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Abstract
Background—Early repolarization pattern in the ECG has been associated with increased risk
for ventricular tachycardia/fibrillation (VT/VF), particularly when manifest in inferior leads. This
study examines the mechanisms underlying VT/VF in the early repolarization syndrome (ERS).

Method—Transmembrane action potentials (AP) were simultaneously recorded from 2 epicardial
and 1 endocardial site of coronary-perfused canine left-ventricular (LV) wedge preparations,
together with a pseudo-ECG. Transient outward current (Ito) was recorded from epicardial
myocytes isolated from inferior and lateral LV of the same heart.

Results—J wave area (pseudo-ECG), epicardial AP notch magnitude and index were larger in
inferior vs. lateral wall preparations at baseline and after exposure to provocative agents
(NS5806+verapamil+acetylcholine (ACh)). Ito density was greater in myocytes from inferior vs.
lateral wall (18.4±2.3pA/pF vs. 11.6±2.0pA/pF;p<0.05). A combination of NS5806 (7μM) and
verapamil (3μM) or pinacidil (4μM), used to pharmacologically model the genetic defects
responsible for ERS, resulted in prominent J-point and ST-segment elevation. ACh (3μM),
simulating increased vagal tone, precipitated phase-2-reentry-induced polymorphic VT/VF. Using
identical protocols, inducibility of arrhythmias was 3-fold higher in inferior vs. lateral wedges.
Quinidine (10μM) or isoproterenol (1μM) restored homogeneity and suppressed VT/VF.

Conclusion—Our data support the hypothesis that 1) ERS is caused by a preferential
accentuation of the AP notch in LV epicardium; 2) this repolarization defect is accentuated by
elevated vagal tone; 3) higher intrinsic levels of Ito account for the greater sensitivity of the
inferior LV wall to development of VT/VF; 4) quinidine and isoproterenol exert ameliorative
effects by reversing the repolarization abnormality.
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1. Introduction
Early repolarization (ER)1 pattern in the ECG is characterized by a J point and ST segment
elevation, sometimes manifest as a notch or slur on the QRS (J wave). The ER pattern, long
thought to be benign, was recently proposed to have a malignant component on the basis of
the association of ER with development of ventricular tachycardia and fibrillation (VT/VF)
in an experimental model consisting of canine ventricular wedge preparations, thus
identifying the ER syndrome (ERS) [1,2]. Validation of this hypothesis came several years
later with the demonstration that patients with ER, particularly in the inferior or infero-
lateral ECG leads are at a higher risk for VT/VF [3–5]. The co-occurrence of a J point
elevation in the right precordial leads (V1–V3) has been linked to a more severe phenotype
often associated with the development of electrical storms [4,6].

Recent studies have demonstrated that gain of function mutations in KCNJ8, the gene
responsible for the pore forming subunit of the ATP-sensitive potassium channel (KATP), is
associated with ERS [7–9]. Loss of function mutations in the α1, β2 and α2δ subunits of the
cardiac L-type calcium channel (CACNA1C, CACNB2, and CACNA2D1) have also been
identified as causative in patients with ERS [10]. Watanabe et al. described [11] loss of
function mutations in SCN5A in patients with idiopathic ventricular fibrillation associated
with early repolarization. Sodium channel blocker challenge resulted in an accentuation of
early repolarization and development of VT/VF.

Vagal activity has long been implicated in the development of an ER pattern in the ECG
[12,13] and recent clinical observations suggest that parasympathetic tone contributes to the
electrocardiographic and arrhythmic manifestations of ERS [14,15]. Sleep is commonly
associated with spontaneous VF in patients with ERS [16]. Indeed heart rate spectral
analysis has identified a sudden rise in vagal activity just before the development of VF in
patients diagnosed with cases of idiopathic VF (IVF) [17].

A number of studies have shown that an ER pattern in the inferior ECG leads (II, III and
aVF) is associated with a much higher risk for the development of VT/VF [18,19]. The
electrophysiological basis for this distinction is not known and presents a critical gap in our
knowledge.

The present study was designed to probe the mechanisms underlying the development of the
electrocardiographic and arrhythmic manifestations of ERS, to elucidate the role of vagal
influences, and to better understand the basis for the greater susceptibility to VT/VF when
the ER substrate resides in the inferior region of the ventricular myocardium. The study was
specifically designed to test the hypothesis that an outward shift in the balance of current
contributing to the early phase of the left ventricular (LV) epicardial action potential (AP)
either via an increase in IK-ATP or transient outward current (Ito) or via a decrease in calcium
inward current (ICa) in LV wedge preparations can recapitulate the ECG and arrhythmic
manifestations of ERS. Thus, we sought to test the hypothesis that pharmacologic modeling
of the genetic defects associated with ERS, using pinacidil and NS5806 to increase IK-ATP
and Ito and verapamil and acetylcholine (ACh) to reduce ICa or pilsicainide to reduce INa,
could give rise to a substrate capable of inducing phase 2 reentry and polymorphic VT/VF.
Finally, we test the hypothesis that increased levels of Ito sensitize the ventricular
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epicardium to development of ER and ERS and those higher levels of Ito in the inferior wall
can explain why an ER pattern in the inferior ECG leads is associated with a higher risk for
sudden cardiac arrest.

2. Methods
All experiments were carried out in compliance with the Guide for Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH publication No
85-23, Revised 1996) and approved by the Institutional Animal Care and Use Committee.
Adult dogs (20–35 kg) of either sex were used in this study.

2.1. Wedge Preparations
Detailed methods for isolation, perfusion, and recording of action potentials from coronary-
perfused canine ventricular wedge preparations have been reported previously [20,21] and
are described in the Online Supplement. All arrhythmias developed spontaneously following
exposure to the provocative agents during steady state pacing at cycle length of 1000 to
2000 msec.

2.2. Voltage-clamp studies using enzymatically-dissociated canine cardiomyocytes
Cardiomyocytes were isolated as previously described [22]. Ito was measured in isolated left
ventricular lateral and inferior epicardial myocytes at 37°C using the whole-cell patch clamp
technique [23]. Details of the protocol are presented in the Online Supplement.

2.3. Statistics
Results are expressed as mean ± S.E.M. Statistical comparisons were made using Student's
t-test for Table 1 and Figure 7 B. Kruskal-Wallis one-way analysis of variance followed by
Student-Newman-Keuls post-hoc test was used for Figure 7 C and D.

3. Results
3.1. Early Repolarization ECG pattern is caused by a preferential accentuation of the AP
notch in LV epicardium

In the first series of experiments, we sought to examine the effects of Ito augmentation on
AP and ECG characteristics of coronary-perfused wedge preparations isolated from the
inferior and lateral regions of canine LV. Figure 1 shows two examples of the effect of the
Ito agonist NS5806 (7 μM) to accentuate the epicardial AP notch and to induce J-point
elevation, thus generating a prominent ER pattern. Qualitatively similar accentuation of the
epicardial AP notch and induction of J-point elevation were obtained in 8 experiments.
Because Ito is relatively slow to recovery from inactivation, availability of the current is
reduced in premature beats, resulting in a diminished phase 1 AP notch. Figure 1B illustrates
an example of a reduced epicardial AP notch and J wave associated with a premature beat in
another inferior LV wedge preparation. Figure 1C shows a clinical example of this
phenomenon recorded from a 16 y/o female with type 3 ERS. A pronounced ER pattern was
apparent in the left precordial ECG leads. At the time of the recording the patient was in
atrial fibrillation, which was associated with large fluctuations in RR interval. The beat
following the abbreviated RR interval exhibited a much reduced J wave and ER pattern,
closely mirroring the activity observed in the LV wedge.
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3.2. Pharmacologic modeling of genetic mutations associated with early repolarization
syndrome

Pharmacologic modeling of the genetic defects known to underlie ERS was evaluated in
another series of experiments. A gain of function in IK-ATP was modeled using the IK-ATP
opener pinacidil. Figure 2 illustrates the electrocardiographic and arrhythmic manifestations
resulting from addition of 4 μM pinacidil together with 7 μM NS5806. The combination
produced an outward shift in the balance of current in the early phases of the epicardial AP,
leading to marked accentuation of epicardial AP notch, giving rise to a prominent ER,
heterogeneous loss of the AP dome, and the development of phase 2 reentry-induced VT/
VF. Similar changes in transmembrane and ECG activity was recorded in 3 of 6 wedge
preparations isolated from the LV wall of the canine heart.

Loss of function of ICa mutations were pharmacologically modeled using the calcium
channel blocker verapamil and INa mutations were modeled using the sodium channel
blockers pilsicainide (5 μM, n=2) or procainamide (50 μM-200 μM, n=3). Figures 3–5
illustrate examples of the effect of a combination of verapamil, pilsicainide and NS5806 to
produce a net outward shift in the balance of current in the early phases of the epicardial AP,
causing marked accentuation of epicardial AP notch, thus giving rise to a prominent ER,
heterogeneous loss of the AP dome, and the development of phase 2 reentry-induced VT/
VF. Similar heterogeneous loss of the AP dome leading to development of phase 2 reentry-
induced VT/VF was recorded in 5 of 10 wedge preparations isolated from the LV wall of the
canine heart. Figure 5B illustrates an example in which the addition of pilsicainide induced
VT/VF when a combination of NS5806 + verapamil + ACh failed to do to so.

3.3. Mechanism underlying arrhythmogenic influence of parasympathetic tone in ERS
Vagal influences are known to accentuate the ECG and arrhythmic manifestations in
patients with ERS. In a third series of experiments, we examined the basis for these effects
by exposing wedge preparations sensitized with a combination of 7 μM NS5806 and 3 μM
verapamil to ACh. Figure 4 shows an example in which the combination of NS5806 and
verapamil caused marked accentuation of the epicardial AP notch, thus inducing J-point and
ST segment elevation, but no arrhythmia developed. Addition of ACh (3 μM), to mimic
increased vagal tone, accentuated epicardial AP notch magnitude, increased notch index,
facilitated loss of the epicardial AP dome (Table 1), enhanced ST segment elevation and
precipitated repeated episodes of phase 2 reentry and polymorphic VT/VF. Similar
exacerbation of arrhythmic activity by ACh was observed in 5 out of 11 wedge preparations
isolated from LV wall of the canine heart that failed to exhibit arrhythmic activity when
exposed to NS5806 (7 μM) and verapamil (3 μM) alone.

3.4. Quinidine and isoproterenol suppress arrhythmogenesis in experimental models of
ERS

Quinidine and isoproterenol have been shown to exert ameliorative effects in the J wave
syndromes. In another series of experiments, we probed the cellular basis for these effects in
our ERS model. We induced the ERS phenotype using a combination of NS5806 (7–15 μM)
+ verapamil (3 μM) + acetylcholine (3–10 μM). Quinidine (10 μM) and isoproterenol (1
μM) each reversed the repolarization abnormality responsible for ERS by restoring the
epicardial AP dome, thus reducing ST segment elevation and suppressing VT/VF (Figures 5
and 6). Quinidine restored electrical homogeneity by restoring the epicardial action potential
dome, and thus prevented or suppressed VT/VF in 4 of 4 preparations and isoproterenol in 5
of 6 preparations.
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3.5 Cellular and ionic basis for the greater susceptibility of the inferior LV wall to
development of VT/VF

A number of clinical studies report that ER in the inferior ECG leads is associated with a
higher level of risk of arrhythmic events and sudden cardiac death. In a final series of
experiments we probed the cellular and ionic basis for the higher susceptibility of the
inferior wall to arrhythmias in the setting of ER. In inferior and lateral wedge preparations
isolated from the same dogs, epicardial AP notch magnitude recorded from the inferior wall
was greater than that recorded from the lateral wall. At baseline Phase 1 magnitude in
inferior and lateral wall preparations was 14.1±1.7 % vs. 8.4±1.2 % of Phase 0 amplitude,
p<0.05; after application of provocative agents (7 μM NS5806 + 3 μM verapamil + 3 μM
ACh) it was 34.4±6.0 % vs. 23.1±4.3 % of Phase 0 amplitude (p<0.05, n=6). Notch index at
baseline was 270.3±48.3 vs. 149.7±26.3, p<0.05, n=5 in inferior and lateral preparations and
after application of provocative agents increased to 3015.5±1178.1 vs. 969.4±246.2,
respectively (Figure 7C, n=5; p=0.31).

J wave area recorded in wedge preparations from the inferior wall was slightly although not
significantly greater than that recorded from the lateral wall (Figure 7D, n=4) under baseline
conditions (6.5±2.0 mV × ms vs. 4.4±1.1 mV × ms) and significantly greater after
application of provocative agents (7 μM NS5806 + 3 μM verapamil + 3 μM ACh)
(60.3±25.6 mV × ms vs. 18.4±0.5 mV × ms; p<0.05).

To test the hypothesis that differences in Ito contribute to these distinctions in action
potential characteristics and pharmacologic responsiveness, we measured Ito in epicardial
myocytes isolated from the inferior vs. lateral LV wall. Ito density was significantly larger
in cells from the inferior vs. lateral wall (18.4 ± 2.3 vs. 11.6 ± 2.0 pA/pF at +40 mV,
respectively; p<0.05, Figure 7B).

Finally, using identical protocols (7 μM NS5806 + 3 μM verapamil + 3 μM ACh) we found
that incidence of phase 2 reentry and VT/VF was 3-fold higher in inferior vs. lateral wedges
isolated from the same dogs (Figure 7E).

4. Discussion
4.1. Summary of main findings

The present study advances our understanding of the cellular and ionic basis for the
electrocardiographic and arrhythmic manifestations of the early repolarization syndrome,
providing data in support of the hypothesis that ERS is caused by a preferential accentuation
of the AP notch in LV epicardium; that this repolarization defect is accentuated by
cholinergic agonists and that higher intrinsic levels of Ito account for the greater
vulnerability of the inferior LV wall to VT/VF. Finally, we provide a mechanistic
understanding of the ameliorative effects of quinidine and isoproterenol, showing their
ability to reverse the repolarization abnormalities responsible for ERS.

4.2. Accentuation of the J wave
Under physiological conditions, the presence of an AP notch in epicardium but not
endocardium creates a transmural voltage gradient that can cause the inscription of the J
wave of the ECG [24]. Accentuation of this transmural gradient across the right ventricular
(RV) wall has been shown to lead to repolarization defects that underlie the ECG and
arrhythmic manifestations of Brugada syndrome (BrS) [1]. The present study provides
evidence in support of the hypothesis that a similar accentuation of transmural gradients
across the LV wall underlies the repolarization abnormalities responsible for ERS, giving
rise to J point elevation, distinct J waves, or slurring of the terminal part of the QRS.
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4.3. Induction of Phase 2 Reentry
ERS has been associated with gain of function mutations in KCNJ8 giving rise to an
increase in IK-ATP [7–9] and loss of function mutations in the α1, β2 and α2δ subunits of the
cardiac L-type calcium channel (CACNA1C, CACNB2, and CACNA2D1) leading to a
reduction in ICa [10,25] as well as loss of function mutations in SCN5A leading to a decrease
in INa. [11] We pharmacologically modeled these genetic defects using the IK-ATP agonist
pinacidil, the ICa antagonist verapamil and the INa antagonists pilsicainide or procainamide.
In the setting of a prominent Ito, induced using NS5806, both pinacidil and verapamil were
found to cause all-or-none repolarization, leading to loss of the AP dome at some epicardial
sites but not others, resulting in an epicardial dispersion of repolarization (EDR).
Propagation of the AP dome from sites at which it was maintained to sites at which it was
lost caused local re-excitation via a phase 2 reentry mechanism within the epicardium. Loss
of the dome in the epicardium also created a transmural dispersion of repolarization (TDR)
giving rise to a vulnerable window across the ventricular wall which, when captured by a
closely coupled extrasystole generated in the epicardium, induced VT/VF (Figures 2 and 3).
When a combination of NS+verapamil+ACh failed to induce VT/VF, the addition of the
sodium channel blocker pilsicainide (Figure 5, panel B) or procainamide caused
accentuation of the ER phenotype leading to the development of VT/VF. Consistent with the
observation of Watanabe et al, [11] we found that the sodium channel block is capable of
accentuating the ER phenotype leading to the induction of VT/VF.

4.4. Cholinergic influence accentuates the repolarization defect
Vagal influences are thought to play a prominent role in the development of life threatening
arrhythmias in patients with the early repolarization syndrome [26]. The parasympathetic
nervous system has been shown to modulate the manifestation of the J wave and ST segment
elevation in patients with ERS [13,14]. Acetylcholine has been shown to exert direct effects
on the electrical response of canine ventricular myocardium, preferentially in epicardium
[27]. ACh was shown to depress the AP plateau in canine right ventricular epicardium but
not endocardium, resulting in an ST-segment elevation and to accentuate the AP notch, thus
facilitating loss of the RV action potential dome in the presence of pinacidil or flecainide
[1].

In the present study, we mimic vagal activity using ACh and demonstrate its ability to
facilitate heterogeneous loss of the dome in LV epicardium in the presence of NS5806 and
verapamil, leading to an ST segment elevation and development of phase 2 reentry in the
free wall of the LV (Figures 4–7 and Table 1).

Vagal innervation has recently been shown to be quite extensive in the ventricles [28].
Takahashi et al. demonstrated in dogs that vagal efferent fibers cross to the ventricles in the
superficial epicardium at the atrioventricular groove in a base to apex direction and, within
1–2 cm of the atrioventricular groove, penetrate the myocardium en route to transmurally
innervating the rest of the LV free wall and part of the inter-ventricular septum [29].
Efferent vagal stimulation has also been reported to exert potent negative inotropic effects in
dog ventricular myocardium [30] and to exert direct inhibition of ICa [31]. ICa inhibition is
likely also a consequence of “accentuated antagonism” wherein vagal activity antagonizes
the effects of sympathetic stimulation to increase ICa [32]. Interestingly, cardiomyocytes
have been shown to actively secrete ACh and thus amplify vagal influences [33,34].
Adrenergic stimulation was also shown to up-regulate expression levels of cholinergic
components [34]. Thus, cholinergic influences on the electrical activity of ventricular
myocardium are robust.
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4.5. Higher intrinsic levels of Ito account for the greater sensitivity of the inferior LV wall to
development of VT/VF

Numerous studies have reported a higher risk for the development of arrhythmias and
sudden cardiac arrest in patients with an ER pattern in the inferior or infero-lateral leads of
the ECG [16,18,35–41]. We investigated the cellular and ionic basis for the greater
vulnerability of the inferior region of the LV for development of VT/VF in the setting of
ERS. Our findings support the hypothesis that cells in the inferior region of ventricular
epicardium possess a higher level of Ito than cells in the lateral LV and that this predisposes
the inferior region to develop phase 2 reentry and VT/VF when provocative agents are
introduced to pharmacologically model the genetic defects known to underlie ERS. Our
results are in agreement with those reported by Szentandrassy and co-workers [42] showing
AP with a more prominent phase1 in cells isolated from the apical vs. basal regions of the
canine and human LV. From the description provided, the apical preparations studied
overlapped with what we consider to be the inferior wall of the LV and their basal samples
overlap with what we consider to be the lateral wall. Consistent with these findings, Ito
density as well as expression of genes that encode Ito, including KChIP2 and Kv1.4, were
significantly more abundant in apical vs. basal myocytes. Kv4.3 expression was also higher
in apical tissues, although it did not reach statistical significance.

Of note is the fact that Ito density at +40 mV in the inferior wall of the LV (18.4±2.3pA/pF)
was intermediate between that found in the lateral wall of the LV (11.6±2.0pA/pF;p<0.05)
and the RV (24.2 ± 0.5pA/pF), the latter known to predispose to the development of the
electrocardiographic and arrhythmic manifestations of BrS [43].

It is noteworthy, that apico-basal differences in adrenergic innervation have been reported,
with a 10-fold higher concentration of norepinephrine in tissues in the base vs. apex of the
LV [44]. It is tempting to speculate that reduced sympathetic activity in the apical regions of
the LV contributes to the greater vulnerability of the inferior wall to arrhythmogenesis. This
would also be consistent with the well-known ameliorative effect of β adrenergic activity in
the setting of ERS [45,46]. Interestingly, Roten et al. [46] reported that in response to β
adrenergic stimulation with isoproterenol, J waves may persist in a subset of patients with
precordial and inferior J waves, but never in lateral location. This heterogeneous response to
isoproterenol may indicate distinctive autonomic and/or cellular and ionic mechanisms in
the anterior, lateral and inferior regions of ventricular myocardium.

4.6. Pharmacologic approach to therapy of ERS
Our study demonstrates the ability of quinidine and isoproterenol to reverse the
repolarization abnormalities responsible for ERS, thus exerting an ameliorative effect. Both
agents act to restore the epicardial AP dome by causing an inward shift in the balance of
current; quinidine via its inhibition of Ito and isoproterenol by its augmentation of ICa. These
actions restore homogeneity across the left ventricular wall, thus suppressing all arrhythmic
activity and eliminating the substrate for the development of phase 2 reentry and VT/VF.

These effects of quinidine and isoproterenol in the LV wedge preparation provide a
mechanistic understanding of their beneficial effects in the clinic. A recent multicenter study
examined the effectiveness of quinidine and isoproterenol in normalizing the ECG pattern
and in suppressing arrhythmia recurrence in patients with ERS [45]. Isoproterenol infusion
was reported to immediately suppress electrical storms in 7 of 7 patients. Quinidine was
effective in 9 of 9 patients, decreasing recurrent VF from 33±35 episodes to 0 for 25±18
months. Moreover, quinidine normalized the ECG in all cases.

Our experimental findings provide strong rationale for developing agents possessing Ito
blocking, anticholinergic, as well as IK-ATP antagonistic properties as possible alternatives to
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oral quinidine for chronic treatment of symptomatic ERS in cases in which the drug is not
tolerated or produces unacceptable adverse effect.

4.7. Study limitations
As with all data derived from experimental animal models, extrapolation from in vitro
models to the clinic must be done with great care. It is noteworthy that the RV wedge
preparation was the first to identify quinidine and isoproterenol for the treatment of BrS in
1999 [1]. Both agents are used today for primary and secondary prevention and as adjunct
therapy for BrS. Thus, the ventricular wedge preparation has been highly predictive of the
clinical efficacy of all pharmacologic agents thus far tested. ERS thus far has been
associated with loss of function mutations in ICa and INa and gain of function mutations in
Ito and IK-ATP. Our study demonstrates that a loss of function in ICa or INa and gain of
function in IK-ATP can contribute to manifestation of the ER phenotype in the setting of an
enhanced Ito. Additional studies are also clearly needed to probe the mechanism underlying
the regional differences in Ito, which are responsible for the arrhythmic vulnerability of the
inferior wall in the LV as well for disparate response of closely apposed regions to the
provocative agents, making phase 2 reentry possible. It is noteworthy that the concentration
of ACh needed to precipitate arrhythmic activity in vivo is expected to be much lower than
that needed in our models because the bradycardia-effect of parasympathetic influence on
sinus rate is lacking.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This study was supported by a postdoctoral fellowship grant from the Heart Rhythm Society to IK (supported by an
educational grant from St. Jude Medical), grant HL47678 from NHLBI (CA), NYSTEM grant #C026424 (CA) and
the Masons of New York, Florida, Massachusetts, Connecticut, Maryland and Rhode Island.

We are grateful to José M. Di Diego, M.D. for continuous support and personal guidance and to Serge Sicouri,
M.D. and Vladislav V. Nesterenko, Ph.D. for helpful discussions and support and to Timothy K. Knilans M.D. for
providing us with the ECG recordings. We also gratefully acknowledge the technical assistance of Judy Hefferon,
Rebecca Warren and Robert Goodrow Jr.

Abbreviations

ACh acetylcholine

AP action potential

BrS Brugada syndrome

EDR epicardial dispersion of repolarization

ER early repolarization

ERS early repolarization syndrome

ICa calcium inward current

Ito transient outward current

IVF idiopathic ventricular fibrillation

KATP ATP-sensitive potassium channel

LV left ventricle
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RV right ventricle

TDR transmural dispersion of repolarization

VT/VF ventricular tachycardia/ventricular fibrillation.
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Highlights

• We examine the mechanisms underlying ventricular tachycardia/ventricular
fibrillation in early repolarization syndrome.

• Preferential accentuation of action potential notch in left ventricle epicardium
leads to early repolarization syndrome.

• This repolarization defect is accentuated by elevated vagal tone.

• Higher levels of the transient outward current (Ito) contribute to arrhythmic
vulnerability of inferior left ventricle wall.

• Quinidine & isoproterenol prevent V early repolarization syndrome by reversing
the repolarization abnormality.
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Figure 1.
Augmentation of the transient outward current (Ito) promotes early repolarization and J wave
manifestation in left ventricle (LV) wedge preparations from the inferior wall of the LV of
the canine heart. Each panel shows simultaneous recordings from one endocardial (Endo)
and two epicardial (Epi) sites together with a pseudo-ECG. A: Recorded under control
conditions and 35 min following addition of NS5806 (7 μM); Basic Cycle Length
(BCL)=1000 ms. B: Recorded from another wedge preparation under control conditions and
30 min after addition of NS5806 (7 μM); BCL=2000 ms. The Ito agonist gives rise to
prominent J waves (solid arrows) secondary to accentuation of the Epi action potential (AP)
notch. A much diminished Epi AP notch and ECG J wave (dashed arrow) is associated with
a closely coupled premature beat. C: Clinical example of accentuated J wave in a patient
with early repolarization syndrome and atrial fibrillation. Note the marked attenuation of the
J wave attending the abbreviated RR interval.
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Figure 2.
Augmentation of the increase in ATP-sensitive potassium current (IK-ATP) leads to
development of phase 2 reentry and polymorphic ventricular tachycardia (VT). Each panel
shows simultaneous recordings from one endocardial (Endo) and two epicardial (Epi) sites
together with a pseudo-ECG of a canine left ventricular wedge preparation. A: Control; B
and C: The IK-ATP agonist pinacidil (4 μM) and Ito agonist NS5806 (7 μM) were used to
pharmacologically model a gain of function mutation in IK-ATP in the setting of a high level
of Ito. Phase 2 reentry and polymorphic VT/ ventricular fibrillaton developed 20 min after
addition of pinacidil. Basic Cycle Length=1000 ms.

Koncz et al. Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Calcium channel inhibition leads to development of phase 2 reentry and polymorphic
ventricular tachycardia (VT) in a left ventricular wedge preparation. Each panel shows
simultaneous recordings from one endocardial (Endo) and two epicardial (Epi) sites together
with a pseudo-ECG. A: Control; B: NS5806 (7 μM) accentuated the Epi action potential
(AP) notch causing the appearance of a distinct J wave. C: Addition of verapamil (3 μM) to
pharmacologically model loss of function calcium channel mutations further accentuated the
epicardial AP notch, thus greatly amplifying the J wave, causing it to appear as an ST
segment elevation. Phase 2 reentry and polymorphic VT/ ventricular fibrillation developed
15 min after addition of verapamil. Basic Cycle Length=1000 ms.
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Figure 4.
Acetylcholine (ACh) leads to development of phase 2 reentry and polymorphic ventricular
tachycardia (VT) in an experimental model of early repolarization syndrome. Each panel
shows simultaneous recordings from one endocardial (Endo) and two epicardial (Epi) sites
together with a pseudo-ECG. A: Control; B and C: The combination of verapamil (3 μM)
and transient outward current agonist (NS5806, 7 μM) caused an early repolarization pattern
to develop in the left ventricular wedge preparation, but no arrhythmogenic substrate. D:
The addition of ACh, used to mimic increased vagal tone (ACh, 3 μM), led to the
development of phase 2 reentry and polymorphic VT/ ventricular fibrillation. Basic Cycle
Length=1000 ms.
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Figure 5.
A: Isoproterenol normalizes early repolarization (ER) pattern and prevents the development
of ventricular tachycardia/ventricular fibrillation (VT/VF) in a left ventricular wedge model
of ER syndrome. Each panel illustrates transmembrane action potentials (APs)
simultaneously recorded from 1 endocardial (Endo) and 2 epicardial (Epi) sites, together
with a pseudo-ECG. Exposure to NS5806 (7 μM) accentuated the epicardial AP notch, thus
augmenting the J wave. Addition of verapamil (3 μM) further accentuated manifestation of
the J wave. Addition of acetylcholine (6 μM) further enlarged the Epi AP notch and J wave.
Increasing NS5806 to 10 μM caused heterogeneous loss of the AP dome in the Epi, giving
rise to Phase 2 Reentry and VT/VF. F: Isoproterenol (1 μM) restored the Epi AP dome,
normalized the ECG and abolished all arrhythmic activity. Basic Cycle Length=1000 ms.
B: When a combination of NS5806+verapamil+ACh failed to induce VT/VF, the addition of
the sodium channel blocker pilsicainide caused accentuation of the ER phenotype leading to
the development of VT/VF. Basic Cycle Length=500 ms.
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Figure 6.
Quinidine normalizes early repolarization (ER) pattern and suppresses ventricular
tachycardia/ventricular fibrillation (VT/VF) in a left ventricular wedge model of ER
syndrome. Each panel shows transmembrane action potentials (APs) simultaneously
recorded from 1 endocardial (Endo) and 2 epicardial (Epi) sites, together with a pseudo-
ECG. A: Control; B: ER phenotype was induced by NS5806 (10 μM) + Verapamil (3 μM) +
Acetylcholine (10 μM); C: Increasing NS5806 concentration to 15 μM, led to the
development of Phase 2 Reentry, D: Recorded 20 min after addition of 10 μM quinidine.
Quinidine restored the epicardial AP dome, abolished ER and ST segment elevation and
suppressed VT/VF. Basic Cycle Length=1000 ms.
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Figure 7.
Basis for greater vulnerability of inferior wall to early repolarization syndrome-mediated
arrhythmia. Results shown are from left ventricular (LV) wedge preparations isolated from
the inferior and lateral regions of the same hearts. A: Under baseline conditions, the action
potential (AP) notch is more prominent in the epicardium (Epi) of the inferior wall as
compared with the lateral wall and the response (accentuation of AP notch, increase in J
wave) to a combination of NS5806 (7 μM) + Verapamil (3 μM) + Acetylcholine (ACh) (3
μM) is much more pronounced in the Epi of the inferior wall. APs shown are recorded from
the lateral and the inferior part of the LV of the same dog. Arrows show increased J wave
upon application of provocative agents. Endo = endocardial. B: Transient outward current
density is more pronounced in Epi myocytes isolated from inferior vs. lateral wall. C: Notch
index of APs recorded from the Epi surface of paired inferior vs. lateral wedge preparations
isolated from the same heart under baseline conditions and after exposure to the same
combination of provocative agents [NS5806 (7 μM) + Verapamil (3 μM) + ACh (3 μM)].
Results are mean ± S.E.M. D: J wave area recorded from paired inferior vs. lateral wedge
preparations isolated from the same heart under baseline conditions and after exposure to the
same combination of provocative agents [NS5806 (7 μM) + Verapamil (3 μM) + ACh (3
μM)]. Results are mean ± S.E.M. E: Incidence of phase 2 reentry –induced VT/VF after
exposure of the lateral and inferior wedge preparations isolated from the same heart to the
same combination of provocative agents.

Koncz et al. Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Koncz et al. Page 20

Ta
bl

e 
1

E
ff

ec
ts

 o
f 

pr
ov

oc
at

iv
e 

ag
en

ts
 o

n 
tr

an
sm

ur
al

 a
nd

 e
pi

ca
rd

ia
l (

E
pi

) 
di

sp
er

si
on

 o
f 

re
po

la
ri

za
tio

n 
an

d 
on

 a
ct

io
n 

po
te

nt
ia

l (
A

P)
 p

ar
am

et
er

s 
in

 p
er

fu
se

d 
le

ft
 v

en
tr

ic
ul

ar
 w

ed
ge

 p
re

pa
ra

tio
ns

.

E
nd

o 
A

P
D

90
 (

m
s)

E
pi

1 
A

P
D

90
 (

m
s)

E
pi

2 
A

P
D

90
 (

m
s)

E
nd

o 
A

P
D

50
 (

m
s)

E
pi

1 
A

P
D

50
 (

m
s)

E
pi

2 
A

P
D

50
 (

m
s)

N
ot

ch
 M

ag
ni

tu
de

 (
%

 o
fP

h0
)*

N
ot

ch
 I

nd
ex

†
T

D
R

 (
m

s)
E

D
R

 (
m

s)

C
on

tr
ol

22
3.

2 
±

 2
.1

19
9.

7 
±

 5
.9

20
1.

8 
±

 3
.9

17
7.

8 
±

 3
.9

16
9.

5 
±

 7
.6

17
0.

7 
±

 4
.2

14
.0

 ±
 3

.1
25

5.
2 

±
 5

4.
3

17
.0

 ±
 3

.5
14

.7
 ±

 2
.8

N
S 

58
06

 (
7 
μ

M
)

22
6.

2 
±

 5
.1

20
3.

7 
±

 6
.5

20
7.

2 
±

 2
.6

17
6.

5 
±

 7
.4

16
9.

3 
±

 8
.0

17
6.

1 
±

 2
.5

31
.7

 ±
 4

.0
78

0.
8 

±
 1

16
.0

17
.7

 ±
 5

.3
13

.3
 ±

 2
.8

V
er

ap
am

il 
(3

 μ
M

)
22

7.
0 

±
 7

.9
22

5.
9 

±
 8

.3
a

22
2.

5 
±

 4
.6

a
16

7.
9 

±
 6

.9
18

8.
8 

±
 7

.9
18

6.
5 

±
 3

.8
a

38
.9

 ±
 5

.0
b

25
51

.9
 ±

 1
82

.8
b

21
.3

 ±
 4

.4
14

.6
 ±

 6
.4

A
ce

ty
lc

ho
lin

e 
(3

 μ
M

)‡
21

7.
3 

±
 3

.1
12

9.
9c  

±
 1

7.
2

24
6.

3 
±

 2
6.

6
15

7.
1 

±
 2

.1
69

.1
c  

±
 1

7.
8

20
2.

7 
±

 2
6.

4
42

.2
 ±

 5
.1

46
54

.5
 ±

 8
94

.0
80

.8
c  

±
 1

5.
5

11
1.

2c  
±

 2
4.

1

A
PD

90
; A

PD
50

=
 a

ct
io

n 
po

te
nt

ia
l d

ur
at

io
ns

 a
t 9

0%
an

d 
50

%
 r

ep
ol

ar
iz

at
io

n.
 R

es
ul

ts
 a

re
 m

ea
n 

±
 S

.E
.M

. a
=

p 
<

 0
.0

5,
 b

=
p 

<
 0

.0
1 

vs
 c

on
tr

ol
, c

=
p 

<
 0

.0
5 

vs
 N

S5
80

6 
+

 v
er

ap
am

il 
co

m
bi

na
tio

n.
 B

as
ic

 c
yc

le
 le

ng
th

 =
10

00
 m

s;
 n

=
5.

* E
pi

ca
rd

ia
l A

P 
no

tc
h 

da
ta

 (
no

tc
h 

m
ag

ni
tu

de
 a

nd
 n

ot
ch

 in
de

x)
 m

ea
su

re
d 

be
fo

re
 lo

ss
 o

f 
th

e 
A

P 
do

m
e 

at
 e

pi
ca

rd
ia

l s
ite

s.

† N
ot

ch
 in

de
x 

=
 N

ot
ch

 M
ag

ni
tu

de
 ×

 (
Ph

 0
 to

 P
h 

2 
in

te
rv

al
) 

w
hi

ch
 a

pp
ro

xi
m

at
es

 th
e 

ar
ea

 o
f 

th
e 

no
tc

h.

‡ E
pi

ca
rd

ia
l d

is
pe

rs
io

n 
of

 r
ep

ol
ar

iz
at

io
n 

(E
D

R
) 

an
d 

tr
an

sm
ur

al
 d

is
pe

rs
io

n 
of

 r
ep

ol
ar

iz
at

io
n 

(T
D

R
) 

re
po

rt
ed

 h
er

e 
w

er
e 

m
ea

su
re

d 
in

 c
as

es
 a

t w
hi

ch
 th

e 
ad

di
tio

n 
of

 A
ce

ty
lc

ho
lin

e 
ca

us
ed

 lo
ss

 o
f 

th
e 

A
P 

do
m

e 
at

 E
PI

 1
 s

ite
 b

ut
 n

o 
E

PI
 2

, w
ith

 th
e 

de
ve

lo
pm

en
t o

f 
Ph

as
e 

2 
R

ee
nt

ry
.

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 March 01.


