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Chapter 1

IntroductIon
The beating of the heart relies on the coordinated and rhythmic contractions of 

cardiac cells (cardiomyocytes) upon electrical activation in order to pump blood efficiently 
throughout the body. The electrical impulse, initiated by the spontaneous depolarization 
of pacemaker cells, propagates within the cardiac tissue in the form of an action potential. 
The action potential is the result of the precisely timed movement of ions across the 
cell membrane through specific channels and transporters (Figure 1A), and represents 
the basis of contraction and relaxation of each cardiomyocyte. The opening of voltage-
gated sodium (Na+) channels NaV1.5, causes the fast and transient peak Na+ current (INa 
peak), which elicits the depolarization phase of the action potential (phase 0). The rapid 
inactivation of Na+ channels associated with efflux of potassium (K+) via Ito constitutes 
the early repolarization (phase 1). Activation of L-type calcium (Ca2+) channels leads to 
the rise of intracellular Ca2+ levels, which triggers the Ca2+ release from the sarcoplasmic 
reticulum (SR) through the ryanodine receptors (RyR2; Figure 1B, 1 ). Interaction between 
Ca2+ and contractile elements causes shortening of the cardiomyocyte and lies at the basis 
of cardiac contraction (systole). This process is called the excitation-contraction coupling. 
During the plateau phase of the action potential (phase 2), the incomplete inactivation 
associated with the reactivation of Na+ channels leads to a persistent and sustained INa 
called late INa. This current, although of small amplitude under physiological conditions, 
can be enhanced in a number of cardiac diseases. During this phase, delayed rectifying 
outward K+ currents (IKr and IKs) activate and progressively become more dominant 
(phase 3) in order to repolarize the cell membrane. Finally, cardiomyocyte repolarization 
is completed with IKr, IKs and IK1 (Figure 1A), which maintains a stable resting membrane 
potential (phase 4) until the next depolarization. The cardiac relaxation occurs during 
phases 3 and 4 and is associated with the removal of Ca2+ from the cytosol: Ca2+ is either 
pumped back into the SR via the sarcoplasmic reticular Ca2+ ATPase (SERCA2a, which 
activity is regulated by phospholamban), or extruded through the Na+/Ca2+ exchanger 
(NCX) against 3 Na+ (Figure 1B, 2 ). These 2 mechanisms allow the restoration of normal 
(low) cytosolic Ca2+ levels necessary for the relaxation of the cardiomyocyte.

Hence, any significant perturbations of the timing or regulation of these processes 
may cause irregular, dyssynchronous, too fast or too slow cardiac contractions, which are 
referred as cardiac arrhythmias. First, abnormal automaticity can result in the formation 
of an irregular impulse due to altered pacemaker activity. In addition, triggered activity 
mechanism is characterized by afterdepolarizations, which can trigger, if their amplitude 
reaches depolarization threshold, a new action potential in neighbouring cells and 
potentially generate an ectopic beat. Early afterdepolarizations occur during phase 3 
of the action potential under conditions of prolonged repolarization and are associated 
with the reactivation of L-type Ca2+ channels or the reverse mode of NCX. Delayed 
afterdepolarizations happen in settings of Ca2+ overload and are the proarrhythmic 
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Figure 1. Ventricular action potential and electro-mechanical coupling.
Schematic representation of a human ventricular action potential and its main underlying ion currents 
(A). The sodium current (INa) is divided into the peak (phase 0) and late INa (throughout plateau phase). 
Horizontal bars symbolize the timing of associated conductance of each ion channel (not the relative 
current amplitude). The major molecular players involved in Ca2+ handling and excitation-contraction 
coupling in a cardiomyocyte are depicted on panel B. Upon depolarization of the cell membrane due to 
peak INa (phase 0), Ca2+ flows into the cell (ICa,L) through voltage-gated L-type Ca2+ channels and activates 
the Ca2+-induced Ca2+ release from the SR via the RyR2  1 . The interaction of Ca2+ with the contractile 
elements, inducing the shortening of the cardiomyocytes, lies at the basis of cardiac contraction (systole). 
The cardiac relaxation process (diastole) is related to the removal of Ca2+ from the cytosol: either pumped 
back into the SR via SERCA2a, which activity is regulated by PLN, or exchanged against 3 Na+ through the 
NCX  2 . These 2 mechanisms allow the restoration of normal (low) cytosolic Ca2+ levels necessary for the 
relaxation of the cardiomyocyte. (Adapted from Driessen et al.33).
NCX: Na+/Ca2+ exchanger; PLN: phospholamban; RyR2: ryanodine receptor; SERCA2a: sarcoplasmic 
reticular Ca2+ ATPase isoform 2a; SR: sarcoplasmic reticulum

consequences of spontaneous diastolic Ca2+ release from the SR activating the reverse 
mode of the NCX. Finally, reentry mechanism is defined by the propagation of the 
excitation wavefront according to a circus movement around an anatomic or functional 
core. These different mechanisms, alone or combined, represent the underlying basis of 
cardiac arrhythmias.

Cardiac arrhythmias represent a major cause of morbidity and mortality in the western 
society. Most cases of sudden cardiac death (SCD) result from malignant ventricular 
arrhythmias, such as ventricular tachycardia or ventricular fibrillation,1 under conditions 
of congenital2 (i.e. genetic mutation of ion channel) or acquired3 (e.g. after myocardial 
ischemic event) diseases. Regardless of the aetiology, the underlying cause of these 
life-threatening arrhythmic episodes is strongly associated with contractile adaptations, 
structural changes and electrical alterations that take place as compensating mechanisms 
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Figure 2. Cardiac function and arrhythmic burden in heart failure patients.
After the onset of heart failure, patients tend to follow a non-linear but gradual decline in cardiac function. 
The successive decompensations further aggravate heart condition and eventually lead to advanced stage 
of heart failure and progressive pump failure. While the overall mortality is increased at the advanced 
stage due to severe cardiac dysfunction, the risk of arrhythmic sudden death is, however, the highest 
during early and compensated stage of the disease. (Adapted from Allen et al.4) 

to preserve cardiac output. This physiological process, commonly called ventricular 
remodelling, can become pathological and maladaptive when cardiac function is no 
longer preserved, leads to successive decompensations and eventually to the complete 
pump failure. Although overall mortality increases as a function of cardiac dysfunction, 
incidence of arrhythmic SCD is the highest in patients at early (compensated) stages 
(Figure 2).4

Prevention of ventricular arrhythmias

Nowadays, implantation of an implantable cardioverter defibrillator (ICD) 
constitutes the main therapy to prevent SCD in high-risk patients.5-7 However, eligibility 
for ICD implantation is based on cardiac function, which does not represent the 
patients’ proarrhythmic burden. Furthermore, this device-based strategy is associated 
with a number of shortcomings, including non-life saving8 or inappropriate shocks, and 
complications.9-12 More importantly, an ICD does not treat the proarrhythmic substrate 
and therefore does not prevent the incidence of ventricular arrhythmias.

In parallel, currently available antiarrhythmic drugs have not been shown, in large 
clinical trials, to be effective in preventing ventricular arrhythmias or SCD.13 The Cardiac 
Arrhythmia Suppression Trial (CAST), a large clinical trial conducted in the late 1980’s, 
did not only fail in demonstrating long-term benefits of using Na+ blockers (flecainide 
and encainide) in post-myocardial infarction patients, but also revealed the increased 
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1mortality rate associated with these treatments.14 Since then, very few antiarrhythmic 
drugs successfully reached the market, either due to low therapeutic benefit, or due 
to the potential proarrhythmic adverse effects, which limit their use in the vulnerable 
patient population. Therefore, the development of effective antiarrhythmic therapies 
devoid of significant adverse effects represents today a real challenge for pharmaceutical 
companies. To achieve this goal, several steps are necessary for the development of an 
effective and safe novel antiarrhythmic strategy:

1. Identification of the molecular players and mechanisms at the cellular level      
(i.e. ion channels, Ca2+ levels, regulating proteins),

2. Identification of the proarrhythmic substrates associated with cardiac 
remodelling (temporal and spatial dispersion of repolarization), as well as extracardiac 
modulators (cardiac innervation, autonomic nervous system), that all contribute to the 
enhanced proarrhythmic burden of patients at risk,

3.  Understand the mechanisms of initiation, perpetuation and termination of 
ventricular arrhythmias (focal origin related to triggered activity mechanism, and reentry 
circuits),

4. Develop a potent and selective drug candidate for the specific target of interest, 
with limited effects on off-targets,

5. Evaluate and demonstrate a significant antiarrhythmic benefit without 
concomitant adverse (proarrhythmic) effects due to the interaction with off-targets: high 
benefit/risk ratio and safety margin,

6. Investigate the predictive value of electrophysiological parameters for a 
successful antiarrhythmic efficacy.

Ideally, these steps should be addressed in adequate models in order to reliably 
predict the therapeutic response and the potential adverse effects in the vulnerable 
patient population.

the chronic atrioventricular block dog model

The chronic atrioventricular block (CAVB) dog is a model of compensated 
hypertrophy caused by the ablation of the AV node. The resulting ventricular 
remodelling is associated with the enhanced susceptibility to ventricular arrhythmias in 
the form of Torsade de Pointes, a life-threatening polymorphic ventricular tachycardia, 
which can potentially lead to SCD. The radiofrequency ablation of the AV node leads 
to the complete dyssynchronous activation between atria and ventricles. The origin of 
ventricular activation, originating from an infranodal site of the conduction system, occurs 
at much slower rate due to the lower intrinsic rate of Purkinje fibers (Figure 3, red trace).15 
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The drop of cardiac output, as a result of bradycardia, is progressively compensated by 
the increase of ventricular contractility upon neurohumoral activation (Figure 3, black 
and green traces, respectively).16 In parallel, the progression of structural remodelling is 
associated with the gradual development of biventricular hypertrophy as a compensating 
mechanism to preserve cardiac output (Figure 3, yellow trace).17 Importantly, the electrical 
remodelling reflected by the prolongation of ventricular repolarization (measured by the 
QT interval on the surface electrocardiogram) is complete after 2 weeks of chronic AV 
block and remains stable over time (Figure 3, blue trace). A number of molecular changes 
underlie the lengthening of the repolarization process that occurs in order to improve 
cardiac contractility after induction of AV block. These adaptations, which can be studied 
in isolated canine ventricular cardiomyocytes, include the downregulation of IKr and IKs.

18 
In addition, alteration of Ca2+ handling, necessary to amplify the force of ventricular 
contraction, is associated with a larger Ca2+ window current19 and increased levels of both 
Ca2+ in the sarcoplasmic reticulum and systolic Ca2+ release (Ca2+ transients).20 Moreover, 
the increased Na+/Ca2+ exchanger activity (forward and reverse modes) participates in 
the prolongation of repolarization and in the cytosolic Ca2+ load.20

In the CAVB dog model, these mechanical, structural and electrical adaptations 
are key contributors involved in the enhanced susceptibility to ventricular arrhythmias.21 
Anesthetized conditions22 combined with bradycardia23 predispose about 75% of canines 
to develop Torsades de Pointes arrhythmias when challenged with the gold standard 
proarrhythmic drug dofetilide.24 This selective IKr blocker does not only lengthen 
repolarization, but also evokes temporal and spatial heterogeneities of the repolarization 
pattern. While the temporal phenomenon is known as beat-to-beat variability of 
repolarization, quantified as short-term variability (STV), the spatial component represents 
the regional heterogeneity of the repolarization process between and within ventricles 
(inter- and intraventricular, respectively) but also within the ventricular wall (transmural). 
An increase in both time and space dispersion components is significantly associated 
with the induction of Torsades de Pointes episodes.25

The enhanced susceptibility of the CAVB dog model for drug-induced ventricular 
arrhythmias has been widely used for the screening of drugs’ proarrhythmic effects,25-28 
but also to test the efficacy of novel pharmacological approaches and antiarrhythmic 
drugs.26, 29-32
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1

thesIs outlIne
In the present thesis, the current and future principles of proarrhythmic evaluation 

during drug development were first reviewed and discussed. Then, we evaluated in 
the CAVB dog model the proarrhythmic potential a novel positive inotropic agent, a 
pharmacological class commonly associated with the incidence of life-threatening 
ventricular arrhythmias. After we investigated the different mechanisms underlying 
initiation, perpetuation and termination of ventricular arrhythmias in this canine model, 
we reviewed previous antiarrhythmic interventions in this model and explored innovative 
antiarrhythmic approaches.

chapter 2 reviewed the current safety guidelines for preclinical and clinical 
assessment of drug proarrhythmic risk liability and discussed the newly proposed 
paradigm Comprehensive in vitro Proarrhythmia Assay (CiPA), aiming to improve this 
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Figure 3. Ventricular remodelling and relevance for arrhythmogenesis in chronic atrioventricular 
block dogs.
Overview of the different components of ventricular remodelling in complete and chronic atrioventricular 
block (CAVB) dogs under idioventricular rhythm. Parameters are depicted over time as relative changes 
(left Y axis) compared to normally conducted sinus rhythm conditions. Red curve represents the drop of 
heart rate (HR) after ablation of the AV node. Curve in black estimates cardiac output (CO). Contractile 
remodelling is symbolized by the green curve, which depicts the maximal rise in left ventricular pressure 
(LV dP/dt). Yellow curve shows the evolution of the ratio heart weight/body weight (HW/BW), a surrogate 
parameter for hypertrophy (structural remodelling). Finally, electrical remodelling, characterized by 
repolarization prolongation (QTc), is represented by the blue curve. Blue bars show the respective rate of 
dofetilide-induced Torsade de Pointes arrhythmias (TdP) inducibility (right Y axis) at the different stages of 
remodelling: at control sinus rhythm (C), acute AVB (0) and chronic AVB (after 2, 6 and 12 weeks). Values 
represent number of inducible animals/total number of animals tested. (From Bourgonje et al.,34 with 
permission of the authors)
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evaluation, as well as pharmacological strategies under development to prevent drug-
induced arrhythmias. chapter 3 evaluated the hemodynamic and proarrhythmic effect 
of istaroxime, a positive inotropic agent inhibiting of Na+/K+ ATPase and enhancing 
SERCA2a activity, in control and CAVB dogs. In addition, the antiarrhythmic properties of 
istaroxime were discussed. To improve efficacy of antiarrhythmic therapy, it is important 
to know underlying mechanisms of arrhythmias. Therefore, chapter 4 explored, using 
an intramural electrical mapping approach, the relevance of local heterogeneity of 
repolarization for the induction of Torsades de Pointes arrhythmias. Derived from these 
mapping experiments and using a custom made software and new surrogate parameters, 
chapter 5 specifically concentrated on the contribution of focal activity and reentry loops as 
underlying mechanisms for the perpetuation of Torsades de Pointes arrhythmias recorded 
during mapping experiments. chapter 6 focused on the different pharmacological 
and non-pharmacological antiarrhythmic strategies that were investigated so far in 
the CAVB dog model. Their respective efficacy to suppress and/or prevent dofetilide-
induced Torsades de Pointes arrhythmias was categorized and associated with changes 
in different repolarization parameters. In chapter 7, the antiarrhythmic mode of action 
of the selective late INa inhibitor GS-458967 was characterized in the CAVB dog model 
by studying effects on initiating proarrhythmic triggers and perpetuation associated 
with spatial dispersion of repolarization. However, this agent remains a pharmacological 
tool to study antiarrhythmic effects related to the selective inhibition of late INa since 
it is not aimed to enter clinical development for this purpose. In contrast, eleclazine, 
another potent late INa inhibitor with an enhanced selectivity for the NaV1.5 isoform, 
is investigated in patients with hypertrophied cardiomyopathy and long QT syndrome 
type 3. In chapter 8, the in vivo and in vitro antiarrhythmic effects of eleclazine were 
evaluated in CAVB dogs and isolated ventricular cardiomyocytes, respectively. In 
addition to the canonical cardiac sodium channel NaV1.5, the peripheral isoform NaV1.8 
may influence cardiac electrophysiology and potentially exert antiarrhythmic effects. In 
chapter 9, we focused on the antiarrhythmic relevance of selective inhibition of NaV1.8 
using A-803467 in the CAVB dog model in association with the expression of SCN10A 
in ventricular tissue. After we hypothesized that the autonomic nervous system may 
modulate the proarrhythmic response to dofetilide, we studied, through chapter 10, the 
antiarrhythmic properties of pharmacological approaches modulating sympathetic and/
or parasympathetic activity, and compared with the effects of sympathetic denervation. 
Finally, chapter 11 provides a general discussion of the previous chapters.
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AbstrAct
Drug-induced Torsade de Pointes arrhythmia is a life-threatening adverse effect 

feared by pharmaceutical companies. For the last decade, the cardiac safety guidelines 
have imposed human ether-a-go-go-related gene channel blockade and prolongation 
of QT interval as surrogates for proarrhythmic risk propensity of a new chemical entity. 
Suffering from a lack of specificity, this assessment strategy led to a great amount of false 
positive outcomes. Therefore, this review will discuss new pharmaceutical strategies: the 
cardiac safety proposal that recently emerged, the Comprehensive in vitro Proarrhythmia 
Assay, combining in vitro assays that integrate effects on main cardiac ion channels, 
with computational models of human ventricular action potential as well as assays 
using human stem cell-derived cardiomyocytes for an improved prediction of drug’s 
proarrhythmic liability, alternative pharmacological perspectives as well as the current 
treatment of drug-induced long QT syndrome.
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IntroductIon
The long QT syndrome (LQTS) is a congenital or acquired cardiac electrophysiological 

disorder characterized by a prolonged QT interval on the surface electrocardiogram 
that predisposes patients to develop Torsades de Pointes (TdP) arrhythmias, a 
polymorphic ventricular tachycardia that can lead to sudden cardiac death. A variety 
of pathophysiological conditions such as structural heart disease or electrolytes 
disturbances have been demonstrated to reduce the repolarization reserve, predisposing 
patients. However, drug administration is by far the most common facilitator of acquired 
LQTS.1 For this reason, for the last decade, pharmaceutical companies have been 
conducting preclinical and clinical studies according to ICH S7b2 and E14 guidelines,3 
respectively, screening the proarrhythmic risk of new chemical entities by focusing on the 
QT prolongation related to blockade of the human ether-a-go-go-related gene (hERG) 
channel carrying the rapid delayed rectifier potassium current (IKr).

Since a wide range of non-cardiac drugs marketed (for up-to-date list of drugs, 
see https://www.crediblemeds.org) and up to 60% of the new chemical entities are 
suggested to block IKr or the hERG channel,4 but are not necessarily associated with 
a torsadogenic risk, this evaluation strategy has shown some limitations, especially in 
the area of specificity. Moreover, several other proarrhythmic mechanisms have been 
recognized, such as decrease in the repolarizing IKs current5 (congenital LQTS type 1), 
enhancement of the late sodium current6 (late INa, congenital LQTS type 3) or calcium 
release from the sarcoplasmic reticulum7 (catecholaminergic polymorphic ventricular 
tachycardia). Therefore, it has become urgent for the safety pharmacology community to 
find more reliable surrogates predicting proarrhythmic properties and/or develop new 
models for drug evaluation and elucidate the underlying molecular and physiological 
mechanisms, in order to suggest novel combination therapies to prevent drug-induced 
cardiac arrhythmias.

develoPment of sAfe drugs

current cardiovascular safety guidelines

Since the implementation in 2005 of the preclinical and clinical ICH S7b2 and 
E143 guidelines, none of the drugs brought to the market have been demonstrated 
to feature proarrhythmic effect in any patient population. In other words, no drug has 
been withdrawn due to evidences of TdP arrhythmias, illustrating that these guidelines 
fulfilled their role. However, while being very sensitive, this approach suffers from lack of 
specificity because hERG blockade liability and QT interval prolongation have not been 
demonstrated as strong surrogates in quantifying the proarrhythmic risk of a chemical 
entity. Moreover, pharmaceutical companies used some caution to conduct clinical 
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investigations with drugs that had showed during preclinical development IKr blocking 
properties and prolongation of repolarization, even if no proarrhythmic effect was 
reported. Labelled “drugs at risk” by the current guidelines, companies would struggle 
to have them approved by regulatory authorities for commercialization. It has therefore 
become an increasing challenge for pharmaceutical companies to develop drugs that 
are devoid of “acute” hERG channel blockade properties. As a consequence, this may 
result in the discontinuation of promising drug candidates that would be possibly free of 
torsadogenic effect.

rationalized drug design

The rationalized design of a non-cardiac drug devoid of hERG blockade often 
starts with computational models. Based on the 3D modelling of the hERG channel pore 
cavity, the chemical structure of known hERG channel blockers and the nature of drug–
channel interactions, models can establish structure-activity relationships, identifying 
substructure (pharmacophore) within the new chemical entities likely to interact with the 
pore of the channel.8 Complementary to this, compounds are then screened in silico for 
their structure-based interaction with hERG homology modelling. Because a crystallized 
form of hERG channel is currently not available and its architecture resembles other K+ 
channels, the systems used are surrogate K+ channels that mimic open and closed states 
of the hERG channel9,10 providing qualitative rather than predictive outcomes. Therefore, 
efforts are currently made to find a consensus for a better prediction of hERG blockade 
liability at an early stage of drug discovery.11

Introduction to a new safety paradigm: the comprehensive in vitro 
Proarrhythmic Assay

More recently, a new concept emerged for the evaluation of the proarrhythmic 
risk liability of a new chemical entity: the Comprehensive in vitro Proarrhythmic Assay 
(CiPA).4,12 Instead of only focusing on repolarization delay related to hERG channel 
blockade, evaluation of drug effects on the major repolarizing and depolarizing currents 
along with simulated human ventricular action potential and human stem cell-derived 
cardiomyocytes (hSC-CMs) aims to provide a more complete and accurate dataset for 
evaluating the proarrhythmic liability risk, including sensitivity and specificity, of a new 
drug entity.

The rationale underlying this new paradigm is simple: many currently marketed 
drugs that are known to inhibit hERG channel do not feature torsadogenic effect as a 
result of the concomitant blocking effect on calcium and sodium currents (e.g. ranolazine, 
amiodarone, verapamil). Blockade of these depolarizing currents counteracts the 
delaying effects on repolarization caused by the concomitant hERG channel blockade, 
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resulting in a low proarrhythmic risk liability. This further supports that evaluating a drug 
on multiple ion currents provides a better proarrhythmic prediction compared to the sole 
hERG blockade assay.13

As a first approach, high-throughput standardized and automated in vitro assays will 
include profiling (IC50) drug effects on the main cardiac ion currents (IKr, IKs, IK1, Ito, ICaL, INa) 
in transfected heterologous expression systems. Supplemental experiments will uncover 
influence of compounds on channel gating properties including activation, inactivation 
and deactivation rates as well as voltage-, state- and use-dependence. Next, the collected 
dataset will be incorporated into a computational model simulating a human ventricular 
action potential14-16 to detect any potential prolongation of repolarization as well as 
incidence of early and delayed afterdepolarizations, the cellular electrophysiological 
basis of proarrhythmic triggered activity in cardiac myocytes. In a second approach, 
hSC-CMs have been suggested as a system providing a more physiologically adequate 
model of evaluation. Using automated high-throughput platforms employing multi-
electrode arrays or voltage sensitive dyes, respectively extracellular field potential and 
optical action potential can be recorded from monolayers of hSC-CMs. Both methods 
can detect delaying effects on repolarization as well as occurrence of proarrhythmic 
events, which may confirm previous in silico studies.16

Ultimately, once standardized experimental protocols are validated under Good 
Laboratory Practices using reference drugs with known torsadogenic risk, the CiPA 
proposal will be most likely considered to be implemented for a regulatory purpose by 
the health authorities. Altogether, these data aim to help pharmaceutical companies to 
categorize drugs candidates into low, moderate or high proarrhythmic liability, and this 
during the early phase of development. But still, the CiPA proposal comes with some 
limitations.

Only focusing on the acute effects of a drug on the cardiac ion channels, as in the 
new CiPA proposal or in the current ICH S7b guideline, however, lacks evaluation of 
compounds upon chronic exposure such as drug-induced defective ion channel trafficking. 
First studied in congenital LQTS, defective ion channel trafficking has been found more 
recently as a mechanism for drug-induced arrhythmias: up to 40% of hERG blockers have 
been found to alter trafficking.17 Therefore, it may be responsible for most of the drug-
induced LQTS.1 The resulting reduced amount of functional hERG channels expressed 
at the cell membrane is achieved through different mechanisms that impair anterograde 
trafficking including synthesis, maturation and transport processes, but also retrograde 
trafficking that involves internalization, degradation and recycling machinery.18 Alteration 
of backward trafficking, such as the endocytosis process, is usually observed shortly after 
onset of medication (from 30 minutes to 6 hours) becoming more pronounced after 24–
48 hours of drug treatment. On the other hand, deleterious effects on forward trafficking, 
reported only after long-term drug exposure (16–48 hours), are partly explained by the 
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half-life (8–11 hours) of the mature KV11.1 protein in HEK293 cells.18

Many compounds have successfully restored hERG channel expression at the cell 
membrane by rescuing the defective channel trafficking. However, most of these drugs 
that act as chaperone are also known as blockers, which severely limit their interest. 
Only drugs acutely affecting IKr at concentrations far above that of trafficking rescue 
may be then considered.18 Nonetheless, the two small molecules C6-TEA and C8-
TMA successfully rescued hERG channel in vitro while showing poor blockade potency, 
suggesting that the rescue function may be separated from the channel blockade.19 
Further in vivo characterization will be necessary to confirm these findings. Moreover, 
although more attention has been attributed to the rescue of forward trafficking, recent 
studies demonstrated that attenuation of backward trafficking through the inhibition the 
proteasome could maintain hERG density.20

Furthermore, additional investigations during drug development will remain 
necessary including isolated rabbit/dog ventricular cardiomyocytes, multicellular 
models (e.g. Purkinje fibres and ventricular wedge preparation) or perfused heart in 
a Langendorff setting. In contrast to murine species, rabbit and dog cardiomyocytes 
display action potential formats and underlying cardiac ion currents that are more similar 
to human cardiomyocytes. In addition, rabbit and dog models have been specifically 
used for their sensitivity (and specificity) to proarrhythmic challenges.21,22 It appears that 
animal models, despite of recent human cellular screening models, remain an essential 
step in safety pharmacology for their integration of the autonomous nervous system, 
mechanical workload and cell-to-cell coupling in drug screening. In these cellular and 
animal models, surrogate parameters such as triangulation of action potential1 or beat-
to-beat variability of repolarization have shown better positive and negative predictive 
values for proarrhythmic events than simple hERG blockade combined with delay of 
repolarization.23

clinical evaluation of the proarrhythmic risk

While the preclinical guideline ICH S7b is being currently refined with the 
introduction of the CiPA proposal, ICH E14 still rules the clinical proarrhythmic evaluation 
via the thorough QT study. Performed in healthy volunteers, according to a placebo-
controlled and crossover design, effect of the drug on QTc (QT corrected for heart rate) 
is compared to a reference compound (e.g. moxifloxacin). Depending on the extent 
of QTc prolongation, either the drug is considered as safe (≤5 ms), requires additional 
clinical investigations (5–15 ms) or fails the test (>15 ms). Although regulatory authorities 
still rely on this surrogate for the “drug approval” decision, the use of QT as a surrogate 
for drug-induced TdP arrhythmias arises strong criticism.23 Moreover, the necessity of 
such a costly clinical study is currently being questioned, when preclinical investigations 



Prevention of drug-induced arrhythmias

27

2

revealed neither hERG blockade liability nor prolongation of repolarization.24 Ideally, 
the thorough QT study could even be avoided if outcomes could be predicted solely 
based on drug pharmacological profile on cardiac ion currents, at an early stage of 
development.15

PreventIng drug-Induced ArrhythmIAs by 
combInIng drugs

From a general point of view, drugs blocking multiple ion channels have shown very 
limited propensity to induce TdP arrhythmias. Concomitant inhibition of the depolarizing 
calcium and sodium currents counteracts the prolonging effects on repolarization induced 
by the inhibition of potassium channels (e.g. verapamil and ranolazine). Developing 
drugs with such an electrophysiological profile might represent an interesting strategy, 
but it is, however, rather difficult to achieve. An alternative would be the combination 
of two drugs of which the latter is antiarrhythmic by blocking ICaL or even late INa, recent 
example is the development of GS-458967.25

modulation of herg channel activity

Two new pharmacological strategies were recently developed to prevent 
arrhythmias due to drug-induced inhibition of IKr. Both are based on the idea to combine 
drugs that have off-target effects on IKr with an adjuvant that prevents inhibition of IKr 
channels, leaving the on-target effects intact.

hERG agonists

Since the first agonist was synthetized in 2005, several have been developed 
and electrophysiologically characterized, modulating the gating properties of the 
hERG channel via distinct or combined mechanisms: slowing the rate of deactivation 
or inactivation, shifting the voltage sensitivity of channel opening to more negative 
potentials or increasing the open probability.26 As a consequence, all agonists shortened 
action potential duration of cardiomyocytes in which the repolarization reserve was 
challenged by inhibition of IKr or IKs. As an example, the agonist ICA-105574 showed 
the most pronounced effect on IKr, thereby severely shortening repolarization in isolated 
guinea pig cardiomyocytes,27 and reducing QTc in Langendorff perfused rabbit hearts 
and in anesthetized dogs.28 More importantly, ICA-105574 could successfully prevent, 
but not suppress, TdP arrhythmias in an isolated porcine heart model.29 Although the 
binding sites of some of these molecules have not been completely elucidated, others 
are suggested to bind to the same site as hERG blockers,30 potentially leading to a 
competitive interaction with the hERG blocker. A potential side effect of hERG agonists 
that needs to be considered carefully is that they may pose a proarrhythmic risk,26 as 
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shortening action potential duration may favour sustenance of re-entry circuits.

Allosteric modulation of hERG blockade

Most of the hERG blockers interact with the channel via the transmembrane region 
and more specifically with the pore cavity. However, multiple binding sites have also 
been identified, not only at the transmembrane region but also extracellularly.31 Between 
these different binding sites, a plausible allosteric modulation has been hypothesized, 
suggesting that the interaction at a site topographically opposite from the pore cavity 
would modify the binding kinetics of a hERG blocker by changing the conformational 
structure of the channel. Supporting this approach, erythromycin, a weak hERG blocker, 
has been shown to significantly reduce up to 22-fold the affinity of terfenadine and 
thioridazine.31 In addition, the experimental compound LUF6200 exhibited similar 
allosteric properties in a radioligand binding assay using two hERG blockers, [3H] 
dofetilide and [3H] astemizole.32 Of interest is a very recent study that demonstrated 
that allosteric modulation of hERG channel blockade by LUF7244 could even prevent 
incidence of sertindole and astemizole-induced early afterdepolarizations, as well as TdP-
like tachyarrhythmias in a model of neonatal ventricular rat cardiomyocytes.33 Although 
in vitro testing in adult cardiomyocytes and in vivo investigations will be required to 
confirm these preliminary results, it suggests that allosteric modulation may represent an 
interesting pharmacological approach to address cardiotoxicity related to the undesired 
blockade of the hERG channel.

treatment of drug-induced long Qt syndrome

As previously mentioned, many pharmacological classes such as antibiotics, 
antimycotics, antidepressives, antipsychotics, sedatives or anaesthetics are known to 
prolong QT interval in patients. Moreover, vulnerable patients with reduced repolarization 
reserve (e.g. structural heart disease or electrolyte disturbances) are more prone for drug-
induced delay of repolarization. Therefore, identification of these patients along with the 
therapeutic benefits balanced with risk of QT prolongation has to be determined before 
the onset of the treatment.34,35

Management of drug-induced LQTS mainly relies on the discontinuation of the 
incriminated drug, associated with verapamil, beta-blockers and isoproterenol or pacing.36 
Magnesium sulphate, independently of magnesium serum levels, is administered as well 
as potassium to maintain kalemia in high normal range.37

Furthermore, in atrial fibrillation patients, co-administration of magnesium sulphate 
to class III antiarrhythmic drug has shown better cardioversion success rate associated 
with a lower risk of subsequent ventricular arrhythmias.38
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dIscussIon
The new CiPA proposal reflects the wish from the cardiac safety community to 

rationalize proarrhythmic assessment of new chemical entities by integrating effects on 
major cardiac ions currents. The sole evaluation of these ion currents may not explain 
entirely the whole cardiac electrophysiology, but when combined with computational 
models simulating human ventricular action potential and hSC-CMs, it aims to identify 
interaction of the drug with the main components of the cardiac electrical activity and to 
quantify and categorize proarrhythmic properties of drug candidates to better establish 
a benefit–risk ratio at the earliest stage of development. However, while representing 
a breakthrough in the safety pharmacology landscape, this concept still has some 
limitations.

Firstly, hSC-CMs have been presented as a promising cellular model to address cardiac 
safety evaluation potentially replacing some current safety assays.39 The human origin 
of the stem-cell-derived cardiomyocytes is indeed an important benefit. Nonetheless, 
when compared to adult cardiomyocytes, their immature electrophysiological phenotype 
(lack of IK1, poor calcium-induced calcium release from the sarcoplasmic reticulum, 
sodium-calcium exchanger not reported)40 and foetal ultrastructural features (absence 
of T-tubules, underdeveloped contractile machinery)41 have to be considered carefully 
when designing experiments. Hence, some caution should be taken regarding their 
use for such a purpose; their sensitivity to detect proarrhythmic triggers different than 
hERG channel blockade, such as enhancement of INa, reactivation of calcium channels 
or inhibition of IKs,

40,42 may impose limits on their implementation. Moreover, some 
discrepancies in results have been reported when compared with established in vitro and 
in vivo models,43 which may eventually lead to a high rate of false positive and negative 
results regarding the proarrhythmic risk.44 However, these conflicting results may partly be 
solved by the genetic, electrophysiological and pharmacological characterization of the 
cell lines used; the standardization of the culture conditions and experimental protocols; 
and the evaluation of a wide panel of reference compounds, currently on-going,16 to 
assess the extent by which this model enables proper prediction of proarrhythmic trigger.

Secondly, the use of computational simulations to predict the effects of drug on 
the human adult cardiac action potential is likely to improve prediction of proarrhythmic 
effects of drugs, but there are also some limitations. The models that are commonly used 
are deterministic, i.e. given the same input parameters, resulting action potentials will 
be the same every time. In contrast, real cardiomyocytes display beat-to-beat variability, 
and increases in this variability are related to arrhythmogenesis. This aspect is therefore 
not well captured by current models. In addition, drug effects are typically derived from 
voltage clamp experiments, resulting in IC50 values that can be implemented using a 
concentration-effect (Hill) equation for individual ion currents in the model (e.g. AP-
predict, Williams and Mirams).45 While a sensible approach that matches well with 
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available drug effect data from high-throughput automated patch clamp experiments, 
it does rely on assumptions about the drug mode of action, which may or may not 
be correct. Moreover, although dataset from additional hERG channel studies (voltage-, 
use-, rate-dependence and kinetics) is likely to improve the predictive value of the 
computational O’Hara-Rudy model,16 this latter refers to the Hodgkin-Huxley paradigm, 
assessing voltage-dependent drug effects on steady-state conditions. However, the 
channel state-dependent blockade is rather difficult to represent in such a scheme 
although recent studies have proposed novel channel representations using Markov 
chain models to address this limitation.46,47

Thirdly and most importantly, this new proposal lacks assays evaluating effects 
related to chronic exposure,4,16 although defective trafficking has been recognized as 
a key player in cardiac arrhythmias. An illustrative example can be found in probucol, 
removed from the US market because of its inherent risk of TdP in patients. This 
antilipemic drug, while devoid of any acute IKr block, significantly alters hERG channel 
forward trafficking,18 underlying its torsadogenic properties. Moreover, most of the 
congenital LQTS type 2 have been related to a defective trafficking process, leading 
to a reduced amount of functional channels, rather than loss-of-function mutations.48 
So far, drug-induced defects in ion channel trafficking have been mostly studied for the 
hERG channel. However, expression of other major cardiac ion channels may be affected 
by drug administration.49 Therefore, trafficking defect in a broader range of cardiac 
ion channels should be carefully considered.18 The ion channel trafficking machinery in 
HEK293 cells and hSC-CMs may not completely reflect that of an adult cardiomyocyte, 
suggesting that the defecting effects revealed in these models may not be reproduced 
completely in adult cardiomyocytes. A clear benefit of these two models is that chronic 
drug exposure assays can be performed easily. Hence, effects of drug-induced defective 
trafficking could be revealed (IC50) in transfected HEK293 (with KV7.1, KV11.1, Kir2.1, 
CaV1.2 or NaV1.5) using the same automated patch-clamp platforms. Once collected, 
data from both acute and chronic exposures could therefore be integrated into the 
computational model of human action potential for an improved prediction taking into 
account acute and chronic effects. Likewise, any effect on repolarization time of hSC-
CMs exposed to chronic drug treatment could also be determined along with incidence 
of proarrhythmic events.

Most of the investigations related to the rescue of defective trafficking have been 
performed in congenital LQTS models and only a few in drug-induced trafficking defect.49 
Trafficking represents a new field in the cardiac safety paradigm and new models and 
techniques are required for a better understanding of mechanisms and possible rescue 
targets.50,51 

At present, the CiPA proposal represents a step toward a better safety evaluation 
of new chemical entities using high-throughput, automated and simulated systems 
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at an early stage of drug development. However, the use of simplified and immature 
systems of evaluation – despite on-going thorough genetic, electrophysiological 
and pharmacological characterizations and validations with reference drugs – do not 
completely make this new paradigm suitable for a regulatory purpose. Furthermore, 
because determining effect on action potential duration in adult cardiomyocytes is 
recommended by the current guidelines, influence on repolarization in hSC-CMs does 
not bring additive value to it. Hence, this paradigm seems rather appropriate for drug 
lead identification and/or optimization.

For the prevention of drug-induced arrhythmias, because their effect has been 
more clearly characterized, modulators of hERG activity would represent the best future 
pharmacological alternative to prevent drug-induced arrhythmias. Although some hERG 
agonists have shown very promising results preventing incidence of TdP in vivo, the 
proarrhythmic risk inherent to their pharmacology may represent a threat. Therefore, the 
ideal hERG activator would require higher affinity for hERG channel than other cardiac 
channel and a higher affinity than hERG blocker to the channel, associated with a limited 
intrinsic activity that does not cause an excessive shortening of the action potential. 
Therefore, the very recent concept of allosteric modulation of hERG blockade may 
represent an interesting alternative to prevent cardiotoxicity of drugs inhibiting IKr as an 
undesirable effect, although supplemental in vivo studies are required to further support 
this approach.

Unfortunately, drug-induced LQTS and associated cardiac arrhythmias are not 
related only to the risk inherent to the drug. Structural heart disease and electrolyte 
disturbances are risk factors known to reduce repolarization reserve, exposing patients 
to develop drug-induced LQTS. In addition, genetic variations of genes encoding main 
cardiac ion channels (e.g. KCNQ1, KCNH2, SCN5A, KCNE1) have been found in about 
10% of drug-induced LQTS cases. Congenital LQTS has not been diagnosed by these 
patients since they feature a subclinical QT interval prolongation which is, however, 
exacerbated upon administration of drug delaying repolarization.52 This further supports 
the hypothesis that these genetic variations represent a latent form of the congenital 
form of LQTS.53

As a conclusion, drugs free of proarrhythmic effects can be developed through a 
rationalized drug design associated with a better understanding of the cellular, molecular 
and genetic mechanisms underlying drug-induced cardiac arrhythmias. Improved 
models to assess proarrhythmic effects will be achieved by extending the scope of 
assessment, especially in the field of protein trafficking. As a result, cardiac risk liability 
will be predicted more reliably than the previous hERG-centric paradigm and novel 
pharmacological strategies will be developed to prevent drug-induced arrhythmias.
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exPert commentAry
The current cardiovascular safety guidelines, evaluating solely proarrhythmic 

properties of a drug candidate related to hERG channel blockade-induced QT prolongation, 
have failed to specifically detect torsadogenic propensity of new drug candidates. For 
this reason, the new safety paradigm (CiPA) was recently proposed as a refinement using 
in vitro and in silico models, based on the electrophysiological understanding of cellular 
proarrhythmic mechanisms (early and delayed afterdepolarizations). In this strategy, 
the evaluation of drug effects on the main cardiac ion channels, the use of automated 
and high-throughput platforms and human-sourced cardiomyocytes are the major 
advantages. However, the use of simplified and immature models makes this proposal 
not suitable for a regulatory purpose, but rather appropriate for drug lead identification 
and optimization at an early stage of development. Furthermore, drug-induced defective 
ion channel trafficking, which may be responsible of most of the drug-induced LQTS, 
should be more carefully considered in the safety landscape. Mechanisms underlying its 
rescue still need to be further investigated.

fIve-yeAr vIew
Over the next five years, it is envisaged that there will be improved genetic, 

electrophysiological and pharmacological characterization and validation of the extent 
to which (human) stem-cell-derived cardiomyocytes can predict the proarrhythmic 
properties of drugs. Additionally, there will be standardization of the cellular and 
molecular assays evaluating drugs’ chronic effects on main cardiac ion channels, with 
a particular focus on drug-induced defective ion channel trafficking, and integration 
into the preclinical cardiac safety guidelines. Improvement of the current computational 
models of ventricular action potential aiming to simulate beat-to-beat variability of 
repolarization is also likely. Further development of pharmacological strategies, such 
as hERG channel modulation and defective trafficking rescue, should become a reality.
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Key Issues
Drug-induced long QT syndrome has been closely associated with the blockade 

of the hERG channel carrying the outward delayed rectifier potassium current (IKr). The 
current preclinical safety guideline ICH S7b imposes the evaluation of repolarization 
delay related to IKr inhibition that are used as surrogates for the assessment of the 
proarrhythmic risk liability of novel chemical entities. 

Limited especially in the field of specificity, this evaluation strategy needed to be 
refined. Therefore, a new cardiac safety concept recently emerged for in vitro evaluation 
of proarrhythmic properties of new chemical entities, the Comprehensive in vitro 
Proarrhythmic Assay (CiPA): it integrates acute drug effects on main cardiac ion (calcium, 
sodium and potassium) channels combined with computational modelling (of human 
ventricular action potential) and human stem cell-derived cardiomyocytes, aiming to 
improve the prediction of proarrhythmic risk liability. 

However, this proposal also has limitations related to the assumptions made from 
computational modelling of action potential (not capturing beat-to-beat variability of 
repolarization), drug’s mode of action (determined with acute IC50 on the main cardiac ion 
currents and channel state-dependent effect not addressed) and human embryonic stem 
cell-derived cardiomyocytes that display rather immature electrophysiological phenotype 
and foetal ultrastructural features. Therefore, further genetic, electrophysiological and 
pharmacological characterizations along with standardization of experimental protocols 
will be necessary to limit the variability of response to reference proarrhythmic triggers. 

At present, using automated high-throughput platforms in simplified and immature 
models, the proposed paradigm seems to be rather suitable for drug lead identification 
and optimization within a development program than appropriate for a regulatory 
purpose helping health authorities. 

More importantly, while defective ion channel (hERG) trafficking has been 
hypothesized to be responsible for most of the drug-induced long QT syndrome, its 
evaluation upon drug chronic exposure remains, however, uncovered by the proposal. 

Finally, to prevent cardiotoxicity related to the undesired blockade of hERG 
channel, novel pharmacological strategies modulating hERG channel activity (agonists 
and allosteric modulators) are currently under development as well as pharmacological 
rescue of defective hERG channel trafficking.
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AbstrAct
Current inotropic agents in heart failure therapy associate with low benefit and 

significant adverse effects, including ventricular arrhythmias. Istaroxime, a novel Na+/
K+-transporting ATPase inhibitor, also stimulates SERCA2a activity, which would 
confer improved inotropic and lusitropic properties with less proarrhythmic effects. 
We investigated hemodynamic, electrophysiological and potential proarrhythmic and 
antiarrhythmic effects of istaroxime in control and chronic atrioventricular block (CAVB) 
dogs sensitive to drug-induced Torsades de Pointes arrhythmias (TdP). In isolated normal 
canine ventricular cardiomyocytes, istaroxime (0.3 – 10 µM) evoked no afterdepolarizations 
and significantly shortened action potential duration (APD) at 3 and 10 µM. Istaroxime 
at 3 µg/kg/min significantly increased left ventricular (LV) contractility (dP/dt+) and 
relaxation (dP/dt–) respectively by 81 and 94% in anesthetized control dogs (n=6) and 
by 61 and 49% in anesthetized CAVB dogs (n=7) sensitive to dofetilide-induced TdP. 
While istaroxime induced no ventricular arrhythmias in control conditions, only single 
ectopic beats occurred in 2/7 CAVB dogs, which were preceded by increase of short-
term variability of repolarization (STV) and T wave alternans in LV unipolar electrograms. 
Istaroxime pre-treatment (3 µg/kg/min for 60 min) did not alleviate dofetilide-induced 
increase in repolarization and STV, and mildly reduced incidence of TdP from 6/6 to 4/6 
CAVB dogs. In six CAVB dogs with dofetilide-induced TdP, administration of istaroxime 
(90 µg/kg/5min) suppressed arrhythmic episodes in two animals. Taken together, 
inotropic and lusitropic properties of istaroxime in CAVB dogs were devoid of significant 
proarrhythmic effects in sensitive CAVB dogs, and istaroxime provides a moderate 
antiarrhythmic efficacy in prevention and suppression of dofetilide-induced TdP.
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IntroductIon
The use of positive inotropic drugs, essential for the treatment of acute and chronic 

heart failure (HF), is strongly restricted due to inherent life-threatening adverse effects. 
Although prescribed to restore or maintain cardiac output, a number of clinical trials 
demonstrated increased risk to ventricular arrhythmias associated with dobutamine, 
milrinone or levosimendan in acute HF or digoxin in advanced stage of the disease.1 In 
addition, clinical data showed that most of these inotropic agents would not improve 
overall clinical outcomes and even be deleterious due to marginal therapeutic benefits 
associated with significant adverse effects.1 Therefore, development of an effective 
inotropic agent, devoid of proarrhythmic risk liability in vulnerable patients, is urgently 
needed.2 

Istaroxime is a Na+/K+-transporting adenosine triphosphatase (Na+/K+-ATPase) 
inhibitor, which exerts positive inotropic effects. However, in contrast to digoxin, which 
also inhibits the Na+/K+-ATPase, istaroxime stimulates the sarcoplasmic reticular Ca2+-
ATPase isoform 2a (SERCA2a), thereby enhancing Ca2+ sequestration by the sarcoplasmic 
reticulum (SR). This results in an increased Ca2+ release during systole (inotropy) and 
a reduced cytosolic Ca2+ levels during diastole, improving relaxation (lusitropy). This 
additional pharmacological characteristic seems to confer istaroxime an improved safety 
profile compared to digoxin, known for its narrow therapeutic margin and enhanced 
proarrhythmic risk.1,3,4

Although in HF patients the total mortality is the highest at the advanced 
(decompensated) stage due to cardiac pump dysfunction, sudden (arrhythmic) cardiac 
death mostly occurs at early and compensated stages of HF.5 Therefore, in this patient 
group, additional proarrhythmic triggers should be minimized. To date, the proarrhythmic 
effects of istaroxime and its potency to improve cardiac systolic function in relation with 
its positive inotropy and molecular mechanisms have been studied exclusively in failing 
heart animal models3,6-9 and HF patients.10-12 Therefore, the proarrhythmic properties 
of istaroxime remain to be explored in a sensitive animal model representing the 
proarrhythmic vulnerability of this patient population (compensated/early stage of HF).

The chronic atrioventricular block (CAVB) dog is a model of compensated cardiac 
hypertrophy characterized by its enhanced sensitivity to afterdepolarizations-dependent 
ventricular arrhythmias upon administration of positive inotropes (ouabain) or IKr blockers 
(dofetilide or sertindole).13-15 This proarrhythmic vulnerability results from the alteration of 
Ca2+ handling and downregulation of repolarizing potassium currents,13 which together 
favour non-homogenous prolongation of repolarization at both temporal and spatial 
levels.16,17 For this reason, this animal model has been widely used in proarrhythmic drug 
screening,16 but also to determine the antiarrhythmic efficacy of a number of interventions 
against drug-induced Torsades de Pointes arrhythmias (TdP).18 
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The goal of the present study was first to assess the hemodynamic, electrophysiological 
and proarrhythmic properties of istaroxime in control dogs in comparison to CAVB dogs 
sensitive to drug-induced ventricular arrhythmias. Secondly, potential antiarrhythmic 
effects of istaroxime were explored in prevention and suppression of dofetilide-induced 
TdP in CAVB dogs.

mAterIAls And methods

Animal experiments 

Animals

The investigation conforms to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH Publication N0.85-23, 
revised 1985) and to the Directive 2010/63/EU of the European Parliament and of the 
Council of 22 September 2010 on the protection of animals used for scientific purposes 
and to the Dutch Law on animal experimentation and was approved by the Committee 
for Experiments on Animals of Utrecht University.

Animal studies are reported in compliance with the ARRIVE guidelines.19 The 
current study has no implications for replacement, refinement or reduction. 

Dogs were housed in pairs in conventional dog kennels (approximately 8 m2) 
containing wooden bedding material. Animals had access to water ad libitum and 
received dog food pellets twice a day. Cages were enriched with playing tools and 
animals were allowed to play in groups in an outdoor pen (50 m2) once a day. Dogs were 
checked for comfort and health every day and body weight was established once a week.

Animal preparation

A total of 10 adult mongrel dogs (Marshall, USA; 1 female, 26 ± 3 kg) were included 
in this study. Atropine, methadone and acepromazine (intramuscularly at 0.5, 10 and 10 
mg, respectively) were given as premedication. In all experiments, general anesthesia 
was induced by pentobarbital (Nembutal, 25 mg/kg intravenously) and maintained by 
isoflurane (1.5%) via the ventilation system (O2/N2O mixture; 1:2 ratio). Perioperative 
care included antibiotic prophylaxis and analgesia using ampicillin (1000 mg, before and 
after the experiment, intravenously and intramuscularly, respectively) and buprenorphin 
(Temgesic, 0.3 mg intramuscularly after the experiment).

After the sinus rhythm experiment was completed, a screw-in lead was brought to 
the right ventricular (RV) apex via the jugular vein and connected to an internal pacemaker 
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(Medtronic, Maastricht, The Netherlands) implanted subcutaneously. Ablation of the His 
bundle was then performed by radiofrequency as previously described13 in order to 
create complete and irreversible third degree AV block. A recovery interval of 2 weeks 
was given to the animals between 2 consecutive anesthetized experiments. At the end 
of the final in vivo experiment and while still under anesthesia, heparin (10 000 I.U., i.v.) 
was given and right side thoracotomy was performed after which the beating heart was 
excised from the thoracic cavity.

Data acquisition

All experiments comprised the continuous recording of surface electrocardiogram 
(ECG) along with endocardial electrical signals acquired from the left ventricle (LV) and 
RV using EPTracer software (Cardiotek, Maastricht, The Netherlands): a duo-decapolar 
catheter (St Jude Medical, St Paul, MN, USA) recording unipolar electrograms (EGM) 
from up to 10 different locations or a monophasic action potential (MAP) catheter (Hugo 
Sachs, Germany) in the LV (LV MAP), and a MAP in the RV (RV MAP). In addition, systemic 
arterial pressure (via femoral sheath) and LV pressure via a sensor catheter (CD Leycom 
Inc., Zoetermeer, the Netherlands) were also recorded.

Data analysis

Offline analysis of hemodynamic parameters (CD Leycom) included end systolic 
and end diastolic pressures from LV (ESP and EDP, respectively) and systolic and diastolic 
femoral artery pressures (SAP and DAP, respectively), along with the maximal rise and 
decay of LV pressure (dP/dt+ and dP/dt–, respectively). All values were retrieved and 
averaged from 10 consecutive beats. Surface ECG intervals (RR, PQ, QRS and QTc 
using the van de Water correction for heart rate20) were measured offline with EPTracer. 
LV activation recovery interval (LV ARI, derived from EGM) or LV monophasic action 
potential duration (LV MAPD, measured at 80% repolarization and derived from MAP 
catheter), and RV MAPD (measured at 80% of repolarization) were determined with their 
associated short-term variability value (LV and RV STV) using the custom made software 
AutoMAPD (Matlab, Mathworks, Natick, MN, USA).

Incidence of arrhythmic events, as being single and multiple EB (sEB and mEB, 
respectively) and TdP, was determined along with an arrhythmia score (AS),21 calculated 
as the average of the 3 most severe arrhythmic events occurring within 10 min after the 
start of dofetilide infusion. Each arrhythmic event was scored as n+1 points, n being 
the number of ectopic beats of the episode. Consecutive defibrillations required to 
restore normal heart rhythm were scored 50, 75 and 100 points for 1, 2 and ≥3 electrical 
cardioversions, respectively.
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Sinus rhythm protocol

After a 10 min baseline period, istaroxime (APExBIO, Houston, TX, USA) was infused 
to 6 normally conducted sinus rhythm dogs at 3 µg/kg/min for 60 min followed by a 30 
min washout period. This dose of istaroxime was chosen based on the significant positive 
inotropy demonstrated by previous studies.7,9 Effects of istaroxime on hemodynamic and 
electrophysiological parameters were determined at 30 min, at the end of infusion (60 
min) and at the end of 30 min washout.

Chronic atrioventricular block protocol

Experiments in CAVB dogs were conducted after a period of at least 3 weeks under 
idioventricular rhythm, once ventricular remodelling is achieved.13

Inducibility experiment

The susceptibility of CAVB dogs to drug-induced TdP was tested in a first 
experiment by the administration of the proarrhythmic drug dofetilide (Procter & Gamble 
Pharmaceuticals, Cincinnati, Ohio, USA) at 25 µg/kg/5min. A TdP episode was defined 
as a polymorphic ventricular tachycardia of at least 5 ectopic beats (EBs) characterized 
by their twisting shape of QRS complexes around the isoelectric line. Only dogs with 
repetitive TdP (>3 episodes) within 10 min after onset of dofetilide infusion were included 
for further istaroxime experiments. Electrophysiological parameters were derived from 
surface ECG and LV and RV MAP.

Prevention experiment

After a baseline period, istaroxime was infused at 3 µg/kg/min for 60 min to 7 
dofetilide-inducible CAVB dogs. Hemodynamic (derived from femoral and LV pressure 
catheter), electrophysiological (ECG, LV EGM and RV MAP) and proarrhythmic effects 
(arrhythmia incidence and AS) of istaroxime were determined within the first 50 min 
of the infusion. Hereafter, in 6 of these dogs, a dofetilide challenge (25 µg/kg/5min) 
was administered during the continuation of istaroxime infusion. The preventive 
antiarrhythmic effects of istaroxime were determined by comparing the potency of 
dofetilide to induce arrhythmic events (TdP) in the absence (inducibility experiment) and 
presence of istaroxime (prevention experiment).

Suppression experiment

The suppressive antiarrhythmic effect of istaroxime (90 µg/kg/5min) was tested 
after the induction of repetitive TdP by dofetilide (25 µg/kg/5min). In such experiment, 
istaroxime needs to be administered within a short time interval to investigate its possible 
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antiarrhythmic properties. The dose, infused for 5 min, was determined as half of the 
total dose administered during sinus rhythm or CAVB prevention protocols (3 µg/kg/min 
for 60 min = 180 µg/kg /2 = 90 µg/kg/5min). Electrophysiological parameters derived 
from surface ECG were measured with LV and RV MAPD and their associated STV values.

cellular electrophysiology

Ventricular cardiomyocytes were isolated from 2 normally conducted Beagle dogs 
(generously provided by WIL Research Europe, s’Hertogenbosch, The Netherlands) 
following a procedure already described.22 Using patch clamp technique (ruptured 
patch, current clamp configuration), action potentials were triggered at a basic cycle 
length of 2000 ms (0.5 Hz) and recorded using pCLAMP 10 software (Molecular Device, 
Sunnyvale, CA, USA). Cardiomyocytes were continuously superfused with normal Tyrode 
solution (37 ± 1°C) containing (in mM) NaCl 137, KCl 5.4, MgCl2 0.5, CaCl2 1.8, HEPES 
11.8 and glucose 10 (pH=7.4). Patch pipettes (resistance 1.5 – 2.5 MΩ) were filled with 
the following internal solution (in mM) KCl 130, NaCl 10, HEPES 10, MgATP 5 and MgCl2 
0.5 (pH=7.2).

After a 3 min baseline recording, effects of successive concentrations of istaroxime 
(0.3, 1, 3 and 10 µM) on action potential duration (APD, measured at 90% of repolarization) 
and its associated STV were measured using Matlab software (version R2014a, Mathworks, 
Natick, MA, USA). Incidence of early or delayed afterdepolarizations (EADs and DADs, 
respectively) was determined for each concentration.

statistical analysis

All values are expressed as mean ± standard deviation. Data were analyzed using 
non-parametric (for arrhythmia score) or parametric (for electrophysiological parameters) 
paired t-test or repeated measurement one- or two-way analysis of variance (ANOVA), 
associated with Dunnett or Bonferroni post hoc comparison. Arrhythmia (sEB, mEB, TdP) 
incidence was tested with the McNemar test. Statistical analysis was performed using 
Prism software (version 6.0c, GraphPad, La Jolla, CA, USA). All differences with p<0.05 
were considered significant.
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results

Istaroxime shortened action potential duration in canine ventricular 
cardiomyocytes

In canine isolated ventricular cardiomyocytes, istaroxime at 0.3 and 1 µM had 
no effect on cellular repolarization (Figures 1A and 1B, see the Supplementary Table). 
However, tested at 3 and 10 µM, istaroxime significantly shortened APD (both p<0.05; 
Figures 1A and 1B, Supplementary Table) without affecting STV (Figure 1C). None of the 
concentrations tested elicited EADs or DADs.
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Figure 1. Istaroxime shortens cellular repolarization of ventricular cardiomyocytes isolated from 
sinus rhythm dogs.
A. Representative examples of action potentials recorded at baseline and following successive 
concentrations (0.3, 1, 3 and 10 µM) of istaroxime. Each period depicts 15 consecutive overlaid action 
potentials. Individual changes in APD (B) and STV (C) after istaroxime concentrations. Values are depicted 
as individual data (plotted as delta vs. baseline value) and mean ± SD; * p<0.05 vs. Baseline.
APD: action potential duration (measured at 90% repolarization); STV: short-term variability of repolarization 
(calculated from 30 consecutive APD).
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Istaroxime exerted inotropy and shortened repolarization in normally 
conducted sinus rhythm dogs

In 6 normally conducted sinus rhythm dogs, the maximal electrophysiological and 
hemodynamic effects produced by istaroxime 3 µg/kg/min were observed at the end of 
infusion (60 min). Istaroxime significantly shortened repolarization parameters (Figure 
2A), including QTc and LV ARI (Table 1). Furthermore, istaroxime slightly reduced heart 
rate and PQ interval, while QRS remained unchanged (Table 1). In parallel, istaroxime 
exerted significant positive inotropy at 60 min compared to baseline, increasing ESP 
(Figure 2B, Table 1), and dP/dt+ (Figure 2C, Table 1). Despite EDP remained unchanged, 
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Figure 2. Istaroxime is positive inotropic and shortens repolarization in sinus rhythm dogs. 
A. Representative traces from ECG, EGM retrieved from 4 different regions in the LV (i2, i3, i4, i5) and RV 
MAP at baseline, during istaroxime administration (30 and 60 min, at the end of infusion), and after 30 
min of washout recorded in a control dog. Values depicted represent QTc (lead II), LV ARI (derived and 
averaged from recorded EGM) and RV MAPD. B. Representative LV pressure recordings at corresponding 
time points of the experiment. Dotted lines correspond to baseline levels of ESP and EDP. Values depicted 
represent ESP and EDP (averaged from 10 consecutive beats). C. LV pressure derivative at matching time 
points of panel B. Dotted lines correspond to baseline levels of dP/dt+ and dP/dt–. Values depicted 
represent dP/dt+ and dP/dt– (averaged from 10 consecutive beats).
EGM: endocardial unipolar electrogram; LV: left ventricle; RV MAP: right ventricular endocardial 
monophasic action potential; LV ARI: left ventricular activation recovery interval; RV MAPD: right ventricular 
monophasic action potential duration (measured at 80% repolarization); ESP: left ventricular end systolic 
pressure; EDP: left ventricular end diastolic pressure; dP/dt+: maximal rise in left ventricular pressure; dP/
dt–: maximal decay in left ventricular pressure.
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the rate of relaxation (dP/dt–) was also significantly augmented (Figure 2C, Table 1). 
After the 30 min washout period, all hemodynamic and electrophysiological parameters 
tended to revert to baseline values (Figure 2, Table 1). In the 6 dogs tested, no ventricular 
arrhythmias occurred during istaroxime infusion or washout.

the positive inotropic effect of istaroxime was not associated with 
proarrhythmic effects in sensitive chronic atrioventricular block dogs

Administered to 7 CAVB dogs, istaroxime (3 µg/kg/min) significantly enhanced 
inotropy and lusitropy at 50 min, by increasing ESP (Table 1, Supplementary Figure), 
as well as dP/dt+ and dP/dt– (Table 1). In addition, istaroxime significantly reduced RV 

Control dogs CAVB dogs

Parameters 
(ms)

Baseline
Istaroxime

3 µg/kg/min
(30 min)

Istaroxime
3 µg/kg/min

(60 min)

Washout
(30 min)

Baseline
Istaroxime

3 µg/kg/min
(25 min)

Istaroxime
3 µg/kg/min

(50 min)

SAP 92±10 112±12 ** 111±11 * 100±9 85±24 108±18 * 114±15 *

DAP 56±10 70±10 * 66±10 61±8 36±19 41±13 42±11

ESP 88±16 102±16 ** 103±16 *** 96±19 * 78±14 86±15 ** 90±12 **

EDP 18±17 17±18 15±18 17±18 10±3 10±3 11±6

dP/dt + 966±138 1506±230 ** 1691±246 *** 1264±160 ** 975±287 1358±546 * 1561±498 **

Change (%) - + 60±18 + 81±18 + 34±12 - + 38±26 + 61±24

dP/dt - 1152±257 1800±612 * 2041±567 * 1501±379 ** 1058±358 1397±485 * 1521±451 **

Change (%) - + 55±32 + 94±69 + 32±12 - + 34±21 + 49±26

RR 570±62 654±107 * 675±125 * 590±78 1236±267 1244±264 1271±264

PQ 112±11 122±15 * 125±15 ** 113±13 n.a. n.a. n.a.

QRS 72±2 73±2 74±2 74±2 109±16 110±17 110±16

QTc 298±9 279±11 *** 270±12 ** 285±7 *** 360±62 355±66 349±55

Change (ms) - - 19±5 - 28±12 - 13±4 - - 5±7 - 11±21

LV ARI 207±15 191±25 178±23 * 190±17 ** 278±25 281±40 275±45

RV MAPD 186±9 177±10 ** 174±16 * 177±13 248±15 236±17 * 231±12 ***

∆ MAPD 22±11 13±17 4±11 13±11 30±28 45±44 44±43

LV STV 0.4±0.4 0.7±0.7 0.6±0.4 0.7±0.5 1.0±0.5 2.0±1.7 1.9±1.4

RV STV 0.4±0.2 0.4±0.2 0.5±0.2 0.6±0.2 0.8±0.2 0.7±0.4 1.2±0.9

AS n.d. n.d. n.d. n.d. 1.0±0.0 - 1.3±0.5

Table 1. Hemodynamic (top) and electrophysiological (bottom) effects of istaroxime in control (n=6) 
and CAVB (n=7) dogs.

Values are represented as mean ± SD; comparison to corresponding baseline (control or CAVB dogs):          
* p<0.05, ** p<0.01, *** p<0.001 vs. Baseline.
SAP: systolic arterial pressure; DAP: diastolic arterial pressure; ESP: left ventricular end systolic pressure; 
EDP: left ventricular end diastolic pressure; dP/dt+: maximal rise in left ventricular pressure; dP/dt–: 
maximal decay in left ventricular pressure; n.a.: not applicable; n.d.: not determined; LV ARI: left ventricular 
activation recovery interval; RV MAPD: right ventricular monophasic action potential duration (measured 
at 80% repolarization); ∆ MAPD: interventricular dispersion of repolarization (calculated as ∆ MAPD = 
LV ARI – RV MAPD); LV STV: short-term variability of repolarization (from 30 consecutive LV ARI); RV STV: 
short-term variability of repolarization (from 30 consecutive RV MAPD); AS: arrhythmia score.
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MAPD, but not QTc or LV ARI despite a trend towards shortening durations (Table 1). 
Moreover, istaroxime did not evoke significant proarrhythmic events in inducible CAVB 
dogs during the 50 min infusion (Figure 3). Incidence of only sEBs was observed in 2/7 
CAVB dogs (Figure 3E), resulting in a small change of AS from 1.0 ± 0.0 at baseline to 
1.3 ± 0.5 over istaroxime infusion (ns; Figure 3F). Although the average LV STV was mildly 
increased (Table 1), these 2 dogs with sEBs exhibited an increase in LV STV (from 1.8 and 
1.4 ms to 3.0 and 3.9 ms, respectively) prior to the occurrence of the sEBs in association 
with a T-wave alternans observed in LV EGM (Figure 3D).

Figure 3. Istaroxime, devoid of proarrhythmic properties, does not prevent the incidence of 
dofetilide-induced Torsades de Pointes arrhythmias in CAVB dogs.
(A) Representative traces of ECG, EGM measured from different sites of the LV, and RV MAP at baseline and 
before the induction of TdP by a dofetilide challenge (25 µg/kg/5min) during the inducibility experiment. 
(B) Dofetilide evoked reproducible TdP in all 6 CAVB dogs, resulting in (C) the increase of individual AS. 
(D) In the same CAVB dogs, the administration of istaroxime (3 µg/kg/min) did not trigger any significant 
proarrhythmic episodes, despite T-wave alternans from LV EGM, and did not prevent TdP arrhythmias in 
4/6 dogs. (E) Incidence of arrhythmic events at baseline, istaroxime and dofetilide+istaroxime (dofetilide) 
conditions. Numbers above bars denote the number of dogs presenting arrhythmic events. (F) AS in 
individual animals upon istaroxime and dofetilide+istaroxime (dofetilide) conditions. Incidence of 
arrhythmia (B,E) is depicted in percentage. AS (C,F) is represented as individual values. Note: During 
the inducibility experiment, 2 CAVB dogs had the same AS at baseline and after dofetilide and therefore 
overlap (C). * p<0.05 vs. Baseline.
ECG: electrocardiogram; EGM: unipolar electrogram; TdP: Torsade de Pointes arrhythmia; CAVB: chronic 
atrioventricular block; sEB: single ectopic beat; mEB: multiple ectopic beat; AS: arrhythmia score.
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moderate antiarrhythmic effects of istaroxime against dofetilide-induced 
torsades de Pointes arrhythmias

Preventive and suppressive antiarrhythmic properties of istaroxime against 
dofetilide-induced TdP were assessed next. In the prevention setup, inducibility was 
tested first: dofetilide significantly prolonged repolarization parameters, such as QTc 
and RV MAPD, increased LV STV (Table 2), induced TdP in all 6 CAVB dogs (Figures 3A 
and 3B), and increased baseline AS (Figure 3C, Table 2). In the subsequent prevention 
experiment, dofetilide could still induce TdP in 4/6 animals (Figure  3D,E) despite 
istaroxime pre-treatment, resulting in a significant increase of AS (from baseline 1.0 ± 0.0 
to 39.3 ± 33.1 after dofetilide, p<0.05; Table 2). In addition, istaroxime pre-treatment did 
not alleviate the dofetilide-induced increase in most repolarization parameters such as 
QTc, LV ARI, or LV STV (Table 2).

In the suppression experiment, dofetilide significantly prolonged repolarization and 
LV STV (Table 2) and induced reproducible TdP in all 6 CAVB dogs (Figures 4A and 4B), 

Table 2. Electrophysiological parameters in evaluation tests of arrhythmia prevention (n=6) and 
suppression (n=6) by istaroxime against dofetilide (25 µg/kg/5min) induced TdP arrhythmias in CAVB 
dogs.

Arrhythmia prevention test Arrhythmia suppression test

Inducibility experiment Prevention experiment

Baseline
Dofetilide

25 µg/kg/5min

Istaroxime
90 µg/

kg/5min
Parameters 

(ms)
Baseline 1

Dofetilide
25 µg/kg/5min

Baseline 2
Istaroxime

3 µg/kg/min
 + Dofetilide

RR 1316±232 1368±169 $ 1275±269 1383±146 1191±249 1272±183 1323±140

QRS 96±29 97±29 109±18 103±26 95±19 97±19 93±13

QTc 384±67 593±64 $$$ 364±67 565±55 ** 389±49 561±52 ^^ 557±35 ^^

Change (ms) - + 208±96 - + 201±71 - + 172±66 + 168±70

LV ARI/MAPD 286±24 519±106 $$$ 284±23 428±36 * 281±27 471±115 ^ 475±131 ^

RV MAPD 256±25 427±82 $$ 247±16 329±23 *** § 255±28 368±88 378±140

∆ MAPD 30±31 92±49 $ 37±25 99±19 * 26±25 103±58 ^ 97±64 ^

LV STV 0.8±0.4 2.6±1.3 $$ 1.1±0.5 4.8±1.6 ** 1.1±0.6 3.3±1.9 ^ -

RV STV 0.7±0.3 1.9±1.1 $ 0.8±0.3 2.2±0.6 * 1.0±0.7 1.8±0.7 -

AS 1.0±0.0 37.2±15.7 $ 1.0±0.0 39.3±33.1 * 1.0±0.0 41.8±14.8 ^^ 25.2±21.5

Values are represented as mean ± SD;  $ p<0.05, $$ p<0.01, $$$ p<0.001 vs. Baseline 1; * p<0.05,                         
** p<0.01, *** p<0.001 vs. Baseline 2; § p<0.05 vs. Inducibility experiment (Dofetilide); ^ p<0.05,                           
^^ p<0.01 vs. Baseline (Suppression experiment).
LV ARI: left ventricular activation recovery interval; LV MAPD: left ventricular monophasic action potential 
duration (measured at 80% repolarization); RV MAPD: right ventricular monophasic action potential 
duration (measured at 80% repolarization); ∆ MAPD: interventricular dispersion of repolarization 
(calculated as ∆ MAPD = LV ARI/MAPD – RV MAPD); LV STV: short-term variability of repolarization 
(calculation from 30 consecutive LV ARI/MAPD); RV STV: short-term variability of repolarization (calculation 
from 30 consecutive RV MAPD); AS: arrhythmia score.
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resulting in the increase of AS (Figure 4C, Table 2). After the subsequent administration 
of istaroxime at 90 µg/kg/5min, TdP episodes were still present in 4 dogs (Figures 4A 
and 4B). Despite the suppression of TdP in 2 animals, the mild antiarrhythmic effect of 
istaroxime was associated with a high AS (Figure 4C, Table 2). In addition, istaroxime 
failed to reverse prolongation of repolarization parameters (Table 2), while STV values 
could not be retrieved due to the significant remaining ectopic activity.

dIscussIon
In the present study, the administration of istaroxime to normally conducted 

sinus rhythm and CAVB dogs significantly enhanced inotropy and lusitropy as well as 
shortened ventricular repolarization, although the magnitude of hemodynamic and 
electrophysiological changes was slightly higher under unremodelled conditions than 
following CAVB. Importantly, istaroxime evoked no significant proarrhythmic events while 
producing positive inotropy in CAVB dogs sensitive to drug-induced TdP. We report for 

Figure 4. Istaroxime mildly suppresses dofetilide-induced TdP arrhythmias in CAVB dogs.
(A) Example of ECG, LV and RV MAP traces at baseline and before dofetilide (25 µg/kg/5min)-induced TdP 
and following administration of istaroxime 90 µg/kg/5min. (B) Incidence of arrhythmic events at baseline, 
dofetilide and istaroxime suppression conditions. Numbers above bars denote the number of dogs 
presenting arrhythmic events. (C) AS in individual animals upon dofetilide and istaroxime suppression. 
* p<0.01 vs. Baseline.
ECG: electrocardiogram; TdP: Torsade de Pointes arrhythmia; CAVB: chronic atrioventricular block; sEB: 
single ectopic beat; mEB: multiple ectopic beat; AS: arrhythmia score. 
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the first time the moderate antiarrhythmic effect of istaroxime.

The positive inotropic and lusitropic effects observed in control dogs upon 
istaroxime administration, associated with Na+/K+-ATPase inhibition3,4,8 and stimulation of 
SERCA2a activity,23-25 have been already described in vitro,3,4,25 in healthy3 and failing3,6-8 
heart animal models as well as in HF patients.10-12,26 However, administration of the same 
dose of istaroxime to CAVB dogs yielded, although not statistically significant, a lower 
inotropic and lusitropic response. Since the Na+/K+-ATPase activity is not affected after 
CAVB remodelling,27 the lower potency of istaroxime to elicit inotropic effects under 
these conditions is likely due to the increased Ca2+ content of the SR,13 which may limit the 
extent of Ca2+ reuptake through SERCA2a. Previous studies showed that the maximum 
rate of Ca2+ reuptake by SR vesicles was higher from failing heart than healthy heart 
SR vesicles, suggesting an increased potency of istaroxime under failing conditions25,28 
when SERCA2a activity and SR Ca2+ content are reduced.25 Combined with our findings, 
it indicates that the cytosol-SR Ca2+ gradient may influence the enhancement of Ca2+ SR 
reuptake by istaroxime. Likewise, the reduced lusitropic effects of istaroxime observed in 
CAVB dogs may be associated with the resulting increased diastolic Ca2+ levels.

In addition, inhibition of SERCA2a activity is relieved upon phospholamban 
phosphorylation by protein kinase A under physiological conditions. A recent study 
showed that the stimulation of SERCA2a activity by istaroxime was associated with the 
relief of the inhibitory effect of phospholamban on SERCA2a.28 To date, alteration in 
SERCA2a activity and phospholamban phosphorylation in CAVB conditions remain to be 
investigated however.

Several studies provide strong evidences that additional stimulation of SERCA2a 
activity by istaroxime to the Na+/K+-ATPase inhibition would confer a much reduced 
proarrhythmic liability than digoxin, which only inhibits Na+/K+-ATPase.3,4 In the present 
study, repolarization was shortened in vitro and in vivo, and no afterdepolarizations or 
afterdepolarization-dependent ventricular arrhythmias occurred, respectively, in control 
ventricular cardiomyocytes and dogs exposed to istaroxime. This absent proarrhythmic 
effect of istaroxime under unremodelled conditions, consistent with existing cellular,3,4,24 
animal,3,6,7,9 and clinical data,10-12 was associated with low STV values of APD in vitro 
and ARI in vivo, which otherwise often increase prior to occurrence of EADs and TdP, 
respectively.16

In CAVB dogs,13 while the inhibition of Na+/K+-ATPase using ouabain generally 
results in DAD-dependent ventricular tachycardias under conscious and anesthetized 
conditions,14,15 the lack of significant proarrhythmic events elicited upon istaroxime 
administration confirms its low proarrhythmic profile. The incidence of sEBs, only 
observed in 2 dogs, was however associated with individual increase in LV STV resulting 
from T wave alternans observed on several EGM leads, and likely caused by Ca2+ transient 
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alternans.29 In addition, activity of the Na+/Ca2+ exchanger (NCX) is enhanced in CAVB 
dogs13 and significantly contributes to their arrhythmogenic vulnerability. Although 
istaroxime does not increase RyR2-mediated Ca2+ leak from the SR under control 
and failing conditions,4,24 our findings strongly suggest that increased Ca2+ content of 
the SR and enhanced diastolic spontaneous Ca2+ release after CAVB remodelling13,30 
facilitates development of Ca2+ transient alternans following istaroxime administration. 
Nevertheless, the stimulation of SERCA2a activity by istaroxime may intercept crosstalk 
between Ca2+ release units,31,32 increase the threshold for Ca2+ waves generation,29 
diminish the probability for INCX to trigger DAD-mediated arrhythmias and therefore 
reduce the overall proarrhythmic potential of the drug.

In the current study, we report for the first time a prospective evaluation of the 
antiarrhythmic effects of istaroxime in a model of compensated hypertrophy sensitive 
to drug-induced ventricular arrhythmias. Tested in 6 inducible CAVB dogs before and 
after the proarrhythmic dofetilide challenge, istaroxime respectively prevented and 
suppressed TdP arrhythmias in only 2 dogs. The complete suppression and prevention of 
TdP occurred in the same 2 dogs, suggesting an inter-individual variability of ventricular 
remodelling and response to istaroxime treatment.

Dofetilide-induced EADs, generated under conditions of prolonged repolarization, 
are dependent on cytosolic Ca2+ levels and mediated by NCX and reactivation of L-type 
Ca2+ current (window current).13 Through the inhibition of Na+/K+-ATPase, istaroxime 
administration results in the Na+-induced increase in Ca2+ levels, which are compensated 
by the increased Ca2+ reuptake by the SR through the stimulation of SERCA2a 
activity. However, we previously hypothesized that the initial Ca2+ load of the SR after 
CAVB remodelling might limit the magnitude of Ca2+ sequestration upon istaroxime 
administration. On one hand, in some cases, this SR Ca2+ sequestration, associated with 
the weak inhibition of INCX exerted by istaroxime,23 may be sufficient to protect against 
NCX-mediated EADs and arrhythmic episodes. On the other hand, istaroxime would not 
prevent occurrence of ventricular arrhythmias that are mediated by Ca2+ window current, 
which may explain its moderate antiarrhythmic effects in the CAVB dog model.

study limitations

The proarrhythmic properties of istaroxime were determined in CAVB dogs 
sensitive to dofetilide-induced TdP. We are well aware that the proarrhythmic mechanism 
of IKr inhibition, based on non-homogenous prolongation of repolarization, does not 
resemble that of conventional inotropic agent (i.e. digoxin), which relies on increased 
cytosolic Ca2+ levels to trigger DAD-mediated ventricular arrhythmias. The administration 
of digoxin in an additional (serial) experiment may have been of added value to compare 
its proarrhythmic effects with that of istaroxime at a dose producing similar inotropic 
response. 
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The single dose of istaroxime used in this study was chosen based on available 
literature.7 At this dose, the significant inotropy was not associated with significant 
proarrhythmic adverse effects. While the determination of a safety/therapeutic window 
of istaroxime in the CAVB dog model is beyond the scope of this study, we cannot 
exclude that higher doses of istaroxime would elicit further arrhythmic episodes. 

Furthermore, additional cellular experiments would be required to elucidate the 
different response in CAVB as compared with control conditions, including effects of 
istaroxime on cellular repolarization and Ca2+ handling (cytosolic Ca2+ levels, SR Ca2+ 
content, Ca2+ transient amplitude), and characterization of SERCA2a activity and 
phospholamban phosphorylation after CAVB remodelling.

clinical perspectives

- Current inotropic agents in heart failure therapy associate with low benefits and 
severe adverse effects of which ventricular arrhythmia’s are feared most.

- This research shows that the new inotropic agent istaroxime, which combines Na+/
K+-transporting ATPase and SERCA2a inhibition is not pro-arrhythmic in a large animal 
model of compensated cardiac hypertrophy.

- Istaroxime has mild antiarrhythmic effects.
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Supplementary Figure. Istaroxime exerts positive inotropy in CAVB dogs.
LV pressure recordings at baseline and after 25 and 50 min of istaroxime (3 µg/kg/min) infusion are shown 
on panel A. Diastolic deflections correspond to atrial contractions. Dotted lines correspond to baseline 
levels of ESP and EDP. Values depicted represent ESP and EDP (averaged from 10 consecutive beats). 
Time derivative of LV pressure at matching time points is depicted on panel B. Dotted lines correspond 
to baseline levels of dP/dt+ and dP/dt–. Values depicted represent dP/dt+ and dP/dt– (averaged from 10 
consecutive beats).
CAVB: chronic atrioventricuar block; ESP: left ventricular end systolic pressure; EDP: left ventricular end 
diastolic pressure; LV: left ventricle; dP/dt+: maximal rise in left ventricular pressure; dP/dt–: maximal 
decay in left ventricular pressure.
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Parameters 
(ms) Baseline

Istaroxime
0.3 µM
(n=10)

Istaroxime
1 µM
(n=9)

Istaroxime
3 µM
(n=7)

Istaroxime
10 µM
(n=7)

APD     
363 ± 74 355 ± 93 - - -
362 ± 78 - 392 ± 101 - -
366 ± 84 - - 312 ± 38 * -
372 ± 75 - - - 263 ± 36 *

STV     
17 ± 10 27 ± 17 * - - -
17 ± 10 - 33 ± 40 - -
17 ± 11 - - 23 ± 17 -
17 ± 11 - - - 7 ± 4

Values are represented as mean ± SD; * p<0.05 vs. Baseline.
SR: sinus rhythm; APD: action potential duration (measured at 90% repolarization); STV: short-term 
variability of repolarization (determined from 30 consecutive APD).

Supplementary Table. Effect of istaroxime on repolarization in canine ventricular cardiomyocytes 
(isolated from 2 SR dogs).
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AbstrAct

Aims

The chronic complete atrioventricular block (CAVB) dog is highly sensitive for 
drug-induced torsade de pointes (TdP) arrhythmias. Focal mechanisms have been 
suggested as trigger for TdP onset; however, its exact mechanism remains unclear. In 
this study, detailed mapping of the ventricles was performed to assess intraventricular 
heterogeneity of repolarization in relation to the initiation of TdP.

methods and results

In 8 CAVB animals, 56 needles, each containing 4 electrodes, were inserted in 
the ventricles. During right ventricular apex pacing (cycle length: 1000 – 1500 ms), 
local unipolar electrograms were recorded before and after administration of dofetilide 
to determine activation and repolarization times (RTs). Maximal RT differences were 
calculated in the left ventricle (LV) within adjacent electrodes in different orientations 
(transmural, vertical, and horizontal) and within a square of four needles (cubic 
dispersion). Dofetilide induced TdP in five out of eight animals. Right ventricle–LV was 
similar between inducible and non-inducible dogs at baseline (327 ± 30 vs. 345 ± 17 
ms) and after dofetilide administration (525 ± 95 vs. 508 ± 15 ms). All measurements of 
intraventricular dispersion were not different at baseline, but this changed for horizontal 
(206 ± 20 vs. 142 ± 34 ms) and cubic dispersion (272 ± 29 vs. 176 ± 48 ms) after 
dofetilide: significantly higher values in inducible animals. Single ectopic beats and the 
first TdP beat arose consistently from a subendocardially located electrode terminal with 
the shortest RT in the region with largest RT differences.

conclusion

Chronic complete atrioventricular block dogs susceptible for TdP demonstrate 
higher RT differences. Torsade de pointes arises from a region with maximal heterogeneity 
of repolarization suggesting that a minimal gradient is required in order to initiate TdP.
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IntroductIon
Torsade de pointes (TdP) arrhythmias are still a feared adverse effect in the 

development and applicability of drugs. Since its first description in 1966 by Dessertenne, 
a lot of research has been performed to unravel the underlying arrhythmogenic 
mechanisms.1 Several factors are known to have an increased risk for development of 
TdP such as QT prolongation,2 the presence of ventricular remodeling,3 bradycardia,4 
electrolyte disorders,5 and short – long – short sequences.6 However, it remains unclear 
why some subjects do and others do not develop TdP in presence of similar risk factors.

Both reentry and early afterdepolarizations (EADs) have been proposed as a 
mechanism of TdP. For both mechanisms, the presence of dispersion of repolarization is 
considered as a critical condition.7-10 Most of the studies have been performed in wedge 
preparations, while transmural dispersion of repolarization in the intact heart seems to 
be less dominantly present.11,12

The chronic complete atrioventricular block (CAVB) dog model is characterized by 
its high susceptibility for drug-induced TdP arrhythmias. Mapping studies in this dog 
model have shown that focal activity initiates the TdP, indicating triggered activity.13-16 
Furthermore, transmural and transseptal dispersion of repolarization are also increased.13 
However, the in vivo characteristics of the dispersion of repolarization with regard to the 
site of earliest activation of TdP and preceding single ectopic beats (EBs) are unknown. 
It has been shown, both in wedge preparations7 and in a quasi-two-dimensional 
Langendorff perfused rabbit model,16 that triggered activity arises from a region with 
large repolarization gradients. Therefore, in this study, we performed detailed in vivo 
mapping of the left and right ventricle (RV) in both TdP-susceptible and -resistant animals 
to assess intraventricular dispersion of repolarization in three dimensions in relation to 
the site of earliest activity of TdP. In addition, we determined the relation of TdP with 
single EBs that frequently preceded the arrhythmia in inducible dogs. We hypothesized 
that local repolarization differences are higher in susceptible animals.

methods
All experiments were approved by the Committee for Experiments on Animals of 

Utrecht University and in accordance with the European Directive for the Protection of 
Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/CEE) 
and the Dutch Law on animal experimentation. In this study, mapping experiments were 
performed in eight adult purpose-bred mongrel dogs (Marshall, USA).
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Preparation

Experiments were performed under general anaesthesia. Dogs received 
premedication (methadone 0.5 mg/kg, acepromazine 0.5 mg/kg, and atropine 0.5 
mg i.m.) after which anaesthesia was induced with sodium pentobarbital 25 mg/kg 
i.v. and maintained by isoflurane 1.5% in O2 and N2O (1:2). Surface electrocardiogram 
was continuously recorded during the experiment. Prior to radiofrequency ablation of 
the proximal His bundle, a screw-in lead was positioned in the right ventricular apex 
(RVA) via the jugular vein. The lead was connected to an internal pacemaker (Medtronic, 
Maastricht, The Netherlands). Mean time between AV node ablation and the mapping 
experiment was 100 ± 38 days.

mapping experiment

After induction of general anaesthesia, a left-sided thoracotomy in the fifth 
intercostal space was performed to expose the heart. To facilitate optimal access to 
the heart, the fourth rib was partially resected. In total, 56 needle electrodes were 
inserted in the ventricular myocardium, perpendicular to the wall, to record unipolar 
electrograms. Eight needle electrodes were inserted in the septal wall. Thirty needle 
electrodes were inserted at evenly distributed distances (1.0 – 1.5 cm) over five columns 
(posterior, posterolateral, lateral, anterolateral, and anterior) and six planes from base 
to apex in the left ventricle (LV). The remaining 18 needles were distributed over three 
columns (anterior, lateral, and posterior) and the same planes in the RV. Each needle had 
four electrode terminals with inter-electrode distances of 4 mm. An electrode positioned 
in the pectoral muscle was used as reference electrode. A schematic overview of the 
needle positions is shown in Figure 1.

During the experiment, all dogs were paced from the RVA at 1000 – 1500 ms 
depending on the intrinsic idioventricular rhythm. Recordings were performed both at 
baseline and during administration of dofetilide (0.025 mg/kg/5 min), which was infused 
in order to induce TdP. Application of dofetilide was aborted after the first episode of 
TdP or after 5 min if no arrhythmia occurred. Electrical defibrillation was applied if a TdP 
was not self-terminating within 10 s. A TdP was defined as a polymorphic ventricular 
tachycardia with a twisting QRS complex consisting of at least five consecutive beats. 
Electrocardiogram was recorded using EP Tracer (Cardiotek, Maastricht, The Netherlands) 
and unipolar electrograms were recorded simultaneously with the ActiveTwo system 
(Biosemi, Amsterdam, Netherlands).
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data analysis

Unipolar electrograms were analysed using a semi-automatic computer program.17 
Activation time (AT) was determined as the time between the pacing spike and the 
minimum dV/dt of the ensuing QRS complex. AT-RV, like AT-LV (left ventricular activation 
time) and AT-LV were defined as the mean AT from all electrodes in the RV and LV, 
respectively. Repolarization time (RT) was calculated as the time between the pacing 
spike and the maximum dV/dt of the T-wave, independent of the T-wave morphology.18 
Right ventricular repolarization time and RT-LV were calculated as the mean RT from all 
electrodes in RV and LV, respectively. Because of poor quality of the septal recordings, 
only AT and not RT could be determined from these electrograms. Moreover, recordings 
with ST-elevation or a flat T-wave were excluded from analysis. Interventricular dispersion 
of repolarization (∆RT) was defined as the difference between RT-LV and RT-RV. Left 
ventricle intraventricular dispersion of RT was calculated within adjacent electrodes of 
one needle, one column, and one plane as well as the maximal difference within a square 
of four needles. The maximal values retrieved from each orientation were defined as 
transmural, vertical, horizontal, and cubic dispersion, respectively (Figure 1).
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Figure 1.  Schematic overview of needle placement and calculation of dispersion of repolarization.
Needles were inserted at six evenly distributed levels (#1–#6, from base to apex). At each level, eight 
needles were inserted of which five in the LV (I–V from posterior to anterior) and three in the RV (VI – VIII, 
from anterior to posterior). Per column electrodes were numbered from 1 to 24. Repolarization time 
differences in the LV were calculated within adjacent electrodes at (1) one needle; transmural dispersion 
(blue electrodes), (2) one column; vertical dispersion (red electrodes), (3) one plane; horizontal dispersion 
(orange electrodes), and (4) within a square of four needles; cubic dispersion (green electrodes). The 
maximal values were retrieved from each orientation.
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Figure 2.  Evolution of dispersion of repolarization after application of dofetilide.
Tracings show stimulated and ectopic beats (EBs) of dog 1 for the following episodes: 1) baseline, 2) first 
EB after dofetilide application, 3) last EB before onset torsade de pointes (TdP), and 4) onset TdP (panels 
A and B). A. Analysis of RTs of the stimulated beats (baseline, pre-initiating beat prior to the first single EB 
and pre-initiating beat prior to the TdP) revealed that the neighbouring electrodes LV-II-17 and LV-III-17 
had maximal dispersion of repolarization prior to the TdP. Ectopic beat s and the first beat of the TdP 
arose consistently from the region with maximal repolarization heterogeneity (see also Figures 3 and 4). 
B. Repolarization of the first and the last EB after dofetilide administration revealed a sharp increase of 
the repolarization gradient at electrodes LV-IV-17 and LV-V-18 (from 33 to 202 ms). C. Maximal transmural, 
vertical, horizontal, and cubic dispersion of repolarization of stimulated beats at baseline, prior to the first 
EB and prior to the first TdP [e.g. maximal differences between red and blue lines in (A)]. Values are RT 
differences in milliseconds; * p<0.05 vs. Baseline.
EB: ectopic beat; TdP: Torsade de Pointes; LV: left ventricle; RT: repolarization time.
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It is not possible to measure RT of the paced beat that initiates an EB as the EB 
(or first beat of the TdP) falls within the T-wave of the initiating beat. Therefore, RT was 
always measured from the paced beat preceding the initiating beat (called, pre-initiating 
beat).

To explore changes of RT and dispersion of RT in time, the following complexes 
were determined (Figure 2):

(1) Stimulated complexes during baseline.

(2) Pre-initiating complexes that initiated the first EB and the first TdP beat after 
dofetilide administration. In non-inducible animals, RT was measured from a normal 
stimulated beat at 5 min when dofetilide was fully administered.

(3) The first and last single EB prior to TdP. Analysis of single EBs was only performed 
if the activation pattern of the first and last single EBs and the first TdP beat were similar.

statistical analysis

Data are expressed as mean ± standard deviation (SD). Parameters were compared 
using one- or two-way repeated-measures analysis of variance with post hoc Bonferroni 
t-test. Differences with p<0.05 were considered statistically significant.

results
No arrhythmias occurred during baseline. Infusion of dofetilide resulted in TdP 

arrhythmias in five out of eight animals. In four of the five dogs with TdP (Dogs 1, 2, 4 and 
5), single EBs preceded the occurrence of the first TdP. Of three non-susceptible animals, 
only one (Dog 7) exhibited single EBs after dofetilide administration, while no ectopic 
activity was seen in the two other dogs.

stimulated beats in tdP-susceptible vs. non-susceptible dogs at baseline 
and after dofetilide

Activation

During RVA pacing, as expected, earliest activation occurred at the apex of the 
RV and latest at the LV anterolateral base. At baseline, AT-RV and AT-LV of all animals 
were 50 ± 6 and 67 ± 9 ms (p<0.05), respectively. Dofetilide administration did not 
influence the activation pattern and the site of earliest and latest activation (Table 1). No 
differences were observed between inducible and non-inducible animals (Table 1).
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Repolarization

At baseline, RT-RV was shorter than RT-LV in both inducible (∆RT: 40 ± 14) and 
non-inducible (∆RT: 50 ± 4 ms) animals (Table 1). Dofetilide administration resulted in a 
significant increase of both RT-RV and RT-LV of the pre-initiating beat in inducible dogs 
(∆RT: 92 ± 25 ms) and after the full dose of dofetilide in non-inducible dogs (∆RT: 97 ± 
40 ms; Table 1). No significant differences in RT and ∆RT were observed at baseline and 
after dofetilide administration between inducible and non-inducible animals (Table 1).

Left ventricle intraventricular dispersion of repolarization was not different at 
baseline (Table 1). Dofetilide increased all intraventricular dispersion parameters in both 
groups, except for transmural dispersion in non-inducible dogs (Table 1). Horizontal 
and cubic dispersion of repolarization reached significantly higher values in inducible 
compared with non-inducible dogs (206 ± 20 vs. 142 ± 34 ms and 272 ± 29 vs. 176 ± 48 
ms, respectively). Moreover, a significant interaction was observed for cubic dispersion 
(p=0.024) between the effect of dofetilide and the susceptibility for TdP, while horizontal 
dispersion demonstrated a clear trend (p=0.051). 

origin of arrhythmic activity and relation to spatial dispersion

Activation

The origin of EBs and the first and second beat of TdP are indicated in Table 2. 
All single EBs and the first TdP beat occurred from the (sub)endocardium. In Dog 1, 
all single EBs and the first TdP had the same activation pattern (Figure 3). In Dog 2, 
single EBs with two different morphologies occurred (and different origin). One EB arose 
from the LV posterior wall and the other one from the septum. The first TdP beat also 
occurred from the septum. In Dog 3, no single EBs were observed before the onset 
of the first TdP arrhythmia. In Dog 4, the origin of single EBs and the first TdP beat 
differed. Spontaneous ectopic activity in Dog 5 occurred already during baseline, which 
was not T-wave mediated. This spontaneous ectopic activity initiated TdP after dofetilide 
administration while single EBs occurred from the anterior wall.

The second beat of the TdP always arose from a different region compared with the 
first TdP beat. The mean total AT of the first TdP beat was 74 ± 27 ms and the interval 
between the first and the second TdP beat was 436 ± 120 ms. Mean total AT of the 
second beat of the TdP was 139 ± 29 ms, indicating slowing of conduction.
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Repolarization

Table 2 summarizes the location of maximal repolarization gradients of the pre-
initiating beats of both the first single EBs and the first TdPs. All single EBs and the first 
beat of the TdP arose from the septum or LV, at the region with maximal dispersion of 
repolarization. Repolarization maps of Dog 1 are shown in Figure 4, while individual 
electrograms that represent the maximal repolarization gradient are depicted in Figure 
2A.

evolution of repolarization and severity of arrhythmic events

Right ventricle of the pre-initiating beat of the first single EB was measured in four 
dogs (Dog 1, 2, 4 and 5) and compared with RT of the pre-initiating beat of the first 
TdP episode. Time between the first single EB and the TdP episode was 78 ± 52 s on 
average. In this time interval, RT-LV (468 ± 91 vs. 494 ± 73 ms) and RT-RV (392 ± 97 vs. 
402 ± 81 ms) were not significantly increased. Dispersion of repolarization was slightly 
increased in all orientations (cubic: 228 ± 25 vs. 261 ± 22 ms; horizontal: 199 ± 23 vs. 
214 ± 9 ms; transmural: 137 ± 22 vs. 165 ± 30 ms; vertical: 133 ± 16 vs. 158 ± 21 ms). 
Evolution of repolarization data for individual dogs is depicted in Figure 2C.

Parameters (ms) Inducible
(n=5)

Non-inducible
(n=3)

Baseline AT-RV 50 ± 7 50 ± 4
AT-LV 65 ± 12 70 ± 3
RT-RV 287 ± 25 295 ± 21
RT-LV 327 ± 30 345 ± 17
Transmural dispersion 45 ± 12 54 ± 14
Vertical dispersion 43 ± 17 42 ± 9
Horizontal dispersion 58 ± 27 47 ± 13
Cubic dispersion 72 ± 21 65 ± 9

Dofetilide AT-RV 52 ± 10 50 ± 5
AT-LV 65 ± 13 70 ± 3
RT-RV 433 ± 98 412 ± 25 +

RT-LV 525 ± 95 508 ± 15 +

Transmural dispersion 176 ± 36 143 ± 54
Vertical dispersion 154 ± 20 121 ± 23
Horizontal dispersion 206 ± 20 142 ± 34 *+

Cubic dispersion 272 ± 29 176 ± 48 *+

Table 1.  Repolarization parameters of stimulated beats before and after dofetilide in inducible and 
non-inducible animals.

Values are represented as mean ± SD; + p< 0.05 vs. Baseline; * p< 0.05 vs. Inducible.
AT-RV: activation time right ventricle; AT-LV: activation time left ventricle; RT-RV: repolarization time right 
ventricle; RT-LV: repolarization time left ventricle.
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To further explore evolution of repolarization in relation to single EBs and TdP, RT 
was also determined from the first and last single EB in the inducible dogs 1 and 2 and 
the non-inducible dog 7. Dogs 4 and 5 were excluded because the activation pattern 
of the first and last single EBs and the first TdP beat were not similar. Right ventricular 
repolarization time (Dog 1: 446 ± 42 vs. 485 ± 42 ms; Dog 2: 321±30 vs. 360 ± 34 ms) 
and RT-LV (Dog 1: 375 ± 46 vs. 430 ± 57 ms; Dog 2: 294 ± 54 vs. 390 ± 54 ms) of the last 
EB were increased compared with the first EB. Moreover, transmural (Dog 1: 117 vs. 140 
ms; Dog 2: 99 vs. 140 ms), vertical (Dog 1: 89 vs. 171 ms; Dog 2: 93 vs. 140 ms), horizontal 
(Dog 1: 149 vs. 208 ms; Dog 2: 103 vs. 159 ms), and cubic dispersion (Dog 1: 175 vs. 
210 ms; Dog 2: 103 vs. 197 ms) were also higher in the last single EB. Right ventricular 
repolarization time (327 ± 15 vs. 343 ± 24 ms) and RT-LV (329 ± 28 vs. 390 ± 48) of the 
last EB in Dog 7 were also increased compared with the first EB, as well as dispersion 
of repolarization values (transmural: 64 vs. 96 ms; vertical: 84 vs. 157 ms; horizontal: 88 
vs. 109 ms; cubic: 93 vs. 163 ms). However, cubic dispersion of repolarization remained 
lower compared with inducible dogs.

In Dog 1, the largest RT gradient of the last EB occurred at the subendocardium of 
the LV anterior wall where also the origin of the second TdP beat was located (Figures 
2B, 3, and 5). A similar observation was done in Dog 2, in which maximal heterogeneity 
of repolarization of the last EB was located at the LV posterolateral wall, at the site where 
the second TdP beat arose.

dIscussIon
The results of this study can be summarized as follows: (i) AT and RT as well as 

dispersion of repolarization were not different between inducible and non-inducible 
animals at baseline conditions, (ii) dofetilide administration did not affect activation pattern 
while RT was severely prolonged and maximal values of dispersion of repolarization 
were increased markedly and reached significantly higher values in inducible animals, 
(iii) single EBs and the first beat of the TdP demonstrate a focal origin at the region with 
maximal cubic dispersion of repolarization, (iv) gradients of repolarization became larger 
in successive single EBs, and (v) the second beat of the TdP too emerged from the region 
with maximal repolarization gradient as determined from the last single EB prior to TdP.

Inducible vs. non-inducible dogs – baseline

Several risk factors are known that increase the risk for TdP arrhythmias. However, 
there are still no reliable protocols to assess the individual risk for TdP arrhythmias. To 
perform risk stratification, it is important to know the underlying mechanisms of the 
arrhythmia and the difference(s) between susceptible and resistant subjects. In the 
CAVB dog model, ventricular remodelling is the most important contributor to TdP 
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Figure 3. Activation maps of the first and second beat of the torsade de pointes (TdP).
Activation maps of the first and the last single ectopic beat (EB) prior to TdP (upper panel) and the 
first and the second beat of the TdP arrhythmia (bottom panel) of Figure 2. The asterisk represents the 
earliest activated region. Activation of the first and the last single EB and the first beat of the TdP arose 
consistently from the (antero)lateral wall (level #6), while the second beat of the TdP emerged at the 
anterior wall between base and apex (level #3–5). Activation times are colour coded and represented in 
milliseconds. Please note the activation delay of the second beat of the TdP arrhythmia.
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arrhythmias.3 However, application of dofetilide does not always result in TdP episodes; 
~30% of the dogs remain unsusceptible for TdP arrhythmias.19 Interventricular dispersion 
of repolarization, a well-known risk factor for TdP arrhythmias, is not different between 
susceptible and resistant dogs at baseline.20 Our results are compatible with these data. 
Moreover, we showed that intraventricular dispersion of repolarization was also similar in 
both groups. A recent study of Vijayakumar et al.10 demonstrated in patients with long 
QT syndrome, regions with a large repolarization gradient that were caused by localized 
action potential duration prolongation and that these gradients were not observed in 
controls without cardiac remodelling. In the present study, only remodelled animals were 
included, which could explain that at baseline, no differences were observed between 
susceptible and non-susceptible animals. Boulaksil et al., who used the same dog model, 
showed that intraventricular dispersion of repolarization was lower in unremodelled 
compared with remodelled conditions,13 which is in line with the findings of Vijayakumar 
et al.10

Inducible vs. non-inducible dogs – dofetilide 

Application of class III antiarrhythmic drugs is associated with prolongation of the 
repolarization interval. In the present study, RT-RV prolonged to a lesser extent than 
RT-LV that augments the pre-existent interventricular repolarization differences. In line 
with monophasic action potential data obtained from previous studies, no differences in 
RT were observed between susceptible and resistant animals.20 The only difference we 
observed was a larger increase of intraventricular horizontal and cubic dispersion in TdP-
susceptible animals. When comparing conditions before the first single EB and before 
the TdP, we observed a slight, non-significant increase of dispersion of repolarization in 
all orientations (Figure 2C).

Several studies performed in wedge preparations have shown that transmural 
dispersion is mechanistically linked to development of TdP arrhythmias.9,21 In the present 
study, we observed transmural, vertical, as well as horizontal repolarization gradients, 
while the combination (cubic dispersion) was most explicit both in baseline conditions 
and after administration of dofetilide.

mechanism of the torsade de Pointes

Initiation

Several studies exhibit that TdP has a focal origin at the subendocardium.13-15 

In our study, both single EBs and the initiating beat of the TdP also occurred at the 
subendocardium. Interestingly, initiation of ectopic activity arose consistently from 
a region with maximal repolarization heterogeneity, which was roughly 1.0 – 1.5 cm3. 
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Figure 4. Repolarization maps during baseline and after dofetilide administration. 
Repolarization times (RTs) determined in Dog 1 at baseline (left) and after dofetilide administration 
from the pre-initiating beat of the first torsade de pointes (TdP; right). Repolarization times RTs at the 
posterolateral wall (electrode LV-II-17) was severely prolonged, while RT from the neighbouring electrode 
(LV-III-17) was considerably shorter. For electrogram recordings at electrode LV-II-17 and LV-III-17, see 
Figure 2A. Repolarization times RTs are colour scaled and values are in milliseconds.

Table 2. Location of maximal dispersion of repolarization and the relation to the origin of single EB 
and TdP

Dog
First EB First TdP beat Second TdP beat

Gradient Onset Gradient Onset Gradient Onset

1) LV_II-III
#5-6

LV_(III)-IV
#6

LV_I-II
#5-6

LV_(III)-IV
#6

LV_IV-V
#4-5

LV_V
#3-5

2)
- Septum - Septum LV_II-III

#3-4
LV_II
#4

LV_I-II
#2-3

LV_I
#4 -

3) - - LV_I-II
#1-2

LV_I
#3

RV_VIII
#1

4) - Septum LV_IV-V
#4-5

LV_IV
#5

LV_V
#6

5) LV_IV-V
#4-5

LV_V
#3 Spontaneous ectopic activity; not T-wave mediated

6) - -

7) - Septum

8) - -

Gradient: location of maximal cubic dispersion of repolarization; Onset: origin of single EB (ectopic beat) 
or TdP; LV: left ventricle; RV: right ventricle; #: plane number; I-VIII: column number.
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Liu and Laurita7 demonstrated with optical mapping in a canine wedge preparation 
that the breakthrough site of the triggered beat corresponded to the location where 
repolarization gradient was largest. Moreover, Maruyama et al.16 showed in a two-
dimensional epicardial layer of Langendorff-perfused rabbit ventricles that triggered 
activity was the result of intracellular calcium re-elevation (Phase 2 EADs) or electrotonic 
interaction (Phase 3 EADs) between long and short action potential regions. We found 
that in the region of maximal repolarization, heterogeneity activation of isolated EBs and 
onset of TdP always emerged from a neighbouring, subendocardially located electrode 
terminal with a shorter RT. The discrepancy with the intramural location of earliest activity 
of TdP in the study of Liu and Laurita7 may be due to the wedge preparation the authors 
used. Partial uncoupling of myocardial cells at the cut surface of a wedge preparation 
may lead to involvement of M cells to increase repolarization gradients. However, in the 
intact heart, M cells appear not to contribute to repolarization gradients.12 Our results 
further suggest that vertical and horizontal dispersion at the endocardium are especially 
important for initiation of the TdP. Moreover, maximal dispersion of repolarization 
was significantly lower in non-inducible animals, which supports the observation that 
intraventricular repolarization heterogeneity is important for induction of TdP (Table 1).

Figure 5. Repolarization times of EBs. 
Repolarization maps of the first EB after dofetilide administration (left) and the last EB (right) before the 
first TdP arrhythmia in Dog 1. Repolarization time was severely increased at the anterolateral wall (level 
#5) resulting in a large repolarization gradient. Repolarization times are colour scaled and values are in 
milliseconds. For electrogram recordings at electrodes LV-IV-17 and LV-V-18, see Figure 2B.
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Continuation

Both reentry and focal activity have been suggested as mechanisms involved in 
perpetuation of the TdP. In contrast to Liu et al., which observed functional conduction 
block that facilitated the perpetuation of the arrhythmia,7 the second beat of the TdP in 
our experiments always had a focal origin with a large interval between the first and the 
second beat of the TdP. In this interval, no indication for depolarization was observed on 
the unipolar electrograms suggesting that circus movement reentry was not involved in 
the initiation of second beat of the TdP. In order to investigate the role of repolarization 
heterogeneity for initiation of the second beat, we determined RT from the first single EB 
after start of dofetilide administration and the last single EB preceding the TdP. Ideally, 
RT should be determined from the initiating beat of the TdP, but this is not possible as 
the second beat of the TdP falls in the repolarization of this beat. Compared with the 
first single EB after application of dofetilide, dispersion of repolarization was remarkably 
increased in the last single EB preceding the TdP. Interestingly, the second beat of the 
TdP arose at the region where the maximal repolarization gradient was calculated from 
the last single EB. Thus, both the first and the second beats of the TdP arose from 
different locations at the site of maximal repolarization heterogeneity. The dynamicity in 
the location of maximal dispersion of repolarization may be an explanation for the typical 
morphology of the TdP. Besides the different origin also total AT of the second TdP beat 
increased. Further slowing of conduction could favour reentry that is indeed occasionally 
observed in the CAVB dog model.13

study lImItAtIons
Needle electrodes were inserted in the septal wall, the LV, and the RV. Because 

of the poor quality of the septal recordings, we could not measure local dispersion of 
repolarization at the septal wall. However, in Dog 2 that demonstrated ectopic activity 
from the septum, RT was severely prolonged at the anterior wall and shortest at the 
posterior wall suggesting the presence of steep repolarization dispersion. In Dog 5, 
spontaneous EBs occurred both at baseline and after dofetilide administration. We 
cannot rule out that this spontaneous ectopic activity has contributed to the dispersion 
and repolarization dynamics. However, maximal dispersion of repolarization values was 
similar to values of other dogs (Figure 2C), suggesting a common underlying mechanism 
for induction of TdP.

In this study, we focused on dispersion of repolarization and its relation to initiation 
of TdP; therefore, we did not investigate further perpetuation of the arrhythmia since 
analysis of RT of following complexes is impossible due to overlap of depolarization and 
repolarization. Based on our data, we cannot distinguish between phase 2 and 3 EADs.
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conclusIons
The occurrence of TdP in CAVB dogs is associated with higher RT differences. 

Single EBs and the first and second beats of TdP arise from a region with maximal 
heterogeneity of repolarization. These results suggest that a minimum gradient of 
repolarization moments is required in order to initiate single EBs and TdP in CAVB dogs.
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AbstrAct

objectives

This study investigated the arrhythmogenic mechanisms responsible for torsade 
de pointes (TdP) in the chronic atrioventricular block dog model, known for its high 
susceptibility for TdP.

methods

In 5 TdP-sensitive chronic atrioventricular block dogs, 56 needle electrodes were 
evenly distributed transmurally to record 240 unipolar local electrograms simultaneously. 
Non-terminating (NT) episodes were defibrillated after 10 s. Software was developed to 
automatically detect activation times and to create 3-dimensional visualizations of the 
arrhythmia. For each episode of ectopic activity (ranging from 2 beats to NT episodes), 
a novel methodology was created to construct directed graphs of the wave propagation 
and detect reentry loops by using an iterative depth-first-search algorithm.

results

Depending on the TdP definition (number of consecutive ectopic beats), we 
analyzed 29 to 54 TdP: 29 were longer than 5 beats. In the total group, 9 were NT and 
45 were self-terminating. Initiation and termination were always based on focal activity. 
Reentry becomes more important in the longer-lasting episodes (>14 beats), whereas in 
all NT TdP, reentry was the last active mechanism. During reentry, excitation fronts were 
constantly present in the heart, while during focal TdP, there was always a silent interval 
between 2 consecutive waves (142 ms) during which excitation fronts were absent. 
Interbeat intervals were significantly smaller for reentry episodes-220 versus 310 ms in 
focal. Electrograms recorded in particular areas during NT TdP episodes had significantly 
smaller amplitude (0.38) than during focal episodes (0.59).

conclusions

TdP can be driven by focal activity as well as by reentry depending on the duration 
of the episode. NT episodes are always maintained by reentry, which can be identified 
in local unipolar electrograms by shorter interbeat intervals and smaller deflection 
amplitude.
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IntroductIon
Torsade de Pointes (TdP) is a specific type of abnormal heart rhythm that can 

lead to sudden cardiac death and is responsible for 20% of the sudden unexplained 
deaths.1 Two definitions are being used for TdP, first as a polymorphic ventricular 
tachycardia (PVT) that exhibits distinct characteristics on the electrocardiogram (ECG) 
such as varying amplitude or typical twisting “twisting of the Pointes”.2 In clinics, any 
arrhythmia in the setting of long QT syndrome ranging from (multiple) premature ectopic 
beats, monomorphic ventricular tachycardia and PVT, that is either self-terminating or 
can degenerate in ventricular fibrillation is often considered as a TdP. In this paper, 
we used the later definition and investigated the corresponding ECG characteristics 
of each episode. Prolongation of the QT interval is associated with an increased risk 
of developing TdP. The prolongation can be inherited, leading to different long QT 
syndromes (LQT1-LQT15).3 These arise from mutation of one of the genes, which via 
altered channel dynamics, cause prolongation of the duration of the ventricular action 
potential (APD), and thus lengthening the QT interval. In addition, prolongation can be 
a dangerous side effect of drugs (acquired long QT syndrome). TdP as a prescription 
drug side effect has been a major liability and reason for withdrawal of medications from 
the marketplace,4 examples include terfenadine, sertindole, astemizole, grepafloxacin, 
cisapride.5 In many cases, this effect can be directly linked to QT prolongation mediated 
predominantly by inhibition of the hERG channel. Whether reentry or abnormal impulse 
formation (focal mechanism) or both are involved in TdP is still unclear, but of paramount 
importance to understand the mechanism of this arrhythmia and possible therapies.

In recent years, it has been argued that the start of TdP is due to a focal beat, which 
is most probably related to early afterdepolarizations (EADs), which occur due to reduced 
repolarization reserve.6-13 However, the mechanism underlying TdP perpetuation is still 
under debate. In animal experiments, some investigators claim that a focal mechanism 
is the basis of the perpetuation of a TdP,7,11-16 while others claim that non-stationary 
reentry to be responsible.9,10,17 In other studies, both mechanisms are observed.6,8,14 
Also in theoretical studies, both mechanisms were proposed. These studies show 
that for re-entrant activity, the typical twisting ECG pattern may be due to drift of a 
reentrant circuit18-21 or meandering of a reentry spiral wave.22 In case of focal mechanism, 
twisting of the ECG may be caused by multiple shifting foci generated by EADs,23,24 or 
a competition between focal beats generated by fixed heterogeneities with reduced 
repolarization reserve.25

Therefore, important questions are how the mechanism of TdP could affect 
its dynamics and whether there are any specific markers that could determine the 
mechanism of TdP. In this study, these questions were approached by the application 
of novel directed graph algorithms to these unique experimental data obtained in a 
highly susceptible arrhythmogenic model: the anesthetized chronic atrioventricular block 
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(CAVB) dog, which is known for its contractile, structural and electrical adaptations.26 
Eventually, the ventricular remodelling27 reduces repolarization reserve and subsequently 
predisposes about 70% of canine hearts to develop TdP upon a dofetilide challenge. 

methods

detailed electrical mapping experiments

All animal experiments were performed in accordance with the guidelines 
formulated by the European Community for the use of experimental animals (EU 
Directive 2010/63/EU) and with approval from The Committee for Experiments on 
Animals of Utrecht University (The Netherlands). After premedication including atropine, 
methadone and acepromazine, anesthesia was induced in 5 CAVB dogs by pentobarbital 
and maintained by isoflurane 1.5% in a N2O:O2 mixture (2:1). After exposing the heart, a 
total of 56 needles were inserted in the left (LV) and right ventricles (RV) and in the septal 
wall as previously described:16 30 needles in the LV, 18 in the RV and 8 in the septum, 
see also Supplementary Figure 1. All needles were composed of 4 electrode terminals, 
each recording unipolar electrograms (ActiveTwo system, Biosemi, Amsterdam, The 
Netherlands). Dofetilide (25 µg/kg/5min) was then administered in an effort to induce 
TdP. If an arrhythmia episode lasted over 10s, the heart was defibrillated.

Arrhythmia episodes

In the previous studies performed in CAVB dogs, a TdP episode was defined as an 
arrhythmia of at least 5 ectopic beats (not including the first paced beat). Because this 
definition is based on a rather arbitrary number of ectopic beats on one hand, and that 
this study investigates the association between the mechanism(s) involved with duration 
of episodes on the other hand, we have chosen to also take into account episodes of 
<5 beats. In addition, as the definition of TdP is not clearly stated, and very often taken 
as any arrhythmia in the setting of the long QT syndrome, in this study we also took into 
account all observed arrhythmias with or without polymorphism or this typical twisting. 
The twisting was defined as a QRS peak, which is pointing upwards in one beat, and 
downwards in the next beat or vice versa.

data analysis

All the information about the analysis of the signals of the electrodes can be found 
in the Supplementary Material.
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detection of reentry loops

For a given activation sequence, reentry loops were automatically detected in 
the following way. First, for each electrode all the neighbours were found by Delaunay 
triangulation,28,29 with respect to their 3D coordinates. In addition, we connected all the 
points in the layer closest to the apex, as it is possible for the electrical signal to travel 
any path via the apex. Second, for a certain time tl, activation times of all electrodes were 
selected which had activation times > tl, whereby the first activation of an electrode after 
tl is called ti. Then, a graph was created, see Supplementary Figure 2, which connected 
all neighbours that had the following difference in activation times:

t2 - t1 < d1,2 / CVmin

whereby t1, t2 are the activation time of 2 neighbouring electrodes, d1,2 is the 
distance between these 2 electrodes and CVmin is the minimal conduction velocity in the 
tissue. Notice that these connections are unidirectional from t1 → t2. As for this particular 
graph, only one activation time per electrode was chosen, we created a second graph in 
exactly the same way for time (ti + 1 ms) and merged these two graphs. Finally, loops were 
detected by using an iterative depth first search algorithm as described by Johnson.30 If 
no reentry loops were found, the episode was classified as focal. An important parameter 
is the CVmin. The conduction velocity was measured in CAVB dogs with an epicardial 
multi-electrode.14 The conduction velocity parallel to the fiber direction was 0.56 and 
0.51 mm/ms for the RV and LV, and 0.34 respectively 0.23 mm/ms for the conduction 
perpendicular to the fiber direction.14 These values are higher than the control values 
due to the hypertrophy of the CAVB hearts. In the current experiments we measured 
0.4 mm/ms as the smallest conduction velocity. Therefore we have chosen 0.2, 0.3 and 
0.4 mm/ms for determining loops and to assess the effect of conduction velocity on the 
number of loops. As 0.2 mm/ms is rather small, and distances between needles can be 
sometimes larger than 3 cm (needles in the septum connected with the neighbouring 
needles), giving rise to possible accepted time differences of 150 ms between certain 
needles, we also repeated all the analyses by setting a maximum distance of 20 mm 
between the needles and a maximal time difference of 50 ms between the needles. For 
all episodes, loops were continuously detected each 100 ms.

This novel method is an enhancement of the activation maps approach. As the first 
step we always made activation maps, however, we added connectivity graphs to the 
activation maps and applied automatic algorithms for the identification of the reentrant 
loops.
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Additional criteria for the identification of focal activity versus reentry

1. Silence time: the interbeat interval at a given time minus the total activation 
time, i.e. this number represents the time between the latest activation of one beat and 
earliest activation of the next beat.

2. Interbeat interval: the arrhythmia period.

3. Amplitude: the amplitude of the local electrograms for each beat.

In all comparisons, the parameters are expressed for (1) all the ectopic beats of the 
focal mechanism marked in Supplementary Table 2 (left, red colour in Figure 1), (2) all the 
reentry beats of the mixed focal and reentry cases also marked in Supplementary  Table 
2 (green colour in Figure 1), (3) and all the reentry beats of the non-terminating cases of 
Supplementary Table 1 (blue colour in Figure 1).

Prediction model

A statistical model was developed to predict the mechanism (reentry vs. focal) 
based on the interbeat interval, a quantity, which can be assessed solely by the ECG. As 
a first step in building the prediction model we randomly split the data in two parts: the 
training data and the test data. The training data consists of two thirds of the original 
data set, the test data consists of the remaining third. A logistic regression model with 
the interbeat interval as a predictor is fitted to the training data. Please refer to the 
Supplementary Material for more details.

statistics

To study whether these differences in silent times are statistically significant, we 
analyzed the data with a quantile regression model31 in R32 accounting for the clustering 
due to the multiple observations for each dog.

results
We analysed recordings of 54 arrhythmic episodes in 5 dogs: 29 were longer than 5 

beats and 9 TdP episodes (in 4 animals) were non-terminating (longer than 10 seconds).

reentry loops

Loop finding algorithm

Reentry loops were identified and the robustness of the loop procedure was tested. 
Because minimal conduction velocity and electrode distances are crucial parameters for 
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loop estimation, several values were used (see Methods section).

Data from application of the reentry loop algorithm for the 9 non-terminating 
episodes of TdP are shown in the Supplementary Table 1. In short, reentry loops were 
found for all 9 episodes starting from beat 6→7, 5→6, 3→4, 11→12, 3→4, 3→4, 7→8, 
6→7 and 4→5 from the loop-finding algorithm with CV=0.4 mm/ms (first paced beat 
included). In comparison, the 3D visualizations show reentry from beat 4→5, 3→4, 3→4, 
5→6, 2→3, 2→3, 6→7, 6→7 and 4→5, and lie therefore close to each other, see also 
Supplementary Figure 2.

In Figure 2, an example of a clear reentry path is shown in the 3D interpolated 
heart. In this case, one rotation of the reentry wave exactly spans one QRS complex. 
In the Supplementary Figure 10, we showed the corresponding activation map of this 
reentry path.

For the 45 self-terminating episodes, we summarized the results in the Supplementary 
Table 2. We found contribution of reentry loops in only 5 cases intermingled between 
focal activation before (respectively 1, 7, 3, 1, 2 focal beats) and after (respectively 4, 4, 
3, 3, 6 focal beats), see also Supplementary Figure 12.

In Figure 3, we present an example of an ectopic beat triggered by focal activity 
found in dog 5 for the episode t=570 to 575 s after the start of the measurements. At 
time t=572.835 s, the beginning of the focal beat is indicated by a black arrow (apex of 
the LV anterior wall) (Figure 3A). From here activation moves toward the LV lateral wall 
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Figure 1. Histogram of results of the loop-finding algorithm on 54 Torsades de Pointes recorded by 
the needles electrodes in 5 different TdP-sensitive dogs.
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Figure 2. Example of reentry in the 3D interpolated reconstructed dog heart.
Example of reentry (dog 2, time 473 to 480 s) in the 3-dimensional (3D) reconstructed dog heart at 
4 different times (A to D), which span 1 reentry loop. The first extra beat was a focal beat, indicated 
with an asterisk. On the electrocardiogram (ECG), lead I, the corresponding 4 times are indicated. See 
Supplementary Video 1.

DC

BA

Figure 3. Example of a focal beat in the 3D interpolated reconstructed dog heart.
Example of a focal beat in the 3D interpolated reconstructed dog heart at 6 different times (A to F) that 
span 1 focal beat. On the ECG, lead I, the corresponding times are indicated. In this case, all beats were 
focal beats (indicated with an asterisk). See Supplementary Video 2. Abbreviations as in Figure 1. 

(a) t =572.835s (b) t =572.875s (c) t =572.945s 

(d) t =573.010s (e) t =573.075s (f) t =573.115s 
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(Figure 3B) and via the posterior wall (Figure 3C) to the anterior wall of RV (Figure 2D) 
where activation ends and tissue repolarizes again (Figure 3E). At time t=573.11, a new 
focal activation emerges from the same LV anterior apical location (black arrow) (Figure 
3F). In Supplementary Figure 11, we have given the corresponding activation maps of 
these 2 beats, which again show that these beats are focal.

From the loop-finding algorithm, it is clear that the larger the number of beats, the 
greater the chance to find reentry. In Figure 1, we summarized the results of the loop-
finding algorithm: we used the results with the time filter and velocity (0.3 to 0.4mm/
ms), which mostly coincided with 2D and 3D visualizations. In Supplementary Figure 12, 
we presented for each episode how many beats were focal versus how many beats were 
reentry beats.

Silent time in between beats

In cases of reentrant activity, an excitation wave front is present at every time instant. 
However, in cases of focal activity, we may have a silent time during which wave fronts 
are absent. In Figure 4, the boxplots of the silent times are shown: First, for the focal 
beats (group 1), the median silent time is 142.42 ms (interquartile range [IQR]: 95,239 
ms), for the terminating reentry beats (group 2), it is 0.48 ms (IQR: 20,31 ms), and for the 
NT reentry beats (group 3), it is it 33.08 ms (IQR: 63,14 ms). All pairwise comparisons of 
these medians are significantly different (all p<0.0001). Comparisons within group 1 are 
described in the Supplementary Material.

In rare cases in group (1), the duration of the beat was larger then the interbeat 
interval, meaning that the next beat started before the end of the previous beat, giving 
rise to a negative number in Figure 4 (left). In most cases, the interbeat interval is a 

Figure 4. Boxplots of the silent times of focal episodes, terminating and NT reentry beats.
(Upper) Boxplot of the silent times for all the focal episodes (group 1); (middle) boxplot of all the silent 
times of the reentry beats in the mixed focal and reentry episodes (group 2); and (lower) boxplot of all the 
silent times of the reentry beats in the nonterminating (NT) cases (group 3). All pairwise comparisons of 
these medians are significantly different (all p<0.0001).
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Figure 5. Histograms per dog of the interbeat intervals of the focal episodes versus NT reentry 
episodes.
(Left) Histograms per dog of the interbeat intervals of the focal episodes (red) versus the interbeat interval 
of the nonterminating (NT) reentry episodes after 5 s (blue). The reentry always has a lower interbeat 
interval than all focal interbeat intervals. (Right) Continues interbeat interval of all the nonterminating 
episodes after the start of the reentry. We observe a gradual decrease of the interbeat interval.

positive number. In contrast, the silent time is usually around 0 or negative for the reentry 
cases (2) and (3), meaning that there is no quiescent time between the different beats 
when reentry is present. In other words, not all electrodes are activated within a certain 
interbeat interval. This difference reflects itself, see also the Supplementary Movies 1 and 
2, showing that there is time deprived of activation in between the different focal beats, 
versus continuous activity in the cases reentry-loops were present.
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Alternative parameters to discriminate between the arrhythmogenic 
mechanisms: interbeat intervals and amplitudes

Interbeat intervals

It is normally assumed that reentrant arrhythmias are fastest: lower interbeat 
interval (see Figure 5). In Figure 5 (left), a histogram of all the interbeat intervals per dog 
is shown. The right column depicts the value of the interbeat interval after 5 s (or the last 
value available) of the start of reentry and the evolution of the interbeat interval once 
the reentry started. These data reveal that the interbeat interval during reentry gradually 
decreased, whereas after 5 s, it is lower than the shortest interbeat interval from a focally 
activated episode. The median interbeat interval of group 1 is 310 ms (IQR: 257,376 ms), 
of group 2 is 221.65 ms (IQR: 215,231 ms), and of group 3 is 220 ms (IQR: 207,237 ms). 
The median of groups 1 and 2 is statistically different (p<0.0001). Groups 1 and 3 are also 
statistically different (p<0.0001), and there is no significant difference between groups 
2 and 3 (p=0.89). Therefore, we find that reentry beats have a smaller interbeat interval 
than do the focal beats.

Amplitudes of the signals

We noticed that in the cases that reentry loops are exhibited, often some signals 
with lower amplitudes are found as depicted in Figure 6, whereas for pure focal episodes, 
the amplitudes are usually larger, as in Supplementary Figure 3. Comparing the 5% 
lowest amplitudes for each beat for the 3 different groups revealed the following: for 
group 1, 0.59 (IQR: 0.52,0.66); for group 2, 0.52 (IQR: 0.45,0.64); and for group 3, 0.38 
(IQR: 0.34,0.41). For groups 1 and 3, this difference is significant (p<0.001), but it is not 
significant for groups 1 and 2, (p=0.45) or groups 2 and 3 (p=0.03). These data are shown 
in Figure 7.

Figure 6. Signal of Electrode 234 of an NT TdP Episode in Dog 1.
The signal of electrode 234 of an NT TdP episode in dog 1, between 482 and 491 s after the start 
of the measurements. After 2 beats, the amplitude drastically reduces, a phenomenon that was often 
observed during reentry. In comparison, amplitudes of beats from focal origin usually had the form of 
Supplementary Figure 3. Abbreviations as in Figures 4 and 5.
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The lower amplitudes of some of the electrodes in cases of reentry could be 
explained by the fact that we are measuring inside the core of a spiral wave.33 We have 
demonstrated this in Supplementary Figure 13, where we simulated a spiral wave and 
recorded a unipolar signal inside (green and red arrows) and outside (blue arrow) the 
core of the spiral wave. We see indeed that the amplitude of the signal decreases 
and become wider closer to the center of the spiral wave, similarly as in Figure 6. In 
comparison, during focal episodes, the amplitude does not change, or even becomes 
larger (see the red arrow and blue arrow in the bottom of Supplementary Figure 13). In 
addition, we checked indeed, that for the case of Figure 6, where the center of the spiral 
wave was easily detected manually, the signal of the amplitude was indeed lower in the 
core of the spiral wave and larger outside the core of the spiral wave. However, with our 
current software, this could not be checked automatically and is beyond the scope of 
the paper. Another possible explanation is that in cases of multiple reentry spirals, or 
more chaotic waves, in some electrodes, the signals come from different sides, which 
automatically reduces the amplitude of the signals on the electrodes.

Prediction model

Based on the interbeat interval, the prediction model identifies the beats as from 
reentrant or focal origin. The quality of these predictions is evaluated on the test data. 
The model exhibits good predictive power: the positive predicted value is 76% with a 
negative predicted value of 90%. This means that of all the beats that are predicted as 
focal, 76% of them were truly focal. While for all beats labelled as reentry, 90% were 
genuine re-entries.

Figure 7. Boxplots of the amplitudes of focal episodes and terminating and NT reentry beats.
(Upper) Boxplot of the 5% lowest amplitudes for all the focal episodes (group 1); (middle) boxplot of 5% 
lowest amplitudes of the reentry beats in the mixed focal and reentry episodes (group 2); and (lower) 
boxplot of the 5% lowest amplitudes of the reentry beats in the non-terminating (NT) cases (group 3). The 
medians of only groups 1 and 3 are significantly different (p<0.001).
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These results illustrate that the mechanism can be predicted based on the 
information given by the interbeat interval. As a consequence, the uncertain data can 
now be predicted with this model, see the Supplementary Material, Supplementary 
Figure 14 and Supplementary Table 3.

ecg and tdP

As a quantitative definition of a typical TdP is usually unclear in the literature, we 
shall add a qualitative comment on the ECG recordings with respect to the mechanism.

First, for the non-terminating cases, in 7/9 of the cases we found the typical varying 
amplitude, as shown in the Supplementary Figure 4. Qualitatively, smaller amplitudes are 
usually accompanied by more chaotic wave patterns. Also notice that in this case, smaller 
amplitudes were observed simultaneously in all the leads; however, this is not always 
the case. In 2 of 9 cases, we found a different type of ECG without varying amplitude. 
First, for 1 episode, we found a more monomorphic ventricular tachycardia, as shown 
in Supplementary Figure 5. In this case, the waves were less chaotic, and there was 
anatomical reentry around the LV. Second, as shown in Supplementary Figure 6, we 
also found 1 episode where the amplitude did not change, but the signal drifted. In 
this case, we observed clearly a single spiral that was slightly meandering in around 
the LV posterior and the septum posterior. This behavior is similar to the pseudo-ECG 
computed in Abildskov and Lux,19 where a spiral wave that drifts due to a heterogeneous 
medium in 2D.

Second, for the terminating cases (see Supplementary Table 2, the certain cases), 
we found twisting in 14 of 35 cases, as shown in Supplementary Figure 7. This twisting 
can be related to the different origins of the focal beats; however, in some cases, we 
observed twisting even when the focal beat came from the same region. In 21 of 35 cases, 
the ECG signature is more polymorphic, as shown in the example in Supplementary 
Figure 8. For the 4 terminating cases, where reentry loops were detected, we found 
twisting of ECG signal (see Supplementary Figure 9).

In summary, different behaviors are possible, as are more polymorphic ECG and 
typical ECG with greatly varying amplitude and twisting, although in the case of reentry 
loops, the latter behavior was observed more often. Therefore, looking qualitatively at 
the ECG, it is not possible to conclude the mechanism. Also, there is a clear need to 
quantitatively analyze ECG and try to connect it to the mechanism. However, this is 
beyond the scope of the current study.
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dIscussIon
In summary, we found that the initiation of every episode is generated by a focal 

mechanism. This is in accordance with the published reports, which claim that a TdP 
always starts with an EAD-depended focal beat.6–13 The underlying mechanism of the 
perpetuation consists of different types: 1) NT TdP (>10 s), which are all perpetuated by 
reentry; 2) spontaneously terminating TdP that were perpetuated by purely focal activity; 
and 3) spontaneously terminating TdP that had mixed perpetuation: focal–re-entry–focal.

The duration of the TdP indicates the mechanism (Figure 1): longer-lasting TdP 
(>14 beats) usually have reentry as the underlying mechanism, and reentry could be 
distinguished from focal activity in 4 different ways: 1) using a novel algorithm based 
on directed graphs that can detect loops when fed with activation sequences; 2) the 
interbeat interval is smaller in case of reentry; 3) during reentry, we found that there is 
always activation present, whereas for a focal episode, there is a mean quiescence of 142 
ms in between beats; and 4) in cases of NT reentry, the amplitudes of certain signals are 
substantially smaller. Interestingly, these different mechanisms could appear in the same 
dog, for example, in dog 1, self-terminating focal episodes as well as nonsustained re-
entry and sustained reentry were possible. Finally, we also created a prediction model, 
which allows us to accurately predict the mechanism (focal vs. reentry): the positive 
predictive value is 76% for a negative predictive value of 90%.

This result explains the long-lasting debate on whether reentry or focal origin is 
the underlying mechanism of TdP, as we found that both mechanisms are possible and 
they can both give rise to varying amplitudes in the ECG, which is considered as the 
signature of a “typical” TdP. Part of the confusion in published reports may be because 
the signature of TdP is usually based on the interpretation of the observer, as there 
exists no clear quantitative general definition. Many papers use TdP and PVT as different 
arrhythmias, but it is clear from this study, that it is difficult to separate these 2. From this 
study, it also follows that having reentry in an episode is dangerous as it is possible that 
it does not stop spontaneously.

Literature: differences based upon definitions?

Therefore, in the light of our results, it is interesting to review the literature 
regarding the mechanism of TdP. In the canine model in El-Sherif et al.,8 the sodium 
channel inactivation is slowed, creating a sustained inward current during the plateau 
and prolongation of APD. Their study also proposed 2 possible mechanisms of TdP. 
First, the typical twisting of a TdP was assigned to varying orientations of the reentry 
wave. Interestingly, the sustained episodes always had reentry activity, thereby agreeing 
with our results, but also non-sustained episodes were possible. Second, they also 
found focal activity as a possible mechanism for TdP; however, they named it a PVT. 
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This may add to the confusion whether a TdP has reentry as basis or focal origin. In a 
later study also by El-Sherif et al.,9 a surrogate canine model of the LQT3 syndrome 
using the neurotoxin anthopleurin-A, was investigated and here only reentry was found 
as a possible mechanism of TdP. In Schreiner et al.,12 the CAVB dog model was also 
investigated, hereby inducing TdP with almokalant, a potasium channel (IKr) blocker. They 
recorded 10 episodes of arrhythmias whereby 9 of 10 were self-terminating. In 2 self-
terminating cases, reentry was found. In the NT case, the episodes were purely focal, 
however, this episode deteriorated into VF, and it was not mentioned whether reentry 
was present during VF (or maybe just before the start of the VF). It should be mentioned 
that purely focal episodes could last up to 60 beats, which is much higher than in the 
present study. Third, in Murakawa et al.11 and Senges et al.,13 TdP was induced by cesium 
chloride in dogs, and all episodes were purely focal according to their data. However, in 
these studies, episodes were recorded that were NT, which is not in agreement with the 
data from the current study, where all NT episodes show reentry. This discrepancy can 
be related to the cesium chloride injection, which is maybe not a good model for TdP.34 
Fourth, a study by Kim et al.15 showed that in rabbit hearts challenged with isoproterenol, 
the basis of PVT was of focal origin. In their study, no “typical” TdP ECG were shown 
with the varying amplitude and twisting of the axis (therefore the term TdP was never 
mentioned). In their study, it was hypothesized that the foci had no preferred location 
and varied randomly in the LV and RV. The mechanism of perpetuation was shown to be 
related to chaotic synchronization of EAD, which generated triggered activity. It would 
be interesting to investigate whether the foci in our study have preferred locations 
connected to heterogeneities, or if they are truly random. However, it was already 
suggested by Dunnink et al.16 that in the current CAVB dog model, heterogeneities 
might play an important role. Also in the study by Asano et al.,6 TdP was investigated 
in the Langendorff perfused rabbit heart by applying quinidine and E-4031. Again, the 
definition of TdP plays a pivotal role, as in their study a TdP was defined as a gradual 
undulating change on the ECG. It was found that only reentry could cause this typical 
twisting, whereas there were also other purely focal episodes, but they were not 
categorized as TdP, rather as PVT.

In the study by Kozhevnikov et al.,10 which also investigated the CAVB dog model, 
14 dofetilide-induced episodes were investigated whereby 2 were sustained. In their 
study also, the first 1,2 beats were focal, but then all episodes showed reentry. When 
the reentry terminated, the TdP episode stopped, indicating that it did not end by 
a focal mechanism as we found in the current study. However, reentry was detected 
manually, so it might have been overlooked. Also in the study by Fadi et al.,17 reentry was 
hypothesized as the mechanism for TdP in a canine model and related to the existence 
of M-cells. However, they only investigated wedges instead of the whole heart.
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In a previous study by Boulaksil et al.,14 it was found that TdP were mainly perpetuated 
by focal activity, however, NT TdP were not investigated. Here we intensified this study by 
giving 4 different methods to distinguish reentry from focal mechanism. Also, this is the 
first time that in mapping experiments, loops were found by using automatic algorithms 
that detect loops by creating directed graphs30 based on the activation times. Moreover, 
this method could be very powerful and used for any mapping experiment to detect 
loops, also for atrial fibrillation and VF. Directed graphs can be made depending on 
the conduction velocity, which would add extra information in comparison with phase-
mapping technologies.

The fact that reentrant patterns organize sustained cardiac arrhythmias was also 
shown by Krummen et al.35 They found that sustained VF in patients with and without 
structural heart disease is organized by functional reentry patterns (rotors) and stability 
of VF correlated with rotor stability.

mechanism in humans

With the help of these methods, we could potentially uncover the mechanism of 
TdP in humans, which has never been studied before. From the ECG trace alone, we could 
determine the interbeat interval, which coincides with the distance between the different 
peaks in the ECG. If we find a gradual decrease of the interbeat interval as indicated in 
Figure 5, this could indicate reentry. Also, the prediction model we created showed that 
the interbeat interval can be a good indicator of the mechanism in TdP. In addition, if it 
were possible to do inverse mapping experiments in patients with, for example, inverse 
ECG (ECGi),36 we could also trace the amplitudes on the epicardium and find whether 
there are certain locations in the heart where the local ECG shows smaller amplitudes as 
in Figure 6. This could provide a breakthrough in our understanding on the mechanism 
of TdP in humans and possible therapy. Another interesting observation is that we find 
the typical twisting of the points in the ECG in focal as well as in reentry episodes. 
Although it is beyond the scope of this paper, it would be interesting to uncover ECG 
characteristics depending on the mechanism, which could again help to determine the 
mechanism in humans. Many questions still remain unsolved. First, how does a spiral 
wave start? Our hypothesis would be that a correctly placed focus can cause reentry 
due to conduction block (like an S1-S2 pacing protocol). This is because in some cases, 
we do get reentry (9 NT + 5 terminating episodes), but in most cases, we only found 
focal activity (40 cases). Even more importantly, once reentry is established, why does it 
sometimes stop spontaneously? Understanding this mechanism could be of paramount 
importance for clinical applications, as it could help developing new therapeutic methods 
for LQT syndromes or other patients with risk of developing TdP. Now, as a therapeutic 
treatment, if medication alone is notsuccessful, implantable cardioverter-defibrillators 
are implanted, which can be painful when delivering a shock. Interestingly, we can now 
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understand why defibrillation of this arrhythmia is successful, as it is basic knowledge that 
spiral waves are terminated after synchronization of the tissue.

Another question is why the focal activity sustains up to even 14 beats, as in 
dog 2, 695 to 700 s after start of the measurements (see Supplementary Table 2). In 
this case, these 14 beats even originated from the same location. In other cases, the 
locations can switch during the episode. One possible explanation might be that there 
exist local heterogeneities, which have reduced repolarization reserve in comparison 
with the surrounding tissue. In the CAVB model, it was demonstrated that the first focal 
beat always originated from the area with the steepest gradient in APD.16 In computer 
simulations, it was also shown that heterogeneities with reduced repolarization reserve 
in comparison with the surrounding tissue can produce focal beats on a global reduction 
in repolarization.25 However, it was not shown why they would spontaneously stop. A 
possible argument might be that because of the faster heart rate, APD shortens, and 
EAD are less likely to be formed.

lImItAtIons
It should be noted that the spacing between the different needles is rather large, 

1.2 cm, and the needles do not measure the activity in the Purkinje system. Potentially, 
many loops could be missed in the loop-finding algorithm due to these large distances 
or via the Purkinje system. However, as we have 3 different methods that show other 
differences between focal origin and reentry, it strengthens the correctness of the loop-
finding algorithm. In the mapping experiments, it is rather difficult to evaluate the 
transversal and longitudinal conduction velocity since we have no information about 
the fiber-cardiomyocytes orientation in the measured areas and its anisotropy. We have 
therefore always chosen a particular conduction velocity for all electrodes, although in 
principle, the conduction velocity between certain electrodes should depend on the 
fiber orientation.
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suPPlementAry mAterIAl

supplementary methods

Ventricular activation sequence within arrhythmic episodes

Activation times (AT) of each electrogram were determined as the time of largest 
minima of the signal derivative within a given arrhythmic episode, with at least 200 ms 
difference 34 between successive activations (Supplementary Figure 3). Next, these 
minima were filtered, so only points with sharp enough downstroke were selected: in an 
interval of 10 ms before and 10 ms after this minimum, at least 1/10 of the amplitude of 
a normal paced beat should be spanned. However, before a point was removed, it was 
checked whether there was a neighbouring point, which also had a downstroke which 
did meet the requirements. In this case, the point was kept. Next, we implemented a 
graphic utility interface (GUI) to check all the ATs of a given arrhythmic episode. Points 
could be removed and added manually. In order to remove any bias, two independent 
observers repeated the analysis independently from 2 different departments (Ghent and 
Utrecht). Once this was done, 2D and 3D visualization were automatically computed.

3D visualization

For the 3D visualization we assigned a refractory period of 200 ms starting from 
each AT assigned to the electrodes on the 56 needles. We then interpolated these 
points (around 200 points) into the whole heart, with inverse distance weighting, using 
a power parameter of 3. The positions of the needles were based on Supplementary 
Figure 2, and were extended into a cylindrical shape for all 6 layers. Each layer is 1.2 cm 
thick, while the electrodes on a single needle are 0.4 cm apart. 

Total activation time

The total time needed to activate the entire heart after a given time t was computed 
as follows. For all electrodes, the activation time ti > t, was considered. The smallest ts 
from ti,i = 1...256 was subtracted from the largest value tl from ti,i = 1...256. to yield this 
total time. This value was always computed before the start of the next ectopic beat. 

Interbeat intervals

The interbeat intervals were computed as follows. For each electrode, the two 
subsequent activation times were determined, and the difference was computed at each 
moment of time. This value was averaged for all electrodes and yielded the interbeat 
interval at each moment of time. For cases where focal beats only were observed, the 
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interbeat interval was computed before the start of the next beat. If reentry was present, 
the interbeat interval was computed at each moment in time as it was no longer possible 
to detect different beats. In the case of mixed focal beats and reentry, the interbeat 
interval was computed before each focal beat and during reentry, after each time all the 
electrodes were activated. Important to note, these values lie in the same ballpark as the 
distances between the peaks on the ECG.

Amplitudes of the signal

For the computation of the amplitudes of the signal of an electrode, we used the 
following algorithm. For a certain AT ti, we determined the maximum value of the signal 
in the range  [ti−1 , ti ], ai,max , and the minimum value in [ti , ti+1 ], ai,min. Only for the first 
maximum, we took the time of the first max before t1. For the last minimum an, we took 
the minimum in  [tn, tn + 250ms]. The difference ai = ai,max − ai,min, is then compared with 
the amplitude of the first paced beat (a1) and determined Ai = ai/a1, see Supplementary 
Figure 3. Thus, we obtained a normalized amplitude with respect to the first amplitude, 
which is a paced beat. We then computed the mean of these normalized amplitudes 
Ai for each electrode. As the automatic process sometimes misses certain amplitudes, 
we also created a GUI for manual adaptation. This was necessary especially for the first 
maximum, as sometimes the first maximum was not an absolute maximum, but a relative 
maximum. In addition, one should also be careful not to confuse this maximum with the 
(sharp) stimulus artefact.

Loop finding algorithm

Non-terminating episodes

Data from the application of the reentry-loop algorithm for the 9 non-terminating 
episodes of TdP are shown in the Supplementary Table 1. We found loops for all 9 
episodes for the conduction velocities 0.2 - 0.4 mm/ms. Moreover, with the limitation that 
the needles must be < 2 cm apart (d), loops were no longer detected for 2/9 episodes 
if the speed was set to 0.4 mm/ms. When applying a time filter, loops were no longer 
found in 1/9 cases if the time difference (t) between two neighbouring electrodes was < 
50 ms. In all 9 cases, the 2D and 3D visualizations suggested reentry, in agreement with 
Supplementary Table 1. For all 9 episodes, reentry was never detected starting from the 
first (stimulated) beat to the next beat, indicating that the second (spontaneous) beat 
was always a focal beat. The loop-finding algorithm showed reentry from beat 6→7, 
5→6, 3→4, 11→12, 3→4, 3→4, 7→8, 6→7 and 4→5 from the loop-finding algorithm with 
CV=0.4 mm/ms (first paces beat included). In comparison, the 3D visualizations show 
reentry from beat 4→5, 3→4, 3→4, 5→6, 2→3, 2→3, 6→7, 6→7 and 4→5, respectively for 
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the 9 different episodes. In the case of minimal conduction velocities of 0.2 and 0.3 mm/
ms, loops were found which do not agree with the visualizations, possibly due to large 
time difference between electrodes which are neighbours and > 2 cm apart. However, 
applying the filters in space (d) and time (t), always corrected for that. It is interesting to 
note, that in two cases (dog 2, time 305 - 312s and time 473 - 480s), once reentry started, 
the ECG has a signature of a polymorphic VT (pVT), rather than the typical TdP-ECG with 
greatly varying amplitude, see the Supplementary Figure 4. The 2D and 3D visualizations 
suggest a single spiral.

Detection of reentry loops in non-terminating TdP. In 4/5 dogs non-terminating 
TdPs occurred. The times indicated in the second column are the begin and end time of 
an episode, after the start of the recordings. Each 100 ms, it was checked whether reentry 
loops were found for the speeds 0.2 mm/ms, 0.3 mm/ms and 0.4 mm/ms. In addition, we 
applied the algorithm with the same speeds, but with a restriction of a maximum distance 
of 2 cm between neighbouring electrodes (d). Also, a time restriction of maximum 50 ms 
between two electrodes was implemented (t). We also marked whether the suggestive 
2D-3D visualizations showed reentry.

Self-terminating episodes

For the 45 self-terminating episodes, we summarized the results in the 
Supplementary Table 2. Almost all of them showed loops for a speed of 0.2 mm/ms, 
however, the loops remained in only 4 cases after the restriction of a maximal delay of 50 
ms between activation at two electrodes. These 4 cases showed clear spirals in the 2D 
and 3D visualizations (last column). This hints again to the fact that a conduction velocity 
of 0.2 mm/ms is too low and needs to be corrected by additional filters. In 6 other cases 
(indicated with #?), the 2D and 3D patterns were unclear. In these cases, loops were 
found for a conduction velocity of 0.3 mm/ms, and in one case even for 0.4 mm/ms. 
However, they did not pass the distance filter and the time filter. In one case, a spiral was 
more clearly suggested in the visualizations, (marked with û (?)), but it also did not pass 
the filters. In all other cases, the filters and the visualizations coincided. It should also 
be noted that for the cases where reentry was found, they intermingled between focal 
activation before (respectively 1, 7, 3, 1, 2 focal beats) and after (respectively. 4, 4, 3, 3, 
6 focal beats).

Silent time

It should be noticed that also within group (1), (red group of Figure 1), depending 
on the number of beats we find differences in the silent time. For episodes between 
2 and 5 beats, the median is 208.67 ms (IQR: 284 ms), while between 6-10 beats, the 
median silent time is 122.18 ms (IQR: 80 ms), and between 11-15 beats the median silent 
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time is 113.60 ms  (IQR: 73 ms). However, although there are large differences, none of 
the median silent time are significantly different (group 2-5 beat vs. 6-10 beats: p=0.15, 
group 2-5 beat vs. group 11-15 beats: p=0.18, group 6-10 beat vs. group 11-15 beats: 
p=0.77).

Prediction model

The ROC curve, created with the Epi package in R,1 is shown in the figure below 
(Supplementary Figure 14). The area under the ROC curve equals 95%. The optimal 
prediction cut-off point (0.271) is selected as the point for which the sensitivity plus 
specificity is maximized. The estimated sensitivity for the training data is 89% with a 
specificity of 87%, while for the test data these are respectively 85% and 84%.

In the manuscript, we only included the certain outcomes (the data from 
supplementary Table 2 without ‘?’), however, we can now apply the predictive model on 
the uncertain data. In this case, the model predicts focal activity in four cases of which 
one was visually labelled as reentry. Three cases were predicted as reentry by the model, 
while they were visually labelled as focal (Supplementary Table 3).

supplementary tables

Dog Times (s) 0.2 0.3 0.4 0.2 (d) 0.3 (d) 0.4 (d) 0.2 (t) 0.3 (t) 0.4 (t) 2D-3D
1 482-491 ü ü ü ü ü ü ü ü ü ü
1 837-848 ü ü ü ü ü ü ü ü ü ü
1 1108-1117 ü ü ü ü ü ü ü ü ü ü
2 305-312 ü ü ü ü ü û ü ü û ü
2 473-480 ü ü ü ü ü ü ü ü ü ü
2 591-603 ü ü ü ü ü ü ü ü ü ü
3 1006-1020 ü ü ü ü ü û ü ü ü ü
3 1343-1363 ü ü ü ü ü ü ü ü ü ü
4 247-258 ü ü ü ü ü ü ü ü ü ü

Detection of reentry loops in non-terminating TdP. In 4/5 dogs non-terminating TdPs occurred. The times 
indicated in the second column are the begin and end time of an episode, after the start of the recordings. 
Each 100 ms, it was checked whether reentry loops were found for the speeds 0.2 mm/ms, 0.3 mm/ms 
and 0.4 mm/ms. In addition, we applied the algorithm with the same speeds, but with a restriction of a 
maximum distance of 2 cm between neighbouring electrodes (d). Also, a time restriction of maximum 
50 ms between two electrodes was implemented (t). We also marked whether the suggestive 2D-3D 
visualizations showed reentry.

Supplementary Table 1. Detection of re-entry loops in non-terminating TdPs.
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Dog Times (s) Beats 0.2 0.3 0.4 0.2 (d) 0.3 (d) 0.4 (d) 0.2 (t) 0.3 (t) 0.4 (t) 2D-3D

2 157 - 160 2+1 ü û û û û û û û û û
3 606 - 608 2+1 û û û û û û û û û û
3 1157 - 1162 2+1 û û û û û û û û û û
3 1162 - 1162 2+1 û û û û û û û û û û
5 635 - 638 2+1 û û û û û û û û û û
1 677 - 679 3+1 ü ü û û û û û û û û
1 807 - 810 3+1 ü ü û û û û û û û û ?
1 1106 - 1108 3+1 ü ü û ü û û û û û û ?
2 163 - 165 3+1 û û û û û û û û û û
2 693 - 695 3+1 û û û û û û û û û û
2 1036 - 1038 3+1 û û û û û û û û û û
2 1038 - 1040 3+1 ü û û û û û û û û û
3 1257 - 1261 3+1 û û û û û û û û û û
4 620 - 623 3+1 ü û û û û û û û û û
1 812 - 815 4+1 ü û û û û û û û û û
3 604 - 607 4+1 ü û û û û û û û û û
3 1217 - 1220 4+1 ü ü û û û û û û û û
3 1233 - 1237 4+1 ü û û û û û û û û û
3 1322 - 1325 4+1 ü ü û û û û û û û û
4 518 - 521 4+1 ü ü û û û û û û û û
4 540 - 543 4+1 ü û û û û û û û û û
4 645 - 648 4+1 ü û û û û û û û û û
1 714 - 717 5+1 ü ü û û û û û û û û
2 1002 - 1005 5+1 ü ü ü û û û û û û û
4 606 - 609 5+1 ü û û û û û û û û û
1 710 - 713 6+1 ü ü û û û û û û û û
4 528 - 532 6+1 ü û û û û û û û û û
5 642 - 646 6+1 ü ü û ü û û û û û û
4 394 - 398 7+1 ü û û û û û û û û û
1 648 - 652 8+1 ü ü û û û û û û û û ?
1 696 - 700 8+1 ü ü û û û û û û û û
1 703 - 706 8+1 ü ü û ü û û û û û û
5 570 - 575 8+1 ü ü û û û û û û û û
1 640 - 644 9+1 ü ü û ü û û û û û û
1 774 - 778 10+1 ü ü ü û û û û û û û ?
3 1315 - 1322 10+1 ü ü û û û û û û û û
1 631 - 635 11+1 ü ü û û û û û û û û
2 654 - 658 11+1 ü ü û ü û û û û û û ?
3 533 - 538 11+1 ü û û û û û û û û û
1 606 - 611 14+1 ü ü ü ü û û ü ü ü ü
2 695 - 700 14+1 ü û û û û û û û û û
3 1260 - 1268 15+1 ü ü ü û û û û û û ü ?
1 1074 - 1080 20+1 ü ü ü ü û û ü ü ü ü
1 679 - 687 24+1 ü ü ü ü ü û ü ü ü ü
3 1165 - 1176 38+1 ü ü ü ü û û ü ü ü ü

The times indicated in the second column represent the onset and end time of an episode, after the 
start of the recordings. Similar columns are presented as in Table 1. Again, each 100 ms, it was checked 
whether reentry loops were found for the speeds 0.2 mm/ms, 0.3 mm/ms and 0.4 mm/ms. In addition, 
we applied the algorithm with the same speeds, but with a restriction of a maximum distance of 2 cm 
between neighbouring electrodes (d). Also, a time restriction of maximum 50 ms between two electrodes 
was implemented (t). We also marked whether the suggestive 2D-3D visualizations showed reentry.

Supplementary Table 2. Detection of reentry loops in terminating TdP episodes.
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Supplementary Table 3. Predictive model vs. visual interpretation of data from Table 2.

Dog Times (s) Beats Visual interpretation Prediction model

1 157 - 160 3+1 û ? û

1 1106 - 1108 3+1 û ? û

5 642 - 646 6+1 û ? û

1 648 - 652 8+1 û ? ü

1 774 - 778 1+1 û ? ü

2 654 - 658 11+1 û ? ü

3 1260 - 1268 15+1 ü ? û

supplementary figures

Supplementary Figure 1. Schematic representation of needles positions from the electrical mapping 
experiments; configurations 1 (dog 1) and 2 (dog 2 to 5).
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Supplementary Figure 2. Example of a directed graph.
Numbers represent electrodes. An example of a loop can be seen in the following sequence: 2→4→3→2.

Supplementary Figure 3. Example of a local unipolar electrogram recorded during a TdP episode.
AT were determined as the minimal dV/dt (yellow), with at least 200 ms of difference between two ATs. 
Maxima of the activation complex are in red, while the minima are in green. Differences between the 
maxima and the minima are a1, a2, ..., an. 
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Supplementary Figure 4.
Example of 12 lead-ECG traces from a 
non-terminating TdP in dog 1 (1108-
1117) showing the typical polymorphic 
pattern with varying amplitude.

Supplementary Figure 5.
Example of 12 lead-ECG traces 
from a non-terminating TdP 
in dog 2 (305-312) showing 
a monomorphic pattern with 
varying amplitude.

Supplementary Figure 6.
Example of 12 lead-ECG traces 
from a non-terminating VT in 
dog 2 (473-480) showing a 
polymorphic pattern without 
varying amplitude.

Supplementary Figure 7.
Example of 12 lead-ECG traces from 
a self-terminating TdP in dog 3 (1315-
1322) showing a polymorphic pattern 
with varying amplitude.

Supplementary Figure 8.
Example of 12 lead-ECG traces 
from a self-terminating TdP in 
dog 2 (654-658) showing a 
monomorphic pattern without 
varying amplitude.

Supplementary Figure 9.
Example of 12 lead-ECG traces 
from a self-terminating TdP 
in dog 1 (606-611) showing 
a polymorphic pattern with 
varying amplitude.
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Activation maps, dog 5, times 570-575s
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Supplementary Figure 11.
Activation map corresponding to beat 5 and 6 from Figure 3. The start of the focal beat is symbolized by 
a star. Both beats were clearly initiated by focal mechanism.

Supplementary Figure 10.
Activation map of the indicated loop corresponding to Figure 2. The loop is depicted by the black arrow.

Activation map, dog 2, times 473-480s
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Supplementary Figure 12.
Representation of focal and reentry beats from each of the 54 arrhythmia episodes analysed with the loop 
finding algorithm. Red and green bars represent ectopic beat driven by focal and reentry mechanism, 
respectively.
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Supplementary Figure 13.
Simulation of a recording of a local unipolar signal in the core of a spiral wave (red, green arrow), outside 
the core of a spiral wave (blue arrow; top panel). Similarly the signal inside the center of a focal beat (red 
arrow) and outside the center of a focal beat (blue arrow). Only inside the core of the spiral wave, the 
amplitude of the signal decreases, with a focal beat we even see an increase in the middle of the focal 
beat. Also notice that the signal becomes wider inside the core of the spiral wave, as can be also seen in 
Figure 6 (bottom panel).

0 0.5 1 1.5

time(s)

0 0.5 1 1.5 2

time(s)

Reentry circuit

Focal activity

Electrograms



Mechanisms of short and long lasting episodes of TdP

109

5

supplementary references
1. Carstensen B, Plummer M, Laara E, Hills M. Epi: A package for statistical analysis in 

epidemiology, R package version 2.7. 2016

Supplementary Figure 14.
ROC curve of the logistic regression model based on the training data. The optimal cut-off point is 0.271.
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AbstrAct
Short-term variability (STV), to quantify beat-to-beat variability of repolarization, 

is a surrogate parameter that reliably identifies proarrhythmic risk in preclinical models. 
Examples include not only the use in the chronic atrioventricular block (CAVB) dog model 
whereby it was developed but also in vulnerable patients with heart failure or drug-
induced long QT syndrome. In the CAVB dog model, STV can specifically distinguish 
between safe and unsafe drugs in proarrhythmic screening. Conversely, this dog model 
also offers the possibility to evaluate antiarrhythmic strategies in a setting of Torsades 
de Pointes (TdP) induction with a standard IKr inhibitor. The different antiarrhythmic 
interventions studied in suppression and prevention of drug-induced TdP in vivo in the 
CAVB dog model and in vitro in canine ventricular cardiomyocytes are described in 
this overview. We provide evidence that STV predicts the magnitude of antiarrhythmic 
effect against TdP better than other repolarization parameters in both suppression and 
prevention conditions. Moreover, suppression and prevention experiments revealed the 
same level of antiarrhythmic efficacy, whereas cellular experiments seem more sensitive 
in comparison with drug testing in vivo. Together, these observations suggest that STV 
could be used as a consistent indicator to rank efficacy of antiarrhythmic interventions in 
a number of conditions.
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IntroductIon
Life-threatening ventricular arrhythmias, such as ventricular tachycardia and 

ventricular fibrillation, are responsible for approximately two thirds of all sudden cardiac 
deaths.1 Several studies have demonstrated that patients affected by acute coronary 
syndromes and structural heart disease related to ischemic cardiomyopathy show a 
diminished cardiac function and an enhanced risk for ventricular arrhythmias.2,3 Although 
implantation of an internal cardioverter-defibrillator is designed to prevent sudden 
cardiac death in this patient population,2,3 this device-based strategy, despite being 
costly, does not prevent the incidence of ventricular arrhythmias and is associated with 
a number of shortcomings.4 After the Cardiac Arrhythmia Suppression Trial, a number 
of clinical trials have tried to demonstrate the benefit of using antiarrhythmic drug in 
post-myocardial patients, but only a few drugs gained approval and reached the market 
because of lack of efficacy and/or proarrhythmic adverse effects.5 The development of 
efficacious adjunctive (pharmacological) therapies remains therefore a major challenge 
for pharmaceutical companies.

In an effort to predict the proarrhythmic vulnerability of patients at risk and 
torsadogenic properties of drug, several markers have been developed for preclinical 
and clinical purposes6 and were derived from the original concept of triangulation, 
instability, and dispersion of repolarization of Hondeghem et al.7 In addition, the increase 
in beat-to-beat variability of repolarization (BVR), which can be quantified as short-
term variability of repolarization (STV), associates better to the clinical proarrhythmic 
susceptibility than the sole prolongation of repolarization in patients affected by heart 
failure or drug-induced long QT syndrome.8,9 Repolarization reserve, known as the 
redundancy in mechanisms allowing a proper repolarization process,10 is reduced in 
patients vulnerable to ventricular arrhythmias.11 By distinguishing between high- and 
low-risk (heart failure) patients, STV seems to represent a reliable surrogate parameter 
for the assessment of repolarization reserve.12

STV was originally developed in the chronic atrioventricular block (CAVB) dog, a 
well-characterized animal model with an enhanced susceptibility to Torsade de Pointes 
(TdP) arrhythmias.13 In this model, the increase in STV, derived from the left ventricular 
monophasic action potential duration (LV MAPD), is also superior to repolarization delay 
in reflecting TdP inducibility.14 Therefore, the sensitivity and specificity of this parameter 
have also been used in a setting of proarrhythmic screening to confirm drugs’ safety15,16 

and proarrhythmic effects.14,17

Over the years, the enhanced proarrhythmic susceptibility of the CAVB dog 
model has been used also for the evaluation of antiarrhythmic interventions, including 
drugs.15-17 The purpose of this work is to provide a comprehensive overview of the 
different antiarrhythmic interventions that have been investigated in vivo in the CAVB 
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dog model and in vitro in isolated canine ventricular cardiomyocytes as published 
before and to compare their outcomes to deduce general principles on parameters 
used in antiarrhythmic screening strategies within this model system. Their respective 
antiarrhythmic efficacies against drug-induced TdP and early afterdepolarizations (EADs) 
were quantified, ranked, and compared with changes observed in repolarization, STV, 
and a surrogate for spatial dispersion of repolarization (in vivo only).

ArrhythmogenesIs In the cAvb dog model
The acute and chronic adaptations of the heart occurring at the contractile and 

structural levels after ablation of the atrioventricular node have been well described.13 
In addition, electrical remodeling occurs and mainly comprises the downregulation of 
the slow and rapid components of the delayed rectifier outward potassium currents 
(IKs and IKr) along with disturbed calcium handling.13 Besides ventricular remodeling,18 
also anesthesia19 and bradycardia20 predispose approximately 75% of canine hearts to 
develop TdP on a class III antiarrhythmic (e.g. dofetilide or sertindole) challenge (Figure 
1A). All these factors abnormally prolong repolarization and increase its temporal14 
(STV) and spatial (transmural, intraventricular and interventricular) dispersion21 through 
the enhancement of BVR and spatial heterogeneity, respectively (Figure 1A). Detailed 
mapping studies performed in the CAVB dog model revealed the importance of focal 
activity, resulting from afterdepolarization-related triggered activity, in the initiation and 
perpetuation of TdP,21-24 whereas reentrant circuits were less dominant.22 Importantly, 
induction of TdP is highly reproducible (95%) on the administration of a proarrhythmic 
drug.

At the cellular level, afterdepolarizations are termed early (EADs) or delayed 
(DADs), depending on their timing relative to the action potential. EADs arise during 
phase 2 (plateau) or phase 3 (repolarization) of the action potential and can be generated 
through the reactivation of the L-type calcium channel under conditions of prolonged 
repolarization. In addition, calcium overload of the sarcoplasmic reticulum25 may lead 
to spontaneous calcium sparks through the ryanodine receptors and generate an 
EAD through the inward current created by the reverse mode of the sodium–calcium 
exchanger (NCX).25 DADs occur once repolarization is complete and are mediated by the 
NCX in a similar mechanism to that described for EADs. Both EADs and DADs have been 
demonstrated as the mechanisms initiating arrhythmogenesis in the CAVB dog model.26
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AntIArrhythmIc strAtegIes studIed In the cAvb 
dog model

In the present overview, antiarrhythmic strategies investigated in vivo are classified 
as pharmacological and non-pharmacological interventions. Associated effects 
on repolarization parameters are summarized in Tables 1+2 and 3, respectively. In 
addition, changes in heart rate (RR interval) can be found in Supplemental Material (see 
Supplementary Tables 1+2 and 3).
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Figure 1.
A. Arrhythmogenesis in the CAVB dog model. B. Suppression and prevention experimental setups 
for antiarrhythmic drug evaluation. Lines define intervals during which arrhythmias were monitored 
to determine TdP inducibility and AS at corresponding periods. Dots define time points at which 
electrophysiological parameters (ECG intervals, MAPD, and STV) were measured. For the proarrhythmic 
challenge period, they were measured before incidence of the first ectopic beat or (if possible) TdP 
episode. In the prevention experiments, in the absence of arrhythmias, these parameters were measured 
at the end of the proarrhythmic challenge infusion (15 minutes). C. Induction of EADs by a proarrhythmic 
challenge in isolated canine ventricular cardiomyocytes. EADs occur under conditions of increased action 
potential duration and STV of repolarization.
AS: arrhythmia score; MAPD: monophasic action potential duration; STV: short-term variability of 
repolarization; X: end of antiarrhythmic drug in suppression experiment; Y: end of antiarrhythmic drug 
in prevention experiment; EB: ectopic beat; TdP: Torsade de Pointes; EADs: early afterdepolarizations.
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Pharmacological interventions

In the CAVB dog, after a baseline period, pharmacological antiarrhythmic 
interventions were evaluated using 2 different protocols: after (suppression experiment) 
and/or preceding (prevention experiment) a dofetilide or sertindole proarrhythmic 
challenge (Figure 1B). In suppression experiments, antiarrhythmic drugs were only 
administered in dogs exhibiting TdP in a reproducible manner on proarrhythmic 
challenge. Because TdP reproducibility between experiments is approximately 95% 
in CAVB dogs,13 prevention experiments were performed only in dogs inducible in a 
previous experiment. Drugs were ranked according to their ability to suppress or 
prevent incidence of TdP in CAVB dogs: high (<20%), moderate (20%–80%), or low/
absent (>80% of dogs with remaining TdPs) antiarrhythmic effect. A TdP arrhythmia was 
defined as a ventricular tachycardia of at least 5 consecutive ectopic beats characterized 
by twisting QRS morphologies around the isoelectric line. For the periods corresponding 
to baseline, proarrhythmic challenge and antiarrhythmic drug, an arrhythmia score (AS) 
was calculated as the average of the most 3 severe arrhythmic events within 10 minutes 
(Figure 1B): no ectopic beat (no EB: 1 point), single EB (sEB: 2 points), multiple EB 
(mEB: 3–5 points), beats of TdP (6–50 points), and number of defibrillations (50, 75, 
and 100 points for 1, 2 or ≥3 defibrillations, respectively). Statistical analysis of AS was 
performed using a nonparametric paired test (Friedman test). P values lower than 0.05 
were considered significant. Electrophysiological parameters presented in this overview 
are represented by QT interval corrected for heart rate [QTc, using van de Water formula: 
QTc = QT − 0.087 × (1000-RR)], left and right ventricular endocardial monophasic action 
potential duration (LV and RV MAPD), STV derived from LV MAPD and calculated from 30 
consecutive beats to assess BVR as previously described by Thomsen et al.14 (STV = ∑|Dn+1 
+ Dn − 2Dmean|/[30 × √2]) to assess BVR, and interventricular dispersion of repolarization 
(∆MAPD = LV – RV MAPD) as a surrogate for spatial dispersion of repolarization.

Drugs with high antiarrhythmic efficacy

Calcium blockers flunarizine (2 mg/kg) and verapamil (0.4 mg/kg) demonstrated 
a very robust antiarrhythmic effect in CAVB dogs by completely suppressing dofetilide-
induced TdP27 and reducing AS to baseline. This strong antiarrhythmic effect was 
associated with the restoration of STV values to baseline levels (Table 1 and Figure 2A). 
Although sharing a similar antiarrhythmic profile, the effect on QTc and interventricular 
dispersion of repolarization (∆MAPD) greatly differed: flunarizine reduced both parameters 
to baseline values, whereas verapamil did not decrease them (Table 1 and Figure 2A). 
In prevention experiments, flunarizine and verapamil did not provoke any arrhythmias. 
In addition, both drugs also successfully prevented the incidence of dofetilide-induced 
TdP27 and kept AS low by significantly limiting the STV increase associated with dofetilide 
challenge (Table 2 and Figure 2B), despite the considerable and significant prolongation 
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Figure 2. Temporal dispersion of repolarization of repolarization is superior to repolarization and 
its spatial dispersion parameters in reflecting the magnitude of antiarrhythmic effect in suppression (A) 
and prevention (B) experiments against TdP arrhythmias. Moderate antiarrhythmic effect by low-dose 
levcromakalim was accompanied by the reduction of STV but not of other repolarization parameters (QTc 
and ΔMAPD). Subsequent administration of high-dose levcromakalim exerted stronger antiarrhythmic 
activity associated with a further STV reduction. Arrhythmias are plotted as percentage (number of TdP 
observed/number of experiments). Electrophysiological parameters are represented as mean ± SD.
QTc: QT corrected for heart rate (van de Water formula); STV: short-term variability of repolarization 
(derived from LV MAPD); ΔMAPD: interventricular dispersion of repolarization (determined as LV – RV 
MAPD).
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of repolarization including QTc (Table 2). Interestingly, administration of flunarizine, but 
not verapamil, resulted in the reduction of STV and shortened repolarization duration 
compared with baseline (Table 2 and Figure 2B). Reactivation of L-type calcium current 
occupies a central role in the incidence of EADs. Therefore, inhibition of this current 
results in an efficient antiarrhythmic effect. Additional cellular investigations showed that 
flunarizine also inhibited the late sodium current (late INa), whereas verapamil reduced 
the frequency of calcium sparks during diastole. Enhancement of these 2 components is 
known to reduce repolarization reserve and to contribute significantly to the generation 
of afterdepolarizations.28,29 These additional blocking properties certainly contribute to 
the high antiarrhythmic efficacy of flunarizine and verapamil. Although highly efficient 
against ventricular arrhythmias, calcium antagonists produce a significant negative 
inotropic effect,30 which prohibits their use in patients with heart failure. In an attempt 
to preserve cardiac contractile function, NCX inhibition appeared as an interesting 
pharmacological strategy while providing efficient antiarrhythmic properties. In the CAVB 
dog model, the NCX inhibitor SEA0400 (0.8 mg/kg) suppressed all TdP arrhythmias 
induced by dofetilide.30 Although further prolongation of repolarization was observed 
after SEA0400 (Table 1), the antiarrhythmic effect was associated with a reduction of 
STV after SEA0400, despite not reaching statistical significance (Table 1). Importantly, 
a comparative study between verapamil and SEA0400 showed that the NCX inhibitor, 
unlike the calcium antagonist, did not evoke negative inotropy while exhibiting a 
comparable antiarrhythmic effect.30

Administered after sertindole-induced TdP, the 2 consecutive doses (3 and 10 mg/
kg) of the adenosine triphosphate sensitive potassium current (IK,ATP) opener levcromakalim 
decreased the incidence of TdP in a dose-dependent manner, from 6/7 dogs after 
sertindole to 2 and 1/7 dogs after low and high dose of levcromakalim, respectively.17 
Infusion of the low dose of levcromakalim was accompanied by a significant decrease in 
STV, whereas repolarization parameters, such as QTc and ∆MAPD, remained unaffected 
(Table 1). The high dose, however, shortened repolarization duration and reduced STV 
back to baseline values (Table 1 and Figure 2A).

Hence, the high antiarrhythmic effect of this group of drugs is associated with a 
decrease in STV back to baseline level (suppression) or a reduced increase in STV after 
dofetilide (prevention) independent of the changes in QTc and ΔMAPD.

Drugs with moderate antiarrhythmic efficacy

Antiarrhythmic drugs showing moderate efficacy in the CAVB dog model include 
drugs with different pharmacological mechanisms. Although most of these drugs were 
studied in a suppression regimen, only the INa inhibitors lidocaine and ranolazine have 
been additionally tested in prevention experiments. The late INa, enhanced in patients 
with heart failure, prolongs repolarization and reduces repolarization reserve, facilitating 



STV in evaluation of antiarrhythmic efficacy

121

6

afterdepolarizations to occur in these patients.29 Administered after dofetilide-
induced TdP, lidocaine and ranolazine reduced TdP incidence to 2/6 and to 2/5 dogs, 
respectively,15 and not significantly reduced AS. Likewise, a modest (although significant) 
STV reduction was observed with lidocaine and ranolazine (Table 1 and Figure 2A). 
These higher STV values in comparison with the drug from the previous category were 
in accordance with the remaining proarrhythmic activity after administration of both INa 
inhibitors. In prevention experiments, lidocaine and ranolazine similarly limited incidence 
of dofetilide-induced TdP, reflected by the reduced magnitude of STV increase (Table 
2 and Figure 2B). The reduction of INa density in CAVB left ventricular myocytes might 
explain the limited antiarrhythmic efficacy of lidocaine and ranolazine, which could not 
fully compensate for the downregulation and acute inhibition of IKr.

15

Calcium–calmodulin protein kinase II (CaMKII), a protein playing a central role in 
calcium handling, is elevated in patients with heart failure.31,32 In the CAVB dog model, 
dofetilide acutely increases CaMKII activity before the occurrence of TdP.33 Modulation of 
CaMKII activity by the calmodulin inhibitor W7 was partially effective and resulted in the 
suppression of TdP in 4/6 CAVB dogs. This antiarrhythmic effect was accompanied by a 
significant shortening of QTc (Table 1). Despite inducing TdP, dofetilide administration 
did not result in a significant increase of STV (Table 1). Therefore, W7 only mildly reduced 
STV values (Table 1).33

In summary, the decrease in STV and AS in the suppression experiments did not 
reach baseline values, but again these antiarrhythmic effects were accompanied by 
no clear reduction in QTc and/or ΔMAPD. In prevention experiments, lidocaine was 
responsible for a less pronounced increase in STV after dofetilide, whereas QTc and 
ΔMAPD showed large increases.

Drugs with low or no antiarrhythmic efficacy

Among the pharmacological antiarrhythmic interventions tested in the CAVB dog 
model, K201 and AVE0118 have shown a low or absent antiarrhythmic potential to 
suppress or prevent drug-induced TdP arrhythmias (Tables 1 and 2). K201 is a multichannel 
blocking (IK,Ach, IKr, INa, ICaL, and IK1) drug, which mainly stabilizes ryanodine receptors, 
therefore limiting the incidence of EADs and DADs by prevention of calcium sparks.34 
AVE0118, an atrial-specific agent inhibiting the potassium currents IKur and IKAch, prolongs 
atrial but not ventricular repolarization.35 Based on its pharmacological profile, it could 
have been anticipated that AVE0118 would not have antiarrhythmic properties against 
dofetilide-induced arrhythmias. Although STV could not be measured in suppression 
experiments because of the remaining ectopic activity, administration of dofetilide after 
either K201 or AVE0118 pre-treatments considerably increased STV in the prevention 
experiments (Table 2 and Figure 2B).
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Thus, when antiarrhythmic effect was low or even absent, determination of 
electrophysiological parameters was difficult, especially in suppression experiments. The 
increase in STV in the prevention experiments clearly indicated no antiarrhythmic action.

non-pharmacological interventions

Elevation of potassium (K+) by K+ chloride pre-treatment (4.6 ± 0.9 vs. ± 0.4 mM in 
the control experiment, p<0.05) prevented sertindole-induced TdP, in which incidence 
dropped from 6/7 (control experiment) to 1/7 dogs (with potassium pretreatment, Table 
3).17 This highly preventive antiarrhythmic effect was associated with the reduction of 
sertindole-induced increase in STV (Table 3), whereas repolarization parameters were 
prolonged to a similar extent in both experiments, such as LV MAPD (Table 3).

Moreover, this study also showed that acute ventricular pacing (1000 ms cycle length) 
after sertindole-induced TdP under idioventricular rhythm exerted complete suppression 
of ventricular arrhythmias, which was associated with the significant reduction of STV but 
not by repolarization parameters including LV MAPD (Table 3).17 Another study proved 
that high-rate pacing (600 ms cycle length) could significantly prevent dofetilide-induced 
TdP arrhythmias incidence in dogs previously known to be susceptible at a lower rate 
(1000 ms cycle length). This was associated with the reduction of dofetilide-induced 
increase in STV but not in repolarization parameters (Table 3).20

Table 3. Antiarrhythmic efficacy of non-pharmacological interventions in CAVB dogs.

TdP incidence is determined as number of dogs with TdP/number of experiments.
Values are represented as mean ± SD; * p<0.05 vs. Baseline; # p<0.05 vs. Control.
[K+]: kalemia; IVR: idioventricular rhythm; PCL: pacing cycle length; TdP: Torsade de Pointes; QTc: QT 
interval corrected for heart rate (van de Water formula); LV MAPD: left ventricular monophasic action 
potential duration; ∆MAPD: interventricular dispersion of repolarization (difference LV – RV MAPD); STV: 
short-term variability of repolarization (derived from LV MAPD).

Conditions

TdP

after

challenge

QTc (ms) LV MAPD (ms) Δ MAPD (ms) STV (ms)
References

Baseline Challenge Baseline Challenge Baseline Challenge Baseline Challenge

Control [K+] = 2.7±0.4 mM 6/7 351±61 439±64 * 324±55 408±65 * 16±18 37±43 2.0±0.7 4.5±1.3 *

17
Potassium

pretreatment
[K+] = 4.6±0.9 mM # 1/7 # 376±66 457±101 * 345±53 432±72 * 38±27 65±44 2.2±0.7 3.0±1.1 #

Control IVR 5/6 - 448±70 - 414±78 - 45±36 - 4.9±1.5

17
Ventricular

pacing
PCL 1000 ms 0/6 # - 491±83 - 403±114 - 52±45 - 3.2±1.0 #

Control PCL 1000 ms 6/7 445±24 534±69 * 320±28 427±97 * - - 1.7±0.6 3.0±1.8 *

20
High rate

pacing
PCL 600 ms 1/7 435±23 501±78 * 251±16 # 296±59 # - - 0.9±0.2 1.5±1.4
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evAluAtIon of AntIArrhythmIc Agents In IsolAted 
ventrIculAr cArdIomyocytes

Whole-cell patch clamp technique using the current clamp configuration is a method 
often used in isolated cardiomyocytes to determine drug effects on repolarization and 
their potential proarrhythmic risk liability. Similar to in vivo experiments, BVR is involved 
in arrhythmic susceptibility at the cellular level. The increase in STV was previously 
shown to predict, beyond the extent of action potential duration (APD) prolongation, 
proarrhythmic events (incidence of EADs) in isolated cardiomyocytes (Figure 1C).14 
Conversely, antiarrhythmic drugs are also evaluated using this in vitro method to gain 
more insight about their electrophysiological and antiarrhythmic effects.

As observed in CAVB dogs, class III antiarrhythmic challenge (dofetilide 1 µM) 
resulted in APD prolongation of canine ventricular cardiomyocytes associated with an 
increase in STV before the occurrence of EADs (Figure 1C and Table 4). The successful 
suppression of EADs after administration of an antiarrhythmic drug was, similarly as in 
vivo, associated with the reduction in STV instead of repolarization (APD) shortening (Table 
4). As an example, exposition to SEA0400 (1 µM) resulted in the complete suppression 
of EADs in 11 cardiomyocytes.30 This strong antiarrhythmic effect was associated with a 
reduction of STV from 65 ± 10 ms after dofetilide to 20 ± 6 ms after SEA0400 (p<0.05), 
despite APD remaining prolonged (Table 4).

The comparison of outcomes collected from in vivo and in vitro models revealed 
a higher sensitivity of isolated cardiomyocytes in response to antiarrhythmic drugs. For 
example, ranolazine or W7, although both moderately effective in CAVB dogs (Tables 
1 and 2), exhibited a strong antiarrhythmic effect in vitro (Table 4). Several reasons 

Table 4. Suppressive antiarrhythmic efficacy in isolated canine ventricular cardiomyocytes.

EAD incidence is determined as number of cells with remaining EADs/number of experiments.
Values are represented as mean ± SD; * p<0.05 vs. Baseline; # p<0.05 vs. Challenge.
EAD: early afterdepolarization; APD: action potential duration (measured at 90% repolarization); STV: 
short-term variability of repolarization (derived from APD); nq: not quantifiable.

Concentration
EAD 
after 
Drug

APD (ms) STV (ms)
References

Baseline Challenge Drug Baseline Challenge Drug

Flunarizine
(n=8)

1 µM 0/8 # 337 ± 119 507 ± 153 * 289 ± 60 # 14 ± 14 65 ± 34 * 11 ± 5 # 27

SEA0400
(n=11)

1 µM 0/11 # 352 ± 66 764 ± 160 * 680 ± 171 * 8 ± 4 65 ± 10 * 20 ± 6 # 30

Ranolazine
(n=9)

15 µM 0/9 # 436 ± 98 526 ± 125 * 486 ± 94 17 ± 8 34 ± 16 * 19 ± 8 15

W7
(n=6)

50 µM 0/6 # 479 ± 98 594 ± 233 * 352 ± 35 # 40 ± 27 70 ± 54 * 16 ± 9 # 33

KN93
(n=9)

50 µM 1/9 # 405 ± 113 752 ± 356 * 463 ± 133 18 ± 11 91 ± 43 * 35 ± 18 # 33

Cyclosporin
(n=4)

1 mg/ml 3/4 340 ± 70 541 ± 118 * nq 12 ± 8 77 ± 65 * nq 33
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may explain these differences. First, isolated cardiomyocytes tested in patch clamp 
experiments are highly likely to be exposed to a higher drug concentration than the 
unbound drug fraction reaching the cardiac tissue in vivo, subsequently resulting in a 
different degree of interaction with ion channels (on and off targets). Second, the nature 
of arrhythmic episodes observed in both models differs greatly. Despite being initiated by 
a triggered activity mechanism, TdP arrhythmias in vivo require cell-to-cell coupling and 
a three-dimensional component (spatial heterogeneity) combined with other modulators 
such as mechanical workload or autonomic nervous system. These factors are all absent 
in the simplified in vitro system, in which only EADs can be induced through a single (vs. 
multiple in vivo) hit on repolarization.36 Moreover, the use of isolated cardiomyocytes has 
shown to lack specificity in recognizing safe drugs in cellular proarrhythmic screening.37,38 
Nevertheless, these cellular experiments remain complementary to the in vivo model 
by providing a useful approach to gain insight into the underlying antiarrhythmic 
mechanisms.

comPArIng the dIfferent methodologIes to 
Assess AntIArrhythmIc effIcAcy

In general, the suppression and prevention experiments revealed similar results. All 
drugs tested belonged to a certain category, independent to the methodology chosen. 
It is also clear that isolated myocytes demonstrate a more optimal picture in classifying 
drug antiarrhythmic actions: more drugs belonged to the high antiarrhythmic category 
as seen in vivo.

short-term vArIAbIlIty of rePolArIzAtIon Is 
suPerIor to rePolArIzAtIon PArAmeters In 
PredIctIng AntIArrhythmIc effect

As mentioned before, the administration of an IKr blocker in CAVB dogs always 
results in repolarization prolongation (Figure 1A). However, although the extent of 
repolarization delay cannot discriminate between resistant and susceptible dogs to 
TdP, STV is the only parameter able to accurately predict the incidence of ventricular 
arrhythmias.14,39 Therefore, STV may offer the possibility to individually evaluate the 
proarrhythmic susceptibility in relation to repolarization reserve, after ventricular 
remodeling and/or acute proarrhythmic challenge.12

Moreover, the observations from antiarrhythmic interventions studied in the 
CAVB dog model and in isolated canine cardiomyocytes have demonstrated that 
STV is also superior to other repolarization parameters in reflecting their respective 
antiarrhythmic efficacy. The successful intervention of suppressing TdP incidence was 
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always accompanied by the reduction in STV value, regardless of the evolution of other 
repolarization parameters (Table 1 and Figure 2, e.g. flunarizine vs. verapamil). In the case 
of a highly effective antiarrhythmic effect, STV returned to baseline values, whereas STV 
in the moderately effective drugs was only mildly (but significantly) reduced. Therefore, 
we hypothesize that successful suppressive therapy, terminating arrhythmic episodes, 
is able to acutely increase the repolarization reserve associated with STV reduction. In 
the prevention setting, both flunarizine and verapamil maintained a high repolarization 
reserve, which prohibited dofetilide-induced increase in STV and associated ectopic 
activity (Table 2).

The significant antiarrhythmic efficacy of verapamil, levcromakalim (low dose; Table 
1), and ventricular pacing (Table 3) was only associated with a reduction of STV with- 
out a shortening in repolarization. Moreover, despite the significant QTc increase after 
dofetilide challenge in verapamil pre-treated dogs, the absence of arrhythmic events 
was, once more, accompanied by the low STV value (Table 2). These findings further 
support the use of STV reduction, instead of repolarization shortening, as a strong 
indicator for antiarrhythmic efficacy.

In suppression experiments, the level of STV after the pharmacological intervention 
seemed to positively correlate with its associated antiarrhythmic efficacy (Figure 3A). 
Likewise, in the prevention regimen, the extent of dofetilide-induced STV increase in pre-
treated animals was strongly associated with the protective effect of the antiarrhythmic 

Figure 3. STV of repolarization strongly indicates the pharmacological antiarrhythmic efficacy in 
suppression (A) and prevention (B) experiments.
STV values (dots), depicted for suppression (after antiarrhythmic drug administration) and prevention 
(after dofetilide administration) experiments are represented as mean ± SD. AS (bars) is expressed as 
mean ± SD. TdP inducibility is indicated as number of dogs with TdP/number of experiments.
TdP: Torsade de Pointes; nq: not quantifiable; STV: short-term variability of repolarization (derived from 
LV MAPD).
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agent (Figure 3B). Therefore, this suggests that STV could be used as a strong indicator 
for antiarrhythmic drug evaluation. In addition, along with QTc interval, changes in 
the spatial (interventricular, ∆MAPD) dispersion of repolarization were not always 
associated with the observed antiarrhythmic outcome. Generally, the administration of 
a proarrhythmic challenge (dofetilide or sertindole) resulted in ∆MAPD increase thereby 
supporting previous preclinical and clinical data, which together showed that conditions 
of increased spatial dispersion of repolarization favoured incidence of ventricular 
arrhythmias in long QT syndrome.40-43 However, unlike STV, the increase of ∆MAPD 
lacked specificity in discriminating inducible from resistant CAVB dogs.39 Recently, a 
detailed mapping study investigating the mechanism of TdP in the CAVB dog model 
confirmed that interventricular difference in repolarization was not a determinant factor 
for TdP inducibility.21 Moreover, it revealed that the focus of ectopic activity constantly 
arose from the site of maximal heterogeneity of repolarization. Importantly, the increased 
local (intraventricular and transmural) heterogeneity of repolarization was found in dogs 
susceptible to TdP and also correlated with arrhythmic event severity, demonstrating 
that a minimum local gradient of repolarization was necessary for the initiation of a TdP.21 
In addition to the present observations, these findings suggest that ∆MAPD may not be 
specific for antiarrhythmic evaluation because this parameter does not capture the local 
change in repolarization heterogeneity.

For an antiarrhythmic intervention to be efficient in the CAVB dog model, there 
are, in principle, several possibilities (Figure 1A, underlined items): a complete reversal 
of the abnormal repolarization and its temporal and spatial dispersion components (e.g. 
flunarizine) or the reduction of temporal dispersion with minor effects on repolarization 
(e.g. verapamil). The third possibility is the reduction of spatial (intraventricular and 
transmural) dispersion of repolarization, a mechanism already described in relation with 
antiarrhythmic drugs,42 but none has ever been investigated thus far by the group of Vos.

lImItAtIons
Despite showing a clear correlation with the antiarrhythmic effect observed, the 

major drawback of STV is related to its calculation based on consecutive normal beats. 
Sometimes in suppression experiments, the low antiarrhythmic potency of the drug 
tested, as observed with K201 and AVE0118, makes the determination of STV impossible 
because of the residual ectopic activity. Nevertheless, the prevention setting, which 
provided comparable outcomes in antiarrhythmic efficacy to the suppression setting, 
may offer an elegant alternative to circumvent this problem.

In this comparison, only interventricular dispersion of repolarization has been used 
to quantify the relevance of spatial dispersion. We are well aware of other methods 
of quantification, such as at the intraventricular or transmural level, which may provide 
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additional information.

In this animal model, antiarrhythmic efficacy of interventions was evaluated along 
with associated electrophysiological changes in an acute manner after or preceding a 
proarrhythmic challenge. The evaluation of impact on survival is clearly beyond the scope 
of this model and remains to be investigated further by follow-up studies in patients.

conclusIon
The shortening of repolarization or the reduction in interventricular dispersion 

of repolarization does not appear to be most important when trying to quantify 
antiarrhythmic efficacy of pharmacological and non-pharmacological interventions in the 
CAVB dog model. STV was the only parameter to predict the magnitude of efficacy of 
different antiarrhythmic drugs against class III–induced TdP in vivo in both suppression 
and prevention experiments, as well as against EADs in vitro.
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suPPlementAry mAterIAl

supplementary tables

Dose

TdP

after

drug

RR (ms)
References

Baseline Challenge Drug

Flunarizine
(n=10)

2 mg/kg 0/10 # 1181 ± 87 1291 ± 140 1219 ± 251 27

Verapamil
(n=7)

0.4 mg/kg 0/7 # 1361 ± 190 1520 ± 210 * 1476 ± 166 27

SEA0400 $

(n=4)
0.8 mg/kg 0/4 - - - 30

Levcromakalim
(n=7)

3 µg/kg 2/7 1384 ± 245 1487 ± 333 1399 ± 362

17

10 µg/kg 1/7 # - - 1277 ± 190

Lidocaine
(n=6)

3 mg/kg 2/6 - - - 15

Ranolazine
(n=5)

4 mg/kg

+ 0.225 mg/kg/min
2/5 - - - 15

W7
(n=6)

50 µmol/kg 2/6 1182 ± 242 1231 ± 358 1329 ± 449 33

K201
low dose (n=3)

high dose (n=5)

0.1 mg/kg

+ 0.01 mg/kg/min

0.3 mg/kg

+ 0.03 mg/kg/min

8/8 - - - 34

AVE0118
(n=3)

0.5 mg/kg 3/3 - - - 35

TdP incidence is determined as number of dogs with remaining TdP/number of experiments.
Values are represented as mean ± SD; * p<0.05 vs. Baseline; # p<0.05 vs. Challenge.
TdP: Torsade de Pointes; RR: RR interval on the surface ECG.

Supplementary Table 1. Evolution of heart rate in CAVB dogs sensitive to drug-induced Torsades de 
Pointes arrhythmias - Suppression experiments.
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Dose

TdP

after

Challenge

RR (ms)
References

Baseline Drug Challenge

Flunarizine
(n=8)

2 mg/kg 0/8 1239 ± 329 1291 ± 390 1410 ± 462 27

Verapamil
(n=6)

0.4 mg/kg 0/6 1285 ± 202 1212 ± 228 1464 ± 240 # 27

Lidocaine
(n=6)

3 mg/kg 3/6 1499 ± 133 1481 ± 129 1481 ± 129 15

Ranolazine
(n=6)

4 mg/kg

+ 0.225 mg/kg/min
4/6 1574 ± 102 1676 ± 74 1904 ± 141 15

K201
low dose (n=6)

high dose (n=3)

0.1 mg/kg

+ 0.01 mg/kg/min
5/6 - - -

34
0.3 mg/kg

+ 0.03 mg/kg/min
3/3 - - -

AVE0118
low dose (n=6)

high dose (n=2)

3 mg/kg 6/6 1260 ± 340 1215 ± 348 1251 ± 383

35

10 mg/kg 2/2 1124 ± 286 1128 ± 227 -

TdP incidence is determined as number of dogs with TdP / number of experiments.
Values are represented as mean ± SD; * p<0.05 vs. Baseline; # p<0.05 vs. Drug.
TdP: Torsade de Pointes; RR: RR interval on the surface ECG.

Supplementary Table 2. Evolution of heart rate in CAVB dogs sensitive to drug-induced Torsades de 
Pointes arrhythmias - Prevention experiments.

Supplementary Table 3. Antiarrhythmic efficacy of non-pharmacological interventions in CAVB 
dogs.

TdP incidence is determined as number of dogs with TdP/number of experiments.
Values are represented as mean ± SD; # p<0.05 vs. Control.
[K+]: kalemia; IVR: idioventricular rhythm; PCL: pacing cycle length; TdP: Torsade de Pointes; RR: RR 
interval on the surface ECG.

Conditions

TdP

after

Challenge

RR (ms)
References

Baseline Challenge

Control [K+] = 2.7±0.4 mM 6/7 1439 ± 279 1557 ± 337

17
Potassium

pretreatment
[K+] = 4.6±0.9 mM # 1/7 # 1676 ± 424 1816 ± 615

Control IVR 5/6 1398 ± 207 -

17
Ventricular

pacing
PCL 1000 ms 0/6 # 1000 1000

Control PCL 1000 ms 6/7 1000 1000

20
High rate

pacing
PCL 600 ms 1/7 600 600
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AbstrAct

background and Purpose

Enhanced late sodium current (late INa) in heart failure and long QT syndrome 
type 3 is proarrhythmic. GS-458967 (GS967) is a selective and potent late INa inhibitor. 
This study aimed to evaluate the antiarrhythmic effect of late INa inhibition by GS967 
in the chronic atrioventricular block (CAVB) dog model sensitive to Torsade de Pointes 
arrhythmias (TdP) and to elucidate its electrophysiological mode of action in vivo and in 
vitro.

methods and results

GS967 (IC50 for late INa ~ 200 nM) markedly shortened action potential duration 
of canine ventricular cardiomyocytes and repolarization parameters in vivo in sinus 
rhythm (SR, n=10) dogs, in a concentration-dependent manner. In vitro, GS967 (1 µM) 
did not completely suppress dofetilide-induced early afterdepolarizations (EADs) of 
cardiomyocytes from dogs in SR and CAVB (10/24 and 7/20 cardiomyocytes after GS967, 
respectively). GS967 (787±265 nM) completely abolished dofetilide-induced TdP in 10 
CAVB dogs (10/14 after dofetilide to 0/14 dogs after GS967), despite the presence of 
single ectopic beats (sEB) in 9 animals. Mapping intramural cardiac electrical activity 
showed that GS967 markedly reduced the dofetilide-induced increase in intraventricular 
dispersion of repolarization: cubic dispersion decreased from 237±54 to 123±34 ms 
(p<0.05).

conclusion

GS967 was highly efficacious in suppressing dofetilide-induced TdP without 
completely suppressing EADs and sEB in both in vitro and in vivo experiments.

Implications

Our data suggest that the antiarrhythmic mode of action of the late INa inhibitor 
GS967 predominantly affects the perpetuation but not the initiation of the TdP arrhythmia 
by reducing spatial intraventricular dispersion of repolarization.



Antiarrhythmic mode of action of late sodium current inhibitor GS-458967

137

7

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.1 The late INa, despite of its small amplitude,2 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 3 or in the congenital long QT syndrome 
type 3,4 this current is known to be proarrhythmic.5,6 Late INa lengthens action potential 
duration (APD), reduces repolarization reserve and causes sodium-dependent calcium 
overload in cardiomyocytes.7,8

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,

8-10 which can lead to adverse effects including slowing of conduction11 or QT 
prolongation.12 Despite lengthening repolarization, ranolazine is not proarrhythmic and 
even exhibited antiarrhythmic properties against ventricular arrhythmias in a number 
of studies13,14 demonstrating the potential of late INa inhibition to prevent ventricular 
arrhythmias such as in the chronic atrioventricular block (CAVB) dog model.14 This well 
characterized animal model features a compensated biventricular hypertrophy and an 
enhanced susceptibility to drug-induced Torsade de Pointes arrhythmias (TdP). Incidence 
of these arrhythmic episode is strongly associated with electrical remodelling including 
the down-regulation of IKr and IKs as well as a disturbed calcium handling.15 In the CAVB 
dog model, ranolazine moderately prevented and suppressed TdP episodes.14 However, 
within the range of clinical concentrations, ranolazine interacts with other ion currents, 
such as IKr,

9,10 ICaL
9,16 or the ryanodine receptor,17 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,8 cardiac contractility,18 and conduction velocity. Antiarrhythmic 
properties of GS967 were demonstrated in vitro,8,19 as well as in a number of in vivo 
ventricular8,20-22 and atrial23,24 arrhythmia models, but not in the CAVB dog. The use of this 
canine model would provide additional information relevant for clinical implications due 
to the comparable cardiac electrophysiology between dog and human. In addition, this 
sensitive model reflects the proarrhythmic vulnerability of patients at compensated and 
early stage of heart failure.25,26
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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 with 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 and BJP guidelines.27,28 The current study has 
no implications for replacement, reduction or refinement.

A total of 18 adult mongrel dogs (Marshall, New York, USA; 5 males, 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 group within an outdoor pen (~ 50 m2) during the 
day. Well-being and health of animals were daily monitored and body weight was taken 
once a week and prior to experiments.

After premedication including 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 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 anesthesia induced by pentobarbital (25 mg/kg i.v.) and maintained by 
isoflurane (1.5%, Abbot Laboratories Ltd, Maidenhead, United Kingdom; in an O2/N2O 
mixture; 2:1). Perioperative care included antibiotic (administration of 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, United Kingdom). Surface electrocardiogram (ECG) was 
continuously recorded along with endocardial left and right ventricular monophasic 
action potentials (LV and RV MAP, respectively; Hugo Sachs, 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 



Antiarrhythmic mode of action of late sodium current inhibitor GS-458967

139

7

connected to an internal pacemaker (different models; Medtronic, Maastricht, The 
Netherlands). The AV node was then ablated using radiofrequency. CAVB experiments 
were performed after at least 3 weeks under idioventricular rhythm, once electrical 
remodelling is completed.15

ECG intervals were measured offline with EPTracer and averaged over 5 consecutive 
beats. LV and RV MAP duration (MAPD) at 80% repolarization and their associated 
short-term variability (STV, calculated as STV=∑|Dn+1+Dn–2Dmean|/[30×√2] as previously 
described29) values were obtained from 30 consecutive beats using custom made (Dr P. 
Oosterhoff) software (AutoMAPD, Matlab, Mathworks, Natick, USA). The interventricular 
dispersion of repolarization, ΔMAPD, was determined as the difference LV MAPD – RV 
MAPD.

sinus rhythm protocol

GS967 was sequentially administered at 0.03 and 0.1 mg/kg/5min (30 minutes 
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 minutes for determination of GS967 
plasma levels by high performance liquid chromatography (Gilead Sciences, Inc., Foster 
City, CA, USA).

Antiarrhythmic protocols in chronic Av block dogs

Suppression protocol

Nine CAVB dogs were acutely paced during the experiment via their internal 
pacemaker (1000 ms cycle length). Dofetilide (25 µg/kg/5min) was applied to induce 
TdP. GS967 (0.1 mg/kg) was administered directly after TdP ensued. A TdP episode was 
defined as a polymorphic ventricular tachycardia characterized by at least 5 consecutive 
ectopic beats with a twisting shape of the QRS complex around the isoelectric line. 
Defibrillation was applied when an arrhythmia episode lasted more than 10 seconds. 
Ventricular arrhythmias were monitored within 10 min during baseline, dofetilide and 
GS967 periods 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 3 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 after GS967 infusion.
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Mapping experiment 

In 5 additional CAVB dogs 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 6 different levels of the heart (from base to apex, Figure 1) as previously described 
by our group.30 The needles had 4 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 were determined at baseline, before dofetilide-induced first EB and TdP 
(or 5 min after start of dofetilide if TdP not inducible) and after GS967 administration 
using Maplab software (Matlab R2014a, Mathworks, Natick, USA). 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).

cellular experiments

At the end of the last in vivo experiment, a right thoracotomy was performed 
and heart was quickly excised. Cellular experiments were performed on ventricular 
cardiomyocytes isolated from 15 CAVB dogs (including 6 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 has been already described.31 Patch clamp data were acquired and 
analysed using the pCLAMP 10 software (Molecular Device, 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 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, 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.
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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, MgCl2 0.5 (pH=7.2). 
GS967 (100, 300 or 1000 nM) was added to the superfusate after a control period 
of 3 minutes to investigate the effect on repolarization. Additionally, GS967 (same 
concentrations) was superfused after dofetilide-induced EADs to determine the potential 
in vitro antiarrhythmic properties of the compound. APD at 90% of repolarization and the 
associated STV were measured.

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. 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 
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.

Figure 1. Overview of needle location and calculation of spatial dispersion of repolarization in the 
detailed mapping experiments (adapted from Dunnink et al.,30 with permission).
A total of 56 needles were inserted over 6 different levels of the heart, from base to apex (I to VI): in the 
LV, 30 needles divided into 5 columns (posterior, postero-lateral, lateral, antero-lateral and anterior); in 
the RV, 18 needles into 3 columns (posterior, lateral, and anterior) and 8 needles in the septal wall (left 
and right sides, levels II to V, in 3 dogs). Dispersion of repolarization in the LV (n=5 dogs) and in the 
septal wall (n=3 dogs) were determined within adjacent electrodes of: one needle (transmural dispersion, 
blue electrodes), one column (vertical dispersion, red electrodes), one level (horizontal dispersion, 
orange electrodes), as well as within a square of 4 needles (cubic dispersion, green electrodes). Maximal 
differences were retrieved from each orientation.

LVRV

LVRV

I

II

III

IV

V

VI
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statistical analysis

Data are expressed as mean ± standard deviation. Comparisons of serial data 
were performed with a paired t-test or one-way repeated measures analysis of variance 
(ANOVA) using a post hoc Bonferroni correction (parametric and non-parametric 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, USA). 
Differences were considered significant when p<0.05.

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 pA/pF vs. 0.21 
± 0.10 pA/pF, p<0.01; 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 in SR to 0.18 ± 0.05 pA/pF in CAVB, p<0.001; Figure 2A).

Figure 2. Effect of GS967 on late INa and cellular repolarization in canine ventricular cardiomyocytes. 
Late INa density is lower in cardiomyocytes isolated from CAVB dogs (A). Representative inhibition of late 
INa by GS967 (B) and corresponding potency in SR and CAVB cardiomyocytes (C). GS967 shortened APD 
(white bars) and STV (red bars) in CAVB ventricular cardiomyocytes (D and E).
Data are represented as mean ± SD; * p<0.001 vs. LV SR; # p<0.01 vs. LV SR.
LV: left ventricle; RV: right ventricle; SR: ventricular cardiomyocytes isolated from sinus rhythm dogs; 
CAVB: ventricular cardiomyocytes isolated from chronic atrioventricular block dogs.
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GS967 inhibited the late INa concentration-dependently (Figure 2B) in ventricular 
cardiomyocytes isolated from SR and CAVB dogs (IC50 of 188 ± 15 and 230 ± 10 nM, 
respectively; Figure 2C). In CAVB cardiomyocytes, GS967 at 30, 100, 300 and 1000 nM 
reduced late INa magnitude by 9 ± 6%, 24 ± 8%, 56 ± 10% and 87 ± 8%, respectively 
(Figure 2C).

GS967 reduces action potential duration in ventricular cardiomyocytes

To determine the effect of selective late INa inhibition on action potential duration, 
GS967 was tested at 100, 300 and 1000 nM in ventricular cardiomyocytes from CAVB 
dogs. As a result, GS967 100, 300 and 1000 nM shortened APD by 23.5 ± 16.9, 30.0 ± 
20.1 and 35.7 ± 13.4% and reduced STV by 51 ± 20, 64 ± 24 and 65 ± 18%, respectively 
(Figures 2D and 2E). 

GS967 shortens repolarization in sinus rhythm dogs

GS967 administered intravenously at 0.03 and 0.1 mg/kg (347 ± 131 and 787 ± 
265 nM peak plasma level, respectively; Figures 3A and B) dose-dependently shortened 
various repolarization parameters (Figure 3C, Table 1) including QTc from 307 ± 9 ms to 
297 ± 9 ms (p<0.05 vs. baseline 2 and vs. low dose; Table 1), respectively. 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 (Supplementary Table).

Parameters (ms) Baseline 1 GS967
0.03 mg/kg/5min Baseline 2 GS967

0.1 mg/kg/5min
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 * $

∆ MAPD 12 ± 11 9 ± 11 15 ± 13 11 ± 14 *
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
Plasma level (nM) - 347 ± 131 - 787 ± 265 $

Values are represented as mean ± SD; # p<0.05 vs. Baseline 1; * p<0.05 vs. Baseline 2; $ p<0.05 vs. low 
dose.
LV MAPD: left ventricular monophasic action potential duration; RV MAPD: right ventricular monophasic 
action potential duration; LV STV: short-term variability calculated from LV MAPD; RV STV: short-term 
variability calculated from RV MAPD; ΔMAPD: interventricular dispersion of repolarization (determined as
LV – RV MAPD).

Table 1. Electrophysiological effects of GS967 in sinus rhythm dogs (n=10).
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gs967 only partly reduces dofetilide-induced afterdepolarizations in vitro

In ventricular cardiomyocytes from SR and CAVB dogs, administration of dofetilide 
(1 µM) prolonged APD and increased STV before inducing EADs (Figure 4A). GS967 (100, 
300 and 1000 nM), in the presence of dofetilide, concentration-dependently reduced the 
incidence of EADs (Figures 4A and 4B). At 1000 nM, a concentration which 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).

gs967 completely abolishes dofetilide-induced torsades de Pointes in 
cAvb dogs despite the remaining presence of ectopic activity

Infusion of dofetilide in the 14 CAVB dogs resulted in prolongation of all 
repolarization parameters (QTc and LV MAPD from 400 ± 27 and 266 ± 25 ms to 624 ± 

Figure 3. GS967 dose-dependently shortens repolarization in sinus rhythm dogs.
Plasma levels of GS967 after administration of 0.03 (A) and 0.1 mg/kg/5min (B) to sinus rhythm dogs and 
corresponding ECG (ead II and AVR) and MAPs (from LV and RV) traces (C). Plasma levels are represented 
as mean ± SD; QTc, LV MAPD and RV MAPD are indicated in milliseconds on their corresponding traces; 
* p<0.05, ** p<0.01 vs. low dose. 
LV MAP: left ventricular monophasic action potential; RV MAP: right ventricular monophasic action 
potential.
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42 ms and 477 ± 81 ms, respectively, both p<0.05; Table 2), 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 (Figures 5A 
and 5B) and increased AS from 1.1 ± 0.4 to 28.1 ± 27.9 (p<0.05, Figure 5C). 

The administration of GS967 (0.1 mg/kg) completely abolished TdP episodes in all 
dogs (p<0.01 vs. dofetilide, Figures 5A and 5B), and reduced AS to 2.0 ± 1.1 (p<0.05 vs. 
dofetilide, 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 
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Figure 4. GS967 concentration-dependently reduces dofetilide-induced early
afterdepolarizations in ventricular cardiomyocytes.
Representative example of a successful suppression of dofetilide-induced EADs by GS967 1000 nM (A). 
Incidence of EADs after treatment with GS967 in cardiomyocytes from SR and CAVB dogs (B). Data are 
represented as number of cells with remaining EADs/number of cells with dofetilide-induced EADs.
EADs: early afterdepolarizations; SR: ventricular cardiomyocytes isolated from sinus rhythm dogs; CAVB: 
ventricular cardiomyocytes isolated from CAVB dogs.

Baseline Dofetilide
25 µg/kg/5min

GS967
0.1 mg/kg/5min

Parameters (ms)
QRS 117 ± 12 118 ± 12 118 ± 12
QTc 400 ± 27 624 ± 42 # 561 ± 59 * #

LV MAPD 266 ± 25 477 ± 81 # 424 ± 59* #

RV MAPD 239 ± 22 343 ± 56 # 337 ± 31
∆ MAPD 26 ± 24 134 ± 49 # 86 ± 69
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
Arrhythmias
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 *

Values are represented as mean ± SD (SEM for AS), arrhythmias as number of observations/number of 
dogs; # p<0.05 vs. Baseline; * p<0.05 vs. Dofetilide.
LV MAPD: left ventricular monophasic action potential duration; RV MAPD: right ventricular monophasic 
action potential duration; ΔMAPD: interventricular dispersion of repolarization (determined as LV – RV 
MAPD); sEB: single ectopic beat; mEB: multiple ectopic beat; TdP: Torsade de Pointes; AS: arrhythmia 
score.

Table 2. Electrophysiological effects of GS967 in sinus rhythm dogs (n=10).
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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 5 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 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), as observed in the 
suppression protocol, completely abolished TdP episodes in the 3 inducible dogs. This 
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Figure 5. GS967 (0.1 mg/kg) completely abolishes dofetilide-induced Torsades de Pointes arrhythmias 
in CAVB dogs.
Representative ECG, LV and RV MAP traces are depicted for baseline, before the first EB and TdP induced 
by dofetilide, and after GS967 administration (A). Incidence of arrhythmic episodes after dofetilide and 
GS967 (B) and their associated AS (C). QT, LV and RV MAPD are indicated in milliseconds on corresponding 
traces. Arrhythmia incidence is represented in percentage and indicated as number of dogs with events/
number of dogs tested, arrhythmia score is represented as mean ± SEM; # p<0.05 vs. baseline; * p<0.05, 
** p<0.01 vs. dofetilide.
LV MAP: left ventricular monophasic action potential RV MAP: right ventricular monophasic action 
potential sEB: single ectopic beat; mEB: multiple ectopic beat TdP: Torsade de Pointes.
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antiarrhythmic effect was associated with the reduction of LV and RV RT but 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, Table 3).

Figure 6. The reduction of spatial dispersion of repolarization underlies the in vivo
antiarrhythmic effect of GS967 (0.1 mg/kg) in CAVB dogs.
Repolarization pattern in the LV, RV and septal wall at the different levels of the heart (from base I to 
apex VI) from baseline (A), before dofetilide-induced first EB (B) and TdP (C) and following GS967 (0.1 
mg/kg) administration (D). For each period, traces (with end of RT symbolized by a coloured dot and 
corresponding time) depict unipolar 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 with a significant reduction of local spatial dispersion of repolarization 
(D). Grey regions represent low EGM amplitudes discarded from the analysis.
EB: ectopic beat; TdP: Torsade de Pointes; EGM: electrogram; RT: repolarization time (absolute values 
relative to stimulus artefact); RT diff.: difference in repolarization time (relative to the first repolarized 
region).
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dIscussIon
To date, the present study is the first to demonstrate that the selective late INa 

inhibitor GS967 completely abolishes drug-induced TdP in CAVB dogs. TdP arrhythmias 
arise from a 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.30 
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 based on both suppression of 
EADs and reduction of dispersion. However, its mode of action seems to rather lie on 
the prevention of arrhythmia perpetuation than the suppression of the initiating trigger.

Parameters (ms) Baseline Dofetilide
First EB

Dofetilide
TdP/5min

GS967
0.1 mg/kg/5min

Repolarization
LV RT 320 ± 26 425 ± 54 # 484 ± 48 # 402 ± 43 * #

RV RT 277 ± 22 351 ± 57 383 ± 35 # 355 ± 38 * #

∆ RT 43 ± 13 74 ± 24 101 ± 45 47 ± 15
LS STV 322 ± 23 430 ± 52 493 ± 66 409 ± 46
RS STV 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

Table 3. Effect of GS967 on spatial dispersion of repolarization after dofetilide-induced Torsades de 
Pointes arrhythmias in CAVB dogs.

Values are represented as mean ± SD; # p<0.05 vs. Baseline; * p<0.05 vs. Dofetilide (TdP/5 min).
EB: ectopic beat; TdP: Torsade de Pointes; LV: left ventricle; RV: right ventricle; RT: repolarization time;      
Δ RT: interventricular dispersion of repolarization determined as LV RT – RV RT; LS: left side of septal wall; 
RS: right side of septal wall.
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selective late sodium current 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.8 In the present study, 
GS967 strongly shortened APD of ventricular cardiomyocytes in accordance with the 
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 were 
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 rabbit-isolated ventricular 
myocytes,8 canine Purkinje fibers,19 Langendorff-perfused rabbit heart8 or anesthetized 
rabbits,8 which all reported a concentration and dose-dependent shortening of 
repolarization resulting from the late INa inhibition by GS967.

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), blocking 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 cardiomyocytes8 or in canine Purkinje fibers19 as well as 
delayed afterdepolarizations induced by isoproterenol and/or calcium in canine Purkinje 
fibers.19 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 
to our ventricular dog cardiomyocytes (0.5 Hz), potentially leading to a reduced APD 
prolongation and EAD incidence upon the reverse use-dependent IKr block by dofetilide 
or E-4031. Isolated canine cardiomyocytes are very sensitive for developing EADs upon 
a “single hit” on their repolarization process.31 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 
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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,14 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 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.14

dofetilide-induced tdP are 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 efficacy was neither associated 
with a strong reduction in repolarization nor 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 similar antiarrhythmic effect of GS967 
against ATX-II, E-4031,8 aconitine-22 and hypokalemia-induced32 ventricular arrhythmias. 
Likewise in vivo, GS967 exerted strong antiarrhythmic effect in terminating or shortening 
ventricular tachycardia episodes in methoxamine-sensitized and ischemic rabbits8 as well 
as in pig models of ischemia-21 and catecholamine-induced20 arrhythmias.

Arrhythmia perpetuation is curtailed by gs967 via the reduction of spatial 
dispersion of repolarization

In this study, the inhibition of late INa with 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,22 
T-wave alternans in pig models of catecholamine20 and ischemia-induced21 ventricular 
tachycardia. The antiarrhythmic efficacy of a number of drugs, including the late INa 
blockers ranolazine and vernakalant, has been associated with the reduction of spatial 
dispersion of repolarization,33-37 but only in Langendorff-perfused intact heart or 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 emphasised the importance 
of focal origin, resulting from a triggered activity mechanism, in the initiation of an 



Antiarrhythmic mode of action of late sodium current inhibitor GS-458967

151

7

arrhythmic episode.30,38-40 Recently, our group demonstrated that the local heterogeneity 
of repolarization was significantly higher before a TdP than prior to the first sEB, 
emphasising the close correlation between the magnitude of spatial dispersion of 
repolarization and the severity of the following arrhythmic event.30 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.

Additionally, in 3 out of 5 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.41 Under conditions of reduced spatial dispersion of repolarization, as observed 
after GS967 administration, the overall ventricular activation during the ectopic beats is 
more synchronous as a result of homogenous cardiac refractoriness.

A different mode of action of GS967 compared to 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 
verapamil42 and the Na-Ca exchanger inhibitor SEA0400.43 However, unlike GS967, all 
these drugs restored STV to baseline levels and significantly diminished ectopic activity.44 
Unfortunately, in comparison to GS967 as shown in this study, detailed mapping studies 
on the effect of flunarizine, verapamil and SEA0400 on intraventricular spatial dispersion 
of repolarization in the CAVB dog are lacking to date. Therefore, we cannot exclude 
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 as 
observed in other ex vivo models.35,36 Nevertheless, the in vitro data on suppression of 
dofetilide-induced EADs demonstrate that, unlike GS967, flunarizine42 and SEA040043 are 
able to completely suppress EADs in isolated cells, pointing to an in vivo antiarrhythmic 
action primarily based in suppressing the initiating trigger (afterdepolarizations).
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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 dofetilide-induced 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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suPPlementAry mAterIAl

Parameters (ms) Baseline 1 GS967
0.03 mg/kg/5min Baseline 2 GS967

0.1 mg/kg/5min
ESP (mmHg) 79 ± 9 77 ± 10 81 ± 11 76 ± 11 * $

EDP (mmHg) 13 ± 5 12 ± 4 12 ± 4 13 ± 4
dP/dt+ (mmHg/s) 938 ± 328 898 ± 309 # 957 ± 298 859 ± 288 * $

Supplementary Table. Hemodynamic effects of GS967 in sinus rhythm dogs.

Values are represented as mean ± SD; # p<0.05 vs. Baseline 1 * p<0.05 vs. Baseline 2; $ p<0.05 vs. low 
dose.
ESP: end systolic pressure; EDP: end diastolic pressure; dP/dt+: maximal rise in left ventricular pressure.
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AbstrAct

Aims

Enhancement of the late component of the sodium current (late INa) in ventricular 
cardiomyocytes is responsible for the increased proarrhythmic susceptibility of patients 
affected by heart failure and long QT syndrome type 3. Selective and potent late INa 
inhibitors were therefore developed for the treatment of ventricular arrhythmias. The 
antiarrhythmic effects of the late INa inhibitor eleclazine were investigated in the chronic 
atrioventricular block (CAVB) dog, a model characterized by its enhanced susceptibility 
to Torsade de Pointes arrhythmias (TdP).

methods - results

In canine ventricular cardiomyocytes, the IC50 of eleclazine for the late INa was 
1100 nM. Eleclazine 1000 and 3000 nM shortened action potential duration of canine 
ventricular cardiomyocytes from 481 ± 19 ms to 316 ± 47 and 267 ± 34 ms, respectively. 
In normally conducted sinus rhythm dogs (n=7), eleclazine 0.3 (1097 nM peak plasma 
levels) and 0.6 mg/kg (3058 nM) also shortened repolarization parameters such as QTc 
(from 295 ± 6 to 286 ± 5 ms after 0.6 mg/kg, p<0.05) in a dose-dependent manner.

The in vitro antiarrhythmic potency of eleclazine (1000 and 3000 nM) was studied 
in isolated ventricular cardiomyocytes, by which early afterdepolarizations (EADs) were 
induced by dofetilide (1 µM). Eleclazine at 1000 and 3000 nM, in the continuing presence 
of dofetilide, reduced EADs to 4/11 and 3/10 cardiomyocytes, respectively.

In CAVB dogs, neither of the doses of eleclazine (0.3 and 0.6 mg/kg) suppressed 
dofetilide-induced TdP despite a slight shortening of repolarization.

conclusion

While eleclazine shortened concentration- and dose-dependently repolarization 
in ventricular cardiomyocytes and normally conducted sinus rhythm dogs, respectively, 
EADs in vitro were moderately suppressed. Importantly, eleclazine, at either of the tested 
doses, did not exert any antiarrhythmic effect against dofetilide-induced TdP in CAVB 
dogs.
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IntroductIon
Within the cardiac tissue, the fast and transient sodium current (peak INa), carried by 

the sodium channel isoform NaV1.5, elicits the upstroke of the cardiac action potential. 
Despite the rapid inactivation of most of these sodium channels, a small portion may 
remain open or reactivate throughout the plateau phase, giving rise to a sustained or a 
so-called ‘late’ INa.

1,2 An increased amplitude of the late INa reduces the net repolarizing 
currents, prolongs action potential duration (APD), reduces repolarization reserve, and 
participates to the elevation of cytosolic calcium levels in cardiomyocytes.3,4 As a result, 
enhancement of late INa is proarrhythmic5,6 and markedly contributes to the susceptibility 
of long QT syndrome type 37 or heart failure patients8 (whereby late INa is enhanced) 
to ventricular arrhythmias by triggering arrhythmias initiated by delayed and early 
afterdepolarizations (EADs). Inhibitors of INa have been used for years in clinical practice 
as antiarrhythmic agents. However, due to their lack of selectivity for late INa, these drugs, 
such as flecainide, may concomitantly block the peak INa and IKr, leading to the slowing of 
conduction velocity and the prolongation of the QT interval,9 which eventually limit their 
therapeutic benefit.10 Initially developed for the treatment of angina pectoris, the late INa 
inhibitor ranolazine exhibited antiarrhythmic properties related to its selective inhibition 
of late INa,

11-14 although a number of additional cardiac ion channels, including IKr,
11,15 the 

ryanodine receptor16 or the L-type calcium channel17 are also affected. More recently, 
the discovery of GS-45896718 with an improved potency and selectivity stimulated to 
demonstrate the antiarrhythmic properties of late INa inhibition in a wide range of in 
vitro,4,19 ex vivo4,20 and in vivo models.4,21,22 In addition, we recently reported the complete 
suppression of dofetilide-induced Torsade de Pointes arrhythmias (TdP) by GS-458967 
in the sensitive chronic AV block (CAVB) dog, a well described animal model23 used in 
anti- and proarrhythmic screening24 and characterized by its enhanced susceptibility to 
drug-induced TdP. Despite the strong antiarrhythmic properties mentioned above, GS-
458967 was not further developed because of a low safety margin for the central nervous 
system, the high accumulation in the brain and significant effects on neuronal sodium 
channel isoforms.18

The newly discovered late INa inhibitor eleclazine25 (also known as GS-6615), which 
was under clinical investigations in long QT type 3 and hypertrophic cardiomyopathy,25-27 
displayed antiarrhythmic efficacy in various rabbit25,27 and pig models28-30 of cardiac 
arrhythmia.

The purpose of the present study was to evaluate the electrophysiological and 
antiarrhythmic properties of eleclazine using identical in vivo and in vitro models as with 
GS-458967: in the sensitive CAVB dog against TdP and in isolated canine ventricular 
cardiomyocytes against reproducible dofetilide-induced EADs.
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methods

dog experiments

General

All experiments were in accordance with the Directive 2010/63/EU of the European 
Parliament and of the Council of 22 September 2010 on the protection of animals used 
for scientific purposes and the Dutch Law on animal experimentation and were approved 
by the Committee for Experiments on Animals of Utrecht University (protocol 2014.
II.08.064).

A total of 8 adult mongrel dogs (Marshall, USA; 6 females, 26 ± 3 kg) were 
included in the in vivo protocol. Premedication consisted of atropine, methadone and 
acepromazine (intramuscularly at 0.5, 10 and 10 mg, respectively). All experiments were 
performed under general anesthesia, induced by pentobarbital (25 mg/kg intravenously) 
and maintained by isoflurane (1.5%) through the ventilation system in an O2/N2O mixture 
(1:2). Perioperative care included administrations of ampicillin (1000 mg, before and after 
the experiment, intravenously and intramuscularly, respectively) and buprenorphin (0.3 
mg intramuscularly after the experiment). In all experiments, a surface electrocardiogram 
(ECG) was continuously recorded along with endocardial electrical signals acquired 
from the left (LV) and right ventricles (RV) using EPTracer (Cardiotek, Maastricht, The 
Netherlands). Once the second sinus rhythm (SR) experiment was completed, a screw-
in lead was brought to the RV apex via the jugular vein and connected to an internal 
pacemaker (Medtronic, Maastricht, The Netherlands) implanted subcutaneously. After 
ablation of the AV node by radiofrequency, CAVB experiments were conducted after a 
period of at least 3 weeks under idioventricular rhythm (IVR), once electrical remodelling 
is achieved.23 A recovery interval of 2 weeks was given to the animals between 2 
consecutive anesthetized experiments.

Electrophysiological effects of eleclazine in normally conducted sinus rhythm 
dogs

In normally conducted SR dogs (n=7), two serial experiments were performed 
during which eleclazine was intravenously administered at 0.3 and 0.6 mg/kg/5min 
(one dose per experiment). One hour post-dose monitoring included the measurement 
of surface ECG intervals (RR, PQ, QRS, QT intervals) with EPTracer. QT intervals were 
corrected for heart rate using the van de Water formula (QTc = QT–0.087×(RR–1000)). In 
addition, monophasic action potential duration (measured at 80% of repolarization) from 
the LV and RV (LV and RV MAPD, respectively) and their derived short-term variability 
of repolarization values (LV and RV STV) were obtained using a custom made software 
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(AutoMAPD, Matlab, Mathworks, Natick, USA). The interventricular dispersion of 
repolarization ΔMAPD was calculated as LV – RV MAPD. Blood samples were collected 
every 5 minutes to determine plasma levels of eleclazine with high performance liquid 
chromatography (Gilead Sciences, Inc.).

Suppression of dofetilide-induced Torsades de Pointes in the CAVB dog by 
eleclazine

In CAVB dogs, after a 10 min baseline period, dofetilide (25 µg/kg) was infused 
for 5 min in an effort to induce reproducibly TdP arrhythmia, defined as a polymorphic 
ventricular tachycardia of at least 5 ectopic beats characterized by a twisting shape of 
QRS complexes around the isoelectric line. Electrical cardioversion was applied when 
an episode was lasting more than 10 seconds. The suppressive antiarrhythmic effect 
(against TdP) of eleclazine (0.3 or 0.6 mg/kg/5min), administered 10 min after start of 
dofetilide, was investigated in 5 CAVB dogs. A total of 9 suppression experiments were 
conducted as follows: in 2 dogs in IVR, serial comparison of both doses 0.3 vs. 0.6 mg/
kg; in 2 dogs, serial comparison of IVR and RV pacing (1000 ms cycle length) after 0.6 
mg/kg; in 1 dog paced from RV (same cycle length), eleclazine was administered at 0.6 
mg/kg.

Incidence of arrhythmias was monitored within 10 min intervals during baseline, 
dofetilide and after eleclazine administration and scored as follow: no ectopic beat (EB) 
1 point; single EB (sEB) 2 points; multiple EB (mEB) 3-5 points; TdP episode 6-49 points; 
1, 2, ≥3 defibrillations 50, 75, 100 points, respectively.

In addition to the surface ECG intervals, duo-decapolar catheters allowed the 
recording of unipolar electrograms (EGM) from up to 10 different regions in the LV 
and RV. Using AutoMAPD software, activation recovery interval (ARI), determined as 
the time between activation (steepest downstroke of the activation complex) and end 
of repolarization (steepest upstroke of the T wave), was averaged from all electrodes 
measured and STV was determined from 30 consecutive beats. Vertical dispersion of 
repolarization, a surrogate parameter for spatial dispersion of repolarization in the LV, was 
calculated as the maximal repolarization difference retrieved from 2 adjacent electrodes.

cellular experiments in isolated canine ventricular cardiomyocytes

At the end of the last in vivo experiment, a right thoracotomy was performed and 
the heart was quickly excised. Patch clamp experiments (ruptured patch configuration) 
were then performed in single ventricular cardiomyocytes, which isolation has been 
already described.31 Patch clamp data were acquired and analysed using the pCLAMP 
10 software (Molecular Device, Sunnyvale, CA, USA).
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Inhibition of the late sodium current by eleclazine in canine ventricular 
cardiomyocytes

In LV and RV cardiomyocytes from CAVB dogs, INa was elicited by applying 500 ms 
pulses to -20 mV (0.25 Hz) from a holding potential of -100 mV. 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, 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 
eleclazine (100, 300, 1000 and 3000 nM) was normalized against total late INa in each 
cardiomyocyte.

Effect of eleclazine on repolarization and in suppression of early 
afterdepolarizations

Action potentials of single canine ventricular cardiomyocytes were elicited at 0.5 
Hz. The 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, MgCl2 0.5 (pH=7.2). Effects of eleclazine (1000 and 3000 nM) 
on repolarization (APD, measured at 90% repolarization) and STV were investigated after 
a baseline period of 3 minutes.

In another set of experiments, EADs were induced by dofetilide (1 µM). In the 
presence of dofetilide, eleclazine (at the same concentrations) was superfused to evaluate 
its potency to suppress EADs and determine its in vitro antiarrhythmic effect. APD and 
STV were also measured when successful EAD suppression was achieved with eleclazine.

statistical analysis

Data are expressed as mean ± standard deviation. Comparisons of serial data 
were performed with a paired t-test or one-way repeated measures analysis of variance 
(ANOVA) using a post hoc Bonferroni correction (parametric and non-parametric 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, USA). 
Differences were considered significant when p<0.05.
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results

late sodium current inhibition by eleclazine shortens repolarization in 
vitro and in vivo

In single ventricular cardiomyocytes (n=8) isolated from CAVB dogs, eleclazine 
inhibited the TTX-sensitive current by 11 ± 11%, 21 ± 13%, 43 ± 14% and 72 ± 16% at 
100, 300, 1000 and 3000 nM, respectively (Figure 1A). The estimated IC50 of eleclazine 
for the late INa was 1100 ± 200 nM (Figure 1B). In current clamp configuration, eleclazine 
1000 and 3000 nM respectively reduced baseline APD of ventricular cardiomyocytes from 
428 ± 96 and 432 ± 101 ms to 316 ± 71 (n=24) and 245 ± 55 ms (n=21; both p<0.001), 
as well as STV from 28 ± 25 and 27 ± 27 ms to 10 ± 6 and 6 ± 2 ms, respectively (both 
p<0.01; Figures 1C and 1D).

In SR dogs, eleclazine 0.3 and 0.6 mg/kg respectively yielded plasma levels of 1097 
± 399 and 3058 ± 2409 nM at the end of infusion (Figures 2A and 2B), when maximal 
electrophysiological effects were observed (Figures 2C and 2D). Both doses of eleclazine 
shortened ventricular repolarization. This effect was slightly dose-dependent, such as 
observed with the QTc reduction after low dose (from 289 ± 12 to 284 ± 11 ms, p<0.05 
vs. baseline 1) compared to that after high dose (from 295 ± 6 to 286 ± 5 ms, p<0.05 
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Figure 1. Late sodium current inhibition by eleclazine shortens action potential duration in single 
canine ventricular cardiomyocytes.
Representative late INa recordings during control period and followed by successive concentrations of 
eleclazine (300, 1000 and 3000 nM) and TTX (10 μM) (A), giving an estimated IC50 for late INa of 1100 ± 200 
nM (B). At 1000 (C) and 3000 nM, eleclazine shortened APD and reduced STV compared to baseline (D).
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vs. baseline 2 and p<0.05 vs. low dose; Table 1). Temporal (STV) and spatial (ΔMAPD) 
dispersion of repolarization, heart rate (RR) and conduction parameters (PQ and QRS) 
were not significantly different at either doses (Table 1).

eleclazine reduces dofetilide-induced early-afterdepolarizations

In isolated canine ventricular cardiomyocytes, the potency of eleclazine to suppress 
dofetilide-induced EADs was tested at 1000 and 3000 nM. At a basic cycle length of 
2000 ms, dofetilide (1 µM) prolonged APD and increased STV preceding the occurrence 
of EADs (Table 2 and Figure 3A). Regardless of the eleclazine concentration superfused 
(in the presence of dofetilide), the successful suppression of EAD by eleclazine was 
always accompanied by the significant reduction of APD and STV (respectively from 851 
± 182 and 165 ± 58 ms before dofetilide-induced EADs to 403 ± 116 and 37 ± 43 ms 
after eleclazine 1000 nM, both p<0.001; Table 2 and Figure 3A). Although the complete 
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Figure 2. Eleclazine shortens repolarization in normally conducted sinus rhythm dogs.
Plasma levels (mean ± SD) of eleclazine after administration of 0.3 (A) and 0.6 mg/kg/5min (B) to sinus 
rhythm dogs (n=3). Horizontal bars represent the duration of eleclazine infusion. Representative ECG and 
MAP traces from serial experiments performed in the same sinus rhythm dog before and after eleclazine 
0.3 (C) and 0.6 mg/kg (D). Values of QTc, LV and RV MAPD are indicated on corresponding traces.
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duration (at 80% of repolarization); RV MAPD: right ventricular monophasic action potential duration (at 
80% of repolarization).
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suppression of EADs in all cardiomyocytes measured could not be achieved, eleclazine 
reduced their incidence to 8/20 and 6/19 cells at 1000 and 3000 nM, respectively (Figure 
3B).

eleclazine does not suppress torsades de Pointes arrhythmias in the cAvb 
dog

In CAVB dogs, the antiarrhythmic effect of eleclazine against dofetilide-induced 
TdP was tested at 0.3 (n=2, data not shown) and 0.6 mg/kg (n=7). In the second 
group, the administration of dofetilide significantly prolonged ventricular repolarization 

Parameters (ms) Baseline 1 Eleclazine
0.3 mg/kg/5min Baseline 2 Eleclazine

0.6 mg/kg/5min
RR 525 ± 23 524 ± 22 529 ± 40 524 ± 33
PQ 109 ± 9 110 ± 8 108 ± 11 108 ± 11
QRS 71 ± 4 71 ± 4 71 ± 4 71 ± 4
QTc 289 ± 12 284 ± 11 # 295 ± 6 286 ± 5 * $

LV MAPD 174 ± 13 170 ± 13 179 ± 6 174 ± 5 *
RV MAPD 165 ± 11 161 ± 13 # 172 ± 11 165 ± 13 *
∆ MAPD 9 ± 12 9 ± 17 7 ± 10 9 ± 12
LV STV 0.4 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1
RV STV 0.5 ± 0.4 0.4 ± 0.2 0.4 ± 0.1 0.5 ± 0.3
Plasma level (nM) - 1099 ± 399 - 3058 ± 2409

Values are represented as mean ± SD; # p<0.05 vs. Baseline 1; * p<0.05 vs. Baseline 2; $ p<0.05 vs. 
Eleclazine 0.3 mg/kg.
LV MAPD: left ventricular monophasic action potential duration; RV MAPD: right ventricular monophasic 
action potential duration; ΔMAPD: interventricular dispersion of repolarization (calculated as LV MAPD – 
RV MAPD); LV STV: short-term variability of repolarization (from 30 consecutive LV MAPD); RV STV: short-
term variability of repolarization (from 30 consecutive RV MAPD).

Table 1. Electrophysiological effect of eleclazine in normally conducted sinus rhythm dogs (n=7).
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Figure 3. Eleclazine reduces early-afterdepolarizations in isolated canine ventricular cardiomyocytes.
Panel A depicts typical dofetilide- (1 μM) induced EADs successfully suppressed by eleclazine (1000 nM) 
in the continuing presence of dofetilide. The remaining incidence of EADs after exposure to eleclazine 
(1000 and 300 nM) is shown on panel B. Bars are represented as percentage of EADs incidence. Number 
of observations/number of cardiomyocytes tested.
EADs: early afterdepolarizations.
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(including QTc and LV ARI from 385 ± 55 and 287 ± 34 ms to 654 ± 93 and 564 ± 126 
ms, both p<0.05; Table 3) and its temporal dispersion LV STV from 1.0 ± 0.5 to 5.5 ± 
2.1 ms (p<0.05). Eventually, dofetilide reproducibly induced TdP in 3/7 dogs (Figures 
4A and 4B), increasing the baseline AS from 1.2 ± 0.4 to 28.4 ± 30.7 (p<0.05; Figure 
4C). Eleclazine 0.6 mg/kg mildly reduced QTc and LV ARI (from 654 ± 93 and 564 ± 126 
ms after dofetilide to 590 ± 50 and 554 ± 67 ms after eleclazine, ns; Table 3). LV STV 
remained however elevated (from 5.5 ± 2.1 ms after dofetilide to 7.2 ± 4.9 ms after 
eleclazine) and TdP occurred in 4/7 dogs despite eleclazine administration (Figures 4A 
and 4B). This absent of antiarrhythmic effect was associated with a high AS (28.4 ± 30.7 
after dofetilide to 30.6 ± 29.9 after eleclazine, ns; Figure 4C).

dIscussIon
The present study is the first to evaluate the antiarrhythmic effect of the selective 

cardiac late INa inhibitor eleclazine against dofetilide-induced TdP in the sensitive CAVB 
dog model. We report here that eleclazine, at concentrations and doses selective for 
late INa inhibition, shortens repolarization duration in ventricular cardiomyocytes and in 
sinus rhythm dogs. Importantly, despite the reduction of EADs in vitro, eleclazine did not 
suppress dofetilide-induced TdP arrhythmias in CAVB dogs.

late sodium current inhibition as an antiarrhythmic strategy

It has been well demonstrated that the late INa enhancement contributes to the 
proarrhythmic susceptibility of LQT3 and heart failure patients by the prolongation 
of cardiac repolarization and the reduction of repolarization reserve.5,6 By creating 
a depolarizing current throughout phase 2 of the action potential, late INa counters 
the repolarizing potassium currents (IKr and IKs). In addition, late INa enhancement also 
contributes to the cytosolic calcium overload,4 through a mechanism mediated by the 
forward mode of the sodium-calcium exchanger. While ranolazine was one of the first 

Parameters (ms) Baseline Dofetilide Eleclazine
1000 nM

Eleclazine
3000 nM

APD 476 ± 108 851 ± 182 *** 403 ± 116 # -
462 ± 103 830 ± 202 *** - 275 ± 116 # *

STV 32 ± 15 165 ± 58 *** 37 ± 43 # -
31 ± 22 165 ± 60 *** - 12 ± 6 #

Values are represented as mean ± SD; * p<0.05, *** p<0.001 vs. Baseline; # p<0.001 vs. Dofetilide.
APD: action potential duration (measured at 90% of repolarization); STV: short-term variability of 
repolarization (from 30 consecutive APD).

Table 2. Action potential duration and short-term variability in ventricular cardiomyocytes with 
successful suppression of early afterdepolarizations by eleclazine 1000 (n=12 from 20 cells) and 
3000 nM (n=13 from 19 cells).
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Figure 4. Eleclazine does not suppress dofetilide-induced Torsade de Pointes arrhythmia in CAVB 
dogs.
Panel A shows ECG traces (lead II and AVR) along with four endocardial EGM recorded from the LV and 
a typical TdP following dofetilide infusion. The subsequent administration of eleclazine did not suppress 
any TdP. Panels B and C respectively depict the incidence of arrhythmic events and AS after dofetilide and 
eleclazine (0.6 mg/kg) administrations; * p<0.05 vs. Baseline.
EGM: unipolar electrogram; LV: left ventricle; TdP: Torsade de Pointes arrhythmia; AS: arrhythmia score.
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Parameters (ms) Baseline Dofetilide
25 µg/kg/5min

Eleclazine
0.6 mg/kg/5min

RR 1284 ± 27 1456 ± 470 1621 ± 379
QRS 100 ± 20 96 ± 19 86 ± 16
QTc 385 ± 55 654 ± 93 * 590 ± 50 *
LV ARI 287 ± 34 564 ± 126 * 554 ± 67 *
RV ARI 255 ± 11 511 ± 104 * 424 ± 94 *
∆ ARI 32 ± 15 53 ± 62 130 ± 74
LV STV 1.0 ± 0.5 5.5 ± 2.1 * 7.2 ± 4.9 *
RV STV 1.4 ± 0.4 3.6 ± 3.3 * 3.2 ± 0.6 *
Vertical dispersion 45 ± 20 52 ± 26 57 ± 38

Values are represented as mean ± SD; * p<0.05 vs. Baseline.
LV ARI: left ventricular activation recovery interval; RV ARI: right ventricular activation recovery interval; 
ΔARI: interventricular dispersion of repolarization (calculated as Δ ARI = LV ARI – RV ARI); LV STV: short-term 
variability of repolarization (from 30 consecutive LV ARI); RV STV: short-term variability of repolarization 
(from 30 consecutive RV ARI); Vertical dispersion: maximal repolarization difference retrieved from 2 
adjacent electrodes of the duo-decapolar electrogram catheter.

Table 3. Electrophysiological effects of eleclazine after dofetilide-induced TdP in CAVB dogs.
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selective late INa inhibitor developed,11 its concomitant blockade of IKr (with an IC50 
comparable to that for late INa) makes it difficult to investigate the antiarrhythmic efficacy 
of sole late INa inhibition. GS-458967,18 a late INa inhibitor with an improved potency 
and selectivity for late INa with minimal effects on peak INa and IKr,

4 demonstrated strong 
antiarrhythmic properties in a wide range of in vitro,4,19 ex vivo,4,20 and in vivo models of 
atrial32,33 and ventricular20-22 arrhythmias. In addition, we recently reported the complete 
suppression of dofetilide-induced TdP by GS-458967 in the CAVB dog model. While the 
initiating proarrhythmic triggers (EADs in ventricular cardiomyocytes and sEBs in dogs) 
remained present in a number of experiments, we demonstrated that the complete 
antiarrhythmic efficacy was significantly associated with the reduction of local spatial 
dispersion of repolarization, preventing the perpetuation of an arrhythmic episode.

current study

The purpose of this study was to evaluate the electrophysiological and antiarrhythmic 
properties of eleclazine using identical in vivo and in vitro models as with GS-458967, 
and eventually to compare the antiarrhythmic effects of both late INa inhibitors.

In isolated canine ventricular cardiomyocytes the potency (IC50) of eleclazine to 
block the late INa (1100 nM) was slightly higher than that estimated in rabbit ventricular 
cardiomyocytes (720 nM) reported from a previous study.27 However, the methodology 
used varied from ours: the potency of eleclazine was determined on late INa enhanced by 
ATX-II, which may explain this difference. Nevertheless, the shortening of repolarization 
observed in vitro in ventricular cardiomyocytes and in vivo in SR dogs, at respective 
concentrations and plasma levels considered selective for the late INa inhibition (vs. peak 
INa and IKr),

27,28 are in accordance with previous observations using ventricular myocytes, 
left wedge ventricular preparations, isolated hearts from rabbits27 and the initial clinical 
study conducted in long QT type 3 patients.26

In the present study, the antiarrhythmic properties of eleclazine were investigated 
in vitro and in vivo against dofetilide-induced EADs and TdP, respectively. In ventricular 
cardiomyocytes, the suppression of most EADs by eleclazine was associated with the 
reduction of STV. However in CAVB dogs with reproducible TdP, eleclazine did neither 
suppress ventricular arrhythmic episodes nor reduced STV. These findings are both in line 
with our recent review, which demonstrated a strong association between the level of 
STV and the antiarrhythmic efficacy observed following a pharmacological intervention.24 
This absent antiarrhythmic effect of eleclazine in the CAVB dog model slightly contrasted 
with previous studies reporting its antiarrhythmic efficacy in a number of ex vivo27 and in 
vivo models25,27,28 of ventricular arrhythmia. Eleclazine 1 and 3 µM abolished all ATX-II-
induced ventricular tachycardia in Langendorff-perfused intact rabbit hearts.27 Only high 
dose of eleclazine (1.5 mg/kg) could suppress ischemia-induced ventricular tachycardia 
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and ventricular fibrillation in anesthetized rabbits, while lower doses (0.125 and 0.25 
mg/kg) mildly reduced their incidence.25 Finally, in a porcine model of epinephrine-
induced ventricular tachycardia, eleclazine reduced arrhythmic episodes by 51 to 56% in 
association with the reduction of spatiotemporal dispersion of repolarization.28 Although 
in the CAVB dogs antiarrhythmic outcomes of eleclazine were lower, the proarrhythmic 
mechanisms of this model significantly differ from the above mentioned models, which 
require either enhancement of late INa by ATX-II, myocardial ischemia or stimulation of 
adrenergic receptors for the induction of ventricular arrhythmias. Induction of TdP in 
the CAVB dog model are initiated under conditions of prolonged repolarization (upon 
blockade of IKr with dofetilide in addition to the ventricular remodelling) by a focal origin 
associated with triggered activity (EADs) mechanism, in combination with an increased 
spatial dispersion of repolarization, which facilitates the perpetuation of short arrhythmic 
episodes into TdP.24,34

Comparison of electrophysiological and antiarrhythmic efficacy with GS-
458967

In comparison with the previously tested late INa inhibitor GS-458967, eleclazine 
similarly shortened repolarization duration in ventricular cardiomyocytes and sinus 
rhythm dogs at respective concentrations and plasma levels evoking similar late INa 
inhibition. Moreover, eleclazine and GS-458967 both reduced dofetilide-induced EADs 
to the same extent. However, the antiarrhythmic effect in CAVB dogs, which feature a 
reduced cardiac late INa density,12 was strikingly opposite; while GS-458967 suppressed 
all TdP episodes, eleclazine exerted no antiarrhythmic effect. This in vitro-in vivo 
antiarrhythmic discrepancies might stem from their different pharmacological profile. 
While both drugs share the inhibition of the late INa mediated by NaV1.5 as their primary 
target, GS-458967, unlike eleclazine,25 significantly inhibits a number of additional 
neuronal and peripheral isoforms of sodium channels including NaV1.1, NaV1.2, and 
NaV1.8.18 It is generally accepted that NaV1.5 represents the main isoform contributing 
to the INa in the cardiac tissue and that it mediates the action potential upstroke and 
conduction velocity. However, several observations demonstrated the participation of 
neuronal isoforms to the enhancement of cardiac late INa in canine failing myocytes33 
and that their selective blockade prevented proarrhythmic diastolic calcium release.35 
However, in isolated canine ventricular cardiomyocytes, the same potency of eleclazine 
and GS-458967 to suppress EADs suggests that the blockade of neuronal INa (if present) 
by GS-458967 does not confer any additional antiarrhythmic effect compared with 
eleclazine. Interestingly, GS-458967, because of its potent blockade of neuronal sodium 
isoforms and its high brain penetration, has shown substantial antiepileptic effects in 
different mouse models.36,37 In addition, GS-458967 was also found to significantly 
inhibit the peripheral isoform NaV1.8.18 Genome-wide association studies38-42 and recent 
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findings43-47 report the contribution of NaV1.8 to the cardiac electrophysiology and that 
antiarrhythmic effect can be achieved with the selective inhibitor A-803467.43,44,46,47 Taken 
together, these observations suggest that GS-458967 is highly active on other structures 
besides the heart (e.g. central nervous system) and that the additive inhibition of neuronal 
and peripheral sodium isoforms may be responsible for its complete antiarrhythmic 
properties in the CAVB dog model. Reciprocally, the selective inhibition of the late INa 
mediated by NaV1.5 by eleclazine does not seem to provide antiarrhythmic effects in 
the CAVB dog model. Further investigations should therefore focus on the presence 
and functional relevance of neuronal sodium isoforms in ventricular cardiomyocytes from 
CAVB dog and to unravel the possible antiarrhythmic properties of blocking neuronal 
sodium channels in the central nervous system.

conclusIon
Late INa inhibition by eleclazine dose-dependently shortened repolarization in 

ventricular cardiomyocytes and normally conducted sinus rhythm dogs. While eleclazine 
could reduce EADs in vitro, it did not exert any antiarrhythmic effect against dofetilide-
induced TdP in the CAVB dog, on the opposite of the formerly late INa inhibitor tested 
GS-458967. Unlike GS-458967, eleclazine has minimal or no effects on INa from neuronal 
and peripheral sodium isoforms. We suggest that the blockade of these isoforms might 
confer the antiarrhythmic efficacy of GS-458967 (in comparison with eleclazine) in the 
CAVB dog model.
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AbstrAct

background - Purpose

The sodium channel isoform NaV1.8 encoded by SCN10A is principally expressed in 
the peripheral nervous system and is responsible for the transmission of the nociceptive 
signal. However, genome-wide association studies and recent observations alluded to 
a contribution of this isoform in cardiac electrophysiology. A-803467 is a potent and 
selective NaV1.8 inhibitor.

This study aimed to evaluate the potency of A-803467 to modulate sodium current 
(INa) and repolarization duration of isolated canine ventricular cardiomyocytes in relation 
with its expression in cardiac tissue. The antiarrhythmic properties of NaV1.8 inhibition 
with A-803467 were tested on dofetilide-induced early afterdepolarizations (EADs) 
and Torsades de Pointes arrhythmias (TdP) in ventricular cardiomyocytes and chronic 
atrioventricular block (CAVB) dogs, respectively.

methods - results

In patch-clamp experiments, low concentrations of A-803467 (30 and 100 nM) 
selective for NaV1.8 had no effect on peak and late INa as well as on action potential 
duration (APD) of canine ventricular cardiomyocytes (n=7-9 cells). A-803467 at 500 nM 
slightly inhibited peak (5%) and late INa (10%), significantly shortened APD (from 335 ± 71 
ms to 279 ± 95 ms; p<0.05) but had no suppressive effect on dofetilide-induced EADs 
in the 15 cells tested. Polymerase chain reaction experiments revealed the absence of 
SCN10A transcripts in canine ventricular biopsies and isolated single cardiomyocytes. In 
6 CAVB dogs, the number of TdP episodes reproducibly induced by dofetilide (25 µg/
kg/5min) was significantly reduced (and suppressed in 2 animals) after administration 
of A-803467, and was associated with a reduction of the arrhythmia score, an index for 
the severity of arrhythmic episodes, from 20.4 ± 10.2 after dofetilide to 7.7 ± 6.4 after 
A-803467 (p<0.05). In addition, TdP reoccurred in most animals (5/6 dogs) after washout 
of A-803467.

conclusion

The lack of effect by selective NaV1.8 inhibition with A-803467 on INa and APD 
in canine ventricular cardiomyocytes was associated with the absence of SCN10A 
expression. Furthermore, since A-803467 had no effect on dofetilide-induced EADs in 
isolated cells, the in vivo antiarrhythmic effect observed in CAVB dogs was not due to a 
cardiomyocyte-specific mechanism.
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IntroductIon
The sodium channel NaV1.8, a tetrodotoxin (TTX)-resistant sodium channel 

encoded by SCN10A and initially discovered in small diameter sensory neurons of dorsal 
root ganglion,1,2 plays a central role in the transmission of the nociceptive signal.3,4 While 
it is generally accepted that the sodium channel NaV1.5, encoded by SCN5A, carries 
the transient inward sodium current that elicits the upstroke of the action potential 
and influences the conduction velocity throughout the ventricular myocardium, recent 
genome-wide association studies showed that variants in SCN10A were associated with 
cardiac conduction disorders.5-9 Since these studies suggest an involvement of NaV1.8 
channels in cardiac electrophysiology, much research has been performed to determine 
the mechanism by which SCN10A influences cardiac electrophysiology. To date, several 
hypotheses have been proposed: evidences show that SCN10A would modulate SCN5A 
expression in cardiomyocytes10,11 or would be expressed in neuronal structures within 
the cardiac tissue.12-16 In addition, studies which have attempted to determine NaV1.8 
expression in the heart6,12,13,16-18 (such as in Purkinje fibers and cardiomyocytes) or its 
direct contribution to the late sodium current (late INa) in cardiomyocytes13,18-20 have 
yielded contradicting results. 

The potent blocker A-803467, characterized by its high selectivity for NaV1.8 
over other sodium channel isoforms including NaV1.5,18,21,22 represents a useful 
pharmacological tool to investigate the effects on cardiac electrophysiology and the 
potential antiarrhythmic properties of NaV1.8 inhibition. Although it has been shown 
recently that selective NaV1.8 inhibition by this pharmacological agent reduced 
atrial fibrillation inducibility14,15 and ischemia-induced ventricular arrhythmias,23 the 
antiarrhythmic efficacy of this pharmacological approach against ventricular arrhythmias 
remains largely to be explored.

The chronic atrioventricular block (CAVB) dog is a model characterized by its 
enhanced susceptibility to drug-induced Torsades de Pointes arrhythmias (TdP) as a 
result of ventricular remodelling.24,25 This canine model of compensated biventricular 
hypertrophy mimics the proarrhythmic vulnerability of patients with compensated 
heart failure,26 largely due to the disturbed calcium handling27-29 associated with 
the downregulation of repolarizing potassium channels.24 Although used for drug 
proarrhythmic screening,30-32 this model also allows the testing of different antiarrhythmic 
interventions in prevention or suppression of dofetilide-induced TdP.33 

The present study aimed to investigate the electrophysiological effect of selective 
NaV1.8 inhibition by A-803467 on peak and late INa and cellular repolarization of canine 
ventricular cardiomyocytes in relation to the expression of SCN10A. In addition, the 
potential antiarrhythmic properties of NaV1.8 blockade were studied against dofetilide-
induced early afterdepolarizations (EADs) and TdP in ventricular cardiomyocytes and in 
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the sensitive CAVB dog model, respectively.

methods

Animal experiments

All experiments were in accordance with the Directive 2010/63/EU of the European 
Parliament and of the Council of 22 September 2010 on the protection of animals used 
for scientific purposes and the Dutch Law on animal experimentation and were approved 
by the Committee for Experiments on Animals of Utrecht University.

A total of 6 adult mongrel dogs (Marshall, USA; 2 females, 26 ± 2 kg) were 
included in the in vivo protocol. After premedication including atropine, methadone 
and acepromazine (intramuscularly at 0.5, 10 and 10 mg, respectively), anesthesia was 
induced intravenously by sodium pentobarbital (Nembutal, 25 mg/kg) and maintained 
with isoflurane 1.5% in an O2/N2O mixture (1/2) through the ventilation system. Analgesia 
and antibiotic prophylaxis were provided by the use of buprenorphine (0.3 mg, 
intramuscularly) and ampicillin (1000 mg, before and after experiment, intravenously and 
intramuscularly), respectively. A pacing lead was advanced to the right ventricular apex 
via the right jugular vein and connected to an internal pacemaker (Medtronic, Maastricht, 
The Netherlands). The AV node was then ablated by radiofrequency according to 
a procedure already described.24 After creation of complete AV block, a remodelling 
period of at least 2 weeks under idioventricular rhythm expired before the conduction of 
the following experiments.

After a 10 min baseline period, dofetilide (25 µg/kg/5min, intravenously) was 
administered to 6 CAVB dogs (n=5 paced, 1000-1500 ms cycle length) in an effort to 
induce reproducible TdP arrhythmias, defined as a polymorphic ventricular tachycardia 
of at least 5 ectopic beats characterized by the twisting shape of the QRS complexes 
around the isoelectric line. Electrical cardioversion was applied if an arrhythmic episode 
was lasting more than 10 seconds. Ten min after the start of dofetilide infusion, A-803467 
was administered at 3 mg/kg intravenously for 5 min, and antiarrhythmic effects were 
monitored for another 10 min. The number of TdP episodes was quantified within 5 
min periods following the end of dofetilide and A-803467 administrations. For each 
dog, an arrhythmia score (AS) was determined for dofetilide and A-803467 periods and 
calculated as the average of the 3 most severe arrhythmic events observed, being scored 
as n+1 points, with n being the number of ectopic beat(s) of the arrhythmic episode. 
One, 2 or ≥3 consecutive defibrillations were scored as 50, 75 or 100.

Surface electrocardiogram (ECG) was continuously recorded along with endocardial 
left ventricular (LV) signal (via a monophasic action potential (MAP) catheter or a duo-
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decapolar catheter recording up to 10 unipolar electrograms (EGM) from different 
regions) and right ventricular (RV) MAP by EPTracer software (Cardiotek, Maastricht, The 
Netherlands). ECG intervals, including QRS and QT were manually measured offline 
using EPTracer. LV, RV MAP duration (LV and RV MAPD, respectively) were analysed 
with the custom-made software AutoMAPD (Matlab, Mathworks, Natick, MA, USA) and 
measured at 80% repolarization. LV activation recovery intervals (LV ARI) were retrieved 
from all recorded EGM using AutoMAPD and averaged for each beat. The associated 
LV and RV short-term variability was also determined (LV and RV STV, respectively). The 
interventricular dispersion of repolarization (Δ MAPD) was calculated as LV MAPD/ARI – 
RV MAPD.

ventricular cardiomyocytes experiments

Patch-clamp experiments (ruptured patch configuration) were performed in isolated 
ventricular cardiomyocytes isolated from sinus rhythm and CAVB dogs using pCLAMP 
10 software (Molecular Device, Sunnyvale, CA, USA). The procedure for cardiomyocytes 
isolation has been already described.34

Peak and late sodium currents inhibition by A-803467

Sodium current was elicited (0.25 Hz) by 500 ms square pulse stimulations at -20 
mV from a holding potential of -100 mV. The potency of A-803467 30, 100 and 500 nM 
to block the peak INa (as compared with baseline) was evaluated, as well as the late INa, 
quantified as the TTX (10 µM)-sensitive current between 200 and 220 ms from the pulse 
onset. Internal solution filling patch pipettes (1.5 – 2.5 MΩ) contained (in mM) NaCl 5, 
CsCl 133, MgATP 2, tetraethylammonium chloride 20, EGTA 10 and HEPES 5, pH=7.3 
adjusted with CsOH.

Effect of A-803467 on action potential duration from isolated canine 
ventricular cardiomyocytes and in suppression of dofetilide-induced early 
afterdepolarizations

Action potentials of cardiomyocytes were triggered at 0.5 Hz using normal Tyrode 
solution (37 ± 1°C), which 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 adjusted with NaOH.

After a 3 min baseline period, successive concentrations of A-803467 (30, 100 and 
500 nM) were superfused to determine effects of A-803467 on action potential duration 
(APD, measured at 90% repolarization) and short-term variability of repolarization 
(determined from 30 consecutive APDs).
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In another set of experiments, dofetilide (1 µM) was superfused to induce 
reproducible EADs in ventricular cardiomyocytes (n=15) isolated from 3 CAVB dogs. In 
the continuing presence of dofetilide, the potency of A-803467 to suppress EADs was 
tested at 500 nM.

Polymerase chain reaction

Dog tissues and cells were collected and snap frozen in liquid nitrogen. Biopsies were 
taken from the left ventricular free wall of SR and CAVB dog hearts, and seminiferous tubule 
and epididymis tissue from dog testes. Single ventricular cardiomyocytes were isolated 
from the LV free wall of a SR heart. mRNA was isolated from several tissues using TRIzol 
Reagent (ThermoFisher Scientific, Breda, The Netherlands) according to the manufacturer’s 
instructions. Isolated mRNA was dissolved in DEPC-treated water and 10 µg of mRNA was 
used for DNAse treatment (Promega, Leiden, The Netherlands). 2 µg of DNAse treated 
mRNA was used as input in the reverse transcriptase-PCR using a mixture of oligo-dT12-
VN primers and random hexamers (Promega) and reverse transcription was performed 
using SuperScript II (ThermoFisher Scientific, Breda, The Netherlands) for 1 hour at 42°C. 
PCR for GAPDH, SCN5A and SCN10A was carried out using DreamTaq DNA polymerase 
(ThermoFisher Scientific, Breda, The Netherlands) and using the following primers: 
GAPDH: AGATCCCGCCAACATCAAA (se), ACGATGCCGAAGTGGTCAT (as), annealing 
57°C; SCN5A: TGTGAGTCTTTCAACGTGACCG (se), CCCGAAGATGATGAAAATGACG 
(as), annealing 60°C; SCN10A: CATTGGTGAAGCAACAGCTCTCCG (se), 
GGGATCTGAAGTGCCAGGCTTGTT (as), annealing 65°C. For SCN10A a subsequent 
nested PCR was performed using the following primers: GTGAAGCAACAGCTCTCCGA 
(se), TTGCCCGTTTCATTGAGAGC (as), annealing 60°C. The amplification protocol for 
all primers consisted of 94°C for 5 minutes, 94°C for 30s, annealing for 30s, 72°C for 30s 
(35-40 cycles), 72°C for 5 minutes. PCR products were run on 1.5% agarose gels and 
visualised using Midori Green (Nippon Genetics Europe, Düren, Germany). 

statistical analysis

Data are expressed as mean ± standard deviation (SD). Comparisons of serial data 
were performed with one-way repeated measures analysis of variance (ANOVA) with 
post hoc Bonferroni correction or a paired t-test. For non-parametric paired comparisons 
(such as number of TdP episodes or AS), the Friedman test or Wilcoxon signed-ranked 
test were used. McNemar’s test was used for analysis of arrhythmias incidence. Statistical 
analysis was performed using Prism (version 6.0c, GraphPad Software) and significance 
threshold was defined as p<0.05.



Selective NaV1.8 inhibition is antiarrhythmic in CAVB dogs

183

9

results

Inhibition of peak and late sodium currents by A-803467 in canine 
ventricular cardiomyocytes

In single canine ventricular cardiomyocytes, none of the concentrations tested of 
A-803467 significantly inhibited the peak INa elicited at -20 mV: its amplitude was only 
reduced up to 5% after exposition to the high concentration of 500 nM (p>0.05, Figure 
1A). Moreover, late INa, measured as the TTX-sensitive current, remained unchanged 
after 30 and 100 nM A-803467, while it was weakly inhibited by 500 nM (p>0.05, Figures 
1B and C).

effect of selective nav1.8 inhibition with A-803467 on action potential 
duration

A-803467 at 30 and 100 nM had no effect on baseline APD of canine ventricular 
cardiomyocytes (from 296 ± 70 and 294 ± 65 ms to 300 ± 70 and 284 ± 71 ms, both ns; 
Figures 2A and 2B). However, the high concentration (500 nM) significantly shortened 
APD from 335 ± 71 ms to 279 ± 95 ms (p<0.05; Figures 2A and 2B). None of the A-803467 
concentrations affected STV (Figure 2C).
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Figure 1. Inhibition of peak and late sodium currents by A-803467 in ventricular
cardiomyocytes.
Traces of sodium current elicited by 500 ms step pulse from -100 to -20 mV in isolated canine ventricular 
cardiomyocytes (n=8) at baseline and after A-803467 at 500 nM, which slightly inhibited peak (A) as well 
as late INa (B and C), measured as the TTX-sensitive current between 200 and 220 ms after the pulse onset. 
A-803467 at 30 and 100 nM had no effects on late INa (B and C).
INa: sodium current; TTX: tetrodotoxin.
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scn10A is not expressed in canine ventricular cardiomyocytes

As expected, SCN5A mRNA was found in cardiac samples but neither in 
seminiferous tubules nor epididymis (Figure 3). However, SCN10A mRNA was found in 
the latter tissues but not in dog ventricular biopsies or isolated cardiomyocytes (Figure 
3).

Absence of suppression of dofetilide-induced early afterdepolarizations 
by A-803467 in canine ventricular cardiomyocytes

In 15 ventricular cardiomyocytes isolated from 3 different CAVB dogs, 1 µM 
dofetilide increased APD and STV before the induction of EADs from 454 ± 115 and 38 
± 25 ms to 657 ± 216 and 157 ± 72 ms, respectively (both p<0.001). Despite subsequent 
exposition of cardiomyocytes to a high concentration of A-803467 (500 nM) in the 
continuing presence of dofetilide, EADs remained in all 15 tested cells (Figures 4A and 
4B). In a large subset of cardiomyocytes (n=9) treated with dofetilide and A-803467, 
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Figure 2. Effect of A-803467 on action potential duration of canine ventricular
cardiomyocytes.
Representative action potential traces at baseline and during successive concentrations of A- 803467 
(30, 100 and 500 nM), followed by washout period. The shortening of APD at 500 nM (A), which was 
significant (B), was reversible after washout. None of the tested concentrations affected STV (C). Values 
are represented as individual data (plotted as Δ vs. corresponding baseline value) and mean ± SD;                   
* p<0.05 vs. Baseline.
APD: action potential duration (measured at 90% repolarization); STV: short-term variability of repolarization 
(calculated from 30 consecutive APD).
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action potential did not repolarize within 2000 ms before the next stimulation (0.5 Hz). 
Therefore, APD and STV after A-803467 could not be determined in those cells.

Administration of A-803467 reduces dofetilide-induced torsades de 
Pointes arrhythmias in chronic atrioventricular block dogs

In 6 CAVB dogs, the administration of dofetilide prolonged repolarization 
parameters, such as QTc and LV MAPD (from 458 ± 51 and 330 ± 47 ms to 591 ± 46 and 
499 ± 16 ms, respectively, both p<0.05), increased LV STV from 1.2 ± 0.4 to 4.0 ± 0.8 ms 
(p<0.05), and induced reproducible TdP in all 6 animals (Figure 5A). Overall, a total of 
197 TdP episodes were observed within the 5 min following dofetilide infusion (33 ± 32 
episodes per dog; Figure 5B), increasing the baseline AS to 20.4 ± 10.2 (p<0.05; Figure 
5C). The subsequent administration of A-803467 at 3 mg/kg/5min suppressed all TdP in 
2 dogs (Figure 5A). In the 4 other canines, A-803467 diminished not only their incidence 
(total of 33 TdP episodes within 5 min, 6 ± 6 episodes per dog, p<0.05 vs. dofetilide; 

Figure 3. SCN10A mRNA is absent in single canine
ventricular cardiomyocytes.
Sem. tubule: seminiferous tubule; Biopsy SR: left 
ventricular biopsy from normally conducted sinus rhythm 
dog; Biopsy CAVB: left ventricular biopsy from chronic 
atrioventricular block dog; Single vent. CM: left ventricular 
single ventricular cardiomyocytes.
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Figure 5B) but also the duration of each episode, as reflected by the reduced AS to 7.7 
± 6.4 (p<0.05 vs. dofetilide; Figure 5C). Although STV could not be determined in these 
4 dogs due to the remaining ectopy, it was reduced in the 2 animals where no TdP were 
observed after A-803467: 0.6 and 1.4 ms at baseline to 3.8 and 3.2 ms after dofetilide 
to 2.0 and 2.1 ms after A-803467, respectively. This antiarrhythmic effect, accompanied 
by a mild (although not significant) shortening of repolarization parameters (QTc or LV 
MAPD; Table 1) but without any change in ventricular conduction, was transient (about 
5 min) and reversible: in 5/6 animals, number and duration of TdP episodes increased 
again during prolonged monitoring (Figure 5B).

dIscussIon
Initially discovered in dorsal root ganglion, NaV1.8 is a TTX-resistant sodium 

channel isoform playing a major role in the transmission of the nociceptive signal in 
small and medium diameter sensory neurons.1,2,35 After genome-wide association studies 
revealed that variants in SCN10A were associated with conduction disorders like Brugada 
syndrome,8,10,11 many groups have attempted to elucidate the link between NaV1.8 and 
cardiac electrophysiology and arrhythmias. Investigations were conducted to determine 
its expression in cardiac tissue, the functional relevance of this neuronal isoform to 
contribute to INa and to modulate the cardiac action potential, and eventually to evaluate 
NaV1.8 as a potential antiarrhythmic target in atrial and ventricular arrhythmias. The potent 
and selective NaV1.8 inhibitor A-803467 has been widely used as a pharmacological tool 
for this purpose.

In the present study, we showed the low potency of the selective NaV1.8 inhibitor 
A-803467 to inhibit peak and late INa or to affect cellular repolarization, and these 

Figure 4. A-803467 does not suppress dofetilide-induced early afterdepolarizations in
ventricular cardiomyocytes.
Representative example of dofetilide (1 μM)-induced EADs in a single canine ventricular cardiomyocyte, 
preceded by the increase in APD and STV. A-803467 at 500 nM, in the continuing presence of dofetilide, 
suppressed no EAD (A) in all 15 tested cardiomyocytes (B).
EADs: early afterdepolarizations; APD: action potential duration, measured at 90% repolarization; STV: 
short-term variability of repolarization (measured from 30 consecutive APD).
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findings were supported by the absence of SCN10A expression in single ventricular 
cardiomyocytes. Although EADs induced by dofetilide in ventricular cardiomyocytes 
could not be suppressed, we report here for the first time that administration of A-803467 
significantly reduced dofetilide-induced TdP in CAVB dogs. Together, these findings 
suggest that the in vivo antiarrhythmic properties of selective NaV1.8 inhibition are most 
likely not due to a cardiomyocyte-specific effect.

selective nav1.8 inhibition has no effect on sodium currents and action 
potential duration in canine ventricular cardiomyocytes

The potent NaV1.8 inhibitor A-803467, primarily developed in neuropathic and 
inflammatory models, has an estimated IC50 of 8 nM in HEK293 cells transfected with 
human NaV1.8.21 Its selectivity for the neuronal isoform is at least 100 fold higher than 
for other sodium channel isoforms: A-803467 at 100 nM nearly blocks 80% of INa carried 
by NaV1.8 with minimal or no effects on other isoforms including NaV1.5.18,21,22 Because 
NaV1.8 activates and inactivates at a much slower rate than NaV1.5,18 it might contribute, 
if expressed in cardiomyocytes, to the late (and not the peak) INa. However, in the present 
study, we show that NaV1.8 inhibition with selective (low) concentrations of A-803467 (30 
and 100 nM) had no effect on late INa of ventricular dog cardiomyocytes, in accordance 
with a previous study.13 It was, however, in contrast to other findings, who reported that 
mouse and rabbit ventricular myocytes were sensitive to 30 nM A-803467.18,20 Since 

Parameters (ms) Baseline Dofetilide
25 µg/kg

A-803467
3 mg/kg

RR 1328 ± 217 1328 ± 217 1390 ± 202
QRS 114 ± 15 116 ± 14 115 ± 14
QTc 458 ± 51 591 ± 46 * 544 ± 98
LV MAPD/ARI 330 ± 47 499 ± 16 * 417 ± 78
RV MAPD 258 ± 34 324 ± 74 * 348 ± 73 *
∆ MAPD 72 ± 42 175 ± 66 * 69 ± 95
LV STV 1.2 ± 0.4 4.0 ± 0.8 * -
RV STV 1.4 ± 0.6 2.8 ± 1.1 * -

Table 1. Electrophysiological effect of A-803467 after dofetilide-induced Torsades de Pointes 
arrhythmias in chronic atrioventricular block dogs (n=6).

LV MAPD: n=4; LV ARI: n=2; Due to the remaining ectopic activity LV and RV STV could not be retrieved 
after administration of A-803467; values are represented as mean ± SD; * p<0.05 vs. Baseline.
QTc: QT interval corrected for heart rate using van de Water formula (QTc = QT – 0.087 (RR – 1000)); 
LV MAPD: left ventricular monophasic action potential duration (measured at 80% repolarization); RV 
MAPD: right ventricular monophasic action potential duration (measured at 80% repolarization); Δ MAPD: 
interventricular dispersion of repolarization (calculated as Δ MAPD = LV MAPD/ARI – RV MAPD); LV STV: 
short-term variability of repolarization (from 30 consecutive LV MAPD); RV STV: short-term variability of 
repolarization (from 30 consecutive RV MAPD).
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NaV1.8 activates at more depolarized potentials than that of NaV1.5, these contradicting 
outcomes, besides a potential difference between species, may originate from the more 
depolarized step pulse used (0 mV) to elicit INa in their study18 compared to ours (-20 mV).  
Nonetheless, since the selective late INa inhibition shortens repolarization,36,37 the absence 
of APD reduction in dog ventricular cardiomyocytes exposed to 30 and 100 nM A-803467 
confirms the lack of late INa inhibition at these concentrations and rules out the possible 
contribution of NaV1.8 to the late INa. Only at the concentration of 500 nM, we found a 
slight inhibition of peak and late INa in single dog ventricular cardiomyocytes most likely 
due to NaV1.5 inhibition. Han and colleagues demonstrated a concentration-dependent 
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inhibition of peak INa density in mouse ventricular myocytes and SCN5A-transfected 
HEK293 cells at concentrations of 300 nM and higher.22 In addition, they showed that 
300 nM A-803467 reduced ATX-II enhanced late INa of HEK293 cells transfected with 
SCN5A.22 We therefore hypothesize that the resulting late INa inhibition provokes the 
APD shortening of canine ventricular cardiomyocytes upon 500 nM A-803467. The lack 
of effect mediated by the selective inhibition of NaV1.8 was further supported by PCR, 
which showed, like others before,13 no expression of the SCN10A transcript in dog 
ventricular biopsies and isolated cardiomyocytes.

the reduction of torsades de Pointes arrhythmias by A-803467 is likely 
not mediated by a cardiomyocyte-specific mechanism

In susceptible CAVB dogs, a dofetilide challenge (25 µg/kg/5min) generally induces 
reproducible TdP for at least 20 min after the start of its administration.24 Therefore, 
the reduction of TdP episodes following A-803467 infusion was associated with an 
antiarrhythmic effect. In accordance with our recent review,38 the complete suppression of 
TdP in 2 dogs was associated with the reduction of STV. In addition, the mild recurrence of 
TdP in most animals after washout of A-803467 demonstrated that these dogs were still 
under the proarrhythmic influence of dofetilide during the protective effect of A-803467. 
The dose of A-803467 (3 mg/kg i.v.) was determined based on available literature.21 
Although A-803467 plasma levels were not measured, we estimate the total circulating 
concentration around 3 µM. Since A-803467 highly binds to plasma proteins (98.7%),21 
the unbound fraction may be approximately 40 nM. At this concentration, A-803467 
can strongly inhibit NaV1.8 with minimal or no effects on NaV1.5.18,21 Since ventricular 
conduction remained unchanged after administration, it is reasonable to exclude the 
inhibition of peak INa (carried by NaV1.5) as part of the antiarrhythmic activity.

In the CAVB dog model, the abnormal repolarization process, at both temporal 
(STV)38 and spatial (intraventricular dispersion)39 levels, facilitates the occurrence of TdP 
arrhythmias. The onset of these arrhythmic episodes is associated with a focal origin 
based on triggered activity-mediated mechanism.40 While Yang and colleagues showed 
that 30 nM A-803467 could abolish ATX-II-induced EADs in mouse and rabbit ventricular 
cardiomyocytes,18 we show in the present study that 500 nM A-803467 has no effect on 
the incidence of dofetilide-induced EADs in isolated canine ventricular cardiomyocytes. 
Based on the lack of effect of selective NaV1.8 inhibition with A-803467 to modulate both 
INa and APD, the absence of expression of SCN10A and the remaining incidence of EADs 
in ventricular cardiomyocytes despite the exposure to high concentration of A-803467, 
we hypothesize that the antiarrhythmic effect observed in CAVB dogs is not associated 
with a cardiomyocyte-specific mechanism.
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Antiarrhythmic effect of nav1.8 inhibition by A-803467 is likely mediated 
by a neuronal mechanism

Although the expression of NaV1.8 and its contribution to INa in cardiomyocytes 
remain under debate,13,18-20 the presence of NaV1.8 in neuronal structures including 
intracardiac neurons,13 neurons of Purkinje tissue,41 sensory nerves of atrial appendage,12 
or ganglionated plexi14 in the cardiac tissue is well established. Furthermore, in most 
of these neuronal structures NaV1.8 is co-expressed with tyrosine hydroxylase or 
acetylcholine transferase, which are specific markers for sympathetic and parasympathetic 
neurons, respectively. This suggests an intricate link between NaV1.8 and the autonomic 
nervous system, which contribution in the development of cardiac arrhythmias is well 
documented.42 Recent studies showed that selective NaV1.8 inhibition with A-803467 
in ganglionated plexi reduced atrial fibrillation inducibility in canine models of vagal 
nerve stimulation14 or rapid atrial pacing.20 While cholinergic neurons are expressed in 
majority in ganglionated plexi, Qi and colleagues demonstrated that NaV1.8 inhibition 
with A-803467 blocked parasympathetic neuronal elements within the ganglionated 
plexi, which resulted in cardiac protection against overactivation of parasympathetic 
nervous system.14

In addition, while in some cases the initiation of ventricular arrhythmias is associated 
with the enhancement of sympathetic nervous system through increased stellate 
ganglion activity,42-44 Yu and colleagues showed that selective inhibition of NaV1.8 by 
A-803467 in the left stellate ganglion reduced ischemia-induced ventricular arrhythmias 
by diminishing sympathetic activity.23 Together, the studies from Qi14 and Yu23 suggest 
that selective inhibition of NaV1.8 locally reduces the activity of neuronal structures 
from the autonomic nervous system, coinciding with the reduced AP frequencies of 
intracardiac neurons under the influence of 500 nM A-803467.13 The consequences on 
cardiac function and electrophysiology would therefore depend on the sympathetic or 
parasympathetic predominance of these structures.

In the present study, the reduction of ventricular arrhythmia episodes resembled the 
effects observed by Yu and colleagues.23 Although this study did not aim to elucidate the 
exact antiarrhythmic mechanism of A-803467 against TdP in CAVB dogs, we speculate 
that the antiarrhythmic effect of A-803467 could be associated with a reduction of 
sympathetic activity. Further specific investigations would be required to investigate the 
contribution of autonomic nervous system in the arrhythmogenesis in the CAVB dog 
model and the potential role of selective NaV1.8 inhibition.
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lImItAtIons
Although the goal of the study was not to elucidate the exact antiarrhythmic 

mechanism by NaV1.8 inhibition, the systemic administration of A-803467 does not 
allow the identification of the primary target organ responsible for its antiarrhythmic 
effect. Additional detailed investigations including recording of stellate ganglion activity 
in vivo or experiments evaluating effects of A-803467 in intracardiac neurons would be 
required to confirm the hypothesis that in the present model the antiarrhythmic effect of 
NaV1.8 inhibition by A-803467 is associated with a neuronal mechanism. Furthermore, 
as it seems that the effects of selective NaV1.8 inhibition on cardiac electrophysiology 
are predominantly determined by the neuronal structure affected, the antiarrhythmic 
effects of A-803467 by the blockade of the sympathetic branch may be balanced by the 
concomitant inhibition of cholinergic innervation.

conclusIon
In the CAVB dog model, the selective NaV1.8 inhibition by A-803467 reduced 

dofetilide-induced TdP. However, the absence of SCN10A transcripts, the lack of effects 
of selective NaV1.8 inhibition to modulate INa and APD, and to suppress dofetilide-
induced EADs in ventricular cardiomyocytes, strongly suggests that this antiarrhythmic 
effect is not related with a cardiomyocyte-specific mechanism.
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AbstrAct

background

Enhanced activity of the autonomic nervous system (ANS) is a potent extracardiac 
trigger for ventricular arrhythmias. We compared pharmacological blockade of the 
ANS to bilateral stellectomy for their antiarrhythmic success against dofetilide-induced 
Torsades de Pointes arrhythmias (TdP).

methods - results

Sixteen anesthetized chronic atrioventricular block (CAVB) dogs were divided 
into 3 groups subjected to different modulation of ANS. Animals all received dofetilide 
(25 µg/kg/5min) to induce TdP either before (suppression) or after (prevention) ANS 
intervention. ANS activity was modulated using hexamethonium (20 mg/kg/5min, 
suppression and prevention), propranolol (0.3 mg/kg/3min, suppression) and bilateral 
stellectomy (prevention). Surface electrocardiogram intervals and short-term variability 
of repolarization (STV) derived from endocardial unipolar electrogram were measured. 
We scored arrhythmias (AS) according to their severity and defined TdP inducibility 
as the occurrence of ≥3 episodes during a ten-minute period after start of dofetilide 
administration.

In suppression experiments, dofetilide prolonged repolarization and induced 
TdP in 3/7 and 3/5 dogs, before administration of hexamethonium and propranolol, 
respectively. Both drugs did not suppress arrhythmias (AS from 22.6 ± 24.5 and 40.6 
± 21.6 to 22.3 ± 24.3 and 38.8 ± 29.3, respectively) nor did it shorten repolarization 
(QTc from 599 ± 68 and 614 ± 50 ms to 590 ± 89 and 692 ± 161 ms, respectively), nor 
did it decrease STV. Hexamethonium pre-treatment slightly prolonged PP intervals and 
repolarization (QTc from 338 ± 68 to 383 ± 110 ms, ns), but did not prevent dofetilide-
induced TdP and the increase in AS (from 1.3 ± 0.6 to 29.1 ± 23.0, ns), QTc and STV (from 
383 ± 110 and 2.5 ± 0.7 ms to 661 ± 102 and 5.5 ± 0.8 ms, both p<0.05).After bilateral 
stellectomy, dofetilide-induced TdP decreased from 7/7 to 1/7 dogs (p<0.05), and was 
associated with reduced AS and number of TdP episodes from 39.5 ± 12.1 and 18 ± 18 
to 10.1 ± 20.9 and 1 ± 2, respectively (both p<0.05). 

conclusion

Pharmacological blockade of complete or sympathetic nervous system using 
hexamethonium or propranolol, respectively, exerted no antiarrhythmic effect against TdP 
in the CAVB dog model. In contrast, bilateral stellectomy was an effective antiarrhythmic 
approach to prevent dofetilide-induced TdP.
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IntroductIon
Ventricular arrhythmia is a hypernym for a diverse set of ventricular 

electrophysiological derangements that can be initiated and sustained by means 
of a wide array of mechanisms.1-4 The complexity of this phenomenon is reflected by 
the incomplete understanding of the processes and factors involved in the genesis, 
perpetuation and termination of ventricular arrhythmias as well as the high number 
of fatalities this pathology continues to cause.5,6 It is therefore unsurprising that much 
research is devoted to the identification of additional intra- and extracardiac triggers 
that are involved in sparking an arrhythmic event as well as the exploration of potential 
effective treatments in the prevention and/or termination of these electrical storms.

The autonomic nervous system (ANS) is a known factor to contribute to cardiac 
arrhythmias.7-14 Under normal conditions, the physiological homeostasis of the body is 
well controlled by adequate and dynamic adjustments of the relative activity of the two 
antagonizing branches of the ANS; the sympathetic and the parasympathetic divisions. 
With regard to the cardiac electrophysiology, both branches exert opposite effects on 
chronotropy, inotropy, dromotropy, bathmotropy and lusitropy. Whereas the sympathetic 
nervous system (SNS) stimulates all these properties, the parasympathetic nervous 
system (PNS) exerts a negative influence on them.11,15,16 These antagonizing effects 
stem from their different anatomical origin, and are established by the employment 
of different neurotransmitters when innervating the myocardium. The sympathetic 
cardiac innervation originates from the stellate ganglion, whereas the nucleus ambiguus 
composes the source of the parasympathetic input. From the stellate ganglion a group 
of preganglionic nerves project towards the postganglionic nerves, which reside in 
the para- and prevertebral ganglia, and innervate them applying acetylcholine as the 
neurotransmitter. These nerves are responsible for the exertion of the sympathetic 
influence on the heart through the release of epinephrine. In contrast, the PNS only has 
one preganglionic nerve projecting from the nucleus ambiguus - the vagus nerve. All 
neurons of this branch of the ANS implement acetylcholine as neurotransmitter, thus it 
is used in both the innervation of the postganglionic nerves, which are found in close 
proximity of the heart, as well as in the excitation of the myocardium.15

Physiological derangements caused by deregulation of the ANS are the result of a 
disproportionate activity of one of either branches of the ANS rather than the absolute 
level of activity of either one of them surpassing a certain threshold value.3,17 With 
regard to the heart, electrical storms are acknowledged to be the result of a (sudden) 
overexcitation by the SNS triggering early afterdepolarizations and/or increasing the 
dispersion of repolarization. The latter phenomenon is especially seen in the setting of 
the diseased heart, where the nerve sprouting processes associated with remodeling 
cause it to become more heterogeneously innervated by the ANS.3,7,13 
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Though a causal relation between sympathetic activity and ventricular 
arrhythmogenesis has been demonstrated repeatedly, sympatholytic therapies are in 
practice not much implemented. Such therapeutic options include pharmacological 
approaches to (partial) autonomic blockade or the performance of a (bilateral) 
stellectomy. The latter method, which involves the disruption of the left and right 
stellate ganglia has long been known to effectively decrease the incidence of ventricular 
arrhythmias.12,18-20 However, mechanical denervations are, probably as a consequence 
of their invasive character, not much performed. Instead, pharmacological therapies, 
mostly centred on the administration of the sympatholytic beta-blocker, often compose 
one of the pillars of antiarrhythmic therapies. However, many patients suffer from drug 
intolerance or experience inadequate antiarrhythmic efficacy, and remain therefore at 
increased risk for sudden cardiac death.21,22 An alternative pharmacological approach 
was studied by Champeroux et al.,23 who demonstrated that complete autonomic 
blockade by administration of hexamethonium, a non-competitive antagonist of the 
postsynaptic acetylcholine receptors, resulted in a reduction of incidence of dofetilide-
induced ventricular arrhythmias in cynomolgus monkeys and Beagle dogs.

To date, current studies report different antiarrhythmic outcomes from 
pharmacological and mechanical approaches modulating the ANS, but no adequate 
comparison of these distinct strategies has been yet carried out in an animal model. 
Therefore, we aimed to compare the antiarrhythmic properties of three conventional 
approaches of autonomic modulation against dofetilide-induced Torsades de Pointes 
arrhythmias (TdP) in anesthetized, chronic atrioventricular block (CAVB) dogs. In this 
animal model, ablation of the AV node, leading to ventricular bradycardia resulting 
in a drop of cardiac output, elicits contractile, electrical and structural remodelling 
processes.24 Cumulatively, these cardiac adaptations result in a restoration of the cardiac 
output, but simultaneously increase the susceptibility for TdP. The reproducibility 
of cardiac remodelling and associated TdP inducibility make this model reliable and 
adequate to determine the efficacy of antiarrhythmic strategies.24,25

The three therapeutic methods explored included pharmacological strategies using 
hexamethonium or propranolol and the mechanical approach of bilateral stellectomy. 
All experiments were assessed in prevention and/or suppression experiments with 
dofetilide-induced TdP.

methods
All experiments, animal care and handling were in accordance with the Directive 

2010/63/EU of the European Parliament and of the Council of 22 September 2010 on 
the protection of animals used for scientific purposes and the Dutch Law on animal 
experimentation and were approved by the Committee for Experiments on Animals 
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of Utrecht University, the Netherlands. All experiments described in this study were 
performed in a total of 16 adult purpose-bred mongrel dogs (24 ± 4 kg; Marshall, USA).

Animal preparation

All experiments were preceded by an overnight fast and premedication including 
methadone, acepromazine and atropine (0.5, 0.5 and 0.02 mg/kg intramuscularly, 
respectively). Perioperative care consisted of antibiotic prophylaxis using ampicillin 
(1000 mg, before and after experiment) and analgesia with buprenorphine (0.3 mg). 
General anaesthesia was then induced using pentobarbital sodium (Nembutal 25 mg/
kg intravenously) and maintained with mechanical ventilation of isoflurane (1.5%) in a 
mixture of O2 and N2O (1:2). A pacemaker screw-in lead was introduced via the jugular 
vein, positioned in the right ventricular apex and connected to an internal pacemaker 
(Medtronic, Maastricht, the Netherlands). Complete AV-block was then induced by 
radiofrequency ablation of the proximal His-bundle. A remodelling period of at least 
3 weeks under idioventricular rhythm (IVR) expired before conduction of the following 
experiments.

experiments

All experiments included the administration of the specific IKr blocker dofetilide (25 
μg/kg/5min intravenously) in an effort to induce repetitive TdP, defined as a polymorphic 
ventricular tachycardia of at least 5 ectopic beats characterized by the twisting shape of 
QRS complexes around the isoelectric line. Non-terminating arrhythmias (>10 s) were 
defibrillated via thoracic patches.

Electrophysiological recording included a standard 6-leads surface 
electrocardiogram (ECG) along with left ventricular (LV) endocardial signals either from a 
monophasic action potential (MAP) catheter (Hugo Sachs, Germany) or a duo-decapolar 
catheter (St. Jude Medical, St. Paul, MN, USA) recording unipolar electrograms (EGM) 
from distinct locations in the LV. Endocardial right ventricular (RV) MAP was also recorded.

Pharmacological blockade of the autonomic nervous system

To determine the antiarrhythmic effect of the complete pharmacological blockade 
of the ANS, hexamethonium (20 mg/kg/5min) was administered intravenously to CAVB 
dogs after (n=7; all with LV EGM) and before (n=5; all with LV EGM) a dofetilide challenge, 
in suppression and prevention experiments, respectively (Figure 1).



202

Chapter 10

Figure 1. Overview of experimental approaches.
Antiarrhythmic efficacy of pharmacological modulation of ANS was determined using hexamethonium 
(20 mg/kg/5min) and propranolol (0.3 mg/kg/3min) in prevention and/or suppression of dofetilide (25 
µg/kg/5min)-induced TdP. Sympathetic denervation was carried out by bilateral stellectomy before 
administration of dofetilide in TdP-inducible CAVB dogs. Electrophysiological and antiarrhythmic 
outcomes from prevention experiments (hexamethonium and sympathetic denervation) were serially 
compared to their respective inducibility experiments. For corresponding periods of each experiment, AS 
was determined within 10 min intervals as follows: baseline (white bars), dofetilide (from start of infusion, 
red bars), hexamethonium and propranolol (after administration completed, green and orange bars, 
respectively). Matching coloured dots represent corresponding time points when electrophysiological 
parameters were determined. For dofetilide period, electrophysiological parameters were measured 
when the most pronounced prolongation of repolarization occurred (10 min) or, when not possible due to 
ectopic activity, prior to the first ectopic beat.
Hexam.: hexamethonium; Propra.: propranolol.
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Pharmacological blockade of the sympathetic nervous system

To assess the cardiac effects of isolated sympathetic deprivation, propranolol (0.3 
mg/kg/3min), a non-specific beta-blocker, was administered to 5 CAVB dogs in a similar 
fashion as the suppression experiment with hexamethonium (n=5, all with LV EGM; 
Figure 1).

Isolated mechanical sympathetic blockade

In 7 TdP inducible CAVB dogs, bilateral stellectomy was carried out according to 
the protocol described by Wu et al.26 Access to the left stellate ganglion was obtained by 
performing a thoracotomy through the third intercostal space. After correct identification, 
confirmed by the increase in LV pressure upon stimulation, the ganglion was resected. 
Following the closure of the thorax, a similar procedure was repeated for the right stellate 
ganglion. Administration of dofetilide ensued the bilateral stellectomy to determine TdP 
inducibility (Figure 1).

data analysis

Surface ECG intervals (PP, RR, QRS and QT) were measured manually from five 
consecutive beats during baseline, dofetilide, hexamethonium and/or propranolol 
conditions. Dofetilide measurements were made prior to the first ectopic beat or at the 
moment with the longest QT interval. Hexamethonium and propranolol measurements 
were made 5 or 15 minutes after start of infusion, respectively. Recorded data was 
analysed using EPTracer software (Cardiotek, Maastricht, The Netherlands). QT interval 
was corrected for heart rate using the Van der Water formula.27 Endocardial LV and 
RV MAP durations (MAPD) were determined at 80% repolarization and LV activation 
recovery intervals (LV ARI) were derived from unipolar EGM using a custom made Matlab 
application (Mathworks, Naticks, USA). Short-term variability of repolarization (STV) was 
calculated from 30 consecutive beats according to the formula: ∑|Dn+1 + Dn − 2Dmean/
(30 × √2) with D being LV ARI/MAPD or RV MAPD.28 Interventricular dispersion of 
repolarization (Δ MAPD) was calculated as LV ARI/MAPD – RV MAPD.

Arrhythmia incidence

Ectopic activity over the course of an experiment was quantified within a 10 min 
period during the different stages of the experiment (Figure 1). Ectopic beats were 
identified as premature ventricular contraction, initiated before the end of the T wave 
of the previous beat. Furthermore, a dog was considered inducible when three or more 
TdP episodes occurred within the 10 min interval following the onset of dofetilide 
administration.
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The ectopic activity was expressed as an arrhythmia score (AS), calculated conform 
to the n+1 formula, n being the number of ectopic beats. Defibrillations were scored 
according to the number of interventions needed; 50, 75 or 100 points for 1, 2 or ≥3 
defibrillations, respectively. For each period of the experiment, AS was calculated as 
the average of the three most severe arrhythmic events within the respective 10 min 
intervals. 

Figure 2. Antiarrhythmic effect of hexamethonium in suppression of dofetilide-induced Torsades de 
Pointes arrhythmias in chronic atrioventricular block dogs.
Representative ECG traces (lead II and AVR) associated with EGMs recorded from several locations of 
the LV, and RV MAP at baseline, after dofetilide (25 µg/kg/5min) and hexamethonium (20 mg/kg/5min) 
infusions (A). Quantification of TdP-inducible CAVB dogs (B) and AS (C) after dofetilide and hexamethonium 
administrations. Values are represented as mean ± SD.
ECG: electrocardiogram; EGM: endocardial unipolar electrogram; LV: left ventricle; RV MAP: right 
ventricular monophasic action potential; TdP: Torsade de Pointes arrhythmia; CAVB: chronic atrioventricular 
block; AS: arrhythmia score.
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Parameters (ms) Baseline Dofetilide
25 µg/kg/5min

Hexamethonium
20 mg/kg/5min

RR 1038 ± 183 1085 ± 215 1222 ± 498
PP 515 ± 87 731 ± 231 913 ± 145 **
QRS 107 ± 12 110 ± 8 108 ± 12
QTc 353 ± 32 599 ± 68 *** 590 ± 89 **
LV ARI 263 ± 38 464 ± 70 *** 479 ± 60 ***
RV MAPD 222 ± 17 383 ± 53 *** 395 ± 65 ***
∆ MAPD 41 ± 11 81 ± 54 84 ± 74
LV STV 2.6 ± 1.3 6.9 ± 2.7 ** 3.8 ± 1.2
RV STV 1.6 ± 1.4 4.9 ± 1.2 * 4.6 ± 0.3 *
AS 1.3 ± 0.5 22.6 ± 24.5 22.3 ± 24.3

Values are represented as mean ± SD; ** p<0.01, *** p<0.001 vs. Baseline.
LV ARI: left ventricular activation recovery interval; RV MAPD: right ventricular monophasic action 
potential duration (measured at 80% repolarization); Δ MAPD: interventricular dispersion of repolarization 
(calculated as Δ MAPD = LV ARI – RV MAPD); LV STV: short-term variability of repolarization (from 30 
consecutive LV MAPD/ARI); RV STV: short-term variability of repolarization (from 30 consecutive RV 
MAPD); AS: arrhythmia score.

Table 1. Electrophysiological effects of dofetilide and subsequent administration of hexamethonium 
in chronic atrioventricular block dogs (n=7).

statistical analysis

Data are expressed as mean ± SD. Comparisons of serial data were performed 
with a one-way repeated measurement analysis of variance (ANOVA) followed by a post-
hoc Bonferroni test or (un)paired Student’s t-tests. Inducibility, AS and number of TdP/
defibrillations were analysed with the McNemar’s test, non-parametric Friedman test and 
Whitney U test, respectively. Results with p<0.05 were considered statistically significant. 

results

Pharmacological blockade of the autonomic nervous system

Hexamethonium

Suppression experiment

Infusion of dofetilide at 25 µg/kg/5min resulted in a significant prolongation of 
repolarization, as reflected by the increase of QTc and LV ARI (from 353 ± 32 and 263 
±38 ms to 599 ± 68 and 464 ± 70 ms, respectively, both p<0.01; Table 1), and reduced 
repolarization reserve, causing an increase in LV STV (from 2.6 ± 1.3 to 6.9 ± 2.7 ms 
after dofetilide, ns; Table 1). Dofetilide administration also resulted in the development 
of reproducible TdP in 3/7 dogs (Figure 2A and B), and in the increase, although not 
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statistically significant, of AS (from 1.3 ± 0.5 to 22.6 ± 24.5; Figure 2C). Despite the 
subsequent administration of hexamethonium (20 mg/kg/5min), TdP were still present in 
the inducible animals (Figures 2A and B), and AS remained unchanged (22.3 ± 24.3 after 
hexamethonium; Figure 2C). In addition, most repolarization parameters such as QTc, LV 
MAPD/ARI, RV MAPD and RV STV were unaffected by hexamethonium administration 
(Table 1).

Prevention experiment

In 5 CAVB dogs, hexamethonium administration (20 mg/kg/5min) slightly 
prolonged PP and RR intervals and repolarizing parameters without affecting LV and 

Figure 3. Antiarrhythmic effect of hexamethonium in prevention dofetilide-induced Torsades de 
Pointes arrhythmias in chronic atrioventricular block dogs.
Representative ECG traces (lead II and AVR) associated with EGMs recorded from several locations of the 
LV, and RV MAP at baseline and after dofetilide (25 µg/kg/5min) in the absence (inducibility experiment; 
A) and in the presence of hexamethonium (20 mg/kg/5min) pre-treatment (B). Quantification of TdP 
inducibility upon dofetilide (B) and AS (C) in CAVB dogs pre-treated or not with hexamethonium. Values 
are represented as mean ± SD.
ECG: electrocardiogram; EGM: endocardial unipolar electrogram; LV: left ventricle; RV MAP: right 
ventricular monophasic action potential; TdP: Torsade de Pointes arrhythmia; CAVB: chronic atrioventricular 
block; AS: arrhythmia score.
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RV STV or ventricular conduction (Table 2). Hexamethonium provoked no arrhythmias. 
However, hexamethonium pre-treatment did not prevent incidence of dofetilide-induced 
arrhythmias (Figure 3); 3/5 dogs demonstrated repeated episodes of TdP causing an 
increase of AS from 1.3 ± 0.6 after hexamethonium to 29.1 ± 23.0 after dofetilide (Figure 
3). In addition, hexamethonium pre-treatment did not alleviate dofetilide-induced 
prolongation of ventricular repolarization as compared with the inducibility experiment: 
QTc, LV MAPD/ARI and LV STV significantly increased upon dofetilide administration 
(from 383 ± 110, 283 ± 86 and 2.5 ± 0.7 ms after hexamethonium to 661 ± 102, 468 ± 
72 and 5.5 ± 0.8 ms after dofetilide, all p<0.05; Table 2).

Propranolol

Administration of dofetilide (25 µg/kg/5min) resulted in comparable increase of 
repolarization parameters (Table 3) as observed in the suppression experiments with 
hexamethonium and induced TdP in 3/5 dogs (Figures 4A and B). After the subsequent 
infusion of propranolol 0.3 mg/kg/3min, TdP were still present in the 3 dofetilide-
inducible dogs, and AS remained high (from 40.6 ± 21.6 after dofetilide to 38.8 ± 29.3 
after propranolol; Figure 4C). Administration of propranolol further prolonged RR interval 
and repolarization parameters (Table 3).

Parameters
(ms) Baseline 1 Dofetilide

25 µg/kg/5min Baseline 2 Hexamethonium
20 mg/kg/5min

Dofetilide
25 µg/kg/5min

RR 1197±275 1281±398 1184±171 1240±172 1507±365
PP 580±153 742±203 573±128 660±115 1018±106 $ ** §

QRS 102±19 102±19 102±20 103±19 103±20
QTc 386±90 615±55 ## 338±68 383±110 661±102 $ **
LV MAPD/ARI 305±100 453±55 # 283±89 283±86 468±72 $ *
RV MAPD 263±72 341±44 # 254±49 265±58 389±30 $ *
∆ MAPD 42±31 112±22 29±42 17±32 79±72
LV STV 2.8±2.3 5.1±3.1 2.8±1.1 2.5±0.7 5.5±0.8 $ *
RV STV 1.8±1.6 3.3±1.9 ## 1.0±0.4 0.9±0.5 3.5±2.1
AS 1.3±0.5 27.9±29.3 1.0±0.0 1.3±0.6 29.1±23.0

Values are represented as mean ± SD; # p<0.05, ## p<0.01 vs. Baseline 1; * p<0.05, ** p<0.01 vs. Baseline 
2; $ p<0.05 vs. Hexamethonium; § p<0.05 vs. Dofetilide 1.
LV MAPD: left ventricular monophasic action potential duration (measured at 80% repolarization); LV 
ARI: left ventricular activation recovery interval; RV MAPD: right ventricular monophasic action potential 
duration (measured at 80% repolarization); Δ MAPD: interventricular dispersion of repolarization 
(calculated as Δ MAPD = LV MAPD/ARI – RV MAPD); LV STV: short-term variability of repolarization (from 
30 consecutive LV ARI); AS: arrhythmia score.

Table 2. Electrophysiological effects of dofetilide without (inducibility experiment) and with 
hexamethonium pre-treatment (prevention experiment) in chronic atrioventricular block dogs (n=5).
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mechanical blockade of sympathetic nervous system

Bilateral stellectomy prolonged baseline RR interval (from 1230 ± 264 to 1480 ± 
272 ms, before and after stellectomy, respectively, p<0.05; Table 4), but had no effect 
on ventricular repolarization (Table 4). Dofetilide administration induced repetitive 
TdP episodes in 7/7 CAVB dogs (Figures 5A and D), resulting in a significant increase 
of baseline AS to 39.5 ± 12.1 (Figure 5E). In the same animals, bilateral stellectomy 
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Figure 4. Antiarrhythmic effect of propranolol in suppression of dofetilide-induced Torsades de 
Pointes arrhythmias in chronic atrioventricular block dogs.
Representative ECG traces (lead II and AVR) associated with EGMs recorded from several locations 
of the LV, and RV MAP at baseline, after dofetilide (25 µg/kg/5min) and propranolol (0.3 mg/kg/3min) 
administrations to CAVB dogs (A). Quantification of TdP inducibility (B) and AS (C) for the corresponding 
time points of the experiment. Values are represented as mean ± SD.
ECG: electrocardiogram; EGM: endocardial unipolar electrogram; LV: left ventricle; RV MAP: right 
ventricular monophasic action potential; CAVB: chronic atrioventricular block; TdP: Torsade de Pointes 
arrhythmia; AS: arrhythmia score.
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significantly limited the incidence of TdP to 1/7 dogs (Figures 5B and D), causing only 
a mild increase of AS to 10.1 ± 20.9 (both p<0.05 vs. inducibility experiment; Figure 
5E) upon the same dofetilide challenge, despite ventricular repolarization parameters 
(QTc, LV MAPD/ARI, RV MAPD) being further prolonged (Table 4). In addition, dofetilide-
induced increase in LV and RV STV was comparable in both experiments (Table 4). 

dIscussIon
This study explored the efficacy of cardiac autonomic deprivation as antiarrhythmic 

strategies in the CAVB dog model. While pharmacological blockade of parasympathetic 
and/or sympathetic cardiac innervation did not show any antiarrhythmic properties, 
bilateral stellectomy efficiently prevented the development of TdP episodes in CAVB 
dogs.

Pharmacological denervation

Hexamethonium

The interception of stimuli transmitted between the pre- and postganglionic 
neurons of both autonomic divisions reduced sinus and ventricular rates in the prevention 
experiments, but did not reverse nor prevent dofetilide-induced prolongation of 
repolarization, increase in beat-to-beat variability in repolarization and importantly 

Parameters (ms) Baseline Dofetilide
25 µg/kg/5min

Propranolol
0.3 mg/kg/3min

RR 1494 ± 198 1700 ± 373 1793 ± 320
PP 636 ± 105 841 ± 84 * 1068 ± 80 **
QRS 92 ± 19 93 ± 20 97 ± 26
QTc 385 ± 95 614 ± 50 * 692 ± 161 *
LV MAPD/ARI 321 ± 92 457 ± 53 * 539 ± 173 *
RV MAPD 274 ± 61 331 ± 44 * 422 ± 107 *
∆ MAPD 47 ± 35 126 ± 33 117 ± 108
LV STV 1.4 ± 2.2 4.1 ± 1.9 7.3 ± 8.6
RV STV 0.9 ± 0.6 2.0 ± 0.6 * 0.8 ± 0.4
AS 1.9 ± 1.9 40.6 ± 21.6 38.8 ± 29.3

Values are represented as mean ± SD; * p<0.05, ** p<0.01 vs. Baseline.
LV MAPD: left ventricular monophasic action potential duration (measured at 80% repolarization); LV 
ARI: left ventricular activation recovery interval; RV MAPD: right ventricular monophasic action potential 
duration (measured at 80% repolarization); Δ MAPD: interventricular dispersion of repolarization 
(calculated as Δ MAPD = LV MAPD/ARI – RV MAPD); LV STV: short-term variability of repolarization (from 
30 consecutive LV MAPD/ARI); RV STV: short-term variability of repolarization (from 30 consecutive RV 
MAPD); AS: arrhythmia score.

Table 3. Electrophysiological effects of dofetilide and subsequent administration of propranolol in 
chronic atrioventricular block dogs (n=5).
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Figure 5. Successful antiarrhythmic prevention of dofetilide-induced Torsades de Pointes arrhythmias 
by sympathetic denervation in chronic atrioventricular block dogs.
Representative ECG (lead II and AVR), LV MAP or EGMs from several locations of the LV, and RV MAP 
traces at baseline and after dofetilide (25 μg/kg/5min) administration during inducibility experiment 
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right stellate ganglia. Serial comparison of TdP inducibility (D) and AS (E) upon dofetilide administration 
between both inducibility and sympathetic denervation experiments. Values are represented as mean ± 
SD; * p<0.05 vs. Inducibility experiment.
ECG: electrocardiogram; LV MAP: left ventricular monophasic action potential; EGM: endocardial unipolar 
electrogram; RV MAP: right ventricular monophasic action potential; TdP: Torsade de Pointes arrhythmia; 
CAVB: chronic atrioventricular block; AS: arrhythmia score.
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incidence of TdP. The first observation suggests that administration of hexamethonium 
interfered with the autonomic input of the heart, causing the observed dynamics in the 
electrophysiological parameters. The latter observations suggest that this depressant 
effect of hexamethonium on the ANS was not of such an extent that arrhythmic conditions 
and episodes could be reversed and/or prevented. However, these results contradict 
current literature on the cardioprotective and antiarrhythmic effects of hexamethonium. 
Examples hereof include De La Coussaye et al.,29 who reported a reduction in bupivacaine-
induced QTc increase following pre-treatment with hexamethonium in anaesthetized 
dogs. In addition, we observed no effect on temporal dispersion of repolarization (STV) 
after hexamethonium administration in both suppression and prevention experiments, 
which contrasts with the findings from Champeroux et al.23 They reported a tendency of 
hexamethonium to alleviate dofetilide-induced increase in STVQTc, which limited premature 
ectopic beats and completely prevented incidence of TdP in 6 cynomolgous monkeys. 
However, important methodological differences could explain these contrasting findings. 
First, all experiments conducted in our study were performed under anaesthesia, which 
favour arrhythmogenesis in the CAVB dog,30 whereas Champeroux et al.23 performed all 
experiments under awake conditions. Second, while we used the IKr blocker dofetilide as 
the proarrhythmic challenge, De La Coussaye et al. induced ventricular arrhythmias using 
the sodium blocker bupivacaine,29 also known to directly interfere with the sympathetic 
activity.31 Finally, both abovementioned studies performed their experiments in 
healthy and unremodelled animals. In CAVB dogs, mechanical, structural and electrical 

Inducibility experiment Denervation experiment

Parameters (ms) Baseline 1 Dofetilide 1
25 µg/kg/5min Baseline 2 Dofetilide 2

25 µg/kg/5min
RR 1230 ± 264 1368 ± 261 # 1480 ± 272 ^ 1727 ± 457
PP 525 ± 59 642 ± 142 726 ± 51 ^ 1157 ± 262 ** §§

QRS 92 ± 13 94 ± 13 96 ± 16 ^ 99 ± 17 * §§ 
QTc 370 ± 40 564 ± 46 ### 375 ± 57 695 ± 66 *** §

LV ARI 276 ± 26 436 ± 78 ## 315 ± 57 572 ± 132 ***
RV MAPD 249 ± 29 337 ± 59 # 279 ± 38 490 ± 142 *
∆ MAPD 27 ± 21 99 ± 64 # 36 ± 9 82 ± 41
LV STV 0.9 ± 0.7 3.1 ± 2.2 # 1.3 ± 1.0 3.3 ± 1.7 *
RV STV 0.9 ± 0.6 1.6 ± 0.9 # 0.8 ± 0.8 1.5 ± 1.2
AS 1.0 ± 0.0 39.5 ± 12.1 # 1.0 ± 0.0 10.1 ± 20.9 §

Values are represented as mean ± SD; # p<0.05, ## p<0.01, ### p<0.001 vs. Baseline 1; * p<0.05,
*** p<0.001 vs. Baseline 2; ^ p<0.05 vs. Baseline 1; § p<0.05 vs. Dofetilide 1.
LV ARI: left ventricular activation recovery interval; RV MAPD: right ventricular monophasic action 
potential duration (measured at 80% repolarization); LV STV: short-term variability of repolarization (from 
30 consecutive LV ARI); RV STV: short-term variability of repolarization (from 30 consecutive RV MAPD); 
AS: arrhythmia score.

Table 4. Electrophysiological effects of dofetilide before (Inducibility experiment) and following 
bilateral stellectomy (Denervation experiment) in chronic atrioventricular block dogs (n=7).
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adaptations are part of the ventricular remodelling and significantly contribute to the 
enhanced proarrhythmic vulnerability of this model. It is likely that remodelling of 
cardiac innervation, including nerve sprouting,7 may modulate proarrhythmic response 
after CAVB too. Further dedicated investigations should be carried out to determine the 
contribution of this aspect to the proarrhythmic susceptibility of CAVB dogs. Especially 
since hexamethonium blocks both sympathetic and parasympathetic divisions, therefore 
not affecting the relative activity of both branches, administration of hexamethonium 
may result in the maintenance of the same (im)balance between the two divisions. 
Hence, whilst a steady, balanced, autonomic state was present in the studies of De La 
Coussaye et al. and Champeroux et al., our model possibly suffered from autonomic 
imbalance due to cardiac remodelling.32 This inappropriate activity could not, in that 
case, be restored by hexamethonium.

Propranolol

Pharmacological sympathectomy by administration of propranolol also resulted 
in the reduction of sinus and ventricular rates, but did not reverse dofetilide-induced 
lengthening of ventricular repolarization, and its temporal and spatial (interventricular) 
dispersion. In addition, propranolol administration reduced neither the number nor 
the severity of dofetilide-induced arrhythmias. This absence of antiarrhythmic effects 
suggests that sympatholytic effects of propranolol, associated with sinus and ventricular 
bradycardia, could not overcome the dofetilide-induced proarrhythmic substrate and 
stabilize cardiac electrophysiology to efficiently prevent the generation of TdP episodes. 
This hypothesis is supported by the further increase in repolarization and its temporal 
and spatial dispersion following administration of propranolol. This lack of success of 
propranolol in preventing TdP episodes is in concordance with many human studies, 
which report inadequate cardioprotective effects of propranolol.33,34 However, the 
results also oppose much of current literature on the arrhythmic effects of stimulating 
or suppressing the sympathetic nervous system. Examples hereof are experiments 
conducted by Schwartz et al.12 who demonstrated an antiarrhythmic effect of performing 
a stellectomy. In addition, Opthof et al.35 reported an increase in dispersion of 
repolarization upon stimulation of the stellate ganglia of dogs. Furthermore, Shimizu 
et al.36 provoked arrhythmias by administrating a sympathomimetic agent to canine 
endocardial cells. Moreover, Zhou et al.14 used a canine model to demonstrate the direct 
association between the increase in sympathetic activity via the stellate ganglion, and 
the initiation of ventricular fibrillation. Even though the causal relation between the SNS 
activity and ventricular arrhythmias has been established on one hand, and mechanical 
sympatholytic approaches have proven to be effective in preventing ventricular 
arrhythmias on the other hand, propranolol did not suppress arrhythmic episodes in 
the present study. These contradicting results indicate the inability of propranolol, a 
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non-selective beta-blocker, to completely deprive the heart from its sympathetic stimuli. 
Possibly the incomplete blocking of all adrenergic receptors and/or pharmacokinetic 
characteristics of propranolol resulted in inadequate sympatholytic effects, rendering it 
insufficient in overriding the proarrhythmic effects of dofetilide.

Hence, both pharmacological approaches modulating ANS activity, which aimed to 
stabilize cardiac electrophysiology under proarrhythmic conditions, failed in preventing 
and suppressing dofetilide-induced ventricular arrhythmias.

mechanical sympathetic denervation of the heart

Although dofetilide-induced prolongation of repolarization was significantly more 
pronounced in stellectomized animals serially compared to standard conditions, the 
incidence of TdP was significantly lower in denervated dogs. Surprisingly, this successful 
preventive antiarrhythmic effect was accompanied by increases in LV and RV STV, 
which were comparable to that of standard conditions. To our knowledge, the further 
prolongation of repolarization upon IKr blockade in stellectomized animals has not 
yet been described in the literature. In the CAVB dog model, the increase of spatial 
heterogeneity of repolarization is a component necessary for the incidence of dofetilide-
induced TdP: dogs resistant to the development of TdP show significantly lower levels of 
spatial dispersion of repolarization when compared with inducible animals.37 Conversely, 
we showed that complete suppression of dofetilide-induced TdP was associated with 
a significant reduction of spatial heterogeneity of repolarization in this canine model.38 
In addition, enhancement of SNS activity by stellate ganglia stimulation in other 
animal models results in the increase of dispersion of repolarization.39-41 Therefore, 
the prevention of dofetilide-induced TdP in stellectomized animals may be associated 
with the blunted increase of spatial dispersion of repolarization mediated by SNS. 
Electrical mapping experiments would be however necessary to confirm this hypothesis. 
Nevertheless, the antiarrhythmic efficacy of bilateral stellectomy is in concordance with 
aforementioned literature and confirms the success of this therapy in experimental 
models as well as in clinical situation.12,18-20 Possibly, heterogeneous nerve sprouting 
during the cardiac remodelling processes32 may have led to differential adaptive changes 
of the cardiomyocytes.7 The varying character of the cardiomyocytes could give rise 
to diverse responses to dofetilide, causing the STV to increase. Despite this increase, 
the prevailing activity of the PNS and/or the loss of synergy between dofetilide and 
the SNS might have resulted in the diminished arrhythmic activity. Furthermore, the 
conflicting antiarrhythmic efficacy of pharmacological and mechanical approaches could 
possibly be explained by the opposing effects that both interventions have; whereas 
the drugs exert effects on the systemic level, the effects resulting from stellectomy are 
believed to be limited to the heart. This hypothesis is supported by recent studies that 
demonstrate the dynamical character of the autonomic nervous system on the supra-
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organ level. Ukena et al.42 successfully treated two patients with cardiomyopathies and 
recurrent episodes of ventricular arrhythmias by renal denervation. In addition, Tsai et 
al.43 demonstrated that this particular approach did not only affect the total plasma 
norepinephrine concentration, but also stimulated neuro-remodelling of the brain stem 
and stellate ganglia. These studies suggest that cardiac innervation and regulation by 
the autonomic nervous system surpasses the traditional level of the heart, and involves 
supra-cardiac, inter-organ and -tissue dynamics.

contribution of autonomic nervous system in arrhythmogenesis

A number of studies have demonstrated the contribution of ANS in the process 
of arrhythmogenesis.7-14 In addition, our own prior observations in CAVB dog model, 
though unpublished, also suggest the involvement of ANS in the development of TdP: 
the lack of dofetilide-induced TdP in Langendorff blood perfused hearts, originating from 
in vivo TdP-inducible CAVB dogs. Furthermore, the administration of sympathomimetic 
drugs, such as adrenaline, to anesthetized CAVB dogs commonly results in ventricular 
tachycardia and fibrillation. The lack of antiarrhythmic effects following pharmacological 
neuromodulation could therefore not be explained by an absence of autonomic influence 
on cardiac electrophysiology in the CAVB dog. However, the TdP inducibility in this 
model relies on abnormalities in the repolarization process, associated with temporal 
(STV) and spatial (intraventricular, transmural) heterogeneities,37,44 resulting in a reduction 
of repolarization reserve.44 In addition, the proarrhythmic conditions ensuing electrical 
remodelling and administration of dofetilide may have been too severe to detect any 
potential antiarrhythmic effect from both pharmacological approaches.

Nevertheless, further research is required to better understand the influence of ANS 
on cardiac electrophysiology and to confirm its role of modulator in the arrhythmogenesis 
process in the CAVB dog model in order to develop novel antiarrhythmic therapies.

study lImItAtIons
As mentioned previously, all experiments were conducted under anaesthetized 

conditions: the anaesthetics used (pentobarbital and isoflurane) are known to inhibit 
outward potassium currents (IKr and IKs) and to stimulate SNS activity. Therefore, both 
actions of these drugs thus facilitate the development of arrhythmias whilst also directly 
interfering with the experimental interventions, causing a distortion in the observed 
results. 

Moreover, an inconsistency in pacing conditions may have affected the arrhythmic 
outcomes in the various experiments. Thirteen experiments were conducted under 
pacing conditions, whereas the dogs of 17 experiments were studied in IVR. In general, 
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an arrhythmic study is best conducted under IVR conditions, as the bradycardia and 
unstable origin of activity pose an additional proarrhythmic threat to the heart. However, 
not all IVR rhythms can be safely sustained when the dogs are put under anaesthesia. 
Furthermore, an acute change of the IVR focus can cause a morphologic change of the 
ECG, thereby causing difficulties for the subsequent examination and possibly rendering 
the recorded data unreliable for analysis. Ventricular pacing, because of the controlled 
rate and pattern of activation, allows the comparison of electrophysiological parameters 
within and between experiments, but may mask heart rate variability or the bradycardic 
effects of a drug.

Furthermore, apart from the bilateral stellectomy experiments, no direct 
measurements of the activity of the ANS were made. Therefore, the extent to which 
autonomic stimuli were intercepted was not addressed, meaning that the lack of effects 
of pharmacological interference could have also been the result of incompetence 
of the drugs. However, the doses administered were based on prior experiments of 
Champeroux and colleagues23 that had demonstrated to cause a complete cardiac 
autonomic or sympathetic block, respectively. Also, the drug-induced changes in 
electrophysiological parameters observed in the prevention experiments validated 
proper pharmacodynamics of both drugs. 

Lastly, no prevention experiments with propranolol have been conducted. 
Comparison of such an experiment to the results of the bilateral stellectomy could be 
very useful in differentiating between the antiarrhythmic effects of pharmacologic and 
mechanical approaches, since both are expected to only interfere with the sympathetic 
nervous system.

conclusIon
Pharmacological blockade of the ANS or isolated pharmacological sympathetic 

deprivation of the heart had no antiarrhythmic effects in the CAVB dog model. However, 
mechanical disruption of the stellate ganglion proved to be an effective antiarrhythmic 
approach in this model.
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generAl dIscussIon
The identification of central molecular players and understanding of mechanisms 

underlying the enhanced proarrhythmic susceptibility of vulnerable patients significantly 
contributed to rationalize the evaluation of drug proarrhythmic risk. In addition, this gain 
of knowledge considerably helped to discover and design novel targeted therapies 
(such as selective late sodium current (late INa) inhibition) aiming to improve prevention of 
ventricular arrhythmias. Furthermore, characterizing the antiarrhythmic mode of action of 
highly effective therapies will further facilitate the development of innovative strategies 
and surrogate parameters for an improved prediction of antiarrhythmic efficacy.

Proarrhythmic safety evaluation and new rationalized principles

During drug development, the purpose of safety studies is to determine the benefit/
risk ratio of the clinical drug candidate, but especially to prevent commercialization of 
drugs that can potentially lead to life-threatening adverse effects such as Torsades de 
Pointes arrhythmias (TdP). The current preclinical and clinical guidelines, the International 
Conference on Harmonization (ICH) S7b1 and E14,2 respectively, were implemented to 
screen for drug torsadogenic properties based on the extent of repolarization prolongation 
(of action potential duration and QT interval) as a result of acute IKr inhibition. Although 
this approach is highly sensitive, the lack of specificity has been widely criticized due to 
the discontinuation of a number of potential beneficial (and safe) therapies.3

In order to refine the methodology to evaluate drug proarrhythmic risk liability, a 
new paradigm is being under consideration to ultimately replace at least the preclinical 
ICH guidelines. As compared with the current recommendations, this concept, the 
Comprehensive in vitro Proarrhythmia Assay (CiPA), widens the range of screened ion 
channels and integrates human stem cell-derived cardiomyocytes (hSC-CM) as well 
as recent progresses in computational modelling of ventricular action potential.4 In 
Chapter 2, we underlined the step forward that this new strategy represents in the field 
of safety pharmacology, but also formulated some limitations that should be carefully 
considered to further improve this evaluation. The total absence of chronic effects 
evaluation represents a typical example. Despite not inhibiting IKr, a number of drugs are 
known for their torsadogenic properties by affecting forward or backward ion channel 
trafficking, resulting in reduced expression of ion channels.5,6 Furthermore, since most 
cases of congenital long QT syndrome type 2 have been exclusively associated with a 
defective trafficking process,7 additional consideration should be given to this molecular 
mechanism during preclinical development. Although the use of hSC-CM represents 
a major breakthrough in the cellular evaluation of proarrhythmic drug effects, this cell 
type features a rather immature electrophysiological phenotype:8,9 its capacity to detect 
proarrhythmic triggers other than IKr inhibition should be carefully determined and 



General discussion

223

11

considered for the design of safety experiments.10 Importantly, the Ca2+-induced Ca2+ 
release from the sarcoplasmic reticulum (SR) is poor.8 Hence, since Ca2+ handling may 
play a central role in arrhythmogenesis, drug-induced Ca2+ overload (cytosol and SR) 
and associated early and delayed afterdepolarizations (EADs and DADs, respectively) 
may either not be induced in hSC-CM or not to the same extent as in ventricular 
cardiomyocytes. This may be the case for the inotropic agent digoxin, a Na+-K+ ATPase 
inhibitor, which enhances Ca2+ levels but also the incidence of DAD-mediated ventricular 
arrhythmias.11

The use of mature in vitro systems like adult ventricular cardiomyocytes or sensitive 
animal models remains a necessary step to evaluate drug proarrhythmic risk liability. 
The chronic atrioventricular block (CAVB) dog model normally develops ventricular 
tachycardias after being challenged with the conventional Na+-K+ ATPase inhibitor 
ouabain.12,13 As illustrated in Chapter 3, the positive inotropic response evoked 
by istaroxime, a novel Na+-K+ ATPase inhibitor, was not associated with ventricular 
ectopic activity in this model. The limited proarrhythmic effects were probably due 
to the enhanced Ca2+ reuptake by the SR via the stimulation of SERCA2a activity.14-17 
Furthermore, in some animals, istaroxime administration provoked T-wave alternans 
most likely due to alternans in Ca2+ transient,18 exclusively under CAVB conditions 
but not in unremodelled control conditions. In addition to the different inotropic and 
electrophysiological responses observed between both these conditions, this confirms 
that ventricular remodelling in CAVB dogs, just like in patients with cardiac hypertrophy, 
is of critical importance for the induction of drug proarrhythmic effects.19,20 The new CiPA 
proposal cannot address the importance of this aspect with the use of hSC-CM, even if 
genetically standardized and well characterized.

Therefore, this paradigm as currently proposed, does not seem suitable for a 
thorough, sensitive and specific evaluation of drug proarrhythmic risk liability. Although 
the use of hSC-CM can be potentially optimized to cover chronic effects such as drug-
induced trafficking defect, this in vitro system is associated with important limitations, 
which cannot be solved. Additional in vivo models, which integrate major factors 
involved in arrhythmogenesis (e.g. mechanical workload, autonomic nervous system, 
three dimensional structure), remain necessary to achieve the objectives fixed by safety 
pharmacology studies. Nevertheless, detection of drug proarrhythmic effects in vivo 
necessitates understanding of the underlying mechanisms.
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mechanism of torsades de Pointes arrhythmias in the cAvb dog model

Role of local heterogeneity of repolarization

In the CAVB dog, ventricular remodelling19 represents the most important 
factor contributing to the enhanced proarrhythmic susceptibility of this canine model. 
Combined with anesthesia21 and bradycardic conditions,22 administration of the IKr 
blocker dofetilide prolongs repolarization and favours afterdepolarizations-mediated 
TdP in about 70% of animals.20 The incidence of TdP has been associated with spatial 
dispersion of repolarization in a number of models, such as in wedge preparations at the 
transmural23,24 and transseptal level.25 In addition, several studies using perfused isolated 
hearts showed increased triggered activity within regions of marked repolarization 
gradient.26,27

In the CAVB dog model, the prolongation of repolarization evoked by class III 
antiarrhythmic agents is generally more pronounced in the left than in the right ventricle 
(respectively measured by left and right ventricular monophasic action potentials), 
resulting in an increased interventricular dispersion of repolarization (∆ MAPD). However, 
this marker does not represent a sensitive marker to predict TdP inducibility.28 Studies 
carried out by our group and others clearly demonstrated the increase in intraventricular 
dispersion prior to the incidence of ventricular arrhythmias.29-31 However, none of these 
studies focused on the direct relation between gradient of repolarization and initiating 
site of TdP.

Therefore, in Chapter 4, we attempted to provide additional insight about the 
relevance of intra- and interventricular dispersion for the location of the initiating focus 
of TdP using an intramural electrical mapping approach. The initiating focus of a single 
ectopic beat or TdP episode arose consistently from a location of short repolarization time 
within the region showing the maximal dispersion or in close proximity. Furthermore, the 
intraventricular spatial dispersion (quantified within 1.0 – 1.5 cm3) was significantly lower 
in non-inducible animals, which suggests that a certain local repolarization gradient (or 
substrate) is required for the induction of TdP.

Mechanisms for initiation, perpetuation and termination of Torsades de 
Pointes arrhythmias

Although it is commonly accepted that spatial dispersion of repolarization is of major 
importance for the induction of TdP (as mentioned in Chapter 4), the exact mechanisms 
underlying its initiation, perpetuation and potential termination remain under debate. In 
Chapter 5, the activation sequence of self- and non-terminating TdP was analysed using 
custom made software in order to detect focal activity and reentrant loops. As previously 
described,29,32 all arrhythmic episodes were initiated by a focal mechanism most likely 
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related to triggered activity afterdepolarizations. While the perpetuation was mediated 
by focal origin and/or reentrant loops, the latter mechanism was always associated with 
longer-lasting arrhythmic episodes. Furthermore, reentry was the last active mechanism 
detected in non-terminating episodes. Finally, self-terminating arrhythmic episodes 
were always concluded by focal mechanism. These results suggest that the duration 
and severity of ventricular arrhythmias in the CAVB dog are highly dependent on the 
occurrence of reentry circuits in the perpetuating mechanism. This is in agreement with 
the fact that formation and maintenance of reentry loops sustain ventricular fibrillation.33 
New surrogate parameters, aiming to distinguish the perpetuating mechanisms of 
arrhythmic episodes, were also introduced in this chapter. Their potential applicability to 
clinical situations would require however further validation.

Antiarrhythmic effect of sodium channel inhibition: beyond the cardiac 
isoform?

Since now more than a decade, the selective inhibition of the late INa has been 
probably representing one of the most promising pharmacological approaches to 
prevent ventricular arrhythmias in patients affected by long QT syndrome type 3 or 
heart failure.34 The enhancement of late INa in both of these conditions predisposes 
patients to proarrhythmic consequences by prolonging the action potential duration 
and reducing the repolarization reserve, which therefore promotes the occurrence of 
early afterdepolarizations (EADs).34 In addition, it markedly contributes to the Na+-
induced Ca2+ increase at both intracellular and SR levels, and induces DADs as a result of 
spontaneous diastolic Ca2+ release. Selective late INa inhibition would therefore shorten 
repolarization, increase repolarization reserve and improve/restore Ca2+ handling.35,36 
While most Na+ channel inhibitors typically block preferably late INa than peak INa,

35,37 the 
significant inhibition of peak INa is associated with increased mortality38 or adverse effect 
related to slowing of conduction.39

Inhibition of late INa mediated by NaV1.5, a sufficient target?

In Chapter 7, we demonstrated that the selective late INa inhibitor GS-458967 
completely abolished dofetilide-induced TdP episodes without strongly reducing 
single ectopic beats in vivo and EADs in vitro. The detailed electrical mapping 
experiments performed in CAVB dogs revealed that this high antiarrhythmic effect was 
associated with the significant reduction of local spatial dispersion of repolarization. 
The electrophysiological antiarrhythmic properties of the clinical candidate eleclazine 
(Chapter 8), another late INa inhibitor with improved selectivity for NaV1.5,40 were 
evaluated in a similar fashion as GS-458967 in control and CAVB dogs. Although the 
repolarization shortening in vivo and the reduction of EADs in vitro were comparable 
for both agents, their respective antiarrhythmic effects against dofetilide-induced TdP 
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were strikingly opposite. It is likely that additional blockade of Na+ channel isoforms 
other that NaV1.5, including neuronal and NaV1.8 isoforms,41 may contribute to the high 
antiarrhythmic effect of GS-458967. As depicted in Chapter 6, the late INa inhibitors 
ranolazine and lidocaine exerted a greater antiarrhythmic efficacy than eleclazine in the 
same model. While ranolazine interacts with other targets such as L-type Ca2+ channels 
42,43 or ryanodine receptors,44 which may account for its moderate antiarrhythmic effect in 
CAVB dogs, both ranolazine and lidocaine inhibit NaV1.8.45,46 Nevertheless, these results 
suggest that selective inhibition of NaV1.5-mediated late INa would not represent the 
driving antiarrhythmic mechanism in the CAVB dog model.

The NaV1.8 isoform: the link with the autonomic nervous system?

Recently, genome wide association studies have linked SCN10A, the gene encoding 
NaV1.8 expressed in the peripheral nervous system, with conduction disorders.47-51 
Therefore, a number of studies have attempted to determine the expression of NaV1.8 
in cardiac tissue but more importantly its contribution to cardiac electrophysiology. 
Secondly, the selective NaV1.8 inhibition using A-803467 was evaluated for its potential 
antiarrhythmic properties. In the CAVB dog, we showed in Chapter 9 that A-803467 
reduced, albeit moderately and transiently, dofetilide-induced TdP. However, A-803467 
had no effect on repolarization and EADs in isolated ventricular cardiomyocytes due to 
the absence of NaV1.8 expression.

Within the cardiac tissue, expression NaV1.8 was demonstrated to be mainly 
located in neuronal structures co-expressing markers specific for the autonomic nervous 
system,52-54 which is known to be an important contributor to cardiac arrhythmias.55 
Notably, increased sympathetic nervous activity, especially mediated by the left stellate 
ganglion, has been associated with the onset of ventricular fibrillation.56 A study recently 
showed that selective inhibition of NaV1.8 locally in the left stellate ganglion reduced 
ischemia-induced ventricular arrhythmias.57 Therefore, in Chapter 10, the contribution 
of the autonomic nervous system in TdP arrhythmias was investigated in the CAVB 
dog model by the use of pharmacological approaches and bilateral stellectomy. While 
pharmacological agents failed to achieve antiarrhythmic effects, sympathetic denervation 
successfully prevented arrhythmic episodes, confirming previous outcomes.58-61 Based 
on these results, we can speculate whether the antiarrhythmic efficacy due to selective 
NaV1.8 inhibition with A-803467 may be associated with a reduced stellate ganglion 
activity. Likewise, this antiarrhythmic mechanism may partly explain the effects observed 
with GS-458967 (Chapter 7).
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Figure 1. In vitro and in vivo antiarrhythmic effects of flunarizine, SEA0400, ranolazine, GS-458967, 
eleclazine and A-803467.
Incidence of remaining EADs (red bars) in single canine ventricular cardiomyocytes after co-treatment 
dofetilide (1 µM) – antiarrhythmic drug. Incidence of sEB, mEB and TdP in anesthetized CAVB dogs after 
dofetilide (25 µg/kg/5min) and antiarrhythmic drug administrations. Tested concentrations and doses are 
indicated below the bars, which represent percentage of arrhythmia/EADs incidence. Depicted values 
represent number of observations/number of experiments; * p<0.05, ** p<0.01 vs. Dofetilide.
EADs: early afterdepolarizations; sEB, mEB: single, multiple ectopic beats; TdP: Torsade de Pointes; 
CAVB: chronic atrioventricular block.
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Mode of antiarrhythmic efficacy: suppression of the trigger or the 
substrate?

In the CAVB dog model, dofetilide-induced TdP occur under conditions of abnormal 
repolarization prolongation. These arrhythmic episodes are initiated by a focal mechanism 
(Chapters 4 and 5) resulting from triggered activity-related afterdepolarizations. In both 
in vitro and in vivo experimental conditions, the incidence of EADs and ventricular 
arrhythmias, respectively, is strongly associated with the increase in short-term variability 
(STV).62 It is therefore reasonable to assume that high STV levels may be associated 
with the presence of proarrhythmic triggers. However, for a TdP to occur in CAVB 
dogs, proarrhythmic trigger needs to interact with a sufficient substrate, which can be 
associated with the local heterogeneity of repolarization. In Chapter 4, we showed that 
local dispersion was higher preceding TdP episodes than prior to single ectopic beats, 
supporting the central role of spatial heterogeneity in facilitating the propagation of an 
arrhythmic event.

Location Parameter (ms) Baseline Dofetilide Drug

Left ventricle Transmural
GS-458967 51 ± 4 169 ± 60 # 97 ± 29
Flunarizine 42 156 80

Vertical
GS-458967 46 ± 11 167 ± 40 # 74 ± 31 *

Flunarizine 59 200 75
Horizontal

GS-458967 57 ± 14 199 ± 56 # 82 ± 24 *

Flunarizine 60 220 84
Cubic

GS-458967 68 ± 14 237 ± 54 # 123 ± 24 *

Flunarizine 60 239 99
Septum Transmural

GS-458967 34 ± 6 147 ± 31 75 ± 34
Flunarizine 42 94 36

Vertical
GS-458967 39 ± 9 173 ± 29 86 ± 23
Flunarizine 22 53 24

Horizontal
GS-458967 24 ± 5 105 ± 62 49 ± 30
Flunarizine 18 75 39

Cubic
GS-458967 47 ± 5 198 ± 19 94 ± 14
Flunarizine 53 94 48

Table. Effects of GS-458967 (0.1 mg/kg, n=5) and flunarizine (2 mg/kg, n=1) on spatial dispersion of 
repolarization in CAVB dogs with dofetilide-induced Torsades de Pointes arrhythmias.

Values are represented as mean ± SD; # p<0.05 vs. Baseline; * p<0.05 vs. Dofetilide.



General discussion

229

11

0
65

13
0

19
5

26
0

32
5

I
II

III

IV
V

V
I

39
74

80
 m

s

31
1 

m
s

39
1 

m
s

#3
9

#7
4

F

I
II

III

IV
V

V
I

39
74

#3
9

#7
4

51
 m

s

28
7 

m
s

33
8 

m
s

D

I
II

III

IV
V

V
I

39
74

22
5 

m
s

35
1 

m
s

57
6 

m
s

#3
9

#7
4

E

G
S-

45
89

67

0
60

12
0

18
0

24
0

30
0

I
II

III

IV
V

V
I

12
9

13
2

C

I
II

III

IV
V

V
I

12
9

13
2

A
#1

29

#1
32

22
 m

s

36
6 

m
s

34
4 

m
s 20

 m
s

38
4 

m
s

36
4 

m
s

#1
29

#1
32

I
II

III

IV
V

V
I

12
9

13
2

B
#1

29

#1
32

39
7 

m
s

55
3 

m
s

15
6 

m
s

Fl
un

ar
iz

in
e

Fi
gu

re
 2

. 
Sp

at
ia

l 
di

sp
er

sio
n 

of
 

re
po

la
riz

at
io

n 
be

fo
re

 
do

fe
til

id
e-

in
du

ce
d 

To
rs

ad
es

 
de

 
Po

in
te

s 
ar

rh
yt

hm
ia

s 
an

d 
af

te
r 

ad
m

in
ist

ra
tio

n 
of

 
flu

na
riz

in
e 

(2
 

m
g/

kg
) 

an
d 

G
S-

45
89

67
 (0

.1
 m

g/
kg

). 
Re

po
la

riz
at

io
n 

m
ap

 
w

ith
in

 
th

e 
di

ffe
re

nt
 

re
gi

on
s 

of
 

th
e 

he
ar

t 
(fr

om
 b

as
e 

to
 a

pe
x,

 I
 

to
 V

I) 
at

 b
as

el
in

e 
(A

 a
nd

 D
), 

be
fo

re
 d

of
et

ili
de

 T
or

sa
de

 d
e 

Po
in

te
s 

(B
 a

nd
 E

) 
an

d 
af

te
r 

ad
m

in
is

tr
at

io
n 

of
 

flu
na

riz
in

e 
(C

) 
or

 G
S-

45
89

67
 (

F)
. 

C
ol

ou
r 

sc
al

e 
re

fle
ct

s 
di

sp
er

si
on

 
of

 
re

po
la

riz
at

io
n 

tim
e 

co
m

pa
re

d 
to

 
th

e 
fir

st
 

re
po

la
riz

ed
 

re
gi

on
. 

G
re

y 
re

gi
on

s 
re

pr
es

en
t 

lo
w

 
EG

M
 

si
gn

al
s 

di
sc

ar
de

d 
fro

m
 t

he
 a

na
ly

si
s.

 
Fo

r 
ea

ch
 

pe
rio

d,
 

tr
ac

es
 

(w
ith

 
en

d 
of

 
re

po
la

riz
at

io
n 

tim
e 

sy
m

bo
liz

ed
) 

de
pi

ct
 

EG
M

 
si

gn
al

s 
fro

m
 

th
e 

re
gi

on
s 

su
rr

ou
nd

in
g 

th
e 

or
ig

in
 o

f 
ar

rh
yt

hm
ia

s,
 w

he
re

 
hi

gh
es

t 
lo

ca
l 

di
sp

er
si

on
 

of
 

re
po

la
riz

at
io

n 
w

as
 o

bs
er

ve
d.

 
Va

lu
es

 o
f 

ho
riz

on
ta

l 
(fo

r 
G

S-
45

89
67

) 
an

d 
tr

an
sm

ur
al

 
(fo

r 
flu

na
riz

in
e)

 
di

sp
er

si
on

 
ar

e 
de

pi
ct

ed
.



230

Chapter 11

In evaluation of antiarrhythmic strategies, the suppression of EADs in ventricular 
cardiomyocytes represents an attractive way to test the potency of pharmacological 
agents (at relevant concentrations) to abolish proarrhythmic trigger and to correlate it 
as part of the in vivo antiarrhythmic efficacy (Chapter 6). Generally, the in vitro system 
possesses a higher sensitivity to successfully respond to an antiarrhythmic intervention 
(Figure 1).63 In contrast to other drugs, GS-458967 only mildly reduced EADs in ventricular 
cardiomyocytes (Figure 1), regardless of the late INa density (Chapter 7). In addition, 
this low potency to abolish the proarrhythmic trigger was associated with the remaining 
presence of single ectopic beats in vivo (Figure 1) together with a relative low reduction of 
STV. The use of interventricular dispersion of repolarization as a surrogate parameter for 
spatial dispersion fails to predict antiarrhythmic response (Chapter 6), because it does not 
capture the local (intraventricular) repolarization gradient that predisposes to arrhythmia 
susceptibility. In contrast, detailed electrical mapping experiments clearly emphasized the 
central role of reduction of spatial dispersion in achieving high antiarrhythmic efficacy in 
the CAVB dog model. In contrast to flunarizine, GS-458967 only mildly reduced incidence 
of EADs (Figure 1). However, despite flunarizine restored repolarization parameters and 
STV to baseline levels (Chapter 6), the complete suppression of dofetilide-induced 
TdP by both drugs was associated with a marked and comparable reduction of spatial 
dispersion (Table and Figures 2A–F). Unlike eleclazine, A-803467 did not suppress EADs 
in ventricular cardiomyocytes (Figure 1). However, the in vivo antiarrhythmic effect of 
A-803467, although moderate (Chapter 9), was stronger than that of eleclazine (Figure 
1). Furthermore, we demonstrated that bilateral stellectomy highly prevented dofetilide-
induced TdP, despite STV increase upon IKr blockade was similar in stellectomized and 
control conditions (Chapter 10). Under normal conditions, stimulation of sympathetic 
activity increases spatial dispersion of repolarization,64-66 which facilitates the occurrence 
of ventricular arrhythmias. It is arguable that the reduction of proarrhythmic substrate 
underlies the preventive antiarrhythmic effect of bilateral stellectomy, although electrical 
mapping experiments would be necessary to confirm this hypothesis. The findings 
presented in this thesis highly suggest that, for a strategy to achieve high antiarrhythmic 
properties against dofetilide-induced TdP in the CAVB dog model, the reduction of 
the local dispersion seems to provide a stronger antiarrhythmic efficacy than the sole 
suppression of the initiating proarrhythmic trigger.
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Addendum

summAry
The essential role of the heart is to eject blood through the vasculature system in 

order to supply peripheral organs with oxygen and nutrients. Each heartbeat is the result 
of electrical activation of single cardiomyocytes followed by their mechanical contraction 
in a process called excitation – contraction coupling. The cardiac electrical activity can 
be monitored using surface electrocardiogram (ECG, Figure). The electrical impulse, 
spontaneously initiated by the pacemaker cells of the sinus node, first activates the 
atria, which can be observed by the P wave on the ECG. Then, the electrical wavefront, 
after passing the atrioventricular node, propagates through the His bundle and Purkinje 
system to initiate ventricular activation, giving rise to the QRS complex on the ECG. 
After contraction, repolarization is the process that allows cardiomyocytes to recover 
from activation to make them excitable again for the next coming beat. While the atrial 
repolarization cannot be visualized on the ECG because it is masked by the QRS complex, 
the end of the T wave on the ECG represents the end of ventricular repolarization 
(Figure). A number of pharmacological agents (such as antibiotics, antidepressants 
or antiarrhythmics) prolong ventricular repolarization and the QT interval. Under such 
conditions, Torsade de Pointes arrhythmia (TdP; Figure) can occur. This feared drug-
induced polymorphic ventricular tachycardia is characterized by the twisting shape of 
the QRS complexes around the isoelectric line, and, despite of its rare incidence, can 
potentially lead to ventricular fibrillation and sudden cardiac death.

In order to prevent the commercialization of drugs with high proarrhythmic risk, a 
novel safety paradigm, the Comprehensive in vitro Proarrhythmia Assay (CiPA), has been 
recently proposed to refine the existing strategy. Chapter 2 reviews the advantages of 
this new CiPA proposal, which benefits from recent progresses in the fields of human 
induced pluripotent stem cell-derived cardiomyocytes and computational modelling 
of the human ventricular action potential, in addition to the improved understanding 

Figure. Representations of the normal ECG and Torsade de Pointes arrhythmia.
Conditions of prolonged ventricular repolarization (QT interval, dotted line) favor the incidence of 
Torsades de Pointes arrhythmias.
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of the cellular and molecular players involved in cardiac arrhythmias. Moreover, we 
also discuss a number of shortcomings associated with this proposal. The immature 
electrophysiological phenotype of stem cell-derived cardiomyocytes may only predict to 
a limited extent the clinical proarrhythmic response. Moreover, as currently described in 
CiPA, the evaluation of proarrhythmic effects only relies on acute effects, although drug-
induced defective ion channel trafficking upon chronic drug exposure has been well 
described. Finally, unlike dedicated animal models, in vitro and in silico assays both lack 
integration of autonomic drive or mechanical workload, that represent important players 
potentially contributing to the drug’s proarrhythmic response.

The chronic atrioventricular block (CAVB) dog is an animal model characterized by 
its enhanced susceptibility to drug-induced TdP arrhythmias, as a result of ventricular 
remodelling after creation of AV block. Because this model of cardiac hypertrophy can 
reflect the proarrhythmic susceptibility of vulnerable patients, it has been used for the 
proarrhythmic safety evaluation of a number of drugs.

In heart failure patients, the use of positive inotropic is sometimes necessary to 
enhance the contractile performances of the heart. However, most of the drugs available 
on the market (like digoxin) are strongly associated with significant proarrhythmic adverse 
effects. In Chapter 3, we show that istaroxime, a new positive inotropic agent, improves 
cardiac contractility and relaxation without inducing significant proarrhythmic effects in 
CAVB dogs sensitive to TdP arrhythmias.

Although much research has been performed over the last fifty years to unravel 
the exact mechanism of TdP arrhythmias, this topic still remains under debate. In 
Chapter 4, we further investigate it in the CAVB dog model by inserting 56 needle 
electrodes in the left and right ventricles as well as into the septal wall to record local 
electrical activity from multiple locations in the heart. We show that the origin of the TdP 
consistently arises within the region, or in close proximity, of maximal spatial dispersion 
of repolarization. We also demonstrate that maximal local differences in repolarization 
duration are lower in animals that are not susceptible for TdP when compared with TdP 
susceptible animals. In Chapter 5, we further analyse arrhythmic episodes from Chapter 
4 and investigate in detail the mechanisms that initiate, propagate and terminate TdP 
arrhythmias. While focal activity initiates all arrhythmic episodes, both focal and reentry 
mechanisms can drive the perpetuation of TdP arrhythmias. However, we reveal that 
longer lasting and non-terminating episodes are exclusively maintained by reentry. In 
contrast, self-terminating arrhythmias were always ended by focal activity.

Due to its enhanced susceptibility to drug-induced arrhythmias, the CAVB dog 
model has been also used to develop surrogate parameters, such as short-term 
variability of repolarization (STV), predicting the incidence of TdP arrhythmias, and to 
evaluate a number of antiarrhythmic interventions. In Chapter 6, pharmacological and 
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non-pharmacological strategies are reviewed and their respective efficacy is ranked. We 
demonstrate the superiority of STV over other repolarization parameters in the evaluation 
of the antiarrhythmic outcome, regardless of the experimental setting used (experiment 
of suppression or prevention of arrhythmias). 

For the past decade, the late sodium current (late INa) has become an attractive 
pharmacological target against cardiac arrhythmias due to its enhancement in heart 
failure or long QT syndrome type 3. However, previously available sodium inhibitors, like 
flecainide or ranolazine, are not selective and potent enough to specifically evaluate the 
antiarrhythmic potential of this strategy. In Chapter 7, we investigate the antiarrhythmic 
mode of action of the selective and potent late INa inhibitor GS-458967. We find that 
selective late INa inhibition is highly effective, suppressing all dofetilide-induced TdP 
episodes in CAVB dogs, despite the remaining presence of single ectopic beats and 
the mild reduction in cardiomyocytes of early afterdepolarizations (EADs), the cellular 
mechanism initiating ventricular arrhythmia. Mapping cardiac electrical activity using 
needle electrodes, as performed for Chapter 4, shows that the high antiarrhythmic effect 
of GS-458967 is associated with the reduction of spatial dispersion of repolarization, 
which prohibits the continuation of episodes into longer lasting arrhythmias. However, 
GS-458967 is not aimed to enter clinical development and inhibits, in addition to 
the cardiac sodium channel NaV1.5, other sodium channel isoforms expressed in the 
peripheral (NaV1.8) and central nervous systems (NaV1.1 and NaV1.2). In contrast, 
eleclazine was developed to inhibit specifically the late INa carried by the cardiac isoform 
NaV1.5. In Chapter 8, we find that eleclazine, despite reducing EADs in a similar fashion 
as GS-458967, does not suppress TdP in CAVB dogs. This finding suggests that selective 
NaV1.5 inhibition exerts no antiarrhythmic effect in this model. Therefore, it also implies 
that it may not represent the driving mechanism underlying the high antiarrhythmic 
efficacy of GS-458967. Blockade of other sodium channel isoforms may be responsible 
for this effect.

The sodium channel isoform NaV1.8 was originally found in sensory neurons 
involved in the transmission of the nociceptive signal. Recently, SCN10A, the gene 
encoding NaV1.8, was found to influence cardiac electrophysiology. In Chapter 9, we 
use the selective NaV1.8 inhibitor A-803467 to evaluate the antiarrhythmic potential of 
this strategy. In isolated cardiomyocytes, we find no effect of selective concentrations 
of A-803467 on sodium current or cellular repolarization. In addition, even at high 
concentration, A-803467 does not suppress dofetilide-induced EADs. These findings are 
confirmed by the absence of SCN10A expression in ventricular cardiomyocytes. However, 
we show that A-803467 administered to CAVB dogs with dofetilide-induced TdP, selective 
blockade of NaV1.8 suppresses, even though moderately, arrhythmic episodes. Hence, 
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we conclude that this antiarrhythmic effect is not mediated by a cardiomyocyte-specific 
mode of action but may rather affect neuronal structures involved in cardiac innervation.

The role of autonomic nervous system in incidence of cardiac arrhythmias is 
well established. In Chapter 10, we show that pharmacological modulation of the 
parasympathetic and/or sympathetic branches of the autonomic nervous system, 
respectively using hexamethonium and propranolol, exerts no antiarrhythmic effect 
against TdP in anesthetized CAVB dogs. However, we demonstrate that sympathetic 
denervation, using a bilateral stellectomy approach, significantly reduces TdP incidence.

Finally in Chapter 11, the results and conclusions from previous chapters were 
summarized and discussed.

In conclusion, spatial dispersion of repolarization plays a central role in the 
incidence of TdP arrhythmias in the CAVB dog model. Reciprocally, the efficacy of 
a novel antiarrhythmic strategy highly depends on its capacity to reduce spatial 
heterogeneity of repolarization, rather than the suppression of the initiating trigger 
(early afterdepolarizations in vitro or single ectopic beats in vivo). While more research 
is required to determine the molecular and cellular determinants underlying this 
phenomenon, blockade of non-cardiac sodium channels or intrinsic activity of autonomic 
nervous system seems to be of importance in the development of highly effective 
antiarrhythmic drugs.
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Innovatieve Antiaritmische Strategieën
in the Chronische Atrioventriculaire Blok Hond

sAmenvAttIng In het nederlAnds
De functie van het hart is om bloed door het vaatstelsel te pompen zodat perifere 

organen worden voorzien van zuurstof en voedingsstoffen. Elke hartslag is het resultaat 
van de elektrische activatie van hartspiercellen die vervolgens mechanisch samentrekken. 
Dit proces wordt de excitatie-contractie koppeling genoemd. De cardiale elektrische 
activiteit kan worden gemeten met behulp van een elektrocardiogram (ECG, Figuur). 
De elektrische impuls die spontaan ontstaat in de pacemakercellen van de sinusknoop, 
activeert eerst de atria, hetgeen als een P-golf op het ECG kan worden waar genomen. 
Vervolgens beweegt het elektrische golffront zich vanuit de atrioventriculaire knoop 
door het Sybundt- en Purkinje systeem om ventriculaire activatie te initiëren, waardoor 
het QRS-complex op het ECG ontstaat. Repolarisatie is het proces dat plaatsvindt aan 
het einde van de samentrekking van het hart, waardoor de hartspiercellen kunnen 
herstellen van activatie zodat zij vervolgens weer kunnen worden geactiveerd bij de 
volgende hartslag. Atriale repolarisatie kan niet op het ECG worden waargenomen 
omdat het door het QRS-complex wordt gemaskeerd. Dit in tegenstelling tot het einde 
van de T-golf op het ECG dat het einde van de ventriculaire repolarisatie reflecteert 
(Figuur). Een aantal farmacologische middelen (zoals antibiotica, antidepressiva of 
antiarytmica) verlengt de ventriculaire repolarisatie en daarmee het QT interval. Onder 
dergelijke omstandigheden kan Torsade de Pointes aritmie (TdP; Figuur) optreden. Deze 
door medicijnen geïnduceerde polymorfe ventriculaire vorm van tachycardie wordt 
gekenmerkt door een draaiing van de QRS-complexen rondom de isoelektrische lijn en 

Figuur. Het normale ECG en Torsade de Pointes aritmie.
Condities van verlengde ventriculaire repolarisatie (QT interval, stippellijn) kunnen leiden tot Torsades de 
Pointes ritmestoornissen.
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kan, ondanks zijn zeldzame incidentie, leiden tot ventriculaire fibrillatie en plotselinge 
hartstilstand.

Om de commercialisering van geneesmiddelen met een hoog pro-aritmisch 
risico te voorkomen, is onlangs een nieuw veiligheidsparadigma geïntroduceerd; het 
Comprehensive in vitro Proarrhythmia Assay (CiPA). Hoofdstuk 2 geeft een overzicht 
van de voordelen van dit nieuwe CiPA-voorstel, dat gebruik maakt van recente 
ontwikkelingen op het gebied van hartspiercellen die ontstaan uit humane pluripotente 
stamcellen en computermodellen van de humane ventriculaire actiepotentiaal, naast 
het verbeterde begrip van de cellulaire en moleculaire factoren die een rol spelen 
bij hartritmestoornissen. Bovendien bespreken we een aantal tekortkomingen van 
het CiPA voorstel. Door het onvolmaakte elektrofysiologische fenotype van dit type 
hartspiercellen kan CiPA slechts in beperkte mate de klinische pro-aritmische uitkomst 
voorspellen. Bovendien, zoals momenteel in CiPA beschreven, vindt de evaluatie van 
pro-aritmische effecten alleen in reactie op acute interventies plaats, hoewel de door 
geneesmiddelen geïnduceerde verminderde werking van ionkanalen bij chronische 
blootstelling aan geneesmiddelen ook een bekend verschijnsel is. Tenslotte ontbreken 
autonome modulatie en mechanische belasting in zowel in vitro als in silico-assays, in 
tegenstelling tot diermodellen. Deze factoren kunnen belangrijk bijdragen aan de pro-
aritmische respons van een geneesmiddel.

Als gevolg van ventriculair herstel na het creëren van AV-blok, levert het gebruik 
van de hond met een chronisch atrioventriculair blok (CAVB) als diermodel, een hoge 
gevoeligheid voor geneesmiddel geïnduceerde TdP-aritmieën. Omdat dit model 
van harthypertrofie de pro-aritmische gevoeligheid van kwetsbare patiënten kan 
modelleren, wordt het gebruikt voor de pro-aritmische veiligheidsevaluatie van een 
aantal geneesmiddelen.

Bij patiënten met hartfalen is het gebruik van positief inotrope medicijnen soms 
nodig om de contractiliteit van het hart te verbeteren. De meeste geneesmiddelen 
die op de markt beschikbaar zijn (zoals digoxine), zijn echter sterk geassocieerd met 
significante pro-aritmische bijwerkingen. In hoofdstuk 3 tonen we bij CAVB-honden 
die gevoelig zijn voor TdP-aritmieën aan dat istaroxime, een nieuw positief inotropisch 
middel, de contractiliteit en ontspanning van het hart verbetert zonder significante pro-
aritmische bijwerkingen.

Hoewel er in de afgelopen vijftig jaar veel onderzoek is verricht naar het exacte 
mechanisme van TdP-aritmieën, blijft het een onderwerp van discussie. In hoofdstuk 
4 onderzoeken we het mechanisme verder in het CAVB-hondenmodel door 56 
naaldelektroden in zowel de linker- en rechterventrikel als in de septale wand te plaatsen 
om daarmee de lokale elektrische activiteit op meerdere locaties in het hart te meten. 
We tonen aan dat de oorsprong van de TdP consequent in de nabijheid plaatsvindt van 
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de maximale spatiële dispersie van repolarisatie. Ook laten we zien dat de maximale 
lokale verschillen in de repolarisatietijd lager is bij dieren die niet voor TdP vatbaar zijn 
in vergelijking met TdP gevoelige dieren. In hoofdstuk 5 analyseren we vervolgens de 
aritmische episodes van hoofdstuk 4 en onderzoeken we tot in detail de mechanismen die 
TdP-aritmieën initiëren, verergeren en beëindigen. Terwijl focale activiteit alle aritmische 
episodes initieert, kunnen zowel focale als re-entry mechanismen de voortzetting van 
TdP-aritmieën bewerkstelligen. We vinden echter dat langdurige en niet-beëindigde 
episodes uitsluitend aanhouden door re-entry, in tegenstelling tot zelfterminerende 
aritmieën die altijd werden beëindigd met focale activiteit.

Vanwege de verhoogde gevoeligheid voor door geneesmiddelen geïnduceerde 
aritmieën is het CAVB-hondenmodel ook gebruikt voor het ontwikkelen van 
surrogaatparameters, zoals de korte termijnvariabiliteit van de repolarisatie (STV), dat de 
incidentie van TdP-aritmieën voorspelt en dat wordt gebruikt bij het evalueren van een 
aantal anti-aritmische interventies. In hoofdstuk 6 wordt een overzicht gegeven van een 
aantal farmacologische en niet-farmacologische anti-aritmische strategieën en worden 
deze gerangschikt op effectiviteit. We tonen de superioriteit van STV ten opzichte van 
andere repolarisatieparameters voor de evaluatie van het anti-aritmische resultaat, 
ongeacht de gebruikte experimentele opzet (onderdrukking of preventie van aritmieën).

In het laatste decennium is men de late natriumstroom (late INa) gaan zien als 
een aantrekkelijk farmacologisch doel tegen hartritmestoornissen die het gevolg 
zijn van hartfalen of het lange QT syndroom type 3. Echter, reeds beschikbare 
natriumkanaalremmers, zoals flecainide of ranolazine, zijn niet selectief en krachtig 
genoeg om het anti-aritmische potentieel van deze strategie op waarde te schatten. In 
hoofdstuk 7 onderzoeken we de anti-aritmische werking van de selectieve en krachtige 
late INa remmer GS-458967. De resultaten laten zien dat selectieve late INa remming zeer 
effectief is in het onderdrukken van alle dofetilide geïnduceerde TdP episodes bij CAVB 
honden, ondanks de blijvende aanwezigheid van enkele ectopische beats en de milde 
vermindering van vroege nadepolarisaties (EADs) in de hartspiercellen, het cellulaire 
mechanisme dat de ventriculaire aritmie initieert. Door de cardiale elektrische activiteit 
met behulp van naaldelektroden te meten zoals beschreven in hoofdstuk 4, blijkt dat 
het sterke anti-aritmische effect van GS-458967 is geassocieerd met een vermindering 
van de spatiële dispersie van repolarisatie, wat de episoden van langdurige aritmieën 
voorkomt. GS-458967 is echter niet gericht op klinische ontwikkeling en remt, naast 
het cardiale natriumkanaal NaV1.5, andere natrium kanaal isovormen die voorkomen 
in het perifere (NaV1.8) en centrale zenuwstelsel (NaV1.1 en NaV1. 2). Daarentegen 
is eleclazine specifiek ontwikkeld om de late INa van de cardiale isovorm NaV1.5 te 
remmen. In hoofdstuk 8 vinden we dat eleclazine EADs onderdrukt op een vergelijkbare 
manier als GS-458967, maar desondanks de TdP in CAVB-honden niet voorkomt. Deze 
bevinding suggereert dat selectieve NaV1.5 remming geen anti-aritmisch effect heeft in 
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dit model. Dit impliceert tevens dat NaV1.5 remming niet de oorzaak is van het sterke 
anti-aritmische effect van GS-458967. Blokkade van andere natriumkanaal isovormen zal 
hiervoor mogelijk verantwoordelijk zijn.

De natriumkanaal isovorm NaV1.8 werd ondekt in sensorische neuronen die 
betrokken zijn bij de overdracht van het nociceptieve signalen. Onlangs werd 
aangetoond dat SCN10A, het gen dat codeert voor NaV1.8, invloed heeft op de cardiale 
elektrofysiologie. In hoofdstuk 9 gebruiken we de selectieve NaV1.8 remmer A-803467 
om het anti-aritmische potentieel van deze strategie te evalueren. In geïsoleerde 
hartspiercellen vinden we geen effect van selectieve concentraties van A-803467 op 
de natriumstroom of de cellulaire repolarisatie. Bovendien onderdrukt A-803467 zelfs 
bij hoge concentratie niet de dofetilide-geïnduceerde EADs. Deze bevindingen komen 
overeen met een afwezigheid van SCN10A expressie in ventriculaire hartspiercellen. 
Echter, we tonen aan dat selectieve blokkade van NaV1.8 door A-803467 in CAVB honden 
de dofetilide geïnduceerde TdP episodes ten dele onderdrukt. Daarom concluderen we 
dat dit anti-aritmische effect niet wordt gemedieerd door een hartspiercel-specifieke 
werking, maar door neuronale structuren die betrokken zijn bij de innervatie van het hart.

De rol van het autonoom zenuwstelsel bij de incidentie van hartritmestoornissen 
is goed beschreven. In hoofdstuk 10 tonen we aan dat farmacologische modulatie van 
de parasympathische en/of sympathische takken van het autonome zenuwstelsel met 
respectievelijk hexamethonium en propranolol, geen anti-aritmisch effect heeft op TdP 
in verdoofde CAVB honden. We tonen echter wel aan dat sympathische denervatie met 
behulp van een bilaterale stellectomy-aanpak de TdP-incidentie aanzienlijk vermindert.

Tenslotte worden in hoofdstuk 11 de resultaten en conclusies van de vorige 
hoofdstukken samengevat en besproken.

Concluderend: spatiële dispersie van repolarisatie speelt een centrale rol in de 
incidentie van TdP-aritmieën in het CAVB-hondenmodel. Tegelijkertijd hangt de 
werkzaamheid van een nieuwe anti-aritmische strategie met name af van het vermogen 
om de ruimtelijke heterogeniteit van repolarisatie te verminderen, in plaats van de 
onderdrukking van de initiërende trigger (vroege na-polarisaties in vitro of enkele 
ectopische slagen in vivo). Alhoewel meer onderzoek nodig is om de moleculaire en 
cellulaire determinanten te bepalen die aan dit fenomeen ten grondslag liggen, lijkt 
het blokkeren van niet-cardiale natriumkanalen of de intrinsieke activiteit van het 
autonoom zenuwstelsel van belang bij de ontwikkeling van effectieve anti-aritmische 
geneesmiddelen.
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Figure. Representations d’un ECG normal et d’une Torsade de Pointes.
Les conditions de prolongation de repolarization ventriculaire (intervale QT, ligne en pointillés) favorisent 
la survenue de Torsades de Pointes.
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Stratégies Antiarythmiques Innovantes
chez le Chien avec Bloc Auriculoventriculaire Chronique

résumé en frAnçAIs
Le rôle essentiel du cœur est de propulser le sang à travers le système vasculaire, 

de manière à approvisionner les organes périphériques en oxygène et autres 
nutriments. Chaque battement de cœur résulte de l’activation électrique de chacun 
des cardiomyocytes à laquelle s’ensuit leur contraction mécanique, au cours d’un 
procédé appelé couplage excitation – contraction. L’activité électrique cardiaque peut 
être enregistrée grâce à l’électrocardiogramme (ECG, Figure). Le signal électrique, 
spontanément initié par les cellules pacemaker du nœud sinusal, active tout d’abord les 
oreillettes, donnant lieu à l’onde P sur le tracé ECG. Puis, l’onde électrique, après avoir 
passé le nœud auriculoventriculaire, se propage à travers le faisceau de His ainsi que 
le réseau de Purkinjé pour activer les ventricules, représentée par le complexe QRS sur 
l’ECG. Une fois la contraction terminée, la repolarisation est le procédé nécessaire aux 
cardiomyocytes pour recouvrer un niveau électrique basal, et être à nouveau excitable 
pour la prochaine contraction. Alors que la repolarisation des oreillettes n’apparaît pas sur 
l’ECG car dissimulée par le complexe QRS, la fin de la repolarisation ventriculaire se traduit 
par la fin de l’onde T (Figure). Plusieurs classes thérapeutiques (comme les antibiotiques, 
antidépresseurs ou antiarythmiques) prolongent la repolarisation ventriculaire, qui peut 
être mesurée par l’intervalle QT sur l’ECG (Figure). Dans de telles conditions, la Torsade 
de Pointes (TdP ; Figure), un effet indésirable redouté, peut survenir. Cette tachycardie 
ventriculaire polymorphique est caractérisée par la forme changeante de ses  complexes 
QRS autour de l’axe isoélectrique, et, malgré sa faible incidence, peut potentiellement 
dégénérer en fibrillation ventriculaire et mort subite.
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Afin d’éviter la commercialisation de médicaments à risque proarythmique, un 
nouveau paradigme, le Comprehensive in vitro Proarrhythmia Assay (CiPA), vient d’être 
récemment proposé pour améliorer la stratégie actuelle en charge de l’évaluation 
de la sécurité des médicaments. Le Chapitre 2 passe en revue les avantages de la 
nouvelle proposition CiPA, qui bénéficie des récents progrès dans les domaines des 
cardiomyocytes dérivés de cellules souches pluripotentes humaines, ainsi que de la 
simulation par ordinateur du potentiel d’action ventriculaire humain, qui s’ajoutent à 
la meilleure compréhension des acteurs cellulaires et moléculaires impliqués dans 
les arythmies cardiaques. Nous discutons par ailleurs les quelques limites associées à 
cette proposition. Il est probable que le phénotype électrophysiologique immature des 
cardiomyocytes dérivés de cellules souches ne prédise, seulement de manière limitée, 
les effets proarythmiques qui peuvent survenir en situation clinique. De plus, comme 
décrite par le CiPA, l’évaluation des effets proarythmiques ne repose seulement sur les 
effets aigus, bien que l’exposition chronique sous certains composés puisse altérer le 
procédé d’approvisionnement et d’expression des canaux ioniques à la surface cellulaire. 
Enfin, contrairement aux modèles animaux spécifiques, les tests in vitro et in silico sont 
tout deux dépourvus de l’influence du système nerveux autonome et des contraintes 
mécaniques qui peuvent, en principe, jouer un rôle dans les effets proarythmiques de 
composés.

Le chien avec bloc auriculoventriculaire chronique (CAVB) est un modèle animal 
caractérisé par une susceptibilité accrue aux TdP, résultant d’un remodelage ventriculaire 
à la suite de la création du bloc auriculoventriculaire. Parce que ce modèle d’hypertrophie 
cardiaque reflète la susceptibilité proarythmique des patients vulnérables, il a été 
largement utilisé dans l’évaluation de la sécurité proarythmique d’un bon nombre de 
médicaments.

Chez les patients insuffisants cardiaque, l’utilisation d’inotropes positifs est parfois 
nécessaire pour améliorer les performances contractiles du cœur. Cependant, la plupart 
des médicaments disponibles sur le marché (comme la digoxine) sont fortement associés 
à des effets proarythmiques. Au cours du Chapitre 3, nous montrons que l’istaroxime, 
un nouveau composé inotrope, améliore la contractilité et relaxation cardiaque, sans 
induire d’effets proarythmiques significatifs chez des chiens CAVB sensibles aux TdP.

Malgré la recherche réalisée ces cinquante dernières années pour élucider le 
mécanisme exact des TdP, le débat sur ce sujet reste ouvert. Dans le Chapitre 4, nous 
étudions ce mécanisme chez le chien CAVB en introduisant 56 aiguilles – électrodes 
dans les ventricules gauche et droit, ainsi que dans le septum pour enregistrer l’activité 
électrique locale depuis multiples endroits du cœur. Nous montrons que l’origine des 
TdP survient continuellement au sein ou en proximité de la région ayant la dispersion 
spatiale de repolarisation la plus élevée. Nous démontrons par ailleurs que les différences 
locales de repolarisation sont supérieures chez les animaux susceptibles aux TdP, en 
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comparaison avec ceux qui y sont résistants. Dans le Chapitre 5, nous analysons en 
détail les mécanismes qui initient, propagent et terminent les TdP. Alors qu’une activité 
focale est à l’origine de l’initiation de tous les épisodes arythmiques observés, les 
mécanismes de réentrée et d’activité focale tous deux participent à la perpétuation des 
TdP. Cependant, nous démontrons que seule la réentrée est responsable des épisodes 
les plus longs, ainsi que ceux qui ne se terminent pas de manière spontanée. En revanche, 
la fin de toutes les TdP est toujours associée à un mécanisme focal.

En raison de sa susceptibilité accrue pour les TdP, l’utilisation du chien CAVB a 
également contribué au développement de paramètres, comme la variabilité à court 
terme de la repolarisation (STV), ceux-ci aident à la prédiction de survenue de TdP 
et à l’évaluation d’interventions antiarythmiques. Dans le Chapitre 6, des stratégies 
pharmacologiques et non pharmacologiques sont passées en revue et leur efficacité 
respective est classée. Nous démontrons la supériorité de STV par rapport à d’autres 
paramètres de repolarisation dans l’évaluation d’effet antiarythmique, quelque soit le 
schéma expérimental utilisé (en suppression ou prévention des arythmies).

Depuis une décennie, le courant sodium retard (late INa) est devenu une cible 
thérapeutique attractive pour le traitement des arythmies cardiaques, en raison de son 
augmentation pathologique dans l’insuffisance cardiaque ou le syndrome du QT long 
de type 3. Cependant, les inhibiteurs sodiques précédemment disponibles, comme la 
flécainide ou la ranolazine, ne sont pas suffisamment sélectifs et actifs pour évaluer de 
manière spécifique le potentiel antiarythmique de cette stratégie. Dans le Chapitre 7, 
nous étudions le mode d’action antiarythmique de GS-458967, un puissant et sélectif 
inhibiteur du late INa. Nos résultats montrent que l’inhibition du late INa est hautement 
efficace, supprimant toutes les TdP induites par dofetilide chez des chiens CAVB, en 
dépit de la présence résiduelle de contractions prématurées, ainsi que la réduction 
partielle d’early afterdepolarizations (EADs) sur cardiomyocytes, le mécanisme cellulaire 
à l’origine d’arythmies ventriculaires. La cartographie de l’activité électrique cardiaque, 
comme réalisée pour le Chapitre 4, montre que l’efficacité antiarythmique of GS-458967 
est associée à la réduction de la dispersion spatiale de la repolarisation, ce qui empêche 
la perpétuation et la prolongation de l’épisode. Cependant, GS-458967 n’est pas voué à 
entrer en développement clinique. Par ailleurs, il inhibe, en plus de l’isoforme cardiaque 
NaV1.5, d’autres isoformes exprimés au niveau du système nerveux périphérique (NaV1.8) 
et central (NaV1.1 et NaV1.2). A l’inverse, eleclazine fut spécialement développée pour 
bloquer le late INa du canal sodique cardiaque NaV1.5. Dans le Chapitre 8, nous 
montrons que l’eleclazine, malgré la réduction des EADs de manière similaire à GS-
458967, ne supprime aucune TdP chez le chien CAVB. Ces résultats suggèrent que 
l’inhibition sélective du canal NaV1.5 n’exerce aucun effet antiarythmique chez ce 
modèle. Par conséquent, il est possible que cette cible thérapeutique ne représente pas 
le mécanisme antiarythmique principal de GS-458967 et que le blocage supplémentaire 
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d’autres isoformes du canal sodique soit responsable de cet effet.

L’isoforme NaV1.8 fut initialement découvert dans les neurones sensoriels impliqués 
dans la transmission du signal nociceptif. Il a été montré récemment que SCN10A, le 
gène codant NaV1.8, influençait l’électrophysiologie cardiaque. Dans le Chapitre 9, 
nous utilisons le composé A-803467, un inhibiteur sélectif de NaV1.8, pour évaluer le 
potentiel antiarythmique de cette approche pharmacologique. Testé sur cardiomyocytes 
isolés, A-803467 n’exerce aucun effet ni sur le courant sodique, ni sur la repolarisation 
cellulaire, ni contre les EADs, et ce, même à haute concentration. Ces résultats sont 
confirmés par l’absence d’expression de NaV1.8 chez ces mêmes cellules. Cependant, 
nous indiquons que l’administration de A-803467 aux chiens CAVB avec TdP induites par 
dofetilide supprime, bien que modérément, ces épisodes arythmiques. Nous concluons 
par conséquent, que l’effet antiarythmique observé n’est pas lié à un mode d’action 
spécifique aux cardiomyocytes, mais semblerait davantage affecter les structures 
neuronales impliquées dans l’innervation cardiaque.

Le rôle du système nerveux autonome dans la survenue des arythmies cardiaques est 
bien établi. Dans le Chapitre 10, nous montrons que la modulation pharmacologique du 
système nerveux parasympathique et/ou sympathique, en administrant respectivement 
hexamethonium ou propranolol, n’exerce aucun effet antiarythmique contre les TdP dans 
le modèle de chien CAVB. Nous démontrons cependant que la dénervation sympathique, 
par la réalisation d’une stellectomie bilatérale, supprime de manière significative les TdP.

Les résultats et conclusions des chapitres précédents sont discutés dans le Chapitre 
11.

En conclusion, la dispersion spatiale de la repolarisation joue un rôle primordial 
dans la survenue de TdP chez le modèle de chien avec CAVB. De manière réciproque, 
l’efficacité d’une nouvelle stratégie antiarythmique semble dépendre fortement de sa 
capacité à réduire l’hétérogénéité spatiale de repolarisation, plutôt que la suppression 
du déclencheur initial (early afterdepolarizations in vitro ou contractions prématurées in 
vivo). Bien qu’une recherche approfondie soit nécessaire pour identifier les déterminants 
cellulaires et moléculaires, le blocage de canaux sodiques non cardiaques ou de l’activité 
intrinsèque du système nerveux autonome peuvent jouer un rôle dans le développement 
de nouveaux médicaments antiarythmiques efficaces.
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