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1 The antiarrhythmic potency of propafenone was evaluated in the guinea-pig isolated heart;
arrhythmias were induced with (a) digitalis intoxication and (b) hypoxia followed by reoxygenation.
2 Propafenone, 0.5jum, was found to be the minimal but effective antiarrhythmic concentration.
The antiarrhythmic activity of propafenone developed slower than that of 10M mexiletine, which
was the lowest effective concentration under the same experimental conditions.
3 The electrophysiological effects of propafenone were then studied on sheep cardiac Purkinje
fibres (manifesting oscillatory afterpotentials and triggered automaticity induced by barium or

strophanthidin) and compared with those of 10 ym mexiletine.
4 Both 0.5jpM propafenone and 10pM mexiletine consistently blocked triggered activity in sheep
Purkinje fibres. The onset of the effect of propafenone was slower than that of mexiletine.
5 Unlike mexiletine, propafenone did not reduce the amplitude of oscillatory afterpotentials.
6 In contrast, propafenone significantly reduced P,,J in barium- and strophanthidin-treated prep-
arations.
7 It is concluded that the antiarrhythmic action of propafenone on digitalis- and reoxygenation-
induced arrhythmias is probably due to an electrophysiological mechanism different from that of
mexiletine. Mexiletine, by reducing the amplitude of oscillatory afterpotentials, prevents the attain-
ment of the threshold; propafenone, by reducing the excitability of the cell, increases the threshold
and consequently an oscillatory afterpotential of the same amplitude will not generate arrhythmias.

Introduction

The antiarrhythmic action of class I antiarrhythmic
agents is generally referred to as their ability to
reduce the fast sodium current, an effect which is
simply revealed by the reduction of the maximum
rate of depolarization (P.,,) (Vaughan Williams
1984). However, mexiletine, a class Ib antiarrhythmic
agent, has been reported to exert its antiarrhythmic
action on digitalis-, reperfusion- and reoxygenation-
induced arrhythmias by selectively reducing oscil-
latory afterpotential amplitude (Amerini et al.,
1985a).

Oscillatory afterpotentials (delayed after-
depolarizations) are thought to be the possible elec-
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trophysiological stimulus responsible for the genesis
of digitalis-, reperfusion- and reoxygenation-
arrhythmias (Ferrier, 1977; Corr & Witkowsky,
1983; Manning & Hearse, 1984; Amerini et al.,
1985a).

Propafenone is an antiarrhythmic drug which has
been shown to be effective in the treatment of supra-
ventricular and ventricular arrhythmias (Connolly et
al., 1983; Chilson, et al., 1985). Its pharmacological
properties and clinical indications have been recently
reviewed (Karaguezian et al., 1985).

Microelectrode studies of isolated cardiac tissue
have shown that propafenone decreases the
maximum rate of depolarization of phase 0 of the
action potential, without changing the resting mem-
brane potential, in both atrial and ventricular muscle
fibres (Ledda et al., 1981; Kohlhardt, 1983; Tamargo
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& Delgado, 1985). Propafenone also reduces the
amplitude of delayed afterdepolarizations induced by
ouabain in Purkinje fibres and ventricular muscle
(Tamargo & Delgado, 1985). Finally propafenone
shortens the effective refractory period (Ledda et al.,
1981; Tamargo & Delgado, 1985), exerts a fi-
adrenoceptor blocking action (Ledda et al., 1981),
and has calcium antagonistic activity (Ledda et al.,
1981; Delgado et al., 1984).
We thought that it would be interesting to evalu-

ate the antiarrythmic potency of propafenone in
digitalis- and reoxygenation-induced arrhythmias
that possibly share a common electrophysiological
mechanism (Amerini et al., 1985a). In an attempt to
clarify the electrophysiological mechanism of its
antiarrhythmic action, we evaluated the effect of pro-
pafenone on the transmembrane potential properties
of Purkinje fibres exposed to barium or strophanthi-
din and manifesting oscillatory afterpotentials and
triggered activity (Amerini et al., 1985a,b). We,
finally, compared the effects of propafenone with
those of mexiletine under the same experimental
conditions.
The two major aims of the study were: (1) to cor-

relate the antiarrhythmic effect of propafenone with
its main electrophysiological action; (2) to compare
the electrophysiological profiles of antiarrhythmic
concentrations of propafenone and mexiletine. Some
of these results have been presented in abstract form
(Cerbai et al., 1987).

Methods

Studies in the isolated heart

Guinea-pigs (body weight 350-500 g) were injected
with heparin, 100 u, and killed by a sharp blow at
the base of the skull. The heart was immediately
removed and mounted on a double-reservoir non-
recirculating Langendorff apparatus perfused in a
retrograde manner. Details of the technique have
been described elsewhere (Carbonin et al., 1981;
Amerini et al., 1985a). The hydrostatic aortic per-
fusion pressure was 8 kPa. The composition of the
control medium was (mM): NaCl 117, KCI 4.6, CaC12
2, NaHCO3 20, NaH2PO4 0.8, MgCl2 1 and glucose
5, equilibrated at 37°C with 95% 02 and 5% Co2.
The CO2 and 02 partial pressure and the pH value
of the perfusion fluid were monitored by means of a
gas analyzer (Instrumentation Laboratory model
213).

Epicardial electrograms were recorded by means
of an atraumatic electrode connected to an amplifier
(E&M Instrument model V 1205). The left ventricu-
lar pressure was measured by inserting a 12 cm poly-

ethylene catheter (0.5 mm diameter) into the left
ventricle via the mitral valve. Left ventricular pres-
sure and dP/dt were recorded by means of a pressure
transducer (Statham P23) connected to a pressure
amplifier (E&M Instrument model V 2203). All data
were recorded on paper with an E&M Instrument
model VR 12 Simultrace recorder. The coronary
flow rate was measured by collecting the effluent.
Rhythm disturbances were subdivided into: (a)

conduction disturbances (sinoatrial and atrioventric-
ular blocks) and (b) ventricular tachyarrhythmias
(VTAs) which include ventricular premature beats
(VPBs), ventricular tachycardia (VT), and ventricu-
lar fibrillation (VF). A large and aberrant QRS
complex and the absence of a preceding P wave
identified VPBs. More than 5 consecutive VPBs
were considered VT. Complete morphological
irregularity of at least 10 complexes was considered
VF.

After 20 min of control perfusion to obtain the sta-
bilization of heart rate and ventricular function, the
hearts in one group were exposed to hypoxia fol-
lowed by reoxygenation and in a second group to
perfusion with digitalis.
Hypoxia was produced by gassing the medium

with a mixture of 95% N2 plus 5% CO2 (Po2
<40mmHg). During the hypoxic period the hearts
were perfused with a glucose-free medium. After
15 min of hypoxia, the perfusion with the oxygenated
medium was rapidly restored and maintained for
10min (reoxygenation phase).

Digitalis intoxication was obtained by perfusing
the heart with digoxin 1 ym for 30 min.

Electrophysiological studies

Sheep cardiac Purkinje fibres were excised from the
ventricles and kept in oxygenated Tyrode solution
until used. One strand was mounted in a tissue bath
and superfused with Tyrode solution at a rate of
8 ml min -. The composition of the solution was
(mM): NaCl 137, KCI 4, NaHCO3 11.9, NaH2PO4
0.42, MgCl2 0.5, CaCl2 2.7 and glucose 5. The con-
centration of CaCl2 was changed in some experi-
ments, as indicated. The Tyrode solution was
equilibrated with 97% °2 and 3% CO2(pH 7.3-7.4).
The preparations were stimulated with rectangular

pulses (0.5 to 1 ms in duration and 1.5 times the
threshold) through bipolar silver electrodes electri-
cally insulated except for the tip. Action potentials
were recorded by means of two 3M KCI-filled glass
microelectrodes, one of which was inserted intracel-
lularly and the other placed in the solution close to
the preparation. Microelectrodes were coupled to
two high-input impedance guard electrometer ampli-
fiers (Bigongiari, Firenze). The action potential was
displayed on a Tektronix model 5113 dual-beam
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storage oscilloscope and recorded on an FM tape
recorder (Racal 14 DS). The records were played
back into a chart recorder (Gould Brush 2400). An
automated analysis of action potential was per-
formed, as previously described (Fusi et al., 1984).
Evaluation of the following parameters was carried
out: action potential amplitude, overshoot,
maximum diastolic potential, V., action potential
duration (APD_60 and APD90).

Oscillatory afterpotentials (OAPs) were induced
by exposing the preparations to low barium concen-
tration or to strophanthidin, as described elsewhere
(Mugelli et al., 1983; Amerini et al., 1985ab). The
drive stimulus was interrupted periodically (usually
every min for 30 s) to assess the presence of OAP and
triggered activity.
The drugs used in this study were chemically pure:

strophanthidin (Sigma), digoxin (Boehringer-
Biochemia-Robin), propafenone (Knoll), mexiletine
(Boehringer-Ingelheim), BaCl2.

Analysis of data

The analysis of data for significance was performed
by means of Student's t test for paired data and of
Fisher's exact test for the proportions. P values of
<0.05 were considered significant.

Results

Effect ofpropafenone on digitalis-induced arrhythmias

Digoxin, 1 gM, induced ventricular tachyarrhythmias
(VTAs) in 100% of the control hearts within 9min.
Propafenone, added to the perfusion medium when
all the hearts exhibited digitalis-induced VTAs (i.e.
after 9 min), was able to reduce the incidence of these
VTAs. The lowest but significantly effective concen-
tration proved to be 0.5 S#m: this concentration, in
fact, significantly reduced the incidence of VTAs
after 18 min of perfusion. A lower concentration,
0.1 FM, was completely ineffective; 1 FM propafenone
was already effective after 9min of perfusion and
completely abolished the VTAs induced by digoxin
after 18 min (Figure 1). The antiarrhythmic action of
propafenone was delayed compared with mexiletine.
Mexiletine 10pM was found to be the lowest effective
concentration in the same experimental conditions
(Amerini et al., 1985a) and 10pM mexiletine prompt-
ly abolished digitalis-induced VTAs and the hearts
returned to normal sinus rhythm within 1 min
(Amerini et al., 1985a); however, with propafenone a

similar effect was obtained after 9 to 18min of per-
fusion (present results).
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Figure 1 Percentage of hearts which developed ven-
tricular tachyarrhythmias (VTAs) during perfusion with
digoxin 1IM of the guinea-pig isolated heart; (M): per-
fusion with digoxin (control); (0), (A), and (V): per-
fusion with digoxin plus propafenone 0.1, 0.5 or 1 jiM
respectively. n = 10 for each point. Propafenone was
added to the medium after 9min of perfusion with
digoxin. *P < 0.05; **P < 0.01 vs control.

Effect ofpropafenone on reoxygenation-induced
arrhythmias

Perfusion with a hypoxic glucose-free medium
caused, as expected, a rapid decrease in ventricular
rate (Carbonin et al., 1981; Amerini et al., 1985a).
Reoxygenation was associated with the sudden
development of ventricular tachyarrhythmias in
75-92% of the control hearts (Figure 2). The lowest
effective concentration of propafenone on digitalis-
induced VTAs (0.5 .M) was also effective on the
VTAs occurring during the reoxygenation phase.
The drug was added to the perfusion medium at the
beginning of reoxygenation. Propafenone reduced
the incidence of reoxygenation-induced VTAs, the
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Figure 2 Percentage of hearts which developed ven-
tricular tachyarrhythmias (VTAs) during reoxygenation
of the guinea-pig isolated heart; (-, n = 12): control;
(0, n = I1): perfusion with propafenone 0.5yM (A)
(data reported by Amerini et al., 1985a): perfusion with
mexiletine 10pM (n = 10). *P < 0.05, **P < 0.01 vs
control.
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antiarrhythmic effect being statistically significant
after 7min of perfusion (Figure 2). The effect of pro-
pafenone was again delayed compared with mexile-
tine, as shown in Figure 2. Mexiletine (1O MM), in fact,
significantly reduced reoxygenation-induced VTAs
after only 2 min of perfusion (Amerini et al., 1985a).

Effect ofpropafenone on Purkinjefibres manifesting
oscillatory afterpotentials (OAPs) and triggered
activity

The effects of propafenone on normal Purkinje fibres
have been described previously (Ledda et al., 1981;
Dukes & Vaughan Williams, 1984; Tamargo &
Delgado, 1985). We consequently studied only the
effects of propafenone on preparations manifesting
OAP and triggered activity.

Superfusion of Purkinje fibres with low barium
concentrations or with strophanthidin typically
causes the appearance of oscillatory afterpotentials
and of subsequent triggered activity (Amerini et al.,
1985a).
Propafenone (0.5 Mm) consistently blocked the trig-

gered activity induced by barium or by strophanthi-
din. Figure 3 shows one such experiment:
strophanthidin (0.3 pM) induced triggered activity
which sometimes lasted for a long time, Figure 3a
shows the self-sustained rhythm 1-2 min after its
start. Propafenone (0.5.uM) was able to block such
spontaneous activity in 6 min (Figure 3b). Typically
the rhythm ceases with subthreshold damped oscil-
lations. Similar results were obtained in barium-
treated Purkinje fibres. The lower records (b) of
Figure 4 show a representative experiment of a series
of 4, in which similar results were obtained. In the
presence of barium (10pM) and high [Ca2"].
(7.2mM), a triggered rhythm ensued when stimu-
lation was interrupted (Figure 4, controls a and b).
Propafenone (0.5 pM) progressively blocked such
activity within 8 min. The interruption of stimulation
was now followed by a subthreshold oscillatory

I Control Mexiletine 10 JIm
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Figure 4 Comparison between the effects of mexiletine
(a) and propafenone (b) on barium-induced triggered
activity. Each panel shows the last 3-4 driven action
potentials and the electrical activity during the inter-
ruption of the stimulation. Arrows indicate the first
non-driven action potential.

afterpotential. The effect of mexiletine (10pM) was
practically indistinguishable from that of propafe-
none except for a faster onset. The concentration of
mexiletine was chosen on the basis of our previous
results (Amerini et al., 1985a), showing that 10pM
mexiletine was the lowest fully antiarrhythmic con-
centration in digitalis-, reperfusion- and
reoxygenation-induced arrhythmias in the isolated
guinea-pig heart.

Oscillatory afterpotentials increase in amplitude as
the cycle length of the previous drive decreases
(Ferrier, 1977). Eventually, the threshold is reached
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Figure 3 Effect of propafenone (b) on strophanthidin-
induced triggered automaticity: (a) shows the automatic
rhythm ensuing after the interruption of stimulation in
the presence of strophanthidin; (b) was recorded 6min
after addition of propafenone.
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Figure 5 Effect of propafenone on strophanthidin-
induced oscillatory afterpotentials and triggered extra
beats. Each panel shows intracellular recording when
the preparation is driven at different rates and during
the subsequent interruption of the stimulation. The
arrow indicates the triggered action potential recorded
after the interruption of stimulation.
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and a spontaneous beat occurs. Such behaviour is
shown in the control records of Figure 5 and 6 (top
traces). In the presence of strophanthidin every
driven action potential is followed by a clearcut
OAP which, in its turn, is followed by smaller ones.
This is even more evident when the stimulation is
interrupted. Their amplitude is clearly increased and
time to peak is shortened by increasing the driving
rate from 1 to 2 Hz. When the preparation is driven
at 2.5 Hz, the oscillatory afterpotential reaches the
threshold and every driven action potential is fol-
lowed by a spontaneous one; these features are char-
acteristic of digitalis-induced bigeminy (Kieval et al.,
1986). The arrows indicate the spontaneous action
potentials during the interruption of the stimulation;
since the following OAP does not reach the thresh-
old, the rhythm ceases. Propafenone (0.5 yM) is
clearly able to block the bigeminal rhythm (Figure 5
lower traces, right hand panel). However, it does not
seem to reduce the amplitude of the oscillatory after-
potentials at 1 or 2 Hz. Figure 6 shows, for compari-
son, the effect of mexiletine (10pM). Mexiletine, like
propafenone, was able to block the triggered extra
beats at 2.5 Hz, but, unlike propafenone, mexiletine
clearly reduced the OAP amplitude in preparations
driven at 1 or 2 Hz.
To gain further insight into the electrophysiologi-

cal mechanisms of the antiarrhythmic action of pro-
pafenone, we studied its effect on action potential
characteristics and on subthreshold OAP amplitude
of Purkinje fibres exposed to barium or to strop-
hanthidin.

Figure 7 shows one such experiment in the pre-
sence of strophanthidin. It is apparent that 0.5 and
1 yM propafenone did not modify the oscillatory
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Figure 7 Effect of propafenone on strophanthidin-
induced subthreshold oscillatory afterpotentials. Each
panel shows the last 5 driven action potentials and the
electrical activity during the interruption of stimulation.

afterpotential amplitude. However, these concentra-
tions were fully active in reoxygenation- and
digitalis-induced arrhythmias in the guinea-pig iso-
lated heart, and blocked triggered activity induced in
Purkinje fibres. Figure 8 summarizes the effects of
propafenone (0.5 pM) on action potential character-
istics. In 6 experiments in the presence of strop-
hanthidin, propafenone (0.5 yM) significantly affected
only P',, ,, while OAP amplitude and action poten-
tial duration were not modified. Similar results were
also obtained in 7 preparations manifesting OAP
after exposure to barium (not shown).

Discussion

The present results demonstrate that: (1) in guinea-
pig isolated heart propafenone exerts antiarrhythmic
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Figure 6 Effect of mexiletine on strophanthidin-
induced oscillatory afterpotentials and triggered extra
beats. Each panel is an intracellular recording when the
preparation is being driven at different rates and during
the subsequent interruption of stimulation. The arrow
indicates the triggered action potential recorded after
the interruption of stimulation.

Figure 8 Effects of propafenone on action potential
duration at -60mV (APD-60) and at 90% of repolari-
zation (APd90)), V.. and oscillatory afterpotential
(OAP) amplitude in Purkinje fibres superfused with
strophanthidin. Open columns = control; solid
columns = propafenone 0.5SgM (n = 6). *P < 0.01;
NS = not significant.
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activity on both digitalis- and reoxygenation-
induced arrhythmias, the lowest effective concentra-
tion being 0.5 iM; (2) 0.5 #M propafenone, like 10pM
mexiletine, abolishes triggered activity in Purkinje
fibres exposed to barium or strophanthidin; (3) pro-
pafenone and mexiletine, at the concentrations which
abolish triggering, affect 1l'.x and OAP amplitude
differently: propafenone significantly reduces k.,
but not OAP amplitude, mexiletine significantly
reduces OAP amplitude but not k.JX*
The antiarrhythmic action of class I drugs is gen-

erally attributed to their interference with the Na+
channels, resulting in a depression of the fast Na+
current. We are aware that the effects we observed in
driven Purkinje fibres cannot be extrapolated to the
isolated heart. Both mexiletine and propafenone
reduce the J',,.x of the cardiac action potential in a
use- and voltage-dependent way (Kohlhardt &
Seifert, 1980; 1983; Hohnloser et al., 1982; Camp-
bell, 1983).
The arrhythmias suppressed in the guinea-pig iso-

lated heart by propafenone (present results) and by
mexiletine (Amerini et al., 1985a) were at high fre-
quency (about 5Hz for the reoxygenation-induced
arrhythmias). Hypoxia (Morena et al., 1980) and
digitalis (Vassalle & Musso, 1976) are also known to
cause a partial depolarization of myocardial cells.
Nevertheless, our results strongly support a different
electrophysiological mechanism for the anti-
arrhythmic action of mexiletine and propafenone. In
fact, at the concentrations which are significantly
antiarrhythmic in the guinea-pig isolated heart, the
two drugs clearly exert different electrophysiological
effects. While both mexiletine and propafenone
suppress triggered activity in barium- and
strophanthidin-treated Purkinje fibres, only mexile-
tine (Amerini et al., 1985a; present results) affects the
OAP amplitude. Propafenone (0.5-1 yM), under the
same experimental conditions, did not affect the
OAP amplitude but significantly reduced V,,,x
which in its turn was not reduced by mexiletine
(Amerini et al., 1985a).

Furthermore, on both digitalis- and
reoxygenation-induced arrhythmias, the anti-
arrhythmic action of mexiletine occurred more
rapidly than that of propafenone (Figures 1 and 2)
and the suppression of triggered activity in Purkinje
fibres was faster with mexiletine than with propafe-
none. The possibility cannot be excluded that the
slower onset of action of propafenone depends on
the fact that it does not directly affect the OAP
amplitude.

Oscillatory afterpotentials are transient depolar-
izations that follow complete repolarization of a
normal action potential. They are due to a transient
inward oscillatory current (I.), that is enhanced by
all the interventions which increase intracellular
calcium (Vassalle & Mugelli, 1981).

The mechanism underlying the I. has not been
established and the exact role of Ca2" is still debated
(Noble, 1984; Lin et al., 1986; Kass et al., 1978a).
One possibility is that repolarization liberates
calcium from an intracellular store (Ferrier, 1976),
possibly the sarcoplasmic reticulum (Kass et al.,
1978a). Once freed, calcium would activate a non
specific cation channel (Kass et al., 1978ab; Colqu-
houn et al., 1981) which carries the transient inward
oscillatory current. An alternative possibility is that
calcium released inside the cell may stimulate the
Na+-Ca2+ exchanger. The process is electrogenic,
since it extrudes calcium ions in exchange for an
electrically greater quantity of sodium ions (Noble,
1984). This hypothesis is supported by recent voltage
clamp data (Lin et al., 1986), by the observation that
the transient inward oscillatory current disappears in
Na+-free solution (Eisner et al., 1983) and that its
reduction by lidocaine is associated with a reduction
in intracellular sodium activity (Eisner et al., 1983;
Sheu & Lederer, 1985). Consequently, any agent
which reduces sodium entry should reduce oscil-
latory afterpotential amplitude, at least indirectly.

However, our data show that, at least acutely,
agents which certainly interfere with the sodium
channels, such as propafenone and mexiletine, have
different effects on the oscillatory afterpotentials. We
do not know the reason why mexiletine reduces
OAP amplitude without affecting P,,.. We could
not completely exclude the possibility that an effect
on inward sodium current could contribute to the
effect of mexiletine on OAP (Amerini et al., 1985a),
since the relationship between .IX measurements
and fast sodium current is controversial (Cohen et
al., 1984). But certainly propafenone reduces J'ax
without affecting OAP amplitude at the concentra-
tion and under the conditions at which it abolishes
arrhythmias and triggered activity that are likely to
be due to OAP. It is worth noting that the two drugs
exert different effects on action potential duration;
mexiletine (10 yM) significantly reduces APD
(Amerini et al., 1985a), while propafenone only
slightly reduces it as previously observed (Ledda et
al., 1981). Other studies (Dukes & Vaughan Wil-
liams, 1984) reported a slight lengthening of action
potential duration in rabbit Purkinje fibres for com-
parable propafenone concentrations; the reason for
this discrepancy is not obvious. However, on the
whole, the experimental data demonstrate that the
effects of mexiletine and propafenone on action
potential duration are certainly different if not
opposite. It is known that action potential duration
strongly influences OAP amplitude (Henning & Wit,
1984), in agreement with voltage clamp data
(Vassalle & Mugelli, 1981). It might therefore be sug-
gested that the different effects caused by mexiletine
and propafenone on action potential duration may
explain their different effects on oscillatory after-
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potential amplitude. However, a voltage clamp study
is required to clarify the reason for these differences.

In conclusion, regardless of the exact mechanisms
by which mexiletine reduces or propafenone does
not reduce OAP amplitude, we can say that their
antiarrhythmic action on those arrhythmias in which
OAPs play a role, such as digitalis-, reoxygenation-
and reperfusion-induced arrhythmias, is probably
due to different electrophysiological mechanisms. In
other words, mexiletine, by reducing OAP ampli-

tude, prevents the attainment of the threshold and
consequently the triggered rhythm will not occur.
Propafenone, on the other hand, by reducing the
excitability of the cell, increases the threshold; conse-
quently an OAP of the same amplitude will not gen-
erate an automatic rhythm.

This work was supported by a grant from MPI 60%, Uni-
versity of Florence.
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