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Electrophysiological and functional effects of the KCNQ channel
blocker XE991 on murine portal vein smooth muscle cells
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1 The effect of the KCNQ channel blockers XE991, chromanol 293B and linopirdine, was studied
on voltage-dependent K currents in smooth muscle cells dissociated freshly from mouse portal vein
(mPV) and isometric tension recordings from whole mPV.

2 Voltage clamp experiments showed XE991 inhibited an outward current in a concentration-
dependent manner with an ICsy of 5.8 uM. Block was voltage independent. Chromanol 293B and
linopirdine also blocked the voltage-dependent K+ current but were less potent than XE991.

3 At least two components — a linear ([;,..,) and an outward relaxation (/,,) — contributed to the
XE991-sensitive conductance.

4 XE991-sensitive currents were sustained at all test potentials and XE991 inhibited the enhanced
holding current at —60 mV produced by bathing cells in an external solution containing 36 mmM KCIL.
5 Current clamp experiments in the perforated-patch configuration showed XE991 and linopirdine
depolarised the resting membrane potential and augmented the evoked response in a concentration-
dependent manner.

6 In functional experiments the spontaneous contractile activity of the mPV was increased
significantly by XE991 and linopirdine. The stimulatory effect of XE991 was not affected by the
presence of 4-AP, glibenclamide nor paxilline.

7 These data provide evidence for an important role for KCNQ channels in governing cellular

excitability in mPV smooth muscle cells.
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Introduction

The KCNQ (Kv7) subfamily of potassium (K *) channels has
been studied extensively in the central nervous system (CNS)
and in cardiac cells. The KCNQI subunit is almost exclusively
localised in atrial and ventricular myocytes, where it is
associated with the regulatory subunit encoded by KCNEI
(minK). This combination underlies the slowly activating
delayed rectifier (Ixs) channel that contributes to the late
repolarisation phase of the cardiac action potential (see
reviews by Jentsch, 2000; Nerbonne, 2000; Robbins, 2001).
Mutations in either KCNQ1 or KCNEI1 channel subunits
contributes to congenital arrhythmias that are characteristic of
long QT syndrome (LQTS) (Ashcroft, 2000). In contrast,
KCNQ?2, 3, and 5 are expressed predominantly in the CNS and
KCNQ4 is localised to auditory nerves (Coetzee et al., 1999;
Rennie et al., 2001; Segaard et al., 2001). Heteromultimers
formed from the combination of KCNQ2 and KCNQ3
generate K* currents sensitive to muscarinic acetylcholine
receptor activation (termed M-currents) that contribute to the
resting conductance (Wang et al., 1998; Segaard et al., 2001;
Oliver et al., 2003). In contrast to the extensive research on
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KCNQ channels in the CNS and heart, there are very few
studies on these channels in smooth muscle cells (SMCs).
To date, KCNQI transcripts have been identified in the rat
stomach (Ohya et al., 2002a) and the mouse portal vein (mPV,
Ohya et al., 2003) but functional information is scarce.

The study of KCNQ channels is hampered by the lack of
highly selective blockers. The classical K™ channel blockers
tetracthylammonion (TEA) ions and 4-aminopyridine (4-AP)
inhibit a large majority of voltage-gated K* channels, but
recombinant KCNQ channel currents showed incomplete
block (see reviews by Coetzee et al., 1999; Robbins, 2001).
However, chromanol 293B (C293B), linopirdine and its more
potent analogue 10,10-bis(4-pyridinyl-methyl)-9(10H)-anthra-
cenone or XE991 (Earl et al., 1998) are considered to be
selective blockers of KCNQ channels (Jentsch, 2000; Robbins,
2001). In voltage clamp studies XE991 has been shown not to
affect Kv1.2, Kv4.3, eagl, ergl, erg3 nor elkl channel currents
expressed in Xenopus oocytes (Wang et al., 1998). It has been
used to study native KCNQ channels in dorsal root ganglion
neurones (Passmore et al., 2003), in vestibular cells of the
gerbil and mouse (Rennie et al., 2001; Oliver et al., 2003); and
recombinant KCNQ channels with and without auxiliary
subunits (Wang et al., 1998; 2000; Spgaard et al., 2001).
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Figure 1 Structures of KCNQ channel blockers used in the present
study.

In our previous study, we showed that mouse portal vein
myocytes expressed two forms of KCNQ1 and a component of
the gross outward K™ current was blocked by linopirdine
(Ohya et al., 2003). The aim of the present study was to extend
these preliminary observations by using XE991, a more potent
blocker of KCNQ channels, to probe the electrophysiological
and functional roles of KCNQ channels in these cells. As the
number of studies on KCNQ in SMCs is scarce, experiments
with C293B and linopirdine were also undertaken (the
structures of these compounds are shown in Figure 1). These
data show that KCNQ channels have an important role in
defining mPV excitability. Some of these results have been
presented in abstract form (Yeung & Greenwood, 2004).

Methods
Cell preparation

Mouse portal vein (mPV) SMCs were dissociated freshly from
6 to 8-week-old female BALB/c mice (Britton et al., 2002).
Animals were killed by cervical dislocation, the portal vein
removed and bathed in physiological saline solution (PSS)
containing 1 mM Ca’*. Isolated cells were obtained enzyma-
tically by treating the tissue with 100 uM Ca** PSS containing
0.3mgml~' protease (type XIV, Sigma, U.K.); then with
0.6mgml™" collagenase (type I, Calbiochem, U.K.), both at
37°C for 6 min. Dispersed cells were kept on ice until required.

Current and voltage recordings

Currents were recorded in the conventional whole-cell patch
clamp configuration using electrodes (3—-6 MQ) fabricated
from capillary borosilicate glass (Plowden & Thompson,
U.K.) using a two-stage electrode puller (PP-830, Narishige,
Japan). All experiments were carried out at room temperature
(20-22°C). To study the voltage-gated K™ current in isolation,
EGTA (5mM) and ATP (3 mM) were included in the pipette
solution and recordings were made using the ruptured patch
technique. This rationale has been used in a number of studies
(e.g. Evans et al., 1994; Akbarali et al., 1999; Platoshyn et al.,
2004) to eliminate any contribution from Ca’*-activated K*
currents, especially of the large conductance type (BKc,) and
ATP-sensitive K™ (K,pp) currents to the overall outward
conductance. The holding potential (V) of all cells in voltage-
clamp was —60mV and the inhibitory effect of XE991 was
assessed after a Smin equilibration period by stepping to
+20mV for 200ms every 20s. The voltage dependence of
activation and inactivation of the XE991-sensitive current was

determined using a two pulse protocol. Cells were initially
stepped to potentials between —100 and 4+ 60 mV for 15s. This
was then followed by a 500 ms step to a constant test potential
(V1) of 0mV. This protocol was executed in the absence and
presence of XE991 and the XE991-sensitive current defined by
subtraction of the latter from the former. Experiments aimed
at exploring the contribution of XE991-sensitive channels to
the resting conductance employed two different protocols. In
the first protocol cells bathed in normal external solution
(5mM KCI) were depolarised to 0mV for 45s and the effect of
XE991 on currents evoked by this prolonged depolarisation
was ascertained. In the second protocol cells were held at
—60mYV and bathed in an external solution containing 36 mM
KCI. This manoeuvre increased the driving force for K* flux
and therefore augmented any contribution of K* channels
open at the holding potential.

Membrane potential recordings were made using the current
clamp plus command setting on the amplifier. Active responses
were evoked by the injection of 100-600 pA for 2 or 20 ms.
Recordings were made using the internal solution described for
the voltage clamp experiments with either the ruptured patch
or perforated patch variants of the whole cell recording
configuration. For the latter amphotericin (300 ugml~!) was
included in the internal solution and electrical access was
monitored by the repetitive application of 10 mV hyperpolar-
isations until the series resistance was less than 40 MQ. All
recordings were low-pass filtered at 5 kHz and acquired by use
of an Axopatch 200B amplifier, Digadata 1322A interface and
pClamp (version 9, Axon Instruments, Foster City, U.S.A.).
Data were analysed using Clampfit (Axon Instruments),
Origin (version 6, Microcal, U.S.A.) and Excel (Microsoft,
U.S.A.). All data were obtained from >2 animals. Results
were expressed as mean +standard error of means (s.e.m.) and
n as the number of cells. Statistical analyses were performed
using Student’s 7-test and were considered significant at the
P<0.05 level.

Functional experiments

Portal veins were ligated in situ using 3/0 gauge silk braided
suture thread (Pearsells Sutures, Somerset, U.K.) immediately
proximal to the porta hepatis and distal to the anastamosis of
splenogastric vein and mesenteric vein. Connective tissue and
fat were removed by sharp dissection and the tissue placed in a
10ml organ bath containing Kreb’s solution maintained at
37°C and gassed with 95% 0,/5% CO, at a resting tension of
0.1g. Changes in isometric tension were recorded using
BIOPAC Systems Inc. force transducer and AcqKnowledge
software (version 3.7). Similar to previous studies (Spencer &
Greenwood, 2003; Saleh & Greenwood, 2005) all veins were
spontaneously active within minutes of arrangement and
maintained rhythmicity for the duration of the experiment.
mPVs exhibited a number of different contractile patterns that
varied from a single contraction to bursts of contractions. To
allow for the data to be quantified, strict thresholds were
applied to the measurement of contraction interval and
duration. For the purpose of this study a single contraction
was defined as an increase in tension from the baseline that
was separated from another contraction by a period at the
basal tension of at least 1 s. Intercontraction interval was taken
as the period between the peaks of two individual contractions.
If a tissue exhibited a bursting contraction pattern the interval
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was taken as the period between the last peak of one
contractile event and the first peak of the next event.
Contraction duration was taken as the total time that the
tension remained above 10% of the maximal contraction.

Solutions

PSS contained (mM): NaCl (125), KCl (5.4), NaHCO; (15.4),
Na,HPO, (0.33), KH,PO, (0.34), glucose (10) and HEPES
(11), adjusted to pH 7.4 with NaOH. Enzyme solutions were
made up with 100uM Ca®>* PSS. The bathing (external)
solution contained (mM): NaCl (126), KCl1 (5), MgCl, (1),
CaCl, (0.1), glucose (11), HEPES (10), adjusted to pH 7.2 with
NaOH. An external solution containing 5mM 4-AP was
adjusted to pH 7.2 with HCI. The pipette (internal) solution
contained (mM): KCI (130), MgCl, (1), ATP (Na™ salt, 3),
GTP (0.1), HEPES (10), EGTA (5) adjusted to pH 7.2 with
KOH. The Kreb’s solution for the functional experiments
contained (mM): NaCl (125), KCI (4.6), CaCl, (2.5), NaHCO;
(15.4), Na,HPO, (1), MgSO, (0.6), glucose (10) constantly
aerated by 95% 0,/5% CO,. Stock solutions of 100 mMm
XE991 (diHCI, Tocris, U.K.) and 500 mM 4-AP were made
up with distilled water; 100 mM C293B (Tocris, U.K.), 10 mM
glibenclamide (RBI, U.S.A.) and 10mM paxilline (Sigma,
U.K.) were made up with dimethyl sulfoxide; 100 mMm
linopirdine (Sigma, U.K.) was made up with ethanol. All
stocks were stored at —20°C until required. Working
concentrations were made up with the external solution
immediately prior to experimentation and continuously
perfused by gravity at a rate of approximately 1-2mlmin~".
All enzymes and salts were purchased from Sigma Chemical
Company (U.K.) and VWR International (U.K.).

Results

Effects of XE991 on the total outward delayed rectifier
current in single mPV cells

Membrane depolarisation from the holding potential of
—60mV elicited an outward current that activated similar to
currents described previously in this cell type (Ohya et al.,
2003). The activation threshold of this current was approxi-
mately —30mV with a peak current at +20 of 751+ 55pA
(n=32). This current was inhibited rapidly by XE991 in a

>

Figure 2 XE991 inhibits voltage-dependent outward currents in
mPV cells. (a) Example of currents evoked by 200 ms depolarisation
from —60 to +20mV in the absence and when stably inhibited by 3,
10 and 100 uM XE991. At each concentration of XE991 a pair of
currents 60s apart is shown to highlight the completeness of the
block. (b) Representative time course of the inhibition produced by
XE991. Each time point is the peak current amplitude at +20mV.
Recordings were made every 20s. Gap in figure represents a period
where a current voltage protocol was executed. (c) Concentration—
response plots for XE991, C293B (present study) and linopirdine
(taken from Ohya er al., 2003) against the gross outward current
recorded at +20mV. Each point is the mean of at least four cells
with error bars representing the s.e.m. All plots were fitted with a
logistic function. (d) Time course of K* current inhibition by 10 uM
XE991 compared to that produced by 10 uMm C293B (O). Arrow
denotes start of block and the inhibition produced by both agents
was fitted with a single exponential function. Time constants of
current decay were 65 and 225s for XE991 and C293B, respectively.

concentration-dependent manner. At 3 uM XE991 block was
readily reversible but recovery of the current was progressively
less at concentrations of 10 uM and above. For instance after
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10 min washout of 10 uM XE991, the peak current at +20mV
was 783.6+146.2pA compared to mean peak amplitude
before XE991 of 1034.1+210.7pA (n=4, paired data).
Figure 2a shows a series of current recordings in the absence
and presence of 3, 10 and 100 uM XE991 from a single cell
where the outward current was reduced by 20, 55 and 79%,
respectively, and the mean concentration—response plot is
shown in Figure 2c. Fitting of these data with a logistic
function (Response=maximum response/[1 + (ICsy/concen-
tration)]) gave an ICs, value of 5.8 uM (slope factor (P)=0.9,
n=73-12) at a test potential of +20mV. Inhibition by XE991
was quick, stabilised within a 5-min period and was voltage-
independent over the voltage range studied (data not shown).
For example, a single concentration of 30uM XE991 at
Vr=0mV reduced the gross outward current amplitude by
68.0+3.6% (n=4) that was similar to the effect at +50mV
(68.2+2.2%, n=4). C293B is another agent, structurally
dissimilar to XE991 (see Figure 1), that blocks KCNQ
channels. This agent also inhibited the outward current evoked
by depolarisation from —60 to +20mV but the inhibitory
effect of this compound was markedly slower than that
produced by XE991 (see Figure 2d for comparison). Figure 2¢
shows the mean inhibitory effect of C293B and fitting of these
data by a logistic function yielded an ICs, value of 18um
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(P=0.9, n=4). Figure 2c also contains data on linopirdine
taken from Ohya et al. (2003) for comparison. These studies
show that the KCNQ channel blockers XE991 and C293B
inhibited the gross outward current in murine PV myocytes
supporting earlier findings with linopirdine (Ohya et al., 2003).

The gross outward K* current consists of two components

The previous section showed that a definite component of the
gross outward current was XE991 sensitive. Closer scrutiny of
the voltage-dependent outward current revealed the existence
of two distinct components (see inset of Figure 3a). One was
linear, time-independent (termed Ij;,.,;) that activated instan-
taneously upon depolarisation and this was superimposed by a
time-dependent component (termed I,,). XE991 inhibited
both components but with a markedly different concentration
dependence. This was quantified by constructing concentra-
tion—response curves for each component. Identical to the
concentration—response in Figure 2c, inhibitions for Ij;,e,, and
I, were calculated at +20mYV and data were fitted with a
logistic function (Figure 3a). ICs, values and slope values were
calculated to be 1.2 uM (P=0.7) and 16.0 uM (P = 1.6) for Ljnear
and I, respectively.

b (i)

0.1 uM XE991
20 pA l
100 ms
ii
( ) 10 uM XE991
200 pA
100 ms
(iii)
300 uM XE991
100 pA
o 100 ms

Figure 3 Dissection of the gross outward current into two components. (a) Concentration—response plot to XE991 at +20mV for
Tiotats Tinear and Loy Tinear can be defined as the instantaneously activated region and I, as the slower activating component (see
inset). Each point is the mean of 3-11 cells. ICs, values were 5.8, 1.2 and 16.0 uM, respectively. (b) XE991-sensitive current
recordings at +20mV determined with different concentrations of XE991. Currents were evoked by 200 ms depolarisations from
—60 to +20mV. Concentrations used were 0.1 (bi), 10 (bii) and 300 uM (biii) XE991. (c) Bar chart illustrating XE991-sensitive

current amplitudes of the /o1, finear and I, components.
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The correlation between the XE991 concentration, fjjne., and
I, could be seen more clearly in the XE991-sensitive current
recordings (Figure 3b). With 0.1 uM XE991 only a small Fpear
amplitude was recorded (Figure 3bi). No appreciable 7, was
observed. Increasing the concentration of XE991 resulted in a
XE991-sensitive current with a larger I, and I, (Figures
3bii and biii). Currents sensitive to concentrations of XE991
greater than 10 uM exhibited a progressively large /.. The bar
chart (Figure 3c) summarises current amplitudes sensitive
to different concentrations of XE991 at a single test potential
of +20mV for Iw, linear and I, With concentrations of
XE991 between 3 and 300 uM XE991, the amplitude of Ijjcar
was fairly consistent while [, increased in a concentration-
dependent manner (Figure 3). At 100 and 300 uM XE991, Finear
and I, contributed equally to the XE991-sensitive current.
Identical analyses of C293B-inhibited and C293B-sensitive
currents were performed. Similar to XE991, C293B was a more
effective blocker of the linear component of the gross outward
current (ICsy and slope values were 15.5 uM and 0.8) compared
to the time-dependent current (ICs, and slope values were
62.8 uM and 0.7). Collectively, these data revealed that the
gross outward K current in mPV cells sensitive to the KCNQ
blockers XE991 and C293B was made up of two K™* distinct
components.

Effects of XE991 in the presence of 4-AP

While XE991 and C293B are considered to be selective
blockers of KCNQ channels it is possible that the effects of
these compounds may be due to inhibition of other voltage-
dependent K* currents (Kv). Consequently, further experi-
ments were performed in the presence of SmM 4-AP that was
sufficiently high to block most 4-AP-sensitive voltage-gated
K* channels (Coetzee et al., 1999). Application of 5mM 4-AP
inhibited the gross outward current by 61.9+5.6% (n=135); but
further inhibition was observed with 10uM XE991 in the
continual presence of 4-AP. This further reduction in current
amplitude by XE991 when represented as a ratio of 4-AP-
inhibited currents equated to 54.7+6.6% (n =4, paired data),
which was identical to cells not treated with 4-AP. Conse-
quently, XE991 reduced the voltage-dependent outward
current in PV myocytes in the absence and presence of 4-AP.
While both 4-AP and XE991 inhibited the gross outward
current there were marked difference in the effects of each
agent on the individual components described in the previous
section. Figure 4a shows that the 4-AP-sensitive current
activated relatively slowly and in a voltage-dependent manner
whereas the current sensitive to 10uM XE991 was time
independent except at very positive potentials (see
Figure 4b). At +20mV the 4-AP-sensitive current was
composed of a very small and variable [j;,.,, (mean amplitude
was 64+25pA, n=11) and a large time-dependent current
(325+60pA). This contrasted with the XE99I-sensitive
current at the same potential that was composed of a
453 + 64 pA linear component and 107 422 pA time-dependent
component (n=12). Consequently, 4-AP and XE991 affected
kinetically different currents in mPV myocytes.

Kinetic properties of the XE991-sensitive current

The voltage-dependent activation and inactivation of XE991-
sensitive currents were determined using voltage protocols
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Figure 4 Characteristics of 4-AP- and XE991-sensitive currents.
(a) Example of currents evoked by 200ms depolarisations from
—60mV to various test potentials from —80 to +40mV that were
sensitive to SmM 4-AP. (b) Current recordings sensitive to 10 uM
XE991. Traces were truncated to the initial 200 ms of depolarising
test steps for comparison with (a). (c) Bar chart illustrating the
amplitudes of the [iowi, finear and I, components of the 4-AP- and
XE991-sensitive currents.

total linear out

shown in Figures 2a and 5a. For activation, subtracted current
amplitudes were measured in a 200 ms window from Vy to
various test potentials between —100 and +60mV in the
absence and presence of a submaximal concentration of
XE991 (30 uMm, Figure 5c). Subtracted data were fitted by
a Boltzmann function to give a V), of activation of 7+3mV
with a slope value of 14+2mV (rn=4). The voltage
dependence of XE991-sensitive current inactivation was
quantified by a standard two-pulse protocol (Figure 5ai).
Current availability was assessed at a single V1 of 0mV after a
15s prepulse to various potentials in the absence and presence
of 30 uM XE991 (Figure 5a). The subtracted current amplitude
at V1 was then plotted against the prepotential and fitted by
the Boltzmann function (Figure 5c). By this method the V;/, of
inactivation of the XE991-sensitive current cells was calculated
to be —54.3+2.1mV (n=4). It is obvious from Figures 5b
and c that the XE991-sensitive current failed to inactivate
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Figure 5 Inactivation properties of the XE991-sensitive current.
(a) Inactivation of the XE991-sensitive current was investigated by
a two-pulse protocol described in the inset. Currents were evoked
every 60s. Examples of currents evoked by this protocol in the
absence (ai) and presence (aii) of 30 uM XE991. XE991-sensitive
recordings from the same cell as (a) are shown in panel (bi). An
enlargement of the XE991-sensitive currents at V'r (0mV) is shown
in (bii). Panel ¢ shows the mean data from experiments typified in
(a). Vertical axis is the mean amplitude of the XE991-sensitive
current at V' normalised to the maximum current at V. Horizontal
axis is the prepotential (mV). Data points were fitted with a
Boltzmann function to give Vipiaea=—5431+2.1mV (n=4).
Activation data were normalised peak amplitudes at various
prepotentials. Data were fitted with a Boltzmann function to give
Vip=714£2.7mV (n=4).

completely and that the XE991-sensitive current was com-
posed of a transient and a sustained component of roughly
equal amplitude. This is consistent with this concentration
of XE991 (30 uM) blocking both [, and I, maximally
(Figure 3a). The reduction of the peak current to a sustained
level was best fitted by a double exponential with mean tau
values of 274+ 57 and 2962+ 1048 ms (n=7). These data show
that the XE991-sensitive current in mPV myocytes activated
and inactivated in a voltage-dependent manner. Prolonged
depolarisations (>15s) revealed that the XE991-sensitive
current was sustained at all test potentials.

KCNQ channels contribute to the RMP

KCNQ channels contribute to setting the resting membrane
potential (RMP) in neurones (Wang et al., 1998; Spgaard et al.,
2001; Oliver et al., 2003). The possibility that KCNQ channels
may have a similar role in vascular SMCs was therefore
investigated. The above data showed that a significant amount
of current was still available at the end of a 15s depolarising

a omv

-60 mvV J L -60 mv

WWWMWWW i
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10s
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100 pA
30 uM XE991
— —_ —= 0 pA
45s
b 3BmMMK™
_30 kM XEQOT_
0 pA _J H A Y H+H FH S -
=

Figure 6 Evidence that XE991-sensitive currents contribute to
resting conductance. (a) Example of currents evoked by a 45s
depolarisation from —60 to 0mV in the absence and presence of
30uM XE991. Inset shows the XE991-sensitive current evoked by
this protocol and highlights the existence of transient and sustained
components. (b) Long-term trace showing the effect of 30 um XE991
on currents recorded from mPV myocytes held at —60mV bathed
in an external solution containing 36 mM KCI. Deflections represent
membrane steps to +20mV every 15s.

test step. We extended the duration of the test pulse to insure
that the apparent lack of full inactivation was not due to the
15s pulse being too short to force the channels to inactivate
fully. Figure 6a shows an example of currents evoked by a 45s
depolarisation to O0mV under control conditions and when
stably inhibited by 30 uM XE991. In four cells tested, the peak
and sustained components were effectively reduced by
459+7.8 and 82.6+6.0% (P<0.05), respectively. The mean
amplitudes of the XE991-sensitive current was 232494 pA for
the transient current and 103+ 32 pA for the sustained current.
In all cases, the peak amplitude was twice that of the sustained
current. The comparatively larger inhibition of the sustained
component further supports initial experiments where a linear
conductance was found, which had a greater sensitivity to
XE991 than either I, or I, Consequently, there was a
significant level of time-independent XE991-sensitive current
in mPV myocytes that would contribute to the resting
conductance. This was investigated further by a second
protocol where mPV cells were held at —60 mV and the resting
K™ conductance was augmented by raising the [K*] of the
external solution ([K*].,) to 36 mM similar to Evans et al.
(1996). Figure 5b shows that this manoeuvre increased the
amplitude of Iy at —60mV (mean change was from —2+2 to
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—73+16pA). Application of 30 uM XE991 in the continual
presence of 36 mM [K *]., resulted in a marked reversal of Iy
(mean reduction of the enhanced Iy was 80.0+5.2%, n=4,
Figure 6b). The inhibition of the enhanced Iy was fully
reversible on washout of XE991 (data not shown). This degree
of inhibition was identical to that observed for the block of
the sustained component at the end of a 45s depolarisation
(80.3+5.2%, n=5) described above. Similar effects were
obtained with 3 uM XE991 that inhibited the holding current
at —60mV in a bathing solution containing 36 mM K™ by
60+ 1% (n=23). These data support a role of KCNQ channels
in contributing to the resting conductance and infer that
alteration of this conductance would have important effects
on the RMP.

Effects of XE991 in current clamp experiments

The voltage clamp data provide evidence that the XE991-
sensitive conductance could contribute to the resting mem-
brane potential so current clamp experiments were undertaken
to assess this possibility. Initial experiments were performed
using the perforated patch configuration to maintain a more
physiological intracellular environment that also allowed
intracellular [Ca®*] to rise. Under these conditions the RMP
was observed to be —46+2mV (n=15) and depolarising
current injections (2-20 ms, 100-200 pA) evoked action poten-
tials (AP) of 49+3mV (n=11, Figure 7). In the presence
of 10uM XE991, a small depolarisation of the membrane
potential was recorded (ARMP was 6+3mV, n=9, paired
data). A higher concentration (100 uM) of XE991 was used to
determine any concentration-dependent changes in the action
potential. With this concentration, a larger change in the RMP
was observed (ARMP was 13+5mV, n=4, paired data).
Linopirdine (50 uM, a concentration close to the ICs
determined by Ohya er al., 2003) also depolarised the RMP
by 9+5mV, n=4). XE991 also augmented the amplitude of
the evoked AP in a concentration dependent manner (mean
increase in amplitude produced by 10 and 100 uM XE991 was
18+ 12 and 30.3+11.0mV, respectively, see Figure 7a). With
brief injections of current (2 ms) 10 uM XE991 had no effect on
the action potential duration at 90 or 20% of maximum
amplitude (APD90% or APD20%) and 100 uM had a small
but significant effect on APD20% (rn=35). However, with
20ms current injections the APD20% was marginally broa-
dened with 10 uM XE991 (change=11%) that became more
significant with 100 uM XE991 (change = 83%).

Further experiments were undertaken using the ruptured
patch-recording configuration similar to the voltage clamp
experiments. This technique allowed the calcium buffer EGTA
to flood the cell interior and prohibit the activation of Ca*"-
dependent conductances. As such this configuration favoured
an influence from voltage-dependent, Ca-independent con-
ductances. Notable differences between the two configurations
included a relatively more hyperpolarised RMP with ruptured
patch recordings (mean was —61+2mV, n=9); a larger
current (200-600 pA) injection that was required to elicit an
AP that was markedly smaller (39.8+2.8mV, n=9) than
recorded with the perforated patch configuration. Again
XE991 depolarised the RMP by 13+2mV (10uM) and
36+8mV (100 uM, P<0.05, n=4, paired data). The AP
amplitude was also increased significantly by 81+21 and
1244+17% for 10 and 100 uM XE991, respectively. Overall
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Figure 7 Effect of XE991 on membrane potential recordings in
current clamp mode. (a) Examples of action potentials elicited by
2ms injection of current in the absence and presence of 10uM
XE991 (ai) and 50 uM linopirdine (aii). Dashed lines represent
—35mV (ai) and —50mV (aii). Inset (ai) illustrates scaled potentials
in the absence and presence of XE991. (b) Representative recordings
under control conditions and in the presence of 10 and 100 uM
XE991. Dashed line represents —40mV. Voltage responses were
evoked by a brief current injection (20 ms, 600 pA). Inset represents
scaled responses to control and 10 uM XE991. (c) Bar chart showing
depolarising changes in the RMP of perforated cells when in
continual contact with XE991 (10 and 100 M) and linopirdine
(50 um). All recordings were made using the perforated patch variant
of the whole cell patch clamp technique.

these data support a role for KCNQ channels in the
maintenance of the RMP in mPV SMCs.

Functional experiments

Data from previous sections suggested that in mPV SMCs an
XE991-sensitive current contributed to the RMP and main-
tained the cell in a less excitable state. This putative functional
role of XE991-sensitive channels was assessed in isometric
tension studies. Under control conditions, all murine portal
veins exhibited spontaneous contractile activity that exhibited
various patterns (see Figure 8a and Spencer & Greenwood,
2003). Regardless of the nature of the contractions the
addition of 10 uM XE991 (Figure 8a(i)) and 50 uM linopirdine
(Figure 8a(ii)) increased the frequency of contractions. In some
tissues the large increase in frequency resulted in a tonic
contraction (data not shown). Figure 8b shows the interval
between contractions in the presence of XE991 and linopirdine
(hatched bars) was significantly (P<0.05) less than the
respective controls. These equated to respective reductions of
28 and 36%. Similar changes (P<0.05) in the duration of the
contractions were also observed (data not shown). Under
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Figure 8 XE991 increases the excitability of whole hepatic portal
veins. (a) Examples of isometric tension recordings in the absence
and presence of (i) 10 uM XE991 and (ii) 50 uM linopirdine. Upward
deflections represent spontaneous increase in tone. XE991 was
applied at the downward arrow and was present for the remainder of
the trace. (b) Bar chart showing the mean contraction interval in the
absence (solid bars) and presence of two KCNQ channel blockers
(hatched bars). The 10uM XE991 (n=35 tissues) and 50um
linopirdine (n =3 tissues) both significantly (P<0.001) reduced the
interval. (c) Application of 10 uM XE991 in the presence of 5mM
4-AP still resulted in a reduction of the mean contraction interval
(***P<0.001).

voltage clamp conditions, XE991 was still able to inhibit the
gross outward current in the presence of SmM 4-AP. It was
therefore of interest to examine the contractile responses of the
portal vein tissue under similar conditions. 4-AP was allowed
to equilibrate with the tissue for approximately 10 min prior to
addition of XE991. The bar chart in Figure 8c illustrates the
marginally prolonged interval between contractions in 5mM
4-AP. However, application of 10 uM XE991 in the continual
presence of 4-AP significantly (P<0.05) reduced intercontrac-
tion interval from 7.24+0.8 to 4.34+0.3s (n=8, P<0.001). This
represented a 38% change similar to that produced in the
absence of 4-AP. A final series of experiments investigated
whether XE991 could modify contractile activity when Kjrp
and BKc, were eliminated. This was achieved by application
of Karp (glibenclamide, 10 uM) and BKc, (paxilline, 1uMm)
channel blockers. These were equilibrated with tissue for
approximately 10 min prior to application of 10 uM XE991.
In the presence of paxilline and glibenclamide the mean
intercontraction interval was 8.13+0.9s (n=15) and this was
reduced considerably by subsequent application of 10uM
XE991 (mean interval was 3.13+0.11s, n=5, P<0.001 paired
data). These data showed that XE991 significantly increased
spontaneous contractility even in the presence of 4-AP,
glibenclamide and paxilline at concentrations that would
block K,, Katp and BKc, channel currents.

Discussion

The aim of the present study was to extend our previous
findings that myocytes from murine PV express KCNQ

channels (Ohya et al., 2003) and to establish the impact of
these channels on mPV excitability. In the initial study by
Ohya et al. (2003) linopirdine was used to probe for a
contribution of KCNQ channels to voltage-dependent K*
current. To give insight into the functional role of KCNQ
channels we have utilised the more potent analogue of
linopirdine, XE991 as well as an established blocker of Iy
(C293B) in concert with linopirdine. Data obtained from
experiments with all three agents add weight to our original
findings (Ohya et al., 2003) and suggest that KCNQ channels
are a crucial determinant of the resting membrane conductance
and therefore, the excitability of the smooth muscle.

Effects of KCNQ channel blockers

Consistent with data from other studies the present investiga-
tion showed that XE991 was a more potent inhibitor of K*
currents in the mouse PV than C293B and linopirdine with
respective ICsy values for inhibition of the gross outward
current of 5.8, 18 and 48 uM (from Ohya et al., 2003). This
potency profile was similar to other studies (e.g. Passmore
et al., 2003; Romero et al., 2004). Scrutiny of the XE991- and
C293B-sensitive currents revealed the existence of two distinct
components of the outward current (termed I}, and I,,,) that
had markedly different sensitivities to the two KCNQ channel
blockers. For instance the ICsy for inhibition of ljpea by
XE991 was 1.2 uM compared to an ICs, value against I, of
16 uM. Similar effects are apparent for C293B in guinea pig PV
myocytes upon close examination of the data presented by
Karle et al. (2002). With long (> 15) pulses fji,c.r was manifest
as a maintained, noninactivating current whereas /I, decayed
rapidly. Evans et al. (1996) and Osipenko et al. (1997)
described a K* current with similar characteristics in rabbit
pulmonary artery SMCs. This current was well maintained
after an initial decay for depolarisations lasting up to 10 min
and was relatively insensitive to 4-AP, a standard blocker of
conventional voltage-dependent K* channels. Similarly, the
effects of XE991 were still observed in the presence of 5mM
4-AP although some attenuation of the current size was recorded.

Consistent with the XE991-sensitive current being a crucial
component of the cell resting conductance current clamp
recordings showed that XE991 and linopirdine depolarised PV
myocytes significantly. Further evidence for a strong role of
KCNQ channels in determining smooth muscle excitability
was provided by functional experiments where XE991 and
linopirdine increased the frequency of spontaneous contrac-
tions markedly even in the presence of 4-AP, paxilline and
glibenclamide. It is worth noting that SmM 4-AP alone had a
significant effect on PV activity but this was manifest as an
increase in the amplitude and duration of individual contrac-
tions whereas the KCNQ channel blockers primarily reduced
the intercontraction interval. These effects were consistent with
4-AP inhibiting an ion channel that governed membrane
potential repolarisation after action potential discharge versus
XE991 blocking a resting conductance. A number of different
voltage-dependent K channel genes are expressed in vascular
SMCs (see Fountain et al., 2004 for summary) and the
expression profile appears to rely on the vessel under study.
For instance, KCNA expression is significantly higher in
murine resistance arteries than conduit arteries (Fountain
et al., 2004). The importance of voltage-dependent K™
conductances in regulating vascular smooth muscle cell
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excitability is well accepted but the relative importance of
different isoforms again seems to be vessel specific. Until
recently KCNQ gene expression had not been shown in vascular
SMCs. However, evidence for expression of full-length KCNQ1
and a novel C-terminal truncated variant was determined by
PCR and immuno-cytochemistry in mPV myocytes (Ohya et al.,
2003). The present work extends upon these molecular data and
provides evidence for a functional role of this conductance in
this vessel. It is worth stressing that this study focused
exclusively upon the role of KCNQ channels. Consequently,
no attempt was made to dissect out the roles of other voltage-
dependent K* channels such as Kv1.2 or Kv1.5 (KCNA2 and
5) that form a component of the voltage-dependent K* current
in rabbit PV myocytes (Kerr et al., 2001). Moreover, the effects
of XE991, linopirdine and C293B have not been screened
against all voltage-dependent K* channels. Regardless of these
points the fact that three blockers of KCNQ channel had similar
effects on spontaneous contractility, on ion currents and
membrane potential and the effects of XE991 were not ablated
by preapplication of SmM 4-AP reinforced the postulate that
noninactivating KCNQ channels were crucial determinants of
smooth muscle excitability in mPV.

It is worth highlighting that while XE991 still inhibited
voltage-dependent K™ currents in mPV myocytes in the
presence of 5mM 4-AP, this agent reduced the absolute
amplitude of the XE991-sensitive current. As it is generally
accepted that 4-AP does not inhibit KCNQ channels this
observation raises the spectre that XE991 was not a selective
inhibitor of KCNQ channels especially at concentrations
greater than 10uM. However, the similarity of the effects
produced by C293B and linopirdine to those produced by
XE991 suggests that we need not be so quick to condemn this
compound especially as the linear component of the XE991-
sensitive current was relative insensitive to 4-AP. An alter-
native explanation of the data in the present study is that the
KCNQ channels in mPV myocytes were sensitive to the
relatively high concentration of 4-AP used. To date a rigorous
examination of the sensitivity of KCNQI channels to 4-AP has
not been performed. In fact, preliminary studies showed that
the KCNQIb isoform was inhibited considerably by 5mm
4-AP (G.P. Sergeant, unpublished observations). Interestingly,
the noninactivating K* current proposed to contribute to
the resting membrane potential in rabbit pulmonary artery
myocytes was also partially sensitive (~50%) to SmM 4-AP
(Evans et al., 1996). Future experiments need to focus on the
4-AP sensitivity of heterologously expressed KCNQ isoforms.
In addition, accessory proteins have been shown to alter the
pharmacological sensitivity of KCNQ channels to blocking
agents such as XE991 and a similar effect may occur for 4-AP.
The similarity of the effects of all three KCNQ channel
blockers and discordance with those effects produced by 4-AP
suggest that these compounds at low concentrations are
effective probes for KCNQ channels. Accepting the caveats
raised above the use of these agents have revealed a sustained
KCNQ-dependent current in murine portal vein myocytes that
seems to contribute to the resting conductance.

Molecular composition of the XE991-sensitive K™
channel in mPV myocytes

While KCNQ channel blockers used in this study had an
undeniable effect on voltage-dependent K™ currents and PV

contractility, the concentration of XE991, linopirdine and
C293B required to inhibit the gross outward current were
higher than required to block heterologously expressed KCNQ
channels (e.g. 0.75 uM, Wang et al., 1998) and native neuronal
M-currents (0.26 uM, Passmore et al., 2003; Romero et al.,
2004). However, close analysis of the effects of XE991 and
C293B in the present study revealed that a sustained component
of the outward current (/j;,...) was blocked with a pharmaco-
logical sensitivity close to previously published data. Moreover,
coexpression of KCNQI1 with a number of auxiliary subunits of
the KCNE gene family reduced the pharmacological sensitivity
of the KCNQ channel to blockers such as XE991 (see mini
review by McCrossan & Abbott, 2004). The combination of
KCNQ1 with either KCNE1 or KCNES resulted in currents
that were blocked by XE991 with an ICs, of between 1 and
10 uM (e.g. Wang et al., 2000; Angelo et al., 2002). In addition, a
recent report by Heitzmann et al. (2004) revealed that
association with KCNE1-3 altered the pharmacological sensi-
tivity of KCNQI1 channels to C293B. The ICs, values for
KCNQI1+KCNEI, KCNQI+KCNE2 and KCNQI+
KCNE3 were 9.8, 0.4 and 4.3 uM, respectively. Therefore, the
two components of the XE991-sensitive current in mPV
myocytes could reflect different combinations of KCNQ1 with
KCNE proteins. It is also possible that the truncated KCNQI1
isoform discovered in murine PV myocytes (Ohya et al., 2003)
may contribute to the XE991-sensitve conductance.

The biophysical properties of KCNQ channels are also
affected by expression with KCNE proteins and murine PV
myocytes express KCNE1 and KCNE3 strongly and KCNE2
to some extent (Ohya et al., 2002a). K™ currents generated by
KCNQI1 in combination with either KCNE1 or KCNES5
activated considerably slower than KCNQI1 expressed alone
(Barhanin et al., 1996; Sanguinetti et al., 1996) and the slight
inactivation inherent to KCNQI1 was lost. However, coexpres-
sion of KCNQI1 with KCNE3 resulted in a channel that
activated almost instantaneously and had a [j,..—voltage
relationship (Schroeder et al., 2000). Similar time-independent
K™ currents were generated by the coexpression of KCNQI
and KCNE2 (Tinel er al., 2000). Consequently, the time-
independent K" current identified with lower concentrations
of XE991 and C293B may represent the combination of
KCNQI! with either KCNE2 or KCNE3. The inactivating
current that is apparent at higher concentrations of KCNQ
channel blocker may reflect a combination of KCNQ1 and
KCNEL! or may be due to a contribution of the C-terminal
truncated variant of KCNQI identified by Ohya et al. (2003)
that exhibits considerable inactivation. KCNQI1 channels do
exhibit inactivation (Tristani-Firouzi & Sanguinetti, 1998) but
not to the extent observed for the XE991-sensitive current.
Alternatively, the differences in kinetics may reflect subtle
changes in the KCNQ isoform expressed as Seebohm et al.
(2001) showed that chimeric proteins formed from the
insertion of the S6 domain of KCNQ2 into a KCNQI
background enhanced the intrinsic inactivation resulting in
rapidly declining K" currents.

There has been much focus on interactions between KCNQ1
and KCNE subunits but other families of K™ channel
auxiliary subunits such as the KChIPs (K* Channel Interact-
ing Proteins) and KChAPs (K" Channel-Associated Proteins)
should not be dismissed although an interaction between
members of these protein families has not been shown yet.
Furthermore, Rennie et al. (2001) reported that a subset of
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gerbil vestibular neurones exhibited a K* current blocked by
XE991 with kinetics very similar to that described in the
present study. These authors proposed that the XE991-
sensitive current in vestibular neurones was generated by
either a novel KCNQ isoform or combination of existing
KCNQ proteins with ERG-encoded gene products similar to
the situation in some neurones (Selyanko et al., 1999). This
latter scenario is possible as mPV myocytes express two
variants of ERG1 (Ohya et al., 2002b) and recent coimmuno-
precipitation experiments show that HERG and KCNQ1 gene
products interact physically (Ehrlich et al., 2004). If so, this
would represent a novel heteromer with «-subunits from
different subfamilies.

Vascular importance of KCNQ channels

Murine portal veins are spontaneously active (Spencer &
Greenwood, 2003; Saleh & Greenwood, 2005), driven by
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