism by 335 

which ASM responds to physiological and pathological stimuli.  Moreover, we found that 336 

TMEM16A was also required by the synergistic effect of inflammatory mediators and 337 

methylcholine both ex vivo and in asthmatic animals.  This effect may well explain why the 338 

airway becomes more sensitive to neuronal stimuli during allergenic inflammation in asthma. 339 

As such a sensitivity is an essential factor for the formation of asthmatic responsiveness, our 340 

result suggest that ASM contractility mediated by the activation of TMEM16A may contribute 341 

significantly to asthmatic hyperresponsiveness.   342 

The receptors for inflammatory mediators mediate immune responses through multiple 343 

signalling cascades12.  Among these cascades, calcium release from the SR is mediated by 344 
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the sequential activation of Gq, PLC and IP3/IP3R
13.  In this study we shows that in ASM 345 

cells that express both TMEM16A and constrictor receptors, the activation of 346 

Gq/PLC/IP3/IP3R signalling can also activate TMEM16A.  Several lines of evidence from 347 

other reports also support such coupled activation of TMEM16A41, 42 by this signalling 348 

pathway.  Thus, inflammatory constrictors may induce one more signalling pathway to 349 

promote calcium elevation in asthmatic airways, IP3/TMEM16A-mediated calcium influx 350 

(IT-CI).  Based on our observation that TMEM16A inhibition did not always completely 351 

abolish the force induced by the constrictors, the functional contribution of IT-CI to the 352 

contractile responses may vary according to the constrictor, e.g., the contribution to the 5-HT 353 

response is more profound than that to TXA2.  Here, we propose a working model for the 354 

regulation of ASM contraction by constrictors (Figure 7).  In this model, ASMC expresses 355 

abundant TMEM16A clusters, inflammatory constrictor receptors, and muscarinic receptors.  356 

Activation of their corresponding receptors produces IP3 and promotes calcium release from 357 

the SR.  The elevated [Ca2+] i, in turn, causes TMEM16A activation to generate Cl- current 358 

and VDCC activation, and VOCI, which activates MLCK.  This signalling pathway 359 

primarily responds to inflammatory constrictors and cholinergic transmitters, particularly at 360 

low concentrations.  If the signals triggered by these stimuli are strong enough, then the 361 

calcium release from SR or through ROCI and SOCI will be sufficient to directly activate 362 

MLCK to contract smooth muscle.  363 

A unique property of asthma is that the ASM becomes more sensitive to cholinergic and 364 

other stimuli, which underlies one aspect of hyperresponsiveness43.  A synergistic effect of 365 

allergenic inflammatory mediators and a cholinergic transmitter is believed to be one possible 366 
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cause of this effect10, 11.  In this report, we indeed observed an apparent synergistic effect of 367 

inflammatory constrictors and MCh.  Importantly, we found that this effect could be 368 

significantly blocked by TMEM16A deletion.  Because the synergistic effect of the 369 

inflammatory constrictors and MCh is more profound at low concentrations10, 11, we suggest 370 

that the GPCR-TMEM16A-VDCCs cascade used by the constrictors may play an essential 371 

role in asthmatic hyperresponsiveness.  The genesis of hyperresponsiveness may be due to 372 

the synergistic activation of TMEM16A cluster by combined stimulation of nerve transmitter 373 

and inflammatory constrictors which are overproduced in asthmatic airway (Figure 7).  374 

Considering inhibition of TMEM16A activity is capable of not only directly relaxing ASM 375 

but also reducing hyperresponsiveness, we speculate that TMEM16A inhibitors might be an 376 

ideal strategy for asthma therapy.  In addition, compared with antagonists of inflammatory 377 

mediators such as leukotriene antagonists, which have been approved and are effective asthma 378 

therapies44, an important advantage of TMEM16A inhibition is that it may block multiple 379 

constrictors simultaneously and to provide improved efficacy.  380 

 381 
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FIGURES  530 

Figure 1. TMEM16A mediates agonist-induced inward currents in ASMCs.  (A) 531 

Recording configuration.  (B-D) Left: Representative traces of 5-HT- (B), U46619- (C) and 532 

MCh- (D) induced currents in ASMCs from CTR and TMEM16A KO mice.  Right: 533 

Quantification of the results (5-HT: n=26 cells from 4 mice of each genotype; U46619: n=20 534 

cells from 4 mice for CTR, n=22 cells from 4 mice for KO; MCh: n=12 cells from 3 mice per 535 

genotype).  (E-F) Left: Representative traces of histamine- (E) and LTD4- (F) induced 536 

currents in DMSO and T16Ainh-A01 pre-incubated guinea pig ASMCs.  Right: 537 

Quantification of the results (histamine: n=14 cells from 3 guinea pigs per group; LTD4: n=21 538 

cells for the DMSO group and n=23 cells for the T16A inh-A01 group from 4 guinea pigs each).  539 

The holding potential in all recordings was -60 mV.  The blue blocks indicate the peak 540 

values of the outward currents, and the pink circles indicate the peak values of the inward 541 

currents.  The bars represent the mean ± s.e.m., *P <0.05, **P <0.01, ***P <0.001, ****P 542 

<0.0001, two-tailed Student’s t-test, blue “*” for outward currents and red “*” for inward 543 

currents. 544 

 545 

Figure 2. TMEM16A is required for contraction in response to constrictors in mouse 546 

ASM.  (A) Representative H & E staining of extra-pulmonary bronchi from CTR and 547 

TMEM16A KO mice.  Scale bars: 200 µm.  (B) TMEM16A deletion did not alter the 548 

thickness of the extra-pulmonary bronchus.  The bars represent the mean ± s.e.m., NS, P > 549 

0.05, two-tailed Student’s t-test.  (C-F) Dose-response curves of TMEM16A KO (flox/flox 550 
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Cre+), CTR (flox/+ Cre+) and (flox/flox Cre-) bronchial smooth muscle contraction in 551 

response to high K+ and different agonists.  The bars indicate the mean ± s.e.m.; the sample 552 

sizes (n) are indicated in the panels, ****P < 0.0001 comparing KO (flox/flox Cre+) with 553 

CTR (flox/+ Cre+) by ANOVA.  (G) In vivo dose-response curve of the Rrs (respiratory 554 

resistance) of TMEM16A KO and CTR mice in response to 5-HT.  The bars represent the 555 

mean ± s.e.m.; the sample sizes (n) are indicated in the panel, ***P < 0.001, ANOVA.   556 

 557 

Figure 3. T16Ainh-A01 suppressed contractile response to constrictors in ASMs from 558 

guinea pig and human. 559 

(A) Pre-incubation with 10µM T16Ainh-01 suppressed 3µM 5-HT induced left 560 

extra-pulmonary bronchi contraction in CTR but not TMEM16A KO (CTR: n=6, KO: n=7).  561 

(B) Pre-incubation with 10µM T16Ainh-01 dis not suppress 3µM MCh induced contraction in 562 

both CTR and KO (CTR: n=5, KO: n=5).  Bars represent mean ± s.e.m., NS P > 0.05, **P < 563 

0.01 by two-tailed student’s t-test. (C-D) Dose-response curves of DMSO- and 564 

T16Ainh-A01-pre-incubated guinea pig tracheal smooth muscle contraction in response to 565 

histamine (C) and LTD4 (D).  All force values are expressed as percentages of the reference 566 

contraction induced by 60 mM KCl.  The bars represent the mean ± s.e.m.; the sample sizes 567 

(n) are indicated in the panel, ****P < 0.0001, ANOVA.  (E) Dose-response curve of 568 

DMSO- and T16Ainh-A01-pre-incubated human bronchial smooth muscle contraction in 569 

response to histamine (Please find recording traces of each sample in Fig. E6).  All force 570 

values are expressed as percentages of the reference contraction induced by 60 mM KCl.  571 
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The bars represent the mean ± s.e.m.; the sample sizes (n) are indicated in the panel, *P < 572 

0.05, ANOVA.  573 
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Figure 4. Knockout of TMEM16A suppressed Ca2+ signal.  (A-D) The Ca2+ elevation 574 

dynamics (left) and peak values(right) of 60 mM KCl (A), 3 µM MCh (B), 300 nM 5-HT (C) 575 

and 3 µM 5-HT (D)-induced Ca2+ signalling in CTR and KO bronchial smooth muscle.  The 576 

bars represent the mean ± s.e.m.; the sample sizes (n) are indicated in the panel, NS P > 0.05, 577 

*P < 0.05 by two-tailed Student’s t-test, **** P < 0.0001 by ANOVA.   578 

 579 

Figure 5. TMEM16A mediates contraction through VDCCs. 580 

Effect of pre-incubation with nifedipine on the dose-response curves of CTR and KO 581 

bronchial smooth muscle contraction in response to MCh (A) and 5-HT (B).  Left: 582 

representative traces, right: quantitative results.  The bars represent the mean ± s.e.m.; the 583 

sample sizes (n) are indicated in the panel, ****P < 0.0001 CTR + nifedipine compared with 584 

CTR, ANOVA. 585 

 586 

Figure 6. TMEM16A is required for airway hyper-responsiveness.  (A) TMEM16A 587 

deletion attenuated ability of 5-HT and U46619 to augment MCh stimulation.  The bars 588 

represent the mean ± s.e.m.; the sample sizes (n) are indicated in the panel, ##P < 0.01, ####P < 589 

0.0001 comparing the groups indicated by the lines using a paired two-tailed Student’s t-test, 590 

*P < 0.05, ** P < 0.01 compared with CTR using an unpaired two-tailed Student’s t-test.  (B) 591 

Allergen (OVA) inhalation induced Rrs elevation in the asthmatic (OVA groups) and 592 

non-asthmatic (PBS groups) CTR and KO mice.  The bars represent the mean ± s.e.m.; the 593 

sample sizes (n) are indicated in the panel, ****P < 0.0001 CTR OVA vs CTR PBS by 594 
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ANOVA, ####P < 0.0001 KO OVA vs CTR OVA by ANOVA.  (C) MCh gradient inhalation 595 

induced Rrs elevation in the asthmatic (OVA groups) and non-asthmatic (PBS groups) CTR 596 

and KO mice.  Inset panel: Percent inhibition of ∆Rrs by TMEM16A knockout; the values 597 

were normalized by comparing them with the mean ∆Rrs value of the corresponding MCh 598 

doses.  The bars represent the mean ± s.e.m.; the sample sizes (n) are indicated in the panel, 599 

*P < 0.05, **P < 0.01 compared with CTR PBS by the two-tailed Student’s t-test, #P < 0.05 600 

compared with CTR OVA by the two-tailed Student’s t-test. 601 

 602 

Figure 7. Schematic showing the hypothesized TMEM16A-based signalling model.  603 

Inflammatory constrictors bind to their corresponding GPCRs and sequentially activate the 604 

Gq-PLC-IP3 axis.  IP3 activates IP3Rs and induces Ca2+ release from SR.  Ca2+ released 605 

from the SR can directly (IP-CR) or indirectly activate MLCK through the 606 

TMEM16A-VDCCs axis, mediate Ca2+ influx (IT-CI), amplify the cytosolic Ca2+ signal and 607 

activate more MLCK through this indirect pathway.  Under simultaneous stimulation of 608 

inflammatory constrictors and ACh, ASMCs always show augmented contraction.  This 609 

augmentation effect may be due to the interaction of the signalling network formed by 610 

different receptors.  If the spatial distance between different GPCRs is small enough, the 611 

activation of these receptors may enhance local activation of IT-CI, hence augment contractile 612 

response.  IP-CR: IP3-mediated calcium release from the SR; IT-CI: 613 

IP3/TMEM16A-mediated calcium influx. 614 
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SUPPLEMENTAL ONLINE MATERIAL 1 

 2 

MATERIALS AND METHODS 3 

Genetic mouse models 4 

TMEM16A CTR (Tmem16aflox/+; SMA-Cre+) and KO/Tmem16aSMKO (Tmem16aflox/flox; 5 

SMA-Cre+) mice of both genders were subjected to a series of analyses at 8-20 weeks, including 6 

Western blot, immunofluorescence, patch-clamp, isometric tension and respiratory resistance 7 

measurements.  Tmem16aflox/flox; SMA-Cre
-
 mice of both genders were also used as one more 8 

control group in some isometric tension measurements as indicated in Figure 2.  TMEM16A 9 

CTR and KO mice were crossed with Ai38D mice1, and both genders were used for the Ca2+ 10 

measurements at 8-20 weeks.  All mice were in a mixed C57BL/6 and Sv/129 background. 11 

Western blot analysis 12 

Muscle strips isolated from the trachea and extra-pulmonary bronchus of CTR and KO mice 13 

were homogenized in 100 µl of lysis buffer (20 mM Tris base, 137 mM NaCl, 2 mM EDTA, 1% 14 

NP-40, 10% glycerol, protease inhibitor cocktail (Roche, Germany), pH=8)2.  Next the 15 

homogenates were incubated on ice for 15 min and centrifuged at 3,000 g to remove tissue 16 

debris.  80 µl of each sample was transferred to a new tube. The protein concentrations were 17 

measured with a bicinchoninic acid (BCA) kit (BCA protein assay kit, Pierce, USA).  The 18 

proteins were mixed with 5 × sample buffer (10% SDS, 20% glycerol, 0.05% bromophenol 19 

blue, 10 mM β-mercapto-ethanol, 200 mM Tris-HCl, 8 M urea) and then denatured at 95°C 20 

for 5 min.  After resolution by SDS-PAGE, the proteins were transferred to a PVDF 21 

membrane and blocked with 5% non-fat milk in TBST, followed by sequential incubation 22 
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with primary and horseradish peroxidase (HRP)-conjugated secondary antibodies.  The 23 

primary antibodies used for the Western blots are summarized in Supplementary Table 1.  24 

ECL (Sudogen Co., Ltd., China) was used to visualize the blots.  25 

Immunofluorescence 26 

Paraffin slices (10-µm thick) of the left lobe of the mouse lung were used for 27 

immunofluorescence staining.  Non-specific binding of the primary antibodies was blocked 28 

by incubating the slices with PBST buffer containing 1% BSA and 5% non-immune goat 29 

serum.  A rabbit anti-TMEM16A polyclonal antibody (1:200 dilution, ab53212, Abcam) and 30 

mouse anti-SMA monoclonal antibody (1:500 dilution, Clone 1A4, Thermo) were used as 31 

primary antibodies.  An Alexa Fluor 488-conjugated goat anti-rabbit antibody (Invitrogen) 32 

diluted 1:250 and an Alexa Fluor 555-conjugated goat anti-mouse antibody (Invitrogen) diluted 33 

1:250 were used as secondary antibodies.  The cell nuclei were stained with DAPI.  The 34 

images were captured using a confocal microscope (FV-1000, Olympus). 35 

Isolation of airway smooth muscle cells 36 

Smooth muscle strips were prepared from the trachea and extra-pulmonary bronchus of the 37 

TMEM16A CTR and KO mice (8-20 weeks, both genders) or Hartley guinea pigs (250-300 g, 38 

male).  The resulting tissues were dissected in dissociation medium (DM: 136 mM NaCl, 39 

5.36 mM KCl, 0.44 mM KH2PO4, 4.16 mM NaHCO3, 0.34 mM Na2HPO4, 20 mM HEPES, 40 

5.56 mM glucose, 4.9 mM MgCl2, pH 7.1).  The first digestion was performed with 41 

MgCl2-free DM containing 30 U/mL papain, 0.2 mM dithiothreitol, and 0.02 mM EDTA, and 42 
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the second digestion was performed with a solution containing 3 U/mL collagenase 1A, 1 43 

mg/mL bovine serum albumin, and 0.1 mg/ml deoxyribonuclease I in MgCl2-free DM.  The 44 

tubes from the second digestion were shaken vigorously until most of the clumps disappeared 45 

(~20 min).  After centrifugation at 300 g for 2 min, the collected cells were washed with 46 

MgCl2-free DM once by centrifugation at 300 g for 2 min.  The isolated cells were 47 

re-suspended in DM, transferred to dishes, and stored at 4°C.  DM was replaced with the 48 

bath solution for patch-clamp recording prior to use.   49 

Patch-clamp recording  50 

All currents were recorded using a MultiClamp 700B amplifier, Digidata 1440A and pClamp 51 

10 (Molecular Devices).  The currents were filtered at 2 kHz and sampled at 10 kHz, and the 52 

data were analysed using Clampfit 10.   53 

To record the Cl- currents following stimulation with 600 nM [Ca2+] i, the bath solution 54 

contained 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, 10 mM mannitol 55 

and 10 mM HEPES; the pH was adjusted to 7.4 with NaOH.  The pipette solution contained 56 

130 mM CsCl, 10 mM EGTA, 1 mM MgCl2, 8 mM CaCl2, 10 mM HEPES, and 1 mg ATP; 57 

the pH was adjusted to 7.3 with NaOH 3.  ECl=0 mV under these conditions.  Whole-cell 58 

currents were recorded in freshly isolated smooth muscle cells in response to 1 s voltage 59 

pulses from -80 to +100 mV in 10 mV increments, followed by 700 ms pulses to -60 mV. 60 

To record the currents induced by the constrictors and caffeine, the bath solution 61 

contained 130 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES, and 10 62 

mM D-glucose; the pH was adjusted to 7.4 with NaOH.  The pipette solution contained 140 63 
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mM KCl, 1 mM MgCl2, 20 mM HEPES, and 0.025 mM EGTA; the pH was adjusted to 7.2 64 

with KOH.  ECl=0 mV under these conditions.  Cells were holded at -60mV.  A focal 65 

pressurized perfusion (ALA Scientific Instruments) of 3 µM 5-HT, 1 µM U46619, 3 µM 66 

histamine, 100 nM LTD4, 3 µM MCh and 10 mM caffeine was administered through the 67 

application pipette to induce currents.  The currents were recorded no longer than the 5th 68 

minute after breaking the patch of membrane under the pipette. 69 

Histopathology 70 

The extra-pulmonary bronchi and left lobes of the lung were immersed in 4% PFA at 4°C 71 

overnight and dehydrated in a graded series of ethanol solutions.  The tissue was embedded 72 

in paraffin, and 10-µm sections were prepared for standard H&E staining.  Standard H&E 73 

staining was performeed on parafin slices (10 µm thick) of the extra-pulmonary bronchi and 74 

left lobes of the lung as previously described 4. The thickness of the bronchial smooth muscle 75 

layer was measured from the innermost edge to the outermost edge using ImageJ software.  76 

The thickness of the smooth muscle layer of the extra-pulmonary bronchus was assessed at 77 

three predetermined bronchiole sites (two sites near each the end close to the cartilage and one 78 

site in the middle of the smooth muscle layer).  Three slices per mouse were measured. 79 

Isometric contraction measurement 80 

For the force measurements, the left extra-pulmonary bronchi from TMEM16A CTR and KO 81 

mice were dissected from the surrounding tissues in ice-cold Krebs solution (118.07 mM 82 

NaCl, 4.69 mM KCl, 2.52 mM CaCl2, 1.16 mM MgSO4, 1.01 mM NaH2PO4, 25 mM 83 
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NaHCO3, 11.1 mM glucose), rings of approximately 1.5 mm in length were cut and mounted 84 

on a wire myograph (610-M; Danish Myo Technology), and the isometric tension was 85 

recorded using a Powerlab recording device (AD Instruments).  The bronchus rings were 86 

kept in Krebs buffer and oxygenated with an O2-CO2 mixture (95% O2-5% CO2) at 37°C.  A 87 

proper preload was administered to obtain an approximately 5 mN resting tension after one 60 88 

mM K+ stimulation and a 40-min equilibrium.  After one more stimulation with 60 mM K+, 89 

the contractile responses to other stimuli were measured. 90 

To measure the contraction of guinea pig trachea, the tracheas of male Hartley guinea 91 

pigs (250-300 g) were quickly removed and placed in ice-cold modified Krebs solution 92 

(mKrebs, 118 mM NaCl, 4.6 mM KCl, 0.5 mM MgCl2, 1.8 mM CaCl2, 1 mM KH2PO4, 24.9 93 

mM NaHCO3, 11.1 mM glucose) 5, and dissected from the surrounding tissues.  Rings 94 

comprising two tracheal cartilages were cut from the tracheas.  To obtain strips, the cartilage 95 

opposite the muscle layer was cut.  One cartilaginous end of the trachea strip was anchored 96 

to the bottom of the muscle bath chamber, and the other end was connected to a force 97 

transducer (MLT0201, AD Instruments).  Isometric tension was measured using a PowerLab 98 

(AD Instruments) recording device.  The trachea strips were maintained in mKrebs 99 

oxygenated with an O2-CO2 mixture (95% O2-5% CO2) at 37°C.  The resting tension was 100 

adjusted to 1 g.  The strips were stimulated at least twice with 60 mM KCl before subsequent 101 

experiments.  The samples were pre-incubated with 10 µM T16Ainh-A01 or DMSO vehicle 102 

for 10 min before addition of the reagents. 103 

To measure human bronchial smooth muscle contraction, surgically resected samples 104 
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from lung cancer patients were quickly incubated in ice-cold, oxygen-saturated 105 

HEPES-Tyrode buffer (137 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5.6 mM 106 

glucose, 10 mM HEPES, pH 7.4).  After transport to the laboratory, the surrounding tissues 107 

were cleaned, and the bronchial smooth muscle tissues were cut into 3 mm-wide strips.  One 108 

end of the strip was anchored to the bottom of the muscle bath chamber, which was filled with 109 

Krebs solution oxygenated with an O2-CO2 mixture (95% O2-5% CO2) at 37°C.  The other 110 

end was connected to a force transducer (MLT0201, AD Instruments).  Because the diameter 111 

and thickness of the smooth muscle layer were different in different samples, the suitable 112 

resting tension was tested following stimulation with 60 mM KCl.  The samples were 113 

pre-incubated with 10 µM T16Ainh-A01 or DMSO vehicle for 10 min before addition of the 114 

reagents.   115 

Measurement of Ca2+ signals in Ai38D reporter mice 116 

The Tmem16aSMKO and CTR mice were crossed with a Cre-dependent GCaMP3 reporter 117 

mouse (Ai38D).  The left extra-pulmonary bronchi of both the CTR and KO mice were 118 

mounted on a confocal wire myograph (120 cw; Danish Myo Technology) in HEPES-Tyrode 119 

(H-T) buffer (137.0 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2, 1.8 mM CaCl2, 10 mM HEPES, 120 

5.6 mM Glucose, pH 7.4).  The agonists were added using a self-made gravity perfusion 121 

system with a flow velocity of ~10 ml/min.  The GCaMP3 fluorescence was excited using a 122 

488 nm argon laser, and the images were recorded every 2.5 seconds using a confocal 123 

microscope (FV-1000, Olympus).  The average fluorescence intensity of the ROI (bronchial 124 

smooth muscle range) was calculated with SV10-ASW software (Olympus), the average 125 
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fluorescence intensity during the 1-2 min before stimulation was defined as the initial 126 

fluorescence (F0), and the dynamics of the Ca2+ signals were determined by the percent 127 

fluorescence ratio (% ∆F/F0). 128 

Sensitization with OVA 129 

Mice of both genders were used at 8-10 weeks of age.  On days 0 and 14, the mice were 130 

sensitized with 100 µg of ovalbumin (OVA, Sigma-Aldrich) dissolved in 4 mg of aluminium 131 

hydroxide (Imject Alum, Pierce) by intraperitoneal injection4.  The mice were then 132 

challenged with aerosolized 1% OVA in PBS for 60 min on days 24, 25, and 26.  The mice 133 

that had received the last challenge within 24 hours were used as acute asthma models.  134 

Mice that received 4 mg of aluminium hydroxide diluted in PBS via intraperitoneal injection 135 

and were challenged with aerosolized PBS were used as a non-asthmatic control model. 136 

Measurement of respiratory resistance 137 

We used the flexiVentTM system (SCIREQ) to measure respiratory resistance.  The 138 

OVA-sensitized mice were anesthetized with 250-300 mg/kg avertin 24 hours after receiving 139 

the last challenge of OVA or PBS.  The anesthetized mice were cannulated with a blunt 140 

mouth 18-gauge metal needle, and the other end of the needle was connected to the rodent 141 

ventilator of the flexivent system.  The ventilator was set to generate a tidal volume of 10 142 

ml/kg at a frequency of 150 breaths/min.  The resistance of the respiratory system (Rrs) was 143 

measured by a perturbation of SnapShot.  The Newtonian resistance (Rn) was measured by a 144 

perturbation of Quick prime-3.  To measure the changes in respiratory resistance after 145 
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induction with 5% OVA, Rrs values were recorded every minute for 45 minutes after the mice 146 

inhaled nebulized OVA for 5 min.  To measure the changes in respiratory resistance in 147 

response to 5-HT challenge, sequential doses (37.5 µg, 75 µg, and 150 µg) of 5-HT were 148 

nebulized to challenge the airway, and the maximal Rrs was calculated for every dose within 149 

3 min after challenge to generate dose-response curves.  To measure the changes in 150 

respiratory resistance in response to MCh, sequential doses (10 µg, 30 µg, 100 µg, and 300 µg) 151 

of MCh were nebulized to challenge the airway, and the maximal Rrs were calculated for 152 

every dose within 3 min of challenge.  153 

 154 

REFERENCES 155 

1. Zariwala, H.A., et al. A Cre-dependent GCaMP3 reporter mouse for neuronal imaging in vivo. The 156 

Journal of Neuroscience 32, 3131-3141 (2012). 157 

2. Davis, A.J., et al. Expression profile and protein translation of TMEM16A in murine smooth muscle. 158 

American Journal of Physiology-Cell Physiology 299, C948-C959 (2010). 159 

3. Manoury, B., Tamuleviciute, A. & Tammaro, P. TMEM16A/anoctamin 1 protein mediates 160 

calcium-activated chloride currents in pulmonary arterial smooth muscle cells. J Physiol 588, 161 

2305-2314 (2010). 162 

4. Zhang, W.-C., et al. Myosin light chain kinase is necessary for tonic airway smooth muscle contraction. 163 

Journal of Biological Chemistry 285, 5522-5531 (2010). 164 

5. Weichman, B.M., Muccitelli, R.M., Tucker, S.S. & Wasserman, M.A. Effect of calcium antagonists on 165 

leukotriene D4-induced contractions of the guinea-pig trachea and lung parenchyma. Journal of 166 

Pharmacology and Experimental Therapeutics 225, 310-315 (1983). 167 

 168 

  169 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

SUPPLEMENTAL FIGURES 170 

Figure E1. Specific deletion of TMEM16A ClCa channels in ASM.  (A) Western blots 171 

(Left) showed more than 90% KO efficiency (quantitative data in right panel) in 172 

extra-pulmonary bronchi.  (B) Representative immunofluorescence staining showed a high 173 

KO efficiency in smooth muscle layer of intra-pulmonary bronchus.  (C) ClCa currents were 174 

significantly inhibited in KO ASMCs.  Left: Representative recording traces, right: I-V 175 

curves of CTR and KO ASMCs.  600 nM [Ca2+] i was set by pipette solution, ECl = 0 mV.  176 

Bars represent mean ± s.e.m., CTR: n=10 cells from 3 mice, KO: n=11 cells from 3 mice, 177 

**** P < 0.0001 by ANOVA.  (D) 10 mM caffeine-induced ClCa currents were eliminated in 178 

the KO ASMCs. Left: Representative recording traces; right: quantitative results.  Bars 179 

represent mean ± s.e.m., CTR: n=49 cells from 10 mice; KO: n=52 cells from 10 mice, ****P 180 

< 0.0001 by two-tailed student’s t-test, blue “*” for outward currents and red “*” for inward 181 

currents. 182 

Figure E2. Representative recording traces of agonist-induced currents in ASMCs.  (A) 183 

Currents induced by 5-HT (3 µM in application pipette) in mouse ASMCs.  In CTR cells, 184 

upon 5-HT stimulation, 11/26 of cells exhibited typical inward currents, and 1/26 of cells 185 

showed oscillated inward currents; In KO cells, only 2/26 of cells exhibited weak inward 186 

currents.  (B) Currents induced by U46619 (1 µM in application pipette) in mouse ASMCs.  187 

For CTR cells, 15/20 of cells exhibited inward currents, and 2/20 cells simultaneously showed 188 

outward currents and 1/20 cell showed oscillated inward currents; for KO cells, none of total 189 

22 cells exhibited inward currents, 8 cells exhibited outward currents.  (C) Currents induced 190 
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by MCh (3 µM in application pipette) in mouse ASMCs.  For CTR, all the 12 cells showed 191 

inward currents, among them, 5 cells exhibited outward currents and 1 cells showed oscillated 192 

inward currents; for KO, all the 12 cells exhibited only exhibited outward currents.  (D) 193 

Currents induced by histamine (3 µM in application pipette) in guinea pig ASMCs.  For 194 

DMSO pre-incubated cells, all the 14 cells showed inward currents; for 10µM T16Ainh-A01 195 

pre-incubated cells, 11/14 cells showed reduced inward currents, and 3/14 cells didn’t show 196 

apparent currents.  (E) Currents induced by LTD4 (100 nM in application pipette) in guinea 197 

pig ASMCs.  For DMSO group, 18/21 cells showed inward currents; for T16Ainh-A01 group, 198 

18/23 cells showed inward currents, but the amplitudes were suppressed.  199 

Figure E3. Expression of agonist receptors in TMEM16A KO ASM.  (A) Western blots 200 

assay for the expression of TMEM16A, mAChR M3, 5-HT2A R, TP R and Flotillin-1 in 201 

TMEM16A KO and CTR extra-pulmonary bronchial smooth muscle, in which β-actin was 202 

used as internal control.  (B) Quantitation of mouse ACh receptor M3 (mAChR M3) (n=6), 203 

5-HT2A R (n=3), TP R (n=5) and Flotillin-1 (n=6) in extra-pulmonary bronchial smooth 204 

muscle.  Bars represent mean ± s.e.m.. 205 

Figure E4. Recording traces of ASM contraction and airway constriction in vivo.  (A-D) 206 

Typical contraction recording traces of TMEM16A KO and CTR bronchial smooth muscle 207 

contraction evoked by cumulative doses of KCl (A), MCh (B), U46619 (C) and 5-HT (D).  208 

(E) Representative recording traces of 5-HT inhalation induced airway constriction in CTR 209 

and KO mice. 210 
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Figure E5. TMEM16A deletion inhibited ASM contraction induced by a low dose of 211 

MCh.  (A) The merged contraction tracking of bronchial smooth muscle.  The forces 212 

induced by a low dose (300 nM) and a relative high dose (3 µM) of MCh were inhibited in 213 

TMEM16A KO muscle.  The force of each time point was represented as mean ± s.e.m. 214 

Sample sizes (n) were labeled in both panels.  (B) Quantitation for the maximal forces.  215 

Bars represent mean ± s.e.m., sample sizes (n) were the same as panel (a), *P < 0.05 by 216 

two-tailed student’s t-test. 217 

Figure E6. Inhibitory effects of T16Ainh-A01 on the contractile response of guinea pig 218 

and human ASM to inflammatory mediators.  (A) Representative recording traces of 219 

DMSO or T16Ainh-A01 pre-incubated guinea pig trachea smooth muscle (TSM) contraction 220 

induced by cumulative doses of histamine.  (B) Representative recording traces of DMSO or 221 

T16Ainh-A01 pre-incubated guinea pig TSM contraction induced by LTD4 gradients.  (C) 10 222 

µM T16Ainh-A01 induced relaxation of guinea pig TSM basal tone.  Upper panel: 223 

representative recording traces; lower panel: quantitative data.  DMSO: n=4, T16Ainh-A01: 224 

n=6, **P < 0.01 by paired two-tailed student’s t-test.  (D) Recording traces of three human 225 

bronchial smooth muscle samples showing inhibitory effects of T16Ainh-A01 on 226 

histamine-induced contraction. 227 

Figure E7. Representative recording traces of the augmentation effects.  228 

Extra-pulmonary bronchial smooth muscles were treated with combined addition of 100 nM 229 

5-HT and 100 nM MCh, or 30nM U46619 and 30nM MCh.  The addition of agonists were 230 

represented by the color bars (100 nM MCh: black, 100 nM 5-HT: green, 30nM MCh: grey, 231 
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30 nM U46619: blue). 232 

 233 

Figure E8. Histology of CTR and TMEM16ASMKO lungs with and without asthma.  234 

Arrows point positions with inflammatory cells infiltration, Bar = 100 µm (long) or 50 µm 235 

(short). 236 

 237 

Table E1: Western blot primary antibodies 238 

Catalog No. Target Host Species Vendor 
Final 

Concentration 

ab53212 TMEM16A rabbit abcam 1:500 

ab134959 TP R rabbit abcam 1:500 

sc-9108 mAChR M3 rabbit santa cruz 1:200 

ab66049 5-HT2A R rabbit abcam 1:100 

sc-25506 Flotillin-1 rabbit santa cruz 1:1000 

a5441 β-actin Mouse Sigma aldrich 1:10000 

 239 

SUPPLEMENTAL MOVIE LEGENDS 240 

Video E1: 60 mM KCl induced GCaMP3 fluorescence signal of CTR and Tmem16aSMKO 241 

ASMs 242 

This video shows 60 mM KCl induced Ca2+ dynamics in CTR and Tmem16aSMKO ASMs by 243 

recording GCaMP3 fluorescence.  The color bar indicates fluorescent intensity (arbitrary 244 

units).  245 

Video E2: 3 µM MCh induced GCaMP3 fluorescence signal of CTR and Tmem16aSMKO 246 

ASMs 247 
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This video shows 3 µM MCh induced Ca2+ dynamics in CTR and Tmem16aSMKO ASMs by 248 

recording GCaMP3 fluorescence.  The color bar indicates fluorescent intensity (arbitrary 249 

units). 250 

Video E3: 300 nM 5-HT induced GCaMP3 fluorescence signal of CTR and 251 

Tmem16aSMKO ASMs 252 

This video shows 300 nM 5-HT induced Ca2+ dynamics in CTR and Tmem16aSMKO ASMs by 253 

recording GCaMP3 fluorescence.  The color bar indicates fluorescent intensity (arbitrary 254 

units). 255 

Video E4: 3 µM 5-HT induced GCaMP3 fluorescence signal of CTR and Tmem16aSMKO 256 

ASMs 257 

This video shows 3 µM 5-HT induced Ca2+ dynamics in CTR and Tmem16aSMKO ASMs by 258 

recording GCaMP3 fluorescence.  The color bar indicates fluorescent intensity (arbitrary 259 

units). 260 
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