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Inhibition of vascular calcium-gated chloride
currents by blockers of KCa1.1, but not by
modulators of KCa2.1 or KCa2.3 channels
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Background and purpose: Recent pharmacological studies have proposed there is a high degree of similarity between
calcium-activated Cl- channels (CaCCs) and large conductance, calcium-gated K+ channels (KCa1.1). The goal of the present
study was to ascertain whether blockers of KCa1.1 inhibited calcium-activated Cl- currents (IClCa) and if the pharmacological
overlap between KCa1.1 and CaCCs extends to intermediate and small conductance, calcium-activated K+ channels.
Experimental approaches: Whole-cell Cl- and K+ currents were recorded from murine portal vein myocytes using the
whole-cell variant of the patch clamp technique. CaCC currents were evoked by pipette solutions containing 500 nM free
[Ca2+].
Key results: The selective KCa1.1 blocker paxilline (1 mM) inhibited IClCa by ~90%, whereas penitrem A (1 mM) and iberiotoxin
(100 and 300 nM) reduced the amplitude of IClCa by ~20%, as well as slowing channel deactivation. Paxilline also abolished the
stimulatory effect of niflumic acid on the CaCC. In contrast, an antibody against the Ca2+-binding domain of murine KCa1.1 had
no effect on IClCa while inhibiting spontaneous KCa1.1 currents. Structurally different modulators of small and intermediate
conductance calcium-activated K+ channels (KCa2.1 and KCa2.3), namely 1-EBIO, (100 mM); NS309, (1 mM); TRAM-34, (10 mM);
UCL 1684, (1 mM) had no effect on IClCa.
Conclusions and implications: These data show that the selective KCa1.1 blockers also reduce IClCa considerably. However, the
pharmacological overlap that exists between CaCCs and KCa1.1 does not extend to the calcium-binding domain or to other
calcium-gated K+ channels.
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Introduction

In the absence of a protein identified with this function,
research into the physiological role of calcium-activated chlo-
ride channels (CaCCs) has relied upon pharmacological tools.
However, as Greenwood and Leblanc (2007) have pointed
out, agents shown to block CaCCs also modulate a number of
different ion channels, but with a consistent pharmacological
cross-over between CaCCs and large conductance calcium-
activated potassium channels (BKCa or KCa1.1; nomenclature
follows Alexander et al., 2008). Not only do a wide range of

structurally disparate chloride channel blockers such as niflu-
mic acid, anthracene-9-carboxylate and ethacrynic acid
enhance KCa1.1 (Ottolia and Toro, 1994; Greenwood and
Large, 1995; Toma et al., 1996), but two structurally disparate
activators of KCa1.1 channels, namely the benzimidazole
NS1619 and the pimarene isopimaric acid (Olesen et al., 1994;
Holland et al., 1996; Huang et al., 1997; Imaizumi et al., 2002)
augment calcium-activated chloride currents (IClCa) in vascular
myocytes at concentrations that enhance KCa1.1 channels
(Saleh et al., 2007). Interestingly, chloride channel blockers
such as niflumic acid or anthracene-9 carboxylic acid not only
block IClCa, but paradoxically augment these currents when
the underlying channels are stimulated persistently (Piper
et al., 2002; Piper and Greenwood, 2003; Ledoux et al., 2005).
Taken together, these findings led to the speculation that both
types of channel contain a stimulatory site with a common
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structural motif; the KCa1.1 protein comprises some aspect of
the native CaCC (Greenwood and Leblanc, 2007) or tenta-
tively that the interaction between CaCCs and KCa1.1 is so
tightly linked structurally and functionally that the pharma-
cology of one directly affects the other.

Although the study by Saleh et al. (2007) showed that
agents known to stimulate KCa1.1 channels produce a similar
effect on CaCCs, it still remains to be determined if specific
blockers of KCa1.1 channels exert a parallel influence on
CaCCs, as our hypothesis of a structure–function relation-
ship would imply. To substantiate this conceptual frame-
work, we first examined the effects of compounds
recognized to interact specifically with KCa1.1 at different
binding sites, namely paxilline, penitrem A and iberiotoxin,
on IClCa elicited by elevated clamped Ca2+ concentrations in
murine vascular myocytes. Secondly, we determined if an
antibody raised against an epitope located in the putative
Ca2+-binding domain of murine KCa1.1 (mSlo encoded)
affects IClCa. Thirdly, we assessed whether these interactions
are unique to KCa1.1 by exploring the effects of specific
inhibitors of the other two major subfamilies of calcium-
activated K+ channels encoding for the small (KCa2.1) and
intermediate (KCa2.3) conductance KCa channels. These
studies revealed that the pharmacological overlap is
restricted to CaCCs and KCa1.1, and to agents that interact
with the channel pore.

Methods

Preparation of cells and solutions
All animal care and experimental procedures complied with
the United Kingdom Animals Act (1986). BALB/c mice (6–8
weeks old) were killed by cervical dislocation in accordance
with schedule 1. After opening the abdomen, the portal vein
(PV) was removed and immediately placed in chilled physi-
ological salt solution composed of 125 mM NaCl, 5.4 mM
KCl, 15.4 mM NaHCO3, 0.33 mM Na2HPO4, 0.34 mM KH2PO4,
10 mM glucose, 11 mM HEPES and 0.1 mM CaCl2 (pH was
adjusted to 7.2 with NaOH). The PV was freed of fat and
connective tissue, and then cut into longitudinal strips and
individual smooth muscle myocytes isolated using a sequen-
tial protease and collagenase digestion procedure as described
by Saleh and Greenwood (2005).

IClCa and IBKCa were recorded using the whole-cell voltage
clamp technique from single smooth muscle cells isolated, as
described earlier, from murine hepatic PV. A small aliquot of
smooth muscle cells stored in 0.1 mM CaCl2 physiological salt
solution was placed in a glass chamber on the stage of a
XPC-T30I trinocular inverted microscope (Pyser SGI, Eden-
bridge, UK) and allowed to adhere for 15–20 min. To record
IClCa, cells were superfused at a rate of 2 mL·min-1, with an
external solution composed of 126 mM NaCl, 11 mM glucose,
10 mM HEPES, 10 mM TEA-Cl, 1.2 mM MgCl2 and 1.5 mM
CaCl2 (pH was adjusted to 7.2 with NaOH). An external solu-
tion comprising 136 mM NaCl, 5 mM KCl, 11 mM glucose,
10 mM HEPES, 1.2 mM MgCl2 and 1.5 mM CaCl2 was
superfused when recording spontaneous transient outward
currents (STOCs).

Electrophysiology
Recordings were performed using the whole-cell configura-
tion of the patch clamp technique with an Axopatch-200B
(Molecular Devices, Sunnyvale, CA, USA) patch clamp ampli-
fier. Voltage clamp protocols were computer driven using a
D/A and A/D acquisition system (Digidata 1322A board;
Molecular Devices) and pClamp 8.2 software (Molecular
Devices). Patch pipettes were manufactured from borosilicate
glass and fire polished, giving pipettes with resistance of
between 5 and 7 MW. Macroscopic IClCa was recorded using
pipette solutions containing 106 mM CsCl, 20 mM TEA,
3 mM Na2ATP, 0.2 mM GTP-Na, 10 mM HEPES, 10 mM
BAPTA, 1.1 mM MgCl2 and a sustained Cl- channel activation
evoked by a fixed free [Ca2+] of 500 nM obtained through the
addition of 7.8 mM CaCl2 as calculated by EqCal (Biosoft,
Ferguson, MO, USA; Greenwood et al., 2001, 2004; Britton
et al., 2002; Piper et al., 2002; Angermann et al., 2006). The
pH was adjusted to 7.2 with CsOH. Under these conditions,
contribution from K+ channels was negligible, and the mem-
brane conductance was dominated by Cl- channel activity. A
number of different voltage clamp protocols were employed.
A step every 20 s from -50 to +70 mV for 1 s followed by
repolarization to -80 mV for 500 ms was used to ascertain
when IClCa had stabilized, and to investigate the time-course of
different drug effects. Due to a rundown in channel activity
(see Angermann et al., 2006), biophysical properties and drug
effects were measured only after a stable response had been
established ~5 min after patching. A current–voltage (I–V)
relationship was constructed by stepping membrane potential
every 15 s from -50 mV to voltages ranging from -80 to
+120 mV for 1 s (20 mV increments). To determine the rever-
sal potential of elicited currents, a two-step protocol was
employed. Cells were initially depolarized from -50 to
+80 mV for 1.5 s to activate channels and then stepped to a
range of test potentials between -100 and +40 mV for 750 ms
at 20 s intervals.

STOCs were recorded, using the whole-cell configuration of
the patch clamp technique, at a holding potential of 0 mV
(theoretical ECl) using a pipette solution comprising 126 mM
KCl, 10 mM HEPES, 0.1 mM BAPTA and 1.2 mM MgCl2. The
pH was adjusted to 7.2 with KOH. To compensate for the
variation in both amplitude and width of STOCs, mean peak
amplitude and total area under the curve were obtained over
a period of 1 min prior to application of iberiotoxin, and
1 min upon stabilization in the presence of iberiotoxin.

Statistical Analysis
All data shown are means � SEM taken from at least three
animals. Statistical tests were performed using either paired
Student’s t-test or analysis of variance, and current–voltage
graphs were fit using least square regression to either a linear
or Boltzmann sigmoidal equation.

Materials
Drugs were purchased from Sigma-Aldrich (Poole, UK)
with the exception of iberiotoxin and anti-KCa 1.1 antibody,
which were purchased from Alomone Labs (Jerusalem, Israel);
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UCL 1684 was purchased from Tocris (Bristol, UK), and 17b-
oestradiol was purchased from Merck Chemicals Ltd. (Not-
tingham, UK).

Results

Native current in murine PV myocytes
Upon achieving the whole-cell configuration, IClCa evoked by
500 nM free Ca2+ exhibited rapid rundown until a stable level
of current was achieved which remained constant for the
duration of the experiment similar to IClCa in rabbit pulmo-
nary artery myocytes (Angermann et al., 2006; Saleh et al.,
2007). Under stable conditions, the mean inward whole-cell
current evoked at -50 mV was -39 � 7 pA (n = 7), and depo-
larization to +70 mV evoked an immediate outward current of
70 � 9 pA, which increased over a period of 750 ms to 305 �

50 pA (ILate) with a mean time constant (tact) of 278 � 31 ms.
Repolarization to -80 mV evoked an inward current of 465 �

80 pA (I-80mV) with a tclose of 75 � 3 ms. These characteristics
and the distinctive outward rectification were identical to that

previously reported in the murine PV, rabbit pulmonary artery
and rabbit coronary artery (Greenwood et al., 2001; Britton
et al., 2002; Piper et al., 2002; Saleh et al., 2007).

Effects of KCa1.1 modulators on IClCa

Paxilline, penitrem A and iberiotoxin are all considered to be
highly selective blockers of KCa1.1 channels. Experiments
were undertaken to assess whether these agents could block
IClCa in murine PV myocytes. As Figure 1 shows, application of
10 mM paxilline, a concentration in excess of that needed for
total block of KCa1.1 channel (Sanchez and McManus, 1996; Li
and Cheung, 1999), strongly inhibited a typical IClCa recorded
at +70 mV and inward tail current at -80 mV (Figure 1A). The
late outward current recorded at the holding potential of
+70 mV decreased from +20.2 � 4.1 pA·pF-1 to +4.1 �

0.7 pA·pF-1 (n = 4, P < 0.01). Panel B shows mean I–V relation-
ships for IClCa measured at the end of 1 s steps ranging from
-80 to +120 mV that were obtained in the absence and pres-
ence of 10 mM paxilline. Paxilline blocked IClCa by more than
75% (n = 5) at all potentials tested. This pronounced inhibi-

Figure 1 Effects of paxilline on IClCa. (A) A sample trace showing IClCa recorded in the absence and after 5 min application of 10 mM paxilline
(Px). IClCa was evoked by step depolarization to +70 mV followed by repolarization to -80 mV. (B) The I–V relationship of the voltage and
time-dependent current evoked by stepping to voltages ranging between -80 and +120 mV in the absence and presence of paxilline. (C) The
reversal potential of the evoked current was not affected by paxilline; voltage protocol is shown below the graph. (D) The concentration–
response relationship for paxilline inhibition of IClCa recorded at +70 mV. Each point is the mean data from at least four cells (bars showing SEM).
*P < 0.05 and **P < 0.01 for paired Student’s t-test comparisons between data acquired before and after application of paxilline.
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tion was not associated with a change in the reversal potential
for the whole-cell current (Figure 1C). Construction of a pax-
illine concentration–response generated an IC50 of 147 nM
with a 95% confidence interval ranging from 59 to 365 nM

(Figure 1D). A second series of experiments were performed
with a structurally dissimilar agent, penitrem A, and the
potent peptide blocker iberiotoxin, which interacts with
KCa1.1 channels at a site different from that binding paxilline

Figure 2 Effects of penitrem A and iberiotoxin on IClCa. (A) The effect of 10 mM penitrem A (Pen) on IClCa. (A)i shows representative currents
recorded in the absence and presence of penitrem A (5 min, 1 mM). (A)ii and (A)iii show the effect of penitrem on I–V relationships and reversal
potential of IClCa. (A)iv shows the effect of penitrem A at different voltages with the corresponding currents and amplitudes. (B) The same
variables as in (A), but for 300 nM iberiotxin (IbTx). Each point or bar is the mean data from at least four cells (bars showing SEM). *P < 0.05,
**P < 0.01 and ***P < 0.001 for paired Student’s t-test comparisons between data acquired before and after application of the channel
modulator.
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(see Discussion). Penitrem A also inhibited IClCa (Figure 2A)
when applied at a concentration greater than that required to
produce maximal inhibition of the KCa1.1 current (Knaus
et al., 1994), but to a lesser degree than paxilline. Again,

channel kinetics and reversal potential remained unchanged
by the application of penitrem A. Application of 100 nM
iberiotoxin produced a small inhibition of IClCa that was com-
parable to the effect of penitrem A (data not shown).

Figure 3 Effects of tamoxifen and 17b-oestradiol on IClCa. Modulation by tamoxifen (Tx, 10 mM; A) and 17b-oestradiol (Oest, 10 mM; B) of IClCa.
(A)i and (B)i show sample traces, in the same cell, control IClCa and IClCa in the presence of the channel modulator, recorded at +70 mV followed
by repolarizing to -80 mV. (A)ii and (B)ii show effects on the I–V relationships of the voltage and time-dependent current evoked by stepping
to voltages ranging between -80 and +120 mV. In (A)iii and (B)iii, the current evoked immediately on repolarization to voltages ranging from
-100 to +40 mV, is shown. The bar charts [(A)iv and (B)iv] detail different aspects of IClCa evoked by a depolarizing step to +70 mV followed
by a repolarizing step to -80 mV; control currents and those evoked in the presence of modulator are shown. Each point or bar represents the
mean data from at least four cells (bars showing SEM). *P < 0.05, **P < 0.01 and ***P < 0.001 for paired Student’s t-test comparisons between
data acquired before and after application of the channel modulator.
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However, iberiotoxin (100 nM) slowed the decay at -80 mV
considerably (tclose increased from 70.5 � 6.8 to 97.5 � 9.2 ms,
n = 6, P < 0.001). Increasing the iberiotoxin to 300 nM pro-
duced a slightly greater inhibition (Figure 2B) and a similar
slowing of channel closure at -80 mV (tclose increased from
62 � 6 ms to 85 � 8 ms, n = 6, P < 0.001; Figure 2).

A final series of experiments were performed with tamox-
ifen, which blocks swelling-activated Cl- currents (e.g. Green-
wood & Large, 1998) but also modulates KCa1.1 channels. In
the presence of auxillary b subunits of the KCa1.1 channel,
tamoxifen augments channel activity, whereas this agent
reduces the unitary conductance of the pore-forming subunit
alone (Dick et al., 2001). Application of 10 mM tamoxifen
abolished IClCa (Figure 3A,i–iv). The inward current recorded
at the holding potential of -50 mV was decreased (n = 7,
P < 0.001; Figure 3A,iv), and the immediate outward current
evoked by depolarization to +70 mV was also reduced
(P < 0.01). Both the I time-dependent component of the
outward current and inward tail current evoked by repolar-
ization to -80 mV were markedly reduced (P < 0.001). The
reversal potential did not change significantly (Figure 3A,iii).
At a concentration of 1 mM, tamoxifen induced a slight reduc-
tion of evoked current, but this inhibition did not reach
statistical significance (Figure 3A,iv). As tamoxifen is a partial
agonist at oestrogen receptors, we studied the effect of the full
agonist, 17b-oestradiol (10 mM), on IClCa. In contrast to the
marked inhibitory effect of tamoxifen, 17b-oestradiol had no
effect on IClCa in these cells (n = 3; Figure 3B,i). These data
show that structurally dissimilar blockers of KCa1.1 channels
also inhibit IClCa. It is worth emphasizing that none of the
KCa1.1 blockers produced any stimulatory effects in contrast
to the actions of chloride channel blockers such as niflumic
acid on these currents (see Piper et al., 2002; Piper and Green-
wood, 2003; Ledoux et al., 2005).

Combination of niflumic acid and paxilline produces marked
inhibition of IClCa

Niflumic acid is a Cl- channel blocker that produces a para-
doxical stimulation of inward IClCa when the channel is acti-
vated persistently (Piper et al., 2002; Ledoux et al., 2005). As
paxilline was an effective blocker of control IClCa, experiments
were undertaken to determine whether the augmented cur-

rents produced by the application of 100 mM niflumic acid
were also sensitive to this agent. As Figure 4 shows, 1 mM
paxilline almost completely abolished IClCa recorded in the
continued presence of niflumic acid with Ilate reduced by 84 �

4% (n = 6, P < 0.001). In contrast, application of 10 mM
penitrem A in the continued presence of 100 mM niflumic
acid induced no significant change on the stimulated current
(n = 4; data not shown).

Effect of a KCa1.1 antibody
The experiments of the previous sections focused upon agents
that block KCa1.1 channels through an interaction with the
channel pore. The next series of experiments were undertaken
to determine if an antibody targeted against the calcium-
binding domain of the mSlo-encoded a subunit of the KCa1.1
channel could also affect IClCa. Initial experiments on STOCs,
which are generated by the random activation of KCa1.1 chan-
nels by quanta of Ca2+ release from the sarcoplasmic reticulum
(Benham and Bolton, 1986) were performed to confirm the
inhibitory effect of the antibody on KCa1.1 activity. At a
holding membrane potential of 0 mV, STOCs had a mean
peak amplitude of 107 � 5.8 pA (n = 6 cells), a mean area-
under-curve of 7476 � 531 pA.ms and showed stability over
10 min (Figure 5A). Application of iberiotoxin (10 nM) to
cells not dialysed with a pipette solution containing antibody
reduced mean peak amplitude by 57 � 6% (n = 3, P < 0.01;
Figure 5B,D) and area-under-curve over a 5 min period by 66
� 11% (P < 0.01; Figure 5B,E). Intracellular dialysis of the
anti-KCa 1.1 antibody (1:200) in the absence of iberiotoxin
reduced STOC activity to the same degree as external appli-
cation of iberiotoxin with the mean peak amplitude and
area-under-curve decreasing by 55 � 5 and 70 � 2%, respec-
tively (P < 0.01; n = 3, Figure 5C). Confirmation that the
antibody was directed effectively against the KCa1.1 channel
was provided by the lack of effect of iberiotoxin after intrac-
ellular dialysis of the KCa1.1 antibody in all cells dialysed with
the antibody (data not shown). In contrast to these marked
effects on STOCs, incorporation of the KCa1.1 antibody in the
pipette solution had no effect on the IClCa. Figure 6A shows
that the amplitude and kinetics of IClCa recorded from cells of
similar capacitance in the presence and absence of the KCa1.1
antibody were identical (mean data is shown in Figure 6C).
Figure 1B shows that the characteristic rundown of IClCa was
not affected by intracellular dialysis with the KCa1.1 antibody.
Consequently, the activation of the CaCC by calcium
does not involve the same calcium-binding motif as KCa1.1
channels.

Effects of KCa2.1 and KCa2.3 modulators
Our experiments to date have highlighted a marked overlap
in the pharmacology of KCa1.1 currents and IClCa, but it is not
known whether this feature extends to other calcium-gated K+

channels. We therefore embarked on a series of experiments
to examine whether modulators of intermediate- and small-
conductance calcium-activated potassium channels (KCa2.3
and KCa2.1, respectively) affected IClCa. We investigated the
effects of the activators of KCa2.3 and KCa2.1, 1-EBIO and
NS309 (Jensen et al., 2001; Strøbaek et al., 2004), at concen-

Figure 4 Co-application of niflumic acid and paxilline. (A) A sample
trace showing in the same cell, inhibition of control IClCa by the initial
application of niflumic acid (100 mM) followed by co-application of
paxilline (1 mM). (B) Another sample trace demonstrating the reverse
application; paxilline followed by co-application of niflumic acid. IClCa

was evoked by step depolarization to +70 mV followed by repolar-
ization to -80 mV.
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trations in excess of that required to stimulate these respective
channels. Neither 100 mM 1-EBIO nor 1 mM NS309 had any
effect on the amplitude or kinetics of IClCa in murine PV
myocytes (n = 5 and 4, respectively, Figure 7A,B). Similarly, no
effect on IClCa was observed with application of the specific
KCa2.3 inhibitor TRAM-34 at a supramaximal blocking con-
centration of 10 mM (n = 4, Figure 7C; Wulff et al., 2000) or
application of 1 mM UCL 1684, a potent KCa2.1 blocker with
an IC50 of 6 nM (Dunn, 1999; n = 4, Figure 7D). These experi-
ments confirm that the pharmacological cross-over is
restricted to CaCCs and KCa1.1, and does not extend to other
calcium-dependent K+ channels.

Discussion

This paper represents a detailed investigation of the degree of
pharmacological overlap between CaCCs and subfamilies of
calcium-activated K+ channels. It shows clearly that three
structurally unrelated blockers of ion channels encoded by

the mSlo gene (KCNM1) all inhibit IClCa to some degree. In
addition, tamoxifen, which can either augment or inhibit
KCa1.1 currents depending upon the presence of the b1
subunit, almost abolished IClCa in PV myocytes. In contrast, an
antibody raised against the C-terminal of KCa1.1 had no effect
on IClCa nor did blockers and activators of intermediate and
small conductance calcium-activated K+ channels. These data
consolidate the view postulated by Greenwood and Leblanc
(2007) and Saleh et al. (2007) that CaCCs have a structural
similarity to KCa1.1 or that the latter channel protein may
somehow alter the function of the native Cl- channel
complex due to crosstalk in a microenvironment shared by
both channels.

Blockade of CaCCs
The three classical KCa1.1 blockers used in this study are
structurally very disparate and have different modes of
action. Iberiotoxin is a 37 amino acid peptide extracted from
the scorpion Buthus tamulus with a 70% homology to

Figure 5 Modulation of spontaneous transient outward currents (STOCs) by anti-KCa 1.1 antibody. (A–C) Representative recordings of STOCs
at 0 mV under control conditions, after 5 min application of 10 nM iberiotoxin (B) or after 10 min intracellular dialysis with an anti-KCa 1.1
antibody (1:200, C). Bar chart (D) demonstrates the absolute changes in mean peak STOC amplitude over a 1 min period before and 5 min
after application of iberiotoxin or following dialysis with anti-KCa 1.1 antibody in the absence of iberiotoxin. (E) The absolute changes in total
area encapsulated within STOC and baseline over a similar time period. Each bar is the mean data from at least three cells (bars showing SEM).
**P < 0.01 for paired Student’s t-test; comparisons between data acquired before and after application of the channel modulator.
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charybdotoxin (Candia et al., 1992; Giangiacomo et al.,
1992). Both peptides are less effective from the cytoplasmic
side and are considered to bind to the external mouth of the
pore (Candia et al., 1992; Giangiacomo et al., 1992). In con-
trast to charybdotoxin, which blocks other calcium-
dependent and -independent K+ channels, iberiotoxin is
considered to be highly selective for KCa1.1 channels (Gao
and Garcia, 2003). Penitrem A is a weaker but selective
blocker of KCa1.1 that inhibits the binding of tritiated
charybdotoxin (Knaus et al., 1994), suggesting an interaction
at a common binding site. Paxilline is a highly potent
blocker of KCa1.1 (Ki in smooth muscle 10–38 nM, Knaus
et al., 1994; Sanchez and McManus, 1996; Li and Cheung,
1999) whose potency is related inversely to activating [Ca2+]
(Sanchez and McManus, 1996). Paxilline blocks KCa1.1 chan-
nels irrespective of the side of application and, in contrast to
penitrem A, augments charybdotoxin binding (Knaus et al.,
1994), indicative of a different binding site. The experiments
with these agents in the present study provide some startling
revelations. First, the finding that iberiotoxin inhibits IClCa in
PV myocytes and alters the rate of deactivation is the first
observation of this peptide affecting any other ion channel
other than KCa1.1 (Gao and Garcia, 2003). The change in IClCa

kinetics, even with 100 nM iberiotoxin, suggests that this

agent may be a gating modifier of the CaCC. Second, the
ability of selective KCa1.1 blockers, which act at different sites
to impede K+ flux through KCa1.1 channels, to inhibit IClCa

provides support for the proposition that the native Cl-

channel complex contains proteins resembling KCa1.1. Inter-
estingly, an antibody that interacts with an epitope in the
C-terminus calcium-binding domain of mSlo encoded pro-
teins failed to affect IClCa. This suggests that Ca2+ sensing by
the Cl- channel involves a protein configuration different
from the EF motif of KCa1.1.

In addition to an effect on IClCa, paxilline also ablated the
stimulatory effect of niflumic acid on the Cl- channel. This
effect was not shared by penitrem A. Such a result leads to the
tentative speculation that the stimulatory site on the Cl-

channel proposed by Ledoux et al. (2005) is contiguous with
the paxilline blocking site. Logically, this suggests that the
ability of niflumic acid and similar agents to augment KCa1.1
currents (see Greenwood and Large, 1995) is mediated by a
similar binding site.

Lack of overlap with KCa2.1 and KCa2.3
Small conductance calcium-activated K+ (KCa2.1) channels are
encoded by KCNN1-3 genes (Stocker, 2004), have a unitary

Figure 6 Lack of effect of anti-KCa 1.1 antibody on IClCa. (A) A comparison of IClCa recorded in a cell 10 min after achieving whole-cell access
in a control cell (left-hand trace) or one dialysed with the anti-KCa 1.1 antibody (1:200: right-hand trace). (B) The lack of effect evoked by the
anti-KCa 1.1 antibody (1:200) within the patch pipette when compared to control over a period of 10 min. Points represent late current evoked
on stepping to +70 mV at a time period after acquiring whole-cell access, expressed as normalized current evoked immediately upon breaking
the seal (relative to the initial current recorded at time = 0). (C) and (D) The lack of effect of the antibody on the I–V relationship of the voltage
and time-dependent current evoked by stepping to voltages ranging between -80 and +120 mV, and the current evoked immediately on
repolarization from +80 mV to voltages ranging from -100 to +40 mV respectively. Each point represents mean data from at least three cells
(bars showing SEM).
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Figure 7 Effects of KCa 2.1 and KCa 2.3 modulators on IClCa. Modulation by 1-EBIO (100 mM; A), NS309 (1 mM; B), TRAM-34 (10 mM; C) and
UCL 1684 (1 mM; D) is shown in this figure with a sample trace (left) showing in the same cell, control IClCa and IClCa evoked in the presence
of a KCa 2.1 or KCa 2.3 modulator by depolarization to +70 mV followed by repolarizing to -80 mV. Middle and right graphs portray the I–V
relationships of the voltage and time-dependent current evoked by stepping to voltages ranging between -80 and +120 mV, and the current
evoked immediately on repolarization to voltages ranging from -100 to +40 mV, respectively; control currents and currents evoked in the
presence of relevant modulator are shown. Each point represents the mean data from at least three cells (bars showing SEM).
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conductance of about 3 pS, are voltage insensitive and are
activated by low [Ca2+] via an interaction with calmodulin
(Stocker, 2004; Wei et al., 2005). Three isoforms of KCa2.1 exist
that are about 65% homologous (Stocker, 2004). Intermediate
conductance calcium-activated K+ (KCa2.3) channels are
encoded by KCNN4 and have about 40% homology with
KCa2.1 channels (Stocker, 2004). Both channel subtypes are
similar to KCa1.1 in the pore region and transmembrane
domains, but are very different in the C and N termini (Faber
and Sah, 2003). In contrast to the effect of KCa1.1 blockers
(present study) and activators (Saleh et al., 2007), modulators
of KCa2.1 or KCa2.3 had no effect on IClCa. Thus, 1-EBIO and
NS309 at concentrations in excess of that required to maxi-
mally activate KCa2.1 and KCa2.3 (Strøbaek et al., 2004) had no
effect on IClCa amplitude or kinetics. Moreover, application of
the selective KCa2.1 or KCa2.3 blockers TRAM-34 and UCL
1684, again at supramaximal concentrations for blockade of
the pertinent K+ channel, had no effect on IClCa. Consequently,
CaCCs in vascular smooth muscle would not include a con-
tribution from KCNN gene products nor would they have any
structural similarity to KCa2.1 or KCa2.3.

In conclusion, this study adds to the weight of evidence
that CaCCs and KCa1.1 have a considerable pharmacological
overlap. As we know nothing about the molecular identity of
CaCCs (Leblanc et al., 2005), these findings, allied to previous
experiments with Cl- channel blockers (Greenwood and
Large, 1995), may give a tantalizing glimpse into possible
avenues of future investigation. Certainly, experiments on the
ability of KCa1.1 modulators to affect ion currents generated
by the over-expression of any bestrophin gene (see Hartzell
et al., 2005) or the recently identified TMEM16 gene (Caputo
et al., 2008; Schroeder et al., 2008; Yang et al., 2008), which
are the main molecular candidates for CaCCs should be
undertaken.

Acknowledgements

This study was supported by grants to N.L. from the National
Institutes of Health (grant no. 5RO1 HL-075477) and from the
National Center for Research Resources (NCRR), a component
of the National Institutes of Health (NIH) supporting a Center
of Biomedical Research Excellence at the University of Nevada
School of Medicine, Reno, NV (grant no. NCRR 5P20
RR15581), and grants to I.A.G. from the British Heart Foun-
dation (PG/ 05/ 038). The contents of the manuscript are
solely the responsibility of the authors and do not necessarily
represent the official views of NCRR or NIH. The contribution
of Dr Sohag Saleh is acknowledged.

Conflict of interest

None.

References

Alexander SPH, Mathie A, Peters JA (2008). Guide to receptors and
channels (GRAC), 3rd edition (2008 revision). Br J Pharmacol 153
(Suppl. 2): S1–S209.

Angermann JE, Sanguinetti AR, Kenyon JL, Leblanc N, Greenwood IA
(2006). Mechanism of the inhibition of Ca2+-activated Cl- currents

by phosphorylation in pulmonary arterial smooth muscle cells.
J Gen Physiol 128: 73–87.

Benham CD, Bolton TB (1986). Spontaneous transient outward cur-
rents in single visceral and vascular smooth muscle cells of the
rabbit. J Physiol 381: 385–406.

Britton FC, Ohya S, Horowitz B, Greenwood IA (2002). Comparison of
the properties of CLCA1 generated currents and ICl(Ca) in murine
portal vein smooth muscle cells. J Physiol 539: 107–117.

Candia S, Garcia ML, Latorre R (1992). Mode of action of iberiotoxin,
a potent blocker of the large conductance Ca(2+)-activated K+

channel. Biophys J 63: 583–590.
Caputo A, Caci E, Ferrera L, Pedemonte NM, Barsanti C, Sondo E et al.

(2008). TMEM16A, a membrane protein associated with calcium-
dependent chloride channel activity. Science 322: 590–594.

Dick GM, Rossow CF, Smirnov S, Horowitz B, Sanders KM (2001).
Tamoxifen activates smooth muscle BK channels through the regu-
latory beta 1 subunit. J Biol Chem 276: 34594–34599.

Dunn PM (1999). UCL 1684: a potent blocker of Ca2+-activated K+

channels in rat adrenal chromaffin cells in culture. Eur J Pharmacol
368: 119–123.

Faber ES, Sah P (2003). Calcium-activated potassium channels: mul-
tiple contributions to neuronal function. Neuroscientist 9: 181–194.

Gao YD, Garcia ML (2003). Interaction of agitoxin2, charybdotoxin,
and iberiotoxin with potassium channels: selectivity between
voltage-gated and Maxi-K channels. Proteins 52: 146–154.

Giangiacomo KM, Garcia ML, McManus OB (1992). Mechanism of
iberiotoxin block of the large-conductance calcium-activated potas-
sium channel from bovine aortic smooth muscle. Biochemistry 31:
6719–6727.

Greenwood IA, Large WA (1995). Comparison of the effects of fenama-
tes on Ca-activated chloride and potassium currents in rabbit portal
vein smooth muscle cells. Br J Pharmacol 116: 2939–2948.

Greenwood IA, Large WA (1998). Properties of a Cl- current activated
by cell swelling in rabbit portal vein vascular smooth muscle cells.
Am J Physiol 275: H1524–H1532.

Greenwood IA, Leblanc N (2007). Overlapping pharmacology of Ca2+-
activated Cl- and K+ channels. Trends Pharmacol Sci 28: 1–5.

Greenwood IA, Ledoux J, Leblanc N (2001). Differential regulation of
Ca2+-activated Cl- currents in rabbit arterial and portal vein smooth
muscle cells by Ca2+-calmodulin-dependent kinase. J Physiol 534:
395–408.

Greenwood IA, Ledoux J, Sanguinetti A, Perrino BA, Leblanc N (2004).
Calcineurin Aa but not Ab augments ICl(Ca) in rabbit pulmonary
artery smooth muscle cells. J Biol Chem 279: 38830–38837.

Hartzell C, Putzier I, Arreola J (2005). Calcium-activated chloride
channels. Annu Rev Physiol 67: 719–758.

Holland M, Langton PD, Standen NB, Boyle JP (1996). Effects of the
BKCa channel activator, NS1619, on rat cerebral artery smooth
muscle. Br J Pharmacol 117: 119–129.

Huang Y, Lau CW, Ho IH (1997). NS 1619 activates Ca2+-activated K+

currents in rat vas deferens. Eur J Pharmacol 325: 21–27.
Imaizumi Y, Sakamoto K, Yamada A, Hotta A, Ohya S, Muraki K et al.

(2002). Molecular basis of pimarane compounds as novel activators
of large-conductance Ca2+-activated K+ channel a-subunit. Mol Phar-
macol 62: 836–846.

Jensen BS, Strøbaek D, Olesen SP, Christophersen P (2001). The Ca2+-
activated K+ channel of intermediate conductance: a molecular
target for novel treatments? Curr Drug Targets 2: 401–422.

Knaus HG, McManus OB, Lee SH, Schmalhofer WA, Garcia-Calvo M,
Helms LM et al. (1994). Tremorgenic indole alkaloids potently
inhibit smooth muscle high-conductance calcium-activated potas-
sium channels. Biochemistry 33: 5819–5828.

Leblanc N, Ledoux J, Saleh S, Sanguinetti A, Angermann J, O’Driscoll
K et al. (2005). Regulation of calcium-activated chloride channels in
smooth muscle cells: a complex picture is emerging. Can J Physiol
Pharmacol 83: 541–556.

Ledoux J, Greenwood IA, Leblanc N (2005). Dynamics of Ca2+-

Inhibition of vascular calcium-gated chloride currents
530 WR Sones et al

British Journal of Pharmacology (2009) 158 521–531



dependent Cl- channel modulation by niflumic acid in rabbit coro-
nary arterial myocytes. Mol Pharmacol 67: 163–173.

Li G, Cheung DW (1999). Effects of paxilline on K+ channels in rat
mesenteric arterial cells. Eur J Pharmacol 372: 103–107.

Olesen SP, Much E, Moldt P, Drejer J (1994). Selective activation of
Ca2+-dependent K+ channels by novel benzimidazolone. Eur J Phar-
macol 251: 53–59.

Ottolia M, Toro L (1994). Potentiation of large conductance KCa chan-
nels by niflumic, flufenamic, and mefenamic acids. Biophys J 67:
2272–2279.

Piper AS, Greenwood IA (2003). Anomalous effect of anthracene-9-
carboxylic acid on calcium-activated chloride currents in rabbit
pulmonary artery smooth muscle cells. Br J Pharmacol 138: 31–38.

Piper AS, Greenwood IA, Large WA (2002). Dual effect of blocking
agents on Ca2+-activated Cl- currents in rabbit pulmonary artery
smooth muscle cells. J Physiol 539: 119–131.

Saleh S, Greenwood IA (2005). Activation of chloride currents in
murine portal vein smooth muscle cells by membrane depolariza-
tion involves intracellular calcium release. Am J Physiol 288: C122–
C131.

Saleh SN, Angermann JE, Sones WR, Leblanc N, Greenwood IA (2007).
Stimulation of Ca2+-gated Cl- currents by the calcium-dependent
K+ channel modulators NS1619 [1,3-dihydro-1-[2-hydroxy-5-
(trifluoromethyl)phenyl] -5 - (trifluoromethyl) -2H -benzimidazol-2-
one] and isopimaric acid. J Pharmacol Exp Ther 321: 1075–1084.

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

Schroeder BC, Cheng T, Jan YN, Jan LY (2008). Expression cloning of
TMEM16A as a calcium-activated chloride channel subunit. Cell
134: 1019–1029.

Stocker M (2004). Ca(2+)-activated K+ channels: molecular determi-
nants and function of the SK family. Nat Rev Neurosci 5: 758–770.

Strøbaek D, Teuber L, Jørgensen TD, Ahring PK, Kjaer K, Hansen RS
et al. (2004). Activation of human IK and SK Ca2+-activated K+ chan-
nels by NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime). Biochim
Biophys Acta 1665: 1–5.

Toma C, Greenwood IA, Helliwell RM, Large WA (1996). Activation of
potassium currents by inhibitors of calcium-activated chloride con-
ductance in rabbit portal vein smooth muscle cells. Br J Pharmacol
118: 513–520.

Wei AD, Gutman GA, Aldrich R, Chandy KG, Grissmer S, Wulff H
(2005). International Union of Pharmacology. LII. Nomenclature
and molecular relationships of calcium-activated potassium chan-
nels. Pharmacol Rev 57: 463–72.

Wulff H, Miller MJ, Hansel W, Grissmer S, Cahalan MD, Chandy KG
(2000). Design of a potent and selective inhibitor of the
intermediate-conductance Ca2+-activated K+ channel, IKCa1: a
potential immunosuppressant. Proc Natl Acad Sci USA 97: 8151–
8156.

Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim WS et al. (2008)
TMEM16A confers receptor-activated calcium-dependent chloride
conductance. Nature 455: 1210–1215.

Inhibition of vascular calcium-gated chloride currents
WR Sones et al 531

British Journal of Pharmacology (2009) 158 521–531


