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Background and purpose: This study represents a novel characterisation of KCNQ-encoded potassium channels in the
vasculature using a variety of pharmacological and molecular tools to determine their role in contractility.

Experimental approach: Reverse transcriptase polymerase chain reaction (RT-PCR) experiments were undertaken on RNA
isolated from mouse aorta, carotid artery, femoral artery and mesenteric artery using primers specific for all known KCNQ
genes. RNA isolated from mouse heart and brain were used as positive controls. Pharmacological experiments were
undertaken on segments from the same blood vessels to determine channel functionality. Immunocytochemical experiments
were performed on isolated myocytes from thoracic aorta.

Key results: All blood vessels expressed KCNQT, 4 and 5 with hitherto ‘neuronal’ KCNQ4 being, surprisingly, the most
abundant. The correlated proteins K,7.1, K,7.4 and K,7.5 were identified in the cell membranes of aortic myocytes by
immunocytochemistry. Application of three compounds known to activate K,7 channels, retigabine (2 =20 uM), flupirtine (20
uM) and meclofenamic acid (20 pM), relaxed vessels precontracted by phenylephrine or T mM 4-aminopyridine but had no
effect on contractions produced by 60 mM KCl or the K,7 channel blocker XE991 (10 pM). All vessels tested contracted upon
application of the K,7 channel blockers XE991 and linopirdine (0.1-10 uM).

Conclusions and implications: Murine blood vessels exhibit a distinctive KCNQ expression profile with ‘neuronal’” KCNQ4
dominating. The ion channels encoded by KCNQ genes have a crucial role in defining vascular reactivity as K,7 channel
blockers produced marked contractions whereas K,7 channel activators were effective vasorelaxants.
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Introduction

The K,7 channel family encoded by KCNQ genes (1-5) are a
family of voltage-dependent ion channels that shape the
cardiac action potential and stabilize neuronal membrane
potential. KCNQI expression is relatively widespread but is
most abundant in the heart where the expressed protein
(Ky7.1) in association with small, single transmembrane
proteins encoded by the KCNEI gene (minK) constitute the
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slowly activating component of the delayed rectifier (Igs,
Sanguinetti et al.,, 1996). Mutations in both KCNQI and
KCNE1 underlie a large number of hereditary arrhythmias
leading to long QT syndrome (Herbert et al., 2002). KCNQ1 is
also expressed in the small intestine where it associates with
a protein encoded by the KCNE3 gene to form a constitu-
tively active ion channel crucial for Cl~ secretion (Jentsch,
2000). Expression of KCNQ2-5 is abundant in the central
nervous system (Jentsch, 2000) with KCNQ4 restricted to the
auditory system (Kharkovets et al., 2000). The ion channels
encoded by these genes, especially K,7.2/7.3 heteromulti-
mers, constitute the resting conductance inhibited by
muscarinic receptor activation termed the M-current (Brown
and Adams, 1980; Wang et al., 1998). As a consequence of



this crucial role of K7 channels, loss of function mutations
to KCNQ2 or KCNQ3 led to increased neuronal excitability
and hereditary epilepsy (Wang et al., 1998; Jentsch, 2000) or
deafness (Kharkovets et al., 2000). Conversely, activation of
Ky7 channels decreases membrane excitability and recent
studies have shown that the novel anti-convulsant, N-(2-
amino-4-4-flurobenzylamino)-phenyl carbamic acid (retiga-
bine), acts by selective activation of channels encoded by
KCNQ2-5 with an ECsq between 1 and 5 uM (Tatulian et al.,
2001). Interestingly, retigabine and a closely related analo-
gue flupirtine have no effect on K,7.1 at concentrations
<100 uM (Schenzer et al., 2005; Wuttke et al., 2005).

Recently, Ohya et al. (2003) showed that murine portal vein
myocytes also expressed KCNQ genes, with KCNQI being the
most abundant (Ohya et al., 2003). These cells also expressed
KCNE genes (Ohya et al., 2002a) whose expression products
alter the biophysical and pharmacological properties of K7
channels (Grunnet et al., 2002, 2005; McCrossan and Abbott,
2004). Follow-up studies showed that low concentrations of
10,10-bis (4-pyridinylmethyl)-9(10H)-anthracenone dihydro-
chloride) (XE991) and linopirdine, agents that selectively
block K7 channels without discriminating between indivi-
dual isoforms (Wang et al., 1998), inhibited a sustained
membrane conductance and depolarized the resting mem-
brane potential of portal vein myocytes (Yeung and Green-
wood, 2005). Isometric tension studies on whole portal veins
showed that XE991 at concentrations specific for KCNQ
channels increased spontaneous contractile activity of whole
portal veins (Yeung and Greenwood, 2005). These agents also
contracted segments of rat and mouse pulmonary artery with
a negligible effect on rat mesenteric artery (Joshi et al., 2006).
More recently, an inhibition of K,7 channels has been
proposed to underlie the increased membrane excitability
of cultured A7r5 cells produced by arginine-vasopressin
(Brueggemann et al., 2007).

These recent functional experiments suggest that in the
portal vein and pulmonary artery myocytes, as well as in
cultured cells, K7 channels perform a role similar to that
described in neurones, that is, suppression of membrane
excitability through membrane hyperpolarization. The logi-
cal corollary to these observations is that activators of K,7
channels, such as retigabine, should have an anti-spasmo-
genic role in the vasculature. However, a caveat is that
retigabine only activates so-called ‘neuronal’ K,7 channels
encoded by KCNQ2-5 (Tatulian et al., 2001; Schenzer et al.,
2005; Wuttke et al., 2005), so these gene products must be
present in the vascular myocytes. Although KCNQS5 is
expressed in A7r5 cells (Brueggemann et al., 2007), culture
conditions are known to alter the expression of ion channels
markedly. Consequently, the study by Ohya et al. (2003)
represents the only investigation in the expression profile of
KCNQ genes in the vasculature. We have now determined
the profile of KCNQ gene expression in various murine blood
vessels and investigated the effect of K7 channel activators
and blockers in these vessels.

Materials and methods

BALB/c mice (6-8 weeks) were Kkilled by overdose of
pentobarbitone in accordance with the UK Scientific Proce-
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dures (Animals) Act (1986) and the following blood vessels
were removed and placed in either cold physiological salt
solution (PSS) for functional studies or RNA Later (Ambion,
Huntingdon, Cambridgeshire, UK) for molecular studies:
thoracic aorta (TA), carotid artery, main femoral artery and
mesenteric artery (Ist and 2nd order). For the molecular
studies, the vessels were placed immediately in RNA Later
after removal of extraneous debris and endothelium de-
nuded by mechanical abrasion. Single aortic myocytes were
prepared by incubating small pieces (~0.5mm?) of aortic
tissue in Ca-free dissociation PSS containing 1.6mg ml~!
collagenase type XI, 0.2mg ml~! protease type XIV, 1mg
ml~! trypsin inhibitor and 2mgml™' bovine serum albumin
at 37°C for 15 min. Cells were liberated by gentle mechanical
agitation using a wide bore Pasteur pipette.

RNA extraction and real time quantitative PCR

Qualitative PCR was undertaken as described previously
(Ohya et al., 2002a, 2003) using murine brain- and heart-
derived cDNA as positive controls. RNA was extracted from
each tissue, totalling 27-30 mg. Each vascular tissue was cut
into smaller pieces and placed in 150 ul lysis buffer contain-
ing 4ngul ! carrier RNA (Qiagen, Crawley, W. Sussex, UK).
All tissues were incubated in lysis buffer at room temperature
for at least 10 min before homogenization with a pellet pestle
motor (Kontes, Vineland, NJ, USA). Total RNA was extracted
using the RNeasy mini spin columns (Qiagen) incorporating
the proteinase K incubation at 55°C for 10 min and on-
column DNase I treatment. RNA was quantified using the
NanoDrop ND-1000 spectrophotomer (NanoDrop Techno-
logies, Wilmington, DE, USA) and 100ng (brain, heart, TA
and mesenteric artery) or 10ng (carotid artery and femoral
artery) total RNA was reverse transcribed to cDNA using
M-MLV (Invitrogen, Paisley, UK). All PCR reactions were
performed with an initial denaturation step at 94°C for
2min, followed by 35 cycles at 94°C for 30s, annealing
temperature for 30s and 72°C for 1min; the reaction was
completed with a 10-min extension period. All reactions
were carried out using a Touchgene thermal cycler (Techne,
Staffordshire, UK). All primer sets (Table 1) were designed
using OligoPerfect (Invitrogen) and synthesized by Invitrogen
and optimized using mouse brain and heart cDNA. All
PCR products were confirmed by DNA sequencing at the
ABC facility at Imperial College London. All sequencing
data were checked for homology using the NCBI BLAST
programme.

Quantitative analysis of mRNA expression of specific genes
was determined using Syber Green chemistry with an ABI 7000
sequence detector (Applied Biosystems, Warrington, Cheshire,
UK). The following PCR primers were used for real-time
PCR analysiss mKCNQla and b (GeneBank accession
no. NM_008434, 810-994), amplicon=185bp; mKCNQla
(NM_008434, 1450-1613), amplicon=164bp; mKCNQ2
(AB000494, 353-551), amplicon =199 bp; KCNQ3 (BB022155,
21-164), amplicon=144bp; KCNQ4 (AF249747, 636-804),
amplicon = 169 bp; KCNQS (AF263836, 229-427), amplicon =
199bp; mKCNE1 (NM_008424, 84-245), amplicon =162 bp;
mKCNE2 (AK008619, 214-346), amplicon = 133 bp; mKCNE3
(NM_020574, 280-458), amplicon=179bp; mKCNE4
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Table 1 Mouse reverse transcriptase-PCR primers

Gene Primer (+ ) sense, (—) antisense Accession number Amplicon (bp)

mp-actin (+) 5'-TGTTACCAACTGGGACGACA-3’ NM_007393 573
(-) 5-AAGGAAGGCTGGAAAAGAGC-3’

mKCNQ1 (+) 5-TTGTGGTGTTCTTTGGGACA-3' NM_008434 647
(—) 5-TGCAGTCTGGATGAGTGAGG-3’

mKCNQ2 (+) 5'-TCTCCTGCCTTGTGCTTTCT-3’ AB000504 490
(—) 5-GCATCTGCGTAGGTGTCAAA-3’

mKCNQ3 (+) 5'-ATCGGGTTCGCCTTTCTAAT-3’ NM_152923 509
(-) 5CTGCTGGGATGGGTAGGTAA-3’

mKCNQ4 (+) 5'-GCTTACGGTGGATGATGTCA-3’ AF249747 449
(-) 5-TGTGGTAGTCCGAGGTGATG-3’

mKCNQS (+) 5'-GGCTTCGCACTCCTTGGCAT-3’ AF263836 535

(=) 5-CACACTGGCATCCTTTCTCA-3’

(NM_021342, 306-480), amplicon=175bp; mKCNES (NM_
021487, 338-438), amplicon = 201 bp; GAPDH (M32599, 730-
833), amplicon =104bp. All quantitative data were accrued
from five different samples. Before starting both real-time PCR
and cell-based PCR experiments, the following control experi-
ments were performed. As a negative control to identity
genomic contamination, RNA from each sample was used as
a template in the PCR (data not shown). Also, to show that PCR
reactants were free from contamination, two other control
reactions were performed; one contained only primers and no
template DNA (NTC) and the other contained only template
DNA and no primer. Murine brain- and heart-derived cDNA
were also used as positive controls. For the quantitative PCR,
the C; values for GAPDH with a threshold value of ARn set to
0.20 were: 20.53+0.26, 18.78+0.55, 18.55+0.084 and
20.34+0.25, respectively, for the TA, carotid artery and femoral
artery (n=>5 for each).

Immunocytochemistry

Single cells were fixed and stained for confocal microscopy as
described previously (Saleh et al., 2005). Protein expression
was identified by immunofluorescence using an antibody
against Ky7.1 (Alomone Laboratories, Tel Aviv, Israel, 1:600
dilution), two against K,7.4 (K,7.4SC from Santa Cruz (Santa
Cruz Biotech, Santa Cruz, CA, USA) 1:200 and K,7.4] (raised
against a different epitope and kindly provided by Professor
Jentsch, University of Hamburg, 1:50 dilution, Kharkovets
et al.,, 2000) and against K,7.5 (Santa Cruz, 1:200). The
labelling was visualized with Alexa Fluor 488-conjugated
chicken anti-rabbit antibodies (1:500), Alexa Fluor 633-
conjugated donkey anti-goat antibodies (1:500) or Alexa
Fluor 488-conjugated donkey anti-goat antibodies (1:500).
PSS contained penicillin (20Uml™") and streptomycin
(20ugml™) at all times during immunocytochemical
experiments. Confocal microscopy and analysis was the
same as described previously (Saleh et al., 200S5). The
purchased antibodies were tested on crude membrane
preparations from Xenopus oocytes injected with the desired
KCNQ cRNA and analyzed by Western analysis. All anti-
bodies recognized bands corresponding to the predicted
molecular mass of the respective KCNQ protein (uninjected
oocytes served as negative controls). These experiments
demonstrate that the antibodies work in principle and
together with the findings that the preincubation with the
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antigenic peptides led to disappearance of the signal led us to
conclude that the observed staining was specific. The K,7.4]
antibody was assayed by Professor Jentsch’s group as
described by Kharkovets et al. (2000).

Isometric tension recordings

Isometric tension was recorded in 2cm segments of aorta,
carotid artery, femoral artery and mesenteric artery sus-
pended on two intraluminal stainless steel wires (40 um) in a
small vessel myography apparatus (DMT, ADInstruments,
Oxford, UK) containing Krebs’ solution aerated with 95% O,/
5% CO,. After a 30-min equilibration period, a passive
length-tension curve was constructed in each segment of
femoral artery, carotid artery and mesenteric artery by
applying cumulative stretches to the preparation. From this
curve, equivalent transmural pressures were estimated and
the vessel set at a level of tension equivalent to 90% of the
diameter of the vessel at a distending pressure of 100 mm Hg.
After a further equilibration period, tissues were bathed in an
external solution containing 60 mM KCI for 5 min, repeated
twice. Continuous recordings of changes in tension were
acquired by use of a PowerLab and Chart (version S5,
ADInstruments).

Solutions

PSS contained (mM): NaCl (125), KCI (5.4), NaHCO;3 (15.4),
Na,HPO, (0.33), KH,PO4 (0.34), glucose (10) and N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic acid (11),
adjusted to pH 7.4 with NaOH. Enzyme solutions were
made up with 100 uM Ca®* PSS. The Krebs’ solution for the
functional experiments contained (mM): NaCl (125), KCl
(4.6), CaCl; (2.5), NaHCOs3 (15.4), NayHPO4 (1), MgSO4 (0.6)
and glucose (10) constantly aerated by 95%0,/5% COs.

Data analysis

All data were obtained from several segments (denoted by
n in the text) from more than three animals (denoted by n in
the text). Results are shown as means+s.e.m., unless
otherwise stated, and differences between means assessed
for statistical significance with unpaired Student’s t-tests.
P-values <0.05 were taken as showing significant differences
between means.



Materials

Flupirtine, meclofenamic acid, L-NAME, linopirdine, phenyl-
ephrine, indomethacin and nicardipine were from Sigma
(Poole, UK). XE991, pinacidil and chromanol 293B (C293B)
were purchased from Tocris (Bristol, UK). Stromatoxin was
from Alomone Labs. Retigabine was a kind gift from Elbion
AG (Germany) and L-768,673 was a kind gift from Dr J Salata,
Merck Research (West Point, PA, USA). All solutions were
prepared as 100mMm stock solutions in either DMSO or
distilled water and frozen as small aliquots.

Results

Before functional experiments were undertaken, we deter-
mined the expression profile of KCNQ genes in various
murine blood vessels. Figure 1a shows examples of conven-
tional reverse transcriptase-PCR experiments using a stan-
dard 35-cycle protocol on cDNA generated from RNA
isolated from different murine blood vessels denuded of
endothelium. It is clear from Figure la that KCNQI and
KCNQ4 were expressed in all four blood vessels tested.
KCNQS5 was also detectable in the TA. In contrast, KCNQ3
expression was low and KCNQZ2 was consistently absent in all
vessels tested. Consequently, the main KCNQ isoforms
expressed in the blood vessels studied appeared to be
KCNQ1 as well as the neuronal molecular correlates, KCNQ4
and KCNQS5.

Q1 Q2 Q3 Q4 Q5

600 bp
Brain

Figure 1
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The expression of all known KCNQ genes in the TA, carotid
artery and femoral artery was quantified relative to the levels
of the housekeeping gene, GAPDH, in each vessel. In each
case, the most abundant mRNA was KCNQ4>KCNQ5=
KCNQI (Figure 1c). These findings differ from those obtained
from the murine portal vein (Ohya et al., 2003). There is
also significant expression of the novel splice variant of
KCNQ1 reported by Ohya et al. (2003) but the relative
expression of this isoform varied throughout, the vasculature
being a greater component of the KCNQI mRNA in the
femoral artery and carotid artery compared to the aorta.
Overall, these data show that the TA, as well as conduit
arteries (carotid and femoral artery) and the mesenteric
artery, expressed the supposedly neurone-specific genes
KCNQ4 and KCNQS5 as well as KCNQ1 that has been
identified previously in the cardiovascular system (Ohya
et al., 2003).

As association with KCNE gene products modulates the
biophysical and pharmacological properties of K7 proteins,
especially those encoded by KCNQI1 (Grunnet et al., 2002,
2005; McCrossan and Abbott, 2004), we also ascertained the
relative abundance of KCNE genes in the aorta, carotid and
femoral artery. In contrast to the expression pattern of KCNQ
genes throughout the vasculature, the abundance of differ-
ent KCNE mRNA was quite variable with no consistent
pattern appearing (Figure 2). Certainly, KCNE4 expression
was apparent in all vessels. These data raise the possibility
that a number of different protein-protein interactions
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Vascular expression of KCNQ genes. (a) Reverse transcriptase-PCR analysis of five members of the KCNQ family (Q 1-5) in murine

brain, heart, thoracic aorta (TA), carotid artery (CA), femoral artery (FA) and mesenteric artery (MA) after 35 cycles. (b) Summarized data for
quantitative PCR of KCNQ genes in murine TA (bi), carotid artery (bii), femoral artery (biii), respectively. Values are shown for steady-state
transcripts relative to GAPDH in the same preparation (means+s.e.m; n=25).
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Figure 2 Vascular expression of KCNE genes. Summarized data for
quantitative PCR of KCNE genes in murine thoracic aorta (TA),
carotid artery (CA), femoral artery (FA). Values are shown for
steady state transcripts relative to GAPDH in the same preparation
(means+s.e.m; n=35).
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involving KCNQ expression products may exist in the
vasculature.

Cellular distribution of K,7 proteins

To consolidate the PCR findings, we undertook immuno-
cytochemical imaging using different K,7 antibodies. As
Figure 3 shows smooth muscle cells isolated from mouse
aorta stained positive for K, 7.1 (n =38 cells; Figure 3a) as well
as Ky7.4 (n=8 cells each; Figure 3b and c¢) and K,7.5 (n=6
cells; Figure 3d). The fluorescent signals for all three types of
subunit were predominantly located within 1um of the
plasma membrane, with significantly less signal originating
in the cytoplasm (Figure 3e). Preincubation of the K,7.1
antibody with its antigenic peptide (1:2 ratio of antibody to
antigenic peptide) suppressed the fluorescence strongly from
29.54+2.6 (n=8) to 7.2+0.41U/pixel (n=8, P<0.0003;
unpaired Student’s t-test, Figure 3ai vs aii). Incubation of
the K,7.4SC antibody with its antigenic peptide also
produced a significant reduction in the fluorescence inten-
sity from 22.9+24 (n=8) to 15.9+1.51U/pixel (n=38,
P<0.03; unpaired Student’s t-test, Figure 3ci vs 3cii)
although complete suppression was not observed. Similar
to the K,7.4SC antibody, the immunofluorescent signal of
the K,7.4] was located predominantly within 1 ym of plasma
membrane (Figure 3c). The K,7.5 antibody staining had a
similar distribution (Figure 3d). There was virtually no
fluorescent signal when the K,7.4] or K,7.5 antibody was
omitted in control experiments (Figure 3cii (n=4) and
Figure 3dii (n=6), respectively). These data show that
K¢7.1, Ky7.4 and K,7.5 channel proteins are present in the
cell membranes of aortic smooth muscle cells.

Vasorelaxant effects of K,7 channel activators

Different K,7 channel activators were used to assess the
functional impact of K7 in the aorta. Retigabine (2 and
20 uM) relaxed segments of aorta precontracted with 10 uM
phenylephrine (Figure 4a) with a maximal relaxation of
about 40%, which was not seen on application of an
equivalent volume of DMSO (mean effect was +8+3%,
n=38). Retigabine also fully reversed the small contraction
produced by nonspecific potassium channel blockade with
1 mM 4-aminopyridine (Figure 4c). The vasorelaxant effect of
20 uM retigabine was not affected by prior incubation with
20 uM glibenclamide (mean relaxation was 40+7%, n=26,
three animals) or 2uM paxilline (mean relaxation was
78+ 5%, n=4, four animals), refuting an involvement of
adenosine triphosphate (ATP)-sensitive or Ca®-activated
K* channels under the conditions employed in these

Figure 3

>

Immunocytochemical staining of murine aortic smooth muscle cells for Kv7.1, Kv7.4 and Kv7.5. (a) Fluorescence images of a single

confocal plane of the cell labelled with K,7.1 antibodies (ai) and with K,7.1 antibodies preincubated with their antigenic peptide (aii). White
circles in (i) indicate regions 1 and 2, which were used to analyze the localization of fluorescence (for details see Materials and methods). A dotted
line was used, where necessary, to outline the contour of a cell, due to its low fluorescence. Insets in (a): transmitted light images of respective
cells. Calibration: 10 um. (b) Same as in a, but K,7.4SC antibody was used (see Materials and methods). (c) Same as in a, but K, 7.4 antibody was
used (see Materials and methods) and (cii) shows control with secondary antibodies alone. (d) Same as in a, but K,7.5 antibody was used and
(dii) shows control with secondary antibodies alone. (€) Summarized data on localization of K,7.1, K,7.4 and K,7.5 fluorescence in the cells. There
was significantly more fluorescence in the region within ~1 um of plasma membrane (region 1) than in the deep cytoplasm (region 2) or when
compared with the average of whole confocal plane (region 3). *P<0.05 compared with regions 2 or 3; data are from 6-8 cells.
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experiments. Retigabine had no effect on contractions relaxation by 20uM retigabine was 6+1% (n=4, three
produced by 60mM KCl (mean change was 4+1%, n=S8, animals). XE991 also reversed the relaxant effect of retiga-
n=4) nor on contractions produced by 10 uMm XE991 (mean bine in every vessel (Figure 4). These data suggest that effects
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Figure 4 Vasorelaxant effect of the K,7 channel activator retigabine on precontracted aortic segments. (a) An example of the effect of
20 uM retigabine (R, applied at the arrow) on an aortic segment precontracted with 10 uM phenylephrine (Phe). Subsequent application
of 10 um XE991 (XE) reversed the relaxation produced by retigabine. (b) Mean data from 24 such experiments (11 animals) for the effect of
2 and 20 uMm retigabine on Phe-induced contractions. ***P<0.01 vs. 2 uM retigabine (c) shows an example of the effect of 20 uM retigabine
(R, applied at the arrow) on a contraction induced by 1 mM 4-aminopyridine (4-AP). (d) shows the mean data from 12 such experiments

(five animals); ***P<0.01 vs 2 uM retigabine.

of retigabine were mediated by increased K* flux through
Ky7 channels and not due to direct blockage of voltage-
dependent calcium channels. An indirect relaxant effect of
retigabine through generating the endothelial-derived relax-
ant molecules nitric oxide (NO) and prostacyclin was
discounted by experiments undertaken in the presence of
100 uM L-NAME and 20 uM indomethacin, sufficient to block
NO synthase and cyclooxygenase activity. Consequently,
retigabine, which activates K,7.2-7.5, is an effective relaxant
of murine TA.

We also tested whether flupirtine, a compound structurally
similar to retigabine, that activates neuronal M-currents
(Wladyka and Kunze, 2006) and meclofenamic acid, a
nonsteroidal anti-inflammatory agent shown to activate
Ky7.2 and K,7.3 but not K,7.1 (Peretz et al., 2005), could
also relax aortic segments precontracted with 1M pheny-
lephrine (Figure 5). Application of both agents at 20 um
produced considerable relaxations that were reversed by
10 uMm XE991 (Figure 5). Application of a higher concentra-
tion of meclofenamic acid (100 uM) produced considerably
greater relaxation (mean was 87+ 9%, n = 3) but these effects
were poorly reversed by 10uM XE991, suggesting an
involvement of other relaxant mechanisms. As seen with
retigabine, the relaxations produced by 20 uM flupirtine were
not affected by preincubation with 20 uM glibenclamide
(mean relaxation was 35+8%, n=6). To investigate a
possible role for K;7.1 channels, experiments were under-
taken with R-L3, a benzodiazepine that augments currents
generated by the overexpression of KCNQI in Xenopus
oocytes (Seebohm et al., 2003a). R-L3 (2 and 20 uM) relaxed
aortic segments precontracted with phenylephrine by 10+3
and 69+9 %, respectively (n=6 & 9). However, this agent
also inhibited KCl-induced contractions markedly and
relaxed contractions produced by 10uM XE991 by 82+15
% (n=4). These effects are consistent with this agent having
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a direct effect on voltage-dependent calcium channels that
negated any further functional studies.

Effects of K,7 channel blockers

Experiments were undertaken to determine whether K,7.x
channels open at rest had an impact on vascular tone in the
aorta. Application of XE991 (0.1-10 uM) to segments of TA
provoked a marked increase in tension at all concentrations
studied (Figure 6). In each case, the evoked contraction
developed slowly although the time to peak was faster with
10 uM XE991 compared to 0.1 uM (7.4 +0.9 min vs 42+ 7 min
(n=7), paired segments). This contraction amounted to
26+8% of the contraction produced by KCl (n=13) and
similar contractions were generated by 10uM linopiridine
(n=6). When a small degree of pretone was provided by the
application of 0.01 uM phenylephrine (approximately EC,),
considerably greater contractions were generated by 1uM
XE991 (101 +10% compared to 34+ 7% of the KCI contrac-
tion, n=10), which also developed considerably faster than
paired contractions observed in the absence of phenylephr-
ine (Figure 6¢ and d). Contractions generated by the
application of XE991 (0.1-10 uM) and linopiridine (10 uM)
were completely abolished by blocking voltage-dependent
calcium channels either directly with 1uM nicardipine
(n=11-18, Figure 7a) or indirectly by inducing membrane
hyperpolarization with the ATP-sensitive K-channel opener
pinacidil (10 uM, n=5-6, Figure 7b). XE991-induced con-
tractions were not due to the depolarization of sympathetic
nerves and subsequent release of noradrenaline, since 10 uM
XE991 evoked a robust contraction in the presence of the
oq-adrenoceptor blocker prazosin (1uM), a concentration
that prevented near-maximal contractions produced by
10 uMm phenylephrine. The mean amplitude of contractions
produced by 10uM XE991 in the absence and presence of
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Figure 5 Vasorelaxant effect of the K,7 channel activators flupirtine and meclofenamic acid on precontracted aortic segments. (a) An
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application of 10 um XE991 (XE) reversed the relaxation produced by F. (b) An example of the effect of 20 um meclofenamic acid (M) on an
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(+s.e.m).

1 uM prazosin was 2.88+1.33 and 2.43+0.58 mN (n=6 and
4, P>0.05). Application of 10 uM XE991 had no additional
effect on tissues bathed in 60mM KCI. Consequently, the
mean amplitude after 15min in KCl alone was not
significantly different from the contraction produced in
the same tissues bathed initially in KCI for 5 min followed by
KCl and XE991 for a further 10min (3.01+0.17 mN,
compared to 2.91+0.11, n=4). These data showed that the
XE991- and linopiridine-induced contractions were
mediated by increased Ca** influx through dihydropyridine-
sensitive calcium channels.

In contrast to the effects of XE991 and linopirdine,
application of two compounds that preferentially inhibit
ion channels encoded by KCNQ1 had no effect on aortic
tension at concentrations up to 30uM (Figure 7c and d).
Thus, neither C293B nor L-768,673 had any effect in 11
segments from six animals each although the vessel subse-
quently contracted on application of either 1M XE991 or
1 uM linopirdine (Figure 7c and d). The mean amplitude of
the contractions evoked by 1M XE991 was 1.35+0.5 and
1.42+0.57 mN in the presence of chromanol and L-768,673,
which was not different from the XE991-induced contrac-
tion evoked in the absence of these agents. C293B also failed
to contract vessels precontracted by 0.01 uM phenylephrine
(n=6). These data show that blockade of ion channels
encoded by KCNQ by agents that do not discriminate

between different isoforms had a marked spasmogenic effect
in the mouse aorta, whereas specific blockers of KCNQI-
encoded channels had no apparent effect on basal tension.

Effect of K,7 channel modulators in other blood vessels

As quantitative PCR results showed KCNQ1, 4 and 5 were the
abundant isoforms in murine carotid artery, femoral artery
and mesenteric artery, we investigated whether modulators
of K7 channels affected vascular reactivity in these prepara-
tions. Figure 8 shows retigabine-relaxed segments of carotid,
femoral and mesenteric artery precontracted with phenyl-
ephrine with mean relaxations of 61+7,94+8 and 73+9 %,
respectively (n=35 from five animals). The relaxation pro-
duced by retigabine was reversed completely by 10 um XE991
in all vessels (Figure 8, upper panels) consistent with this
effect being mediated by K,7 channels. As already observed
in the aorta, segments of carotid and femoral artery were
contracted by the KCNQ channel blocker XE991. The
amplitude of contraction generated by XE991 was consider-
ably larger if this agent was applied in the continued
presence of a low concentration of phenylephrine (0.01-
0.1 uM; Figure 8, first two lower panels). Interestingly, XE991
(1 uM) was able to contract segments of mesenteric artery
when applied in the presence of phenylephrine (Figure 8, last
lower panel), whereas XE991 was totally ineffective at this
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For (a) and (c), scale bar=1mN, 5min.

concentration in the absence of any pretone. These data
show that XE991 was spasmogenic in a variety of blood
vessels and that a precontraction of the tissues markedly
enhanced the contractile effects of this agent.

Discussion

The present study represents the first rigorous investigation
of KCNQ and KCNE gene expression in different blood
vessels, following on our initial study in murine portal vein
(Ohya et al., 2003) and provides considerable pharmacolo-
gical and molecular evidence that K,7 channels influence
reactivity across the vascular tree. It has revealed that all the
blood vessels studied expressed KCNQI and KCNQ4 abun-
dantly but KCNQ5 mRNA was also present. Expression of
KCNE genes whose expression products modify the pharma-
cological and biophysical properties of K,7 channels were
also detected in every blood vessel type, although the nature
of the isoforms expressed was not consistent across the
vasculature. Pharmacological experiments on isolated arter-
ial preparations showed that the K,7.2-5-selective activators
retigabine, flupirtine and meclofenamic acid relaxed pre-
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contracted segments of the aorta. Retigabine also relaxed
precontracted segments of the carotid, femoral and mesen-
teric artery. These vessels also contracted in response to
application of XE991 and linopirdine, which block all
isoforms of K7 channels. Thus, our data suggest that these
channels, hitherto considered unique to neuronal cells, play
a significant role in controlling arterial tone.

Novel role for K,7.2-5 channels in the vasculature

Previous studies on ion channels encoded by KCNQ genes
have focused primarily on neurones and cardiomyocytes and
have established that KCNQ1 expression is predominantly in
cardiac cells as well as colonic epithelia, whereas KCNQ2-5
expression is restricted to the central nervous system, some
structures in the ear and sympathetic neurones (Jentsch,
2000; Kharkovets et al., 2000; Lerche et al., 2000a; Schroeder
et al., 2000). The only studies so far on native smooth muscle
cells have not dispelled this concept as both rat stomach and
murine portal vein cells express KCNQ1 abundantly (Ohya
et al.,, 2002b, 2003), whereas KCNQ2-5 expression was
considerably lower. The present study challenges this dogma
by showing that murine aorta, carotid, femoral and mesen-
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teric artery have a very similar KCNQ expression pattern,
with KCNQ4 and KCNQS5 at levels equal to or higher than
KCNQ1. Furthermore, immunocytochemistry showed that
these associated proteins were distributed predominantly in
the plasmalemma. These observations establish KCNQ4 and
KCNQS as having a far wider expression profile than
previously considered. It is worth stressing that although
KCNQ1 is by far the most abundant gene in murine portal
vein, this vessel also expressed KCNQ4 and KCNQS5 at levels
higher than KCNQ2 and KCNQ3 (Ohya et al., 2003).

Functional evidence for role of KCNQ-encoded channels novel

to the vasculature

The pharmacological data presented here suggest that the
KCNQ expression products controlling tone in arterial
preparations are unlikely to be the expected K,7.1 channels.
Thus, from the combined effects of several inhibitors and
activators of KCNQ-derived potassium channels, we would
argue, rather, that it is the ‘neuronal’ members of K,7.2-5
that are most likely to contribute a negative effect on
depolarizing influences such as vasoconstrictors. Further-
more, the contractile effect of blocking KCNQ-derived
channels in many preparations at rest indicates that these
channels are likely to be open under these conditions and
make an important physiological contribution to resting
membrane potential. XE991 blocks all K* channels gener-
ated by the heterologous expression of KCNQ genes with

variable selectivity and ICs, values that range from 0.6 uM
(KCNQ1, 2 and 3, Wang et al., 1998, 2000) to 6 uM (KCNQ4,
Segaard et al., 2001) and S0uM (KCNQS, Schroeder et al.,
2000; Jensen et al.,, 2005). Currents generated by the
coexpression of KCNQ1 and KCNEI are less sensitive to
XE991 (ICs50 ~11 uM, Wang et al., 2000). There are no reports
of XE991 affecting other voltage-dependent or -independent
K" channels at concentrations up to 100 M (Wang et al.,
1998) except for K,2.1, which is inhibited by 6.5 and 20%
on application of 10uM and 100uMm XE991, respectively
(Wladyka and Kunze, 2006). In the present study, applica-
tion of XE991 (0.1-10 uM) or linopirdine (10 uM) (which
similarly blocks all KCNQ channels) evoked robust contrac-
tions in segments of TA, carotid and femoral artery similar to
those reported in rodent pulmonary artery (Joshi et al.,
2006). These contractions were reversed by decreasing the
activity of voltage-dependent calcium channels either
directly (by blockade with nicardipine or cadmium) or
indirectly (by opening Karp channels with pinacidil) con-
sistent with XE991 blocking a conductance that maintains a
negative membrane potential leading to membrane depolariza-
tion. Importantly, similar pharmacological effects were
observed for low concentrations of linopirdine, consistent
with a role for KCNQ channels. The similar effects of XE991
and linopirdine were almost certainly not due to the
depolarization of sympathetic nerves and subsequent release
of noradrenaline as XE991-induced contractions were
unaffected when tissues were incubated with the o;-adreno-
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ceptor-antagonist prazosin. It is worth stressing that stroma-
toxin, a potent inhibitor of Ky2.1 channels did not affect
basal tension and did not affect the ability of XE991 to
reverse retigabine- or flupirtine-induced relaxations.

In every vessel studied, the ability of XE991 to cause
contractions at rest was augmented by applying a small
degree of pretone through a low concentration of pheny-
lephrine. This phenomenon was more obvious in segments
of mesenteric artery that were refractory to concentration of
XE991 up to 10 uM, as reported for rat mesenteric artery by
Joshi et al. (2006). However, marked contractions were
generated even by low concentrations (1uM) of XE991 if
the mesenteric artery was slightly precontracted with
phenylephrine. As blood vessels in vivo have a degree of
tone due to myogenic and circulating influences, these
experiments reveal that XE991-sensitive channels are prob-
ably important determinants of vascular reactivity through-
out the body but their influence is determined by
predisposing factors such as degree of channel activation or
the effect of counteracting depolarizing conductances.

Having identified KCNQ channels as having an important
role in arterial smooth muscle function, we aimed to use the
available pharmacological tools to determine which of the
gene products identified in our comprehensive screen were
responsible for the observed effects of the nonspecific
channel blockers XE991 and linopirdine. We were surprised
to find that the blockers of K,7.1 channels, C293B and
L-768,673, did not mimic the effect of XE991 and linopir-
dine, suggesting that ‘meuronal’ K,7.2-7.5 mediate resting
potassium currents in arterial preparations. C293B is a well-
established inhibitor of Iy, the delayed rectifier current
generated by the association of K,7.1 with minK subunit
encoded by KCNE1 (Lerche et al., 2000b) and L-768,673 is a
recently developed benzodiazepines that blocks K,7.1 chan-
nels in the absence and presence of KCNEI-encoded proteins
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(Seebohm et al., 2003b) but does not affect KCNQ2-derived
channels at concentrations up to 30uM (Seebohm et al.,
2003b). However, in contrast to the effect of XE991 and
linopiridine, which block all KCNQ-encoded channels,
C293B and L-768,673 had no effect on basal tone in tissues
that subsequently contracted to low concentrations of
XE991 or linopiridine. Moreover, C293B had no effect on
basal tone in aortic segments precontracted with 0.01 uM
phenylephrine. At the concentrations used in the present
study, C293B reduced voltage-dependent K* currents in
portal vein myocytes (Yeung and Greenwood, 2005) and
10 uM L-768,673 inhibited K* currents generated by the
expression of KCNQI in Xenopus oocytes (M Schwake,
unpublished data). These data therefore suggest that of all
the K7 channels present in the cell membrane, it is unlikely
to be K, 7.1 channels that influence aortic tone.

KCNQ channel activators are potential vasodilator therapeutics

Consistent with the postulate that KCNQ-encoded K™*
channels other than K;7.1 influence blood flow, retigabine,
which selectively activates K,7.2-5 but not K,7.1 channels at
concentrations <100uM (Tatulian et al., 2001; Schenzer
et al., 2005; Wuttke et al., 2005), relaxed precontracted aortic,
carotid, femoral and mesenteric artery segments. This effect
was not dependent on endothelial-derived relaxant factors
and was not inhibited by glibenclamide or paxilline.
Interestingly, one of the main side effects of retigabine, in
clinical trials as an anti-convulsant, is the development of
hypotension (Wickenden et al., 2004), which suggests that
the so-called ‘neuronal’ KCNQ channels have a real impact
at the level of resistance vessels in vivo. The structurally
related compound flupirtine and meclofenamic acid also
relaxed precontracted aortic segments. The latter compound
enhances K7.2/3 channel currents without an effect on



Ky7.1 channel currents (Peretz et al., 2005) and this effect
was additive to the retigabine-induced enhancement. The
vasorelaxant effects of these agents that enhance K,7.2-7.5
but do not affect K,7.1, reinforce the hypothesis that the K,7
ion channels involved with vascular tone are likely to be
those encoded by KCNQ4 or KCNQS5, as these genes are the
most abundantly expressed. The caveat of these conclusions
is that we must rely on the pharmacological selectivity of the
compounds used. There are no reports of effects of XE991
and linopirdine on any ion channels except those encoded
by KCNQ genes at the low concentrations used in the present
study. Moreover, retigabine is a very selective agent that only
activates specific K7 isoforms (Tatulian et al., 2001; Schenzer
et al., 2005; Wuttke et al., 2005) and the relaxant effects of
this agent were reversed by the application of XE991 in the
present studies. Together, these various pharmacological
manipulations support our postulate that K channels
encoded by KCNQ genes other than KCNQI influence
arterial tone. Further studies with gene-silencing technology
might help to confirm these observations.

In conclusion, we report that KCNQ genes previously
regarded to be exclusively expressed by neurones and
cardiomyocytes, have an equally important role in vascular
myocytes. We have shown previously (Yeung and Green-
wood, 2005) that XE991-sensitive currents in the murine
portal vein were well sustained, consistent with a conduc-
tance that stabilizes the resting membrane potential.
Although it was not within the scope of the present study
to undertake a thorough electrophysiological study of K7
channel currents in the different vessels studied, we have
seen XE991-sensitive currents similar to those reported in
the portal vein in murine aortic and carotid artery myocytes
(Yeung and Greenwood, unpublished data) and it will be the
goal of future studies to characterize completely the electro-
physiological aspects of the K,7 channels in these arteries.
Mutations in KCNQ genes underlie a number of disorders
including hereditary arrhythmias, benign epilepsy and deaf-
ness, so that a logical corollary to our finding that KCNQ
gene products constitute an important mechanism in the
vasculature is that the development of essential hyperten-
sion or a predisposition to respond inappropriately to certain
vascular stressors may also be congenital. It is worth stressing
that our findings do not negate those of other research
groups who have determined the expression of various other
K" channels in vascular myocytes (Fountain et al., 2004;
Platoshyn et al., 2004; Plane et al., 2005). Certainly, the
impact of K7 channels in dictating vascular reactivity will be
coupled to a contribution from other K, channels. The
precise interplay between different voltage-dependent K*
channels will differ between individual beds and different
ion channels may have a greater role in certain vascular
scenarios (Plane et al., 2005).
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