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Characterization of BK channel splice variants using
membrane potential dyes
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Background and purpose: Large conductance calcium- and voltage-activated potassium (BK) channels are encoded by a
single gene that displays extensive pre-mRNA splicing. Here we exploited a membrane potential assay to investigate the
sensitivity of different BK splice variants to elevations in intracellular free calcium and their inhibition by the BK channel blocker
paxilline.

Experimental approach: Murine BK channel splice variants were expressed in human embryonic kidney 293 cells and their
properties analysed in response to ionomycin-induced calcium influx in both fluorescent membrane potential (fluorescent-
imaging plate reader) and patch clamp electrophysiological assays. The dose-dependent inhibition of distinct splice variants by
the BK channel-specific blocker paxilline was also investigated.

Key results: lonomycin-induced calcium influx induced a robust hyperpolarization of human embryonic kidney 293 cells
expressing distinct BK channel splice variants: stress regulated exon (STREX), e22 and ZERO. Splice variant expression resulted
in membrane hyperpolarization that displayed a rank order of potency in response to calcium influx of STREX > e22 > ZERO.
The BK channel inhibitor paxilline exhibited very similar potency on all three splice variants with 1Cses in membrane potential
assays of 0.35 = 0.04, 0.37 = 0.03 and 0.70 = 0.02 umol-L™" for STREX, ZERO and e22 respectively.

Conclusions and implications: BK channel splice variants can be rapidly discriminated using membrane potential based
assays, based on their sensitivity to calcium. BK channel splice variants are inhibited by the specific blocker paxilline with similar
ICsos. Thus, paxilline may be used in functional assays to inhibit BK channel function, irrespective of the variant expressed.
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Introduction

Large conductance calcium- and voltage-activated potassium
(BK) channels are ubiquitously expressed and control an
eclectic array of physiological processes ranging from regula-
tion of blood pressure (Brenner et al., 2000b; Sausbier et al.,
2005), neurotransmitter release (Raffaelli et al., 2004), mictu-
rition (Meredith et al., 2004), epithelial transport (Bailey et al.,
2006; Sausbier et al., 2006) and sexual function (Werner et al.,
2005). Indeed, mutations or deletion of the BK channel
pore-forming o-subunits, or accessory B-subunits, may lead
to major disorders including hypertension (Brenner et al.,
2000b; Sausbier et al., 2005), epilepsy (Brenner et al., 2005; Du
et al., 2005), ataxia (Sausbier ef al., 2004) and incontinence
(Meredith et al., 2004). This diversity in physiological func-
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tion of BK channels is also reflected in their heterogeneity of
channel properties in different tissues and cell types, which
can be modified for example during development (Mac-
Donald et al., 2006) or in response to changes in physiological
homeostasis (Xie and McCobb, 1998; Benkusky et al., 2000).
Unusually for potassium channels, the pore-forming
a-subunit of BK channels is encoded by a single gene (Butler
et al., 1993), thus the diverse properties of BK channels result
from a number of distinct post-transcriptional regulatory
mechanisms including assembly with a family of four distinct
regulatory B-subunits (31-f4) (Orio et al., 2002), extensive
pre-mRNA splicing of the pore-forming o-subunit (Shipston,
2001) and regulation/assembly with a diverse array of intrac-
ellular signalling cascades.

Alternative pre-mRNA splicing is a major post-
transcriptional mechanism to generate physiological diversity
from a single gene. Alternative splicing of BK channels is under
hormonal control and leads to channels with distinct proper-
ties including differences in calcium/voltage sensitivity (Saito
etal.,, 1997; Chen etal., 2005), subcellular targeting (Zarei
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et al., 2004) and regulation by cellular signalling pathways
(Tianet al., 2001; Erxleben et al., 2002; McCartney et al., 2005).
Several sites of alternative pre-mRNA splicing within the BK
channel a-subunit have been described, the majority of which
are located within the intracellular C-terminal domain of the
channel (Shipston, 2001). Analysis of alternatively spliced
variants of the intracellular c2 site of splicing of BK channels
has demonstrated how splicing at a single site can dramatically
modify channel properties (Chen et al., 2005). For example, at
this site the cysteine-rich, 59-amino-acid, stress-regulated exon
(STREX) variant has a left-shifted half maximal voltage for
channel activation compared with the 29-amino-acid insert
e22, or the insertless null variant known as ZERO (Saito et al.,
1997; Chen et al., 2005). Furthermore, inclusion of STREX
modifies the regulation of BK channels by diverse cellular
signalling pathways (Tian et al., 2001; Erxleben et al., 2002;
Chen et al., 2005; McCartney et al., 2005).

To date, functional analysis of BK channel splice variant
properties has been analysed using the low-throughput ‘gold-
standard’ method of patch clamp electrophysiology. Further-
more, the majority of the analysis of BK channel properties is
performed at supra physiological calcium and voltage condi-
tions, to optimize signal to noise ratios, which are often
different from the conditions experienced by BK channels in
native tissues and it has been assumed, but not tested, that
the widely used BK channel-specific inhibitor, paxilline
(Sanchez and McManus, 1996), inhibits all BK channel vari-
ants with similar potency.

We thus sought to develop a higher-throughput assay that
would allow us to simultaneously: (i) rapidly characterize the
functional properties of splice variants of the BK channel and
discriminate between splice variants; (ii) analyse splice variant
properties under conditions of near physiological voltages
and elevations of intracellular free calcium; and (iii) deter-
mine the potency of the BK channel blocker paxilline on
different splice variants under these conditions. Membrane
potential dyes have been extensively exploited to examine
voltage-gated potassium channels in fluorescence-based
assays, although most suffer from slow response times, wide-
spread drug interference effects and the majority of assays
exploit a high-potassium stimulus to drive channel activation
by robust depolarization of the cell membrane. In this study,
we exploited the fluorescent-imaging plate reader (FLIPR)
membrane potential dye from Molecular Devices that dis-
plays good temporal responses (Whiteaker et al., 2001; Wolff
et al., 2003) and employed the calcium ionophore, ionomycin
(Kauffman et al., 1980) to drive BK channel activation pre-
dominantly through calcium influx. We found that BK
channel splice variants STREX, e22 and ZERO, resulting from
alternative splicing at the intracellular site C2 of alternative
splicing in murine BK channels, display differential sensitivity
to calcium influx and that paxilline inhibits each variant with
similar potency.

Methods
Cell culture

Human embryonic kidney 293 (HEK293) cells were used over
a passage range of 10-40. Cells were passaged every 3-5 days
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at approximately 80% confluency using trypsin-EDTA and
maintained in 25 cm? Greiner flasks with Dulbecco’s modified
Eagle’s medium containing 10% foetal calf serum in a 37°C
incubator with 95% (v/v) air and 5% CO..

For electrophysiological experiments, HEK293 cells were
cultured on glass coverslips (12 mm diameter Chance Glass
Ltd, UK) in a sterile six-well tissue culture plate until approxi-
mately 40% confluent. Cells were transiently transfected with
1.2 ug of the appropriate DNA and 5 pl of Lipofectamine 2000
and transfection efficiencies of ~70% were routinely obtained.
The murine BK channel variant constructs in pcDNA3.1 used
in this work (ZERO, e22 and STREX) have been described
previously and are expressed at similar levels at the plasma
membrane in HEK293 cells as determined by Western blot
and immunocytochemistry (Chen et al., 2005). In addition,
the single channel conductance of all three variants is similar
(Chen et al., 2005). Cells were subsequently incubated for
24 h at 37°C in 95% (v/v) air, 5% (v/v) CO; before 1 ml of
HEK293 media was added to dilute the transfection reaction.
They were then used for electrophysiological recordings
3-5 days after transfection.

Cells for fluorescent membrane potential (FMP) assays were
maintained and transfected as above. In addition, stable cells
maintained under selection with geneticin (0.8 mg ml™") were
also used in some assays with similar results. Cells were
replated into poly-D-lysine-coated black 96-well plates
(Greiner) and incubated for a further 48 h before being used
for the FMP assay.

FMP assay

Forty-eight hours after plating in black-walled, clear-bottom
plates, the culture medium was aspirated and the cells
incubated in FLIPR® Membrane Potential Red or Blue dye
(Molecular Devices, Sunnyvale, CA) for 30 min at 37°C to
allow dye loading. The dye was prepared as recommended by
the manufacturer with 2 mmol-L™" extracellular free calcium
unless otherwise stated. Assays were performed at 22°C using a
FlexStation® II system (Molecular Devices). To activate BK
channels expressed in HEK293 cells the calcium ionophore
ionomycin was applied at a final concentration of 1 umol-L™
using the automated liquid-handling function of the FlexSta-
tion® II programmed to administer 50 pul of ionomycin in
extracellular solution to a total well volume of 200 ul, 16 s after
the experiment began. The fluorescence changes were read at
high sensitivity at 180 s at intervals of 1.52 s with excitation/
emission wavelengths of 530/565 nm respectively. lonomycin
was stored in DMSO at —20°C and working stocks made fresh
prior to the assay. The final DMSO vehicle concentration was
0.01%, which had no significant effect in the assay.

For each independent experiment, splice variant analysis
was performed in parallel on the same plate with HEK293
cells expressing each variant and mock-transfected controls
with a minimum of quadruplicate replicates. In all plates, a
DMSO control and a paxilline pre-treated control for each
variant were included. Data are presented as means = SEM
where n = the number of independent experiments.

The stability and well-to-well variation for each plate were
determined using the experimental Z’ parameter (Zhang et al.,
1999) where:



Z’ =1-[3 x(standard deviation upper — standard deviation
lower)]/[3 x (mean upper — mean lower)]

The upper and lower values define the numerically high
and low relative fluorescent units (RFU) respectively in each
assay plate used for the Z’ calculation. For the FMP assay, as
the highest RFU values are obtained upon depolarization, the
upper values were taken as the response to ionomycin in
non-transfected HEK293 cells (or ionomycin in the presence
of maximally effective concentrations of paxilline in trans-
fected cells). The lower RFU values are at hyperpolarized
potentials, thus the lower RFU values were taken from the
response to ionomycin in STREX-transfected cells. Plates with
Z’ values between 0.3 and 1 were considered acceptable for
analysis.

To assay for elevation in intracellular free calcium cells were
incubated with FLIPR® Calcium 3 dye (Molecular Devices)
essentially as described above.

To determine the effect of paxilline cells were pre-treated for
10 min with the respective concentration of drug before
assaying as above. The ionomycin-induced fluorescent
response of BK-transfected cells in the presence of 10 umol-L™
paxilline was essentially indistinguishable from that deter-
mined in mock-transfected cells in the presence or absence of
paxilline, demonstrating that 10 umol-L™ paxilline fully
blocked each BK channel variant. Paxilline (10 umol-L™?)
alone had no effect on mock-transtected HEK293 cells.

Data were analysed with SoftMax Pro and data exported to
Igor Pro, Microsoft Excel and/or Prism for further analysis.
To compare between variants or analyse the dose-response to
paxilline, the RFUs were determined 70 s into the assay. Raw
data from each experiment was normalized to control base-
line levels. In dose-response assays, maximal inhibition
(100%) was defined as the fluorescent response equivalent to
that observed in mock-transfected HEK293 cells in response
to ionomycin. In each individual assay (minimum four rep-
licates), the fluorescent signal for each variant in response to
ionomycin, in the absence of paxilline, was defined as the
maximal response (i.e. 0% inhibition). The fluorescent
response in the presence of each respective paxilline concen-
tration was then expressed as a percentage of maximal inhi-
bition. Percentage inhibitions at each paxilline concentration
from a minimum of four independent experiments for each
BK channel splice variant were then combined and dose-
response curves fitted using a Boltzmann function.

Electrophysiology

Whole-cell and cell-attached patch clamp recordings of BK
channels were made at room temperature (20-24°C) from
transfected HEK293 plated on glass coverslips. Channel
activity was recorded using an Axopatch-200 patch clamp
amplifier (Axon Instruments, USA). Borosilicate glass patch
pipettes (Harvard Apparatus, Kent) with resistances of
5-10 MQ for cell-attached recordings and 4-7 MQ for whole-
cell recordings.

All recordings were made with HEK cells under physiologi-
cal potassium gradients. The patch pipette solution contained
(in mmol-L™): 140 KCI; 5 NaCl; 1 MgCly; 10 glucose; 10 HEPES;
1 BAPTA; and CaCl, to give a free calcium concentration of
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0.1 umol-L™ for whole-cell recordings and 0.33 umol-L™ for
cell-attached recordings. The bath solution contained (in
mmol-L™7): 135 NaCl; 2.5 KCI; 2 CaCl,; 1 MgCl,; 10 glucose; 10
HEPES. Whole-cell recordings were made using current clamp
to monitor changes in the resting membrane potential of HEK
cells. After breaking into the cell, the membrane potential was
allowed to stabilize, over approximately 5 min, before iono-
mycin (1 umol-L™) and paxilline (10 umol-L™') were added to
the bath and voltage responses recorded. Single-channel BK
activity was monitored using cell-attached recording with
0 mV applied to the membrane. The channel activity observed
was therefore driven by the resting membrane potential of the
HEK cell and channel opening recorded as downward deflec-
tions representing inward movement of potassium, as there
would be approximately equimolar concentrations of potas-
sium in the HEK cells and the patch pipette. Whole-cell data
were analysed using pClamp 9 (Molecular Devices) and single-
channel data analysed using Win EDR (J. Dempster, University
of Strathclyde).

Statistical analysis

All data are presented as means *+ SEM, with n = number of
independent experiments unless otherwise indicated. Statis-
tical analysis between groups was determined by ANOVA with
Tukey’s post hoc test. Significance was defined at P < 0.05.

Results

Assay of BK channel splice variants using a fluorescent
membrane potential assay

In an attempt to discriminate between BK channel splice
variants using the membrane potential assay, we utilized the
calcium ionophore ionomycin to stimulate BK channels
expressed in HEK293 cells via calcium influx (Fig. 1a). In
HEK293 cells expressing the STREX splice variant, application
of 1umol-L" ionomycin resulted in a robust and rapid
decrease in fluorescence indicating cellular hyperpolarization
as would be expected for activation of a potassium-selective
channel. In contrast, ionomycin stimulated an increase in
fluorescence indicating membrane depolarization in mock-
transfected HEK293 cells. The nature of this calcium-
dependent depolarizing response to ionomycin in native
HEK293 cells has not been fully characterized, although pre-
vious studies (e.g. Fliegert ef al., 2007) have suggested that it
involves capacitative calcium entry and other store-operated
cation influx pathways. The ionomycin-induced depolariza-
tion might be expected to facilitate BK channel activation in
transfected cells, but it also sets a limit on the sensitivity of
the assay as the net electrophysiological response to ionomy-
cin is thus a product of the ionomycin-induced hyperpolar-
ization, due to calcium-dependent activation of BK channels,
and the depolarizing component, due to endogenous, more
slowly activating mechanisms such as store-operated cation
currents. Importantly, even though we have not blocked the
ionomycin-induced depolarizing component, the calcium-
dependent activation of the BK current is the faster response
and so we can clearly discriminate the contribution of BK
channels with a signal to noise ratio that allowed robust
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Figure 1

lonomycin induces calcium influx and membrane hyperpolarization in HEK293 cells expressing the STREX BK channel splice variant.

a. Time course of change in relative fluorescent units (RFU) in the membrane potential assay. Cells were stimulated with 1 umol-L™" ionomycin
or DMSO (vehicle control) at t = 16 s in mock-transfected HEK293 cells or cells expressing the STREX BK channel splice variant. A negative RFU
indicates membrane hyperpolarization. Data are means = SEM (n = 8). b. Time course of change in RFUs in the intracellular free calcium
reporter assay. Mock-transfected HEK293 cells or cells expressing the STREX variant were stimulated with 1 umol-L™" ionomycin at t = 16 s. Data
are means = SEM (n = 3). BK, large conductance calcium- and voltage-activated potassium channel; HEK293, human embryonic kidney 293

cell; STREX, stress-regulated exon.

analysis of BK channel properties with this assay. The vehicle
control (0.01% DMSO) had no significant effect on the base-
line fluorescent signal in HEK293 cells expressing the STREX
variant (Fig. 1a) or mock-transfected HEK293 cells (not
shown). The FLIPR® Membrane Potential dye used in these
studies is available in two formats (red and blue) to allow
potential dye interactions to be eliminated when screening
compound libraries. There was no significant difference in the
amplitude or time course of the ionomycin-induced hyperpo-
larization between the red or blue dye (not shown). Tempera-
ture modulated the amplitude of the responses, as conducting
the assays at 37°C reduced the maximum hyperpolarization
to 60.0 = 3.7% (n = 8) of the response seen at 22°C. Thus, to
improve the signal to noise ratio and allow direct comparison
of responses with conventional patch clamp electrophysi-
ological analysis, all subsequent assays were performed at
room temperature (22°C).

To verify that the ionomycin-induced hyperpolarization
was predominantly a result of calcium entry, we first assayed
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the elevation of intracellular free calcium using the Calcium 3
dye (Molecular Devices, Sunnyvale, CA). [lonomycin elicited a
rapid and sustained increase in fluorescence (Fig. 1b), repre-
senting an increase in intracellular free calcium concen-
tration. Removal of extracellular calcium significantly
attenuated the ionomycin-induced rise in intracellular free
calcium to 7.6 * 3.6% (n = 4) of the maximal response in the
presence of 2 mmol-L™ extracellular calcium. Thus, the pre-
dominant effect of ionomycin is to induce calcium influx,
with the residual rise in intracellular free calcium in the
absence of extracellular calcium most likely to result from
release of calcium from intracellular stores in this system
(Fliegert et al., 2007). There were no significant differences in
calcium influx between the transfected and non-transfected
HEK293 cells (Fig. 1b), verifying that lipofectamine transfec-
tion of HEK293 cells with BK channels does not alter the
ionomycin-induced calcium entry into the cell.

To further validate the calcium dependency of the
ionomycin-induced hyperpolarization response in the FMP
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Figure 2 Depletion of extracellular calcium attenuates the mem-
brane hyperpolarization induced by ionomycin. Membrane potential
assays were performed as in Figure 1a using the STREX variant with
different extracellular calcium concentrations. Data are normalized to
the peak hyperpolarization determined at 70 s in the presence of
2 mmol-L7" extracellular calcium. Data are means = SEM (n = 8).
STREX, stress-regulated exon.

assay, STREX channels expressed in HEK293 cells were inves-
tigated in the absence of extracellular calcium. Buffering
extracellular free calcium to <10 nmol-L™' with the calcium
chelator BAPTA resulted in a significantly attenuated
ionomycin-induced hyperpolarization in HEK293 cells
expressing the STREX variant (P < 0.001 ANOvA with Tukey’s
test). The peak hyperpolarization, determined at 70 s, was
reduced by >75% compared with that observed with
2 mmol-L! extracellular calcium (Fig. 2). The residual activa-
tion is most likely to represent release of calcium from intra-
cellular stores in this system (Fliegert et al., 2007). Increasing
extracellular calcium concentration to 5 mmol-L™ had no sig-
nificant effect on the ionomycin-induced hyperpolarization
compared with 2 mmol-L™. Taken together, these data
strongly suggest that the ionomycin-induced hyperpolariza-
tion in HEK293 cells expressing the STREX channel variant is
predominantly a result of BK channel activation by influx of
calcium.

Tonomycin-induced calcium influx differentially activates BK
channel splice variants

To directly demonstrate that the ionomycin-induced reduc-
tion in fluorescence results from membrane hyperpolariza-
tion, we performed conventional whole-cell current clamp
recordings. Ionomycin induced a robust hyperpolarization
(by 51 £3mV) in HEK293 cells expressing the STREX
channel variant (Fig. 3a,b). This was correlated with a mean
35 = 3% change in dye emission (% change in RFU) in the
FMP assay. Assuming a linear response, this suggests that the
sensitivity of the assay is approximately a 1.5 mV change in
membrane potential for a 1% change in RFU.

In contrast, ionomycin elicited no significant hyperpolar-
ization in mock-transfected HEK293 cells and resulted in
an ~9 mV depolarization (Fig. 3b). There was no significant
difference in resting membrane potential between mock-
transfected HEK293 cells and cells expressing the STREX
or ZERO variants (Fig.3b: HEK293 -30 =4 mV, ZERO
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-29 = 2mV and STREX -34 = 6 mV; n = 3). However, iono-
mycin induced a significantly greater hyperpolarization in
HEK293 cells expressing the STREX variant compared with
those expressing the ZERO BK variant (Fig. 3b) with the peak
hyperpolarization being -82 + 3 and —48 = 5 mV for STREX
and ZERO channels respectively (***P <0.001 ANOVA with
Tukey’s test; n = 3).

As the ionomycin-dependent calcium influx allowed clear
discrimination of the ZERO and STREX variant channels in
electrophysiological assays, we asked whether the membrane
potential assay could be used to discriminate between distinct
variants. Previous electrophysiological analysis has demon-
strated clear differences in the apparent calcium sensitivities of
the BK channel variants ZERO, e22 and STREX (Chen et al.,
2005). These variants are the result of alternative pre-mRNA
splicing at a single intracellular site of splicing, c2, in the
BK channel C-terminus. Importantly, these variants display
similar single-channel conductance and are expressed at
equivalent levels at the cell surface in HEK293 cells as deter-
mined by Western blotting and immunocytochemistry
(Chen et al., 2005 and data not shown). Thus, any observed
differences in HEK293 cell membrane hyperpolarization in
response to ionomycin-induced calcium influx must result
from differences in the apparent calcium/voltage sensitivities
or kinetics of the BK channel variants. Cells expressing STREX
channels showed the greatest hyperpolarization (Fig. 4a) and
the e22 and ZERO BK variants produced significantly smaller
responses. Expressed as a percentage of the STREX response,
the other variants displayed a rank potency to activation by the
ionomycin-induced calcium influx STREX >e22>ZERO
(Fig. 4a,b). The hyperpolarization of e22- and ZERO-expressing
cells was 64 = 17% and 45 = 13% of the STREX response
respectively (P < 0.001 ANOvA with Tukey’s test; n = 8).

Paxilline inhibits BK channel variants with similar potency

The ability to discriminate between splice variants expressed
in HEK293 cells, using the membrane potential assay,
allowed us to address whether the specific BK channel
blocker paxilline was equally potent on the three splice
variant o-subunits. The concentration dependence of pax-
illine block of the ionomycin-induced hyperpolarization was
investigated for each variant. Paxilline dose dependently
inhibited the ionomycin-induced hyperpolarization (Fig. 5)
with ICsy values of 0.35*0.04, 0.37 =0.03 and
0.70 = 0.02 umol-L" (Fig. 5b) calculated for ZERO, STREX
and e22 variants respectively. The ICs, for the e22 variant
was significantly greater than those for the ZERO and STREX
variants (n =4, P <0.001, F test). Paxilline had no effect on
non-transfected HEK293 cells (not shown) and, at maxi-
mally effective concentrations between 1-10 pmol-L™, the
effect of ionomycin on the fluorescent response was indis-
tinguishable from that in HEK293 cells alone, demonstrating
complete inhibition of BK channels. To further confirm that
paxilline mediated its effect solely through inhibition of BK
channels, we analysed the ability of paxilline to prevent
membrane hyperpolarization in the whole-cell current
clamp assays (Fig. 6) and activation of unitary BK currents
in cell-attached patches (Fig. 7). First, treatment of HEK293
cells expressing STREX channels with maximally effective
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Figure 3 lonomycin-induced membrane hyperpolarization in whole-cell current clamp recordings of transfected HEK293 cells. a. Represen-

tative trace of membrane potential from a HEK293 cell expressing the STREX BK channel splice variant. lonomycin induces a robust membrane
hyperpolarization from a resting membrane potential of —34 mV. b. Summary bar chart of mean resting membrane potential of mock-
transfected HEK293 cells and cells transfected with either the STREX or ZERO variant before (Control) or after (+ ionomycin) application. Data
are means = SEM (n = 3-7/group). *P < 0.05, **P < 0.07 ANOVA with Tukey’s post hoc test, compared with respective pre-treatment control.
$P < 0.01 compared with ionomycin STREX group. BK, large conductance calcium- and voltage-activated potassium channel; HEK293, human

embryonic kidney 293 cell; STREX, stress-regulated exon.

concentrations of paxilline resulted in a small but signifi-
cant decrease in resting membrane potential (Fig. 6) as a
result of inhibition of STREX channel activity under resting
conditions. The ability of STREX channels to make a small
but significant contribution to the membrane potential is
also supported by the clear STREX channel activity observed
in cell-attached recordings under resting conditions (see
Fig. 7). In HEK293 cells expressing the ZERO variant,
channel blockade caused a reduction in membrane potential
that was not statistically significant, in accordance with the
low activity of these channels in the absence of calcium
influx at rest. Importantly, subsequent stimulation with
ionomycin failed to induce membrane hyperpolarization in
cells expressing STREX channels (Fig. 6), or ZERO variant
(data not shown). Finally, in cell-attached patch recordings,
application of ionomycin resulted in a robust (6.75 + 1.96
fold, n = 3) stimulation of STREX single-channel activity that
was abolished upon subsequent application of paxilline

(Fig. 7).

Discussion

The major findings of this study are that: (i) BK channel splice
variants can be characterized in both high-throughput mem-
brane potential dye-based assays, as well as by conventional
patch clamp assays, based on their different sensitivity to
activation by ionomycin-induced calcium influx; and (ii) BK
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channel splice variants were inhibited by the widely used, and
selective, BK channel inhibitor paxilline with similar ICses,
under conditions of near physiological calcium and voltage
conditions. Thus, paxilline may be used in functional assays
to inhibit BK channel function, irrespective of the variant
expressed.

The magnitude of the ionomycin-induced hyperpolariza-
tion of HEK293 cells expressing different splice variants will
be dependent upon several factors including: (i) the number
of functional channels at the plasma membrane; (ii) single-
channel conductance; (iii) proportion of cells transfected in
the population; and (iv) the apparent calcium/voltage sensi-
tivity and kinetics of the channel variants. The three variants
assayed here all display similar cell-surface expression levels
and single-channel conductance in HEK293 cells (Chen et al.,
2005). Thus, by using a combination of ionomycin to induce
a calcium influx to stimulate BK activity, with the FLIPR
membrane potential dye as a reporter of transmembrane
potential, we were able to discriminate between these BK
channel splice variants based on their sensitivity to calcium
influx. Under our assay conditions, intracellular free calcium
most likely rises to <1 umol-L™ (Fliegert et al., 2007) and at
these calcium levels, the three BK channel splice variants
examined here display dramatically different half maximal
voltages of activation (Chen et al., 2005). The STREX variant
has higher levels of activity at hyperpolarized membrane
potentials for a given calcium concentration compared with
either e22 or ZERO and in the membrane potential assays, the
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Figure 4 Fluorescent membrane potential assay discriminates BK channel splice variants. a. Time course plots of mean change in membrane
potential assay RFU in response to ionomycin for mock-transfected HEK293 cells or cells expressing the STREX, e22 or ZERO splice variants
respectively. Data are means = SEM, n=8. b. Summary bar chart of membrane hyperpolarization (determined at 70 s) in response to
ionomycin for each variant normalized to the response of HEK293 cells expressing the STREX variant (100%). Data are means = SEM, n= 8.
***P < 0.001 ANOVA with Tukey’s post hoc test, compared with STREX. BK, large conductance calcium- and voltage-activated potassium
channel; HEK293, human embryonic kidney 293 cell; RFU, relative fluorescent unit; STREX, stress-regulated exon.

rank order of ionomycin-induced hyperpolarization was
STREX > e22 > ZERO, in accordance with the sensitivity of
these variants in conventional electrophysiological assays
(Chen etal., 2005). Importantly, the ionomycin-induced
hyperpolarization determined in the fluorescent membrane
potential assays was also evident using conventional whole-
cell current clamp recordings under identical conditions. Fur-
thermore, the fluorescent membrane potential assay utilized
here allows us to examine the properties of BK channel splice
variants at near physiological calcium and voltage conditions
in a medium-to high-throughput mode. This should allow
examination of functional responses to pharmacological
manipulation under conditions typically experienced by BK
channels in native cells. Furthermore, as the magnitude of the
hyperpolarization response is also dependent on the number
of channels at the cell surface, as well as their single-channel
conductance, this assay should allow us to screen for variants
and/or channel mutants that display either cell-surface traf-
ficking defects or dramatic alterations in single-channel con-
ductance (see Zarei et al., 2004; Chen et al., 2005).
Alternative pre-mRNA splicing, as well as assembly with
accessory B-subunits, can also dramatically modify calcium/
voltage sensitivity of BK channels. This assay should allow
screening of a wide variety of variants, mutations and acces-
sory subunits. Important in this regard will be the selection of
the membrane potential dye for investigation. For example,

micromolar concentrations of the membrane potential dye,
di-8-ANEPPS, increases the open probability of BK channels
expressed in pituitary tumour cells (Wu et al., 2008) and the
oxonol dye DiBAC4(3) (Morimoto et al., 2007) at 300 nmol-L™
has been shown to activate BK channels coexpressed with the
B1 and B4 subunits. Using the FLIPR membrane potential dye,
we saw no effect of the dye in isolated patch clamp recordings
when used at the same concentrations used for loading cells
on BK channel a-subunits expressed in HEK293 cells (data not
shown). Coupled with the improved temporal resolution of
FLIPR membrane potential dye compared with di-8-ANEPPS
or DiBAC4(3) (Whiteaker et al., 2001; Yamada et al., 2001;
Wolff etal., 2003), the assay conditions we exploited to
analyse BK channel splice variant properties may provide
useful insights into other modes of BK channel regulation.
One of the most potent and selective BK channel blockers is
the tremorgenic alkaloid paxilline but the effect of paxilline
on different splice variants was unknown. This issue is impor-
tant as it is widely assumed that paxilline will inhibit BK
channels, irrespective of their molecular composition, in con-
trast to the known modification of BK channel sensitivity to
Iberiotoxin by B4 subunits (Behrens et al., 2000; Brenner et al.,
2000a; 2005; Meera et al., 2000). However, the effect of pax-
illine on different splice variants has not been systematically
examined. Using the fluorescent membrane potential assay,
we were able to show that paxilline dose-dependently inhib-
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Figure 5 Paxilline inhibits BK channel splice variants with similar potency. a. Representative fluorescent membrane potential assay of HEK293
cells expressing the STREX variant pre-treated for 10 min with varying concentration of the BK channel inhibitor paxilline. Data are
means * SEM for four replicates per group from a representative assay. b. Summary dose-response curves for each variant expressed as the
percentage inhibition of the ionomycin-induced response. Data are means = SEM, n=4 independent experiments. The ICs, values for the
splice STREX, ZERO and e22 splice variants were 0.35 * 0.04, 0.37 = 0.03 and 0.70 + 0.02 umol-L™" respectively. The ICs, for the e22 variant
was statistically significantly different when compared with STREX or ZERO; P < 0.001; F test. BK, large conductance calcium- and voltage-
activated potassium channel; HEK293, human embryonic kidney 293 cell; STREX, stress-regulated exon.
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Figure 6 Paxilline blocked the ionomycin-induced hyperpolariza-
tion in whole-cell patch clamp assays. Summary data of the effect of
paxilline (Pax 10 umol-L™") on resting membrane potential of HEK293
cells expressing the STREX BK channel variant. Paxilline induced
a significant membrane depolarization compared with control.
However, in the presence of paxilline, ionomycin (Pax & lono) failed
to induce membrane hyperpolarization. Data shown are means *
SEM, n =3 independent experiments. **P < 0.07 ANOVA with Tukey’s
post hoc test, compared with pre-treatment control.
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ited the ionomycin-induced hyperpolarization in HEK293
cells expressing the STREX, ZERO or e22 variants. Paxilline
had a similar potency on all three splice variants, although
there was a small (twofold), but significant, reduction in
potency for the e22 variant compared with STREX or ZERO.
The calculated ICs, values were 300 700 nmol-L}; these are
approximately an order of magnitude greater than those
derived from the effects of paxilline on inside-out patches in
electrophysiological assays on single-ion channels from
smooth muscle (Sanchez and McManus, 1996). Several factors
may account for this difference, although dye interference
can probably be excluded as it did not alter the effects of
paxilline on mock-transfected HEK293 cells in our assays, nor
did it modulate BK channel activity per se. The most straight-
forward explanation for the raised ICso values is that the
membrane potential and whole-cell assays utilized here reflect
the functional impact of BK channels on membrane poten-
tial. Thus, when investigating the inhibition of such a large
conductance channel, any small residual channel open
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Figure 7

lonomycin activates single BK channels in cell-attached patches. Representative continuous single-channel trace (upper trace) and

expanded traces under different conditions (lower traces) in a cell-attached patch from a HEK293 cell expressing the STREX BK channel. Cells
were bathed in physiological solution and the pipette potential was 0 mV. Application of ionomycin to the bath activates BK channel activity
in the cell-attached patch. Note upon ionomycin application, BK single-channel amplitude increases as predicted as a result of cellular
hyperpolarization upon BK channel activation in an unclamped cell. Subsequent application of paxilline fully inhibits single-channel activity. BK,
large conductance calcium- and voltage-activated potassium channel; HEK293, human embryonic kidney 293 cell; STREX, stress-regulated

exon.

probability, or single-channel conductance, will have a sig-
nificant impact on the membrane potential. This is an impor-
tant consideration when examining the potential functional
impact of inhibiting BK channels in native cells.

Taken together, our data reveal that ionomycin-induced
calcium influx can be exploited to discriminate between BK
channel splice variants in both high-throughput fluorescent
membrane potential assays and in patch clamp electrophysi-
ological assays under conditions at physiological intracellular
free calcium and voltage conditions in intact cells. Impor-
tantly, we have demonstrated that the BK channel inhibitor
paxilline is practically equi-potent on these distinct splice
variants and thus can be used to inhibit BK channels, irre-
spective of their splice isoform composition in native systems.
This approach should also allow us to examine the functional
consequence of BK channel association with distinct acces-
sory subunits and/or mutations that affect calcium/voltage
sensitivity.

Acknowledgements
FS was in receipt of an MRC PhD studentship. We are grateful

to Jim McCulloch for use of the Flexstation. This work was
supported by the Wellcome Trust.

Conflicts of interest

None.

References

Bailey MA, Cantone A, Yan Q, MacGregor GG, Leng Q, Amorim JBO
etal. (2006). Maxi-K channels contribute to urinary potassium
excretion in the ROMK-deficient mouse model of Type II Bartter’s
syndrome and in adaptation to a high-K diet. Kidney Int 70: 51—
59.

Behrens R, Nolting A, Reimann F, Schwarz M, Waldschutz R, Pongs O
(2000). hKCNMB3 and hKCNMB4, cloning and characterization of
two members of the large-conductance calcium-activated potas-
sium channel beta subunit family. FEBS Lett 474: 99-106.

Benkusky NA, Fergus DJ, Zucchero TM, England SK (2000). Regulation
of the Ca*-sensitive domains of the maxi-K channel in the mouse
myometrium during gestation. J Biol Chem 275: 27712-27719.

Brenner R, Jegla T], Wickenden A, Liu Y, Aldrich RW (2000a). Cloning
and functional characterization of novel large conductance
calcium-activated potassium channel beta subunits. hKCNMB3 and
hKCNMBA4. ] Biol Chem 275: 6453-6461.

Brenner R, Perez GJ, Bonev AD, Eckman DM, Kosek JC, Wiler SW et al.
(2000b). Vasoregulation by the beta 1 subunit of the calcium-
activated potassium channel. Nature 407: 870-876.

Brenner R, Chen QH, Vilaythong A, Toney GM, Noebels JL, Aldrich
RW (2005). BK channel 34 subunit reduces dentate gyrus excitabil-
ity and protects against temporal lobe seizures. Nat Neurosci 8:
1752-1759.

Butler A, Tsunoda S, McCobb DP, Wei A, Salkoff L (1993). mSlo, a
complex mouse gene encoding ‘maxi’ calcium-activated potassium
channels. Science 261: 221-224.

Chen L, Tian LJ, MacDonald SHF, McClafferty H, Hammond MSL,
Huibant JM et al. (2005). Functionally diverse complement of large
conductance calcium- and voltage-activated potassium channel
(BK) alpha-subunits generated from a single site of splicing. J Biol
Chem 280: 33599-33609.

British Journal of Pharmacology (2009) 156 143-152



Characterization of BK channel splice variants
152 F Saleem et al

Du W, Bautista JF, Yang HH, Diez-Sampedro A, You SA, Wang L] et al.
(2005). Calcium-sensitive potassium channelopathy in human epi-
lepsy and paroxysmal movement disorder. Nat Genet 37: 733-738.

Erxleben C, Everhart AL, Romeo C, Florance H, Bauer MB, Alcorta DA
et al. (2002). Interacting effects of N-terminal variation and strex
exon splicing on slo potassium channel regulation by calcium,
phosphorylation, and oxidation. J Biol Chem 277: 27045-27052.

Fliegert R, Glassmeier G, Schmid F, Cornils K, Genisyuerek S, Harneit
A etal. (2007). Modulation of Ca® entry and plasma membrane
potential by human TRPM4b. FEBS | 274: 704-713.

Kauffman RF, Taylor RW, Pfeiffer DR (1980). Cation transport and
specificity of ionomycin. Comparison with ionophore A23187 in
rat liver mitochondria. J Biol Chem 255: 2735-2739.

McCartney CE, McClafferty H, Huibant JM, Rowan EG, Shipston M],
Rowe ICM (2005). A cysteine-rich motif confers hypoxia sensitivity
to mammalian large conductance voltage- and Ca-activated K (BK)
channel alpha-subunits. Proc Natl Acad Sci USA 102: 17870-17875.

MacDonald SHF, Ruth P, Knaus HG, Shipston MJ (2006). Increased
large conductance calcium-activated potassium (BK) channel
expression accompanied by STREX variant downregulation in the
developing mouse CNS. BMC Dev Biol 6: 37.

Meera P, Wallner M, Toro L (2000). A neuronal beta subunit
(KCNMB4) makes the large conductance, voltage- and Ca*-
activated K+ channel resistant to charybdotoxin and iberiotoxin.
Proc Natl Acad Sci USA 97: 5562-5567.

Meredith AL, Thorneloe KS, Werner ME, Nelson MT, Aldrich RW
(2004). Overactive bladder and incontinence in the absence of the
BK large conductance Ca*-activated K+ channel. J Biol Chem 279:
36746-36752.

Morimoto T, Sakamoto K, Sade H, Ohya S, Muraki K, Imaizumi Y
(2007). Voltage-sensitive oxonol dyes are novel large-conductance
Ca*-activated K+ channel activators selective for betal and beta4
but not beta2 subunits. Mol Pharmacol 71: 1075-1088.

Orio P, Rojas P, Ferreira G, Latorre R (2002). New disguises for an old
channel: MaxiK channel b-subunits. News Physiol Sci 17: 156-161.

Raffaelli G, Saviane C, Mohajerani MH, Pedarzani P, Cherubini E
(2004). BK potassium channels control transmitter release at CA3-
CA3 synapses in the rat hippocampus. | Physiol 557: 147-157.

Saito M, Nelson C, Salkoff L, Lingle CJ (1997). A cysteine-rich domain
defined by a novel exon in a Slo variant in rat adrenal chromaffin
cells and PC12 cells. ] Biol Chem 272: 11710-11717.

Sanchez M, McManus OB (1996). Paxilline inhibition of the alpha-
subunit of the high-conductance calcium-activated potassium
channel. Neuropharmacology 35: 963-968.

British Journal of Pharmacology (2009) 156 143-152

Sausbier M, Hu H, Arntz C, Feil S, Kamm S, Adelsberger H et al. (2004).
Cerebellar ataxia and Purkinje cell dysfunction caused by Ca*-
activated K+ channel deficiency. Proc Natl Acad Sci USA 101: 9474
9478.

Sausbier M, Arntz C, Bucurenciu I, Zhao H, Zhou X-B, Sausbier U et al.
(2005). Elevated blood pressure linked to primary hyperaldoster-
onism and impaired vasodilation in BK channel-deficient mice.
Circulation 112: 60-68.

Sausbier M, Matos ], Sausbier U, Beranek G, Arntz C, Neuhuber W
et al. (2006). Distal colonic K* secretion occurs via BK channels. ] Am
Soc Nephrol 17: 1275-1282.

Shipston MJ (2001). Alternative splicing of potassium channels: a
dynamic switch of cellular excitability. Trends Cell Biol 11: 353-358.

Tian L, Duncan RR, Hammond MSL, Coghill LS, Wen H, Rusinova R
et al. (2001). Alternative splicing switches potassium channel sen-
sitivity to protein phosphorylation. J Biol Chem 276: 7717-7720.

Werner ME, Zvara P, Meredith AL, Aldrich RW, Nelson MT (2005).
Erectile dysfunction in mice lacking the large-conductance calcium-
activated potassium (BK) channel. ] Physiol 567: 545-556.

Whiteaker KL, Gopalakrishnan SM, Groebe D, Shieh CC, Warrior U,
Burns DJ et al. (2001). Validation of FLIPR membrane potential dye
for high throughput screening of potassium channel modulators.
] Biomol Screen 6: 305-312.

Wolff C, Fuks B, Chatelain P (2003). Comparative study of membrane
potential-sensitive fluorescent probes and their use in ion channel
screening assays. J Biomol Screen 8: 533-543.

Wu SN, Lin MW, Wang Y (2008). Stimulatory actions of di-8-butyl-
amino-naphthyl-ethylene-pyridinium-propyl-sulfonate (di-8-
ANEPPS), voltage-sensitive dye, on the BK(Ca) channel in pituitary
tumor (GH3) cells. Pflugers Archiv 455: 687-699.

Xie J, McCobb DP (1998). Control of alternative splicing of potassium
channels by stress hormones. Science 280: 443-446.

Yamada A, Gaja N, Ohya S, Muraki K, Narita H, Ohwada T et al. (2001).
Usefulness and limitation of DiBAC4(3), a voltage-sensitive fluores-
cent dye, for the measurement of membrane potentials regulated by
recombinant large conductance Ca2+-activated K+ channels in
HEK293 cells. Jpn ] Pharmacol 86: 342-350.

Zarei MM, Eghbali M, Alioua A, Song M, Knaus HG, Stefani E et al.
(2004). An endoplasmic reticulum trafficking signal prevents
surface expression of a voltage- and Ca®*-activated K+ channel splice
variant. Proc Natl Acad Sci USA 101: 10072-10077.

Zhang JH, Chung TD, Oldenburg KR (1999). A simple statistical
parameter for use in evaluation and validation of high throughput
screening assays. | Biomol Screen 4: 67-73.



