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Abstract 

Background: TMEM16A, a Ca-activated Cl channel, regulates various physiological functions 

such as mucin secretion. However, the role of TMEM16A in hypersecretion in asthma is not fully 

understood. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Objective: The aim of this study is to evaluate Cl ion transport via TMEM16A and determine the 

localization of TMEM16A in a guinea pig asthma model. 

Methods: Guinea pigs were sensitized with OVA ip. on Day 1 and Day 8. On Day 22, we assessed 

OVA challenge-induced Cl ion transport in the sensitized tracheas ex vivo in an Ussing chamber, 

compared with the non-sensitized tracheas. We then examined the effect of T16Ainh-A01, a 

TMEM16A inhibitor, on the increase in Cl ion transport. The tracheal epithelium was 

immunostained with an anti-TMEM16A antibody. Epithelial cells from guinea pig tracheas were 

cultured at the air-liquid interface in the presence of IL-13 for in vitro study. We studied the effect 

of TMEM16A inhibitors on Ca-dependent agonist, UTP-induced increases in Cl ion transport in 

the cultured cells. The cells were immunostained with an anti-TMEM16A antibody, an 

anti-MUC5AC antibody, and an anti-α-tubulin antibody. 

Results: OVA challenge induced an increase in Isc within 1 min in the OVA-sensitized tracheas 

but not in the non-sensitized tracheas, which was inhibited by pretreatment of T16Ainh-A01. 

Sensitized tracheas showed goblet cell metaplasia with more positive TMEM16A 

immunostaining, particularly in the apical portion compared with the non-sensitized tracheas. 

The in vitro UTP-induced increase in Cl ion transport was strongly inhibited by pretreatment with 
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T16Ainh-A01, benzbromarone, and niflumic acid. TMEM16A was positively immunostained at 

the apical portion and in the MUC5AC-positive area in IL-13-induced goblet cell metaplasia.  

Conclusions: Antigen challenge and Ca-dependent agonist treatment increased Cl ion transport 

via the overexpression of TMEM16A in goblet cell metaplasia in a guinea pig asthma model. 

TMEM16A inhibitors may be useful for the treatment of hypersecretion in asthma. 

Key words; asthma, epithelium, animal models, CaCC, IL-13, goblet cell 

 

Introduction 

Ca-activated Cl channels (CaCCs) play key roles in various physiological functions, 

ranging from electrolyte transport in the airway epithelium to cellular excitation in sensory 

neurons and muscle fibers. However, the target genes of CaCCs remained unknown for many 

years. In various airway diseases, including asthma, the CLCA family that is involved in goblet 

cell metaplasia [1, 2] had been proposed to encode putative CaCCs. However, CLCA is now 

thought to not be a Cl channel per se and seems instead to be a CaCC modulator due to its 

protease and cell adhesion properties[3]. In 2008, the TMEM family, particularly TMEM16A, 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

was discovered to be a critical component of CaCCs[4, 5]. It was then reported that TMEM16A 

modulates mucus secretion and airway smooth muscle contraction in asthma[6, 7] and that 

TMEM16A inhibitors may impact multiple causes of asthma symptoms. Recently, Sala-Rabnal 

reported that secreted and cleaved CLCA1 can stabilize TMEM16A in the apical membrane[8]. 

We previously reported that niflumic acid inhibited mucus secretion induced by OVA-challenge, 

histamine and UTP in a guinea pig asthma model[9]. Because niflumic acid is reported to inhibit 

TMEM16A[10], these events may have been caused via TMEM16A inhibition. Therefore, we 

studied the role of CaCC, particularly TMEM16A, in antigen challenge-induced increases in Cl 

ion transport in the airway epithelium of a guinea pig asthma model. Furthermore, to elucidate the 

mechanism, we studied the role of TMEM16A in Ca-dependent agonist, UTP-induced Cl ion 

transport in IL-13-induced goblet cell metaplasia cultured at the air-liquid interface. 
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Methods 

Animal models  

All protocols were approved by Ethical Review Committee of Animal Experiments 

Tokyo Women's Medical University The ethics approval number: 15-46. 

Pathogen-free male Dunkin-Hartley guinea pigs, weighing between 250 and 300 g, were 

sensitized with an intraperitoneal injection of OVA (70 mg/kg, Sigma Chemical Co., St. Louis, 

MO, USA) on Day 1 and Day 8. Control (non-sensitized) guinea pigs were injected with saline.  

 

Ussing chamber study 

On Day 22, after anesthetizing the animals with an intraperitoneal injection pentobarbital (50 

mg/kg), the animals were sacrificed by exsanguination, and the tracheas were isolated from the 

surrounding tissues, removed, immersed in 37°C oxygenated Krebs-Henseleit solution (pH 7.4), 

and opened at the anterior portion. The tissues were immediately mounted in an Ussing chamber 

(surface area 0.2 cm2) and bathed in Krebs-Henseleit solution (pH 7.4) at 37°C, which was 

bubbled with 95% O2 and 5% CO2. The transepithelial potential difference (PD) was clamped to 
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zero, and the short circuit current (Isc) was continuously recorded under this condition. 

Resistance (R) was calculated by Ohm’s law from the change of Isc by a constant voltage pulse 

(0.5~1 mV). A standard protocol was followed. To control for the effect of Na absorption, 

amiloride (10-4 M, Sigma-Aldrich, St. Louis, MO, USA) was added to the mucosal side of the 

tracheas. The tissues were challenged by 1% OVA at both the mucosal and serosal sides ex vivo. 

To examine the mechanism of the OVA-challenged Isc response, the effects of Cl channel 

inhibitors were examined. A newly synthesized TMEM16A inhibitor, T16Ainh-A01 (10-5 M, 

Calbiochem, San Diego, CA, USA)[11], and a non-specific CFTR inhibitor, 

diphenylamine-2-carboxylate (DPC) (10-4 M, Sigma-Aldrich)[12, 13], were added to the mucosal 

side before the OVA challenge.  

  

Histology  

 Tracheal mucosa was fixed for 24 h with 10% formal saline for morphological assessment. The 

tracheal sections were stained with periodic acid-Schiff (PAS) and alcian blue (AB) to 

demonstrate acidic and neutral intracellular glycoproteins in goblet cells. A semiautomatic image 

analysis system (WinROOF2015, Mitani Co. Fukui, Japan) was used to measure the 
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PAS/AB-positive area and the total tracheal epithelial area. The mucus area was calculated as a 

percentage of the total area of the tracheal epithelium[9]. 

 

Immunostaining of TMEM16A 

Paraffin sections were dewaxed and hydrated in distilled water. They were heated in 0.01 M 

citrate buffer (pH 6.0) with an autoclave at 105°C for 5 minutes and then incubated in 4% Block 

ace (Dainippon Seiyaku, Osaka, Japan) for 20 minutes to block nonspecific immunoreactions. 

Next, immunohistochemistry was performed using the following primary antibody in PBS 

containing 1% bovine serum albumin (Sigma-Aldrich) overnight: anti-TMEM16A antibody 

(ab53212, polyclonal, rabbit IgG, 1:200, Abcam, Cambridge, UK). The immunogen for ab53212 

is a synthetic peptide of human TMEM16A protein. This antibody has cross-reactivity to mouse, 

rat and human, and the prediluted form (ab53213) is reported to have cross-reactivity to 

guinea-pig TMEM16A[14]. For immunofluorescent staining, Cy3-conjugated goat antibody 

(Jackson Immuno Research, PN, USA) was used as a secondary antibody. VECTASHIELD 

mounting medium with DAPI (VECTOR, CA, USA) was used for nuclear counterstaining. 

Immunostained sections were examined using a Zeiss LSM-710 confocal laser-scanning 
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microscope (ZEISS LSM710; Carl Zeiss, Jena, Germany). The TMEM16A-positive area was 

calculated as a percentage of the total area of tracheal epithelium by the semiautomatic image 

analysis system (WinROOF 2015)[9].  

 

Cell culture 

Epithelial cells from guinea pig tracheas were isolated by digestion with 0.05% protease (type 

XIV, Sigma-Aldrich) at 4° C overnight. Cells were pelleted (200 g, 10 min) and suspended in a 

50:50 mixture of Dulbecco's modified Eagle’s medium (DMEM) and Ham's F12 medium 

(GIBCO, Grand Island, NY, USA) containing 5% fetal calf serum. Cells were plated at 2.5 x 105 

cells per cm2 onto polycarbonate inserts that were 12 mm in diameter, had a 0.4-µm pore size, and 

were 10-µm thick (Costar Transwell, Cambridge, MA, USA), which had been coated with human 

placental collagen (type XVI, Sigma-Aldrich)[15]. Cells were cultured in serum-free, hormonally 

defined medium as previously reported[16] from the first day after plating. After the cells reached 

confluence, the apical medium was removed, and the cells were fed from only the basolateral side 

with 1 ml of medium containing human recombinant IL-13 (10 ng/ml, Biosource International, 
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Camarillo, CA, USA). Cells were cultured at the air-liquid interface for 14 days with medium 

containing IL-13. Cells were maintained in an incubator with 21% O2 and 5% CO2 at 37°C, and 

the culture medium was changed once every two days.  

 

Ussing chamber study for cultured cells  

Cultured epithelial cells on a porous membrane were mounted on an Ussing chamber, and PD, Isc 

and R were measured as described above. In the presence of amiloride (10-4 M), UTP (10-5 M, 

Sigma-Aldrich) was added to the mucosal side; then, isoproterenol (10-6 M, Sigma-Aldrich) was 

added to the serosal side. To elucidate the effects of TMEM16A inhibitors[10], T16Ainh-A01 

(10-5 M), benzbromarone (10-5 M, Sigma-Aldrich), and niflumic acid (10-5 M, Sigma-Aldrich) 

were added to the mucosal side. 

 

Immunohistochemistry of cultured cells 

Cultured epithelial cells were fixed on ~ Day 14 by adding 200 μl of Bouin's solution (Wako, 

Osaka, Japan) to the apical side for 15 min at room temperature. Samples were blocked with 4% 
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Block ace (Bio-Rad Laboratories, OX, UK) before antibody treatment to prevent nonspecific 

staining for 20 minutes at room temperature. Then, the samples were incubated with 200 μl of 

each primary antibody diluted in 1% bovine serum albumin (BSA) (Jackson Immuno Research, 

PN, USA) in phosphate buffered saline (PBS), pH 7.4, at 4℃ overnight. The primary antibodies 

used were as follows: anti-α-tubulin antibody (ab6160, monoclonal [YL1/2], rat IgG2a, 1:1000, 

Abcam, Cambridge, UK), anti-TMEM16A antibody (ab53212, polyclonal, rabbit IgG, 1:100, 

Abcam, Cambridge, UK) and biotin-conjugated anti-MUC5AC antibody (ab79082, monoclonal 

[45M1], mouse IgG, 1:100, Abcam, Cambridge, UK). For immunofluorescent staining, alexa 647 

conjugated donkey anti-rat antibody, alexa 594 conjugated donkey anti-rabbit antibody and 

dichilorotriazylamino fluorescein isothiocyanate (FITC) conjugated streptavidin (1:100, Jackson 

Immuno Research, PN, USA) were used as secondary antibodies and were diluted in PBS with 

1% BSA for 1 h. After three washes with PBS, the porous membranes carrying the cells were cut 

from the plastic support, placed on microscope slides and mounted with VECTASHIELD 

mounting medium. Signals were observed with laser scanning spectral confocal microscope.  
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Statistics 

The data were analyzed using the Prism 6 software package (GraphPad Software, San Diego, CA, 

USA). All data are presented as the mean ± SEM and were analyzed by two-tailed Student’s t-test 

or one-way analysis of variance (ANOVA) with Tukey’s post-test analysis for significant 

differences. A probability of <0.05 for the null hypothesis was accepted as indicating a 

statistically significant difference. 

 

Results 

1. OVA-sensitized animal model   

Ussing chamber study  

The baseline Isc was significantly higher in the OVA-sensitized tracheas than in the control 

tracheas (30.6 ± 3.9 vs. 17.1 ± 4.1 μA/cm2, n=7-9, p<0.05). However, R was not significantly 

different between both groups (47.7 ± 6.9 vs. 49.2 ± 8.6 Ω.cm2). The decrease in Isc after addition 

of amiloride did not differ between the two conditions (4.5 ± 2.0 vs. 3.8 ± 1.1 μA/cm2). The 

OVA-challenge induced a monophasic increase in Isc within 1 min, which peaked at ~3 min and 
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then gradually decreased (Fig. 1A). The maximum increase in Isc� after OVA challenge was 

significantly higher in the sensitized tracheas than in the control tracheas (6.7 ± 1.5 vs. 1.1 ± 0.5 

μA/cm2, p<0.01, Fig. 1B). The increases in Isc induced by OVA challenge in the sensitized 

epithelium were significantly inhibited by T16Ainh-A01 but not by DPC (no inhibitors, 4.2 ±0.7 

μA/cm2; T16Ainh-A01 10-5 M, 0.5±0.9 μA/cm2; DPC10-4 M, 4.2 ±1.6 μA/cm2; n=4-5, p<0.05, no 

inhibitor vs. T16Ainh-A01, Fig. 2B).  

 

Histology 

The sensitized tracheal epithelium showed more PAS/AB-positive area compared with the 

control epithelium, suggesting that sensitization induced goblet cell metaplasia (Fig. 3Aa, c). The 

PAS/AB-positive mucus area at baseline was significantly higher in the sensitized epithelium 

than in the control epithelium (37.1±2.5% vs. 18.0±1.9%, p<0.01, n=4-5, Fig. 3B). After OVA 

challenge ex vivo in an Ussing chamber, the mucus area decreased in the sensitized tracheal 

epithelium, but not in the control epithelium (Fig. 3Ab, d). The mucus area after OVA challenge 

was significantly lower than the mucus area at baseline in the sensitized epithelium (17.2±2.7% 

vs. 37.1±2.5%, p<0.01, n= 5, Fig. 3B). The decrease in mucus area induced by OVA challenge 
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was inhibited by pretreatment with T16Ainh-A01 (10-5 M) in the sensitized epithelium (Fig. 

3Ae). The mucus area induced by OVA challenge in the presence of T16Ainh-A01 was 

significantly higher than the mucus area induced by OVA challenge (31.5±3.4% vs. 17.2±2.7%, 

p<0.01, n= 4, Fig. 3B). Thus, T16Ainh-A01 inhibited mucus secretion induced by OVA 

challenge. 

 

Immunofluorostaining of TMEM16A 

To examine the baseline level of TMEM16A expression, control and sensitized tracheal 

epithelium was immunofluorostained with an anti-TMEM16A antibody. As a result, TMEM16A 

was immunfluorostained in both control and sensitized tracheal epithelium (Fig. 4Aa, b). 

However, TMEM16A immunofluorostaining was more strongly positive in the apical membrane 

of the sensitized epithelium (Fig. 4Ab). Mucus granules in goblet cells and basal cells were 

positively immunofluorostained in both the control and sensitized epithelium. The percent of 

TMEM16A-positive area was significantly higher in the sensitized epithelium than in the control 

epithelium (26.4 ± 3.7% vs. 12.0 ± 1.0%, n= 4, p<0.05, Fig. 4B). 
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2. Cultured airway epithelial experiment 

Ussing chamber experiment 

To elucidate the role of TMEM16A in goblet cell metaplasia, we studied the effect of various 

TMEM16A inhibitors on Cl ion transport induced by the Ca-dependent agonist, UTP, and the 

cAMP-dependent agonist, isoproterenol in the IL-13-treated cultured epithelial cells. As shown in 

Fig. 5, UTP (10-5 M)-induced increase in Isc was greater in the IL-13-treated cells than in the 

control cells without IL-13 treatment (ΔIsc: 25.3 ± 5.6�μA/cm2 vs. 4.8 ± 0.3 μA/cm2, n=4, p < 

0.01). Although T16Ainh-A01(10-5 M) had a little inhibitory effect in the control cells (ΔIsc: 

T16Ainh-A01, 3.3 ± 0.2 μA/cm2, n=4, p< 0.05 vs. no inhibitor), the augmenting effect of 

UTP-induced Cl ion transport in the IL-13-treated cells was strongly inhibited by pretreatment 

with various TMEM16A inhibitors (all 10-5 M): T16Ainh-A01, benzbromarone, and niflumic 

acid, (ΔIsc: no inhibitor, 25.3 ± 5.6�μA/cm2; T16Ainh-A01, 1.4 ± 0.8 μA/cm2; benzbromarone, 

3.0 ± 1.3�μA/cm2; niflumic acid, 4.4 ± 1.5 μA/cm2, n= 4, p < 0.01 vs. no inhibitor) (Fig. 6A). 

However, isoproterenol (10-6 M)-induced increases in Isc in the IL-13-treated cells were not 

significantly inhibited by these inhibitors (ΔIsc: no inhibitor, 14.2 ± 4.7 μA/cm2; T16Ainh-A01, 
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4.8 ± 3.2 μA/cm2; benzbromarone, 5.0 ± 4.0��μA/cm2; niflumic acid, 12.3 ± 7.5 μA/cm2, Fig. 

6B).  

 

Immunofluorostaining of TMEM16A in cultured cells 

TMEM16A immunofluorostaining was more strongly positive in the IL-13-treated airway 

epithelial cells, but not in the control cells without IL-13 treatment (Fig. 7a, d, e). The 

IL-13-treated cells showed MUC5AC-positive goblet cell metaplasia that was strongly related to 

TMEM16A (Fig. 7a, b, d, Fig. 8). TMEM16A localized at the apical portion and in the 

MUC5AC-positive mucus area in the goblet cells (Fig. 7f, Fig. 8). In contrast, α-tubulin-positive 

ciliated cells in the IL-13-treated cells were negative for TMEM16A immunofluorostaining (Fig. 

7c, d). Similarly, the control cells without IL-13 treatment had only α-tubulin-positive ciliated 

cells that were negative for TMEM16A immunofluorostaining (Fig. 7e).  
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Discussion 

In this study, we demonstrated that OVA-challenge induced Ca-dependent Cl secretion 

along with overexpression of TMEM16A in the apical portion of airway epithelium in an 

OVA-sensitized asthma model. In addition, we demonstrated that the Ca-dependent agonist, UTP 

also increased Cl ion transport via TMEM16A in IL-13-induced goblet cell metaplasia cultured at 

the air-liquid interface. 

Various inflammatory mediators associated with asthma, including histamine [17] and 

leukotrienes [18], released from mast cells in sensitized animals have been shown to stimulate Cl 

secretion from the submucosa towards the airway lumen[19]. Most of these mediators are known 

to elevate intracellular Ca2+[20]. We demonstrated that a newly synthesized TMEM16A inhibitor, 

T16Ainh-A01[11], strongly inhibited OVA-induced Cl ion transport, whereas a non-specific 

CFTR inhibitor, DPC[12] [13], had little effect. This suggests that OVA challenge induced 

mainly Ca-dependent Cl ion transport via TMEM16A, but not cAMP-dependent Cl ion transport 

through CFTR. Furthermore, TMEM16A was overexpressed especially in the apical portion of 

the sensitized epithelium with goblet cell hyperplasia. This suggests that the airway epithelial Cl 

secretion induced by antigen challenge was caused not only by mediator release but also by 
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TMEM16A overexpression at the apical membrane in sensitized animals. Sensitization and IL-13 

induce CLCA1 expression in the airway epithelium [21, 22]. CLCA1 was originally annotated as 

a CaCC because cells display increased Ca-dependent Cl current when the protein is expressed. 

However, bioinformatics analysis of CLCA1 indicates that CLCA1 is not a Cl channel, but a 

secreted protein[23]. Therefore, the relationship between CLCA1 and CaCC remains unclear. 

Recently, it has been reported that secreted and cleaved N-terminal CLCA1 can stabilize 

TMEM16A at the apical membrane[8]. If so, TMEM16A at the apical membrane may be ready to 

stimulate Cl ion transport through cooperation with CLCA1 in sensitized animals. Our data 

supports this hypothesis because TMEM16A was overexpressed in the apical portion especially 

in sensitized animals.  

In accordance with activation of TMEM16A-dependent Cl ion transport, mucus secretion 

by goblet cell degranulation was also observed. We previously reported that OVA-challenge 

induced mucus secretion was inhibited by another CaCC inhibitor, niflumic acid[9]. Here, we 

demonstrated that T16Ainh-A01 also inhibited antigen-induced mucus secretion and confirmed 

the involvement of TMEM16A in OVA-challenge-induced mucus secretion.  
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TMEM16A was also strongly immunostained in the area of goblet cell metaplasia in the 

sensitized epithelium. This suggests that the overexpression of TMEM16A is associated with 

goblet cell metaplasia. Because IL-13 is a potent inducer of goblet cell metaplasia[15], we then 

examined the expression of TMEM16A and Ca-dependent agonist, UTP-induced Cl ion transport 

in IL-13-induced goblet cell metaplasia cultured at an air-liquid interface. As a result, we 

demonstrated that IL-13 augmented UTP-induced Cl ion transport that was strongly inhibited by 

three different TMEM16A inhibitors, T16Ainh-A01, benzbromarone, and niflumic acid (Fig.5, 

Fig.6)[10]. In contast, T16Ainh-A01 had a little effect of UTP-induced increase in Isc in the 

non-treated, control cells (Fig.5). In accordance with the ion transport study, TMEM 

immunofluorostaining was strongly positive in the IL-13-treated cells but not in the control cells 

as shown in Fig.7. Our previous study showed that IL-13 augments UTP-induced Cl ion transport 

that is strongly inhibited by TMEM16A inhibitors, niflumic acid and DIDS in a human bronchial 

epithelial cell line, 16HBE [24]. Recently it has been reported that IL-13-treated 16HBE shows 

TMEM16A overexpression and Ca-induced current that is inhibited by T16Ainh-A01[25]. 

Furthermore, it has been reported that IL-4 augments UTP-induced Cl ion transport that is 

inhibited by T16Ainh-A01 in primary human bronchial epithelial cells [26]. Taken together, 
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although TMEM16A is a minor contributor to total CaCC in the resting state[11], TMEM16A 

plays an important role in Ca
2+

-dependent Cl ion transport in the airway epithelial cells 

stimulated with Th2 cytokines such as IL-13 and IL-4.  

TMEM16A immunofluorostaining was strongly positive at the apical portion and in the 

mucous area in MUC5AC-positive goblet cells but not �-tubulin-positive ciliated cells in culture. 

This suggests that TMEM16A is associated with IL-13-induced goblet cells but not with ciliated 

cells, and supports a recent report that showed that the expression of TMEM16A and MUC5AC is 

increased in the IL-13-induced nasal epithelial cells from chronic rhinosinusitis patients[27]. 

However, whether TMEM16A is necessary to cause IL-13-induced goblet cell metaplasia has not 

been fully elucidated. IL-4 is reported to upregulate TMEM16A expression as an early event of 

goblet cell differentiation in human cultured bronchial epithelial cells[24]. Moreover, a previous 

study demonstrates that one TMEM16A inhibitor, niflumic acid, inhibited IL-13-induced goblet 

cell metaplasia in mice[28]. These reports suggest that TMEM16A is associated with the 

induction of IL-13-induced goblet cell metaplasia. However, further studies including signaling 

pathway are needed. 
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TMEM16A immunostaining was also found in basal cells in the present study. As basal 

cells have the potency of proliferation, TMEM16A may be involved in cell proliferation. 

TMEM16A is also referred to anoctamin-1 (ANO-1), which is sometimes overexpressed in 

cancer cells, including lung cancer[29]. Therefore, goblet cell hyperplasia following 

overexpression of TMEM16A suggests the role of TMEM16A in epithelial proliferation in 

asthma.  

T16Ainh-A01 inhibited antigen-induced mucus secretion as shown in Fig. 3. These data 

suggest that TMEM16A expression around mucous granules as well as the apical membrane may 

be associated with the mucus secretion. Upregulation of Cl ion transport via TMEM16A may be 

adequate to dilute overloaded glycoconjugate in the airway surface fluid, thereby possibly 

preventing airway plugging with viscid mucus. However, excessive water increases the depth of 

periciliary layer, which may result in the ineffectiveness of ciliary motion to transport airway 

mucus toward the pharynx. Based on the present study, it is suggested that TMEM16A may be a 

key regulator for hypersecretory diseases such as asthma because TMEM16A is involved in 

goblet cell metaplasia, mucin secretion and Cl ion transport. Therefore, TMEM16A inhibition 

may be an attractive candidate for asthma therapeutics. 
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 In conclusion, TMEM16A is associated with Ca-activated Cl ion transport via 

overexpression of TMEM16A in goblet cell metaplasia in a guinea pig asthma model. 
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Figure legends 

Fig. 1 The effect of OVA challenge on short circuit current (Isc).  

A) Recordings of Isc induced by OVA challenge in control (non-sensitized) and sensitized 

tracheas. All groups were pretreated with amiloride (10-4 M). 

B) Comparison of ΔIsc induced by OVA challenge between control and sensitized tracheas. Data 

are presented as the mean ± SEM and were analyzed by unpaired t-test. n=7-9 for different 

individuals, ** p<0.01.  
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Fig. 2 The effects of Cl channel inhibitors on the increase in Isc induced by OVA challenge in the 

sensitized tracheas.  

A) Recordings of Isc induced by OVA challenge in the presence or absence of T16Ainh-A01 in 

the sensitized tracheas.  

 B) The effects of T16Ainh-A01 and DPC on the increase in Isc after OVA challenge in the 

sensitized tracheas. The concentrations of inhibitors were 10-5 M for T16Ainh-A01, and 10-4 M 

for DPC. T16Ainh-A01 but not DPC inhibited OVA-challenge induced increase in Isc. n=4-5 for 

different individuals. Data are presented as the mean ± SEM and were analyzed by ANOVA with 

Tukey’s post-test as appropriate. ** p<0.01 vs. no inhibitor. 

 

Fig. 3 The effects of OVA challenge on mucus secretion in control and sensitized epithelium. 

A) Light microscopic photographs of tracheal epithelium stained with PAS/AB. 

a) Control (non-sensitized) tracheal epithelium at baseline (before OVA challenge), showing that 

there are several goblet cells. 
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b) Control tracheal epithelium after OVA challenge, showing that the mucus remains in goblet 

cells. 

c) Sensitized tracheal epithelium at baseline, showing marked goblet cell hyperplasia compared 

with control tracheal epithelium at baseline. 

d) Sensitized tracheal epithelium after OVA challenge, showing mucus secretion from goblet 

cells. 

e) Sensitized tracheal epithelium after OVA challenge in the presence of T16Ainh-A01 (10-5M), 

showing that T16Ainh-A01 inhibits OVA-challenge induced mucus secretion. 

Scale bar: 20 μm. 

 

B) Percent of mucus areas at baseline and after OVA challenge in control and sensitized tracheal 

epithelia. OVA challenge induced mucus secretion in sensitized epithelium but not in control 

epithelium. T16Ainh-A01 inhibited the OVA-challenge induced mucus secretion in the 

sensitized epithelium. The mucus area stained with PAS/AB was calculated as a 

percentage of the total area of tracheal epithelium using a semiautomatic image 
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analysis system. n=4-5 for different individuals. Data are shown as the mean ± SEM and were 

analyzed by ANOVA with Tukey’s post-test as appropriate. **p<0.01, control epithelium at 

baseline vs. sensitized epithelium at baseline. ††p<0.01, sensitized epithelium at baseline vs. 

sensitized epithelium after OVA challenge. #p<0.05, sensitized epithelium after OVA challenge 

vs. sensitized epithelium after OVA challenge in the presence of T16Ainh-A01.  

 

Fig. 4 The expression of TMEM16A protein in control and sensitized epithelium.  

A) Immunofluorescence photographs stained with anti-TMEM16A antibody. 

a) Control tracheal epithelium at baseline, b) Sensitized tracheal epithelium at baseline. Red: 

TMEM16A, Blue: DAPI, Scale bar: 50 μm. 

TMEM16A was more positive in OVA-sensitized goblet cell hyperplasia, especially at the apical 

membrane compared to control epithelium. Basal cells were also stained with anti-TMEM16A 

antibody. 

B) Percent area of TMEM16A immunofluorostaining in the tracheal epithelium at baseline. 
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TMEM16A-immunofluorostained area was calculated as a percentage of the total area of tracheal 

epithelium using a semiautomatic image analysis system. n=4 for different individuals. Data are 

shown as the mean ± SEM and were analyzed with an unpaired t-test. *p<0.05, control epithelium 

vs. sensitized epithelium.  

 

Fig. 5 Inhibition of UTP-induced increase in short-circuit current (Isc) by T16Ainh-A01. 

Representative recording of traces showing the effect of T16Ainh-A01 on UTP-induced increases 

in Isc. T16Anh-A01 (10-5M) strongly inhibited the effect of UTP-induced increase in Isc in the 

IL-13-treated cells, whereas it had a little effect in the control cells without IL-13 treatment. All 

experiments were preformed in the presence of amiloride (10-4M).  

 

Fig.6 The effects of TMEM16A inhibitors on agonist-induced increases in Isc in IL-13-treated 

tracheal epithelial cells cultured at the air-liquid interface.  

A) UTP (10-5 M)-induced increase in Isc. B) Isoproterenol (ISO, 10-6 M)-induced increase in Isc. 
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The concentration of all inhibitors was 10-5 M. None: no inhibitor, T16Ainh: T16Ainh-A01, 

Benz: benzbromarone, NFA: niflumic acid. n=4. Data are shown as the mean ± SEM and were 

analyzed by ANOVA with Tukey’s post-test as appropriate. ** p<0.01, * p<0.05 vs. None (no 

inhibitor). 

 

Fig. 7 Immunofluorescence micrographs of tracheal epithelial cells cultured at the air-liquid 

interface by confocal microscopy. a-d) IL-13 treated cells, xy image, e) control cells without 

IL-13 treatment, xy image, f) IL-13 treated cells, z image. TMEM16A staining is strongly 

observed at the apical portion of epithelial cell sheet and in the mucus area in the 

MUC5AC-positve goblet cells. In contrast, α-tubulin-positive ciliated cells were negative for 

TMEM16A immunofluorostaining. 

Red: TMEM16A. Green: MUC5AC. Blue: α-tubulin. Yellow shows TMEM16A plus MUC5AC. 

Scale bar: 20 μm. 
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graphs of goblet cells cultured at the air-liquid interf

es at the cell membrane (arrow) as well as MUC5A

EM16A. Blue: DAPI. Scale bar: 10 μm. 
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