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Abstract. The actions of clotrimazole and cetiedil, two Key words: Calcium activated — Potassium channel —
drugs known to inhibit the Gardos channel, have beerErythrocyte — Clotrimazole — Cetiedil

studied on single intermediate conductance calcium-

activated potassium (IK) channels in inside out patches

from human red blood cells, and compared with those ofntroduction

TEA and B&" applied to the cytoplasmic face of the

membrane. TEA produced a fast block which was ob- =~ )

served as a reduction in the amplitude of the single chanC& -activated K channels are found in many cell types
nel current. This effect was weakly voltage dependen@Nd have been divided into three main groups (small,
with the fraction of the membrane potential sensed byntermediate and large conductance) on the basis of their
TEA at its binding site §) of 0.18 and &K at 0 mV of single channell conductance and sensitivity to blocking
20.5 mu. B&2* was a very potent blocker of the channel, @gents (for revievseeHaylett & Jenkinson, 1990). Re-
breaking the single channel activity up into bursts, inter-C€nt advances in molecular biology have lead to the clon-
spersed with silent periods lasting several seconds. Th@d of the small conductance (8K channel (Kohler et
effect of B&* was very voltage sensitivé, = 0.44, and al.,, 1996) and two subunits of the large conductance
aKy at 0 mV of 0.15um. Clotrimazole applied to the (BKca) channel (Adelman et al., 1992; Knaus et al,
inner face of the membrane at a concentratioh pm 1995). Although there is considerable similarity in the
produced a slow block resulting in bursts of channelPresumed tertiary structure between the BkSKc, and
activity separated by quiescent periods lasting many sedhe K, family of voltage-activated Kchannels, there is
onds. The effect of clotrimazole was mimicked by aonly limited sequence homology, and there are a number
quaternary derivative UCL 1559, in keeping with an ac-0f pharmacological agents which can distinguish be-
tion at the cytoplasmic face of the channel. A high con-tWeen them. Very recently, an intermediate conductance
centration of cetiedil (10Quv) produced only a weak ca —actwatet_:i K channel, yvhlch exhibits some of the_
block of the channel. The kinetics of this action were Pharmacological characteristics of the channel found in
very slow, with burst and inter-burst intervals lasting human erythrocytes has been cloned from a human pan-
several minutes. While inhibition of the Gardos channelcréatic cDNA library (Ishii et al., 1997). This channel is
by cetiedil is unlikely to involve an intracellular site of Predicted to have the same, 6 trans-membrane domain
action, if clotrimazole is able to penetrate the membranetopology as the other Caactivated K channels.

part of its effect may result from binding to an intracel- 1N erythrocytes, the elevation of intracellular Ca
lular site on the channel. leads to a loss of Kthrough C4*-activated K channels.

This is accompanied by the efflux of Chnd osmotically
obliged water, leading to a reduction in cell volume (Gar-
dos, 1958; Sarkadi et al., 1985). This mechanism of cel-
*Present addressAutonomic Neuroscience Institute, Royal Free Hos- '!“"’?r dehyc'irat'lon m.ay b.e an |_mportant f"?‘Ctor n th? ini-
pital School of Medicine, Rowland Hill Street, London, NW3 2PF tiation of sickling crises in patients suffering from sickle
cell diseasedqeeJoiner, 1993). Drugs which can selec-
Correspondence td®.M. Dunn tively block these channels may therefore be useful in the
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management of this disease. Two compounds that havenfiguration of the patch-clamp technique (Hamill et al., 1981). Patch
recen“y aroused interest. and have shown some benefiectrodes were fabricated from thin wall borosilicate glass capillaries
in clinical trials. are the smooth muscle relaxant cetiedil (Clark GC 150TF), Sylgard coated and fire polished. When filled with

and the antifunaal agent clotrimazole (Beniamin et al extracellular solution they had a resistance of 10mIB After for-
g g ( | “'mation of a gigaseal, the cell was detached by gently touching the

1986; Brugnara et al., 1996). bottom of the dish, to yield an inside-out patch. Singlg,Khannel

A better understanding of the mechanisms by whichcurrents were recorded using a List EPC 7 amplifier. The measured
these compounds block €aactivated K efflux from  junction potential between the pipette and bath solution was 2 mV
red blood cells may help in the development of more(pipette positive), and has not been corrected for. Data were recorded
potent and more selective agents. Both cetiedil and clo" a chart recorder (Gould TA240) and also stored on digital audio tape

trimazole are lipophilic molecules and may readily pen_using a DTR-1204 (Biologic, Claix, France) recorder for subsequent
. off line computer analysis.
etrate cell membranes. A recent study which tested a

series of cetiedil analogues as blockers of thg lghan-
nel found a strong correlation between potency and lipara AnaLYSIS
pophilicity (Benton et al., 1994; Benton, 1995). This has

raised the possibility that these ComPO‘_J”O,'S may penData were subsequently played back, filtered at 1.0 KHz (-3dB, 8 pole
etrate the membrane and act from within it, or at thegessel fiter) and digitally sampled at 4 KHz with a Digidata 1200 data
cytoplasmic face of the channel. To date, pharmacologiacquisition system and pClamp 6.0 software (Axon Instruments, Foster
cal studies on the 1K, channel have been carried out City, CA). The same software was used for analysis of the digitized
main|y using measurement of nef Kfflux (Benton et data. For illustrations of long duration, data were filtered and digitized
al., 1995; Benton, 1995) °Rb uptake (Ellory et al., at muph lower frequencies (0.2 and 0.4 KHz respectively). For slow
1992; Brugnara et al., 1993)_ However there have alsglockmg effects, blocked and unblocked durations were measured di-

b ts of the fund tal i f th.rectly from the chart record. Concentration response data were fitted
een some reports o € lundamental properties o IRith the Hill equation using commercially available least squares mini-

channel as determined by single channel recording fronization software (Origin v 4, Microcal Software). Values are ex-
isolated patches of human erythrocytes (Grygorczyk &pressed as meansemandn indicates the number of patches. For burst
Schwartz, 1983, 1985; Christopherson, 1991; Leinders ainalysis of blocking events the inter-burst intervals were determined in
al., 1992,b). Very recently the effect of clotrimazole on twoways. For the very slow blocking by clotrimazole, any closed time
Cat-activated K channels in outside-out patches from longer than the longest closed interval in control conditions (useally

- : . 1 sec) was accepted as an inter-burst interval. For the action®f Ba
mouse erythrOIeUkemla cells has been described (thter%ﬁe optimal inter-burst interval was determined from a graph of clos-

house et al., 199y. ings per burst as a function of minimum closed interval delimiting a
In this study, the action of cetiedil and clotrimazole purst. As this minimum interval increases, the number of closings

at the cytoplasmic side of the €aactivated K channels increases then reaches a plateau at the optimum inter-burst inteal (

from human erythrocytes has been investigated directlysigurdson et al., 1987).

using single channel recording, and compared with the

actions of two well characterized"Kchannel blockers,
TEA and B&*. SOLUTIONS AND CHEMICALS

The normal extracellular solution had the following compositiom{m
Materials and Methods NaCl 145, KCI 5.0, HEPES 10, CaCl.8, MgCl, 0.8. The pH was
adjusted to 7.4 by addition of NaOH. Unless stated otherwise, record-
ing electrodes were filled with a similar solution, but containing OM. m
PREPARATION OF CELLS KCl and 0 mv CaCl,. The ‘intracellular solution bathing the cyto-
plasmic side of the patch contained nMjn KCI 120, K; citrate 10,
A sample of blood (1-ful) was obtained from healthy male volunteers HEPES 10, adjusted to pH 7.2 with KOH. The amount of Gadded
by fingertip puncture and diluted in 1 ml of extracellular solutised to give the required free Gaconcentration was determined from the
below) at 37°C. A small volume (50-10Ql) of this suspension was  stability constants given in Sillen and Martell (1964 fot K, = 5.84,
then plated out in a 35 mm plastic culture dish (Falcon) containing 2 mIK, = 4.36, K; = 2.88; for C&* K, = 3.4) by an iterative computer
of extracellular solution at 37°C. The dish was then left to cool to room program (REACT, written by G.L. Smith, Dept. of Chemistry, Univer-
temperature (19-22°C). This procedure produced turgid erythrocytesity College London). Citrate was used as thé'Qauffer because the
that adhered to the culture dish and were suitable for patch clampingiange of free [C&] required (1-10Qum) is outside the effective buff-
ering ranges of EGTA and BAPTA. Because the. JiKchannel block-
ing action of cetiedil is sensitive to the extracellular*]Kand K*
ELECTROPHYSIOLOGY concentration of 0.1 m in the pipette solution was used to maintain
consistency with previous studies of the effects of blocking agents on
The culture dish was placed on the stage of an inverted microscopthe R c,, of erythrocytes (Benton et al., 1994, Benton, 1995) and also
(Diaphot, Nikon) and cells visualized under phase contrast at 600>has the advantage of increasing the amplitude of the single channel
magnification. The culture dish was perfused witi?Ghiee intracel-  currents at the routine holding potential of 0 mV.
lular solution at a rate of 0.5 ml mih while solution was applied to Cetiedil was a gift from Innothera (Arcueil, France). UCL 1559
isolated patches using a microperfusion devgseDunn et al., 1996).  (I-[o-chloro-w,a-diphenylbenzyl] 3-methylimidazolinium iodide) was
Recordings were carried out at room temperature, using the inside owynthesized by Dr. S. Athmani, Department of Chemistry, University
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Fig. 1. Properties of Ik, channels from human red blood cells r

corded from inside out patche8)(Channel activity recorded at 0 mV
in the presence of 3m C&* on a fast time base to show the flickery
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Fig. 2. Effect of membrane potential on K channels &) Single
channel records obtained ini@vu C&* at three different membrane

~ potentials. The current voltage relationshifBiis linear for membrane

potentials between —80 and 80 mV, giving a slope conductance for this
channel of 15.9 pS.Q) A graph of open probability as a function of

nature of the channel openings (upwards) and an apparent subcondu@iembrane potential for the same patch, showing only very weak de-

tance level (arrows).B) Recording from a different patch at 0 mV,
showing the effect of changing the €aconcentration bathing the
cytoplasmic face of the membran@)(The relationship betwee?, and
Ca" concentration for the patch shown B Fitting the Hill equation
to these data yielded an Egof 0.6 um and a Hill coefficient of 3.

pendence oP, onV,, (correlation coefficient= 0.67).

sitions between the open and closed states. Some chan
nels also appeared to show brief transitions to a subcon-
ductance level at approximately 50% of the fully open
channel (Fig. &). However, because of the flickery na-

College London. Clotrimazole and all other reagents were purchasetiure of the channel openings, this was difficult to analyze

from Sigma.

Results

GENERAL PROPERTIES OF THECHANNELS

In approximately 10% of patches, application of*Ca

(0.1 to 30pm) to the cytoplasmic face activated khan-

further.

Open channel probability increased with increasing
Cé&* concentration (Fig. B andC). There was consid-
erable variation in the sensitivity to &abetween
patches, with EC, values ranging from 0.6 to 6.pwm,
and the maximuni®, varied between 0.4 and 0.8. Simi-
lar variation in EG, and maximumP, has previously
been described for the BK channel (McManus &
Magleby, 1991). Under the ionic conditions used in

nels (Fig. A andB). Usually only a single channel was these experiments, the channels had a lihé&arelation-
evident, although occasionally up to 3 channels wereship between —80 and +80 mV and a conductance of 13.5
observed in a patch. Channel openings were generall¥ 0.5 pS 6 = 12). This is close to the values of 15 to 20
very noisy, presumably reflecting rapid, unresolved tranpS measured in asymmetrical i€onditions by Grygor-
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. Fig. 3. Kinetic properties of Ik, channels from
0 . . + 13 human erhtyrocytesA) Log-dwell time
0 1 2 0 1 2 3 4 distributions of the open and closed times for a
Log Dwell-time (ms) Log Dwell-time (ms) single channel recorded in the presence @fhv8
C&* at 0 mV. Dwell times were determined by a
50% threshold crossing method. The histograms
have been fitted with multiple exponentials using
the method of maximum likelihood. Comparison
—O—open between models was made using the log
—Mm— closed likelihood ratio, with values greater than 2 taken

....,l.....f'l\ ./“.J\.‘ /.... to indicate a significantly improved fit. The open
/
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time distribution was best fitted with two

-
(e

00 o o U \D. components having time constants of 0.6 and 5.8

000 000~00 OOOOO‘OOO ‘O’.‘OOOOO msec, while 3 components (0.84, 23.6 and 96
msec were required to adequately fit the closed

1 T T T T T T 1 time distribution. B) Stability plots for channel
0 1000 2000 3000 activity recorded in a different patch. mean
I event open and closed times calculated for 100
successive events plotted against event number.
While the mean open time remained quite
constant for many seconds, there were two
periods when there was a dramatic reduction in

mean duration (ms

©0.2 the mean closed timéi, shows the change in
0.1 N open probability with time for the same patch.
R Columns represent open probability determined
0.0 +——"7"—T"77—" = over successive 3-sec periods.
9 18 27 36 45 54
Time (s)

czyk & Schwarz (1983) and Leinders et al., (1892 activity fluctuated with large changes in open probability
Also in agreement with the findings of Leinders et al., associated with changes in the gating behavior of the
(19922) open channel probability showed little if any channel. Figure 3 shows stability plots for one channel
change with membrane potential (FigZ)2 As with the  which showed such changes Ry attributable to tran-
BK, channels, the gating of these channels appeared t&ient reductions in the mean closed time. Thus thg,IK
be complex and sometimes changed dramatically duringhannel appears to exhibit modal behavior similar to that
the course of a recording. In agreement with previousseen with the BI, channel (McManus & Magleby,
observations, open time distributions usually revealed 21988). Of the 1 in 10 patches possessing Gmtivated
components, while 2 or 3 components were required ta@hannels, in less than 10% was the channel activity stable
adequately fit the closed time distributions (Leinders etenough and sufficiently long lasting for pharmacological
al., 1992; Somasundaram et al., 19%&eFig. 3). The studies. This severely limited the amount of data that
mean time constants obtained from 5 patches are given icould be obtained.

the Table. There was considerable variation in the sta-

bility of channel activity from patch to patch. Some Tga

channels became quiescent within a few minutes, while

others remained consistently active for tens of minutedn agreement with the observations of Grygorczyk &
(seee.g., Fig. 9). In a proportion of patches, channelSchwarz (1985), the application of millimolar concentra-
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Table. Time constants for the open and closed time distributions for

control
IK cachannels recorded from inside-out patches of human erythrocytesA
in the presence of gm Ca* | 3;
i

Mean (Range) (msec)

(n =19 TEA 20mM _250ms I 1PA
Open timesr, 1.27 (0.6 - 3.7) MMWWMM ‘h ﬂ“ M ” ‘ M
T 18.96 (5.8 - 32.6) d
Closed timesr; 1.23(0.1-4.1)
N 23.12 (4.7 - 23.6) B o
T3 155.5 (42.8 - 347) 90
801
‘5 70+
tions of TEA to the cytoplasmic face of the patch pro- 3 gg:
duced similar effects to those seen in BKchannels S ,/;
(Yellen, 1984; Benham et al., 1985; Smart, 1987), § 4,1
namely a concentration-dependent reduction in the am-gé 20 u
plitude of the single channel currents (Fig. 4). The data 5]
were well fitted by the Hill equation giving Ky of 22.6 0 : i, .
+ 0.2 mv and a Hill coefficient of 1.0 + 0.1 (fitted value 1 10 100
+seMm. n = 8; Fig. 4B). This effect of TEA was weakly [TEA] (mM)
voltage dependent. It is generally accepted that the cure® 1.0
rent amplitude observed corresponds to the time aver-~ os
aged value of the current through the channel (Woodhull, o8-
1973; Yellen, 1984) which is given by: 0.41
— 024
) B -1 Z 0.0 -
iO)Vv)| 1+ =%V Ezj
o exp( RT )
-0.8
wherei (V) is the current through the unblocked channel 10 . : : : :
-40 -20 0 20 40

at membrane potential/f, K, is the equilibrium constant
at 0 mV,B is the blocker concentratio#,is the fraction
of the me.mbrane voltage sensed at the binding site (OIEig. 4. Effect of internal TEA on Ik, channels. &) Single channel
the effective valence for a monovalent bl(_)Ckelt)' I:romac'[ivity in the presence of @v Ca" in the absence and presence of 20
the graph of Ini/I - 1) vs.membrane potential (FigG) mm. TEA, which produced a rapid and reversible reduction in the
values ford of 0.18 andK, at 0 mV of 20.5 nm were  amplitude of the single channel currentB) Concentration response
obtained. In addition, TEA produced a small reductioncurve for the reduction in current amplitude by TEA at 0 mV. Points
in PO_ However, this amounted to 0n|y a 30% decrease atepresent the mean asgm from 5 patches. The line has been drawn
60 mv, a concentration which greatly attenuated the am_according to the Hill equation with a value fiy, of 22.6 mv and a Hill

. : . coefficient of 1. C) Voltage dependence of the action of TEA. This
ﬁ]lcg(sjt?gg];etgefu?ﬁ}ré?ms, so this action of TEA was not was examined by plotting In ¢l — 1) vs.membrane potential, where

|, and | are the apparent single channel current amplitudes in the
absence and presence of TEA respectively. From thi&that 0 mV
was found to be 20.5 m and3, the fraction of the membrane potential
sensed by the drug at its binding site within the channel, was 0.18.

Vm (mV)

BARIUM

Barium has been shown to block the“Gactivated K

channel in erythrocytes (Grygorczyk & Schwarz, 1985).torre, 1983), with bursts of channel activity separated by
These authors applied a single high concentration ofonger closures. The effect of Bawas greatly reduced
Ba®* simultaneously to both sides of the membrane. Inat negative membrane potentials (Fi@®)5with longer

the present study, addition of barium at a total concenbursts of channel activity, although there was little
tration of 20uM to the solution bathing the cytoplasmic change in the duration of the long closures. Because
side of the patch produced a dramatic reductiorPin  only a limited range of B& concentrations was exam-
(Fig. 5A). In the presence of 10 mcitrate, the concen- ined, it was not possible to estimatg values at different
tration of free B&" in the solution was calculated to be membrane potentials from concentration-response
only 2.4uM. The effect of BA" was similar to the “slow  curves. Instead, the mean burst and inter-burst durations
block” described for the BIK, channel (Vergara & La- were determined as described by Sigurdson et al., (1987)
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Fig. 5. Blockade of the Ik, channel by B&". (A) Effect of B&* on single-channel activity evoked byds Ca*. Addition of 5 um Ba®* (free
concentration 0.6.m) to the solution bathing the cytoplasmic face of the membrane caused a reduction in open probability, with the channel acti
being broken up into bursts. Increasing the?Baoncentration to 2qum (2.4 um free) reduced the duration of the bursB) Concentration
dependence of the reduction Bf by B&* at two membrane potentials (O mW; —40 mV, @), for the patch shown if\. The data were fitted
simultaneously with the Hill equation (solid lines), was normalized with respect to the open probability in the absence%f Bgiperpolar-
ization from 0 to —40 mV dramatically reduced the blocking action of'B&C) Quantification of the voltage sensitivity of the block by internal
Ba&?" for the same patch. Values for tig, for Ba®* at 3 different membrane potentials were determined from analysis of the burst and interburs
durations. The plot of I{,) vs.membrane potential yielded a value figrthe fraction of the membrane potential sensed b/ Baits binding site

in the channel, of 0.44 andig, at 0 mV of 0.15um. Similar voltage and concentration dependence were observed in 3 other patches.

and used along witl®,, in the absence of B3, to de- idly on removing clotrimazole. The action of clotrima-
terminek,, andk_, for the blocking reaction, and this,  zole is unlikely to result from competition for the €a

values. binding site since it is very different from the effect of
reducing the C& concentration gee Fig. 1B), when
P.K_, 1 1 openings occur with a relatively uniform, albeit lower,
Kg= whereK_; =———andK,; = ———— frequency. Dwell time distributions (for exampkee
Kit Tinterburst [Ba™ Jmpurst Fig. 6B andC) for the bursts of “normal” channel ac-

tivity and the long closed (inter-burst) intervals in the

The model of Woodhull, (1973) was again used to anaPresence of clotrimazole could be fitted with single ex-
BaZ*. From a graph of Ir{,) against membrane poten- S (N = 5), respectively.

tial a Ky at 0 mV of 0.15pm and a value fod of 0.44 Though these results clearly show that clotrimazole
were obtained (Fig. G). applied to the inner face of the membrane causes “slow”

channel block geee.g., Hille, 1992), the magnitude of
the time constants made further analysis difficult. Many
minutes of recording were needed because of the long
dwell times in the burst and inter-burst states and very
few patches possessed single channel activity of the re-
Application of 1pm clotrimazole to the cytoplasmic face quired stability. Five such patches provided the follow-
of the patch in the presence of @1 C&* produced a ing information. i. As shown in Fig. & and B, raising
dramatic change in channel activity, with the appearancéhe clotrimazole concentration from 0.1 tquis reduced

of long closed periods interspersed with intervals of nor-the burst duration without changing the inter-burst inter-
mal channel activity (Fig. 6). This effect reversed rap-vals. ii. Although clotrimazole is a very weak base ap-

CLOTRIMAZOLE
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proximately 25% will be protonated at neutral pH. How- control

ever there was no consistent chang®jron stepping the A . -
membrane potential from -40 to 40 mV in the presence wm
of clotrimazole (1um) in the two patches tested. Unfor- ' ‘
tunately, both patches contained two channels, so that clot 1}JM

increased the duration of the inter-burst intervals, while
having little effect on the duration of the bursts (Fig)7

burst and inter-burst dwell times could not be analyzed.

iii. In a single patch, reducing, by lowering [C&], I ml m..l I“ m M ” "" l 1 bA

from 1 to 0.2um in the presence of clotrimazole (im) ‘ ; P
10

S

However much more data will be required to determine |} T
the mechanism of the channel block by clotrimazole. 204 i

2 154
BLOCKING ACTION OF A QUATERNARY ANALOGUE e
OF CLOTRIMAZOLE %. 10 1=4s

[0} N\
To determine whether the action of clotrimazole was due ~ ]
to an action at the cytoplasmic face of the channel, or Tﬁ
resulted from the penetration of the drug into or through 0 | I v s
the membrane, a quaternary derivative of clotrimazole 0 5 10 15 20 25 30
(UCL 1559) was also tested. This compound again pro- inter-burst duration (s)
duced a ‘slow block’ similar to that observed in the pres- 121
ence of clotrimazole (Fig. 8). The burst and inter-burst 101
intervals in the presence oflim UCL 1559 appeared to :
be exponentially distributed with time constants of 47 =+ 81

+ — i S *

22 sec and 35 + 14 sea (= 5), respectively. ;gr 64 . 1=2.3s

o 4
CETIEDIL .

2_ - el

In preliminary experiments the application of cetiedil 0 — ‘ mﬂ
(100 um) to the cytoplasmic face of the patch in the 0 1t 2 3 4 5 6 7 8
presence of 3um Ca&* for periods of 1 to 3 min gave burst duration (s)

inconsistent results. In some instances there was little or

no change in channel activity, while other patches beFig. 6. Blockade of IK-, channels by clotrimazole applied to the inner

came quiescent, and remained so for several minute&ce of the memkjr_ane'\[ Single channel activity recorded i_n the pres-

Subsequent experiments in which cetiedil was applie"ce o 3#m C&” in the absence and presence qit clotrimazole.

for Ionger periods resolved the discrepancy. Figure in the presence of clc_)tr|mazole,the chgnnel_acthlty was broken up into
s ursts. Dwell time histograms for the inter-burf),(burst durations

shows the effect of 100im cetiedil onP, measured over (¢ for this patch in the presence of clotrimazole were well fitted by

30-sec intervals during the course of a 20 min recordingsingle exponentials with time constants of 4 and 2.3 sec, respectively.

Like clotrimazole, cetiedil also appears to produce a

‘slow block,” but with exceptionally slow kinetics, so

that there are very long silent periods lasting severaintervals appeared to be exponentially distributed with

minutes separated by bursts of apparently normal charfime constants of 64 + 18 and 93 + 36 set £ 6),

nel activity of similar duration. However, even during respectively.

these burstsP, was somewhat lower than the control

value. Examination of the open and closed time distri-

butions 6ot show revealed that this resulted from a

decrease in the mean open time. Because this effect was

relatively small (<20%), and only apparent at such a highAction oF TEA anD Ba?*

concentration of cetiedil it was not investigated further.

Analysis of the burst and inter-burst distributions wasIn this study, the actions of two widely studied khan-

made difficult by their long durations, and consequentlynel blockers were examined at the internal face of the

the need for very long recordings, from patches with veryCa*-activated K channel from human erythrocytes.

consistent channel activity. For those patches in whichTEA produced very fast block, unresolved by the record-

long recordings were obtained, the burst and inter-bursing technique and giving rise to an apparent reduction in

Discussion
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. 10 10
2
% =4.1s 1=2.1s Fig. 7. Dependence of the blocking action on
2 s 5/ the clotrimazole and G4 concentration 4)
Records from a single channel activated by 3
um Ca* from one patch in the presence of 0.1
0+ | | | ol and then Ium clotrimazole. Dwell time
0 3 6 9 12 15 0 2 4 6 8 10 12 distributions for the burst and inter-burst
burst duration (s) burst duration (s) intervals are shown iBi andii. While the time
constant for the inter-burst intervals remained
N constant at approximately 4 sec, the mean burst
C 0.2 HM Ca 0.3 |JM clot duration decreased from 4.6 to 2.1 sec on
‘ increasing the clotrimazole concentratio@) (
[ ‘M Single-channel activity recorded from another
" . ‘ patch in the presence of O Ca* and 0.3

M clotrimazole and then in the presence of 0.3

1 “M Ca O 3 “M CIOt um clotrimazole but on raising the €a

concentration to Jum. Note the dramatic
ﬂ 1 A reduction in the length of the interburst
" ' | p intervals.

2

the unitary current amplitude. This is similar to its action channel K, = 36 pMm; Vergara & Latorre, 1983), but is

at BK, channels (Yellen, 1984; Benham et al., 1985;similar to the value of 0.1um reported for the dealyed
Smart, 1987). The weak voltage dependence for thisectifier of the squid giant axon (Eaton & Brodwick,
action suggests that TEA is binding at a site close ta1980), and makes this *Kchannel one of the most sen-
the inner mouth of the channel. The existence of asitive to internally applied BA.

second slower blocking action is reminiscent of the ac-

tion of TEA on K,1p (Davies et al., 1989). In contrast,

Ba2* produced a slow block having much greater volt- CLOTRIMAZOLE AND CETIEDIL

age sensitivity, with @& value of 0.44, indicating a bind-

ing site approximately half way through the membrane.Previous work on analogues of cetiedil as blockers of the
Although some competition of Bafor the C&* binding  IK, channel in intact erythrocytes found a strong cor-
site cannot be excluded, the voltage sensitivity wouldrelation between potency and lipophilicity (Benton et al.,
suggest that the predominant effect is the result of chant994; Benton, 1995). One interpretation of this finding
nel block. The affinity of the Ik, channel for B&" is s that these compounds penetrate the membrane and a
considerably higher than that reported for the BK at the cytoplasmic face of the channel. This hypothesis
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has now been directly tested. Cetiedil at 0@ pro- ]
duced relatively little block of the channel when applied A % @
to inside-out patches, yet this concentration would abol- UCL 1559
ish Ca&*-activated K efflux from intact cells when ap- @ -
plied externally (Benton et al., 1994; Benton, 1995). N @
This suggests that inhibition of the Gardos channel by |L
cetiedil is likely to be due to an action either at an ex-
tracellular site on the IK, channel, or within the channel
though at a site not accessible from its inner face.

In contrast, clotrimazole was able to block the chan-
nel at the cytoplasmic face at concentrations comparabIB control
to those required to inhibit Kefflux in intact cells (Al- il
varez, Garcia-Sancho & Herreros, 1992; Brugnara et al., ‘ ‘ ‘
1993). Furthermore, the lIg for the quaternary com- * “
pound UCL 1559 when applied externally to intact cells Fi I
is 16 uMm (Benton, 1995), making it at least 10 times less ’
potent than when applied to the inner surface of the
membrane. These results suggest that clotrimazole ana- UCL 1559 1 IJM
logues may be able to act at both an internal and an i |
external site on the channel. Whether enough clotrima-
zole enters the cell when applied externally to contribute
to the overall block remains to be determined.

1 pA

20 s

Mechanism of Clotrimazole Action

Fig. 8. Effect of internal application of a quaternary analogue of clo-
It has been suggested that the activity of the J&hannel trimazole (UCL 1559).4) Chemical structure of UCL 155%f Single
requires the presence of some cytoplasmic factor (Mooréhannel activity recorded in the same patch in responseuta &+ ‘
etal., 1991). However, the ability to record single chan-" € absence and presence giid UCL 1559 In the presence of this
PR . . compound, channel activity was broken up into bursts, as seen with
nel activity in excised membrane patches_for many min-.strimazole itself, while the amplitude of the single channel current
utes would suggest that this requirement is not absolut@emained unchanged.
The activity of this channel may also be dependent upon
its redox state (Garcia-Sancho, Sanchez & Herreros
1979; Alvarez et al., 1984), though treatment of insidelarger blocking molecules such as charybdotoxin bind
out patches with the oxidising agent 5dithio-bis(2-  at a superficial site in the channel mouth and show no
nitrobenzoic acid) (DTNB) or the electron donor systemvoltage sensitivity (MacKinnon & Miller, 1988). The
ascorbate + phenazine methosulphate was not found tobserved lack of voltage dependence in the action
modify channel activity (P.M. Dunnynpublished obser- of internally applied clotrimazole thus suggests either
vations. that it does not bind within the pore of the channel, or
Nevertheless, the processes regulating this channg¢hat it only does so at a site very close to the inner
in the intact cell may be complex, and the behavior of asurface.
channel in an excised patch may be dependent on the Attempts at a detailed kinetic analysis of the action
state of the channel immediately prior to patch isolation.of clotrimazole were thwarted by the slow kinetics of
Clotrimazole is known to inhibit cytochrome P450, and it action and the rarity of channels with a stable level of
has been suggested that its inhibition of &flux from  activity. While the data obtained may indicate that clo-
erythrocytes is secondary to this action (Alvarez et al.trimazole does not distinguish between open and closed
1992). However, the results obtained in isolated memstates of the channel, confirmation of this remains for
brane patches indicate another mode of action, as dturther study.
studies with clotrimazole analogues that do not inhibit Recently, the action of clotrimazole on the dK
cytochrome P450 but are still effective blockers ofJK channels in outside out patches from mouse erythroleu-
(Brugnara et al., 1993). kemia cells has been described (Rittenhouse et al.,
Many drugs prevent the flux of ions through chan- 1997). It was found that nanomolar concentrations of
nels by binding to a site within the pore and physically clotrimazole applied to the external surface of the patch
occluding it. In such cases, the block is usually voltagereducedP,, though a kinetic analysis has yet to be at-
dependent, as has been observed in this study for thempted. Externally applied clotrimazole has also been
action of B&" and to a lesser extent TEA. In contrast, shown to block Bk, channels from portal vein smooth
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A o5 Cetiedil 100uM ]

Fig. 9. Action of internal cetiedil on Ik,
channels. &) Record of channel open probability
measured over 30 sec intervals for a 20-min
recording, during which 10Qm cetiedil was
applied for 10 min. B) Sections of channel
activity recorded before, during and after
washout of cetiedil. In the presence of cetiedil,
there were prolonged silent periods interspersed
with long spells of apparently normal channel
activity.

control

muscle (Rittenhouse et al., 1297and carotid body cells Benton, D.C.H. 1995. The pharmacology of calcium and ATP-
(Hatton & Peers, 1996) where a fast open channel block- dependent potassium channels in erythrocytes and in smooth and
ing mechanism appears to be implicated skeletal musclePhD Thesis, University of London

In conclusion, several well established inhibitors of 22" D-C-H., Athmani, S., Roxburgh, C.J., Shiner, M.AR., Haylett,
he Gard h li d cells h . f D.G., Ganellin, C.R., Jenkinson, D.H. 1994. Effects of cetiedil and
t e. ar .OS Channel In ':e cells a}’e been examined for its analogues on the Ca-activated K permeability of rabbit erythro-
their action When_ applled t_o the nner surface of the cytes and on leveromakalim-stimulat&®Rb efflux from rat aorta.
membrane. The findings with cetiedil suggest that its  Br. J. Pharmacol112466P
effect on the intact cell is either at, or requires acces®rugnara, C., De-Franceschi, L., Alper, S.L. 1993. Inhibition of €a
from, the extracellular surface. In contrast, internally ap- dependent K transport and cell dehydration in sickle erythrocytes
plied clotrimazole is a potent blocker though whether by clotrimazole and other imidazole derivatives. Clin. Invest.

. . . - . 2 —
this action contributes the inhibitory action of externally Bruzn:io C?ZGGee B.. Amsby, C.C.. Kurth, S., Sakamoto, M., Rifai

applled clotrimazole remains to be determined. N., Alper, S.L., Platt, O.S. 1996. Therapy with oral clotrimazole
induces inhibition of the Gardos channel and reduction of erythro-
| am grateful to the Wellcome Trust for financial support, to Dr. D.H. cyte dehydration in patients with sickle cell diseakeClin. Invest.

Jenkinson for encouragement and advice throughout this work, and to  97:1227-1234
Dr. A.J. Gibb and Dr. D.G. Haylett for many helpful discussions. Christophersen, P. 1991. €eactivated K channel from human eryth-
rocyte membranes: single channel rectification and selectivity.
Membrane Biol11975-83
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