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Fig. 3. Recovery from inhibition in hiPSC-derived cardiomyocytes by GS-967, eleclazine, ranolazine, lidocaine, and lacosamide. Recovery from
inactivation was studied in hiPSC-derived cardiomyocytes with a standard two-pulse protocol consisting of a depolarizing (—20 mV) 1000-millisecond
pulse to engage slow inactivation, followed by a variable duration recovery step to —120 mV and a final test pulse (—20 mV, 20 milliseconds); see inset.
Available current at the end of the recovery interval was normalized to initial values and plotted against the recovery time. To calculate the Kopy, the
recovery of drug-bound channels was distinguished from nonbound channels by the ratio Ipruc rec/IprRuc Max)/(Ictr rREC/ICTR MAX), Where Ix rpcis the
proportion of channels recovered in the presence or absence of a drug and Ix ymax is the maximum current obtained in the presence or absence of drug
(El-Bizri et al., 2018a). The recovery time course was fit with a single exponential equation to obtain a recovery time constant, rorr. The exponential
curves appear sigmoidal because they were plotted on a log axis. The recovery time constant was averaged for each drug, and the Kopr was calculated
using Kopr = Vrorr. (A) GS-967: Ko = 1.58 second ™1 n = 12-32. (B) Eleclazine: Kopp = 1.48 second ™ 1; n = 23-24. (C) Ranolazine: Kopp = 16.2 second ™ %;
n = 16-19. (D) Lidocaine: Kopr = 1.1 second 1; n = 3-10. (E) Lacosamide: Kopp = 0.4 second %; n = 73-127. Data represent means = S.E.M. for clarity.

measure binding and unbinding kinetics for five different
drugs. These data demonstrate the feasibility of studying the
pharmacological actions of drugs on the native human cardiac
sodium current in hiPSC-derived cardiomyocytes.

Unique to our study, we demonstrated that GS-967 and
eleclazine exert potent UDB of In,p in hiPSC-derived

cardiomyocytes. Previously, UDB of GS-967 and eleclazine
has not been examined in hiPSC-derived cardiomyocytes
(Belardinelli et al., 2013; Bonatti et al., 2014; Alves Bento
et al., 2015; Burashnikov et al., 2015; Carneiro et al., 2015;
Fuller et al., 2016; Portero et al., 2017; El-Bizri et al., 2018a).
Among the sodium channel blockers we tested, GS-967
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Fig. 4. The apparent inhibition rate (Koy) of GS-967 and eleclazine is more rapid than ranolazine, lidocaine, and lacosamide. The onset of slow
inactivation induced by GS-967, eleclazine, ranolazine, lidocaine, and lacosamide was determined in hiPSC-derived cardiomyocytes using the two-pulse
protocol illustrated in the inset. Concentration-response curves were plotted using the data collected after a prepulse of 1000 milliseconds. The
development of slow inactivation in the presence of compounds was normalized by the values determined in the absence of the compound to remove drug-
independent inactivation. The time-dependent inhibition of Ix,p shown for eleclazine (A), GS-967 (B), lidocaine (C), and lacosamide (D) was fitted by an
exponential decay function with a time constant (7). The exponential curves appear sigmoidal because they were plotted on a log axis. (E) Values for 1/7
were plotted against the drug concentrations and best fitted by a linear function. The slope represents the apparent Koy of the drug. Koy values for GS-
967, eleclazine, lidocaine, and lacosamide were 25.7, 4.6, 0.2, and 0.003 second " 'uM ™!, respectively. Data are presented as means * S.E.M. for clarity.
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Fig. 5. Relationship between Kon and Kopp for GS-967, eleclazine,
ranolazine, lidocaine, and lacosamide in hiPSC-derived cardiomyocytes.
Relationship between the measured Koy and the measured Kopr for GS-
967, eleclazine, lidocaine, and lacosamide in hiPSC-derived cardiomyo-
cytes. The Koy for ranolazine was estimated as 2.5 second " *pM ! from Kd
= Korr/Kon. This Kd value is nearly identical to the IC5o value measured
in the dose-response curve (Fig. 2D). The horizontal error bars represent
the S.D. for Kopr. Confidence intervals for Koy are smaller than the data
symbols except for lacosamide.

exhibited the greatest UDB potency, with IC5, values ranging
from 50 to 90 nM depending on stimulation frequency and
duration of the voltage steps (Fig. 2). GS-967 and eleclazine
exerted UDB that was qualitatively similar to lidocaine (a
prototypic use-dependent blocker of sodium channels) but
with a greater potency. The greater UDB potency was corre-
lated with the unique on and off rate kinetics for these novel
sodium channel blockers. By contrast, the rapid dissociation of
ranolazine (Korr, Figs. 3 and 5) and the slow binding kinetics of
lacosamide (Koy;, Figs. 4 and 5) were both correlated with less
potent UDB.

GS-967 and eleclazine were originally demonstrated to
exert potent antiarrhythmic effects in rabbit ventricular,
canine, and pig myocytes/heart by a proposed mechanism of
action involving preferential In,1, block (Belardinelli et al.,
2013; Sicouri et al., 2013; Fuller et al., 2016; Bacic et al., 2017).
In a more recent study, despite completely abolishing dofetilide-
induced torsades de pointes in a chronic atrioventricular block
dog model, GS-967 did not completely suppress early after-
depolarizations (Bossu et al., 2018). The authors concluded that
GS-967 predominantly affects the perpetuation, but not the
initiation, of arrhythmic events into torsades de pointes and
that I, density does not play a critical role in the moderate
in vitro antiarrhythmic effect. Because the GS-967 and elec-
lazine concentrations used in those studies range from 0.2 to
1 uM, a range sufficient to suppress Iyar, and also to evoke UDB,
we speculate that antiarrhythmic effects of these compounds
may be due to the combination of In.1, suppression and UDB
preventing the perpetuation of the arrhythmia.

The effects of GS-967 and eleclazine resemble the effects of
lidocaine, a class Ib antiarrhythmic drug (Fig. 2). Effective
class I antiarrhythmic drugs exhibit a greater efficacy in situ-
ations associated with rapid repetitive firing of action poten-
tials (UDB) or prolonged tissue depolarization. Thus, effective
arrhythmia suppression depends on the properties of the drug
molecule that convey high affinity binding to the receptor on the
channel pore when the channel is in the open or inactivated
state. Such high affinity binding results in a slowed recovery of

the drug-bound channel from inactivation as the cell membrane
repolarizes (Ragsdale et al., 1996). In this study, we show that
GS-967 and eleclazine, in hiPSC-derived cardiomyocytes, have
very high association rates and moderate residence time
comparable to lidocaine (Fig. 5). The moderate unbinding
kinetics observed for GS-967 and eleclazine would limit peak
Iy, inhibition and maintain the conduction velocity (Rajamani
et al., 2016). The rapid binding of GS-967 and eleclazine would
promote inhibition of late In, during phases 2 and 3 of the action
potential and exert an antiarrhythmic action in the context of
type 3 long QT syndrome (El-Bizri et al., 2018b). This was the
rationale for clinical trials of eleclazine for type 3 long QT
syndrome (https:/clinicaltrials.gov/show/NCT02300558).

In conclusion, we demonstrated the feasibility of using high
throughput automated patch clamp recording to examine
block of cardiac sodium current by multiple drugs in hiPSC-
derived cardiomyocytes. We also demonstrated that GS-967
and eleclazine are more potent use-dependent blockers of
cardiomyocyte sodium current than the antiarrhythmic drugs
lidocaine and ranolazine or the antiepileptic drug lacosamide.
We propose that potent UDB contributes to the antiarrhyth-
mic effects of GS-967 and eleclazine.
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