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ABSTRACT

KCNQ4 and KCNQ5 potassium channel subunits are ex-
pressed in vascular smooth muscle cells, although it remains
uncertain how these subunits assemble to form functional
channels. Using patch-clamp techniques, we compared the
electrophysiological characteristics and effects of diclofenac, a
known KCNQ channel activator, on human KCNQ4 and KCNQ5
channels expressed individually or together in A7r5 rat aortic
smooth muscle cells. The conductance curves of the overex-
pressed channels were fitted by a single Boltzmann function in
each case (V5 values: —31, —44, and —38 mV for KCNQ4,
KCNQ5, and KCNQ4/5, respectively). Diclofenac (100 uM) in-
hibited KCNQ5 channels, reducing maximum conductance by
53%, but increased maximum conductance of KCNQ4 chan-
nels by 38%. The opposite effects of diclofenac on KCNQ4 and
KCNQ5 could not be attributed to the presence of a basic

residue (lysine) in the voltage-sensing domain of KCNQ5, be-
cause mutation of this residue to neutral glycine (the residue
present in KCNQ4) resulted in a more effective block of the
channel. Differences in deactivation rates and distinct voltage-
dependent effects of diclofenac on channel activation and de-
activation observed with each of the subunit combinations
(KCNQ4, KCNQ5, and KCNQ4/5) were used as diagnostic tools
to evaluate native KCNQ currents in vascular smooth muscle
cells. A7r5 cells express only KCNQ5 channels endogenously,
and their responses to diclofenac closely resembled those of
the overexpressed KCNQ5 currents. In contrast, mesenteric
artery myocytes, which express both KCNQ4 and KCNQ5
channels, displayed whole-cell KCNQ currents with properties
and diclofenac responses characteristic of overexpressed het-
eromeric KCNQ4/5 channels.

Introduction

Members of the KCNQ (Kv7) voltage-activated potassium
channel family are differentially expressed through the body.
There are five members of this family, which are referred to
as either Kv7.1 to Kv7.5 or by the names of the genes that
encode the channels (KCNQ1-KCNQ5). For simplicity, we
use the KCNQ nomenclature throughout the remainder of
this article. These channels play major roles in regulation of
membrane voltage and cell excitability within different tis-
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Heart Lung and Blood Institute [Grant R01-HL089564] and the American
Heart Association [Grant 0715618Z].

Article, publication date, and citation information can be found at
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The online version of this article (available at http:/molpharm.
aspetjournals.org) contains supplemental material.

sues. Like other voltage-activated potassium channels,
KCNQ channels are thought to form as tetrameric complexes
of the individual gene products. Homotetrameric KCNQ1
channels mediate a slow delayed rectifier potassium current,
I'ks, which is implicated as a determinant of cardiac action
potential duration (Barhanin et al., 1996). Heterotetrameric
KCNQ2/KCNQ3 channels mediate “M-currents,” crucial reg-
ulators of neuronal excitability (Biervert et al., 1998; Char-
lier et al., 1998; Schroeder et al., 1998; Singh et al., 1998;
Wang et al., 1998). The initial report of KCNQ4 expression
pattern revealed its high abundance in auditory brain re-
gions (Kubisch et al., 1999). KCNQJ5, the last member of the
family to be identified, was initially found to be expressed in
several regions of the brain and in skeletal muscles in hu-
mans (Lerche et al., 2000; Schroeder et al., 2000). More
recently, both KCNQ4 and KCNQ5 were found to be ex-
pressed in vascular smooth muscle cells (VSMCs) in thoracic

ABBREVIATIONS: VSMC, vascular smooth muscle cell; GFP, green fluorescent protein; I-V, current-voltage relationships; MASMC, mesenteric
artery smooth muscle cell; MOI, multiplicity of infection; VSD, voltage-sensing domain; PBS, phosphate-buffered saline; RT-PCR, reverse-
transcriptase polymerase chain reaction; ANOVA, analysis of variance; 4-AP, 4-aminopyridine; XE-991, 10,10-bis(4-pyridinylmethyl)-9(10H)-
anthracenone dihydrochloride; ICA-27243, N-(6-chloro-pyridin-3-yl)-3,4-difluoro-benzamide.
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aorta, carotid, femoral and mesenteric arteries of mice
(Yeung et al., 2007), rat mesenteric arteries (Mackie et al.,
2008; Joshi et al., 2009) and rat pulmonary arteries (Joshi et
al., 2009).

The molecular composition of functional KCNQ channels in
VSMCs is still unknown. Although KCNQ1 expression was
detected in VSMCs (Ohya et al., 2003; Brueggemann et al.,
2007; Yeung et al., 2007), its functional role is uncertain. It is
generally accepted that KCNQ1 subunits do not form hetero-
meric channels with other members of the KCNQ channel fam-
ily (Schroeder et al., 1998; Kubisch et al., 1999; Schroeder et al.,
2000). KCNQ4 and KCNQ5 mRNAs are more abundantly ex-
pressed (Yeung et al., 2007; Joshi et al., 2009), and flupirtine
(ethyl-2-amino-6-[4-(4-fluorbenzyl)amino]-pyridine-3-carbamic
acid maleate) and retigabine (IN-(2-amino-4-[fluoroben-
zylamino]-phenyl)carbamic acid), drugs known to activate
KCNQ2-KCNQ5, but not KCNQ1 channels, were found to en-
hance KCNQ currents in VSMCs and to relax preconstricted
arteries, suggesting that KCNQ4 and KCNQ5 rather then
KCNQ1 are functional in vascular myocytes (Yeung et al., 2007,
Mackie et al., 2008; Joshi et al., 2009). Formation of hetero-
meric KCNQ4/5 channels in Chinese hamster ovary cells
has been suggested on the basis of fluorescence resonance
energy transfer microscopy and use of dominant negative
channel mutants (Bal et al., 2008). It remains to be deter-
mined whether the functional KCNQ channels in the vas-
culature form as homomeric KCNQ4 channels, homomeric
KCNQ5 channels, heteromeric KCNQ4/5 channels, or a
combination of all three.

Pharmacological KCNQ channel activators may distin-
guish among the different KCNQ channel complexes. These
drugs can work through a variety of mechanisms, such as
stabilizing the open state of the channels, or shifting their
voltage-dependence of activation to a more negative voltage
range. Well known KCNQ2-KCNQ5 activators, retigabine
and flupirtine, enhance current amplitudes and induce a
hyperpolarizing shift of the activation curves (Schenzer et al.,
2005). Other KCNQ channels activators, including zinc pyri-
thione (mercaptopyridine N-oxide zinc salt), diclofenac (ben-
zeneacetic acid, 2-[(2,6-dichlorophenyl) amino]-monosodium
salt), meclofenamic acid (2-[(2,6-dichloro-3-methylphenyl)
amino]benzoic acid), and N-(6-chloro-pyridin-3-yl)-3,4-dif-
luoro-benzamide (ICA-27243), exhibit similar effects but ap-
parently interact with different sites on KCNQ channels
(Peretz et al., 2005; Xiong et al., 2008; Padilla et al., 2009).
Diclofenac, a nonsteroidal anti-inflammatory drug used
clinically to relieve pain and swelling in various forms of
arthritis, and meclofenamic acid (a structurally related
nonsteroidal anti-inflammatory drug) were reported to en-
hance KCNQ2/3 currents by shifting the activation curve
leftward and slowing the deactivation kinetics (Peretz et
al., 2005).

No previous studies have examined the effects of diclofenac
on KCNQ4 or KCNQ5 channels. Here, we report that diclofe-
nac serves as an activator of KCNQ4 and a blocker of KCNQ5
channels. These findings set the stage to use diclofenac as a
diagnostic tool to investigate the composition of functional
KCNQ channels natively expressed in both cultured A7r5 rat
aortic smooth muscle cells and freshly isolated rat mesen-
teric artery smooth muscle cells.

Diclofenac Effects on Vascular KCNQ Channels 11

Materials and Methods

Construction of Adenoviral Vectors. The KCNQ4 and KCNQ5
c¢DNAs were each excised from their original vectors and subcloned into
the multiple cloning site of the shuttle vector (pShuttle-IRES-hrGFP;
Stratagene, La dJolla, CA). Adenoviruses Adv-hKCNQ4 and Adv-
hKCNQJ5, created using the AdEasy Adenoviral Vector System (Strat-
agene) according to the instructions in the kit, were amplified, CsCl
gradient-purified, dialyzed, titered, and stored at —80°C until use.

Construction of hKCNQ5 K185G Mutant. The QuikChange
Site-Directed Mutagenesis Kit (Stratagene) was used to change amino
acid 185 in the human KCNQ5 ¢cDNA from lysine to glycine. Using 100
ng of hKCNQ5 pIRES2-EGFP c¢DNAs, mutagenic oligonucleotide
primer GTTCTTATCGCTTCAATAGCAGTTGTTTCTGCAGGGACT-
CAGGGTAATATTTTTGCCAC and its reverse complement (Inte-
grated DNA Technologies, Inc., Coralville, IA) were used to syn-
thesize the mutated plasmid according to the manufacturer’s pro-
tocol. The mutation was confirmed by DNA sequencing (ACGT,
Inc., Wheeling, IL).

Cell Culture. A7r5 cells were cultured as described previously
(Byron and Taylor, 1993). For overexpression studies, subcultured
AT7r5 cells at 70% confluence were infected with Adv-hKCNQ4 or
Adv-hKCNQJ5 or both at a multiplicity of infection (MOI) of 100 and
used for electrophysiological experiments 2 to 7 days after infection.
Cells expressing the exogenous channels were identified by the de-
tection of green fluorescent protein (GFP) fluorescence. For mu-
tagenesis studies, subcultured A7r5 cells at 70% confluence were
transfected with an hKCNQ5 K185G DNA sequence (inserted into a
pIRES2-EGFP vector) using Lipofectamine transfection reagent ac-
cording to the manufacturer’s protocol. Confluent subcultures of
AT7r5 cells were trypsinized and replated on glass coverslips. GFP
fluorescent cells were used for electrophysiological recording 3 to 5
days after transfection.

Isolation of Myocytes. All animal studies were approved by the
Loyola University Chicago Institutional Animal Care and Use Com-
mittee and were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals (1996; National Academy of Sciences,
Washington, DC). Adult male Sprague-Dawley rats were anesthe-
tized by inhalation with isoflurane, and segments of small intestinal
mesentery were surgically removed as described previously (Hender-
son and Byron, 2007). Methods for isolation of mesenteric artery
smooth muscle cells (MASMCs) were described previously (Mackie et
al., 2008). Freshly isolated MASMCs were kept on ice until use. The
cells were then dispensed onto a glass coverslip base of the record-
ing chamber and allowed to adhere for at least 15 min at room
temperature.

Patch Clamp. The whole-cell perforated patch configuration was
used to measure membrane currents under voltage-clamp condi-
tions. All experiments were performed at room temperature with
continuous perfusion of bath solution as described previously
(Brueggemann et al., 2007, 2009; Mackie et al., 2008). The standard
bath solution for A7r5 cells contained 5§ mM KCl, 130 mM NacCl, 10
mM HEPES, 2 mM CacCl,, 1.2 mM MgCl,, and 5 mM glucose, pH 7.3.
Standard internal (pipette) solution for A7r5 cells contained 110 mM
potassium gluconate, 30 mM KCI, 5 mM HEPES, and 1 mM K,-
EGTA, pH 7.2. Osmolality was adjusted to 268 mOsm/l with D-
glucose. The standard bath solution for MASMCs contained 140 mM
NaCl, 5.36 mM KCl, 1.2 mM MgCl,, 2 mM CaCl,, 10 mM HEPES,
and 10 mM D-glucose, pH 7.3, 298 mOsm/l. Standard internal (pi-
pette) solution for MASMCs contained 135 mM KCI, 5 mM NaCl, 10
mM HEPES, 0.05 mM K,-EGTA, 1 mM MgCl,, and 20 mM D-glucose,
pH 7.2, 298 mOsm/l. To isolate KCNQ currents, 100 uM GdCl,
(sufficient to block L- and T-type Ca®* channels, nonselective cation
channels, and to shift activation of 4-aminopyridine (4-AP)-sensitive Kv
channels to more positive voltages) was added to external solutions.

Voltage-clamp command voltages were generated using an Axo-
patch 200B amplifier under control of pCLAMP 8 software (Molecu-
lar Devices, Sunnyvale, CA). Amphotericin B (120 ug/ml) in the
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internal solution was used for membrane patch perforation. Series
resistances after amphotericin perforation were 8 to 15 M() and were
compensated by 60% in cells overexpressing KCNQ channels. Whole-
cell currents were digitized at 2 kHz and filtered at 1 kHz. The last
2000 points recorded during each voltage step (corresponding to a
1000-ms recording time) were averaged and normalized by cell ca-
pacitance to obtain end pulse steady-state K™ current. Stable cur-
rents were recorded for at least 15 min before drug application.

Overexpressed hKCNQ currents were recorded using a 5-s voltage
step protocol from a —74 mV holding voltage to test voltages ranging
from —114 to —4 mV followed by a 1-s step to —114 mV. To analyze
the voltage-dependence of channel activation, the instantaneous tail
current amplitude (estimated from exponential fit of current deacti-
vation measured at —114 mV) was converted to conductance accord-
ing to the equation: G = I,,;/(—114 — Ey), where I,,; is the instan-
taneous tail current amplitude, —114 mV is the tail current step
voltage, and Ex is the reversal voltage for potassium (—86 mV).
Conductance plots in the absence (control) and in the presence of 100
uM diclofenac for each experiment were fitted to a Boltzmann dis-
tribution: G(V) = G,,,../[1 + exp(V,, 5 — V)/s], where G is conductance,
G ...« 18 @ maximal conductance, V,, 5 is the voltage of half-maximal
activation, and s is the slope factor. At the end of the voltage step
protocol, tail currents were recorded for 30 ms followed by 100-ms
repolarization to varying voltages to evaluate recovery from voltage-
dependent block induced by diclofenac. Deactivation kinetics were
analyzed by applying single-exponential fits to the tail currents
recorded using a 5-s voltage step protocol (from a —74 mV holding
voltage to 0 mV) followed by 1-s repolarization steps to voltages
ranging from —130 to —90 mV.

To measure endogenous currents in A7r5 cells, a 5-s voltage step
protocol was used (from a —74 mV holding voltage to test voltages
ranging from —94 to +36 mV). KCNQ currents in MASMCs were
recorded by the application of 5-s voltage steps from a —4 mV holding
voltage to test voltages ranging from —84 to +16 mV. Time courses
of diclofenac effects on KCNQ currents were recorded at —20 mV
holding voltage.

Immunostaining. A7r5 cells were infected at an MOI of 100 with
control adenovirus (same viral backbone, but expressing GFP alone),
Adv-hKCNQ4, Adv-hKCNQ5, or both Adv-hKCNQ4 and Adv-
hKCNQ5. The cells were replated on 12-mm? coverslips 2 days after
infection. After 24 h, cells were fixed for 15 min with 2% parafor-
maldehyde in phosphate-buffered saline (PBS), and permeabilized
with 0.5% Triton X-100 in PBS for 20 min at room temperature. After
blocking with Image-iT signal enhancer (Invitrogen, Carlsbad, CA)
for 30 min at room temperature, a set of coverslips for each condition
was incubated with rabbit anti-KCNQ5 polyclonal antibody (1:1000;
Millipore Bioscience Research Reagents, Temecula, CA) or rabbit
anti-KCNQ4 polyclonal antibody (1:50; Santa Cruz Biotechology
Inc., Santa Cruz, CA) in blocking buffer (0.25% Triton X-100 plus 3%
goat serum and 1% bovine serum albumin in PBS) at 4°C with slow
agitation overnight. After three 15-min washes with blocking buffer,
cells were incubated with secondary antibody (goat anti-rabbit Alexa
Fluor 594 diluted 1:400) in blocking buffer for 2 h. Cell images were
acquired with an Olympus IX71 inverted epifluorescence microscope
(Olympus, Tokyo, Japan) and Hamamatsu Orca 12-bit digital cam-
era (Hamamatsu Corporation, Bridgewater, NJ). Grayscale images
were captured at excitation wavelengths of 480 and 535 nm and
emission wavelengths of 535 and 610 nm for GFP and Alexa Fluor
594 fluorescence, respectively. Regions of interest were defined using
Compix SimplePCI software (Hamamatsu Corporation) by outlining
GFP fluorescent cells. Average gray level fluorescence intensity was
measured for all GFP fluorescent cells in each field, and 10 fields
were analyzed for each condition. Coverslips incubated with second-
ary antibody (Alexa Fluor 594) but without primary antibody had no
detectable fluorescence at 610 nm emission at the gain and exposure
settings used.

Quantitative Real-Time Reverse-Transcriptase Polymer-
ase Chain Reaction. DNA-free RNA was prepared from myocytes

using RNeasy Plus Mini kit (QIAGEN, Valencia, CA), and relative
expression of KCNQ4 and KCNQ5 was measured in MASMC and
AT7r5 cells using quantitative real-time reverse-transcriptase poly-
merase chain reaction (RT-PCR). RNA was converted to cDNA using
iScript ¢cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA),
and SYBR Green PCRs contained template plus SYBR Green PCR
Master Mix (MBI Fermentas, Hanover, MD) and primer pairs for rat
KCNQ4, KCNQ5, or 18S rRNA (SABiosciences, Frederick, MD).
Samples were processed in a 7300 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA) for 1 min at 95°C and 1 min at
60°C for 30 cycles. Target copy number was approximated by first
constructing standard curves with serial dilutions of known amounts
of KCNQ4 or KCNQ5 cDNA target, in which both KCNQ4 and
KCNQ5 assays were linear in the range of 2300 to 2.3 X 10° copies.
Values obtained from A7r5 and MASMC RNA samples were then
extrapolated to the standard curves to determine copy number, and
ratios of KCNQ4/KCNQ5 were determined for each cell type. Target
copy number was also compared between the two cell lines by nor-
malizing to input RNA, with similar ratios obtained by normalizing
to 18S rRNA.

Statistics. SigmaStat (Systat Software, Inc., San Jose, CA) was
used for all statistical analyses. Paired Student’s ¢ test was used for
comparisons of parameters measured before and after treatments.
Comparisons among multiple treatment groups were evaluated by
analysis of variance (ANOVA) followed by a Holm-Sidak post hoc
test. Cumulative concentration-response data were analyzed by re-
peated-measures ANOVA and post hoc Holm-Sidak test. Differ-
ences associated with p values =0.05 were considered statistically
significant.

Materials. Cell culture media were from Invitrogen (Carlsbad,
CA) or MediaTech (Herndon, VA). Lipofectamine reagent was from
Invitrogen. Flupirtine, diclofenac sodium salt, collagenase, and elas-
tase were from Sigma-Aldrich (St. Louis, MO). 10,10-Bis(4-pyridinyl-
methyl)-9(10H)-anthracenone dihydrochloride (XE-991) was from
Ascent Scientific (Princeton, NJ). Amphotericin B was from Calbio-
chem (San Diego, CA). The vector pIRES2-EGFP was from Clontech
(Mountain View, CA). The AdEasy Adenoviral Vector System was
from Stratagene. The human KCNQ4 c¢cDNA (GenBank accession
number AF105202, originally in the mammalian expression vector
pMT) was a generous gift from Dr. Ian Wood at the University of
Leeds (Leeds, UK). The human KCNQ5 ¢cDNA (GenBank accession
number AF202977, originally in the mammalian expression vector
pMT) was a generous gift from Dr. Thomas Jentsch at the Max-
Delbriick-Centrum for Molecular Medicine (Berlin, Germany).

Results

Overexpression of Human KCNQ Channel Subtypes
in A7r5 Cells. A7r5 cells, an embryonic rat aortic smooth
muscle cell line expressing endogenous KCNQ5 channels
(Brueggemann et al., 2007; Mani et al., 2009), were used as
an expression system for human KCNQ4 (hKCNQ4) and
human KCNQ5 (hKCNQ5). We have shown previously that
overexpression of hKCNQ5 in these cells results in KCNQ5
current densities that are ~100-fold higher compared with
endogenous current densities (Brueggemann et al., 2009).
This allowed us to investigate overexpressed channels in the
same cellular environment as the endogenous channels.

The adenoviral vectors used to overexpress the respective
KCNQ channel subtypes also drive expression of the fluores-
cent marker GFP. Immunostaining was used to confirm that
all cells with GFP fluorescence expressed the KCNQ channel
proteins corresponding to the adenovirus(es) to which the
cells had been exposed. Representative images of immunore-
activity and GFP fluorescence are shown in Supplemental
Fig. S1. A7r5 cells infected with Adv-hKCNQ4 had 23-fold
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higher anti-KCNQ4 immunoreactivity (on the basis of aver-
age gray level immunofluorescence intensity) compared with
cells infected with Adv-hKCNQ5. On the other hand, cells
infected with Adv-hKCNQ5 had 12-fold higher anti-KCNQ5
immunoreactivity compared with cells infected with Adv-
hKCNQ4 (Fig. 1A).

We also evaluated immunofluorescent staining in A7r5
cells infected either with the control adenoviral vector (con-
taining only GFP), or with the combination of both Adv-
hKCNQ4 and Adv-hKCNQ5 at the same MOI. Representa-
tive images of immunoreactivity and GFP fluorescence are
shown in Supplemental Fig. S2. Comparing the intensity of
immunostaining confirmed that all doubly infected cells,
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Fig. 1. Detection of channel protein in A7r5 cells overexpressing
hKCNQ5 and hKCNQ4 alone or in combination. A, exogenously ex-
pressed hKCNQ4 and hKCNQ5 proteins were detected in A7r5 cells by
immunofluorescence staining with either anti-KCNQ4 or anti-KCNQ5
antibodies. Average gray level immunofluorescence intensity (mean =+
S.E.) is shown for 10 microscopic fields each, containing a total of 196
hKCNQ4-expressing cells stained with anti-KCNQ4, 204 hKCNQ4-ex-
pressing cells stained with anti-KCNQ5, 215 hKCNQ5-expressing cells
stained with anti-KCNQ4, and 272 hKCNQ5-expressing cells stained
with anti-KCNQ5 (##*, Mann-Whitney rank sum test, n = 10). B, A7r5
cells infected with either a control virus (to express the GFP fluorescent
marker only) or with a mix of Adv-hKCNQ4 and Adv-hKCNQ5 were
stained with anti-KCNQ4 or anti-KCNQ5 antibodies. Average gray level
immunofluorescence intensity (mean + S.E.) is shown for 10 microscopic
fields each, containing a total of 179 cells expressing GFP-only stained
with anti-KCNQ4, 144 GFP-expressing cells stained with anti-KCNQ5,
173 hKCNQ4/5 expressing cells stained with anti-KCNQ4, and 175
hKCNQ4/5-expressing cells stained with anti-KCNQ5 (x##, Mann-Whit-
ney rank sum test, n = 10).
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even those with very dim GFP fluorescence, had more
KCNQ4 and more KCNQ5 immunoreactivity than did cells
infected with the control adenovirus (Fig. 1B). On average,
the KCNQ4 and KCNQ5 immunofluorescence intensity of
cells infected with both Adv-hKCNQ4 and Adv-hKCNQ5 was
significantly greater than that of cells infected with the con-
trol adenovirus (p < 0.001).

Electrophysiological Properties of the KCNQ Chan-
nel Subtypes. A7r5 cells overexpressing KCNQ5, KCNQ4,
or both exhibited robust outwardly rectifying potassium cur-
rents measured with a 5-s voltage step protocol (Fig. 2A). No
difference in mean current density was found among the
three KCNQ subtype combinations. In A7r5 cells expressing
hKCNQJ5, the voltage of half-maximal activation (V, ;), cal-
culated from the Boltzmann fit of the activation curve, was
—44.2 = 1.7 mV (n = 14; Fig. 2B). In hKCNQ4-expressing
cells, V, 5 of activation was much more positive (—=30.6 = 1.2
mV, n = 13), and cells expressing both hKCNQ4 and
hKCNQ5 had an intermediate V,, 5 (—38.0 £ 1.4 mV, n = 9).
Differences in V,; among hKCNQ5, hKCNQ4, and
hKCNQ4/5 were statistically significant (p < 0.001, one-way
ANOVA followed by Holm-Sidak post hoc analysis). It is
noteworthy that the hKCNQ4/5 conductance plot was well fit
by a single Boltzmann function and its slope was not signif-
icantly different from that for hKCNQ5 or hKCNQ4 ex-
pressed alone.

Diclofenac Effects Differ among the KCNQ Channel
Subtypes. We reported previously that a low concentration
of diclofenac (10 uM) did not enhance endogenous KCNQ
currents in either A7r5 cells or freshly isolated MASMCs
(Brueggemann et al., 2009). On the contrary, we had ob-
served that 10 uM diclofenac reproducibly induced a slight
inhibition of current in A7r5 cells overexpressing hKCNQ5
(L. I. Brueggemann and K. L. Byron, unpublished data),
which contrasted with its reported activation of KCNQ2/3
channels (Peretz et al., 2005; Peretz et al., 2007). To verify an
inhibitory action of diclofenac on KCNQ5 channels, we ap-
plied a 10-fold higher concentration of diclofenac to the A7r5
cells expressing hKCNQ5. Stable KCNQ5 currents recorded
at a —20 mV holding voltage were abruptly inhibited (Fig. 3,
bottom trace). Because the observed inhibitory action of di-
clofenac on KCNQ5 current was opposite to the reported
enhancement of KCNQ2/KCNQ3-mediated current, we re-
peated the same experiment on A7r5 cells overexpressing
hKCNQ4. We found that KCNQ4 currents recorded at —20
mV holding voltage were significantly enhanced (Fig. 3, top
trace). In both cases, the effects were readily reversed on
washout of diclofenac (data not shown). The finding that 100
uM diclofenac had opposite effects on KCNQ5 and KCNQ4
currents led us to investigate whether diclofenac could be
used to determine whether, in cells expressing both channel
subtypes, the functional channels form predominantly as
KCNQ5 and KCNQ4 homomers or KCNQ4/5 heteromers.

On the basis of the responses to diclofenac in cells express-
ing KCNQ5 alone or KCNQ4 alone, a mix of KCNQ4 and
KCNQ5 homomers might be expected to respond to diclofe-
nac with a rapid inhibition of the current followed by a slower
recovery toward control levels. However, in A7r5 cells ex-
pressing both hKCNQ4 and hKCNQ5, diclofenac induced a
slower, graded, and less extensive inhibition of current re-
corded at —20 mV, compared with the pronounced and
abrupt inhibition observed in cells expressing hKCNQ5 alone
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(Fig. 3, middle trace). There was no evidence for enhance-
ment of currents in KCNQ4/5-expressing cells to mimic the
effect of diclofenac on cells expressing KCNQ4 alone. The
effects of diclofenac were readily reversed on washout (data
not shown).

The dose-dependence of diclofenac actions on KCNQ cur-
rents in cells expressing hKCNQ4, hKCNQ5 or both was
measured at —20 mV holding voltage and normalized to
control current (measured before drug application). Diclofe-
nac inhibited KCNQ5 current with an IC5, = 19.9 = 5.3 uM
and Hill coefficient of —1.8 = 0.3 (n = 3). Enhancement of
KCNQ4 current by diclofenac yielded an EC5, = 102 = 27
M and Hill coefficient of 1.5 = 0.1 (n = 3). KCNQ 4/5
currents recorded at —20 mV were relatively insensitive to
diclofenac, with a trend toward inhibition that was not sta-
tistically significant even at 500 uM diclofenac.

Voltage-Dependence of Diclofenac Actions. The ac-
tions of diclofenac on KCNQ5, KCNQ4, and KCNQ4/5 cur-
rents were more clearly resolved by examining their voltage-
dependencies. Current-voltage (I-V) relationships recorded
in hKCNQb5-expressing cells revealed that currents were
strongly inhibited by 100 uM diclofenac at membrane volt-
ages positive to —65 mV but were actually enhanced at
membrane voltages from —80 to —70 mV (Fig. 4A, top, and
B). In A7r5 cells expressing hKCNQ4, the I-V relationships
measured in the presence of diclofenac were shifted leftward
relative to control I-V relationships, and steady-state current
densities were significantly enhanced at all voltages positive
to —60 mV (Fig. 4A, middle). For hKCNQ4/5-expressing A7r5
cells, the response to diclofenac was similar to that observed
for hKCNQ5 alone, except that the inhibitory effect of diclofe-

A

nac was smaller and was observed only at membrane volt-
ages positive to —50 mV (Fig. 4A, bottom).

To clarify the voltage-dependence of diclofenac actions in
all three types of expressed channel combinations, steady-
state currents recorded in the presence of 100 uM diclofenac
were normalized to control steady-state currents at each
voltage and were plotted against voltages (Fig. 4B). In
hKCNQ5- and hKCNQ4/5-expressing cells, a modest en-
hancement of the steady-state currents in the presence of
diclofenac occurred at very negative membrane voltages
(negative to —65 sand —50 mV, respectively), but inhibition
of steady-state currents was observed at more positive volt-
ages (Fig. 4B). In hKCNQ4-expressing cells, an 8-fold en-
hancement of current at —60 mV decreased at progressively
more positive voltages, but currents were still enhanced
~1.4-fold as membrane voltage approached 0 mV.

Voltage-Dependent Block of KCNQ5 by Diclofenac.
In A7r5 cells expressing hKCNQ5, treatment with 100 uM
diclofenac dramatically reduced the sustained KCNQ5 cur-
rents, raising the possibility that diclofenac induces a volt-
age-dependent block of the channels. Raw current traces
generated by voltage steps from a —74 mV holding voltage
revealed that diclofenac not only suppressed the sustained
currents but also produced a “hooked” appearance of the
currents at the beginning of voltage steps to negative volt-
ages (—99 to —114 mV; Fig. 5A, i and ii). Furthermore, at the
beginning of voltage steps positive to —65 mV, inactivation of
instantaneous current was apparent, and this becomes more
pronounced with more positive voltage steps (Fig. 5A, ii).
These observations were consistent with a voltage-dependent
block of the channels at voltages positive to —65 mV and

hKCNQ5 hKCNQ4 hKCNQ4/5
I, NA I, NA I, nA
4 4 4
2 2 2
0 0 0 . .
Fig. 2. Expression of hKCNQ5, hKCNQ4,
or both produced currents with similar
E-a— - densities but different voltage-dependen-
-2 2s 2 2s 2 2s cies of activation. A, representative traces
of KCNQ currents recorded with a volt-
B age step protocol in A7r5 cells expressing
hKCNQ5 [left, capacitance (C) = 32 pFl,
1.0/ 4 hKCNQ4 hKCNQ4 (middle, C = 46 pF), and both
’ ® hKCNQ5 hKCNQ4 and hKCNQ5 (right, C = 40
pF). B, averaged fractional conductance
084 ©° hKCNQ4/5 plots calculated from tail currents at
’ —114 mV in A7r5 cells expressing
hKCNQ4 (A, n = 14), hKCNQ5 (@, n =
% 0.6 14), or both hKCNQ4 and hKCNQ5 (O,
£ n = 10) fitted to a Boltzmann distribution
O] function.
O 04
0.2
0.0

-20 0
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recovery from the block at more negative membrane voltages.
Such behavior was unique for KCNQ5 currents; it was not
observed for KCNQ4 or KCNQ4/5 (Fig. 5, B, ii, and C, ii).
To examine voltage-dependent block among the different
KCNQ subtypes, a voltage protocol was designed to produce
steady-state activation of KCNQ currents (depolarize the cell
to —14 mV for 5 s), then hyperpolarize the cell to —114 mV
for 30 ms (empirically estimated time at which tail currents
of KCNQ5 reach the peak of the “hook” in the presence of 100
pM diclofenac), and finally, to repolarize to —14 mV for an
additional 100 ms to evaluate the extent of deactivation
and/or the extent to which voltage-dependent block was re-
lieved (Fig. 5, A-C, iii). In A7r5 cells expressing hKCNQ5,
deactivation of the current was observed during the 30-ms
step to —114 mV in control (Fig. 5A, iii, black trace), but this
was converted to apparent activation (or relief of block) in the
presence of diclofenac. A transient “overshoot” of the current
was observed on repolarization to —14 mV (Fig. 5A, iii, red
trace), as expected if the —114-mV hyperpolarizing step re-
sults in a recovery from diclofenac-induced voltage-depen-
dent block of the channels. Current level after repolarization
was 60 = 5% of steady-state current in control and 225 + 29%

A
I, nA 100 uM diclofenac
hKCNQ4
3
2 et hKCNQ4/5
1
hKCNQ5
0
0 2 4 6 8 10
time, min
B 201 e hkcnas
A hKCNQ4
O hKCNQ4/5
1.57
£ 1.0
0.57
0.0

10 100
[diclofenac], uM

Fig. 3. Diclofenac suppresses KCNQ5 currents, enhances KCNQ4 cur-
rents, and has a modest inhibitory effect on KCNQ4/5 currents. A, rep-
resentative time courses of diclofenac effects on stable currents recorded
at —20 mV holding voltage. Diclofenac (100 uM) was applied in the bath
for 5 min as indicated by the open bar. Responses shown are represen-
tative of cells expressing hKCNQ5 (bottom trace, n = 11), hKCNQ4 (top
trace, n = 11), and both hKCNQ4 and hKCNQ5 (middle trace, n = 4).
B, cumulative dose-dependence of diclofenac action on hKCNQ5 (@, n =
3), hKCNQ4 (A, n = 3), and hKCNQ4/5 currents (O, n = 4). Currents were
recorded at —20 mV holding voltage. After stable control currents were
recorded for 5 min, each diclofenac concentration was applied for 5 min.
Current densities were estimated as the average currents measured
during the last 30 s of each drug treatment, normalized to average control
current (measured before diclofenac application), and plotted against
diclofenac concentration. Diclofenac dose-dependence of KCNQ5 and
KCNQ4 currents were fitted by the Hill equation (solid lines).
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of the steady state in the presence of diclofenac (n = 4, p =
0.01 compared with control, paired Student’s ¢ test). In A7r5
cells expressing hKCNQ4, hyperpolarization to —114 mV for
30 ms also resulted in significant current deactivation. Cur-
rent level after repolarization to —14 mV was 34 = 7% of the
steady-state current level in control (n = 4). Similar re-
sponses were observed in the presence of 100 uM diclofenac,
except that the steady-state currents were larger, and the
extent of current deactivation during the 30-ms step was
significantly less (recovery to 65 = 4% of steady-state on
repolarization, p < 0.01, compared with control, paired Stu-
dent’s t test, n = 4) (Fig. 5B, iii). In A7r5 cells expressing both
hKCNQ4 and hKCNQ5, control currents exhibited deactiva-
tion during the 30-ms hyperpolarization step to —114 mV,
but neither deactivation nor activation of the current was
observed in the presence of 100 M diclofenac. At repolariza-
tion to —14 mV, the current level recovered to 60 = 7% of
steady-state current in control, but, in the presence of diclofe-
nac, current fully returned to steady-state levels with a small
“overshoot” (114 = 5% of steady-state, p < 0.001 compared
with control, paired Student’s ¢ test, n = 3) (Fig. 5C, iii, red
trace).

Diclofenac Induced a Leftward Shift of KCNQ5,
KCNQ4, and KCNQ4/5 Activation Curves. To investigate
the effects of 100 uM diclofenac on KCNQ channel activation
in isolation from voltage-dependent block (in the case of
KCNQ5 and KCNQ4/5), conductances were estimated from
the extrapolated instantaneous tail current amplitudes mea-
sured at —114 mV. Application of 100 uM diclofenac revers-
ibly shifted the activation curves of KCNQ5, KCNQ4, and
KCNQ4/5 channels to more negative ranges, but with differ-
ent effects on maximal conductance (Fig. 6). In A7r5 cells
expressing hKCNQ5, the voltage of half-activation (V, 5, de-
termined from the Boltzmann fit of the activation curve) was
dramatically shifted in the negative direction [from —44.2 +
1.7 mV in control to —73.5 = 2.0 mV (n = 14) in the presence
of diclofenac, p < 0.001, paired Student’s ¢ test, Fig. 6, top].
The activation curve of KCNQ5 also had a steeper slope in
the presence of 100 uM diclofenac (s = 13.0 = 0.5 mV in
control; s = 8.5 = 0.6 mV in the presence of diclofenac, p <
0.001, paired Student’s ¢ test, n = 12). In A7r5 cells express-
ing hKCNQ4, V, 5 was significantly shifted from —30.6 = 1.2
mV in control to —40.7 = 1.4 mV (n = 13) in the presence of
100 uM diclofenac (p < 0.001, paired Student’s ¢ test), with
no change in the slope of the activation curve (s = 12.8 = 0.4
mV in control; s = 12.4 *+ 0.4 mV in the presence of diclofe-
nac; Fig. 6, middle). An intermediate but significant negative
shift of the activation curve was observed in the presence of
100 uM diclofenac in cells expressing both hKCNQ4 and
hKCNQ5, without significant changes in slope (V,, =
—38.0 £ 1.4 mV,s = 13.6 = 0.5 mV in control; V, ; = —53.1 =
1.9mV,s =13.0 £ 0.7mV,n =9, p < 0.001, paired Student’s
t test; Fig. 6, bottom).

Despite qualitatively similar shifts in the voltage-depen-
dence of activation, the effects of diclofenac on the various
KCNQ subunit combinations were clearly different when
conductances were normalized to maximum control conduc-
tance (Fig. 6, insets). For hKCNQ5, conductance was en-
hanced by diclofenac at negative voltages but was reduced to
46.6 = 6.5% of control at 0 mV. In contrast, hKCNQ4 con-
ductance was enhanced over the whole voltage range, achiev-
ing 138 = 8.3% of control as voltage approached 0 mV.
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hKCNQ4/5 resembled hKCNQ5 alone, being slightly en-
hanced at negative voltages, but was reduced to 68.1 + 10.3%
of control at 0 mV.

Diclofenac Slows the Deactivation of KCNQ4, KCNQ5,
and KCNQ4/5 Currents in Different Ways. Diclofenac and
structurally related openers of KCNQ2/3 channels were re-
ported to slow current deactivation (Peretz et al., 2005). We
analyzed the voltage-dependence of the deactivation kinetics of
KCNQ4, KCNQ5, and KCNQ4/5 currents in the absence (con-
trol) and presence of diclofenac. Deactivation rates of tail cur-
rents calculated from single exponential fits were determined
for the voltage range from —130 to —90 mV, in which near
complete current deactivation was achieved both in control and
in the presence of 100 uM diclofenac for each of the three KCNQ
channel expression patterns (Fig. 7). Deactivation rate con-
stants (1) increased linearly with depolarization in control con-
ditions for each channel combination (KCNQ4, KCNQ5, and
KCNQ4/5). Control deactivation rates, which were indistin-
guishable in cells expressing hKCNQ5 and hKCNQ4/5, were 3-
to 4-fold slower at all voltages examined compared with KCNQ4
deactivation rates (Fig. 7D). Application of diclofenac (100 wM)
slowed the deactivation rates of all three KCNQ currents in
different ways (Fig. 7E). Although a decrease in deactivation
rate of KCNQ4 and KCNQ4/5 currents in the presence of di-
clofenac was relatively voltage-independent (7 increased by
1.79 = 0.04- and 1.40 = 0.03-fold, respectively, at all voltages),
deactivation rates of KCNQ5 currents in the presence of diclofe-
nac decreased in a voltage-dependent manner (7 increased by
1.7-fold at —130 mV and increased by 4.4-fold at —90 mV;
Fig. TF).

A B

Can a Positively Charged Lysine at Position 185 in
the Voltage-Sensing Domain of hKCNQ5 Account for
Differences in Diclofenac Actions on KCNQ4 and
KCNQ5 Currents? Using amino acid sequence alignment of
the hKCNQ4 and hKCNQ5 voltage-sensing domains (VSDs),
we found that the C terminus of the S3 transmembrane
segment of hKCNQ5 contains a positively charged lysine
(Lys185), whereas all four other KCNQ channel subtypes
including hKCNQ4 have a neutral glycine at this position
(Fig. 8A). We hypothesized that this difference might account
for the voltage-dependent block by diclofenac that is observed
only for KCNQ5 and not for the other KCNQ subtypes. To
test that hypothesis, we constructed a mutant hKCNQ5
K185G channel with the expectation that this mutation
would eliminate the blocking effect of diclofenac and reveal
an enhancement similar to hKCNQ4. When hKCNQ5 K185G
was expressed in A7r5 cells, currents recorded with a voltage
step protocol were not appreciably different from wild-type
KCNQJ5 currents. Contrary to our expectations, the currents
were blocked by 100 uM diclofenac with rapid kinetics sim-
ilar to the wild-type hKCNQ5 (data not shown). In fact, the
extent of block by diclofenac was greater in A7r5 cells ex-
pressing hKCNQ5 K185G [94 * 3% of the current measured
at —20 mV was blocked by 100 uM diclofenac (n = 6) com-
pared with 78 + 3.6% of current in A7r5 cells expressing
wild-type hKCNQ5 (n = 15); Fig. 8B]. The potency of diclofe-
nac was also greater for the mutant channels compared with
the wild-type hKCNQ5 channels (Fig. 8C): 10 uM diclofenac
inhibited currents in hKCNQ5 K185G by 65 * 9% (n = 3),
significantly more than wild-type hKCNQ5 (27 *+ 7% inhibi-

I, pA/pF
hKCNQ5
—®— control 80
—©— 100 uM diclofenac
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tion, p < 0.05). Like the wild-type KCNQ5 currents, a modest
enhancement of the steady-state K185G mutant currents in
the presence of 100 uM diclofenac was observed at very
negative membrane voltages (negative to —60 mV), but more
pronounced inhibition of steady-state currents was observed
at more positive voltages (Fig. 8D). The leftward shift of the
activation curve induced by 100 uM diclofenac was also more
pronounced for the hKCNQ5 K185G mutant [—36.0 = 2.9 mV
shift of V,; for hKCNQ5 K185G (n = 6) compared with
—29.3 * 1.3 mV shift of V|, ; for wild-type hKCNQ5 (n = 14,
p < 0.05, Student’s ¢ test; Fig. 8E] and maximal conductance
of the mutant channel was reduced by 100 uM diclofenac to
a greater extent (88.6 = 3.7% reduction of G, for hKCNQ5
K185G compared with 53.4 = 6.5% reduction of G,,,, for
wild-type hKCNQ5, p = 0.002, Student’s ¢ test; Fig. 8E,
inset).

The most notable difference between K185G and wild-type
hKCNQ5 was in the deactivation kinetics in the presence of
diclofenac. Similar to wild-type KCNQ5 currents, deactiva-
tion rates of currents produced by hKCNQ5 K185G mutant
channels decreased in the presence of 100 uM diclofenac in a
voltage-dependent manner. However, this effect was much
more pronounced for the mutant channels. The deactivation
rate of hKCNQ5 K185G current in the presence of diclofenac
was reduced by 11.8 + 2.2-fold at —130 mV and by 21.9 =
4.7-fold at —105 mV compared with 1.8 = 0.2-fold and 3.1 =
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0.2-fold for wild-type KCNQ5 channels at the same voltages
(p < 0.01, Student’s ¢ test; Fig. 8F). We could not resolve
deactivation rates of hKCNQ5 K185G current in the pres-
ence of 100 uM diclofenac at voltages positive to —105 mV.

Diclofenac as a Diagnostic Tool to Elucidate Native
Channel Composition. To determine whether diclofenac
could be used as a tool to identify the predominant molecular
compositions of KCNQ channels in cells natively expressing
KCNQ4 and/or KCNQ5, we explored its effects on the endog-
enous KCNQ currents in A7r5 cells and in freshly isolated
MASMCs.

Relative expression of KCNQ4 and KCNQ5 channels in
ATr5 cells was determined using quantitative real-time RT-
PCR. In A7r5 cells, KCNQ5 was expressed at a high level,
whereas KCNQ4 mRNA was below the limits of detection
(Fig. 9A). As we would predict for homomeric KCNQ5 chan-
nels, endogenous KCNQ currents recorded in A7r5 cells at a
—20 mV holding voltage were abruptly inhibited by 100 wM
diclofenac (Fig. 9B), like the inhibition by diclofenac observed
with overexpressed human KCNQ5 currents (Fig. 2). Like-
wise, the I-V curves recorded in control and in the presence of
100 puM diclofenac exhibited a crossover in the region be-
tween —80 and —60 mV with a pronounced inhibition of the
steady-state current at all voltages positive to —60 mV (Fig.
9C). To clarify the voltage-dependence of diclofenac action,
steady-state currents recorded in the presence of 100 uM

Fig. 5. Voltage-dependent block of KCNQ5 in the presence
of 100 uM diclofenac. Representative traces of the currents
recorded in the absence (control, i) and in the presence of
100 uM diclofenac (ii) using a voltage step protocol (1 s of
the total 5-s current recording is shown). Currents were
recorded in A7r5 cells expressing hKCNQ5 (A), hKCNQ4
(B), and both hKCNQ4 and hKCNQ5 (C). iii, representative
traces of the currents recorded in the absence (control,
black trace labeled C) and in the presence of 100 uM di-

clofenac (red trace, D) using a deactivation voltage step
protocol (depicted above). Note current deactivation and/or
recovery from diclofenac block at —114 mV (bottom oval on
each) and current level at repolarization relative to steady-
state current (top oval on each).
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Fig. 6. Diclofenac reversibly shifts the voltage-dependence of activation
of KCNQ5, KCNQ4, and KCNQ4/5 to more negative voltages. Averaged
fractional conductance plots in control (@), in the presence of 100 uM
diclofenac (O) and after washout of diclofenac (A) in A7r5 cells expressing
hKCNQ5 (A, n = 14), hKCNQ4 (B, n = 14), or both hKCNQ4 and
hKCNQ5 (C, n = 10). Conductances (G), estimated from tail current
amplitudes at —114 mV, were fitted to a Boltzmann distribution. Con-
ductance plots normalized to maximal conductance in control (shown as
insets) reveal that maximal conductance was reduced by diclofenac in
hKCNQ5-expressing cells, enhanced in hKCNQ4-expressing cells and
modestly reduced in cells expressing both hKCNQ4 and hKCNQ5.

diclofenac were normalized to control steady-state currents
at each voltage and plotted against voltage. Similar to the
effects observed in hKCNQ5-overexpressing cells, enhance-
ment of the steady-state currents in the presence of diclofe-
nac was switched to inhibition at membrane voltages positive
to —62 mV (Fig. 9D).

Relative expression of KCNQ4 and KCNQ5 channels in
MASMCs determined using quantitative real-time RT-PCR
revealed expression of both subtypes, with KCNQ4 mRNA
predominating over KCNQ5 at a ratio of ~3:1 (Fig. 10A).
Native channels in these cells might therefore be formed as
homomeric KCNQ4, homomeric KCNQ5, or heteromeric
KCNQ4/5. When isolated KCNQ currents were recorded in
freshly dispersed MASMCs at —20 mV holding voltage, ap-
plication of 100 uM diclofenac induced neither abrupt inhi-
bition nor current enhancement; a slow, almost undetectable
inhibition of the KCNQ current was observed (data not
shown). The steady-state current-voltage relationships re-
corded in the absence and in the presence of diclofenac indi-
cated enhancement of the current by diclofenac in the voltage
range from —60 to —38 mV, and inhibition of the current at
more positive voltages (Fig. 10B). These effects are more
clearly shown when steady-state currents recorded in the
presence of diclofenac are normalized to control steady-state
currents at each voltage and plotted against voltage (Fig.
10C). Diclofenac enhanced KCNQ currents in the voltage
range negative to —38 mV and inhibited currents at voltages
positive to —38 mV, similar to the effects observed in the
KCNQ4/5 coexpression system (Fig. 4B). The activation
curve of the native KCNQ currents in MASMCs was shifted
in the presence of 100 uM diclofenac (V, 5 was —34.8 = 1.7
mV in control and —51.7 = 4.5 mV in the presence of diclofe-
nac, p < 0.05,n = 5, paired Student’s ¢ test; Fig. 10D), similar
to the diclofenac-induced shift observed in the KCNQ4/5 co-
expression system (Fig. 6, bottom).

Discussion

The results presented in this study provide clear evidence
that diclofenac can distinguish among the different members
of the KCNQ potassium channel family that are expressed in
vascular smooth muscle cells (VSMCs). Diclofenac inhibited
KCNQ5 currents, but enhanced KCNQ4 currents, providing
what may be the first evidence for a drug having diametri-
cally opposite effects on wild-type ion channels of the same
family. When both KCNQ4 and KCNQ5 channels were ex-
pressed together, the electrophysiological characteristics of
the resulting currents suggested that functional channels
predominantly formed as KCNQ4/5 heteromers. The re-
sponses of KCNQ4/5 heteromers to diclofenac were also dif-
ferent from the responses of KCNQ4 and KCNQ5 homomeric
channels, providing a diagnostic tool to evaluate the predom-
inant configuration of KCNQ channels natively expressed in
VSMCs. Using this diagnostic strategy, our results indicate
that KCNQ channels in A7r5 cells form as KCNQ5 ho-
momers, whereas functional KCNQ channels in MASMCs
form predominantly as KCNQ4/5 heteromers.

Heteromeric KCNQ4/5 Channels. The A7r5 embryonic
rat aortic smooth muscle cell line, which expresses KCNQ5
channels endogenously, was used as an expression system to
investigate heterologously expressed human KCNQ4 and
KCNQ5 in the VSMC environment. We found that the V, 5 of
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hKCNQ5 activation in A7r5 cells was —44 mV (Fig. 2),
whereas hKCNQ4 was activated at more positive membrane
voltages, with V, ; ~—30 mV (Fig. 2).

The significant difference in voltage-dependence of KCNQ5
and KCNQ4 current activation has not been considered pre-
viously as a diagnostic tool to probe formation of heteromeric
channels in coexpression experiments. If KCNQ4 and
KCNQ5 subunits would be unable to heteromerize, it seems
reasonable to predict that only two types of channels could
form: KCNQ4 homomers, and KCNQ5 homomers. In this
case, the activation curve of resulting currents would be
fitted with the sum of two Boltzmann functions or exhibit a
shallower slope than the activation curves of individually
expressed channels. We found that when both hKCNQ4 and
hKCNQ5 were expressed in A7r5 cells, the activation curve
of KCNQ currents was well fit by a single Boltzmann func-
tion, with an intermediate V, 5 (~—38 mV) and a slope that
was not different from the slope of homomeric KCNQ5 or
KCNQ4 activation curves. These results are consistent with
predominant formation of heteromeric KCNQ4/5 channels
when both subtypes are overexpressed in A7r5 cells (Fig.
2) and support the conclusions of Bal et al. (2008) that
KCNQ4 can heteromerize with KCNQ5 to form functional
channels.

The kinetics of diclofenac actions (very fast KCNQ5 cur-
rent inhibition and slower KCNQ4 current enhancement;
Fig. 3A), may also provide clues about the subunit assembly.
If the KCNQ5 and KCNQ4 subunits assembled predomi-
nantly as homomeric tetramers when both channel subtypes
were expressed, one might expect a transient inhibition fol-
lowed by recovery or slight enhancement of the current. But
that was not the case. In KCNQ4/5-expressing cells applica-
tion of diclofenac induced a slow, moderate inhibition of the
current. These results are inconsistent with a mix of homo-
meric channels but support the predominant formation of
heteromeric KCNQ4/5 channels.

hKCNQ5 hKCNQ4 hKCNQ4/5
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Diclofenac Distinguishes among KCNQ Channel
Subtypes. Diclofenac was reported to enhance KCNQ2/3
currents with an EC;, of ~3 puM (Peretz et al., 2005). We
found that diclofenac was a less potent activator of KCNQ4,
with an EC;, of ~100 uM and an inhibitor of KCNQ5 with an
intermediate IC5, (~20 uM; Fig. 3B). In KCNQ4/5-express-
ing cells, there was a nonsignificant trend to current inhibi-
tion that did not reach a plateau even at 500 uM diclofenac
(Fig. 3B). This apparent lack of sensitivity of heteromeric
KCNQ4/5 channels probably reflects the voltage-dependence
of diclofenac actions. Our dose-response measurements were
made at —20 mV, a physiological voltage at which the effects
of diclofenac on KCNQ4/5 channels are much less than its
effects on KCNQ4 or KCNQ5 channels (Fig. 6, insets). There
are no previous studies that have identified drugs with se-
lectivity among KCNQ4, KCNQ5, and KCNQ4/5 heteromeric
channels, although a recently identified KCNQZ2/3 current
activator, ICA-27243, was found to exhibit some selectivity
among neuronal KCNQ2-KCNQ5, being a less potent activa-
tor of KCNQ4 and a weak activator of KCNQ5/3 (Wickenden
et al., 2008).

Diclofenac was reported previously to activate KCNQZ2/3 by
causing a hyperpolarizing shift of the voltage-dependence of
activation and by markedly slowing the deactivation kinetics
(Peretz et al., 2005). We also found that activation curves of
KCNQ5, KCNQ4, and heteromeric KCNQ4/5 channels were
shifted to more hyperpolarized values and deactivation ki-
netics were slower in the presence of 100 uM diclofenac.
These effects, observed on all KCNQ subtypes tested, suggest
that a common effect of diclofenac is to stabilize the open
state of the channels.

Despite the apparent stabilization of the channel’s open
state, we were surprised to find that diclofenac also had an
opposing, inhibitory effect on KCNQ5 (Fig. 3). In contrast to
the increase in maximal conductance of KCNQ4, we found

Fig. 7. Diclofenac slows current deactivation in A7r5 cells
expressing hKCNQ5, hKCNQ4, or hKCNQ4/5. Represen-
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tative traces of tail currents recorded at —120 mV after
steady-state activation of KCNQ currents at 0 mV in A7r5
cells expressing hKCNQ5 (A), hKCNQ4 (B), and both
hKCNQ4 and hKCNQ5 (C). Tail current deactivation was
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that maximal conductances of KCNQ5 and hKCNQ4/5 were chiometry of KCNQ4 and KCNQ5 subunit assembly into
decreased (by ~53 and 32%, respectively) in the presence of tetrameric channels.

100 uM diclofenac. Qualitative and quantitative differences Voltage-Dependent Block of KCNQ5 Channels by Di-
in effects of diclofenac may relate to differences in the stoi- clofenac. Evaluation of the steady-state I-V curves in A7r5

A S3 S4 B

hKCNQ4 173 PFCVIDFIVFV ASVAV | QGNIFATS ALRSMRFLQILRMVRMDRR hQ5 K185G
hKCNQ5 166 PFCVIDTIVL I AS | AVV SAITQGNIFATS ALRS LRFLQILRMVRMDRR
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Fig. 8. Point mutation of hKCNQ5 (K185G) changed effects of diclofenac on voltage-dependence and deactivation kinetics of the current. A, amino acid
sequence alignment of hLKCNQ4 and hKCNQ5 S3-S4 membrane spanning domains (top) with schematic of the full-length hKCNQ5 (bottom). Location
of the amino acid sequences is indicated by the dashed line. Lysine residue Lys185 of hKCNQ5, indicated by the black box, was mutated to glycine
to produce hKCNQ5 K185G. B, I-V curves of steady-state KCNQ currents recorded with a voltage step protocol before (control, ®) and after 5-min
treatment with 100 uM diclofenac (O) in A7r5 cells expressing hKCNQ5 K185G (n = 6). C, cumulative dose-dependence of diclofenac action on
hKCNQ5 K185G steady-state currents (@, n = 3) fitted by the Hill equation (solid lines); IC;, = 5.6 = 1.1 uM and Hill slope = —1.1 = 0.5. Cumulative
dose-dependence of diclofenac action on wild-type hKCNQ5 currents indicated by dashed line for comparison (data from Fig. 3B). D, voltage-
dependence of diclofenac action on hKCNQ5 K185G steady-state currents. Currents recorded in the presence of 100 uM diclofenac in cells expressing
hKCNQ5 K185G (circles, n = 6), normalized to control currents at each voltage, plotted against voltages. Voltage-dependence of diclofenac action on
wild-type hKCNQ5 steady-state currents is shown by the dashed line for comparison (data from Fig. 4B). E, averaged fractional conductance plots in
control (@), in the presence of 100 uM diclofenac (O) and after washout of diclofenac (A) in A7r5 cells expressing hKCNQ5 K185G (n = 6). Averaged
fractional conductance plots for wild-type hKCNQ5 in control (long dashed line) and in the presence of 100 uM diclofenac (short dashed line) are shown
for comparison (data from Fig. 6A). Conductance plots for hKCNQ5 K185G normalized to maximal conductance in control (@, inset) reveal that
maximal conductance was reduced to 11 = 4% of control (n = 6) by diclofenac in hKCNQ5 K185G-expressing cells in comparison with 46 = 7% for
wild-type hKCNQ5 (indicated by dashed line on inset). F, the time constants (7) of hKCNQ5 K185G current deactivation in control (@) and in the
presence of diclofenac (O). The time constants of wild-type hKCNQ5 current deactivation in control (long dashed line) and in the presence of 100 uM
diclofenac (short dashed line) are shown for comparison.
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cells expressing hKCNQ5 or hKCNQ4/5 revealed a crossover

A B

of the I-V curves recorded in the presence or absence of
diclofenac. At membrane voltages positive to —65 mV for
KCNQ5 and —50 mV for KCNQ4/5, diclofenac reduced the
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steady-state current amplitudes (Fig. 4). These findings may
be explained by voltage-dependent block of KCNQ5-contain-
ing channels by diclofenac, an effect that is not apparent for
homomeric KCNQ4 channels.
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Fig. 9. Diclofenac affects endogenous KCNQ currents in
ATr5 cells similarly to overexpressed hKCNQ5. A, relative
expression of KCNQ4 and KCNQ5 channels in A7r5 cells
determined using quantitative real-time RT-PCR (mean *+
S.E. from triplicates). B, application of 100 uM diclofenac
abruptly inhibited endogenous KCNQ currents recorded in
ATr5 cells, at —20 mV holding voltage (C = 365 pF, repre-
sentative of seven similar experiments). C, I-V relation-
ships of endogenous KCNQ currents recorded in A7r5 cells
before (control, ®) and after 5-min treatment with 100 uM
diclofenac (O). Current densities recorded in the presence
of diclofenac were significantly different from control at
membrane voltages positive to —54 mV (n = 7, *, paired
Student’s ¢ test). D, currents recorded in the presence of
100 uM diclofenac normalized to control currents at each
voltage plotted against voltages. Currents were enhanced
relative to control (ratio >1) at voltages negative to —60
mV, but inhibited (ratio <1) at voltages =—60 mV.

Fig. 10. Diclofenac affects endogenous KCNQ currents in
MASMCs similarly to overexpressed hKCNQ4/5. A, rela-
tive expression of KCNQ4 (Q4) and KCNQ5 (Q5) channels
in MASMCs determined using quantitative real time RT-
PCR (mean *= S.E. from triplicates). B, I-V relationships of
endogenous KCNQ currents recorded in MASMCs before
(control, @), after 5-min treatment with 100 uM diclofenac
(O) and after 5-min treatment with the KCNQ channel
blocker XE-991 (10 uM, A). C, currents recorded in the
presence of 100 uM diclofenac normalized to control cur-
rents at each voltage plotted against voltages. Currents
were enhanced relative to control (ratio >1) at voltages
=-38 mV, but inhibited (ratio <1) at voltages positive to
—38 mV. D, averaged fractional conductance plots calcu-
lated from steady-state KCNQ currents measured in
MASMCs in control (®) and in the presence of 100 uM
diclofenac (O) (n = 5) fitted to a Boltzmann distribution.
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Voltage-dependent block could involve binding of diclofe-
nac within the pore at positive voltages. On the other hand,
diclofenac may bind to the VSD and allosterically alter its
ability to gate the channel in response to changes in mem-
brane voltage. Unfortunately, there are no studies that have
evaluated direct binding of diclofenac to KCNQ channels to
determine whether it binds to either the pore or the VSD. Its
concentration-dependence (IC5, ~20 puM) suggests a low-
affinity interaction that would be impossible to detect by
standard ligand binding techniques (Bylund and Toews,
1993). Although structurally unrelated to diclofenac, the
binding site of another novel KCNQ2/3 channel opener, ICA-
27243, may nevertheless provide additional clues to diclofe-
nac action. On the basis of differences in efficacy of ICA-
27243 between KCNQ2/3 and KCNQ5/3 heteromeric channels,
a chimera strategy was used by Padilla et al. (2009) swapping
VSD regions between KCNQ2 and KCNQ5. This strategy re-
vealed that ICA-27243 most likely binds to the transmembrane
segments S1-S4 VSD of KCNQ channels. A recent study by
Peretz et al. (2010) used a similar mutagenesis/chimeric chan-
nel approach to investigate the KCNQ channel binding inter-
actions of a diclofenac structural analog, NH29 (Peretz et al.,
2007), which is a selective activator of KCNQ2 channels. The
authors of that study concluded that NH29 acts as a gating
modifier and identified mutations in the VSD (K120A in loop
S1-S2 and E130Q and Y127A in S2) that greatly enhanced its
effects and several mutations in S4 residues that decreased its
effects. The results of Peretz et al. led them to propose a VSD
docking model to explain the effects of NH29 on KCNQ2
currents.

If diclofenac binds to the VSD, then differences in the VSDs
of KCNQ4 and KCNQ5 might account for the apparent se-
lectivity of diclofenac acting as a blocker only for KCNQ5
channels. We hypothesized that a positively charged lysine
(Lys185) in the VSD near the extracellular surface of the
channel might account for the selective blocking of KCNQ5
channels by diclofenac. To test our hypothesis, we con-
structed a mutant channel vector that replaces the lysine
residue at position 185 of KCNQ5 with the glycine that is
present at the same position in KCNQ4 (KCNQ5 K185G). We
did not observe the expected transformation in diclofenac
effects from KCNQ@5-like inhibition to KCNQ4-like activa-
tion. The KCNQ5 K185G mutant channels were still rapidly
blocked by diclofenac. In fact, KCNQ5 K185G mutant chan-
nels were more susceptible to diclofenac block (Fig. 8). It
remains to be determined whether this residue is involved in
binding or simply modulates the actions of diclofenac on the
gating of the channel. Additional studies will be required to
determine the exact sites that confer the subtype-specific
actions of diclofenac on KCNQ4 and KCNQ5 channels.

Diclofenac as a Diagnostic Tool for Native KCNQ
Channel Composition in VSMCs. Our results with diclofe-
nac suggest that it might be useful as a pharmacological
probe that can distinguish among KCNQ4 homomers,
KCNQ5 homomers, and KCNQ4/5 heteromers. We found
that A7r5 cells express only KCNQ5 (Fig. 9A), consistent
with our earlier finding that endogenous currents were abol-
ished by expression of short hairpin RNA against KCNQ5
(Mani et al., 2009). The effects of diclofenac on endogenous
KCNQ currents in A7r5 cells were consistent with their
KCNQ channel expression profile: the current was blocked by
diclofenac in a voltage-dependent manner (Fig. 9) similar to

the observed block of overexpressed KCNQ5 channels by
diclofenac.

Unlike A7r5 cells, rat mesenteric artery myocytes express
3-fold more mRNA for KCNQ4 than for KCNQ5 (Fig. 10).
These results are in good agreement with the expression
pattern in whole rat mesenteric artery reported by Joshi et
al. (2009). In murine thoracic, carotid, and femoral arteries,
Yeung et al. (2007) also found an approximately 2- to 3-fold
higher expression of KCNQ4 than KCNQ5. In rat MASMCs,
we found that diclofenac modestly reduced endogenous
KCNQ currents and induced a —15-mV shift of the activation
curve that mimicked its actions on currents associated with
heteromeric hKCNQ4/5 channel expression in A7r5 cells.
These results provide the first functional evidence of hetero-
meric KCNQ4/5 channel composition in vascular myocytes.

In summary, diclofenac, a nonsteroidal anti-inflammatory
drug, was established as a useful tool to distinguish among
functional homomeric KCNQ4, KCNQ5, and heteromeric
KCNQ4/5 channels. These properties of diclofenac have use-
fulness in diagnosing the composition of functional channels
in VSMCs expressing different complements of KCNQ chan-
nel subunits.
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