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A B S T R A C T   

Calcium-activated chloride channels (CaCCs) play important roles in many physiological processes and their 
malfunction is implicated in diverse pathologies such as cancer, asthma, and hypertension. TMEM16A and 
TMEM16B proteins are the structural components of the CaCCs. Recent studies in cell cultures and animal models 
have demonstrated that pharmacological inhibition of CaCCs could be helpful in the treatment of some diseases, 
however, there are few specific modulators of these channels. CaCCs and Transient Receptor Potential Vanilloid- 
4 (TRPV4) channels are co-expressed in some tissues where they functionally interact. TRPV4 is activated by 
different stimuli and forms a calcium permeable channel that is activated by GSK1016790A and antagonized by 
GSK2193874. Here we report that GSK2193874 enhances the chloride currents mediated by TMEM16B 
expressed in HEK cells at nanomolar concentrations and that GSK1016790A enhances native CaCCs of Xenopus 
oocytes. Thus, these compounds may be used as a tool for the study of CaCCs, TRPV4 and their interactions.   

1. Introduction 

Calcium-activated Chloride Currents were first described in Xenopus 
laevis oocytes [1,2], however, today is known that channels responsible 
for this current are broadly expressed in many tissues and cell types [3, 
4]. Physiological roles of the CaCCs have been described in epithelial 
secretion [5], membrane excitability in cardiac muscle [6] and neurons 
[7], olfactory transduction [8], regulation of vascular tone [9], and 
photoreception [10]. 

TMEM16A and TMEM16B proteins are the structural components of 
CaCCs [11–13]. The structure of the mouse TMEM16A obtained by 
cryo-electron microscopy revealed that CaCCs are homodimers of sub-
units each containing its own pore [14,15]. CaCCs gating is a complex 
process involving the coupling of changes of intracellular Ca2+ con-
centrations, voltage membrane and extracellular chloride [16–18]. 
Protons [19] and lipids also regulate CaCCs activity [20,21]. 

These channels are present in several tissues where they play 
important functions and are involved in diverse pathologies [22–26]. 
This variety of functions has attracted attention to design selective drugs 
as therapeutic targets, for example, the pharmacological inhibition of 
CaCCs has been found to contribute to the treatment of diseases such as 

asthma [4], hypertension [24,27] and cancer [28–30]. Diverse CaCCs 
blockers have been described, including fenamates (niflumic acid, flu-
flenamic acid and mefenamic acid), tannic acid [31], MONNA [32], 
T16Ainh-A01 [33], CaCCinh-A01 [34] and anthracene-9-carboxylic acid 
(A9C) [35], however, different reports have shown that these com-
pounds have an effect on other channels such as CLC-K [36] and TRPA1 
[37]; even flufenamic acid, a non-steroidal anti-inflammatory drug, has 
diverse molecular targets [38]. Niflumic acid is also commonly used to 
pharmacologically identify CaCCs, but it also blocks volume-regulated 
anion channels, K+ channels, and calcium currents [39–41]. Recently, 
Ani9 was reported like the most potent and selective small-molecule 
inhibitor of human ANO1 (TMEM16A), but does not affect ANO2 
(TMEM16B) activity at the same concentration [42]. In summary, 
finding selectivity for TMEM16A and TMEM16B drugs still is a 
challenge. 

Several reports have shown a pharmacological interaction of the 
CaCCs blockers with the transient receptor potential vanilloid subtypes 
channels (TRPV) [43], in consequence the physiological roles of 
TMEM16A are associated with TRPV1 and TRPV4 function [26,44]. This 
interaction is physiologically relevant and will be important to find se-
lective drugs targeting TMEM16A, TMEM16B or TRPV channels for 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: adanherdez@inb.unam.mx (A. Hernandez), ataulfo@unam.mx (A. Martínez-Torres).  

Contents lists available at ScienceDirect 

Biochemistry and Biophysics Reports 

journal homepage: www.elsevier.com/locate/bbrep 

https://doi.org/10.1016/j.bbrep.2021.101180 
Received 27 October 2021; Received in revised form 23 November 2021; Accepted 29 November 2021   

mailto:adanherdez@inb.unam.mx
mailto:ataulfo@unam.mx
www.sciencedirect.com/science/journal/24055808
https://www.elsevier.com/locate/bbrep
https://doi.org/10.1016/j.bbrep.2021.101180
https://doi.org/10.1016/j.bbrep.2021.101180
https://doi.org/10.1016/j.bbrep.2021.101180
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biochemistry and Biophysics Reports 28 (2021) 101180

2

therapeutic treatments. An example of the complexity of this interaction 
is offered by the effects of the small molecule Eact, which was originally 
reported as a potent activator of TMEM16A, but later found to act as an 
activator of TRPV1 and TRPV4 channels [43,45]. These observations 
suggest pharmacological experiments on CaCCs and TRPV channels 
must be interpreted with caution and encourage opposite studies to 
assess the TRPV selective drugs effect onto TMEM16 ion channels. 

TRPV4 channels are potently antagonized by GSK3527497, an 
orally-active, lipid-soluble highly selective compound with not known 
pharmacological off-targets [46] while GSK1016790A is a selective and 
potent agonist of the channel [47]. Here, we provide evidence that 
shows that GSK1016790A enhances the endogenous CaCCs of X. laevis 
oocytes while GSK2193874 at nanomolar concentrations enhances the 
currents mediated by TMEM16B channels expressed in HEK293 cells. 
These findings suggest a careful reinterpretation of the pharmacological 
effects observed with this TRPV4 antagonist in vivo and opens the pos-
sibility to use these molecules as template to design new selective drugs 
targeting TMEM16B. 

2. Materials and methods 

2.1. Oocyte recordings 

All frogs were handled in accordance with the guidelines of the 
National Institute of Health Guide for Care and Use of Laboratory Ani-
mals and with the approval of the Institutional Animal Care and Use 
Committee of the Institute of Neurobiology, National Autonomous 
University of Mexico (UNAM). Ovarian lobes were removed from 
anesthetized X. laevis frogs and placed into Barth’s saline solution (in 
mM): 88 NaCl, 1 KCl, 0.33 Ca2(NO)3, 0.41 CaCl2, 0.82 MgSO4, 2.4 
NaHCO3, 5 HEPES and 0.1 mg/mL gentamycin sulfate (pH 7.4). The 
follicular cell layer was removed manually and by treatment with 
collagenase type I (0.3 μg/μl) in Ca2+-free Ringer’s solution at room 
temperature for 30 min; then, oocytes were washed 3–4 times and 
maintained at 16◦C in Barth’s solution. 

All recordings were performed at room temperature using the two- 
microelectrode voltage-clamp technique [1]. Oocytes were placed into 
a recording chamber (0.5 mL volume) and perfused with Ringer’s so-
lution containing (in mM): 115 NaCl, 2 KCl, 1.8 CaCl2, and 5 HEPES (pH 
7.4) or modified Ringer’s containing 106.8 NaCl, 2 KCl, 10 CaCl2, and 5 
HEPES (pH 7.4). Borosilicate glass micropipettes were made with a 
PUL-100 vertical pipette puller (World Precision Instruments, Sarasota, 
FL, USA) and filled with KCl 3 M (2–3 MΩ). Voltage-clamp recordings 
were performed with an AXOCLAMP- 2B amplifier and digitized with a 
Digidata 1440A controlled by pClamp 10.5 software for acquisition 
(Axon, Molecular Devices, LLC, Sunnyvale, CA, USA). Holding potential 
used was − 60 mV and activation protocol was performed applying a 
stepwise square voltage depolarizing pulses from 10 mV to 50 mV pre-
ceded by a hyperpolarizing square pre-pulse at − 100 mV. 

2.2. Cell culture and transfection 

Human embryonic kidney (HEK) 293 cells were grown in Dulbecco’s 
modified Eagle medium (DMEM; GIBCO, Carlsbad, CA, USA) supple-
mented with 10% of FBS and 0.1% penicillin-streptomycin maintained 
at 37oC in 95%O2 5%/CO2 atmosphere in a regular NU-4750 incubator 
(Nuaire, Plymouth, MN, USA). The mouse TMEM16B cDNA (retinal 
isoform containing exon 13) was cloned into pEGFP-N1 vector. HEK293 
cells seeded at low density on coverslips were transfected using lip-
ofectamine 2000 Invitrogen reagent (Termofisher Scientific, Waltham, 
MA, USA) according to the protocol recommended by the manufacturer. 
Transfected cells were identified by the fluorescence and used for patch- 
clamp recordings after 12 h of transfection. Coverslips were placed into 
a recording chamber mounted on a stage of an inverted microscope 
(Olympus CKX41, Melville, NY, USA) equipped with a fluorescence and 
a mercury burner UV lamp (Olympus U-RFLT50). 

2.3. Recording solutions 

Pipette solution was prepared and calculated for free 2.5 μM Ca2+

concentration (based on equilibrium constants for EGTA chelation of 
Ca2+ and Mg2+; Winmaxc32 software, C. Patton, Stanford University, 
USA), according to the TMEM16B EC50 reported [48]. Intracellular so-
lution contained (in mM): 20.2 TEA-Cl, 9.9 CaCl2, 50 HEPES, 85 sucrose 
and 25 HEDTA; adjusted to pH = 7.3 with TEA-OH. Extracellular solu-
tion contained (in mM): 139 TEA-Cl, 0.5 CaCl2, 20 HEPES, 110 sucrose; 
adjusted to pH = 7.4 with TEA-OH. Niflumic acid, GSK1016790A and 
GSK2193874 compounds (from Sigma-Aldrich, St. Louis, MO) were 
prepared in DMSO, kept as stock solution 1000 times concentrated for 
each different concentration used, and stored at − 20oC. Bath solution 
was used for dilution to obtain the Niflumic acid, GSK1016790A or 
GSK2193874 required concentrations. 

2.4. Electrophysiological recordings 

All recordings were performed at room temperature using the con-
ventional whole-cell voltage-clamp technique. Micropipettes were made 
with borosilicate glass pulled in a P-97 puller (Sutter Instruments, 
Novato, CA, USA); the recording pipette used were 3–5 MΩ resistance 
filled with intracellular solution. All results were obtained at room 
temperature using the patch clamp whole-cell configuration, voltage- 
clamp recordings were obtained with an AXOPATCH 200B amplifier 
and digitized at 10 kHz with a Digidata 1322A controlled by the pClamp 
10.5 software for acquisition (Axon, Molecular Devices, LLC, Sunnyvale, 
CA, USA). Membrane potential was held at 0 mV and stepwise square 
voltage pulses from − 60 mV to +120 mV were applied to activate 
TMEM16B chloride currents. 

2.5. Data analysis 

Current activation (open) and deactivation (close) time constant was 
obtained by a standard mono exponential fitted taken the fast and initial 
part of the activation and deactivation current traces. Time courses of 
the current traces at different voltages were fitted by the following 
equation: 

Y=A1 × e− t/τ  

Here A1 is the current amplitude and τ represents the time constant. 
Voltage dependence of the channel opening was evaluated 

measuring the tail currents amplitude immediately after the activation 
pulse at different voltages and normalized respect to the maximal 
amplitude. Current-voltage curve was fitted by the following Boltzmann 
function to estimate the relative open probability: 

I=(1 – I / Imax)
/(

1 + e((V − V1/2)/k)
)

Where V1/2 represents the voltage required for half-maximal activation; 
k represents the slope factor. 

The concentration-response curve was built normalizing the current 
density obtained in presence of different GSKb concentrations of the 
control in absence of any drug. EC50 was generated by fitting the data 
with a four-parameter sigmoidal curve equation using the Graphpad 
Prism software: 

Y=Bottom + (Top – Bottom)
/ (

1 + 10((LogEC50 − x)*Hillslope))

Where EC50 is the concentration of agonist that gives a response halfway 
between Bottom and Top; Top and Bottom are plateaus in the units of 
the Y axis; and x = log(concentration). 

All data were analyzed using Clampfit 10.7 (Axon, Molecular De-
vices, LLC, Sunnyvale, CA, USA), OriginLab (OriginLab Corporation, 
MA, USA) and GraphPad Prism 6.0 (GraphPad Software Inc., San Diego 
CA). An unpaired Student’s t-test, Mann-Whitney U test or one-way 
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ANOVA with multiple comparisons correction, Tukey’s post-hoc, were 
used to determine statistical significance. Experimental data points are 
presented as mean ± S.E.M. 

3. Results 

3.1. CaCCs in Xenopus oocytes and TRPV4 agonist 

The transient outward (Tout) chloride current described in Xenopus 
oocytes [1] is evident upon depolarization of the plasma membrane 
(from − 120 mV to about +20 mV) which allows the influx of Ca2+ which 
in turn activates endogenously expressed CaCCs. The Tout current is 
greatly enhanced by increasing the external concentration of Ca2+ and 
in Fig. 1A we show sample traces of the Tout current in normal Ringer’s 
and in Ringer’s supplemented with 10 mM Ca2+. In this condition, the 

Tout current increased slowly in amplitude after the onset of the depo-
larizing pulse and reached a peak in a few milliseconds. Thus, in the 
following experiments the amplitude of the Tout current was maintained 
constant by increasing the extracellular Ca2+ concentration. 

We first explored the action of the TRPV4 agonist GSK1016790A 
(GSKa) at 1 μM on the Tout current. GSKa did not elicit any evident effect 
on the oocytes in normal Ringer solution (Fig. 1B, filled circles), 
consistent with previous findings that did not detect expression of 
TRPV4 in oocytes [49]. Remarkably, the Tout current showed in extra-
cellular 10 mM calcium is enhanced in presence of GSKa (Fig. 1A, 
+GSKa). Current amplitude was measured at the maximal transient peak 
after the slow activation induced by the square depolarizing pulses. 
Summary of the current-voltage relationship was constructed normal-
izing the peak amplitude to the amplitude measured at 10 mV for each 
condition, results show the maximal peak at 30 mV and decay at more 
positive voltages in 10 mM calcium (Fig. 1B). In the presence of GSKa 
the Tout was consistently enhanced and maintained up to +50 mV 
becoming statistically significant (2.6 ± 0.48 in GSKa vs. 1.2 ± 0.18 in 
control; *p = 0.046; unpaired student t-test; n = 13, 7, respectively) 
(Fig. 1B). In summary, this result indicates a positive modulation of the 
CaCCs by 1 μM of GSK1016790A in Xenopus oocytes. As mentioned 
above TMEM16A and TMEM16B are the molecular components that 
give rise to the CaCCs in Xenopus oocytes [50]. To explore whether GSKa 
targets a TMEM16 ion channels, we evaluated its effect on the cloned 
mouse TMEM16B mediated currents expressed in HEK293 cells. 

3.2. Cloned mouse TMEM16B channels in HEK293 cells 

First, we assessed the electrophysiological and pharmacological 
characteristic of TMEM16B. One of the most common blockers for native 
CaCCs are niflumic acid (N-A) and flufenamic acid, which block CaCCs 
in Xenopus oocytes at concentrations in the 10 μM range [51], however 
in HEK293 cells TMEM16B is not fully blocked even with 300 μM of N-A 
[48]. Expression of TMEM16B channels was evaluated in HEK293 cells, 
where the outward chloride currents were activated by depolarizing 
voltages that showed the typical activation and deactivation kinetics of 
TMEM16 channels (Fig. 2A). In this condition, the activation and 
deactivation time courses were clearly reduced without affecting the 
steady state current density in presence of N-A compared to control as is 
observed in the representative traces (Fig. 2A). Control recordings were 
obtained in presence of DMSO into the bath solution and our recordings 
were unchanged. Current density showing voltage dependency 
measured at the steady state current in different pharmacological con-
ditions showed non-significant changes at the maximal voltage (control, 
1011 ± 173.6 pA/pF, n = 13; N-A 10 μM, 1085 ± 271.7 pA/pF, n = 7; 
N-A 30 μM, 948.2 ± 132 pA/pF, n = 7) (Fig. 2B). Activation and 
deactivation time courses were measured by a single standard expo-
nential fitted from the initial activation and deactivation current at 
positive voltages (40–120 mV). Control activation and deactivation time 
courses changed at different voltages; however, were not statistically 
significant. N-A pharmacological effect on TMEM16B currents increased 
the activation time course in a concentration dependent relation at all 
voltages explored (at 120 mV: control, 8.93 ± 0.63 ms, n = 13; N-A 10 
μM, 27.23 ± 12.05 ms, n = 7, *p = 0.0344 vs control; N-A 30 μM, 111.2 
± 19.47 ms, n = 7, ****p < 0.0001 vs control, &&p = 0.0042 vs NA 10 
μM; unpaired student t-test). Similarly, deactivation time course 
increased by N-A at all voltages in a concentration dependent relation 
(at 120 mV: control, 2.99 ± 0.72 ms, n = 13; N-A 10 μM, 9.03 ± 3.63 ms, 
n = 7, *p = 0.0339 vs control; N-A 30 μM, 38.2 ± 13.3 ms, n = 7, ***p <
0.0004 vs control, &p = 0.047 vs N-A 10 μM; unpaired student t-test) 
(Fig. 2C). Normalized current voltage relation was built from tail cur-
rents normalized to the maximal amplitude in control and N-A at 
different concentrations. Boltzmann function was fitted to evaluate the 
voltage activation dependency and a shift to positive voltages was 
observed on the half-voltage activation in presence of N-A becoming 
significant at 30 μM concentration (control, 11.2 ± 3 mV, n = 13; N-A 

Fig. 1. Transient outward chloride current and TRPV4 modulation in 
Xenopus oocytes. (A) Representative current activation traces from Xenopus 
oocytes at different voltages (10, 30 and 50 mV) shows the absence of the 
transient outward current (Tout) in normal Ringer’s solution (upper panel), the 
presence in Ringer’s containing 10 mM calcium and enhancement in presence 
of calcium 10 mM plus GSK1016790A (+GSKa) (lower panel). (B) Summary of 
the current-voltage relation constructed from the maximal peak of the current 
amplitude measured from the initial activation and normalized respect to the 
peak amplitude at 10 mV. The effect of GSKa was statistically significant only in 
10 mM calcium at positive voltages after 30 mV without effect in normal 
Ringer. *p < 0.05, **p < 0.01, vs. Normal Ringer’s; &p < 0.05 vs Calcium 10 
mM; Unpaired student t-test; n = 7 Normal ringer, n = 12 calcium 10 mM, n =
15 +GSKa. empty circles (Normal Ringer), filled circles (Normal Ringer +
GSKa), empty squares (calcium 10 mM), filled squares (calcium 10 mM +
GSKa). Symbols show mean ± S.E.M. 
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10 μM, 17.9 ± 4.7 mV, n = 7, p > 0.05, vs control; N-A 30 μM, 21.9 ± 2 
mV, n = 7, *p = 0.0365, vs control; Mann-Whitney U test)(Fig. 2D). 
These results and the pharmacological effect on the activation and 
deactivation kinetics indicate that we recorded the typical calcium 
activated chloride current driven by TMEM16B transfected channels in 
HEK293 cells. 

3.3. Effect of GSK1016790A on chloride currents mediated by 
TMEM16B channels 

Once we obtained the electrophysiological profile of TMEM16B we 
next asked if the effect of GSKa observed in the oocyte Tout current was 
replicated in cloned TMEM16B. Outward chloride currents activated by 
depolarizing voltages showed the typical activation and deactivation 
kinetics in presence of different concentrations of GSKa (1 and 10 μM, 
Fig. 3A). A current-voltage relation was obtained by measuring the 
steady-state current amplitude expressed as current density, where a 
slight increase was observed on the current density at 120 mV, however, 
it was not statistically significant (control, 1093 ± 152.4 pA/pF, n = 10; 
GSKa 1 μM, 1348 ± 362.1 pA/pF, n = 10; GSKa 10 μM, 1344 ± 313.2 
pA/pF, n = 8) (Fig. 3B). Activation time course shows statistically sig-
nificant increases at 120 mV (control, 10.39 ± 1.45 ms, n = 10; GSKa 1 
μM, 17.06 ± 2.47 ms, *p = 0.032, vs. control, n = 10; GSKa 10 μM, 

18.57 ± 3.98 ms, *p = 0.025, vs. control, n = 8; Unpaired student t-test), 
however it did not follow a concentration-dependent relation, similarly 
deactivation time course showed a significant increase at 120 mV 
(control, 7.55 ± 0.99 ms, n = 10; GSKa 1 μM, 18.27 ± 4.15 ms, *p =
0.0218, vs. control, n = 10; GSKa 10 μM, 13.15 ± 2.62 ms, *p = 0.045, 
vs. control, n = 8; Unpaired student t-test) (Fig. 3C). Boltzmann function 
was fitted to evaluate the voltage activation dependency on normalized 
current voltage relation from tail currents and non-significant change 
was observed on the half-voltage activation in presence of GSKa (con-
trol, 11.2 ± 3 mV, n = 10; GSKa 1 μM, 11.5 ± 4.4 mV, n = 10, p = 0.78, 
vs. control; GSKa 10 μM, 18.1 ± 2.5 mV, n = 8, p = 0.21, vs. control; 
Mann-Whitney U test) (Fig. 2D). Thus, GSKa slightly increases the 
activation and deactivation kinetics of TMEM16B that may account for 
some of the potentiating effects observed in the Tout current of the 
oocytes. 

3.4. GSK2193874 on chloride currents mediated by TMEM16B channels 

The potentiating effect of GSKa on CaCCs prompted us to test 
whether other TRPV4 modulating compounds have an effect on 
TMEM16B. Thus, we tested the TRPV4 channel antagonist GSK2193874 
(GSKb) on HEK cells expressing TMEM16B. Sample recordings are 
shown in the presence of the minimal (1.5 nM) and maximal (1.5 μM) 

Fig. 2. Niflumic acid on TMEM16B currents in HEK293 cells. (A) Representative current traces induced by square voltage steps from − 60 mV to +120 mV. 
Typical exponential activation and deactivation is observed in control conditions and niflumic acid (N–A). Activation and deactivation time course is shown on scaled 
traces for control (black) and 30 μM N-A (gray, pointed by arrow) at the right side of the panel. (B) Summary of the current-voltage relation (current density) 
constructed by measuring the current amplitude at the steady state shows similar voltage activation in all conditions. (C) Summary of the time constant of activation 
and deactivation currents taken from 40 mV to 120 mV. Activation and deactivation time constants were statistically increased in presence of N-A compared to 
control in concentration dependent relation. ****p < 0.0001, ***p < 0.001; N-A 30 μM vs. control, **p < 0.01, N-A 10 μM vs. control; one-way ANOVA with multiple 
comparisons correction, Tukey’s post-hoc. (D) Summary of the normalized current voltage relation from tail currents shows a shift to positive voltages (dashed lines) 
in presence of N-A fitted by the Boltzmann function (black lines). Symbols show mean ± S.E.M. 
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concentrations of GSKb (Fig. 4A), which unexpectedly increased the 
currents generated by TMEM16B. A current-voltage relation was ob-
tained from the steady state currents induced by square depolarizing 
voltages and expressed as current density for different GSKb concen-
trations, the maximal current amplitude obtained increased statistically 
significant at the maximal positive voltage used in a concentration 
dependent relation (control, 1011 ± 173.6 pA/pF, n = 13; GSKb 1.5 nM, 
1133 ± 205.8 pA/pF, n = 9; GSKb 15 nM, 1408 ± 197.8 pA/pF, n = 9; 
GSKb 150 nM, 1958 ± 322.8 pA/pF, *p = 0.0119 vs. control, n = 13; 
GSKb 1.5 μM, 1935 ± 179.5 pA/pF, **p = 0.002 vs. control, &p = 0.0133 
vs. GSKb 1.5 nM, n = 10; Mann-Whitney U test) (Fig. 4B). Activation 
time course shows statistically significant increases at 120 mV (control, 
8.9 ± 0.63 ms, n = 13; GSKb 1.5 nM, 17.1 ± 2.25 ms, ***p = 0.0006 Vs. 
control, n = 9; GSKb 15 nM, 10.5 ± 0.9 ms, p = 0.137, n = 9; GSKb 150 
nM, 12.7 ± 1.5 ms, *p = 0.029 Vs. control, n = 13; GSKb 1.5 μM, 13.5 ±
1.6 ms, **p = 0.0061 Vs. control, n = 8; Unpaired student t-test Vs. 
control), without follow a concentration-dependent relation, similarly 
deactivation time course showed a significant increase at 120 mV mainly 
at higher concentrations (control, 3.0 ± 0.7 ms, n = 13; GSKb 1.5 nM, 
7.5 ± 2.8 ms, p = 0.085, n = 9; GSKb 15 nM, 5.0 ± 1.2 ms, p = 0.14, n =
9; GSKb 150 nM, 8.5 ± 1.3 ms, **p = 0.001, n = 13; GSKb 1.5 μM, 8.0 ±
1.5 ms, **p = 0.003, n = 8; Unpaired student t-test Vs. control) (Fig. 4C). 
This result indicates a pharmacological potentiation of the TMEM16B 
chloride currents by GSKb at nanomolar concentrations. 

A concentration-response relation was constructed normalizing 
TMEM16B mediated currents in presence of GSKb to the current 
measured in absence of any drug. EC50 was obtained by a dose-response 
fitting function. Fitted curves showed an increase of the EC50 at more 
positive voltages (40 mV, EC50 = 9.4 nM; 120 mV, EC50 = 24.2 nM) and 
the efficacy is decreased judged by the percent of stimulation response 
(40 mV, 224 ± 21%; 120 mV, 198 ± 20%) suggesting a voltage- 
dependent effect without changing the Hill number (40 mV, 0.95; 
120 mV, 0.9), however it was not statistically significant (Fig. 4D). 
Boltzmann function did not show a significant change on the voltage 
dependency at all different GSKb concentrations (data not shown). This 
result indicates that GSKb acts as a positive modulator of the TMEM16B 
mediated currents without affecting the channel open probability or 
voltage dependency. 

4. Discussion 

Selective pharmacological compounds affecting CaCCs have been 
difficult to identify, for example, some of the potent and selective in-
hibitors proposed for CaCCs produce a pharmacological effect on some 
TRPs [37,38] and even the most potent TMEM16A activator (Eact) was 
recently reported as an activator of the TRPV1 and TRPV4 channels [43, 
45]. Physical and functional coupling between CaCCs with TRPVs have 
been already demonstrated in heterologous expression and in tissues 

Fig. 3. GSK1016790A on TMEM16B currents in HEK293 cells. (A) Representative current traces induced by square voltage steps recorded in different 
GSK1016790A (GSKa) concentrations (1 and 10 μM). The right side of the panel shows the scaled traces superimposed and compared to the control (black) and GSKa 
10 μM (gray, pointed by arrow). (B) Summary of the current-voltage relation at the steady state expressed as current density. The plot shows similar voltage 
activation in control and two different concentrations of GSKa. (C) Summary of the time constant of activation shows a significant increase at all voltages in presence 
of GSKa 1 μM (*p < 0.05, vs. control) and 10 μM (**p < 0.001, vs. control), similarly the deactivation time constant increased statistically significant at all voltages 
only for 1 μM GSKa (**p < 0.001, vs. control). (D) Summary of the normalized current voltage relation shows non-significant changes (dashed lines) on the curves 
fitted by the Boltzmann function (black lines). One-way ANOVA with multiple comparisons correction, Tukey’s post-hoc. Symbols show mean ± S.E.M. 
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[43,44,52]. Studies to elucidate the possible pharmacological interac-
tion of both channel families are essential to generate accurate conclu-
sions, especially in tissues where both channels are expressed like in 
DRG, choroid plexus epithelial cells and retinal epithelium [26,44,45, 
53–55]. 

Previous reports demonstrated that compounds initially described as 
selective for CaCCs also have effects on TRPVs [38,43,45]. Our study 
suggests that the case may operate the other way around, that is, TRPV 
selective compounds may affect CaCCs. Initially, we found a potentia-
tion of the X. laevis oocyte Tout chloride current by the TRPV4 selective 
agonist GSK1016790A (GSKa). Since TRPV4 is not functionally 
expressed in intact oocytes [56,57], it was unlikely that the effect on the 
Tout current was due to an interaction of GSKa with TRPV4 channel, 
instead we hypothesized that the effect should be on the CaCCs. Cloned 
mouse TMEM16B was expressed in HEK293 cells was used to study the 
effect of the GSKa/b on CaCCs and niflumic acid induced a clear retar-
dation on the activation and deactivation kinetics moving the channel 
open probability to more positive voltages without affecting the 
steady-state current amplitude. Similarly, GSKa 1 μM did not affect the 
current amplitude of cloned TMEM16B but caused a significant reduc-
tion on the deactivation kinetics, this result hardly explains the total 
effect on CaCCs in the oocytes, however, considering that TMEM16A 

represents the main current component and participation on the fast 
block to polyspermy [58], future experiments on cloned TMEM16A 
channels are required to support this finding. GSKa micromolar con-
centrations used here constrain further pharmacological studies 
regarding the nanomolar concentrations required for TRPV4 channels 
[47]. 

On the other hand, we present experimental evidence indicating that 
the TRPV4 blocker GSK2193874 (GSKb) caused important changes in 
the chloride currents mediated by the mouse TMEM16B channel 
expressed in HEK293 cells. GSKb enhanced TMEM16B currents in a 
voltage dependent manner at nanomolar concentrations and reaches its 
maximal effect at 150 nM of GSK2193874. Here we found an EC50 = 9 
and 24 nM close to the nanomolar concentrations (IC50 = 3 nM) reported 
for TRPV4 channels [46]. Thus, this compound is an attractive alter-
native to be used in the characterization of TMEM16B channels, how-
ever, studies about the effect of these molecules on TMEM16A are still 
required to rule out their selectivity, considering that some molecules 
show similar selectivity or differential effects on both channels [20,42]. 

In conclusion, this study describes the effect of two potent modula-
tors of the TRPV4 channels on the CaCCs, specifically on cloned 
TMEM16B and further experiments are required to understand the Tout 
current enhancement in oocytes. Our findings suggest careful 

Fig. 4. GSK2193874 on TMEM16B currents in HEK293 cells. (A) Representative current traces induced by 20 mV square voltage steps in different GSK2193874 
(GSKb) concentrations and scaled traces superimposed from control (black) and 1.5 μM GSKb (gray, pointed by arrow) are shown at the right side of the panel. (B) 
Summary of the current-voltage relation expressed as current density shows a clear increase on the current density in concentration dependent relation. (C) Summary 
of the time constant of activation shows a significant increase at all voltages explored in presence of GSKb compared to control without follow a concentration 
dependent relation (****p < 0.0001, GSKb 1.5 nM; *p < 0.05, GSKb 150 nM; *p < 0.05, GSKb 1.5 μM), except for 15 nM. Similarly, the deactivation time constant 
increases statistically significant at all voltages without follow a concentration dependent relation compared to control (**p < 0.01, GSKb 1.5 nM; ***p < 0.001, 
GSKb 150 nM; **p < 0.01, GSKb 1.5 μM) except for 15 nM. (D) Concentration-response curve shows the percent of stimulation response respect to control at 40 
(empty circles) and 120 mV (filled circles). Curve fitted indicates an EC50 at the nanomolar concentrations (black lines). One-way ANOVA with multiple comparisons 
correction, Tukey’s post-hoc. Symbols show mean ± S.E.M. 
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interpretations of pharmacological studies performed on tissues where 
TRPV4 and TMEM16B channels co-express [55] and helps to achieve 
precise conclusions in preclinical studies about TRPV4. Finally, our 
observations indicate that the GSKa/b structures may be used as tem-
plates to design new potent and selective drugs for TMEM16B. 
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