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ABSTRACT

Background: The present ESC guidelines on atrial fibrillation have introduced vernakalant (VER) for
pharmacologic cardioversion of atrial fibrillation. The aim of the present study was to investigate possible
proarrhythmic effects of vernakalant in an experimental model of heart failure (HF).
Methods and Results: In 12 female rabbits, HF was induced with the use of 4 weeks of rapid ventricular
pacing. Twelve rabbits were sham operated. Isolated hearts demonstrated a significant prolongation of
myocardial repolarization after induction of HF. Vernakalant caused a concentration-dependent
(10 mmol/L and 30 mmol/L) increase of action potential duration (APD90) and QT interval without
affecting spatial and temporal dispersion of repolarization. The increase in APD90 was accompanied by
a greater increase in refractory period resulting in a significant increase in post-repolarization refractori-
ness. In control conditions, programmed ventricular stimulation and burst pacing led to ventricular fibril-
lation (VF) in 2 of the 12 sham (4 episodes) and in 3 of the 12 HF (24 episodes) subjects. In the presence
of 30 mmol/L vernakalant, VF was no longer inducible in both groups (0 episodes). In the presence of low
Kþ concentration, neither sham nor HF vernakalant-treated subjects developed early after-depolarizations
or ventricular tachyarrhythmias.
Conclusion: In the present study, application of vernakalant led to a significant prolongation of myocar-
dial repolarization and increased post-repolarization refractoriness but did not induce early after-depolar-
ization and therefore did not cause proarrhythmia in failing hearts. (J Cardiac Fail 2014;20:786e792)
Key Words: Vernakalant, heart failure, dispersion of repolarization, polymorphic ventricular tachycardia,
proarrhythmia.

Vernakalant has recently been introduced for rapid phar-
macologic conversion of recent-onset atrial fibrillation (AF)
in patients without severe structural heart disease.1,2 In
several randomized clinical studies, a beneficial effect of
vernakalant compared with placebo3,4 or other antiar-
rhythmic drugs, such as amiodarone,5 was reported. In a
small prospective single-center study, superiority to flecai-
nide in conversion rate and conversion time was demon-
strated.6 Vernakalant was therefore included in the 2012
focused update of the European Society of Cardiology
(ESC) guidelines for management of AF and received a
class 1A recommendation for pharmacologic conversion
of recent-onset AF in patients without severe structural
heart disease.7 In a meta-analysis, in which data from
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patients with ischemic heart disease or previous cardiac sur-
gery were extracted, no negative effect of vernakalant was
reported.8 In fact, in that study population, which included
patients up to New York Heart Association (NYHA) func-
tional class III, a significant success rate in conversion of
AF was observed.8 Those results were confirmed by Kowey
et al,9 who also reported a beneficial effect in patients after
cardiac surgery. Nonetheless, vernakalant is contraindicated
in patients with relevant structural heart disease or severe
clinical heart failure (HF) as well as in patients with a his-
tory of pharmacologic QT prolongation or torsades de
pointes.
The antiarrhythmic effect of vernakalant is based on a

mixed block of cardiac Kþ and Naþ channels and thereby
exerts multiple effects on cardiac repolarization. Studies
in atrial sleeve preparations have proven a rather atrial-
selective effect of vernakalant,10 which is mainly related
to the late Naþ channel (INa,late).

11 Inhibition of INa,late
seems to be a promising therapeutic approach for pharma-
cotherapy of AF, because the INa,late inhibitor ranolazine has
proven to be effective in reduction of AF in experi-
mental12,13 and clinical14 studies. Of note, INa,late inhibitors
have been successfully used in models of HF.15,16

Whether the electrophysiologic effects of vernakalant,
including QT prolongation, may trigger proarrhythmia in
the setting of a reduced repolarization reserve17 induced
by HF has not yet been investigated. Therefore, the aim
of the present study was to examine a possible proarrhyth-
mic potential of vernakalant in a sensitive whole-heart
model of proarrythmia16,18,19 in HF where myocardial repo-
larization is already altered, compared with structural
normal hearts.18

Methods

All experimental protocols were approved by the local animal
care committee and conformed to the ‘‘Guide for the Care and
Use of Laboratory Animals’’ published by the USA National Insti-
tutes of Health (NIH publication no. 852-3, revised 1996).

Induction of Heart Failure

HF was induced by continuous rapid ventricular pacing (400
beats/min) for 3e4 weeks. The method has recently been
described in detail by our group.18 Twelve adult female New Zea-
land white rabbits weighing 3.5e4.0 kg were anesthetized with the
use of ketamine (75 mg/kg) and xylazine (5.8 mg/kg), with addi-
tional doses administered as needed. A pacemaker lead was im-
planted into the right ventricle via the right jugular vein under
fluoroscopic guidance. One week after the operation, an external
pacemaker was connected and rapid pacing was started. Over a
period of 3e4 weeks, the rabbits were monitored by clinical ex-
amination and echocardiography to determine whether they devel-
oped HF. For performance of echocardiography, the rabbits were
anaesthetized with isoflurane. Sham-operated rabbits (n 5 12)
received a right ventricular pacing lead but were not paced and
were used as control subjects.

Preparation of Hearts for Perfusion

The method of preparing the hearts has been previously
described in detail.19 Rabbits were anaesthetized with the use of
sodium thiopental (200e300 mg intravenously). After midsternal
incision and opening of the pericardium, the complete hearts were
removed and immediately placed in an ice-cold Krebs-Henseleit
solution (composition in mmol/L: CaCl2 1.80, KCl 4.70,
KH2PO4 1.18, MgSO4 0.83, NaCl 118, NaHCO3 24.88, Na-
pyruvate 2.0, and D-glucose 5.55). The aorta was cannulated,
the pulmonary artery was incised, and the spontaneously beating
hearts were perfused at constant flow (52 mL/min) with warm
(36.8�Ce37.2�C) Krebs-Henseleit solution. Perfusion pressure
was continuously measured during the experiments and stayed sta-
ble at w100 mm Hg. The hearts were placed in a heated solution-
filled tissue bath. The perfusate was equilibrated with 95% O2 and
5% CO2 (pH 7.35, 37�C). The cannulated and perfused hearts
were attached to a vertical Langendorff apparatus (Hugo
Sachs Electronic, Medical Research Instrumentation, March-
Hugstetten, Germany).

Electrocardiographic and Electrophysiologic
Measurements

Signals from a simulated ‘‘Einthoven’’ configuration were
amplified by a standard electrocardiographic (ECG) amplifier (fil-
ter settings 0.1e300 Hz), and QT interval was measured. Mono-
phasic action potential (MAP) recordings and stimulation were
accomplished simultaneously with the use of contact MAP pacing
catheters (EP Technologies, Mountain View, California). The
MAP electrograms were amplified and filtered (low pass 0.1 Hz,
high pass 300 Hz). MAPs were analyzed with the use of specif-
ically designed software permitting precise definition of the ampli-
tude and duration of the digitized signals. The recordings were
considered to be reproducible and therefore acceptable for anal-
ysis only if they had stable baseline amplitude with a variation
of !20% and a stable duration measured at 90% repolarization
(90% action potential duration [APD90]). Seven MAPs were
evenly spread in a circular pattern around both ventricles; 1
MAP was recorded from the left ventricular endocardium. Pacing
at 2 times the diastolic threshold was performed for 1 minute at
each cycle length (CL) from 900 ms to 300 ms (Universal Pro-
grammable Stimulator, UHS 20, Biotronik, Germany). All data
were digitized at a rate of 1 kHz with 12-bit resolution and subse-
quently stored on a removable hard disk (Bard Lab System, Bard
Electrophysiology, Murray Hill, Massachusetts).

Protocols for Ex Vivo Experiments

Cycle length dependence of MAP duration was investigated un-
der baseline conditions by pacing the hearts at CLs from 900 ms to
300 ms. Subsequently, programmed stimulation was performed
with up to 2 external stimuli to determine the effective refractory
period (ERP). A premature stimulus (S2) was introduced after
each train of 8 basic beats. Coupling interval was reduced gradu-
ally until failure to capture occurred, defining ERP. The coupling
interval was initially set late in diastole and subsequently reduced
by 10 ms until no capture was observed. The coupling interval was
then increased by 10 ms and then decreased by 2 ms until capture
was lost. After determination of S2, the coupling interval was
increased by 20 ms to reach a safe capture and a second external
stimulus was introduced for determination of S3. Subsequently, S3
was defined in the same way as S2. In case of induction of ventric-
ular fibrillation (VF), the hearts were defibrillated, followed by
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