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Stromatoxin-sensitive, heteromultimeric Kv2.1/Kv9.3
channels contribute to myogenic control of cerebral
arterial diameter
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Michael P. Walsh2 and William C. Cole1
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Cerebral vascular smooth muscle contractility plays a crucial role in controlling arterial diameter
and, thereby, blood flow regulation in the brain. A number of K+ channels have been suggested to
contribute to the regulation of diameter by controlling smooth muscle membrane potential (Em)
and Ca2+ influx. Previous studies indicate that stromatoxin (ScTx1)-sensitive, Kv2-containing
channels contribute to the control of cerebral arterial diameter at 80 mmHg, but their precise
role and molecular composition were not determined. Here, we tested if Kv2 subunits associate
with ‘silent’ subunits from the Kv5, Kv6, Kv8 or Kv9 subfamilies to form heterotetrameric
channels that contribute to control of diameter of rat middle cerebral arteries (RMCAs) over
a range of intraluminal pressure from 10 to 100 mmHg. The predominant mRNAs expressed
by RMCAs encode Kv2.1 and Kv9.3 subunits. Co-localization of Kv2.1 and Kv9.3 proteins at
the plasma membrane of dissociated single RMCA myocytes was detected by proximity ligation
assay. ScTx1-sensitive native current of RMCA myocytes and Kv2.1/Kv9.3 currents exhibited
functional identity based on the similarity of their deactivation kinetics and voltage dependence
of activation that were distinct from those of homomultimeric Kv2.1 channels. ScTx1 treatment
enhanced the myogenic response of pressurized RMCAs between 40 and 100 mmHg, but this
toxin also caused constriction between 10 and 40 mmHg that was not previously observed
following inhibition of large conductance Ca2+-activated K+ (BKCa) and Kv1 channels. Taken
together, this study defines the molecular basis of Kv2-containing channels and contributes to
our understanding of the functional significance of their expression in cerebral vasculature.
Specifically, our findings provide the first evidence of heteromultimeric Kv2.1/Kv9.3 channel
expression in RMCA myocytes and their distinct contribution to control of cerebral arterial
diameter over a wider range of Em and transmural pressure than Kv1 or BKCa channels owing
to their negative range of voltage-dependent activation.
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Introduction

Potassium (K+) channels play a crucial role in the
physiological control of membrane potential (Em) of
vascular smooth muscle cells (VSMCs) and, thereby,
contraction and arterial diameter (Nelson & Quayle,
1995; Davis & Hill, 1999; Jackson, 2005). Contraction
of VSMCs is dependent in part on the influx of Ca2+

through voltage-gated Ca2+ channels (VGCCs). Cyto-
solic Ca2+ concentration ([Ca2+]i) is elevated following
Em depolarization leading to the activation of myosin
light chain kinase that phosphorylates the 20 kDa myosin
light chain subunits to initiate cross-bridge cycling. In
small resistance arteries, increased intravascular pressure
causes depolarization, Ca2+ influx and constriction, a
phenomenon referred to as the myogenic response (see
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Davis & Hill, 1999). The myogenic response is the
fundamental mechanism underlying blood flow auto-
regulation, a critical determinant of capillary hydro-
static pressure, and essential to prevent pressure-induced
damage of delicate downstream structures (Davis & Hill,
1999). There is now considerable evidence indicating that
the level of K+ channel activity influences the extent of
myogenic constriction in response to pressure elevation,
as well as dilatation evoked by pressure reduction.
Specifically, K+ channel activity is postulated to play a
critical negative-feedback role, controlling the level of
Em depolarization and, thereby, the extent of VGCC
activation, Ca2+ influx and force generation owing to
pressure elevation. Although progress has been made in
identifying the K+ channels involved in the arterial myo-
genic response, there are gaps in our understanding that
remain to be addressed. This lack of knowledge limits
the development of novel therapies for the treatment of
dysfunctional myogenic control of arterial diameter.

Previous studies have provided substantial evidence
that Ca2+-activated BKCa and voltage-gated Kv1 channels
contribute to the negative-feedback control of myogenic
depolarization in cerebral resistance arteries (Brayden &
Nelson, 1992; Nelson et al. 1995; Albarwani et al. 2003;
Chen et al. 2006; Yang et al. 2009). These channels
exhibit an increasing contribution to the control of Em

and diameter owing to pressure-dependent activation;
specifically, Kv1 channel gating is increased in response
to the change in Em with pressure elevation, and BKCa

channel activity is principally enhanced by Ca2+ release
from intracellular Ca2+ stores (i.e. Ca2+ sparks) and Ca2+

influx owing to VGCC activation (Brayden & Nelson,
1992; Nelson et al. 1995; Knot & Nelson, 1995; Guia
et al. 1999; Albarwani et al. 2003; Chen et al. 2006;
Yang et al. 2009). Cerebral arterial BKCa channels are
composed of KCa1.1 pore-forming α-subunits (i.e. Slo1
protein KCNMA1 gene product; Wei et al. 2005), and β1
modulatory subunits that stabilize the channel open state
and increase Ca2+ sensitivity (Brenner et al. 2000; Cox
& Aldrich, 2000). Selective inhibition of BKCa enhances
the myogenic response of cerebral arteries (Brayden &
Nelson, 1992; Nelson et al. 1995). Targeted deletion of
the β1-subunit (Brenner et al. 2000) or reduced β1 sub-
unit expression in hypertensive rats (Amberg & Santana,
2006) was shown to be associated with increased myo-
genic constriction and elevated blood pressure. Moreover,
differences in β1-subunit expression level also appear
to contribute to the distinct functional properties (e.g.
varied Em–myogenic constriction relation) of skeletal
versus cerebral resistance arteries (Yang et al. 2009).

Kv1 channels of VSMCs also possess a heteromultimeric
subunit composition that may vary in a vessel-specific
manner (Thorneloe et al. 2001; Albarwani et al.
2003; Plane et al. 2005). Rat cerebral arteries express
heteromultimeric Kv1 channels containing at a minimum

Kv1.2 and Kv1.5 (Albarwani et al. 2003; Chen et al.
2006). These α-subunits are likely to associate with
accessory Kvβ subunits (Kvβ1–2), as was demonstrated
for VSMCs of other vessels (Thorneloe et al. 2001; Plane
et al. 2005). Selective pharmacological suppression of Kv1
channels with 4-aminopyridine (4-AP) (at ≤300 μM) or
correolide (1–10 μM) causes depolarization and enhances
the cerebral myogenic response (Knot & Nelson, 1995;
Albarwani et al. 2003; Chen et al. 2006). Additionally,
over-expression of a dominant-negative Kv1.5 subunit was
found to enhance, but wild-type Kv1.5 suppressed, myo-
genic constriction of rat middle cerebral arteries (RMCAs;
Chen et al. 2006).

Several recent observations indicate, however, that
Kv1 and BKCa are not the only K+ channels that may
contribute to the negative-feedback control of myogenic
depolarization and constriction. Kv2 and Kv7 subunit
message and/or protein expression has been detected
in some arteries (Cox et al. 2008; Greenwood & Ohya,
2009) and inhibition of Kv2- and Kv7-containing channels
also modulates myogenic control of arterial diameter
(Amberg & Santana, 2006; Zhong et al. 2010). For example,
Kv2.1 and Kv2.2 α-subunits are expressed by several
vascular and non-vascular smooth muscle cell types (e.g.
cerebral arteries, Amberg & Santana, 2006; pulmonary
arteries, Patel et al. 1997; Coppock & Tamkum, 2001;
Platoshyn et al. 2001; Smirnov et al. 2002; mesenteric
arteries, Moreno-Dominguez et al. 2009; ductus arterio-
sis, Wu et al. 2007; aorta, Belevych et al. 2002; coronary
artery, Thorne et al. 2002; placental vasculature, Wareing
et al. 2006; corpus cavernosum, Malysz et al. 2002;
urinary bladder, Thorneloe & Nelson, 2003; Chen et al.
2010; and gastrointestinal tract, Schmalz et al. 1998;
Frey et al. 2000). Amberg & Santana (2006) showed
that stromatoxin (ScTx1) suppression of Kv2 channels
(Escoubas et al. 2002; Swartz, 2007) produced constriction
in RMCAs at a transmural pressure of 80 mmHg. Also,
abnormal regulation of arterial diameter in hypertension
and in a canine model of subarachnoid haemorrhagic
stroke was shown to be associated with a reduction in
whole-cell Kv2 current and/or subunit expression (Yuan
et al. 1998; Amberg & Santana, 2006; Jahromi et al.
2008a,b,c; Moreno-Dominguez et al. 2009). These data
imply that Kv2-containing channels may also contribute
to the negative-feedback regulation of the cerebral myo-
genic response.

An additional, important consideration that has not
been addressed in the cerebral vasculature is that Kv2 sub-
units are known to co-assemble with Kv5, Kv6, Kv8 or Kv9
so-called γ-subunits to form hetermultimeric channels
with a subunit stoichiometry of 3:1 (Kerschensteiner
et al. 2005; Coetzee et al. 2006). Transcripts encoding
members of the Kv5, Kv6 and Kv9 subfamilies are known
to be expressed in VSMCs of pulmonary and placental
arteries (Kv9.2 or Kv9.3, Patel et al. 1997; Platoshyn et al.
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2001; Davies & Kozlowski, 2001; Wareing et al. 2006),
and urinary bladder (Kv5.1 and Kv6.1–6.3, Thorneloe &
Nelson, 2003; Kv9.3, Chen et al. 2010). The possibility
that Kv2 channels of cerebral arterial myocytes might be
heteromultimers was considered by Amberg & Santana
(2006), but the molecular composition of the channels
was not determined.

Kv5, Kv6, Kv8 and Kv9 subunits are commonly called
‘silent’ subunits because they do not form functional
channels when expressed as homomultimers (Drewe et al.
1992; Hugnot et al. 1996; Salinas et al. 1997a,b; Shepard &
Rae, 1999; Ottschytsch et al. 2002). However, when they
combine with Kv2.1 or Kv2.2 to form heteromultimeric
channels, the presence of the ‘silent’ subunits affects
the biophysical properties of the channel complex.
Specifically, the kinetics of activation and deactivation,
voltage dependence of activation and inactivation, and/or
current amplitude are modified by the presence of the
‘silent’ subunits (Patel et al. 1997; Salinas et al. 1997a,b;
Kerschensteiner & Stocker, 1999; Shepard & Rae, 1999;
Ottschytsch et al. 2002; Kerschensteiner et al. 2003, 2005).
These alterations in function and expression have the
potential to affect the contribution of the channels to
the control of Em and arterial diameter. For example,
genetic hypertension in the BPH mouse model was
found to be associated with de novo expression of Kv6.3
subunits leading to a reduction in net Kv current in
mesenteric arterial VSMCs that possibly contributes to
the elevated blood pressure observed in this model
(Moreno-Dominguez et al. 2009).

Whether ‘silent’ subunits associate with Kv2 subunits
in arterial myocytes to modify the range of transmural
pressure over which the channels contribute to control
of Em and the myogenic response is an important
question that must be addressed to understand the cerebral
myogenic response and blood flow autoregulation.
Additionally, this knowledge may provide insights
concerning the expression of multiple types of Kv channels
by resistance arterial VSMCs and the pathophysiological
significance of reduced Kv2-containing channel expression
as a cause of abnormal control of diameter. Here, we tested
the hypothesis that ScTx1-sensitive Kv channels of RMCAs
are heteromultimeric channels owing to the co-assembly
of Kv2.1 or Kv2.2 with a Kv5, Kv6 or Kv9 subunit. We
employed: (1) RT-PCR and quantitative, real-time PCR to
define the extent of Kv2 and ‘silent’ subunit expression
in RMCAs, (2) patch clamp analysis of native RMCA
ScTx1-senstive and recombinant Kv2.1 and Kv2.1/Kv9.3
channels to permit a comparison of their functional
properties, (3) pressurized arterial myography to evaluate
the contribution of ScTx1-sensitive channels to control
of RMCA diameter over a range of transmural pressure
between 10 and 100 mmHg, and (4) proximity ligation
assay (PLA; Fredriksson et al. 2002; Söderberg et al. 2006),
to detect Kv2.1 and Kv9.3 protein expression at the plasma

membrane of freshly isolated RMCA myocytes. Our data
indicate that the ScTx1-sensitive Kv channels of RMCA
myocytes are Kv2.1/Kv9.3 heteromultimeric channels that
contribute to the control of myogenic constriction over a
range of transmural pressure that is distinct from that pre-
viously identified for cerebral arterial Kv1, Kv7 and BKCa

channels.

Methods

Ethical approval

Male Sprague–Dawley rats (250–275 g; Charles River,
Montréal, Quebec, Canada) were maintained and killed
by halothane inhalation and exsanguination according to
the standards of the Canadian Council on Animal Care and
The Journal of Physiology’s ethical policies and regulations
as indicated in Drummond (2009), and reviewed by the
Animal Care Committee of the Faculty of Medicine,
University of Calgary. A total of 180 rats were employed.

Intact cerebral arterial pressure myography

Rat brains were carefully removed and placed in ice-cold
Krebs solution containing (in mM): NaCl 120, NaHCO3

25, KCl 4.8, NaH2PO4 1.2, MgSO4 1.2, glucose 11, CaCl2

2.5 (pH 7.4 when aerated with 95% air–5% CO2). Left and
right RMCAs were removed from each brain, dissected free
of the surrounding tissue and cut into 2–3 mm segments
for arterial pressure myography as previously described
(Chen et al. 2006; Johnson et al. 2009b). Briefly, RMCAs
were mounted in an arteriograph chamber attached to a
pressure myograph (Living Systems, Burlington, VT, USA)
for measurement of outer diameter with an automated
edge detection system (IonOptix, Milton, MA, USA). End-
othelium intact or denuded vessels were used with no
differences in behaviour noted. In the latter case, end-
othelial cells were removed from all arteries by briefly
passing a stream of air through the vessel lumen and
confirmed by loss of vasodilatation to 10 μM bradykinin.
Arteries were warmed at 37◦C for 10–15 min in Krebs
saline solution, pressurized to 60 mmHg and allowed to
develop active myogenic tone over 20–30 min. All arteries
were subjected to two 5 min pressure steps from 20
to 80 mmHg to ensure development of stable myogenic
constriction. Vessels (∼10%) that exhibited leaks and/or
did not exhibit stable constriction at 80 mmHg were
discarded.

RMCA myocyte isolation

Rat brains were carefully removed and placed in an ice-cold
smooth muscle dissection solution (SMDS) containing
(in mM): NaCl 60, sodium glutamate 80, KCl 5, MgCl2

2, glucose 10, and Hepes 10 (pH 7.4). RMCAs were
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dissected and single myocytes were enzymatically isolated
using a method modified from Plane et al. (2005). Briefly,
arteries were equilibrated in SMDS containing bovine
serum albumin (BSA; 1 mg ml−1) at 37◦C for 10 min,
exposed to the same solution supplemented with papain
(0.5 mg ml−1) and dithiothreitol (1.5 mg ml−1) at 37◦C
for 8–10 min, washed in ice-cold SMDS, then incubated
in SMDS containing 100 μM Ca2+, BSA (1 mg ml−1) and
collagenase (0.7 mg ml−1 type F and 0.4 mg ml−1 type H)
at 37◦C for 8–10 min and again washed in ice-cold SMDS.
Isolated myocytes were liberated from the digested vessels
by gentle trituration and kept in cold SMDS containing
1 mg ml−1 BSA until use (within 12 h).

Cell culture and transfection

HEK 293 cells were maintained on 10 cm plastic culture
dishes in high glucose Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum
and 5% ampicillin–streptomycin at 37◦C in 5% CO2 as
previously described (Clément-Chomienne et al. 1999;
Chen et al. 2006; Johnson et al. 2009a) Transfections
were performed using FuGENE 6 Transfection Reagent
as per the vendor’s instructions. cDNAs encoding green
fluorescent protein (GFP), Kv2.1, Kv9.2, Kv9.3, Kv1.2 and
Kv1.5 were subcloned into pcDNA3.1. Cells were trans-
fected with: (1) 4 μg plasmid containing GFP, (2) 4 μg
GFP and 2 μg Kv2.1, (3) 4 μg GFP and 6 μg Kv9.3, (4)
4 μg GFP and 4 μg Kv1.2, (5) 4 μg GFP and 4 μg Kv1.5,
(6) 4 μg GFP, 4 μg Kv1.2 and 4 μg Kv1.5, (7) 4 μg GFP,
2 μg Kv2.1 and 6 μg Kv9.3, (8) 4 μg GFP, 2 μg Kv2.1 and
6 μg Kv9.2, (9) 4 μg GFP, 2 μg Kv2.1, 6 μg Kv9.3 and 4 μg
Kv1.5, (10) 4 μg GFP, 6 μg Kv9.3 and 4 μg Kv1.5, (11)
4 μg GFP, 4 μg Kv2.1 and 4 μg Kv1.5, (12) 4 μg GFP, 4 μg
Kv1.2 and 4 μg Kv2.1. Transfected cells were re-plated and
employed for patch clamp analysis after 36–48 h or fixed
for PLA at 70% confluence.

Patch clamp electrophysiology

Whole-cell currents due to native Kv current and
heterologous expression of Kv2.1, Kv2.1/Kv9.3 and
Kv2.1/Kv9.2 channels in HEK 293 cells were recorded
and analysed as previously described (Chen et al. 2006;
Johnson et al. 2009a). Briefly, cells were superfused with a
bath solution containing (in mM): NaCl 120, NaHCO3

3, KCl 4.2, KH2PO4 1.2, MgCl2 2, CaCl2 0.1, glucose
10, and Hepes 10 (pH 7.4). The patch pipette solution
contained (in mM): potassium gluconate 110, KCl 30,
MgCl2 0.5, Hepes 5, EGTA 10, Na2ATP 5, and GTP 1 (pH
7.2). The junction potential was determined to be 15 mV
for the recording conditions employed and this value
was used to correct all voltage protocols. Current–voltage
(I–V ) relations were determined using 325 ms step pulses

to between −95 and +25 or +45 mV in increments of
10 mV from a holding potential of −75 mV. End-pulse
current amplitudes were normalized to cell capacitance to
permit determination of current density (pA pF−1). Cell
capacitance was determined by integration of the capacity
transient recorded for a step from −75 to −70 mV. Peak
tail current amplitudes of native and recombinant channel
currents were determined during 625 ms repolarizing
steps to −45 and −55 mV, respectively. To determine
the time constants for tail current decay, native and
recombinant currents were assessed at a similar voltage of
−45 mV following steps to +25 mV. Mean changes in I–V
relation, current density and fractional changes in current
amplitude at +15 mV owing to toxin or drug treatment
were compared by Student’s t test or ANOVA followed by
Bonferoni’s post hoc test.

RT-PCR and real-time QPCR

RT-PCR and real-time quantitative PCR (QPCR)
were carried out as previously described (Thorneloe
et al. 2001; Plane et al. 2005). Briefly, total RNA was
extracted from rat brain, endothelium-denuded, intact
RMCAs and isolated RMCA myocytes using an RNeasy
Mini kit with DNase treatment (Qiagen, Mississauga,
Canada) and first strand cDNA synthesized using the
Sensiscript RT kit (Qiagen) with oligo d(T) primer.
Primer pairs to detect Kv2.1, Kv2.2, Kv5.1, Kv6.1–Kv6.3
and Kv9.1–Kv9.3 were designed or purchased from
Qiagen (Mississauga, Canada) to permit quantification
of transcript abundance in mRNA samples of RMCAs by
real-time QPCR. The sequence of subunit-specific primers
(5′–3′) that were designed in-house were: Kv2.2 (91 bp):
forward TTGATAACACCTGCTGC, reverse GATGGCC-
AGGATCTTTG; Kv6.3 (119 bp): forward TGTCTA-
TGGTGGTGCTGTG, reverse AGCTTCAATTATCCC-
GGA; β-actin (98 bp): forward TATGAGGGTTA-
CGCGCTCCC, reverse ACGCTCGGTCAGGATCTTCA.
All other primers were purchased from Qiagen. Each
primer set used: (1) had an efficiency of >90% that
did not differ by >5% at an annealing temperature of
∼58◦C, (2) produced a single peak with no evidence of
additional amplicons or dimer formation during melt
curve analysis, and (3) yielded amplicons of an expected
size. Real-time PCR was performed with SYBR-Green and
a reaction with a hot start at 95◦C for 15 min, followed by
40 cycles of 94◦C for 15 s, 58◦C for 30 s and 72◦C for 30 s.
Threshold cycle was determined using a Bio-Rad iCycler
and vendor-supplied software, and transcript abundance
was calculated by the 2−��Ct method using β-actin as the
reference for normalization (Livak & Schmittgen, 2001).
Kv2.1 and Kv9.3 subunit expression in RMCA myocytes
was confirmed by RT-PCR (40 cycles; primer pairs Kv2.1
(267 bp): forward ACACCATCACCATCTCTCAAGG,
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reverse CTAAATTGTCAGCTCACCCCGA; Kv9.3
(569 bp): forward TCCCATCACCATCATCTTCAA,
reverse GCCGTAGCAATAAATCCTTC) using mRNA
samples derived from populations of 200–300 freshly iso-
lated, individually selected RMCA myocytes; amplicons
of appropriate size and sequence were detected for both
subunits. Primers for the neuronal K+ channel, Erg-3,
and the endothelial factor, endothelin-1, were used as
markers of contamination of the myocyte mRNA samples
by neuronal and endothelial message, respectively (Plane
et al. 2005).

Proximity ligation assay (PLA)

Freshly dissociated RMCA myocytes or transfected
HEK 293 cells were studied using the Duolink in
situ PLA detection kit 563 (Olink, Uppsala, Sweden)
as per the vendor’s instructions. Briefly, cells were
fixed in phosphate-buffered saline (PBS) containing 3%
paraformaldehyde for 15 min, permeabilized in PBS
containing 0.1% Triton X-100 for 15 min and quenched
in PBS containing 100 mM glycine for 5 min. Cells were
then washed with PBS, blocked for 30 min at 37◦C in
Duolink blocking solution, and incubated overnight at
4◦C with pairs of primary antibodies in Duolink anti-
body diluent solution; i.e. rabbit anti-Kv2.1 (Alomone
Labs Ltd, Jerusalem, Israel) and goat anti-Kv9.3 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or mouse
anti-Kv1.2 (UC Davis/NIH NeuroMab, Davis, CA, USA)
and rabbit anti-Kv1.5 (Alomone). Control experiments
employed only one primary antibody or cells transfected
with cDNAs encoding only one type of Kv subunit. Cells
were labelled with Duolink PLA PLUS and MINUS probes
for 2 h at 37◦C. Anti-goat PLUS and anti-rabbit MINUS
were employed to detect Kv2.1 and Kv9.3 co-assembly,
whereas anti-mouse PLUS and anti-rabbit MINUS were
used for Kv1.2 and Kv1.5. The secondary antibodies of
PLA PLUS and MINUS probes are attached to synthetic
oligonucleotides that hybridize when in close proximity
(i.e. <40 nm separation). The hybridized oligonucleotides
are then ligated prior to rolling circle amplification.
The concatemeric amplification products extending from
the oligonucleotide arm of the PLA probes were
then detected using red fluorescent fluorophore-tagged,
complementary oligonucleotide sequences and a Zeiss
ApoTome epifluorescence microscope (Carl Zeiss, NY,
USA) using 0.3–0.5 μm optical sections.

Materials

All chemicals were purchased from Sigma-Aldrich
(Oakville, ON, Canada) unless indicated otherwise.
FuGENE 6 Transfection Reagent was from Roche (IN,
USA). Papain was from Worthington Biochemical Corp.

(Lakewood, NJ, USA). Proximity ligation assays (PLAs)
used the Duolink in situ PLA kit (Olink, Uppsala, Sweden).
Stromatoxin (ScTx1), Kv1.5 and Kv2.1 antibodies were
from Alomone, Kv1.2 antibody was from UC Davis/NIH
NeuroMab, Kv9.2 and Kv9.3 clones were from Thermo
Scientific Open Biosystem (Huntsville, AL, USA), goat
Kv9.3 antibody was from Santa Cruz Biotechnology, and
chicken Kv9.3 antibody was from Abcam Inc. (Cambridge,
MA, USA).

Statistical analysis

Where applicable values are presented as the
means ± S.E.M., with n indicating the number
of experiments for a given treatment. Statistical
differences were determined using Student’s t test or
repeated-measures ANOVA followed by Bonferroni’s
post hoc test. A level of P < 0.05 was considered to be
statistically significant.

Results

ScTx1 enhances the myogenic response of RMCAs

Figure 1A and B shows the concentration-dependent vaso-
constriction evoked by 5–30 nM ScTx1 of RMCAs pre-
ssurized to 80 mmHg. A near peak constriction was
obtained at 80 mmHg with 30 nM ScTx1 (n = 4), as
described previously (Amberg & Santana, 2006). ScTx1
always evoked a stable, sustained vasoconstriction that
was of similar magnitude during repeated applications
of the toxin and unaffected by endothelial removal
(data not shown). Figure 1C and D shows representative
recordings and mean ± S.E.M. values (n = 7) of RMCA
diameter for transmural pressures between 10 and
100 mmHg in control Krebs saline solution (containing
2.5 mM Ca2+), during exposure to 30 nM ScTx1, and
then zero Ca2+-containing (2 mM EGTA) Krebs solution.
RMCA diameter was maintained or decreased with
increasing transmural pressure in normal Krebs solution.
ScTx1 treatment caused a significant decrease in arterial
diameter and an increase in active constriction (i.e.
the difference between the passive diameter recorded
in zero Ca2+-containing solution and in control
or ScTx1-containing Krebs solution) at all pressures
tested, including the range of 10–40 mmHg (Fig. 1C–E).
Figure 1F shows a representative example of the
constriction evoked by 30 nM ScTx1 at 10 mmHg that was
27 ± 4.5 μm in 17 vessels; there was no change in diameter
in four untreated, time control vessels (data not shown).

Zero Ca2+-containing solution blocked the constriction
evoked by ScTx1 indicating that Ca2+ influx from
the extracellular space was required at 10 and
80 mmHg (Fig. 1F). Given that Em between 10 and
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40 mmHg was reported to be <−50 mV in rat post-
erior cerebral arteries (Knot & Nelson, 1998), the
nature of the channel(s) responsible for the influx
of Ca2+ warranted examination. Figure 2A–D shows
representative recordings and mean ± S.E.M. values
(n = 4–6 vessels in each group) for RMCA diameter at
10 mmHg in the presence of ScTx1 followed by treatment
with diltiazem (10 μM), nifedipine (1 μM), mibefradil
(1 μM) or SKF96365 (10–30 μM), prior to exposure to
zero extracellular Ca2+ solution. Diltiazem, nifedipine and
mibefradil reversed the ScTx1-induced constriction, but
SKF96365 had no effect, although it was able to suppress
the myogenic response evoked by a subsequent pressure
step from 10 to 80 mmHg (Fig. 2A–D). A similar lack of
reversal of ScTx1-evoked constriction was observed in five
additional vessels.

Kv2.1 and Kv9.3 subunits are expressed in RMCAs

The voltage range reported for the activation of homo-
meric Kv2.1 channels heterologously expressed in Xenopus

oocytes or mammalian cells is positive to −40 mV (Patel
et al. 1997; Salinas et al. 1997a,b; Kerschensteiner &
Stocker, 1999; Shepard & Rae, 1999; Ottschytsch et al.
2002; Kerschensteiner et al. 2003, 2005). Based on the
ability of ScTx1 to evoke constriction of RMCAs between
10 and 40 mmHg at which Em is<–50 mV (Knot & Nelson,
1998), it seemed likely that the Kv2-containing channels
contained a ‘silent’ subunit to account for ScTx1 sensitivity
at low pressures. We therefore examined the expression of
transcripts encoding members of the Kv5, Kv6 and Kv9
subfamilies previously demonstrated to be expressed in
smooth muscle cells (Patel et al. 1997; Platoshyn et al. 2001;
Davies & Kozlowski, 2001; Wareing et al. 2006; Thorneloe
& Nelson, 2003; Chen et al. 2010). QPCR primer pairs
were designed or purchased (Qiagen) to quantify the
respective levels of message for each subunit. Each of
the QPCR primer pairs employed generated amplicons
of appropriate size using mRNA derived from rat brain
(Fig. 3A). Transcript abundance relative to β-actin was
quantified by real-time QPCR using the 2−��Ct method
and mRNA derived from endothelium-denuded RMCAs
of 12 rats. Substantial expression of Kv2.1 and Kv9.3 was
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Figure 1. Enhanced RMCA myogenic response by
ScTx1
A, representative recording of arterial diameter at
80 mmHg showing concentration-dependent
constriction of RMCA treated with 5–30 nM ScTx1. B,
mean values ± S.E.M. (n = 4) for the percentage
decrease in RMCA diameter in the presence of ScTx1 at
80 mmHg. C and D, representative recordings and
mean values ± S.E.M. (n = 7) of RMCA diameter
between 10 and 100 mmHg under control conditions,
and following 30 nM ScTx1 prior to exposure to zero
Ca2+ solution to determine passive diameter at each
pressure. E, mean values ± S.E.M. (n = 7) for active
constriction in micrometres under control conditions
and after treatment with ScTx1 (value for active
constriction is the difference between control or ScTx1
diameter and passive diameter). F, representative
recording of vasoconstriction evoked by ScTx1 at
10 mmHg and block of constriction at 10 and
80 mmHg in ScTx1 and zero Ca2+ solution.
∗Significantly different (P < 0.05) from value in control
solution.
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Figure 2. Inhibition of VGCCs but not NSCCs
reversed ScTx1-evoked vasoconstriction
A, representative recording and mean values ± S.E.M.
(n = 4) of RMCA diameter at 10 mmHg under control
conditions and following sequential treatment with
ScTx1 (30 nM), diltiazem (10 μM) and zero Ca2+
solution. Brief steps to 80 mmHg show that the extent
of myogenic response was enhanced by ScTx1 and
inhibited by diltiazem. B, representative recording and
mean values ± S.E.M. (n = 6) of RMCA diameter at
10 mmHg under control conditions and following
sequential treatment with ScTx1 (30 nM), nifedipine
(1 μM) and zero Ca2+ solution. C, representative
recording and mean values ± S.E.M. (n = 4) of RMCA
diameter at 10 mmHg under control conditions and
following sequential treatment with ScTx1 (30 nM),
mibefradil (1 μM) and zero Ca2+ solution. Brief steps to
80 mmHg show that the myogenic response was
inhibited by mibefradil to level observed in zero Ca2+.
D, representative recording and mean values ± S.E.M.
(n = 4) of RMCA diameter at 10 mmHg under control
conditions and following sequential treatment with
ScTx1 (30 nM), 10, 20 and 30 μM SKF96365(K) and zero
Ca2+ solution. SKF96365 did not affect ScTx1-evoked
constriction, and brief steps to 80 mmHg indicated that
the extent of myogenic response was reduced by
SKF96365 confirming effective block of NSCCs was
achieved. ∗ and ∗∗ are significantly different (P < 0.05)
from value in control solution and ScTx1, respectively.

Figure 3. Kv2.1 and Kv9.3 are predominant
transcripts expressed in RMCA
A, representative gels indicating generation of
amplicons of appropriate sizes using QPCR pimer pairs
for Kv2.1, Kv2.2, Kv5.1, Kv6.1–Kv6.3, Kv9.1–9.3 and
mRNA extracted from rat brain. Similar results were
obtained from 7 additional experiments. B, mean
values ± S.E.M. (n = 4–10) for level of Kv2.1, Kv2.2,
Kv5.1, Kv6.1–Kv6.3, Kv9.1–9.3 transcript expression
relative to β-actin determined by QPCR and mRNA
derived from RMCAs from different rats. Relative
transcript levels were determined using the 2−��Ct

method. Specfic expression of Kv2.1 and Kv9.3 was
confirmed using mRNA from isolated RMCA myocytes.
∗Significantly different (P < 0.05) from value for Kv2.1.
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consistently detected in all experiments, but transcripts for
Kv2.2, Kv5.1, Kv6.1–6.3, Kv9.1 and Kv9.2 were expressed
only at very low or undetectable levels (n = 4–10; Fig. 3B).
We subsequently confirmed the VSMC-specific expression
of Kv2.1 and Kv9.3 by RT-PCR using populations of
250–300 individually selected RMCA myocytes from cell
isolations from vessels of three rats and a second set
of primer pairs. Contamination of the myocyte mRNA
samples by neuronal or endothelial message was excluded
by the absence of any evidence of transcripts encoding
the neuronal K+ channel, Erg3, or the endothelial factor,
endothelin-1 (data not shown).

Properties of ScTx1-sensitive Kv current of RMCA
myocytes

Based on the abundance of Kv2.1 and Kv9.3 message
expression in RMCAs, we employed standard whole-cell
voltage clamp recording methods to test for functional
identity of the native ScTx1-sensitive current of freshly
isolated myocytes with currents owing to heterologous
expression of Kv2.1 or Kv2.1/Kv9.3 channels in HEK 293
cells at 22 and 35◦C. The voltage-clamp protocol employed
applied 300 ms voltage steps from a holding potential of

−75 mV to test potentials between −95 and +25 mV in
10 mV increments followed by repolarization to −45 mV
to detect tail current in the absence and presence of
100 nM ScTx1 (Fig. 4A). This concentration of ScTx1
was employed to permit ∼90% inhibition of Kv2.1/Kv9.3
current based on experiments using expressed channels
(Fig. 1 in online Supplemental Material; Escoubas et al.
2002). Digital subtraction of residual current in ScTx1
from that in control conditions yielded the ScTx1-sensitive
current component at each voltage (right of Fig. 4A).
Current density (pA pF−1) versus voltage relations for
RMCA Kv current in the absence and presence of ScTx1
(100 nM), as well as the ScTx1-sensitive component,
were determined from the end-pulse current amplitude
normalized to cell capacitance and plotted as a function
of the step voltage (Fig. 4B and C). Slowly deactivating
tail currents were apparent on repolarization to −45 mV,
and these were significantly reduced by ScTx1 (Fig. 4A).
Both the net and residual components of Kv current
recorded ± ScTx1 were outwardly rectifying, as was the
ScTx1-sensitive component that accounted for ∼60%
of total Kv current recorded at +25 mV. Increasing the
temperature of the bathing solution to 35◦C caused a
marked increase in amplitude, as well as the kinetics
of activation and deactivation (Fig. 4D). The level of

Figure 4. Native ScTx1-sensitive Kv current of
RMCA myocytes
A, representative recordings of whole-cell Kv current of
an RMCA myocyte in the absence (Control) and
presence of 100 nM ScTx1 (left) and the ScTx1-sensitive
current (right) determined by digital subtraction of
ScTx1 from Control current at 22◦C. Voltage steps of
325 ms duration between −95 and +45 mV in
increments of 10 mV prior to repolarization to −45 mV
were applied from a holding potential of −75 mV.
Similar recordings were obtained from 7 additional
myocytes from cell isolations of RMCAs of 3 rats. B and
C, mean values ± S.E.M. (n = 6) for net whole-cell and
ScTx1-sensitive Kv current I–V relations. D,
representative recording of RMCA ScTx1-sensitive Kv
current at 35◦C. E, mean values ± S.E.M. for normalized
tail current amplitude versus command step voltage for
native current at 22 and 35◦C (n = 6 and 3,
respectively) that exhibited complete suppression of tail
currents following treatment with ScTx1. Continuous
lines represent best fits to the data points using a
standard Boltzmann function.
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Table 1. Biophysical properties of native, Kv2.1, Kv2.1/Kv9.2 and Kv2.1/Kv9.3 currents

Native Kv Kv2.1/Kv9.3 Kv2.1 Kv2.1/Kv9.2

V0.5 act at 22◦C −8.5 ± 1.9 mV −12.8 ± 4.6 mV −4.8 ± 1.1 mV∗ −13.3 ± 1.3 mV
(n = 6) (n = 8) (n = 6) (n = 6)

V0.5 act at 35◦C −25.2 ± 3 mV −28.4 ± 1.3 mV −14.6 ± 3 mV∗ n.a.
(n = 3) (n = 5) (n = 4)

Deact τfast at +25 mV and 22◦C 82 ± 22 ms 66 ± 11 ms 16 ± 1 ms∗ 14 ± 0.5 ms∗

(n = 6) (n = 8) (n = 6) (n = 6)
Deact τslow at +25 mV and 22◦C 442 ± 60 ms 298 ± 60 ms 69 ± 18 ms∗ 53 ± 3 ms∗

(n = 6) (n = 8) (n = 6) (n = 6)

V0.5 act, V0.5 value for half-maximal activation. Deact τ, deactivation time constant. ∗Significantly different (P ≤ 0.05)
from value for native current. All values are based on n cells obtained from three or more rats or cell transfections.

steady-state activation of native current as a function of
voltage was determined at 22 and 35◦C by normalization
of tail current amplitude at −45 mV following steps
to between −95 and +45 mV (Fig. 4E). Increasing
temperature from 22 to 35◦C caused a significant leftward
shift in the activation curve from ∼–9 mV to −25 mV
(Table 1) and an increase in current in the range of −55
to −25 mV (Fig. 4E).

Comparison of recombinant and native
ScTx1-sensitive current of RMCA myocytes

Whole-cell currents owing to homomultimeric Kv2.1 and
heteromultimeric Kv2.1 and Kv9.3 were recorded under
identical conditions as native RMCA myocyte current.
Figure 5A and B shows representative families (at 22 and
35◦C) and mean current density versus voltage relations
for Kv2.1 and Kv2.1/Kv9.3 currents (at 22◦C), respectively.
Both recombinant channel types were inhibited by 100 nM

ScTx1 and 3 mM 4-AP (see Figs 1 and 2 in the online
Supplemental Material), as previously reported (Patel et al.
1997; Escoubas et al. 2002). However, the amplitude of
Kv2.1/Kv9.3 current within the physiological range of
Em was significantly greater than that of Kv2.1 at both
temperatures. This is evident in Fig. 5C, which shows that
at 35◦C, current due to Kv2.1/Kv9.3, but not Kv2.1 was
activated during steps from −75 to −55 and −45 mV.
Also, the decay of the tail current on repolarization to
−55 mV was slower for Kv2.1/Kv9.3 compared to Kv2.1
at both temperatures (Fig. 5A); this is readily apparent in
the expanded representative recordings at 22◦C shown in
Fig. 5D.

Figure 6 shows expanded tail currents for
ScTx1-sensitive current of RMCA myocytes and
recombinant Kv2.1, Kv2.1/Kv9.2 and Kv2.1/Kv9.3
channels recorded at −45 mV following steps to
+25 mV (Fig. 6A) and superimposed recordings of
each normalized to peak amplitude of native tail
current (Fig. 6B). Each recording was best fitted by a
bi-exponential function (continuous lines). The decay of
the native and Kv2.1/Kv9.3 tail currents were identical

and slower than that of Kv2.1. The similarity in rate of
deactivation of the native and Kv2.1/Kv9.3 currents versus
Kv2.1 was also apparent from the values determined
for the fast and slow time constants of the decay (Table
1). For comparison, representative and mean data for
deactivation of Kv2.1/Kv9.2 currents are also presented
in Fig. 6 and Table 1. Although the voltage dependence
of activation of Kv2.1/Kv9.2 current was similar to that
of Kv2.1/Kv9.3, the fast and slow time constants of
deactivation were significantly smaller and not different
from those of Kv2.1 homomultimeric channels, as was
previously reported for Kv2.1/Kv9.2 and Kv2.1/Kv9.1
channels expressed in Xenopus oocytes (Salinas et al.
1997b).

A further comparison between the native and
recombinant currents was made through determination
of the voltage dependence of activation of Kv2.1 and
Kv2.1/Kv9.3 currents at 22 and 35◦C. For clarity, Fig. 7A
shows that steady-state activation of Kv2.1/9.3 occurred
over a more negative voltage range compared to Kv2.1 at
22◦C. Mean values ± S.E.M. for half-maximal activation
of the native and recombinant currents of several
cells/myocytes are indicated in Table 1. Figure 7B and C
shows that increasing the temperature to 35◦C caused a
negative shift in the voltage dependence of activation of
Kv2.1 and Kv2.1/Kv9.3 current. When compared to the
activation of native current at the same temperatures
(indicated by the dashed lines; data are from Fig. 4E),
the activation curves for Kv2.1/Kv9.3 at 22 and 35◦C,
but not those for Kv2.1 homomeric channels, closely
mimicked the activation of the native current (Fig. 7 and
Table 1).

PLA detection of Kv2.1/Kv9.3 co-localization in RMCA
myocytes

We attempted to detect the co-assembly of Kv2.1 and Kv9.3
subunits using a co-immunoprecipitation approach that
was previously used for Kv1.2/Kv1.5 channels of rabbit
portal vein and rat cerebral arteries (Thorneloe et al. 2001;
Albarwani et al. 2003). We detected Kv2.1 in anti-Kv2.1
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immunoprecipitates of RMCAs and HEK 293 cells trans-
fected with Kv2.1/Kv9.3 (see Fig. 3 in online Supplemental
Material), but the commercially available Kv9.3 antibodies
were not of sufficient quality to detect the presence of
Kv9.3, even when a high sensitivity three-step immuno-
blotting technique was used (Johnson et al. 2009b).
For this reason, we employed PLA to detect the pre-
sence of Kv2.1 and Kv9.3 at the plasma membrane of
RMCAs.

To validate the PLA method, we first determined
whether the technique could detect the presence of
Kv1.2/Kv1.5 and Kv2.1/Kv9.3 channels expressed in HEK
293 cells. Figure 8 shows representative images of Hoechst
33342-stained cells transfected with cDNAs encoding
GFP and Kv1.2/Kv1.5 (Fig. 8A) or Kv2.1/Kv9.3 (Fig. 8C)
treated with Kv1.2 and Kv1.5 or Kv2.1 and Kv9.3 primary
antibodies, respectively, and appropriately matched PLA
PLUS and MINUS probes. PLA signals were consistently

detected at the plasma membrane of green fluorescent,
GFP-positive cells, but not in untransfected GFP-negative
cells (100–200 cells for each). In contrast, PLA signals
were not detected in 100–200 GFP-positive cells from
three transfections using cDNAs for only one subunit of
each pair; Fig. 8B and D show cells expressing only Kv1.5
or Kv2.1 and probed for Kv1.2/Kv1.5 and Kv2.1/Kv9.3,
respectively (similar results were obtained for Kv1.2 and
Kv9.3 cells; data not shown).

PLA was then employed to detect the presence of
Kv1.2/Kv1.5 or Kv2.1/Kv9.3 at the plasma membrane
of freshly isolated RMCA myocytes. Figure 9A shows
differential interference contrast (DIC) and fluorescence
micrographs of a representative myocyte probed for Kv1.2
and Kv1.5 co-localization. PLA signals were detected at the
cell periphery of this myocyte and an additional 60 myo-
cytes from three cell isolations using RMCAs of different
rats. No PLA signals were detected when the Kv1.5 primary

Figure 5. Kv2.1 and Kv2.1/Kv9.3 currents in
HEK293 cells
A, representative families of whole-cell currents due to
expression of Kv2.1 (upper) and Kv2.1/Kv9.3 (lower)
channels in HEK 293 cells recorded at 22 and 35◦C (left
and right, respectively). Voltage steps of 325 ms
duration between −95 and +45 mV in increments of
10 mV prior to repolarization to −55 mV were applied
from a holding potential of −75 mV. B, mean
values ± S.E.M. (n = 6 and 8, respectively) for current
density (pA pF−1) versus voltage relation for Kv2.1 and
Kv2.1/Kv9.3 channels in HEK 293 cells at 22◦C. C,
representative Kv2.1 and Kv2.1/Kv9.3 currents recorded
in response to command steps to between −55 and
−25 mV and between −65 and −45 mV, respectively.
Note the activation of current due to heteromultimeric,
but not homomultimeric, channels at −55 mV. D,
representative families of expanded Kv2.1 and
Kv2.1/Kv9.3 tail currents recorded at −50 mV at 22◦C
illustrating the significantly slower deactivation kinetics
of the heteromultimeric channels.
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antibody was omitted while applying identical PLA PLUS
and MINUS secondary antibodies (Fig. 9B). Figure 9C–F
shows representative myocytes from four cell isolations
that were probed for Kv2.1 and Kv9.3 co-localization. An
identical detection of PLA signals was obtained for 80
additional myocytes, but no reaction product was detected
when the Kv9.3 primary antibody was omitted (Fig. 9G
and H). These observations are consistent with previous
data showing co-assembly of Kv1.2/Kv1.5 and show, for
the first time, the co-localization of Kv9.3 and Kv2.1 at the
plasma membrane of RMCA myocytes.

The presence of localized ‘hot spots’ of PLA signal
detection at the plasma membrane of RMCA myocytes
suggested the possibility of Kv channel targeting to micro-
domains. It is well-known that Kv1 subunits do not
co-assemble with Kv2 or Kv9 (Coetzee et al. 2006);
however, the separation of adjacent channels may be
reduced by over-expression in a heterologous cell type, or
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Figure 6. Decay of native ScTx1-sensitive Kv current mimics
that of Kv2.1/Kv9.3, but not Kv2.1 or Kv2.1/Kv9.2, channels
A, expanded representative recordings of tail currents of native RMCA
ScTx1-sensitive Kv, Kv2.1, Kv2.1/Kv9.2 and Kv2.1/Kv9.3 channels at
−45 mV following steps to +25 mV at 22◦C. Continuous lines
through each recording represent the best fit using a two-exponential
function. B, superimposed tail current recordings from panel A with
currents for Kv2.1, Kv2.1/Kv9.2 and Kv2.1/Kv9.3 normalized to value
of peak tail current of native channels.

due to targeting to microdomains, such as the reported
targeting of Kv channels to lipid rafts (Martens et al.
2001; Xia et al. 2004). If the Kv channels of RMCAs are
targeted to microdomains and at a higher local density,
the channel-to-channel separation may fall within the
range of <40 nm required for hybridization of the PLA
probes. In this case, PLA signals would be detected in the
absence of co-assembly within a single channel complex.
We examined the possibility that Kv1 and Kv2/Kv9.3
channels target to similar microdomains in RMCA myo-
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Figure 7. Voltage dependence of activation of Kv2.1/Kv9.3, but
not Kv2.1, channels mimics that of native Kv current
A, mean values ± S.E.M. for normalized tail current amplitude versus
command step voltage for Kv2.1 and Kv2.1/Kv9.3 current at 22◦C
(n = 6 and 8, respectively). Note the negative shift in voltage
dependence of Kv2.1/Kv9.3. B, mean values ± S.E.M. for normalized
tail current amplitude versus command step voltage for Kv2.1 current
at 22 and 35◦C (n = 6 and 3, respectively). Dashed lines indicate the
relation for activation of native current from Fig. 4E for comparison;
note lack of similarity in voltage dependence of native and
recombinant channel current activation at both recording
temperatures. C, mean values ± S.E.M. for normalized tail current
amplitude versus command step voltage for Kv2.1/Kv9.3 current at 22
and 35◦C (n = 8 and 5, respectively). Dashed lines indicate the relation
for activation of native current from Fig. 4E for comparison; note the
similarity in voltage dependence of native and recombinant channel
current activation at both recording temperatures.
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Figure 8. PLA detection of plasma membrane
expression of recombinant Kv channel protein in
HEK 293 cells
A, PLA reaction product indicated by red fluorescent
dots was detected at the periphery of GFP-positive HEK
293 cells transfected with cDNAs encoding GFP, Kv1.2
and Kv1.5, but not in non-transfected GFP-negative
cells probed with Kv1.2 and Kv1.5 primary antibodies.
Here and in subsequent panels, the nuclei of
GFP-positive and -negative cells are indicated by the
blue Hoechst 33342 stain, the Kv channel cDNAs and
primary antibodies used are indicated in the upper right
and lower left corners, respectively, the scale bars are
10 μm in length and each image is an optical section of
0.3–0.5 μm thickness at a mid-cell depth. B, lack of PLA
reaction product at cell periphery of GFP-positive cells
transfected with Kv1.5 only (i.e. no Kv1.2) and probed
with Kv1.2 and Kv1.5 primary antibodies. C, PLA signals
were detected at the periphery of GFP-positive cells
transfected with Kv2.1 and Kv9.3, but not in
GFP-negative cells probed with Kv2.1 and Kv9.3 primary
antibodies. D, lack of PLA signals at cell periphery of
GFP-positive cells transfected with Kv2.1 (i.e. no Kv9.3)
and probed with Kv2.1 and Kv9.3 primary antibodies.

cytes and whether the expression of Kv9.3 at the plasma
membrane could be detected with anti-Kv1.5 in addition
to anti-Kv2.1. We first studied HEK 293 cells transfected
with cDNAs encoding GFP and (1) Kv1.2 and Kv2.1, (2)
Kv1.5 and Kv9.3, (3) Kv1.5, Kv9.3 and Kv2.1 and (4)
Kv1.5 and Kv2.1. Figure 10A shows that PLA signals were
detected in cells expressing Kv1.2 and Kv2.1 using Kv1.2
and Kv2.1 antibodies. This indicates that the commercial
PLA probes can detect the co-localization of subunits in
adjacent Kv1 and Kv2 channels. In contrast, PLA signals
were not detected with anti-Kv1.5 and anti-Kv9.3 using
cells expressing Kv1.5 and Kv9.3 alone, a result that is
consistent with previous studies showing the lack of
membrane expression of homomultimeric Kv9.3 channels
(Fig. 10B). However, product was detected in cells with
co-incident expression of Kv2.1 with Kv1.5 and Kv9.3
indicating the rescue of Kv9.3 trafficking in the presence
of Kv2.1 (Fig. 10C). That the positive PLA reaction in
Fig. 10C required the presence of Kv9.3 at the plasma
membrane was confirmed by the absence of product
in cells expressing homomultimeric Kv1.5 and Kv2.1
channels and probed with the same pair of Kv1.5 and Kv9.3
antibodies (Fig. 10D). Finally, Fig. 10E and F shows that
PLA signals were detected in RMCA myocytes probed with
Kv1.5 and Kv9.3 or Kv1.2 and Kv2.1 primary antibodies
(similar data were obtained for >40 myocytes from three
cell isolations in each case). This suggests that Kv1.2/Kv1.5
and Kv2.1/Kv9.3 channels may be trafficked to similar
regions of the plasma membrane of RMCA myocytes
resulting in a channel–channel separation of <40 nm.

Discussion

This is the first study to identify the presence of
heteromultimeric Kv2.1/Kv9.3 channels in RMCA myo-
cytes and provide evidence of a distinct functional
contribution to control of cerebral resistance arterial
diameter. Previous studies provided evidence that
ScTx1-sensitive, Kv2-containing channels oppose myo-
genic constriction of cerebral arteries at 80 mmHg and
that modulation of their expression via changes in
calcineurin and NFATc3 signalling is associated with
angiotensin-induced hypertension (Amberg et al. 2004;
Amberg & Santana, 2006). Here we show that: (1) trans-
cripts encoding Kv2.1 and Kv9.3 are the predominant
mRNAs encoding Kv2 and ‘silent’ subunits expressed
in RMCAs, (2) co-localized Kv2.1 and Kv9.3 are pre-
sent at the plasma membrane of RMCA myocytes,
(3) ScTx1-sensitive native Kv and Kv2.1/Kv9.3 channels
exhibit functional identity based on deactivation kinetics
and voltage dependence of activation that are distinct
from those of homomultimeric Kv2.1 channels, and
(4) Kv2.1/Kv9.3 currents were detected at all voltages
≥−55 mV at 35◦C and ScTx1 induced constriction
of RMCAs over the entire range of intra-luminal
pressure from 10 to 100 mmHg studied. Taken together,
our findings indicate that heteromultimeric Kv2.1/Kv9.3
channels are expressed by RMCA myocytes and contribute
to the control of Em and the myogenic response over
a wider range of intra-luminal pressure than that pre-
viously reported for Kv1, Kv7 and BKCa channels (Brayden
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& Nelson, 1992; Nelson et al. 1995; Knot & Nelson, 1995;
Chen et al. 2006; Yang et al. 2009; Zhong et al. 2010).

Our findings indicate that the predominant
Kv2-containing channel type expressed by RMCA
myocytes is a heteromultimeric channel containing Kv2.1
and Kv9.3. Homomultimeric Kv2.1 channels may be
present in RMCAs, but at a level of expression that
does not have a significant influence on the functional
properties of the native ScTx1-sensitive Kv current.
We attribute the ScTx1-sensitive current of RMCA
myocytes to heteromultimeric Kv2.1/Kv9.3 channels for
the following reasons.

First, expression of message encoding Kv2.2 and the
‘silent’ subunits, Kv5.1, Kv6.1–6.3, and Kv9.1–9.2 was very
low or undetectable in RMCAs and more than 10-fold
less than the level of Kv2.1 and Kv9.3 transcripts. Kv5.1
expression was previously reported for RMCAs (Amberg
& Santana, 2006), and we also detected Kv5.1 transcripts
by RT-PCR. However, the level of expression was very low
compared to Kv9.3 when assessed by quantitative real-time
PCR.

Second, in this study, we employed the PLA technique
to detect co-localization of Kv2.1 and Kv9.3 subunit
proteins at the plasma membrane of RMCA myocytes.

Figure 9. PLA detection of plasma membrane expression of Kv channel protein in RMCA myocytes
A, DIC (left) and fluorescence (right) micrographs of an RMCA myocyte probed for co-localization of Kv1.2 and
Kv1.5 with PLA signals at cell periphery when probed with Kv1.2 and Kv1.5 primary antibodies. Here and in
subsequent panels, the nuclei of GFP-positive and -negative cells are indicated by the blue Hoechst 33342 stain,
the primary antibodies used are indicated above the panels, the scale bars are 10 μm in length and each image
is an optical section of 0.3–0.5 μm thickness at a mid-cell depth. B, lack of PLA signals in two myocytes probed
for Kv1.2 and Kv1.5 co-localization when Kv1.2 primary antibody was omitted. C–F, four representative RMCA
myocytes exhibiting PLA signals when probed with Kv2.1 and Kv9.3 primary antibodies. G, lack of PLA signals in
three myocytes probed for Kv2.1 and Kv9.3 co-localization when Kv9.3 primary antibody was omitted. H, single
RMCA myocyte at high magnification showing lack of PLA signals for Kv2.1 and Kv9.3 co-localization when Kv9.3
primary antibody was omitted.
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The commercially available Duolink PLA PLUS and
MINUS probes employed in this study consist of
synthetic oligonucleotides attached to species-specific
secondary antibodies that interact with primary anti-
bodies bound to proteins of interest. If the proteins
are separated by <40 nm, the oligonucleotides will
hybridize and following ligation are capable of generating
a unique concatameric oligonucleotide product extending
from one oligonucleotide by rolling circle amplification
(Fredriksson et al. 2002). The amplification products
are then detected with complementary oligonucleotides
conjugated to a fluorophore as individual fluorescent
dots at sites of protein co-localization. The necessity

for dual recognition of the co-localized proteins in
the PLA method has the advantage of minimizing
detection errors in immunocytochemical analysis owing
to possible non-specific binding of the primary anti-
bodies employed, and the lack of precision in assessing
co-localization by comparing the extent of overlap of two
fluorescence signals. To validate the method, we employed
antibody pairs against Kv1.2 and Kv1.5 or Kv2.1 and
Kv9.3, and detected PLA signals in HEK cells expressing
Kv1.2/Kv1.5 or Kv2.1/Kv9.3 heteromultimeric, but not
homomultimeric, Kv1.5, Kv1.2, Kv2.1 or Kv9.3 channels.
Moreover, we also detected co-localization of Kv1.2 and
Kv1.5 in RMCA myocytes consistent with the findings of

Figure 10. PLA detection of Kv subunit proteins in
adjacent channel complexes in HEK 293 cells and
RMCA myocytes
A, PLA signals were detected at the periphery of
GFP-positive cells transfected with Kv1.2 and Kv2.1, but
not in GFP-negative cells probed with Kv1.2 and Kv2.1
primary antibodies. B, PLA signals were not detected at
the periphery of GFP-positive cells transfected with
Kv1.5 and Kv9.3 and probed with Kv1.5 and Kv9.3
primary antibodies. C, PLA signals were detected at the
periphery of GFP-positive cells transfected with Kv1.5,
Kv9.3 and Kv2.1, but not in GFP-negative cells probed
with Kv1.5 and Kv9.3 primary antibodies. D, PLA signals
were not detected at cell periphery of GFP-positive cells
transfected with Kv1.5 and Kv2.1 and probed with
Kv1.5 and Kv9.3 primary antibodies. E, representative
RMCA myocyte exhibiting PLA signals at cell periphery
when probed with Kv1.5 and Kv9.3 primary antibodies.
F, representative RMCA myocyte exhibiting PLA signals
at cell periphery when probed with Kv1.2 and Kv2.1
primary antibodies.
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Albarwani et al. (2003) showing co-assembly of Kv1.2 and
Kv1.5 by co-immunoprecipitation from protein extracts
of rat cerebral arteries.

It is important to recognize that the PLA probes
employed here do not exclusively detect subunits
co-assembled within single channel complexes. Rather,
the Duolink PLUS and MINUS oligonucleotides were of
sufficient length to detect proteins within adjacent channel
complexes. Specifically, Kv1.5 co-localization with Kv9.3
and Kv1.2 with Kv2.1 was detected at the periphery of HEK
293 cells and RMCA myocytes although these subunit pairs
do not co-assemble (Coetzee et al. 2006). Nevertheless,
this caveat is not a limitation in the present study, as Kv9.3
is not expressed at the membrane unless assembled in a
heteromultimeric complex with Kv2 subunits (Salinas et
al. 1997a,b; Shepard & Rae, 1999; Ottschytsch et al. 2002;
and confirmed here by the lack of PLA signals for Kv1.5 and
Kv9.3 in the absence of Kv2.1 expression). The PLA signals
detected at the periphery of RMCA myocytes using Kv9.3
and Kv2.1 or Kv9.3 and Kv1.5 antibody pairs indicates the
presence of Kv9.3 trafficking to the plasma membrane and,
therefore, the expression of heteromultimeric Kv2.1/Kv9.3
channels.

Third, the ScTx1-sensitive current of RMCA myocytes
is a delayed rectifier K+ current that exhibits functional
identity with currents owing to heteromultimeric
Kv2.1/Kv9.3, but not homomultimeric Kv2.1 channels
expressed in HEK 293 cells. ScTx1 is known to suppress Kv
currents due to Kv4 channels, as well as homomultimeric
and heteromultimeric Kv2 channels (Escoubas et al. 2002).
We do not attribute the effect of ScTx1 to an inhibition
of Kv4 channels based on the absence of a rapid, trans-
ient component of outward Kv current (here and previous
studies: e.g. Albarwani et al. 2003; Amberg & Santana,
2006; Luykenaar et al. 2009). On the other hand, the fast
and slow time constants for decay of tail current amplitude
were similar for native ScTx1-sensitive and Kv2.1/Kv9.3
channels, and significantly greater than the values for
Kv2.1 channels under identical conditions. Moreover,
the voltage dependence of native current activation, as
indicated by the V 0.5 value for half-maximal activation
at 22 and 35◦C, was similar to that of Kv2.1/Kv9.3,
but not Kv2.1 channels. The similarities in rate of tail
current decay and voltage dependence of activation are
consistent with the view that the native ScTx1-sensitive
current of RMCA myocytes is due to the expression of
heteromultimeric Kv2.1/Kv9.3, but not homomultimeric
Kv2.1 channels. Moreover, these characteristics also
exclude any contribution of heteromultimeric channels
containing Kv2.1 with Kv9.1, Kv9.2, Kv5 or Kv6 sub-
units. Salinas et al. (1997b) previously showed that voltage
dependence of activation was left-shifted by ∼–10 mV,
but there was little/no difference in rate of deactivation of
Kv2.1/Kv9.1 and Kv2.1/9.2 compared to Kv2.1 channels
expressed in Xenopus oocytes and confirmed here for

Kv2.1/Kv9.2 expressed in mammalian HEK293 cells. It is
also unlikely that Kv5 or Kv6 subunits are involved, as the
voltage dependence of activation of Kv2.1/Kv5.1 channels
is positive to that of Kv2.1 channels (Kramer et al. 1998)
and Kv6 subunits do not exhibit as large a shift in activation
or slowing of deactivation as Kv9.3, and Kv6.3 reduces
Kv2.1 current amplitude (Post et al. 1996; Zhu et al. 1999;
Sano et al. 2002; Thorneloe & Nelson, 2003; Bocksteins
et al. 2009; Moreno-Dominguez et al. 2009).

Fourth, the vasoconstriction induced by ScTx1 between
10 and 40 mmHg is consistent with a role for Kv2.1/Kv9.3,
but not Kv2.1 channels in control of RMCA diameter.
We do not attribute the actions of ScTx1 to the block
of channels in the endothelium, as denudation did not
affect the response to ScTx1. Also, it is unlikely that an
ScTx1-induced release of vasoactive neurotransmitter(s)
was involved, as sustained constrictions of identical
amplitude were observed during repeated applications
of the toxin. Rather, we attribute the vasoconstriction
evoked by ScTx1 at <40 mmHg to the inhibition of
Kv2.1/Kv9.3 channels leading to depolarization and Ca2+

influx via VGCCs (T-type and/or L-type VGCCs; Kuo et al.
2010). This view is based on (1) the demonstrated activity
of Kv2.1/Kv9.3 channels at voltages consistent with the
level of Em between 10 and 40 mmHg (Knot & Nelson,
1995, 1998), and (2) the reversal of the ScTx1-induced
constriction by diltiazem, nifedipine or mebifradil, but
not SKF96365. Although we did not determine the effect
of ScTx1 on membrane potential of RMCAs between
10 and 40 mmHg, previous studies of rat and rabbit
cerebral arteries indicate that Em in this range of pressure
is ≤−50 mV (Knot & Nelson, 1995, 1998). This range
of Em is negative to the activation voltage for homo-
multimeric Kv2 channels, but within the range associated
with steady-state activity of Kv2.1/Kv9.3 channels. As
shown here and in previous studies (e.g. Patel et al.
1997), Kv2.1/Kv9.3 activate over a more negative range
of voltage than Kv2.1 channels; substantial Kv2.1/Kv9.3,
but not Kv2.1, current activation was detected at −55 mV
at a near physiological temperature of 35◦C. Also, the
membrane potential of COS cells co-expressing Kv2.1
and Kv9.3 was −50.6 ± 0.9 versus −30.7 ± 1.3 mV when
transfected with Kv2.1 alone (Patel et al. 1997). For this
reason, inhibition of Kv2.1/Kv9.3, but not Kv2.1, channels
can account for ScTx1-evoked constriction of RMCAs
at 10–40 mmHg. In the absence of pharmacological
compounds that selectively interact with Kv9.3, future
experiments will need to employ a molecular approach
involving subunit-specific knock-down with siRNAs
or antisense oligonucleotides to provide the necessary
specific suppression of Kv9.3 required to determine the
role of this ‘silent’ subunit in control of RMCA diameter.

The mechanisms responsible for the arterial myogenic
response are not fully understood. The current view
holds that increased pressure elicits Em depolarization
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attributable to the activation of NSCCs, chloride channels
and/or VGCCs, with the amplitude of current increasing
proportionally with greater pressure elevation (Nelson &
Quayle, 1995; Davis & Hill, 1999). Very precise control
over the extent of myogenic depolarization is necessary
to permit the low amplitude, steady-state changes in Em

and diameter that are essential for physiological regulation
of blood pressure and blood flow (Nelson & Quayle,
1995; Nelson et al. 1995; Davis & Hill, 1999). There is
considerable evidence that pressure-dependent activation
of VSMC K+ channels permits negative-feedback
regulation of myogenic depolarization and diameter. For
example, previous studies provide pharmacological and
molecular evidence that Kv1 and BKCa channels are
activated by myogenic depolarization and increased Ca2+

sparks/Ca2+-influx, respectively, to oppose the change in
Em, and prevent action potential initiation and oscillatory
vasomotion (Brayden & Nelson, 1992; Nelson et al. 1995;
Knot & Nelson, 1995; Guia et al. 1999; Brenner et al. 2000;
Amberg & Santana, 2006; Albarwani et al. 2003; Plane
et al. 2005; Chen et al. 2006; Yang et al. 2009). More
recent data indicate that Kv7 channels also contribute
to the control of the myogenic response of RMCAs
(Zhong et al. 2010). These observations combined with
the present findings and those of Amberg & Santana
(2006) concerning Kv2-containing channels indicate that
at least four different K+ channels expressed in cerebral
arteries contribute to control of the myogenic response.
The specific reasons why four different channels are
required are not evident. However, it is reasonable to
propose that multiple channels with different functional
properties are required to integrate the complex array of
intrinsic (Em, cytosolic Ca2+ concentration, and intra-
cellular modulators such as kinases) and extrinsic (end-
othelial, neuronal, parechymal and metabolic) signals
that determine the extent of myogenic depolarization
and constriction under varied physiological conditions.
For example, the different mechanisms of activation
of Kv1 and BKCa are clearly able to provide for
distinct modes of control of Em via changes in Em

or cytosolic Ca2+, respectively. Our findings suggest
that multiple Kv channel subtypes with differences in
voltage dependence of activation may be required to
permit graded, voltage-dependent control of Em over
the entire pressure range. Previous studies indicated
that suppression of Kv1 current enhanced myogenic
constriction of cerebral arteries in a pressure-dependent
manner above 40 mmHg and an Em positive to ∼−50 mV
(Knot & Nelson, 1995, 1998; Chen et al. 2006). Here,
we show that inhibition of Kv2.1/Kv9.3 channels with
ScTx1 enhanced the myogenic response at ≥40 mmHg,
but the toxin also caused vasoconstriction between 10
to 40 mmHg. This suggests that Kv2.1/Kv9.3 channels
contribute to the control of RMCA diameter over a wider
range of Em and pressure than Kv1 and, possibly, play a pre-

dominant role in determining the level of Em over the lower
physiological range of 40–60 mmHg. Kv2.1/Kv9.3 current
may also be required to maintain voltage-dependent
negative-feedback control of myogenic depolarization
when Em is hyperpolarized below the activation range
of Kv1 and BKCa channels by vasodilators that increase
voltage-independent ATP-sensitive or inwardly rectifying
K+ current (Nelson & Quayle, 1995). Future studies are
necessary to address these important issues and to clarify
the specific roles and importance of each K+ conductance
in the myogenic regulation of arterial diameter in health
and disease.
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