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Abstract

Modulation by class Ia antiarrhythmic drugs, cibenzoline and disopyramide, of the pacemaking activity and the underlying ionic
currents in rat sino-atrial nodal cells was investigated using current-clamp and whole-cell patch-clamp techniques. Both drugs depressed
the spontaneous activity and often caused sinus arrest. The negative chronotropic effect was significant at 10 mM cibenzoline and 30 mM

2q Ž .disopyramide. The L-type Ca current I and the hyperpolarization-activated inward current decreased by 69.7"3.2% and byCa

45.8"3.0% at 30 mM cibenzoline and by 51.2"3.3% and by 48.3"2.7% at 100 mM disopyramide, respectively. The delayed rectifier
q Ž .K current, which is composed of rapidly and slowly activated currents I and I , also decreased. The IC values of I forKr Ks 50 Kr

Ž w Žcibenzoline and disopyramide were 8.8"1.1 and 25.1"2.3 mM, respectively. In the presence of 5 mM E-4031 1- 2- 6-methyl-2-pyri-
. x Ž . .dyl ethyl -4- 4-methylsulfonylaminobenzoyl piperidine , the IC values of I for cibenzoline and disopyramide were 12.3"1.8 and50 Ks

Ž Ž .81.1"2.3 mM, respectively. The I was completely blocked by 30 mM 293B trans-6-cyano-4- N-ethylsulphonyl-N-methtamino -3-Ks
.hydroxy-2,2-dimethyl-chromane . These results indicate that the ionic currents are more sensitive to cibenzoline than disopyramide in rat

sino-atrial nodal cells, and that I and I make major contributions to pacemaking activity. q 2000 Elsevier Science B.V. All rightsCa Kr

reserved.
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1. Introduction

Among antiarrhythmic drugs, cibenzoline and disopyra-
mide clinically possess potent antiarrhythmic actions. Both
drugs are Class Ia according to classification of Vaughan

Ž .Williams 1992 and possess slow or intermediate kinetics
Ž .Campbell, 1989; Dangman and Miura, 1986 . The drugs
are not only Naq channel inhibitors, but also Ca2q and
Kq channel inhibitors, i.e., multichannel inhibitors
Ž .Kodama et al., 1999; Satoh et al., 1987 .

In sino-atrial nodal cells, it has been shown that sponta-
neous beating is caused by interactions with many ionic

2q Ž . qcurrents such as L-type Ca I , delayed rectifier KCa
Ž . Ž .currents I , and hyperpolarization-activated inward IKrec f
Ž .currents Noble, 1984 . Recently, the I has been classi-Krec

) Tel.: q81-744-29-8831; fax: q81-744-25-7657.
Ž .E-mail address: hysat@naramed-u.ac.jp H. Satoh .

fied on the basis of at least two components: an early
Ž . Ž .activated I and a slowly activated I currentKr Ks

Ž .Sanguinetti and Jurkiewicz, 1990 . For the first time, we
have recently demonstrated the underlying ionic currents
in rat spontaneously beating sino-atrial nodal cells, in
which I is one of the major pacemaker currents, as areKr

Ž .as I and I currents Shinagawa et al., 2000 . TheCa f
Žspontaneous activity was blocked by E-4031 a I in-Kr

. Ž .hibitor but was not modulated by 293B a I inhibitor .Ks

Many electropharmacological effects of both drugs have
Žalready been reported Sato et al., 1994; Wu et al., 1994;

.Hiraoka et al., 1989; Nakajima et al., 1998 . In rabbit SA
nodal preparations, cibenzoline also modulates pacemaker

Ž .activity Kotake et al., 1987 . In sino-atrial nodal pace-
maker cells, however, nothing is known about the effects
of cibenzoline and disopyramide, which have different
ionic channel kinetics. The aim of the present experiments
was to examine the modulation of the chronotropic effect
of both drugs in spontaneously beating rat sino-atrial nodal

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Ž .Fig. 1. Drug effects on a spontaneously beating rat sino-atrial nodal cell. A Modulation of the spontaneous action potentials by application of 10 mM
Ž .cibenzoline. B Application of 30 mM disopyramide on the spontaneous action potentials. Different cells were used in A and B.

cells. This approach was chosen because of difficulty in
recording pacemaker action potentials by inserting conven-
tional microelectrodes into rat sino-atrial nodal tissue.

ŽFurthermore, the effects of cibenzoline which inhibits IKr
. Žand I and disopyramide which inhibits I , but notKs Kr

.I on the underlying ionic currents, especially I andKs Kr

I , were examined.Ks

2. Methods

2.1. Cell preparation

Wister rats, weighing 200–300 g, were anaesthetized
Ž .with sodium pentobarbital 30 mgrkg, i.p. . Rat sino-atrial

nodal cells are not isolated successfully with enzyme
solution using the Langendorff apparatus. Therefore, a new
dissociation technique has recently been developed by

ŽNoma’s group, as previously described Shinagawa et al.,
.2000 . Under artificial respiration, the chest cavity was

opened. An injection needle, connected to a perfusion line,
was inserted through the right atrial wall, and Tyrode

solution was directly infused into the atrial cavity at a rate
of ;10 mlrmin with a hydrostatic pressure of ;70 cm
H O. To avoid mixing of the perfusate with venous return,2

and also to expand the atrial cavity by using the perfusion
pressure, the superior and inferior venae were ligated.
Then, the inferior vena cava was cut distal to the ligature
to allow drainage of perfusate, which passed through the
pulmonary and then the systemic circulation. Within sev-
eral minutes, the drained perfusate became largely blood-
free. The spontaneous heart beat was stopped by switching
the perfusate from normal Tyrode to a nominally Ca2q-free
Tyrode solution. Then, Ca2q-free solution containing 0.4

Ž .mgrml trypsin Wako, Osaka, Japan was applied for 5–6
min to remove the endocardial endothelium. Ca2q-free

Ž .solution containing 0.85 mgrml collagenase Wako was
perfused for approximately 5 min. Then, the heart was
dissected out into fresh collagenase solution. The right
atrium was opened by cutting along the atrial septum and
also by cutting the ventral wall of the superior vena cava.
The atrial tissue including the sino-atrial node was dis-
sected out and was gently shaken in the collagenase plus

Ž . Želastase 0.1 mgrml solution Boehringer Mannheim,

Table 1
Modulation of the spontaneous action potential in rat sino-atrial nodal cells

Ž . Ž . Ž . Ž . Ž .n APA mV MDP mV APD ms V Vrs CL ms50 max

Control 14 76.7"2.2 y60.2"2.5 57.4"3.2 11.4"1.1 289"21
Cibenzoline
1 mM 10 y3.8"1.1 y2.8"0.7 q2.1"1.0 y1.8"0.3 q6.3"1.1
3 mM 13 y7.3"1.7 y7.6"1.3 q4.8"1.2 y8.1"2.2 q12.5"2.3

a b b10 mM 12 y15.8"2.4 y13.3"1.9 q11.7"2.1 y27.6"2.7 q48.3"3.6
b b a b c30 mM 11 y34.7"2.5 y28.8"3.1 q24.5"2.5 y27.6"3.3 q48.3"3.6

Control 15 77.3"3.6 y61.4"3.4 57.8"3.3 11.2"2.1 296"23
Disopyramide
3 mM 13 y1.2"0.7 y1.4"1.7 q3.3"1.0 y0.9"0.3 q4.3"1.1
10 mM 15 y4.8"1.3 y6.8"1.7 q9.9"2.1 y3.9"1.5 q12.6"1.8

a a b30 mM 9 y20.2"2.6 y12.2"2.4 q13.5"2.5 y15.8"2.6 q24.3"2.3
b a b b c100 mM 7 y38.3"3.7 y21.0"3.3 q29.1"3.2 y29.3"3.3 q63.3"3.9

Ž .Values % are presented as means"S.E.M. APA: action potential amplitude. MDP: maximum diastolic potential. APD : 50% repolarization of action50

potential duration. V : Maximum rate of depolarization. CL: cycle length.max
aP-0.05, with respect to control values.
bP-0.01, with respect to control values.
cP-0.001, with respect to control values.
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Table 2
Incidence of sinus arrest in rat sino-atrial nodal cells

1 3 10 30 100 300 mM

Cibenzoline 0r10 0r13 2r12 3r11 7r7 –
Disopyramide – 0r13 0r15 1r9 3r7 5r6

Values are presented as a number of occurrencerexperimental number.

.Germany . The enzyme treatment lasted for 20–25 min,
depending on the extent of tissue digestion seen under a
dissection microscope. Finally, the digested tissue was put

Ž .in the modified KB Kraftbruhe solution, and trimmed by¨
scissors into a small sino-atrial node fragment of ;1 mm
in width and 3–4 mm in length. The major bundle of atrial
cells running through the crista terminalis was discarded.
The small sino-atrial node tissue was placed in a 35-mm
plastic Petri dish with a fresh KB solution and SA node
cells were dissociated by gentle puffing with KB solution
to the tissue. The dissociated cells were stored in the same
solution at 48C for experimentation.

Fig. 2. Modulation by cibenzoline of the ion currents in rat sino-atrial
nodal cells. Test pulses for 1 s were applied from y30 to 50 mV and

Ž . Ž . Ž . Ž .from y50 to y140 mV. A Control. B Cibenzoline 30 mM . C
Ž . Ž .Washout 10 min later . Horizontal line indicates zero current level. D

Current–voltage relation for the ion currents in rat SA nodal cell.
Ž .Cibenzoline 30 mM was administered and the ionic current was recorded

3 min later. The values are presented as means"S.E.M.

2.2. Whole-cell Õoltage- and current-clamp experiments

Whole-cell voltage-clamp recordings were performed
Žusing an Axopatch patch-clamp amplifier Axon Instru-

.ments, Burlingame, CA, USA and standard techniques.
Patch pipettes from borosilicate glass capillaries were fab-
ricated using a two-stage puller; they had a resistance of
5–7 MV. The series resistance was less than 10 mV, and
no compensation was used. The liquid junction potential

Žbetween the pipette solution and the external solution less
.than 10 mV was corrected for all membrane potential

recordings. For the action potential parameters, the action
potential amplitude was measured as the difference be-
tween the peak of the action potential and the maximum
diastolic potential, the action potential duration as the
duration at 50% repolarization, and the cycle length as the
interval between each peak action potential peak. The ICa

was measured as the difference between the peak current
and the zero current, and the I was the difference betweenf

the current at the end of a 1-s test pulse and the zero
current. The I tail current was as measured the differ-Kr

Fig. 3. Changes in the ion currents during exposure to disopyramide and
Ž . Ž . Ž . Ž . Žwashout. A Control. B Disopyramide 100 mM . C Washout 10 min

. Ž .later . Horizontal line indicates zero current level. D Voltage depen-
dence of the ion currents in the absence and presence of disopyramide.

Ž . Ž . Ž .Symbols used are control ` , in 100 mM v and washout I . The
values are presented as means"S.E.M.



( )H. SatohrEuropean Journal of Pharmacology 407 2000 123–129126

ence between the peak current using depolarizing test
pulses of 200-ms duration and the zero current. The tail
current of I was similarly measured by application of aKs

test pulse of 1–2 s duration in the presence of 5 mM
E-4031.

Experiments were carried out at 368C. The data were
stored and analyzed on an IBM-AT microcomputer, using

Ž .the PCLAMP analysis program Axon Instruments . Cur-
rent traces were filtered using a cut-off frequency of 2 kHz
for plotting. All the values are given as means"S.E.M.
The differences between the mean values were analyzed

Ž .by analysis of variance ANOVA and Student’s t-test for
paired data, and a P-value less than 0.05 was considered
significant.

2.3. Experimental solutions

The composition of the modified Tyrode solution was
Ž .in mM : NaCl 137, KCl 5.4, CaCl 1.8, MgCl 1.0,2 2

w ŽNaH PO 0.3, glucose 5.0, and HEPES N- 2-hydroxy-2 4
. X x Ž .ethyl piperazine-N -2-ethansulfonic acid Wako 5.0. The

pH was adjusted to 7.4 with NaOH. The pipette solution
Ž . Ž .intracellular contained in mM : K-aspartate 110, KCl

20, MgCl 2, EGTA 5, Mg-ATP 5, creatine phosphate 5,2
Ž .and HEPES 5 pH 7.2 .

ŽThe drugs used are cibenzoline Fujisawa Pharmaceuti-
. Žcal, Osaka , and disopyramide Sigma, St. Louis, MO,

.USA , which were dissolved to the desired concentrations
w Ždirectly in the bath solution. Also, E-4031, 1- 2- 6-methyl-

. x Ž .2 -pyridyl ethyl - 4 - 4-methylsulfonylaminobenzoyl piperi-
Ž .dine, Eizai Pharmaceutical, Tokyo, Japan and 293B,

Ž .trans-6-cyano-4- N-ethylsulphonyl-N-methtamino -3-hy-
Ždroxy-2,2-dimethyl-chromane Hoechst Pharmaceutical,

.Germany were used.

3. Results

3.1. Effects on spontaneous action potentials

Cibenzoline at 10 mM caused a significant negative
chronotropic effect, as shown in Fig. 1A. The action
potential amplitude and the maximum diastolic potential
decreased. The effects on the action potential parameters
are summarized in Table 1. The responses were concentra-
tion dependent and almost reached steady state approxi-
mately 3–5 min after application. In this cell, sinus arrest

Ž .Fig. 4. Modulation of the outward tail current by cibenzoline in a spontaneously beating rabbit sino-atrial nodal cell. A–B Current traces in control and in
Žthe presence of 10 mM cibenzoline. The traces corresponding to 200 ms pulse duration and to 1-s pulse duration 50 mV test pulse from a holding potential

. Ž . Ž . Ž .of y40 mV are superimposed. Horizontal line indicates zero current level. C Effects on I . D Effects on I . Symbols used are control ` , 10 mMKr Ks
Ž . Ž .cibenzoline n and 30 mM cibenzoline v .
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occurred approximately 5 min later. The resting potential
Ž .was y38.6"1.1 mV ns7 . Cibenzoline elicited sinus

arrest in 3 out of 11 cells at 30 mM and in 7 out of 7 cells
at 100 mM. The incidence of sinus arrest is presented in
Table 2. Disopyramide 30 mM significantly depressed the
spontaneous action potentials and then elicited sinus arrest
Ž .Fig. 1B . The resting potential was y37.9"1.2 mV
Ž .ns5 . Disopyramide similarly elicited sinus arrest, but
the incidence was relatively lower. Both drugs induced
concentration-dependent depression of spontaneous activ-
ity, accompanied by prolongation of action potential dura-
tion. At 10 to 15 min after washout of the drugs, the
regular rhythm recovered to approximately 70–80% of the
control level.

3.2. Effects on ionic currents

Whole-cell voltage-clamp experiments were performed
Ž .using isolated single rat SA nodal cells Figs. 2 and 3 .

2q Ž .The L-type Ca current I and the hyperpolarization-Ca

Ž .activated inward current I were inhibited by approxi-f
Ž .mately 69.7"3.2% ns7, P-0.001 and 45.8"3.0%

Ž . Ž .ns7, P-0.01 at 30 mM cibenzoline Fig. 2D , and by
Ž . Ž51.2"3.3% ns6, P-0.01 and 48.3"2.7% ns6,

. ŽP-0.01 at 100 mM disopyramide, respectively Fig.
.3D . The responses were almost reversible and recovered

to 70–80% of control levels after a 15- to 20-min washout
Ž .Figs. 2C–D and 3C–D .

The delayed rectifier Kq current, which is composed of
Ž .rapidly and slowly activated currents I and I , alsoKr Ks

decreased. Cibenzoline 10 mM blocked the tail current of
Ž .I and simultaneously that of I Fig. 4A and B . TheKr Ks

inhibition of the tail current of I is summarized in Fig.Kr

4C. Cibenzoline inhibited the I tail current by 60.2"Kr
Ž .3.7% ns6, P-0.01 at 10 mM and by 93.8"2.6%

Ž .ns6, P-0.001 at 30 mM. In the presence of 5 mM
E-4031, cibenzoline inhibited the I tail current by 24.3Ks

Ž ."3.4% ns6, P-0.05 at 10 mM and by 85.6"2.3%
Ž .ns6, P-0.001 at 30 mM. The I tail current wasKs

completely blocked by 30 mM 293B. Disopyramide at 30

Ž .Fig. 5. Modulation of the outward tail current by disopyramide in a spontaneously beating rabbit sino-atrial nodal cell. A–C Current traces in control, in
Ž100 mM disopyramide and in washout. The traces corresponding to 200-ms pulse duration and to 1-s pulse durations 50 mV test pulse from a holding

. Ž . Ž . Ž .potential of y40 mV are superimposed. Horizontal line indicates zero current level. D Effects on I . E Effects on I . Symbols used are control ` ,Kr Ks
Ž . Ž .30 mM of v and 100 mM of disopyramide n .
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Fig. 6. Dose–response curves for the effects on the I and I in rat sino-atrial nodal cells. Cibenzoline and disopyramide caused a concentration-depen-Kr Ks
Ž . Ž . Ž . Ž .dent inihibition. Symbols are the I ` and I v in the presence of cibenzoline, and the I I and I B in the presence of disopyramide.Kr Ks Kr Ks

and 100 mM inhibited the I tail current by 65.0"3.3%Kr
Ž . Ž .ns6, P-0.01 and by 97.0"2.1% ns6, P-0.001 ,

Ž .respectively Fig. 5 . In the presence of 5 mM E-4031,
disopyramide at 30 and 100 mM inhibited the tail current

Ž .of I by 1.7"0.5% ns6, P)0.05 and by 61.6"Ks
Ž .3.5% ns6, P-0.01 , respectively. After a 15-min

washout of both drugs, the responses recovered to almost
60% to 80% of control values.

As shown in Fig. 6, the concentration–response curve
for I and I currents was fitted with a sigmoidal curve.Kr Ks

The IC values for I of cibenzoline and disopyramide50 Kr

were 8.8"1.1 and 25.1"2.3 mM, respectively. In the
presence of 5 mM E-4031, the IC values for I of50 Ks

cibenzoline and disopyramide were 12.3"1.8 and 81.1"

2.3 mM, respectively.

4. Discussion

Ž .Cibenzoline sensitive to I and I and disopyramideKr Ks
Ž .sensitive to just I as class Ia antiarrhythmic drugs,Kr

possess characteristic of slow and intermediate kinetics for
I channels, respectively, and are multichannel inhibitors.Na

In rat sino-atrial nodal cells, the inhibitory potency was
I ) I ) I ) I . The inhibitory potency reported previ-Kr Ks Ca f

Ž .ously was as follows: I ) I ) I I and I ) INa Ca Krec Kr Ks f
ŽKoumi et al., 1992; Sato et al., 1994; Nakajima et al.,
1998; Hiraoka et al., 1989; Wang et al., 1996; Virag et al.,´

.1998 . The order is almost consistent, but the small dis-
crepancy might result from the differences in species and
tissues.

The IC value for I was 7.8 mM for cibenzoline and50 Na

32.0 mM for disopyramide. The ratio of the IC values of50

disopyramide and cibenzoline was approximately 4- to
5-fold. From previous reports, however, the ratio of sensi-

tivity for different currents of both drugs is not always
Žconsistent Koumi et al., 1992; Sato et al., 1994; Nakajima
.et al., 1998 . The IC value for I is 14.4 mM for50 Ca
Ž .cibenzoline Sato et al., 1994 and 11 mM for disopyra-

Ž .mide Hiraoka et al., 1989 . The ratio of the IC values of50

disopyramide and cibenzoline was 0.76. In the present
experiments, the values were 15 mM for cibenzoline and
100 mM for disopyramide. The ratio was 6.67. The effects
of the drugs on the I current of isolated single sino-atrialf

nodal cells have not yet been shown. The IC values were50

30 mM for cibenzoline and 100 mM for disopyramide. The
ratio of disopyramide and cibenzoline was 3.33.

The prominent component of the delayed rectifier Kq

Žcurrent is the rapid type I , HERG, human ether-a-go-gokr
. Žrelated gene, -type in rabbit sino-atrial nodal cells Ono

.and Ito, 1995; Verheijck et al., 1995 and the slow type
Ž I , KvLQT, voltage-gated potassium channel gene with aks

.strong candidate for long QT syndrome, -type in guinea
Žpig sino-atrial nodal cells Anumonwo et al., 1992; Guo et

.al., 1997 . The IC values of I and I for cibenzoline50 Kr Ks

and disopyramide are also quite different. The IC value50

for I is 30 mM for cibenzoline and 1.8 mM for disopyra-Kr
Ž .mide Wang et al., 1996; Virag et al., 1998 . In the present´

experiments, however, the ratio of the IC values of50

disopyramide and cibenzoline was approximately 2-fold
for I and 4-fold for I . The data for each channel inKr Ks

different experiments are independent, and may not neces-
sarily permit comparison of the effective concentrations.
The results of this study indicate that cibenzoline possesses
a much higher sensitivities to cardiac ionic currents than
disopyramide, consistent with the sensitivity to I . Fur-Na

thermore, in our laboratory, the effective concentrations
for ionic currents were lower in rat sino-atrial nodal cells

Žthan in guinea pig ventricular cardiomyocytes unpub-
.lished data .
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4.1. Pacemaker actiÕity

Both cibenzoline and disopyramide inhibited all the
Ž .currents I , I and I . Pacemaker activity is regulatedCa Krec f

Žby the rate of the slow diastolic potential phase 4 depolar-
.ization of sino-atrial nodal action potentials. The heart

rate varies considerably among different species. The pace-
maker potential is not regulated by only one current, but

Ž .by the modulation of all the currents Satoh, 1991, 1993 .
In general, the negative chronotropic effect is mainly

Ž . Ž .considered to be due to 1 I inhibition, 2 decrease inCa
Ž . Ž .I conductance, and 3 I inhibition Noble, 1984 . Re-K f

cently, Noma’s group has shown that the pacemaker mech-
anism also involves the rapidly activated delayed Kq

Ž . Ž . Žcurrent I and the sustained inward current I Guo etKr st
.al., 1995, 1997; Shinagawa et al., 2000 . Therefore, the

modulation of I is a chronotropic mechanism in ratKr

sino-atrial nodal cells. The effective concentrations of both
drugs for I were quite different. Since I is a majorKr Kr

pacemaker current, the inhibition of I would cause aKr

depressant effect on pacemaker activity similar to that on
Ž .the other pacemaker currents Verheijck et al., 1995 .

Ž .Both drugs often caused sinus arrest or dysrhythmias .
Increasing the concentration increased the incidence of
sinus arrest. Both drugs inhibited the I as well as the I ,Ca Kr

which can result in a potent negative chronotropic effect.
Simultaneously, the drugs inhibited the I current. In ratf

sino-atrial nodal cells, however, the I current makes af
Žminor contribution to pacemaker activity Shinagawa et

.al., 2000 , because regular spontaneous action potentials
are generated in spite of the disappearance of the If

current. The spontaneous action potentials in rat sino-atrial
Žnodal cells were also less sensitive to CsCl a selective If

.inhibitor . Therefore, the occurrence of sinus arrest is due
to the potent inhibition of currents such as I and I .Ca Kr

Acknowledgements

The author wishes to thank Fujisawa Pharmaceutical for
providing cibenzoline, and Hoechst Pharmaceutical
Ž .Germany for providing 293B. The work was supported
partly by a research grant from the Ministry of Education,
Science and Culture of Japan.

References

Anumonwo, J.M.B., Freeman, L.C., Kwok, W.M., Kass, R.S., 1992.
Delayed rectification in single cells isolated from guinea pig sinoatrial
node. Am. J. Physiol. 262, H921–H925.

Campbell, T.J., 1989. Clinical efficacy of cardiac glycosides for arrhyth-
Ž .mias. In: Vaughan Williams, E.M. Ed. , Handbook of Experimental

Pharmacology. Antiarrhythmic Drugs 89 Springer, Heidelberg, pp.
565–568.

Ž .Dangman, K.H., Miura, D.S., 1986. Cibenzoline. In: Scriabine, A. Ed. ,
New Cardiovasc. Drugs. Raven Press, New York, pp. 107–128.

Guo, J., Ono, K., Noma, A., 1995. A sustained inward current activated
at the diastolic potential range in rabbit sino-atrial node cells. J.
Physiol. London 483, 1–13.

Guo, J., Mitsuiye, T., Noma, A., 1997. The sustained inward current in
sino-atrial node cells of gunea-pig heart. Pflugers Archiv. 433, 390–¨
396.

Hiraoka, M., Kuga, K., Kawano, S., Sunami, A., Fan, Z., 1989. New
observations on the mechanisms of antiarrhythmic actions of disopy-
ramide on cardiac membranes. Am. J. Cardiol. 64, 15J–19J.

Kodama, I., Ogawa, S., Inoue, H., Kasanuki, H., Kato, T., Mitamura, H.,
Hiraoka, M., Sugimoto, T., 1999. Profiles of aprindine, cibenzoline,
pilsicainide and pirmenol in the Framewok of the Sicilian Gambit.
Jpn. Circ. J. 63, 1–12.

Kotake, H., Matsuoka, S., Ogino, K., Takami, T., Hasegawa, J., Mashiba,
H., 1987. Electrophysiological study of cibenzoline in voltage-clamped
rabbit sinoatrial node preparations. J. Pharmacol. Exp. Ther. 241,
982–986.

Koumi, S., Sato, R., Hisatome, I., Hayakawa, H., Okumura, H., Katori,
R., 1992. Disopyramide block of cardiac sodium current after removal
of the fast inactivation process in guinea pig ventricular myocytes. J.
Pharmacol. Exp. Pharmacol. 261, 1167–1174.

Nakajima, T., Iwasaki, K., Hazama, H., Omata, M., 1998. Effects of
piemenol on action potentials and membrane currents in single atrial
myocytes. Eur. J. Pharmacol. 344, 287–297.

Noble, D., 1984. The surprising heart: a review of recent progress in
cardiac electrophysiology. J. Physiol. London 353, 1–50.

Ono, K., Ito, H., 1995. Role of rapidly activating delayed rectifier Kq

current in sinoatrial node pacemaker activity. Am. J. Physiol. 269,
H453–H462.

Sanguinetti, M.C., Jurkiewicz, N.K., 1990. Two components of cardiac
delayed rectifier Kq current: differential sensitivity to block by class
III antiarrhythmic agents. J. Gen. Physiol. 96, 195–215.

Sato, T., Wu, B., Kiyosue, T., Arita, M., 1994. Effects of cibenzoline, a
new class Ia antiarrhythmic drug, on various membranae ionic cur-
rents and action potentials of guinea-pig ventricualr cells. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 350, 167–173.

Satoh, H., 1991. Adenosine on action potentials and membrane currents
in rabbit sino-atrial node preparations. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 344, 674–681.

Satoh, H., 1993. Positive and negative effects of caffeine in sponta-
neously beating rabbit sino-atrial node cells. Gen. Pharmacol. 24,
1223–1230.

Satoh, H., Ishii, M., Hashimoto, K., 1987. Effect of cibenzoline, a class I
antiarrhythmic drug, on action potential in canine ventricular muscle.
Jpn. J. Pharmacol. 44, 113–119.

Shinagawa, Y., Satoh, H., Noma, A., 2000. The sustained inward current
and inward rectifier Kq current in pacemaker cells dissociated from
rat sinoatrial node. J. Physiol. London 523, 593–605.

Vaughan Williams, E.M., 1992. Classifying antiarrhythmic actions: by
facts or speculation. J. Clin. Pharmacol. 32, 964–977.

Verheijck, E.E., van Ginneken, A.C.G., Bourier, J., Bouman, L.N., 1995.
Effects of delayed rectifier current blockade by E-4031 on impulse
generation in single sinoatrial nodal myocytes of the rabbit. Circ. Res.
76, 607–615.

Virag, L., Varro, A., Papp, J.G., 1998. Effect of disopyramide on´ ´
potassium currents in rabbit ventricular myocytes. Naunyn-Shmiede-
berg’s Arch. Pharmacol. 357, 268–275.

Wang, W., Kiyosue, T., Sato, T., Arita, M., 1996. Comparison of the
effects of class I anti-arrhythmic drugs, cibenzoline, mexiletine and
flecainide, on the delayed rectifier Kq current of guinea-pig ventricu-
lar myocytes. J. Mol. Cell. Cardiol. 28, 893–903.

Wu, S.-N., Nakajima, T., Yamashita, T., Hamada, E., Hazama, H.,
Iwasawa, K., Omata, M., Kurachi, Y., 1994. Molecular mechanism of
cibenzoline-induced anticholinergic action in single atrial myocytes:
comparison with effect of disopyramide. J. Cardiovasc. Pharmacol.
23, 618–623.


