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Abstract :  Arrhythmias induced by class III antiarrhythmic drugs (amiodarone,
bretylium and sotalol) in spontaneously beating rabbit sino-atrial nodal cells were inves-
tigated using voltage-clamp and Ca®*-sensitive fluorescent dye (fura-2). These drugs
caused a negative chronotropic effect, and amiodarone and sotalol prolonged the action
potential duration. Amiodarone (10 M) induced arrhythmias in 3 out of 10 cells, and
simultaneously elicited a transient inward current. Bretylium (10 #M) increased the
incidence of arrhythmias in 5 out of 11 cells, and sotalol (10 xM) caused arrhythmias in only
one of 10 cells. These drugs inhibited the Ca?* and delayed rectifier K* and hyperpolariza-
tion-activated inward currents. The kinetics for activation and inactivation of these
currents were unaffected. After a washout, the regular rhythm was.resumed and the
transient inward current also disappeared. Change in the cytosolic Ca?* concentration was
monitored with fura-2. Amiodarone (10-30 M) and bretylium (0.1-10 M) significantly
elevated the cytosolic Ca?* level, but sotalol, even at 1 mM, did not affect it. These results
indicate that the class Il antiarrhythmic drugs possess proarrhythmic actions, probably
resulting from elevation of cellular Ca?* concentration as well as the prolongation of action
potential.

Index Terms

class III antiarrhythmic drugs, proarrhythmic action, intracellular Ca?* concentration,
calcium overload, transient inward current

INTRODUCTION

Class IIl antiarrhythmic drugs possess characteristics for prolongation of action potential
duration (APD) without affecting the fast Na* current (Iy,), according to a classification of
antiarrhythmic drugs®. The APD prolongation would be produced mainly by inhibition of
delayed rectifier K* current (Ix), and thereby an effective refractory period (ERP) would be
expected to increase. However, it has recently been demonstrated that the drugs also cause
inhibitory actions on Iy, and Ca?' current (I¢,)?®. These effects appear to share their
antiarrhythmic actions.

By contrast, the class III drugs might induce reentrant arrhythrma due to APD prolongation
(a torsades de pointes type ventricular tachycardia)®. In addition, the APD prolongation can
cause a positive inotropic effect, presumably resulting from the elevation of intracellular Ca2*
concentration ([Ca],)®. Amiodarone and bretylium increased the threshold to elicit ventricular
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fibrillation with coronary ligation®=®. In the present experiments, therefore, arrhythmias
induced by the class IIl drugs (amiodarone, bretylium and sotalol) were examined in spontane-
ously-beating rabbit sino-atrial (SA) nodal cells, using two-microelectrode voltage-clamp
technique. Also, the [Ca]; in single SA nodal cells was measured directly using fura-2, a Ca?*-
sensitive fluorescent dye.

METHODS

SA node preparations

Rabbits, weighing 1.5-2.0 kg, were anesthetized with pentobarbital sodium (30 mg/kg,
i.v.), and exsanguinated. After removing the right atrium, strips of the SA nodal tissue were
made by dissecting the tissue in a direction perpendicular to the crista terminalis, as described
previously®!?, The preparations were made smaller by dissections to a final dimension of
about 0.2 x 0.2 mm. The preparation was superfused with the bath solution oxygenated with
100% O, at 36°C, and was left to beat spontaneously.

Single SA nodal cells were dissociated from hearts of rabbit (1.5-2.0 kg)'™2, The SA
node region was excised under a dissection microscope and cut into small strips of about 0.5
-1 mm in width. The SA node strips were incubated in Ca?*-free bath solution. The spontane-
ous heart beat ceased. The perfusate was changed to Ca**-free Tyrode solution containing
0.1% collagenase (Type 1, Sigma Chemical Co., St. Louis, MO, USA) for 30-35 min at 36°C.
The specimens were then transferred to high K*, low Cl~ solution and stored at 4°C for 1 h. The
cell size was in the range of 10-25 um in length and 10-15 xm in width.

Recordings of action potentials and ionic currents

Two-microelectrode voltage-clamp technique was used®!°, which is similar to the method
developed initially by Noma & Irisawa'®. Conventional glass microelectrodes filled with 3 M
KCl were used, and the resistances were 20-30 MQ. The holding potential was —40 mV.
Between applications of the voltage-clamp, the cells invariably showed spontaneous activity.
The amplitude of Ic, was determined as the difference between the peak current and the current
level measured at 100 msec after the onset of the step, according to the method developed by
McDonald and Trautwein!®. The magnitudes of Ix and hyperpolarization-activated inward
current (I;) were determined by taking the difference between the value of the current at the
end of a long clamp-pulse and zero current level. The amplitude of the transient inward current
(I;) was determined as the difference between the major inward peak and a line drawn between
the beginning and the end of that peak!®'®, The values represent mean +S.E.M.

Measurement of cellular Ca?* concentration

Aliquots of isolated cells (300 x1) were incubated with the acetoxy-methyl-ester of fura-
2 (fura-2/AM) (Dojin Chemical Co, Kumamoto, Japan) at 30°C with gentle agitation for 30 min
in the presence of an initial concentration of 0.3 £M fura-2/AM 2, After incubation for 30
min, the cell suspension diluted approximately 1000-fold with the bath solution was used and
was served for experiments. The cell was changed from rod-shape to round-shape. Cellular
fura-2 was fully Ca**-sensitive at 100 to 500 nM [Ca]; (measured in populations of cells). The
[Cal; in cells loaded with fura-2 was monitored as a change in the ratio of the fluorescent



Arrhythmias by class III antiarrhythmic drugs (65)

intensity at 340-nm and 380-nm excitations. The fluorescence was quantified with a silicon-
intensified target (SIT) camera and a digital imaging system (Hamamatsu Photonics Argus
100, Hamamatsu, Japan).

Solutins

The composition of the bath solution was (in mM) : NaCl 137, KC12.7, MgCl, 0.5, CaCl,
1.8, HEPES [N-(2-hydroxyethyl) piperazine-N’-2-ethanesulfonic acid] (Wako Pure Chemi-
cal Industries, Ltd., Osaka, Japan) 5, and glucose 5. The pH was adjusted to 7.4 with NaOH.
The composition of the high K*, low Cl~ solution was (in mM) : KOH 70, KC1 40, 1-glutamic
acid 50, taurine 20, KH,PO, 20, MgCl, 3, glucose 10, EGTA 0.5, and HEPES 10. The pH was
adjusted to 7.4 with KOH. The drugs used were amiodarone hydrochloride (Sanofi Recherche,
Toulouse, France), bretylium tosylate (American Critical Care, McGraw Park, IL, USA), and
(%)-sotalol hydrochloride (Bristol Myers, Brussels, Belgium). Amiodarone and bretylium
were dissolved in dimethyl sulfoxide (DMSO) (Sigma Chemical Co., St. Louis, MO, USA), and
sotalol was dissolved in distilled water. The stock solution with the concentration of 100 mM
was stored at —10°C.
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Fig. 1. Modulation of the spontaneously beating sino-atrial nodal action potentials
and occurrence of arrhythmia by application of amiodarone. A : Spontaneous
action potentials. B: Maximum rate of depolarization. C: Spontaneous
action potentials and electrically differentiated action potentials (by fast
-speed recording) at various times during the experiments. Short line at the
left of the action potentials represents zero mV.
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RESULTS

The class Il drugs caused a negative chronotropic effect in a concentration-dependent
manner. Amiodarone (100 M) decreased the maximum rate of depolarization (\'/'maxl pro-
longed APD, and hyperpolarized the maximum diastolic potential (MDP), significantly (Fig.
1). Bretylium (10 M) decreased \'7max. Sotalol at 10 uM depolarized MDP, and at 100 xM
prolonged APD. These results are summarized in Fig. 2.

In some cells, amiodarone (10-30 M) induced arrhythmias (Fig. 1 A-C). The incidence of
the arrhythmias in summarized in Table 1. During pacemaker potential (a phase 4 depolariza-
tion), small depolarizations (not reaching the threshold potential) and irregular oscillatory
potentials were elicited. Increasing the concentrations increases the incidence of arrhythmias.
When K* concentration in the bath sulution ([K],) was reduced from 2.7 to 1.0 mM, amio-
darone (30 M) newly elicited arrhythmias in three cells. No arrhythmia occurred in these
cells by amiodarone alone. Bretylium induced arrhythmias most frequently among the three
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drugs, and the incidence was in 8 out of 11 cells at 1 mM (Table 1). In two SA nodal cells, a
sinus arrest occurred after washout of bretylium. - The resting potential was approximately
—60 mV. Sotalol at 100 M elicited arrhythmias in only one of 10 cells. After about 30 min-
washout of the drugs, regular rhythm was recovered in all the cells.

In voltage-clamp experiments, the class III drugs inhibited the Ca?*" current (Ic.), the
delayed rectifier K* current (Ix), and the hyperpolarization-activated inward current (I;) (Fig.
3). Current-voltage curves are given in Fig. 4. The percentage changes induced by the drugs
are summarized in Table 2. Voltages of half-maximum activation and inactivation for I, were
—37.3+2.5mV (n=18) and —17.9+2.3mV (n=17) in control, and these drugs did not affect

Table 1. Incidence of arrhythmia induced by class III antiarrhythmic drugs in
spontaneously beating rabbit sino-atrial nodal cells

n 100 nM 1M 10 uM 30 M 100 xM 1 mM
Amiodarone 10 1 3 5 —
Bretylium 11 2 2 5 — 8 8
Sotalol 10 — 1 1 1

n: Number of experiments.
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Fig. 3. Effects on the ionic currents and induction of transient inward current
in the absence and presence of amiodarone. Test pulses were applied
to 0 mV (panel A) and to +20 mV (panel B) from holding potential
of —40 mV. Arrows indicate transient inward currents in the presence
of amiodarone (1 and 10 xM). Short line at the left of the current
recordings represents the zero current level.
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them. In addition, voltage of half-maximum activation for Ix was —13.8+1.5mV (n=17) in
control, and was unaffected in the presence of the drugs.

Simultaneously, a transient inward current (I;;) occurred on the activating outward current
as well as on the tail current recordings by depolarizing test pulses to +20 mV, as shown in Fig.
3. Holding potential was —40 mV. The amplitudes of I,; reached peak at +20 mV. The peak
amplitudes were 4.5+1.1nA (n=5) at 1 M, 5.7£0.7nA (n=5) at 10 xM, and 6.3+0.5nA (n
=4) at 30 uM of amiodarone. At 30 min after washout, the I,; disappeared accompanied with
the abolishment of arrhythmias. ,

Using a single SA nodal cell loaded with fura-2, the [Ca]l; during exposure to class IIl
antiarrhythmic drugs was measured. Since the shape of a single SA nodal cell was variable
from rod to round, the localization of cytoplasmic [Ca]; would not be identified clearly.
Amiodarone (30 M) gradually increased [Ca]; level (Fig.5). The absolute value of [Ca]; was
130+20nM (n=4). The [Ca]; elevation was concentration-dependent, and the maximum
values (%) in the presence of the three drugs are summarized in Table 3. After washout of
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Fig. 4. Current-voltage relationship for the ionic currentsin the presence of
amiodarone. Amplitudes of transient inward current were plotted
along voltage axis. Between applications of voltage-clamp, the SA
node preparations showed dysrhythmia. Symbols are control (open
circles), 1 M (triangles), 10 #M (squares) and 30 M (filled circles)
of amiodarone.
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Table 2. Inhibitions of ionic currents in rabbit sino-atrial nodal cells

n Ica Ix I;
Amiodarone
1M 7 22.5+4.1 *= 18.7+4.2 = 2.7£2.5
10 xM 8 27.33.2 #= 26.3143.1 *= 25.042.9 ===
30, x M 8 33.244.8 ** 33.645.5 #==* 43.7+3.7
Brefylium
100 nM 5 10.2+3.7 8.7%£2.4 0.5+0.1
300 nM 5 16.142.9 == 21.7£3.1 %= 2.9%£2.6
1M 5 20.945.2 *= 20.31+4.1 *= 5.8+4.8
Sotalol .
10 M 5 3.814.4 46.61+4.2 == 70.315.1 *#=
100 M 5 6.8£3.8 49.9£5.1 *= 73.445.6 **=
1mM 5 9.8+3.6 53.7£3.5 #*x 80.145.3 **+

Values (%) represent mean + S. E. M. n: number of experiments. Ic,: Ca?* current at
0 mV. Ix: delayed rectifier K* current at +30 mV. I;: hyperpolarization-activated
inward current at —70 or —80 mV. * : P<0.05, ** : P<0.01, *** : P<0.001, with
respect to control value.

amiodarone and bretylium, further transient enhancement of [Ca]; (rebound) was observed and
then, the [Ca], was fallen down. In contrast, sotalol (even at 1 mM) did not induce any
significant change in [Ca]; (by 8.6+4.19%).

DISCUSSION

The present experiments in rabbit SA nodal cells showed the following: (1) Class III
antiarrhythmic drugs had inhibitory actions on the spontaneous action potentials and ionic
currents ; (2) they had no effect on activation and inactivation kinetics for the ionic currents ;
(3) APD prolongation was produced by application of high concentrations ; (4) amiodarone and
bretylium induced arrhythmias ; and (5) both drugs elevated the [Ca]; level. In general, class III
antiarrhythmic drugs exert antiarrhythmic actions by APD prolongation, with no effect on Iy,
in cardiac muscle cells. For mechanisms of the APD prolongation, some possibilities emerge :
(1) decrease in Ix current ; (2) increases in the inward currents (Iy, and Ic,) and delay of their
inactivation. In the SA nodal cells, therefore, the APD prolongation would not be due to the
effect on inactivation but due to Ix inhibition, since the SA nodal action potential is not
dependent on Iy,.

The drugs possess other multiple actions on the cardiovascular system. Amiodarone
depressed Iy, and Ic, as well as Ix in ventricular muscle®!™!®, consistent with the present
results. In addition, amiodarone produces non-competitive inhibitions of a- and g-
adrenoceptors'®, and is able to induce smooth muscle relaxation®>?V. On the other hand,
bretylium was found to have an indirect action mediated by release of endogeneous cate-
cholamines, and to cause a positive inotropic effect??. Bretylium decreased Iy. and Ix in
cultured embryonic chick heart cells®*®»?4. Sotalol competitively blocked B-adrenoceptors in
cardiac and vascular smooth muscles®). Both d- and l-sotalol inhibited I to the same extent?®.
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Fig. 5. Elevation of the cytosolic Ca?* concentration of a single SA node cell induced by amiodarone. Ratio
of fluorescence intensities of the cytoplasm measured at 340— and at 380-nm excitations is indicated
in a fluorescent fura-2 loaded single cell. A : Application of amiodarone (30 xM) increased cellular
Ca®* level. B: Stereographs of cellular Ca** level in a single SA node cell at various times during the
experiments as indicated by triangles in A.

Table 3. Elevation of cellular Ca?" concentration in the pres-
ence of class Il antiarrhythmic drugs

n maximum rebound
Amiodarone
1uM 6 7.6+3.3 1.2+0.7
10 M 5 05.4410.0 #==* 11.5+6.3
30 M 6 101.848.3 #=+ 18.6+5.1 *=
Bretylium 7
100 nM 3 68.749.2 *= 8.4+3.5
1uM 4 128.3£11.9 #*= 13.6+4.1+
10 M 5 487.6+12.0 #==* 16.5+6.2 *
Sotalol
1mM 5 8.6t4.1 1.6+£0.8

Values (%) represent mean + S. E. M. n: number of experiments.
#* 1 P<0.05, **: P<0.01, *** : P<0.001, with respect to control

value.

Elevation of [Ca];

Class III drug-induced APD prolongation may increase [Ca];. Amiloride (a K* sparing
diuretic drug) also caused profound prolongation of APD in canine ventricular muscle, and

simultaneously produced a great positive inotropic effect®. Class III drugs have been reported
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to cause a positive inotropic effect?’=*?, They suggest that the mechanism for the positive
inotropic effect would be due to elevation of [Cal;, presumably resulting from the APD
prolongation, and the prolongation was induced by delayed inactivation of Na* inward current.
However, recent studies have revealed that the class III drugs also inhibited the Iy. current, as
well as [x!™1®2930 Therefore, it seems unlikely that the positive inotropy might be due to the
modulation of Iya.

The present experiments actually showed that amiodarone and bretylium elevated [Ca];
level. Amiodarone did not release Ca?" from intracellular storage sites, but increased
intrasynaptosomal free Ca®*, resulting in induction of neurotoxicity®?. The class III drugs did
not increase Ic,, and prolonged the APD just at high concentrations. Therefore, the drugs
would elevate [Ca]; due not only to the APD prolongation but also to other indirect actions.
Less marked APD prolongation might result from stimulation of Ca?*-activated K* current.

Occurrence of arrhythmias

Delayed repolarization certainly causes prolongation of ERP3®, but a large APD prolonga-
tion may induce arrhythmias. The arrhythmogenicity of class III antiarrhythmic drugs has
already been shown in in vivo and in vitro experments, which is a torsades de pointes type

ventricular tachycardia®®3%. Disparity of repolarization may predispose to reentrant
arrhythmias®. It seems that the delayed repolarization might not always behave in a uniform
manner and that heterogeneity of refractory periods might be elicited in this situation.

The excess elevation of [Cal; level may elicit the triggered activity, and produce arrhyth-
mias. In the arrhythmia-occurring cells, amiodarone elicits I, which induces the delayed
afterdepolarization (DAD) on the action potentials. In general, I; is exhibited in calcium
overloaded cardiac muscle under the conditions of hypoxia, ischemia, and cardiac failure. The
I; Cor DAD) is caused by change in permeability of background or leak channels to Na*t or K+,
or to both ions, resulting in occurrence of arrhythmias!®!5+35-3"_ In the present experiments
using fura-2, amiodarone elevated [Ca]; level. After washout, a sinus arrest was elicited in
arrhythmia-occurring SA nodal cells. The induction of sinus arrest was due to further
elevation of [Ca]l; during washout. In calcium overloaded cells, [Ca]l; level during washout is
enhanced (but transiently), and simultaneously a transient positive inotropic effect is
produced?®29,

Bretylium exerts indirect actions mediated by the release of endogenous catecholamines
from nerve endings®?. It may also elicit arrhythmias, not only due to APD prolongation but
also due to elevation of [Cal; via a-and B-adrenoceptor stimulations®. Recent studies have
demonstrated that one mechanism of ventricular tachycardia may be a triggered activity by the
early afterdepolarization (EAD)#°~*?, The EAD might probably be produced by decrease in K*
conductance (which may lead to torsades de pointes), and by an inward tail current (I,) during
calcium overloading cardiac muscles!®!®, On switch to low [K], solution in the presence of
amiodarone, new arrhythmias occurred. This may result from EAD. Hypokalemia may
produce instability of the membrane potential*®. Amiodarone and bretylium hyperpolarized the
maximum diastolic potential, suggesting that these drugs might in part have a tendency to
produce instability of the membrane potential. Furthermore, it has been known that bretylium
possesses the ability to interact directly with the parasympathetic system, and exerts anti-
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cholinergic activity in guinea-pig atrium*?. In the SA nodal cells, however, bretylium did not
enhance the pacemaker activity, but prolonged the cycle length.

Sotalol, a f-adrenergic blocking drug, did not elicit arrhythmia but in only one of 10 cells.
The blocking actions could decrease [Ca]; level, and prevent occurrence of the arrhythmias
induced by calcium overload. Thus, sotalol would have a very low incidence of arrhythmia in
rabbit SA node preparations.

CONCLUSION

In the SA node, arrhythmias occurred in the presence of the class Il drugs. The drugs
caused the APD prolongation, which may elevate [Ca]l;, at high concentrations, but not at low
concentrations. Amiodarone and bretylium actually elevated [Ca];. Amiodarone also elicited
Li;. Since the triggered activity is produced under cellular calcium overload, the class IIl drugs
in rabbit SA nodal cells would elicit arrhythmias mainly due to development of cellular calcium
overload, which might result from not only the APD prolongation but also other indirect
actions. Under conditions of cardiac failure, the positive inotropic effect induced by class III
antiarrhythmic drugs may be a beneficial action. But since these drugs can elevate [Cal,,
administration may develop the cellular calcium overload, and elicit some arrhythmias Q. e.
tachycardiac fibrillation).
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