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BACKGROUND AND PURPOSE

Cerebral vasospasm is the persistent constriction of large conduit arteries in the base of the brain. This pathologically
sustained contraction of the arterial myocytes has been attributed to locally elevated concentrations of vasoconstrictor
agonists (spasmogens). We assessed the presence and function of KCNQ (K.7) potassium channels in rat basilar artery
myocytes, and determined the efficacy of K,7 channel activators in relieving spasmogen-induced basilar artery constriction.

EXPERIMENTAL APPROACH

Expression and function of K,7 channels in freshly isolated basilar artery myocytes were evaluated by reverse transcriptase
polymerase chain reaction and whole-cell electrophysiological techniques. Functional responses to K,7 channel modulators
were studied in intact artery segments using pressure myography.

KEY RESULTS

All five mammalian KCNQ subtypes (KCNQT1-5) were detected in the myocytes. K, currents were attributed to K,7 channel
activity based on their voltage dependence of activation (Vos ~ —34 mV), lack of inactivation, enhancement by flupirtine (a
selective K,7 channel activator) and inhibition by 10,10-bis(pyridin-4-ylmethyl)anthracen-9-one (XE991; a selective K,7
channel blocker). XE991 depolarized the myocytes and constricted intact basilar arteries. Celecoxib, a clinically used
anti-inflammatory drug, not only enhanced K,7 currents but also inhibited voltage-sensitive Ca®* currents. In arteries
pre-constricted with spasmogens, both celecoxib and flupirtine were more effective in dilating artery segments than was
nimodipine, a selective L-type Ca?* channel blocker.

CONCLUSIONS AND IMPLICATIONS
K7 channels are important determinants of basilar artery contractile status. Targeting the K,7 channels using flupirtine or
celecoxib could provide a novel strategy to relieve basilar artery constriction in patients with cerebral vasospasm.

LINKED ARTICLES
To view two letters to the Editor regarding this article visit http://dx.doi.org/10.1111/j.1476-5381.2011.01454.x and
http://dx.doi.org/10.1111/j.1476-5381.2011.01457.x

Abbreviations

4-AP, 4-aminopyridine; AVP, arginine®-vasopressin; ET, endothelin; Kc,, calcium-activated potassium channels; Ky
channels, voltage-sensitive potassium channels; SAH, subarachnoid hemorrhage; VSMC, vascular smooth muscle cell;
XE991, 10,10-bis(pyridin-4-ylmethyl)anthracen-9-one

Introduction arachnoid hemorrhage (SAH). The affected arteries (primarily

the basilar artery and arteries of the Circle of Willis) account
Cerebral vasospasm, a sustained constriction of the arteries at for 10-39% of resistance to blood flow to the brain (Heistad
the base of the brain, is a devastating consequence of sub- and Konotos, 1983). Hence, spasm of these arteries results in
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a reduction of blood flow to the brain, leading to ischaemic
neurological deficits and consequential high morbidity and
mortality (Kassell et al., 1985). The condition is often diag-
nosed by angiographic narrowing of the basilar artery or
altered basilar artery blood flow measured by transcranial
Doppler ultrasonography.

The aetiology of vasospasm after SAH appears to be mul-
tifactorial, with spasmogens including 5-hydroxytryptamine
(serotonin, 5-HT), endothelin (ET) and vasopressin
[arginine®-vasopressin (AVP)] likely to be involved in the ini-
tiation and maintenance of the sustained constriction of
arteries (Trandafir et al., 2004; Nishizawa and Laher, 2005).
Vasospasm is produced by persistent contraction of the vas-
cular smooth muscle cells (VSMC) in the arteries due to the
sustained elevation of cytosolic Ca** concentrations ([Ca?"] ).
The elevation of [Ca*]. is mainly caused by increased influx
of Ca* through voltage-sensitive Ca* channels (VSCC),
which are activated by membrane depolarization (Harder
et al., 1987; Zuccarello et al., 1996; Weyer et al., 2006).

Because the membrane voltage is regulated primarily by
the K* conductance (Faraci and Sobey, 1998), K* channels are
postulated as mediators in the pathogenesis of cerebral vasos-
pasm and have therefore been identified as possible therapeu-
tic targets to treat this condition (Wellman, 2006). K*
conductance was found to be reduced in basilar arteries after
SAH (Harder et al., 1987; Jahromi et al., 2008a), and the dys-
function of 4-aminopyridine (4-AP)-sensitive K, channels
after SAH has been proposed as a mechanism contributing to
cerebral vasospasm (Ishiguro et al.,, 2006; Jahromi etal.,
2008a). However, none of the K' channel subtypes previously
found to be expressed in the cerebral vasculature has emerged
as a successful target to treat cerebral vasospasm (Wellman,
2006). We recently demonstrated that K* conductance
through KCNQ (K,7) channels (nomenclature follows Alex-
ander et al., 2009) largely determines the resting membrane
voltage in rat mesenteric artery myocytes (Mackie et al., 2008)
and cultured rat aortic smooth muscle cells (Brueggemann
etal., 2007; Mani et al., 2009). We also found that AVP, a
potent vasoconstrictor, exerts its physiological effects on
mesenteric arteries via suppression of K,7 currents (Mackie
et al., 2008). Here, we present evidence for the presence of
this class of K* channels in rat basilar artery myocytes and
describe the results of functional studies that suggest that K,7
channels contribute to the regulation of basilar artery tone
and that clinically used K,7 channel activators can attenuate
spasmogen-induced basilar artery constriction. Hence, we
propose that these drugs could be utilized as novel therapeu-
tic agents to treat patients with cerebral vasospasm.

Methods

Animal procedures

All animal care and experimental procedures in this study
were approved by the Institutional Animal Care and Use
Committee, Loyola University Medical Center, Maywood, IL.
Male Sprague-Dawley rats, 275-325 g, were killed by thorac-
otomy and excision of the heart while under 4% isoflurane
anaesthesia. The brain was removed immediately and placed
in ice-cold dissection solution [in mM: 145 NaCl, 4.7 KCI, 1.2
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NaH,PO,, 1.2 MgS0,, 2 CaCl,, 2 pyruvic acid, 0.02 EDTA, 3
3-(N-morpholino) propanesulphonic acid (MOPS) and 5
D-glucose with 1% bovine serum albumin (BSA), pH 7.4 at
0°C, 300 mOsm-L"]. The basilar artery was dissected free from
the brain and used for pressure myography or for isolation of
myocytes for patch-clamp recordings.

Isolation of basilar artery myocytes

The myocytes were isolated from the basilar artery by modi-
fying the procedure described by Berra-Romani et al. (Berra-
Romani et al., 2005). The dissected basilar artery was cut into
two or three segments and placed in low-Ca* physiological
saline solution (low-Ca* PSS, in mM): 140 NaCl, 5.36 KCl,
0.34 Na,HPO4, 0.44 K,HPO4, 10 HEPES, 1.2 MgCl,, 0.05
CaCl, and 10 p-glucose, pH 7.2 at 37°C, 298 mOsm-L™) for
30 min. The arterial segments were then subjected to enzy-
matic digestion in low-Ca® PSS containing (in mg-mL™) 2
collagenase type XI; 0.16 elastase type IV and 2 BSA (fraction
V, protease-free) at 37°C for 30 min. The digested segments
were repeatedly washed with ice-cold low-Ca?" PSS to remove
the enzymes, and then the individual myocytes or clusters of
myocytes were released from the segments by trituration
using fire-polished Pasteur pipettes.

Electrophysiology
Individual myocytes were allowed to attach to glass coverslips
and whole cell currents were measured by using a perforated
patch configuration (by including 120 ug-mL™ Amphotericin
B in the internal solution) under voltage-clamp conditions.
All experiments were performed at room temperature with
continuous perfusion of bath solution as described previously
(Mackie et al., 2008; Brueggemann et al., 2009). For recording
the K,7 currents, the bath solution contained (in mM): 140
NaCl, 5.36 KClI, 1.2 MgCl,, 2 CaCl,, 10 HEPES, 10 D-glucose,
pH 7.3, 298 mOsm-L'; the internal (pipette) solution con-
tained (in mM): 135 KCl, 5 NaCl, 10 HEPES, 0.05 K;EGTA, 1
MgCl,, 20 Dp-glucose, pH 7.2, 298 mOsm-L'. K,7 currents
were recorded in isolation by application of 5 s voltage steps
from a —4 mV holding voltage to test voltages ranging from
-84 mV to +16 mV. The bath solution contained GdCl;
(100 uM; sufficient to block L- and T-type Ca* channels,
non-selective cation channels and to shift activation of 4-AP-
sensitive Ky currents to voltages positive to —20 mV; Support-
ing Information Figure S1) and spermine (100 uM; to inhibit
the inwardly-rectifying K* currents). Whole-cell K* currents
were digitized at 2 kHz and filtered at 1 kHz. The steady-state
K* currents recorded during the last 1000 ms (2000 points) of
each voltage step were averaged and normalized to cell
capacitance to obtain the current-voltage (I-V) relationship.
To record currents through voltage-sensitive Ca*" chan-
nels, bath solution contained 10 mM Ba?* as a charge carrier
(in mM): 140 NaCl, 2.7 KClI, 10 BaCl,, 10 HEPES, pH 7.3,
298 mOsm-L™! and internal solution contained (in mM): 135
CsCl, 10 HEPES, 10 Cs,EGTA, 2.5 MgCl,, 10 D-glucose, pH 7.2,
298 mOsm-L™". A Cs,EGTA stock solution was prepared by
titrating EGTA with CsOH to pH 7.2. Ba*" currents were
recorded in isolation by application of a 300 ms voltage step
protocol from —-90 mV holding voltage to test voltages
ranging from —85.2 to +44.8 mV. Whole-cell voltage-sensitive
Ba* currents were digitized at 10 kHz and filtered at 5 kHz,
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and the peak inward current was measured and normalized to
cell capacitance.

Liquid junction potentials were calculated using Junction
Potential Calculator provided by PCLAMPS software and sub-
tracted off-line. Current-voltage (I-V) curves for the K* cur-
rents and voltage-sensitive Ba®* currents (Iy,) were derived
after leak subtraction using a procedure described by Passmore
et al. (2003). The voltage-dependence of channel activation of
K,7 currents was derived by calculating the conductance from
the steady-state currents at each voltage (according to the
equation G = I/(V-Ex), where I, steady-state current; V, step
voltage; Ex reversal potential for potassium) and normalized
to maximum conductance for each experiment (Wickenden
etal., 2001). Normalized conductances were fitted by a
Boltzmann function: G/Gmax = 1/[1 + exp(Vos — Vm)/s], where
G/Gmax is the fraction of maximal conductance, Vs is the
voltage of half-maximal activation and s is the slope factor.
Membrane voltages were recorded from individual myocytes
or clusters of myocytes in current clamp (I = 0) mode. The
effect of treatments on membrane voltage was determined by
taking the mean of the values recorded over at least a 1 min
period, prior to treatment, and at the end of treatment.

Pressure myography

The effects of various treatment conditions on basilar artery
diameter were studied using a pressure myograph system
(DMT-USA, Atlanta, GA, USA) as described previously (Hend-
erson and Byron, 2007). The pipette contained physiological
saline solution (in mM: 145 NaCl, 4.7 KCl, 1.2 NaH,PO,, 1.2
MgSO,, 2 CaCl,, 2 pyruvic acid, 0.02 EDTA, 3 MOPS and 5
D-glucose with 1% BSA, pH 7.4 at 37°C, 300 mOsm-L™") and
the bath contained the same solution without BSA. The artery
segment was transferred to the pressure myograph system
and secured to the glass pipettes using nylon sutures. By
gradually increasing the pressure using a pressure column,
the arteries were pressurized to 80 mmHg (the pressure that
would be expected in the basilar artery in vivo) (Weyer et al.,
2006). The bath solution was gradually warmed to 37°C. The
viability of the vessel was confirmed by observation of a quick
constrictor response to the depolarization induced by tran-
sient application of 60 mM KCI saline solution. The artery
segment was then allowed to equilibrate, and arteries with
diameters that were stable for at least 30 min were used in the
study. Arteries that developed myogenic tone (a decrease in
diameter coinciding with pressurization to 80 mmHg) or that
failed to respond to KCI were discarded. The concentration of
spasmogens was chosen based on the ECs, concentrations to
constrict basilar artery (Nishimura, 1996; Mayhan, 1998;
Katori et al., 2001). The vasoconstrictor/vasodilator responses
were measured and the results are presented as changes in
outer vessel diameter, in micrometres.

Polymerase chain reaction (PCR)

Reverse transcription PCR was used to detect the KCNQ gene
products (K,7 channel mRNA transcripts). Myocytes were
freshly isolated from basilar artery segments by enzymatic
digestion as for electrophysiological recordings and total RNA
was isolated using RNeasy Kit (Qiagen, Valencia, CA, USA).
PCR was performed essentially as described previously (Brue-
ggemann et al., 2007). Primers were adapted from previous

publications: KCNQ1-3 and KCNQS5 (Ohya et al., 2002) and
KCNQ4 (Yeung et al., 2007) to correspond to rat sequences.

Data analysis

Data are presented as mean = SEM. Data were analysed using
Clampfit (Axon Instruments, Sunnyvale, CA, USA) and Sigm-
aStat (Systat Software, Inc., Chicago, IL, USA) software pro-
grams. Paired Student’s f-test was used for comparisons of
parameters measured before and after treatments. Compari-
sons among multiple treatment groups were evaluated by
analysis of variance (ANOVA) followed by a Holm-Sidak post
hoc test. Differences with P-value =0.05 were considered sta-
tistically significant.

Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) with the exception of the following. ET-1, ampho-
tericin B and nimodipine were from Calbiochem (San Diego,
CA, USA), BSA fraction V was from Boehringer Mannheim
(Mannheim, Germany), celecoxib and rofecoxib were from
LKT Laboratories, Inc. (St. Paul, MN, USA), flupirtine was
from Tocris Cookson (Ellisville, MO, USA), 10,10-bis(pyridin-
4-ylmethyl)anthracen-9-one (XE991) was from Ascent Scien-
tific (Princeton, NJ, USA) and 2, 5-dimethyl-celecoxib was
generously provided by Dr Axel H. Schénthal (University of
Southern California, Los Angeles, CA, USA). Drugs were dis-
solved in DMSO (nimodipine, flupirtine, celecoxib, rofecoxib
or dimethyl celecoxib) or water (XE991), and were used at
dilutions of 1:1000 to 1:10 000 in the bath solution. The
vehicle by itself did not have appreciable effects on currents
or on membrane voltage.

Results

Expression of KCNQ genes in rat

basilar arteries

Reverse transcriptase-PCR was used to evaluate the gene
expression pattern of K,7 channels in basilar artery myocytes.
The mRNAs of all five mammalian KCNQ genes (KCNQ1-5,
encoding K,7.1- K,7.5) were detected (Figure 1).

KCNQ Subtype

Figure 1

K.,7 channels are expressed in basilar artery myocytes. Reverse tran-
scription polymerase chain reaction detection of KCNQT1 through
KCNQ5 from mRNA extracted from basilar artery myocytes.
Expected sizes of each reaction product are KCNQ1, 453 bp;
KCNQ2, 372 bp; KCNQ3, 424 bp; KCNQ4, 359 bp; and KCNQ5,
240 bp. Molecular weight marker (100 base-pair ladder, New
England Biolabs, Ipswich, MA, USA, is shown in the left lane).
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K,7 currents in basilar artery myocytes

To assess the presence of functional channels, we recorded
K7 currents in basilar artery myocytes using patch-clamp
electrophysiology under voltage-clamp conditions
(Figure 2A). We recorded outwardly rectifying currents with a
threshold for voltage-dependent activation <-60 mV and
half-maximal activation (V,s) at ~ -34 mV (Figure 2A, C and
D). Addition of 10 uM flupirtine, a selective K,7 channel
activator, significantly enhanced the K,7 currents at all volt-
ages tested from —49.2 to +5.8 mV; at —20 mV, the voltage at
which we observed near-maximal activation, currents more
than doubled with the addition of flupirtine (0.04 =
0.01 pA/pF before (control) compared with 0.09 = 0.02 pA/pF
after addition of flupirtine; Figure 2B, C). However there was
no significant shift in the steady-state voltage-dependence of
activation (Vo for flupirtine was —-36.8 * 0.8 mV compared
with control -33.9 = 1.5 mV; Figure 2D). XE991 (10 uM), a
selective K,7 channel blocker (Wang et al., 1998), effectively
abolished the currents after wash out of flupirtine (Figure 24,
C) or in the presence of flupirtine (Supporting Information
Figure S2).

Contribution of K,7 channels to

membrane voltage

The K,7 currents had a very negative threshold for voltage-
dependent activation, suggesting that K" conductance
through K,7 channels should contribute to maintenance of
negative resting membrane voltages. To evaluate this
possibility, we measured the effect of the K,7 channel
blocker XE991 on whole cell membrane voltage, in physi-
ological concentrations of ions. Addition of 10 uM XE991
significantly depolarized the basilar artery myocytes
(Figure 3A, B). To confirm that the depolarization of myo-
cytes’” membrane translates functionally into a constrictor
response, we assessed if blockade of K,7 channels would
constrict the intact basilar artery using pressure myography.
Application of 10 uM XE991 to pressurized basilar arteries
produced a significant constrictor response (Figure 3C, D),
which was almost completely reversed by addition of
the L-type Ca®* channel blocker nimodipine (2 uM,
Figure 3C).

Effect of celecoxib on K,7 and
voltage-sensitive Ba** currents

We recently reported that celecoxib is a dual K,7 channel
activator and VSCC blocker in cultured rat aortic smooth
muscle cells and rat mesenteric artery myocytes (Bruegge-
mann et al., 2009). In accordance with our previous findings,
we found here that celecoxib (10 uM) significantly enhanced
the K,7 currents at all voltages from -34.2 to +0.8 mV; at
—-20 mV, the currents more than doubled in amplitude
(Figure 4). To record currents through voltage-sensitive Ca*
channels, Ba*" was used as a charge carrier (Figure 5A). Cele-
coxib (10 uM) inhibited Iz, at all voltages from -20.2 to
+39.8 mV and the peak inward currents were essentially abol-
ished (Figure 5A, B).

Since nimodipine is the standard therapeutic agent used
to treat patients with cerebral vasospasm, we compared the
ability of nimodipine to inhibit Iy, with that of celecoxib. The
concentration of nimodipine used (2 uM) was found to be
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maximally effective in dilation of basilar artery segments
pre-constricted with vasoconstrictor agonists (see Figure 7D).
Celecoxib was significantly more effective in inhibiting Is.
in basilar artery myocytes than was 2 puM nimodipine
(Figure 5C).

Effect of K,7 channel activators on basilar
artery constriction produced by spasmogens
involved in cerebral vasospasm

To assess the functional consequences of K,7 current
enhancement, we studied the efficacy of flupirtine or cele-
coxib in reversing the constriction produced by spasmogens
involved in the pathogenesis of cerebral vasospasm: ET-1,
AVP and S-HT. Flupirtine produced a concentration-
dependent relaxation of basilar arteries pre-constricted with
100 pM ET-1, 100 pM AVP or 75 nM S-HT (Figure 64, B). The
ECso of relaxation produced by flupirtine was ~40-60 uM
(Figure 6B). Flupirtine (100 uM) did not reverse 5-HT-induced
constriction in the presence of 10 uM XE991 (flupirtine pro-
duced 2.8 * 2.5% dilation in the presence of XE991 com-
pared with 97.4 = 1.7% dilation in the absence of XE991). We
also assessed whether flupirtine is more efficacious than
nimodipine in dilating the basilar artery. Application of
100 puM flupirtine either alone or combined with nimodipine
produced a significant additional dilation compared with
nimodipine alone (Figure 6C, D).

Celecoxib, the dual K,7 channel activator and VSCC
blocker, was a more potent dilator of the basilar artery com-
pared with flupirtine (Figure 7). Basilar artery segments pre-
constricted with ET-1, AVP or 5-HT were dilated by celecoxib
in a concentration-dependent manner, with an ECs, of relax-
ation between 14 and 17 uM (Figure 7A, B). Celecoxib
(30 uM), either alone or when combined with nimodipine
(2 uM) produced significant additional dilation of basilar
arteries compared with dilation induced by nimodipine alone
(Figure 7D, E). We also sought to address the question of
whether celecoxib could prevent the development of vasos-
pasm when given before the constrictor agent. 5-HT was not
able to produce constriction in basilar arteries that had been
pre-treated with 30 uM celecoxib, but after wash out of both
5-HT and celecoxib, re-addition of 5-HT in the presence of the
vehicle of celecoxib induced a robust constriction in the same
artery (Figure 7C). The constriction produced by 5-HT in the
presence of celecoxib was 0.11 * 0.34% compared with 17.3
+ 1.7% produced in the presence of vehicle for celecoxib in
the same arteries. The constriction produced by 5-HT alone
was subsequently overcome by application of 30 uM cele-
coxib (Figure 7C).

Discussion

Our results provide clear functional evidence for the pres-
ence of K,7 channels in rat basilar artery myocytes. K* con-
ductance through these channels contributes to resting
membrane voltage and regulates the contractile status of
basilar artery. K,7 channel activators reverse the constrictor
effects of spasmogens implicated in SAH-induced cerebral
vasospasm.
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Figure 2

K.7 currents in basilar artery myocytes. (A) Representative current traces recorded from a basilar artery myocyte (capacitance = 38.72 pF) under
control conditions (left, untreated), treatment with 10 uM flupirtine (middle) and 10 uM XE991 (right; dotted lines indicate zero current). Inset
shows the voltage protocol used to record the K,7 currents. (B) Representative time course of K,7 currents recorded at —20 mV in a single basilar
artery myocyte before and during the application of 10 uM flupirtine. The currents were enhanced with the application of flupirtine and restored
to control levels after wash out of flupirtine (bars above the trace indicate the duration of treatment or wash out). (C) Summarized |-V curves show
the outwardly rectifying K,7 currents and the response to application of 10 uM flupirtine and 10 uM XE991. Flupirtine significantly enhanced K,7
currents at all tested voltages between —49.2 to +5.8 mV (n =4 each, *P < 0.05, paired Student’s t-test). (D) Normalized conductance plots fitted
by a single Boltzmann function; control (voltage of half-maximal activation (Vos) = -33.91 £ 1.46 mV; slope factor (s) =6.98 = 1.17 mV; 10 uM
flupirtine (Vos =-36.8 £ 0.78 mV; s = 8.23 = 0.64 mV, n = 4); G/Gnax, fraction of maximal conductance.
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K.7 currents determine resting membrane voltage in basilar artery myocytes and contractile status of basilar artery. (A) Representative time course
of membrane voltage recorded in current-clamp mode from a basilar artery myocyte before and during the application of 10 uM XE991. (B) Mean
membrane voltage values in basilar artery myocytes before (control) and during the addition of vehicle or 10 uM XE991. XE991 produced a
significant membrane depolarization (n =4, *P < 0.05, paired Student’s ‘t’ test; N.S — Not significant). (C) Representative trace shows contraction
produced in a pressurized basilar artery segment with the addition of 10 uM XE991. The constriction was reversed with the addition of 10 uM
nimodipine. (D) Percentage change in the basilar artery diameter with the addition of 10 uM XE991 or vehicle. XE991 produced a significant
constriction of basilar artery segments compared with vehicle control (n =5, *P < 0.05, paired Student’s t-test).

has limited efficacy. This may be due to the presence of

Need f or novel targets to treat heterogeneous Ca* channel subunits with varying sensitivi-
cerebral vasospasm ties to nimodipine (Nikitina et al., 2007; Navarro-Gonzalez
Thus far, the only drug available to treat cerebral vasospasm etal, 2009) and increased expression of nimodipine-
is nimodipine, a selective L-type Ca*" channel blocker, but it insensitive T-type Ca* channels and R-type Ca*" channels in
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significantly enhanced the K,7 currents at all tested voltages between -34.2 and +0.8 mV (n =7, *P < 0.05, paired Student’s t-test).

basilar artery myocytes following SAH (Nikitina et al., 2010).
Hence, a drug that inhibits the activation of all VSCC sub-
types either directly or indirectly (e.g. by activation of K*
channels and prevention of the membrane depolarization
that activates VSCC) would be expected to be more effica-
cious than nimodipine.

K,7 channels are expressed and functional in
rat basilar artery myocytes

Message transcripts of all the known KCNQ genes
(KCNQ1-5, encoding K,7.1-7.5 channels) were detected in
rat basilar artery myocytes (Figure 1). Very recently, a quan-
titative assessment of the expression of KCNQ genes in rat
basilar artery and middle cerebral artery myocytes by Zhong

et al. also revealed the presence of all five KCNQ mRNAs,
though the mRNAs of KCNQ2 and KCNQ3 were much less
abundant than those of KCNQI1, KCNQ4 and KCNQS5
(Zhong et al., 2010). K,7.1 channels are insensitive to drugs
(e.g. flupirtine, retigabine and N-ethyl maleimide) that acti-
vate the other K,7 channel subtypes (Gamper et al., 2005;
Munro and Dalby-Brown, 2007), and K,7.1 subunits do not
form heteromers with other K,7 channel subunits (Schwake
etal., 2003). Considering that the whole cell K,7 currents
measured in basilar artery myocytes were robustly enhanced
by flupirtine (Figure 2A-C), the contribution of outward K*
conductance through homomeric K,7.1 channels is likely to
be minimal. Hence, the functional K,7 channels in basilar
artery myocytes are likely to be predominantly constituted
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10 uM celecoxib alone. Celecoxib either alone or when added along with nimodipine produced significantly more inhibition of lg, compared with
nimodipine alone (n = 5-6, *P < 0.05 using one-way ANOVA followed by post hoc Holm-Sidak test).

by homo- or hetero-tetramers of K,7.4 and K,7.5 channel
subunits.

We isolated basilar artery myocyte K,7 currents using
whole cell voltage-clamp techniques (Figure 2). The Ky cur-
rents recorded at test voltages between —60 mV and -20 mV
can reasonably be attributed to K,7 channel activity based on
several observations: (i) the currents measured under our
recording conditions were robustly enhanced by 10 uM flu-
pirtine, a selective K,7 channel activator; (ii) the currents
were completely inhibited by 10 uM XE991, a selective K,7
channel blocker; and (iii) the currents had electrophysiologi-
cal characteristics expected of K,7 currents (non-inactivating,
voltage-dependent with a very negative threshold for activa-
tion and half-maximal activation (V,s) of ~ -34 mV (Adams
etal.,, 1982; Wickenden etal., 2001; Brueggemann etal.,
2007; Mackie et al., 2008). Currents recorded at voltages more
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positive than —20 mV were not completely blocked by XE991,
suggesting that at these more depolarized voltages we were
recording a mix of currents, with contributions likely from
other K channels, such as 4-AP-sensitive K, channels and
Ca*-activated K* channels (Kc,) channels.

K.,7 channels are critical contributors to
resting membrane voltage and basilar artery
contractile status

The resting membrane voltage of basilar artery myocytes
measured in the current study was -57.5 = 6.3 mV, within
the range reported in previous studies for basilar artery myo-
cytes (Allen etal., 2002; Chrissobolis and Sobey, 2002;
Jahromi et al., 2008a). The maximal density of K" currents
through K,7 channels is small (<0.3 pA/pF, Figure 2C) com-
pared with maximal current densities reported for 4-AP-
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of flupirtine on a basilar artery segment pre-constricted with 75 nM 5-HT. (B) Mean concentration-response curves of the percentage relaxation
produced by flupirtine in arteries pre-constricted with the spasmogens: 5-HT, AVP and ET-1. (C) Representative time course trace shows the dilation
produced by nimodipine and flupirtine when an artery was pre-constricted with 5-HT. Increasing the concentration of nimodipine above 1 uM
did not produce additional dilation. However, addition of flupirtine produced additional dilation in the same artery. (D) Summary of the
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alone. Flupirtine either alone or when added along with nimodipine produced significantly more dilation compared with nimodipine alone (n =

3-6 *P < 0.05, one-way ANOVA followed by post hoc Holm-Sidak test).

sensitive-Ky (36.9 pA/pF) and Kc. channels (~140 pA/pF)
(Jahromi et al., 2008a,b). However, K,7 channels are likely to
play an important role in determining the resting membrane
voltage, more so than Ky and K¢, channels, as they are acti-
vated at more negative membrane voltages than 4-AP-
sensitive Ky and K¢, channels [Vys for K,7 currents is -34 mV
(Figure 2D), compared with Vs of -1.3 mV for 4-AP-
sensitive-Ky currents (Jahromi et al., 2008a) and +86.8 mV for
large-conductance Kc, currents at 200 nM [Ca*'].: (Jahromi
et al., 2008b)]. This is supported by the evidence that block-

ade of K,7 channels with XE991 significantly depolarized the
cell membrane (Figure 3A, B). This brought the membrane
voltage from -58 mV, at which L-type VSCC have very low
activity, to —35 mV, which is in the range of membrane
voltage where VSCC activity increases in a steeply voltage-
dependent manner (Figure 5B). Our results shown in
Figure 3C support this hypothetical mechanism: XE991
robustly constricted the basilar artery and this effect was
reversed by the L-type VSCC blocker nimodipine. K,7 chan-
nels have a well-established role in stabilizing resting
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Celecoxib reverses the spasmogen-induced constriction in basilar artery more effectively than nimodipine. (A) Representative trace shows the
concentration-dependent effect of celecoxib on a basilar artery segment pre-constricted with 75 nM 5-HT. (B) Mean concentration-response
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Increasing the concentration of nimodipine above 1 uM did not produce additional dilation. However, addition of celecoxib produced additional
dilation in the same artery. (E) Summary of the percentage dilation of basilar artery with the application of 2 uM nimodipine alone, 2 uM
nimodipine + 10 uM celecoxib and 10 uM celecoxib alone. Celecoxib, either alone or when added along with nimodipine, produced significantly
more dilation compared with nimodipine alone (n = 3-6, *P < 0.05 using one-way ANOVA followed by post hoc Holm-Sidak test).
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membrane voltages, and suppression of their activity is a
common depolarizing stimulus in neurons and arterial myo-
cytes (Adams et al., 1982; Mackie etal., 2008; Joshi etal.,
2009). It remains to be determined whether suppression of
K,7 channel activity contributes substantially to the develop-
ment of cerebral vasospasm after SAH.

K.,7 channel activators as candidates to treat
cerebral vasospasm

The K,7 channel activator flupirtine was able to reverse the
constriction produced by the spasmogens involved in cere-
bral vasospasm, 5-HT, ET-1 and AVP (Figure 6). Furthermore,
addition of flupirtine in the presence of nimodipine pro-
duced additional dilation. We speculate that flupirtine pro-
duced an additive vasodilatory effect by opposing the
membrane depolarization produced by the spasmogens, and
thereby preventing the activation of both nimodipine-
sensitive and nimodipine-insensitive VSCC. Our results
shown in Figure 5 are consistent with this idea in that we can
detect Ba*" currents in basilar artery myocytes that are acti-
vated by membrane depolarization, but not fully blocked by
2 uM nimodipine.

A 10-fold higher concentration of flupirtine was required
in the vascular reactivity studies compared with patch-clamp
studies. The discrepancy is likely, because, in intact arteries,
depolarization of a small proportion of smooth muscle cells
in response to addition of spasmogens leads to depolarization
of the adjacent smooth muscle cells, which are connected by
gap junctions. Therefore, the concentration of flupirtine
required to oppose the concerted depolarization of VSMCs in
a physiologically integrated arterial system is higher than in
the single cell patch clamp studies. Conversely, a threefold
lower concentration of spasmogen was required in vascular
reactivity studies compared with patch-clamp studies (Mackie
et al., 2008).

Celecoxib (Celebrex®) is marketed as a selective inhibitor
of cyclooxygenase-2 (COX-2) and is widely prescribed to treat
pain and inflammation. However, our present findings indi-
cate that celecoxib is a robust K,7 channel activator (like
flupirtine) (Figure 4) as well as a VSCC blocker in basilar
artery myocytes (more effective than 2 uM nimodipine;
Figure 5). We recently demonstrated similar effects of cele-
coxib in mesenteric artery myocytes and provided evidence
that these effects are apparent at concentrations of celecoxib
that may be achieved with clinical therapy (Brueggemann
etal.,, 2009). In contrast, the concentration of nimodipine
(2 uM), which induced significantly less suppression of VSCC
than 10 uM celecoxib did, is more than 1000-fold higher
than concentrations achieved in cerebrospinal fluid after
nimodipine administration in patients (Allen efal., 1983).
Although the electrophysiological methods used may not
reveal differences in drug effects that might occur under more
physiological conditions, the pressure myography experi-
ments are performed under much more physiological condi-
tions and reveal a similar difference in efficacy between
celecoxib and nimodipine. Though the mechanism(s) by
which celecoxib modulates ion channels are not known,
these effects are expected to influence the contractile status of
basilar artery myocytes.

As expected from its dual ion channel effects, celecoxib
very effectively reversed the constriction produced by the

spasmogens (Figure 7A, B) and, like flupirtine, celecoxib was a
more effective dilator of basilar artery than nimodipine
(Figure 7D, E). The additional dilation produced by celecoxib
could be due to two mechanisms: enhancement of K,7 cur-
rents thereby limiting the voltage change necessary to acti-
vate all of the VSCCs, or K7 channel-independent inhibition
of nimodipine-insensitive VSCC. Our results provide evi-
dence for both of these mechanisms. The finding that flupir-
tine produces an additional dilation in the presence of
nimodipine supports the former (Figure 6D), and that cele-
coxib produces additional inhibition of voltage-sensitive Ba*
currents in the presence of 2 uM nimodipine supports the
latter (Figure 5C).

The vasodilatory effects observed with celecoxib were
independent of its ability to inhibit COX-2 as rofecoxib, a
more potent inhibitor of COX-2 than celecoxib, did not
induce vasodilatory responses, but dimethyl celecoxib, a
structural analogue of celecoxib modified to eliminate COX-2
activity, also almost completely relaxed spasmogen pre-
constricted artery segments (Supporting Information Fig-
ure S3; Brueggemann et al., 2009). We do not rule out the
possibility of modulation of other ion channels or intracel-
lular Ca* mobilization pathways by celecoxib that may also
contribute in part to the vasodilatory responses observed
here.

Direct K,7 channel activators have already found their
way to clinical trials to treat neuronal excitability disorders
such as epilepsy and neuropathic pain (Miceli et al., 2008).
Our findings suggest that, in addition to their direct neuro-
protective effects (Boscia et al., 2006), these drugs with estab-
lished safety profiles (Blackburn-Munro et al., 2005) can be
readily adopted to prevent or limit the neurological deficits
after SAH by reducing basilar artery vasospasm. K,7 channel
activators were also recently reported to reverse the pressure-
induced constriction in resistance cerebral arteries (Zhong
et al., 2010). Hence, the effect of K,7 activators in improving
the cerebral blood flow after SAH may extend beyond the
ability of the drugs to dilate the conduit arteries like the
basilar artery (Figure 6) that are primarily affected during
the syndrome. In terms of potential utility in the treatment of
SAH-induced cerebral vasospasm, celecoxib has additional
effects that might also be beneficial. Celecoxib is a VSCC
blocker, like nimodipine, and might therefore be expected to
be more effective as a vasodilator than a drug like flupirtine
that only activates K,7 channels. It is increasingly recognized
that an inflammatory component is associated with the
development of cerebral vasospasm (Pradilla et al., 2010); the
anti-inflammatory effects of celecoxib may therefore also be
beneficial. Celecoxib could be an ideal drug to reduce the
inflammation associated with SAH and simultaneously
oppose the spasmogenic effects of locally elevated vasocon-
strictor agonists. Preclinical trials to test the efficacy of these
drugs to relieve basilar artery vasospasm in animal models of
SAH are warranted.

In conclusion, this study provides the first evidence for
the functional presence of K,7 channels in basilar artery myo-
cytes. Our findings suggest that K* conductance through the
K,7 channels maintains hyperpolarized resting membrane
voltages, preventing the activation of VSCC, and thereby
regulating the contractile status of basilar artery. Flupirtine, a
selective K,7 channel activator or celecoxib, a dual K,7
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channel activator and VSCC blocker can reverse the constric-
tor effects of spasmogens implicated in SAH-induced cerebral
vasospasm. These drugs could, therefore, be regarded as can-
didates for development of novel therapies for patients who
have or may develop cerebral vasospasm.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 A. Current-voltage curves show response of 4-AP-
sensitive Kv currents to the addition of 100 uM Gd*. The
currents were isolated using protocol described previously
(Mackie efal., 2008). B. Normalized conductance plots of
4-AP-sensitive-Kv currents fitted by a single Boltzmann func-
tion shows positive shift in activation of the currents with the
addition of Gd*" (half maximal activation of currents is
shifted by approximately 15 mV). This enabled isolation of
Kv7 currents at voltages =—20 mV without contribution from
4-AP-sensitive Kv currents.

Figure $2 A. Current-voltage curves show that flupirtine
significantly enhanced Kv7 currents at all tested voltages
between -49.2 to +0.8 mV (n = 5 each, *P < 0.05, Paired
Student’s ‘t’ test, compared with control). XE991 (10 pM)
abrogated Kv7 currents in the presence of 10 uM flupirtine
(n =35 each, #P < 0.05, Paired Student’s ‘t’ test, compared with
control).

Figure S3 A. Representative time course trace shows that
30 uM rofecoxib failed to dilate a basilar artery segment pre-
constricted with 75 nM 5-HT. Application of 30 uM celecoxib
completely reversed the serotonin-induced constriction of
the same artery. B. Representative time course trace shows
that 30 uM dimethyl celecoxib completely reversed the
serotonin-induced constriction of basilar artery. C. Summary
of the percentage dilation produced by rofecoxib and dim-
ethyl celecoxib (n = 3 each, *P < 0.05 using one-way ANOVA
followed by post hoc Holm-Sidak test).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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