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BACKGROUND AND PURPOSE

In arterial smooth muscle cells (myocytes), intravascular pressure stimulates membrane depolarization and vasoconstriction
(the myogenic response). lon channels proposed to mediate pressure-induced depolarization include several transient receptor
potential (TRP) channels, including TRPM4, and transmembrane protein 16A (TMEM16A), a Ca*"-activated CI- channel
(CaCCQ). 9-Phenanthrol, a putative selective TRPM4 channel inhibitor, abolishes myogenic tone in cerebral arteries, suggesting
that either TRPM4 is essential for pressure-induced depolarization, upstream of activation of other ion channels or that
9-phenanthrol is non-selective. Here, we tested the hypothesis that 9-phenanthrol is also a TMEM16A channel blocker, an ion
channel for which few inhibitors have been identified.

EXPERIMENTAL APPROACH

Patch clamp electrophysiology was used to measure rat cerebral artery myocyte and human recombinant TMEM16A
(rTMEM16A) currents or currents generated by recombinant bestrophin-1, another Ca®"-activated CI- channel, expressed in
HEK293 cells.

KEY RESULTS

9-Phenanthrol blocked myocyte TMEM16A currents activated by either intracellular Ca®" or E,, a TMEM16A channel activator.
In contrast, 9-phenanthrol did not alter recombinant bestrophin-1 currents. 9-Phenanthrol reduced arterial myocyte
TMEM16A currents with an ICso of ~12 uM. Cell-attached patch recordings indicated that 9-phenanthrol reduced single
rTMEM16A channel open probability and mean open time, and increased mean closed time without affecting the amplitude.

CONCLUSIONS AND IMPLICATIONS

These data identify 9-phenanthrol as a novel TMEM16A channel blocker and provide an explanation for the previous
observation that 9-phenanthrol abolishes myogenic tone when both TRPM4 and TMEM16A channels contribute to this
response. 9-Phenanthrol may be a promising candidate from which to develop TMEM16A channel-specific inhibitors.

Abbreviations
E.ct, small-molecule TMEM16A activator; TMEM16A, transmembrane protein 16A; TRPM4, transient receptor potential
melastatin 4
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Tables of Links

Ca, channels TRPC6
Kir channels TRPM2
K, channels TRPM4
Large conductance Ca?*-activated K* (BK) channels ~ TRPM5
TMEM16A TRPP1
TRPC3

9-Phenanthrol DPC

ATP Niflumic acid
Bestrophin-3 NPPB

DIDS

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Intravascular pressure stimulates vasoconstriction in
resistance-size arteries via a smooth muscle-dependent reac-
tion termed the myogenic response (Meininger and Davis,
1992; Hill et al., 2001). This functional signalling pathway is
considered to be particularly significant in the vasculature of
certain organs, including the brain and kidney. The myogenic
response contributes to the maintenance of blood flow over a
range of intravascular pressures, regulates regional organ
blood flow, and provides a baseline from which vasoconstric-
tors and vasodilators can modulate contractility (Meininger
and Davis, 1992). Research over the past two decades has
focused on identifying mechanisms that underlie the myo-
genic response. Still uncertain and subject to investigation are
the pressure mechanosensing mechanisms present in arterial
smooth muscle cells that mediate this vasoconstriction.

An elevation in intravascular pressure stimulates arterial
depolarization, which activates smooth muscle cell voltage-
dependent calcium (Ca,) channels (Nelson et al., 1990). This
leads to Ca* influx, an elevation in intracellular Ca* concen-
tration, and vasoconstriction (Nelson et al., 1990). Several ion
channels have been proposed to contribute to pressure-
induced depolarization in arterial smooth muscle cells
(Nelson et al., 1990; Jackson, 2000). These include non-
selective transient receptor potential canonical 6 (TRPC6),
melastatin 4 (TRPM4) and polycystin 2 (TRPP2) channels
(Brayden et al., 2008; Earley and Brayden, 2010; Guibert et al.,
2011). Transmembrane protein 16A (TMEM16A) Ca*-
activated CI- (CaCC) channels are expressed in arterial myo-
cytes of several different vascular beds and also contribute to
pressure-induced membrane depolarization and vasoconstric-
tion in cerebral arteries (Namkung et al., 2011; Bulley et al.,
2012; Huang et al., 2012). Selective pharmacological modu-
lators of TRPC6, TRPM4, TRPP2 and TMEM16A channels are
rare. Functional evidence supporting the involvement of
these ion channels in the myogenic response has primarily
been obtained by inducing partial protein knockdown
(Dietrich et al., 2005; Bulley et al., 2012; Gonzales and Earley,
2012; Narayanan etal., 2013). Pharmacological responses
to 9-hydroxyphenanthrene (9-phenanthrol), a benzoqui-
nolizinium derivative and putative selective TRPM4 channel
inhibitor, have been studied in cerebral arteries (Gonzales
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etal., 2010). 9-Phenanthrol essentially abolished pressure-
induced membrane depolarization and vasoconstriction
(Gonzales etal., 2010). These data suggested that TRPM4
channels are either the only, or principal, ion channel medi-
ating pressure-induced depolarization or that TRPM4 activa-
tion is upstream or downstream of stimulation of TRPC6,
TRPP2 and TMEM16A channels. An additional possibility is
that 9-phenanthrol is non-selective and blocks other ion
channels that mediate pressure-induced membrane depolari-
zation and vasoconstriction. At first, this hypothesis does not
appear to have significant merit as 9-phenanthrol has been
demonstrated to not modulate currents mediated by TRPMS,
TRPC3, TRPC6, TRPM7, large-conductance Ca*"-activated K*
(BK), inward-rectifier K*(K;), voltage-dependent K" (K,) and
voltage-dependent Ca?* (Ca,) channels (Grand et al., 2008;
Gonzales et al., 2010; Kim et al., 2011). However, whether
9-phenanthrol regulates TMEM16A channels has not been
investigated. Given that few inhibitors of TMEM16A chan-
nels have been identified, this hypothesis is worth testing.

Using patch clamp electrophysiology, we demonstrated
that 9-phenanthrol inhibits both cerebral artery myocyte and
recombinant TMEM16A (TMEM16A)-mediated currents.
9-Phenanthrol also blocked TMEM16A currents that were acti-
vated by either intracellular Ca®* or E,, a direct channel acti-
vator. In contrast, 9-phenanthrol did not alter currents
generated by recombinant bestrophin-1, mediated by another
Ca?"-activated CI- channel. Single channel recordings indicated
that 9-phenanthrol reduces TMEM16A channel open probabil-
ity by decreasing mean open time and increasing mean closed
time. Taken together, we demonstrated that 9-phenanthrol
inhibits cerebral artery myocyte and recombinant TMEM16A
channels by altering channel gating. These data not only iden-
tify 9-phenanthrol as a novel TMEM16A channel blocker, but
also provide an explanation for the previous observation that
9-phenanthrol abolishes myogenic tone when both TRPM4
and TMEM16A channels contribute to this response.

Methods

Animals and myocyte preparation
Animal protocols were reviewed and approved by the Animal
Care and Use Committee at the University of Tennessee
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Health Science Center. Male Sprague-Dawley rats (6-8 weeks)
were killed by injection of an overdose of sodium pentobar-
bital (150 mg-kg™!, i.p.). Cerebral arteries were isolated from a
total of 30 rats for this study. The brain was removed and
placed in physiological saline solution composed of (in
mmol-L™7): 112 NaCl, 4.8 KCI, 24 NaHCO3, 1.8 CaCl,, 1.2
MgSO,, 1.2 KH,PO,, and 10 glucose that was gassed with 21%
0, - 5% CO, - 74% N, to pH 7.4. Resistance-size (~200 pym
diameter) posterior cerebral and cerebellar arteries were dis-
sected from the brain and used for experimentation. Myo-
cytes were isolated from cerebral arteries as previously
described (Jaggar, 2001). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

HEK cell culture and transfection

HEK293 cells were maintained in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin under standard
tissue culture conditions (21% O, — 5% CO,; 37°C). HEK293
cells were transiently transfected with pcDNA3 encoding full-
length human TMEM16A (1 ug, rTMEM16A) as previously
described (Bulley et al., 2012) or human bestrophin-1 (1 pg),
a gift from Dr Criss Hartzell (Emory University). Cells were
cotransfected with a vector encoding GFP to permit identifi-
cation using fluorescence microscopy. Cells were used within
36 h after transfection.

Patch clamp electrophysiology

Membrane currents were recorded using an Axopatch 200B
amplifier equipped with a CV 203BU headstage, Digidata
13324, and Clampex 8 or 9 (Molecular Devices, Sunnyvale,
CA, USA). Pipettes were pulled from borosilicate glass, heat
polished to 1-3 MQ, and waxed to reduce capacitance. For
cerebral artery myocytes, the pipette solution contained (in
mmol-L™"): 126 CsCl, 10 HEPES, 10 glucose, 1 EGTA, 1
Mg-ATP, 0.2 GTP-Na and 40 sucrose, with pH adjusted to 7.2
with CsOH. Free Ca** (600 nM or 1 uM) and Mg* (2 uM) were
calculated using WebmaxC Standard (http://www.stanford
.edu/~cpatton/webmaxcS.htm). The bath solution contained
(in mmol-L™"): 126 NMDG-CI, 10 HEPES, 1.2 MgCl,, 2 CaCl,,
10 glucose and 40 sucrose, with pH adjusted to 7.4 using HCI.
In myocytes, whole-cell Ca*-activated Cl” currents were
measured by applying 1.5 s voltage steps to between —80 and
+120 mV in 20 mV increments using an interpulse holding
potential of —40 mV. When an intracellular free Ca*" concen-
tration of 600 nM was used, voltage steps were applied
between —100 and +100 mV in 20 mV increments. For experi-
ments using E.. the pipette solution contained (in
mmol-L™"): 130 CsCl, 10 HEPES, 0.5 EGTA, 1 Mg-ATP and 1
MgCl,, with pH adjusted to 7.2 using CsOH. Free Ca* was
200 nM and Mg?*" was 2 uM. E, was applied via the pipette
solution. The bath solution contained (in mmol-L™?): 140
NMDG-C], 10 glucose, 10 HEPES, 1 MgCl, and 1 CaCl,, with
pH adjusted to 7.4 using HCI. For E,. experiments, whole-cell
CI" currents were measured by applying 1.5 s voltage steps to
between -90 and +110 mV in 20 mV increments using an
interpulse holding potential of +10 mV. 9-Phenanthrol was
applied via the bath solution. The time course of
9-phenanthrol current inhibition was measured by applying

repetitive voltage steps specified in the figure legends.
Current density (pA/pF) was calculated by normalizing mem-
brane current to membrane capacitance.

To record rTMEM16A currents in HEK 293 cells, the
pipette solution contained (in mmol-L™): 146 CsCl, 2 MgCl,,
5 EGTA, 10 HEPES, 10 sucrose and 1 uM free Ca*, with pH
adjusted to 7.2 using CsOH. The bath solution contained (in
mmol-L™7): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 15 glucose and
10 HEPES, with pH adjusted to 7.4 using NaOH. Up to 350 ms
voltage steps to between —100 and +100 mV followed by a
150 ms step to —100 mV were applied every 4 s. Currents were
filtered at 1 kHz using a low pass Bessel filter and digitized
at 4 kHz. rTMEM16A currents were corrected for time-
dependent rundown, the mean rate of which was calculated
(4.7% min™) by recording currents subjected to a repetitive
ramp protocol between —-100 and +100 mV (n = 10).

Recombinant bestrophin-1 currents were recorded in
HEK293 cells using a pipette solution containing (in
mmol-L"): 146 CsCl, 2 MgCl,, 5 EGTA, 8 HEPES and 10
sucrose, pH 7.3 with CsOH, with a free Ca** concentration of
4.5 uM. The bath solution contained (in mmol-L!): 140
NaCl, 4 KCI, 1 MgCl,, 2 CaCl,, 10 HEPES and 10 glucose,
pH 7.3 with NaOH. The currents were measured by applying
500 ms pulses from —-100 to +100 mV in 20 mV increments
from a holding potential of 0 mV. The currents were filtered
at 1 kHz using a low pass Bessel filter and digitized at 4 kHz.

For cell-attached patch measurements, the bath and
pipette solutions both contained (in mmol-L™): 140 NaCl, 5
KCl, 2 CaCl,, 1 MgCl,, 10 HEPES and 15 glucose (pH 7.4,
NaOH). Single TMEM16A channel currents were measured at
a steady membrane potential of -80 mV.

Statistical analysis

GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA) was used for statistical analyses. Values are expressed
as mean = SEM. Student’s t-test was used for comparing paired
and unpaired data from two populations, and two-way ANOvA
with Bonferroni post hoc test used for multiple group compari-
sons. P < 0.05 was considered significant. Power analysis was
performed on all data where P > 0.05 to verify that sample size
was sufficient to give a power value >0.8.

Results

Whole-cell TMEM16A currents were isolated and recorded in
rat cerebral artery myocytes using experimental conditions
that we have previously described (Thomas-Gatewood et al.,
2011). TMEM16A currents were activated by including 1 uM
free intracellular Ca®* in the pipette solution, which generates
a CI” current that is primarily due to TMEM16A channels, as
previously demonstrated using approaches including anion
substitution, elevation of intracellular Ca** concentration,
inhibition by a TMEM16A antibody that blocks recombinant
TMEM16A currents, and TMEMI16A-specific knockdown
using RNAi (Thomas-Gatewood etal., 2011; Bulley etal.,
2012). The mean rectification index (Iso/I.s) of the current
here was 1.15, which is consistent with that previously meas-
ured when using the same recording conditions (Figure 1B)
(Thomas-Gatewood et al., 2011). 9-Phenanthrol reversibly
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9-Phenanthrol inhibits TMEM16A currents in cerebral artery smooth muscle cells. (A) Examples of whole-cell TMEM16A currents recorded in the
absence (control) and presence of 9-phenanthrol (10 uM) in a smooth muscle cell. (B) Mean grouped data for whole-cell currents: control, n =
8; 9-phenanthrol: 5 uM, n=7; 10 uM, n=6; 15 uM, n=5; 20 uM, n = 4. P was < 0.05 when compared with control for: 5 uM at +80, +100,
and +120 mV, 10 uM at -80, —60, +60, +80, +100 and +120 mV; 15 uM at —80, —60, —40, +60, +80, +100 and +120 mV; 20 uM at -80, —60, —40,
+40, +60, +80, +100 and +120 mV. (C) Mean data illustrating concentration- and voltage-dependence of 9-phenanthrol inhibition determined
from tail currents. (D) Concentration-response mediated inhibition of whole-cell TMEM16A currents by 9-phenanthrol at —-80 and +120 mV
determined from tail currents (same ns as in B, including 0.1 uM, n =5; 40 uM, n = 4). (E) Mean data displaying current density generated by
a 360 ms depolarizations from —40 to +60 mV every 15 s illustrating the time course of 9-phenanthrol (10 uM) inhibition (n = 8) and washout
(n=5). Data points during solution exchange are not shown due to electrical noise in the recordings. *Indicates P < 0.05.

inhibited TMEM16A currents in a concentration-dependent
manner (Figure 1A-E). 9-Phenanthrol inhibition was not
voltage dependent at concentrations less than 15 uM, being
similar at —80 and +120 mV (Figure 1D). In contrast, at con-
centrations greater than 15 uM, 9-phenanthrol was a more
effective inhibitor at positive potentials (Figure 1B and D).
Concentration-response curves were fit with a Hill equation
yielding ICses of 12.8 and 11.4 uM at -80 and +120 mV
respectively (Figure 1D). Figure 1E illustrates the time course
of 9-phenanthrol inhibition of TMEM16A currents demon-
strating rapid onset, sustained inhibition and washout.
Responses to 9-phenanthrol were also studied when using an
intracellular free Ca** concentration of 600 nM, which gen-
erates outwardly rectifying TMEM16A currents (Iso/Lso, 2.07;
Supporting Information Fig. S1). With 600 nM intracellular
free Ca?**, 9-phenanthrol (10 uM) inhibited TMEM16A cur-
rents to 40.0 £ 3.8% of control at =100 mV and to 43.9 + 1.4%
of control at +100 mV (Supporting Information Fig. S1).
These data indicate that 9-phenanthrol inhibits TMEM16A
currents with some voltage dependency at higher concentra-
tions in arterial myocytes.

E., an N-aroylaminothiazole that directly activates
TMEM16A channels independently of Ca*, was used as an
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alternative mechanism to examine 9-phenanthrol regulation
in arterial myocytes (Namkung etal., 2011). In these
experiments, the pipette solution contained 200 nM free
Ca*, which generated currents with a mean rectification
index (Iso/Ie0) of 4.1 (Figure 2B). Inclusion of E, in the
pipette solution stimulated Cl~ currents and reduced the
mean rectification index (Ioo/Iog) to 1.32 (Figure 2A and B).
9-Phenanthrol reversibly inhibited E..-activated CI~ currents
in a concentration-dependent manner (Figure 2A-C). For
example, at -90 and +90 mV, 9-phenanthrol (10 uM) reduced
the mean current density to ~47 and 34% of that in E, alone,
respectively. Figure 2C illustrates time-dependent inhibition
of E.«-stimulated myocyte TMEM16A currents and washout.
These data provide additional evidence that 9-phenanthrol
blocks TMEM16A currents in arterial myocytes and suggest
that inhibition occurs via a Ca*-independent mechanism.
To further investigate the hypothesis that 9-phenanthrol
blocks TMEM16A channels and to investigate mechanisms
of block, currents generated by rTMEM16 channels were
examined with 1uM free Ca? in the pipette solution
(Figure 3A-E). 9-Phenanthrol inhibited tTMEM16A currents
in a concentration-dependent manner (Figure 3B and C).
Concentration-response curves fit with a Hill equation
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TMEM16A currents activated by E.., a TMEMT16A channel activator, are blocked by 9-phenanthrol in arterial smooth muscle cells. (A) Examples
of CI” current regulation by E,. and 9-phenanthrol applied in the presence of E.c. Eac (10 uM) and E. + 9-phenanthrol (10 pM) recordings are
from the same cell. (B) Mean data illustrating concentration-dependent inhibition of E,-activated TMEM16A currents by 9-phenanthrol. P < 0.05
when compared with control for: 100 nM at -90, +70, +90 and +110 mV, 1 uM at =90, -70, -50, +70, +90 and +110 mV; 10 uM at —90, 70,
-50, +30, +50, +70, +90 and +110 mV. Control, n = 8; E.c (10 uM), n = 7; E.c + 100 nM 9-phenanthrol, n = 7; E.c + 1 uM 9-phenanthrol, n =
6; Eact + 10 M 9-phenanthrol, n = 6. (C) Mean data displaying current density generated by 360 ms voltage steps from +10 to +70 mV every 15 s
illustrating the time course of 9-phenanthrol inhibition and washout. Data points during exchange are not shown due to electrical noise in the

recordings.

revealed ICss of 3.4 uM at —100 mV and 1.8 uM at +100 mV
(Figure 3D). Similar to data in arterial myocytes,
9-phenanthrol inhibited TMEM16A more at positive volt-
ages. For example, 10 uM 9-phenanthrol reduced mean
I'TMEM16A currents ~40 and 60% at —100 and +100 respec-
tively (Figure 3B and C). Figure 3E illustrates the time course
of 9-phenanthrol inhibition of r-TMEM16A currents demon-
strating rapid onset, sustained inhibition and washout.

To investigate the specificity of 9-phenanthrol for
TMEM16A  channels, regulation of recombinant
bestrophin-1, another Ca*-activated Cl- channel, was exam-
ined. HEK293 cells were transfected with bestrophin-1 and
whole-cell currents were recorded using a pipette solution
containing an intracellular free Ca®* concentration of 4.5 uM.
Recombinant bestrophin-1-transfected cells generated CI°
currents phenotypically similar to those previously described
(Figure 4A and B) (Fischmeister and Hartzell, 2005). The
current density of bestrophin-1-transfected cells was ~5.7-
and 17.0-fold larger at +100 and —100 mV, respectively, than

those in mock-transfected cells (Figure 4B). 9-Phenanthrol
did not alter recombinant bestrophin-1 currents when
applied at concentrations between 100 nM and 100 uM
(Figure 4A and B). Taken together, these data indicate that
9-phenanthrol is specific for TMEM16A over bestrophin-1,
and therefore is not a non-specific Ca*-activated Cl- channel
inhibitor.

Mechanisms by which 9-phenanthrol inhibits TMEM16A
channels were examined. Single channels were recorded at
-80 mV in cell-attached patches of mock-transfected and
rTMEM16A-transfected HEK293 cells. In mock HEK293 cells,
channel activity was rare and unaffected by 9-phenanthrol
(Figure 5A, Supporting Information Fig. S2). In cells express-
ing i TMEM16A, single channel openings were observed that
were identified as TTMEM16A based on a mean single channel
amplitude (0.40 £ 0.06, Figure SA and B) matching that pre-
viously described (Bulley efal., 2012; Davis etal., 2013).
9-Phenanthrol reduced mean single TMEM16A channel open
probability (P,) from ~0.49 to 0.20, or by 59% (Figure 5A, C,
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Recombinant TMEM16A currents in HEK 293 cells are inhibited by 9-phenanthrol. (A) Original recordings of rTMEM16A currents and inhibition
by 9-phenanthrol in HEK293 cells. (B) Mean data for whole-cell currents: control, n = 17; 100 nM 9-phenanthrol, n = 15; 1 uM 9-phenanthrol,
n = 14; 10 uM 9-phenanthrol, n = 11; 100 uM 9-phenanthrol, n = 11. (C) Mean data illustrating concentration- and voltage-dependence of
9-phenanthrol rTMEM16A current inhibition determined from tail currents. (D) Concentration-dependent inhibition of rTMEM16A currents at
—-100 and +100 mV (same ns as in B, including 0.1 uM, n=15; 300 uM, n = 7). (E) Mean data displaying current density generated by repetitive
steps from 0 to +60 mV illustrating 9-phenanthrol inhibition (n = 6) and washout (n = 5). Data points during solution exchange are not shown
due to electrical noise in the recordings. *Indicates P < 0.05 when compared with control currents.

D, E). 9-Phenanthrol reduced channel mean open time and
increased mean closed time (Figure SF and G). In contrast,
9-phenanthrol did not alter TMEM16A single channel ampli-
tude (Figure 5B). These data indicate that 9-phenanthrol
inhibits TMEM16A currents by reducing channel open time
and increasing closed time, which reduces P,.

Discussion and conclusions

Here, we showed that 9-phenanthrol, a putative selective
TRPM4 channel inhibitor, blocks cerebral artery smooth
muscle cell and recombinant TMEMI16A channels.
9-Phenanthrol did not alter recombinant bestrophin-1 cur-
rents, indicating that 9-phenanthrol exhibits selectivity for
TMEM16A channels. 9-Phenanthrol reduced TMEM16A
channel mean open time and increased mean closed time. In
contrast, 9-phenanthrol did not alter single channel ampli-
tude, indicating that 9-phenanthrol modifies channel gating
and does not appear to be a pore blocker. These data ration-
alize how 9-phenanthrol can abolish myogenic tone, when
TRPM4 and TMEM16A channels have both been described
to contribute to pressure-induced depolarization and myo-
genic tone development. Our results also describe a novel
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TMEM16A channel inhibitor from which other more
selective TMEM16A channel inhibitors could be developed.
These findings are significant as TMEM16A channel inhibi-
tors that could be used to treat disease are rare. It is also
possible that combined inhibition of TRPM4 and TMEM16A
by 9-phenanthrol or molecular derivatives may be therapeu-
tically useful.

9-Phenanthrol was initially discovered as an inhibitor of
TRPM4, but not TRPMS, currents (Grand et al., 2008). Subse-
quent studies indicated that 9-phenanthrol failed to modify
currents generated by other TRP channels, including TRPC3,
TRPC6 and TRPM7 (Gonzales et al., 2010; Kim et al., 2011).
9-Phenanthrol also does not regulate large-conductance Ca*-
activated K*, inward-rectifier K*, voltage-dependent K* and
voltage-dependent Ca?" currents in cerebral artery myocytes
(Gonzales et al., 2010). Several findings here indicate that
9-phenanthrol blocks arterial myocyte TMEM16A currents.
These include the observation that 9-phenanthrol inhibited
cerebral artery myocyte Ca*-activated Cl” currents that occur
due to TMEM16A channels (Bulley et al., 2012), myocyte Cl-
currents activated by E.., a TMEM16A channel activator,
whole-cell rTMEM16A currents, with similar micromolar
ICsps for arterial myocyte and rTMEM16A currents, and single
I'TMEM16A channels. It is unlikely that the 9-phenanthrol-
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9-Phenanthrol does not modulate recombinant bestrophin-1 cur-
rents in HEK 293 cells. (A) Representative recordings illustrating that
bestrophin-1 expression generates whole-cell CI~ currents in HEK293
cells, and that these currents are unaffected by application of
9-phenanthrol (100 uM). (B) Mean data: control, n = 10.
9-Phenanthrol: 100 nM, n=10; 1 uM, n=10; 10 uM, n=6; 100 uM,
n=>5; mock, n=5.

inhibited currents recorded here in arterial myocytes occur
due to TRPM4 channels. Firstly, bath and pipette solutions
contained NMDG and Cs*, which are not optimal for meas-
uring non-selective cation currents. Secondly, TRPM4 chan-
nels are activated by high (>10uM) intracellular Ca*
concentrations (Gonzales and Earley, 2012). The pipette solu-
tion in our experiments contained 200 nM free Ca*" for E,
experiments and 1 uM free Ca* for Ca?*-activation experi-
ments, which is insufficient for TRPM4 activation. Thirdly,
the pipette solution contained 1 mM ATP, a TRPM4 inhibitor
(Nilius et al., 2004). Fourthly, TRPM4 undergoes fast desensi-
tization, leading to loss of activity within 2 min following
exposure to high Ca? necessary for activation (Earley et al.,
2004; 2007; Launay et al., 2004; Nilius et al., 2004; 2006). In
our experiments, TMEM16A currents were activated for as
long as patches could be maintained (~15 min). Finally, and
more importantly, 9-phenanthrol blocked rTMEM16A cur-
rents. In a recent study it was demonstrated that HEK293 cells
generate large endogenous TRPM4 currents with low Ca*
sensitivity (ECso of ~61 uM) that can be recorded in the
absence of intracellular ATP (Amarouch et al., 2013). These
endogenous currents were reduced to 17% of control by
100 uM ATP (Amarouch et al.,, 2013). Here, we measured
small endogenous currents in mock-transfected cells using

1uM intracellular free Ca* concentration and a pipette
solution containing 1 mM ATP, which would essentially
abolish the previously described endogenous TRPM4 cur-
rents. Our data indicate that the currents recorded in cells
transfected with a construct encoding TMEM16A occur due
to TMEM16A channels. To our knowledge, our data are the
first to demonstrate that 9-phenanthrol blocks an ion
channel other than TRPM4. Interestingly, the ICsy for
9-phenanthrol inhibition of cerebral artery myocyte
TMEM16A (12.8 uM at -80 mV) and TRPM4 (10.6 uM at
—70 mV) currents are similar (Gonzales et al., 2010). Whether
9-phenanthrol inhibits TMEM16A and TRPM4 channels by a
similar mechanism remains to be determined, although this
would be surprising given the highly dissimilar molecular
structure of these channels.

Several highly non-selective Ca*-activated Cl- channel
blockers, including niflumic acid, DIDS, NPPB and DPC,
inhibit TMEM16A channels (Schroeder et al., 2008). More
recent TMEM16A inhibitors have been described, including
dichlorophen (ICs 5.49 uM), benzbromarone (ICso 9.97 uM),
hexachlorophene (ICso 10 uM) and T16Ainh-A01 (ICso
10 uM) (Huang etal., 2012; Mazzone etal., 2012). These
second-generation inhibitors typically block TMEM16A
channels at lower concentrations than the highly non-
selective blockers, although selectivity has yet to be estab-
lished. Our data indicate that 9-phenanthrol inhibits
TMEM16A currents at concentrations similar to other
second-generation inhibitors. 9-Phenanthrol inhibition of
TMEM16A currents exhibited voltage-dependence at higher
concentrations, although there were slight differences in the
voltage sensitivity of arterial myocyte and recombinant
TMEM16A currents. Arterial myocyte current inhibition was
voltage-dependent at concentrations >15uM, whereas
I'TMEM16A currents exhibited voltage-dependent inhibition
at lower concentrations. Rat arterial myocyte TMEM16A and
the human rTMEMI16A clone also generated currents with
slightly different rectification when measured using 1 uM free
intracellular Ca** concentration. Explanations for slightly dif-
ferent rectification and voltage sensitivity to 9-phenanthrol
include species of the endogenous (rat) and rTMEM16A
(human) channels studied, TMEM16A splice variation, and
the native cells and recombinant expression systems used.
Sequence alignment indicates that full-length rat and human
TMEM16A channels are 87% identical. Similarly, TMEM16A
channels undergo alternative splicing that can modulate
properties, including Ca*- and voltage-dependence, and this
may occur in a cell-type specific manner (Caputo et al., 2008;
Ferrera etal., 2009). TMEM16A channels have not been
cloned from rat arterial myocytes, and therefore splice vari-
ants expressed in this cell type are unclear. Other explana-
tions for slightly different current properties include that
HEK293 cells may express an endogenous factor not present
in rat arterial myocytes that causes current rectification.

To test the hypothesis that 9-phenanthrol is a non-
selective Cl~ channel blocker, we studied bestrophin, another
Ca**-activated CI” channel (Sun et al., 2002). Multiple differ-
ent bestrophin isoforms (1, 2 and 3) are expressed in cultured
basilar artery myocytes, A7r5 cells, whole mesenteric arteries
and aorta (Wang etal.,, 2012). It is controversial whether
bestrophin-3 can generate an ionic current (Milenkovic et al.,
2008). Therefore, we examined 9-phenanthrol regulation of
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9-Phenanthrol reduces single recombinant TMEM16A channel open probability and open time and elevates mean closed time in HEK293 cells.
(A) Original recordings of mock HEK293 cells and single recombinant TMEM16A channels and inhibition by 9-phenanthrol at -80 mV. Traces were
filtered at 2 kHz. Single channel amplitude (B), amplitude histograms for control (C) and 9-phenanthrol (D), open probability (P,) (E), open time
(F) and closed time (G) for control (n = 11) and in the presence of 9-phenanthrol (n = 7). *Indicates P < 0.05.

bestrophin-1, which generates large membrane currents in
HEK293 cells (Fischmeister and Hartzell, 2005). 9-
Phenanthrol did not alter bestrophin-1 currents, indicating
that 9-phenanthrol displays specificity for TMEM16A Ca?*-
activated CI- channels.

E.« activates TMEM16A channels via a direct mechanism
that does not require the presence of intracellular Ca?*
(Namkung et al., 2011). E, activated TMEM16A currents in
A253 cells, a human submandibular cell line, and in Fisher
rat thyroid cells stably expressing TMEM16A channels
(Namkung et al., 2011). E,. also contracted mouse intestine
smooth muscle and stimulated submucosal gland secretion in
human bronchi (Namkung et al., 2011). To our knowledge,
our data are the first to show that E,. stimulates TMEM16A
currents in smooth muscle cells. F,, a TMEM16A channel
potentiator, stimulates Clc, currents in rabbit pulmonary
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artery smooth muscle cells (Davis efal., 2013). Our data
suggest that 9-phenanthrol does not inhibit TMEM16A chan-
nels by interfering with the Ca** activation mechanism. E,
stimulated larger currents than we have previously observed
to be activated by intracellular Ca?" or cell swelling in cerebral
artery myocytes (Bulley et al., 2012). These data suggest that
a large residual population of TMEM16A exists in vascular
myocytes that can be activated by this agonist. Here,
9-phenanthrol blocked both intracellular Ca®- and Eu-
activated TMEM16A currents at similar concentrations in
arterial myocytes. Davis et al. compared relaxation induced
by niflumic acid, tannic acid and T16Ai,,-AO1 in thoracic
aorta determining that T16A;,,-A0O1 was the most potent
agent with an apparent ICso of 1.7 uM (Davis et al., 2013).
These suggest that T16A;n-AO1 is an order of magnitude
more potent than 9-phenanthrol as a TMEM16A channel
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blocker. However, T16A;,,-AO1 specificity is unclear and the
experimental preparations used to determine ICss for
9-phenanthrol (patch clamp) and T16Ain-A01 (functional
contractility) were different.

There are few published recordings of single TMEM16A
channels in the literature. Those reported by other groups
were done in excised patches, which produce less seal noise
than the whole-cell measurements performed here. Yang
et al. (2008) did inside-out patch recording in HEK cells and
Davis et al. (2013) performed outside-out recordings in rabbit
pulmonary artery and mouse aortic smooth muscle cells. Our
recordings look similar to those of Davis etal. (2013). Our
data indicate that mock-transfected cells exhibit far less activ-
ity when compared with cells overexpressing recombinant
TMEMI16A. In addition, 9-phenanthrol had no effect on
current in mock-transfected cells. These data indicate that
9-phenanthrol inhibits both recombinant and arterial
myocyte TMEM16A channels.

9-phenanthrol abolished pressure-induced membrane
depolarization and myogenic tone in cerebral arteries
(Gonzales et al., 2010). Concentration-response curves gen-
erated from these experiments revealed an ICs, of 11.4 uM,
which was similar to the ICs, for TRPM4 current inhibition
(ICsp, 10.6 uM) in cerebral artery myocytes (Gonzales et al.,
2010). From these data, the authors suggested that TRPM4
activation is essential for myogenic constriction (Gonzales
et al., 2010). We have recently demonstrated that TMEM16A
activation contributes to pressure-induced depolarization
and myogenic constriction in rat cerebral arteries (Bulley
et al., 2012). Two possibilities existed based on these collec-
tive observations: that TRPM4 activation occurs upstream or
downstream of TMEM16A activation, or that 9-phenanthrol
blocks both TRPM4 and TMEM16A channels to attenuate
pressure-induced depolarization. Our data suggest that
9-phenanthrol inhibits myogenic tone by blocking both
TMEM16A and TRPM4 channels in cerebral artery smooth
muscle cells. This conclusion is supported by data indicating
that TMEM16A and TRPM4 currents are sensitive to similar
concentrations of 9-phenanthrol and that 9-phenanthrol
abolishes myogenic tone at concentrations that block both of
these channels (Gonzales et al., 2010).

In summary, we identified 9-phenanthrol as a novel
inhibitor of both cerebral artery myocyte and recombinant
TMEM16A (trTMEM16A) channels. 9-Phenanthrol reduces
TMEM16A channel open probability by lowering mean open
time and increasing mean closed time. These data not only
identify 9-phenanthrol as a novel TMEM16A channel
blocker, but also explain the observation that this molecule
abolishes myogenic tone when both TRPM4 and TMEM16A
channels contribute to this response. 9-Phenanthrol may be a
promising candidate from which to develop TMEM16A
channel-specific inhibitors.
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Figure S1 9-Phenanthrol inhibits TMEM16A currents in cer-
ebral artery smooth muscle cells when using a pipette free
Ca?* concentration of 600 nM. (A) Examples of whole-cell,
time-dependent, outwardly rectifying TMEM16A currents
recorded in the absence (control) and presence of
9-phenanthrol (10 uM) when using a pipette free Ca*" con-
centration of 600 nM. (B) Mean data. n = 7 each for control
and 9-phenanthrol.

Figure S2 Single channel amplitude histogram for a mock-
transfected HEK293 cell for control and 9-phenanthrol.
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