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Cardiac electrophysiologic and antiarrhythmic actions of a pavine
alkaloid derivative, O-methyl-neocaryachine, in rat heart
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1 O-methyl-neocaryachine (OMNC) suppressed the ischaemia/reperfusion-induced ventricular
arrhythmias in Langendorff-perfused rat hearts (ECso=4.3 uM). Its electrophysiological effects on
cardiac myocytes and the conduction system in isolated hearts as well as the electromechanical
effects on the papillary muscles were examined.

2 In rat papillary muscles, OMNC prolonged the action potential duration (APD) and decreased
the maximal rate of depolarization (V,.x). As compared to quinidine, OMNC exerted less effects on
both the V,.x and APD but a positive inotropic effect.

3 In the voltage clamp study, OMNC decreased Na* current (In,) (ICso=0.9 um) with a negative-
shift of the voltage-dependent inactivation and a slowed rate of recovery from inactivation. The
voltage dependence of Iy, activation was, however, unaffected. With repetitive depolarizations,
OMNC blocked Iy, frequency-dependently. OMNC blocked Ic, with an ICsy of 6.6 uM and a
maximum inhibition of 40.7%.

4 OMNC inhibited the transient outward K" current (1) (IC50=9.5 uM) with an acceleration of
its rate of inactivation and a slowed rate of recovery from inactivation. However, it produced little
change in the steady-state inactivation curve. The steady-state outward K™ current (Iss) was
inhibited with an ICsy of 8.7 uM. The inward rectifier K* current (/i) was also reduced by OMNC.

5 In the perfused heart model, OMNC (3 to 30 um) prolonged the ventricular repolarization time,
the spontaneous cycle length and the atrial and ventricular refractory period. The conduction
through the AV node and His-Purkinje system, as well as the AV nodal refractory period and
Wenckebach cycle length were also prolonged (30 um).

6 In conclusion, OMNC blocks Na®*, I, and Iss channels and in similar concentrations partly
blocks Ca?* channels. These effects lead to a modification of the electromechanical function and
may likely contribute to the termination of ventricular arrhythmias. These results provide an
opportunity to develop an effective antiarrhythmic agent with modest positive inotropy as well as
low proarrhythmic potential.
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AERP, atrial effective refractory period; AH, atrio-His bundle conduction interval; APA, action potential
amplitude; APDs, o9, action potential duration measured at 50 and 90% repolarization; AVNERP, AV nodal
effective refractory period; BCL, basic cycle length; G, conductance; HPFRP, His-Purkinje system functional
refractory period; HV, His-ventricular conduction interval; Ic,: Ca*>* inward current; Ix;: inward rectifier K*
current; In,: Na® inward current; Iss: steady-state outward K™ current; I,: transient outward K* current; k,
slope factor; OMNC, O-methyl-neocaryachine; RMP, resting membrane potential; SA, sinoatrial conduction
interval; 7, time constant; 7y and 7, fast and slow time constant; VERP, ventricular effective refractory period;
Vmax» maximal upstroke velocity of action potential; VRT, ventricular
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Introduction

Ischaemic heart disease remains a serious problem despite
intensive research in recent years. Patients with ischaemic
heart disease are particularly susceptible to events of
ventricular tachycardia that may even culminate in sudden
cardiac death. Class I antiarrhythmic drugs have been used
for the treatment of life-threatening ventricular tachyar-
rhythmias. However, the effectiveness of most currently used

*Author for correspondence; E-mail: mjsu@ha.me.ntu.edu.tw

drugs has always been limited by serious cardiac depression
or proarrhythmic effects (Woosley, 1991). The CAST (1989)
study provided evidence that some class Ic agents (such as
flecainide and encainide) significantly increased postinfartc-
tion mortality. Thus, the role of class I drugs in controlling
serious arrhythmias is diminishing. In the search for new
drugs with a more favourable benefit-risk ratio, substances
that prolong the cardiac APD and, as a result, the effective
refractory period (ERP) (class III like drugs) have received
considerable attention as potential antiarrhythmic agents
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(Woosley, 1991; Hondeghem, 1992). The antiarrhythmic
benefit afforded by class III like agents is proposed to result
from sufficient prolongation of myocardial refractoriness for
the wave length activation to exceed the path length of the re-
entrant circuit, thereby preventing the initiation or main-
tenance of re-entrant excitation (Wellens et al., 1984). Clinical
results with d-sotalol, a ‘pure’ class III agent, however,
highlighted the limited utility of this type of agent, because it
causes torsade de pointes arrhythmias, and even may increase
mortality in subsets of patients with myocardial infarction
and lowered ejection fraction (Waldo et al., 1996). Accord-
ingly, the search for new types of antiarrhythmic drugs to
treat such life-threatening arrhythmias remains an important
area of investigation. More recently, there has also been
much attention given to compounds possessing a multiple
mode of action, with the expectation that such agents may be
devoid of serious untoward cardiac side effects (Matyus et al.,
1997).

The pavine alkaloids are derived biogenically from benzy-
lisoquinolines (Gozler et al., 1983) and usually exist in plants of
Lauraceae (Tomita et al., 1966). Pavines have been shown to
possess many biological activities such as behavioural effects
(Meisenberg et al., 1984) and antitumour effects (Wu et al.,
1989). Recently, by using large-scale screening tests, we found
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Figure 1 (A) Chemical structure of O-methyl-neocaryachine
(OMNC). (B) Conversion of polymorphic ventricular tachyarrhyth-
mia induced by ischaemia-reperfusion to normal sinus rhythm by
OMNC. Upper panel shows the ventricular electrogram. The
electrogram of the lower panel was recorded at lower right atrium
and shows the atrial (A) and ventricular depolarization (V). (C)
Antiarrhythmic efficacy of OMNC at various concentrations is
plotted against the drug concentration. Antiarrhythmic efficacy is
expressed as the proportion of conversion of the ventricular
tachyarrhythmia to normal sinus rhythm.

that O-methyl-neocaryachine (OMNC, Figure 1A), a pavine
alkaloid derivative, has been shown to convert the ischaemia/
reperfusion induced arrhythmias in rat hearts. We have
therefore evaluated its electrophysiological and mechanical
actions. Our results define its effects on the conduction system
of isolated Langendorff-perfused rat hearts, as well as its effects
on the ionic currents of cardiac myocytes.

Methods

Induction and conversion of ischaemia-reperfusion-
induced arrhythmias

All experimental protocol were approved by the animal use
committee of our institution. Adult male Wistar-Kyoto
(WKY) rats weighing 200—300 g (purchased from the
Laboratory Animal Center, Taiwan University Medical
College) were anaesthetized with sodium pentobarbitone
(50 mg kg~', i.p.) and given heparin (300 units kg~', i.p.)
and then sacrificed by cervical dislocation. The Langendorff-
perfused heart model with constant pressure instead of
constant flow was used (Curtis & Hearse, 1989). The rat hearts
were excised immediately and mounted on a Langendorff
apparatus and perfused via the aorta with normal Tyrode
solution. The solution was continuously gassed with 95% O,
and 5% CO, to give a pH of 7.4 and was maintained at 37°C.
The electrograms were recorded from a low atrial and a
ventricular recording electrode. The signals were continuously
monitored on an oscilloscope (54503A, Hewlett-Packard Co.,
Boise, Ida., U.S.A.) and pertinent data recorded on a two-
channel chart recorder (RS 3200, Gould Inc., Cleveland, Ohio,
U.S.A)). The left anterior descending coronary artery was
ligated for 20 min before the release of the ligature. The
establishment of ischaemia and reperfusion was ascertained by
the amount of coronary effluent. A successful occlusion was
confirmed by 40—50% reduction in coronary flow as compared
with pre-ischaemic values. The antiarrhythmic effect of the
compound was tested after arrhythmias had been induced and
persisted for at least 5 min.

Electromechanical measurements on papillary muscles

The papillary muscles from the left ventricles of the rat hearts
about 0.5—1 mm in diameter and 3—5 mm in length were
dissected and mounted in a tissue chamber (STEIRT, HSE
(Hugo Sachs Electronik), March-Hugstetten, Germany) of
2 ml volume and superfused at a rate of 25 ml min~' with
normal Tyrode solution. The solution was continuously gassed
with 95% O, and 5% CO, to give a pH of 7.4 and was
maintained at 37°C. One end of the papillary muscle was
hooked to a force-displacement transducer (Type F30, HSE),
and the other end was fixed to the bottom of the tissue
chamber. The preparations were stimulated at a rate of 1 Hz
through the platinum field electrodes. Stimuli were rectangular
pulses of 2 ms duration at twice the threshold voltage,
delivered from an electronic stimulator (PULSEMASTER
A300, WPI, Sarasota, FL, U.S.A.). Each preparation was
stretched to a length at which maximum developed force was
evoked and allowed to equilibrate for at least 1 h before the
commencement of the experiments. Transmembrane potentials
were recorded using conventional microelectrode techniques.
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Microelectrodes filled with 3 M KCl having tip resistances 15—
25 MQ were connected to the input of a high impedance,
capacity neutralizing amplifier (Axoclamp 2B, Axon Instru-
ments Inc., Foster City, CA, U.S.A.). Records were digitized
using an A/D converter (Digidata 1200, Axon) and con-
tinuously displayed and stored on an online computer. The
mechanical response was also simultaneously recorded on a
Gould chart recorder. Action potential and contractile force
were analysed by pCLAMP software (Version 6.0, Axon).

Whole cell patch clamp recording

Single ventricular myocytes were isolated from heart of adult
WKY rats by enzymatic dissociation according to a
procedure previously described (Mitra & Morad, 1985;
Chang et al., 1996). lonic currents were studied in whole-
cell configuration at room temperature (25—27°C) (Hamill et
al., 1981). Only quiescent rod-shaped cells lacking membrane
deformities and showing clear cross striations were studied. A
small aliquot of the solution containing the isolated cells was
placed in a 1 ml chamber mounted on the stage of a Nikon
Diaphot inverted microscope (Nikon, Tokyo, Japan). Bor-
osilicate glass electrodes (O.D.: 1.5 mm) were used, with tip
resistance of 2-5MQ when filled with the appropriate
internal solution. Membrane currents were recorded with a
Dagan 8900 patch/whole cell clamp amplifier (Dagan Corp.,
Minneapolis, MN, U.S.A.). Command pulses were generated
by a 12-bit Digidata 1200 D/A converter controlled by
pCLAMP software. Data were low pass filtered at 10 kHz
with a four-pole Bessel filter (FL4, Dagan) and digitized at
20 kHz, and then stored on the hard disk of an IBM-
compatible computer. After forming the whole-cell recording
configuration, a capacitive transient induced by a 10 mV step
from a holding voltage of 0 mV was recorded and used for
the calculation of cell capacitance. Cell capacitances were
estimated from integration of capacitative current transients
and had the mean values of 132.5+14.1 pF (n=24). Series
resistance (R;) was in the range of 4-6 MQ and was
compensated by 60 to 80%. For measurement of Ca’" and
Na™ inward currents, the K™ currents were blocked by
adding CsCl (2—4 mM) to the bathing medium and internal
dialysis of the cells with Cs* and TEA-containing pipette
solution. Experiments on steady-state Iy, inactivation were
studied in a Co?*-containing (1 mMm) low Na® Tyrode
solution ([Na*]=54 mM, with NaCl replaced by N-methyl-
D-glucamine) and dialysis of the cell with Na™ containing
(10 mm) Cs™ pipette solution. In experiments to measure K*
currents, contamination by In, and Ic, was prevented by
addition of TTX (30 uM) and Co** (I mM), respectively.
Data were enrolled from those experiments performed in cells
where the estimated voltage error attributed to uncompen-
sated Ry (RgxIna) was below 5 mV. Data acquisition and
analysis were performed using the Clampex and Clampfit
module of pCLAMP software, respectively Sigmaplot 4.0
(Jandel Scientific) was used for fitting data with Boltzmann
or other user-defined functions.

Intracardiac electrocardiogram recording experiment
Animal preparation The rat heart including part of the

superior and inferior vena cava and the ascending aorta was
quickly excised via thoracotomy. The aorta was retrogradely

perfused at a rate of 4 ml min~'g™' cardiac tissue with

normal Tyrode solution. The solution was continuously
gassed with 95% O, and 5% CO, to give a pH of 7.4 and
was maintained at 37°C. The endocardial surface of the right
atrium was exposed vie a small incision along the
anterolateral atrioventricular groove. For His bundle electro-
gram (HBE) recording, a silver electrode connected to a
tungsten spring was placed on the endocardium near the apex
of the triangle of Koch to record the HBE. In order to obtain
a recognizable T wave and a ventricular depolarization wave
simultaneously on the ventricular electrogram, the tips of the
ventricular recording electrode were separated and placed on
opposite sides of the ventricular epicardium near the
ventricular apex. High right atrial pacing electrode was
placed near the junction of the superior vena cava and right
atrium. The ventricular pacing electrode was placed on the
pericardium near the right ventricular apex. Pacing studies
were performed by utilizing a programmable stimulator
(DTU 215, Bloom Associated Ltd, PA, U.S.A.). A pacing
stimulus of 1 ms in duration and twice the threshold voltage
was applied to the preparation through the bipolar atrial or
ventricular electrodes. The signals were continuously mon-
itored on an oscilloscope (54503A, Hewlett Packard, U.S.A.)
and pertinent data recorded on a two-channel Gould chart

recorder with a paper speed of 100 mm s~

Experimental protocol Electrophysiological studies were
performed according to standard methods described pre-
viously (Josephson & Seides, 1979). The average of four
stable cycle lengths of spontaneous heart beats was taken as
the pacemaker automaticity, which could be a sinus or an
atrial pacemaker. The right atrium was then paced at a
constant rate which was slightly faster than the spontaneous
heart rate. At this constant rate pacing, the intra-atrial
conduction time (SA), AV nodal conduction time (AH), His-
Purkinje conduction time (HV) and ventricular repolarization
time (VRT) were measured.

Incremental right atrial pacing was used to determine the
Wenckebach cycle length. The atrial pacing cycle length was
decreased (every 5—10 s) in steps of 10—20 ms until a stable
1:1 AV nodal conduction pattern was lost. The longest
pacing cycle length at which a 1:1 AV conduction could not
be maintained (either 2:1 conduction or Wenckebach cycle)
was defined as the Wenckebach cycle length.

An atrial premature extra-stimulation (S;) was then
delivered to the high right atrium after a train of constant
rate atrial pacing (S;S;) for eight beats. This atrial extra-
stimulation (S;S;) interval was decreased in 10 ms-step until
the atrial refractory period was reached. The following data
were obtained: Atrial effective refractory period (AERP) was
the longest S;S, interval that did not evoke an atrial
depolarization wave A,. AV nodal effective refractory period
(AVNERP) was the longest S;S, interval in which the evoked
A, failed to evoke a His bundle depolarization wave H,. The
longest H;H, interval that failed to evoke a premature
ventricular depolarization was defined as the His-Purkinje
effective refractory period (HPERP).

The ventricular extrastimulation study protocol was similar
to the atrial extrastimulation study. The ventricular effective
refractory period (VERP) was defined as the longest S;S,
interval that failed to evoke a premature ventricular
depolarization.
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Solutions and drugs

The normal Tyrode solution contained (in mMm): NaCl 137.0,
KCl 5.4, MgCl, 1.1, NaHCO; 11.9, NaH,PO, 0.33, CaCl,
1.8 and dextrose 11.0. The HEPES-buffered Tyrode solution
contained (in mMm): NaCl 137.0, KCl 54, KH,PO, 1.2,
MgSO, 1.22, CaCl, 1.8, dextrose 11.0, and HEPES 6.0,
titrated to pH 7.4 with NaOH. The internal pipette filling
solution contained (in mM): KCI 120.0, NaCl 10.0, MgATP
5.0, EGTA 5.0, and HEPES 10.0, adjusted to pH 7.2 with
KOH. The Cs*-containing pipette solution contained (in
mM): CsCl 130.0, EGTA 5.0, tetraethylammonium (TEA)
chloride 15.0, dextrose 5.0 and HEPES 10.0, adjusted to
pH 7.2 with CsOH. OMNC hydrochloride was synthesized
by one of the authors, Dr S. S. Lee. Its purity (>99%) was
confirmed by spectral methods (mass and NMR). Quinidine
sulphate and tetrodotoxin (TTX) were purchased from Sigma
Chem. Co. Stock solutions (50 mM) of OMNC hydrochloride
and quinidine sulphate were prepared in distilled water and
further dissolved in perfusion medium immediately before
experimentation. Drugs were administered in a cumulative
manner.

Data analysis and statistics

Values are expressed as the means+s.e.mean. A repeated-
measures analysis of variance followed by the Tukey test was
used to examine the significance of changes after the drug.
Since the drug was added in cumulative manner, only the
significance (P<0.05) between the control and the experi-
mental values at each concentration was indicated by
asterisks. Concentration-response curves were fitted by an
equation of the form:

E= Em'dX/[l + (ICSO/C)nH} (1)

where E is the effect at concentration C, E,.x is maximal
effect, ICsq is the concentration for half-maximal block and
ny is the Hill coefficient. The inactivation curves of Iy, or I,
were fitted by the Boltzmann equation:

[/Imax = 1/{1 + exp[(Vim — Vi) /K]} )

where 1 gives the current amplitude and I, its maximum,
V., the potential of prepulse, V; the half-maximal inactiva-
tion potential, and k the slope factor.

Results
Antiarrhythmic efficacy on reperfusion arrhythmias

At a concentration of 1 to 30 uM, OMNC was able to
convert a polymorphic ventricular tachyarrhythmia induced
by ischaemia-reperfusion experiment model (Figure 1B, C).
In the control heart preparations, following 20-min occlusion
of left coronary artery, reperfusion elicits arrhythmias within
5-10s which was maintained for about 85.6+14.5 min
(n=14 hearts). Figure 1B shows a typical trace for the
conversion of ventricular tachyarrhythmia induced by
reperfusion after a 20-min occlusion period to normal sinus
rhythm by 10 uM OMNC. Drugs were administered in a

cumulative manner, and it took about 5—8 min for a given
effective concentration to terminate the arrhythmias. Out of
12 hearts (n=12) with sustained ventricular tachyarrhythmia
induced by ischaemia-reperfusion, OMNC 1 uM converted
one heart to normal sinus rhythm, 3 uM converted three of
the remaining 11 hearts and 10 uM converted six of the other
eight hearts and 30 uM converted two of the other two hearts
to normal sinus rhythm. The concentration-response curve
for arrhythmia conversion showed an ECs of 4.3 uM (Figure
1C). During perfusion with a given effective concentration of
OMNC for about 1.5—-2 h, no new tachyarrhythmias were
observed in these experiments. Quinidine caused a compar-
able degree of antiarrhythmic potency. Out of nine hearts
(n=9) with sustained ventricular tachyarrhythmias, quinidine
3 uM converted the tachyarrhythmia to normal sinus rhythm
in three hearts, 10 uM converted five of the remaining six
hearts and 30 uM converted the remaining one heart to
normal sinus rhythm. The calculated ECsy for arrhythmia
conversion was 4.1 uM.

Electromechanical effects of OMNC on papillary muscles

The representative changes in action potential and contractile
force before and after OMNC in a rat ventricular papillary
muscle driven at 1 Hz are shown in Figure 2. The mean data
are summarized in Table 1. It can be observed that OMNC
prolonged the action potential duration at 50 and 90%
repolarization (APDs, and APDyy) and decreased the
maximal upstroke velocity of depolarization (V. in a
concentration-dependent manner. At the same time, the
contractile force was increased. The action potential
amplitude and resting membrane potential were not
significantly affected by OMNC. The effect of OMNC was
reversed after 10— 15 min of washout with control solution.
As compared with quinidine, OMNC caused less pronounced
effects on the APD and V.. (Figure 2 and Table 1).
However, quinidine depressed the contractility at higher
concentrations (e.g., 100 uM).

Quinidine

4 mN 3mN

Figure 2 Original records of transmembrane action potential and
isometric contraction in rat papillary muscles driven at 1 Hz before
and during application of cumulatively increasing concentrations of
OMNC (A) and quinidine (B). Each concentration was allowed to act
for 15—-20 min before the record was taken. a, b, and c indicate
control, and during superfusion with 30 and 100 um drugs,
respectively.
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Table 1 Effects of O-methyl-neocaryachine (OMNC) (A) and quinidine (B) on the action potential parameters and contractile force in

rat ventricular papillary muscles driven at 1 Hz

RMP (mV) APA (mV)
A (n=38)
Control —80.6+0.9 106.2+1.9
OMNC 3 um —80.5+1.0 105.4+1.7
10 um —80.2+1.2 104.94+1.9
30 um —793+1.3 104.54+2.2
100 um —77.1+£1.6 99.7+2.3*%
Wash —80.2+1.7 103.7+1.6
B (n=6)
Control —82.3+1.1 111.942.1
Quinidine 3 uM —80.8+1.6 109.1+2.9
10 um —80.8+1.3 107.44+2.7
30 um —80.1t£1.5 104.6+2.9
100 um —80.5+1.6 101.1+ 1.8#
Wash —80.6+1.6 106.5+1.6

Vinax (V) APDsp (ms) APDyy (ms) CF (mN)
23444123 15.8+1.7 57.3+4.6 3.3£0.2
231.5+11.7 159+1.8 57.6+4.7 3.4+40.2
220.8+13.5 16.3+1.8 62.3+5.5 3.540.2
206.5+13.8 18.1+1.9 70.3+£5.5 3.6+£0.2
174.2 £17.2%%* 23.6+2.6% 83.2+6.1%* 4.0+0.2%
232.4+13.2 163+1.5 62.1+4.7 32402
283.8+24.0 11.3+1.1 47.9+6.1 31403
258.0+15.3 123+1.4 51.4+7.1 3.1+0.3
252.3+20.4 14.1+1.0 56.8+6.9 31403
211.7+20.8* 21.2+1.4# 73.5+6.8% 32403
137.24+7.1# 342+ 1.8# 96.8 +6.2# 2.540.2
187.3 £23.0%* 15.4+1.7# 74.743.9%* 33402

Values are means+s.e.mean RMP, resting membrane potential; APA, action potential amplitude; V., maximal upstroke velocity of
phase 0 depolarization; APDsy and APDy,, action potential duration measured at 50 and 90% repolarization, respectively; CF,
contractile force. *P<0.05, **P<0.01 and #P<0.001 as compared with the respective control.

Effects of OMNC on L-type calcium current (Ic,)

To activate Ic,, 120 ms pulses to 0 mV from a holding
potential of —40 mV (to inactivate Iy, and T-type Ca’**
current) were delivered at 0.2 Hz. A time-dependent reduc-
tion of Ic, (‘rundown’ phenomenon) was observed during the
initial 10— 15 min access of the patch pipette to the interior of
the ventricular myocytes. Therefore, recordings were per-
formed only on those cells with steady-state Ca®" currents
15 min after cell rupture. A dose-dependent decrease in the
Ca?" currents was observed after OMNC (Figure 3Aa). The
effect on Ic, was reversible after 5—8 min washout of drug.
The application of 3 and 10 uM OMNC reduced the Ic,
amplitude from 1.46 to 1.29 and 0.96 nA, respectively. The
concentration-response curve of the effect of OMNC on the
peak Ic, is shown in Figure 3Ab. The data points were fitted
according to the Hill equation. The mean ICs, calculated
from the dose-response curve was 6.6+ 1.5 uM (n=06) with a
maximal inhibition E.,, of 40.7+4.9% (ny=1.2840.33).
Peak I-, decreased by 1744, 40+3, 73+2 and 86+3%
(n=06) after 1, 3, 10 and 20 uM quinidine. The calculated 1Csq
for quinidine was 4.5+0.6 uM  (maximal inhibi-
tion=102+6%, nyg=1.20+0.16).

Effects of OMNC on sodium inward current (Iy,)

After blocking the K™ current with internal and external
Cs* and blocking the Ca** current with external Co?”", large
fast inward currents were elicited by depolarization of the
membrane (15 ms long) from a holding potential of —80 mV
to —20 mV at 0.2 Hz. Figure 3Ba shows superimposed
traces of Iy, obtained from a rat ventricular cell in the
absence and presence of OMNC. OMNC blocked In,
concentration-dependently (Figure 3Bb). The mean ICs
was 09+4+0.1 uM  (n=9), with an average E. ., of
99.940.9% inhibition and a mean ny of 1.06+0.93. Peak
In. also decreased by 2143, 46+4, 79+4 and 94+1%
(n=8) after 0.3, 1, 3, 10 uM quinidine. The estimated ICsg
for quinidine was 1.34+0.2 uM  (maximal inhibi-
tion=104+1%, ny=1.16+0.07). OMNC did not signifi-

cantly modify the inactivation rate of In,. The decay of Iy,
at —20 mV was well fitted to the biexponential functions
(Figure not shown). The Iy, decay under control conditions
(n=9) showed two time constants of 7,=1.254+0.08 ms and
7,=6.47+0.95 ms. Comparative values in the presence of
1 um OMNC were 7,=1.47+0.20 ms and t,=6.13+0.62 ms
(P>0.05 for 7 and 17) and 3 uM OMNC were
77=1.524+0.22 ms and 73=6.68+1.34 ms (P>0.05 for t¢
and 1), respectively.

To clarify the possible mechanisms of OMNC-induced
reduction of Iy,, we studied the current-voltage relation for
this current. From a holding potential of —80 mV, Iy, was
elicited by depolarizing pulses to potentials ranging from
—70 to +40 mV. The traces in Figure 4A show super-
imposed records of the currents obtained before and after
superfusion with 0.3 and 1 uMm OMNC. The current-voltage
(I-V) relationships for Iy, under the three conditions are
illustrated in Figure 4B. Under control condition, Iy, was
activated at the threshold potential of around —60 mV and
attained its maximum around —30 mV. OMNC blocked the
Na* channel without causing significant changes in the I-V
relationship. Conductance of Na* channel (Gy,) was then
calculated according to

GNa - INa/(Em - Erev) (3)

where Iy, is the peak Na™ current, E., is the reversal
potential of this current, and E,, is the membrane potential.
In Figure 4C, the normalized peak conductance of the Na™
channel was plotted as a function of E,,. Data were analysed
by using the Boltzmann equation as follows:

GNa/GNa, max — 1/{1 + exp[(Vh - Vm)/k}} (4)

where V}, and k represent the voltage of activation midpoint
and a slope factor, respectively. OMNC did not affect the
voltage dependence for activation (Figure 4C). On average
(n=5), Vpb=—459+1.1mV and k=3.8+02 mV under
control  conditions, and V,=-449+1.0mV and
k=4.4+0.2 mV (P>0.05 for V,, and k) in the presence of
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Figure 3 (A) Effect of OMNC on Ic,. (Aa) The original records of
I, elicited by 120 ms step depolarizations (applied every 5 s) from a
holding potential of —40 to 0 mV under control conditions, after 5-
min cumulative superfusion with 3 and 10 um OMNC and washout
conditions. The horizontal dashed line indicates zero current level.
(Ab) Concentration-response curve for the effect of OMNC on Ic,.
Percentage inhibition of peak corresponding to the control value was
plotted against drug concentration. Symbols represent means +s.e.-
mean (n=6). The solid line was drawn by fitting to the Hill equation.
(B) Concentration-dependent effect of OMNC on Iy, (Ba) The
original superimposed records of Iy, elicited by 15ms step
depolarizations from a holding potential of —80 mV to —20 mV
under control conditions and after superfusion with OMNC. (Bb)
Concentration-response curve for the inhibition of OMNC on Iy,.
Each data point indicates means+s.e.mean (n=9).

1 yMm OMNC and V,=—438+1.0 mV and k=4.5+0.3 mV
in the presence of 3 uMm OMNC (P>0.05 for V;, and k).

Effects of OMNC on voltage dependent steady-state
inactivation and recovery from inactivation of Na™
channel

To study the effect of OMNC on the voltage-dependent Iy,
availablity, a double pulse experiment was carried out by
applying a 20 ms test pulse to —20 mV following a 1000 ms
conditioning prepulse to various potential levels ranging from
—150 to —50 mV in 10 mV steps (Figure 5). Test Iy, traces
were superimposed during both control and 3 uM OMNC
superfusions (Figure 5A). The amplitude of Iy, eclicited at
conditioning potential of —130 mV decreased by 12.4+5.6,
33.6+5.6 and 63.0+4.6% (n=5) after 1, 3 and 10 um
OMNC. The steady-state Na™ channel inactivation curves
were obtained by normalizing Iy, amplitudes to their
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Figure 4 Effect of OMNC on In,. (A) The original superimposed
records of Iy, elicited by 20 ms step depolarizations (applied at
10 mV increments every 5 s) from a holding potential of —80 mV to
various potential levels ranging from —70 to +40 mV under control
conditions, after 5-min superfusion with 0.3 and 1 um OMNC.
Arrow head in each panel indicates zero current level. (B) The I-V
relationship for Iy, observed in the absence and during exposure of
OMNC. Each data point represents means +s.e.mean from five cells.
(C) Normalized Na* conductance (Gna/GNa. max) 18 plotted as a
function of the membrane potential. The solid curves are drawn
according to the Boltzmann equation (see text). Each data point
indicates means +s.e.mean (n=>5).

maximum value and plotted as a function of prepulse
membrane potential (Figure 5B). OMNC appeared to block
the Na* current by causing a negative shift of the steady-
state inactivation without affecting the slope factor. On
average (n=5), V,=—91.4+3.9 mV and k=—-6.0+0.5 mV
under control conditions, and V,=—98.54+3.8 mV and

=—6.3+0.7mV (P>0.05 for V, and k) in the presence
of 1um OMNC, V,=-10444+40mV (P<0.05 and

=—6.6+0.6 mV (P>0.05) in the presence of 3 uMm OMNC
and V= —114.44+24 mV (P<0.001) and k= —6.6+0.6 mV
(P>0.05) in the presence of 10 uMm OMNC.

The effect of OMNC on the speed of Iy, recovery from
inactivation was assessed using the protocol shown in the
inset of Figure 6A. A 20 ms prepulse (/,) was followed by a
variable recovery period and a 20 ms test pulse () to assess
the amount of current recovered. Each two pulse sequence
was separated by a 30 s interval. Original current traces in
the absence and presence of OMNC (1 uM) are shown in the
lower panel of Figure 6A. The peak current for each test
pulse was normalized to that for the prepulse and plotted as
a function of recovery time (Figure 6B). Under control
conditions, the Iy, recovered rapidly, being well described
by the sum of two exponentials. In the presence of OMNC,
the time courses of recovery (both 7 and ;) were prolonged
markedly. The proportion of the fast component of the
recovering current was not affected by this agent. On
average (n=38), 7;=41.2+6.0 ms and t,=182.9+24.8 ms
under control conditions, and t;=69.1+10.9 ms (P<0.05)

and 73=419.6+759 ms (P<0.01) in the presence of 1 uM
OMNC and =81.4+13.3 ms (P<0.01) and

=4434+729 ms (P<0.01) in the presence of 3 um
OMNC.
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Figure 5 (A) Effects of OMNC on voltage-dependent steady-state
inactivation of In,. (A) The clamp protocol is illustrated in the inset.
A 1000 ms conditioning pulse was applied from the holding potential
of —80 mV to various potentials ranging from —150 to —50 mV,
which was followed by a test pulse to —20 mV. Test current traces
under control conditions (left) and after 5-min superfusion with 3 um
OMNC (right) are shown. (B) The steady-state inactivation curves
for Iy, were obtained by normalizing the current amplitudes (I) to
the maximal value (I,.x) and plotted as a function of the
conditioning potentials in each condition (n=35). The line drawn
through the data points was the best fit to the Boltzmann equation.

Tonic and use-dependent effects of OMNC on Iy,

To study the use-dependent block, cardiac myocytes were
stimulated by trains of repetitive stimuli at varying rates.
Figure 7A shows the superimposed records of Iy, obtained
on the repetitive depolarizing pulses at a rate of 1 and 4 Hz.
The amplitude of Iy, induced by each pulse successively
applied is plotted in Figure 7B. In the absence of the drug, 16
successive pulses to —20 mV for 15 ms produced no
significant decrease in Iy, even at a high frequency of
4 Hz. In the presence of OMNC (1 um), the amplitude of Iy,
evoked by the first pulse in the pulse train was reduced from
control value of 4.33+0.15nA to 2.26+0.24 nA (n=6,
P<0.01) at 1 Hz and from 4.224+0.19 nA to 2.12+0.30 nA
(n=6, P<0.01) at 4 Hz, respectively. On the subsequent
pulses, the Iy, amplitude became smaller and smaller and
then reached the steady-state level. High frequency stimula-
tion enhanced this extra-block. The averaged current
amplitudes elicited by the first pulse and the steady-state
were 2.26+0.24 nA and 2.07+0.24 nA (n=6, P>0.05) at
1 Hz and 2.124+0.30 nA and 1.22+0.25 nA (n=6, P<0.05)
at 4 Hz, respectively.

Effects of OMNC on K* currents

In order to separate the K outward current from over-
lapping currents, Na* and Ca?* current was blocked with

30 um TTX and 1 mm Co?", respectively. Typical current
traces recorded in response to depolarizing and hyperpolariz-
ing clamp steps to test potentials between +60 and
—140 mV from a holding potential of —80 mV are shown
in Figure 8A. Addition of OMNC (10 uM) to the superfusion
solution reduced the amplitude of peak outward K* current
(I,,) and accelerated its inactivation time course. In addition,
OMNC also reduced the steady-state K" outward current
(Iss) at the end of 400 ms long clamp steps. Inward K™
currents through the inward rectifier K* channel (fi;) were
also inhibited, although to a lesser degree. This effect was
reversible after washout of the drug. Figure 8B, C show the
current-voltage relation for the 7, and Isg before, during and
after washout of 10 uMm OMNC, respectively. Figure 8D
shows that the per cent inhibition of [, integral by 10 um
OMNC was not significantly dependent on step potential.

The effect of OMNC on [, was investigated further by
analysing its concentration dependence. [, was elicited by a
depolarizing pulse to +60 mV from a holding potential of
—80 mV. Figure 9A shows superimposed K* current traces
before and after cumulative superfusion with 3, 10 and 30 uMm
OMNC. The decay of currents during an activating clamp
step in control conditions was well fitted by a single
exponential function

Lo (t) = Ajexp(—t/1) + Ay (5)

where A; and 7 are the initial amplitude and time constant of
inactivation, respectively. A, is a time-independent compo-
nent. The average value of the decay time constant (t) was
48.8+2.7ms (n=7). In the presence of OMNC, the time
constant of current decay was decreased. At concentrations
higher than 3 uM, a monoexponential relation no longer
fitted I, well, on the other hand, a biexponential relation ([,
(t)=A exp(—t/tp) + Asexp(—t/ts) + Ay, where Ay, 1, A, and
75 are the initial amplitudes and time constants of fast and
slow decaying component of inactivation, respectively) fitted
the data well. At 10 and 30 uM, the average value of 7, was
respectively calculated to be 9.1+1.3 ms and 7.3+0.6 ms,
which are both significantly shorter than that in control cells
(P<0.001). The average value of 1, was respectively
calculated to be 42.5+4.4 ms and 51.849.5 ms, which are
comparable to that in control cells. Since OMNC accelerated
the decay time course of I, the inhibition of [, was
evaluated by measuring the integral of the inactivating
current  (Ajexp(—t/t) or  Ajexp(—t/te) + Asexp(—t/ty))
whereas the inhibition of Isg was evaluated by the reduction
of the fitted time-independent component (A,). Figure 9C
illustrates the per cent reduction of [, integral and fitted
amplitude of Isg as a function of the logarithm of OMNC
concentration. The data was fitted with a Hill equation to
obtain a concentration-response curve. The mean ICsq for 7,
was 10.4+1.5 uM, with an E_ ., of 100.1+1.9% inhibition
and a mean ny of 1.07+£0.10 (= 10). The calculated ICs, for
Iss inhibition by OMNC was 8.7+ 1.4 uM, with an E,, of
101.5+3.0% inhibition and a mean ny of 1.174+0.17 (n=8).
The concentration-dependence of inhibition of 7, and Iss by
quinidine are shown in Figure 9B, D. The calculated ICs, for
I, inhibition by quinidine was 0.84+0.2 uM (maximal
inhibition=91+2%, ny=1.184+0.08, n=7). The calculated
ICsg for Iss was  0.7+0.1 uM (Epax=92.94+2.2%,
ng=1.1740.12, n=7).
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Figure 6 Effects of OMNC on the recovery of Iy, from inactiva-
tion. (A) The double pulse protocol is shown in the inset. Iy, was
evoked by a 20 ms test pulse (I;) to —20 mV at varying intervals
after a 20 ms prepulse (I,) to —20 mV from a holding potential of
—80 mV. Records of Iy, elicited by the prepulse and the test pulse
were superimposed under control conditions (left) and after 5-min
superfusion with 1 um OMNC (right), respectively. (B) Relative
values of I, and I, (fractional recovery) were plotted along the
interpulse interval in the absence and presence of OMNC (n=38). The
solid lines were best fit of a double exponential function.

Effects of OMNC on steady-state activation, inactivation
and recovery from inactivation of I,

Figure 10A shows the voltage dependence of steady-state
inactivation and activation curve of [, The steady-state
inactivation was obtained using a conventional double-pulse
protocol. Each peak current was normalized to the maximum
current measured and plotted as a function of conditioning
potential. As shown in Figure 10A, OMNC caused a small
hyperpolarization-shift of the steady-state inactivation rela-
tionship. On average (n=7), V,=-—-28.0+4.0mV and
k=—-4.6+04 mV under control conditions, and
V,=—-3694+6.0mV and k=-524+0.5mV (P>0.05 for
Vi, and k) in the presence of 10 uM OMNC and
Vp=-380+6.0mV and k=-534+04mV (P>0.05 for
Vi, and k) in the presence of 30 uM OMNC. The activation
curves as shown in Figure 10A were obtained from the
normalized conductance of [, channels (Go/Gyo, max) Which
were calculated from the data of I, amplitude in Figure 8A,
B. The average values of V; and k were 1.2+5.7 mV and
12.1+0.7 mV (n=8) under control conditions, respectively.
OMNC (10 um) did not affect the voltage dependence for
activation (Vp=—1.5+6.8mV and k=132+1.1 mV,
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Figure 7 Tonic and use-dependent inhibition of Iy, by OMNC. (A)
Superimposed records obtained during a train of 16 successive
depolarizing pulses applied at a frequency of either 1 or 4 Hz before
and during exposure to OMNC (1 uMm). The pulse protocol used is
shown in the inset of A. (B) Relation between peak Iy, and number
of pulses applied at different rates under the control and OMNC-
application condition. Each data point indicates means+s.e.mean

(n=6).

P>0.05 for Vy, and k). The effect of OMNC on the recovery
kinetics of I, was also examined and is shown in Figure 10B.
Recovery from inactivation in the control conditions could be
well fitted by a single exponential function. An average value
of the recovery time constant was 41.1+1.8 ms (n=7). In the
presence of 3, 10 and 30 uMm OMNC, recovery of I, was
significantly ~ prolonged to 49.1+34ms (P<0.05),
60.8+6.0 ms (P<0.01) and 76.04+5.9 ms (P<0.001), respec-
tively.

Modification of the electrophysiological properties of the
cardiac conduction system

Changes in the electrophysiological parameters of the cardiac
conduction system in 10 rats after cumulative application of
OMNC (1-30 um) are summarized in Table 2. Intracardiac
recording detected the atrial activity, His potential, and
ventricular activity (Figure 11). The ventricular repolarization
time (VRT) was significantly lengthened by OMNC at low
concentration (3 uM) and this effect was concentration-
dependent. At higher concentrations, the basic cycle length
was prolonged (10 um). The conduction through the AV
node (AH interval) and the His-Purkinje system (HV
interval) as well as the AV nodal Wenckebach cycle length
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Figure 8 Effects of OMNC on K™ currents. (A) Families of current
traces elicited by a series of 400-ms long depolarizing or
hyperpolarizing pulses from a holding potential of —80 mV in the
absence and presence of 10 um OMNC and following washout of the
drug. Horizontal dashed line in each panel indicates zero current
level. (B) and (C): Averaged I—V relationship for I, (B) and Iss (C)
observed in the absence, and presence of 10 uMm OMNC, and after
washout. (D) Per cent inhibition of 7, integral by 10 um OMNC
calculated at different depolarizing potentials. Data points are
means +s.e.mean from eight cells in panel (B), (C) and (D).

were also prolonged (30 uM). The conduction interval
through the atrial tissue (SA interval) was not significantly
affected. Additionally, OMNC prolonged the atrial and
ventricular refractory period at a concentration of 10 uM or
higher. At higher concentrations (30 uMm), the AV nodal
refractory period was also prolonged. In the present
experimental protocol the AV node usually became refractory
to premature extrastimulation before the His-Purkinje system
became refractory. Therefore, only the functional refractory
period of the His-Purkinje system (shortest conducted V,V,
interval) was measured. It was significantly prolonged at a
concentration of 10 uM or higher. As compared to quinidine,
OMNC exerted comparable effect on VRT and AERP but
less pronounced effects on other parameters (Table 2).

Discussion

In this study, we have demonstrated positive inotropy as well
as a significant antiarrhythmic efficacy of a pavine alkaloid
derivative, O-methyl-neocaryachine (OMNC). The range of
effective concentration for conversion of arrhythmias was
wide. No new arrhythmias were induced even at a
concentration about 10 fold above the ECs,. The antiar-
rhythmic action may be mediated through blockade mainly
of the Na™, I, and Isg channels, and partly through the Ca**
channel. Consequently, OMNC could prolong the conduction

intervals and the refractoriness of the cardiac conduction
system. The electrophysiological effects were similar to those
found for quinidine, a class I, agent, but were different from
it in channel selectivity.

An important consequence of both myocardial ischaemia
and reperfusion is the occurrence of various disturbances of
cardiac rhythm, including the potential lethal condition of
VF (Corr & Witkowski, 1983). The mechanism(s) underlying
the genesis of ischaemia reperfusion-induced arrhythmias are
complex and controversial. In recent years, a number of
factors have been implicated as potential culprits, these
include the production of free radicals (Zweier et al., 1989)
and the consequent electrophysiological disturbances includ-
ing the reentry and the enhanced automaticity such as
oscillatory afterpotentials (Corr & Witkowski, 1983; Manning
& Hearse, 1984; Pogwizd & Corr, 1987). Unpublished data
has shown that OMNC was found to have no in vitro DPPH
scavenging activity. This result suggests that the antiar-
rhythmic action of OMNC may not be due to the free radical
scavenging activity.

The results from the present study show that OMNC may
exert antiarrhythmic activity by suppression of oscillatory
afterpotentials or extrasystole via blocking the Na* channels.
Though the inhibition of action potential upstroke velocity
and prolongation of the conduction intervals as well as the
refractoriness of the His-Purkinje system and the ventricular
tissues may be related with the inhibition of sodium channel
(Fozzard, 1990), the effective concentration for slowing the
upstroke velocity of papillary muscle is much greater than the
ICs¢ for inhibition of Iy,. This apparent disparity is due to
the inhibition of K" outward current which could counter-
balance the inhibition of Iy,. Another possible explanation
for this disparity is that experiments on Iy, were studied in
low Na™ (54 mM) solution and lower temperature (25—
27°C). However, experiment on V., was performed in
normal Tyrode solution and 37°C. Most class I antiar-
rhythmic agents caused a use-dependent inhibition of In,, a
slower recovery of Na™ channels from their inactivation state
and a negative shift of the voltage-dependent inactivation
curve of Iy, (Clarkson et al., 1988; Grant & Wendt, 1992). In
this study, OMNC inhibited Iy, with a significant negative
shift of the voltage-dependent inactivation curve of Iy, but
without alteration of the inactivation time constant. In
addition, a use-dependent inhibition and a prominent
retardation of recovery from inactivation of Na" channel
were also observed in cells treated with OMNC. According to
the modulated receptor hypothesis, the potency of the block
of cardiac Na* channels by class I agents is different when
the channels exist in three different states (resting, activated,
and inactivated) (Hondeghem & Katzung, 1977; Hille, 1977).
The phenomena of use-dependent block are generally
interpreted by drug molecule binding to the open- and
inactivated state channels during membrane depolarization.
The affinity of OMNC to the inactivated state and resting
state Na® channels could be estimated by the following
equation: AVy=kxIn[(1+D/K,)/(1+D/K;)] (Bean et al.,
1983), where the AVy is the shift in the midpoint, & is the
slope factor, D is the drug concentration, and K, and K; are
the dissociation constants for resting and inactivated Na™
channels. From the negative shift of Vy obtained in two
concentrations of OMNC (1 and 3 uM; Figure 5), the value
of K; and K, were calculated to be 0.47 uM and 97.7 uMm,
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Figure 9 Concentration-dependence of inhibition of K™ currents by
OMNC and quinidine. (A) and (B) Superimposed families of current
traces generated by 400-ms depolarizing pulses to +60 mV from a
holding potential of —80 mV in the absence or presence of increasing
concentrations of OMNC and quinidine, respectively. Horizontal
dashed line indicates zero current level. (C) and (D) Concentration-
response curve for the effect of OMNC ([,: n=10; Iss: n=28) and
quinidine (I,: n=7; Iss: n=7) on the integral of I, and the fitted
amplitude of Iss. Continuous line was drawn according to the fitting
of Hill equation.

respectively. This result suggests that OMNC may bind
preferentially to the inactivated channel, which results in a
decrease of the available channels for activation. This result
may also explain the tonic block of Iy, elicited from
—80 mV by OMNC. In our previous study, (—)-caryachine,
a similar pavine alkaloid as OMNC was found to inhibit Iy,
with a higher value of K; (1.2 uM) and lower K, (48.3 um)
(Chen et al., 1996). This result indicates that O-methylation
of (—)-caryachine seems to increase the relatively selective
binding to inactivated Na® channels. The prominent
retardation of Na" channel recovery from inactivation
provides additional evidence that OMNC can interact with
inactivated Na® channel. Because the time course of
inactivation of Iy, was unchanged in the presence of OMNC,
the rate of transformation of channels from open state to
inactivated state may be unaffected by OMNC and the
binding of OMNC to channels in open state may be
insignificant or not fast enough to affect the time course of
In, Inactivation.

In this study, though the potency of OMNC was
comparable to quinidine on the inhibition of Iy, amplitude,
the retardation of Iy, recovery and the shifting of
inactivation curve, however, were less potent than that of
quinidine which had been reported in our previous study
(Chang et al., 1996). These results together with the multiple
mode of action of quinidine on Iy, may explain why
quinidine was more potent than OMNC on the prolongation
of conduction time and refractoriness in the whole heart
model. Besides, the action potential V,,, suppressing effect of
quinidine in papillary muscles was stronger than OMNC, this
may be explained by the quinidine-induced prominent
prolongation of APD which may enhance its inhibitory effect
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Figure 10 (A) Voltage dependence of steady-state /;, activation and
inactivation in the absence and presence of 10 um OMNC. Steady-
state inactivation was examined with a double pulse protocol: a
conditioning 400 ms pulses to various potentials ranging from —90
to 0 mV was followed by a test depolarizing pulse to +50 mV. The
holding potential was —80 mV. The predrug superimposed current
traces are shown in the inset. The inactivation curves for I, were
obtained by normalizing the current amplitudes (I) to the maximal
value (I,.x) and plotted as a function of the conditioning potentials
before and after OMNC (n=7). Solid line drawn through the data
points were the best fit to the Boltzmann equation. The activation
curves were obtained from the normalized conductance of I,
channels (G,/Gio. max) Which were calculated from the data of [,
amplitude in Figure 8A and B and plotted as a function of the
depolarizing potentials (n=38). Solid line drawn through the data
points were the best fit to the Boltzmann equation. (B) Effects of
OMNC on reactivation of /. The twin-pulse protocol used consisted
of two identical 200 ms depolarizing pulses to +50 mV from a
holding potential of —80 mV. The prepulse-test pulse interval was
varied between 10 and 800 ms. An example of recovery of [, from
inactivation in control conditions is shown in the inset. The
normalized currents (fractional recovery) obtained in the absence
and presence of 10 um OMNC were plotted as a function of the
recovery time. Solid and dashed lines represent single exponential
fitted to the data in the absence and presence of OMNC (n=7),
respectively.

on V.. As judged from the mode of action on Iy,, OMNC
blocks Na* channels in a channel state-dependent manner
more like class Iy agents.

Class III and some class I antiarrhythmic agents exert
their antiarrhythmic effects by suppressing the K* outward
currents to prolong the APD and thereby increase the
refractoriness of the conduction system and myocardium
(Singh & Nademanee, 1985; Hondeghem, 1992). Our result
showed that OMNC could suppress the [, and the Isg
which consequently prolonged the APD, repolarization time
and increased further the refractoriness of the myocardium
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Table 2 Concentration-related effects of O-methyl-neocaryachine (OMNC) and quinidine on the conduction system of rat isolated

perfused hearts

OMNC (um) Quinidine (uMm)

Control 1 3 10 30 Wash  Control 1 3 10 30 Wash
BCL 276+9 27249 296411  304+10% 357+13# 304415 27544 28448  303+10% 357+15# 4234+22# 3004+ 10*
SA 10£0  10+0 10+1 11+1 12+1 1040 8+1 8+1 8+1 9+1 1141* 8+1
AH 4443 4342 4443 47+4 59+ 6* 45+4 40+3 4343 47+4 56+ 3# 76+ 4# 4143
HV 2041 21+1 2141 22+1 3143*%* 2141 18+1 19+1 214+1* 26+ 1# 34424 1840
VRT 69+2 7142 75+ 1%%  8543#  105+4# 7442 6044 65+5 81+6** 104+64# 122+6# 7246
WCL 146+6 150+4 15345 166+10 189+8# 156+5 14448 152+6 164+5*% 189+5# 226+4# 14146
AERP 3745 3843 48+6 T148** 106+12# 55410 4545 44+4 47+7 684 8* 98 +8# 6449
AVNERP 115+4 116+2 11945 132411 1564+8# 11945 11049 114+8 131+7 163+6# 203+4# 108+6
HPFRP 152+4 153+3 164+5 179+ 11% 2154+8# 16546 14948  158+5 177+5%*% 206+4# 24342# 14445
VERP 5243 5645 63+6 84+ T# 1254 8# 60+6 3243 4143*  564+4# 103+ 14# 156+ 13# 4146

Data (in ms) were obtained from 10 (OMNC group) and nine (quinidine group) experiments and are expressed as means+s.ec.mean.
Abbreviations: BCL, basic cycle length; SA, sinoatrial conduction interval; AH, atrio-His bundle conduction interval; HV, His-
ventricular conduction interval; VRT, ventricular repolarization time interval; WCL, Wenckebach cycle length; AERP: atrial effective
refractory period; AVNERP, AV nodal effective refractory period; HPFRP, His-Purkinje system functional refractory period; VERP,
ventricular effective refractory period. *P<0.05, **P<0.01 and #P<0.001 as compared with the respective control.
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Figure 11 Representative His bundle electrograms (left) and
ventricular electrograms (right) after different concentrations of
OMNC in the rat heart. The right atrium near the superior vena
cava was paced at a constant rate with a pacing cycle length of
250 ms. A: atrial depolarization. H: His bundle depolarization. S:
stimulation artifact. T: ventricular repolarization. V: ventricular
depolarization. The paper speed was 100 mm/s.

and may therefore contribute to its suppressing effects on
the ischaemia/reperfusion-induced tachyarrhythmias. How-
ever, the disparity between the effective concentration to
prolong the APD of the papillary muscles and to prolong
the ventricular repolarization time of isolated hearts was
found in this study. This disparity could be explained partly

by the heterogeneity in subtypes of [, between papillary
muscle and epicardium (Dixon & Mckinnon, 1994; Wick-
enden et al., 1999). Since the heterogeneity in density of 7,
with a rapid recovery time constant (i.e., Kv 4.2 channels) is
a main reason for the regional difference in repolarization
time, the stronger inhibition of the component of [, by
OMNC may reduce the total dispersion of repolarization in
rat heart which may then reduce the incidence of reentrant
arrhythmia.

The I, is generally considered an important repolarizing
current in the action potential of several mammalian tissues,
including human atrium and ventricle (Escande et al., 1987;
Nibauer et al., 1993) and in rat and rabbit cardiac tissues
(Josephson et al., 1984; Nakayama & Irisawa, 1985; Giles &
Imaizumi, 1988). Therefore, [, suppression would increase
the refractoriness of atrial, AV nodal and ventricular area. In
this study, both OMNC and quinidine block the I, and the
Iss, but with different potencies; quinidine is approximately
10-fold more potent than OMNC for the inhibition of both
I, and Iss. This result may explain the less marked
prolongation of the atrial, atrioventricular and ventricular
refractory periods by OMNC than by quinidine. The
inhibition of OMNC on [, is characterized by a concentra-
tion-dependent increase in the rate of current decay. The
acceleration of current decline could be attributed to the
binding to open state channels, like quinidine, flecainide and
propafenone (Slawsky & Castle, 1994). OMNC tended to
shift steady-state inactivation curve of I, to more negative
potential suggests that OMNC may partly bind to the
inactivated channels which could then result in a decrease
of number of resting I, channels available for activation. The
retardation of I, recovery in the presence of OMNC may
result from the slower dissociation of this agent from their
binding sites. As compared to OMNC, previous studies have
shown that quinidine also prolonged the recovery of 7, from
inactivation although the voltage dependent steady-state
inactivation curve was not changed (Clark et al., 1995;
Chang et al., 1996).

In diseased human atrial strips, the resting membrane
potential of partially depolarized cells is noted to be between
—40 and —50 mV, at which [, is partially activated and
inactivated, but an incomplete inactivation at this potential
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range may result in a residual opening of I, channel which
may overlap Ic, (Escande et al., 1987). Therefore, it has been
proposed that I, plays a protective role in the diseased
human atrium by preventing the firing at foci of abnormal
automaticity. The present data show that the ratio of 1Csq for
inhibition of I, to ICsq for I, is 6.4 for quinidine but 0.75
for OMNC. This result indicate that quinidine has relatively
selective inhibition of I, which may then result in an increase
in generation of abnormal automaticity in partially depolar-
ized myocardium.

Inward rectification of Ix; has been suggested to play a
major role in the formation of the plateau phase of the
cardiac action potential (Lopatin & Nichols, 2001). As the
cell repolarizes, the conductance recovers, allowing Ik
channels to contribute to repolarization and maintain the
resting potential. In rat ventricular myocytes, I; does not
show a negative slope conductance; the decrease of Ix; by
OMNC may contribute less to an increase in APD. However,
the suppression of Ix; seems to be responsible for the slight
depolarization of the resting potential.

Drugs that block the L-type Ca®>" channel may preferen-
tially prolong the conduction and refractoriness of slow
response fibres (Harrison, 1985; Fozzard, 1990). Consistent
with the modest depressant effect of OMNC on AV nodal
conduction time, this agent also prolonged the Wenckebach
cycle length (WCL) and AV nodal ERP. This finding suggests
that the inhibition of I, by OMNC may partially contribute
to its antiarrhythmic activity. Drugs that block the Ca®" or
Na™ channels may also result in a negative inotropic effect
which is hazardous in some situations (Ravid et al., 1989;
Schlepper, 1989). Quinidine has been reported to cause a
negative inotropic effect and this effect may reside in its
significant decrease of I, (Nawrath, 1981). In this study, we
also observed this phenomenon in rat papillary muscles
which were treated with higher concentrations of quinidine
although the APD was significantly prolonged at the same
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