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E�ects of thymol on calcium and potassium currents in canine and
human ventricular cardiomyocytes
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1 Concentration-dependent e�ects of thymol (1 ± 1000 mM) was studied on action potential
con®guration and ionic currents in isolated canine ventricular cardiomyocytes using conventional
microelectrode and patch clamp techniques.

2 Low concentration of thymol (10 mM) removed the notch of the action potential, whereas high
concentrations (100 mM or higher) caused an additional shortening of action potential duration
accompanied by progressive depression of plateau and reduction of Vmax.

3 In the canine cells L-type Ca current (ICa) was decreased by thymol in a concentration-dependent
manner (EC50: 158+7 mM, Hill coe�.: 2.96+0.43). In addition, thymol (50 ± 250 mM) accelerated the
inactivation of ICa, increased the time constant of recovery from inactivation, shifted the steady-state
inactivation curve of ICa leftwards, but voltage dependence of activation remained unaltered.
Qualitatively similar results were obtained with thymol in ventricular myocytes isolated from healthy
human hearts.

4 Thymol displayed concentration-dependent suppressive e�ects on potassium currents: the
transient outward current, Ito (EC50: 60.6+11.4 mM, Hill coe�.: 1.03+0.11), the rapid component
of the delayed recti®er, IKr (EC50: 63.4+6.1 mM, Hill coe�.: 1.29+0.15), and the slow component of
the delayed recti®er, IKs (EC50: 202+11 mM, Hill coe�.: 0.72+0.14), however, K channel kinetics
were not much altered by thymol. These e�ects on Ca and K currents developed rapidly (within
0.5 min) and were readily reversible.

5 In conclusion, thymol suppressed cardiac ionic channels in a concentration-dependent manner,
however, both drug-sensitivities as well as the mechanism of action seems to be di�erent when
blocking calcium and potassium channels.
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Introduction

Thymol (2-isopropyl-5-methylphenol) is widely used as a
general antiseptic in the medical practice, agriculture,

cosmetics and food industry (Aeschbach et al., 1994; Lee et
al., 1997; Manou et al., 1998). Due to its potent fungicide,
bactericide and antioxidant properties thymol is applied

primarily in dentistry for treatment of oral infections
(Twetman et al., 1995; Shapiro & Guggenheim, 1995; Ogaard
et al., 1997). Thymol was also shown to have strong

antiin¯ammatory action by decreasing the release of in¯am-
matory metabolites like prostanoids, interleukins, and
leukotrienes (Skold et al., 1998; Yucel-Lindberg et al.,
1999). Thymol is added as a stabilizer to several therapeutic

agents, including halothane, and the drug was shown to
accumulate in the vaporizer during anaesthesia. In spite of
the widespread application of thymol in medical practice,

little is known about its e�ects in mammalian cardiac tissues.
Therefore, the aim of the present work was to study the

e�ects of thymol on action potential con®guration and
transmembrane ionic currents in isolated canine and healthy
human ventricular cardiomyocytes.

Methods

Cell isolation

Isolated canine ventricular myocytes were obtained from

hearts of adult mongrel dogs using the segment perfusion
technique (Magyar et al., 2000a). Brie¯y, the animals (10 ±
20 kg) were anaesthetized with intravenous injection of

10 mg kg71 ketamine hydrochloride (Calypsolvet) +
1 mg kg71 xylazine hydrochloride (Rometar). The hearts
were rapidly removed from the chest and one of the coronary
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arteries (usually LAD) was cannulated and perfused with
calcium-free JMM solution (Minimum Essential Medium
Eagle Joklik Modi®cation for Suspension Culture, Type M-

0518, Sigma) for 5 min in order to remove calcium from the
tissues. The pH of this solution was adjusted to 7.2 using
NaHCO3 when gassed with carbogen at 378C. Dispersion of
the cells was performed during a 30 min perfusion with JMM

solution containing 20 mM CaCl2 and 1 g l71 collagenase
(Worthington, Type CLS1). The enzyme was removed from
the tissues during a 5 min additional perfusion with enzyme-

free JMM solution. Dispersed ventricular cells were sus-
pended in the same solution, ®ltered, sedimented and then
transferred to MEM solution (Minimum Essential Medium

Eagle, M-0643, Sigma) containing 2.5 mM CaCl2 and having
pH adjusted to 7.35. This cell isolation procedure yielded a
miscellaneous mixture of epicardial, endocardial and mid-

myocardial cells. The myocytes were rod shaped and showed
clear striation when the external calcium was restored
following cell isolation. Cells were stored in MEM solution
overnight at 158C.
Human ventricular cells were prepared from hearts of

general organ donor patients undergoing aortic valve
transplantation surgery. The procedures used on human

tissues have been approved by a local ethical committee and
comply with the current laws of Hungary. The myocytes were
isolated using a recently developed enzymatic dissociation

procedure (Magyar et al., 2000b). After explantation and
removal of the valves, hearts were transported into the
laboratory in cold cardioplegic solution. A portion of the left

ventricular wall was excised together with its arterial branch
and was mounted on a modi®ed Langendor� apparatus,
where it was perfused through the left anterior descending
coronary artery according to the following sequence: (1)

Modi®ed Tyrode solution (containing: NaCl, 135; KCl, 4.7;
KH2PO4, 1.2; MgSO4, 1.2; HEPES, 10; NaHCO3, 4.4;
glucose 10 mM; pH=7.2) for 10 min; (2) Ca2+-free modi®ed

Tyrode for 10 min; (3) Ca2+-free modi®ed Tyrode containing
collagenase (660 mg l71, type I, Sigma), elastase (45 mg l71,
type III, Sigma), taurine (50 mM) and bovine albumine

(2 g l71, fraction V, fatty acid free, Sigma) for 45 min; and
(4) After this step of enzymatic digestion the solution was
supplemented with protease (120 mg l71, type XIV, Sigma)
for a further 40 ± 60 min. Portion of the left ventricular wall,

that was clearly digested by the enzymes, were cut into small
pieces and either stored in KB-medium (Isenberg &
KloÈ ckner, 1982), or equilibrated for 15 min in modi®ed

Tyrode containing 1.25 mM CaCl2 and 50 mM taurine. Single
myocytes were obtained from the tissue chunks after gentle
agitation. During the entire isolation procedure the solutions

were oxygenated (100% O2) and the temperature was
maintained at 378C. The cells were allowed to sediment for
10 min, then the supernatant was decanted and replaced by

fresh solution. This procedure was repeated for three times.
The cells in KB-medium were stored at 48C, while those
stored in modi®ed Tyrode solution were maintained at 12 ±
148C before use.

Action potential recording

Action potentials were recorded from Ca2+-tolerant canine
ventricular cells superfused with oxygenated Tyrode solution
at 378C. The bathing medium contained NaCl 140, KCl 5.4,

CaCl2 2.5, MgCl2 1.2, Na2HPO4 0.35, HEPES 5, glucose
10 mM, at pH 7.4. Transmembrane potentials were recorded
using glass microelectrodes ®lled with 3 M KCl and having

tip resistance between 20 and 40 MO. These electrodes were
connected to the input of an Axoclamp-2B ampli®er (Axon
Instruments). The cells were continuously paced through the
recording electrode at a steady cycle length of 1000 ms using

1 ms wide rectangular current pulses with 120% threshold
amplitude. Action potentials were digitized at 100 kHz using
Digidata 1200 A/D card (Axon Instruments) and stored for

later analysis.

Voltage clamp

Transmembrane currents were recorded in oxygenated
Tyrode solution at 378C. Suction pipettes, fabricated from

borosilicate glass, had tip resistance of 2 MO after ®lling with
pipette solution composed of KCl 110, KOH 40, HEPES 5,
EGTA 10, TEACl 20, K-ATP 3 and GTP 0.25 mM, or
alternatively, K-aspartate 100, KCl 45, MgCl2 1, EGTA 10,

HEPES 5, K-ATP 3 mM, when measuring Ca or K currents,
respectively. The pH of these solutions were adjusted to 7.2
with KOH. ICa was blocked by 5 mM nifedipine, and 3 mM 4-

Figure 1 E�ect of thymol on action potential con®guration in
canine ventricular myocytes. (a) Superimposed action potentials
recorded before and in the presence of 10, 100 and 500 mM thymol.
(b) Same action potentials shown in an extended scale to demonstrate
the changes of the notch. (c) Cumulative concentration-dependent
e�ects of thymol on action potential duration, measured at 50 and
90% levels of repolarization (APD50 and APD90, respectively).
Symbols and bars represent mean+s.e.mean values, n=6, asterisks
denote signi®cant (P50.05) changes from control values (CTRL).
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aminopyridine was used to suppress Ito (both drugs were
applied externally).
Currents were recorded with an Axopatch-200B ampli®er

(Axon Instruments) using the whole cell con®guration of the
patch clamp technique (Hamill et al., 1981). After establish-
ing high (1 ± 10 GO) resistance seal by gentle suction, the cell
membrane beneath the tip of the electrode was disrupted by

further suction or by applying 1.5 V electrical pulses for 1 ±
5 ms. After this step, the intracellular solution was allowed to
equilibrate with the pipette solution for a period of 5 ± 10 min

before starting the measurement. Ionic currents were normal-
ized to cell capacitance, determined in each cell using short
(25 ms) hyperpolarizing pulses from 0 mV to 710 mV. The

mean value for cell capacitance was 142+5.4 pF in canine
and 116+13 pF in human myocytes. The series resistance
was typically 4 ± 8 MO before compensation (usually 50 ±

80%). Experiments were discarded when the series resistance
was high or substantially increasing during the measurement.
Outputs from the clamp ampli®er were digitized at 20 kHz
using an A/D converter (Digidata-1200, Axon Instruments)

under software control (pClamp 6.0, Axon Instruments). The
applied experimental protocols are described in the results
section where appropriate.

Myocytes were superfused with thymol for 3 ± 4 min and
washout lasted for 5 min. In experiments studying cumulative
concentration-dependent e�ects, each concentration of thy-

mol was applied for 1 min. All values presented are

arithmetic means+s.e.mean. Student's t-test for paired data
was applied following ANOVA to determine statistical
signi®cance. Di�erences were considered signi®cant when

the P value was less than 0.05.
The entire investigation conforms with the Guide for the

Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH publication No. 85-23,

revised 1996) and with the principles outlined in the
Declaration of Helsinki.

Results

Effect of thymol on action potential configuration in
canine myocytes

Thymol induced cumulative concentration-dependent changes
in action potential con®guration (Figure 1a,b). At a low
concentration of 10 mM, the only observed e�ect was a
reduction in phase 1 repolarization and partial attenuation of

the notch. Higher concentrations of thymol (100 mM and
above) decreased also action potential duration and caused
depression of the plateau potential. The shortening of APD

was more pronounced at 50% than at 90% level of
repolarization (Figure 1c). Moderate reductions in the
maximum rate of depolarization (to 93.4+4.7%,

89.1+4.4% and 70.3+8.2% of the control) were observed

Figure 2 E�ect of thymol on the amplitude of the Ca current in canine ventricular cells. (a) Superimposed ICa records, obtained
before, during and after cumulative superfusion with 50, 150 and 250 mM thymol. (b) Cumulative concentration-dependent e�ects of
thymol on peak ICa measured at +5 mV in four cells. The solid line was obtained by ®tting data to the Hill equation. (c)
Representative experiment showing the time scale of development and reversion of the drug-induced changes in ICa. (d) Current-
voltage relationship obtained for peak ICa in seven cells in control, in the presence of 150 and 250 mM thymol, and following
washout of the drug. (e) Voltage dependence of activation of calcium conductance (GCa) in control and in the presence of 250 mM
thymol. (e) GCa-Vm relationships obtained from the experiment shown in (f), but GCa values were normalized to GCa obtained at
+30 mV, and the results were ®tted to a two-state Boltzmann model (solid curves).
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in the presence of 300, 500 and 1000 mM thymol, respectively
(P50.05, n=6), indicating that these higher concentrations
block fast sodium channels. No change in the resting

potential was observed even at the highest concentration
studied (778.4+2.2 mV versus 778.3+6.2 mV at 1000 mM).

Effect of thymol on L-type calcium current in canine
myocytes

Peak ICa was measured at a rate of 0.2 Hz using depolarizing

voltage pulses of 400 ms duration clamped from the holding
potential of 740 mV to the test potential of +5 mV. K

currents were blocked by the externally applied 4-aminopyr-
idine and internally applied TEACl. Stability of ICa was
monitored at least for 5 min before cumulative application of

thymol (from 1 to 1000 mM, each concentration for 1 min).
Thymol displayed a concentration-dependent suppressive
e�ect on peak ICa (Figure 2a). Inhibition of the current was
statistically signi®cant from the concentration of 50 mM
(inhibition of 14.3+8.65%, P50.05, n=4) and above.
Fitting results to the Hill equation yielded an EC50 of
158+7 mM and a slope factor of 2.96+0.43 (Figure 2b). The

e�ect of thymol on peak ICa developed rapidly (within 30 s)
and was fully reversible (Figure 2c).

Figure 3 E�ect of thymol on steady-state inactivation and recovery from inactivation of the Ca current in canine ventricular cells.
(a) Voltage-dependence of steady-state inactivation of ICa determined using paired-pulse protocol in the presence and absence of
thymol in ®ve cells. Solid curves were obtained by ®tting data to a two-state Boltzmann model. Estimated midpoint potentials (E0.5)
and slope factors (s) are presented in the right panel. (b) Time course of recovery from inactivation measured in control and in the
presence of 150 mM thymol in ®ve cells using twin-pulse protocol. The estimated fast and slow time constants are shown in the right
panel.

Table 1 E�ect of thymol on inactivation kinetics of calcium current in canine and human myocytes

(a) Canine myocytes (n=7)
t1 A1 t2 A2

(ms) (A F71) (ms) (A F71)
Control 12.1+0.3 78.4+0.2 82.0+1.9 71.33+0.07
Thymol 50 mM 12.0+0.6 76.4+0.2* 81.8+4.1 70.53+0.09*
Thymol 150 mM 8.6+0.7* 73.9+0.1* ± ±
Thymol 250 mM 6.2+0.1* 73.0+0.1* ± ±
Washout 11.7+0.4 77.5+0.2* 92.9+4.1 70.92+0.07*

(b) Human myocytes (n=4)
t1 A1 t2 A2

(ms) (A F71) (ms) (A F71)
Control 13.1+1.3 78.9+0.7 83.1+12 71.19+0.2
Thymol 250 mM 8.1+1.1* 72.8+0.7* 42.5+5* 70.02+0.01*
Washout 12.9+1.5 77.6+0.5 9.6+23 77.0+0.27

The decay of ICa was ®tted as a sum of two exponential components, each characterized with a time constant (t) and relative amplitude
(A). Index numbers 1 and 2 refer to the fast and slow components, respectively. Mean+s.e.mean are given, asterisks denote signi®cant
(P50.05) changes from control values.
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Current-voltage relations for ICa were obtained by applying
a series of test pulses increasing up to +40 mV in 5 mV steps
in absence and presence of the thymol, and peak values of ICa
were plotted against their respective test potentials. No shift
in the current-voltage relationship was observed in seven
myocytes after application of 150 and 250 mM thymol (Figure
2d). Calcium conductance (GCa) was calculated at each

membrane potential by dividing the peak current by its
driving force (the di�erence between the applied test potential
and the reversal potential for ICa, estimated to be +55 mV).

As shown in Figure 2e, the Ca-conductance was signi®cantly
diminished by 250 mM thymol at each membrane potential
studied, however, when GCa values of both curves were

normalized to the respective GCa obtained at +30 mV, the
GCa-Vm relationships were almost identical (Figure 2f). This
latter result suggests that voltage dependence of activation of

ICa is not a�ected by thymol.
In contrast to the unchanged voltage dependence of

activation, inactivation kinetics were seriously altered in the
presence of thymol in a reversible manner. In order to study

the voltage-dependence of steady-state inactivation of ICa test
depolarizations to +5 mV were preceded by a set of prepulses
clamped to various voltages between 755 and +20 mV for

500 ms. Peak currents measured after these prepulses were
normalized to the peak current measured after the 755 mV
prepulse and plotted against the respective prepulse potential.

The data were ®tted to the two-state Boltzmann function
(Figure 3a). Superfusion of the cells with 50, 150 and 250 mM
thymol shifted the midpoint potentials by 5.1+1, 10.4+1.2

and 17.4+1.6 mV, respectively, (P50.05, n=5) from the
control value of 721.6+0.7 mV towards more negative
potentials without signi®cant changes in the slope factor.

In addition to increased steady-state inactivation, thymol
also accelerated the time-dependent decay of ICa. This can be
well detected on the analogue records shown in Figure 2a.

The decay of ICa followed biexponential kinetics at +5 mV,
characterized as a sum of a fast and a slow component in
control. Application of increasing concentrations of thymol
signi®cantly reduced the relative amplitude of both compo-

nents and decreased the time constant of the fast component.
The slow component of inactivation was more sensitive to
thymol than the fast component, since it was completely

blocked by higher thymol concentrations (150 and 250 mM) in
all of the seven experiments performed, allowing only
monoexponential ®tting of these curves (Table 1a).

Time course of recovery from inactivation was studied
using a twin-pulse protocol. Two 400 ms long depolarizations
to +5 mV were separated by an interpulse interval having

variable duration. Peak ICa amplitude measured by the
second pulse was normalized to that measured by the ®rst
pulse and their ratio (I2/I1) was plotted as a function of the
interpulse interval. These curves were ®tted as a sum of two

exponential components. Both the fast and slow time
constants of recovery from inactivation were increased
signi®cantly by 150 mM thymol in a reversible manner (from

47.2+2.7 to 83+4.8 ms and from 292+33 to 569+41 ms,
respectively, P50.05, n=5; Figure 3b).

Effect of thymol on calcium current in undiseased human
ventricular cells

E�ects of thymol (250 mM) in the human cells (n=4) were
qualitatively similar to those obtained in canine myocytes
(Figure 4). Thymol suppressed the peak value of ICa at each

Figure 4 E�ect of 250 mM thymol on the Ca current in ventricular myocytes (n=4) isolated from undiseased human hearts. (a)
Superimposed ICa records measured at +5 mV. (b) Current-voltage relationships. (c) Normalized GCa-Vm relationships. (d) Voltage
dependence of steady-state inactivation. Measurements were performed as described for canine cells in the legend of Figures 2 and 3.
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test potential studied (from 712.1+1.1 to 73.8+1.1 A F-1
at +5 mV, P50.05) without changing the shape of the I ±V
relationship and the normalized GCa-Vm curve. E�ect on the

voltage-dependence of steady-state inactivation was also
similar to those seen in the canine cells: the midpoint of the
Boltzmann function was shifted from 720.3+0.52 mV to
732.7+0.17 mV (12.4+0.7 mV leftward shift, P50.05),

while the slope factor remained unaltered. Similar to results
obtained in canine cells, 250 mM thymol reduced the
amplitude of both components and decreased the respective

time constants (Table 1b). Since the suppressive e�ect of
thymol was weaker in human cells than in canine myocytes,
the slow component was not fully abolished, only markedly

reduced. These single-dose e�ects, requiring not more than
1 min superfusion with thymol, were readily reversible.
However, when longer thymol exposures were applied (e.g.

when measuring the I ±V relationship) the reversion was only
partial in human myocytes.

Effect of thymol on the transient outward potassium
current in canine myocytes

The transient outward current, Ito, was studied using voltage

pulses of 400 ms duration clamped from the holding potential
of 780 mV to test potentials ranging between 710 and
+60 mV. Each of these test pulses were preceded by a 5 ms

long prepulse to 740 mV in order to inactivate the Na
current. Ito was decreased by thymol in a concentration-
dependent manner (Figure 5a,b). This e�ect developed at

relatively low concentrations (suppression of 5.2+2.4% and
17.4+2.7% were observed in the presence of 1 and 10 mM
thymol, respectively, P50.05, n=4) in sharp contrast to
results obtained previously with ICa. The Hill equation, used

to describe the concentration-dependency of the thymol-
e�ect, yielded an EC50 of 60.6+11.4 mM for Ito, a value
signi®cantly lower than obtained for ICa in canine myocytes

(158 mM). The Hill coe�cient was close to unity (1.03+0.11)
suggesting that one single binding site may be involved in the
suppressive e�ect of thymol on Ito. The e�ect of 100 mM
thymol on the amplitude of Ito developed within 30 s and was
fully reversible within 1 min of washout (Figure 5c). The
blocking e�ect of thymol on Ito was not voltage-dependent as

indicated by the peak current-voltage relationships presented
in Figure 5d. Similarly, no change in the voltage dependence
of the steady-state inactivation of Ito was observed (midpoint
potentials of 738.4+3 mV and 739.3+3.6 mV were

determined in the absence and presence of 100 mM thymol,
respectively, N.S., n=6, Figure 5e). The decay of Ito was best
®tted as a sum of two exponential components in canine cells,

described by a fast (2.3+0.3 ms) and a slow (10.4+1.3 ms)
time constant at +50 mV in control. Application of 100 mM
thymol had no signi®cant e�ect on the fast time constant

Figure 5 E�ect of thymol on the transient outward current in canine myocytes. (a) Superimposed records of Ito measured at
+50 mV in control and in the presence of 10, 100 and 500 mM thymol. (b) Cumulative concentration-dependent e�ects of thymol on
Ito measured at +50 mV in four cells. The solid line was obtained by ®tting data to the Hill equation. (c) Representative experiment
showing the time scale of development and reversion of the thymol-induced changes in Ito. (d) E�ect of 100 mM thymol on Ito
densities measured in eight myocytes as a function of the test potentials varied from 710 to +60 mV. (e) E�ect of 100 mM thymol
on the voltage-dependence of steady-state inactivation of Ito studied in six myocytes. Before testing peak Ito current amplitudes at
+50 mV, depolarizing prepulses to various potentials, each having 500 ms duration, were applied. The peak current obtained after
each prepulse was normalized to that arising from the holding potential of 780 mV. These ratios of currents were plotted against
their prepulse potentials and ®tted to a two-state Boltzmann model (solid lines). (f) Fast and slow time constants for inactivation of
Ito obtained before (empty columns), during (striped columns) and after (crossed columns) superfusion with 100 mM thymol in eight
cells. The original Ito records are presented in the inset.
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(2.0+0.25 ms, N.S.) but decreased the slow time constant to
6.2+0.7 ms (P50.05, n=8; Figure 5f).

Effect of thymol on the rapid and slow components of the
delayed rectifier K current

In voltage clamped canine ventricular myocytes (n=4)

thymol caused concentration-dependent block on the rapid
component of the delayed recti®er, IKr. The current was
activated using depolarizing voltage pulses of 150 ms

duration clamped from the holding potential of 740 mV to
the test potential of +10 mV. The decaying current tails
recorded at 740 mV after the end of the test pulse was

assessed as IKr (Figure 6a). These short depolarizations are
suitable to activate a su�cient amount of IKr without
substantial contamination with IKs (VarroÂ et al., 2000). Tail

current amplitudes were signi®cantly decreased by thymol in
a reversible and concentration-dependent manner (Figure
6a,b). Fitting these data to the Hill equation yielded EC50

value of 63.4+6.1 mM and a slope factor of 1.29+0.15. In

another set of experiments, performed in ®ve cells, IKr was
activated at various voltages ranging from 730 to +30 mV
for 150 ms. One hundred mM thymol failed to alter the

voltage dependence of activation of the current although the
inhibition was evident at all voltages positive to 720 mV.
(Figure 6c).

The slow component of the delayed recti®er, IKs was
activated using long (3000 ms) depolarizing pulses clamped to
+50 mV, and the fully activated current, measured at the

end of depolarization, was considered as a measure of IKs
(Figure 6d). In the ®ve myocytes studied thymol caused
concentration-dependent and reversible block of IKs char-

acterized by an EC50 value of 202+11 mM and a Hill
coe�cient of 0.72+0.14 (Figure 6e). Similar to results
obtained on IKr, the thymol induced block of IKs was not
voltage-dependent between +10 and +60 mV (Figure 6f).

Effect of thymol on the inward rectifier K current

The steady-state current-voltage characteristics of the
membrane were studied using voltage clamp steps of
400 ms duration ranging between 7125 and +65 mV and

arising from the holding potential of 780 mV. The currents
measured at the end of these potential steps were plotted
against their respective test potentials ± presented as steady-

state I ±V relationships. The slope of the negative branch of
the I ±V curve is determined by the density of the inward
recti®er K current, IK1. Thymol (100 mM) decreased the slope
of the negative branch of the I ±V curve indicating an

inhibitory e�ect of the drug on IK1 (Figure 7a). At the test
potential of 7125 mV 100 mM thymol reduced IK1 density
from the control value of 743.3+1.6 A F71 to 734.9+1.6

A F71 (P50.05, n=8). Superimposed IK1 currents recorded
at 7125 mV before, in the presence, and after removal of
100 mM thymol is presented in Figure 7b. The blocking e�ect

of thymol on IK1 developed rapidly and was readily reversible
(Figure 7c), similar to results obtained on other ionic currents
with thymol.

Figure 6 Concentration-dependent e�ects of thymol on the rapid (IKr, a ± c) and slow (IKs, d ± f) components of the delayed
recti®er K current in canine cells. IKr was evaluated as a tail current appearing upon repolarization to 740 mV following a short
(150 ms) depolarization to +10 mV. IKs was activated using a long (3000 ms) depolarization to +50 mV. (a, d) Superimposed
records of IKr and IKs, respectively, before, in the presence of, and after removal of thymol. Dashed lines indicate zero current. (b, e)
Concentration-response curves obtained with thymol for IKr (n=4) and IKs (n=5). EC50 values and Hill coe�cients were
determined using the Hill equation (solid lines). (c, f) E�ect of 100 mM thymol on the voltage dependence of IKr and IKs (both n=5).
Test potentials applied for activation of the currents (for 150 ms and 3000 ms, respectively) are given in the abscissa.
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Discussion

In this study we have established that practically all cardiac
ion currents examined were modi®ed by thymol. This
suppressive e�ect, however, was substantially di�erent for

K and Ca currents. The Hill coe�cient estimated for the
thymol-induced inhibition of K currents (Ito, IKr and IKs)
were close to unity, suggesting the involvement of single,

independent binding sites. Furthermore, except the accelera-
tion of decay of Ito, no changes kinetic properties of these
currents were observed in the presence of thymol. In contrast,

suppressive e�ect of thymol on ICa was characterized by a
Hill coe�cient close to 3, suggesting positive cooperation
between the binding sites involved, or alternatively, contribu-
tion of more than one mechanism in the block. Due to the

hydrophobic character of the molecule thymol may approach
channel proteins through the lipid phase of the membrane
and may alter their local environment. This mechanism may

likely be involved in the e�ect of thymol on ion channels in
general, however, cannot account for the di�erences found
between blockade of Ca and K channels, since all these

channels (except IK1) contain largely similarly arranged six
transmembrane domain assembly (Shieh et al., 2000). It is
possible, therefore, that in addition to postulated lipid

interactions, thymol may bind to and thus modify the
channel proteins as well. In our experiments marked
leftwards shift in the voltage-dependence of steady-state
inactivation of ICa was observed with thymol (Figures 3

and 4d), which may increase the voltage-dependent rate
constant for inactivation resulting in acceleration of the time
constant for inactivation as demonstrated in Table 1. Based

on these results, the blocking e�ect of thymol on cardiac Ca
current resembles that of the conventional Ca-entry blocker
verapamil. Indeed, thymol was reported to e�ectively

suppress Ca current in neuronal membranes (Gyri et al.,
1991). Although relatively low concentrations of thymol were
shown to induce Ca release from internal stores in neural

(Kostyuk et al., 1991), smooth muscle (Hisayama &
Takayanagi, 1986), skeletal muscle (Szentesi et al., 2001),
and cardiac tissues (own unpublished results), this e�ect
might not substantially modify the interpretation of present

results on ion currents due to the presence of 10 mM EGTA
in our pipette solution. This was not the case in action
potential measurements, performed with conventional sharp

microelectrodes containing EGTA-free KCl, therefore, the
possible contribution of the thymol-induced Ca release to
changes in action potential morphology cannot be ruled out

in these experiments.
The e�ect of thymol on action potential con®guration of

canine myocytes can be well explained by the di�erences in

EC50 values estimated for the suppressive e�ects of thymol on
various ion currents. Low concentration (10 mM) abolished
the notch of the action potential without further changes in
the action potential morphology, whereas higher concentra-

tions (100 mM and above) caused shortening of APD and
depression of the plateau. The former e�ect is likely due to
inhibition of Ito, and the latter due to blockade of ICa. This

thymol-induced shortening of APD suggests that the e�ect of
high thymol concentrations on APD is dominated by
suppression of ICa in contrast to the inhibitory e�ect on IKr
and Ito, in spite of the lower EC50 values obtained for K
channel blockade.
It is important to emphasize that the e�ects of thymol on

ICa were qualitatively similar in canine and healthy human

ventricular cells, however, they were weaker in the latter. At a
concentration of 250 mM thymol decreased peak ICa by
82.6%, the faster time constant for inactivation by 49.6%,

and shifted the steady-state inactivation curve by 717.4 mV
in canine myocytes. The respective values obtained in human
cells were 68.6%, 38.2%, and 712.4 mV. In spite of these

minor di�erences observed in canine and human myocytes,
one may conclude that the mechanism of action of thymol on
calcium channels is essentially similar in dog and human.

The multiple suppressive e�ect of thymol on cardiac ion
currents (INa, ICa, Ito, IKr, IKs and IK1), demonstrated in this
study, may cause cardiac arrhythmias in case of incorpora-
tion of the appropriate amount of thymol. Since the

compound is a commonly applied constituent of herbal
complexes, mouth wash and dental medication, its accidental
overdose or intentional intoxication (in case of suicide) can

not be excluded. Probably it is more important from the
therapeutic point of view that thymol is used to stabilize
liquid halothane when applying for general anaesthesia.

Figure 7 E�ect of thymol on the inward recti®er K current in
canine cells. (a) Steady-state current-voltage relationship of the
membrane determined at the end of 400 ms long voltage steps
clamped to membrane potentials showed in the abscissa (n=8). (b)
Superimposed records of IK1 current traces measured at 7125 mV in
control, in the presence of, and after washing out of 100 mM thymol.
(c) Representative experiment showing the time scale of development
and reversibility of the e�ect of 100 mM thymol on IK1, measured at
7125 mV.
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Although the concentration of thymol is relatively low
(0.01%) in the original halothane-thymol mixture, its
concentration may dramatically increase due to accumulation

of thymol in the vaporizer in case of improper use. In a
perioperative cardiac arrest registry performed in pediatric
patients two third of cases of cardiac arrest due to medication
was considered to be a consequence of application of

halothane (Morray et al., 2000). Indeed, halothane was
shown to block ICa and IK in guinea-pig ventricular myocytes
with little e�ect on IK1 (Hirota et al., 1989). Similar results

were obtained by Baum et al. (1994), where suppression of
ICa was associated with a 711 mV leftward shift of the
steady-state inactivation curve. Davies et al. (2000) found

halothane to depress Ito in rat ventricular cells. These e�ects
obtained with liquid halothane (containing also thymol)
resembles our present results with thymol, raising the

possibility that some of the cardiac e�ects ascribed previously
to halothane may probably be attributed to the concomitant
presence of thymol in the superfusate.
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