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Introduction

An enhancement of sympathetic nerve activity is 
known to facilitate life-threatening ventricular tachycar-
dia/fibrillation (VT/VF) (1, 2). Regardless of the initiat-
ing event, spiral-wave (SW) or vortex-type reentry (ro-
tors) has been regarded as the major organizing principle 

of VT/VF (3, 4). As to the sympathetic modification of 
SW reentry, however, the information available is still 
limited, and much remains to be clarified.

The delayed rectifier potassium current (IK), a major 
determinant of cardiac action potential duration (APD), 
is composed of rapidly (IKr) and slowly (IKs) activating 
components. They differ in kinetic properties, rectifica-
tion characteristics, and sensitivity to drugs (5). Most 
class III antiarrhythmic drugs currently available, such as 
dofetilide, sotalol, and nifekalant, prolong APD in a re-
verse frequency-dependent manner by blockade of IKr (6, 
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7). This limits their therapeutic potency against tachyar-
rhythmias. In addition, excessive APD prolongation by 
pharmacological blockade of IKr renders a certain proar-
rhythmic propensity known as drug-induced QT prolon-
gation and torsades de pointes (TdP) (8). IKs is an attrac-
tive alternative antiarrhythmic target for several reasons. 
IKs is activated strongly by β-adrenergic stimulation (9, 
10), leading to spatially heterogeneous shortening of 
APD in the mammalian ventricles (11). IKs accumulates 
at high stimulation rates because of its slow deactivation 
kinetics (12, 13). Therefore, APD prolongation by IKs 
block does, unlike IKr block, not show a pronounced re-
verse frequency-dependence (6, 14, 15). In other words, 
its class III antiarrhythmic potential is preserved under 
tachycardia (16).

We hypothesized that an enhancement of IKs is in-
volved in sympathetic modulation of SW reentry in such 
a way that it promotes ventricular tachyarrhythmias. In 
the present study, we investigated the effects of acute 
application of chromanol 293B (293B), a selective 
blocker of IKs (14, 17), on VTs mediated by SW reentry 
in a 2-dimensional epicardial layer of rabbit ventricular 
tissue treated with isoproterenol (ISP). E-4031, a selec-
tive blocker of IKr (9), was used as a reference drug.

We show that blockade of IKs can abolish the proar-
rhythmic effects of ISP used to mimic high sympathetic 
tone.

Materials and Methods

Experimental model and optical mapping
The procedures followed were in accordance with in-

stitutional guidelines; the study protocol was approved 
by the Institutional Animal Care and Use Committee at 
Nagoya University. The experimental model and proce-
dures of optical mapping are essentially the same as re-
ported previously (7, 18 – 21). Isolated rabbit hearts 
(n = 36) were perfused on a Langendorff apparatus with 
modified Krebs-Ringer solution at 37°C. Complete 
atriventricular (AV) block was produced by destruction 
of the His bundle. A 2-dimensional epicardial layer of 

ventricular myocardium (approximately 1-mm-thick) 
was prepared by a cryoprocedure at the endocardium. 
The tissue was stained with a voltage-sensitive dye, di-4-
ANEPPS. Cytochalasin D (10 μM) was applied to mini-
mize motion artifacts. Bipolar electrograms were recorded 
through widely spaced electrodes to monitor ventricular 
activation.

The hearts were illuminated by bluish-green light-
emitting diodes (LEDs) and fluorescence was recorded 
with a high-speed digital video camera (Fastcam-Max; 
Photron, Tokyo) to acquire 10 bit gray scale images 
(256 × 256 pixels) at a sampling rate of 1,000 frames/s. 
The acquired image covered the anterolateral surface 
(30 × 30 mm) of the left ventricle (LV). To reveal the 
action potential signal, the background fluorescence was 
subtracted and low-pass filtering was applied (22). Spa-
tial resolution after filtering was 0.1 mm. Isochrone acti-
vation maps of 4-ms intervals were generated from the 
filtered image. When two successive isochrones of 4-ms 
intervals were superimposed at a single pixel (conduction 
velocity, CV < 3 cm/s), local conduction block was de-
fined at that site. From normalized action potential sig-
nals, time points at 10% depolarization and 90% repolar-
ization were identified, and the interval in between was 
defined as action potential duration at 90% repolarization 
(APD90). Wave propagation patterns during VT were ana-
lyzed by the phase mapping method (23).

Data were obtained before (control), 20 – 30 min after 
application of 0.1 μM ISP and 20 – 30 min after addi-
tional application of 30 μM 293B or 0.1 μM E-4031. 
Single effects of 30 μM 293B or 0.1 μM E-4031 were 
also assessed in some experiments. Our pilot experiments 
showed that 30 μM 293B and 0.1 μM E-4031 caused a 
similar APD prolongation in their single effects under 
constant stimulation at a basic cycle length (BCL) of 200 
ms (Table 1).

Measurement of conduction velocity and action potential 
duration

CV and APD90 were measured under constant stimula-
tion from the anterior center of LV free wall at BCLs of 

Table 1. Effects of chromanol 293B and E-4031 on basal electrophysiological properties

APD90 (ms) ERP (ms) CV (cm/s)

BCL 200 ms BCL 400 ms BCL 400 ms BCL 200 ms BCL 400 ms

Control 142.4 ± 1.7 190.7 ± 4.5 192.2 ± 3.2 51.9 ± 0.4 59.7 ± 1.4

293B (30 μM) 159.1 ± 1.6* 213.6 ± 5.4* 214.6 ± 5.1* 51.9 ± 0.4 60.1 ± 1.4

Control 140.7 ± 4.1 198.3 ± 6.4 186.0 ± 8.1 50.7 ± 0.6 60.6 ± 0.6

E-4031 (0.1 μM) 163.9 ± 2.1* 242.9 ± 5.4* 235.0 ± 11.6* 46.6 ± 2.5 60.5 ± 0.8

Data were obtained before (control) and 20 – 30 min after application of 30 μM chromanol 293B (293B, n = 5) or 0.1 μM 
E-4031 (n = 6). *P < 0.05 vs. control (Student’s paired t-test).
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200 and 400 ms. A unipolar electrode made of teflon-
coated platinum wire (diameter, 0.1 mm) was used for 
stimulation. The pulses were 2 ms in duration and had an 
intensity of 1.2 times diastolic threshold. CV was mea-
sured during longitudinal propagation in an 18 × 18 mm 
square area (the fiber orientation was assumed to be 
constant over the entire mapped region). CV was calcu-
lated from the slope of a linear least-squares fit of the 
activation time plotted against the distance. The measure-
ment of APD90 was made at equally spaced 16 sites 
covering a 7 × 7 mm square area around the stimulation 
site (Fig. 1A). The effective refractory period (ERP) was 
estimated by a standard single extrastimulus protocol.

Induction of VT
Reentrant VTs (≥ 3 nonstimulated excitations) were 

induced by modified cross-field stimulation. Fourteen 

basic (S1) stimuli (BCL, 400 ms) were applied to the LV 
apex through a pair of contiguous bipolar electrodes, and 
a 20-ms monophasic DC pulse of constant voltage (DS2, 
20 V) was delivered through a pair of Ag-AgCl paddle 
electrodes (7 mm in diameter) placed on the lateral sur-
faces of both ventricles. The S1-DS2 coupling interval 
was shortened progressively in 10-ms steps to cover the 
whole vulnerable window of the S1 excitation. VTs last-
ing > 5 s were defined as sustained.

Numerical simulation
A rabbit ventricular action potential model originally 

described by Shannon et al. (24) was used for numerical 
simulation. For 2-dimensional simulation, a rectangular 
tissue sheet (4 × 4 cm) consisting of 400 × 400 cell units 
was constructed with Neuman boundary conditions. The 
intercellular coupling conductance in the horizontal di-
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Fig. 1. Effects of isoproterenol (ISP), chromanol 293B (293B), and E-4031 on APD and CV under constant stimulation. CV was 
measured during longitudinal propagation along the fiber orientation. A: Left, 16 data-sampling sites (circles) for APD measure-
ments covering a 7 × 7 mm area around the stimulation site (LV epicardial surface). Right, averaged action potential signals 
 recorded from the 16 sites before (control), after application of ISP (0.1 μM), and after additional application of 293B (30 μM) at 
BCLs of 200 and 400 ms. B: Pooled data of APD90 obtained from 14 hearts in the control, after ISP (0.1 μM) alone, and after 
ISP + 293B (30 μM). C: Corresponding pooled data obtained from 6 hearts in the control, after ISP (0.1 μM) alone, and after 
ISP + E-4031 (0.1 μM). *P < 0.05 vs. control, †P < 0.05 vs. ISP (ANOVA).
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rection was reduced to a tenth (100 nS) of that in the 
vertical direction (1,000 nS) to create a uniform anisot-
ropy. SW reentry was induced by cross-field stimulation; 
line stimulation was applied to the left end of the sheet to 
generate a linear wavefront propagating horizontally and 
suprathreshold depolarization (1 nA, 5 ms) was given to 
the top half of the sheet with a variable coupling interval. 
The effects of ISP at 0.1 μM were represented by an in-
crease in L-type calcium current (ICa,L) by 22%, an in-
crease in IKs by 286%, and an acceleration of activation/
deactivation by 2.5-fold with a hyperpolarizing shift of 
voltage-dependent activation (by 12.6 mV) of IKr (10, 
25 – 28). 293B at 30 μM was assumed to block IKs by 
50%.

Statistical analyses
Data were expressed as means ± standard error of the 

mean. Statistical comparisons were performed by 
ANOVA with the Bonferroni post hoc test or by Stu-
dent’s paired t-test when appropriate. Differences were 
considered significant when P < 0.05.

Results

Basal electrophysiological properties
We first examined the effects of 293B (30 μM) and 

E-4031 (0.1 μM) under constant stimulation in the ab-
sence of ISP (Table 1). These drugs caused significant 
prolongation of APD90 without an effect on CV. APD90 

increased by 17 and 23 ms with 293B at BCLs of 200 and 
400 ms, respectively (n = 5, P < 0.05), and by 23 and 45 
ms with E-4031 at these BCLs (n = 6, P < 0.05). ERP 
increased by 22 ms with 293B (n = 5, P < 0.05) and by 
49 ms with E-4031 (n = 6, P < 0.05) in line with the in-
creases of APD90 at a BCL of 400 ms.

We next examined the effects of 293B (30 μM) in the 
presence of ISP (0.1 μM) (Fig. 1). ISP caused a signifi-
cant shortening of APD90 by 18 and 53 ms at BCLs of 
200 and 400 ms, respectively. Additional application of 
293B reversed these ISP-induced changes in APD com-
pletely at a BCL of 200 ms and partially at 400 ms. We 
also examined the effects of E-4031 (0.1 μM) in the pres-
ence of ISP (0.1 μM). Unlike 293B, E-4031 did not re-
verse the ISP-induced abbreviation of APD. ISP alone 
caused a slight but significant increase of CV at BCLs of 
200 and 400 ms. The ISP-induced increase of CV re-
mained unaffected by additional application of either 
293B or E-4031 (Supplementary Fig. 1: available in the 
online version only).

Persistence of induced VTs
VTs were induced by modified cross-field stimulation 

in 25 hearts, and the prevalence of sustained VTs (as a 
percentage of all VTs) was assessed on the basis of VT 
episodes/heart (Fig. 2).

Effects of 293B in the presence of ISP were examined 
in 18 hearts. One or more episodes of sustained VT (last-
ing > 5 s) occurred in 2/18 hearts in the control, whereas 
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Fig. 2. Effects of isoproterenol (ISP), 
chromanol 293B (293B), and E-4031 on 
the incidence of sustained VTs. The inci-
dence of sustained VTs (lasting > 5 s) was 
assessed on the basis of VT episodes/
heart. A: Pooled data obtained from 18 
hearts in the control, after ISP (0.1 μM) 
alone, and after ISP + 293B (30 μM). Top, 
sustained VTs / all VTs (per heart). Bot-
tom, VT cycle length (VTCL, average of 
3 – 10 beats). B: Pooled data obtained 
from 7 hearts in the control, after ISP (0.1 
μM) alone, and after ISP + E-4031 (0.1 
μM). Top, sustained VTs / all VTs (per 
heart); bottom, VTCL (average of 3 – 10 
beats). *P < 0.05 vs. control, †P < 0.05 vs. 
ISP (ANOVA).
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they occurred in 18/18 hearts after application of ISP. 
The percentage of sustained VTs / all VTs increased 
significantly from 2.9% ± 2.1% in the control to 
38.7% ± 4.3% after application of ISP alone (P < 0.05 
vs. control). After additional application of 293B, sus-
tained VTs occurred in 8/18 hearts, and the percentage of 
sustained VTs / all VTs decreased to 14.0% ± 6.0% 
(P < 0.05 vs. ISP).

Effects of E-4031 were examined in 7 hearts. Sustained 
VTs occurred in 1/7 hearts in the control, whereas they 
occurred in 7/7 hearts after application of ISP. The per-
centage of sustained VTs / all VTs increased significantly 
from 1.1% ± 1.1% in the control to 52.1% ± 9.9% after 
application of ISP (P < 0.05 vs. control). After additional 
application of E-4031, sustained VTs occurred in 7/7 
hearts, and the percentage of sustained VTs / all VTs 
remained at 40.4% ± 11.6% (ns. compared to ISP). Thus, 
ISP enhanced the persistence of VT, and the effect was 
reversed by 293B. E-4031, in contrast, did not reverse 
the proarrhythmic effect of ISP.

Average VT cycle length (VTCL) decreased signifi-
cantly from 160 ms at the control to 105 ms after 0.1 μM 
ISP (Fig. 2). The VTCL prolonged again to 145 ms after 
additional application of 293B, whereas it remained at 
118 ms after additional application of E-4031.

Modification of SW dynamics
Our experiments of VT induction show that ISP- 

induced enhancement of VT persistence is reversed by 
293B. To obtain a mechanistic insight into the antiar-
rhythmic effect of 293B, we analyzed optical images in 
5 hearts exhibiting SW reentry in the observation area 
during VTs (either sustained or non-sustained) in the 
control, after application of ISP (0.1 μM) alone, and after 
additional application of 293B (30 μM).

Figure 3 shows typical data from one heart. Under 
control conditions, a counterclockwise rotor circulating 
around a long vertical line of functional block (FBL, 
10 – 14 mm in length) can be seen (CL, 146 – 167 ms) 
during the last three beats before termination (Fig. 3A, 
left). The rotor drifted upward in a beat-to-beat manner 
and finally collided with the AV groove. The distant bi-
polar electrogram (ECG) showed polymorphic excita-
tions terminating shortly (within 2 s). The dynamics of 
SW reentry was also analyzed by the phase mapping 
method (23). In the phase map, a phase singularity point 
(PS) corresponds to the organizing center of SW reentry 
at a given time. Appearance of PSs reflects formation of 
SW reentry, whereas disappearance of PSs by collision 
with either anatomical boundaries or other PSs with op-
posite chirality indicates termination of SW reentry (23). 
Under control conditions, a PS moved back and forth 
along the long FBL before collision with the AV groove 

(Fig. 3A, right). Figure 3B shows activation patterns 
during a longer polymorphic VT (lasting 7.3 s) after ap-
plication of ISP. A more stable counterclockwise rotor 
(CL, 94-127 ms) was recognized around a short “i” or 
“j”-shaped FBL (4 – 5 mm) in the LV anterior center. A 
PS trajectory of three consecutive beats on the phase map 
exhibited small meandering restricted to the LV anterior 
center. Figure 3C shows activation patterns during a 
short polymorphic VT (lasting 2.6 s) after additional 
application of 30 μM 293B. An unstable counterclock-
wise rotor (CL, 135 – 141 ms) was recognized around a 
long FBL with complex configuration (8 – 11 mm). A PS 
trajectory of the three consecutive beats on the phase 
map was characterized by a prominent drift before colli-
sion with the AV groove.

Qualitatively similar changes of SW reentry were ob-
served after single application of ISP and after additional 
application of 293B in 4 other hearts. The transformation 
was characterized by more stabilized rotors around a 
shorter FBL after single application of ISP and by re-
sumption of unstable rotors around a longer FBL in as-
sociation with prominent drift after additional application 
of 293B. Figure 4A illustrates PS trajectories of SW re-
entry in the four hearts. The length of PS trajectory per 
unit of time reflects instability of the rotation center. The 
average length of the PS trajectory per unit of time (1 s) 
in the 5 hearts decreased significantly from 16.4 ± 2.8 
cm in the control to 6.1 ± 1.0 cm after ISP alone 
(P < 0.05) and increased to 10.4 ± 1.3 cm after additional 
application of 293B (P < 0.05 vs. ISP) (Fig. 4B).

Spatial APD90 gradient near the rotation center
Previous theoretical studies on SW reentry in 2-dimen-

sional cardiac tissue models have demonstrated spatial 
gradients of APD, either prolongation (29) or shortening 
(30) from the periphery to the center. The ISP-induced 
transformation of SW dynamics (stabilization of rotors) 
and its reversal by 293B (destabilization of rotors) could 
be the result of modification of such an APD gradient. 
We analyzed the spatial gradient of APD90 during SW 
reentry. Action potential signals recorded from 5 points 
around the rotation center (1.0, 2.0, 4.0, 6.0, and 8.0 mm 
centrifugal from the PS along the isochronal line of acti-
vation) during VTs before (control), after single applica-
tion of ISP, and after additional application of 293B were 
compared.

Figure 5A shows representative results. In the control, 
APD90 at 1.0 mm (closest to PS) was longest, and the 
value decreased gradually as a function of distance from 
the PS, providing the shortest APD90 at 8.0 mm. After 
application of ISP alone, APD90 shortened at all 5 posi-
tions. However, the effect was more prominent at sites 
closer to the PS, leading to an opposite spatial gradient. 
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Now, APD90 was shortest at 1.0 mm and longest at 8.0 
mm. After additional application of 293B, the APD90 
values prolonged again and the spatial gradient returned 
toward the situation in the control; APD90 was longest at 
1.0 mm and shortest at 8.0 mm. Figure 5B summarizes 
the pooled data obtained from 8 hearts. ISP alone caused 
significant shortening of APD90 at all 5 sites; the closer 
the distance from PS, the greater the ISP-induced APD 
shortening. Additional application of 293B caused sig-
nificant prolongation of APD90 at all 5 sites; the closer 
the distance from PS, the greater the 293B-induced APD 
prolongation. Thus, ISP creates an opposite APD gradi-

ent near the rotation center (center < periphery) compared 
with the control, and 293B reverses this ISP action.

Numerical model analysis
We analyzed the effects of ISP and 293B on the action 

potential configuration and the dynamics of SW reentry 
in mathematical models using action potential equations 
originally described by Shannon et al. (24) for rabbit 
ventricular myocytes. The ISP action was mimicked by 
increases of IKs and ICa,L and a modification of activation/
deactivation kinetics of IKr, whereas the 293B action did 
so by inhibition of IKs. In the single-cell model under 
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constant stimulation at BCL 230 ms, ISP shortened 
APD90 by 9% from the control, and additional application 
of 293B reversed the APD change (Fig. 6A).

In the 2-dimensional model, SW reentry (rotor) was 
induced by cross-field stimulation and trajectory of PSs 
was analyzed because its length per unit of time reflects 
instability of the rotation center (Fig. 6B). In the control, 
the rotor exhibited meandering and self-terminated by 
collision with the boundary. ISP stabilized SW reentry in 
favor of its persistence, and additional application of 
293B reversed the ISP action. The APD abbreviation by 
ISP in the SW reentry circuit was more pronounced near 
the rotation center, giving rise to an opposite APD gradi-
ent (center < periphery) compared with the control, and 
this effect was also reversed by 293B (Supplementary 
Fig. 2: available in the online version only). Thus, our 
major observations in the experiments were reproduced 
in the mathematical model.

Discussion

Key observations in this study are as follows: 1) Chro-
manol 293B (30 μM) prolonged APD of rabbit ventricular 
muscle pretreated with ISP (0.1 μM). 2) VTs induced 

with ISP lasted longer than those without ISP, and this 
change was reversed by 293B, but not by E-4031 (0.1 
μM). 3) SW reentry was stabilized by ISP leading to its 
perpetuation, and this ISP action was reversed by 293B. 
4) SWs with ISP were associated with an APD gradient 
(center < periphery), which is opposite to that of the 
control (center > periphery), and this ISP action was re-
versed by 293B.

Action potential and conduction properties
Under constant stimulation, ISP (0.1 μM) caused a 

significant shortening of APD in association with a 
moderate increase of CV. Additional application of 293B 
(30 μM) reversed the APD shortening almost completely 
at a BCL of 200 ms, but partially at 400 ms without af-
fecting CV. These changes can be ascribed to multiple 
ion channel effects. β-Adrenergic stimulation by ISP is 
known to increase IKs and ICa,L and to modify the activa-
tion kinetics of IKr (10). ISP was also shown to increase 
outward current carried by chloride (ICl) (31, 32). In ad-
dition to these direct effects on ionic channels, ISP may 
affect ionic currents indirectly through modification of 
intracellular Ca2+ dynamics. A net increase of outward 
repolarizing currents is responsible for the ISP-induced 
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APD abbreviation. IKs is probably even more important 
for the APD change at a shorter BCL (200 ms), since it 
was reversed completely by 293B. Partial reversal of the 
ISP-induced APD shortening at BCL 400 ms is explained 
most likely by substantial contribution of ICl in the APD 
abbreviation under the slower stimulation rate, where IKs 
accumulation is less pronounced.

IC50 of 293B to inhibit IKs in native cardiomyocytes is 
1.0 – 1.8 μM (14, 17). 293B was also shown to inhibit the 
4-aminopyridine-sensitive transient outward potassium 
current (Ito) at higher concentrations with IC50 of 24 – 38 
μM (14, 17). There are two types of Ito with different in-
activation kinetics (Ito,fast and Ito,slow) (5). In rabbit ventricu-
lar myocytes, however, only Ito,slow, which recovers very 
slowly (time constant of seconds), is present (5). Accord-
ingly, Ito is inactivated nearly completely under stimula-
tion at BCLs ≤ 400 ms, and the potential effects of 293B 
on repolarization via Ito inhibition would be negligible.

Our experiments showed that 0.1 μM E-4031, a selec-

tive blocker of IKr (9), did not reverse the APD abbrevia-
tion by ISP, although it causes APD prolongation com-
parable to 30 μM 293B as their single effects (Table 1). 
Under the condition of β-adrenergic stimulation, where 
outward currents through IKs and ICl are largely aug-
mented, the role of IKr in the regulation of ventricular 
repolarization is decreased considerably (9).

The small increase of CV by ISP, which was unaf-
fected by additional application of either 293B or E-4031, 
could be interpreted as an increase of sodium channel 
availability and/or by an increase of gap junction con-
ductance in response to ISP, although we did not assess 
the background of this effect.

VTs of SW reentry
In the present study, VTs were induced by modified 

cross-field stimulation in the presence of cytochalasin D 
as an excitation–contraction uncoupler, since modifica-
tion of steady-state and dynamic action potential configu-

Fig. 5. Spatial APD90 gradient near the rotation center. A: Top, five sites of APD90 measurement are indicated on the isochrone 
map of activation during a VT. The distance from the pivot point to the 5 sites is 1.0, 2.0, 4.0, 6.0, and 8.0 mm on the same iso-
chrones. In each experiment, an isochrone was chosen so that 5 action potentials show single full depolarization. Bottom, optical 
action potential signals at the 5 sites in a heart before (control), after application of isoproterenol (ISP, 0.1 μM) alone, and after 
additional application of chromanol 293B (293B, 30 μM). APD90 value for each action potential is indicated below. B: Pooled data 
obtained from 8 hearts are plotted against distance from PS. *P < 0.05 vs. control, †P < 0.05 vs. ISP (ANOVA).
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ration in cardiac cells by this compound is much less than 
that by 2,3-butanedione monoxime (BDM) (22). The 
VTs induced under control conditions were unstable and 
terminated soon (VTs lasting > 5 s were only 3%). These 
characteristics deviate from those observed in our previ-
ous studies in a similar rabbit 2-dimensional ventricular 
myocardium in the presence of BDM, where VTs were 
more stable and lasted longer (VTs lasting > 30 s were 
17% – 29%) (18, 19). The slope of APD restitution of 
ventricular muscle, which is known to determine the 
stability of wavefronts during functional reentry (33), 
was shown to be reduced significantly by BDM in favor 
of its stabilization, whereas unaffected or increased by 
cytochalasin D (22, 34).

VTs induced after single treatment with ISP were more 
stable and lasted longer than without ISP. SWs during 
the VTs were characterized by shorter FBL, a shorter 
VTCL, and less PS meandering. These changes are at-

tributable mainly to ISP-induced shortening of APD. The 
FBL near the rotation center of SWs is kept refractory by 
preceding excitations (19), and APD abbreviation will 
shorten this FBL, giving rise to a shortening of path 
length of reentry.

Additional application of 293B to ISP-treated hearts 
reversed the ISP actions; SWs became unstable again as 
they were prior to ISP application, showing considerable 
drift and terminated soon after collision with anatomical 
boundaries. This reversal is most likely explained by the 
drug-induced prolongation of APD, which will prolong 
wavelength. It has been demonstrated in our previous 
studies in a similar 2-dimensional subepicardial layer of 
rabbit ventricular myocardium that APD (and wave-
length) prolongation by either IKr blockade or moderate 
hypothermia destabilizes SWs and facilitates their mean-
dering, leading to their spontaneous termination by col-
lision with anatomical boundaries (7, 18). In contrast, a 

A B 

Fig. 6. Action potentials and SW dynamics in numerical simulation. A: Action potentials in a single cell model under constant 
stimulation (BCL, 230 ms). Action potentials before (control), after application of isoproterenol (ISP) alone, and after additional 
application of chromanol 293B (293B) are superimposed. ISP shortened APD90 by 9% from the control, and additional application 
of 293B reversed the APD change. B: Trajectories of the phase singularity (PS) point during SW reentry induced in a 2-dimen-
sional tissue sheet model. A consecutive series of PS trajectories for a total of 400 ms (100 ms in each panel) are illustrated by 
solid lines before (control, top), after application of ISP alone (middle), and after additional application of 293B (bottom). =: rotor 
termination by PS collision with the tissue boundary. Numerals below each panel indicate time after application of cross-field 
stimulation. In the three conditions, cross-field stimulation induced a counterclockwise rotor around the center of the tissue. In the 
control, the rotor exhibited considerable meandering and self-terminated approximately 0.8 s after induction by collision with the 
lower tissue boundary. SW reentry induced in the presence of ISP alone was more stable (less meandering), and lasted longer than 
2 s. SW reentry after additional application of 293B showed remarkable meandering again and self-terminated approximately 1.3 
s after induction by collision with the upper tissue boundary.
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shortening of APD by an L-type Ca2+-channel blocker 
(verapamil) was shown to stabilize SWs and to increase 
the sustainability of VTs (19). It has also been demon-
strated in theoretical studies on a 2-dimensional myocar-
dial tissue model of finite size that APD prolongation by 
blockade of potassium currents destabilizes SW reentry 
and facilitates its early termination, indicating that main-
tenance of the reentrant arrhythmia critically depends on 
the ratio between tissue mass and wavelength (35). Our 
2-dimensional mathematical model analysis is in line 
with this interpretation, since APD shortening by ISP and 
its reversal by 293B were associated with stabilization/
destabilization of rotors in favor of their persistence and 
termination, respectively.

APD gradient near the SW rotation center
We demonstrated previously that nifekalant, a specific 

IKr-blocker, caused destabilization and early termination 
of SW reentry (7). This action was, however, associated 
with frequent break-up of wave fronts in the arm of SWs, 
giving rise to an increase in the wave breaks (7). In 
contrast, application of 293B in the presence of ISP 
caused destabilization and early termination of SW reen-
try without increasing such wave breaks. This may be 
explained by different contributions of IKr and IKs to the 
repolarization of action potential in the center and pe-
riphery of the SW reentrant circuits. Previous computer 
simulation studies using mathematical models in 2-di-
mensional cardiac tissue have shown that action poten-
tials near the rotation center of SW reentry have less 
negative diastolic potential associated with moderate 
prolongation of APD, as a result of electrotonic depolar-
izing influence from surrounding tissue (29, 36). Electro-
tonic depolarization in the rotation center was also sug-
gested in microelectrode experiments (37). On the other 
hand, IKs accumulation under high frequency excitation 
(12, 15) is considered to be increased in the region of less 
negative diastolic potential (13) and may counteract the 
electrotonic APD prolongation. In the presence of ISP, 
where IKs is largely enhanced and its deactivation is 
slowed down in favor of its accumulation (13), the latter 
effect may overcome the former one, giving rise to 
shorter APD in the center than periphery. Consequently, 
front-tail interactions near the rotation center would be 
reduced in favor of SW stabilization. Reversal of ISP 
action on the spatial gradient of APD after additional 
application of 293B is consistent with this interpretation. 
In our 2-dimensional model analysis, APD abbreviation 
by ISP was, in concordance with our experimental obser-
vations, more pronounced near the SW rotation center, 
and the change was reversed by 293B, suggesting a 
greater contribution of IKs on repolarization in the center 
than periphery.

Clinical implication
The present study suggest that β-adrenergic stimula-

tion stabilizes SW reentry most likely though an enhance-
ment of IKs and that blockade of IKs may be a promising 
therapeutic modality to prevent perpetuation of ventricu-
lar tachyarrhythmias under high sympathetic activity. 
However, care should be taken in extrapolating our ob-
servations into clinical practice. In normal human ven-
tricular myocardium, IKs acts to prevent excessive APD 
prolongation under a variety of conditions such as hy-
pokaremia, after a long pause of heart rhythm, under 
drug treatment with Class III action, and inherited muta-
tions of ion channel proteins (38). In congenital long QT 
syndrome patients with IKs deficiency (LQT1), the inci-
dence of arrhythmia events and sudden death are reported 
to be associated with high sympathetic activity (e.g., 
physical or emotional stress) (39). In a canine LV wedge 
preparation model of LQT1, Shimizu et al. (40, 41) 
demonstrated that addition of ISP in the presence of 
293B shortened APD in epicardial and endocardial 
muscle layers, whereas it prolonged APD in the midmyo-
cardial layer, causing an increase of transmural disper-
sion of repolarization (TDR) in favor of occurrence of 
TdP. These observations seem to indicate that pharmaco-
logical blockade of IKs may have a proarrhythmic pro-
pensity, especially when ventricular repolarization re-
serve is compromised (38, 42, 43). In diseased hearts, 
however, the scenario is more complex. Pajouh et al. (44) 
demonstrated in LV wedge preparations from pacing-
induced heart failure dogs, unlike in those from normal 
dogs, addition of ISP after pretreatment with 293B did 
not increase TDR. In exercising dogs with healed anteri-
or-wall myocardial infarction and superimposed ischemia 
(transient occlusion of left circumflex coronary artery), 
Lynch et al. (45) demonstrated that L-768,673, a selec-
tive IKs-blocker, significantly reduced the occurrence of 
ischemic VF. In an in vivo rabbit model, HMR1556, 
another selective IKs-blocker was shown to reduce ven-
tricular defibrillation threshold in association with a re-
versal of ISP-induced APD shortening (16). The antiar-
rhythmic/proarrhythmic properties of IKs-blockers under 
high sympathetic activity may be affected by different 
pathological conditions and warrant further evaluation.

Limitations
In this study using a 2-dimensional subepicardial layer 

of rabbit ventricular myocardium, 293B reversed the ISP 
action to stabilize SW reentry, suggesting potential effi-
cacy of IKs blockade in the treatment of VT/VF. Extend-
ing these results to 3-dimensional hearts, especially in 
larger animals including humans, is not straightforward. 
When there is sufficient tissue mass, the chance of spon-
taneous termination of rotors through collision with ana-
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tomical boundaries would be reduced, whereas the en-
hancement of rotor drift and SW instability might 
promote transition from VT to VF. We used ISP to mimic 
high sympathetic tone, but their effects on the heart are 
different in terms of spatial heterogeneity. We used cy-
tochalasin D as an excitation–contraction uncoupler, 
which is known to alter Ca2+ dynamics of cardiomyocytes 
(46). Accordingly, proarrhythmic action by ISP through 
modulation of intracellular Ca2+ dynamics might have 
been modified. Despite these limitations, the present 
study provides a new perspective on the pharmacological 
regulation of reentrant arrhythmias under high sympa-
thetic activity.
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