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BACKGROUND AND PURPOSE
Enhanced late sodium current (late INa) in heart failure and long QT syndrome type 3 is proarrhythmic. This study investigated the
antiarrhythmic effect and mode of action of the selective and potent late INa inhibitor GS-458967 (GS967) against Torsades de
Pointes arrhythmias (TdP) in the chronic atrioventricular block (CAVB) dog.

EXPERIMENTAL APPROACH
Electrophysiological and antiarrhythmic effects of GS967 were evaluated in isolated canine ventricular cardiomyocytes and CAVB
dogs with dofetilide-induced early afterdepolarizations (EADs) and TdP, respectively. Mapping of intramural cardiac electrical
activity in vivo was conducted to study effects of GS967 on spatial dispersion of repolarization.

KEY RESULTS
GS967 (IC50~200nM) signiﬁcantly shortened repolarization in canine ventricular cardiomyocytes and sinus rhythm (SR) dogs, in a
concentration and dose-dependent manner. In vitro, despite addition of 1μM GS967, dofetilide-induced EADs remained present
in 42% and 35% of cardiomyocytes from SR and CAVB dogs, respectively. Nonetheless, GS967 (787±265nM) completely
abolished dofetilide-induced TdP in CAVB dogs (10/14 after dofetilide to 0/14 dogs after GS967), while single ectopic beats (sEB)
persisted in 9 animals. In vivo mapping experiments showed that GS967 signiﬁcantly reduced spatial dispersion of repolarization:
cubic dispersion was signiﬁcantly decreased from 237±54ms after dofetilide to 123±34ms after GS967.

CONCLUSION AND IMPLICATIONS
GS967 terminated all dofetilide-induced TdP without completely suppressing EADs and sEB in vitro and in vivo, respectively. The
antiarrhythmic mode of action of GS967, through the reduction of spatial dispersion of repolarization, seems to predominantly
impede the perpetuation of arrhythmic events into TdP rather than their initiating trigger.
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Introduction
In cells of ventricular myocardium, the activation of the
sodium channel isoform NaV1.5 results in a prominent
transient inward sodium current (peak INa) responsible for
the upstroke of the cardiac action potential. While most of
these channels rapidly inactivate, a small fraction of them
may remain open or reactivate giving rise to a sustained
depolarizing sodium current (late INa) throughout the plateau
phase of the action potential (Zaza et al., 2008). The late INa,
despite its small amplitude (Saint, 2008), interferes with the
repolarization process by countering the effect of the rapid
and slow components of the delayed rectiﬁer outward potassium currents (IKr and IKs, respectively). Hence, in conditions of increased late INa, as observed in heart failure
(Maltsev and Undrovinas, 2006) or in the congenital long
QT syndrome type 3 (Bezzina et al., 2015), this current is
known to be pro-arrhythmic (Antzelevitch et al., 2014;
Belardinelli et al., 2015). Late INa lengthens action potential
duration (APD), reduces repolarization reserve and causes
sodium-dependent calcium overload in cardiomyocytes
(Belardinelli et al., 2013; Shryock et al., 2013).
Over the years, several INa inhibitors have been developed
and used as antiarrhythmic drugs, such as ﬂecainide or more
recently ranolazine. While preferably blocking the late
component of INa, ﬂecainide and ranolazine respectively inhibit in parallel peak INa and IKr (Antzelevitch et al., 2004;
Schram et al., 2004; Belardinelli et al., 2013), which can lead
to adverse effects including slowing of conduction (Tamargo
et al., 2012) or QT prolongation (Chaitman et al., 2004).
Despite lengthening repolarization, ranolazine is not proarrhythmic and even exhibited antiarrhythmic properties
against ventricular arrhythmias in a number of studies
(Antoons et al., 2010; Pulford and Kluger, 2016) demonstrating the potential of late INa inhibition to prevent ventricular
arrhythmias such as in the chronic atrioventricular
block (CAVB) dog model (Antoons et al., 2010). This wellcharacterized animal model features a compensated
biventricular hypertrophy and an enhanced susceptibility
to drug-induced Torsades de Pointes (TdP) arrhythmias. Incidence of these arrhythmic episodes is strongly associated
with electrical remodelling including the down-regulation
of IKr and IKs as well as a disturbed calcium handling (Oros
et al., 2008). In the CAVB dog model, ranolazine moderately
prevented and suppressed TdP episodes (Antoons et al.,
2010). However, within the range of clinical concentrations,
ranolazine interacts with other ion currents, such as IKr
(Antzelevitch et al., 2004; Schram et al., 2004), ICaL (Allen
and Chapman, 1996; Antzelevitch et al., 2004), or the
ryanodine receptor (Parikh et al., 2012), which makes
the interpretation of late INa block per se to prevent ventricular arrhythmias difﬁcult.
The selective and potent late INa inhibitor GS-458967
(GS967) has minimal effects on other cardiac ion currents
(Belardinelli et al., 2013), cardiac contractility (Fernandes
et al., 2014) and conduction velocity. Antiarrhythmic properties of GS967 were demonstrated in vitro (Belardinelli et al.,
2013; Sicouri et al., 2013) as well as in a number of in vivo ventricular (Belardinelli et al., 2013; Bonatti et al., 2014;
Pezhouman et al., 2014; Alves Bento et al., 2015) and atrial
(Burashnikov et al., 2015; Carneiro et al., 2015) arrhythmia

models but not in the CAVB dog. The use of this canine
model would provide additional information relevant for
clinical applications due to the comparable cardiac electrophysiology between dogs and humans. In addition, this sensitive model reﬂects the pro-arrhythmic vulnerability of
patients at compensated and early stage of heart failure
(Sipido et al., 2002; Allen et al., 2012).
The goal of the present study was to evaluate and
elucidate the antiarrhythmic efﬁcacy and mode of action of
the selective late INa inhibitor GS967 in the CAVB dog. This
was done by investigating the suppression of early
afterdepolarizations (EADs) of isolated canine ventricular
cardiomyocytes in vitro and the termination of TdP in CAVB
dogs in vivo in relation to the effect on spatial dispersion
of repolarization.

Methods
General
Animal care, management and experiments were performed
in accordance with guidelines from the Directive 2010/63/
EU of the European Parliament, the Council of 22 September
2010 on the protection of animals used for scientiﬁc purposes
and the Dutch law on animal experimentation. Protocols
were approved by the Committee for Experiments on
Animals of Utrecht University (2013.II.08.088). Animal
studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015). The
current study has no implications for replacement, reduction
or reﬁnement.
A total of 18 adult mongrel dogs (Marshall, NY, USA; 5
male, 25 ± 3 kg, 16 ± 5 months old) were included in the in vivo
protocol. Dogs, housed in pairs in conventional kennels
(~8 m2) including wooden bedding, had free access to water
ad libitum and received food pellets twice a day. Each cage
was supplied with playing tools, and animals were allowed
to play in a group within an outdoor pen (~50 m2) during
the day. The well-being and health of the animals were
monitored daily, and they were weighed once a week and
prior to experiments.
After premedication, which included atropine (0.5 mg i.m.;
Pharmachemie BV, Haarlem, The Netherlands), methadone
(10 mg i.m., COMFORTAN®; Eurovet Animal Health BV,
Bladel, The Netherlands), meloxicam (2 mg·kg 1 s.c.,
METACAM®; Boehringer-Ingelheim Vetmedica BV, Ingelheim
am Rhein, Germany) and acepromazine (10 mg i.m.,
VETRANQUIL®; Alfasan BV, Woerden, The Netherlands), all
experiments were performed under general anaesthesia
induced by pentobarbital (25 mg·kg 1 i.v.) and maintained by
isoﬂurane (1.5%; Abbot Laboratories Ltd, Maidenhead, UK; in
an O2/N2O mixture; 2:1). Perioperative care included the
administration of an antibiotic (ampicillin 1000 mg i.v.
before and i.m. after experiment, AMPI-DRY®; DopharmaBV,
Raamsdonksveer, The Netherlands) and analgesia (buprenorphin 0.3 mg i.m. after experiment, TEMGESIC®; Indivior
UK Ltd, Slough, UK). Surface ECG was continuously recorded
along with endocardial left and right ventricular monophasic
action potentials [left ventricle (LV) and right ventricle (RV)
monophasic action potential (MAP), respectively; Hugo Sachs,
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Germany] by EPTracer software (Cardiotek, Maastricht, The
Netherlands). After the sinus rhythm (SR) protocol was
completed, a screw-in lead was advanced to the RV apex via
the jugular vein and connected to an internal pacemaker
(different models; Medtronic, Maastricht, The Netherlands).
The atrioventricular (AV) node was then ablated using
radiofrequency. CAVB experiments were performed after at
least 3 weeks under idioventricular rhythm, once electrical
remodelling is completed (Oros et al., 2008).
ECG intervals were measured ofﬂine with EPTracer and
averaged over ﬁve consecutive beats. QT interval was
corrected for heart rate (QTc) using the van de Water formula
[QTc = QT 0.087 × (RR 1000)].
LV and RV MAP duration (MAPD) at 80% repolarization
and their associated short-term variability (STV, calculated
as STV = Σ ∣ Dn + 1 + Dn 2Dmean ∣ /[30 × √ 2] as previously described; Thomsen et al., 2004) values were obtained from 30
consecutive beats using custom made (Dr P. Oosterhoff) software (AutoMAPD, Matlab; MathWorks, Natick, MA, USA).
The interventricular dispersion of repolarization, ΔMAPD,
was determined as the difference LV MAPD RV MAPD.

Randomization and analysis

Sinus rhythm protocol
1

GS967 was sequentially administered at 0.03 and 0.1 mg·kg
over 5 min (30 min interval between doses) to 10 dogs in SR.
Electrophysiological parameters were recorded along with LV
pressure via a sensor catheter (CD Leycom Inc., Zoetermeer,
The Netherlands). Blood samples were collected every 5 min
for determination of GS967 plasma levels by HPLC (Gilead
Sciences, Inc., Foster City, CA, USA).

Antiarrhythmic protocols in chronic
atrioventricular block dogs
Suppression protocol. Nine CAVB dogs were acutely paced
during the experiment via their internal pacemaker
(60 beats.min-1, n = 8; 65 beats.min-1, n = 1). After a 10 min
baseline period, dofetilide (25 μg·kg 1) was applied for
5 min to induce TdP. GS967 (0.1 mg·kg 1 per 5 min) was
administered after incidence of TdP 10 min after start of
dofetilide infusion. A TdP episode was deﬁned as a
polymorphic ventricular tachycardia characterized by at
least ﬁve consecutive ectopic beats (EBs) with a twisting
shape of the QRS complex around the isoelectric line.
Deﬁbrillation was applied when an arrhythmia episode
lasted more than 10 s. Ventricular arrhythmias were
monitored for 10 min during baseline, dofetilide (from start
of infusion to start of GS967) and GS967 periods (after end
of infusion) using two different approaches. First, the
incidence of arrhythmias (≥3 episodes) was determined for
single ectopic beat (sEB), multiple ectopic beat (mEB) and
TdP. Second, an arrhythmia score (AS) was calculated over
the corresponding period as the average of the three most
severe arrhythmic events: normal beat 1 point, sEB 2 points,
mEB 3 to 5 points, run of TdP 6 to 49 points and number of
successive deﬁbrillations to restore normal paced heart
rhythm (1, 2 or ≥3; 50, 75 or 100 points, respectively).
Electrophysiological parameters derived from surface
ECG and MAP recordings were measured at baseline, after
dofetilide (ﬁrst EB/TdP or 5 min) and at the end of GS967
infusion.
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Mapping experiment. In ﬁve additional CAVB paced dogs
(60 beats.min-1, n = 4; 70 beats.min-1, n = 1) and using the
same experimental setting, the antiarrhythmic mechanism
of GS967 was further characterized in a detailed electrical
mapping experiment, which consisted of the insertion of a
total of 56 needle electrodes at six different levels of the
heart (from base to apex, Figure 1) as previously described
by our group (Dunnink et al., 2017). The needles had four
electrode terminals (4 mm interelectrode interval) to record
intramural unipolar electrograms (ActiveTwo system;
Biosemi, Amsterdam, The Netherlands). In addition to the
ECG intervals, repolarization time (RT) of all recorded
electrograms was determined at baseline, before dofetilideinduced ﬁrst EB and TdP (or 5 min after start of dofetilide if
TdP not inducible) and after GS967 administration using a
custom-made data analysis programme written in Matlab
(version R2014a; MathWorks). For each of these time
points, the local spatial dispersion of repolarization was
calculated from the LV and septal wall between adjacent
electrodes according to transmural, vertical, horizontal and
cubic orientations (Figure 1).

Animals were not randomized in the present study as each
dog served as its own control (baseline period) at either of
the conditions tested (SR and CAVB). The remodelling
processes occurring after creation of AV block, at the structural, mechanical and electrical levels, have been well
described in this animal model (Oros et al., 2008). The inducibility of TdP arrhythmias upon dofetilide administration
persist for more than 20 min (Oros et al., 2008), which allows
the testing of (pharmacological) antiarrhythmic interventions (Bossu et al., 2017).
Animal experiments and data analyses were not
performed under blind conditions. All 10 SR dogs received
GS967 consecutively at 0.03 and 0.1 mg·kg 1 over 5 min. In
addition, dofetilide followed by GS967 were both administered to all 14 CAVB dogs. The induction of reproducible
TdP episodes by dofetilide can be easily visualized on the surface ECG during the experiment. Likewise, the successful antiarrhythmic efﬁcacy of GS967, ability to suppress TdP
episodes, was also evident during the experiments.

Cellular experiments
At the end of the last in vivo experiment, a right thoracotomy
was performed, and the heart was quickly excised. Cellular
experiments were performed on ventricular cardiomyocytes
isolated from 15 CAVB dogs (including six animals from the
in vivo protocol) and from 11 additional age-matched Beagle
dogs in SR (provided by WIL Research, ’s-Hertogenbosch,
The Netherlands) using the whole-cell patch-clamp technique. The isolation procedure was as described previously
(Nalos et al., 2012). Canine ventricular cardiomyocytes were
enzymatically isolated from the heart of 11 SR and 15 CAVB
dogs. After a right thoracotomy, hearts were quickly excised
and washed with PBS solution and ﬂushed with ice-cold
Ca2+ free standard buffer solution (in mM: NaCl 130, KCl
5.4, KH2PO4 1.2, MgSO4 1.2, HEPES 6 and glucose 20,
pH 7.2 corrected with NaOH). The left circumﬂex coronary
artery (for LV cardiomyocytes) and right coronary artery (for
RV cardiomyocytes) were cannulated and perfused by gravity
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Figure 1
Overview of needle location and calculation of spatial dispersion of repolarization in the detailed mapping experiments (adapted from Dunnink
et al., 2017 with permission). A total of 56 needles were inserted over six different levels of the heart, from base to apex (I to VI): in the LV, 30
needles were divided into ﬁve columns (posterior, postero-lateral, lateral, antero-lateral and anterior); in the RV, 18 needles were divided into
three columns (posterior, lateral and anterior) and 8 needles in the septal wall (left and right sides, levels II to V, in three dogs). Dispersion of repolarization in the LV (n = 5 dogs) and in the septal wall (n = 3 dogs) was determined within adjacent electrodes of one needle (transmural dispersion, blue electrodes), one column (vertical dispersion, red electrodes), one level (horizontal dispersion, orange electrodes) and within a
square of four needles (cubic dispersion, green electrodes). Maximal differences were retrieved from each orientation.

on a Langendorff set-up with solutions warmed at 37°C: (i)
10 min of Ca2+ free standard buffer solution; (ii) 25–35 min
of enzymatic solution consisting of 400 mL Ca2+ free
standard buffer solution with 420 mg collagenase A (Roche,
Indianapolis, IN, USA), 32 mg protease (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and 400 μL trypsin 2.5%;
and (iii) 10 min of 0.2 mM Ca2+ standard buffer solution
(Ca2+ free standard buffer solution with 0.2 mM CaCl2). LV
and RV midmyocardial tissue was then harvested, and the cell
suspensions were ﬁltered. Isolated cardiomyocytes were kept
at room temperature in 0.2 mM Ca2+ standard buffer solution
and used for patch-clamp experiments the same day. Patchclamp data were acquired and analysed using the pCLAMP
10 software (Molecular Devices, Sunnyvale, CA, USA).

Late sodium current density and inhibition by GS967. In LV
and RV cardiomyocytes from SR and CAVB dogs, INa was
elicited by applying 500 ms pulses to 20 mV (0.25 Hz)
from a holding potential of 100 mV. Late sodium current
(late INa) was quantiﬁed as the tetrodotoxin (TTX)sensitive current between 200 and 220 ms after the pulse
onset and normalized to cell capacitance. Patch pipettes
(resistance 1.5–2.5 MΩ) were ﬁlled with the internal
solution (in mM) NaCl 5, CsCl 133, MgATP 2,
tetraethylammonium chloride 20, EGTA 10 and HEPES 5,
pH 7.3 with CsOH. Cells were continuously superfused with

a 22 ± 1°C bath solution containing (in mM) NaCl 140,
CsCl 5, CaCl2 1.8, MgCl2 2, glucose 5, HEPES 5 and
nifedipine 0.002, pH 7.3 with CsOH. Late INa inhibition by
GS967 (30, 100, 300 and 1000 nM) was normalized against
total late INa in each cardiomyocyte.
Effect of GS967 on repolarization and ability to suppress early
afterdepolarizations. Action potentials were elicited at
0.5 Hz. External solution (37 ± 1°C) consisted of (in mM)
NaCl 137, KCl 5.4, MgCl2 0.5, CaCl2 1.8, HEPES 11.8 and
glucose 10 (pH 7.4) and internal solution of KCl 130, NaCl
10, HEPES 10, MgATP 5 and MgCl2 0.5 (pH 7.2). GS967
(100, 300 or 1000 nM) was added to the superfusate after a
control period of 3 min to investigate the effect of selective
late INa inhibition on repolarization. APD at 90% of
repolarization and the associated STV after GS967 were
normalized against their respective baseline condition to
determine any concentration-dependent effect.
Additionally, GS967 (same concentrations) was
superfused after dofetilide-induced EADs to determine the
potential in vitro antiarrhythmic properties of the compound.

Materials
GS967 (Gilead Science Inc., Foster City, CA, USA) was stored
as 10 mM stock solution in DMSO. Solutions for in vivo and
in vitro purposes were freshly prepared prior to experiments.
British Journal of Pharmacology (2018) 175 2470–2482
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2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2015/16 (Alexander et al., 2017).

Dofetilide, supplied by Procter & Gamble Pharmaceuticals
(Cincinnati, OH, USA), was dissolved in 100 μL HCl 0.1 M
and diluted into saline solution to obtain the desired concentration. Stock solution of dofetilide 10 mM in DMSO was diluted to Tyrode solution for patch-clamp experiments.
Aqueous stock solution of TTX 10 mM was similarly added
to external solutions for INa recordings.

Results
Late sodium current inhibition shortens
repolarization in vitro and in vivo
Late sodium current in ventricular cardiomyocytes and inhibition
by GS967. In ventricular cardiomyocytes isolated from
unremodelled dogs in SR, the late INa density was more
prominent in the LV than in the RV (0.30 ± 0.10 vs.
0.21 ± 0.10 pA·pF 1, P < 0.05; Figure 2A). In cardiomyocytes
from CAVB dogs, after electrical remodelling, the late INa
density was lower in both ventricles but only signiﬁcantly
in the LV (from 0.30 ± 0.10 pA·pF 1 in SR to
0.18 ± 0.05 pA·pF 1 in CAVB, P < 0.05; Figure 2A).
GS967 inhibited the late INa concentration dependently
(Figure 2B) in ventricular cardiomyocytes isolated from SR
and CAVB dogs (Figure 2C). In CAVB cardiomyocytes,
GS967 at 30, 100, 300 and 1000 nM reduced late INa magnitude in a concentration-dependent manner (Figure 2C).

Statistical analysis
The data and statistical analysis comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data are expressed as
mean ± SD. Comparisons of serial data were performed with
a paired t-test or one-way repeated measures ANOVA using a
post hoc Bonferroni correction (parametric and nonparametric test). The McNemar test was used for the analysis
of arrhythmias incidence. All statistical analyses were
performed with Prism (Version 6.0c; GraphPad Software, La
Jolla, CA, USA). Differences were considered signiﬁcant
when P < 0.05.

Nomenclature of targets and ligands
GS967 reduces action potential duration in ventricular
cardiomyocytes. To determine the effect of selective late INa
inhibition on APD, GS967 was tested at 100, 300 and
1000 nM in ventricular cardiomyocytes from CAVB dogs. As

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
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Figure 2
Late sodium current is lower in ventricular cardiomyocytes of CAVB dog (A) but its inhibition by GS967 (B and C) shortens APD and STV of repolarization (D and E). (A) The TTX-sensitive current density was lower in ventricular cardiomyocytes isolated from CAVB dogs (n = 4) than that of SR
dogs (n = 7). (D) Representative example of action potentials recorded in ventricular cardiomyocytes isolated from CAVB dog at baseline and after
exposure to 300 nM GS967 (15 action potentials overlaid for both time points). (E) Relative changes in APD and STV of repolarization induced by
GS967 in CAVB cardiomyocytes are respectively represented as white and red bars. The number of cardiomyocytes (isolated from 11 CAVB hearts)
*
recorded (n) for each concentration is indicated above corresponding bars. Data are represented as mean ± SD. Unpaired t-test: P < 0.05 versus
LV SR.
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superfusion of GS967 (100, 300 and 1000 nM) in the continued presence of dofetilide concentration-dependently reduced the incidence of EADs (Figure 4A, B). At 1000 nM
GS967, a concentration that blocks nearly 90% of the late INa
(Figure 2C), EADs remained in 42 and 35% of the
cardiomyocytes tested (10/24 and 7/20 cells from SR and
CAVB cardiomyocytes, respectively; Figure 4B). Furthermore,
the magnitude of the suppression of EADs achieved with
GS967 (100 to 1000 nM) was similar in SR and CAVB
cardiomyocytes (Figure 4B).

a result, GS967 100, 300 and 1000 nM shortened APD and
reduced STV (Figure 2D, E).
GS967
shortens
repolarization
in
sinus
rhythm
dogs. Intravenous administration of GS967 at 0.03 (low
dose) and 0.1 mg·kg 1 over 5 min (high dose) yielded peak
plasma levels at 5 min (Figure 3A, B). GS967 dosedependently shortened various repolarization parameters
(Figure 3C and Table 1) including QTc from 308 ± 10 to
305 ± 9 ms after low dose and from 307 ± 9 to 297 ± 9 ms
after high dose (P < 0.05 vs. baseline 2 and vs. low dose;
Table 1). While STV remained unchanged by GS967,
interventricular dispersion of repolarization (ΔMAPD) was
signiﬁcantly reduced after the high dose (Table 1).
Administration of GS967 did not affect heart rate or
conduction parameters. GS967 also dose-dependently
decreased LV contractility and systolic pressure (Supporting
Information Table S1).

GS967 completely abolishes dofetilide-induced
Torsades de Pointes in CAVB dogs despite the
remaining presence of ectopic activity

GS967 only partly reduces dofetilide-induced
afterdepolarizations in vitro

A

Plasma concentration (nM)

In ventricular cardiomyocytes from SR and CAVB dogs,
administration of dofetilide (1 μM) prolonged APD and
increased STV before inducing EADs (Figure 4A). Then,
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Infusion of dofetilide in the 14 CAVB dogs resulted in the prolongation of all repolarization parameters (QTc and LV MAPD
from 400 ± 27 and 266 ± 25 to 624 ± 42 and 477 ± 81 ms, respectively, both P < 0.05; Table 2) and increased LV STV
(0.9 ± 0.4 to 4.1 ± 2.6 ms, P < 0.05) and the interventricular
dispersion of repolarization ΔMAPD (from 26 ± 24 to
134 ± 49 ms, P < 0.05). Dofetilide induced TdP in 10/14 dogs
(Figure 5A, B) and increased the AS (Figure 5C).
The administration of GS967 (0.1 mg·kg 1) completely
abolished TdP episodes in all dofetilide-treated dogs
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Figure 3
GS967 dose-dependently shortens repolarization in SR dogs. Plasma levels and representative ECG and MAP recordings after administration of
1
GS967 0.03 (A and C) and 0.1 mg·kg over 5 min (B and C). For both doses, maximal electrophysiological effects were observed at peak con*
centrations (5 min) selective for late INa inhibition. Data are presented as mean ± SD. Paired t-test: P < 0.05 versus low dose. QT, LV and RV MAPD
are indicated in red on corresponding traces.
British Journal of Pharmacology (2018) 175 2470–2482

2475

A Bossu et al.

Table 1
Electrophysiological effects of GS967 in SR dogs

Parameters (ms)

Baseline 1

GS967 (0.03 mg·kg

1

)

Baseline 2

GS967
(0.1 mg·kg

RR

584 ± 60

588 ± 63

586 ± 58

589 ± 63

PQ

114 ± 15

114 ± 16

118 ± 20

119 ± 20

QRS

76 ± 5

76 ± 6

75 ± 5

75 ± 5

QTc

308 ± 10

305 ± 9

307 ± 9

297 ± 9# †

LV MAPD

205 ± 9

201 ± 8**

204 ± 12

194 ± 12# †

)

,

,

#, †

RV MAPD

193 ± 8

191 ± 9

189 ± 8

182 ± 8

LV STV

0.3 ± 0.1

0.3 ± 0.1

0.3 ± 0.1

0.3 ± 0.1

RV STV

0.5 ± 0.3

0.4 ± 0.4

0.4 ± 0.2

0.3 ± 0.2

ΔMAPD

12 ± 11

9 ± 11

15 ± 13

11 ± 14#

–

347 ± 131

–

787 ± 265†

Plasma level (nM)

1

Paired t-test:
*P < 0.05 versus baseline 1.
#
P < 0.05 versus baseline 2.
†
P < 0.05 versus low dose.

Figure 4
GS967 concentration-dependently reduces dofetilide-induced EADs in ventricular cardiomyocytes. In cells exhibiting reproducible dofetilide
(1 μM)-induced EADs, GS967 was superfused at 100, 300 and 1000 nM. (A) Representative example of a successful suppression of dofetilide-induced EADs by 1000 nM GS967 in a ventricular cardiomyocyte isolated from SR dog. (B) Incidence of EADs after GS967 in the continued presence
of dofetilide in ventricular cardiomyocytes isolated from 11 SR and 15 CAVB hearts. Data are presented as number of cells with remaining EADs per
number of cells with dofetilide-induced EADs.

(Figure 5A, B) and reduced the AS (Figure 5C). While some ectopic activity remained, this strong antiarrhythmic effect was
accompanied by a moderate reduction of LV STV (from
4.1 ± 2.6 to 2.5 ± 0.7 ms, ns; Table 2) and ΔMAPD (from
134 ± 49 to 86 ± 69 ms, ns) as well as a mild, although significant, shortening of QTc (from 624 ± 42 to 561 ± 59 ms,
P < 0.05; Table 2).

The in vivo antiarrhythmic action of GS967 is
associated with reduced spatial intraventricular
dispersion of repolarization
The in vivo antiarrhythmic effect of GS967 was further
investigated in detailed electrical mapping experiments in
ﬁve CAVB dogs. The administration of dofetilide induced
TdP in 3/5 dogs and signiﬁcantly prolonged repolarization
(Table 3). Moreover, the increased severity of the arrhythmic
event (dofetilide-induced ﬁrst EB vs. TdP) was associated with
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a more pronounced local heterogeneity of repolarization in
the LV in all orientations (Table 3). Ectopic activity always
arose at the site of maximal heterogeneity (electrode #39
and #74, Figure 6). Infusion of GS967 (0.1 mg·kg 1), as observed in the suppression protocol, completely abolished
TdP episodes in the three inducible dogs. This antiarrhythmic
effect was associated with a reduction of LV and RV RT and
also of LV dispersion of repolarization in the vertical,
horizontal and cubic orientations from 167 ± 40, 199 ± 56
and 237 ± 54 ms after dofetilide to 74 ± 31, 82 ± 24 and
123 ± 34 ms after GS967 (all P < 0.05; Figure 6 and Table 3).

Discussion
To date, the present study is the ﬁrst to demonstrate that the
selective late INa inhibitor GS967 completely abolishes druginduced TdP in CAVB dogs. TdP arrhythmias arise from a

Antiarrhythmic mode of action of GS-458967 in CAVB dog

Table 2
Electrophysiological effects of GS967 in suppression of dofetilideinduced TdP arrhythmias in CAVB dogs

Baseline

Dofetilide

GS967
(0.1 mg·kg

QRS

117 ± 12

118 ± 12

118 ± 12

QTc

400 ± 27

624 ± 42*

561 ± 59# *

1

)

Parameters (ms)
,

#,

LV MAPD

266 ± 25

477 ± 81*

424 ± 59 *

RV MAPD

239 ± 22

343 ± 56*

337 ± 31# *

LV STV

0.9 ± 0.4

4.1 ± 2.6*

2.5 ± 0.7*

RV STV

0.8 ± 0.6

1.7 ± 1.3

1.2 ± 0.3

ΔMAPD

26 ± 24

134 ± 49*

86 ± 69

sEB

2/14

13/14*

9/14*

mEB

0/14

12/14*

2/14#

TdP

0/14

10/14*

0/14#

AS

1.1 ± 0.4

28.1 ± 27.9*

2.0 ± 1.1#

,

concentration-dependent inhibition of the late INa
(100–1000 nM) and stabilized the repolarization process as
reﬂected by the signiﬁcant reduction in STV.
Likewise, GS967 signiﬁcantly shortened QTc of SR dogs at
plasma levels selective for late INa inhibition, while AV (PQ
interval) and ventricular (QRS interval) conduction was not
affected. No reduction of STV was observed because these
dogs with unremodelled ventricles still possess a normal repolarization reserve.
Our data support the previous ﬁndings obtained in rabbitisolated ventricular myocytes (Belardinelli et al., 2013),
canine Purkinje ﬁbres (Sicouri et al., 2013), Langendorffperfused rabbit heart (Belardinelli et al., 2013) and anaesthetized rabbits (Belardinelli et al., 2013), which all reported a
concentration- and dose-dependent shortening of repolarization resulting from the late INa inhibition by GS967.

Arrhythmias

Parametric (electrophysiological parameters) and non-parametric
(AS) repeated measurement ANOVA McNemar test (arrhythmia
incidence).
*P < 0.05 versus baseline.
#
P < 0.05 versus dofetilide.

multifactorial process involving action potential prolongation and the associated occurrence of afterdepolarizations
initiating events and an increase in intraventricular spatial
dispersion of repolarization for arrhythmia perpetuation. In
the current study, the use of in vitro assays using canine
ventricular cardiomyocytes allowed us to study in detail the
initiating mechanism of the arrhythmia, while the in vivo
assay provided the next level of complexity by adding the
component of spatial dispersion (Dunnink et al., 2017). In
general, we observed a statistically signiﬁcant but modest
effect of GS967 on the initiating events of TdP arrhythmia,
as seen by a 60–65% reduction on EADs in vitro and the remaining presence of sEB in vivo in 65% of CAVB dogs. In comparison, we found a robust and statistically signiﬁcant, but
yet not complete, reversal of spatial dispersion of repolarization in vivo upon GS967 application in hearts challenged with
dofetilide. Our data suggest that the antiarrhythmic action of
GS967 is predominantly based on reduction of spatial dispersion. However, its mode of action seems to rather lie on the
prevention of arrhythmia perpetuation than the suppression
of the initiating trigger.

Selective late INa inhibition shortens
repolarization
GS967 is a highly selective late INa inhibitor, with minimal effects on the peak INa and IKr that are responsible for the additional effects of ﬂecainide and ranolazine, which respectively
slows conduction and prolongs repolarization (Belardinelli
et al., 2013). In the present study, GS967 strongly shortened
APD of ventricular cardiomyocytes in accordance with the

Moderate reduction of early
afterdepolarizations in canine ventricular
cardiomyocytes
Despite the signiﬁcant and marked reduction of APD and
STV, GS967 only mildly suppressed dofetilide-induced EADs
in canine ventricular cardiomyocytes. Based on its IC50 for
late INa determined in these myocytes (about 200 nM), the
range of concentrations tested is selective for the late INa inhibition. However, at the highest concentration (1000 nM),
which blocked nearly 90% of late INa, EADs remained present
in 35–40% of the cells. Our ﬁndings contrast with previous
studies that reported the strong suppression by GS967
(300 nM) of EADs induced either by the late INa enhancer
ATX-II or the IKr blocker E-4031 in rabbit ventricular
cardiomyocytes (Belardinelli et al., 2013) or in canine
Purkinje ﬁbres (Sicouri et al., 2013) as well as delayed
afterdepolarizations induced by isoprenaline and/or
calcium in canine Purkinje ﬁbres (Sicouri et al., 2013). The
differences in antiarrhythmic effect may be explained by
the interspecies difference and the shorter basic cycle length
used in rabbit myocytes (1 Hz) compared with our ventricular
dog cardiomyocytes (0.5 Hz), potentially leading to a reduced
APD prolongation and EAD incidence upon the reverse usedependent IKr block by dofetilide or E-4031. Isolated canine
cardiomyocytes are very sensitive for developing EADs upon
a ‘single hit’ on their repolarization process (Nalos et al.,
2012). Therefore, the persistence of EADs in ventricular
cardiomyocytes following antiarrhythmic interventions
requires further in vivo conﬁrmation as exempliﬁed in
this study.
In our hands, the selective late INa inhibition by GS967
does not seem to restore calcium handling to ensure a proper
repolarization process in isolated ventricular cardiomyocytes.
Therefore, follow-up experiments would be required to assess
in detail the effect of GS967 on cytosolic sodium and calcium
concentrations.
Remarkably, GS967 similarly suppressed EADs in SR as in
CAVB cardiomyocytes. Although this study conﬁrms the reduction of late INa density in CAVB conditions (Antoons
et al., 2010), the potency of GS967 to block the late INa is
similar in SR and CAVB cells (IC50 188 ± 15 and
230 ± 10 nM, respectively). Therefore, it would suggest that
the magnitude of late INa density does not play a critical role
British Journal of Pharmacology (2018) 175 2470–2482

2477

A Bossu et al.

A
II

Baseline

Dofetilide

First EB (2:43)

GS967

TdP (3:54)

397

591

525

259

372

353

255

344

323

AVR

LV MAP
RV MAP

C
100

13/14

40

12/14
10/14

75

9/14

50
*
2/14

25

*
0/14
0

sEB

mEB

Dofetilide

TdP

sEB

mEB

Arrhythmia score

Incidence of arrhythmia (%)

B

#

30
20
3

*
2
1

TdP

GS967

Baseline

Dofetilide

GS967

Figure 5
GS967 completely abolishes dofetilide-induced TdP arrhythmias in CAVB dogs. (A) Representative ECG, LV and RV MAP traces are depicted for
1
baseline, before the ﬁrst EB and TdP induced by dofetilide and after GS967 0.1 mg·kg administration. (B) Incidence of arrhythmic events
(sEB, mEB and TdP) after dofetilide and GS967 treatments. Data are presented as number of dogs with events per number of dogs tested. (C)
AS, a surrogate parameter for arrhythmia severity, is presented as mean ± SEM. McNemar test (incidence of arrhythmia) and non-parametric re#
*
peated measurement ANOVA (AS): P < 0.05 versus baseline; P < 0.05 versus dofetilide. QT, LV and RV MAPD are indicated as red numbers.

in the moderate in vitro antiarrhythmic effect of GS967, a
ﬁnding also observed with TTX, which exerted a similar suppressive effect in SR and CAVB cardiomyocytes (Antoons
et al., 2010).

Dofetilide-induced TdP is suppressed by GS967
in CAVB dogs
Despite the reduced late INa density in CAVB conditions, the
mild antiarrhythmic effect against EADs in vitro and incomplete inhibition of ectopy in vivo, GS967 completely
suppressed dofetilide-induced TdP in CAVB dogs. This effect
was not associated with either a strong reduction in repolarization or in STV, most likely due to the remaining ectopic
activity in most animals. Previous ex vivo studies performed
in Langendorff-perfused hearts from rat and rabbit
demonstrated a similar antiarrhythmic effect of GS967
against ATX-II, E-4031 (Belardinelli et al., 2013), aconitine(Pezhouman et al., 2014) and hypokalaemia-induced
(Pezhouman et al., 2015) ventricular arrhythmias. Likewise
in vivo, GS967 exerted a strong antiarrhythmic effect in terminating or shortening ventricular tachycardia episodes in
methoxamine-sensitized and ischaemic rabbits (Belardinelli
et al., 2013) as well as in pig models of ischaemia- (Bonatti
2478
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et al., 2014) and catecholamine-induced (Alves Bento et al.,
2015) arrhythmias.

Arrhythmia perpetuation is curtailed by GS967
via the reduction of spatial dispersion of
repolarization
In this study, the inhibition of late INa induced by GS967
completely suppressed dofetilide-induced TdP in CAVB dogs,
while some ectopic activity remained in the majority (65%)
of animals. The detailed mapping experiments demonstrated
that this antiarrhythmic effect was associated with a partial,
but signiﬁcant, reversal of intraventricular spatial dispersion
of repolarization. Similarly, several studies previously documented the reduction by GS967 of the 2D spatial dispersion
in Langendorff-perfused rat hearts (Pezhouman et al., 2014),
T-wave alternans in pig models of catecholamine (Alves
Bento et al., 2015) and ischaemia-induced (Bonatti et al.,
2014) ventricular tachycardia. The antiarrhythmic efﬁcacy
of a number of drugs, including the late INa blockers
ranolazine and vernakalant, has been associated with a reduction of the spatial dispersion of repolarization (Milberg et al.,
2005; 2008; 2011; Sossalla et al., 2014; Frommeyer et al.,
2017), but only in Langendorff-perfused intact heart or

Antiarrhythmic mode of action of GS-458967 in CAVB dog

Table 3
Effect of GS967 on spatial dispersion of repolarization after dofetilide-induced TdP arrhythmias in CAVB dogs

Baseline

Dofetilide
(ﬁrst EB)

Dofetilide
(TdP/5 min)

LV RT

320 ± 26

425 ± 54*

484 ± 48*

402 ± 43# *

RV RT

277 ± 22

351 ± 57

383 ± 35*

355 ± 38# *

Parameters (ms)

GS967
(0.1 mg·kg

1

)

Repolarization

ΔRT

,
,

43 ± 13

74 ± 24

101 ± 45

47 ± 15

LS RT

322 ± 23

430 ± 52

493 ± 66

409 ± 46

RS RT

313 ± 22

404 ± 28

468 ± 61

387 ± 30

LV dispersion (n = 5)
Transmural

51 ± 4

139 ± 58

169 ± 60*

97 ± 29

Vertical

46 ± 11

119 ± 39

167 ± 40*

74 ± 31#

Horizontal

57 ± 14

145 ± 49

199 ± 56*

82 ± 24#

Cubic

68 ± 14

203 ± 54*

237 ± 54*

123 ± 34#

Septum dispersion (n = 3)
Transmural

34 ± 6

127 ± 65

147 ± 31

75 ± 28

Vertical

39 ± 9

145 ± 43

173 ± 29

86 ± 23

Horizontal

24 ± 5

105 ± 80

105 ± 62

49 ± 30

Cubic

47 ± 5

177 ± 62

198 ± 19

94 ± 14

ΔRT, interventricular dispersion of repolarization determined as LV RT - RV RT; LS, left side of septal wall; RS, right side of septal wall.
Repeated measurement ANOVA:
*P < 0.05 versus baseline.
#
P < 0.05 versus dofetilide (TdP).

wedge preparations in which the input from mechanical
workload or the autonomic nervous system is absent. Our
study is the ﬁrst to investigate the antiarrhythmic effect of
GS967 associated with the reduction of spatial dispersion of
repolarization in an intact animal. In the CAVB dog model,
all detailed mapping studies emphasize the importance of
focal origin, resulting from a triggered activity mechanism,
in the initiation of an arrhythmic episode (Kozhevnikov
et al., 2002; Schreiner et al., 2004; Boulaksil et al., 2011;
Dunnink et al., 2017). Recently, our group demonstrated
that the local heterogeneity of repolarization was signiﬁcantly higher before a TdP than prior to the ﬁrst sEB, indicating the close correlation between the magnitude of
spatial dispersion of repolarization and the severity of the
following arrhythmic event (Dunnink et al., 2017). Based
on in vitro and in vivo ﬁndings, GS967 does not suppress signiﬁcantly the initiation of an arrhythmic event, as seen
with the remaining EADs in myocytes and ectopic activity
in the majority of CAVB dogs. Nevertheless, GS967
administration signiﬁcantly reduced intraventricular spatial
dispersion of repolarization in all orientations (transmural,
horizontal, vertical and cubic) to such an extent that
the perpetuation of an arrhythmic episode could not
be maintained.
In the ﬁve CAVB dogs undergoing electrical mapping
experiments, endocardial and subendocardial regions exhibited greater RT increase upon dofetilide administration.
After infusion of GS967, the magnitude of RT shortening
was also higher in these regions. Although the late I Na density was reduced in CAVB cardiomyocytes, the transmural

gradient of late I Na , which could represent an important
contributor, remains to be explored. Nevertheless, our
in vitro experiments show that under conditions of I Kr
blockade, prolongation of repolarization is largely associated with a longer plateau phase (Figure 4A). During this
phase, the membrane resistance is high and a small change
in currents, depolarizing or repolarizing, can cause a large
shift in voltage and considerably affect the duration of
the action potential. In addition, at these membrane potentials, sodium channels may remain activated or recover
from inactivation, resulting in a sustained late I Na . Therefore, it may explain that, upon selective late I Na inhibition
by GS967, the magnitude of repolarization shortening is
greater within regions of longer RT than those with shorter
ones, contributing to the reduction of spatial dispersion of
repolarization.
Additionally, in three out of ﬁve CAVB dogs undergoing
cardiac electrical mapping, the activation delay (time between the ﬁrst and last activated electrode) of the remaining
sEB still occurring after GS967 administration was shorter
than that of the ﬁrst EB of a TdP episode previously induced
by dofetilide in the same dog (33.5 ± 2.2 vs. 64.9 ± 34.9 ms, respectively). It is well known that the spatial dispersion of repolarization plays a critical role in the generation of
functional block, necessary for ectopic activity to take place
(Restivo et al., 2004). Under conditions of reduced spatial dispersion of repolarization, as observed after GS967 administration, the overall ventricular activation during the EBs is more
synchronous as a result of homogenous cardiac
refractoriness.
British Journal of Pharmacology (2018) 175 2470–2482
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Figure 6
1

The reduction of spatial dispersion of repolarization underlies the in vivo antiarrhythmic effect of GS967 (0.1 mg·kg ) in CAVB dogs. Representative example of the repolarization pattern in the LV, RV and septal wall at the different levels of the heart (from base I to apex VI) at baseline (A),
1
before dofetilide-induced ﬁrst EB (B) and TdP (C) and following GS967 (0.1 mg·kg ) administration (D) in a CAVB dog undergoing electrical
mapping experiment. For each period, traces (with end of RT symbolized by a coloured dot and corresponding time) depict unipolar electrograms
(EGMs) from the region surrounding the origin of arrhythmia, where the highest dispersion of repolarization was observed upon dofetilide administration. The suppression of TdP by GS967 was accompanied by a signiﬁcant reduction of local spatial dispersion of repolarization (D). Grey regions represent low EGM amplitudes discarded from the analysis. RT, repolarization time (absolute values relative to stimulus artefact); RT diff.,
difference in repolarization time (relative to the ﬁrst repolarized region).

A different mode of action of GS967 compared
with other highly efficient antiarrhythmic drugs
In the CAVB dog model, the very strong antiarrhythmic effect
of GS967 against TdP [complete (100%) suppression of TdP]
resembled that of the ICaL blockers ﬂunarizine and
verapamil (Oros et al., 2010) and the Na–Ca exchanger
inhibitor SEA0400 (Bourgonje et al., 2013). However, unlike
GS967, all these drugs restored STV to baseline levels and signiﬁcantly diminished ectopic activity (Bossu et al., 2017). Unfortunately, in comparison with GS967 as shown in this
study, detailed mapping studies on the effect of ﬂunarizine,
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verapamil and SEA0400 on intraventricular spatial dispersion
of repolarization in the CAVB dog are lacking to date.
Therefore, we cannot exclude the possibility that these
compounds, in addition to preventing ectopy and EADs, will
also reduce intraventricular spatial dispersion of repolarization in CAVB dogs in a similar fashion to that observed in
other ex vivo models (Milberg et al., 2005; Milberg et al.,
2008). Nevertheless, the in vitro data on suppression of
dofetilide-induced EADs demonstrate that, unlike GS967,
ﬂunarizine (Oros et al., 2010) and SEA0400 (Bourgonje et al.,
2013) are able to completely suppress EADs in isolated cells,

Antiarrhythmic mode of action of GS-458967 in CAVB dog

pointing to an in vivo antiarrhythmic action primarily based
on suppressing the initiating trigger (afterdepolarizations).

Conclusion
In this study, selective late INa inhibition by GS967 shortened
repolarization in vitro and in vivo. Despite the mild reduction
of EADs in canine ventricular cardiomyocytes and a lower
late INa density in CAVB conditions, GS967 exerted a robust
antiarrhythmic effect in vivo by terminating all dofetilideinduced TdP. This effect was associated with a marked reduction of intraventricular spatial dispersion of repolarization.
Together, our data suggest that GS967 does not interfere in
a major way with the initiating trigger of arrhythmia while
the actual perpetuation of arrhythmic episodes is prevented
and associated with a reduced intraventricular spatial heterogeneity of repolarization.
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