WM
RESEARCH PAPER oremoniene

Thomas Jepps, Department of
Biomedical Sciences, Faculty of

Vasorelaxant effects of prealth and Medical Seences
Denmark. E-mail:

novel KV7'4 ChannEI tjepps@sund.ku.dk
enhancers ML213 and 20 Mareh 2014

Revised

NS15370 Ak,

14 May 2014

T A Jepps'!, B H Bentzen', J B Stott?, O V Povstyan?, K Sivaloganathan?,
W Dalby-Brown® and I A Greenwood'?

Department of Biomedical Sciences, Faculty of Health and Medical Sciences, University of
Copenhagen, Copenhagen, Denmark, *Vascular Biology Research Centre, Institute of
Cardiovascular & Cell Sciences, St George’s, London, UK, and *NeuroSearch A/S, Ballerup,
Denmark

BACKGROUND AND PURPOSE

The KCNQ-encoded voltage-gated potassium channel family (K,7.1-K,7.5) are established regulators of smooth muscle
contractility, where K,7.4 and K,7.5 predominate. Various K,7.2-7.5 channel enhancers have been developed that have been
shown to cause a vasorelaxation in both rodent and human blood vessels. Recently, two novel K,7 channel enhancers have
been identified, ML213 and NS15370, that show increased potency, particularly on K,7.4 channels. The aim of this study was
to characterize the effects of these novel enhancers in different rat blood vessels and compare them with K,7 enhancers (S-1,
BMS204352, retigabine) described previously. We also sought to determine the binding sites of the new K,7 enhancers.

KEY RESULTS

Both ML213 and NS15370 relaxed segments of rat thoracic aorta, renal artery and mesenteric artery in a
concentration-dependent manner. In the mesenteric artery ML213 and NS15370 displayed ECsos that were far lower than
other K,7 enhancers tested. Current-clamp experiments revealed that both novel enhancers, at low concentrations, caused
significant hyperpolarization in mesenteric artery smooth muscle cells. In addition, we determined that the stimulatory effect
of these enhancers relied on a tryptophan residue located in the S5 domain, which is the same binding site for the other K,7
enhancers tested in this study.

CONCLUSIONS AND IMPLICATIONS
This study has identified and characterized ML213 and NS15370 as potent vasorelaxants in different blood vessels, thereby
highlighting these new compounds as potential therapeutics for various smooth muscle disorders.

Abbreviations

BMS204352, (3S)-(+)-(5-chloro-2-methoxyphenyl)-1,3-dihydro-3-fluoro-6-(trifluoromethyl)-2H-indol-2-one; Ky,
voltage-gated potassium channel; ML213, N-mesitylbicyclo[2.2.1]heptane-2-carboxamide; NS15370,
(2-(3,5-difluorophenyl)-N-[6-[(4-fluorophenyl)methylamino]-2-morpholino-3-pyridyl]acetamide)hydrochloride; QPCR,
quantitative PCR; S-1, (S)-N-[1-(3-morpholin-4-yl-phenyl)-ethyl]-3-phenyl-acrilamide; Vy, voltage at half-maximal
activation
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Table of Links

TARGETS LIGANDS

K,7.1 channels
K,7.2 channels
K,7.3 channels
K,7.4 channels
K.7.5 channels

Methoxamine
Linopirdine
Nicardipine
Paxilline
Retigabine
BMS204352

This Table lists key protein targets and ligands in this document, 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

Five members of the KCNQ gene family have been identified
(KCNQ1-5) that encode the voltage-gated potassium chan-
nels (K,7.1-7.5). Expression of the different KCNQ isoforms
varies among mammalian cell types (Soldovieri et al., 2011),
although the majority of research into these channels has
focussed on their expression in the heart (KCNQ1) and
nervous system (KCNQ2-5). KCNQ-encoded channels have
also been identified in various mammalian smooth muscle
tissues. In smooth muscles, the expression of KCNQ1, KCNQ4
and KCNQS dominates (Ohya et al., 2003; Yeung et al., 2007;
Nget al., 2011; Chadha et al., 2012a,b; Khanamiri et al., 2013)
with recent evidence that a K,7.4/K,7.5 heteromer is the main
molecular species in vascular smooth muscle (Brueggemann
et al., 2014; Chadha et al., 2014). In both rodent and human
blood vessels, pharmacological modulators of KCNQ-encoded
channels have been used to identify a crucial role for these
channels in regulating smooth muscle contractility (Jepps
et al., 2013; Stott et al., 2014). K,7 channel enhancers, such as
retigabine, S-1 and BMS204352, which enhance K,7.2-K,7.5,
have been used to elucidate the importance of these channels
in smooth muscle contractility and are effective vasorelax-
ants. Retigabine, S-1 and BMS204352 act on K,7.2-7.5, but
not K,7.1 (Schenzer et al., 2005; Wuttke et al., 2005), and shift
both the activation threshold and voltage for half-activation
in the hyperpolarizing direction, leading to an increase in
current amplitude at more negative potentials. The mecha-
nism of enhancement for these compounds occurs through
direct binding to a tryptophan residue (Trp*® in K,7.2; Trp**
in K,7.3) in a hydrophobic pocket of the cytoplasmic part of
S5, which stabilizes the channel in the open state (Schenzer
et al., 2005; Wuttke et al., 2005; Bentzen et al., 2006; Lange
et al., 2009).

Recently two new activators have been described, ML213
and NS15370, which enhance the activity of K,7.2 and K7.4,
and K,7.2-7.5 channels, respectively, with increased potency
in overexpression systems compared with the K,7 channel
enhancers described previously. ML213 was identified by a
high throughput fluorescent screen of the Molecular Libraries
Small Molecule Repository and structure activity relationship
studies, and has been shown to enhance K,7.2 and K,7.4
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channels with ECses of 230 and 510 nM respectively (Yu et al.,
2011); whereas NS15370 was developed as a chemical ana-
logue of retigabine and can enhance K,7.2-7.5 channels with
ECsos ranging between 40 and 150 nM (Dalby-Brown et al.,
2013).

However, the role of K,7 channels in controlling neuronal
excitability has led to widespread interest in the development
of novel pharmacological enhancers of these channels. Phar-
macological enhancement of the ‘neuronal’ K,7 channels
suppresses neuronal activity and prevents the generation of
seizures in various animal models of epilepsy (Dailey et al.,
1995; Rostock etal., 1996; Tober etal., 1996). Retigabine
(Trobalt®) is effective in clinical trials as an anti-epileptic
(Brodie et al., 2010; French et al., 2011) and is now on the
market in both the United States and Europe. While the
development of K,7 channel enhancers is aimed predomi-
nantly at treating neurological disorders, the aim of this
study was to determine whether the new K,7 channel
enhancers, ML213 and NS15370, were effective at suppress-
ing contractile activity in vascular smooth muscle, thus high-
lighting these enhancers as possible therapeutics for various
vascular disorders. Therefore, this study compared the effects
of three established enhancers of K,7.2-7.5 with those of the
two novel agents in various rat blood vessels, and also deter-
mined the effects of the novel enhancers on the resting mem-
brane potential of rat mesenteric artery smooth muscle cells.
In addition, we determine whether these new activators rely
on the same tryptophan residue essential for the binding of
retigabine and the other K,7 enhancers.

Methods

All experiments were performed on arteries from male,
12-16-week-old Wistar rats (Charles River UK, Ltd., Margate,
UK) killed by cervical dislocation. A total of 30 animals were
used in this study.

Quantitative PCR (QPCR)

QPCR analysis of KCNQ isoform expression in the rat tho-
racic aorta, renal artery and mesenteric artery was performed


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=560&familyId=81&familyType=IC
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=483
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=561&familyId=81&familyType=IC
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2599
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=562&familyId=81&familyType=IC
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2559
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=563&familyId=81&familyType=IC
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2309
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=564&familyId=81&familyType=IC
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2601
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Table 1
KCNQ 1-5 assays used for QPCR analysis of rat blood vessels

Novel K,7 enhancers relax blood vessels

Gene Primer sequence (+) sense, (-) antisense GenBank accession number Amplicon (bp) Region spanned

KCNQ1 (+) 5’-CCATCTTTGTTCATCCCCATCT-3’ NM_032073 100 1797-1896
(-) 5- CCAGTTGTGTCACCTTGTCTT -3’

KCNQ2 (+) 5-GGTGTCTCATTCTTCGCTCTT-3’ NM_133322 100 1023-1122
(-) 5-TCCGCCGTTTCTCAAAGTG-3’

KCNQ3 (+) 5’-ATACACATTTATCTGCTCTTCCTTTTA-3’ NM_031597 122 3299-3420
(-) 5-TGCTCTCAGTTTATCCGAATCAA-3’

KCNQ4 (+) 5’-GCTCATCTTCGCCTCTTTCC-3" XM_233477 112 861-972
(-) 5’-GCCAATGGTCGTCAGTGTAAT-3’

KCNQ5 (+) 5’-CCTGGCGTACACGAGAGTAT-3’ XM_001071249 80 2383-2462
(-) 5-TTTGACTGGGCGAACTGAAC-3’

The analysis was designed and optimized by PrimerDesign, Ltd.

as described previously in Khanamiri et al. (2013). Briefly,
RNA was extracted using the RNEasy Micro Extraction Kit
(Qiagen, Manchester, UK) and reverse transcribed using
Oligo(dT)2-15 primers and Moloney murine leukemia virus
(Life Technologies). Quantitative analysis of specific genes of
interest within our cDNA samples was determined using
Precision-iC SYBR green mastermix (PrimerDesign, Ltd.,
Southampton, UK) with the CFX96 Real-Time PCR Detection
System (Bio-Rad, Hertfordshire, UK). Duplicate reactions were
performed in 10 uL volumes containing 5 pL Precision-iC
SYBR green master mix (PrimerDesign, Ltd.), 300 nM primer
(PrimerDesign, Ltd.), 5-10 ng cDNA and made up to 10 uL
with nuclease-free water. The following cycling conditions
were used: initial activation at 95°C for 10 min, followed by
40 cycles of 95°C for 15 s, and 60°C for 1 min, and data were
collected during each cycling phase. Melt curve analysis, to
ensure each primer set amplified a single, specific product,
completed the protocol. Reverse transcription-negative
samples and no-template controls were run alongside all reac-
tions to assess contamination. Quantification cycle (Cq)
values were determined using Bio-Rad CFX96 Manager 3.0
software and the single threshold mode.

The geNorm reference gene selection kit (PrimerDesign,
Ltd.) was used to identify the most stable reference genes and
to determine optimal number of reference genes required for
reliable normalization of the genes of interest in our samples
(Vandesompele et al., 2002). All reference genes in the rat
geNorm reference gene selection kit and the KCNQ1-5 assays
(Table 1) were designed and optimized by PrimerDesign, Ltd.

Myography

Arteries were cleaned of adherent tissue and segments
(~2 mm) were mounted in a myograph (Danish Myo
Technology, Aarhus, Denmark) for isometric tension record-
ing. The composition of the physiological salt solution (PSS)
in the chambers was 125 mM NaCl, 4.6 mM KCI, 2.5 mM
CaCl,, 25.4 mM NaHCOs;, 1 mM Na,HPO,, 0.6 mM MgSO,
and 10 mM glucose, maintained at 37°C and aerated with
95% 0O,/5% CO,. The vessels were allowed to equilibrate for

30 min before undergoing a passive force normalization
procedure (Mulvany & Halpern, 1977). Before the applica-
tion of the K,7 enhancers, the arterial segments were con-
tracted with the oy-adrenoceptor agonist methoxamine
(3 uM in the thoracic aorta and renal artery, 10 uM in the
mesenteric artery), which was determined previously to
produce a sub-maximal contraction (80-90% of the
maximal contraction) in the respective vessels (data not
shown).

Mesenteric artery myocyte isolation and
electrophysiology

Following dissection, mesenteric arteries were bathed for
10 min in nominally Ca*-free PSS before incubation at 37°C
in Ca*-free PSS containing collagenase type IA (2 mg-mL™),
protease type X (1mgmL') and DL-dithiothreitol
(1 mg-mL™) for 15 min followed by a 10 min wash in Ca*-
free PSS solution at room temperature. Single cells were lib-
erated by gentle mechanical agitation with a wide bore
Pasteur pipette and the suspension was transferred to experi-
mental chambers and kept for at least 30 min at room tem-
perature to allow adherence. Cells were used in patch-clamp
experiments within 6 h of isolation. Membrane potential
recordings were made using standard amphotericin B
(300 ug-mL™) perforated-patch technique in current clamp
mode. Patch pipettes were fire-polished and had a resistance
of 4-8 MQ when filled with the pipette solution of the fol-
lowing composition: 126 mM KCl, 1.2 mM MgCl,, 10 mM
HEPES, 0.5 mM EGTA, pH was adjusted to 7.2 with KOH and
PSS was used as an external solution. All experiments were
performed at room temperature. The electrical signals were
recorded using an Axopatch 200B patch-clamp amplifier
(Molecular Devices, Sunnyvale, CA, USA). Electrical signals
were generated and digitized at 1 kHz using a Digidata 1322A
hosted by a PC running pClamp 9.0 software (Axon Instru-
ments, Sunnyvale, CA, USA). Data were analysed and plotted
using pClamp and MicroCal Origin software. All data are
presented as mean + SEM. Comparative analysis of the data
was performed using Student’s f-test.
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HEK cell transfection and electrophysiology
Monoclonal HEK293 cells stably expressing human K,7.4
were grown in DMEM, supplemented with 10% FBS (Th
Geyer, Renningen, Germany) supplemented with Glutamax
(Substrate Department, the Panum Institute, Copenhagen,
Denmark) and incubated at 37°C in 5% CO,. In addition,
HEK?293 cells were transiently transfected with hK,7.4-W242L
mutant channels using siLentFect™ Lipid (Bio-Rad), accord-
ing to manufacturer’s instructions. The point mutation
W242L of human K,7.4 was constructed as described previ-
ously (Bentzen et al., 2006).

Potassium currents were recorded from HEK cells stably
expressing human K,7.4 using a QPatch 16 HT automated
patch-clamp  system, (Sophion-Bioscience,  Ballerup,
Denmark), with disposable single-hole QPlates (Sophion-
Bioscience). On the day of the experiments, HEK293 cells
were rinsed with PBS, detached from T175 bottles with 5 mL
Detachin (Th Geyer) and re-suspended in serum-free medium
supplemented with 100 U-mL™" penicillin/streptomycin,
0.04 mg-mL™" Soy bean trypsin inhibitor and 25 mM HEPES
(Sigma-Aldrich, Brondby, Denmark) at a density of 1-5
million cells mL™. Cells were transferred to a QPatch stirring
station, and allowed to recover for 10 min before the experi-
ment was initiated. Conventional whole-cell patch-clamp
electrophysiology was used to record currents from HEK cells
expressing hK,7.4-W242L. In all experiments, the extracellu-
lar solution contained the following: 145 mM NaCl, 1 mM
MgCl,, 2 mM CaCl,, 10 mM HEPES, 4 mM KCI and 10 mM
glucose. The pH was adjusted to 7.4 with NaOH and the
osmolarity to 305 mOsm with sucrose. The intracellular solu-
tion contained: 1.75 mM MgCl,, 10 mM EGTA, 110 mM KCl,
5.4 mM CaCl, and 4 mM Na,-ATP, pH adjusted to 7.4 with
KOH and osmolarity to 295 mOsm. The intracellular free
calcium concentration was 100 nM. K,7.4 currents were elic-
ited every 5s by depolarizing the membrane potential to
—10 mV for 500 ms from a holding potential of -80 mV. After
2 min of stabilization, 6 periods of increasing concentrations
of ML213 or NS15370 were added for 1 min to determine the
stimulatory effects of the enhancers on the K,7.4 current at
-10 mV. A double step protocol from —-100 mV to +60 mV
(20 mV increments, 500 ms duration) returning to —-30 mV to
measure the tail current was applied before addition of the
K,7 enhancer and after the highest concentration.

Drugs

Retigabine, S-1, BMS204352 and NS15370 were synthesized
at NeuroSearch A/S (Ballerup, Denmark). Linopirdine was
purchased from Sigma-Aldrich, and ML213 was purchased
from Tocris (Bristol, U.K.).

Results

Relative expression of KCNQ isoforms in rat
blood vessels

Figure 1 shows the relative abundance of KCNQ gene expres-
sion in the cDNA from the rat thoracic aorta (n = 4), renal
artery (n = 6) and mesenteric artery (n = 4). In the thoracic
aorta and renal artery the relative expression of KCNQ1 pre-
dominated with KCNQ4 and KCNQ5 also being present. In
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Figure 1

QPCR analysis of relative abundance of KCNQ genes in (A) the rat
thoracic aorta (n = 4); (B) the rat renal artery (n = 6); (C) the rat
mesenteric artery (n = 4), normalized to the reference genes. The
relative abundance of each gene was calculated using the 2724
method. Data represent the mean = SEM.

the mesenteric artery KCNQ4 expression dominated relative
to KCNQ1 and KCNQS, which were also present. KCNQ3 was
observed in the renal artery, but its expression was variable
among samples, whereas in the thoracic aorta and mesenteric
artery, KCNQ3 expression was negligible. KCNQ2 was never
detected in these arteries (Figure 1).

ML213 and NS§15370 are potent

vasorelaxants of rat blood vessels

Following contraction with the oy-adrenoceptor agonist
methoxamine, application of increasing concentrations of
ML213 and NS15370 to segments of rat thoracic aorta, renal
artery and mesenteric artery resulted in concentration-
dependent relaxations, which were considerably different
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NS15370 and ML213 cause a vasorelaxation in different precontracted rat blood vessels. (A) Representative effect of increasing concentrations of
NS15370 on a segment of small mesenteric artery mounted in a wire myograph precontracted with 10 pM methoxamine. (B) Concentration—
effect curves for ML213 and NS15370 on (i) small mesenteric arteries, (ii) thoracic aorta and (iii) renal arteries. Each point is the mean of 7-10
animals = SEM. A Bonferroni post hoc test was performed following a two-way anova and *** P < 0.001.

from the minimal loss of tone seen when vehicle alone was
applied (Figure 2A). When comparing the three arteries,
ML213 and NS15370 were more potent at relaxing precon-
tracted segments of mesenteric artery than the thoracic aorta
and renal artery (n = 7-10; Table 2). In the mesenteric artery,
pre-application of the K,7 blocker linopirdine (10 pM) pre-
vented ML213 from relaxing the artery (n = 6; Figure 3). The
effect of NS15370 was also blunted significantly in the pres-
ence of 10 uM linopirdine (n = 6; Figure 3). Similar effects
were observed in the aorta with 15 uM ML213 producing a
100 + 2% and 10 £ 2% relaxation in the absence and presence
of 10 uM linopirdine (P < 0.001; n = 5; data not shown). The
lack of response to the K,7 activators in the presence of
linopirdine was not due to a reduced ability of the vessels to
relax as application of 1 uM nicardipine caused a vasorelaxa-
tion in all vessels tested (Figure 3). Neither agent was able to
relax arteries contracted with 60 mM KCl (e.g. tone with
15 uM ML213 was 100 + 4% of initial, n = 6; data not shown).
These data reveal ML213 and NS15370 to be highly potent
relaxants of precontracted rat arteries.

ML213 and NS§S15370 are more potent in the
vasculature than other K,7 enhancers
Previously, other structurally different enhancers of K,7.2-7.5
have been used to study the role of K,7 channels in numerous
blood vessels (Yeung et al., 2007; 2008; Mackie et al., 2008;
Joshi et al., 2009; Zhong et al., 2010; Jepps et al., 2011; Mani
etal., 2011; Ng etal., 2011; Chadha efal., 2012a; 2014;

Khanamiri et al., 2013). We therefore undertook a series of
experiments to compare the effects of S-1, BMS204352 and
retigabine with the relaxant ability of the two novel com-
pounds. Under isometric conditions, all the K,7 channel
enhancers tested relaxed precontracted segments of thoracic
aorta, renal artery and mesenteric artery with differing poten-
cies (see Table 2). All relaxations were prevented by prior
application of linopirdine. Statistical analysis of the ECs
values in Table 2 (one-way aNova followed by a Bonferroni
multiple comparisons test) showed that in the thoracic aorta
NS15370 and ML213 were significantly more potent at
causing a vasorelaxation compared with S-1, BMS204352 and
retigabine. In the renal and mesenteric arteries, NS15370 and
ML213 were significantly more potent compared with reti-
gabine, and NS15370 showed significant differences com-
pared with S-1 in the mesenteric artery (Figure 4 and Table 2).

ML213 and NS15370 hyperpolarize
mesenteric artery smooth muscle cells
Current-clamp recordings were performed to determine the
action of ML213 and NS15370 on the resting membrane
potential of single smooth muscle cells freshly isolated from
rat mesenteric arteries. As shown in Figure 5, the membrane
potential in mesenteric artery smooth muscle cells was often
superimposed by transient hyperpolarizations. These were
sensitive to paxilline and, therefore, reflect the sporadic acti-
vation of calcium-activated potassium channels. We did not
investigate this aspect further. Importantly, application of
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Table 2

Comparison of the ECs, values of different K,7 activators when applied to the rat thoracic aorta, renal artery and mesenteric artery under isometric

conditions

K.7 channel enhancer

Thoracic aorta (n)

ECsos (HM)

Renal artery (n)

Mesenteric artery (n)

NS15370
ML213

S-1
BMS204352
Retigabine

NS15370 vs. S-1

ML213 vs. S-1

Bonferroni’s multiple comparison test
NS15370 vs. ML213

NS15370 vs. BMS204352
NS15370 vs. Retigabine

ML213 vs. BMS204352
ML213 vs. Retigabine

0.55+0.13 (7)
1.03 + 0.09 (10)
8.96 + 0.8 (11)

10.08 + 1.15 (7)
8.75 + 1.22 (8)

0.72 £ 0.21 (7)
1.03 £ 0.16 (7)
0.76 + 0.16 (6)
3.31 £ 0.51 (6)
9.21 + 2.76 (6)

0.03 + 0.00 (8)
0.75 + 0.09 (9)
2.75+0.26 (11)
2.06 +0.21 (9)

10.59 + 1.47 (7)

ns

*k

The ECs, values were analysed statistically using a Bonferroni multiple comparison test, where **P < 0.01 and ***P < 0.005; ns, not significant.

Figure 3
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The effects of the K,7 channel enhancers in the presence of a K,7 channel blocker. (A) Representative isometric recording traces of the effect of
NS15370 on precontracted (10 pM methoxamine) segments of mesenteric artery in the presence of the K,7 blocker linopirdine (10 uM). At the
end of the experiment 1 uM nicardipine was applied to show the vessel was still able to fully relax. (B) Mean data summerizing the effect of ML213
and NS15370 in the presence and absence of 10 uM linopirdine on segments of mesenteric artery (n = 6). Data represent the mean + SEM. A
Bonferroni post hoc test was performed following a two-way anova, and **P < 0.01 and ***P < 0.001.
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Comparison of the vasorelaxant effects of different K,7 channel enhancers in the (A) thoracic aorta, (B) renal artery and (C) mesenteric artery. Data

represent the mean = SEM taken from 6 to 11 animals.

10 uM ML213 produced a significant hyperpolarization
within a few minutes of application (P < 0.001; n = 11 cells).
Application of NS15370 also hyperpolarized the membrane
potential significantly at lower concentrations than ML213
(Figure 5B).

Effect of the novel enhancers relies on a
tryptophan residue in the S5 transmembrane
domain of K,7.4

In QPatch experiments, application of increasing concentra-
tions of ML213 and NS15370 stimulated K,7.4 currents at
—-10 mV with ECs, values of 1.8 = 0.3 uM and 42 + 8 nM,
respectively (n = 6 and 8 cells). As a tryptophan residue in the
S5 pore domain is crucial for the stimulatory effects of reti-
gabine, S-1 and BMS204352 (Schenzer et al., 2005; Wuttke
et al., 2005; Bentzen et al., 2006), but is not involved with the
enhancing effects of another K,7.2-7.5 enhancer, ICA27243
(Padilla efal.,, 2009; Blom etal., 2010); we investigated
whether NS15370 and ML213 activities relied on this trypto-
phan residue. In the HEK cells overexpressing KCNQ4, ML213
(10 uM) caused a significant increase in steady-state current
(Figure 6A), which was associated with a significant leftward
shift in the voltage-dependence of channel activation with
the voltage at half-maximal activation (V,) of activation
changing by -33.0 £ 3.9 mV (n = 7 cells). In contrast, in cells
overexpressing a KCNQ4 mutant with the tryptophan-242
residue changed to a leucine (KCNQ4-W242L), ML213 had no
effect on the steady-state currents and produced a 1.6 +

4.4 mV (n="7 cells) change in the V,, of activation, which was
not significant according to a two-way anova (Figure 6B).
NS15370 (1 uM) had more complex effects on the currents
produced by the stable expression of hK,7.4, with enhance-
ment (not significant according to a two-way ANOvVA and Bon-
ferroni’s post hoc test) seen at potentials negative to 0 mV and
current depression at more positive membrane potentials
(Figure 7A). However, 1 pM NS15370 produced a leftward
shift in the voltage-dependence of activation with a decrease
in Vi, of =39.9 £ 1.7 mV (n = 8 cells). These effects were not
observed in cells expressing the K,7.4 mutant (n = 7 cells;
Figure 7B).

Discussion

The results of this study show that two newly identified
compounds, ML213 and NS15730, are highly potent vasore-
laxants in a range of blood vessels. Moreover, these agents are
more potent vasorelaxants than retigabine, S-1 and
BMS204352, which have been used along with flupirtine to
investigate vascular effects of K,7 channels previously (Yeung
etal.,, 2007; 2008; Mackie etal., 2008; Joshi et al., 2009;
Zhong etal., 2010; Jepps etal., 2011; Mani etal., 2011;
Chadha et al., 2012a; 2014; Khanamiri et al., 2013). In addi-
tion, ML213 and NS15730 produced marked hyperpolariza-
tion of the membrane in freshly isolated smooth muscle cells.
These effects could be sufficient to counter any depolarizing
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(A) ML213 and (B) NS15370 hyperpolarize the resting membrane potential of mesenteric artery smooth muscle cells. (Left panel) Representative
traces of current-clamp recordings performed on smooth muscle cells isolated from rat mesenteric arteries to show the hyperpolarization caused
by application of ML213 and NS15370. Expanded examples of the recordings are shown in four insets beneath each of the main current-clamp
recordings. (Right panel) Mean effect on the membrane potential of different concentrations of the K,7 channel enhancers (n=7-12 cells) + SEM.
According to a one-way anova followed by a Bonferroni post hoc test, *P < 0.05 and ***P < 0.001 significantly different from control.

surges that would be likely to lead to increased opening of
voltage-dependent calcium channels and contraction. All
effects on smooth muscle cells were attenuated by either
high-potassium bathing solutions or specific K,7 blockers,
such as linopirdine, consistent with both agents producing
arterial relaxation through specific enhancement of K,7
channel activity and subsequent hyperpolarization.

This study also determined the relative expression of dif-
ferent KCNQ isoforms in the rat thoracic aorta, renal artery
and mesenteric artery. In these vessels, KCNQ1, KCNQ4 and
KCNQS5 expression was detected, KCNQ3 expression was vari-
able and KCNQ2 message was never detected, suggesting that
this gene is not expressed in these arteries or the copy
number is considerably lower than detectable levels for this
assay. These data support previous findings that KCNQ1,
KCNQ4 and KCNQS dominate in vascular smooth muscle.
Furthermore, the present study shows that the relative levels
of KCNQ isoform expression vary considerably between dif-
ferent vessels, with KCNQ1 expression predominating in the
aorta and renal artery, whereas in third-order mesenteric
arteries, KCNQ4 expression predominated.

A particularly interesting observation in this study was
the increased potency of ML213 and NS15730 in the mesen-
teric artery compared with the aorta or renal artery. ML213
and NS15730 affects K.7.2 and 7.4 and K.7.2-7.5, respec-
tively, without affecting K,7.1 (Yu et al., 2011; Dalby-Brown
et al., 2013). The expression profiles of the KCNQ isoforms in
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these vessels suggest that the relative contributions of KCNQ4
and KCNQS are greater in the mesenteric artery than the
other vessels tested. In the thoracic aorta and renal artery,
KCNQ1 expression predominates, which if translated in these
ratios to a protein level, might explain the reduced potency of
the K.7 enhancers in these vessels compared with the mes-
enteric artery. Considering the pharmacological profiles of
the K,7 enhancers and given that KCNQ3 expression is rarely
detected in the vasculature and KCNQ2 is never detected
(Ohya et al., 2003; Yeung et al., 2007; Ng et al., 2011; Chadha
et al., 2012a,b; Chadha et al., 2014; Brueggemann et al., 2014;
this study), the effect of ML213 at the concentrations
reported in the present study are likely to be due to the
enhancement of native K,7.4 channels, whereas the effects of
NS15730 are probably due the enhancement of both K,7.4
and 7.5. Recently, proximity ligation assays in cerebral and
mesenteric arteries (Brueggemann et al., 2014; Chadha et al.,
2014) have shown that, in these vessels, K,7.4 subunits are
likely to exist as either homomeric K,7.4 channels or a K,7.4/
K,7.5 heteromultimer. Therefore, the increased potency of
ML213 and NS15730 in the mesenteric artery might reflect a
dominance of the K,7.4 or K,7.4/K,.7.5 channels compared
with in the aorta or renal artery. However, linopirdine and
XE991, which block all K,7 channels, rarely contract mesen-
teric arteries especially in the absence of any vasoconstrictor
pre-tone, whereas aorta and renal arteries contract readily to
these agents (Chadha et al., 2012a,b). Future studies need to
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Effect of ML213 on (A) hK,7.4 channels and (B) on mutated hK,7.4-W242L channels. (Top panel) Representative current traces recorded from
HEK293 cells either (A) stably expressing hK,7.4 or (B) transiently transfected with hK,7.4-W242L before and after application of ML213. Red traces
represent the current elicited at —20 mV. (Middle panel) Current-voltage relationship comparing the effect of ML213 on hK,7.4 and hK,7.4-
W242L. Current values are plotted against test potential before and after application of the drug. Currents were elicited by depolarizing steps from
—-100 to +60 mV (20 mV increments, 500 ms duration for the hK,7.4 currents and 1 s for the hK,7.4-W242L currents) from a holding potential
of —80 mV. A Bonferroni post hoc test was performed following a two-way anova and *P < 0.05. (Bottom panel) Voltage-dependence of activation.
Curves were obtained by normalizing the tail current at —30 mV against the maximal tail current measured in each experiment and plotted as a
function of the preceding step potential (n = 6). Finally, a Boltzmann fit was performed to determine the V, values. A two-way anova followed by
a Bonferroni multiple comparisons test was performed, and **P < 0.01 and ***P < 0.001.

focus on the various factors that are responsible for the
regional effectiveness of K,7 modulators.

In the mesenteric artery, this study found the relaxant ECs,
values of the previously reported enhancers (S-1, BMS204352
and retigabine) to range between 2 and 11 uM, whereas ML213
displayed an ECsy of 0.74 uM and NS15370 was particularly
potent with an ECsy0f 0.026 uM. To date, no other K,7 channel
enhancers have been shown to relax blood vessels with such
potency. ML213 and NS15370 also relaxed thoracic aorta
segments with increased potency compared with the other
enhancers tested, and in the renal artery, as well as NS15370
and ML213, S-1 was also equally potent at causing vasorelaxa-
tions. The low relaxant ECsos presented in this study for
NS15370 are in keeping with ECs, values estimated from
concentration-response curves using a Fluorimetric Imaging
Plate Reader-based TI" influx assay (Dalby-Brown et al., 2013),
as well QPatch data presented in this study. Importantly, the
vasorelaxant effects were inhibited by the K,7 channel blocker
linopirdine, suggesting the effects of these new enhancers can
be attributed specifically to K,7 channel enhancement.

We tested the effect of the two novel K,7 channel enhanc-
ers on HEK293B cells stably expressing KCNQ4 and used
a mutated KCNQ4 to determine the binding site of these
novel enhancers. NS15370 and ML213 caused hyperpolariz-
ing shifts in the V, of activation as previously reported
(Dalby-Brown et al., 2013). This is in keeping with the effects
other pharmacological enhancers of K,7 channels that have
also been shown to cause a hyperpolarizing shift in the V,, of
activation, including BMS204352 (Schreder et al., 2001), S-1
(Bentzen et al., 2006) and retigabine (Main et al., 2000). In
this study, we also observed that NS15370 inhibited currents
at positive potentials and the threshold for a net inhibition
became more negative with increasing concentration. These
findings are in agreement with those of Dalby-Brown et al.
(2013), who also observed a current depression at higher
concentrations of this enhancer. This effect has also been
reported for retigabine and S-1 in overexpression systems
(Main et al., 2000; Bentzen et al., 2006). Moreover, remark-
ably similar bimodal effects were reported for retigabine on
native K* currents in mouse portal vein smooth muscle cells
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Effect of NS15370 on (A) hK,7.4 channels and (B) on mutated hK,7.4-W242L channels. (Top panel) Representative current traces recorded from
HEK293 cells either (A) stably expressing hK,7.4 or (B) transiently transfected with hK,7.4-W242L before and after application of NS15370. (Middle
panel) Current-voltage relationship comparing the effect of NS15370 on hK,7.4 and hK,7.4-W242L. Current values are plotted against test
potential before and after application of drug. Currents were elicited by depolarizing steps from =100 to +60 mV (20 mV increments, 500 ms
duration for the hK,7.4 currents and 1 s for the hK,7.4-W242L currents) from a holding potential of —-80 mV. A Bonferroni post hoc test was
performed following a two-way Anova and no points were found to be significantly different from their respective control. (Bottom panel)
Voltage-dependence of activation. Tail current-voltage relationship was obtained by plotting the normalized tail current amplitude at —30 mV
against the maximal tail current and plotted as a function of the preceding step potential (n = 6-8). Finally a Boltzmann fit was performed to
determine the V,; values. A Bonferroni post hoc test was performed following a two-way anova, and *P < 0.05 and ***P < 0.001.

(Yeung et al., 2008), and were observed in voltage clamp
studies on mesenteric arteries in the present study (data not
shown). Interestingly, both the stimulatory and inhibitory
effects of NS15370 were lost in HEK cells overexpressing a
KCNQ4 mutant with the tryptophan-242 residue changed to
a leucine that has been determined to be crucial for reti-
gabine’s action. This residue is found in a hydrophobic
pocket of the S5 domain and only when the channel is in the
open state is this residue available for the K,7 channel
enhancers to bind and stabilize the channel in the open
configuration (Schenzer etal.,, 2005; Wuttke etal., 2005;
Lange et al., 2009). The finding that ML213 and NS15730
produced marked membrane hyperpolarization and are
reliant upon this essential tryptophan residue adds credence
to the view that K,7 channels contribute to the resting mem-
brane conductance in smooth muscle cells.

Recently, the use of retigabine (Trobalt) to pharmacologi-
cally enhance K,7 channels has been shown to prevent
seizure generation by suppressing neuronal activity (Brodie
etal., 2010; French etal., 2011). However, retigabine
enhances K,7.2-7.5 channels, which leads to various smooth
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muscle side effects (Jepps et al., 2013); therefore, to treat epi-
lepsy, it is desirable to produce K,7 enhancers with increased
specificity and potency for K,7.2-7.3 channels. NS15370 and
ML213 are two such activators that were identified in an
attempt to develop such an anti-epileptic, or possibly to treat
other neurological disorders such as mania and psychosis
(Dalby-Brown et al., 2013). However, the data presented in
this study show that these activators are also potent vasore-
laxants in a range of blood vessels and can hyperpolarize the
resting membrane potential of mesenteric artery smooth
muscle cells. Moreover, ML213 has been shown to inhibit
contractions in pig detrusor muscle suggesting that the use of
selective K,7.4 channel modulators could be used in the treat-
ment of detrusor overactivity (Svale et al., 2013). This study
has only focused on vascular smooth muscle; however, it is
also known that K,7 channels are expressed and regulate
non-vascular smooth muscle contractility, including the
digestive system (Ohya et al., 2002; Jepps et al., 2009; Ipavec
etal., 2011), uterus (McCallum et al., 2009; 2011), bladder
(Streng et al., 2004; Rode et al., 2010; Svalg et al., 2011; 2013)
and airways (Brueggemann ef al., 2012), all of which should



be considered when trying to characterize a new K,7 channel
enhancer as an anti-epileptic. It is now widely recognized
that the ‘neuronal’ K,7 channels are not exclusively expressed
in neurones, and this study highlights the possibility that
these new compounds have potential as therapeutics for
various smooth muscle disorders.
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