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Effects of bepridil on the electrophysiological
properties of guinea-pig ventricular muscles

Takafumi Anno, Tatsuji Furuta*, Masanori Itho**, Itsuo Kodama, Junji Toyama &

Kazuo Yamada

Department of Circulation and Respiration, The Research Institute of Environmental Medicine, Nagoya
University, Nagoya, Department of Pharmacclogy*, Nagoya University, Nagoya, Japan and Nippon Organon

KK** Tokyo, Japan

1 Effects of bepridil, a new antianginal and potential antiarrhythimic agent, on transmembrane
action potentials of ventricular muscles were examined in isolated right ventricular papillary muscles
of guinea-pig.

2 Bepridil at concentrations above 5 x 107°M caused a dose-dependent decrease in both the
maximum upstroke velocity (Via) and the action potential duration from the upstroke to 30%
repolarization (APD3g). On the other hand, the resting potential (RP), the amplitude of action
potential (AMP), and the action potential duration from the upstroke to 90% repolarization
(APDyy) were not affected even at the highest concentration applied (1075 M).

3 The curves relating membrane potential and V,,,, were shifted by bepridil at 5 x 10~5M along
the voltage axis in the direction of more negative potentials.

4 The recovery kinetics of V,,,, assessed by premature stimuli were definitely slowed by bepridil at
above 10~%M. This effect was more pronounced with higher [K+*],(10 mM) than normal [K*], (5 mm).

5 Bepridil at 5 x 1075M caused a rate-dependent decrease of V., (use-dependent block) with
rapid onset and offset, as did lidocaine.

6 Slow responses, which had been induced by isoproenaline (5 x 107®M) in K*-depolarized
preparations, were suppressed significantly by additional application of bepridil at 1075 m.

7 These findings suggest that bepridil has electrophysiological characteristics similar to those both

of Class Ib and Class IV antiarrhythmic drugs.

Introduction

Bepridil (1-N-benzylanilino-2-pyrolidino- 3-isobut-
oxypropane) is a newly developed antianginal agent
(Consnier et al., 1977; Piris et al., 1978). This sub-
stance has a potent vasodilator action accompanied
by a direct cardiac action including negative chronot-
ropic and inotropic effects (Michelin et al., 1977,
Steenberg et al.,, 1978; Marshall & Muir, 1981).
Bepridil was also shown to prevent supraventricular
and ventricular arrhythmias induced by aconitine or
coronary ligation (Kane & Winslow, 1980; Labrid et
al., 1981; Winslow & Kane, 1981; Marshall & Muir,
1981). This evidence and the drug’s oral availability
suggest a high therapeutic potential for this drug in
the treatment of cardiac arrhythmias. Recent elec-
trophysiological studies showed that bepridil pro-
longs the refractory period of atrial muscles and the
atrioventricular node (Leinot et al., 1979; Chassing et
al,, 1977). As to the changes in transmembrane

action potential, bepridil decreases the upstroke vel-
ocity in guinea-pig atrial and ventricular muscles as
well as in sheep Purkinje fibres (Vogel et al., 1979;
Kane et al., 1980; Winslow et al., 1981). It was also
indicated that bepridil reduces the slow inward cur-
rent and the slow responses in guinea-pig ventricular
muscles (Vogel et al., 1979) and in frog sinoatrial
muscles (Labrid et al.,, 1979). These facts seem to
indicate that bepridil has characteristics both of Class
I and Class IV antiarrhythmic drugs (Hauswith &
Singh, 1979). However, the precise mode of action of
this drug still remains to be elucidated.

In the present experiments, the effects of bepridil
on the transmembrane action potentials and on the
voltage- and rate- dependency of their upstroke vel-
oCity ( Vimay) Were investigated in guinea-pig isolated
ventricular muscles in order to clarify the cellular
mechanism of its antiarrhythmic action.
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Methods

Twenty six guinea-pigs of either sex weighing 250 to
300 g were killed by a blow on the head. The hearts
were quickly removed and the papillary muscles (2 to
3 mm in length and less than 1 mm in diameter) were
isolated from the right ventricle. The preparation was
fixed in a tissue bath and superfused continuously
with Krebs-Ringer solution equilibrated with 95%
O, and 5% CO,. The composition of the solution was
as follows (mM): NaCl 120.3, KC1 5.0, CaCl, 1.2,
MgSO, 7H,0 1.3, NaH,PO, 1.2, NaHCO; 24.2 and
glucose 5.5 (pH 7.4). In some experiments the K+
concentration was raised to 20 mM by adding KCl so
as to inactivate the fast sodium channels. The temp-
erature of the solution in the tissue bath was main-
tained at 33°C. The preparations were stimulated by
a pair of bipolar electrodes with an interpolar dis-
tance of 0.5 mm. Pulses used for stimulation were
2 ms in duration and twice the diastolic threshold in
intensity unless otherwise specified. Transmembrane
potentials were recorded through standard glass mic-
roelectrodes filled with 3M KCl and having a resis-
tance ranging 10 to 20 megohms. The maximum
upstroke velocity (V,.ax) of the action potential was
obtained by electronic differentiation. When the re-
lationship between membrane potential and V,u
was examined, the resting potential of the prepara-
tion was depolarized in steps up to around —60 mV
by adding aliquots of KCl to the Krebs-Ringer solu-
tion.

The recovery kinetics of V., were determined by
a method similar to that used by Gettes & Reuter
(1974). The tissue was stimulated at a basal condi-
tioning rate of 1.0Hz. After every eighth basal
stimulus, a test stimulus was introduced with various
coupling intervals. The intensity of the test stimulus
was adjusted to obtain a constant delay between the
stimulus artifact and the initial upstroke of action
potential. V,,,, of the test action potential was then
plotted as a function of diastolic interval, which was
defined as the time (ms) between the end of the
conditioning action potential and the initial upstroke
of the test action potential.

. To study rate-dependent effects of bepridil on
Vmax, the preparations were driven by trains of
stimuli at varying rates for 20 to 100 s. Rest periods,
which were sufficient to ensure full recovery from the
rate-dependent decrease in V.., (use-dependent
block), were interposed between the trains of stimuli.
The recovery of V,,,, from the use-dependent block
were studied by applying single extra-stimuli at vary-
ing coupling intervals after the end of a train.

Drugs employed were bepridil (Nippon Organon,
Tokyo, Japan), lidocaine (Wyeth, Philadelphia, PA,
U.S.A.) and procainamide (Lederle Lab. Wayne, NJ,
U.S.A.). After one hour of equilibration, control
measurements were performed, and then the prep-
arations were superfused with Krebs-Ringer solution
containing these drugs at various concentrations for
30 to 40 min.

Statistical analysis was performed using student’s ¢
test, and significance was established at P<<0.05.

More details of procedure are given under Results.

Results
Effects of bepridil on the membrane action potential

Effects of bepridil at 107% to 10~°M on the mem-
brane action potential were examined in five prep-
arations driven at 1.0 Hz (Table 1, Figure 1). After
exposure for 30 min to bepridil at 1076 M, no signific-
ant change in action potential characteristics was
observed. Bepridil at 5 x 107%M caused a significant
decrease in the maximum upstroke velocity (Vi)
accompanied by a shortening of action potential du-
ration at 30% repolarization (APD3p). The higher
concentration of bepridil (1075 M) caused a further
decrease in V,,,, and more remarkable shortening of
APD3. The resting potential (RP), the amplitude of
action potential (AMP) and the action potential du-
ration at 90% repolarization (APDgyy) were unaf-
fected even at the highest concentration (1075 M) of
bepridil applied.

Table 1 Effects of bepridil on the transmembrane action potential of guinea-pig ventricular muscles

AMP (mV) RP (mV)

Control 118.4+3.3 -82.5+2.5
Bepridil 107 %m 117.0%£2.6 -825+2.1
5%x107%m 114.9+3.3 -81.4+2.0
1075m 112.0+4.6 —81.1+2.1

Vinax (Vs™1) APD;( (ms) APDygg (ms)
198.2+15.7 161.1+18.6 236.7+t19.1
174.5%£22.5 154.6+18.3 241.2+26.9
152.8+34.5* 146.0+27.4* 236.3£29.0
126.6 +37.0* 124.2+30.9* 223.2+37.6

Values are mean *s.d. (n'=5). Abbreviations: AMP, action potential amplitude; RP, resting potential; Vs, the
maximum upstroke velocity; APD3g, action potential duration at 30% repolarization; APDygg, action potential
duration at 90% repolarization. *Significantly different from the control at P<<0.05.
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Figure 1 Effects of bepridil on the transmembrane actlon potential of guinea-pig ventricular muscles: (a) control;
(b) 107%M bepridil; (c) 5x 10°M bepridil; (d) 10™5m bepridil. (b), (c) and (d) were recorded 30 min after
application of bepridil at each concentration. Upper trace is membrane action potential and lower trace shows the
differentiated upstroke spike of the action potential.
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ﬁgnre 2 Effects of bepridil (5 x 10~%M) on the relationship between resting membrane potential and the
maximum upstroke velocity ( Vinay) in a fibre stimulated at 0.2 Hz. Values were obtained before (O) and 30 min after
(®) application of bepridil. Absolute values are shown in (a), and normalized values (% Vimax) in (b).
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Effects of bepridil on the voltage dependency of Vmax

The relationship between Vmax and the membrane
potential, from which the action potential takes off,
was examined in three preparations driven at 0.2 Hz.
The membrane potential was depolarized in steps
from its original resting level to around —60 mV by
increasing the K* concentration in the Krebs-Ringer
solution. The results obtained from a preparation are
shown in Figure 2. The decrease in V4, by bepridil
(5 x 10~®°M) was more pronounced at less negative
membrane potentials (Figure2a). In normalized
curves, plotting the percentage value of Vi
(Figure 2b), the membrane potential associated with
a 50% reduction in Vg is —66mV before and
—73mV after application of the drug. Thus, in this
case the normalized curve was shifted along the
voltage axis in the hyperpolarizing direction by 7mV.
Similar shifts of the normalized curve after the drug
application by 6 to 8 mV were observed in the other
two preparations.

Control

i

100 ms

[K*]ly 5 mm

(K], 10 mm

]

Effects of bepridil on the recovery kinetics of V max

The effects of bepridil on the recovery kinetics of
Vimax Were examined under normal (5 mM) and high
(10 mM) extracellular K* concentrations. The results
obtained are shown in Figures 3 and 4. With 5 mM
[K*]o, RP of the preparations before drug application
was —82.7+3.1mV (meanzts.d.,, n=5), and the
time constant (t;) with which V., of the test action
potential regained the same values as in the condi-
tioning one, was 31.5 + 14.5 ms. Thirty minutes after
addition of bepridil at 107%™, the recovery time
constant of V,,,, was largely prolonged. The higher
concentrations of bepridil (5x107°M, 1075M)
caused a further prolongation of 1.’

With 10mM [K*],, RP and t; before the drug
application was —71.4+2.6mV and 41.0+12.6 ms
respectively (meanzts.d.,, n=4). In such prepara-
tions, bepridil caused more prominent dose-
dependent prolongation of t; than with 5 mm [K*],.
The values of RP in 10mM [K*], as well as 5 mM
[K*], were unaffected by bepridil even at 1075 M.

Bepridil 5 x 107 %m

I__..mumm_u_u_t_]

Figure 3 Effects of bepridil on the recovery kinetics of V,,4,. Upper trace in each record shows superimposed
action potentials induced by conditioning stimuli at 1.0 Hz as well as a test stimuli with various coupling intervals.
Lower trace shows differentiated upstroke spikes of the action potentials. Records were obtained before and 30 min
after application of bepridil (5 x 10 M) in 5 mM or 10 mM [K*],.
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Figure 4 Effects of bepridil on the recovery time con-
stant (t;) of Vg in 5mM and 10mm [K*],. Values
represent the mean of five preparations in 5 mm [K*],
(®) and of four preparations in 10 mm [K*], (O); verti-
cal lines show s.d.* Significantly different from the
control value in the same [K*], at P <0.05.

Rate-dependent effects of bepridil on Vyax

The rate-dependent effects of bepridil on V,,,, were
compared with those of lidocaine and procainamide.
Under control condition, the value of V,,,, was al-
most unchanged during the stimulation trains at rates
ranging from 0.2 Hz to 2.0 Hz (Figure 5). After treat-
ment with bepridil (5 x 107%M) for 30 min, a rapid
decrease in V., approaching a new steady level
within several beats was observed during the pulse
trains at rates above 0.5 Hz (Figure 5). The decrease
in Vg from the first to the 20th beats, which was
measured as an index indicating the intensity of the
use-dependent block, was 8.2+3.2% at 0.5 Hz,
18.6+4.0% at 1.0Hz, and 35.3+5.6% at 2.0Hz
(meanzts.d.,, n=4).

In the presence of lidocaine (6 x 1075 M), the rate-
dependent decrease in V,,,, was observed at rates
higher than 1.0Hz (Figure6). The onset of the
use-dependent block was very rapid as in the case of
bepridil. Thus, a steady state level of V., was at-
tained within several beats. The decrease in Vi
from the first to the 20th beats was 4.2+ 1.8% at
1.0Hz and 25.3+5.6% at 2.0Hz (meanz*s.d.,
n =4). Procainamide (3 x 10~*M) caused an appar-
ent use-dependent block of Vomax €ven at 0.2 Hz. In
addition, the onset of the use-dependent block was
much slower than with bepridil and lidocaine. Thus

more than 20 beats were required for Vmax toreach a
steady state level. The decrease in Via, from the first
to the 20th beats was 17.2+3.6% at 0.2Hz,
26.5+3.2% at 0.5Hz, 41.6+7.3% at 1.0 Hz and
52.6+8.4% at 2.0 Hz (mean *s.d., n= 3).

The value of V,,,, for the first action potential of
the stimulation train following a rest period longer
than 20s was unaffected by bepridil (5 x 107%M),
lidocaine (6 x107°M), or  procaineamide
(3 x 107%M) indicating no ‘resting block’ (Campbell,
1983a) of V.. by these drugs.

The recovery process of V., from the use-
dependent block toward its initial (resting) value was
studied by adding single extrastimuli at varying inter-
vals after a series of trains of stimulifor 20sat 1.0 Hz
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Figure 5 Rate-dependent decrease of Vinu (use-
dependent block) by bepridil. Upper panel shows action
potentials (upper trace) and their differentiated up-
stroke spikes (lower trace) during stimulation trains at
2.0 Hz in a previously quiescent tissue. The records were
obtained before and 30 min after application of bepridil
at 5x107M. Lower graph represents beat after beat
change of V,,,, in the presence of bepridil (5 x1075m).

Ordinate scale indicates percentage of Vmax normalized
by the value for the first action potential of the train
following a quiescent period. Abscissa scale indicates
number of beats (action potentials). Frequences of the
stimulation train were 0.2 Hz (O), 0.5 Hz (®), 1.0Hz
(A)and 2.0Hz (A).
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Figure 6 Rate-dependent decrease of V., (use-dependent block) by lidocaine (6 x 10~ M) and by procainamide
(3 x 107*M). Ordinate and abscissa scales are the same as in Figure 5. Frequencies of the stimulation train were
0.2Hz(O),0.5Hz(®),1.0Hz(A),and 2.0 Hz (A). Data were obtained from the preparations treated by these drugs

for 30 min.

(Figure 7). The time course of this process for all
three drugs was found to be fitted to single expon-
entials, though the time constant (t;) for each
drug was different. Recovery from the use-
dependent block by bepridil at 5x 107°M was
relatively rapid (t,=602+78ms, n=4). 1, for
lidocaine (6x107°M) was somewhat shorter
(12 =342 + 42 ms, n = 3) than bepridil. In contrast, t,
for procainamide (3 x 107*M) was much longer
(5.2%0.9s, n =3) than the other two drugs.
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Figure 7 Recovery of V,n,, from the rate-dependent
block by bepridil. Upper traces are action potentials
induced by stimulation trains at 1.0 Hz for 20 sand by an
extra stimulus following the train. Lower traces are their
differentiated upstroke spikes:= The coupling interval
from the last stimulus of the train to the extra stimulus
was 300 ms, 500 ms and 3000 ms. Arrows indicate the
Vimax Of test action potentials.

Effects of bepridil on the slow responses

In three preparations, the effects of bepridil on slow
responses were examined in a high K* medium
(Figure 8). When the K* concentration of Krebs-
Ringer solution was increased from 5 mM (control) to
20 mM, the membrane was depolarized to a level
around — 50 mV, and the preparation became inex-
citable because of the voltage-dependent inactiva-
tion of the fast sodium channels. In such prepara-
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Figure 8 Effects of bepridil on the slow responses
induced by isoprenaline and high [K*],. (a) Slow action
potential induced by isoprenaline (5 % 107%M) in the
medium with 20 mM K* concentration; (b) 30 min after
application of bepridil (1073M); (c) 15min after the
elevation of Ca* concentration in the medium from
1.2mM (control) to 2.4mM in the presence of both
isoprenaline and bepridil. The preparation was con-
stantly stimulated at 0.5 Hz.




ELECTROPHYSIOLOGICAL EFFECTS OF BEPRIDIL 595

tions, isoprenaline (5 x 10~®M) restored the action
potential, having very slow upstroke velocity (Figure
8a). Additional application of bepridil (1075M)
caused a significant suppression of these slow re-
sponses (Figure 8b). The average value (mean ts.e.)
of V. in the three preparations driven at 0.5 Hz
was 11.1+2.3Vs~! before and 6.2+ 1.8 Vs™! after
application of bepridil (107°M) for 30min
(P<0.05). The amplitude and the duration of the
action potential were also reduced by bepridil. This
inhibitory action of bepridil on the slow responses
was partially reversed by elevating the Ca%* concent-
ration of the medium from 1.2mM (control) to
2.4 mM (Figure 8c).

Discussion

The present study indicates that bepridil at concent-
rations above 5 x 107°M caused a dose-dependent
decrease in the maximum upstroke velocity ( Vax) of
action potential and a shortening of action potential
duration (APD) at the early repolarization phase.
However, the resting potential (RP), amplitude
(AMP) and APD at a late repolarization phase were
unaffected by the drug. Among these findings, the
decrease in Vi is consistent with previous reports
indicating the inhibitory action of bepridil on the fast
sodium channels. Vogel et al. (1979) and Kane &
Winslow (1980, 1981) reported that bepridil above
1075M reduced the V,,, of action potentials in
guinea-pig atrial and ventricular muscles as well asin
sheep Purkinje fibres. In voltage clamp experiments
on frog atrial muscles, it was demonstrated that bep-
ridil at 8 x 10~5M decreased the peak amplitude of
the fast sodium inward current by 27 % (Labrid et al.,
1979).

As to the change in APD, there are some dis-
crepancies between our data and those of other in-
vestigators. Kane & Winslow (1980) showed that
bepridil caused a prolongation of APD in guinea-pig
atrial muscle fibres as well as in ventricular muscle
fibres. However, in sheep Purkinje fibres, they re-
ported a shortening of APD at the early repolariza-
tion phase. In the present study on guinea-pig ven-
tricular muscles, APD only at an early repolarization
phase was shortened by bepridil. These discrepancies
could be attributed to the tissue and species differ-
ences or to the different conditions of experiments.

We investigated the V,,,,-membrane potential re-
lationship in the presence and absence of bepridil by
means of potassium depolarization. In the experi-
ments, the decrease in Vg, by bepridil was more
pronounced at less negative membrane potentials
resulting in a hyperpolarizing shift of the normalized
curves relating V.., and RP. In this respect, bepridil
is similar to lidocaine (Chen et al., 1975; Chen &
Gettes, 1976) or mexiletine, (Hohnloser et al., 1982)

but differs from quinidine which has been found to
reduce V,,,, at all membrane potentials to about the
same percentage extent resulting in no shift of the
normalized curves (Chen et al., 1975; 1976). Such an
effect of bepridil could be described as a shift of
steady state inactivation (hw) curve along the voltage
axis to more negative membrane potentials, or as a
higher affinity of this drug for the depolarized fast
sodium channels.

Bepridil caused a marked prolongation of the re-
covery time constant of V., (t;) measured by the
premature stimulus technique in the preparations
driven at 1.0 Hz. The effect was more pronounced in
the preparations depolarized by high (10 mm) K*
concentration. These findings, which are similar to
those for lidocaine (Chen etal., 1975) and mexiletine
(Hohnloser et al., 1982), may be explained by an
interference of the drug with the recovery kinetics of
the fast sodium channels from inactivation (Chen et
al., 1975). It may also be interpreted by a modulated
receptor hypothesis. According to the idea proposed
by Hondeghem & Katzung (1977), Class I aniti-
arrhythmic drugs can gain access (associate) to the
receptor site mainly when the corresponding channel
is open (activated) and leave (dissociate) gradually
when the channel is closed (inactivated or rested).
The drug-associated channels do not conduct sodium
ions even when activated. i.e. they are blocked. The
delayed recovery kinetics of V., in the presence of
bepridil may reflect a gradual increase in the fraction
of unblocked channels during the diastolic interval of
several hundred milliseconds.

The present experiments on the rate-dependent
change in V,,, demonstrated that bepridil and
lidocaine caused a rapid rate-dependent decrease of
Vimax Tesulting in a new steady state level within
several action potentials. This use-dependent block
was observed during the stimulation trains at rates
higher than 0.5Hz for bepridil and 1.0Hz for
lidocaine. The recovery of V., from the use-
dependent block was attained quickly with a time
constant (1) of 602*+78ms for bepridil and
342+ 42 ms for lidocaine. In the presence of pro-
cainamide, the use-dependent block of V.., with
much slower onset was observed at rates above
0.2 Hz, and more than 20 action potentials were
required to reach a steady state. The recovery of Vi
from the use-dependent block by procainamide was
also much slower (t,= 5.2+0.95s) than those with
bepridil and lodocaine. Based on Hondeghem &
Katzung’s model (1980), these facts can be explained
by different rate constants for each drug to associate
with and dissociate from the fast sodium channels. It
is presumed that bepridil may have, like lidocaine, a
relatively high association rate constant to the open
channels accompanied by a high dissociation rate
constant from the closed channels.
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Courtney (1980, a,b,c), Sada & Ban (1981) found
that the kinetics of onset and particulary recovery
from the use-dependent block in a series of local
anaesthetics and antiarrhythmic drugs correlate well
with the molecular weights of the compounds. In
terms of current concepts for the interaction of these
drugs with the sodium channels, this could be inter-
preted as indicating that increasing molecular size
somehow inhibits access to and egress from the re-
ceptor site which is thought to lie within the channel
lumen (Hille, 1978). Our data are apparently incon-
sistent with this ‘molecular size hypothesis’. The
molecular weight of bepridil (366.5) is much larger
than those of lidocaine (234.3) and procainamide
(271.8), but is similar to those of disopyramide (339)
and encainide (352). The latter two drugs were re-
cently shown to cause a use-dependent block of Vmax
with very slow onset and offset (Campbell, 1983 a).
Other characteristics in the chemical structure of
bepridil including high lipid solubulity and/or low
pKa (7.89) might explain why it is a kinetically fast
drug despite its large molecular size.

Our results also showed that bepridil at 1075m
significantly suppressed the slow responses which
had been induced by isoprenaline in a high K*
medium. This finding supports previous reports indi-
cating inhibition of the slow channels by the drug
(Labrid et al., 1979). The shortening of APD3g by
bepridil in the medium with a normal K* concentra-
tion (Figure 1, Table 1) is most probably explained by
such an inhibition of slow channels, because an acti-
vation of the slow inward current is of prime impor-
tance for the genesis of the early plateau phase of
action potential in mammalian ventricular muscles
(Carmeliet & Vereecke, 1979).

Based on the above discussion it is reasonable to
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conclude that bepridil has inhibitory effects on the
fast sodium channels as well as on the slow channels
of ventricular muscles. The inhibitory effect on the
fast sodium channels is qualitatively similar to other
Class Ib antiarrhythmic drugs such as lidocaine and
mexiletine, but different from Class Ia antiarrhyth-
mic drugs like quinidine or procainamide in terms of
its voltage- and frequency-dependency (Chen et al.,
1975; 1976; Hondegehm et al., 1977; 1980; Sada et
al., 1979; Courtney, 1980c; Campbell, 1983 b).
Bepridil-induced depression of V,,,, was augmented
by shortening the interstimulus intervals, or by de-
polarizing the resting membrane potential. The
former characteristic would be very important for the
drug’s action in preventing ventricular tachyarrhyth-
mias or premature beats with shorter coupling inter-
vals. The latter would induce the selective inhibition
of excitability and conductivity in depolarized cardiac
tissues due to ischaemia or other pathological condi-
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