
SPECIAL REPORT

The antifungal antibiotic clotrimazole potently inhibits L-type
calcium current in guinea-pig ventricular myocytes
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The antimycotic agent clotrimazole (CLT) is a promising potential therapeutic agent for a variety of
diseases including cancer. Although it is known that CLT alters calcium homeostasis in many cell
types, its cardiac e�ects are virtually unknown. We investigated the e�ects of CLT on L-type
calcium current (ICa,L) and action potentials in guinea-pig ventricular myocytes. CLT (5, 25 and
50 mM) inhibited basal ICa,L by 16, 59 and 93%, respectively. The inhibitory e�ect of CLT was rapid
and the peak e�ect was attained within 3 min. At a concentration of 25 mM, the inhibitory e�ect of
CLT was partially reversible whereas the response to 50 mM CLT persisted following drug
withdrawal. CLT abbreviated action potential duration at 50 and 90% of repolarization and
suppressed the plateau signi®cantly. These results indicate that CLT may have important cardiac
e�ects at concentrations used to induce the antiproliferative action of the drug.
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Introduction The imidazole derivative clotrimazole (CLT) is
commonly used as a topical antifungal antibiotic. Although it

derives its antifungal property from its ability to inhibit
cytochrome P-450 mediated reactions (Sheets et al., 1986;
Ayub & Levell, 1988), recent studies have shown that CLT also

exerts marked ability to inhibit the proliferation of normal and
cancerous cells in vitro and in vivo (Benzaquen et al., 1995).
This ®nding and the potential clinical role of this agent in the

treatment of cancer have made CLT the focus of intense
investigations. The ability of CLT to interfere with cellular
calcium homeostasis is considered to contribute to its

antiproliferative properties. CLT has been shown to a�ect
calcium in¯ux and intracellular Ca2+ stores in several cell types
(Alvarez et al., 1992; Villalobos et al., 1992; Benzaquen et al.,
1995). As the cardiac calcium current plays a critical role in

excitation-contraction coupling, we considered it of impor-
tance to examine the e�ects of this drug on the L-type calcium
current (ICa,L) and action potentials in guinea-pig ventricular

myocytes.

Methods Ventricular myocytes from male Charles River
albino guinea-pigs (300 ± 350 g) were isolated as described
previously (Thomas et al., 1997). Brie¯y, guinea-pig hearts

were perfused retrogradely through the aorta with oxygenated
calcium-free solution of the following composition (mM): NaCl
120, KCl 3.8, KH2PO4 1.2, MgSO4 1.2, N-[2-Hydroxyethyl]
piperazine-N'-[2-ethane sulphonic acid] (HEPES) 10, glucose

11 along with collagenase Type-2 and protease. After
dissociation, the myocytes were suspended in Kraft-BruÈ he
solution of the following composition (mM): KOH 80,

glutamic acid 50, KCl 30, KH2PO4 30, taurine 20, HEPES
10, glucose 10, MgSO4 3, EGTA 0.5 (pH was adjusted to 7.4

with KOH). During the experiment, cells were superfused with
a solution containing (in mM), NaCl 145, HEPES 10, glucose
10, KCl 4, CaCl2 1.8 and MgCl2 1.

The pipette solution contained (in mM) ethylene glycol-bis
(-aminoethyl ether)-N, N, N', N'-tetra acetic acid (EGTA) 1,
CsCl 130, HEPES 20, MgCl2 1, tetraethylammonium (TEA)-

Cl 10, CaCl2 0.4 and ATP Na2 4. Recordings were initiated
15 min after rupturing the membrane to allow complete
dialysis of the cytoplasm. Two experiments were also done

using nystatin perforated patch con®guration (ATP replaced
by nystatin) to examine the e�ect in the absence of cell dialysis.

ICa,L recordings were made at room temperature using an
Axopatch 1D ampli®er (Axon Instruments, Foster City, CA,

U.S.A.). Na+ channels were inactivated by holding cells at
740 mV and K+ currents were blocked by using cesium
instead of potassium. ICa,L (measured as the peak inward

current) was elicited by a step depolarization from 740 to
10 mV every 20 s. Currents were ®ltered at 1 kHz and sampled
at 5 kHz. The pCLAMP software program (Axon Instru-

ments) was used for the acquisition and analysis of currents.
Percentage values (log transformed) were analysed using two-
way analysis of variance followed by Student-Newman-Keuls

test to assess the signi®cance level. CLT (dissolved in dimethyl
sulphoxide (DMSO)) was added to the bath after 5 min
exposure to DMSO alone in order to test the direct e�ect of the
vehicle.

Action potentials were recorded at a 2 s basic cycle length in
contracting cells using the current-clamp mode of an Axopatch
200A ampli®er. The external solution contained (in mM):

CaCl2 2, KCl 4, MgCl2 1, glucose 10, NaCl 140, HEPES 10,
and pH was adjusted to 7.4 with NaOH. Pipette solution
contained (mM): potassium aspartate 135, NaCl 10, KCl 10,

HEPES 10, MgCl2 1, MgATP 5, and pH was adjusted to 7.1
with KOH. Changes in action potential duration were
analysed using Student's t-test (paired) and the signi®cance
was established when P value was less than 0.05.*Author for correspondence.
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Results A time- and voltage-dependent inward current with
all of the characteristics of ICa,L was elicited by a step
depolarization from 740 to 10 mV. CLT (5 and 25 mM)

showed a concentration-dependent inhibition of the ICa,L.
Figure 1A demonstrates the individual recordings obtained
from an experiment in which the myocyte was exposed to CLT
(50 mM) after 5 min of superfusion with DMSO. CLT (50 mM)

caused a rapid decrease in the ICa,L. The e�ect of CLT was
evident within a minute and the peak e�ect was attained by
about 3 min. Concentrations less than 5 mM did not have any

noticeable e�ect on ICa,L. Figure 1B demonstrates the time
response and the reversibility of CLT action on ICa,L. The
exposure of ventricular myocyte to CLT (25 mM) caused a

rapid decrease in ICa,L. Withdrawal of the drug from the
superfusion medium resulted in a slow and partial reversal of
the e�ect which was observed approximately 5 min after

restoration of the drug-free superfusion. However, ICa,L was
still signi®cantly inhibited after 15 min of washout demon-
strating incomplete reversibility within this time period. With
50 mM CLT, the e�ect was not reversible for up to 15 min. In

two experiments under nystatin perforated patch con®gura-
tion, where dialysis of the cytoplasm is minimal, CLT

responses were similar in magnitude compared to conventional
whole cell experiments (data not shown).

At concentrations of 5 (n=3), 25 (n=4) and 50 mM (n=5),

CLT reduced ICa,L to 84, 41 and 6% of pre-drug values
respectively (Figure 2A). Figure 2B shows the peak current
voltage relationship in ®ve ventricular myocytes showing the
near complete inhibition of ICa,L by CLT (50 mM).

CLT caused signi®cant abbreviation of the action potential
duration (Figure 3). CLT (25 mM) abbreviated the action
potential duration at 50% repolarization from 184+14 to

133+14 ms (P50.05). Action potential duration at 90%
repolarization was also reduced by CLT from 210+13 to
180+13 ms (P50.05) in ®ve ventricular myocytes. CLT also

suppressed the plateau voltage at APD10 from 110.7+3 to
89.2+4.3 mV (P50.05).

Discussion Although CLT has been shown to modulate
calcium levels in various cells, to our knowledge, this is the
®rst study which examined the e�ect of CLT on ICa,L in cardiac

Figure 1 (A) Inhibition of ICa,L by clotrimazole (CLT) in a guinea-
pig ventricular myocyte. ICa,L was elicited by 250 ms voltage step to
10 mV from a holding potential of 740 mV. Individual ICa,L traces
were taken from a representative experiment in which the myocyte
was superfused with the vehicle (DMSO) and CLT (50 mM). CLT
(50 mM) almost completely blocked the ICa,L. (B) CLT (25 mM)-
induced inhibition of ICa,L and its partial recovery on washout in
another guinea-pig ventricular myocyte. Individual currents (inset)
and the time courses of ICa,L during DMSO (a), CLT (b) and
washout (c). Individual current traces were obtained at time points
indicated as a, b and c.

Figure 2 (A) Concentration-dependent inhibition of ICa,L by CLT
in ventricular myocytes. n=3 for 5 mM, 4 for 25 mM and 5 for 50 mM
CLT. Drug e�ects shown in this histogram were taken at 5 min post-
CLT. Data are shown as ICa,L (%) of respective control
values+s.e.mean. * P50.05 compares to respective control values.
(B) Mean current voltage relationship of peak ICa,L obtained from
®ve ventricular myocytes showing the potent inhibition of ICa,L by
CLT (50 mM).
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cells or indeed any other cell type. The results of this study
reveal a novel and highly potent inhibitory e�ect of CLT on

cardiac ICa,L. CLT is a very widely used topical antimycotic
with a potential use as oral medication for cancer and other
diseases. The antiproliferative action is likely due to its ability

to interfere with calcium homeostasis of the cell. It has been
shown that CLT depletes intracellular Ca2+ stores (Benzaquen
et al., 1995), inhibits voltage and ligand stimulated Ca2+ in¯ux
(Villalobos et al., 1992) and Ca2+ activated K+ channels

(Alvarez et al., 1992; Brugnara et al., 1995) in di�erent cell
lines. The results demonstrated in this study showing

inhibitory e�ects of CLT on ICa,L, suggest that these channels
may represent a major site of action of CLT-induced
modulation of intracellular calcium. Although the precise

mechanisms for this e�ect need to be studied, it could be due to
a direct e�ect of the drug on the channel protein or secondary
to modulation of intracellular calcium stores. Indeed, with
respect to the latter it has been suggested that the e�ects of

CLT on Ca2+ in¯ux and Ca2+ -activated channels in nucleated
cells occur secondary to drug-induced depletion of intracellular
Ca2+ stores (Benzaquen et al., 1995).

CLT also showed signi®cant e�ects on the action potential
characteristics of the guinea-pig ventricular myocyte. [The
phases of repolarization of the action potential appears to be

vulnerable to CLT action.] The action potential durations at
various levels of repolarization as well as the plateau of the
action potential were signi®cantly reduced by CLT in all the

myocytes exposed to it. CLT did not a�ect the resting
membrane potential in these experiments. It appears that the
inhibitory e�ect of CLT on ICa,L has contributed signi®cantly
to the suppression of the plateau and abbreviation of the

action potential duration by this drug. However, it is not clear
whether CLT has any e�ects on other repolarizing currents
such as delayed recti®er potassium current and their relative

contribution to the overall e�ect of the drug on repolarization.
Because of the increasing possibility for the systemic use of

this drug in therapeutics, the results of the present study

demonstrating inhibition of ICa,L and abbreviation of the
action potential duration in guinea-pig ventricular myocytes
are of potential importance. These results suggest that CLT

may have potent e�ects on cardiac function, at concentrations
which are in the same range as those used to induce
antiproliferative action (Benzaquen et al., 1995).
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Figure 3 E�ect of CLT on action potential in a guinea-pig
ventricular myocyte. Individual traces were obtained from a
representative experiment in which the myocyte was initially super-
fused with the vehicle (DMSO) followed by CLT (25 mM). CLT
shortened the action potential duration signi®cantly.
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