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Atrial-Selective Sodium Channel Blockers: Do They Exist?
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Abstract

The risk of developing severe ventricular arrhythmias and/or organ toxicity by currently available
drugs used to treat atrial fibrillation (AF) has prompted the development of atrial-selective
antiarrhythmic agents. Until recently the principal focus has been on development of agents that
selectively inhibit the ultra-rapid delayed rectifier outward potassium channels (lk), taking
advantage of the presence of these channels in atria but not ventricles. Recent experimental studies
have demonstrated important atrioventricular differences in biophysical properties of the sodium
channel and have identified sodium channel blockers such as ranolazine and chronic amiodarone
that appear to take advantage of these electrophysiologic distinctions and act to specifically or
predominantly depress sodium channel-mediated parameters in “healthy” canine atria versus
ventricles. Atrial-selective/predominant sodium channel blockers such as ranolazine effectively
suppress AF in experimental models of AF involving canine isolated right atrial preparations at
concentrations that produce little to no effect on ventricular electrophysiologic parameters. These
findings point to atrial-selective sodium channel block as a new strategy for the management of
AF. The present review examines our current understanding of atrioventricular distinctions
between atrial and ventricular sodium channels and our understanding of the basis for atrial
selectively of the sodium channel blockers. A major focus will be on the ability of the atrial-
selective sodium channel blocking properties of these agents, possibly in conjunction with Iy,
and/or Ik, blocking properties, to suppress and prevent the reinduction of AF.
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INTRODUCTION

Antiarrhythmic agents remain the first-choice treatment of atrial fibrillation (AF), the most
common clinical arrhythmia.1 Currently available agents used in the management of AF act
largely via inhibition of the rapidly activating delayed rectified potassium current (lk,; eg, d-
sotalol or dofetilide) and/or early sodium current (Iys; eg, flecainide or propafenone) or via
inhibition of multiple ion channels (potassium, sodium, and calcium channels; eg,
amiodarone). An important limitation of currently available anti-AF agents is the risk of
induction of severe ventricular arrhythmias and/or organ toxicity. The use of sodium channel
blockers is contraindicated in patients with structural heart diseases (such as congestive
heart failure, myocardial infarction, hypotrophy, etc), which accounts for more than 50% of
patients with AF. I, blockers may induce polymorphic ventricular tachycardia, known as
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Torsade de Pointes (TdP).1 Whereas amiodarone is a good choice for the maintenance of
sinus rhythm following AF cardioversion (and safe for use in patients with structurally
compromised ventricles), this agent can induce multiorgan toxicity. These limitations of
currently available anti-AF agents have prompted the development of safer atrial-selective
pharmacologic agents. Among atrial-specific targets under investigation are the ultra-rapid
delayed rectified outward potassium current (Ikyr), acetylcholine-regulated potassium
current (Ikach), connexin 40, and angiotensin Il receptors.2 Although block of Ik is
considered to be the most promising of these approaches, at concentrations that terminate
AF, Ik, blockers relatively potently inhibit transient outward current (l,) and/or lxach (eg,
AVEO0118)3 and/or Iy, (eg, AZD7009 and vernakalant).4:5

Since the Cardiac Arrhythmias Suppression Trial (CAST) demonstrated in 1989 an
increased risk of mortality with the use of sodium channel blockers in patients with
ventricular ectopy and nonsustained ventricular tachycardia after myocardial infarction,6 the
development of new Iy, blockers had been largely abandoned and the focus shifted to
development of potassium channel blockers. The present review describes recent
experimental data indicating that atrial and ventricular sodium channels differ with respect
to their biophysical properties and action potential characteristics and that sodium channel
blockers that take advantage of these distinctions can exert atrial-selective effects to inhibit
Ina and to suppress AF.7°9

CHARACTERISTICS OF SODIUM CHANNEL BLOCKERS

Most antiarrhythmic agents are not ion channel selective in their actions. Antiarrhythmic
agents that block Iy as their primary action are generally classified as Class 1A, IB, or IC
based on their unbinding kinetics from the sodium channel and their effect on action
potential duration (APD) in ventricular myocardium.10 Class IB agents such as lidocaine
and mexelitine abbreviate APD and have rapidly unbinding kinetics from the sodium
channel (t < 1 sec). Class IA agents, such as procainamide, quinidine, and disopyramide,
prolong APD (largely as a result of block of Ix,) and have intermediate unbinding kinetics (t
> 1 but < 12 sec). Class IC agents, such as propafenone or flecainide, generally produce little
to no effect on ventricular APD and manifest slow unbinding kinetics from the sodium
channel (t > 12 sec). Although amiodarone is classified as a Class 111 antiarrhythmic agent
(prolonging APD), this agent potently blocks 14 as well (with rapid kinetics),11:12
contributing to anti-AF properties of this drug. A critical and unique feature of Iy, blockers
related to their antiarrhythmic actions is their ability to produce postrepolarization
refractoriness (PRR,; ie, ie, to prolong effective refractory period [ERP] without APD
prolongation or to a greater extent than APD prolongation).

The effectiveness of most Iy, blockers to inhibit Iy, is typically enhanced following
acceleration of activation rate, a phenomenon termed “use dependence.”12:13 It is related to
a generally higher affinity of In, blockers for the open and/or inactivated state of the sodium
channels (ie, during the action potential) than to the rested channels (ie, during the diastolic
interval, when net unbinding occurs). Acceleration of heart/pacing rate increases the
proportion of time during which the sodium channels are in open and/or inactivated states
versus in a rested state. The efficacy of sodium channel blockade is normally augmented by
depolarization of resting membrane potential (RMP) resulting from increases in the fraction
of inactivated versus rested sodium channels. APD shortening tends to reduce the efficacy of
sodium channel blockade as a result of relative decrease of the time during which the
sodium channels remain in the inactivated state versus rested state.11713

There are no “pure” open- or inactivated-state sodium channel blockers. As a general rule,
predominantly inactivated-state blockers are Class IB and predominantly open-state blockers
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are Class 1A and IC agents.12:13 Whereas recovery from sodium channel block occurs
largely during the resting state, Class IA and IC agents when compared to Class IB agents
may more readily unbind during the open and/or inactivated state.11713

SODIUM CHANNEL BLOCK SUPPRESSES AF

In the clinic, Class IC and Class IA (which also reduce lk;), but not Class 1B (relatively
selective In, blockers), agents can effectively suppress AF. Class 1A agents, however, are
rarely used because of the risk of induction of TdP due to delayed ventricular repolarization.
1 Although there are experimental and theoretical studies suggesting that “pure” Iy, block
can successfully suppress AF,14 clinical data supporting this notion are limited to the
apparently selective Iy, blocker pilsicainide (a Class 1C agent used in Japan).15

AF is thought to be initiated mainly by a focal mechanism (triggered activity or
automaticity) and to be maintained by either reentrant or focal mechanism(s).16 Iy, blockers
can effectively suppress both the reentry-mediated and the focally mediated AF, apparently
simply not allowing closely coupled extrasystole(s) and/or rapid repetitive activation to
occur. The antiarrhythmic mechanisms underlying anti-AF efficacy of Iy, blockers are not
well understood and likely to be multifactorial, involving depression of excitability,
impaired impulse propagation, prolongation of ERP (largely as a result of PRR), and non-
Ing-block influence (ie, the prolongation of APD) from inhibition of lIk;.

There is an apparent contradiction between the classical thinking regarding the mechanism
of AF (largely reentrant by nature) and the high anti-AF efficiency of Iy, blockers.
Inhibition of In4 slows down conduction velocity (CV), which as a single factor, reduces
wavelength (defined as the product of CV and ERP) and should promote reentrant
arrhythmias. Iy, blockers may also prolong ERP,11:13 which, in turn, could offset the
effects of CV slowing on wavelength. The importance of wavelength for pharmacologic
conversion of AF was, however, challenged by several studies. Wijffels et al in 200017
demonstrated that anti-AF efficacy of Class IC and |1l agents is associated with an increase
of the excitable gap but not of the wavelength in remodeled goat atria in vivo. In this study,
ERP and CV were measured at rapid rates equivalent to the AF cycle length (CL) or during
AF. An experimental and mathematic model study by Kneller et al14 also observed that
“pure” sodium channel block effectively suppresses AF despite abbreviation of wavelength,
as a result of enlargement of the core of reentrant circuit, decrease of anchoring to functional
obstacles, and reduction of a number of daughters wavelets.

ATRIAL-SELECTIVE SODIUM CHANNEL BLOCKADE

In recent studies, we examined atrioventricular differences of the effects of ranolazine,
chronic amiodarone, lidocaine, and propafenone on sodium channel-dependent parameters,
such as the maximum rate of rise of the action potential upstroke (Vmax), diastolic threshold
of excitation (DTE), CV, and PRR.779 Using canine-isolated coronary-perfused atrial and
ventricular preparations, we evaluated therapeutically relevant concentrations of these
agents and tested physiologically relevant pacing rates. Ranolazine, a recently marketed
antianginal agent, was found to depress Vinax, DTE, and CV and induce PRR exclusively or
predominantly in atrial preparations (Figs. 1 and 2).7 Thus, when studied in beating
multicellular preparations, ranolazine proved to be an atrial-selective sodium channel
blocker (*“an atrial selective Class | agent”). Within its therapeutic concentration range (2-10
uM), ranolazine significantly inhibited late Ing (ICsg = 6 pM) and Ik, (IC50 = 12 uM), and,
to a lesser extent, late Ic, (ICsg = 50 uM), in canine ventricular myocytes.18:19

Chronic amiodarone was found to depress sodium channel-dependent parameters in both
atrial and ventricular preparations but much more effectively in atria.9 Lidocaine turned out
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to be also an atrial-predominant sodium channel blocker but much less atrial selective than
ranolazine or amiodarone.7 Propafenone showed no chamber selectivity for Iy, block at a
normal pacing rate (CL = 500 ms), but it did show some atrial predominance at rapid pacing
rates, likely because of atrial-specific APD prolongation.8

It is interesting that both ranolazine and chronic amiodarone also produced specific or a
more prominent APD prolongation in atria versus ventricles. At rapid rates, the greater
slowing of Phase 3 repolarization in atria led to a depolarization of the takeoff potential, thus
reducing the availability of sodium channels and accentuating the atrial-selective Iy,
inhibitory effect of these sodium channel blockers (Fig. 2). The atrial-specific APD
prolongation also eliminates the diastolic interval (during which recovery from block
primarily occurs) specifically in atria, which further promotes atrial-selective sodium
channel blockade, particularly at rapid activation rates (Fig. 2). In contrast, lidocaine
abbreviates AP duration measured at 90% repolarization (APDgg) in both atria and
ventricles.

The atrial-specific/predominant APDgg prolongation induced by ranolazine, propafenone,
and amiodarone is likely a result of the ability of these agents to block Ik;.12:18 Indeed,
selective Ik, blockers are known to preferentially prolong atrial versus ventricular refractory
period (at normal pacing CLs).20 At slow rates or pauses, however, Ik, block can
dramatically prolong APD and induce early afterdepolarizations (EAD) and TdP in
ventricles but not in atria.21:22 The mean peak Ik, density is larger in canine atrial versus
ventricular myocytes (0.62 versus 0.44 pA/pF, respectively),23 which may contribute to
atrial-predominant APD/ERP prolongation by Ik, blockers.

Atrial-selective APD prolongation promotes, but does not solely mediate, atrial-selective
suppression of Iy, at normal pacing rates. Ranolazine and amiodarone induce a much greater
prolongation of PRR (a feature of Iyg, not Ik, blockers) than of APDgg in atria. Lidocaine
abbreviates both atrial and ventricular APDgg, but it produces an atrial-predominant
suppression In,. Moreover, propafenone prolongs APDgg specifically in atria but is not
atrial-selective in its suppression of Iy, at normal pacing rates.

Atrioventricular differences in response to sodium channel blockers are poorly studied.
Lidocaine, quinidine, and prajmaline are unlike ranolazine in causing a frequency-dependent
differential reduction in Vs in rabbit superfused atrial and ventricular tissue slices (Fig. 3).
24 Depression of Vnax by lidocaine was atrial selective at moderate rates of stimulation but
not at fast rates. Prajmaline caused a similar depression of Vn,« in atria and ventricles.24
Quinidine also produced a relatively larger decrease of Ve in atria compared to ventricles.
24 These 3 agents, particularly lidocaine, caused a larger resting state (tonic) Vmax reduction
in atrial than ventricular preparations, which was attributed to the more positive RMP in
atria.24 However, the lidocaine analog, Ro 22-9194, produced tonic block selectively in
guinea pig atrial myocytes at the same holding potential.25 Under voltage-clamp conditions,
lidocaine blocks Iy, similarly in human atrial and ventricular myocytes26 and moricizine
blocks ventricular I, more effectively than atrial Iy, in guinea pig myocytes.27 GE 68, a
propafenone analog lacking B-adrenoreceptor blocking activity, does not show any atrial
selectivity in Vnax reduction in the guinea pig.28 Tedisamil reduces Vyax predominantly in
human superfused ventricular versus atrial tissue slices.29 Mexelitine decreases Vmax
primarily in ventricular and disopyramide causes similar Vyay reduction in ventricular and
atrial superfused guinea pig tissue slice preparations.30 AZD7009, which blocks Ik, Ina,
and lk,, prolongs ERP and reduces DTE and CV predominantly in canine atria versus
ventricles in vivo, demonstrating an atrial-predominant suppression of In,-mediated
parameters in vivo, although a similar Vyax reduction was observed in isolated superfused
atrial (pectinate muscle) and ventricular tissue preparations.4:31 A semiquantitative
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assessment of chamber selectivity of Iy, blockers studied in atrial and ventricular tissues
under comparable conditions is shown in Fig. 4.

Thus, the available data point to the existence of atrial selective, ventricular selective, and
nonchamber-selective sodium channel blockers. An important caveat to consider is that
many of these studies were conducted using superfused preparations. In contrast to
ventricular superfused slices, atrial ones (at least canine) are generally not viable, showing
abnormal action potential parameters and pharmacologic responses,32 making the
comparison of superfused atrial and ventricular preparations uncertain. Our experience with
the atrial-selective In, blocker ranolazine suggests that evaluation of sodium channel
activity is best done under physiologically relevant conditions (ie, coronary-perfused atrial
preparations).7:18

MECHANISMS UNDERLYING ATRIAL SELECTIVITY OF SODIUM CHANNEL
BLOCKERS

Differences in action potential morphology of atrial and ventricular cells are thought to
contribute prominently to the manifestation of an atrial-selective response to sodium channel
blockers. In addition to a more depolarized RMP, the atrial action potential displays a more
gradual Phase 3 repolarization (Fig. 2).7:33 At progressively faster activation rates, diastolic
interval is abolished and takeoff potential is progressively depolarized as a result of failure
of Phase 3 to reach maximum diastolic potential. As a consequence, the availability of
sodium channels is further compromised in atria because of the presence of a larger fraction
of channels in the inactivated state. The elimination of the diastolic interval and the slow
repolarization of Phase 3 (keeping membrane potential more positive in atria versus
ventricles) also results in slower unbinding of drugs from the sodium channels, leading to
significant accumulation of block at fast, but not slow, rates. This would be particularly true
in the case of agents that dissociate rapidly from the resting state of the sodium channel,
such as ranolazine (t = 1.56 + 0.56 sec), and less so for agents that dissociate slowly, such as
propafenone.

Recent studies have uncovered major differences in the biophysical properties of atrial and
ventricular sodium channels (Fig. 5).7:25:34 The half inactivation voltage (Vg 5) in atrial
myocytes is 9-14 mV more negative than that of ventricular myocytes,7:25:34 indicating
that there is a larger fraction of inactivated sodium channels in atrial versus ventricular cells.
Because atrial cells have an intrinsically more depolarized RMP, it is estimated that a sizable
fraction of atrial sodium channels are inactivated in atria, but not in ventricles, at the normal
RMP. A larger fraction of inactivated state sodium channels in atrial versus ventricular cells
(which translates into a smaller fraction of resting sodium channels) could promote atrial-
selective/predominant suppression of sodium channels via (1) greater binding of the
inactivated atrial sodium channels with inactivated-state sodium channel blockers, and/or (2)
by slowed dissociation of sodium channel blockers that normally unbind from the resting
state.11°13

Recovery from inactivation of the sodium channel is slower in atrial versus ventricular
myocytes,34 which should delay sodium channel unblocking primarily in atria, thus
promoting atrial-selective inhibition of ly,. This would be particularly relevant in the case of
rapid activation rates and/or premature impulses, contributing to rate-dependent atrial-
selective ERP prolongation.

Sodium channel blockers are known to produce an apparent leftward shift in the steady state
inactivation curve (ie, h-curve) or a negative shift in Vg 5, increasing the fraction of
inactivated channels and reducing the fraction of rested channels.12:13 Ranolazine produces
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a greater leftward shift in h-curve of atrial versus ventricular myocytes (Fig. 5),7 which
further exaggerates the difference in voltage-dependence of inactivation between atrial and
ventricular sodium channels, thus contributing to ranolazine's atrial selectivity. Similar shifts
in the h-curve are produced by Ro 22-9194, the Iy, blocker reported to produce atrial-
selective tonic block.25 In contrast, the ventricular-selective Iy, blocker moricizine
produces a larger leftward shift in h-curve in ventricular versus atrial myocytes.27

The time constants for Iy, activation and inactivation are twice as rapid in atrial as in
ventricular myocytes and Iy, density is much greater in atrial than in ventricular myocytes.
7:34 A higher density of Iy, in atrial versus ventricular cells7 points to a larger “sodium
channel reserve” in the former, which offsets the lower availability of sodium channels in
atrial versus ventricular cells. Vnax Values are comparable in per- fused atrial and ventricular
muscles.32 It is interesting that DTE is lower in atria than in ventricles7:33 possibly also
because of a lower density of inward rectifier current (I1) in atria, as reported by Golod et
al,33 and the voltage threshold for activation of the action potential in atrial cells is more
negative that that of ventricular cells (—59 + 1 and —46 + 2 mV, respectively).33

The data described earlier point to marked differences in the sodium channels of atrial and
ventricular cells both in terms of current density and biophysical properties, suggesting the
possibility of tissue-specific cardiac sodium channel isoforms or differences in the
stoichiometry of auxiliary subunits. This subject, however, is poorly investigated. The a-
subunit of cardiac sodium channel (SCN5A) is likely to be the same in atrial and ventricular
cells. Fahmi et al showed that SCN3B, a B-subunit of the sodium channel, is present in the
ventricles but not in the atria of sheep hearts.35 Similar data were reported for the rat as
well.36 SCN1B (Nayp1) is found both in atria and ventricles of guinea pigs, rat, and
humans.35°37 Na, 1 was found to be more strongly expressed in atria versus ventricles in
humans.37 It is interesting that the coexpression of SCN3B with SCN5A in Xenopus
oocytes shifts the h-curve to the right, compared to SCN5A alone or SCN5A + SCN1B
coexpression,35 which may underlie atrioventricular difference in the steady-state
inactivation curves (Fig. 5). However, the coexpression of SCN5A with SCN3B in TSA201
cells was reported to shift the h-curve to the left, compared to SCN5A alone or SCN5A +
SCN1B coexpression.38 A leftward shift of the h-curve was also observed when SCN5A
was coexpressed with SCN3B in Chinese hamster ovary (CHO) cells.36

At present, it is not clear whether binding/unbinding rates or affinities to open or inactivated
sodium channel state determine atrial selectivity of Iy, blockers. From the atrioventricular
differences in RMP, h-curve, and recovery from inactivation, it is conceivable that the
inactivated-state sodium channel blockers might be more atrial selective than open state
blockers. Indeed, the effectiveness of inactivated-state sodium channel blockers is known to
be enhanced by depolarization of RMP to a greater extent than that of open- state blockers.
11713 Data on atrial predominant effects of lidocaine, chronic amiodarone (predominantly
inactivated-state blockers), and nonchamber-selective actions of propafenone
(predominantly open-state blocker) are consistent with that line of thinking. It is not obvious
with ranolazine, which has been reported to have a higher affinity for inac- tivated versus
rested sodium channels,19 but it seems to be a predominantly open-state sodium channel
blocker, staying trapped in the pore of the channel during inactivation and unbinding during
the preopen/resting state (Nesterenko et al, unpublished). If recovery from block occurs
rapidly during the resting state, Iy, block would be expected to be atrial-selective whether or
not the agent binds to open or inactivated sodium channels as a result of a smaller fraction of
rested sodium channels at RMP in atria versus ventricles.
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ATRIAL-SELECTIVE SODIUM CHANNEL BLOCK AS A NOVEL STRATEGY
FOR THE MANAGEMENT OF AF

In recent studies, we compared the effectiveness of therapeutically relevant concentrations
of ranolazine, prop- afenone, and lidocaine in suppressing and preventing the reinduction of
AF in isolated canine coronary-perfused right atrial preparations.7-9 The effectiveness of
chronic amiodarone in preventing induction of AF was examined as well. Ranolazine
effectively prevented the initiation acetylcholine-mediated AF, terminated persistent AF,
and prevented its reinduction in coronary-perfused atrial preparations (Fig. 6).7 This anti-AF
efficacy of ranolazine (10 uM) was greater than that of lidocaine (21 uM) and somewhat
similar to that of propafenone (1.5 uM). In atria isolated from chronic amiodarone-treated
dogs (40 mg/kg for 6 weeks), persistent ACh-mediated AF could be induced only in 1 out of
6 atria (versus 10/10 atria in controls).9 These antiarrhythmic effects of ranolazine,
amiodarone, and propafenone were associated with both APD prolongation (in the presence
of ACh) and the development of a significant PRR, with the duration of the latter being
much longer than the extent of APD prolongation, suggesting that sodium channel block
plays a more prominent role in the anti-AF actions of these agents.9 The concentrations of
ranolazine that suppress AF produce little to no effect on electrophysiologic parameters in
normally beating ventricular preparations. These findings suggest that atrial-selective
sodium channel block may be a promising novel approach in the management of AF,
deserving of further investigation.7

Avre atrial-selective I, blockers such as ranolazine or amiodarone not effective in
suppressing ventricular arrhythmias? On the contrary, these drugs are quite effective in the
management of some ventricular arrhythmias.12:39 In the case of ranolazine, this has been
shown to result from the potent action of the drug to inhibit late Iy, in ventricular
myocardium, whereas in the case of amiodarone, this is believed to result from the
effectiveness of the drug to inhibit late In, and potassium and calcium channels and
adrenergic receptors in ventricles of the heart.

The recent MERLIN-TIMI 36 study evaluated the efficacy and safety of ranolazine during
long-term treatment of patients with non-ST-segment elevation acute coronary syndrome
(ACS).39 The study reported that ranolazine significantly reduced the incidence of both
ventricular and supraventricular tachycardias and caused a 31% reduction of new onset of
AF.39 The efficacy of ranolazine against ventricular arrhythmias was principally attributed
to its action to block late Iy;.39:40 The study concluded that ranolazine is safe even in
patients with severe ACS and appears to have antiarrhythmic effects.39

Thus, both preclinical and clinical data provide compelling evidence in support of an
antiarrhythmic action of ranolazine and suggest that studies specifically designed to evaluate
the potential role of ranolazine and similar agents as antiarrhythmics are warranted.
Particularly in the management of AF, ranolazine may provide a safe alternative to currently
available antiarrhythmic drugs, which have a potential for significant adverse effects and are
contraindicated in specific populations.1:40:41 In theory, ranolazine might be expected to
produce potent In;, block in depolarized ventricular muscle; however, available data from
several controlled clinical trails (MARISA, CARISA, ERICA, and MERLIN-TIMI-36) have
failed to demonstrate proarrhythmic actions of ranolazine39 even in patients with severe
ACS.

ATRIAL-SELECTIVE Iy, + I,y BLOCK FOR AF?

It stands to reason that a combination of both atrial-selective Iy, block and atrial-specific
Ikur block may yield a more potent agent than either approach alone in the management of
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AF. Support for this hypothesis derives from recent studies showing that AZD7009, which
blocks Ikyr, Ina, @nd Ik, and depresses CV and DTE predominantly in canine atria in vivo,4
is effective in suppressing clinical AF.42

UNANSWERED QUESTIONS

It is important to recognize that the atrial sodium channel selectivity of ranolazine and
chronic amiodarone were based on recordings made in “healthy” right atria and left
ventricles.7:9 Clinical atrial and ventricular arrhythmias commonly occur in conjunction
with a number of conditions (congestive heart failure, infarction, hypotrophy, dilatation,
hypertension, etc) associated with electrical and/or structural remodeling in atria and
ventricles. These pathophysiologic changes, and differences in rate of activation of atria
versus ventricles during arrhythmia, may modify chamber selectivity of Iy, blockade.
Intrachamber and interchamber differences in the development of electrical and structural
remodeling may contribute as well. The selective effect of Iy, blockers on pulmonary veins
in normal, and remodeled hearts also are of great interest. The density of Iy is similar in
healthy pulmonary vein muscle and left atrial muscles,43 but alterations in Iy, density have
been reported in remodeled canine (left atria)44 but not goat (Bachmann Bundle)45 or
human (right atrial appendage)46 atria. Of note, Vg 5 of Iy, inactivation is shifted by +10
mV in cells isolated from AF versus sinus rhythm patients,46 which may reduce the
sensitivity to Iy, blockers. The potency of Class IC agents appears not to be altered by atrial
remodeling in goats.47 Thus, there are many possible permutations that could develop with
disease states that could affect the atrial selectivity of sodium channel blockers. These and
many other issues await future investigation.

CONCLUSIONS

Important differences exist in the action potential characteristics and biophysical properties
of sodium channels of atrial and ventricular cells, and drugs that take advantage of these
distinctions, such as ranolazine and chronic amiodarone, possess the ability to produce
atrial-selective/predominant inhibition of sodium channels, useful in the management of
atrial fibrillation in experimental models. Available data suggest that the addition of an Ik,
and possibly Ik inhibitory effect further potentiates the atrial selectivity and possibly the
clinical effectiveness of such agents.
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Ventricles
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Ranolazine specifically induces prolongation of the effective refractory period (ERP) and
development of postrepolarization refractoriness in atria (PRR, the difference between ERP
and APDys in atria and between ERP and APDg in ventricles; ERP corresponds to APD7g
in atria and APDgy in ventricles). CL = 500 ms. C, control. The arrows in panel A illustrate
the position on the action potential corresponding to the end of the ERP in atria and
ventricles and the effect of ranolazine to shift the end of the ERP in atria but not ventricles.

*P < 0.05 versus control. TP < 0.05 versus APD7s5 valu
(n = 5-18). From Burashnikov et al7 with permission.

es in atria and APDgg in ventricles;
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Figure 2.

Ranolazine produces a much greater rate-dependent inhibition of the maximal action
potential upstroke velocity (Vmax) in atria than in ventricles. A, Normalized changes in Vmax
of atrial and ventricular cardiac preparations paced at a cycle length (CL) of 500 ms. B,
Ranolazine prolongs late repolarization in atria but not ventricles, and acceleration of rate
leads to elimination of the diastolic interval, resulting in a more positive takeoff potential in
atrium and contributing to atrial selectivity of ranolazine. The diastolic interval remains
relatively long in ventricles. *P < 0.05 versus control. TP < 0.05 versus respective values of
M cell and Purkinje (n = 7-21). From Burashnikov et al7 with permission.
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Class 1-Effect in Atrium and Ventricle
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Figure 3.

Frequency-dependent extra block (ie, phasic) and resting (ie, tonic) sodium channel block
induced by lidocaine, quinidine, and prajmaline in rabbit superfused atrial and ventricular
slice preparations. From Langenfeld et al24 with permission.
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Figure 4.

A semiquantitative assessment of atrial selectivity of Iy, blockers based on studies
conducted in atrial and ventricular coronary-perfused (Cor-perfused) and superfused
(Tissues) preparations, isolated myocytes, and in vivo (see text for details).
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Activation and steady-state inactivation in atrial versus ventricular myocytes. A, Current-
voltage relation in ventricular and atrial myocytes. VVoltage of peak Iyg is more positive and
current density is larger in atrial versus ventricular myocytes. B, Summarized steady-state
inactivation curves. C, Steady-state inactivation curves before and after addition of 15 uM
ranolazine. From Burashnikov et al7 with permission.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Burashnikov and Antzelevitch Page 17

ACh
ECG

ACh + RAnolazine (10 umol/L)

ECG 200 ms

Ranolazine (10 pmol/L) + ACh
ERP= 140 ms Rapid Pacing (CL= 200 ms)

WMWM
111

o )N MM

500 ms

Vmax

Ischemia/Reperfusion + Iso Iso + Ranolazine (5 umol/L)

WW/\/\/\’WW‘“‘\/

200 ms

AP

Figure 6.

Ranolazine suppresses AF and/or prevents its induction in 2 experimental models involving
isolated arterially perfused right atria. A, Ranolazine (10 pM) prevents rapid-pacing
induction of AF following pretreatment with acetylcholine (ACh; 0.5 uM). Effective
refractory period (ERP) is 140 ms at a cycle length (CL) of 500 ms (left panel). Acceleration
of pacing rate from a CL of 500 to 200 ms permits a 1:1 response only during the first 7
beats (right panel). B, Persistent AF induced following pretreatment with ACh (0.5 uM) is
suppressed by ranolazine (10 uM). AF is initially converted to flutter (within 17 min) and
then to sinus rhythm (17 sec later). C, Rapid-pacing induced nonsustained AF (48-sec
duration) induced following ischemia/reperfusion and isoproterenol (ISO, 0.2 uM) (left
panel) and the effect of ranolazine to prevent the electrical induction of AF (right panel). In
both models, ranolazine causes prominent use-dependent depression of excitability and
induction of post-repolarization refractoriness. ECG, pseudoelectrocardiogram; AP, action
potential. From Burashnikov et al7 with permission.
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