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Abstract
Introduction—Vernakalant (VER) is a relatively atrial-selective antiarrhythmic drug capable of
blocking potassium and sodium currents in a frequency- and voltage-dependent manner.
Ranolazine (RAN) is a sodium channel blocker shown to exert antiarrhythmic effects in
pulmonary vein (PV) sleeves. DL-sotalol (SOT) is a beta-blocker commonly used in the rhythm-
control treatment of AF. This study evaluated the electrophysiological and antiarrhythmic effects
of VER, RAN, and SOT in canine PV sleeve preparations in a blinded fashion.

Methods—Transmembrane action potentials (AP) were recorded from canine superfused PV
sleeve preparations exposed to VER (n=6), RAN (n=6), and SOT (n=6). Delayed
afterdepolarizations (DADs) were induced in the presence of isoproterenol and high-calcium
concentrations by periods of rapid pacing.

Results—In PV sleeves, VER, RAN and SOT (3–30 μM) produced small (10–15 ms) increases
in AP duration. Effective refractory period (ERP), diastolic threshold of excitation (DTE), and the
shortest S1-S1 cycle length (CL) permitting 1:1 activation were significantly increased by VER
and RAN in a rate- and concentration-dependent manner. VER and RAN significantly reduced
Vmax in a concentration- and rate-dependent manner. SOT did not significantly affect ERP, Vmax,
DTE or the shortest S1-S1 CL permitting 1:1 activation. All three agents (3–30 μM) suppressed
DAD-mediated triggered activity induced by isoproterenol and high-calcium.

Conclusions—In canine PV sleeves, the effects of VER and RAN were similar and largely
characterized by concentration- and rate-dependent depression of sodium channel-mediated
parameters, which were largely unaffected by SOT. All three agents demonstrated an ability to
effectively suppress DAD-induced triggers of atrial arrhythmia.
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INTRODUCTION
Vernakalant is a relatively atrial-selective antiarrhythmic drug1–3 approved for conversion of
recent-onset atrial fibrillation (AF) in Europe. Vernakalant exerts its antiarrhythmic activity
by blocking early activating potassium currents (i.e. IKur, Ito, IKr, IKACh) combined with
frequency-and voltage- dependent inhibition of cardiac sodium channels.4 Ranolazine is a
sodium channel current (INa) blocker shown to exert antiarrhythmic effects by suppressing
early and delayed afterdepolarization (EAD and DAD)-induced triggered activity in
pulmonary vein (PV) sleeve preparations.5 DL-sotalol (SOT) is a beta-blocker commonly
used in the rhythm-control treatment of AF6–8 that also has class III antiarrhythmic effects
by virtue of blocking the rapidly activating delayed rectifier (IKr) potassium channel.

PV have been shown to play a major role in the development of clinical AF by generating
extrasystoles responsible for triggering AF.9 A number of experimental models have
proposed DADs and late phase 3 EADs in PVs as potential triggers in the initiation of
AF.5, 10–15

The present study was designed to compare in a blinded fashion the electrophysiological and
antiarrhythmic effects of ranolazine, vernakalant and sotalol in canine PV sleeve
preparations.

METHODS
This investigation conforms to the Guide for Care and Use of Laboratory Animals published
by the National Institutes of Health (NIH publication No 85-23, Revised 1996) and was
approved by the ACUC of the Masonic Medical Research Laboratory.

Adult mongrel dogs of either sex weighing 20–35 kg were anticoagulated with heparin (180
IU/kg) and anesthetized with sodium pentobarbital (35 mg/kg, IV). The chest was opened
via a left-thoracotomy, the heart was excised and placed in a cold cardioplegic solution
([K+]0 = 8 mmol/L, 4°C).

Superfused pulmonary vein sleeve preparation
PV sleeve preparations (approximately 2.0 × 1.5 cm) were isolated from the left canine atria.
The thickness of the preparation was approximately 2 mm. Left superior pulmonary veins
were used preferentially in most experiments. The preparations were placed in a small tissue
bath and superfused with Tyrode's solution of the following composition (mM): 129 NaCl, 4
KCl, 0.9 NaH2PO4, 20 NaHCO3, 1.8 CaCl2, 0.5 MgSO4, 5.5 glucose and bubbled with 95%
O2/5% CO2 (35 ± 0.5°C). PV preparations were stimulated at a basic cycle length (BCL) of
1000 ms during the equilibration period (1 h) using electrical stimulation (1–3 ms duration,
2.5 times diastolic threshold intensity) delivered through silver bipolar electrodes insulated,
except at the tips. The threshold intensity ranged from 0.5 to 1.4 mV. Transmembrane
potentials were recorded using glass microelectrodes filled with 3 M KCl (10–20 MΩ DC
resistance) connected to a high input-impedance amplification system (World Precision
Instruments, model KS-700, New Haven, CT). The following parameters were measured:
take-off potential (TOP), action potential amplitude (APA), action potential duration at 85%
repolarization (APD85), effective refractory period (ERP, defined as the shortest S1-S2
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interval capable of eliciting a propagated response), maximum rate of rise of action potential
upstroke (Vmax), diastolic threshold of excitation (DTE), and the minimum following
interval (shortest S1–S1 showing 1:1 conduction). Transmembrane action potentials were
recorded at a sampling rate of 41 kHz.

Experimental protocols
The drugs tested were blinded to all involved with the conduct of the experimental study,
with the blinded test agent code broken only after completion of all studies and data
analysis. Fresh drug stock was prepared for all three compounds before each experiment by
a person not involved in the conduct of the study and provided to the investigator as
Compound A, B or C. A total of 14 dogs were used in this study. One, 2, or 3 PV
preparations from each animal were used in Groups 1, 3 and 4. In each of Group 1 and 3,
distinct PV preparations from the same dog were used to test different compounds. In
addition, some PV preparations from the same dog were used for Groups 1 and 3. Distinct
dogs were used in Groups 1 and 2 (time control experiments). Distinct dogs were used for
each experiment in Groups 2 and 4 (time control experiments).

Group 1 (n=18 PV preparations, n=6 PV preparations for each compound). The effect of
each test agent on the normal electrophysiology of the PV sleeve preparations was evaluated
at 3 distinct concentrations (3, 10, and 30 μM). The tissues were exposed to each
concentration of the test agent for a period of 20–30 min. Action potentials were recorded at
basic cycle lengths (BCLs) of 2000, 1000, 500 and 300 ms and the distinct EP parameters
(APA, TOP, APD85, ERP, DTE, minimum following interval (shortest S1–S1 showing 1:1
conduction) were evaluated at each BCL.

Group 2 (n=4 PV preparations from 4 dogs). Time control experiments were performed to
test the stability of the preparations over a period of 2 to 4 hours after the end of the
equilibration period. The time control was designed to match the period consumed by the
experimental protocols.

Group 3 (n=18 PV preparations, n= 6 PV preparations for each compound). We evaluated
the effect of each test agent in a recently described isoproterenol (1 μM) and high calcium
(5.4 mM) model of delayed afterdepolarization (DAD)-induced triggered activity in PV
sleeve preparations.5, 10, 16, 17 Trains of 10 beats were elicited at progressively faster rates in
order to induce DADs and triggered activity. DADs were elicited during the pause by a
period of rapid pacing (BCL changed from 500 to 100 ms). The effect of each concentration
of test agent on the development of DADs and triggered activity was evaluated. After
reproducible induction of DAD, the test agent (first 3, and then 10, 30 μM) was added to the
Tyrode's solution. Inducibility protocols were repeated and measurements obtained 30
minutes after each concentration of compound.

Group 4 (n=3 PV preparations from 3 dogs). Time control experiments were conducted to
assess the reproducibility of DAD and triggered activity induction over a period of 90 min in
the presence of isoproterenol + high Ca2+.

Chemicals—Vernakalant, ranolazine and sotalol were provided by Merck and Co. (West
Point, PA) and Cardiome Pharma Corp. (Vancouver, BC, Canada). Drugs were dissolved
directly in Tyrode's solution and were administered in a blinded fashion. Isoproterenol
(Sigma-Aldrich Corp., St. Louis, MO) was dissolved in distilled water to form a stock
solution of 1 mM and used at a final concentration of 1 μM.
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Statistics—Statistical analysis was performed using one way repeated measures analysis
of variance (ANOVA) followed by Bonferroni's test. Mean values were considered to be
significantly different at p < 0.05. All data are reported as mean ± SD.

RESULTS
Electrophysiological effects of vernakalant, ranolazine and sotalol in PV sleeve
preparations

Vernakalant, ranolazine and sotalol produced small (approximately 10–15 ms) increases in
APD85 (Figure 1). This effect was not statistically significant at any rate (Figure 2, upper
panel). ERP was increased by vernakalant and ranolazine in a rate- and concentration-
dependent manner reaching significance at a concentration of 30 μM (Figure 2, lower
panel). The effect on ERP was more accentuated for vernakalant and larger at the fastest
rates (500 and 300 ms) due to the development of post-repolarization refractoriness (PRR).
Much of the increase in ERP produced by both vernakalant and ranolazine was due to the
development of PRR, as refractoriness was prolonged beyond APD85. In contrast, ERP was
largely unaffected by sotalol. Vmax was significantly reduced by vernakalant and ranolazine
in a concentration- and rate-dependent manner (Figure 3, upper panel). The effects on Vmax
were similar for vernakalant and ranolazine. A significant increase in DTE was observed
following exposure to 30 μM of vernakalant and ranolazine at BCL of 500 and 300 ms
(Figure 3, lower panel). This effect was greater for vernakalant. A significant effect on DTE
was also observed for vernakalant at BCL of 1000 and 2000 ms. DTE was not affected by
sotalol at any concentrations and BCLs tested. The shortest S1-S1 CL permitting 1:1
activation was significantly increased by vernakalant and ranolazine to a similar degree, but
largely unaffected by sotalol (Figure 4).

In the case of ranolazine, take-off potential (TOP) was −83.3+1.6, −82.8+1.9 and −82.2+1
mV under control conditions and following 10 or 30 μM drug, respectively at a BCL of
2000 and −81.3+2.2, −80.8+2 and −79.2+1.3 mV at a BCL of 300 ms. In the case of
vernakalant, TOP was −85.5+1.9, −85+1.3 and −85.7+3 mV under control conditions and
following 10 or 30 μM, respectively at a BCL of 2000 and −82.8+2, −81.5+0.8 and −81+2.8
mV at a BCL of 300 ms. In the case of sotalol, TOP was −85.2+1.6, −84.6+1.5 and
−84.6+1.9 under control conditions and following 10 or 30 μM, respectively at a BCL of
2000 ms and −81.8+1.5, −81.4+1.3 and −81+1.4 mV at a BCL of 300 ms. No significant
change in TOP was observed under any condition studied. Vernakalant and ranolazine were
observed to produce a slight concentration and rate-dependent increase in conduction time in
the PV sleeves, although these changes did not reach statistical significance under any of the
conditions studied.

Time control experiments indicated no changes in electrophysiological parameters over a 90
min period. These data are consistent with a potent use-dependent inhibition of the sodium
channel current by vernakalant and ranolazine in PV sleeve preparations with vernakalant
producing more post-repolarization refractoriness than ranolazine. Sotalol induced no
significant changes in APD, ERP, Vmax, DTE and shortest S1-S1 interval.

Effects of vernakalant, ranolazine and sotalol on isoproterenol + high Ca++- induced
triggered activity

In another series of experiments we assessed the ability of each drug to suppress delayed
afterdepolarizations (DADs)-induced triggered activity elicited in PV sleeve preparations
exposed to combined isoproterenol and high calcium. These conditions give rise to DADs in
100% of normal PV sleeves.
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Representative action potential recordings of the effects of vernakalant, ranolazine, and
sotalol on isoproterenol and high calcium-induced triggered activity are shown in Figures 5,
6 and 7, respectively. Composite data of the drug effects to eliminate triggered activity at
BCL of 200 ms are shown in Figure 8. At a concentration of 3 μM, ranolazine eliminated
triggered activity in 4 of 6 PV preparations, vernakalant in 0 of 6 PV preparations and
sotalol in 0 of 6 PV preparations. At a concentration of 10 μM, ranolazine eliminated
triggered activity in 6 of 6 PV preparations, vernakalant in 4 of 6 PV preparations and
sotalol in 5 of 6 PV preparations. At a concentration of 30 μM, ranolazine eliminated
triggered activity in 6 of 6 PV preparations, vernakalant in 5 of 6 PV preparations and
sotalol in 5 of 6 PV preparations. Time control experiments (n=3) assessing the effects of
time on isoproterenol + high Ca++-induced triggered activity in PV sleeves indicated that
triggered activity persists after 30, 60 and 90 min of exposure to normal Tyrode's solution.
Thus, all three compounds were effective in eliminating DAD-induced triggered activity
originating in PV exposed to isoproterenol and high calcium. Importantly, no incidences of
exacerbation or increased frequency of triggered activity were observed with the three test
agents.

DISCUSSION
Atrial fibrillation (AF) is the most common arrhythmia requiring medical attention. Ectopic
beats originating from PV have been shown to be a common source of triggers for the
development of AF clinically and preclinically.18–20 Accordingly, PV isolation is a
commonly used procedure to eliminate the triggers arising from the pulmonary veins. The
results of the present study indicate that, in canine superfused PV sleeve preparations,
vernakalant and ranolazine produced significant rate-dependent changes in sodium channel-
mediated electrophysiological parameters (including Vmax, ERP, DTE, and the shortest S1-
S1 CL permitting 1:1 activation). The effects on ERP and DTE were more pronounced for
vernakalant and the effects on Vmax and shortest S1-S1 were similar for both drugs. The
greater effect on ERP observed in the presence of vernakalant might be explained by its
relatively greater, albeit modest, increase in APD85. Sotalol produced no significant changes
in any of the basic electrophysiologic parameters evaluated. In addition, none of the three
agents were observed to accentuate DAD-induced triggered activity induced by exposure to
isoproterenol and high calcium and all three agents were effective in suppressing DADs and
DAD-induced triggered activity.

Triggered activity in PV sleeves
In the present study, DADs and DAD-induced triggered activity were easily induced in PV
sleeve preparations following the addition of isoproterenol and high calcium. Similar
findings were previously reported in canine and rabbit isolated single PV myocytes,21, 22 in
isolated canine pulmonary vein sleeve preparations,5, 10, 12, 13, 23 and in coronary-perfused
right atrial preparations.11, 24 In isolated rabbit PV myocytes, isoproterenol was shown to
increase automaticity and induce spontaneous activity as well as EAD- or DAD-induced
triggered activity.21, 22 Our data show that vernakalant, ranolazine and sotalol, in
concentrations within their respective therapeutic ranges, are all capable of reducing or
eliminating DAD–induced triggered activity originating in PV sleeves.

Antiarrhythmic effects of vernakalant, ranolazine and dl-sotalol
Vernakalant is a new antiarrhythmic drug that has been shown to suppress recent onset atrial
fibrillation.25–27 The drug is approved in Europe. Vernakalant is a multiple ion channel
blocker shown to possess relatively atrial-selective properties.3, 28–30 In experimental
models, vernakalant prolongs atrial refractoriness with no effect on ventricular refractoriness
or defibrillation threshold.1 In humans, vernakalant preferentially prolongs atrial
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refractoriness.26 The present findings in the canine PV sleeve preparation indicate that
vernakalant reduces excitability, slightly prolongs APD, prolongs ERP and induces post-
repolarization refractoriness, especially at rapid rates of activation. Although APD
prolongation is consistent with K channel blocking activity, the effects on excitability and
ERP appear to be largely mediated by vernakalant's sodium channel blocking properties.
Moreover vernakalant, in concentrations within its therapeutic range, eliminates DADs in
PV sleeves, pointing to an additional antiarrhythmic effect on the triggers of AF.

In canine PV sleeves, 10 μM ranolazine has previously been shown to elicit a marked
reduction in excitability and sodium-channel dependent electrophysiologic parameters.5
Exposure of the PV sleeve preparations to acetylcholine (ACh), isoproterenol, high [Ca++]o
or their combination together with rapid pacing induced DADs, late phase 3 EADs and
triggered activity. Ranolazine (10 μM) eliminated rate-dependent DAD- and EAD-induced
triggered activity and reduced afterdepolarization amplitude induced by a combination of
ACh and high calcium ([Ca2+]o = 5.4 mM).5 The present data confirm the effect of
ranolazine to eliminate DAD and DAD-induced triggered activity at concentrations within
the therapeutic range (1–10 μM).

At therapeutic concentrations, ranolazine has been shown to produce atrial-selective
depression of peak INa, causing potent use-dependent inhibition of peak INa (estimated on
the basis of depression of Vmax) in canine atrial tissues,31 but not in in ventricular
myocardial cells or Purkinje fibers.32–34

The ability of vernakalant and ranolazine to suppress DADs and DAD-induced triggered
activity could be explained by their actions to reduce intracellular calcium loading
secondary to their effects to reduce sodium loading at rapid rates. The late sodium channel
blocker ranolazine has been shown to specifically inhibit sodium entry and subsequently
calcium entry.35 We are not aware of similar data for vernakalant, but because of the
similarity of action, vernakalant might be expected to exert a similar action. The effect of
relatively pure sodium channel blockers to suppress DAD activity has been demonstrated
previously in other tissues.36 Ranolazine's weak action to inhibit β-adrenergic receptors and
late ICa also might be involved in the suppression of DAD-induced triggered activity.30,32–34

Like vernakalant and ranolazine, sotalol eliminates DADs and DAD-induced triggered
activity in canine PV sleeves. This effect may be due in large part to the β-blocking effect of
the compound.37 Sotalol is mainly used as a rhythm-control agent for the treatment of AF.38

The drug has been shown to prolong APD and refractoriness in ventricular and atrial tissues,
consistent with its reported class III antiarrhythmic properties through blockade of the
rapidly activating delayed rectifier (IKr) potassium channel.39 In the present studies in
canine PV sleeves preparations, we did not observe significant prolongation of APD or ERP
following exposure to any concentration of sotalol, suggesting that blocking IKr has a
limited impact on PV repolarization. However, the effect of sotalol to block IKr, thereby
prolonging ventricular repolarization and potentially inducing EADs and ventricular
arrhythmias such as Torsade de Pointes arrhythmias40–42 often limits its use as an
antiarrhythmic agent for the treatment of atrial arrhythmias.43

Clinical implications
In canine PV sleeves, the effects of vernakalant and ranolazine are similar and largely
characterized by concentration- and rate-dependent depression of sodium channel-mediated
parameters, which were largely unaffected by sotalol. All three compounds demonstrated an
ability to effectively suppress DAD-induced triggers of atrial arrhythmia.
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Rate control vs. rhythm control treatment of AF is still a matter of debate.30, 44 The efficacy
and safety of the intravenous formulation of vernakalant for conversion of recent onset AF
have been demonstrated in multiple clinical trials.45 An oral formulation of vernakalant for
the prevention of AF recurrence post-cardioversion is under investigation.46 Our data
suggest that the clinical efficacy demonstrated for vernakalant can be partly explained by
suppression of triggered activity responsible for the induction of AF and other atrial
arrhythmias. The effects of vernakalant to induce post-repolarization refractoriness in PV, as
in other atrial tissues (Burashnikov and Antzelevitch, unpublished observation), also points
to a mechanistic rationale for rhythm control utility in the chronic management of AF.
Similarly, the antiarrhythmic properties of ranolazine described in this report could explain
its anti-AF properties described in vitro31,47 and in multiple clinical studies.48–51 Sotalol
was also able to suppress PV triggered activity; its effectiveness appears to be mainly due to
its β-blocking activity which can also contribute to rate control management of AF. The
relatively selective IKr blocking effect of sotalol may be a limitation for its clinical use due
to the potential for ventricular proarrhythmia in the form of Torsade de Pointes.52
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Abbreviations

ACh acetylcholine

AF atrial fibrillation

AP action potential

APA action potential amplitude

APA85 action potential duration at 85% repolarization

BCL basic cycle length

CL cycle length

DAD delayed afterdepolarization

DTE diastolic threshold of excitation

EAD early afterdepolarization

ERP effective refractory period

IKr rapidly activating; delayed rectifier potassium channel current

INa sodium channel current

PRR post-repolarization refractoriness

PV pulmonary vein

RAN ranolazine

SOT sotalol

TOP take-off potential

VER vernakalant

Vmax maximum rate of rise of the action potential upstroke
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Figure 1.
Representative examples of the effects of vernakalant (10–30 μM), ranolazine (10–30 μM)
and sotalol (10–30 μM) on action potentials of 3 PV sleeve preparations. (A) Basic cycle
length (BCL) = 1000 ms. (B) BCL = 500 ms. The three compounds produced a slight
prolongation of action potential duration (APD). However, APD increase in the presence of
sotalol did not appear to be concentration dependent.
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Figure 2.
Composite data (n=6) of the rate-dependent effects of vernakalant (3–30 μM), ranolazine
(3–30 μM) and sotalol (3–30 μM) on action potential duration at 85% repolarization
(APD85, upper panel) and effective refractory period (ERP, lower panel) in pulmonary vein
sleeves preparations. *- p<0.05 v. respective control. BCL = basic cycle length. Mean ± SD
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Figure 3.
Composite data (n=6) of the rate-dependent effects of vernakalant (3–30 μM), ranolazine
(3–30 μM) and sotalol (3–30 μM) on maximum rate of rise of action potential upstroke
(Vmax) and diastolic threshold of excitation (DTE) in PV sleeve preparations. *- p<0.05 vs.
respective control. BCL = basic cycle length. Mean ± SD
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Figure 4.
Composite data of the effects of vernakalant (3–30 μM), ranolazine (3–30 μM) and sotalol
(3–30 μM) on the shortest S1-S1 permitting 1:1 activation in PV sleeves preparations. *-
p<0.05 v. respective control. Mean ± SD
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Figure 5.
Effect of vernakalant on high Ca++ + Isoproterenol (Iso) - induced delayed afterpolarizations
(DADs) and triggered activity. Each panel depicts a train of 10 beats at a basic cycle length
(BCL) of 200, 150, 120 and 100 ms followed by a pause. Isoproterenol and high Ca++

induce prominent rate-dependent DADs and triggered activity during the pause. Addition of
vernakalant (3 μM) reduces the triggered beats; vernakalant (10 μM) suppresses triggered
activity but a small DAD persists; vernakalant (30 μM) suppresses DADs and triggered
activity. [Ca2+]o=5.4 mM.
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Figure 6.
Effect of ranolazine on high Ca++ + Isoproterenol (Iso) - induced delayed afterpolarizations
(DADs) and triggered activity. Each panel depicts a train of 10 beats at a basic cycle length
(BCL) of 500, 300, and 200 ms followed by a pause. Isoproterenol and high Ca++ induce
prominent rate-dependent DADs and triggered activity during the pause. Addition of
ranolazine (3 μM) suppresses the triggered beats at BCL 300 ms, but a triggered beat
persists at BCL 200 ms followed by a DAD. Ranolazine (10 and 30 μM) suppresses DADs
and triggered activity. [Ca2+]o=5.4 mM.
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Figure 7.
Effect of sotalol on high Ca++ + Isoproterenol (Iso) - induced delayed afterpolarizations
(DADs) and triggered activity. Each panel depicts a train of 10 beats at a basic cycle length
(BCL) of 500, 300 and 200 ms followed by a pause. Isoproterenol and high Ca++ induce
prominent rate-dependent DADs and triggered activity during the pause. Addition of sotalol
(3 and 10 μM) reduces the triggered beats; sotalol (30 μM) suppresses DADs and triggered
activity. [Ca2+]o=5.4 mM.
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Figure 8.
Summary of the effects of vernakalant (3–30 μM), ranolazine (3–30 μM) and sotalol (3–30
μM) on suppression of isoproterenol + high Ca++ - induced triggered activity at basic cycle
length of 200 ms in PV sleeves (n= 6 preparations per concentration).
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