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Editorial

Effectiveness of Late I Versus Peak I Block
in the Setting of Ventrlcular Fibrillation

Alexander Burashnikov, PhD; Charles Antzelevitch, PhD

ate sodium channel current (late /) has attracted a great

deal of attention over the past 2 decades as a target for
development of safe and effective antiarrhythmic therapy
for disorders associated with QT prolongation and calcium
overload, particularly heart failure, ischemia, and long QT
syndrome.'® The principal antiarrhythmic mechanisms attrib-
utable to late 7 inhibition include (1) suppression of intracel-
lular calcium overload secondary to reduction of intracellular
sodium [Na ], thus diminishing both early and delayed afterde-
polarization activity and (2) suppression of reentrant arrhyth-
mias secondary to reduced dispersion of repolarization.>*

See Article by Azam et al

In this issue of Circulation: Arrhythmia and Electro-
physiology, Azam et al® report that ranolazine and GS-458967
(GS-967), agents that inhibit late I, abbreviated the duration
of ventricular fibrillation (VF) and reduced reinducibility of the
arrhythmia in Langendorff-perfused nondiseased rabbit hearts.
VF was induced electrically (burst pacing plus 9-V battery)
and maintained in the presence of isoproterenol. When VF was
first induced, perfusion was stopped for 2 minutes (to simulate
global ischemia). Perfusion was then restarted with ranolazine,
GS-967, or saline added to the perfusate. VF was terminated
at 6 minutes using an external defibrillator, and 4 attempts
were subsequently made to electrically reinduce VF. Calcium
transients and action potential activity were optically recorded
using voltage- and calcium-sanative dyes together with the
electromechanical uncoupler, blebbistatin, to suppress contrac-
tility and thus prevent motion artifacts.

Ranolazine and GS-967 reduced reinduction of sustained
VF to 29% and 46%, respectively, when compared with
untreated controls (84.85%). Spontaneous termination of
VF after the initial induction of VF was much greater after
GS-967 (66.67%, P=0.01) when compared with ranolazine
(14.3%) or untreated controls (11.1%).

Ca?* transient duration was reduced in ranolazine-treated
but not in GS967-treated hearts compared with controls
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(P=0.05) as was Ca?" alternans (P=0.03). Action potential
duration was not affected by either drug.

The authors conclude that late Na* current inhibition dur-
ing VF reduces the susceptibility to subsequent refibrillation,
partially by mitigating dysregulation of intracellular Ca2*, and
propose a potential therapeutic use of ranolazine and GS-967
in the setting of cardiac arrest.’

There are several mechanistic issues to consider:

1. What is the contribution of late I to Na, loading under
the conditions studied?

2. How specific are ranolazine and GS-967 for inhibition of
late 7, under the conditions studied?

3. What is the role of late /| and Na, in the maintenance
of VF?

What Is the Contribution of Late I, to Na,

Loading Under the Conditions Studied?
In nondiseased cardiac cells, late [ density is <0.1% that
of peak I .**¢ However, because peak I, is very brief (1-2
ms), and late [, spans the length of the action potential (at
potentials positive to — 60 mV),”® late I contributes con-
siderably more than 0.1% of sodium channel-mediated Na*
influx. This notwithstanding, under physiologically normal
conditions, late / is too small to produce a major effect on
total Na* influx. Peak and late [ together account for ~20%
to 25%, whereas the Na*/Ca** exchanger accounts for =60%
of total Na influx in stimulated nondiseased mammalian car-
diac cells.® However, late /| can be greatly augmented under
pathophysiologic conditions, including ischemia,’ heart fail-
ure (secondary to CaMKII-dependent phosphorylation of
Navl.5 channels),''? and with genetic mutations in SCN5A
responsible for the inherited Long QT Type 3 syndrome."
Recent studies have presented evidence pointing to a con-
tribution of neuronal Na channels to late [ in cardiac myo-
cytes." The contribution of late 7 to Na* 1nﬂux is reported to
be reduced at rapid activation rates, because of rate-dependent
reduction of late 7 density and abbreviation of action poten-
tial duration.”>"”

Acute ischemia augments late /, thus contributing to Na,
loading.® However, the duration of ischemia in the discussed
study® is very brief (2 minutes), perhaps too brief to have sig-
nificant electrophysiological consequences. Even a 10-minute
period of acute ischemia followed by reperfusion causes little
to no electrophysiological alterations and promotes no or min-
imal arrhythmogenicity in the rabbit.'®

The contribution of isoproterenol to Na, loading is not
clear. Isoproterenol produces alterations in ion channel cur-
rents, function of pumps and exchangers, and intracellular
ion composition. The principal effect is an augmentation of
L-type calcium current leading to elevation of Ca.'"” In the
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presence of isoproterenol and rapid activation rates (ie, during
VF), Ca, loading likely occurs largely via enhancement of the
L-type calcium current. The extent to which Na, increased and
whether Na, was involved in VF maintenance was not deter-
mined in this study.

Thus, in nondiseased rapidly activated ventricles, the con-
tribution of late /, to Na, seems to be relatively small and the
extent to which an increase in Na, contributed to the mainte-
nance of VF is unclear.

How Specific Are Ranolazine and

GS-967 for Inhibition of Late I

Under the Conditions Studled
Assuming that late /| augmentation contributed meaningfully
to the induction and maintenance of VF in the discussed inves-
tigation, the validity of the conclusions that late Na* current
inhibition during VF reduced the susceptibility to subsequent
refibrillation® hinge on whether ranolazine and GS-967 selec-
tively inhibited late [ . All sodium channel blockers inhibit
both peak and late I, typically with a higher potency for block
of late versus peak I .*° Inhibition of the sodium channel with
sodium channel blockers is generally rate dependent, particu-
larly in the case of agents possessing rapid unbinding kinetics,
including ranolazine, vernakalant, and lidocaine. Both ranola-
zine and GS-967 preferentially inhibit late versus peak [, at
slow pacing rates and negative holding potentials (—120 and
—140 mV).?'?? Under these conditions, ranolazine has been
shown to be 45 to 78x more potent in blocking late versus peak
I, in isolated ventricular myocytes (the half maximal inhibi-
tory concentration [IC, ]=6.5 versus 294 ymol/L and 17 versus
1329 pmol/L).*'2? At rapid activation rates, however, ranola-
zine potently inhibits both late and peak /. For example, 10
umol/L ranolazine inhibits *50% of peak I at rapid pacing
rates and —100 mV holding potential in canine ventricular
myocytes.” The potency of ranolazine to inhibit peak I drops
from an IC, 2294 to 10 to 20 umol/L, when measured at very
slow versus rapid activation rates, respectively. The potency of
ranolazine to block late I is less affected; IC, is 21 umol/L at
a pacing cycle length of 2 s and 6 pmol/L at a cycle length of
0.3 s.* There are no published studies investigating the effect

of GS-967 to inhibit peak [ at rapid pacing rates.

Thus, all sodium channel blockers inhibit both peak and
late I. At slow activation rates, late I, can be selectively
blocked with little to no inhibition of peak /. At the rapid
activation rates used in the Azam et al® study, however, inhibi-
tion of peak 7, most likely plays a prominent role.

The difference in efficacy of ranolazine and GS-967 for
reinduction of VF after defibrillation may be related to dif-
ferences between the effects of the 2 drugs to produce rate-
dependent inhibition of peak I, and to differences in ion
channel selectivity. In addition to blocking late and peak
I, ranolazine blocks the rapidly activating delayed rectifier
potassium current (I, ).**

What Is the Role of Late I and
Na, in the Maintenance of VF?
VF is generally sustained by a reentrant mechanism, at times
coupled with Ca-mediated triggered activity. VF maintained

Role of Peak vs Late I Block in VF Suppression

by reentry is unlikely to be significantly affected by selective
late I inhibition. VF maintained by Ca-mediated triggered
activity can be importantly influenced by a reduction in Na,,
which would lead to a reduction in Ca,. As discussed above, at
the rapid rates of VF, inhibition of both peak and late 7 can
contribute to a reduction in Na,.

Because peak [ contributes more to Na influx, inhibi-
tion of peak [ is expected to cause a greater reduction of
Na,. Peak I block also suppresses VF by slowing conduction
velocity promoting conduction block.” In contrast, selective
late 7 inhibition does not affect conduction. Peak I inhibi-
tion can also suppress ventricular tachycardia/VF by induc-
ing postrepolarization refractoriness, a condition in which the
effective refractory period is longer than action potential dura-
tion, particularly at rapid activation rates.?® It is noteworthy
that in the discussed investigation, conduction velocity and
effective refractory period were not determined.

Conclusions

In nondiseased rabbit ventricles, exposed to a brief period
of ischemia and rapid activation rates, the contribution of
late I, to Na, loading is likely to be small, and a significant
inhibition of late /. by ranolazine and GS-967 is unlikely to
occur without considerable inhibition of peak /. The latter
is expected to be the major contributor to the drugs’ anti-VF
action. Inhibition of peak I, can exert its ameliorative effect
by (1) reducing Na, loading, (2) causing conduction block, and
(3) prolonging effective refractory period.

Disclosures

Dr Antzelevitch has received research grant support and has served as
a consultant to Gilead Sciences. The other author reports no conflicts.

References

1. Antzelevitch C. Electrical heterogeneity, cardiac arrhythmias, and the so-
dium channel. Circ Res. 2000;87:964-965.

2. Belardinelli L, Shryock JC, Fraser H. Inhibition of the late sodium current
as a potential cardioprotective principle: effects of the late sodium current
inhibitor ranolazine. Heart. 2006;92(suppl 4):iv6—iv14.

3. Shryock JC, Song Y, Rajamani S, Antzelevitch C, Belardinelli L. The ar-
rhythmogenic consequences of increasing late INa in the cardiomyocyte.
Cardiovasc Res. 2013;99:600-611. doi: 10.1093/cvr/cvt145.

4. Sicouri S, Belardinelli L, Antzelevitch C. Antiarrhythmic effects of the
highly selective late sodium channel current blocker GS-458967. Heart
Rhythm. 2013;10:1036-1043. doi: 10.1016/j.hrthm.2013.03.023.

5. Azam MA, Zamiri N, Massé S, Kusha M, Lai PFH, Nair GK, Tan NS,
Labos C, Nanthakumar K. Effects of late sodium current blockade on
ventricular refibrillation in a rabbit model. Circ Arrhythm Electrophysiol.
2017;10:e004331. doi: 10.1161/CIRCEP.116.004331.

6. Undrovinas A, Maltsev VA. Late sodium current is a new therapeutic
target to improve contractility and rhythm in failing heart. Cardiovasc
Hematol Agents Med Chem. 2008;6:348-359.

7. Zygmunt AC, Eddlestone GT, Thomas GP, Nesterenko VV, Antzelevitch
C. Larger late sodium conductance in M cells contributes to electri-
cal heterogeneity in canine ventricle. Am J Physiol Heart Circ Physiol.
2001;281:H689-H697.

8. Despa S, Bers DM. Na* transport in the normal and failing heart - re-
member the balance. J Mol Cell Cardiol. 2013;61:2-10. doi: 10.1016/j.
yjmec.2013.04.011.

9. JuYK, Saint DA, Gage PW. Hypoxia increases persistent sodium current
in rat ventricular myocytes. J Physiol. 1996;497(pt 2):337-347.

10. Maltsev VA, Sabbah HN, Higgins RS, Silverman N, Lesch M, Undrovinas
Al Novel, ultraslow inactivating sodium current in human ventricular car-
diomyocytes. Circulation. 1998;98:2545-2552.



2202 ‘s yore N uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

Burashnikov and Antzelevitch

. Kirchhefer U, Schmitz W, Scholz H, Neumann J. Activity of cAMP-de-

pendent protein kinase and Ca2+/calmodulin-dependent protein kinase in
failing and nonfailing human hearts. Cardiovasc Res. 1999;42:254-261.

. Ai X, Curran JW, Shannon TR, Bers DM, Pogwizd SM. Ca2+/calmodulin-

dependent protein kinase modulates cardiac ryanodine receptor phosphor-
ylation and sarcoplasmic reticulum Ca2+ leak in heart failure. Circ Res.
2005;97:1314-1322. doi: 10.1161/01.RES.0000194329.41863.89.

. Wang Q, Shen J, Splawski I, Atkinson D, Li Z, Robinson JL, Moss AJ,

Towbin JA, Keating MT. SCN5A mutations associated with an inherited
cardiac arrhythmia, long QT syndrome. Cell. 1995;80:805-811.

. Biet M, Barajas-Martinez H, Ton AT, Delabre JF, Morin N, Dumaine

R. About half of the late sodium current in cardiac myocytes from dog
ventricle is due to non-cardiac-type Na(+) channels. J Mol Cell Cardiol.
2012;53:593-598. doi: 10.1016/j.yjmcc.2012.06.012.

. Guo D, Lian J, Liu T, Cox R, Margulies KB, Kowey PR, Yan GX.

Contribution of late sodium current (I(Na-L)) to rate adaptation of ventric-
ular repolarization and reverse use-dependence of QT-prolonging agents.
Heart Rhythm. 2011;8:762-769. doi: 10.1016/j.hrthm.2010.12.026.

. WuL,Mal, LiH, Wang C, Grandi E, Zhang P, Luo A, Bers DM, Shryock

JC, Belardinelli L. Late sodium current contributes to the reverse rate-de-
pendent effect of IKr inhibition on ventricular repolarization. Circulation.
2011;123:1713-1720. doi: 10.1161/CIRCULATIONAHA.110.000661.

. Burashnikov A, Antzelevitch C. Role of late sodium channel current

block in the management of atrial fibrillation. Cardiovasc Drugs Ther.
2013;27:79-89. doi: 10.1007/s10557-012-6421-1.

. Tanaka K, Hearse DJ. Reperfusion-induced arrhythmias in the isolated

rabbit heart: characterization of the influence of the duration of region-
al ischemia and the extracellular potassium concentration. J Mol Cell
Cardiol. 1988;20:201-211.

. Bers DM. Excitation-Contraction Coupling and Cardiac Contractile

Force. 2nd ed. Dordrecht, The Netherlands: Kluwer Academic Publishers;
2001.

20.

21.

22.

23.

24.

25.

26.

Role of Peak vs Late I, Block in VF Suppression

Carmeliet E, Mubagwa K. Antiarrhythmic drugs and cardiac ion channels:
mechanisms of action. Prog Biophys Mol Biol. 1998;70:1-72.
Undrovinas Al, Belardinelli L, Undrovinas NA, Sabbah HN. Ranolazine
improves abnormal repolarization and contraction in left ventricu-
lar myocytes of dogs with heart failure by inhibiting late sodium cur-
rent. J Cardiovasc Electrophysiol. 2006;17(suppl 1):S169-S177. doi:
10.1111/j.1540-8167.2006.00401.x.

Belardinelli L, Liu G, Smith-Maxwell C, Wang WQ, El-Bizri N, Hirakawa
R, Karpinski S, Li CH, Hu L, Li XJ, Crumb W, Wu L, Koltun D, Zablocki J,
Yao L, Dhalla AK, Rajamani S, Shryock JC. A novel, potent, and selective
inhibitor of cardiac late sodium current suppresses experimental arrhythmias.
J Pharmacol Exp Ther. 2013;344:23-32. doi: 10.1124/jpet.112.198887.
Zygmunt AC, Nesterenko VV, Rajamani S, Hu D, Barajas-Martinez H,
Belardinelli L, Antzelevitch C. Mechanisms of atrial-selective block of
Na* channels by ranolazine: I. Experimental analysis of the use-dependent
block. Am J Physiol Heart Circ Physiol. 2011;301:H1606-H1614. doi:
10.1152/ajpheart.00242.2011.

Antzelevitch C, Belardinelli L, Zygmunt AC, Burashnikov A, Di Diego JM,
Fish JM, Cordeiro JM, Thomas G. Electrophysiological effects of ranola-
zine, a novel antianginal agent with antiarrhythmic properties. Circulation.
2004;110:904-910. doi: 10.1161/01.CIR.0000139333.83620.5D.
Cardinal R, Janse MJ, van Eeden I, Werner G, d’Alnoncourt CN, Durrer
D. The effects of lidocaine on intracellular and extracellular potentials,
activation, and ventricular arrhythmias during acute regional ischemia in
the isolated porcine heart. Circ Res. 1981;49:792-806.

Campbell TJ. Kinetics of onset of rate-dependent effects of Class I antiar-
rhythmic drugs are important in determining their effects on refractoriness
in guinea-pig ventricle, and provide a theoretical basis for their subclas-
sification. Cardiovasc Res. 1983;17:344-352.

Key WOoRrDS:

Editorials ® antiarrhythmic drugs ® electrophysiology

B isoproterenol M pharmacology B sodium channels





