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CHAPTER 1 

The average heart beats more than 3 billion times in a lifetime,1 rhythmically and 

continuously pumping blood throughout the entire body. Every beat is initiated by an 

electrical activation wave propagated through the entire heart. When this wave reaches 

the individual heart cells (myocytes), the electrical signal is transformed into a 

mechanical function, causing contraction of the myocytes. The sophisticated 

synchronization and harmonization of electrical activation and the subsequent electro-

mechanical coupling culminates into the efficient ejection of blood from the heart.  

However, when this complex elegance becomes disturbed, arrythmias can 

develop. Especially ventricular arrhythmias (VAs), which can deteriorate into ventricular 

fibrillation, imperil cardiac output (CO) and are responsible for most cases of sudden 

cardiac death (SCD).2 Remarkably, even though the prevalence of SCD is highest in 

patients with severe pump failure, the incidence of SCD is higher in patients with no, or 

only mildly reduced cardiac function.3,4 Hence, the susceptibility for VAs, and thus SCD, 

does not necessarily equate with the extent of cardiac dysfunction. Instead, ventricular 

remodelling, which is primarily initiated to compensate for a compromised or 

jeopardized cardiac function, appears to be a greater pro-arrhythmic factor. These 

structural, contractile and/or electrical remodelling processes of the heart can be 

induced by both congenital5 (i.e. ion channel mutations) or acquired6 (i.e. coronary 

artery disease) causes, but adversely increase the likelihood that VAs will develop. As 

such, it is of utmost importance to not only identify conditions and/or factors that 

predispose the heart to the development of VAs, but to also understand how they 

develop and how they affect arrhythmogenesis.  

Normal cardiac electrophysiology
Electrical activity originates in the pacemaker cells in the sinoatrial node of the right 

atrium. The generated electrical wavefront activates and initiates contraction of the 

myocytes which it passes as it travels down the heart. First, both atria are activated, 

after which the electrical signal briefly slows in the atrioventricular node. Next, it is 

conducted over the proximal His-bundle and bundle branches, whereafter the Purkinje 

fibers disseminate the electrical activation wave to the ventricular myocytes in an 

apicobasal direction. This tight coordination of ventricular activation ensures 

appropriate and effective extrusion of ventricular blood (Figure 1A). 

10
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As the electrical wave propagates over the myocardium, action potentials are 

elicited in the individual myocytes through the harmonious synergy of various ion 

channels (Figure 1B). The action potential is prompted by the opening of voltage-gated 

sodium (Na+) channels. The subsequent influx of positive ions establishes the 

depolarizing phase 0 of the action potential (Figure 1B). As these Na+ channels rapidly 

inactivate whilst potassium (K+) simultaneously effluxes through Ito, the early 

repolarization phase of the action potential is established (phase 1; Figure 1B). Next, 

during phase 2 of the action potential, intracellular calcium (Ca2+) levels increase as (i) 

L-type Ca2+ channels open and (ii) Ca2+-induced sarcoplasmic reticulum (SR) Ca2+

release is initiated through the activation of ryanodine receptors on the SR (Figure 1B).

This cytosolic Ca2+ bridges the electrical and mechanical properties, as contraction

results from the interaction of Ca2+ with the contractile elements of the myocyte (Figure

1B). Simultaneously, the delayed rectifying outward K+ currents (IK,r and IK,s) initiate K+

efflux. However, when Ca2+ is sequestered back to the SR by the sarcoplasmic

reticulum Ca2+-ATPase (SERCA) or extruded by the sodium-calcium exchanger (NCX)

the plateau phase transitions to phase 3 of the action potential and complete

repolarization is accomplished. Lastly, in phase 4, a resting membrane potential of

approximately -90 mV is mainly determined by IK,1, whereas the Na+/K+-pump and the

NCX maintain this resting potential as they compensate for the leakage of the

associated ions (Figure 1B).

Even though the heart can thereby initiate and regulate its own function, it is 

also under the tight control of the autonomic nervous system (ANS). The sophisticated 

and dynamic interplay between the sympathetic and parasympathetic branches of the 

ANS ensures coordinated titration of CO on a beat-to-beat basis. This regulation is 

established through the integration of afferent information and calibrated efferent 

responses in a multi-tiered network of neurons that collectively compose the cardiac 

neuraxis (Figure 1C).  

The central integration center of the sympathetic nervous system (SNS) 

resides in the spinal cord (level 3), where afferent cardiac information is integrated with 

signals from the higher centers. The formulated efferent outflow is relayed to the heart 

through the stellate ganglia, where this information can converge with and be further 

modulated by incoming cardiac afferents (level 2; figure 1C). Moreover, these afferent  

11
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Figure 1. Overview of cardiac electrical activity and its modulation by the autonomic nervous system 
(ANS). A) Schematic representation of the cardiac conduction system. Electrical signals originate in the 

sinoatrial node from where they travel over the atria to the atrioventricular node. From there, the signals are 

conducted over the Bundle of His and the bundle branches to the apex of the heart, whereafter the Purkinje 

fibers spread the activation wave over the ventricles in an apicobasal direction. B) Action potential and the 

main currents involved in the various phases of the action potential. During phase 0, fast sodium current (INa) 

depolarizes the myocyte. As the sodium channels become inactivated, the slower activated transient 

potassium current (Ito) causes a small repolarizing current, constituting phase 1 of the action potential. In 

phase 2, also known as the plateau phase, depolarizing and repolarizing currents are more or less in an 

equilibrium. The depolarizing current is mainly established by the calcium influx through the LTCC which 

subsequently stimulates sarcoplasmic reticulum (SR) calcium release through the RyR2 channels. IK,r and 

IK,s constitute the main repolarizing currents. During phase 3, calcium influx is decreased and calcium is 

sequestered back to the SR by the sarcoplasmic reticulum Ca2+-ATPase (SERCA) or extruded by the 

sodium-calcium exchanger (NCX) whereas IK,r and IK,s are maintained, resulting in repolarization. Phase 4 

represents the resting potential. The Ik1, NCX, which exchanges one calcium from the intracellular 

environment for 3 sodium ions, and the sodium–potassium pump (Na+-K+ Pump), which actively imports 2 

potassium ions and exports 3 sodium ions, maintain this potential. C) Schematic representation of the 

cardiac-neuraxis. Neural control is regulated through reflex loops originating from the intrinsic cardiac 

nervous system (ICNS) to the stellate ganglia (level 2) and the central nervous system (level 3). Blue arrows: 

afferent nerves. Red arrows: Sympathetic efferent nerves. Purple arrows: ICNS reflex loop.  

12
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that signal to the stellate ganglia can also provoke an efferent response at this level, 

thereby establishing a more local sympathetic reflex loop. In addition, within the stellate 

ganglia, this efferent information converges with cardiac afferents which themselves 

construct an extracardiac, intrathoracic reflex loop. The parasympathetic nervous 

system (PNS) has its central integration centers in the brainstem (level 3), from where 

preganglionic efferents travel towards the heart via the tenth cranial nerve, the nervus 

vagus, and release acetylcholine to modulate cardiac function. Moreover, neurons 

residing on the heart, composing the intrinsic cardiac nervous system, can both 

respond to these parasympathetic efferents as well as regulate cardiac function 

through local cardio-cardiac reflexes (level 1).  

Through this elegant organization, the ANS modulates various cardiac 

physiological functions (i.e. chronotropy, dromotropy, inotropy and lusitropy); whereas 

the sympathetic nervous system (SNS) generally reinforces these functions through 

the release of (nor)epinephrine and sympathetic co-transmitters, the parasympathetic 

nervous system (PNS) generally establishes the opposite effect through its release of 

acetylcholine. The signalling pathways that are activated through this beta-

adrenergic or muscarinic signalling, respectively, establish the physiological 

changes. For example, beta-adrenergic signalling increases myocardial 

contractility through increasing cytosolic Ca2+ concentrations,7 whilst 

simultaneously promoting IK,s to counterbalance the possible prolongation of 

action potential duration caused by the increased cytosolic Ca2+ concentration 

(Figure 1B).8

It is clear that the rhythmic and adequate electrical activation of the heart relies 

heavily on the orchestrated ion channel dynamics and coordinated cardiac 

activation. Hence, perturbances of this electrical system of considerable elegance can 

predispose the heart to arrhythmias.

Origin of ventricular arrhythmias 
Ventricular arrhythmogenesis is a complex process, reflecting a general state of 

cardiac electrical instability. There are many underlying causes of this instability, 

including intracardiac electrical derangements at the cellular and tissue level, as well 

as extra-cardiac factors that can influence and alter cardiac electrical properties. 

Nevertheless, this complex process, and the many factors involved, become much 

13
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more comprehendible in light of one of the fundamental paradigms laid down by the 

famous cardiologist Philippe Coumel (1987), who stated that “there are always three 

main ingredients required for the production of a clinical arrhythmia, the arrhythmogenic 

substrate, the trigger factor and the modulation factors of which the most common is 

the autonomic nervous system” (Figure 2A).9,10  

 The trigger is generated by a focal aberrancy in ion current dynamics, causing 

either an early- or late afterdepolarization (EAD or DAD, respectively; Figure 2B). Both 

types of afterdepolarizations can, in the presence of a susceptible substrate (described 

below), give rise to arrhythmic events.11,12 EADs can result from the reactivation of L-

type Ca2+ channels or the reverse mode of the NCX during early phase 3 of the action 

potential.12,13 Hence, such EADs are especially likely to occur under conditions of 

prolonged repolarization duration. Similarly, DADs are also caused by the reverse 

mode of the NCX, but in this case during phase 4 of the action potential, and induced 

by the erroneous release of Ca2+ from (an overloaded) SR.11 The likelihood that EADs 

or DADs will develop thus heavily relies on the (in)stability of the interplay between 

ionic currents. When unstable, this increases the beat-to-beat variation in action 

potential duration or repolarization. Temporal dispersion of repolarization quantifies this 

instability as short-term variability of repolarization (STV). STV is calculated using the 

difference of two consecutive repolarization times and averaging the deviation of this 

difference from the line of identity over  number of beats (Figure 2B). As such, the 

higher the temporal dispersion of repolarization, the higher the STV.14  

 suThe bstrate on the other hand, refers to the receptiveness of the myocardium 

to arrhythmic events. As most arrhythmias depend on the spreading of an erroneous 

ventricular activation over the myocardium via non-conventional activation 

patterns, heterogeneity in repolarization dynamics  important as to maintain these 

aberrant activation pathways. This variation in repolarization duration is known 

as spatial dispersion of repolarization (Figure 2C).15  

Lastly, as the ANS modulates the electrical properties of the myocardium, it 

also affects temporal and spatial dispersion of repolarization. This modulatory role can 

become pathological when the cardiac sympathetic innervation becomes overactive as 

it undergoes extensive anatomical and functional remodelling as a result of and in 

response to cardiac diseases.16 This chronically increased activity of the SNS, coupled 

14
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with parasympathetic withdrawal, creates a condition of cardiac autonomic imbalance 

which can promote pro-arrhythmic conditions through various mechanisms.16 For 

example, local sympathetic overexcitation stimulates calcium mishandling and can 

thereby increase temporal dispersion.17
 

Figure 2.Schematic representation of ventricular arrhythmogenesis and the effects of temporal and 
spatial dispersion of repolarization. A) Ventricular arrhythmogenesis as explained by Coumel's triangle. 

According to this paradigm, ventricular arrhythmias results from the interplay between an arrhythmic trigger, 

an arrhythmia-susceptible substrate and a modulatory factor (most often the autonomic nervous system). B) 
Temporal dispersion is the beat-to-beat variability in repolarization duration. On a cellular level, this translates 

to variability in action potential duration. Especially in conditions with prolonged repolarization durations, 

increases in temporal dispersion and the associated erroneous handling of ions can result in EADs or DADs 

(during phase 3 and 4 of the action potential, respectively; pink traces). The likelihood that EADs or DADs 

will develop can be quantified by the short-term variability (STV) in repolarization, which calculates the 

differences in repolarization time of two consecutive beats and averages the deviation of these differences 

from the line of identity in a Poincaré plot. Hence, the greater the beat-to-beat variability in repolarization, the 

greater the distance of the points to the line of identity and thus the higher the STV. B) Schematic 

representation of spatial dispersion in repolarization. Local differences in ion handling result in spatial 

heterogeneity in repolarization duration. This dispersion exists on a cellular level (intercellular dispersion) but 

can also be visualized on the whole organ level with differences in repolarization times represented by 

different colours.  
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This effect becomes even more pronounced in the setting of prolonged increases in 

sympathetic tone, as this can induce the downregulation of potassium channels and 

thus lengthen repolarization duration.18 Moreover, spatial dispersion can also become 

increased due to the aforementioned local sympathoexcitation and/or heterogeneity in 

nerve sprouting.17 As such, blocking these pathological effects of sympathetic 

stimulation through administration of beta-blockers have become one of the 

cornerstones of current anti-arrhythmic therapies and (bilateral) stellectomies have 

demonstrated to be a highly effective strategy for refractory arrhythmias.19–21 

Chronic atrioventricular block dog model 
The chronic atrioventricular block (CAVB) dog model was first created in 1906 and 

1907 to study Stokes-Adams disease. It wasn't until much later, in 1955 to be exact, 

that the first reports came that employed the CAVB dog as an animal model to study 

heart failure. Now, many years later, the CAVB dog has been established as an 

excellent model to study (factors playing into) the process of arrhythmogenesis and to 

establish pro- or anti-arrhythmic properties of drugs.22,23 In this model of compensated 

hypertrophy and heart failure, extensive remodelling processes cause the heart to 

become prone to the development of Torsade de Pointes arrhythmias (TdP), which can 

then be studied under controlled conditions.  

This ventricular remodelling is induced by (radiofrequency) ablation of the 

proximal His bundle. The acute interruption in atrio-ventricular signal transmission and 

consequential shift to idioventricular rhythm (IVR) results in (i) chronic bradycardia and 

(ii) mechanical dysfunction.24 Moreover, the bradycardic conditions (~ 40 - 50

beats/minute under IVR vs ~ 110 - 120 beats/minute under sinus rhythm) induce a

condition of volume-overload. In addition, the uncontrolled and often inconsistent origin

of ventricular activation24 introduces mechanical dysfunction, which creates inadequate

extrusion of blood. Collectively, the bradycardic conditions and mechanical dysfunction

cause a drop in CO, which acutely activate the neurohumoral system in an effort to

improve contractility (Figure 3; green trace).25 However, this mechanism compensates

insufficiently for the depressed CO (Figure 2; black trace), thereby initiating long-term

ventricular adaptational processes in electrical, contractile and structural properties.

Notably, these three processes develop simultaneously, but asynchronously: whereas

16



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 17PDF page: 17PDF page: 17PDF page: 17

INTRODUCTION 

 1 

Figure 3. Overview of different ventricular remodelling processes and their consequences for 
Torsade de Pointes arrhythmia (TdP) inducibility in the complete and chronic AV-block (CAVB) dog 
model. The relative change in cardiac parameters (left y-axis) compared to control (sinus rhythm; C) 

conditions over the time course of 16 weeks (x-axis) following creation of complete AV-block (0). Complete 

AV-block induces an acute drop in heart rate (HR; red trace) as it shifts to idioventricular rhythm (IVR). 

Consequentially, CO (black trace) decreases and remodelling processes are initiated. Contractile 

remodelling (LV dP/dt; green trace) and electrical remodelling (QTc; blue trace) increase contractility and 

prolong repolarization duration, respectively. Both processes are completed within two weeks following AV-

block. Structural remodelling (biventricular hypertrophy) on the contrary, takes approximately 6 weeks to be 

completed. Collectively, these remodelling processes restore CO, but simultaneously and adversely increase 

the inducibility of dofetilide-induced TdP, as depicted by the blue bars (right y-axis). Whereas no animals 

were inducible under control or acute AV-block conditions, approximately 75% of animals became 

reproducibly inducible after 2, 6 and 12 weeks of remodelling. (From Bourgonje et al.,28 with permission of 

the authors). 

structural remodelling (resulting in biventricular hypertrophy) progressively develops up 

until the 6th week after AV-block (Figure 3, yellow trace),26,27 contractile and electrical 

remodelling are completed after two weeks of AV-block (Figure 3, green and blue trace, 

respectively). 

Contractile adaptations are associated with a prolonged calcium window,29 

increased sarcoplasmic reticulum Ca2+ storage and increased systolic Ca2+ 

concentrations.30 These alterations in Ca2+ handling, which are mainly the result of the 

downregulation of SERCA and the upregulation of (forward and reverse) NCX activity,30 

17
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strengthen the contractile force as reflected by an increased left ventricular dP/dtmax 

(Figure 3; green curve).  

Electrical adaptations include the downregulation of IK,r and IK,s,31 which is 

reflected by a prolonged QT-interval on the surface electrogram (Figure 3, blue trace). 

This downregulation of potassium channels reduces the repolarization reserve and 

thereby increases the vulnerability for VAs. Moreover, this downregulation does not 

only create an instability of the repolarization machinery that is reflected in an increased 

temporal dispersion of repolarization, the spatial variation in extent of electrical 

remodelling also creates spatial dispersion of repolarization. When this intrinsically 

increased susceptibility for VAs32 is further challenged with additional repolarization 

impeding factors, such as anesthesia33 and pro-arrhythmic drugs, such as the IK,r-

blocker dofetilide,34 TdP are provoked in up to 75% of the animals (Figure 3; blue 

bars).34  

Even though these remodelling processes thus improve cardiac function,

cardiac electrophysiology is imperilled and TdP susceptibility is created. Nonetheless, 

the process of arrhythmogenesis is much more complex than a result of ventricular 

remodelling alone. Instead, both acute and chronic, intra- and extracardiac factors 

contribute to ventricular arrhythmogenesis. However, many of the factors contributing 

to arrhythmogenesis remain to be identified and how these factors promote 

arrhythmogenesis is yet to be explored.  

 Thesis outline 
In the present thesis, the first chapters explicate and study various chronic and acute 

factors influencing the arrhythmogenic outcome in the CAVB dog model. Thereafter, 

there will be a more detailed look into autonomic remodelling in the CAVB dog model 

and lastly a possible role of satellite glial cells in modulating cardiac neural output is 

studied. 

Chapter two compares electrical parameters in the assessment of TdP 

inducibility in the CAVB dog model and highlights the importance of spatial dispersion 

of repolarization for the process of arrhythmogenesis. Chapter three establishes the 

role and importance of experimentally-induced severe bradycardia to induce 

arrhythmias and shows that the electrophysiological effects of severe bradycardia are 

18
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mainly caused by an increase in spatial dispersion of repolarization and to a lesser 

extent in temporal dispersion of repolarization. Chapter four studies how ventricular 

activation patterns and the consequential extent of mechanical dyssynchrony 

correlates with the arrhythmogenic phenotype following ventricular remodelling in the 

CAVB model and shows that the extent of mechanical dyssynchrony corresponds to 

the arrhythmogenic phenotype. Chapter five demonstrates that sympathetic activity 

contributes to ventricular arrhythmogenesis in the CAVB dog model. Even though 

pharmacological blockade of the complete autonomic nervous system or its 

sympathetic branch was insufficient to suppress TdP, bilateral stellectomies were a 

highly effective anti-arrhythmic strategy. The molecular characteristics and in vivo 

functional consequences of neural remodelling underlying these arrhythmogenic 

effects are studied in chapter six. Next, chapter seven explores the transcriptomic 

profile of satellite glial cells in the stellate ganglia and demonstrates that the 

subpopulations have distinct biochemical properties that might suggest dynamic 

adaptation of these glial cells in modulating neuronal function. Chapter eight reviews 

the recent developments in modulating sympathetic activity as a therapy for cardiac 

diseases and discusses their clinical implications. Lastly, chapter nine discusses the 

findings of this thesis and provides a prospective look on clinical implications and 

experimental studies regarding arrhythmogenesis. 
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CHAPTER 2 

ABSTRACT 
In the anaesthetized, chronic atrioventricular block (CAVB) dog, ventricular 

ectopic beats and Torsade de pointes arrhythmias (TdP) are believed to ensue from an 

abrupt prolongation of ventricular repolarization and increased temporal dispersion of 

repolarization, quantified as short-term variability (STV). These TdP stop 

spontaneously or, when supported by substantial spatial dispersion of repolarization 

(SDR), degenerate into ventricular fibrillation. However, most studies involving 

ventricular arrhythmias do not quantify SDR by means of an electrophysiological 

parameter. Therefore, we reviewed the effects of 4 highly effective anti-arrhythmic 

drugs (flunarizine, verapamil, SEA-0400, and GS-458967) on the repolarization 

duration and associated STV. All drugs were tested as anti-arrhythmic strategies 

against TdP in CAVB dogs, their high anti-arrhythmic efficacy was defined as 

suppressing drug-induced TdP in 100% of the experiments. This comparison 

demonstrates that even though the anti-arrhythmic outcome was similar for all drugs, 

distinct responses of repolarization duration and associated STV were observed. 

Moreover, the aforementioned and commonly adopted electrophysiological parameters 

were not always sufficient in predicting TdP susceptibility, and additional quantification 

of the SDR proved to be of added value in these studies. The variability in 

electrophysiological responses to the different anti-arrhythmic drugs and their 

inconsistent adequacy in reflecting TdP susceptibility, can be explained by distinct 

modes of interference with TdP development. As such, this overview establishes the 

separate involvement of temporal and spatial dispersion in ventricular 

arrhythmogenesis in the CAVB dog model and proposes SDR as an additional 

parameter to be included in future fundamental and/or pharmaceutical studies 

regarding TdP arrhythmogenesis. 
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INTRODUCTION 
Easy to recognize, yet hard to prevent - Torsade de Pointes arrhythmias (TdP) 

can either terminate spontaneously or progress to an episode of possibly catastrophic 

ventricular fibrillation. Since Dessertenne1 named them after their characteristic 

morphology, TdP have been classified as a distinct type of ventricular arrhythmias. 

However, the fundamental questions of what processes are involved in TdP 

arrhythmogenesis and how these processes are incorporated to establish an episode 

of TdP, remain unanswered.  

Numerous studies have aimed to decipher TdP by experimentally or 

computationally analyzing arrhythmogenesis or by assessing the electrophysiological 

effects of (un)successful anti-arrhythmic drugs. In the last two decades, many of such 

studies have been conducted in the anaesthetized, chronic atrioventricular block 

(CAVB) dog model. In this model, a collective of remodeling processes result in a 

predisposition to TdP development.2 Exposing the remodeled animals to additional 

repolarization challenges results in the repetitive induction of TdP in up to 75% of the 

dogs.3 Therefore, this model has proven to be of paramount value in studies aiming to 

understand, prevent, and/or suppress TdP.3,4  

Nevertheless, as TdP arrhythmogenesis remains an enigmatic and indecipherable 

process; one could wonder whether we are studying and focusing on the right 

electrophysiological parameters to reflect a TdP-susceptible heart and/or an imminent 

episode of TdP. Repolarization duration is most commonly used as a representation of 

cardiac electrical (in)stability. This parameter can be obtained from the surface 

electrocardiogram [ECG; i.e., corrected QT-interval (QTc)] and/or from endocardial 

catheters [i.e., left ventricular (LV) monophasic action potential duration (MAPD)]. 

Previous studies have already demonstrated that its derivative, the short-term 

variability (STV) of repolarization, gives a more adequate reflection of the pro-

arrhythmic susceptibility of an individual or the pro-arrhythmic character of drugs.4 

Nevertheless, both parameters still seem to be insufficiently accurate in predicting 

and/or explaining arrhythmogenesis.  

A possible explanation for the inadequacy of these parameters is that they only 

disclose absolute changes in repolarization time and the local beat-to-beat variability 

herein. Most often, the adopted electrophysiological parameters do thus not represent 
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or assess spatial heterogeneity of repolarization, even though this heterogeneity has 

been demonstrated to be of importance in both the initiation and perpetuation of TdP.5,6 

Therefore, we combined knowledge on arrhythmogenic mechanisms involved 

in the initiation and perpetuation of ventricular arrhythmias with electrophysiological 

parameters reflecting repolarization duration (QTc and MAPD), temporal dispersion of 

repolarization (STV), and/or spatial dispersion of repolarization (SDR). In this manner, 

we were able to determine the mode of action of four highly effective anti-arrhythmic 

drugs, all of which had been previously tested in the CAVB dog model. Also, we 

demonstrate that the commonly used electrophysiological parameters (QTc, MAPD, 

and STV) incompletely reflect the susceptibility for TdP arrhythmogenesis. We 

establish that this insufficiency results from their deficiency in reflecting SDR, which is 

shown to be a fundamental step in arrhythmogenesis. Therefore, we recommend 

including SDR as an additional parameter in future fundamental and/or pharmaceutical 

studies regarding TdP arrhythmogenesis. 

Figure 1. Schematic representation of the current paradigm of arrhythmogenesis in the CAVB dog
model. Different factors, such as the use of anesthesia, ventricular remodeling, and the challenge with an
IKr-blocker impair repolarization reserve, causing a prolongation in ventricular repolarization. This prolonged
process of repolarization weakens the cellular electrophysiology, reflected in an increased temporal
dispersion of repolarization. This cellular instability is believed to induce a susceptibility for the development
of early and/or late afterdepolarizations, leading to triggered activity. Simultaneously, inhomogeneous
prolongation of repolarization also causes an increase in the spatial dispersion of repolarization. This spatial
variance in repolarization dynamics is thought to form the substrate of longer-lasting episodes of ventricular 
arrhythmias, because it allows for the maintenance and perpetuation of the aberrant stimulus. Though they
presumably do reinforce each other, the two processes are believed to be separate pathways that 
cumulatively trigger and perpetuate episodes of Torsade de Pointes arrhythmias. 

Anaesthesia Ventricular
Remodelling

Cellular level: Trigger Tissue level: Substrate

Spatial dispersion

Torsade de
Pointes

IKr blocker
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ARRHYTHMOGENESIS IN THE CAVB DOG MODEL  
In the CAVB dog model, ablation of the atrioventricular node causes an acute 

drop in the cardiac output. The ensuing initiation of extensive structural, contractile and 

electrical remodeling processes restore this impaired cardiac output.3,7–9 

Simultaneously, TdP-susceptibility arises from the same adaptive processes, primarily 

from the electrical remodeling, which encompasses the downregulation of potassium 

channels8 and an altered calcium handeling.9 Regarding the downregulation of 

potassium channels, the overcapacity of the repolarization process, known as 

repolarization reserve becomes reduced. The repolarization reserve, first introduced by 

Roden,10 refers to an overall redundancy of the factors involved in ventricular 

repolarization. Collectively, these factors are capable of preserving an intact 

repolarization process when the action potential cycle is challenged.11 Hence, electrical 

remodeling causes the repolarization process to become more vulnerable for additional 

repolarization impediments. Moreover, the extent of potassium channel downregulation 

is believed to be heterogeneously dispersed over the myocardium. As such, this results 

in increased spatial differences in repolarization, which become further amplified when 

repolarization is challenged.5 Alterations in calcium handling stimulate the intracellular 

calcium storage and release as this benefits the contractional force of the heart. An 

important adaptation of the calcium handling is the increased reverse activity of the 

sodium-calcium exchanger (NCX), leading to the transport of three sodium ions out of 

the cell in the exchange for one calcium ion.  

The current paradigm of TdP development in the CAVB dog model is mainly 

centered around the permanently decreased repolarization reserve, which destabilizes 

the electrical activity of the heart (Fig. 1).12 As schematically depicted in figure 2A, the 

action potential is constituted by multiple ion channels. During phase 0, sodium influx 

(INa) results in fast depolarization of the myocyte. Subsequent activation of the transient 

potassium channels (Ito) produces some repolarization, which results in the 

characteristic spike of the action potential. Next, calcium enters the cell through the L-

type calcium channels (LTCC) which subsequently stimulate sarcoplasmic reticulum 

(SR) calcium release through the RyR2 channels. Simultaneously, this depolarizing 

current is counteracted by repolarizing currents IKr and IKs, causing a plateau in potential 

during phase 2. Subsequent decrements in depolarizing currents cause IKr and IKs to 
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prevail and to thereby establish repolarization during phase 3. In phase 4, the resting 

potential is maintained and restored by the NCX and the sodium-potassium pump. 

Electrical remodeling in the CAVB dog does not affect the action potential 

morphology under baseline conditions (Fig. 2B). However, when the repolarization 

 

Figure 2. Schematic representation of the major ion currents involved in the establishment of a
cardiac action potential and the development of an early after depolarization (EAD). A) The action 
potential can be divided into five different phases. During phase 0, fast sodium current (INa) depolarizes the 
myocyte. As the sodium channels become inactivated, the slower activated transient potassium current (Ito)
causes a small repolarizing current, constituting phase 1 of the action potential. In phase 2, also known as
the plateau phase, depolarizing and repolarizing currents are more or less in an equilibrium. The depolarizing
current is mainly established by the calcium influx through the L-type calcium channels (LTCC) which
subsequently stimulate sarcoplasmic reticulum (SR) calcium release through the RyR2 channels. IKr and IKs

constitute the main repolarizing currents. During phase 3, the calcium influx is decreased whereas IKr and IKs 

are maintained, resulting in repolarization. Phase 4 represents the resting potential. The sodium-calcium 
exchanger, which exchanges one calcium from the intracellular environment for three sodium ions, and the
sodium-potassium pump, which actively imports two potassium ions and exports three sodium ions, maintain
and restore this potential. B) Schematic representation of the different phases of the action potential duration
(APD) under baseline (solid line) conditions and following additional IKr-block (dashed line). When 
repolarization becomes prolonged, EADs can develop during phase 3 of the APD. 
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reserve is additionally challenged by infusion of an IKr- or IKs-blocker, such as the IKr-

blocker dofetilide, the process of repolarization becomes excessively impeded. This 

causes the action potential duration (APD) to prolong extensively (Fig. 2B), which 

subsequently increases dispersion of repolarization in both the temporal13 and spatial5 

dimension. At a cellular level, this prolongation of APD results in increased 

cytoplasmatic calcium concentrations. In combination with the aforementioned 

alterations in calcium handling, this can lead to excessively increased levels of SR 

calcium storage and systolic calcium release. This increase in intracellular calcium 

concentrations becomes a self-propagating cycle as it further prolongs APD, which 

influences the calcium cycling of the next APD. Consequently, APD becomes unstable 

and inconsistent. At a macroscopic level, this cellular instability in calcium handling is 

observed as temporal dispersion of repolarization, reflected by the beat-to-beat 

variability of repolarization, quantified as the STV (Figs. 1 and 3A).4,14,15 If calcium 

release becomes suprathreshold, this can cause activation of the forward mode of the 

NCX during phase 3 of the APD, and thereby establish a sodium influx, which could 

reverse the process of repolarization and trigger an early afterdepolarization (Figs. 1 

and 2B). The likelihood that these abnormal afterdepolarizations will develop can be 

deduced from the increase in temporal dispersion (Figs. 1 and 4).11

Simultaneously, the aforementioned heterogeneity of electrical remodelling 

results in an increased SDR as IKr blockade causes spatially heterogeneous 

prolongations in repolarization (Figs. 1, 3B, and 4).6 This gradient of repolarization 

duration aids the development of triggered activity, because it establishes a gradient 

for the ectopic beat to emerge from.5,11 In addition, this SDR also constitutes the 

required substrate for longer lasting arrhythmic events,16,17 because these local 

differences in electrophysiological kinetics allow for the perpetuation of aberrant ectopic 

activity. As a gradual progression from single to multiple ectopic beats to TdP is 

observed in most experiments, SDR is believed to progress more slowly and/or to have 

a relatively higher critical threshold than temporal dispersion of repolarization (Figs. 1 

and 4). Moreover, the extent of dofetilide-induced SDR is thus also a main determinant 

of the pro-arrhythmic phenotype of CAVB dogs. 

Hence, these two processes synchronously, and presumably reciprocally, 

result in a trigger and a substrate for TdP.6 
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ANTI-ARRHYTHMIC TESTING IN THE CAVB DOG MODEL  
This overview compares the previously published arrhythmic and 

electrophysiological outcome of four drugs (flunarizine, verapamil, SEA-0400, and GS-

458967) in the CAVB dog model.18–20 All drugs were investigated between 2010 and 

2018 as potential anti-arrhythmic strategies. These four drugs were selected for their 

high anti-arrhythmic effect, defined as the capability of suppressing dofetilide-induced 

Figure 3. Representation of the quantification of temporal and spatial dispersion of repolarization.
A) Temporal dispersion of repolarization represents the beat-to-beat variability in repolarization. Under
baseline conditions, consecutive beats are mostly alike, resulting in low variation in action potential duration
when the beats are stacked upon each other (variation depicted by the red bar under the x-axis). This
corresponds to a low short-term variability (STV). After dofetilide administration, repolarization prolongs, and 
consecutive beats start to differ more (depicted by the red bar under the x-axis). This is reflected in the
increase in repolarization duration and higher LV STV. B) Spatial dispersion of repolarization (SDR) is the
difference in repolarization duration from one location to another. Transverse sections through the
myocardium from base (I) to apex (VI) allow for the assessment of SDR in the vertical (red vs. orange),
horizontal (red vs. green) and transmural (red vs. blue) orientation. Together, these three orientations form
the cubic orientation. C) Under baseline conditions, SDR is low, but becomes increased in all orientations
upon infusion of dofetilide. Repolarization times (RT) were measured as the interval between the pacing
spike and the steepest upslope of the T-wave (colored dots); the colors correspond with the location of the
electrodes as depicted in part B.
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TdP in 100% of the experiments.4 All experiments described in this overview were 

performed in a total of 31 adult purpose-bred mongrel dogs (22 female, 23 ± 4 kg; 

Marshall, NY). 

 

 Evaluation of anti-arrhythmic efficacy 

All drugs were tested in suppression experiments.4 In this setting, ten minutes of 

baseline recordings were followed by the administration of dofetilide to induce 

reproducible TdP. According to this protocol, TdP were defined as a polymorphic 

ventricular tachycardia, characterized by the "twisting of the points" around the 

isoelectric line and consisting of 5 ectopic beats.21 An animal was considered to be 

inducible when 3 TdP developed during the according stage. If the animal was 

inducible for TdP following dofetilide infusion, one of the following anti-arrhythmic drugs 

was given: flunarizine (2mg/kg/2 minutes; n = 10),18 verapamil (0.4 mg/kg/3 minutes; n 

= 7),18 SEA-0400 (0.8mg/kg/5 minutes; n = 4),19 or GS-458967 (0.1mg/kg/5 minutes; n 

= 10).20  

 Anti-arrhythmic efficacy was primarily assessed as percentage of animals that 

remained inducible after infusion of the anti-arrhythmic drug and further specified with 

the arrhythmia score (AS).21 This score awards points to arrhythmic events according 

to the n + 1 formula; n being the number of ectopic beats. Ectopic beats were defined 

as premature ventricular contractions, characterized by the “R on T” phenomenon. 

Electrical cardioversions were scored according to the number of defibrillations needed 

to terminate the event (50, 75, or 100 points for 1, 2, or 3 cardioversions, respectively). 

Finally, the AS was determined by taking the average of the three most severe 

arrhythmic events within the respective stage.21 TdP-inducibility was statistically 

analyzed using the McNemar’s test, whereas the nonparametric Friedman test and 

Whitney U test were used to compare AS and number of TdP, respectively. 

 

Electrophysiological Parameters 

All of the experiments presented in this overview included a surface ECG from which 

the QTc was measured and could be compared. Furthermore, except for SEA-0400, 

an LV MAPD from an LV endocardial catheter had been measured in all experiments. 

LV STV was calculated from 30 consecutive beats of the corresponding timepoint using 
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the formula: |Dn+1 – Dn|/(30 × 2); D being the LV MAPD or, in case of the SEA-

0400 experiments, the QTc.13   

 As previously described by Dunnink et al. (2017),5 high resolution electrical 

mapping experiments were performed in five CAVB dogs to investigate the effects of 

GS-458967 on the spatial dispersion.20 Statistical analysis of all electrophysiological 

parameters was performed with a one-way repeated measurement analysis of variance 

(ANOVA) followed by a post-hoc Bonferroni test or (un)paired Student’s t-test. All 

data included in this overview are presented as mean ± standard deviation (SD). 

Results were considered to be statistically significant if P<0.05. 

Figure 4. Schematic representation of the contribution of temporal and spatial dispersion of
repolarization in arrhythmogenesis. Prolongation of repolarization (red arrow) underlies the simultaneous
increases in temporal and SDR, the latter developing slower and/or having a higher threshold before it
becomes pathological. If both dispersions are insufficiently increased, no arrhythmic events will develop 
(reflected in ECG recording I). As, temporal, but not spatial, dispersion of repolarization (quantified by the
STV) reaches its critical threshold, triggered activity is induced (ECG recording II). Further increments in
STV are associated with the subsequent development of short runs of Torsade de Pointes arrhythmias (ECG
recording III), completely founded by focal activity. However, when in the additional presence of sufficient
SDR, longer lasting arrhythmic episodes and the degeneration to ventricular fibrillation can be established 
(depicted in ECG recording IV). All ECG recordings are traces of lead II. 
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ANTI-ARRHYTHMIC EFFICACY
In all experiments, administration of dofetilide induced TdP in all animals, which 

was accompanied by a significant increase in the AS. Upon infusion of the anti-

arrhythmic drugs, animals were no longer inducible and the AS and number of TdP 

were greatly decreased (Table 1). The anti-arrhythmic effects of verapamil and 

flunarizine were most pronounced, as they also significantly reduced the incidence of 

single and multiple ectopic beats (Fig. 5).  

Repolarization Duration 

Dofetilide prolonged QTc in all experiments, which was paralleled by significant 

increases in the LV MAPD. After the administration of the anti-arrhythmic drugs, the 

following three different responses were observed. First, LV MAPD was fully reversed 

to baseline values by flunarizine (from 355 ± 35 ms in baseline, to 492 ± 53 ms after 

dofetilide to 367 ± 42 ms following flunarizine, P < 0.05 vs. dofetilide) (Fig. 5). Second, 

in response to verapamil and GS-458967, LV MAPD, despite being shortened, 

remained prolonged in comparison to baseline values (Verapamil: 349 ± 88 ms under 

baseline to 466 ± 95 after verapamil; GS-458967: 263 ± 27 under baseline to 392 ± 65 

ms after GS-458967, both P < 0.05 vs. baseline) (Fig. 5) . Third, administration of SEA-

0400 did not shorten QTc (from 549 ± 95 ms after dofetilide to 702 ± 45 ms after SEA-

0400, P > 0.05) (Table 1 and Fig. 5). 

Short-Term Variability of Repolarization 

Corresponding to the dofetilide-induced arrhythmic activity, STV was substantially 

increased in all experiments. Infusion of the anti-arrhythmic drugs induced two different 

responses in STV: following flunarizine, verapamil, and SEA-0400, STV was 

comparable to, or even lower than, baseline values (from 1.8 ± 0.5, 1.7 ± 0.4 and 6.2 ± 

3.7 under baseline, to 1.5 ± 0.6, 1.5 ± 0.7 and 7.3 ± 3.2 ms after flunarizine, verapamil, 

and SEA-0400, respectively; all P > 0.05 vs. baseline) (Fig. 5). In contrast, the LV STV 

following GS-458967 remained more than 200% higher than under baseline conditions 

(1.1 ± 0.4 under baseline to 2.7 ± 0.9 ms following GS-458967, P < 0.05 vs. baseline) 

(Table 1 and Fig. 5). 
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Table 1. Electrophysiological Effects of Dofetilide and the Subsequent Infusion of the Different Anti-
arrhythmic Drugs.

 Flunarizine18

2 mg/kg/2’ 

n = 10

Verapamil18

0.4 mg/kg/3’ 

n = 7 

GS-45896720

0.1 mg/kg/5’ 

n = 7

SEA-040019 &

0.8 mg/kg/5’ 

n = 4

Baseline 

      RR (ms) 

      QTc (ms) 

      LV MAPD 

(ms) 

      STV (ms) 

      n Inducible 

      # TdP 

      AS 

1181 ± 87 

421 ± 49 

355 ± 35 

1.8 ± 0.5 

0 / 10 

0 ± 0 

1.2 ± 0.7 

 

1361 ± 190 

424 ± 62 

349 ± 88 

1.7 ± 0.4 

0 / 7 

0 ± 0 

1.1 ± 0.4 

 

1000 ± 0 

406 ± 25 

263 ± 27 

1.1 ± 0.4 

0 / 7 

0 ± 0 

1.3 ± 0.5 

 

1787 ± 164 

408 ± 51 

- 

6.2 ± 3.7 

0 / 4 

0 ± 0 

1.0 ± 0.0 

Dofetilide

      RR (ms) 

      QTc (ms) 

      LV MAPD 

(ms) 

      STV (ms) 

      n Inducible 

      # TdP 

      AS 

1291 ± 140 

553 ± 40 # 

492 ± 53 # 

4.5 ± 1.5 # 

10 / 10 # 

10 ± 10 # 

50.8 ± 13.9 #

 

1520 ± 210 # 

566 ± 87 # 

505± 110 # 

3.2 ± 1.1 # 

7 / 7 # 

6 ± 4 # 

71.2 ± 13.4 # 

 

1000 ± 0 

609 ± 44 # 

410 ± 70 # 

4.2 ± 2.5 # 

7 / 7 # 

7 ± 8 # 

46.7 ± 27.9 # 

 

2044 ± 106 # 

549 ± 95 

- 

12.0 ± 6.4 

4 / 4 

6 ± 2 # 

63.9 ± 6.8 # 

Drug 

      RR (ms) 

      QTc (ms) 

      LV MAPD 

(ms) 

      STV (ms) 

      n Inducible 

      # TdP 

      AS 

 

1219 ± 251 

425 ± 38 * 

367 ± 42 * 

1.5 ± 0.6 * 

0 / 10 * 

0 ± 0 * 

1.4 ± 0.8 * 

 

1476 ± 166 

516 ± 90 # 

466 ± 95 # 

1.5 ± 0.7 * 

0 / 7 * 

0 ± 0 * 

1.9 ± 0.8 * 

 

1000 ± 0 

551 ± 77 #* 

392 ± 65 # 

2.7 ± 0.9 # 

0 / 7 * 

0 ± 0 * 

2.3 ± 1.4 

 

2112 ± 297 

702 ± 45 

- 

7.3 ± 3.2 

0 / 4 

1 ± 1 

7.2 ± 10.2 

 

#p<0.05 vs Baseline 

*p<0.05 vs Dofetilide 
& STV was derived from QT  
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Spatial Dispersion of Repolarization 

In the five additional mapping experiments involving GS-458967, administration of 

dofetilide induced TdP in three of the five animals and increased repolarization 
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Figure 5. Arrhythmogenic and electrophysiological responses to dofetilide and the subsequent
infusion of the different drugs. A) The administration of dofetilide caused single ectopic beats (sEB),
multiple ectopic beats (mEB) and Torsade de Pointes arrhythmias (TdP) in all animals. Following infusion of
the anti-arrhythmic drugs, the incidence of the different arrhythmic events was decreased. B) Dofetilide 
caused prolongation of repolarization (LV MAPD; QTc for SEA-0400) and increased the associated short-
term variability (STV) in all animals. Subsequent infusion of flunarizine caused a full reversal of both LV
MAPD and LV STV. In case of verapamil and SEA-0400 repolarization duration was incompletely reversed
or even further prolonged, whereas the anti-arrhythmic efficacy of the drugs was reflected by the full reversal
of the STV. However, the efficacy of GS-458967 was not portrayed by its effects on LV MAPD, nor by its
actions on LV STV. LV = Left Ventricular; MAPD = Monophasic Action Potential Duration. # P < 0.05 versus 
baseline; * P < 0.05 versus dofetilide. 
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parameters similarly to the aforementioned experiments.20 In addition, dofetilide 

increased the SDR significantly (maximal cubic dispersion: from 68 ± 14 ms to 237 ± 

54 ms after dofetilide, P < 0.05). Subsequent infusion of GS-458967 decreased 

maximal cubic dispersion of repolarization to 123 ± 34 ms (P < 0.05 vs. dofetilide). The 

spatial dispersion was also significantly reduced in all other orientations, except for the 

vertical dispersion. 
 

TEMPORAL AND SPATIAL DISPERSION ARE SEPARATELY 
INVOLVED IN ARRHYTHMOGENESIS 
 This overview explored the adequacy of the commonly adopted 

electrophysiological parameters QTc, LV MAPD, and LV STV to give an accurate 

indication of TdP-susceptibility of the CAVB dog model. It is demonstrated that these 

three parameters, that only disclose the temporal behavior of repolarization, are not 

always sufficient in representing the (in)stability of the cardiac electrophysiology. This 

does not only indicate that an SDR parameter is of additional value in the assessment 

of cardiac electrophysiology, but also implies that spatial and temporal dispersion of 

repolarization are separately involved in arrhythmogenesis. 

 Prolongation of Repolarization 

In the CAVB dog model, several factors have been demonstrated to promote the 

inducibility for TdP, i.e., ventricular remodeling,2,22 anaesthesia,23 acute bradycardia,24 

and the administration of an IK-blocker.3 All of these factors are believed to contribute 

to the development of TdP by reducing the already weakened repolarization reserve 

below a critical threshold. The subsequent functional impediment in repolarization is 

first observed through a prolongation in repolarization, commonly displayed by an 

increase in QTc and/or LV MAPD.  

 This prolongation is believed to precipitate the increases in both temporal and 

spatial dispersion of repolarization. Accordingly, targeting the prolonged repolarization 

would not only reverse the prolongation in QTc and/or LV MAPD, but would also 

reverse the increased temporal and spatial dispersion of repolarization and thereby 

yield highly effective anti-arrhythmic results. Of the drugs incorporated in this overview, 

the data on flunarizine support this hypothesis. Flunarizine diminished most of the 

dofetilide-induced arrhythmic activity, which was accompanied by a full reversal of all 

electrophysiological parameters measured (Table 1 and Fig. 5). The ability of 
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flunarizine to reverse the LV MAPD can be attributed to the fact that it simultaneously 

impedes multiple currents involved in depolarization: LTCC, T-type calcium channel, 

and the sodium current (INa).18 Accordingly, flunarizine successfully reversed both 

temporal and spatial dispersion of repolarization (the latter was studied in one animal, 

data not published) back to baseline values. However, it is of course also probable that 

the decrease in LV STV results from a multi-targeted effect of flunarizine and was not 

merely the consequence of the complete reversal of the LV MAPD.  

Temporal Dispersion of Repolarization 

At the cellular level, prolongation of APD increases temporal dispersion of 

repolarization as the normal interplay between depolarizing and repolarizing currents 

becomes disturbed. This increases the cellular vulnerability for afterdepolarizations, 

which is reflected by a rise in beat-to-beat variability of repolarization.13 Hence, STV 

reflects the remaining capabilities of the repolarization reserve to compensate for 

electrophysiological disturbances, and therefore gives an indication of the probability

that triggered activity will occur. Drugs that would resolve this electrophysiological 

instability would thus be expected to prevent the development of the trigger, thereby 

reducing not only the incidence of single and multiple ectopic beats, but also of TdP 

(Fig. 4). This effect would be reflected in a reduction in LV STV, but to lesser or no 

extent in the QTc and/or LV MAPD (Fig. 1). 

This pattern was indeed observed in the experiments with verapamil and SEA-

0400, as both drugs demonstrated an isolated reversal of the dofetilide-induced 

increase in LV STV (Fig. 5). This decrease reflects the ability of these drugs to restore 

the repolarization reserve, in an APD-independent manner. This thus implies a different 

anti-arrhythmic mechanism in comparison to flunarizine, where STV is, at least in part, 

lowered in an APD-dependent manner. SEA-0400 and verapamil are known to be 

potent blockers of the NCX and/or LTCC, respectively.18,19 Therefore, the primary anti-

arrhythmic effect of both drugs seems to rely on their interference with the 

aforementioned remodeling-induced alterations in calcium handling. Blocking NXC 

and/or LTCC could counteract the abnormal calcium release and therefore hamper the 

development of afterdepolarization and thus result in a decrease in arrhythmic activity. 

However, as shown in Figure 5, arrhythmic activity was still observed following infusion 

of SEA-0400. Though not considered inducible (< 3 TdP), isolated TdP remained 
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present in two of four dogs. As SEA-0400 is an inhibitor of the NCX, and to lesser extent 

of the LTCC,19 it could be hypothesized that the less extensive calcium-blocking effects 

of SEA-0400 allowed for the development of some remnant early afterdepolarization 

(EADs). Such ectopic activity could, in the presence of sufficient SDR, have evoked the 

TdP in the two animals. However, no additional experiments wherein LTCC-blockers 

were combined with SEA-0400 have been conducted to test for this hypothesis. 

Nevertheless, the drugs verapamil and SEA-0400 demonstrate that reversing STV 

prevents the development of both ectopic beats and TdP and that STV represents the 

electrophysiological (in)stability more adequately than the QTc and/or LV MAPD.  
 

Spatial Dispersion of Repolarization 

Prolongation of repolarization increases SDR. This is probably the result of 

inhomogeneous electrical remodeling of the heart, which causes the extent of 

prolongation, and thus also the consequential electrophysiological instability, to be 

heterogeneously dispersed. Previous studies have established that spatial dispersion 

is involved in both the initiation and perpetuation of TdP. For example, Dunnink et al. 

(2017)5 demonstrated that TdP arise at the region with the greatest gradient in spatial 

dispersion. Other studies have shown the involvement of spatial dispersion (and re-

entry) in the perpetuation of TdP in dog models,6, 25 and in humans.26 As such, it is 

believed that local differences in repolarization prolongation allow for ectopic activity of 

competing foci to emerge, as heterogeneities in repolarization duration would facilitate 

the conduction of these ectopic stimuli through the myocardium. Also, this spatial 

heterogeneity in repolarization duration is thought to induce a functional block in 

conduction, which subsequently enhances possibilities of re-entry circuits. 

Vandersickel et al. (2017)6 demonstrated that these circuits were involved in the 

perpetuation of longer-lasting TdP episodes in the CAVB dog model.6, 27 Drugs 

hindering arrhythmogenesis by reducing the dofetilide-induced increase in spatial 

dispersion would therefore be expected to prevent the development of re-entry loops 

and thus prevent the occurrence of long-lasting TdP. Moreover, it would also be 

expected that only short bursts of arrhythmic activity should still be present, because 

this homogenization of repolarization duration would impede the establishment of 

competing foci. If such drugs would exclusively target the SDR, LV MAPD and LV STV 

would be expected to demonstrate an insignificant response to the infusion of these 
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drugs (Figs. 1 and 4). Such results were obtained in the GS-458967 experiments, as 

the marginal reductions in LV MAPD and LV STV could not explain the objectified anti-

arrhythmic effect of GS-458967. More specifically, they did not reflect the total 

abolishment of TdP, nor the decrease in single and multiple ectopic beats (Fig. 5). The 

hypothesis that GS-458967 exerts its anti-arrhythmic effects by opposing the dofetilide-

induced increase in spatial dispersion was supported in additional mapping 

experiments. Thus, it seems that after infusion of GS-458967, temporal dispersion 

remained and evoked the ectopic beats, but that the length of these arrhythmic events 

was impeded by limited spatial dispersion. This hypothesis is in accordance with the 

moderate anti-arrhythmic effects of the late sodium current blocker ranolazine. Infusion 

of this drug in our CAVB dog model led to a significant decrease of TdP, whereas single 

and multiple ectopic beats and an elevated MAPD and STV persisted.28 In addition, 

experiments in class III anti-arrhythmic drug-treated rabbits demonstrated that 

reduction of the SDR could, at least in part, explain the anti-arrhythmic effects of 

ranolazine.29 Hence, it is becoming increasingly clear that SDR plays a pivotal role of 

in the process of arrhythmogenesis.  

Regarding the partial restoration of LV MAPD and LV STV, it is suggested that 

the blocking of the late sodium current shortens MAPD, which consequently also 

reduces STV. In addition, STV could also be reduced, because blocking late INa 

decreases the influx of sodium. This would have resulted in a decreased activity of the 

NCX and consequently reduced intracellular calcium concentration. A reduction in 

intracellular calcium could have stabilized cellular APD and thereby impeded the 

development of afterdepolarizations and decreased STV. 

 Clinical Implications 

This overview demonstrated the separate involvement of temporal and SDR in TdP 

arrhythmogenesis. As such, it is necessary to include electrophysiological parameters 

that represent both processes independently in experimental studies in the field of 

arrhythmogenesis. Furthermore, these observations also offer interesting and 

innovative prospects for future anti-arrhythmic pharmaceuticals. It has been 

demonstrated that an effective anti-arrhythmic outcome can be obtained by adequate 

interference with either of the three processes involved in arrhythmogenesis (Figs. 1 

and 4). Because currently most anti-arrhythmic drugs target either the prolongation of 
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MAPD/QT or increased STV, it would be interesting to exploit SDR as a target for future 

anti-arrhythmic drugs. 
 

 Limitations 

Because the first ectopic event is commonly followed by the continuous initiation of 

more ectopic beats and TdP, it is most often impossible to measure STV at later 

timepoints. As such, it is largely unknown how STV further develops after the initiation 

of the first ectopic event and how the spatial and temporal dispersion of repolarization 

interact. Also, mapping experiments were only conducted in five GS-458967 

experiments and one flunarizine experiment. Therefore, there are insufficient data to 

substantiate the hypothesis that drugs reversing LV MAPD, such as flunarizine, cause 

a complete reduction in spatial dispersion. Moreover, no mapping experiments were 

performed with verapamil and SEA-0400. Hence, it remains hypothetical that these two 

drugs, that reversed LV STV but not QTc nor LV MAPD, do not affect SDR. Furthermore, 

SEA-0400 was only tested in four animals.19 The smaller sample size and the absence 

of a LV MAPD measurement could have resulted in an incomplete representation of 

the anti-arrhythmic effects of the drug. Finally, the choice of dosage of each drug is 

arbitrary, because it is well known that higher dosages can be more effective. However, 

dose dependency has not been tested by us and the dosages described in this 

manuscript all resulted in a 100% anti-arrhythmic effect of the drugs. 
 

CONCLUSIONS 
 The common parameters QTc, LV MAPD and LV STV, that do not disclose any 

information on SDR, only partially reflect TdP-susceptibility of the CAVB dog model. 

This implies that temporal and spatial dispersion of repolarization are separately 

involved in arrhythmogenesis. It is therefore recommended that spatial dispersion 

becomes included as an electrophysiological parameter in (experimental) studies 

concerning arrhythmogenesis. Moreover, SDR may be an effective and innovative 

target in future anti-arrhythmic therapies.  
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ABSTRACT 
Introduction: Torsade de pointes arrhythmias (TdP) in the chronic atrioventricular 

block (CAVB) dog model result from proarrhythmic factors, which trigger TdP and/or 

reinforce the arrhythmic substrate. This study investigated electrophysiological and 

arrhythmogenic consequences of severe bradycardia for TdP.  

Methods: Dofetilide (25 μg/kg per 5 min) was administered to eight anesthetized, 

idioventricular rhythm (IVR) remodeled CAVB dogs in two serial experiments: once 

under 60 beats per minute (bpm), right ventricular apex paced (RVA60) conditions, 

once under more bradycardic IVR conditions. Recordings included surface 

electrocardiogram and short-term variability (STV) of repolarization from endocardial 

unipolar electrograms. TdP-inducibility (three or more episodes within ten minutes after 

start of dofetilide) and arrhythmic activity scores (AS) were established. Mapping 

experiments in ten additional dogs determined the effect of lowering rate on STV and 

spatial dispersion of repolarization (SDR) in baseline.  

Results: IVR-tested animals had longer baseline RR-interval (1,403 ± 271 ms) and 

repolarization intervals than RVA60-animals. Dofetilide increased STV similarly under 

both rhythm strategies. Nevertheless, TdP inducibility and AS were higher under IVR-

conditions (6/8 and 37 ± 27 vs. 1/8 and 8 ± 12 in RVA60, respectively, both p < 0.05). 

Mapping: Pacing from high (128 ± 10 bpm) to middle (88 ± 10 bpm) to experimental 

rate (61 ± 3 bpm) increased all electrophysiological parameters, including 

interventricular dispersion, due to steeper left ventricular restitution curves, and 

intraventricular SDR: maximal cubic dispersion from 60 ± 14 (high) to 69 ± 17 (middle) 

to 84 ± 22ms (p < 0.05 vs. high and middle rate).  

Conclusion: In CAVB dogs, severe bradycardia increases the probability and severity 

of arrhythmic events by heterogeneously causing electrophysiological instability, which 

is mainly reflected in an increased spatial, and to a lesser extent temporal, dispersion 

of repolarization.  
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INTRODUCTION 
Ventricular arrhythmias comprise a multitude of life-threatening conditions that 

often result in sudden cardiac death (SCD).1 Much research is therefore dedicated to 

deciphering the complex processes that collectively result in the generation and 

perpetuation of ventricular arrhythmias, and the development of possible therapies to 

prevent such events. 

The employment of the chronic atrioventricular block (CAVB) dog model has 

resulted in great advances in the research field of ventricular arrhythmias. The 

reproducibility of Torsade de Pointes arrhythmias (TdP) in this model results from 

complex ventricular adaptation processes, initiated by ablation of the proximal His 

bundle. The subsequent chronic drop in heart rate and thus cardiac output, combined 

with an altered ventricular activation pattern, initiate contractile, structural, and 

electrical remodeling processes. Cumulatively, these adaptations reestablish an 

adequate cardiac output but simultaneously, and adversely, also increase susceptibility 

for TdP.2,3 

Arrhythmogenesis in the CAVB dog is stimulated by multiple factors that 

promote the development of triggered activity and/or modulate the arrhythmogenic 

substrate. Even though both mechanisms are essential for the generation of TdP, they 

serve different purposes herein. The trigger initiates ectopic activity and originates from 

early or late afterdepolarizations at the cellular level. Normally, a redundancy in the 

repolarization machinery, known as repolarization reserve, hinders the development of 

such erroneous afterdepolarizations as it allows myocytes to compensate for 

repolarization impeding or challenging circumstances.4,5 However, in the CAVB dog 

model, electrical remodeling,6,7 which includes down-regulation of repolarization 

currents IKr and IKs, causes this reserve to become chronically impaired. As such, 

electrical instability induced by additional debilitating factors, such as infusion of a pro-

arrhythmic drug, is inadequately compensated for, resulting in the appearance of 

triggered activity and TdP.2,3,8,9 Short-term variability (STV) of repolarization reflects the 

condition of the repolarization reserve; the more it is diminished, the higher the STV.10,11 

In addition, progression of these ectopic beats to more severe arrhythmic events also 

relies on the presence of sufficient spatial dispersion of repolarization (SDR).12 This 

heterogeneity in repolarization duration has been demonstrated to be involved in the 
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propagation of ectopic events and to be of increasing importance for the evolution of 

ectopic events to TdP.12  

 Identification of factors that reduce repolarization reserve is of great 

importance for the complete understanding of ventricular arrhythmias and might have 

important clinical and experimental implications. In both the clinical and experimental 

setting, bradycardia has been acknowledged to be one of such repolarization reserve 

challenging factors. In fact, when Dessertenne first described TdP in 1966,13 the 

mentioned episode also developed under bradycardic conditions. Moreover, 

tachypacing has been established to be an effective arrhythmia suppressor in both the 

clinical and experimental settings.14–16 Despite this clear evidence on the antiarrhythmic 

properties of increasing heart rate, the exact arrhythmogenic and electrophysiological 

consequences of severely decreasing heart rate have been much less explored.  

 This study therefore specifically aimed to in vivo quantify and reaffirm the 

proarrhythmic character of severe bradycardia and to establish its electrophysiological 

effects on STV and SDR in three dimensions. As such, eight CAVB dogs were serially 

subjected to a proarrhythmic challenge with the specific IK,r blocker dofetilide. One 

experiment was conducted under idioventricular rhythm (IVR) conditions, anesthesia, 

and dofetilide inducing further slowing of IVR. In the other experiment, all animals were 

continuously paced at 60 beats per minute (bpm) from the right ventricular apex 

(RVA60). Additionally, detailed in vivo mapping experiments were conducted under 

different pacing frequencies to elucidate the effect of pacing frequency on SDR.  
 

MATERIALS AND METHODS 
All experiments were approved by the Committee for Experiments on Animals 

of Utrecht University, the Netherlands. Animal handling and care were in accordance 

with the European Directive for the Protection of Vertebrate Animals Used for 

Experimental and Scientific Purposes 2010/63/EU of the European Parliament and 

Council of September 22, 2010. This study included a total of 18 adult purpose-bred 

mongrel dogs (15 females, 3 males; average weight: 24 ±3 kg; Marshall, United States).  

 Animals were housed in conventional dog kennels enriched with wooden 

bedding and playing tools. If possible, dogs were housed in pairs and let out of the 

kennel at least once a day to go outside and play. The animals had ad libitum access 
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to water and were provided with dog food pellets twice a day. Daily checks on health 

and comfort were performed; weight was measured once a week. 

Animal Preparation 
Premedication consisted of 0.5 mg/kg methadone, 0.5 mg/kg acepromazine 

and 0.02 mg/kg atropine [intramuscular (i.m.)]. In addition, prophylactic antibiotic 

ampicillin (1,000 mg) was given before and after the experiment and perioperative 

analgesics consisted of meloxicam (Metacam) (0.2 mg/kg subcutaneously 

preoperatively) and buprenorphine (0.3 mg i.m., postoperatively). General anesthesia 

was induced using pentobarbital sodium [25 mg/kg intravenously (i.v.)] 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 through the jugular vein and 

positioned in the RVA after which it was connected to an internal pacemaker (Medtronic, 

Maastricht, the Netherlands). Subsequent radiofrequency ablation of the proximal His-

bundle induced complete AV block. All animals were allowed a minimum remodeling 

period of 3 weeks. All animals remodeled under continuous IVR conditions except for 

three dogs used in the mapping experiments, which remodeled under continuously 

RVA paced conditions at the lowest captured rate. Experiments included in the serial 

study were performed 5.6 ± 1.8 weeks after creation of AV block, whereas the mapping 

experiments were performed 14.1 ± 4.6 weeks after creation of AV block.  

Electrophysiological recordings were continuously made during all 

experiments and consisted of a standard 6-leads electrocardiogram (ECG) with four 

additional precordial leads, right ventricular (RV) monophasic action potential (MAP) 

catheters (Hugo Sachs Elektronik GmbH, March, Germany; not in mapping 

experiments) and either a left ventricular (LV) MAP catheter or a duo-decapolar 

catheter (St Jude Medical, St Paul, MN, United States) recording unipolar electrograms 

(EGMs) from ten distinct endocardial regions in the LV. The measurements derived 

from a MAP or an EGM catheter are interchangeable.17,18 

Experiments
Dofetilide Experiments 

 Eight animals were subjected to a dofetilide challenge twice; in one experiment, 

animals were in IVR, anesthesia, and dofetilide slowing heart rate, whereas the other 

experiment was performed under RVA60 conditions. 
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 The dofetilide challenge was performed as previously described by Bossu et

al. (2018).19 In short, ten minutes of baseline electrophysiological recordings were 

followed by administration of dofetilide (0.025 mg/kg per 5 minutes; i.v.), a specific IKr 

blocker, to assess inducibility for TdP. Electrophysiological recordings were continued 

for a minimum of ten minutes following start of infusion. In experiments where TdP 

occurred within five minutes of dofetilide infusion, administration was immediately 

discontinued. In addition, persistent arrhythmias (> 10 s) were manually terminated by 

electrical cardioversion, applied via thoracic patches. 
 

Mapping experiments 

In vivo mapping experiments were performed in ten other animals to assess the effects 

of acute bradycardia on SDR under baseline conditions. In these experiments, 56 

needles with each four recording electrodes (interelectrode distance 0.4 mm) were 

evenly inserted into the LV and RV walls 12. All animals were continuously paced from 

the RVA, and SDR was assessed as pacing frequency was decreased from high (128 

± 10 bpm; similar to canine sinus rhythm) to middle (88 ± 10 bpm) to experimental (61 

± 3 bpm) rate.  
 

 Data analysis 
Electrophysiological data obtained from the surface ECG (RR, QRS and QT intervals) 

were analyzed using EPTracer software (Cardiotek, Maastricht, The Netherlands). All 

intervals were determined from lead II of the surface ECG and measured manually 

from five consecutive beats during baseline and either prior to the first ectopic beat or 

at 5 minutes following start of dofetilide infusion. QT interval was corrected for heart 

rate (QTc) using the Van der Water formula.20 Additionally, the interval between the 

peak of the T-wave and the end of the T-wave (Tp-e) and the interval between the J-

point and the T-peak (JTp) were measured as parameters reflective of early and global 

SDR, respectively.21,22  

 Activation time (AT) was manually determined as the time difference between 

the start of the QRS complex (IVR) or pacing spike (RVA60) and the steepest upstroke 

of the MAP or the steepest downstroke of the QRS in the EGM (Figure 1A). The MAP 

durations (MAPDs) were determined at 80% repolarization using a custom-made 

MATLAB application (MathWorks, Natick, MA, United States) (Figure 1A). 
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The same software was used to measure LV activation recovery intervals 

(ARIs), which were obtained from a unipolar EGM from the most apical located 

electrode of the duo-decapolar 

catheter (Figure 1A). A duo-

decapolar catheter was used in 

eight and six experiments of the 

serial comparison and mapping 

experiments, respectively. 

STV of repolarization 

was calculated from 30 

consecutive beats using the 

formula:   |  |30  2
with D being LV ARI or LV 

MAPD (LV ARI/MAPD) or RV 

MAPD.10 

Interventricular 

dispersion of APD ( APD) was 

calculated as LV ARI/MAPD – 

RV MAPD. Repolarization time 

(RT) was obtained by 

summation of the AT and 

A

B

Figure 1. Measurement of electrophysiological parameters and the percentage (%) increases of
electrophysiological parameters following infusion of dofetilide in the serially performed IVR and
RVA60 experiments. (A) Representative beats from lead II, a left ventricular (LV) intraventricular 
electrogram (EGM) and a right ventricular (RV) monophasic action potential (MAP) in IVR and RVA
experiments. Start of activation (black dashed line) was determined at the start of the QRS complex (IVR
experiments) or pacing spike (RVA experiments) in lead II. LV activation time (AT) was measured as the
time between start of ventricular activation and the steepest downslope of the EGM (red dashed line),
whereas LV repolarization time (RT) was measured at the steepest upslope (red dashed line). LV activation 
recovery interval (ARI) was measured as LV RT - LV AT. RV AT was measured from the start of ventricular
activation to the upstroke of the RV MAP (blue dashed line). Monophasic action potential duration (MAPD)
was determined at 80% of repolarization (blue dashed line). (B) The percentage in electrophysiological
parameters representing repolarization time and stability following infusion of dofetilide in the serially
performed IVR and RVA60 experiments. IVR: Idioventricular rhythm; LV/RV MAPD: left/right ventricular 
monophasic action potential duration; LV/RV RT: left/right ventricular repolarization time; LV/RV STV:
left/right ventricular short-term variability; RVA60: Right ventricular apex paced at 60 beats per minute. 
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MAPD, or ARI. Interventricular difference between AT ( AT) and RT ( RT) was 

calculated as LV-AT or -RT minus RV-AT or -RT, respectively. 

 The unipolar EGMs of the mapping experiments were analyzed using the 

custom-made analysis program Maplab (MATLAB R2016a, Mathworks).23 For all 

timepoints, AT and RT of all 224 electrodes were averaged from five consecutive beats. 

AT and RT were similarly determined as described for the catheter-derived EGM 

signals. SDR was calculated as the average and maximal difference in RT between 

two adjacent electrodes in the horizontal, vertical, transmural, and cubic orientation.12 

The latter was the maximal difference in RT within four squared needles.12 

Repolarization restitution curves were created using the ARI (RT-AT) of the needle 

electrodes. Averaged LV and RV recordings were used to assess global ventricular 

RTs. Diastolic interval was calculated as cycle length minus QT.  
 

  Arrhythmia Quantification 
Animals were defined to be inducible when three or more episodes of TdP occurred 

during the ten-minute period after the onset of dofetilide administration. TdP were 

defined as a polymorphic ventricular tachycardia of five beats or more, twisting around 

the isoelectric line.  

  During this ten-minute interval, an arrhythmia score (AS) was calculated to 

quantify the severity of the arrhythmic activity in the experiments. Ectopic events were 

scored according to the n + 1 rule, wherein n reflects the number of ectopic beats. 

Persistent TdP were scored according to the number of defibrillation shocks needed to 

terminate the TdP; one defibrillation was awarded 50 points, two cardioversions were 

given 75 points, and three or more shocks were given 100 points. AS was then 

calculated by averaging the scores of the three most severe arrhythmic episodes within 

the ten-minute interval.24 
 

  Statistical Analysis 
All obtained data are expressed as mean ± standard deviation (SD). Statistical 

analyses and comparison of serial electrophysiological data were performed with 

(un)paired Student t-tests. Inducibility was analyzed using the McNemar test. AS was 

analyzed with the Wilcoxon signed rank test, and the Mann-Whitney U test was used 

for the number of TdP. P < 0.05 was considered statistically significant. 
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Table 1. Serial comparison of the electrophysiological effects of IVR and acute RVA60 conditions in 
baseline and following dofetilide administration (both groups n = 8). 

IVR RVA60

  Parameters (ms) Baseline Dofetilide % Increase Baseline Dofetilide % Increase 

  PP 551 ± 75 748 ± 133** 36 573 ± 101 874 ± 187*** 53 

  RR 1403 ± 271 1569 ± 392 12 1000 ± 0+ 1000 ± 0+ 0 

  QRS 95 ± 12 97 ± 11 2 115 ± 9+ 116 ± 7+ 0

  QT 374 ± 51 549 ± 145** 47 384 ± 44 563 ± 76*** 47 

  QTc 339 ± 50 500 ± 119** 47 384 ± 44 563 ± 76*** 47 

  JT  244 ± 48 403 ± 112** 65 268 ± 44 448 ± 76*** 67 

  JTp 195 ± 26 267 ± 58* 40 159 ± 25+ 231 ± 42*** 46 

  Tp-e 84 ± 44 185 ± 90* 151 108 ± 33 215 ± 61*** 108 

LV-AT 20 ± 6 21 ± 5 53 ± 8+ 56 ± 9+ 

RV-AT 28 ± 7 29 ± 8 29 ± 7 31 ± 10 

AT -11 ± 5 -9 ± 4 23 ± 10+ 25 ± 17+ 

LVMAPD/LVARI 313 ± 45 462 ± 108* 48 254 ± 28+ 417 ± 58*** 64 

RVMAPD 251 ± 29 335 ± 78* 33 228 ± 25+ 330 ± 47*** 45 

MAPD 40 ± 33 112 ± 53* 180 27 ± 18 107 ± 48** 296 

LV-RT 332 ± 50 484 ± 107* 46 307 ± 30 473 ± 58*** 54 

RV-RT 280 ± 34 365 ± 80* 30 257 ± 27 361 ± 53** 40 

RT 30 ± 38 102 ± 55* 240 50 ± 17 131 ± 58* 162 

STV_LV 2.0 ± 1.1 4.3 ± 1.6*** 115 1.3 ± 1.4 2.8 ± 2.2* 115 

STV_RV 1.0 ± 1.1 2.0 ± 1.1* 

100 

1.3 ± 1.5 2.4 ± 2.4 

85   Inducibility, % 75 13+ 

  AS  1 ± 0 37 ± 27 1 ± 0 8 ± 12+ 

  Average n TdP  0.0 ± 0.0 9.5 ± 12.3 0.0 ± 0.0 0.8 ± 1.8+ 

Values are represented as mean ± SD. 
* p<0.05, ** p<0.01, *** p<0.001 vs. Baseline
Comparison IVR experiment – RVA60 experiment:
+ p<0.05 vs. IVR experiment
AS: arrhythmia score; AT: interventricular differences in activation time (calculated as AT = LV-AT – RV-
AT); APD: interventricular dispersion of repolarization (calculated as APD = LV MAPD/ARI – RV MAPD);

RT: Interventricular dispersion of repolarization time (calculated as RT = LV-RT – RVRT); LV-AT left
ventricular activation time; LVARI: left ventricular activation recovery interval; LVMAPD: left ventricular
monophasic action potential duration (measured at 80% repolarization); LV-RT: left ventricular repolarization
time (calculated as LV-RT = LV-AT + LVMAPD/ARI) RV-RV-AT: right ventricular activation time; RVMAPD:
right ventricular monophasic action potential duration (measured at 80% repolarization); RV-RT: right
ventricular repolarization time (calculated as RV-RT = RV-AT + RVMAPD); STV_LV: short-term variability of
repolarization (from 30 consecutive LV MAPD/ARI); STV_RV: short-term variability of repolarization (from 30
consecutive RV MAPD)
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RESULTS 
 Dofetilide Experiments 

In the IVR experiments, a trend toward further prolongation in cycle length was 

observed following administration of dofetilide (RR from 1,403 ± 271 to 1,569 ± 392 ms, 

p = 0.07), but this was not accompanied by changes in QRS-morphology. In 

comparison to the IVR experiments, pacing from the RVA (1,000 ± 0 ms) significantly 

delayed LV activation (53 ± 8 vs. 20 ± 6 ms in IVR experiments, p < 0.05) and shortened 

LV MAPD/ARI and RV MAPD from 313 ± 45 and 251 ± 29 ms to 254 ± 28 and 228 ± 

25 ms, respectively (both p < 0.05 vs. IVR experiments). The differences in pacing rate 

did not affect temporal dispersion of repolarization, as baseline LV and RV STV did not 

differ between both rhythm strategies (Table 1).  

Dofetilide administration caused a similar prolongation of the QTc from 330 ± 

50 and 384 ± 44 ms to 500 ± 119 and 563 ± 76 ms in IVR and RVA60 experiments, 

Figure 2. Dofetilide experiments performed under IVR or RVA60 conditions in chronic
atrioventricular block dogs. Representative ECG traces (lead II and AVR) associated with MAPs recorded
from the LV and RV at baseline and after dofetilide (25 μg/kg per 5 min) infusion in serial IVR (A) and RVA60 
(B) experiments. Quantification of TdP-inducible CAVB dogs, AS and average number of TdP. The circular
dots represent the different experiments (C). The incidence of sEB, mEB and TdP under IVR and RVA60
conditions (D). Values are represented as mean ± SD. AS: arrhythmia score; CAVB: chronic atrioventricular
block; ECG: electrocardiogram; IVR: Idioventricular rhythm; LV/RV MAP: left/right ventricular monophasic
action potential; mEB: multiple ectopic beat; RVA60: Right ventricular apex paced at 60 beats per minute; 
sEB: single ectopic beat; TdP: Torsade de Pointes arrhythmia. *p < 0.05 vs. IVR 
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respectively (both p < 0.05). Moreover, dofetilide caused a substantial prolongation of 

LV MAPD/ARI, RV MAPD, and MAPD under both rhythm strategies (Table 1). Even 

though no statistically significant differences herein were observed between IVR and 

RVA60 conditions, these dofetilide-induced prolongations did seem to be more 

pronounced in RVA60 experiments, as these values depicted a greater relative 

increase in duration (Figure 1B and Table 1). Nevertheless, absolute LV and RV STV 

values following dofetilide infusion, as well as their relative increases in comparison to 

baseline, did not differ between the two different experimental settings. 

Nevertheless, TdP inducibility of 75% (6/8) in IVR experiments was 

significantly higher than the 13% (1/8) observed in the RVA60 experiments (p < 0.05) 

(Table 1 and Figures 2A - C). Moreover, the IVR experiments displayed more severe 

arrhythmic events (AS: 37 ± 27 vs 8 ± 12 in RVA60 experiments, p < 0.05; Table 1 and 

Figures 2C, D). Collectively, these results demonstrated and confirmed that the slowing 

of heart rate increased the incidence and severity of arrhythmic events in the CAVB 

dog. 

 Mapping Experiments 

Detailed mapping experiments (n = 10) established the effects of stepwise lowering 

heart rate on spatial heterogeneity in repolarization. Lowering pacing rate from high to 

middle rate pacing prolonged repolarization as demonstrated by QTc and LV ARI from 

344 ± 12 and 202 ± 15 to 365 ± 15 and 229 ± 17, respectively, both p < 0.05 (Table 2). 

This effect was also reflected in the RT of the local EGMs (LV RT from 268 ± 

19 to 295 ± 19 ms; RV RT from 244 ± 19 to 257 ± 14 ms; both p < 0.05). Subsequent  

Figure 3. Action recovery interval (ARI) restitution curves. (A) Increasing cycle length, and thus diastolic
interval (DI), caused interventricular dispersion of ARI as the repolarization duration of the left ventricle
prolonged more than the right ventricle. (B) The interventricular dyssynchrony in ARI prolongation ( ARI) 
was more pronounced in animals that were to become inducible (n = 5) when challenged with dofetilide,
compared to noninducible animals (n = 5). 
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Table 2. Serial comparison of the electrophysiological effects of high, middle and experimental rate 
pacing (n = 10). 

Parameters (ms) 
High rate 

(128 ± 10 bpm) 
Middle rate 

(88 ± 10 bpm) 
Experimental rate 

(61 ± 3 bpm) 
PP 582 ± 63 565 ± 67 552 ± 65 

RR 471 ± 46 690 ± 77 * 986 ± 45 *+ 

QRS 112 ± 6 111 ± 7 109 ± 8 

QT 298 ± 12 338 ± 14 * 368 ± 28 *+ 

QTc 344 ± 12 365 ± 15 * 369 ± 27 * 

JT 186 ± 13 226 ± 17 * 259 ± 31 *+ 

JTp 128 ± 19 159 ± 23 * 184 ± 37*+ 

Tp-e 58 ± 11 68 ± 12 * 75 ± 19*+ 

LVMAPD/LVARI 202 ± 15 229 ± 17 * 260 ± 19 *+ 

STV_LV 0.9 ± 0.4 1.2 ± 0.5 1.4 ± 0.8 

RV-AT 55 ± 15 51 ± 10 49 ± 9 

LV-AT 65 ± 13 67 ± 10 66 ± 9 

RV-RT 244 ± 19 257 ± 14 * 279 ± 15 *+ 

LV-RT 268 ± 19 295 ± 19 * 325 ± 20 *+ 

Transmural dispersion 14 ± 2 15 ± 2 * 20 ± 4 *+ 

Vertical dispersion 25 ± 4 28 ± 7 33 ± 7 *+ 

Horizontal dispersion 24 ± 4 27 ± 5 * 34 ± 8 *+ 

Cubic dispersion 33 ± 5 36 ± 6 * 46 ± 11 *+ 

Maximal dispersion 

Transmural dispersion 45 ± 9 50 ± 10 62 ± 12 *+ 

Vertical dispersion 53 ± 12 57 ± 14 71 ± 15 *+ 

Horizontal dispersion 55 ± 14 60 ± 16 76 ± 24 *+ 

Cubic dispersion 60 ± 14 69 ± 17 84 ± 22 *+ 

Values are represented as mean ± SD. 

* p<0.05 vs. High Rate Pacing
+ p<0.05 vs. Middle Rate Pacing

LV-AT left ventricular activation time; LVARI: left ventricular activation recovery interval; LVMAPD: left

ventricular monophasic action potential duration (measured at 80% repolarization); LV-RT: left ventricular 

repolarization time (calculated as LV-RT = LV-AT + LVMAPD/ARI) RV-RV-AT: right ventricular activation

time; RVMAPD: right ventricular monophasic action potential duration (measured at 80% repolarization);

RV-RT: right ventricular repolarization time (calculated as RV-RT = RV-AT + RVMAPD); STV_LV: short-

term variability of repolarization (from 30 consecutive LV MAPD/ARI)
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lowering to experimental rate caused a further prolongation of repolarization; LV ARI 

to 260 ± 19 ms (p < 0.05 vs. high and middle rate) and RT to 325 ± 20 ms (LV) and 279 

± 15 ms (RV) (both p<0.05 vs high and middle rate). Moreover, although insignificant, 

a modest trend toward increasing temporal dispersion seemed to appear as rate was 

decreased from high to middle rate (from 0.9 ± 0.4 to 1.2 ± 0.5 ms, p = 0.31). 

ARI-restitution curves were dissimilar for the LV and the RV. The steeper slope 

of the LV curve reflected the greater prolongation of LV ARI in response to increasing 

cycle lengths (Figure 3A). A comparison of the animals that became inducible when 

challenged with dofetilide to the animals that were TdP resistant (non-inducible) 

showed that the interventricular difference in ARI-prolongation was greater in the 

inducible animals (Figure 3B).  

Intraventricularly, SDR in the LV increased as pacing rate was stepwise 

decreased, starting from a rate similar to canine sinus rhythm. This increase was most 

Figure 4. Bradycardia-induced increases in left ventricular intraventricular spatial dispersion of
repolarization. Local repolarization times (RT) of one animal during high (130 beats/min), middle (100
beats/min) and experimental (60 beats/min) rate in the septum and LV from base (I) to apex (VI). Traces of
two unipolar electrograms with their corresponding RT and their difference herein are depicted to illustrate
the evolution of spatial dispersion. Colors and color gradients correspond to the absolute RT and RT values, 
respectively, as depicted in the color bars below the cardiac maps.  
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prominent under the most bradycardic conditions, as average and maximal SDRs were 

significantly increased in all orientations compared to both high- and middle-rate pacing 

(Table 2 and Figure 4). This effect was most pronounced in the cubic orientation; 

decreasing pacing frequency from high to middle to experimental rate increased the 

maximal cubic dispersion from 60 ± 14 to 69 ± 17 ms to 84 ± 22 ms, respectively (p < 

0.05 vs. high and middle rate). 

DISCUSSION 
This study established the contribution of severe bradycardia in 

arrhythmogenesis and correlated its proarrhythmic effects with changes in 

electrophysiological parameters. The results have confirmed that severe bradycardia 

increases (1) the likelihood of arrhythmia development and (2) the severity of 

arrhythmic events, and show for the first time in vivo that this can be explained by (3) 

bradycardia-induced increases in SDR in three dimensions, and (4) to a much lesser 

extent temporal dispersion of repolarization.  

Bradycardia as a Modulator of Arrhythmogenesis in the CAVB Dog Model 

The two main characteristics of the CAVB dog - the compensated heart failure 

combined with its increased susceptibility for TdP - which both result from ventricular 

remodeling, make this animal model unique in the research field of ventricular 

arrhythmias. Also in humans, cardiac remodeling that results in compensated heart 

failure is associated with an increased risk of SCD as the result of ventricular 

arrhythmias.  

This disposition for ventricular arrhythmias arises from multiple electrical 

alterations that cumulatively augment the likelihood that ectopic stimuli are generated 

and enhance spatial differences that facilitate the spread and perpetuation of such 

stimuli. Hence, it creates a substrate, which facilitates the development of ectopic beats 

and TdP. However, an additional trigger is needed to provoke such events. These 

triggers initiate ectopic stimuli by destabilizing cellular electrophysiology to such extent 

that early or late after-depolarization is provoked; this increasing instability is reflected 

by the temporal dispersion of repolarization, quantified as the STV.10 In most 

experiments, a gradual progression from single to multiple ectopic beats to TdP can be 

observed in the course of the experiment. This evolution of arrhythmic events has been 
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demonstrated to mainly rely on increases in SDR.12 As such, in comparison to the first 

ectopic beat, STV is not further increased prior to the first TdP, whereas the SDR has 

become significantly higher.25,26  

In the serial comparison, dofetilide induced ectopic events in all animals, 

regardless of rhythm strategy. Nevertheless, in RVA60 paced animals, these events 

were limited to single and multiple ectopic beats, whereas TdP were abundantly 

present in the IVR tested animals (Figure 2). This difference in severity of arrhythmic 

events was also reflected in the significantly higher AS in IVR experiments (Table 1). 

However, the increased incidence and severity of arrhythmic events in IVR 

experiments were not reflected in the dofetilide-induced increases in repolarization 

duration and/or STV (Figure 1 and Table 1). This discrepancy complies with the 

aforementioned paradigm on arrhythmogenesis in the CAVB dog model, whereby 

temporal dispersion of repolarization is involved in the initiation of arrhythmic events, 

and SDR becomes of increasing importance in the perpetuation of progression of 

arrhythmic events. Hence, the results obtained in the serial comparison suggest that 

developing bradycardia encourages arrhythmogenesis through increasing SDR, which 

results in more severe TdP. Interestingly, although insignificantly different, dofetilide 

appeared to induce a greater increase in Tp-e in the IVR than in the RVA experiments. 

Correspondingly, the additional mapping experiments that studied SDR under 

baseline conditions demonstrated that heterogeneities in interventricular and 

intraventricular repolarization durations increased as pacing frequency was gradually 

lowered. Interventricular dispersion of repolarization is known to be of importance in 

TdP arrhythmogenesis and to be a bradycardia-dependent phenomenon.27,28 As APD 

reflects the dispersion of repolarization over a larger area, this parameter of 

heterogeneity might be less informative on arrhythmogenic consequences than 

intraventricular SDR, as the arrhythmogenic potential mainly relies on the steepness of 

(local) repolarization gradients. Nevertheless, as we see a clear rate dependency of 

interventricular dispersion (Figure 3), this clearly indicates that the global (in)stability of 

repolarization is profoundly affected by changes in heart rate. In addition, the 

aforementioned local repolarization gradients were assessed in the mapping 

experiments. Dunnink et al. (2017)12 have demonstrated the importance of this 

intraventricular SDR in arrhythmogenesis, as they showed that dofetilide-induced TdP 

are associated with increases in intraventricular SDR and that dispersion becomes 
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higher in inducible animals than noninducible animals.12 Furthermore, our results of the 

serial comparison show great similarities to a study by Bossu et al. (2018).19 In their 

study, infusion of the anti-arrhythmic drug GS-458967 caused a reversal of dofetilide-

induced increases in intraventricular SDR, which was associated with the complete 

abolishment of TdP, but not of single and multiple ectopic beats.19 Hence, severe 

bradycardia appears to cause heterogeneous electrical alterations that result in an 

increased incidence and severity of arrhythmic events. This effect is mainly reflected in 

an increased interventricular and intraventricular SDR, and to a lesser extent the 

temporal dispersion of repolarization.  

 These results correspond to prior studies reporting an increased SDR under 

bradycardic conditions. For example Kim et al. (2013),29 showed that bradycardia 

altered calcium handling in their Langendorff-perfused rabbit hearts, and that this 

alteration augmented SDR, thereby facilitating ventricular ectopy. Moreover, multiple 

studies have identified bradycardia as a modulator of ventricular arrhythmogenesis in 

both acquired and congenital long-QT syndromes. Shimizu and Antzelevitch (1998)30 

demonstrated how bradycardia-induced prolongation of APD increased the transmural 

dispersion of repolarization in a perfused RV-wedge model, facilitating the 

development of TdP. Similarly, Restivo et al. (2004),31 investigated the effects of 

bradycardia on SDR in vivo in a guinea pig model of long-QT syndrome three. They 

demonstrated that bradycardia augmented the baseline heterogeneities in APD, which 

promoted ventricular arrhythmogenesis. However, in contrast to the current study, 

these studies were limited in their assessment of repolarization to either a small number 

of RV sites or the epicardium, precluding the evaluation of global ventricular changes. 

Hence, while prior studies have underlined the importance of bradycardia as a 

modulator of arrhythmogenesis and demonstrated its effects on SDR, the current study 

is unique in its high-resolution, global, three-dimensional evaluation of these effects in 

an in vivo large animal model.  

Nevertheless, even though the aforementioned studies and the current study 

demonstrate a clear correlation between heart rate and changes in dispersion of 

repolarization, instability of other electrical properties, for example, myocardial 

activation, might have also played into the observed episodes of arrhythmogenesis. 

 Interestingly, dofetilide tended to prolong the PP intervals more in the RVA 

experiments than in the IVR experiments. Hence, a heightened sympathetic tone in the 
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more bradycardic IVR experiments could have promoted the more arrhythmogenic 

outcome of these experiments. 

Clinical and Experimental Implications 

For the experimental setting, these results emphasize the importance of carefully 

considering rhythm control in studies in the field of arrhythmogenesis and 

antiarrhythmic interventions. For example in studies testing drugs, it is important that 

one is able to discriminate between arrhythmogenic effects related to the drug tested 

and experimental intrinsic effects, such as the administration of anesthetics.32 The 

identification of acute bradycardia as an additional experimental design-related 

proarrhythmic factor thus encompasses multiple implications for future experiments 

one of which being that the presence of severe bradycardia might lead to an 

overestimation or underestimation of the proarrhythmic or antiarrhythmic efficacy of 

drugs and/or therapies, respectively.  

In the clinical setting, it is important to understand how heart rate directly 

affects cardiac electrophysiology and how it can both contribute to and impede 

ventricular arrhythmogenesis. Especially the latter observation is of great clinical 

interest. The observation that arrhythmogenesis can be impeded by increasing pacing 

rate highlights the potential of pacemakers to treat chronic cardiac conditions wherein 

there is an increased risk of ventricular arrhythmogenesis. 

 Limitations 

Inconsistent ventricular activation is known to cause electrophysiological instability, 

possibly evoking an electrical storm. In IVR experiments, the uncontrollability of 

ventricular activation focus might have been an additional proarrhythmic factor. 

However, no changes in QRS morphologies were observed in the serial comparisons, 

implying that instability of ventricular activation is unlikely to have caused the increased 

arrhythmic activity observed in the IVR experiments. 

In addition, as dofetilide infusion is stopped prematurely when TdP occur within 

the five-minute window of infusion, less dofetilide was administered in IVR experiments. 

Therefore, the obtained result might still be an underestimation of the proarrhythmic 

effects of severe bradycardia. 

Moreover, pacing the animals in the serial experiments could have been a 

confounding factor as eliciting an activation front may have interfered with 

65



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 66PDF page: 66PDF page: 66PDF page: 66

CHAPTER 3 

 

arrhythmogenesis. Nevertheless, as we see a similar increase in STV and observe a 

comparable initiation of ectopic events, we believe that the increased TdP incidence in 

IVR experiments is a result of the greater increase in SDR. As we show that the extent 

of SDR closely correlates to heart rate, we do not believe that cardiac pacing was 

responsible for the difference in arrhythmogenesis. 

 Lastly, the frequency-dependency of SDR was only studied under baseline 

conditions and not additionally tested following the administration of dofetilide. Hence 

these mapping experiments demonstrate that bradycardia induces proarrhythmic 

increases in SDR, but do not directly demonstrate its role in arrhythmogenesis. 
 

CONCLUSION 
Severe bradycardia in the CAVB dog increases the probability of arrhythmia 

development and the severity of arrhythmic events by heterogeneously causing cellular 

electrophysiological instability, which is mainly reflected in an increased spatial, and to 

a lesser extent temporal, dispersion of repolarization.  
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ABSTRACT 
Background: Altered ventricular activation (AVA) causes intraventricular mechanical 

dyssynchrony (MD) and impedes contraction, promoting proarrhythmic electrical 

remodeling in the chronic AV block (CAVB) dog. We aimed to study arrhythmogenic 

and electromechanical outcomes of different degrees of AVA. 

Methods: Following atrioventricular-block, AVA was established through 

idioventricular rhythm (IVR; n=29), right ventricular apex pacing (RVA; n=12) or 

biventricular pacing (CRT; n=10). After ≥3 weeks of bradycardic remodeling, Torsade 

de Pointes arrhythmia (TdP) inducibility, defined as ≥3 TdP/10 minutes, was tested with 

specific IKr-blocker dofetilide (25 g/kg/5 minutes). MD was assessed by 

echocardiography as time-to-peak (TTP) of LV free-wall minus septum (ΔTTP). 

Electrical intraventricular dyssynchrony was assessed as slope of regression line 

correlating intraventricular LV activation time (AT) and activation recovery interval 

(ARI).  

Results: Under sinus rhythm, contraction occurred synchronously (ΔTTP: -8.6±28.9 

ms), and latest activated regions seemingly had slightly longer repolarization (AT-ARI 

slope: -0.4). Acute AV-block increased MD in all groups, but following 3 weeks of 

remodeling IVR animals became significantly more TdP-inducible (19/29 IVR vs 5/12 

RVA and 2/10 CRT, both p<0.05 vs IVR). After chronic AVA, intraventricular MD was 

lowest in CRT animals (ΔTTP: -8.5±31.2 vs 55.80±20.0 and 82.7±106.2ms in CRT, IVR 

and RVA, respectively, p<0.05 RVA vs CRT). Although dofetilide steepened negative 

AT-ARI slope in all groups, this heterogeneity in dofetilide-induced ARI prolongation 

seemed least pronounced in CRT animals (slope to -0.8, -3.2 and -4.5 in CRT, IVR and 

RVA, respectively). 

Conclusion: Severity of intraventricular MD affects the extent of electrical remodeling 

and proarrhythmic outcome in the CAVB dog model. 
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NONSTANDARD ABRREVIATIONS AND ACRONYMS 
AS: Arrhythmia Score 

CAVB: Chronic AV-block dog model 

CRT: Cardiac resynchronization therapy  

ΔAT: Interventricular differences in activation time (calculated as LVAT –RVAT)

ΔMAPD: Interventricular dispersion of repolarization (calculated as LV ARI – RV MAPD) 

ΔOnset: Intraventricular difference in onset of radial contraction (Onsetfree-wall – 

Onsetseptum) 

ΔPS: Intraventricular difference in peak strain (PSfree-wall – PSseptum) 

ΔTTP: Intraventricular difference in time-to-peak (TTPfree-wall – TTPseptum) 

HF: Heart failure 

IVR: Idioventricular rhythm 

LV: Left ventricle 

LV ARI: Left ventricular activation recovery interval 

LVAT: Left ventricular activation time 

LV STV: Short-term variability of repolarization  

Onset: Onset of radial strain 

PS: Peak strain 

RV: Right ventricle 

RVA: Right ventricular apex paced 

RVAT: Right ventricular activation time 

RVMAPD: Right ventricular monophasic action potential duration  

RV STV: Short-term variability of repolarization  

SR: Sinus Rhythm 

Tp-e : Time between the peak and the end of the T-wave 

TTP: Time-to-peak 
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INTRODUCTION
 A prolonged QRS complex is associated with higher all-cause mortality and 

possibly fatal, ventricular arrhythmias in heart failure (HF) patients.1,2 Therefore, an 

increasing number of HF patients are receiving cardiac resynchronization therapy 

(CRT),3 also known as biventricular pacing. CRT aims to restore ventricular 

electromechanical synchrony and can reduce morbidity and mortality in HF patients.4,5 

Moreover, the BLOCK-HF study showed that CRT resulted in fewer deaths and less 

progression of HF than in right ventricular apex (RVA) paced patients,6 suggesting the 

superiority of CRT over more conventional chronic RVA-pacing.  

 However, although almost one-third of CRT-recipients are refractory to this 

therapy,7 the pathophysiology underlying CRT 'non-responders' and how this outcome 

can be predicted and prevented remains poorly understood. Moreover, a meta-analysis 

by Deif et al.8 reported higher incidence of ventricular arrhythmias in non-responders 

compared to responders. Furthermore, Haugaa et al.9 demonstrated significant 

correlation between incidence of ventricular arrhythmias and CRT-associated 

mechanical dyssynchrony. Collectively, these results suggest that pacing-induced 

altered ventricular activation, and consequential mechanical dyssynchrony, might 

initiate pro-arrhythmic cardiac remodeling. Simultaneously, this would also explain the 

superiority of CRT over RVA,6 as CRT should cause less dyssynchrony than RVA and 

therefore induces less pro-arrhythmic remodeling. Moreover, it is known that altered 

activation pattern can change electrical properties of the heart, which is known as 

cardiac memory.10 However, more research is needed into the electrical consequences 

of acute and chronic pacing, and the role of mechanical (dys)synchrony on promoting 

development of pro-arrhythmic conditions.

 Studies on pacing-induced electrical remodeling can be performed in the 

chronic atrioventricular block (CAVB) dog, which has proven to be an outstanding 

paradigm to study 1) etiological factors that predisposition to ventricular arrhythmias 

and sudden cardiac deaths and 2) the electromechanical consequences of different 

pacing strategies.11–13 In this model, ablation of the AV-node and subsequent drop in 

cardiac output initiate several remodeling processes that cumulatively restore cardiac 

output.14 Adversely, electrical remodeling, which includes downregulation of potassium 

channels, results in susceptibility for Torsade de Pointes arrhythmias (TdP). Especially 
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in combination with additional (acute) impediments of cardiac repolarization such as 

anaesthetics15, bradycardia16 and/or administration of specific IKr-blocker dofetilide17, 

TdP-inducibility is reached in ±75% of animals.14  

In this study, we compared the electromechanical and arrhythmogenic 

consequences of different extents of altered ventricular activation, achieved through 

chronic exposure to either idioventricular (IVR), RVA or CRT conditions, in the CAVB 

dog model.  

METHODS
All experiments were approved by ‘the Committee for Experiments on Animals’ 

of Utrecht University, the Netherlands. Animal handling and care was in accordance 

with the ‘European Directive for the Protection of Vertebrate Animals used for 

Experimental and Scientific Purpose European Community Directive 86/609/CEE’. In 

total, 51 adult purpose-bred mongrel dogs (18 males, 24±3 kg, Marshall, USA) were 

included. 

Animal preparation

Premedication was given ±30 minutes before induction of general anesthesia, and 

consisted of 0.5 mg/kg methadone (i.m.), 0.5 mg/kg acepromazine (i.m.), 0.02 mg/kg 

atropine (i.m.) and 0.1 mg/kg metacam (s.c.). Before the experiment, prophylactic 

antibiotic ampicillin (1000 mg) was injected (i.v.) and buprenorphine 0.3 mg (i.m) was 

administered after the experiments. Following the first experiment, temperature was 

monitored daily and amoxicillin-clavulanic acid (250 mg, p.o.) and metacam (0.1 mg/kg, 

p.o.) were administered for five consecutive days. General anesthesia was induced

using pentobarbital (25 mg/kg, i.v.) and maintained with mechanical ventilation of

isoflurane (1.5%) in a mixture of O2 and N2O (1:2). In CRT-paced animals (n=10), left

ventricular leads of the CRT pacemaker were implanted through a right-sided

thoracotomy (fourth intercostal space). All animals were implanted with leads and

generators from Medtronic (Maastricht, Netherlands). In CRT-paced animals, the

epicardial, left ventricular (LV) unipolar pacing lead (5071; 53 cm) was screwed on the

basal, anterolateral wall of the LV. Correct pacing and absence of adverse phrenic

nerve stimulation were confirmed.

Hereafter, the right ventricular (RV) bipolar pacing lead (5076; 85 cm) was 

introduced in CRT and RVA (n=12) paced animals via the jugular vein and, under 
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fluoroscopic guidance, screwed in the RVA. The RVA lead was tunneled to the thoracic 

device pocket and all leads were connected to the pacemaker (different models for 

RVA animals–CRT-P, Consulta, C3TR01; LV-RV delay: 0±8ms for CRT animals). 

Proper functioning was tested, impedance and pacing threshold determined, and the 

thorax closed. Next, radiofrequency ablation of the proximal His-bundle induced 

complete AV-block in all animals.  

 Following the acute experiment, rate was uncontrolled in idioventricular rhythm 

(IVR; n=29) animals, whereas RVA and CRT animals were paced at the lowest 

captured rate (55±7 beats/min for RVA animals; 54±5 beats/minute for CRT animals).  
 

Experiments 

Anaesthetized experiments including electrical and mechanical recordings were 

performed under sinus rhythm (SR), following acute IVR, RVA or CRT-pacing (aIVR, 

aRVA or aCRT, respectively) and after remodeling under IVR, RVA or CRT conditions 

had completed (cIVR, cRVA and cCRT, respectively; Figure 1A).18 Mechanical 

recordings were made in four IVR, six RVA and all CRT animals. Under experimental 

conditions, RVA and CRT animals were continuously paced at 60 beats/minute. The 

cIVR, cRVA and cCRT experiments were conducted at 3.6±1.0, 3.1±0.4 and 2.9±0.2 

weeks after creation of AV-block, and included additional assessment of TdP-

inducibility in all animals. TdP-susceptibility was determined through administration of 

specific IKr-blocker dofetilide (0.025 mg/kg/5 minutes, i.v.; Figure 1A). Dofetilide infusion 

was discontinued if TdP occurred within five minutes after start of administration and 

persistent arrhythmias (>10s) were manually terminated by electrical cardioversion. 

Electrophysiological recordings consisted of 6-leads surface ECG, an endocardial RV 

monophasic action potential (MAP) catheter (Hugo Sachs Electronik, March-

Hugstetten, Germany; not in cIVR experiments) and endocardial duo-decapolar 

catheter (St. Jude Medical, Veenendaal, the Netherlands), recording unipolar 

electrograms (EGM) from ten distinct LV regions (Figure 1B). In IVR experiments, the 

use of an LV EGM was limited to four animals. Catheters were introduced through the 

femoral artery or vein and positioned under fluoroscopic guidance. Electrophysiological  

recordings included a ten-minute baseline period, and twenty minutes following start of 

dofetilide infusion.  
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Echocardiography 

Echocardiography was performed under anesthesia using a Philips iE33 ultrasound 

machine (Philips, Best, the Netherlands). Animals (n=13 for SR, n=4 for IVR, n=6 for 

RVA and n=10 for CRT) were positioned in the right-sided supine position, except for 

aCRT conditions. LV parasternal short-axis views were made at papillary level and 

appropriate beats were selected based on PQ-interval duration. Radial myocardial 

peak strain (PS), onset of radial strain (Onset), and time-to-peak (TTP) of LV septal- 

and free-wall were analyzed with TomTec-Arena, 2D-Strain (TomTec, 

Unterschleissheim, Germany). LV septal- and free-wall regions were determined after 

division of the LV into six segments; regions were averages of the two adjoining 

segments best corresponding to the septal- and free-wall. The remaining segments, 

Figure 1. Overview of experimental methodology. A) Experimental design and setup. B) Positioning of the 
duo-decapolar catheter in the ventricle (1-10 depict the ten left ventricular (LV) electrodes measuring local
electrograms). The asterisk (*) represents the monophasic action potential catheter in the right ventricle (RV
MAP). The atrial lead (A), epicardial lead stimulating the LV (L), the right ventricular pacing lead (R) and the
pacemaker (P), are also depicted. Animal in left-supine position. C) Representative tracings under baseline 
and following dofetilide infusion. Recordings from lead II, electrode 5 (I5) and 6 (I6) from the LV duo-decapolar 
catheter and RV MAP are shown.
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located between the septal- and free-wall sections, were discarded. The ΔPS, ΔOnset 

and ΔTTP were calculated by subtracting the value of the septal-wall from the free-wall 

(free-wall – septum).  

Electrophysiology 

PP, RR, QRS, QT and T-wave peak-to-end (Tp-e) intervals were obtained from the 

surface ECG and analyzed offline using EPTracer (Cardiotek, Maastricht, the 

Netherlands). Duration of all intervals were manually measured and averaged over five 

consecutive beats. QT-interval was corrected for heart rate (QTc) using the Van der 

Water formula.19 RV MAP durations (MAPD; determined at 80% repolarization) and LV 

activation recovery intervals (ARI) were determined by a custom-made Matlab 

application (Mathworks, Naticks, USA). Signals derived from the most distal and 

proximal electrode (1 and 10, respectively) of the duo-decapolar catheter were 

excluded from analysis because of P-wave interference. Short-term variability of 

repolarization (STV) was determined from 30 consecutive beats using the formula: 

|Dn+1 – Dn|/(30 × 2); D being RV MAPD or LV ARI.20 Interventricular dispersion of 

repolarization (ΔMAPD) was calculated as LV ARI – RV MAPD; the average ARI of all 

LV electrograms was used for calculations. Activation times (AT) of the LV EGM 

electrodes were manually determined as time difference between pacing spike and 

minimum dV/dt of the EGM. LVAT was calculated as average AT of all LV electrograms. 

RVAT was measured as time difference between pacing spike and steepest upstroke of 

the MAP. Interventricular delay in activation (ΔAT) was calculated as LVAT minus RVAT. 

LV intraventricular heterogeneity in activation and repolarization were assessed by 

comparing ARI and AT of the duo-decapolar catheter. AT and ARI of EGM electrodes 

were used to establish AT-ARI slopes. All electrophysiological measurements were 

made under baseline conditions and either before the first ectopic beat or 5 minutes 

following start of dofetilide infusion.  
 

Arrhythmia quantification 

TdP were identified as polymorphic ventricular tachycardias of ≥5 beats twisting around 

the isoelectric line. TdP-inducibility was defined as 3 TdP within ten-minutes following 

start of dofetilide. Severity of arrhythmic activity was quantified as arrhythmia score 

(AS): all events were scored according to the n+1 rule (n=number of ectopic beats in 
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an arrhythmic event). Defibrillations were awarded 50, 75 or 100 points when single, 

double or ≥triple defibrillations were required, respectively. The score of the three most 

severe episodes during the ten minutes following start of dofetilide were averaged to 

obtain a final AS. 

Statistical analysis 

All results are displayed as mean ± standard deviation (SD). Repeated-measures 

ANOVA with post-hoc Bonferroni correction was used to determine the statistical 

significances of the electrophysiological and echocardiographic data. Inducibility and 

AS were analyzed by McNemar’s and Wilcoxon signed rank tests, respectively. Results 

were considered statistically significant if p<0.05. 

RESULTS 
Sinus rhythm and acute AV-block 

Average sinus rate of animals was 102±8 beats/minute and ventricular activation 

occurred rapidly (QRS interval: 66.5±5.3 ms) and synchronously (ΔAT: -1.6±2.6 ms; 

Table 1).  

Figure 2. Left ventricular (LV) endocardial duo-decapolar catheter and the dynamical relationship
between LV activation and repolarization over time. The relationship between local LV activation times
(AT) and corresponding activation recovery intervals in A) SR and following acute AV-block and B) following 
three weeks of remodeling under the respective rate strategies. Order of left ventricular activation are
represented by the letters A (Apex), F (Free-wall) and S (Septum). Baseline measurements are blue,
dofetilide measurements are red.  
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Table 1: Electrical consequences of acute AV-block with different (pacing) strategies of rate control 

 SR AAVB 

PP 589.8 ± 82.4 515.4 ± 102.0**** 

RR 587.1 ± 81.7 1084.0 ± 218.3**** 

QRS 66.5 ± 5.3 101.9 ± 13.1**** 

QT 262.3 ± 15.2 339.1 ± 38.5**** 

QTc 293.1 ± 20.5 333.2 ± 44.5**** 

JTc 232.0 ± 10.6 227.5 ± 34.3 

Tp-e 34.5 ± 8.8 52.8 ± 17.6**** 

   
RVAT 14.3 ± 2.0 36.1 ± 12.2**** 

LVAT 12.3 ± 2.0 49.6 ± 17.8**** 

AT -1.6 ± 2.6 11.9 ± 22.7* 

RV MAPD 192.8 ± 10.4 236.7 ± 27.8**** 

LV ARI 213.9 ± 14.6 278.1 ± 19.8**** 

MAPD 21.1 ± 14.1 42.6 ± 21.6** 

RV STV 0.4 ± 0.2 0.9 ± 0.6* 

LV STV 0.6 ± 0.3 1.0 ± 0.9 

Values are represented as mean ± SD. 
* p<0.05 vs. Sinus Rhythm; ** p<0.01 vs. Sinus Rhythm; **** p<0.001 vs. Sinus Rhythm 

Moreover, intraventricular repolarization duration appeared homogenous and 

showed a slightly negative AT-ARI relationship (slope: -0.4; Figure 2A), suggestive of 

slightly earlier repolarization in the latest activated regions. Correspondingly, both 

ventricles contracted simultaneously and synchronously (ΔOnset: 2.4±8.5 and ΔTTP: 

8.6±28.9 ms; Table 2).  

 Creation of AV-block acutely decreased heart rate, slowed conduction (QRS: 

101.9±13.1 ms, p<0.001 vs SR) and induced interventricular dyssynchrony in activation 

(ΔAT: 11.9±22.7 ms, p<0.05 vs SR; Table 1; Supplementary Table 1). Moreover, the 

AT-ARI slope became slightly positive, suggesting that repolarization became longest 

in the latest activated regions (Figure 2A). These electrical changes were mirrored by 

changes in timing of ventricular contraction, ΔOnset increasing from 2.4±8.5 ms in SR 

to 76.8±75.9, 32.6±61.5 and -36.3±81.1 ms in IVR, RVA and CRT animals, respectively 

(all non-significant vs SR; Supplementary Table 2). Moreover, although synchrony of 
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Table 2: Mechanical effects of chronic RVA and CRT-pacing 

SR IVR RVA CRT 
TTP (ms) Free-wall 263.4 ± 58.1 290.5 ± 13.2 380.3 ± 105.2* 307.9 ± 39.3 

Septum 272.0 ± 51.6 269.8 ± 54.5 297.6 ± 43.2 316.3 ± 39.3 

ΔTTP -8.6 ± 28.9 55.8 ± 20.0 82.7 ± 106.2* -8.5 ± 31.2†

PS (%) Free-wall 24.2 ± 7.7 47.4 ± 13.3* 22.9 ± 8.6* 34.4 ± 7.5

Septum 25.7 ± 7.2 37.4 ± 2.8 28.3 ± 8.5 36.0 ± 13.2

ΔPS -1.5 ± 7.7 10.0 ± 10.8 -5.4 ± 8.5 -1.6 ± 14.1

Onset (ms) Free-wall 10.8 ± 13.1 61.8 ± 62.1 74.2 ± 61.2 37.6 ± 60.3

Septum 8.4 ± 12.2 8.7 ± 10.2 7.3 ± 9.0 45.2 ± 52.3*

ΔOnset 2.4 ± 8.5 53.1 ± 62.9 66.8 ± 61.0* -7.6 ± 37.0†

Values are represented as mean ± SD. 
* p<0.05 vs. SR; * p<0.05 vs. IVR3; † p<0.05 vs RVA3

contraction also seemed acutely affected by AVA, this effect appeared less in CRT 

animals (ΔTTP from -8.6±28.9 ms in SR to 20.0±10.0, 51.8±43.3 and 4.2±31.9 ms in 

IVR, RVA and CRT animals, respectively, p<0.05 for RVA vs SR; Figure 3A, 

Supplementary Table 2).

Chronically altered ventricular activation 

Chronically altered ventricular activation induced different extents of pro-arrhythmic 

remodeling in the three groups. With just 20%, TdP-inducibility was lowest in the cCRT 

group (2/10 animals). In cRVA animals, inducibility was more than twice as likely as 

cCRT animals, as 42% became TdP-inducible (5/12 animals). However, cIVR caused 

most TdP-inducibility as 66% of animals were inducible for TdP (19/29 animals; p<0.05 

vs cRVA and cCRT; Figure 4; Table 3). Correspondingly, dofetilide caused less 

increase in AS in cCRT and cRVA groups (to 10.9±18.8 and 15.4±18.9, respectively) 

than in cIVR animals (to 42.8±33.0, p<0.05 vs cRVA and cCRT; Figure 4; Table 3). 

Mechanically, each group exhibited different extents of mechanical 

dyssynchrony (Table 2). Most notably, this interventricular dyssynchrony in timing and 

force of contraction was lowest in cCRT animals (ΔTTP: -8.5±31.2 ms in cCRT vs 

55.8±20.0 ms in cIVR and 82.7±106.2 ms in the cRVA animals; p<0.05 RVA vs CRT; 

Figure 3B; Table 2). Moreover, although contraction was delayed in cCRT animals, the 

synchrony and force of contraction appeared very similar to SR conditions (ΔTTP: - 

8.6±28.9 ms in SR; ΔPS: -1.5±7.7% and -1.6±14.1% in SR and cCRT animals, 

respectively, all non-significant; Table 2). 
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Electrically, ventricular activation was significantly more synchronous in cCRT 

than in cRVA animals (ΔAT: -2.4±9.6 vs 37.6±8.1 ms, respectively, p<0.05). Moreover, 

all groups showed a negative AT-RT slope (as in SR), which became increasingly 

steeper from cCRT to cRVA to cIVR animals (Figure 2). Dofetilide further unmasked 

this intraventricular heterogeneity in repolarization reserve, as regardless of rate 

strategy, repolarization prolonged most in the earliest activated regions. This 

steepening of the slope was least pronounced in the least-inducible group of cCRT 

animals (slope: -0.7) in comparison to cRVA and cIVR animals (slope: -4.5 and -3.2, 

respectively). Additionally, administration of dofetilide prolonged PP-intervals in all 

animals, but the extent of this prolongation also differed between each group; the 

prolongation becoming increasingly more pronounced going from cIVR to cRVA to 

cCRT animals (PP-interval following dofetilide to 713.8±120.3, 809.7±141.8 and 

885.9±166.6 ms in cIVR, cRVA and cCRT animals, respectively; p<0.05 for cIVR vs 

cCRT; Table 3). 

  

Figure 3. Time-to-peak (TTP) of LV radial strain under different conditions. Radial strain time-to-peak 
(TTP) of LV free-wall (FW; yellow), septal-wall (Septum; green), and the difference herein calculated as TTP
FW – TTP septum (Δ; pink) following acute AV-block (A) and after chronic exposure to bradycardic
idioventricular rhythm (cIVR), RV apex paced (cRVA) or biventricular paced (cCRT) conditions (B). 
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Table 3: Electrical consequences of chronic altered ventricular in idioventricular rhythm (IVR), right 
ventricular apex paced (RVA) or cardiac resynchronization therapy (CRT) conditions.  

Baseline IVR RVA CRT 
PP 560.3 ± 68.8 516.3 ± 77.2 533.5 ± 53.8 

RR 1338.0 ± 361.2 1000.0 ± 0.0* 1000.0 ± 0.0* 

QRS 98.8 ± 4.6 118.8 ± 10.1* 95.6 ± 5.9† 

QT 386.4 ± 67.0 379.6 ± 37.6 337.0 ± 24.6 

QTc 357.0 ± 56.5 379.6 ± 37.6 337.0 ± 24.6 

JTc 258.2 ± 56.2 260.8 ± 35.3 241.3 ± 24.6 

Tp-e 82.6 ± 35.2 67.2 ± 15.0 61.9 ± 17.5 

RVAT 26.9 ± 4.6 46.0 ± 6.1* 

LVAT 35.8 ± 12.8 64.6 ± 8.3* 43.6 ± 8.3† 

AT 37.6 ± 8.1 -2.4 ± 9.6†

RV MAPD 242.1 ± 16.0 221.6 ± 15.7† 

LV ARI 324.8 ± 51.0 271.2 ± 24.1* 266.0 ± 21.2* 

ΔMAPD 30.0 ± 12.7 44.4 ± 14.7 

RV STV 1.1 ± 0.3 1.4 ± 0.7 

LV STV 3.2 ± 1.1 1.1 ± 0.7 0.7 ± 0.2* 

Dofetilide
PP 713.8 ± 120.3‡ 809.7 ± 141.8‡ 885.9 ± 166.6*‡ 

RR 1501.0 ± 333.2‡ 1000.0 ± 0.0* 1000.0 ± 0.0* 

QRS 100.9 ± 4.6‡ 119.6 ± 9.8* 96.9 ± 6.0†‡ 

QT 579.7.3 ± 85.7‡ 612.0 ± 84.4‡ 565.6 ± 77.5‡ 

QTc 536.0 ± 81.7‡ 612.0 ± 84.4*‡ 565.6 ± 77.5‡ 

JTc 435.2 ± 81.8‡ 492.5 ± 83.3‡ 468.8 ± 76.7‡ 

Tp-e 177.2 ± 46.2‡ 174.2 ± 52.3‡ 172.8 ± 51.8‡ 

RV MAPD 359.0 ± 33.9‡ 328.2 ± 53.2‡ 

LV ARI 448.0 ± 48.5‡ 474.6 ± 59.0‡ 455.7 ± 42.7‡ 

ΔMAPD 115.5 ± 45.5‡ 127.5 ± 47.7†‡ 

RV STV 1.6 ± 0.6 1.8 ± 1.3 

LV STV 4.7 ± 0.9 3.9 ± 1.4‡ 4.2 ± 1.4‡ 

Inducibility (%) 66 (19/29) 42 (5/12)* 20 (2/10)* 

AS 42.8 ± 33.0 15.4 ± 18.9* 10.9 ± 18.8* 

Values are represented as mean ± SD. 
* p<0.05 vs. IVR; † p<0.05 vs RVA; ‡ p<0.05 vs. Baseline
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DISCUSSION  
 In this study, we demonstrate that development of TdP-susceptibility in the 

CAVB dog model is correlated with extent of electromechanical dyssynchrony, which 

is induced by altered ventricular activation. We showed that TdP-susceptibility was 

lowest in cCRT animals, which were characterized by (1) less mechanical ventricular 

dyssynchrony and (2) less LV intraventricular dispersion of repolarization.  
 

Arrhythmogenic vulnerability caused by mechanical discoordination 

Multiple studies have suggested that chronic RVA-pacing progresses LV dysfunction 

as a result of electrical, and consequentially, mechanical dyssynchrony.21,22 

Correspondingly, biventricular pacing, which enhances synchrony of ventricular 

activation, is superior to RVA-pacing in preserving LV function.7 As electrical 

remodeling is initiated to improve contractile function, the extent wherein this occurs 

seems to correlate with the severity of mechanical dyssynchrony. Electrical remodeling 

under chronic RVA-conditions is therefore more extensive than under chronic CRT-

conditions, resulting in more dispersion of repolarization and increased arrhythmic 

susceptibility.23 Also in CAVB dogs, three weeks of remodeling partially reverses RVA-

pacing induced mechanical dyssynchrony, although TdP-susceptibility increases.12 

Hence, mechanical dyssynchrony appears to induce ventricular (electrical) remodeling, 

Figure 4. TdP-inducibility and Arrhythmia Score upon dofetilide administration following three
weeks of remodeling. A) Following three weeks of remodeling, 66% of IVR animals became TdP-inducible, 
compared to 42% and 20% in the RVA and CRT-paced groups, respectively. B) In comparison to RVA and 
CRT, arrhythmic events were more severe in IVR animals. * p<0.05 
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which improves synchrony of contraction, but adversely increases TdP-susceptibility. 

Similarly, suboptimal CRT implantation could initiate mechanical dyssynchrony and 

thereby induce pro-arrhythmic remodeling in CRT non-responders.8,9  

In this study, we exposed CAVB dogs to chronically unpaced (cIVR), cRVA or 

cCRT conditions, to compare arrhythmic outcomes of remodeling under different 

conditions of altered ventricular activation and thus extents of mechanical 

dyssynchrony. Notably, in IVR animals, focus of activation is uncontrolled, unstable 

and originates from three predilected sites.24 While activation is controlled in RVA and 

CRT animals, this unnatural activation pattern naturally results in mechanical 

dyssynchrony, whilst its inconsistency is difficult to adapt to. Following chronically 

altered activation, several electrical parameters, including LV STV, were significantly 

different between the groups. However, these differences, reflective of different 

degrees of remodeling, became even clearer upon administration of dofetilide, and 

made most evident by TdP-susceptibility of each group. Whereas TdP-susceptibility 

was highest in IVR, CRT animals were significantly less vulnerable to TdP. CRT 

animals also displayed the most synchronous LV contraction on echocardiography, 

closely resembling SR conditions. Hence, although all groups were exposed to altered 

ventricular activation, the extent of continuous and chronic mechanical dyssynchrony 

that persists may determine the extent of ventricular pro-arrhythmic electromechanical 

remodeling. However, whether the electrical or mechanical changes are the primary 

drive of remodeling remains unclear. 

Ventricular electrical remodeling 

In the CAVB dog model, electrical remodeling induces changes in Ca2+-handling and 

downregulation of potassium channels.25,26 Consequently, administration of IK,r-blocker 

dofetilide further impedes cardiac electrical stability by reducing repolarization reserve, 

which is quantified by STV.14,20 This study showed that ventricular remodeling, initiated 

by chronically altered activation and bradycardia, reduces repolarization reserve and 

thereby increases TdP-susceptibility (Table 3). 

This study also assessed electrical remodeling in the spatial dimension, using 

the AT-ARI slope.12 Similar to previous studies, dofetilide steepened the negative AT-

ARI slope, suggesting that repolarization reserve reduces most in early activated 

regions as they show relatively more dofetilide-induced ARI-prolongation.12 This 
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steeper slope reflects more intraventricular dispersion of repolarization, which is also 

inverted compared to acute AV-block, and has been implicated in both the development 

and perpetuation of longer-lasting TdP.12,27,28 Additionally, this study showed that 

regardless of ventricular activation pattern, dofetilide causes the largest repolarization 

prolongation in early activated regions, indicating that electrical remodeling is driven by 

differences in AT and/or the consequential mechanical dyssynchrony.   
 

Neural remodeling 

Previous studies have demonstrated that sympathetic modulation promotes 

arrhythmogenesis in the CAVB dog model.29  In this study, dofetilide-induced increases 

in PP-interval were significantly less in IVR animals compared to RVA and CRT animals. 

This suggests that AV-block induced neural responses could be proportional to the 

degree of mechanical dyssynchrony; a stronger neural response (as possibly present 

in IVR animals), resulting in more sympathetic activation and therefore more pro-

arrhythmic conditions. However, this correlation remains hypothetical and the 

relationship between mechanical dysfunction and neural remodeling warrants further 

investigation.  
  

Clinical relevance 

This study showed that extent of electro-mechanical dyssynchrony relates to the 

development of arrhythmogenic vulnerability. It therefore highlights the importance of 

avoiding dyssynchrony in structurally remodeled hearts and potentially explains results 

of the Echocardiography Guided Cardiac Resynchronization Therapy (EchoCRT) study. 

This study, which was prematurely terminated due to futility,30 reported a tendency 

towards increased mortality in HF patients without a prolonged QRS ( 130 ms) who 

underwent CRT therapy. Potentially, CRT induced electro-mechanical dyssynchrony, 

which resulted in pro-arrhythmic cardiac remodeling.30 Hence, though CRT reduces 

morbidity and mortality in carefully selected HF patients,4,5 inappropriate CRT 

implantation can be detrimental. Importantly, these findings are also relevant in the 

setting of left bundle-branch block pacing and His-bundle pacing.  
 

Limitations

 Due to arrhythmic activity, electrophysiological data following infusion of 

dofetilide in cIVR, cRVA and cCRT experiments are taken at different timepoints. As 
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less dofetilide was administered at earlier timepoints, this could have caused 

underestimation of the changes herein. 

In IVR animals, dofetilide was administered under more bradycardic conditions. 

Bradycardia promotes arrhythmogenesis in the CAVB dog model16 and might have 

contributed to the increased TdP-susceptibility. 

Echocardiography and electrophysiological studies with an LV EGM were 

performed in only four IVR animals. Though limited, these results adequately represent 

mechanical and electrical dyssynchrony in these animals. Especially since in IVR, the 

focus is inconsistent and arising from three different predilected sites, reliable 

quantification of dyssynchrony is challenging. 

CONCLUSION 
In the CAVB dog model, altered ventricular activation contributes to pro-

arrhythmic remodeling as the degree of electromechanical dyssynchrony correlates 

with the arrhythmogenic outcome. 
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SUPPLEMENTARY TABLES 

Supplementary table 1: Electrical consequences of acute AV-block with different (pacing) strategies 
of rate control 

Baseline SR aIVR aRVA aCRT

PP 589.8 ± 82.4 514.6 ± 112.9* 509.0 ± 81.1* 525.4 ± 101.2 

RR 587.1 ± 81.7 
1149.0 ± 
276.3* 1000.0 ± 0.0* 1000.0 ± 0.0* 

QRS 66.5 ± 5.3 95.8 ± 6.9* 121.1 ± 8.1*† 95.8 ± 7.3*‡ 

QT 262.3 ± 15.2 315.3 ± 30.2* 378.3 ± 25.1*† 358.6 ± 18.1*†‡ 

QTc 293.1 ± 20.5 302.3 ± 27.5 378.3 ± 25.1* 358.6 ± 18.1* 

JTc 232.0 ± 10.6 206.5 ± 25.8* 257.2 ± 25.8*† 263.0 ± 16.0† 

Tp-e 34.5 ± 8.8 49.8 ± 21.6* 58.9 ± 10.8*† 54.2 ± 2.6* 

RV AT 14.3 ± 2.0 40.0 ± 30.7* 27.4 ± 5.3* 47.1 ± 6.5*‡ 

LV AT Mean 12.3 ± 2.0 28.9 ± 29.0 61.5 ± 9.6*† 43.6 ± 8.2*‡ 

  Apex 8.7 ± 4.3 27.2 ± 30.7* 56.4 ± 10.2*† 42.1 ± 8.8*†‡ 

  Free wall 12.3 ± 3.4 27.7 ± 29.9* 67.0 ± 13.1*† 35.4 ± 6.8*‡ 

  Septum 16.3 ± 11.1 31.3 ± 20.4 57.5 ± 12.8*† 56.5 ± 16.2*† 

ΔAT -1.6 ± 2.6 -11.1 ± 13.1 35.6 ± 8.7*† -3.2 ± 5.7‡ 

RV MAPD 192.8 ± 10.4 252.5 ± 46.2* 240.2 ± 27.8* 228.9 ± 21.7* 

LV ARI Mean 213.9 ± 14.6 296.7 ± 27.6* 276.7 ± 18.3* 272.3 ± 15.2* 

  Apex 219.5 ± 20.0 289.3 ± 17.9* 273.8 ± 22.2* 283.1 ± 16.0* 

  Free wall 210.5 ± 15.5 292.3 ± 25.4* 281.5 ± 12.5* 276.1 ± 16.1* 

  Septum 215.4 ± 16.2 299.3 ± 29.9* 285.7 ± 20.1* 268.6 ± 27.5* 

ΔMAPD 21.1 ± 14.1 44.1 ± 33.9* 36.4 ± 16.7 43.5 ± 22.1* 

RV STV 0.4 ± 0.2 0.9 ± 0.3 0.8 ± 0.4 0.8 ± 0.8 

LV STV 0.6 ± 0.3 0.8 ± 0.4 1.3 ± 1.2 0.6 ± 0.2 
Values are represented as mean ± SD. 
* p<0.05 vs. Sinus Rhythm; † p<0.05 vs. IVR; ‡ p<0.05 vs. RVA 
SR: Sinus rhythm; IVR: Idioventricular rhythm; RVA: Right ventricular apex paced; CRT: Biventricular 
paced; RV AT: Right ventricular activation time; LV AT: Left ventricular activation time; AT: 
Interventricular differences in activation time (LV AT – RV AT); LV ARI: Left ventricular activation 
recovery interval; RV MAPD: Right ventricular monophasic action potential duration; MAPD: 
Interventricular dispersion of repolarization (LV ARI – RV MAPD); RV STV: Right ventricular short-term 
variability of repolarization ; LV STV: Left ventricular short-term variability of repolarization 
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Supplementary table 2: Mechanical consequences of acute AV-block with different (pacing) 
strategies of rate control 

SR aIVR aRVA aCRT

TTP (ms) Free wall 263.4 ± 58.1 297.7 ± 37.9 339.1 ± 29.5* 314.1 ± 45.9 

Septum 272.0 ± 51.6 277.7 ± 30.6 287.3 ± 42.5 309.9 ± 39.1 

ΔTTP -8.6 ± 28.9 20.0 ± 10.0 51.8 ± 43.3* 4.2 ± 31.9‡ 

PS (%) Free wall 24.2 ± 7.7 36.9 ± 9.4 28.9 ± 5.1 24.8 ± 7.0 

Septum 25.7 ± 7.2 24.6 ± 10.9 25.9 ± 6.6 24.5 ± 7.0 

ΔPS -1.5 ± 7.7 12.3 ± 6.5 3.0 ± 9.4 0.3 ± 10.8 

Onset (ms) Free wall 10.8 ± 13.1 103.5 ± 66.8 60.8 ± 59.5* 47.4 ± 49.4 

Septum 8.4 ± 12.2 26.7 ± 15.3 28.2 ± 13.0 83.7 ± 71.2* 

ΔOnset 2.4 ± 8.5 76.8 ± 75.9 32.6 ± 61.5 -36.3 ± 81.1†
Values are represented as mean ± SD. 
* p<0.05 vs. Sinus Rhythm; † p<0.05 vs. IVR; ‡ p<0.05 vs. RVA
SR: Sinus rhythm; RVA: Right ventricular apex paced; CRT: Biventricular paced; TTP: Time to peak;
PS: Peak strain; Onset: Onset of radial strain; TTP: Intraventricular difference in time to peak (TTPfree
wall – TTPseptum); PS: Intraventricular difference in peak strain (PSfree wall – PSseptum); Onset:
Intraventricular difference in onset of radial contraction (Onsetfree wall – Onsetseptum)

95



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 96PDF page: 96PDF page: 96PDF page: 96

Valerie Y.H. van Weperen*, Alexandre Bossu*, Henriette D.M. Beekman, 
Veronique M.F. Meijborg, Ruben Coronel, Marcel A.G. van der Heyden 
& Marc A. Vos

Submitted



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 97PDF page: 97PDF page: 97PDF page: 97

Local, but not systemic, blockade of 
autonomic nervous system activity is 

antiarrhythmic against dofetilide-
induced Torsade de Pointes 

arrhythmias in the anesthetized 
chronic atrioventricular block dog

CHAPTER

5



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 98PDF page: 98PDF page: 98PDF page: 98

CHAPTER 5 

ABSTRACT 
Aims: Autonomic nervous system (ANS) activity is a potent extracardiac trigger for 

ventricular arrhythmias. This study compared the antiarrhythmic efficacy of 

pharmacological autonomic modulation to bilateral stellectomy in the chronic 

atrioventricular block (CAVB) dog model.  

Methods and Results: Twenty-six anesthetized CAVB dogs received dofetilide 

(25μg/kg/5min) to induce Torsade de Pointes arrhythmias (TdP) before (suppression) 

or after (prevention) ANS-modulation. ANS-modulations included hexamethonium 

(20mg/kg/5min, suppression and prevention), propranolol (0.3mg/kg/3min, 

suppression) and/or bilateral stellectomy (prevention). Surface electrocardiogram 

intervals and short-term variability of repolarization (STV) from endocardial unipolar 

electrogram were measured. Spatial dispersion of repolarization (SDR), through high-

resolution in-vivo mapping experiments, and left ventricular contractility (dP/dt+), from 

intraventricular pressure catheter, were assessed in stellectomy experiments. Severity 

of arrhythmias was scored (AS) and TdP-inducibility was defined as 3 episodes within 

ten-minutes following start of dofetilide. Hexamethonium and propranolol failed to 

suppress arrhythmias: 3/7 and 4/5 dogs remained TdP-inducible, respectively. 

Hexamethonium could also not prevent TdP; all previously inducible-animals remained 

inducible. Correspondingly, these drugs did not shorten repolarization and/or lower 

STV. However, bilateral stellectomy decreased TdP-inducibility (from 17/17 to 2/17 

dogs; p<0.005) and AS (from 47.3±13.3 to 10.1±18.5; p<0.05). This highly anti-

arrhythmic effect was not established through decreased repolarization 

duration/prolongation, STV or SDR, but was associated with a decreased contractility 

(dP/dt+ both at baseline from 2327±553 to 1385±518 and following dofetilide from 

2769±798 to 1993±658 mmHg/s, both p<0.05). 

Conclusion: Pharmacological ANS-modulation using hexamethonium or propranolol 

exerted no antiarrhythmic effect in CAVB dogs. In contrast, bilateral stellectomy, 

presumably through decreasing contractility, was highly antiarrhythmic. 
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ABBREVIATIONS 
ANS: autonomic nervous system 

ARI: activation recovery interval 

AS: arrhythmia score 

CAVB: chronic atrioventricular block 

ECG: electrocardiogram 

EGM: endocardial unipolar electrogram 

IVR: idioventricular rhythm 

LV: left ventricle 

MAP: monophasic action potential 

MAPD: monophasic action potential duration 

PNS: parasympathetic nervous system 

RV: right ventricle 

SNS: sympathetic nervous system 

STV: short-term variability of repolarization 

TdP: Torsade de Pointes arrhythmia 
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INTRODUCTION 
Ventricular arrhythmias result from the complex interplay between trigger, substrate 

and (extra)cardiac modulation hereof.1–5 The multi-layered complexity of the genesis, 

perpetuation and termination of life-threatening ventricular arrhythmias is incompletely 

understood.6,7 Neuromodulation has emerged as a potent anti-arrhythmic strategy in 

both clinical and experimental settings, with beta-blockers serving as one of its 

therapeutic cornerstones.8 Moreover, to date, beta-blockers are the only class of drugs 

that improve survival in primary or secondary prevention of sudden cardiac death.9 The 

efficacy of neuromodulatory therapies resides in their ability to counteract the cardiac 

disease-induced sympathetic overexcitation.10  

 Under healthy conditions, the two divisions of the autonomic nervous system - 

the sympathetic (SNS) and the parasympathetic nervous system (PNS) - finely regulate 

the excitatory and inhibitory cardiac outputs, respectively.10–12 The relative activity of 

both divisions optimizes cardiac chronotropy, inotropy, dromotropy, bathmotropy and 

lusitropy on a beat-to-beat basis.13 Anatomically, these antagonizing effects originate 

from different regions in the central nervous system. The SNS originates in the spinal 

cord, from where preganglionic fibers travel towards the para- and prevertebral ganglia, 

including the stellate ganglia. Here preganglionic nerves synapse upon postganglionic 

nerves that directly innervate the heart.14–16 The vagus nerve coming from the nucleus 

ambiguus composes the source of cardiac parasympathetic input17 and synapses upon 

postganglionic nerves on the surface of the myocardium.18,19 Of note, both divisions 

employ acetylcholine (Ach) binding on to nicotinic Ach-receptors as the primary 

neurotransmitter in the pre- to postganglionic nerve transmission. However, at the level 

of the heart, the SNS and PNS employ different neuro-transmitters and -peptides to 

achieve their antagonizing effects: the SNS primarily releases (nor)epinephrine binding 

to beta-receptors, whereas the PNS establishes its effects through Ach binding to 

muscarinic receptors.  

            Cardiac disease is often characterized by neural remodelling resulting in SNS 

overexcitation. This imbalance can initiate ventricular arrhythmias through promoting 

both arrhythmic trigger and substrate through modulation and destabilization 

of cardiomyocyte ion handling20–22 and increasing spatial differences in electrical 

properties,23–25 respectively. Although this causal relation between sympathetic activity 
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and ventricular arrhythmogenesis has been extensively demonstrated following 

myocardial infarction, characterized by well delineated scar tissue, the applicability and 

mechanism of action of neuromodulatory therapies are much less understood in the 

setting of non-ischemic cardiac injury. Moreover, multiple studies have reported more 

effective antiarrhythmic outcomes of mechanical approaches compared to 

pharmacological strategies modulating the ANS,26–28 but no adequate comparison of 

these distinct strategies has yet been carried out in the same subject. Therefore, we 

aimed to compare the antiarrhythmic properties of three conventional approaches of 

autonomic modulation against dofetilide-induced Torsade de Pointes arrhythmias 

(TdP) in chronic atrioventricular block (CAVB) dogs. In this animal model, ablation of 

the AV node and consequent ventricular bradycardia, acutely results in a drop of 

cardiac output, which elicits contractile, electrical and structural remodelling 

processes.29 Cumulatively, these cardiac adaptations restore 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.29,30  

We explored three therapeutic methods including pharmacological autonomic 

modulation using hexamethonium or propranolol and bilateral stellectomy. All ANS 

modulations 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   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, the Netherlands. All experiments described in this study were 

performed in a total of 26 adult purpose-bred mongrel dogs (14 females; 25 ± 3 kg; 

Marshall, New York, USA). 

1. Creation of chronic AV-block

All experiments were preceded by an overnight fast and premedication including 

methadone, acepromazine and atropine (0.5, 0.5 and 0.02 mg/kg i.m., respectively). 
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Perioperative care consisted of antibiotic prophylaxis using ampicillin (1000 mg, before 

(i.v.) and after (i.m.) experiment) and analgesia with metacam 0.1 mg/kg s.c. (before 

experiment) and buprenorphine (0.3 mg, i.m.; after experiment). General anaesthesia 

was then induced using pentobarbital sodium (Nembutal 25 mg/kg i.v.) 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 established by radiofrequency ablation of 

the proximal His-bundle. A remodelling period of at least 3 weeks under idioventricular 

rhythm (IVR) was allowed before conduction of the following experiments. 

2. Experiments 

All experiments included the administration of the specific IKr blocker dofetilide (25 

g/kg/5min i.v.; Procter & Gamble Pharmaceuticals, Cincinnati, Ohio, USA) 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 by a direct-

current shock applied through thoracic patches or internal paddles. 

            Electrophysiological recordings included a standard 6-leads surface 

electrocardiogram (ECG) and four precordial leads along with left ventricular (LV) 

endocardial signals derived from either 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. 
 

         2.1   Pharmacological blockade of the autonomic nervous system 

To determine the antiarrhythmic effect of complete pharmacological blockade of the 

ANS, hexamethonium (20 mg/kg/5min; Sigma Chemical Co., St. Louis, Missouri) was 

administered intravenously to CAVB dogs after (n=7) or before (n=5) a dofetilide 

challenge, in suppression and prevention experiments, respectively (Figure 1A and 

B). In all animals a LV unipolar electrogram was recorded. In the suppression 

experiment, IVR was not hemodynamically tolerated in four experiments, therefore 
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these animals were temporarily paced at 60 beats/min. In the prevention and 

inducibility experiment, one animal had to be paced at 60 beats/min. 

     2.2    Pharmacological blockade of the sympathetic nervous system 

To assess the cardiac effects of isolated sympathetic depression, propranolol (0.3 

mg/kg/3min; Sigma Chemical Co., St. Louis, Missouri), a non-specific beta-blocker, 

was administered to 5 CAVB dogs in a similar fashion as the suppression experiment 

with hexamethonium (n=1 with LV EGM, n=4 with LV MAP; Figure 1C). 

Figure 1: Overview of pharmacological approaches aimed at cardiac autonomic-nervous system 
modulation A. Hexamethonium suppression experiments (n = 7) involved the administration of Dofetilide 
(25μg/kg/5min) followed by administration of Hexamethonium (20 mg/kg/5min). B. Hexamethonium 
prevention experiments (n = 5) involved an inducibility experiment (IE) and a prevention experiment in which 
the administration of Hexamethonium (20 mg/kg/5min; follow-up for 15 minutes) was followed by 
administration of Dofetilide (25μg/kg/5min). C. Propranolol suppression experiments (n = 5) involved the 
administration of Dofetilide (25μg/kg/5min) followed by administration of Propranolol (0.3 mg/kg/3min). 
Representative traces of the surface electrogram lead II are shown next to the different stages. Inducibility 
percentages and arrhythmia score during the different experiments are also shown (statistical tests used: 
McNemar’s test and non-parametric Friedman test, respectively). 
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Figure 2: Overview of the inducibility percentage and arrhythmic outcome of bilateral stellectomy in 
CAVB dogs (n = 17) A. Schematic overview of the experimental protocol. Inducibility following stellectomy 
was compared to a prior inducibility experiment. B. Picture of a left stellate ganglion (SG, asterisk) in an 
CAVB dog prior to stellectomy. C. Inducibility percentage during the inducibility experiment (IE) and following 
bilateral stellectomy (statistical test: McNemar's test). D. Arrhythmia score during the inducibility experiment 
and following bilateral stellectomy (Statistical test: non-parametric Friedman test). *** p<0.001 vs IE; 
**** p<0.0001 vs dofetilide 1.  

2.3    Isolated mechanical sympathetic blockade 

In 17 TdP inducible CAVB dogs, bilateral stellectomy was carried out according to the 

protocol described by Wu et al.31Access to the left stellate ganglion was obtained by 

performing a thoracotomy through the third intercostal space. After correct 

identification, confirmed by the increase in arterial pressure upon stimulation, the 

ganglion was resected. Following the closure of the thorax, a right-sided thoracotomy 

was performed and the right stellate ganglion was identified. Correct identification was 

confirmed by a shortening of PP-interval upon stimulation. After resection of the right 

stellate ganglion and closure of the thorax, dofetilide was administered to determine 

TdP inducibility (Figure 2A and B; n = 14 with LV EGM). In five terminal bilateral 

stellectomy experiments, in vivo high-resolution mapping studies were performed as 

previously described by Dunnink et al (2017).32 In short, 56 needles, each carrying four 
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recording electrodes, were evenly distributed over both ventricular walls and used for 

the assessment of spatial dispersion of repolarization (SDR). In five separate animals, 

continuous left ventricular pressure recordings were made using an intraventricular 7 

Fr pig-tail catheter. In the inducibility experiments, one animal was paced at 45 

beats/min. After denervation, nine animals were paced at 48 ± 8 beats/min.  

3. 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. In inducibility prevention experiments, dofetilide 

measurements were made at the time corresponding to the first ectopic event in the 

inducibility experiment. Hexamethonium and propranolol measurements were made 5 

or 15 minutes after start of infusion, respectively. Recorded data were analysed using 

EPTracer software (Cardiotek, Maastricht, The Netherlands). QT interval was corrected 

for heart rate (QTc) using the Van der Water formula.33 LV activation recovery intervals 

(LV ARI) were derived from high quality signals of the most apical located electrode of 

a unipolar EGM and were as the difference between the repolarization and the 

activation times.34 Activation time (AT) was determined at the time of steepest negative 

slope of QRS, whereas repolarization time (RT) was measured at the point of steepest 

positive slope of the T-wave. The endocardial LV and RV MAP durations 

(MAPD) were determined as interval from steepest positive slope to at 

80% repolarization 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|/(30 × 2) with D being LV ARI/MAPD or 

RV MAPD.35 Interventricular dispersion of repolarization (  MAPD) was calculated as 

LV ARI/MAPD – RV MAPD.  

       LV pressure recordings were measured using the same custom made Matlab 

application (Mathworks, Naticks, USA).36 Hemodynamic parameters included left 

ventricular end-systolic and end-diastolic pressures (ESP and EDP, respectively), as 

well as the maximal rise and decay in left ventricular pressure (dP/dt+ and dP/dt–, 

respectively). All measurements were averaged over five consecutive beats.  
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            Mapping data was analysed offline using the custom-made analysis program 

Maplab (MATLAB R2016a; Mathworks). AT and RT (determined as previously 

described for the catheter-derived EGM signals) of the 224 needle electrodes were 

measured for all timepoints and averaged over five consecutive beats. SDR was 

quantified as the average and maximal difference in RT between two adjacent 

electrodes in the horizontal, vertical, transmural and cubic orientation.  

 

4. Arrhythmia incidence 

Ectopic activity over the course of an experiment was quantified within a 10-minute 

period during the different stages of the experiment. Early 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-minute interval following the onset of dofetilide 

administration. 

The ectopic activity was expressed as an arrhythmia score (AS), calculated 

conform to the n+1 formula, n being the number of ectopic beats. Cardioversions were 

scored according to the number of interventions needed; 50, 75 or 100 points for 1, 2 

or 3 cardioversions, respectively. For each period of the experiment, AS was 

calculated as the average of the three most severe arrhythmic events within the 

respective 10-minute intervals.37,38 

 

5. 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.  
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Table 1. Electrophysiological effects of dofetilide and subsequent administration of hexamethonium 
in chronic atrioventricular block dogs (n=7). 

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 276 ± 47 491 ± 76 * 500 ± 102 * 

RV MAPD 222 ± 17 383 ± 53 *** 395 ± 65 *** 

 MAPD 41 ± 11 81 ± 54 84 ± 74 

LV STV  2.0 ± 1.4 3.6 ± 1.6 3.3 ± 0.1 

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; Parametric (electrophysiology) and non-parametric (AS) repeated 
measurement ANOVA, post hoc Bonferroni comparison: * p<0.05, ** 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);  MAPD: interventricular dispersion of repolarization 
(calculated as  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 

RESULTS 
1. Pharmacological autonomic modulation

1.1 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 (Table 1). The reduction 

in repolarization reserve caused an increase in LV and RV STV (from 2.0 ± 1.4 and 1.6 

± 1.4 to 3.6 ± 1.6 (non-significant) and 4.9 ± 1.2 ms respectively, after vs 

before dofetilide; (p<0.05); Table 1). Dofetilide also induced TdP in 3/7 dogs (Figure 

1A) and increased, although not statistically significant, AS (from 1.3 ± 0.5 to 22.6 ± 

24.5; Figure 1A). Despite the subsequent administration of hexamethonium (20 

mg/kg/5min), TdP remained present in inducible animals (Figure 1A), and AS remained 

unchanged (22.3 ± 24.3 after hexamethonium; Figure 1A). In addition, QTc, LV ARI, 

RV MAPD and RV STV were unaffected by hexamethonium administration (Table 1). 
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Table 2. Electrophysiological effects of dofetilide without (inducibility experiment) and with 
hexamethonium pre-treatment (prevention experiment) in chronic atrioventricular block dogs (n=5). 

 Inducibility experiment Prevention experiment 
Parameters 
(ms) Baseline 1 Dofetilide 1 

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

Dofetilide 2 
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 306 ± 102 460 ± 55 301 ± 96 296 ± 94 483 ± 130 

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 2.1 ± 1.8 3.3 ± 1.3 2.2 ± 1.4 1.9 ± 1.3 3.5 ± 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   
Inducibility experiment: Parametric (electrophysiology) or non-parametric (AS) paired t-test;  
† p<0.05, †† p<0.01 vs. Baseline 1 
Prevention experiment: Parametric (electrophysiology) or non-parametric (AS) repeated measurement 
ANOVA, post hoc Bonferroni comparison 
* p<0.05, ** p<0.01 vs. Baseline 2; ‡ p<0.05 vs. Hexamethonium 
Comparison inducibility experiment – prevention experiment: 
Parametric (electrophysiology) or non-parametric (AS) repeated measurement ANOVA, post hoc 
Bonferroni comparison 
§ 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);  MAPD: interventricular dispersion of 
repolarization (calculated as  MAPD = LV MAPD/ARI – RV MAPD); LV STV: short-term variability of 
repolarization (from 30 consecutive LV ARI); AS: arrhythmia score 

 1.2 Hexamethonium: prevention experiment 

In 5 CAVB dogs, hexamethonium administration (20 mg/kg/5min) prolonged PP and 

RR intervals (although not significantly) as well as repolarization without affecting LV 

and RV STV or QRS duration (Table 2). Hexamethonium provoked no arrhythmias, but 

could also not prevent the incidence of dofetilide-induced arrhythmias (Figure 1B); 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 (non-significant, Figure 1B). 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 increased similarly upon dofetilide administration  
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Table 3. Electrophysiological effects of dofetilide and subsequent administration of propranolol in 
chronic atrioventricular block dogs (n=5). 

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  1.0 ± 1.3 2.8 ± 1.3 1.7 ± 0.9 

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 
Parametric (electrophysiology) or non-parametric (AS) repeated measurement ANOVA, post hoc 
Bonferroni comparison: * p<0.05 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);  MAPD: interventricular dispersion of repolarization 
(calculated as  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 2). Thus, pre-treatment with hexamethonium did not prevent TdP, nor did it 

impede dofetilide-induced prolongation of repolarization. 

1.3 Propranolol: suppression experiment 

Administration of dofetilide (25 μg/kg/5min) resulted in a comparable increase of 

repolarization parameters (Table 3) as observed in the hexamethonium-experiments 

and induced TdP in 3/5 dogs (Figure 1C). After the subsequent infusion of propranolol 

0.3 mg/kg/3min, TdP remained present in the 3 initially dofetilide-inducible dogs, and 

AS remained high (from 40.6 ± 21.6 after dofetilide to 38.8 ± 29.3 after propranolol; 

Figure 1C). Nevertheless, propranolol further prolonged PP-interval and repolarization 

parameters (although not significantly; Table 3), suggestive of sympathetic blockade. 
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Figure 3: Overview of electrical and hemodynamic effects of bilateral stellectomy in CAVB 
dogs A. Left ventricular short-term variability similarly increases upon administration of dofetilide in the 
inducibility experiment and following bilateral stellectomy (n = 17; paired t-test). B. Following bilateral 
stellectomy, dofetilide still increases spatial dispersion of repolarization (n = 5). Local repolarization times 
(RT) of one animal during baseline and following dofetilide-infusion in the stellectomy experiment from base 
(I) to apex (VI). Traces of representative unipolar electrograms depicted by the asterisks show the increase 
in spatial dispersion of repolarization. Colours correspond to absolute RT values as depicted in the colour 
scale. C. Maximal rise in left ventricular pressure in the inducibility experiment (baseline 1 and dofetilide 1) 
and following bilateral stellectomy (baseline 2 and dofetilide 2) (n = 5; parametric two-way ANOVA). The 
animal that remained inducible after bilateral stellectomy is represented by the red dot. * p<0.05 ; ** p<0.01  
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Table 4. Electrophysiological effects of dofetilide before (Inducibility experiment) and following 
bilateral stellectomy (Sympathetic decentralization experiment) in chronic atrioventricular block 
dogs (n=17). 

Inducibility experiment Decentralization experiment 
Parameters 
(ms) Baseline 1 Dofetilide 1 

25 μg/kg/5min Baseline 2 Dofetilide 2 
25 μg/kg/5min 

RR 1300 ± 215 1444 ± 240 ††† 1421 ± 231 1579 ± 395* 

PP 517 ± 45 643 ± 121 ††† 732 ± 77  1000 ± 260 ** §§

QRS 98 ± 13 97 ± 13 108 ± 16  111 ± 17 §§

QTc 399 ± 61 560 ± 45 ††† 405 ± 81 630 ± 115 ***

LV MAPD/ARI 323 ± 53 493 ± 96 ††† 313 ± 67 491 ± 146 *** 

RV MAPD 253 ± 29 356 ± 89 †† 279 ± 38 490 ± 142 

 MAPD 46 ± 27 132 ± 64 †† 16 ± 9 55 ± 41 

LV STV 1.8 ± 1.2 3.8 ± 2.0 †† 1.8 ± 1.4 3.6 ± 1.7 * 

RV STV 0.9 ± 0.5 1.8 ± 0.9 † 0.8 ± 0.7 1.5 ± 1.2 

AS 1.0 ± 0.0 47.3 ± 13.3 † 1.0 ± 0.0 10.1 ± 18.5 § 

Values are represented as mean ± SD   
Inducibility experiment: paired t-test;  
† p<0.05, †† p<0.01, ††† p<0.001  vs. Baseline 1 
Decentralization experiment: paired t-test; 
* p<0.05, *** p<0.001 vs. Baseline 2
Comparison inducibility experiment – Decentralization experiment:
Parametric (electrophysiology) or non-parametric (AS) repeated measurement ANOVA, post hoc
Bonferroni comparison
§ p<0.05, §§ p<0.01 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);  MAPD: interventricular dispersion of repolarization 
(calculated as  MAPD = LV MAPD/ARI – RV MAPD); LV STV: short-term variability of repolarization 
(from 30 consecutive LV ARI); AS: arrhythmia score 

2. Sympathetic decentralization through bilateral stellectomy

Acute bilateral stellectomy prolonged baseline PP interval (from 517 ± 45 to 732 ± 77 

ms, before and after stellectomy, respectively, p<0.05; Table 4) and QRS duration, but 

had no effect on ventricular repolarization (Table 4). In the inducibility experiment, all 

17 animals were TdP-inducible upon administration of dofetilide administration, which 

was associated with a significant increase of AS to 47.3 ± 13.3 (p<0.05 vs baseline). In 

the same animals, dofetilide administration after bilateral stellectomy only resulted in 

TdP-inducibility in 2/17 animals (Figure 2C), and AS was merely increased to 10.1 ±  
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18.5 (both p<0.05 vs. dofetilide in inducibility experiment; Figure 2D). However, 

ventricular repolarization parameters (QTc, LV MAPD/ARI, RV MAPD) were similarly 

increased as in the inducibility experiments, and dofetilide-induced increases in LV and 

RV STV were not significantly different between both experiments (Figure 3A; Table 

4). High-resolution mapping experiments further demonstrated that upon 

administration of dofetilide, spatial dispersion of repolarization remained high in all 

orientations (Cubic from 118 ± 50 to 255 ± 50 ms; Figure 3B; Table 5).  

Hemodynamically, bilateral stellectomy significantly decreased baseline dPdt+ from 

2327 ± 553 to 1385 ± 518 mmHg/s. Upon administration of dofetilide, contractility 

parameters increased in both experiments, but absolute values remained significantly 

different (to 2769 ± 798 and 1993 ± 658, without and with stellectomy, 

respectively, p<0.05; Table 6; Figure 3C).

Table 5. Effects of dofetilide on spatial dispersion of repolarization following bilateral stellectomy in 
chronic atrioventricular block dogs (n=5). 

        Baseline 2       Dofetilide 2 
LV-AT  73.7 ± 7.4 74.1 ± 7.4 

RV-AT  36.9 ± 4.8 37.1 ± 3.9 

LV- ARI  288.4 ± 27.0 405.2 ± 100.2 

RV- ARI  265.5 ± 19.8 352.4 ± 56.9 * 

LV-RT  362.1 ± 28.7 479.3 ± 98.7 

RV-RT  302.4 ± 15.8 389.5 ± 58.9 * 

Transmural dispersion 28.1 ± 6.0 68.5 ± 28.5 * 

Vertical dispersion 53.2 ± 25.8 102.8 ± 28.7 * 

Horizontal dispersion 44.8 ± 14.9 107.1 ± 39.9 * 

Cubic dispersion 59.8 ± 19.0 138.4 ± 47.2 * 

Maximal dispersion 

Transmural dispersion 86.1 ± 36.0 211.2 ± 66.4 * 

Max Vertical dispersion 110.5 ± 53.3 233.1 ± 70.6 * 

Max Horizontal dispersion 97.6 ± 36.5 225.8 ± 73.0 * 

Max Cubic dispersion 117.9 ± 50.2 254.5 ± 50.0 * 

Values are represented as mean ± SD   
paired t-test: * p<0.05 vs. Baseline 2 
 

LV-AT: left ventricular activation time; RV-AT: right ventricular activation time; LV ARI: left 
ventricular activation recovery interval; RV ARI: right ventricular activation recovery interval; LV-
RT: left ventricular repolarization time; RV-RT: right ventricular repolarization time.  
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Table 6. Effects of dofetilide on left ventricular pressure and contractility before (Inducibility 
experiment) and following bilateral stellectomy (Sympathetic decentralization experiment) in chronic 
atrioventricular block dogs (n=5). 

Inducibility experiment Decentralization experiment 

Parameters Baseline 1 Dofetilide 1 
25 μg/kg/5min Baseline 2 Dofetilide 2 

25 μg/kg/5min 

ESP 104 ± 9 108 ± 15 91 ± 13  § 102 ± 16* 

EDP 6 ± 1 7 ± 3 6 ± 3 6 ± 3 

dPdt+ 2327 ± 553 2769 ± 798 1385 ± 518  §§ 1993 ± 658 § 

dPdt- -2365 ± 305 -2175 ± 562 -1260 ± 526  §§ -1253 ± 382  §§

Values are represented as mean ± SD   
Inducibility experiment: paired t-test; † p<0.05  vs. Baseline 1 
Decentralization experiment: paired t-test; 
* p<0.05 vs. Baseline 2
Comparison inducibility experiment – Decentralization experiment:
Parametric (electrophysiology) or non-parametric (AS) repeated measurement ANOVA, post hoc
Bonferroni comparison
II p<0.05 vs. Baseline 1; § p<0.05, §§ p<0.01  vs. Dofetilide 1

ESP: end systolic pressure (mmHg); EDP: end diastolic pressure (mmHg); dPdt+: maximal rise in left 
ventricular pressure (mmHg/ms). dPdt-: minimal decay in left ventricular pressure (mmHg/ms). 

DISCUSSION
       This study explored the efficacy of various cardiac autonomic modulatory 

methods as antiarrhythmic strategies in the CAVB dog model. While pharmacological 

blockade of parasympathetic and/or sympathetic cardiac innervation did not show 

antiarrhythmic properties, bilateral stellectomy efficiently prevented the development of 

TdP in CAVB dogs. This anti-arrhythmic effect was not reflected in electrophysiological 

parameters, but was associated with decreased cardiac contractility and left ventricular 

pressure. 

1. Hexamethonium

Blocking the pre- to postganglionic nerve transmission of both autonomic divisions 

reduced sinus and ventricular rates in prevention experiments (although non-

significant). However, it did not reverse or prevent (1) dofetilide-induced prolongation 

of repolarization, (2) increase in beat-to-beat variability in repolarization and importantly 

(3) incidence of TdP. Nevertheless, the changes in rate indicate that administration of

hexamethonium interfered with the autonomic input to the heart. However, this effect
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appeared insufficient to reverse / prevent pro-arrhythmic conditions. Interestingly, the 

lack of anti-arrhythmic efficacy of hexamethonium contradicts various earlier studies. 

For example, De La Coussaye et al. (1994)39 reported that in their study pre-treatment 

with hexamethonium could reduce bupivacaine-induced QTc in anesthetized dogs, and 

Champeroux et al. (2015)40 reported that hexamethonium could alleviate dofetilide-

induced increase in STVQTc, and thereby limited premature ectopic beats and 

completely prevented incidence of TdP in 6 cynomolgous monkeys. Our study on the 

other hand, did not observe an anti-arrhythmic effect of hexamethonium, nor a 

tendency towards less pro-arrhythmic electrophysiological parameters. Possibly, these 

differences can be explained by methodological differences, including the awake 

experiments of Champeroux et al. (2015)40 in contrast to the anaesthetized 

experiments in this study, or the use of bupivacaine (a sodium channel that also blocks 

neuronal activity) by De La Coussaye et al. (1994)39 in contrast to dofetilide in our 

study. Most importantly, both abovementioned studies were performed in healthy 

animals. CAVB dogs on the other hand, have undergone extensive mechanical, 

structural and electrical adaptations that contribute to the proarrhythmic vulnerability of 

this model.41 In addition, although unexplored, neural remodelling is most likely to also 

occur during this remodelling period. Hence, remodelling-induced autonomic 

imbalance in the CAVB dog, could explain the inefficacy of hexamethonium as this drug 

blocks the entire cardiac autonomic input and will thus not alter autonomic balance. 

Hence, whilst a steady, balanced, autonomic state was present in the previously 

mentioned studies, our model possibly suffered from autonomic imbalance due to 

cardiac remodelling, which could not be restored by hexamethonium. 

2. Propranolol 

Pharmacological sympathetic blockade by propranolol reduced sinus rates, but did not 

reverse dofetilide-induced increases in STV. 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 

could not sufficiently antagonize the pro-arrhythmic effects of dofetilide sufficiently to 

stabilize cardiac electrophysiology to such extents that arrhythmogenesis was 

impeded; repolarization and STV even increased further upon administration of 
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propranolol, although not significantly. This lack of anti-arrhythmic effect of propranolol 

is in line with many human studies, which report inadequate cardioprotective effects of 

propranolol42,43 and other beta-blockers.44 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. Moreover, beta-blockers do not affect additional co-

transmitters that are released at the level of the myocyte. For example, Neuropeptide 

Y (NPY) has been demonstrated to be released upon stimulation of sympathetic 

postganglionic nerves and to be able to modulate myocardial electrophysiology on its 

own.45,46 As such, Kalla et al. (2020)47 showed that in isolated Langendorff perfused rat 

hearts, NPY is being released upon high-level stellate stimulation. The consequential 

calcium mishandling could not be reverted by the 1-blocker metoprolol alone, but was 

nullified by adjuvant therapy with BIBO 3304, a NPY Y1-receptor antagonist. Moreover, 

Hoang et al. (2020)46 showed that in their in vivo porcine model, propranolol could not 

abolish sympathetic stimulation-induced changes in electrophysiology. However, 

adjuvant therapy with BIBO 3304 fully stabilized cardiac electrophysiology. 

        Hence, both pharmacological ANS-modulating approaches failed to prevent 

and/or suppress dofetilide-induced ventricular arrhythmias in the CAVB dog model. 

3. Mechanical sympathetic decentralization of the heart

Bilateral stellectomy effectively and significantly lowered TdP-inducibility in CAVB 

dogs. Surprisingly, this effect was associated with 1) a similar dofetilide-induced 

prolongation of repolarization in stellectomized and control 

animals 2) similar increases in LV and RV STV as in non-stellectomized animals 

(Figure 3A). Moreover, the additional high-resolution in vivo mapping studies also 

demonstrated that the reduction in arrhythmogenesis was not due to an abolishment 

of spatial dispersion of repolarization (Figure 3B). This was surprising as stellate 

ganglia stimulation has repeatedly been demonstrated to increase spatial dispersion of 

repolarization in other animal models.24,48–50 However, upon dofetilide infusion, spatial 

dispersion of repolarization increased to similar values as in CAVB dogs that had not 

undergone this intervention (historical data).32 Therefore, in our study, the dofetilide-

induced increase in spatial dispersion of repolarization appears to mainly result from 
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(ventricular remodelling-induced) intrinsic heterogeneity in electrical properties, rather 

than from ANS modulation. 

            Hemodynamically, stellectomy did cause significant changes in contractile 

parameters. Comparing both baseline and dofetilide conditions, dPdt+ was significantly 

decreased in comparison to the inducibility experiment. Hence, sympathetic 

decentralization depressed the inotropic capacity of the heart, causing the pressure to 

never exceed the levels that it was in the inducibility experiment. 

As altered calcium handling underlies arrhythmogenesis in the CAVB dog model and 

higher contractile force has been associated with a more pro-arrhythmic phenotype, it 

seems reasonable that the depressed effects on inotropy might reflect a stabilization 

of calcium handling which translated in non-inducibility of the affected animals. This 

corresponds to the observation that one of the animals that remained inducible after 

stellectomy did not show this reduction in inotropy after stellectomy (Figure 3C, lower 

panel; Inducible animal in red). Our observations are consistent with the role of 

increased left ventricular pressure on arrhythmogenesis in isolated pig hearts.51 

 

4. Mechanical vs pharmacological autonomic modulation 

The conflicting antiarrhythmic efficacy of pharmacological and mechanical approaches 

could be explained by the extent to which the interventions modulate and impede 

autonomic activity. Whereas pharmacological blockade by hexamethonium and 

propranolol both target efferent signalling, bilateral stellectomy interferes with 

both efferent and afferent neurons traversing the stellate ganglia.14 Consequently, the 

cardiac - stellate ganglia - cardiac reflex loop is also completely severed. Moreover, as 

previously mentioned, propranolol does not block all sympathetic co-transmitters. 

These additional effects are hindered with the more proximal sympathetic interference, 

including hexamethonium and bilateral stellectomy. However, as hexamethonium is 

also a pharmacological approach, it equally has the drawback that it depends on drug-

receptor interactions and is thus less likely to establish a complete blockade of nerve 

transmission, whilst also, as previously mentioned, potentially not affecting the relative 

activity of both divisions. Hence, the more complete decentralization through bilateral 

sympathectomy appears to result in an additional anti-arrhythmic effect that cannot be 

replicated through (systemic) pharmacological approaches. 
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5. Contribution of autonomic nervous system in arrhythmogenesis

A number of studies have demonstrated the contribution of ANS in the process of 

arrhythmogenesis.13,52–58 In addition, our own prior observations in the CAVB dog 

model, though unpublished, also suggest the involvement of ANS in the development 

of TdP. Examples hereof include the lack of dofetilide-induced TdP in Langendorff 

blood perfused hearts 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. As autonomic 

modulation is clearly involved in arrhythmogenesis in the CAVB dog model, the lack of 

antiarrhythmic effects following the aforementioned pharmacological 

neuromodulations could not be explained by an absence of autonomic influence on 

cardiac electrophysiology in the CAVB dog. Moreover, bilateral stellectomy was highly 

anti-arrhythmic. Interestingly, this efficacy of bilateral stellectomy also indicates that the 

pro-arrhythmic effects of sympathetic stimulation remain present under anesthetized 

conditions. The anaesthetics used (pentobarbital and isoflurane) facilitate 

arrhythmogenesis in our model59 by inhibiting outward potassium currents (IKr and IKs). 

However, they simultaneously depress autonomic activity.60 As bilateral stellectomy 

could impede arrhythmogenesis under conditions wherein autonomic activity was 

depressed, this only further highlights the powerful pro-arrhythmic effects of cardiac 

autonomic imbalance. Surprisingly, we observed that the detrimental effects of SNS 

stimulation are also present in unremodelled conditions (data not shown): in two 

unremodelled, acute AV-block animals, stimulation of the stellate ganglion and 

subsequent administration of dofetilide (with a recovery period of >1 hour in between) 

triggered the development of ventricular arrhythmias that could not be terminated by 

electrical defibrillation. However, a similar protocol does not cause TdP 

in remodelled animals wherein a bilateral stellectomy is performed following stellate 

stimulation and before dofetilide-challenge. Hence, persistent SNS activity in the 

stellate ganglia appears to be able to induce ventricular arrhythmias in unremodelled 

animals when additional pro-arrhythmic conditions are present.  

       Thus, our study provides evidence for a differential effect of ANS-modulation in 

remodelled and not remodelled heart, and points to an important anti-arrhythmic effect 

of pressure reduction. The latter has been observed clinically.61 Thus our observations 
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can have farfetched effects on the development of novel neuromodulatory therapies 

and clinical implementation. 

STUDY LIMITATIONS 
            Pacing conditions differed between various experiments. Eighteen experiments 

were necessarily conducted under pacing conditions, whereas the dogs of 38 

experiments were studied in IVR. In general, an arrhythmic study is best conducted 

under IVR conditions, as bradycardia and the unstable origin of activity pose an 

additional proarrhythmic threat to the heart. Not all IVR rhythms can however be safely 

sustained when the dogs are anaesthetized. 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. 

            Lastly, no direct measurements of the activity of the ANS were made. 

Therefore, the extent to which autonomic stimuli were suppressed was not 

addressed. The doses administered were  however based on prior experiments of 

Champeroux and colleagues40 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.  

CONCLUSION 
            Bilateral stellectomy, but not pharmacological ANS-modulation, was highly 

antiarrhythmic in CAVB dogs. This anti-arrhythmic effect was associated with 

decreased cardiac contractility and left ventricular pressure. 
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CHAPTER 6 

ABSTRACT 
Background: Neural remodelling following non-ischemic cardiac injury is poorly 

understood. This study explored functional and cellular consequences of neural 

remodelling in the chronic atrioventricular-block (CAVB) dog model over time.

Methods: Awake surface electrogram recordings were made under sinus rhythm (SR; 

n=13), three (CAVB3; n=9) five (CAVB5; n=8) and eleven (CAVB11; n=3) weeks after 

atrioventricular-block for heart rate variability analyses, including low-to-high frequency 

power (LF/HF). Anaesthetized experiments were performed at SR (n=5), CAVB5 (n=8) 

and CAVB11 (n=4) and continuously recorded surface electrograms, left ventricular (LV) 

pressure and intraventricular electrograms from a LV multipolar catheter. Baroreflex 

sensitivity (BRS), after injection of 1.5 μg/kg nitroprusside, was quantified as the 

relationship between beat-to-beat changes in PP-interval and LV pressure. Changes 

in dispersion of repolarization ( DoR; quantified as repolarization time variance) upon 

left stellate ganglion (LSG) stimulation were compared over time. DoR was also 

measured upon vagal nerve stimulation (VNS; n=4). LSG from CAVB and SR dogs 

(n=4 each, age-matched) were histologically examined.

Results: Following AV-block LF/HF seemed to increase progressively, whilst BRS 

decreased from 2.6±2.0 (SR) to 0.3±0.15 ms/mmHg (CAVB11; p<0.05 vs SR). Over 

time, effects of LSG on DoR were augmented (from +1.0±0.1% (SR) to +3.0±1.0% 

(CAVB11; p<0.05 vs SR)). In contrast, VNS tended to decrease DoR ( DoR: 

0.75±0.40%, non-significant). LSG neuronal size was significantly increased in CAVB 

animals (1055±313 vs 789±235μm2 in SR; p<0.05). 

Conclusion: CAVB induces sympatho-excitation, characterized by LSG neuronal 

hypertrophy, depressed BRS and seemingly elevated LF/HF. Over time, LSG 

stimulation increases DoR more, whereas VNS might achieve the opposite.  
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INTRODUCTION 
Cardiovascular death remains the leading cause of mortality worldwide.1 Sudden 

cardiac death (SCD), most often resulting from ventricular arrhythmias (VAs), 

constitutes approximately 60% of these deaths.2 Thus far, beta-blockers are the only 

drugs that significantly lower mortality when used in primary or secondary prevention 

of SCD. The efficacy of these drugs lies in their ability to impede cardiac sympathetic 

overdrive, which often is one of the consequences of cardiac disease. Correspondingly, 

neuromodulatory therapies that aim to restore these autonomic imbalances are highly 

effective and rapidly becoming a compelling anti-arrhythmic avenue for patients 

refractory to more traditional therapies.  

In response to cardiac injury, various remodelling processes are initiated that 

culminate in sympathetic activation and parasympathetic dysfunction. Amongst other 

changes, sympathetic overactivity is characterized by neuronal hypertrophy, glial 

activation, and inflammation in stellate ganglia.3 Cardiac function benefits from this 

sympathetic stimulation in the short term, but chronic, excessive sympatho-excitation 

progresses heart failure and increases the risk of VAs and thus SCD.4 In addition, lower 

heart rate variability (HRV) and depressed baroreflex sensitivity, physiological indices 

of increased cardiac sympathetic tone, have repetitively been shown to be negative 

prognostic factors for all-cause mortality, VAs and SCD in heart failure patients.5  

The mechanisms by which overt sympathetic activation is induced and how it 

promotes arrhythmogenesis have most extensively been studied in the setting of 

ischemic injury. Under those conditions, an acute ischemic event induces neural 

remodelling, predominantly in the dense scar and infarct border zone. Accordingly, this 

region has been well-established to be most vulnerable to sympathetically-induced 

arrhythmic triggers and increases in spatial dispersion of repolarization (SDR), thereby 

reinforcing the arrhythmic substrate.6 Similarly, neuromodulatory techniques that 

restore the sympatho-vagal balance have mostly been examined in experimental and 

clinical studies of ischemic heart disease.4,7  

Nevertheless, excessive sympathetic activation is also intricately involved in 

the pathophysiology of non-ischemic cardiomyopathies. Accordingly, the efficacy of 

beta-blocking drugs have long been demonstrated in these patients,8 and novel 

neuromodulatory strategies such as cardiac sympathetic denervation, have been 
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shown to effectively impede ventricular arrhythmogenesis in this population.9–11 

Moreover, ablation of the arrhythmic substrate in the setting of non-ischemic injury is 

associated with worse outcomes than in ischemic cardiomyopathy patients.12–14 This 

further suggests that there is a highly functional aetiology underlying arrhythmias in 

non-ischemic cardiomyopathy which is likely driven by autonomic dysfunction. 

However, neural remodelling in the setting of non-ischemic cardiac injury is largely 

uncharacterized. Moreover, translating the knowledge on neural remodelling in 

ischemic cardiomyopathy patients to the non-ischemic cardiomyopathy setting is 

difficult as the initiating event and arrhythmic substrates differ vastly.  

Therefore, we aimed to combine histological and functional techniques to 

characterize neural remodelling in the chronic AV-block (CAVB) dog model, a non-

ischemic animal model that has been validated extensively and proven to be an 

excellent representation of compensated heart failure.15–17 In this model, intra-cardiac 

remodelling processes (contractile, structural and electrical)15,17–20 in conjunction with 

neural remodelling restore cardiac output after AV-node ablation, but simultaneously 

promote TdP-susceptibility.21 The role of sympathetic activation as a fundamental 

contributor to ventricular arrhythmogenesis in the CAVB model has already been 

established in a previous study, in which the high anti-arrhythmic efficacy of bilateral 

sympathetic denervation was reported.22  

 The current study demonstrates that in the CAVB dog model, non-ischemic 

injury induces a condition characterized by relative sympathetic hyperactivity. This 

autonomic dysfunction is reflected in a decreased HRV, depressed baroreflex 

sensitivity and increased spatial dispersion of repolarization upon sympathetic 

activation. Histologically, remodelling of the stellate ganglia results in neuronal 

hypertrophy.  
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METHODS
All experiments were approved by ‘the Committee for Experiments on Animals’ 

of Utrecht University, the Netherlands. Animal handling and care was 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. 

This study included serial testing of 13, adult purpose-bred mongrel dogs (7 

males, 27 ± 2 kg, Marshall, USA). Additionally, four inducible CAVB animals (11 ± 1 

weeks CAVB) and four sinus rhythm control animals were used for 

immunohistochemical purposes. 

Awake ECGs 

Awake 6-leads surface electrocardiogram (ECG) recordings were made for a duration 

of five minutes at 3 weeks after CAVB (CAVB3), 5 weeks after CAVB (CAVB5), and 11 

weeks after CAVB (CAVB11). To promote animal familiarity with the procedure around 

these awake recordings, dogs were transferred to the ECG room and connected to the 

ECG leads on a weekly basis. Prior to all recordings, dogs were given some time to 

further acclimatize to the room. During the recording, animals were manually held in a 

seated position and exposed to minimal external stimuli. As animals were not yet 

accustomed to the ECG room and recording procedure at sinus rhythm, these 

recordings were shortened to <1 minute. 

Figure 1. Schematic overview of the experimental setup. Awake and anaesthetized experiments were 
performed at different timepoints. Duration of awake electrogram recordings and autonomic tests of the 
anaesthetized experiments are shown. Number of animals included at the different stages are also shown. 
SR: Sinus Rhythm. AAVB: Acute AV-Block. CAVB: Chronic AV-block, BRS: Baroreflex sensitivity. LSGS: 
Left stellate ganglion stimulation. VNS: Vagal nerve stimulation. 
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Animal preparation  

Animals were subjected to multiple serial experiments (Figure 1), in which autonomic 

tone and/or cardiac response to sympathetic or parasympathetic stimulation were 

assessed. These experiments were performed and compared between sinus rhythm 

(week 0), CAVB5 and CAVB11.  

All experiments were performed under general anaesthesia. Animals were 

premedicated 30 minutes prior to the induction of anaesthesia. Premedication included 

methadone (0.5 mg/kg, i.m.), acepromazine (0.5 mg/kg, i.m.), atropine (0.02 mg/kg, 

i.m.) and metacam (0.1 mg/kg, s.c.). Anaesthesia was induced with pentobarbital 

sodium (25 mg/kg, i.v.) and maintained by isoflurane (1.5%, inh) mixed with O2 and 

N2O (1:2 ratio). Following the experiment, animals were given buprenorphine (0.3 mg, 

i.m.), and metacam (0.1 mg/kg, p.o.) was administered for five consecutive days. 

Antibiotics were given before (ampicillin 1000 mg, i.v.) and for five days after the 

experiments (amoxicillin-clavulanic acid 250 mg, p.o.). During the first experiment, 

complete atrio-ventricular block was induced by radiofrequency ablation of the proximal 

His-bundle. Animals were allowed a minimum of 3 weeks of recovery before 

subsequent experiments were performed. In 2 animals, idioventricular rhythm was too 

slow to sustain sufficient cardiac output. Therefore, a right ventricular pacing lead 

(Medtronic, Maastricht, the Netherlands) was introduced via the femoral vein, 

connected to a pacemaker, and set to pace the animals at a frequency of 40 

beats/minute.  

 

Experiments 

All anaesthetized experiments (Figure 1) included the continuous recording of a 6-leads 

surface ECG, four precordial leads, a left ventricular (LV) 7 Fr pig-tail pressure catheter 

and an LV duo-decapolar catheter (Medtronic, Minneapolis, MN, USA).  

Stellate ganglion stimulation 

The left stellate ganglion was isolated through a left-sided thoracotomy between 

intercostal 1-2 or 2-3. Upon identification, the left stellate ganglion was minimally 

dissected. Custom-made bipolar needle electrodes, connected to a Grass stimulator, 

were used to stimulate the left stellate ganglion at 4Hz, 4ms (square wave), at 2 times 
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the threshold (determined as the voltage which caused a 10% increase in arterial blood 

pressure).23 After left stellate ganglion stimulation (LSGS), needle electrodes were 

carefully removed, lungs were inflated to minimize the iatrogenic pneumothorax and 

the thorax was closed in layers.  

Vagus nerve stimulation 

The right-sided vagus nerve was exposed by a lateral neck cutdown, identified within 

the carotid sheath, and carefully dissected from surrounding structures. Custom-made 

bipolar hook electrodes, connected to a Grass Stimulator, stimulated the vagus nerve 

at 4Hz, 4ms duration (square wave), and at 1.2 times the threshold (defined as the 

voltage that caused a 10% increase in PP-interval).24 Stimulation was maintained with 

a 100% duty cycle for 10 minutes.  

Baroreflex sensitivity 

Baseline values for heart rate, PP-interval, and LV pressure were recorded for at least 

five minutes. Nitroprusside (Sigma Chemical Co., Saint Louis, MO, USA) was dissolved 

in 0.9% NaCl and administered as an i.v. bolus injection (1.5 μg/kg) to evoke a 10-20 

mmHg decrease in arterial blood pressure (Figure 2A). Hemodynamic and electrical 

parameters were given approximately 20 minutes to recover before subsequent 

interventions were continued. 

Data analysis 

For awake and anaesthetized experiments, PP-, RR-, QRS- and QT-intervals were 

derived from the surface ECG and manually measured using EPTracer software 

(Cardiotek, Maastricht, The Netherlands). All intervals were averaged over five 

(anaesthetized) or ten (awake) consecutive beats. QT-interval was corrected for heart 

rate (QTc) using the Van der Water formula.25  

HRV analyses were performed using Lead II from the awake surface ECG 

recordings. First, RR-intervals were measured using a custom-made Matlab application 

(Mathworks, Naticks, USA).26 All RR-intervals related to ectopic beats, as well as the 

five intervals following such an event, were manually removed. Next, RR-intervals were 

uploaded in R and analysed using the R package 'Heart Rate Variability Analysis of 
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ECG Data' (RHRV; v4.2.6).27 As such, all signals were first interpolated at a sampling 

frequency of 4Hz. Next, 120 second segments with 50% overlap were generated for 

temporal and frequency analyses. For the temporal analyses, interval was set at the 

default of 7.1825 ms. For frequency analyses, Fourier transformation was performed 

and default values for power bands were used (VLF [0.03 - 0.04] Hz; LF [0.05 - 0.15] 

Hz; HF [0.15 - 0.4] Hz).  

 Intraventricular recordings were analysed using the aforementioned custom-

made Matlab application26 and averaged over five beats. Hemodynamic parameters 

were manually measured and included LV end-systolic pressure (ESP), end-diastolic 

pressure (EDP), maximal rise and maximal decay in LV pressure (dPdt+ and dPdt-, 

respectively). 

 Right ventricular (RV) electrical function was assessed by an endocardial 

monophasic action potential catheter. LV activation recovery intervals (ARI) were 

retrieved from eight out of ten electrodes of the duo-decapolar catheter, the most basal 

electrodes (verified by fluoroscopy) were not included due to P-wave interference. 

Short-term variability of repolarization (STV) was calculated from 30 consecutive beats 

using the formula: |Dn+1 – Dn|/(30 × 2); D being RV MAPD or the most apical LV 

ARI.28 Interventricular dispersion of repolarization (ΔMAPD) was calculated as LV ARI 

– RV MAPD; LV ARI was derived from the most apical electrode. Intraventricular 

dispersion of repolarization (DoR) was calculated as the variance within the eight ARIs 

derived from the LV duo-decapolar catheter. In experiments involving stellate ganglion 

or vagal nerve stimulation, DoR was quantified under baseline and at 15% increase in 

LVP or 10% increase in PP-interval, respectively.  

 Baroreflex sensitivity (BRS) was quantified as the slope of the regression line 

representing the relationship between PP-interval and LV pressure (ms/mmHg; Figure 

2A and B). Values were obtained in the period after administration in which both 

parameters were decreasing, indicative of effective vasodilatation inducing a reflexive 

increase in sympathetic tone. BRS measurements made after AV-block correlated PP-

intervals to LVP-measurements belonging to the contraction that was closest in time. 

Histological analyses 

Left stellate ganglia from another series of inducible CAVB11 animals (n = 4; 11 ± 1 

week) and sinus rhythm controls (n = 4; weight-matched) were collected during the 

134



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 135PDF page: 135PDF page: 135PDF page: 135

NEURAL REMODELING IN THE CAVB DOG MODEL

 6 

terminal experiment as described by Wu et al. (2016).29 Animals were defined inducible 

when infusion of dofetilide resulted in 3 Torsade de Pointes arrhythmias within 10-

minutes following start of infusion during the terminal experiment. Stellate ganglia were 

rapidly excised and immediately fixed in 4% paraformaldehyde (dissolved in PBS) for 

24 hours. Ganglia were washed in phosphate buffered saline (3 x 1 hour) and stored 

in 70% ethanol at 4 oC. Stellates were embedded in paraffin and sectioned at 5 μm in 

the cranial-caudal axis. Next, sections were placed on charged slides and stained with 

haematoxylin and eosin. Images were taken at 40x magnification and analysed with 

ImageJ. Per animal, 6 sections were imaged and size of 120 neurons were measured. 

Statistical analyses 

Data are presented as mean ± SD. Data was compared using a one-way analysis of 

variance (ANOVA) with post-hoc Bonferroni correction or unpaired t-test. In case of 

serial measurements, ANOVA was performed as repeated measures and the t-test was 

paired. Histological analyses were performed using linear mixed effects model testing 

with Bonferroni correction.30 p<0.05 was considered statistically significant. 

RESULTS 
Awake rate changes 

At CAVB3, ventricular rate was significantly decreased in comparison to sinus rhythm 

(from 109 ± 22 beats/min to 44 ± 9 beats/min; p<0.05; Table 1). Over time, sinus and 

ventricular rates remained fairly constant (Table 1). HRV analyses tended to shift 

towards a relatively higher sympathetic tone. All temporal HRV parameters, which 

mostly reflect integrity of cardiac parasympathetic innervation, showed the same trend 

in continuous decline as remodelling advanced, suggestive of parasympathetic 

withdrawal. RMSSD for example, decreased from 63 ± 53 ms at CAVB3 to 40 ± 36 ms 

at CAVB5, to 30 ± 12 ms at CAVB11 (non-significant; Table 1). In contrast, LF/HF which 

reflects the relative activity of the sympathetic-to-parasympathetic nervous system, 

seemed to increase in the period between CAVB3 and CAVB11 (from 13 ± 10 to 21 ± 

27, respectively, non-significant; Table 1), which would correspond to a relatively higher 

cardiac sympathetic tone. 
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Table 1: Effects of remodelling on sinus rate, ventricular rate and heart rate variability 

 

SR
(n = 13) 

CAVB3

(n = 9) 
CAVB5

(n = 8) 
CAVB11

(n = 3) 

Rates     

PP (ms) 598 ± 72 428 ± 78* 478 ± 93 463 ± 41 

RR (ms) 598 ± 72 1435 ± 145* 1434 ± 35* 1239 ± 118 

Time-domain    

SDNN (ms)  87 ± 60 73 ± 56 53 ± 26 

SDANN (ms)  32 ± 25 30 ± 26 10 ± 2 

pNN50 (%)  15 ± 14 24 ± 20 4 ± 5 

SDSD (ms)  63 ± 53 40 ± 37 31 ± 12 

RMSSD (ms)  63 ± 53 40 ± 36 30 ± 12 

Frequency-domain    

Total Power (ms2)  7282 ± 9876 4449 ± 6823 1569 ± 1711 

VLF (ms2)  2040 ± 2286 2041 ± 4197 453 ± 599 

LF (ms2)  2417 ± 4714 1039 ± 1568 519 ± 671 

HF (ms2)  284 ± 524 94 ± 123 24 ± 3 

LF/HF  13 ± 10 10 ± 11 21 ± 27 

 

* p<0.05 vs SR 

SR: Sinus rhythm; SDNN: Standard deviation of all RR-intervals; SDANN: Standard deviation of  

all RR-intervals, averaged per 120 second window; pNN50: Percentage of successive RR-intervals that  

differed by >50 ms; RMSSD: Root mean square of the successive RR-interval difference. VLF: 

Ultra low frequency [ 0.03 - 0.04 ] Hz; LF: Low frequency [ 0.05 - 0.15 ] Hz; HF: High frequency  

[0.15 - 0.4] Hz; LF/HF: LF-to-HF ratio 
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Figure 2. Baroreflex sensitivity. A) Representative traces of the period wherein nitroprusside 
simultaneously induced decreases in RR-interval and left ventricular pressure (LVP). B) The regression line 
that signifies the beat-to-beat change in RR-interval vs LVP quantifies the baroreflex sensitivity (BRS). C)
Remodelling-induced changes in BRS over time in the CAVB dog model. 

Baroreflex sensitivity

Nitroprusside consistently and adequately induced a 10-20 mmHg decrease in blood 

pressure and LVP. No adverse effects were induced by nitroprusside infusion. Of the 

different timepoints measured, BRS was highest under SR (2.6 ± 2.0 ms/mmHg), 

indicating that the sympathetic reflex was strongest under circumstances where 

remodelling was absent. With remodelling, this reflex weakened as BRS significantly 

decreased to 0.32 ± 0.15 ms/mmHg at CAVB11 (p<0.05 vs SR; Figure 2C). 

Interestingly, BRS was already decreased to 0.8 ± 1.0 ms/mmHg at CAVB5, (non-

significant vs SR or CAVB11), indicating that neural remodelling was progressively 

affecting cardiac autonomic tone and innervation. 

Left stellate ganglion stimulation 

In all experiments, LSGS reproducibly increased arterial and LV pressure (Table 2), 

whilst simultaneously shortening PP- and RR-intervals (Table 2). Moreover, LSGS also 

seemed to increase LV STV consistently from 1.4 ± 0.6 ms, 3.2 ± 1.1 ms, and 1.3 ± 0.6 

ms under baseline, to 6.5 ± 2.2 ms, 9.1 ± 1.9 ms and 7.1 ± 4.0 ms during LSGS at SR, 

CAVB5, and CAVB11, respectively (p<0.05 for SR and CAVB5).  

In addition, LSGS-induced increases in spatial dispersion of repolarization 

were augmented by CAVB. This effect was especially clear at CAVB5, as LV DoR 

increased from 809 ± 1096 ms2 to 1281 ± 1526 ms2 (p<0.05). Though insignificantly 

increased at CAVB11, the effect of LSGS on DoR was significantly larger at CAVB11 

(+3.0 ± 1.0%) compared to SR (+1.0 ± 0.1 %, p<0.05; Figure 3A and B). Moreover, 

whereas in AAVB the septum showed most ARI-shortening upon sympathetic 
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Table 2: Electrical and hemodynamical effects of LSGS at acute AV-block, CAVB5 and CAVB11 

Baseline 

AAVB 
(n = 6) 

CAVBmid

(n = 8) 
CAVBend

 (n = 4) 

PP 385 ± 30 554 ± 66 593 ± 132 

RR 1446 ± 396 1328 ± 121 1462 ± 297 

QRS 98 ± 6 102 ± 13 116 ± 10 

QT 338 ± 35 473 ± 55 442 ± 120 

QTc 324 ± 48 445 ± 48 415 ± 91 

JTc 236 ± 56 342 ± 49 322 ± 100 

LV ARI 303 ± 30 355 ± 34 300 ± 85 

LV STV 1.4 ± 0.6 3.2 ± 1.1 1.3 ± 0.6 

LV DoR 133 ± 84 809 ± 1096 462 ± 713 

ESP 88 ± 66 96 ± 6 90 ± 12 

EDP 6 ± 2 5 ± 2 5 ± 2 

dPdt+ 1450 ± 302 2010 ± 227 1384 ± 500 

dPdt- -1521 ± 405 -1840 ± 196 -1214 ± 312 

LSGS 
   

PP 374 ± 25* 503 ± 93* 609 ± 77 

RR 1195 ± 181 1217 ± 135* 1189 ± 216 

QRS 89 ± 14 97 ± 11* 114 ± 10 

QT 317 ± 46 424 ± 50* 425 ± 101 

QTc 313 ± 53 404 ± 44* 416 ± 101 

JTc 232 ± 45 311 ± 42 302 ± 92 

LV ARI 288 ± 52 330 ± 26* 270 ± 115 

LV STV 6.5 ± 2.2* 9.1 ± 1.9* 7.1 ± 4.0 

LV DoR 137 ± 82 1281 ± 1526* 931 ± 1217 

ESP 103 ± 8* 110 ± 8* 103 ± 13* 

EDP 7 ± 3 5 ± 1 5 ± 2 

dPdt+ 2040 ± 607 2712 ± 499* 2045 ± 1117 

dPdt- -1850 ± 397 -2285 ± 578* -1542 ± 583 
 

* p<0.05 vs Baseline 

LSGS: Left stellate ganglion stimulation; LV: Left ventricular; ARI: Activation recovery interval; STV: 
Short term variability in repolarization; DoR: Dispersion of repolarization; ESP: End systolic pressure; 
EDP: End diastolic pressure; dPdt+: maximal rise in left ventricular pressure; dPdt-: minimal decay in 
left ventricular pressure 
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Figure 3. Electrophysiological effects of left stellate ganglion and vagal nerve stimulation. A) Relative 
change in left ventricular dispersion of repolarization (  DoR) upon stimulation of the left stellate ganglion 
(blue, left) or vagal nerve (right, pink). B) Schematic effects of left stellate ganglion stimulation (LSGS) on 
relative change (%) in activation recovery interval (ARI) are shown. C) Schematic effects of vagal nerve 
stimulation (VNS) on ARI are shown. 

stimulation (Figure 3B; left panel), LSGS at CAVB5 and CAVB11 caused most 

shortening in repolarization duration at the LV free wall (Figure 3B; middle and right 

panel). 

Vagus nerve stimulation 

Vagus nerve stimulation decreased sinus rate from 109 ± 16 beats/min to 96 ± 15 

beats/min. However, ventricular rate and repolarization duration were not significantly 

altered (Table 3). Similarly, temporal dispersion of repolarization was not affected by 

vagus nerve stimulation. However, DoR decreased from 914 ± 726 ms2 under baseline 
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Table 3: Electrical and hemodynamical effects of vagal nerve stimulation (n= 4) 

 
Baseline Vagal nerve stimulation Relative change (%) 

PP 559 ± 78 634 ± 94* 13 ± 6 

RR 1449 ± 202 1417 ± 188 -2 ± 3 

QRS 109 ± 11 104 ± 6 -4 ± 10 

QT 464 ± 77 461 ± 74 -1 ± 2 

QTc 425 ± 64 424 ± 66 0 ± 2 

JTc 316 ± 58 320 ± 68 1 ± 4 

    
LV ARI 362 ± 85 369 ± 97 1 ± 5 

LV STV 5.6 ± 3.2 5.3 ± 3.6 -10 ± 17 

LV DoR 914 ± 726 568 ± 611 -25 ± 39 

    
ESP 94 ± 8 95 ± 8 1 ± 1 

EDP 7 ± 2 6 ± 2 -2 ± 11 

dPdt+ 1390 ± 255 1423 ± 238 1 ± 4 

dPdt- -1381 ± 114 -1423 ± 139 1 ± 4 
 

* p<0.05 vs Baseline 

LV: Left ventricular; ARI: Activation recovery interval; STV: Short term variability in repolarization; DoR: 
Dispersion of repolarization; ESP: End systolic pressure; EDP: End diastolic pressure; dPdt+: maximal 
rise in left ventricular pressure; dPdt-: minimal decay in left ventricular pressure. 
 

 

to 568 ± 611 ms2 after stimulation (non-significant; Figure 3A and C; Table 3). 

Hemodynamically, vagal nerve stimulation did not affect dPdt+, dPdt-, ESP or EDP 

(Table 3), suggesting proper maintenance of left ventricular function.  
 

Histology 

Mean neuronal size was significantly larger in CAVB animals with an inducible 

phenotype (963 ± 123 μm2 vs 757 ± 110 μm2 in SR animals, p<0.05; Figure 4A). 

Correspondingly, mean neuronal diameter was also significantly increased in CAVB 

animals (38 ± 3 μm vs 34 ± 3 μm in SR animals, p<0.05; Figure 4B). A representative 

example is shown in Figure 4C.  
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Figure 4. Neural remodelling-induced cellular changes in left stellate ganglia of chronic AV-block 
(CAVB) dogs. Neuronal remodeling in CAVB dogs caused neural area (A) and diameter (B) to become 
significantly greater. Representative figures of left stellate ganglion changes in sinus rhythm (SR) vs CAVB 
dogs (C). 

DISCUSSION 

Neural remodelling in non-ischemic cardiomyopathies 

In the present study, we explored neural remodeling in the CAVB dog model. We 

showed that non-ischemic cardiac injury initiates a neural remodeling resulting in 

progressive sympatho-excitation. HRV indices seem to reflect parasympathetic 

withdrawal and relative sympathetic overactivity, which was further corroborated by a 

decreased baroreflex sensitivity and an augmented response of spatial dispersion of 
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repolarization to sympathetic activation. In contrast, vagal nerve stimulation appeared 

to stabilize cardiac electrophysiology. On a cellular level, these functional changes 

were associated with neuronal hypertrophy in the left stellate ganglion. 

 The preponderance of research characterizing the functional and cellular 

effects of neural remodeling in cardiovascular disease and consequent sympatho-

excitation has focused on ischemic cardiac disease. This research is, to the best of our 

knowledge, the first to serially assess the electrical, hemodynamical and histological 

characteristics of neural remodeling in an animal model of non-ischemic cardiac injury. 
 

Neural remodeling in non-ischemic cardiomyopathies 

Cardiac injury simultaneously initiates sympathetic overdrive and parasympathetic 

withdrawal as a means to acutely preserve adequate cardiac output. However, chronic 

cardiac exposure to excessive sympathetic excitation causes pathological 

circumstances wherein the susceptibility for VAs is greatly augmented. 

Correspondingly, beta-blockers are the cornerstone of current pharmacological anti-

arrhythmic treatment,24 whilst other neuromodulatory modalities, i.e. stellectomies, are 

revolutionizing the current therapeutic field. However, most mechanistic insights on the 

development and progression of neural remodeling are derived from experimental 

studies employing animal models of ischemic cardiac injury, or clinical studies wherein 

patients with ischemic cardiomyopathies are overrepresented.5,25–27 Hence, the 

pathophysiology of neural remodeling in the setting of non-ischemic cardiac injury has 

been greatly overlooked and remains largely unknown. Nevertheless, the efficacy of 

beta-blocking therapies and the focal activity-driven character of VAs in this cohort of 

patients28 suggest a perhaps even more intricate involvement of autonomic modulation 

in the pathophysiology of ventricular arrhythmogenesis. Accordingly, (bilateral) 

stellectomies are highly effective in patients suffering from non-ischemic 

cardiomyopathies, indicating that sympathetic overdrive is fundamental to ventricular 

arrhythmogenesis in these patients.9,31–34 Moreover, a prior study by Ajijola et al. 

(2012)30 demonstrated that neuronal hypertrophy is even more pronounced in patients 

suffering from non-ischemic cardiomyopathies, than in patients with ischemic 

substrates. Collectively, these findings indicate that neural remodeling is an active 

process initiated by non-ischemic cardiac injury, but how this phenotype of sympathetic 
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overdrive develops over time and how this change in autonomic balance could promote 

ventricular arrhythmogenesis remains unclear. 

Neural remodelling induces sympathetic overdrive 

In this study, the CAVB dog model was employed to assess alterations in cardiac 

autonomic tone in the setting of non-ischemic cardiac injury. Previous studies had 

already suggested that neural remodelling is involved in the development of Torsade 

de Pointes susceptibility in this model. For example, non-sustained VAs in the CAVB 

dog model are caused by triggered activity,35 as is also the case in non-ischemic 

cardiomyopathy patients, indicating a modulatory role of the sympathetic nervous 

system. Moreover, interrupting sympathetic innervation to the heart through bilateral 

cardiac sympathetic denervation was a highly effective anti-arrhythmic intervention in 

this model.22 

To explore temporal changes in autonomic tone we recorded awake ECGs, 

analysed sinus and ventricular rates, and evaluated multiple parameters of HRV. We 

did not observe any significant changes in PP- or RR-intervals as remodelling 

progressed, though there was a noticeable trend in HRV measurements. Whereas the 

time-domain indices, assessing the beat-to-beat variation in RR-interval, are mainly 

indicative of parasympathetic innervation, the frequency-domain parameters reflect 

both parasympathetic and sympathetic activity. Time-domain indices, corresponding to 

parasympathetic tone, tended to decrease in parallel with progressive cardiac 

remodelling. Similarly, all frequency-domain measures, except for LF/HF, decreased 

as well. Interestingly, this decrease also affected LF power, which is associated with 

cardiac sympathetic innervation. Hence, in a condition characterized by sympathetic 

overactivity, one would expect this parameter to increase instead. Nevertheless, this 

paradoxical decrease can be explained by a dulling of myocardial responsiveness to 

autonomic stimuli, which has been well-reported to develop in heart failure.36 Thus, as 

these analyses measure the frequency by which myocardial function responds to 

autonomic innervation, and not the frequency by which autonomic nerves innervate the 

heart, a loss of total power could reflect a decreased responsiveness. Additionally, prior 

studies have shown that a decreased total power was associated with a higher 

incidence of adverse cardiac events, including VAs.37  
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 Moreover, the LF/HF ratio, reflecting the sympathetic-to-parasympathetic tone 

increased, which further suggests that neural remodelling in the CAVB dog models 

induces a condition of sympathetic dominance. Similarly, Tan et al. (2020)38 explored 

changes in autonomic tone in their premature ventricular contraction canine model of 

non-ischemic cardiomyopathy. In their study, 12 weeks of pacing-induced bigeminy 

(coupling interval: 200 ms) caused a significant reduction in HRV, suggestive of 

parasympathetic withdrawal and an overall shift towards more sympathetic conditions.  

 Additionally, this study also assessed baroreflex sensitivity under 

anaesthetized conditions to further explore changes in cardiac autonomic tone over 

time. In health, blood pressure is tightly regulated by mechanoreceptors in the aortic 

arch and carotid sinus.39 Blood pressure homeostasis is continuously maintained, and 

when necessary, restored through the activation of baroreceptive-afferents and 

consequent stimulation sympathetic or parasympathetic efferents. This interplay 

between reflex restoration and basal autonomic tone can be assessed by the 

administration of blood pressure increasing (i.e. phenylephrine) or decreasing (i.e.

nitroprusside) drugs. Hence, baroreflex sensitivity evaluates the prolongation or 

shortening in RR-interval that is induced by increases or decreases in arterial pressure, 

respectively. In general, a higher slope indicates adequate cardiac autonomic function, 

as sympathetic or parasympathetic reflexes can effectively restore blood pressure in a 

background of constant autonomic tone. A flattening of this slope on the contrary, is 

suggestive of reduced reflex responses caused by increased basal sympathetic tone.40 

In our series of experiments, BRS seemed to decline progressively, becoming 

significantly lower at CAVB11 compared to SR (Figure 2). These results further 

strengthened the hypothesis that non-ischemic cardiac injury and subsequent neural 

remodelling result in a condition characterized by elevated sympathetic tone.  
 

 Electrical effects of sympathetic and parasympathetic stimulation 

Aberrant sympathetic activation increases the risk of VAs in patients and animals 

models with either ischemic or non-ischemic cardiac injury.41–44 Also in the CAVB dog 

model, autonomic imbalance promotes ventricular arrhythmogenesis, as bilateral 

denervation impeded arrhythmogenesis in 15 out of 17 (~ 90%) previously inducible 

animals.22 However, the electrophysiological mechanisms by which sympathetic 
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stimulation of the non-ischemic substrate results in ventricular arrythmias remains 

unclear.  

 In the current study, we showed that left stellate ganglion stimulation increases 

temporal and spatial dispersion of repolarization at all timepoints. Especially LV STV 

seemed to be largely increased upon LSGS. As LV STV is derived from the beat-to-

beat change in repolarization duration, a higher STV reflects instability in repolarization. 

This temporal dispersion in repolarization adequately reflects the propensity for 

afterdepolarizations45–48 that could trigger an arrhythmic event. Hence, sympathetic 

stimulation appears to promote both the arrhythmic trigger and substrate regardless of 

the presence and extent of cardiac remodelling. However, the extent wherein 

sympathetic stimulation affected the electrical properties of the heart appeared to 

change over time.  

 Firstly, sympathetic-induced ARI-shortening was less pronounced at later 

timepoints, even though the effects of stimulation on LV pressure did not differ 

significantly (Table 2). This can be explained by remodelling-induced downregulation 

of IK,s conducting potassium channels in the CAVB dog model,49 whereas sympathetic 

stimulation increases the conductance of these channels.50 When the density of IK,s 

reduces, the capacity of LSGS to shorten repolarization, as it did at the earlier 

timepoints, is lost.  

 Secondly,  DoR (the difference in DoR between baseline and during LSGS) 

increased more as remodelling progressed. DoR is a parameter of the arrhythmic 

substrate, on which ectopic events, but also arrhythmias, can develop.35, 48,51 Hence, 

with remodelling, potentiation of the arrhythmic substrate by LSGS was increased. 

Interestingly, the local effects of LSGS also appeared to change over time: whereas in 

AAVB the septal wall showed most ARI-shortening, this effect became reversed at later 

timepoints when the left ventricular free wall became most sensitive to sympathetic-

induced ARI-shortening (Figure 3B). This relatively greater shortening of the LV free 

wall, suggests that nerve sprouting is centred around the LV free wall. This corresponds 

to the observation that in patients with idiopathic dilated cardiomyopathy, nerve 

sprouting follows the path of the coronary arteries,52 which would also result in nerve 

sprouting at the basal LV free wall. Excitingly, previous studies have shown that VAs 

in the CAVB dog model mainly arise from the LV posterior free wall. Hence, the 
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observation that LSGS exerts its most pronounced effects at the LV free wall could 

translate to this increased tendency of arrhythmias to arise from this site. 

Vagal nerve stimulation on the other hand, appeared to stabilize cardiac 

electrophysiology through decreasing DoR (Figure 3A). Correspondingly, vagal nerve 

stimulation did not trigger any arrhythmic events in all of the animals (data not shown). 

This suggests that vagal nerve stimulation could be an effective anti-arrhythmic therapy 

in the setting of non-ischemic cardiac injury. Similarly, the ANTHEM-HF study, which 

explored the benefits of vagal nerve stimulation in heart failure, showed that chronic 

vagal nerve stimulation stabilized cardiac electrophysiology and suppressed the 

occurrence of ventricular tachycardia.53,54 However, non-ischemic cardiomyopathy 

patients were underrepresented in these follow-up studies (28%).53,54  

Histological characteristics of neural remodelling 

Chronic sympatho-excitation is likely initiated and propagated by pathological 

remodelling of autonomic neurons throughout the cardiac neuraxis. Most notably, 

stellate ganglia of cardiomyopathy patients suffering from recurrent VAs undergo 

profound cellular remodelling processes that culminate in neuronal hypertrophy, glial 

activation and inflammation.3  

Likewise, we showed that in the CAVB dog model, neural remodelling results 

in a significant increase in neuronal size and diameter (Figure 4). This further 

corroborates the development of neuronal changes in response to cardiac injury and 

offers some mechanistic insights into the development of the sympathetic overdrive. 

Surprisingly, glial size was not significantly different (Figure 4C).  

Limitations

Most animals underwent only a selection of the experiments to minimize animal 

discomfort and to prevent the possible confounding effects of repetitive nerve 

stimulations. Also, no HRV measurements could be made under SR, as animals were 

insufficiently familiarized to awake ECG recordings in those early weeks.  

All CAVB animals included in the manuscript were inducible for VAs. 

Therefore, extent of neural remodelling and/or disbalance in cardiac autonomic tone 

could not be correlated to arrhythmic susceptibility.  
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Additionally, as complete AV-block uncouples atrio-ventricular activity, a 

modified BRS quantification was performed to achieve temporal correlation between 

LV pressure and PP-interval dynamics. Similarly, P-wave interference in QRS-

complexes impeded HRV-analyses using PP-intervals. As such, HRV analyses were 

performed using RR-intervals, which might have underestimated the effects of 

remodelling on HRV.  

Lastly, autonomic control of canine hearts might incompletely translate to 

human cardiac innervation.55 Nevertheless, the characterization of changes in cardiac 

autonomic tone in response to non-ischemic cardiomyopathy might still be readily 

translatable to the human setting. 
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CHAPTER 7 

 

ABSTRACT 
 Stellate ganglion neurons, important mediators of cardiopulmonary 

neurotransmission, are surrounded by satellite glial cells (SGCs), which are essential 

for the function, maintenance, and development of neurons. However, it remains 

unknown whether SGCs in adult sympathetic ganglia exhibit any functional diversity, 

and what role this plays in modulating neurotransmission. We performed single-

cell RNA sequencing (scRNAseq) of mouse stellate ganglia (n = 8 animals), focusing 

on SGCs (n = 11,595 cells). SGCs were identified by high expression of glial-specific 

transcripts, S100b and Fabp7. Microglia and Schwann cells were identified by 

expression of C1qa/C1qb/C1qc and Ncmap/Drp2, respectively, and excluded from 

further analysis. Dimensionality reduction and clustering of SGCs revealed six distinct 

transcriptomic subtypes, one of which was characterized the expression of pro-

inflammatory markers and excluded from further analyses. The transcriptomic profiles 

and corresponding biochemical pathways of the remaining subtypes were analyzed 

and compared with published astrocytic transcriptomes. This revealed gradual shifts of 

developmental and functional pathways across the subtypes, originating from an 

immature and pluripotent subpopulation into two mature populations of SGCs, 

characterized by upregulated functional pathways such as cholesterol metabolism. As 

SGCs aged, these functional pathways were downregulated while genes and pathways 

associated with cellular stress responses were upregulated. These findings were 

confirmed and furthered by an unbiased pseudo-time analysis, which revealed two 

distinct trajectories involving the five subtypes that were studied. These findings 

demonstrate that SGCs in mouse stellate ganglia exhibit transcriptomic heterogeneity 

along maturation or differentiation axes. These subpopulations and their unique 

biochemical properties suggest dynamic physiological adaptations that modulate 

neuronal function. 
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INTRODUCTION 
Glia are nonneuronal cells that are present throughout the entire nervous 

system. In the central nervous system (CNS), glial cells have been demonstrated to 

play important roles in both health and disease.1 Astrocytes, the most abundant glial 

type in the CNS, are of particular importance in the development and functioning of the 

CNS but can become pathologically activated in response to injury.1,2 Even though 

astrocytes are widely studied, much less is known about their peripheral counterpart, 

satellite glial cells (SGCs). These cells are found in sensory, parasympathetic, and 

sympathetic ganglia of the peripheral nervous system (PNS), where they envelope the 

neurons.3 SGCs and neurons have been demonstrated to reciprocally modulate each 

other’s activity via gap junctions as well as through the release of signaling molecules, 

such as adenosine triphosphate (ATP) and gamma aminobutyric acid (GABA).3–6 

Furthermore, SGCs have been described to become reactive in response to neuronal 

injury, which is reflected by an increase in size7 and number8 and is accompanied by 

changes in modulatory activity.9,10 This reactivity is often objectified by the upregulation 

of glial fibrillary acidic protein (GFAP).11,12 Despite this clear evidence that SGCs play 

a dynamic and important role in the PNS, studies into SGC biology are limited. 

Furthermore, most studies of SGCs have focused on their role in the sensory nervous 

system. 

Nevertheless, it has been shown that SGCs in the sympathetic ganglia are able 

to modulate efferent sympathetic cardiac outflow.13,14 Moreover, Ajijola et al. (2017)15 

demonstrated that GFAP was upregulated in the stellate ganglia SGCs of humans with 

heart failure (HF) and arrhythmias. As sympathetic outflow from the stellate ganglia is 

known to be increased in HF, these observations indicated a potential role for SGC 

activation in the development and/or progression of HF.  

 As much remains unknown about the molecular background of SGCs and their 

role in health and disease, we used single-cell RNA sequencing (scRNAseq) to study 

SGCs from healthy adult murine stellate ganglia to characterize their transcriptomic 

diversity. We demonstrate that SGCs in murine stellate ganglia can be divided into 

subpopulations that reflect different stages of maturation and activation, similar to 

astrocytes in the CNS. Moreover, we highlight the various developmental trajectories 

within the subtypes.  
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METHODS
 Animals 
Eight C57BL/6J male mice (Jackson Laboratory, Bar Harbor, ME), 10-12 weeks of age, 

were used for scRNAseq. Animals were sedated in an induction chamber (3%-5% 

isoflurane) and sacrificed by decapitation. All experiments were performed in 

accordance with guidelines set forth by the University of California Institutional Animal 

Care and Use Committee (IACUC) and The National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. Data from study animals were also used for 

neuronal scRNAseq, and cardiac/paw neurons were identified by retrograde labeling 

using adeno-associated viruses (AAV, subtype 2). Those data are being reported 

elsewhere. AAVs are known to trigger very low immune responses and are thus 

unlikely to have caused much reactive response in the stellate ganglia.15,16 
 

 Cellular dissociation 
Bilateral stellate ganglia were identified, isolated and collected in artificial cerebrospinal 

fluid (ACSF; Figure 1a). Next, ganglia were incubated for an hour at 37°C in a digestion 

solution prepared with 500 l TrypLE Express (ThermoFisher Scientific, Waltham, MA), 

2000 l Papain solution (Worthington Biochemical Corporation, Lakewood, NJ; 25 

units/ml in ACSF), 100 l Collagenase-Dispase (Millipore Sigma, Burlington, MA; 20 

mg/ml in ACSF) and 270 l DNAse I (Worthington Biochemical Corporation; 200 

units/ml in ACSF). Following this first hour, the cells were carefully triturated with fire-

blown Pasteur pipettes every 30 minutes. After the second trituration, 100 l fresh 

Collagenase-Dispase (20 mg/ml in ACSF) was added to the solution and cells were 

incubated for another hour at 37°C, triturating every 30 minutes. Next, the suspension 

was filtered through a 40 mm filter (ThermoFisher Scientific. Waltham, Massachusetts) 

and ACSF was added to stop the enzymatic digestions. The suspension was spun 

down at 100g for 4 minutes at room temperature, and the pellet was collected and 

resuspended in 500 l ACSF and 500 l supplemented Neurobasal-A medium 

(ThermoFisher Scientific. Waltham, Massachusetts; 250 l B27, 250 l Penicillin-

streptomycin, 31.3 l l-Glutamine). The cell suspension was transferred onto a density 

gradient (Millipore Sigma. Burlington, Massachusetts) and centrifuged at 100g for 10 

minutes at room temperature. The supernatant was carefully removed until the solution 

was concentrated to 500 l. 
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Single-cell RNA sequencing 
Single-cell RNAseq was performed by microfluidic capture-based encapsulation, 

barcoding, and library preparation (10× Genomics Chromium scRNAseq system (10× 

Genomics, Pleasanton, CA). Cells were loaded into a Chromium Chip B along with 

partitioning oil, reverse transcription reagents, and a mix of hydrogel beads containing 

3,500,000 unique 10× Barcodes. Paired-end sequencing was performed on a Novaseq 

S4 system, using the v3 Illumina platform. Coverage depth was 20K per cell, and the 

read length was 2 × 50. Analysis including demultiplexing, reference-based mapping 

(GRCm38.98), and UMI identification, was performed according to the 10× Cell Ranger 

pipeline. 

scRNAseq data quality control, normalization, and integration 

To eliminate lowly expressed genes, a gene was required to be expressed in at least 

five cells per sample or was removed. Cells with more than 20,000 UMIs, 6,000 

expressed genes, or less than 500 expressed genes were considered outliers and 

removed. Cells were removed with more than 15% mitochondrial gene content. All of 

the following processing steps were performed in the R package Seurat (v3.0.0).17 

Each sample was normalized separately, scaling the total UMI count to 10,000 per cell 

and log-transformed. A total of 2,000 variable genes were identified among each 

sample with FindVariableFeatures function. The samples were integrated with 

Canonical correlation analysis18 and mutual nearest neighbors with

FindIntegrationAnchors and IntegrateData functions.   

scRNA processing and clustering 

The integrated scRNAseq data were scaled, regressing out the total number of genes 

and percent mitochondrial content in each cell. Principal component analysis was 

performed reducing the dimensionality to 30 dimensions. A graph of cell neighbors was 

created with the first 20 principal components (PCs), and Louvain clustering19 was used 

to find cell clusters. We performed Uniform Manifold Approximation and Projection 

(UMAP)20 on the first 20 PCs to visualize the clustering in two dimensions. 
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 Identification of cell clusters and marker genes 
SGCs were identified by the expression of SGC markers S100B and Fabp7 (Figure 1a; 

Figure S1).22,23 The feature counts of individual cells were divided by the total number 

of counts for that cell, multiplied by 10,000 and natural-log transformed. Fifty PCs were 

used for Louvain clustering, which was visualized using T-distributed stochastic 

neighbor embedding (t-SNE) dimensionality reduction analysis from the Seurat R 

Package (version 3.6.2) (Figure 1a). Differentially expressed genes (DEGs) were 

defined as genes that (a) were expressed in 30% of the cells from the cluster of 

interest and (b) if there was a 0.25 log fold change in gene expression between this 

cluster and the other groups and (c) adjusted p-value <0.05 using the Benjamini–

Hochberg method to correct for multiple testing. 

Figure 1. Single-cell RNA sequencing of murine stellate ganglia shows six subpopulations.
(a) Pipeline depicting the derivation of stellate ganglion cells which were used for single cell RNA
sequencing. Cell types within the stellate ganglia were identified and satellite glial cells (SGCs) were
identified by the expression of genetic markers S100B and Fabp7. SGCs were distinguished from other cell
types and used for subclustering. (b) Unsupervised clustering of SGC resulted in the identification of six
SGC subclusters (c) Heatmap of the most differentially expressed genes, displayed as scaled expression 
levels, of the different SGC clusters.  
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Resolving cell identities of the different clusters 
We determined cell identities by (a) manual assessment of the cellular function of the 

proteins encoded by the DEGs, (b) comparing DEGs of each cluster with expression 

patterns of astrocytes in different stages of maturation and (c) in-depth analysis of 

canonical pathways associated with DEGs of the clusters. Astrocyte-specific markers 

were retrieved from multiple studies that have previously published the transcriptome 

of astrocytes in different stages of development.24–31 

Cell lineage trajectory analysis 
Trajectory analysis was performed using the Slingshot R package.31 This method first 

identifies lineages based on the minimum spanning tree between nodes, which are cell 

clusters here. Using a user defined root node, Slingshot subsequently computes 

individual cell pseudotimes for each inferred trajectory. We used cluster 1 as the root 

node, because it expressed genes suggestive of astrocyte progenitor cells such as 

Slc12a2, Ptprz1 and Itgb8 (Figure S2).23,25 To identify trajectory associated genes for 

each predicted trajectory, we trained a random forest model (parsnip R package) on 

the top 1,000 highly variable genes to predict cell pseudotimes. We used 1,400 trees, 

200 predictors sampled per split, and 15 as the minimum number of data points per 

node to be split again. This trained random forest model was used to identify the 

pseudotime-associated genes based on their regression coefficients. A different 

random forest model was trained for each trajectory.  

Pathway annotation of cluster marker genes
Ingenuity Pathway Analysis (IPA;  QIAGEN's Ingenuity Pathway Analysis, Qiagen, 

Redwood City, Build and content version: 49932394) was used to annotate the 

enriched ingenuity pathways among cluster marker genes. Lists containing the 

normalized average expression of the 500 highest expressed genes or cluster-specific 

DEGs were used to establish associated canonical pathways. All analyses were 

performed with the following settings: “Reference set: Ingenuity Knowledge Base 

(Genes only), Relationship to include: Direct and Indirect, Networks: Interaction and 

causal, Data sources: All, Species: All, Tissues and Cell lines: Nervous system, 

Consider only relationships where confidence = Experimentally Observed.” Multiple 

testing was corrected for using the Benjamini–Hochberg method. Pathways were 
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considered to be significantly associated with a cluster when -log(BH-adjusted p-value) 

 1.3.

RESULTS 
 Identification of SGC clusters in the mouse SG 
Using acutely dissociated stellate ganglion preparations from eight mice, we performed 

scRNAseq using the 10× Genomics scRNAseq platform. In total, 11,595 single SGCs 

were captured, expressing 5,538 ± 2,486 genes on average. Using the bidimensional 

t-distributed stochastic neighbor embedding (t-SNE) algorithm, we transformed the 

multidimensional data and visualized the relationships between the cells in a two-

dimensional t-SNE plot. 

Louvain clustering produced six 

subclusters of SGCs (Figure 

1b; File S1). All clusters were 

similarly represented in the 

stellate ganglia of the eight 

mice (File S2; Figure S3). The 

top 10 differentially expressed 

genes (DEGs) per cluster with 

the highest discriminatory 

power in terms of p-value are 

depicted in the heatmap in 

Figure 1c. The sixth cluster was 

excluded from further analyses 

due to relatively high 

expression of reactive markers, 

including interferon-related 

genes which may be related to 

an endogenous low-level 

reactive subtype, or transient 

exposure to AAVs. 

 

Figure 2. Average gene expression and highest expressed
pathways show many similarities between the different
subclusters of satellite glial cells. (a) Correlation map of the 
average gene expression of the five clusters. The extent of
similarity is depicted by color; the blue and red colors
corresponding with a continuous progression from lower to higher
levels of similarities, respectively (b) Classification of the 
pathways corresponding to the 500 highest expressed genes of
the different clusters to different biological functions. 
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Similarities between SGC clusters in the mouse SG
We began by examining similarities across the subclusters in their gene expression. A 

correlation map showing the similarities in average gene expression demonstrated a 

high level of correlation between all clusters (Figure 2a; File S3).  Biochemical 

pathways associated with the 500 highest expressed genes for each cluster are listed 

in File S4. As shown in Figure 2b, 36 ± 14% of the pathways were similar across 

clusters, representing cellular signaling, growth and development, metabolism, 

immune response, cell cycle, and cellular stress and injury. These pathways, 

corresponding to glia-glia and glia-neuron communication, indicate that these functions 

were important for cell types across all clusters.  

Determination of SGC identities in the mouse SG
Next, we investigated the cellular heterogeneity among the subclusters by examining 

DEGs. In-depth analysis of the DEGs in each cluster suggested that the cell 

populations were distinct from each other based on the state of maturation or 

functionality (Figure 3a; Figure S4).  

Cluster 1, representing 14.57% of all SGCs, was identified as immature SGCs. 

This population was enriched in genetic cell cycle and pluripotency markers, 

corresponding to developing astrocytes in the CNS (Figure 3b).24,27–31 This 

corresponded with the, though insignificant, upregulation of the pluripotency pathway 

in this cluster (Figure 3c). Cluster 2 and 3 were the two largest populations representing 

25.27 and 32.00% of all SGCs, respectively. Both clusters had high expression of 

genes associated with mature astrocytes (Figure 3a, b).24–27 Consistent with this, 

functional pathways, such as cholesterol synthesis, were enriched in clusters 2 and 3 

(Figure 3c). These clusters were therefore identified as mature SGCs. 

In contrast, clusters 4 and 5, containing 13.00 and 8.20% of the SGCs 

population, respectively, were characterized by downregulation of the functional 

pathways (Figure 3c) and showed activated stress response pathways. As such, both 

clusters were classified as aged SGCs since cellular stress responses and 

downregulation of metabolism pathways are indicative of aging.32 However, this 

upregulation of cellular stress response pathways was less clear in cluster 5 (Figure 

3c). Moreover, whereas the NRF2-mediated stress response seemed to be slightly 

upregulated, the production of nitric oxide and reactive oxygen species was 
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downregulated (Figure 3c). Therefore, we identified cluster 5 as a quiescent, aged 

group of SGCs.   

File S5 lists the pathways associated with the DEGs of each cluster. DEGs of 

the different clusters were also compared to external transcriptomic datasets of 

astrocytes in the CNS (Figure 3b).23,24 Combined, these results led to the grouping of 

the clusters in different states of maturation and activation (Figure 3a). 

Figure 3. Satellite glial cell (SGC) subcluster identification. (a) The clusters were identified as SGCs in
different stages of maturation or activation. As such, immature SGC are believed to either proliferate or
progress to mature and aged SGC. The violin plots depict marker genes associated with the different states
of SGC. (b) Comparison of the differentially expressed genes (DEGs) of the different clusters with marker
genes of astrocytes in different stages of maturation. Extend of overlap between the different clusters of 
SGCs and developing astrocytes (red), mature astrocytes (orange), and aged astrocytes (yellow)
corresponds with the thickness of the bands. (c) Pathways associated with the DEGs of the different clusters.
p-value correlates with dot size, a dashed line indicating insignificance. Colors of the dots represent the z-
score of the pathway in the respective cluster, when white, z-score could not be established.  
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Maturation and activation trajectories revealed by pseudo-time analysis 
To test our hypothesis that the different clusters compose developmental and functional 

trajectories, we performed pseudotime analysis on the SGC clusters. Using cluster 1 

as the starting cluster, three different trajectories were obtained (Figure 4a-c; Figure 

S5). Similar to the aforementioned developmental progression, cluster 1 seemed to 

evolve to cluster 2 (and 3), which were identified as the mature SGCs. From there, 

SGCs were observed to progress to cluster 4 or 5 which were identified as the 

(quiescent) aged SGCs (Figure 4a, b).  Genes that trace these trajectories include 

Adamts5 which was progressively downregulated as SGCs matured to subsequent 

clusters. Adamts5 is a metalloproteinase involved in cellular development and cell 

migration,33 causing it to be upregulated in developing astrocytes,23 which corresponds 

to the developmental function associated with cluster 1. Moreover, Txnip and Hspb1, 

which are both involved in cellular stress responses34,35 and associated with aging 

astrocytes,23 were traced in the trajectories leading up to the aged clusters 4 and 5. 

Figure 4. Pseudotime analysis of satellite glial cells (SGCs) results in three separate trajectories. The 
first trajectory comprised the progression of SGCs from cluster 1 to 2, to 3, and finally to 5 (a). The second 
trajectory described the progression from cluster 1, to 3, to 4 (b). Violin plots of the expression patterns of
the genes associated with these trajectories across the clusters are depicted underneath their respective
tSNE plots.  

A) B)
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 Signaling
Biochemical pathways associated with cell junction signaling, such as adherens and 

gap junctions signaling, were identified in all clusters, indicating the importance of direct 

cell-cell adhesion and communication pathways in fundamental functions of SGCs. In 

addition, the mature SGCs in cluster 3 were enriched for genes involved in aldosterone, 

endothelial nitric oxide synthase (eNOS), purinergic and gap junction signaling (Figure 

5a, b; bold). 

 However, as the SGCs 

mature and age, distinct signaling 

pathways are employed. In general, 

signaling pathways associated with 

proliferation and metabolism, such 

as the aldosterone36 (Figure 5a; 

blue) and mTOR signaling 

pathways37 (Figure 5a, b; blue), and 

pathways associated with cell 

proliferation and neuronal guidance, 

such as 14-3-3 mediated signaling38 

and Reelin signaling,39 were 

decreased (Figure 5b; blue). Also, 

adherens junction signaling seemed 

most important in the immature 

SGCs (Figure 5b; bold). 

 Moreover, aging (Figure 5a; 

arrows) was associated with the 

gradual upregulation of signaling 

pathways involved in cell death and 

cellular stress, for example,

androgen40 and BAG2 signaling 

pathways.41 

 Furthermore, as the SGCs 

transitioned to a more quiescent state (Figure 5b; arrow), the Sirtuin signaling pathway 

was upregulated, which is involved in aging and stress resistance.42 

Figure 5. Active signaling pathways of the different
trajectories in murine satellite glial cells (SGCs) in the 
stellate ganglia. a) Signaling pathways that are down- (left) 
or upregulated (right) as SGCs progress from immature
SGCs (cluster 1; red) to mature (cluster 2; gold) to aged
SGCs (Cluster 4; light blue). b) Signaling pathways that are 
down- (left) or upregulated (right) as SGCs progress from
immature SGCs (cluster 1; red) to mature (cluster 2 [gold]
and 3; green) to aged, quiescent SGCs (cluster 5; pink). 

A) 

B) 
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DISCUSSION 
Major findings

In the present study, we assessed the transcriptomic profiles of SGCs in the stellate 

ganglia at single-cell resolution. We show that the SGCs in the murine stellate ganglia 

are a) a fairly heterogeneous population of cells, that can be separated into five 

subpopulations of SGCs based on their state of maturation or activation, and b) that 

these subpopulations result from two nonlinear trajectories. In addition, we show that 

c) signaling pathways change as SGCs progress through the different trajectories,

indicating different functions of the subclusters.

SGC subpopulations in the murine stellate ganglia 
To our knowledge, this is the first study to elucidate the complexity of SGCs in the 

stellate ganglia based on transcriptomic profiles. We observed that the population of 

SGCs comprised five subpopulations that shared many characteristics, including 

signaling and metabolism pathways (Figure 2a). However, in-depth evaluation of 

cluster-specific DEGs and pathways revealed that the clusters represented SGCs in 

different states of maturation and/or states of functionality. This corresponds with the 

CNS, where astrocytes are known to coexist in different states of maturation.43 

Moreover, our results also corroborate studies by Pannese et al. (1960)45 and Zhang 

et al. (2019)46 which suggested subclustering within the SGCs based on microscopic 

imaging and immunohistochemical experiments, respectively. Using scRNAseq, we 

were able to validate the existence of SGC subpopulations and indicate that these cells 

can assume different states of activation that presumably change over time. We 

defined five subclusters and provided transcriptomic markers that allude to a functional 

identity.  

We found that SGCs go through developmental progression within the stellate 

ganglia and identified cluster 1 as the most immature cluster. As pluripotency markers 

such as Ptprz1 and Itgb8 were enriched in these cells (Figure 3a), we suspect that this 

subpopulation remains undifferentiated and serves to locally replenish the SGC 

population in the stellate ganglia. Moreover, NG2 was upregulated in cluster 1. In the 

CNS, NG2 positive glia have been established to generate astrocytes as well as 

oligodendrocytes, strengthening the identification of cluster 1 as a pluripotent 

population of SGCs (Zhu et al., 2008).47  
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 As the SGCs progress to more mature states, represented by the progression 

from cluster 2 to 3 in our data, metabolic functions such as cholesterol syntheses 

become increased (Figure 3c). Starting from cluster 3 and up, cells become 

increasingly enriched in cellular stress pathways, such as the unfolded protein 

response. Therefore, we established an aging trajectory as the cluster numbers go up. 

Moreover, though insignificant, the senescence pathway became upregulated as 

SGCs progress from cluster 2 to cluster 4 (Figure 3c). In addition, cholesterol-

associated pathways that were upregulated in the mature SGCs became increasingly 

downregulated in the aged SGCs.  

 With regard to the highest expressed genes, cluster 5 was highly similar to 

cluster 4 (Figure 2a) and was also classified as aged SGCs. However, the enrichment 

in cellular stress pathways in cluster 4 was one of the main characteristics that 

distinguished the two clusters. The lesser inflammatory response combined with the 

low activity of functional metabolic and cell division pathways led to the identification of 

cluster 5 as quiescent, aged SGCs. However, it could also indicate that this cluster 

comprises recovering reactive SGCs and/or a mid-state in between the aging SGCs of 

clusters 3 and 4.  
 

 Signaling 
As glia-glia and glia-neuron communication is of fundamental importance to the 

functioning of SGCs, we performed a more detailed evaluation of the signaling 

pathways that were active and evolving in the SGCs.  

 We demonstrated that signaling pathways associated with the cell cycle and 

neuronal guidance seemed to be enriched in the immature SGCs in cluster 1, and 

progressively downregulated as SGCs progressed to a more mature or activated state 

(Figure 5; left columns). Moreover, compared to all other clusters, cell junction signaling 

seemed to be increased in these immature SGCs (Figure 5b; bold). As cell-cell 

adhesion and communication have been shown to be important in stem cell behavior, 

the increased correlation of these pathways and cluster 1 further corroborate its 

pluripotent identity.44,45 

 With maturation, SGCs increased their aldosterone, eNOS, purinergic and gap 

junction signaling (Figure 5a; bold). These pathways correspond with experimental 

data on SGC communication in the trigeminal and dorsal root ganglia.3 Aldosterone 
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signaling has been demonstrated to result in astrocyte proliferation,36 but can also alter 

astrocyte function and activity,46 which might cause neuronal death.47 Comparison of 

these studies indicate a dose-dependent effect of aldosterone, the higher aldosterone 

levels causing neurotoxic effects. As aldosterone levels are also increased in HF, this 

could possibly indicate a (direct) connection between (neurohumoral) changes during 

the development and progression of HF and SGC function and activity.48 

As astrocytes aged, (oxidative) stress signaling pathways, such as through the 

BAG2 protein pathway,41 became progressively enriched (Figure 5a). Androgen 

signaling, which has been demonstrated to promote death in primary cortical 

astrocytes,40 and -adrenergic signaling were also increased (Figure 5A). Although the 

exact meaning of the latter pathway remains to be elucidated, Paukert et al. (2014)52 

showed that norepinephrine enhanced the reactivity of astrocytes to neuronal activity 

in the CNS. Surprisingly, melatonin signaling was also increased as SGCs aged (Figure 

5a). Signaling through melatonin has been shown to protect astrocytes from oxidative-

stress induced stress responses,50 and might therefore reflect a compensatory reaction 

of aging SGCs.   

Clinical relevance
SGCs have been demonstrated to modulate efferent sympathetic outflow to the heart 

and to be more activated in the stellate ganglia of cardiomyopathy patients.48 Using 

scRNAseq, we offer unique insights into SGC biology and diversity. Especially the 

knowledge on glial communication, its dynamic response to injury, and how this injury-

response translates to modulation of sympathetic outflow might be an interesting target 

for future HF therapies. 

Future directions
The present study is the first to identify the coexistence of SGC subtypes in murine 

stellate ganglia and to describe their (functional) characteristics. Hence, the field of 

SGC behavior in stellate ganglia is wide open. The change in SGC characteristics and 

populations over time remains to be fully disseminated. Understanding how SGC adapt 

to aging and changing conditions would give more insight on the biological functions of 

SGCs and their modulatory and supportive roles in the stellate ganglia. Moreover, the 

current study only included male mice to exclude the possible effects of female sex 
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hormones. Nevertheless, the degree to which sex differences affect SGC behavior 

would be an interesting direction for future studies.  
 

 Limitations 
While we have presented comprehensive transcriptomic analyses, we have not 

demonstrated physiological distinctions across the transcriptomes as this is beyond the 

scope of this report. The mice included in the study had received AAVs through paw 

and intracardiac injections, which were retrogradely transported to the stellate ganglia. 

Nevertheless, it is unlikely that these AAVs have disrupted normal SGC dynamics in 

the stellate ganglia as AAVs are known to trigger very low immune responses and to 

be rapidly cleared.15,16 Moreover, the AAVs in this study were injected locally with 

minimal systemic exposure, and studies were performed 3 weeks after injection, which 

is well beyond the half-life and functional clearance of the viruses.50,51 Even though it 

is unlikely to have disturbed SGC dynamics by AAV exposure, the sixth cluster, which 

was characterized by increased expression of pro-inflammatory markers, was excluded 

from further analyses. 

CONCLUSION 
SGCs are a heterogeneous population of neuronal modulatory cells in the stellate 

ganglia. Their diversity is based on the state of maturation or differentiation, which 

might be dynamically responding to environmental changes in health and disease. 

Functional studies in control and pathologic conditions are warranted to validate these 

findings.  
 

DATA AVAILABILITY STATEMENT: 
Glial transcriptomic data and code used to generate data in this manuscript are freely 

available to investigators, and can be obtained by an email to the corresponding author.   
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SUPPLEMENTARY MATERIAL 

Figure S1: Violin plots showing the expression of the known SGC markers S100B 
and Fabp7 in the different clusters.

 
Figure S2: Expression levels of astrocyte immaturity markers in the satellite glial 
cell clusters. Violin plots depicting the relative expression levels of genetic markers 

Slc12a2, Ptprz1 and Itgb8, which are highly expressed in astrocyte progenitor cells. As 

all three markers were highest expressed in cluster 1, this cluster was chosen as the 

root node for subsequent trajectory analysis.  
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Figure S3: t-SNE plots showing that all clusters were present and similarly
represented in all eight mice.
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Figure S4: t-SNE plot of the different clusters with their corresponding state of 
maturation or reactivity.  

 
Figure S5: Pseudo-time analysis on the satellite glial cell (SGC) clusters resulted 
in three different trajectories. Cluster 1, identified as the immature SGC, initially 

matured to cluster 2. From there, SGC development branched, progressing to either 

cluster 3 or 4, which were identified as mature and aged SGCs, respectively. SGCs in 

cluster 3 subsequently progressed to aged SGC in cluster 5. 
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SUPPLEMENTARY FILE LEGENDS 
File S1: The differentially up- and down-regulated genes of the six satellite glial
cell clusters. P-values (p_val), adjusted p-values (p_val_adj) and the relative 

expression ratio in comparison to all other clusters (avg_logFC) are given.  

File S2: Absolute and relative size of the different clusters in the individual mice. 
The upper table depicts the absolute number of cells in the different mice that were 

grouped in each of the different clusters. The lower table shows the percentage of 

satellite glial cells in each of the different clusters, separated per mouse.  

File S3: A ranking of the 500 highest expressed genes of the five satellite glial
cell clusters. The similarities in highest expressed genes suggested a great level of 

correlation between all clusters. 

File S4: Biochemical pathways associated with the 500 highest expressed genes
of the different clusters. Ingenuity canonical pathway names and cluster-specific 

expressed molecules that were associated with these pathways are given. Significance 

level of the correlation between the pathway and the cluster is given as p-value, -log(p-

value) and Bonferroni-Hochberg corrected p-value (-log(B-H-p-value). The ratio of 

differential expression is expressed as ratio. Where applicable, the z-scores quantifying 

extent of activation or inhibition of the associated pathway are also listed.  Multiple 

pathways were similar across clusters (see tab: highest expressed in all). The 

correlation level of these common pathways with the five clusters is compared using 

their -log(B-H-p-values). 

File S5: An overview of the pathways that were associated with the differentially
expressed genes of the five clusters. Ingenuity canonical pathway names and 

cluster-specific molecules associated with these pathways are listed, as are p-value, -

log(p-value), and Bonferroni-Hochberg corrected p-value (-log(B-H-p-value). Z-score, 

if applicable, represents a measure of activation or inhibition of the associated pathway. 
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CHAPTER 8 

ABSTRACT 
Purpose: This review aimed to provide a complete overview of the current stance and 

recent developments in antiarrhythmic neuromodulatory interventions, focusing on life-

threatening ventricular arrhythmias.  

Methods: Both preclinical studies and clinical studies were assessed to highlight the 

gaps in knowledge that remain to be answered and the necessary steps required to 

properly translate these strategies to the clinical setting. 

Results: Cardiac autonomic imbalance, characterized by chronic sympathoexcitation 

and parasympathetic withdrawal, destabilizes cardiac electrophysiology and promotes 

ventricular arrhythmogenesis. Therefore, neuromodulatory interventions that target the 

sympatho-vagal imbalance have emerged as promising antiarrhythmic strategies. 

These strategies are aimed at different parts of the cardiac neuraxis and directly or 

indirectly restore cardiac autonomic tone. These interventions include pharmacological 

blockade of sympathetic neurotransmitters and neuropeptides, cardiac sympathetic 

denervation, thoracic epidural anesthesia, and spinal cord and vagal nerve stimulation. 

Conclusion: Neuromodulatory strategies have repeatedly been demonstrated to be 

highly effective and very promising anti-arrhythmic therapies. Nevertheless, there is still 

much room to gain in our understanding of neurocardiac physiology, refining the current 

neuromodulatory strategic options and elucidating the chronic effects of many of these 

strategic options. 
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INTRODUCTION 
With every beat, cardiovascular afferent nerves convey sensory information to various 

centers of the cardiac autonomic nervous system. The subsequent multi-tiered 

integration of this information results in the meticulous titration of sympathetic 

(excitatory) and parasympathetic (inhibitory) efferent outflow, modulating cardiac 

physiology on a beat-to-beat basis.1–3 While this system has evolved to primarily protect 

and preserve cardiovascular homeostasis, derangement of this system is an elemental 

characteristic of a plethora of cardiac diseases.2,4–6 The derangement-induced 

autonomic imbalance, which is commonly characterized by sympathetic overactivity 

and parasympathetic withdrawal, induces electrical instability and thereby greatly 

enhances the risk of tachycardic ventricular arrhythmias (VAs), both monomorphic and 

polymorphic, and thus sudden cardiac death.1 Correspondingly, -blockers that impede 

the sympathetic effects on the myocardium are one of the cornerstones of current anti-

arrhythmic treatments.7 However, not all patients benefit from treatment with -

blockers, and their systemic effects cause side-effects.8,9 It is therefore unsurprising 

that much research has aimed to decipher the complex interplay between the 

autonomic nervous system and ventricular arrhythmogenesis, in order to develop 

innovative, effective and more targeted antiarrhythmic therapies.10–13 Whereas much 

of this research remains in the preclinical phase, some neuromodulatory strategies are 

already implemented in the clinical setting. For that purpose, this review assesses both 

preclinical studies and clinical studies, thereby providing an overview of recent 

developments in the field of sympathetic modulation of ventricular electrical activity. 

ANIMAL MODELS IN PRECLINICAL STUDIES 
As this review assesses both preclinical studies and clinical studies, it is crucial to 

recognize the main differences in anatomy, neurophysiology and electrophysiology 

between different animal models and humans and to realize that no animal model is a 

precise replica of human cardiac anatomy and physiology. In order to describe and 

interpret preclinical data in the right context and to appreciate the limitations that are 

inherent to translating preclinical results to clinical practice, this review will briefly 

discuss the limitations of murine, canine and porcine models.  
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 Murine models are widely used in preclinical studies, as they are easy to 

handle, a relatively cheap experimental model, and genetically manipulable, with many 

of such strains commercially available.14 However, the main limitation to using mice in 

arrhythmia research is that their electrophysiological properties are substantially 

different from those of humans. For example, their resting heart rate is much higher 

(±600 beats/min)15 and ionic currents contribute differently to the action potential (e.g.

the calcium current is less dominant, and murine repolarization relies heavily on the 

transient outward current (Ito), which also causes their action potential to look greatly 

different from those of humans.14,16 Moreover, with regard to the cardiac autonomic 

nervous system, autonomic tone is dominated by the sympathetic nervous system,17 in 

contrast to the parasympathetic predominance in humans (and also dogs and pigs). 

Hence, these fundamental differences in cardiac physiology, in combination with the 

smaller size of the murine heart, make it less susceptible to spontaneous ventricular 

arrhythmias,18 indicating that these differences significantly affect the process of 

ventricular arrhythmogenesis. Therefore, one should consider these limitations of 

murine arrhythmia models when interpreting results on neural remodeling and the 

effects of cardiac autonomic innervation on ventricular electrophysiology and be aware 

that most results cannot be directly extrapolated to humans.  

 Secondly, canine models have been of great value to the field of ventricular 

arrhythmogenesis, a significant advantage being that all major currents that are present 

in human myocytes are also found in dogs, resulting in a very similar action potential 

morphology.19,20 Moreover, the social nature of dogs allows for awake experiments, 

which might be especially beneficial when studying the autonomic nervous system, as 

anesthesia can pose a confounding factor in such experiments.21 However, canine 

models also come with various disadvantages and limitations. For example, dogs have 

a shorter action potential duration and a higher resting heart rate and respiratory rate.20 

Moreover, though parasympathetic tone is dominant in resting humans, the resting 

autonomic tone in dogs is even more heavily influenced by the parasympathetic 

nervous system, which is also reflected in their more pronounced respiratory sinus 

arrhythmia and increased heart rate variability.22 This difference in autonomic tone 

must thus be carefully considered in the setting of preclinical studies in 
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neurocardiology. Lastly, dogs are a costly, time-consuming and labor-intensive animal 

model, which greatly limits their use.20  

Pigs are another well-established animal model in the research areas of 

ventricular arrhythmias and neural remodeling. A great advantage of the pig model is 

that its coronary circulation is highly similar to that of humans.23 As a result, the 

pathophysiology of coronary ligation closely mimics the effects a myocardial infarction 

has in humans.23 Moreover, the pig's heart size, heart-to-body weight and inflammatory 

response are also all very similar to those of humans.23 However, in comparison to 

humans, there are some differences in electrophysiology. For example, Purkinje fibers 

are richly distributed throughout the ventricular walls of pigs.23 Consequently, the 

activation wave spreads faster, but the Purkinje fibers might also facilitate the 

development of sustained ventricular tachycardias.23 The latter corresponds to the 

observation that pigs are much more susceptible to ventricular fibrillation then humans, 

which presents a limitation when it comes to translating results on arrhythmic 

inducibility and sudden cardiac death to humans. Moreover, one must keep in mind 

that many experimental groups use pigs that are less than a year old (corresponding 

to 18 human years).24 Therefore, the relatively young age of these animals should be 

kept in mind when extrapolating the effects of neural and/or cardiac remodeling to the 

human setting, as aging affects the ability and extent to which organs can adapt to a 

diseased state.  

CARDIAC NEURAXIS 
Anatomically, the cardiac neuraxis can be divided into three main levels (Figure 1). On 

the surface of the heart the local intrinsic cardiac nervous system (ICNS) represents 

level 1 of cardiac-neural interplay. This "little brain on the heart" comprises multiple 

clusters of ganglia, called ganglionated plexi, that are located in epicardial fat pads on 

the myocardium.2 The second anatomical level is established by the intrathoracic 

extracardiac components, which amongst other structures, comprises the 

cervicothoracic ganglia. Thirdly, the extrathoracic extracardiac components include 

nodose ganglia, dorsal root ganglia and various areas within the spinal cord and 

brainstem that are involved in cardiovascular regulation (Figure 1).2,25  
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 Functionally, there are multiple characteristics based on which the cardiac 

neuraxis can be further organized. For example, neurons can be classified as (1) 

afferent, (2) efferent or (3) local circuit neurons (Figure 1). Collectively, these neurons 

work in concert to establish feedback loops that convey afferent (sensory) information 

to integration centers from where efferent (motor) signals are transmitted to the 

myocardium.2 Of note, efferent and afferent pathways often comprise series of multiple 

neurons. In the case of efferent signals, transmission between two such neurons  

generally occurs within a ganglion, such as the stellate ganglion. Here, preganglionic 

neurons synapse upon postganglionic neurons, and additional (afferent) information 

can be integrated, which might modulate the efferent signal. In this manner, multiple 

feedback loops between the heart and different levels of the cardiac neuraxis are 

established (Figure 1).2,4 

 Another, parallel categorization method allocates neural pathways to the 

sympathetic or parasympathetic branch of the autonomic nervous system. In the case 

of the sympathetic nervous system, efferents originate in the intermediolateral cell 

Figure 1. Simplified, schematic overview of the cardiac neuraxis. Neural control is effectuated through
reflex loops at different levels of the cardiac neuraxis. ICNS: Intrinsic cardiac nervous system. Blue arrows:
afferent nerves. Green arrows: parasympathetic nerves. Red arrows: sympathetic nerves. Purple arrows:
ICNS reflex loop. 

Brainstem

Spinal Cord

Stellate ganglia

Heart

ICNS

AfferentEfferent

Le
ve
l1

Le
ve
l2

Le
ve
l3

188



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 189PDF page: 189PDF page: 189PDF page: 189

 AUTONOMIC MODULATION OF VENTRICULAR ELECTRICAL ACTIVITY 

 8 

column of the cervical and thoracic spinal cord (C7-T6). These postganglionic neurons 

project to the superior, middle, cervicothoracic and stellate ganglia, where they 

synapse upon postganglionic nerves that travel towards the myocardium.26–28 Similarly, 

parasympathetic efferents originate in the dorsal motor nucleus and nucleus ambiguus 

of the medulla.29 These pre-ganglionic nerves mainly run through the vagus nerve and 

its dorsal root ganglion. However, parasympathetic pre- to postganglionic transmission 

occurs at the level of the heart, as its post-ganglionic nerves constitute the majority of 

the ICNS.30,31  

 Nevertheless, even though anatomical structures can be roughly assigned to 

the sympathetic or parasympathetic division, it is important to keep in mind that many 

of these structures comprise a combination of both divisions; for example the ICNS 

also contains sympathetic nerves.32 In contrast, separate neurons are either

sympathetic or parasympathetic and exert their antagonizing effects through different 

neurotransmitters: whereas norepinephrine (NE), binding to -adrenergic receptors on 

myocytes, is the main neurotransmitter of sympathetic nerves, the parasympathetic 

nerves release acetylcholine (ACh), which interacts with muscarinic receptors on the 

heart. Of note, ACh, binding onto nicotinic receptors is the primary neurotransmitter in 

pre- to postganglionic neural transmission for both divisions.  

Collectively, this complex yet elegant network allows for continuous feedback 

between the myocardium and the different levels of the cardiac neuraxis, which results 

in the beat-to-beat regulation and modulation of all facets of cardiac function, including 

cardiac electrophysiology.4 The release of NE and other co-transmitters, such as 

neuropeptide Y (NPY), from sympathetic cardiac nerve terminals and secretion of 

epinephrine from adrenal glands initiates various signaling pathways that collectively 

establish the sympathetic effects on cardiac electrophysiology.33 For example, both NE 

and epinephrine can bind to -adrenergic receptors on myocytes, which initiates a 

phosphorylation cascade through cAMP-dependent activation of protein kinase A 

(PKA).34 As such, PKA-mediated phosphorylation of the L-type calcium channels 

increases the systolic intracellular calcium concentration and thereby enhances 

contractional force.34 Simultaneously, cAMP-dependent PKA phosphorylates 

ryanodine receptors on the sarcoplasmic reticulum, thereby enhancing the calcium-

induced calcium release. This sarcoplasmic release of calcium is especially important 
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for increasing systolic calcium concentrations. However, PKA also phosphorylates 

phospholamban, which stimulates the sarcoplasmic re-uptake of calcium and thereby 

speeds relaxation.34 Moreover, the slowly activating potassium channels (IK,s) also 

Figure 2. Schematic representation of the electrical effects of sympathetic stimulation under health
conditions and in the setting of sympathoexcitation. Healthy: The binding of norepinephrine (NE) or
epinephrine to the -receptor results in cAMP-mediated activation of protein kinase A (PKA). Next, PKA
phosphorylates the L-type calcium channel (LTCC), promoting the influx of calcium. Simultaneously, the
calcium-induced calcium release from the sarcoplasmic reticulum (SR) is also enhanced by the 
phosphorylation of the ryanodine receptor (RYR). Simultaneously, phospholamban is also phosphorylated,
which enhances the calcium re-uptake through the sarco/endoplasmic reticulum calcium ATPase (SERCA).
Lastly, PKA also phosphorylates INa and IK,s, which accommodate the faster heart rate by increasing
conduction velocity and shortening repolarization, respectively. Sympathoexcitation: At the cellular level,
sympathetic excitation results in the same effects as under healthy conditions. However, the increased 
calcium influx through LTCC and the increased SR calcium release (due to increased calcium loading)
improve contractile force, but also predispose to the development of early- (EAD) or delayed 
afterdepolarization (DAD; an EAD is shown, a normal action potential is depicted under "healthy" for
reference). These afterdepolarizations are caused by the reactivation of the LTCC during the prolonged
plateau phase of the action potential or by sodium-calcium exchanger (NCX)-medicated depolarization due 
to spontaneous calcium release. This predisposition to the development of an early afterdepolarization is
further enhanced by the stimulation of INa, and by the slower effect of sympathetic stimulation on IK,s

activation, both of which cause a prolongation in action potential duration. 
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become phosphorylated and thereby increased in activity,35,36 which shortens 

repolarization to counterbalance calcium-induced prolongation of action potential 

duration and facilitates an increase in heart rate by shortening the effective refractory 

period.37,38 Lastly, phosphorylation of INa increases ventricular conduction velocities 

which also accommodates the increased heart rate (Figure 2).39–41 

Parasympathetic effects, on the other hand, caused by the interaction between 

ACh and muscarinic receptors, generally counterbalance these sympathetic effects 

and, amongst other effects, result in a slower heart rate, decrease the L-type calcium 

channel current and activate the acetylcholine-activated potassium current (IK,Ach).42 

NEURAL REMODELING
In the setting of cardiac injury and impaired cardiac function, the autonomic nervous 

system remodels to preserve adequate systemic circulation. Consequently, a condition 

with chronic sympathetic overexcitation and parasympathetic withdrawal is 

established. 

Moreover, these functional changes are mirrored by structural adaptations in 

the ICNS and stellate and nodose ganglia. For example, in the stellate ganglia, 

neuronal and glial hypertrophy and increased inflammatory processes have been 

reported,43 and in post-infarct murine models, sympathetic nerves in stellate ganglia 

have been demonstrated to undergo cholinergic transdifferentiation.44,45 Similarly, 

neurons in nodose ganglia and ICNS also enlarge, but show an increased sympathetic 

or decreased cholinergic phenotype, respectively.46–48 Lastly, parasympathetic 

withdrawal is also characterized by abnormal activity of vagal neurons49 and structural 

and functional changes in the dorsal motor nucleus of the vagus nerve.48  

At the level of the heart, cardiac injury, especially a myocardial infarction, can 

result in degeneration of nerve fibers in both the scar and surrounding viable tissue.50–

53 Even though these nerves can regenerate, the extent to which this process develops, 

occurs in a spatially heterogeneous manner, thereby inducing a condition wherein 

sympathetic hyperinnervation and denervation co-exist.50–53  

In animal and human studies, myocardial infarction results in structural and phenotypic 

changes in ICNS characteristics.46,47 Moreover, these phenotypic changes most likely 

reflect functional adaptations, as also observed in a porcine model of myocardial 

infarction.47 In this model, myocardial infarction changed the activity pattern of afferent, 
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processing and efferent neurons of the ICNS. Heterogeneous activation of the ICNS 

has also been shown to be pro-arrhythmic ,54,55 whereas blunting of this effect was 

antiarrhythmic.56–58 Additionally, in the presence of extracardiac remodeling, 

heterogeneous nerve sprouting and local autonomic denervation,51 heterogenous 

activity of the ICNS is most likely only further amplified. Hence, ICNS remodeling seems 

to significantly contribute to the establishment of an arrhythmia-susceptible condition. 
 

SYMPATHETIC MODULATION OF MYOCARDIAL ELECTRICAL 
ACTIVITY IN THE DISEASED HEART 
As mentioned, the autonomic nervous system modulates cardiac electrophysiology. It 

is thus unsurprising that neural remodeling, especially in the presence of diseased or 

injured myocardium, can adversely impact the electrical stability of the heart. In this 

way, overt sympathetic innervation can promote the development of arrhythmic triggers

and/or increase the arrhythmic susceptibility of the myocardial substrate.59. 

 With regard to modulation of the arrhythmic trigger, early or delayed 

afterdepolarizations are promoted by sympathetic-induced changes in ion handling, 

mainly calcium. As mentioned above, sympathetic stimulation increases the systolic 

calcium concentration and simultaneously augments calcium loading in the 

sarcoplasmic reticulum.34 The former can induce early afterdepolarizations through the 

reactivation of the L-type calcium channels during the prolonged phase 2 of the action 

potential.60 The latter can predispose the myocyte to spontaneous calcium release from 

the sarcoplasmic reticulum and subsequent activation of the sodium-calcium 

exchanger, thereby triggering an early or delayed afterdepolarization (Figure 2).61 In 

addition, stimulation of INa can prolong action potential duration and thereby predispose 

to the development of afterdepolarizations.62 This risk for afterdepolarizations is 

especially increased during the initial phase of stimulation, as the slower increase in 

IK,s cannot completely counterbalance the faster effects on calcium handling. Hence, a 

biphasic effect of sympathetic stimulation can be observed, with an initial and 

temporary prolongation of action potential duration, which promotes the development 

of early afterdepolarizations.63,64  

 Second, sympathetic stimulation also promotes the development of re-entry. 

This effect becomes more pronounced during prolonged stimulation, when increases 

in IK,s cause the effective refractory period to become shortened. Moreover, it is not just 
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the cellular electrical instability that promotes re-entry. At the tissue level, nerve 

sprouting and its heterogeneous nature might increase (transmural) dispersion of 

repolarization.65 Especially in regions of hyperinnervation, overt release of NE can 

regionally exacerbate the aforementioned sympathetic-induced cellular instability.59,66 

Moreover, in these regions of hyperinnervation, chronic overt sympathetic innervation 

can result in the downregulation of potassium channels and prolong action potential 

duration,67 which results in increased spatial dispersion of repolarization. On the 

contrary, local sympathetic hypo-innervation can promote spatial dispersion of 

repolarization and also result in super-sensitivity of the local -adrenergic receptors, 

causing pro-arrhythmic conditions when exposed to catecholamines.68 

Correspondingly, following a myocardial infarction and associated neural remodeling, 

the myocardium has been reported to become more sensitive to circulating 

catecholamines, whereas the effects of direct nerve stimulation were decreased.69 This 

was in contrast to healthy situations wherein direct nerve stimulation, rather than 

circulating catecholamines, increased spatial dispersion of repolarization.70 

Hence, sympathetic stimulation destabilizes cardiac electrophysiology at the 

cellular level and thereby predisposes the heart to the development of arrhythmic 

triggers, whilst simultaneously increasing the arrhythmic susceptibility of the myocardial 

substrate.59 As such, cardiac autonomic imbalance strongly promotes the initiation and 

perpetuation of ventricular arrhythmias.

INTERVENTIONS  
As autonomic disbalance drives electrical instability of the myocardium and thereby 

predisposes to ventricular arrhythmias, antiarrhythmic neuromodulatory therapies aim 

to restore this balance. These interventions are primarily designed to decrease 

sympathetic efferent signaling and/or increase parasympathetic activity. This review 

has divided such interventions into three groups, based on their primary modulatory 

target. Therefore, neuromodulatory strategies are classified as modulating (i) the ICNS 

or myocytes, (ii) cardiac efferents or (iii) cardiac afferent signaling (and thus also 

affecting the integration of autonomic stimuli) (Figure 3; Table 1). 
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Modulation of cardiac neurons and myocytes 
 Pharmacological inhibition of the sympathetic nervous system 

Ever since James Black introduced -blockers as an antianginal drug in the 1950s, this 

group of sympathetic blocking drugs have revolutionized the pharmacological 

treatment of a plethora of cardiovascular diseases. Moreover, in the setting of 

ventricular arrhythmias, -blockers are the only drugs that improve survival when used 

for either primary or secondary prevention of SCD,9 and are thus not surprisingly the 

cornerstone of anti-arrhythmic treatment.7 In addition, various inherited 

channelopathies (e.g. long QT syndrome, catecholaminergic polymorphic ventricular 

tachycardia) also rely on -blockers as the first line of therapy in SCD prevention.  

Figure 3. Schematic overview of neuromodulatory interventions that are currently being developed
or are already clinically implemented. Interventions are divided into three groups based on their respective
primary target for modulation. The first group of interventions modulates the intrinsic cardiac nervous system
(ICNS) or the myocytes and includes pharmacological inhibition of sympathetic overdrive, ICNS disruption or
glial modulation. Glial modulation has been studied in the ICNS and in the stellate ganglia and is therefore
connected to both. The second group (consisting of cardiac sympathetic denervation, stellate ganglia block, 
thoracic epidural anesthesia and (auricular) vagal nerve stimulation) directly modulate cardiac efferent and
thereby either decrease sympathetic outflow or increase parasympathetic tone. The arrows next to the
(auricular branch of the) vagal nerve depict the presence of afferent and/or efferent nerves. Thoracic epidural
anesthesia affects cardiac efferents and afferents to a comparable extent and is therefore placed at the
border of the second and the third group. Lastly, the third group (including spinal cord stimulation, carotid
sinus stimulation and renal denervation) primarily modulates cardiac autonomic balance indirectly by
changing cardiac afferent activity and thereby influencing the efferent outflow that is established in integration 
centers across the cardiac neuraxis.
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-blockers are generally classified as either nonselective (with both -1- and 

-2- blocking properties, e.g. propranolol), or -1-selective (i.e. bisoprolol).7 Even 

though -2 and -3 receptors can also be selectively targeted, such drugs are not 

currently used as an adjuvant therapy.9 Nevertheless, it is important to note that -

blocking properties are not solely limited to the category of -blockers (class II of the 

Vaughan-Williams classification), but are also (to a lesser extent) shared by class I and 

class III antiarrhythmic drugs, such as propafenone and amiodarone, respectively.  

However, even at maximally tolerated doses, -blocker therapy can be 

insufficient to suppress recurrent VAs.8 As such, novel pharmacological strategies have 

been developed that impede the sympathetic effects on the heart by targeting 

neurotransmitters or neuropeptides other than NE. NPY in particular has emerged as 

a promising target for next-generation neuromodulatory pharmacological therapies. 

This sympathetic co-transmitter is released during high-level sympathetic stimulation 

and has various (cardiovascular) effects including vasoconstriction,71 parasympathetic 

inhibition72 and cardiac electrical modulation73 by increasing myocyte calcium loading.74 

Ajijola et al. (2020)75 highlighted the possibly detrimental role of NPY in congestive 

heart failure, as they showed that elevated coronary sinus NPY levels (NPY  130 

pg/mL) were significantly associated with a significantly increased risk in the composite 

endpoint of death, heart transplantation or implantation of a ventricular assist device.75 

Correspondingly, Kalla et al. (2020)76 studied NPY (serum) levels in patients who 

underwent percutaneous coronary intervention. Their study showed that patients who 

suffered from recurrent VAs following the intervention had significantly higher levels of 

NPY.76 Hence, even in the presence of -blockade, NPY appears to destabilize cardiac 

electrical properties. These findings were corroborated by the observation that in 

isolated Langendorff perfused rat hearts, high-level stellate stimulation resulted in NPY 

release and calcium mishandling. The selective 1-blocker metoprolol could not reverse 

these effects, but adjuvant therapy with BIBO 3304, a NPY Y1-receptor antagonist, did 

effectively nullify these pro-arrhythmic conditions.76 Similarly, Hoang et al. (2020),73 

used their in vivo porcine model to decipher the differing effects of the nonselective -

blocker propranolol and BIBO 3304. They showed that under conditions of high 

frequency stimulation, propranolol could not reverse stimulation-induced changes in 

electrophysiological parameters. However, adjuvant therapy with BIBO 3304 resulted 
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in stabilization of cardiac electrophysiology and positively augmented cardiac inotropy. 

Hence, blocking the effects of NPY on the heart and cardiac nervous system represents 

an interesting and novel (adjuvant) therapeutic target. Similarly, studies have looked 

into the possibility of blocking other sympathetic nervous system co-transmitters, 

including galanin77 and dopamine;78 however, these avenues await further studies.  
  

 ICNS disruption  

As the ICNS represents both a relay station of higher centers within the cardiac 

neuraxis and an independent nervous system located on the heart (Figure 1), it has a 

complex interaction with cardiac electrophysiology. Consequently, much of the relation 

between the ICNS, cardiac electrophysiology and arrhythmogenesis remain 

incompletely understood. Thus far, interventions directed to the ICNS have mainly been 

studied in the setting of atrial fibrillation (AF). For example, impeding ganglionated plexi 

activity through ablation79 or botulinum toxin A injection80,81 was demonstrated to 

suppress or prevent AF occurrence, respectively. However, the opposite has also been 

reported.82 Moreover, the involvement of the ICNS in the development and 

maintenance of ventricular arrhythmias has been even less explored. Interestingly, He 

et al. (2013)83 subjected canines in the setting of an acute myocardial infarction to either 

ganglionated plexus ablation, or combined ganglionated plexus and stellate ganglion 

ablation. They showed that the incidence of ventricular fibrillation was significantly 

higher in animals with isolated ganglionated plexus ablation, suggesting a protective 

role of ganglionated plexi.83 Hence, although ganglionated plexi affect cardiac 

electrophysiology and could theoretically potentiate ventricular arrhythmogenesis, their 

exact role of this process and their potential as a therapeutic target remain to be 

elucidated.  
 

 Glial cell modulation 

Glia are non-neuronal cells that are found throughout the central and peripheral 

nervous system. These cells fulfill a plethora of functions to both support and modulate 

neuronal function. However, it has become increasingly clear that derangement of the 

reciprocal interaction between glia and neurons often contributes to the initiation, 

promotion and maintenance of (neurological) diseases.84 
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Satellite glial cells 

Satellite glial cells (SGCs), the peripheral counterparts of astrocytes, are increasingly 

of interest in the field of cardiac autonomics. They are found throughout the cardiac 

neuraxis where they envelope neurons,85,86 and most likely, dynamically influence 

synaptic activity.87,88 Moreover, in patients with recurrent ventricular arrhythmia, SGCs 

have been demonstrated to be significantly enlarged and to have upregulated Gfap, a 

molecular marker of satellite glial cell reactivity. Hence, SGCs could be involved in the 

maintenance, or potentially even progression, of sympathetic overdrive. 

Correspondingly, Agulhon et al. (2013)89 expressed a designer receptor exclusively 

activated by designer drug (DREADD) on SGCs, which allowed for artificial and 

selective SGC activation upon administration of clozapine-N-oxide (CNO). They 

demonstrated that SGC activation increased heart rate and blood pressure, which was 

later demonstrated to specifically result from SGC activation in the stellate ganglia.90 

Hence, SGC activation in stellate ganglia modulates local neuronal activity which 

translates to an increased sympathetic outflow to the heart. Therefore, impeding 

pathological glial activity might represent a promising future target of sympathetic 

modulation. Such targeted approaches appear feasible as they are already 

implemented in the central nervous system. Riluzole for example, a drug that inhibits 

glutamate neurotransmission by decreasing its presynaptic release and facilitating its 

uptake by glial cells, is already being used in the treatment of amyotrophic lateral 

sclerosis91 and has been demonstrated to be effective in the treatment of Alzheimer's 

disease92 and various psychiatric disorders in which glia (including astrocytes) are 

fundamental players in the pathophysiology.93 Hence, translating such glial modulatory 

treatments to the peripheral nervous system might expand the boundaries of current 

cardiovascular treatment options. 

In addition, satellite glial cells are also abundantly present within the intrinsic 

cardiac nervous system,94 and have been demonstrated to become injured upon 

catheter ablation of atrial fibrillation.95 Interestingly, higher serum concentrations of 

S100B after catheter ablation of atrial fibrillation were associated with a lower 

recurrence rate.95 As S100B can induce dendrite outgrowth of myocardial nerves and 

can also decrease neuronal activity,96 ablation might induce glial-modulated neural 

remodeling.95 It remains unknown if and how ablation of ventricular substrates affects 
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glia. Hence, more research is warranted into the mechanism by which glial cells of the 

ICNS influence neural remodeling and how their role in neural modulation might 

translate to anti-arrhythmic therapies. 

  Microglia

Lastly, microglia are also emerging as possible participants in various cardiovascular 

diseases. Also in the setting of recurrent ventricular arrhythmias, inflammatory 

processes were active in stellate ganglia, which might imply that microglia and other 

inflammatory cells contribute to this pathological phenotype. Though the role of 

microglia in ventricular arrhythmogenesis has been scarcely studied, Wang et al. 

(2019)97 used a post-infarct murine model to demonstrate their involvement in 

ventricular arrhythmogenesis. In their study, microglial activation was inhibited through 

light-emitting diode (LED) illumination, a fairly new non-thermal method that modulates 

cellular activity through photons that are absorbed by mitochondrial chromophores.98 

In their study, they compared the arrhythmic outcome between control mice and mice 

in which microglia had been kept inactivated following myocardial infarction. They 

demonstrated that LED illumination resulted in significant decreases in neural activity 

in the left stellate ganglion and associated this effect with the observed reduction in 

microglial activity and reduced expression of pro-inflammatory cytokines.97 Moreover, 

these effects decreased incidence of VAs significantly, which further highlighted the 

potential role and therapeutic potential of microglia in ventricular arrhythmias.97  

Modulation of cardiac efferents 

 Cardiac sympathetic denervation 

Even though increasing antiarrhythmic drugs to their maximally tolerated dose and 

catheter substrate ablation comprise the central steps in treatment of ventricular 

arrhythmias, a subset of patients suffer from recurrent ventricular tachycardia despite 

these treatment modalities.99,100 Cardiac sympathetic denervation (CSD), the surgical 

disruption of neural transmission within the left stellate ganglion or bilateral stellate 

ganglia, has emerged as an effective procedure for this patient population. Even though 

this strategy is still restricted to a few "expertise centers", the number and size of clinical 

studies is ever expanding. The success of this treatment modality was reconfirmed in 

a meta-analysis by Murtaza et al. (2020),101 which combined the results of 14 

retrospective clinical studies that included a total of 311 patients with recurrent 
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ventricular tachycardia or electrical storm. Their analyses showed that CSD resulted in 

complete abolishment of ventricular tachycardia in approximately 60% of treated 

patients (average follow-up time: 15 ± 10.7 months) and a significant decrease of 3.01 

in mean implantable cardioverter-defibrillator (ICD) shocks.101 Importantly, these 

results of CSD efficacy are similar between patients with and without an ischemic 

substrate underlying their ventricular arrhythmias.102,103 In addition, a recent study by 

Assis et al. (2021),104 which represents the longest follow-up study on bilateral CSD 

thus far, reported a ventricular tachycardia-free survival in 54.5% of the patients at 4 

years. Importantly, this study also demonstrated that early recurrence ( 12 weeks) of 

ventricular tachycardia after bilateral CSD, does not correlate with the long-term 

antiarrhythmic outcome of this intervention. 

CSD has also been demonstrated to be an appropriate and effective 

antiarrhythmic strategy in the setting of long QT syndrome and catecholaminergic 

polymorphic ventricular tachycardia.105 

Nevertheless, not all patients treated with CSD benefit from this intervention. 

There are various reasons for this undesirable outcome. For example, arrhythmic 

episodes might not be modulated by the sympathetic nervous system, and therefore 

CSD will not abolish the pro-arrhythmic factor. In addition, procedural differences in 

CSD might yield different outcomes. For example, bilateral CSD appears more effective 

in patients with either an ischemic substrate,106 or a non-ischemic (including cardiac 

sarcoidosis) cardiomyopathy,107 whereas isolated left-sided CSD is effective and even 

preferred in the setting of the long QT syndrome (type 1, 2 or 3)108,109 or 

catecholaminergic polymorphic ventricular tachycardia.110 Moreover, the extent to 

which the sympathetic chain needs to be resected is also under much discussion. 

Whereas the initial reports and CSD went as low as level T7 and T8,111,112 current 

practice commonly resects the lower half of the stellate ganglia, down to the level of 

T4. Though not studied in the clinical setting yet, evidence from animal studies 

suggests that selected CSD to the level of T2 might be sufficient to be antiarrhythmic.113 

Nevertheless, interindividual variation in origin of cardiac sympathetic innervation might 

cause this approach to be less effective in the clinical setting.114 

Hence, even though CSD is a great alternative to current antiarrhythmic 

therapies and has already been successfully used to treat many patients with recurrent 
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VAs, there are still possibilities for improvement. For example, as CSD has only been 

a clinical modality for recurrent VAs for a limited period, long-term results are yet to be 

published. As such, it is largely unknown yet whether reinnervation of postganglionic 

nerves, as for example observed following heart transplantation, might induce 

arrhythmic or other cardiac side effects after the passage of time.115 Moreover, all trials 

thus far haven been prospective in character; hence, randomized controlled trials would 

greatly add to the evidence of CSD's success and could further elucidate the difference 

between left or bilateral cardiac denervation. 
 

 Stellate ganglion blockade 

Whereas CSD is permanent and rather invasive, sympathetic outflow from stellate 

ganglia to the heart can also be interrupted via local pharmacological stellate ganglion 

blockade (SGB). Through a percutaneous approach in conscious patients, sodium 

channel blockers (i.e. bupivacaine, lidocaine) can be injected into the stellate ganglia 

to temporarily suppress nerve transmission in that restricted area. This temporarily 

block can suppress arrhythmias and thus serve as a bridge to longer lasting therapies, 

such as substrate ablation, CSD or heart transplantation.116 Injection with these drugs 

effectively suppress drug-refractory electrical storm in over half of the patients treated 

(regardless of the intervention being directed to both stellate ganglia or only the left 

stellate ganglion).117 However, in order to become a more widespread implemented 

strategy, SGB still has to overcome several difficulties. For one, though SGB is 

commonly accepted as a successful and safe procedure, SGB can cause various 

complications. Neck hematomas and transient hoarseness (caused by the accidental 

block of the recurrent laryngeal nerve or a large neck hematoma) are the most common 

complications of SGB.118 However, also local anesthetic systemic toxicity, a rare but 

life-threatening adverse event that is caused by too high plasma levels of local 

anesthetics, can occur.118 Nevertheless, these complications are rare as SGB is most 

often guided by ultrasound or performed under fluoroscopic guidance. Moreover, it 

remains difficult to determine successful SGB block. Various markers of successful 

blockade have been proposed, such as a temperature rise in the ipsilateral arm, 

presence of Horner's syndrome (ipsilateral ptosis, myosis and anhidrosis resulting from 

impeded sympathetic innervation to the eye and ocular adnexae) and the perfusion 

index.118–121 Although out of these three parameters the perfusion index has been 
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established to be best, none of these three modalities is sufficiently sensitive in 

reflecting successful SGB. 118–121 Hence, for SGB to become a more customary 

strategy in the acute treatment of refractory VAs, more reliable and robust technical 

parameters will have to be developed that adequately confirm SGB. 

Thoracic epidural anesthesia (TEA) 

The injection of anesthetics in the high thoracic epidural space causes temporal and 

local nerve block, which has been repeatedly demonstrated to be an effective approach 

in acutely reducing the incidence of ventricular tachycardia and bridging to more 

permanent antiarrhythmic interventions.116,117,122,123 The efficacy of this approach has 

been attributed to multiple factors, including complete and bilateral blockade of all 

cardiac afferents and sympathetic efferents, as it blocks all nerves in segments C8–T4. 

With regard to ventricular electrical activity, this complete nerve block impedes 

arrhythmogenesis by lengthening repolarization duration and prolonging the effective 

refractory period.124,125 Moreover, since SGB impedes efferent sympathetic signaling 

more proximal than -blockers, this strategy might be especially beneficial in patients 

with structural heart disease in which the myocardial substrate can be less receptive to 

pharmacological modulation.116 

Even though TEA can robustly suppress VA in the acute setting, this technique 

still requires some refinement. For one, reliable parameters indicative of effective TEA 

are needed. Moreover, many clinicians remain reluctant to perform TEA, as high 

thoracic anesthesia could theoretically impede cardiac pump function. Nevertheless, 

the opposite was demonstrated by Wink et al. (2021),126 who subjected patients with 

right and/or left ventricular dysfunction to ergometric testing before and after TEA, and 

showed that TEA did not significantly affect or diminish their exercise-induced 

increases in pump function.126 Similarly, clinical case series reported minimal effects of 

TEA on hemodynamic function.116,122,123 However, Wink et al. (2016)127 also 

demonstrated that high thoracic anesthesia diminished right ventricular systolic 

function. Hence, additional studies into the mechanical and hemodynamic 

consequences of TEA are warranted, as this technique might represent a highly 

effective antiarrhythmic strategy that is currently undervalued. 
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 Vagal nerve stimulation 

Vagal nerve stimulation (VNS) was primarily developed as a treatment modality for 

heart failure, but can also be applied in other conditions that are similarly characterized 

by sympathetic overdrive. Through the continuous stimulation of the parasympathetic 

nervous system, sympathetic overdrive is mitigated. This strategy has also been 

effective in the setting of preclinical models of ventricular arrhythmias, as it stabilizes 

cardiac electrophysiology. For instance, recruitment of IK,Ach and the subsequent 

shortening of repolarization duration might impede the development of early 

afterdepolarizations, and VNS has been demonstrated to increase the ventricular 

fibrillation threshold.128,129 Moreover, preclinical studies have highlighted the efficacy of 

VNS in reducing arrhythmic episodes and SCD in the setting of acute and chronic 

ischemia,130–132 and in mitigating pro-arrhythmic effects of left stellate ganglion 

stimulation.133  

 Hence, even though VNS exerts multiple beneficial effects on the myocardium 

in preclinical studies, it has proven to be rather difficult to corroborate these findings in 

clinical studies. Especially since clinical studies for VNS were primarily designed to 

study its effects on heart failure progression, few clinical data are available on the 

effects of VNS on ventricular arrhythmias. Moreover, conflicting results of these clinical 

trials on the efficacy of VNS in heart failure patients134 has constrained efforts towards 

further studies exploring the clinical applicability of VNS for other cardiovascular 

diseases. Nevertheless, these conflicting and confusing outcomes of the clinical 

studies were most likely not a result of VNS inefficacy, but rather a methodological 

problem caused by inappropriate stimulation protocols. In particular, the unsolicited 

stimulation of afferent vagal nerves and subsequent activation of sympathetic efferents 

could have induced the disappointing results. The differences in stimulation parameters 

and their possible effects on clinical outcome have been extensively reviewed 

elsewhere.135  

 Nevertheless, the ANTHEM II trial, which reported a beneficial effect of VNS 

on heart failure, also studied electrical effects of VNS during a 3-year follow-up and 

observed a reduction in the incidence of arrhythmic episodes in their cohort of 

patients.136,137 Hence, though rudimentary and still insufficiently refined, VNS remains 

a promising candidate for future heart failure and antiarrhythmic purposes. 

202



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 203PDF page: 203PDF page: 203PDF page: 203

 AUTONOMIC MODULATION OF VENTRICULAR ELECTRICAL ACTIVITY 

 8 

In addition to the inexperience with VNS, its invasive character is also a 

drawback of this therapy. Therefore, the possibility of transcutaneous VNS through 

stimulation of the auricular branch of the vagus nerve is currently being explored. 

Stimulation of this branch results in centrally mediated increases in vagal efferent 

activity.138,139 This modality has already proven to be effective in suppressing 

ventricular arrhythmias in canine models of myocardial infarction140,141 and has exerted 

antiarrhythmic effects in the setting of acute myocardial infarctions in humans.142 In 

addition, auricular VNS could possibly be more effective than conventional VNS as the 

aforementioned adverse activation of vagal afferent is circumvented by this approach. 

Future preclinical and clinical studies should therefore aim to optimize the 

stimulation parameters, to identify markers reflective of optimal stimulation and gear 

their therapeutic approach towards less invasive modalities.

Modulation of cardiac afferents and integration centers of the cardiac neuraxis 

 Spinal cord stimulation 

As with many other neuromodulatory therapies, spinal cord stimulation (SCS) was 

initially developed to treat angina pectoris.143,144 Though not completely understood, 

local stimulation of the spinal cord affects various central and local neural circuits, which 

collectively impede the process of arrhythmogenesis.145–153 For instance, SCS impedes 

the ability of afferent cardiac nerves in transferring their signal to second order spinal 

cord neurons, thereby hampering the initiation of a sympathetic reflex and the 

development of sympathetically driven remodeling processes that are induced by 

myocardial ischemia.146,147 In addition, SCS stabilizes the ICNS and decreases left 

stellate ganglion activity, all of which could contribute to its antiarrhythmic effects.148,

151,154

Another benefit of SCS is that it is a relatively fast-acting antiarrhythmic 

therapy, as it has been demonstrated to be effective within 1 hour in animal models of 

acute myocardial ischemia.152,155 However, even though the preclinical success of SCS 

in animal studies was corroborated by an initial case series, which reported a significant 

reduction in arrhythmic burden in the two included patients,156 2 consecutive larger 

clinical trials observed contrasting effects on reduction of arrhythmic episodes in 

patients treated with SCS.157,158 This inconsistency in results could be attributable to a 

variety of causes, including differences in SCS parameters (either "continuous and 
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optimally programmed as determined by the physician" or with a frequency of 50Hz, a 

pulse width of 200 μs and continuously paced at 90% of maximum tolerated voltage) 

and anatomical location of pacing (C6 vs. T2-T4).157,158 Hence, SCS shows promise as 

an antiarrhythmic strategy in the setting of both acute and chronic cardiac injury, but 

insufficient knowledge on the physiology and interplay between neural centers and 

optimal location and stimulation parameters of SCS are impeding its advances into 

clinical applicability. 

 Carotid sinus stimulation 

Carotid sinus stimulation aims to modulate the baroreflex. Normally, afferent nerves in 

the carotid sinus and aortic arch transmit mechanical information on arterial blood 

pressure to the central nervous system from where negative feedback is exerted by 

adapting the relative activity of the cardiac sympathetic and parasympathetic branch. 

However, chronically increased sympathetic tone causes this reflex to become 

depressed, resulting in inadequate coordination of sympatho-vagal balance. Therefore, 

carotid sinus stimulation aims to restore baroreflex sensitivity through artificial 

activation of baroreceptor afferents, which should cause central stimulation of 

parasympathetic efferents and inhibition of sympathetic efferents. This elegant tactic to 

indirectly restore cardiac autonomic tone has been performed in multiple preclinical 

studies and has been demonstrated to effectively reduce ventricular arrhythmias.159–161 

However, no clinical trials have studied the antiarrhythmic efficacy of this approach in 

humans. Nevertheless, case series have demonstrated that carotid sinus stimulation 

can effectively decrease blood pressure in patients suffering from hypertension, an 

outcome that was attributed to its mitigating effect on the sympathetic nervous 

system.162–164 Hence, even though this approach seems effective, feasible and safe, 

more studies are warranted to expand (clinical) experience on its applicability in the 

setting of (recurrent) ventricular arrhythmias and to promote its clinical implementation.  

 

 Renal denervation 

Disrupting renal nerves impedes sympathetic overactivation on a more systemic level. 

Even though it was first performed in 1953 as a treatment for primary hypertension,165 

sympathetic overdrive contributes to various other cardiovascular diseases and could 

thus be an adequate approach for a wider range of indications, including ventricular 

204



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 205PDF page: 205PDF page: 205PDF page: 205

 AUTONOMIC MODULATION OF VENTRICULAR ELECTRICAL ACTIVITY 

 8 

arrhythmias. Multiple preclinical studies have demonstrated the antiarrhythmic effects 

of renal denervation. For example, in pigs subjected to 20 minutes of left anterior 

descending artery (LAD) occlusion, renal denervation exerted acute antiarrhythmic 

effects,166 and in animal models of both ischemic and non-ischemic cardiac injury, 

disruption of renal autonomic nerves prevented pro-arrhythmic neurohumoral cardiac 

remodeling.167–169 Unfortunately, the disappointing results of the SYMPLICITY HTN-3 

trial,170 the first sham-controlled clinical trial on the efficacy of renal nerve denervation 

for hypertension, greatly diminished clinical interest in this strategy. The additional 

critiques on the trial's experimental design and incomplete execution of renal 

denervation, have further discredited this strategy and greatly impeded its 

progression.171–173 Consequently, clinical data on antiarrhythmic effects of renal 

denervation are also scarce. Nevertheless, the clinical results that have been published 

thus far seem promising.174–180 For example, Remo et al. (2014)175 showed that renal 

denervation effectively decreased ventricular tachycardia episodes in patients with 

ischemic and non-ischemic cardiomyopathies who were suffering from refractory 

ventricular tachycardia. Similarly, Ukena et al. (2016)177 combined 13 cases of patients 

suffering from chronic heart failure who had undergone renal denervation and showed 

that this intervention was associated with a significant reduction in arrhythmic burden. 

Correspondingly, Tsioufis et al. (2014)176 showed the beneficial effect of renal 

denervation on reducing the occurrence of premature ventricular contractions in 

patients with drug-resistant and uncontrolled hypertension. Hence, renal denervation 

positively affects cardiac electrophysiology and exerts an antiarrhythmic effect in a wide 

range of cardiovascular patients. Future preclinical studies should aim to expand our 

understanding of the physiology underlying the antiarrhythmic efficacy of renal 

denervation and to establish the long-term outcome of this approach. Moreover, the 

ability of renal denervation to reverse pro-arrhythmic remodeling remains to be 

elucidated and further investigations validating and strengthening the applicability of 

this treatment are warranted. 
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Table 1. Overview of the neuromodulatory interventions. Neuromodulatory interventions, their respective 
mechanism of action and stage of implementation. 

 
* The clinical application of these interventions remains limited to a number of specialty centers. 

  

Intervention Modulatory mechanism Stage of 
implementation 

Pharmacological
modulation

  

Beta-blockers Inhibition of sympathetic effectuation through blockade of 
beta-adrenergic receptors Clinically used 

NPY-receptor 
blockers 

Blockade of neuropeptide Y (NPY) receptors inhibits the 
effects of sympathetic co-transmitter NPY Preclinical 

ICNS disruption 
Mechanical interruption of neuronal activity within the 
intrinsic cardiac nervous system (ICNS) impedes 
pathological neural input 

Preclinical 

Glial modulation   

Satellite glial cells Indirect modulation of neuronal behavior by manipulating 
satellite glial cell activity 

Experimental 
Microglia 

Impediment of pathological inflammation in the stellate 
ganglia through suppression of microglial activity to 
modulate neuronal activity 

Cardiac
sympathetic
denervation 

Elimination of cardiac sympathetic input through the 
mechanical disruption of all neural transmission through left 
or bilateral stellate ganglia 

Clinically used* 

Stellate ganglion 
blockade

Temporal inhibition of stellate ganglia nerve transmission to 
the myocardium through the administration of local 
anesthetics 

Clinically used* 

Thoracic epidural 
anesthesia

Pharmacological inhibition of all spinal cardiac afferents and 
sympathetic efferents at levels C8-T4 temporarily blocks 
sympathetic outflow 

Clinically used* 

Vagal nerve 
stimulation 

  

Vagal nerve 
stimulation 

Direct stimulation of the vagal nerve increases cardiac 
parasympathetic tone Clinical trials 

(Indication: heart 
failure) Tragus stimulation 

Indirect stimulation of the cardiac parasympathetic nerve 
fibers by transcutaneous stimulation of the vagal auricular 
branch 

Spinal cord 
stimulation 

Local stimulation of spinal nerves modulates various central 
and local neural circuits, and, amongst other effects, 
impedes the initiation of a sympathetic reflex, the 
development of sympathetically-driven remodeling 
processes, stellate ganglion activity and stabilizes the ICNS 

Clinical trials 
(Indication: 
ventricular 

arrhythmias) 

Carotid sinus 
stimulation 

Stimulation of baroreceptor afferents initiates centrally-
driven activation of parasympathetic efferents and inhibition 
of sympathetic efferents 

Preclinical 

Renal denervation 
Disruption of renal nerves impedes sympathetic 
overactivation on a more systemic level 

Clinical trials 
(Indication: 

hypertension) 
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Emerging modalities of neural modulation
Thus far, this review has discussed neuromodulatory interventions that are already 

clinically implemented or currently progressing towards clinical application. However, 

novel methods of neuromodulation are continuously being developed as knowledge on 

the neural-cardiac interplay rapidly grows in parallel with technological advances. 

Therefore, this last section will briefly elaborate on interesting, novel avenues of 

neuromodulatory interventions that modify neural activity through the employment of 

magnetic or ultrasound stimulation. 

Transcranial magnetic stimulation is a neuromodulatory technique that is 

already clinically used for pain and depression, and has much clinical potential for 

various other (neurological) disorders.181 Moreover, this intervention has been 

observed to affect cardiac rhythm182 and heart rate variability,183 which indicates its 

ability to modulate cardiac autonomic tone. Though therapeutically appealing, this 

technique has thus far not been studied as an antiarrhythmic therapeutic option. 

Nevertheless, such refinement is made difficult by various confounding factors in 

clinical neuromodulatory research. For example, aging, comorbidities and 

interindividual variation in nervous system anatomy and/or functionality result in 

considerable variations in neuromodulatory response. Although these confounding 

variables are challenging, current research on modulatory therapies is progressing 

rapidly. 

Electromagnetic stimulation of the ICNS or vagosympathetic nerve trunks were 

previously demonstrated to effectively suppress atrial fibrillation through modulation of 

cardiac autonomic balance.184,185 Wang et al. (2016)186 extrapolated this strategy to 

suppressing ventricular arrhythmias through low-frequency electromagnetic stimulation 

of the left stellate ganglia in canines with acute myocardial infarction. They showed that 

this strategy significantly decreased left stellate ganglion activity and reduced 

myocardial infarction-induced ventricular arrhythmia burden. Markman et al. (2020)187 

published a case series on five patients suffering from ventricular tachycardia storm 

( 3 episodes of sustained ventricular tachycardia in 24 hours), which were all treated 

with transcutaneous magnetic stimulation of the left stellate ganglion. This strategy 

successfully lowered arrhythmia burden and was not associated with any adverse 

events, further highlighting the potential of this modality to serve as a bridge to more 
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permanent interventions. However, further (pre)clinical studies are warranted to further 

optimize the understanding of this approach. 

Lastly, Wang et al. (2019)188 recently reported on the possibility of using low- 

level ultrasound stimulation of the left stellate ganglion to reduce arrhythmic burden. In 

their study, dogs were exposed to 10 minutes of low-level ultrasound stimulation prior 

to the establishment of a myocardial infarction. This pretreatment was shown to 

possibly inhibit neural activity in the left stellate ganglion and to thereby reduce 

myocardial infarction-induced ventricular arrhythmias.188 Though promising, this 

abstract is the first publication on the efficacy and applicability of this strategy.  

 It is clear that much more research is needed to advance these modalities to 

the clinical setting. Nevertheless, with the current pace of device development and 

progression, the implementation of these stimulatory techniques comparable to that of 

pacemakers is conceivable. Therefore, the subcutaneous implantation of a stimulatory 

device could be an excellent treatment option in the outpatient setting. 

CONCLUSION 
Much research has elucidated the elegance of the cardiac neuraxis and its intricate 

involvement in cardiac physiology. Moreover, its detrimental role in cardiovascular 

diseases and ventricular arrhythmogenesis is becoming increasingly clear, which has 

already resulted in targeted therapies for most levels of the cardiac neuraxis. Even 

though all these strategies appear very promising, there is still much room to gain in 

the treatment of these possibly fatal VAs. For example, there is much to learn about 

how central integration centers and the ICNS control sympatho-vagal balance and how 

antiarrhythmic therapies can target these structures more specifically. Additionally, 

even though many neuromodulatory interventions have been developed, most of these 

interventions would greatly benefit from additional refinement (e.g. identification of 

robust and reliable parameters of successful neuromodulation and/or optimal 

stimulatory parameters). Nevertheless, such refinement is made difficult by various 

confounding factors in clinical neuromodulatory research. For example, aging, 

comorbidities and interindividual variation in nervous system anatomy and/or 

functionality result in much variation in neuromodulatory response. Although these 

confounding variables are challenging, current research on modulatory therapies is 

progressing at a fast pace. 
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Lastly, the relatively young age of this research field has not allowed for long-

term follow-up studies. Therefore, chronic effects of these therapies are yet to be 

elucidated. Nevertheless, current research is well on its way to fill these gaps and to 

further install neuromodulation as a widely implemented antiarrhythmic strategy. 
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CHAPTER 9 

GENERAL DISCUSSION 
Ventricular arrhythmogenesis is an intriguingly complex and intricate phenomenon. 

The orchestrated interplay between electrical currents at the cellular level safeguards 

normal cardiac rhythm, but becomes dysregulated in arrhythmogenesis. This disruption 

of cardiac electrical stability endangers cardiac output.  

Numerous conditions can predispose to ventricular arrhythmogenesis through 

various mechanisms. This thesis studied the regulation of cardiac electrical stability by 

several intra- and extracardiac factors, and related their effects to ventricular 

arrhythmogenesis. 

MECHANISMS OF VENTRICULAR ARRHYTHMOGENESIS  
Coumel reduced the process of arrhythmogenesis to the unison of a trigger, 

substrate and modulator (Figure 1A).1,2  

In short, the trigger is the initial (local) derangement that sparks an arrhythmic 

episode.3 Such triggers develop from electrical instability at the level of the myocyte. 

The ventricular action potential comprises an ordered set of phases that meticulously 

follow up on one another. In this manner, electromechanical coupling is established,4 

which allows for electrical signals to be translated into mechanical function. However, 

early or late afterdepolarizations disrupt the ventricular action potential, which can 

trigger arrhythmias.5–7 In the CAVB dog model, arrhythmic events are also triggered by 

afterdepolarizations.8–11 The augmented risk for afterdepolarizations results from 

electrical (IK,r and IK,s downregulation)12–15 and contractile remodelling in combination 

with the administration of the specific IK,r-inhibitor dofetilide.14,15 All of these factors 

deplete the repolarization reserve and thereby cause ventricular electrophysiology to 

become increasingly vulnerable to electrical disturbances.16 This instability is reflected 

by QT-prolongation, but is even better captured by the short-term variability in 

repolarization (STV).16,17 This latter parameter measures beat-to-beat changes in 

repolarization duration and thereby quantifies the temporal dispersion of repolarization. 

Accordingly, a higher STV reflects greater beat-to-beat differences in repolarization 

duration, and thus a more volatile underlying electrophysiology and an increased 

susceptibility for afterdepolarizations.16–18  

 The substrate is the tissue that enables the cardiac spread of aberrant 

electrical waves.19 The ability of cardiac tissue to perpetuate arrhythmic episodes relies 
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on spatial heterogeneity in ventricular electrical characteristics.20–22 While these 

differences are also present under healthy conditions, they are generally too small to 

facilitate a ventricular arrhythmia. However, as a result of cardiac pathology, the 

substrate becomes diseased. This can increase the susceptibility for ventricular 

arrhythmias in many ways, for example through the presence of scar tissue,23 and/or 

heterogeneous electrical characteristics of myocytes.24,25 In the chronic AV-block 

(CAVB) dog model, remodelling occurs spatially heterogeneously, including a marked 

downregulation of potassium channels in the early activated regions.26 Consequently, 

spatial dispersion of repolarization is increased. The specific IK,r-blocker dofetilide 

further pronounces these spatial differences, thereby increasing arrhythmic 

susceptibility.26,27  

 Additionally, both trigger and substrate are under the influence of modulators, 

such as the autonomic nervous system.28 Even in a background of low intrinsic 

propensity for ventricular arrhythmias (e.g. low trigger and low substrate conditions), 

modulators can enhance both trigger and substrate, thereby effectively lowering 

arrhythmia threshold and promoting arrhythmogenesis. Hence, while modulation 

promotes arrhythmogenesis indirectly, it is not a trigger or substrate itself. This concept 

is schematically depicted by the adapted triangle of Coumel, Figure 1A. Similarly, 

Figure 1B illustrates how changes in the respective presence and relative contributions 

of the different factors affect arrhythmogenic outcomes. 

Figure 1: Schematic illustration of arrhythmogenesis. A) Arrhythmias result from an arrhythmic trigger
in combination with an arrhythmic substrate, both of which can be modulated to promote or impede
ventricular arrhythmogenesis. As such, the trigger and substrate are directly involved in arrhythmogenesis
(double arrow), whereas modulators are indirectly involved in this process. B) The extent wherein an 
arrhythmic trigger, susceptible substrate and modulator are present determines the arrhythmic outcome.
Whereas sufficiently high intrinsic predisposition for arrhythmias can cause arrhythmic events, the additional
modulation of both elements facilitates arrhythmogenesis.
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 Chapter 2 demonstrated that electrical parameters indicative of the trigger and 

substrate for arrhythmias can accurately reflect the anti-arrhythmic effects of drugs. 

Assessment of either electrical index in isolation of the other is insufficient to evaluate 

the electrical stability of the myocardium. Therefore, estimation of the arrhythmogenic 

conditions and risk should preferably depend on one or multiple parameters that reflect 

both trigger and substrate. Modulators are not included in chapter two, but can  

additionally be assessed to explore the arrhythmic risk.29,30 Although modulators affect 

arrhythmogenesis indirectly, they can be effective targets for anti-arrhythmic 

treatments (Figure 1B). This can also explain the anti-arrhythmic effects of 

tachypacing31–33 and sympathetic denervation,34–38 which mitigate trigger and substrate 

or even nullify the pro-arrhythmic modulator, respectively.  

INTRACARDIAC REGULATION OF ELECTRICAL STABILITY 
 Whereas the arrhythmic trigger and substrate are intrinsic characteristics of the 

heart, modulatory factors can be both intra- and extracardiac. Chapter 3 studied one 

of such intracardiac modulators, exploring the modulatory effects of bradycardia on the 

trigger and substrate. The results of this study confirmed the pro-arrhythmic effects of 

bradycardia and associated these effects with a primarily pro-arrhythmic effect on the 

substrate. Whereas temporal dispersion of repolarization appeared to be minimally 

affected by ventricular rate, high resolution in vivo mapping demonstrated significant 

increases in spatial heterogeneity in repolarization when rate was lowered. These 

effects were reflected in the persistence of ectopic activity at higher rates, though 

arrhythmias were significantly decreased. Hence, even though the trigger was still 

present, the decrease in spatial dispersion of repolarization limited the ability of the 

myocardium to sustain and perpetuate arrhythmic events, lowering the incidence of 

Torsade de Pointes arrhythmias (TdP). 

 Accordingly, tachypacing has been introduced as an effective anti-arrhythmic 

therapy. This strategy stimulates the heart at a higher frequency than the arrhythmic 

episode to render the tissue refractory before the arrhythmic wave front can depolarize 

it. The first publication on this strategy described its efficacy in terminating ventricular 

tachycardia in 22 patients that suffered from ischemic cardiac injury.32 From there on, 

tachypacing was primarily thought to be an applicable strategy in the setting of macro-

reentry arrhythmias, as is often the case with myocardial infarction-induced scar tissue. 
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However, a meta-analysis by Cheng et al. (2020)33 showed that the efficacy of 

tachypacing is similar between ischemic and non-ischemic cardiomyopathy patients, 

as this approach terminated 76% and 75% of all episodes, respectively. Hence, under 

both circumstances, ventricular rate is a potent modulator of cardiac electrical instability. 

Although this modulator can adversely cause pro-arrhythmic conditions, it can also be 

leveraged clinically as an anti-arrhythmic strategy. 

As illustrated in Figure 1B, arrhythmogenesis heavily depends on the intrinsic 

propensity for arrhythmogenesis. Ventricular remodelling affects electrical 

characteristics at the cellular and tissue level, increasing risk of an arrhythmic trigger 

and promoting the arrhythmic substrate. Chapter 4 studied how different conditions of 

ventricular remodelling affect these factors and how this translates to TdP-inducibility. 

To this end, three groups of animals remodelled under different degrees of mechanical 

dyssynchrony. It was shown how the severity of electromechanical dyssynchrony, 

induced by altered ventricular activation, correlated with the development of TdP-

susceptibility in the CAVB dog model. Moreover, these effects seemed to primarily 

result from differential substrate remodelling, rather than differences in cellular 

electrical instabilities. We showed that animals' persistent mechanical dyssynchrony 

was associated with more pro-arrhythmic electrical remodelling, which was reflected 

by a more spatially heterogeneous dofetilide-induced prolongation of repolarization 

(Figure 2). Interestingly, regardless of activation pattern, dofetilide-induced 

prolongation of repolarization was always longest in the early activated regions. Hence, 

intrinsic cardiac remodelling appears to be primarily driven by ventricular activation 

pattern and its associated mechanical effects.  

These results are especially relevant to the clinical field of electrophysiology, 

as they underscore the potentially pro-arrhythmic consequences of electromechanical 

dyssynchrony induced by improper pacing lead placement. This could also explain the 

paradoxical pro-arrhythmic effects of cardiac resynchronization therapy (CRT) that has 

been reported in non-responders and/or heart failure patients with a narrow QRS 

complex.39–42 Moreover, Behon et al. (2020)43 performed a retrospective study in which 

they reported that lateral left ventricular lead placement was associated with better 

long-term mortality outcomes in comparison to anterior or posterior lead locations. 

Even though this study did not specify any measures of arrhythmic outcome, prior 
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studies have similarly demonstrated that anterior and apical lead placements are 

associated with increased mortality and arrhythmic-susceptibility.44–48 

 Nevertheless, the most optimal placement of the left ventricular lead appears 

to depend on the patient-specific origin of the latest-activated region. Therefore, this 

placement should be tailored to the individual as much as possible to achieve the least 

possible mechanical dyssynchrony.49 
 

EXTRACARDIAC REGULATION OF ELECTRICAL STABILITY 
 One of the best-known modulators of ventricular arrhythmias is the autonomic 

nervous system. In healthy conditions, the autonomic nervous system regulates 

cardiac function by finely controlling excitatory and inhibitory outputs from the 

sympathetic (SNS) and parasympathetic nervous systems (PNS), respectively.50,51 

Integration of afferent and efferent signals across the cardiac neuraxis achieves this 

complex, yet elegant, beat-to-beat regulation of sympathovagal balance and cardiac 

function.50,52 At each level, cardiac sensory afferent information is processed and 

reflexively triggers efferent output to the heart.50,52 Moreover, neurons of the intrinsic 

cardiac nervous system (ICNS) and stellate/thoracic sympathetic ganglia have their 

own local reflexes while integrating input from higher centers.51  

Figure 2: Schematic representation on how mechanical dyssynchrony can result in arrhythmic
susceptibility. Acute mechanical dyssynchrony induces ventricular electrical remodelling. In response to
electrical remodelling, mechanical dyssynchrony can be reversed or persistent. The extent wherein this
dyssynchrony persist, correlates with the extent wherein the heart becomes susceptible for ventricular
arrhythmias.
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Whereas this system relies on the careful titration of sympathetic to 

parasympathetic activity, cardiac injury causes pathological remodelling of cardiac 

autonomic neurons. Consequently, this fine balance is disrupted as remodelling 

culminates in sympatho-excitation.50,51,53  

 In Chapter 5, we established the role of the autonomic nervous system in 

modulating cardiac electrical stability in the CAVB dog model. We demonstrated that 

bilateral sympathetic denervation was a highly effective anti-arrhythmic strategy. As 

such, we showed that in most CAVB animals, sympathetic modulation was 

fundamental to the development of TdP. Hence, even though the myocardium itself 

was already highly susceptible to triggers and had a profoundly arrhythmic substrate, 

additional modulation was most often necessary to reach the arrhythmic threshold. 

Interestingly, pharmacological modulation of cardiac autonomic innervation 

with the nicotinic acetylcholine-receptor blocker hexamethonium and the beta-blocker 

propranolol, lacked any anti-arrhythmic effects.  

The clear discrepancy between mechanical and pharmacological blockade 

suggests that direct nerve stimulation could be a more potent pro-arrhythmic modulator 

than circulating catecholamines. Correspondingly, the study by Yagishita et al. 

(2015),54 reported that bilateral stellate stimulation, but not norepinephrine infusion, 

increased ventricular dispersion of repolarization in pigs. Interestingly, Tanabe et al. 

(2001)55 observed an increased spatial dispersion of repolarization upon 

norepinephrine infusion in patients with long QT syndrome (LQTS). Hence, even 

though circulating catecholamines might promote the arrhythmic substrate in LQTS 

patients, and thus also in the CAVB dog model, this pro-arrhythmic effect seems to be 

minimal as pharmacological suppression of these catecholamines could not suppress 

TdP. 

As we became increasingly aware of the autonomic influence on ventricular 

arrhythmogenesis, we started to see more evidence of neural remodelling in the CAVB 

dog model. For example, we observed that the dofetilide-induced prolongation in PP-

interval was different between inducible and non-inducible animals (Figure 3); the latter 

group showing a more pronounced prolongation (corresponding to a higher 

parasympathetic tone). Previous studies have demonstrated that dofetilide shifts 

cardiac autonomic tone to more parasympathetic-dominant conditions.56 It could thus 

be hypothesized that inducible animals have a higher sympathetic tone which partially 
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impedes the dofetilide-induced activation of the parasympathetic nervous system. The 

higher sympathetic tone in combination with dofetilide-infusion could cause more pro-

arrhythmic conditions. 

 To further assess the role of autonomic modulation, we performed left stellate 

stimulation under acute AV-block conditions and followed-up with a dofetilide challenge 

after one hour (unpublished). Surprisingly, these animals were highly inducible to 

dofetilide-induced TdP, which were unresponsive to electrical cardioversion. Normally, 

a dofetilide-challenge under acute AV-block conditions does not cause any of the 

animals to become TdP-inducible.13 However, when a similar experiment was 

performed under chronic AV-block conditions, but with a bilateral stellectomy after 

stellate stimulation, only 2 out of 17 animals remained inducible. This further suggests 

that it is the residual nerve activity that persists after stellate stimulation that caused 

TdP-inducibility, as circulating catecholamines should have been similar between the 

two conditions. Moreover, the highly pro-arrhythmic conditions that were observed in 

the setting of acute AV-block also demonstrate the powerful modulatory role of the 

autonomic nervous system; even in the absence of pro-arrhythmic remodelling of 

arrhythmic trigger and substrate, autonomic modulation could induce TdP.  

Figure 3: Dofetilide-induced prolongation in PP-interval in inducible and non-inducible animals. A)
Individual PP-interval responses to dofetilide infusion. In both groups, dofetilide caused significant
prolongations in PP-intervals. B) Relative increase in dofetilide-induced PP-interval was significantly greater 
in non-inducible animals. Included animals (n = 8 for inducible, n = 15 for non-inducible animals) overlap 
with animals used in chapter 3 and 4. To minimize confounding factors, all animals included in this sub-
analysis were experimentally paced at 60 beats/minute from the right ventricular apex. * p<0.05; ** p<0.01; 
*** p<0.001; *** p<0.0001.
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As we had established the pro-arrhythmic character of the cardiac nervous 

system under CAVB conditions, Chapter  6 explored the functional and cellular 

characteristics of neural remodelling in the CAVB dog model and its effects on cardiac 

electrophysiology. Previous human studies have shown that the phenotype of 

sympathetic overdrive may be initiated and propagated by neuronal hypertrophy, glial 

activation, and inflammation in stellate ganglia.57 Unfortunately, most translational and 

clinical studies on autonomic remodelling have focused on ischemic cardiomyopathies, 

whilst functional and electrical consequences of neural remodelling in NICM are largely 

unknown. However, non-ischemic substrates differ markedly from ischemic substrates. 

Especially as it has been repeatedly shown that following myocardial infarction, chronic, 

excessive sympatho-excitation promotes arrhythmogenesis through inducing electrical 

instability and heterogeneity in scar-borderzones,58 these findings are poorly 

translatable to the non-ischemic settings. Therefore, understanding both the presence 

and mechanisms of neural remodelling and how SNS-activation reciprocally affects 

non-ischemic substrates in this population is of great need. 

A main finding of our study was that also in the setting of non-ischemic cardiac 

injury, cardiac autonomic tone progressively shifts towards sympathetic dominance. 

This increased sympathetic tone was associated with suppression of the arterial 

baroreceptor reflex, a consistent finding in ischemic cardiomyopathies.59,60 Similar to 

the study by Notarius et al. (2007),61 who studied cardiac autonomic tone in ischemic 

and non-ischemic cardiomyopathy patients, we also observed a decrease in both low 

frequency (LF; reflective of sympathetic activity) and high frequency (HF; reflective of 

parasympathetic activity) power. Their study also showed that the LF/HF ratio was 

higher in NICM patients than in ICM patients, suggesting a greater degree of autonomic 

imbalance. This could indicate that in contrast to the local neural remodelling processes 

which characterize ischemic cardiomyopathies, neural remodelling in the setting of 

non-ischemic cardiac injury is more extensive and results in a relatively higher 

sympathetic tone. Surprisingly, a meta-analysis reported that autonomic parameters 

indicative of cardiac autonomic disbalance could not predict the occurrence of 

ventricular arrhythmias in patients suffering from a non-ischemic dilated 

cardiomyopathy.62 This seemingly paradoxical result could stem from multiple causes. 

For example, the review only included time-domain measurements of cardiac 

autonomic innervation (HRV, HRT and BRS). In contrast, Notarius et al. (2007)61 
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assessed frequency-domain measures of autonomic innervation (e.g. LF and HF). An 

advantage of these latter measurements is that they more specifically quantify the 

(relative) activity of the sympathetic and parasympathetic nervous systems and could 

thus be a more adequate assessment of cardiac autonomic tone. Secondly, the studies 

in this meta-analysis often only included a small number of patients (n < 100),62 

potentially biasing the outcome of their analysis. 

 In Chapter 7, we explored the transcriptomic heterogeneity of satellite glial 

cells in healthy murine stellate ganglia to study how these cells might modulate 

sympathetic activity and propagate autonomic imbalances. Satellite glial cells, the 

peripheral counterparts of astrocytes, ensheath neuronal soma and are capable of 

influencing neuronal activity.63,64 Moreover, these cells become active in response to 

cardiac injury57 and can promote activity of sympathetic neurons in the stellate 

ganglia.65,66 Although these cells are fundamental to fully comprehend cardiac 

pathophysiology and might be potential targets for future modulatory strategies, little 

research has been conducted to understand their biology. 

 

 
Figure 4: Characterization of the sixth population of satellite glial cells. A) t-SNE plot showing the co-
existence of six satellite glial cell subtypes. B) Heatmap showing the expression of the differentially 
expressed genes of the sixth cluster across all populations. The sixth cluster was characterized by the 
upregulation of immune response related genes, including Ifit3, Ifit1 and Gbp2. C) Pathway analysis of the 
differentially expressed genes of the sixth cluster show that it is uniquely active in various defence 
mechanisms, which overlap with activity of the innate and adaptive immune system, as well as specific 
upregulation of various signalling pathways that are specific to anti-viral interferon signalling. Dotted line 
represents threshold of significance; -log(BH p-value) > 1.3 equals a p-value < 0.05. 
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Moreover, thus far most studies have focused on the physiology of murine 

satellite glial cells, resulting in very limited data availability on the behaviour of satellite 

glial cells in other animal models or humans. As such, we used the sympathetic ganglia 

of healthy mice to perform single cell RNA sequencing on. We observed five subtypes 

of satellite glial cells and classified them based on different functional and/or 

developmental stages. Though previously unspecified, a sixth population of satellite 

glial cells, characterized by its highly reactive phenotype, was found (Figure 4). 

Unfortunately, there was insufficient knowledge to interpret the function of this cluster 

in healthy mice and comparable single cell sequencing datasets to validate our findings 

were lacking. Therefore, this cluster was excluded from the manuscript. However, as 

knowledge on glial modulation of sympathetic activity is rapidly expanding and more 

research groups are performing comparable experiments, the existence of a reactive 

cluster of satellite glial cells has been validated.67 The cells belonging to this cluster 

showed transcriptomic markers suggestive of a role in immune defence mechanisms. 

Interestingly, these cells appeared to possess both anti-bacterial and anti-viral 

properties (Figure 4C). Hence, within the stellate ganglia, a dedicated population of 

satellite glial cells appears to co-exist with immune cells to guard and preserve stellate 

ganglion homeostasis and health. Future research will have to elucidate the 

physiological role of this population in health and disease. 

As has become evident by now, the cardiac autonomic nervous system is a 

powerful modulator of ventricular arrhythmogenesis. Unsurprisingly, neuromodulation 

has emerged as a promising therapeutic strategy against ventricular arrhythmias. 

These therapies aim to increase parasympathetic tone and/or suppress cardiac 

sympathetic tone. The present state of well-established, novel and upcoming 

neuromodulatory therapies for cardiac arrhythmias were reviewed in Chapter 8. This 

overview described the neuromodulatory mechanisms of the different strategies and 

highlighted the various (potential) targets of the cardiac neuraxis.  

Another interesting avenue of neuromodulatory therapies that was not included 

in this chapter, are potential strategies to prevent pathological neural remodelling. As 

the biology of neural remodelling is becoming increasingly clear, novel therapies should 

aim to impede these processes from becoming detrimental. For example, one could 

think of using neural growth factor blockers, glial inhibitors or possibly even anti-

inflammatory drugs, as all of these processes are involved in the development of acute 
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sympatho-excitation and its deterioration to chronic autonomic imbalance.57,68–70 These 

burgeoning lines of investigation represent promising future therapies, all aimed at 

blunting progression of neural remodelling to lessen cardiovascular disease. 

CONCLUSION 
 Philippe Coumel dissected arrhythmogenesis and formulated the three 

fundamental elements of ventricular arrhythmias: a trigger, a substrate and a 

modulator.1,2 Reducing the complexity of ventricular arrhythmias to these three 

elements helps to understand why and how arrhythmias can develop in a certain 

situation. Moreover, establishing which intra- and extracardiac regulators of cardiac 

electrical stability are involved, can profoundly aid in identifying how these arrhythmic 

events could be suppressed or, even better, prevented. 
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ADDENDUM 

SUMMARY

With every beat, the heart pumps blood into the body. This way, organs and tissues 

are provided with the necessary nutrients and oxygen while simultaneously waste is 

carried away. It is the electrical conduction system of the heart, which regulates this 

rhythmic and continuous activity. This system initiates an electrical impulse, which then 

conducts across the heart. Finally, this electrical signal is transformed into a mechanical 

function: a contraction. 

Normally, an electrical stimulus is generated in the sinoatrial node, located in the right 

upper chamber (atrium) of the heart. From here, electrical impulses travel down the 

conduction pathway, through the atrioventricular node (AV-node) to the lower 

chambers (the ventricles). Normally, the conduction of this electrical stimulus occurs in 

a predetermined, coordinated manner, which results in the coordinated contraction of 

the heart. This results in the blood to be pumped out as effectively as possible. After 

contraction, the repolarization phase follows, during which the cells recover and get 

ready for the next heartbeat. 

In addition, the heart is also under the influence of the brain. We experience this 

interaction when our hearts start to beat faster in response to strong emotions such as 

happiness or stress. The brain influences and modulates the heart through the 

autonomic nervous system. This system comprises a network of nerves that travel 

between the brain and the heart. This network can be grossly divided into two parallel 

systems, the sympathetic and parasympathetic nervous system. These two divisions 

function like the gas and brake of a car; whilst the sympathetic nervous system 

stimulates the heart, the parasympathetic nervous system does the opposite. Hence, 

normal cardiac rhythm is regulated by its own electrical system and by signals coming 

from within the heart (intra-cardiac), as well as factors originating from outside of it 

(extra-cardiac). 

However, in the case of a ventricular arrhythmia, the electrical system of the heart as 

described above becomes unstable. This instability can be caused by various intra- 

and extra-cardiac factors, which are collectively called pro-arrhythmic factors. Outside 

of normal functioning, the electrical stimulus originates from the ventricles (instead of 
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from the sinoatrial node), which results in abnormal activation of the ventricles. Often, 

this signal goes too fast (ventricular tachycardia), but it can also cause the heart to beat 

chaotically (ventricular fibrillation). The consequential rapid and chaotic beating of the 

heart hampers the adequate extrusion of blood. When ventricular fibrillation does not 

stop in time, it can lead to sudden cardiac death. 

Anti-arrhythmic strategies are being developed to prevent and/or to treat ventricular 

arrhythmias. These therapies are commonly aimed at impeding one or more pro-

arrhythmic factors from promoting the development of arrhythmias (arrhythmogenesis). 

Unfortunately, ventricular arrhythmias remain difficult to prevent or treat because 1) 

many pro-arrhythmic factors remain to be identified, and 2) for many pro-arrhythmic 

factors it remains insufficiently clear how they promote arrhythmogenesis. Therefore, 
this thesis aimed to identify predisposing factors and elucidate the mechanism 
through which they destabilize the cardiac electrical system.  

Most of the work in this dissertation was performed in the chronic atrioventricular block 

(CAVB) dog model. In this model, ablation of the AV-node blocks the electrical signals 

from the sinoatrial node from reaching the ventricles. As a consequence, the ventricles 

have to initiate their own electrical stimulus. The resulting heart rhythm is called 

idioventricular rhythm. This rhythm is much slower than under normal circumstances, 

and also causes the activation pattern of the ventricles to become inefficient. 

Consequently, the heart will try to adapt to these changed conditions through a process 

called remodelling. Cardiac remodelling induces various adaptations including an

increased force of contraction, an increase in heart size (hypertrophy), and a 

prolongation of the repolarization phase. In addition, the acute drop in heart rate also 

activates the sympathetic nervous system. Collectively, these adaptations ensure that 

the body is provided with enough blood flow despite the slow heart rate and altered 

ventricular activation. However, they simultaneously cause the animals to become 

prone for a specific type of ventricular arrhythmia: Torsade de Pointes arrhythmias 

(TdP). Their susceptibility for this arrhythmia can be tested through the administration 

of the pro-arrhythmic drug dofetilide. Hence, by exposing animals to other pro-

arrhythmic factors – or by adding an anti-arrhythmic factor before or after administration 

of dofetilide – the extent to which these factors promote or inhibit arrhythmias can be 
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studied. For that reason, the CAVB dog model is an excellent model to use in studies 

regarding (pro- and anti-arrhythmic factors of) ventricular arrhythmogenesis. 

As ventricular arrhythmias result from instability of the electrical system of the heart, 

the risk for ventricular arrhythmias can be estimated by quantifying the electrical 

instability. Important parameters that reflect cardiac electrical instability include 

repolarization duration, and temporal and spatial dispersion of repolarization. The 

temporal dispersion of repolarization quantifies the beat-to-beat variability in 

repolarization duration, whereas the spatial dispersion of repolarization assesses the 

extent of local differences in repolarization duration. We reviewed the applicability and 

accuracy of these parameters in chapter two. In this study, we demonstrated that 

repolarization duration inaccurately reflects cardiac electrical (in)stability. Temporal and 

spatial dispersion of repolarization were better parameters, even more so when 

combined. In those circumstances, these measures adequately reflected the efficacy 

of anti-arrhythmic drugs. This suggests that arrhythmogenesis is driven by both 

temporal and spatial dispersion of repolarization, and that it is therefore important to 

assess both factors when studying the consequences of pro- or anti-arrhythmic effects 

or conditions.  

In chapter three, we looked into the mechanism by which a severely lowered heart 

rate (bradycardia) promotes arrhythmogenesis. Whereas bradycardia was already 

known to promote arrhythmogenesis, the mechanism that underlies this phenomenon 

remained largely unknown. In our study, we showed that severe bradycardia did not 

increase temporal dispersion of repolarization, but that spatial dispersion of 

repolarization was significantly larger under bradycardic conditions. We therefore 

demonstrated that when heart rate is severely lowered, spatial heterogeneities in 

electrical characteristics of the heart are augmented. This augmentation and the 

consequential instability of the heart’s electrical system promotes the development of 

arrhythmias.  

Under normal circumstances, both ventricles are activated at more or less the same 

time. As such, contraction of the ventricles occurs in a coordinated and synchronized 

manner. In chapter four we explored to what extent the pattern of ventricular activation 
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could affect cardiac remodelling and thereby determine arrhythmic outcome. For that 

purpose, we exposed three groups of animals to different extents of ventricular 

dyssynchrony and examined their arrhythmic susceptibility after remodelling. We 

showed that the more dyssynchronous the ventricular contraction occurred, the more 

animals became susceptible for arrhythmias. Thereby, we showed that more 

dyssynchronous conditions require more extensive cardiac adaptation, which causes 

the heart to become more susceptible for arrhythmias. This shows the importance of 

adequate implantation of pacemaker leads and devices, as pacing induced ventricular 

dyssynchrony can cause adverse pro-arrhythmic effects. 

Next, we explored the role of an extra-cardiac factor that influences the cardiac 

electrical system: the autonomic nervous system. It was already known that the 

autonomic nervous system remodels in response to a heart attack. This then causes 

the sympathetic nervous systems to become overactive, whilst the parasympathetic 

nervous becomes progressively more inactivated. These changes and the resulting 

autonomic imbalance promote arrhythmogenesis.  

However, all of these changes in autonomic balance have mainly been studied in the 

setting of a heart attack in which the heart remodels in response to oxygen deprivation. 

The involvement of the autonomic nervous system in arrhythmogenesis in hearts that 

have remodelled due to another cause than a heart attack, has however only been

studied very scarcely. Therefore, we explored the role of the autonomic nervous system 

in the development of ventricular arrhythmias in the CAVB dog model. In chapter five,

we aimed to establish if and how the sympathetic nervous system promoted ventricular

arrhythmogenesis in the CAVB dog model. Therefore, we exposed CAVB dogs to three 

different manners of autonomic or sympathetic blockade and evaluated the anti-

arrhythmic effects of these strategies. We showed that all drugs tested were ineffective 

anti-arrhythmic strategies. However, cutting the sympathetic nerves traveling to the 

heart (sympathetic denervation) was a highly effective anti-arrhythmic strategy. 

Interestingly, this antiarrhythmic effect was not reflected in temporal nor spatial

dispersion of repolarization, but was rather associated with changes in parameters that 

reflect the force of contraction. 
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In chapter six we studied w ether this pro-arrhythmic effect of the sympathetic nervous 

system was associated with remodelling of the autonomic nervous system. We showed 

how following AV-block, autonomic tone progressively shifts towards increased 

sympathetic and decreased parasympathetic tone. Moreover, we correlated these 

adaptations to an increased susceptibility for ventricular arrhythmias as we showed 

how sympathetic stimulation caused increasingly more spatial dispersion of 

repolarization. Interestingly, we also showed that parasympathetic stimulation 

appeared to stabilize the cardiac electrical system. Hence, also in hearts that have 

remodelled due to another cause than a heart attack, restoring autonomic balance

might be an interesting approach for future anti-arrhythmic strategies.  

Many of the therapies that are aimed at restoring autonomic balance target the 

sympathetic ganglia (stellate ganglia). These ganglia are networks of nerves and 

comprise the main origin of sympathetic input to the heart. There is however little known 

about the biology of these ganglia, especially as these ganglia are comprised of many 

different cell types. Most studies have only looked into the neurons that reside in the 

ganglia, leaving the function and biology of the other cell types to be severely 

overlooked. For that purpose, chapter seven specifically focused on satellite glial cells. 

Satellite glial cells both support, but also modulate the behaviour and activity of 

neurons. To get a better understanding of the biology of these cells, we performed 

single-cell RNA sequencing. This technique specifies and quantifies what part of the 

DNA of these cells is active at a certain moment in time. It essentially offers a snapshot 

into the activity of a certain cell type. By using this method, we found that six different 

types of satellite glial cells exist in the stellate ganglia of healthy mice and that these 

subtypes are either in different developmental stages and/or have different functions. 

Thereby, we offered new insights on the function of satellite glial cells, suggested 

various mechanisms through which they might adjust neuronal behaviour, and 

prompted future studies into the specific role of these cells in the setting of sympathetic 

overactivity and ventricular arrhythmias.  

It has become clear that autonomic activity is often involved in the development of 

ventricular arrhythmias. Strategies that modulate the sympathetic or parasympathetic 

nervous system have become increasingly interesting and are currently subject to 
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much research. Chapter eight summarizes current and future neuromodulatory 

methods that can or may effectively impede ventricular arrhythmogenesis. 

CONCLUSION 
Ventricular arrhythmias result from a complex interplay between various proarrhythmic 

factors. This thesis highlighted the role of several of such factors, including bradycardia, 

altered ventricular activation and the autonomic nervous system. Preventing or 

impeding these factors can be an effective treatment for ventricular arrhythmias. 
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SAMENVATTING

Het hart pompt met iedere hartslag bloed het lichaam in. Alle organen en weefsels

worden zo voorzien van zuurstof en de benodigde voedingsstoffen en tegelijkertijd

worden afvalstoffen afgevoerd. Dit ritmische samenknijpen van het hart wordt mogelijk

gemaakt door het interne elektrische systeem van het hart. Dit systeem initieert in

eerste instantie een elektrische stimulus, die hierna over het hart wordt geleid. De

elektrische stimulatie wordt vervolgens omgezet in een mechanische functie: de

samentrekking van het hart (een contractie).

Normaal gesproken ontstaat het elektrische signaal in de sinusknoop, die zich in de

rechterboezem (het atrium) bevindt. Vanaf hier wordt het via de atrioventriculaire knoop

naar de kamers van het hart (de ventrikels) geleid. Dit elektrische signaal volgt in

principe altijd hetzelfde, vaste patroon. Zo verloopt de contractie gecoördineerd en

gesynchroniseerd, waardoor het bloed zo efficiënt mogelijk uit het hart wordt gepompt.

Na de contractie volgt de repolarisatiefase. In deze periode herstellen de cellen zich en

zorgen ze ervoor dat ze klaar zijn voor de volgende hartslag.

Het hart wordt daarnaast ook beïnvloed door de hersenen. Dit ervaren we bijvoorbeeld

als (heftige) emoties, zoals stress en blijdschap, ons hart sneller laten kloppen. De

werking van het hart wordt zo dus niet alleen beïnvloed door signalen die uit het hart

zelf komen en eigen zijn aan het hart (intra-cardiaal), maar ook van signalen die hun

oorsprong vinden buiten het hart (extra-cardiaal). De hersenen beïnvloeden het hart

via het autonome zenuwstelsel. Dit stelsel bestaat uit een netwerk van zenuwen die

informatie tussen de hersenen en het hart uitwisselen. Het autonome zenuwstelsel

bestaat uit twee delen: het sympathische zenuwstelsel en het parasympatische

zenuwstelsel. De werking hiervan is vergelijkbaarmet het gas- en remsysteem van een

auto; waar het sympathische zenuwstelsel het hart stimuleert, heeft het

parasympatische zenuwstelsel juist een remmende werking.

In het geval van een ventriculaire ritmestoornis is het hierboven beschreven elektrische

systeem van het hart instabiel geraakt. Deze instabiliteit kan worden veroorzaakt door

verschillende intra- en extra-cardiale factoren, die ook wel aritmogene factoren worden

genoemd. Anders dan bij normaal functioneren, ontstaat bij een ventriculaire
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ritmestoornis de elektrische stimulatie van de kamers in de kamers zelf (in plaats van

de sinusknoop), wat voor een abnormale activatie zorgt. Bij een dergelijke activatie

gaat het ritme vaak te snel (ventriculaire tachycardie) en worden de hartkamers

doorgaans op een chaotische wijze geactiveerd (ventrikel fibrilleren). In dat geval gaat

het hart ook te snel en chaotisch samentrekken, waardoor het bloed niet meer goed

het lichaam kan worden ingepompt. Als ventrikel fibrilleren niet tijdig stopt, kan dit tot

plotselinge hartdood leiden.

Om ventriculaire ritmestoornissen te behandelen en/of te voorkomen, worden anti-

aritmische therapieën ontwikkeld. Deze therapieën onderdrukken veelal één of

meerdere aritmogene factoren. Voorkoming en behandeling van ventriculaire

ritmestoornissen blijft echter lastig, omdat: (1) nog niet alle aritmogene factoren als

zodanig zijn geïdentificeerd en (2) het vaak nog onvoldoende duidelijk is op welke

manier aritmogene factoren het ontstaan van een ventriculaire ritmestoornis

stimuleren. Het doel van deze thesis was om additionele aritmogene factoren te
identificeren en uit te zoeken via welkemechanismen zij het elektrische systeem
van het hart instabiel maken.

De meeste onderzoeken in deze thesis zijn uitgevoerd in het chronisch

atrioventriculaire blok (CAVB) hondenmodel. In dit dierenmodel wordt de

atrioventriculaire knoop doorgebrand, waarna de elektrische signalen van de

sinusknoop niet meer naar de kamers van het hart kunnen worden geleid. Hierdoor

worden de kamers geactiveerd door een elektrische signaal wat uit de kamers zelf

komt. Dit ritme waarbij de kamers door hun eigen signaal geactiveerd worden, wordt

het idioventriculair ritme genoemd. Aangezien dit ritme trager is en de kamers via een

ander patroon geactiveerd worden, zal het hart zich proberen aan te passen aan deze

veranderde omstandigheden. Dit noemen we remodelleren. Het remodelleringsproces

heeft diverse gevolgen: het hart kan harder samenknijpen, het hart wordt groter en de

repolarisatiefase duurt langer. Als reactie op dit vertraagde ritme wordt bovendien het

sympathische zenuwstelsel geactiveerd. Al deze aanpassingen zijn erop gericht dat

ondanks het trage ritme en de abnormale activatie, voldoende bloed het lichaam in

wordt gepompt. Tegelijkertijd wordt het hart echter ook gevoeliger voor een specifiek

type ventriculaire ritmestoornissen: Torsade de Pointes-ritmestoornissen (TdP). In het
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CAVB-hondenmodel, kan de gevoeligheid hiervoor geobjectiveerd worden door het

aritmogene medicijn dofetilide toe te dienen. Door CAVB-honden bloot te stellen aan

een andere aritmogene factor en de uitkomstmet het effect van dofetilide te vergelijken

– of door ze voor of na toediening van dofetilide aan een anti-aritmische factor bloot te

stellen – kan bestudeerd worden in welke mate deze factoren ritmestoornissen

stimuleren of onderdrukken. Daarom is het CAVB-hondenmodel een geschikt model

om te gebruiken in onderzoeken naar (bijdragende factoren aan) het ontstaan van

ritmestoornissen.

Omdat ventriculaire ritmestoornissen ontstaan door een instabiel elektrisch systeem

van het hart, wordt de kans op een ventriculaire ritmestoornis beoordeeld door de

elektrische instabiliteit temeten. Belangrijke parameters van elektrische instabiliteit zijn

de repolarisatieduur, de temporele en de spatiële dispersie in repolarisatie. De

temporele dispersie in repolarisatie meet de variatie in repolarisatieduur slag op slag.

De spatiële dispersie daarentegen kwantificeert de mate van plaatselijke verschillen in

repolarisatieduur. De betrouwbaarheid en toepasbaarheid van deze parameters werd

in hoofdstuk twee onderzocht. Hierin toonden wij aan dat de duur van repolarisatie
geen goede maat was voor elektrische (in)stabiliteit. Temporele en spatiële dispersie

van repolarisatie waren betere parameters, maar vooral wanneer zij samen werden

gebruikt. In die gevallen kon met een hoge mate van precisie de effectiviteit van

verscheidene antiaritmische medicijnen worden voorspeld. Hieruit volgt dat in

onderzoeken naar aritmogene of antiaritmische factoren beide parameters moeten

worden onderzocht . Daarnaast suggereert het ook dat het ontstaan van ventriculaire

ritmestoornissen gedreven wordt door elektrische instabiliteit in beide dimensies.

In hoofdstuk drie onderzochten we het mechanisme waarmee een sterk vertraagde
hartslag (bradycardie) ventriculaire ritmestoornissen stimuleert. Hoewel al bekend was

dat bradycardie het ontstaan van ventriculaire ritmestoornissen stimuleert, was het

mechanisme dat hierachter zit nog niet in kaart gebracht. In deze studie lieten wij zien

dat een vertraagde hartslag niet zozeer de elektrische stabiliteit in de temporele

dimensie, maar juist in de spatiële dimensie doet toenemen. Hiermee hebben wij

aangetoond dat een trage hartslag spatiële verschillen in elektrische eigenschappen
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uitvergroot en dat daardoor het hart zodanig instabiel kan worden dat ventriculaire

ritmestoornissen kunnen ontstaan.

Normaal gesproken worden de kamers ongeveer tegelijkertijd geactiveerd, waardoor

zij gecoördineerd en synchroon samenknijpen. In hoofdstuk vier onderzochten we
hoe een ongecoördineerde en dyssynchrone activatie van de kamers het proces van

remodelleren en de vatbaarheid voor ventriculaire ritmestoornissen beïnvloedt.

Hiervoor werden drie groepen CAVB-honden aan verschillende maten van

dyssynchrone elektrische activatie blootgesteld. In dit onderzoek toonden wij aan dat

de mate waarin de kamers ongecoördineerd geactiveerd worden en samentrekken,

direct verband houdt met de gevoeligheid voor ventriculaire ritmestoornissen: hoe

dyssynchoner de contractie, hoe meer het hart moet remodelleren en hoe gevoeliger

het wordt voor ventriculaire ritmestoornissen. Dit is een belangrijk inzicht voor - onder

andere - het implanteren van pacemakers. Het suggereert namelijk dat suboptimale

implantatie, die dyssynchrone activatie en samentrekking van de kamers veroorzaakt,

tot een toegenomen gevoeligheid voor ventriculaire ritmestoornissen kan leiden.

Vervolgens richtte ons onderzoek zich op een extra-cardiale factor die de hartfunctie

beïnvloedt: het autonome zenuwstelsel. Het was al bekend dat na een hartaanval het

autonome zenuwstelsel remodelleert. Als gevolg daarvan wordt het sympathische

zenuwstelsel overactief, terwijl het parasympatische zenuwstelsel juist steeds meer

geïnactiveerd wordt. Deze veranderingen en autonome disbalans stimuleren het

ontstaan van ventriculaire ritmestoornissen.

Dit alles is echter vooral onderzocht in harten die geremodelleerd zijn na een

hartaanval waarbij er sprake is geweest van zuurstofgebrek van het hart. Hoe het

autonome zenuwstelsel bij ventriculaire ritmestoornissen betrokken is als het hart

geremodelleerd is door een andere oorzaak, is nog maar weinig onderzocht. Daarom

onderzochten wij de rol van het autonome zenuwstelsel in de ontwikkeling van

ventriculaire ritmestoornissen in het CAVB-hondenmodel. In hoofdstuk vijf wilden wij
allereerst vaststellen of en hoe het sympathische zenuwstelsel betrokken is bij de

ontwikkeling van ventriculaire ritmestoornissen in het CAVB hondenmodel. Daarvoor

hebben we CAVB-honden aan drie verschillende wijzen van autonome of

265



568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen568622-L-bw-Weperen
Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021Processed on: 3-11-2021 PDF page: 266PDF page: 266PDF page: 266PDF page: 266

ADDENDUM

sympathische blokkade blootgesteld, om te onderzoeken of deze therapieën

antiaritmische effecten hadden. Wij concludeerden dat alle medicamenteuze

therapieën de ventriculaire ritmestoornissen niet konden onderdrukken of voorkomen,

maar dat het doorsnijden van de sympathische zenuwen van het hart wel een hele

effectieve antiaritmische werking had. Dit effect werd weerspiegeld door een afname

in de kracht waarmee de kamers zich samentrokken.

In hoofdstuk zes hebben we vervolgens onderzocht of dit aritmogene effect van het
sympathische zenuwstelsel een gevolg was van aanpassingen in de autonome balans.

In dit onderzoek toonden wij aan dat na het maken van AV-blok, het sympathische

zenuwstelsel steeds actiever wordt, terwijl het parasympatische zenuwstelsel steeds

inactiever wordt. We correleerden deze veranderingen aan een toegenomen

vatbaarheid voor TdP door aan te tonen dat met de tijd sympathische stimulatie voor

steeds meer elektrische instabiliteit zorgde. Parasympatische stimulatie daarentegen

leek het elektrische systeem van het hart juist te stabiliseren. Herstellen van de

autonome balans is dus een effectieve antiaritmische behandeling tegen ventriculaire

ritmestoornissen, ook wanneer het hart geremodelleerd is door een andere oorzaak

dan een hartaanval.

Veel van de huidige behandelingen die erop gericht zijn om de autonome balans te

herstellen, pogen dit te bewerkstelligen door de sympathische activiteit te remmen. De

meeste behandelingen richten zich daarvoor op de sympathische ganglia. Deze

ganglia zijn netwerken van zenuwen waarvandaan de zenuwen die naar het hart lopen

ontspringen. Er is echter nog maar beperkte kennis over de biologie van deze ganglia.

In ganglia bevinden zich veel verschillende soorten cellen. De meeste studies hebben

zich tot nu voornamelijk op de zenuwcellen gericht. Hierdoor is weinig bekend over de

functie en biologie van andere cellen die zich in deze ganglia bevinden. Hoofdstuk
zeven richtte zich daarom specifiek op de satellietcellen in de sympathische ganglia.

Satellietcellen ondersteunen de zenuwen,maar kunnen hun activiteit ook beïnvloeden.

Om hun functie en biologie beter te begrijpen, hebben we ‘single cell RNA sequencing’

uitgevoerd. Deze techniek specificeert en kwantificeert welk gedeelte van het DNA van

deze cellen op een bepaald moment actief is. Deze methode biedt daarmee een

momentopname van de activiteit van een specifiek type cel. Met behulp van deze
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methode hebben we aangetoond dat onderscheid kan worden gemaakt tussen zes

verschillende typen satellietcellen in de sympathische ganglia. Deze subgroepen

bevinden zich elk in een ander stadium van ontwikkeling en/of oefenen een andere

functie uit. Hiermee hebben we nieuwe inzichten in de biologie en functie van deze

cellen verkregen en hebben we ook aangetoond op welke manieren deze cellen de

activiteit van zenuwen kunnen beïnvloeden. Deze inzichten stimuleren toekomstige

onderzoeken naar de rol en activiteit van satellietcellen in het kader van autonome

disbalans en ventriculaire ritmestoornissen.

Het is duidelijk dat het autonome zenuwstelsel een grote rol speelt in het ontstaan van

ventriculaire ritmestoornissen. Therapieën die de activiteit van het sympathische en/of

parasympatische zenuwstelsel beïnvloeden, worden op ditmoment veel onderzocht en

ontwikkeld. Hoofdstuk acht vat de behandelingen die al gebruikt worden om het

autonome zenuwstelsel te beïnvloeden en daarmee ventriculaire ritmestoornissen te

onderdrukken samen. Het geeft daarnaast een overzicht van vergelijkbare toekomstige

behandelopties die op dit moment nog nader onderzocht worden.

CONCLUSIE
Ventriculaire ritmestoornissen zijn het resultaat van een complexe interactie tussen

verschillende aritmogene factoren. In deze thesis werden verschillende factoren

onderzocht, waaronder bradycardie, veranderde ventriculaire activatie en het

autonome zenuwstelsel. Ventriculaire ritmestoornissen kunnen effectief worden

voorkomen of behandeld door de aritmogene effecten van deze factoren te

identificeren en te behandelen.
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developed increasingly more insight into neurocardiology under the supervision of Dr. 

Olujimi Ajijola. Upon her return, she completed her medical degree with a final rotation 

in cardiology at the Gelre Hospital in Zutphen. Only nine months after this, she 

completed her PhD dissertation entitled 'Regulation of Cardiac Electrical Stability by 

Intra- and Extra-Cardiac Factors:  Implications for Ventricular Arrhythmogenesis in the 

Chronic AV-block Dog Model', which she will defend on the 7th of December 2021. 

Meanwhile, Valerie returned to the clinic and has since been working as a resident at 

the cardiology and pulmonology department of the Diakonessenhuis Utrecht. Valerie 

was awarded the NWO Rubicon grant 2021, which she will use to continue her 

academic career as a postdoctoral researcher in the field of neurocardiology at the 

UCLA Cardiac Arrhythmia Center. Hereafter, she has the ambition to start her training 

in cardiology. Her dream is to translate her preclinical knowledge on neurocardiology 

to the clinical setting.  
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