
New disease mechanisms in
Arrhythmogenic Cardiomyopathy
Focus on calcium sensitive pathways

Chantal van Opbergen

Chantal van O
pbergen

N
ew

 disease m
echanism

s in Arrhythm
ogenic Cardiom

yopathy



New disease mechanisms in 
Arrhythmogenic Cardiomyopathy

Focus on calcium sensitive pathways

 

 

 

 

  

  

Chantal J.M. van Opbergen



Layout:   Emile de Wit 

Cover design:  DivingDuck Design; Rachel van Esschoten

Printed by:   Proefschriftmaken 

ISBN: 978-94-6380-621-3 

Copyright © 2020 C.J.M. van Opbergen, Utrecht, the Netherlands. All rights reserved. No parts of this thesis may be 

reproduced stored in a retrieval system or transmitted in any form or by any means without prior permissions of the 

author. The copyright of the publications has been transferred to the respective journals.



New disease mechanisms in 
Arrhythmogenic Cardiomyopathy

Focus on calcium sensitive pathways

Nieuwe mechanismen van ziekte in Aritmogene Cardiomyopathie
Met een speciaal focus op calcium-gevoelige signaalpaden

 (met een samenvatting in het Nederlands)

PROEFSCHRIFT
ter verkrijging van de graad van doctor aan de 

Universiteit Utrecht 

op gezag van de 

rector magnificus, prof.dr. H.R.B.M. Kummeling, 

ingevolge het besluit van het college voor promoties   

in het openbaar te verdedigen op  

donderdag 16 januari 2020  

des middags te 2.30 uur

door

Chantal Josephina Maria van Opbergen
13 december 1990 te Tilburg



Promotoren: 
Prof. dr. M.A. Vos

Copromotoren: 
Dr. A.A.B. van Veen

The research described in this thesis was supported by a grant of CardioVasculair Onderzoek Nederland (CVON) formed 

by: the Dutch Heart Foundation, Dutch Federation of University Medical Centres, the Netherlands Organization for 

Health Research and Development and the Royal Netherlands Academy of Sciences (CVON-PREDICT)

Financial support by the Dutch Heart Foundation and PLN foundation for the publication of this thesis is gratefully 

acknowledged



Voor pap en mam



Contents

Chapter 1 General introduction and thesis outline

Chapter 2 Potential new mechanisms of pro-arrhythmia in arrhythmogenic  

   cardiomyopathy: focus on calcium sensitive pathways   

   Netherlands Heart Journal, 2017

PART ONE
PKP2- RELATED CARDIOMYOPATHY

Chapter 3 Plakophilin-2 is required for transcription of genes that control 

   calcium cycling and cardiac rhtyhm     

   Nature Communications, 2017

Chapter 4 Plakophilin-2 haploinsufficiency causes calcium handling deficits  

   and modulates the cardiac response towards stress   

   International Journal of Molecular Sciences, 2019

Chapter 5 Blockade of the adenosine 2A receptor mitigates the    

   cardiomyopathy induced by loss of plakophilin-2 expression.  

   Frontiers in Physiology, 2018

Chapter 6 Mitochondrial dysfunction as substrate for arrhythmogenic   

   cardiomyopathy: a search for new disease mechanisms  

   Submitted

8

20 

 

40 

 

90 

 

122 

 

140 

 



 

 

172 

200 

 

228 

 

 

262

286

292

298

312

316

 

 

PART TWO
PHOSPHOLAMBAN R14DEL- RELATED CARDIOMYOPATHY

Chapter 7 Cardiac Ca2+ signalling in zebrafish: translation of findings to man 

   Progress in Biophysics and Molecular Biology, 2018

Chapter 8 Optogenetic sensors in the zebrafish heart: a novel in vivo   

   electrophysiological tool to study cardiac arrhythmogenesis  

   Theranostics, 2018

Chapter 9 Istaroxime treatment ameliorates calcium dysregulation in a 

   zebrafish model reminiscent of Phospholamban R14del   

   cardiomyopathy       

   Submitted

Chapter 10 General discussion

APPENDIX

   English summary

   Nederlandse samenvatting

   Acknowledgements

   List of publications

   Curriculum vitae





General introduction and thesis outline

1



INTRODUCTION

The heart is the most important muscular organ in the human body and pumps around more 

than 7000 litres of blood through the circulation each day 1. One of the main functions of 

the heart is to provide oxygen and vital nutrients to tissues within the body and to facilitate 

the disposal of waste products. In an adult person, the heart beats about 125.000 times a 

day, in a highly coordinated fashion. Loss of cardiac rhythm and contractility can therefore 

have devastating physiological consequences. Cardiovascular disease is the number one 

cause of worldwide mortality 1. Under pathological conditions, activation patterns of the heart 

and the normal cardiac rhythm can be become disrupted, leading to malignant ventricular 

arrhythmias. Cardiac arrhythmias can expose as an extremely high heart rate (tachycardia), 

very low heart rate (bradycardia), or highly irregular activation pattern of the heart (fibrillation) 
2. The consequences of arrhythmias are severe and can end in heart failure and even sudden 

cardiac death, mostly within a very short time period after onset.

Cardiac electrical activation
Coordinated contraction of the cardiac muscle depends on a proper propagation of electrical 

impulses throughout the heart. This is accomplished via specialized excitatory and conduction 

myocytes within the cardiac conduction system 2. The cells, which regulate heart rate and 

rhythm, are called the cardiac pacemaker cells. Cardiac pacemaker cells are auto-rhythmic; 

they depolarize spontaneously and thereby act as cardiac pacemakers 1,2. The electrical activity 

of the heart starts by the spontaneous excitation of the pacemaker cells in the sinoatrial node 

in the right atrium. The excitation wave travels over the atrial myocardium via intercellular 

gap junctions, depolarizing adjacent cardiomyocytes and eventually lead to excitation of 

both atria. Cellular depolarization propagates further via the atrioventricular node and the 

Purkinje fibres to the ventricles, resulting in excitation of the ventricles and ultimately apex-to-

base contraction of the heart 2,3. Proper conduction and propagation of depolarizing action 

potentials depends on electrical cell-cell coupling, cellular excitability and tissue architecture. 

Subsequent contraction of the myocardium depends on a tightly regulated excitation-

contraction coupling.

Cardiac electrophysiology
The myocardium consists of individual cardiomyocytes that are end-to-end connected via 

intercalated discs (IDs). IDs consist of desmosomes, adherence junctions and gap junctions 

for electrical and mechanical cell-cell coupling (Figure 1) 2. Electrical coupling depends on 

the organization of gap junctions on the long axis of cardiomyocytes. Gap junctions consist 

of multiple transmembrane pores located in the ID and each individual channel consist 

out of two hemichannels (connexons). Connexons are build up out of 6 proteins called 

connexins, with connexins 40 and 43 as predominant cardiac connexins 4. Gap junctions 
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allow exchange of small molecules, ions and electrical signals between cells and support 

an almost simultaneous contraction of cardiomyocytes throughout the heart 2. Cardiac 

excitability is based upon a balance of depolarizing and repolarizing ionic currents across 

the cellular membrane, in which each current has its own ionic sensitivity and time course 

of action 5. Cardiac excitation-contraction coupling is the process from electrical excitation 

of the cardiomyocyte to contraction of the cell. Calcium ions (Ca2+) are essential for cardiac 

electrical activity and are the direct activators of the myofilaments, the filaments of myofibrils 

which initiate contraction 6. Cellular Ca2+ entry via L-type Ca2+ channels (LTCC) triggers Ca2+-

induced-Ca2+ release (CICR) from ryanodine receptors (RyR2), the sarcoplasmic reticulum (SR) 

Ca2+ release channels 2. The combination of Ca2+ influx via de LTCC and release via RyR2 

leads to increased cytosolic Ca2+ levels in the cardiomyocyte 6,7. Free Ca2+ ions can bind to 

the myofilament protein troponin C, which activates the contractile machinery. For relaxation 

of cardiomyocytes to occur, the intracellular [Ca2+] must return back to resting levels, which 

allows Ca2+ to dissociate from troponin. Ca2+ can be pumped back into the SR via the SR Ca2+ 

ATPase (SERCA2a) and extruded out of the cell via the Na+/Ca2+ exchanger (NCX) 6.  SERCA 

activity is tightly controlled by its negative regulator phospholamban (PLN) (Figure 2).

Arrhythmogenic cardiomyopathy
Arrhythmogenic cardiomyopathy (ACM), also known as arrhythmogenic right ventricular 

cardiomyopathy or dysplasia (ARVC/D), is a familial myocardial disease with autosomal 

dominant inheritance 8. The prevalence of ACM in the Western world ranges from 1:2000 

Figure 1. The intercalated disc (ID). The intercalated disc is the region between two cardiomyocytes, where different 

junctions are located: Gap junctions, adherens junctions and desmosomal junctions, as well as ion channels. Intercalated 

disc proteins together form a macromolecular complex with surrounding and anchored proteins.

1 
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to 1:5000, meaning that this disease is listed among rare cardiovascular diseases. Patients 

with ACM generally manifest with ventricular arrhythmias, palpitations, syncope related to 

physical exertion and have an increased risk for sudden cardiac death (SCD) 9. SCD often is 

the first, and dramatic, disease manifestation in a high proportion of probands and is often 

associated with exercise, affecting in particular athletes and young adults 10,11. The majority 

of patients is diagnosed at 20-50 years of age, though age can be highly variable while males 

seemed to be more affected as females 12. The disease progresses over time, starting with 

a subclinical or concealed stage without clear symptoms, followed by overt stages of right 

ventricular (RV) predominance (though the left ventricle (LV) is often involved), bi-ventricular 

dilated cardiomyopathy and eventually congestive heart failure 13. Histopathologically, the 

ACM heart is characterized by myocardial cell death, inflammation and progressive fibrofatty 

tissue replacement primarily of RV predominance, preceding ventricular dilatation eventually 

culminating in ventricular arrhythmias and impaired ventricular systolic function (figure 3) 14. 

Replacement of healthy myocardium by fibrous and fatty tissue is a process that progresses 

in ACM patients mainly from subepicardial and midmyocardial layers to the endocardium 15. 

These histopathologic changes in the RV have been described for the LV as well and subtle 

Figure 2. Excitation-contraction coupling in cardiomyocytes. When an action potential reaches the T-tubuli, L-type 

Ca2+ channels (LTCC) become activated. Ca2+ flows into the cell via the LTCC and this calcium influx triggers the release 

of large amounts of Ca2+ from the sarcoplasmic reticulum (SR), via the ryanodine receptor (RyR2). Free Ca2+ ions in the 

cytosol subsequently bind to the myofilaments, resulting in contraction. During relaxation Ca2+ is released from the 

myofilaments. Free Ca2+ ions are pumped back into the SR via the sarco/endoplasmic reticulum ATPase (SERCA), being 

regulated by phosoholamban (PLN), or transported out of the cell via the Sodium/Ca2+ exchanger (NCX). (Adapted from 

chapter 7)
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differences in this pattern might be linked to the specific genetic background of the patient 
15. In terms of fibrofatty changes, the interventricular septum (IVS) is usually spared. At this 

moment no medical treatment exists to prevent or delay progression of the disease and in the 

absence of a heart transplant eventually death will occur.

 ACM is commonly regarded as a disease of the ID, whereby mutations in the desmosomal 

protein Plakophilin-2 (PKP2) associate with most cases of ACM in which a genetic cause can 

be found 17,18. Remarkably, non-desmosomal pathogenic mutations have more recently also 

been identified given rise to pathological characteristics reminiscent of ACM. In specific, the 

phospholamban Arginine-14 deletion (PLN-R14del) mutation appeared to be the most 

prevalent cardiomyopathy-related mutation in the Netherlands, being present in 10-15% of 

patients diagnosed with arrhythmogenic or dilated cardiomyopathy (ACM), a classification for 

these patients that is still subject of ongoing discussion 17,19.

Figure 3. Histological features of ACM. A) Graphic illustration showing the most commonly affected ventricular regions 

in arrhythmogenic cardiomyopathy (ACM). In the right ventricular, predominantly the inflow tract, apex and infundibulum 

are affected. In the left ventricle this concerns the inferior and inferolateral walls. B) Gross images of the right ventricle 

(RV) and left ventricle (LV), highlighting epicardial fat deposition (black arrowheads). C) Histological features of ACM 

including adipogenesis and cardiomyocyte replacement (left; Masson’s Trichrome), fibrosis (middle’ Masson’s Trichrome) 

and inflammation in the myocardial tissue (right; haematoxylin and eosin stain). ENDO, endocardium; EPI, epicardium. 

(Adapted from Austin et al. 201916)

1 
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Desmosomal arrhythmogenic cardiomyopathy
Cardiac tissue has to withstand and produce an enormous mechanical force during each 

cardiac contraction cycle and therefore individual cardiomyocytes are interconnected robustly. 

The cardiac muscle consists of individual cardiomyocytes connected by the ID, which provide 

mechanical and electrical coupling between cells and serve as anchoring sites for ion channels 

20. Nowadays initially considered individual structures of the ID are more and more recognized 

to function as a macromolecular complex (a syncytium), also in combination with the sodium 

channel and its surrounding signaling pathways 20. Desmosomes are cellular structures in 

the ID necessary for cell-cell adhesion, thereby providing mechanical integrity and electrical 

stability. Alterations in 5 known desmosomal proteins, plakophilin-2 (PKP2), desmoplakin 

(DSP), plakoglobin (PKG), desmoglein-2 (DSG2), and desmocollin-2 (DSC2), have been related 

to ACM 17,21. Familial ACM is, as mentioned, most often related to mutations in Plakophilin-2 

(PKP2), a protein classically defined as a component of the desmosome, though also known 

to participate in other cellular functions 22. Genetic variants are transmitted autosomal 

dominantly and prevalence of symptom onset varies 12. Penetrance of the disease is low and 

it remains unknown which genetic and environmental modifiers are required for development 

of the cardiomyopathy. PKP2 is also known as a component of the connexome and scaffolds 

an intracellular signaling node coupled to multiple molecular pathways 23. Recent studies 

show that PKP2, as integral part of the ID, translates information initiated at the side of cell-

cell contact into intracellular signals that modulate the homeostasis within cardiomyocytes 

24–26. This suggests that ACM is not only a desmosomal disease, but that aberrant intracellular 

cell signaling and subsequent disrupted intracellular homeostasis play an integral part in the 

structural, contractile and electrical remodeling of the heart. 

Non-desmosomal arrhythmogenic cardiomyopathy
Beyond the fact that most ACM-associated pathogenic mutations are found in desmosomal 

genes, non-desmosomal pathogenic mutations have more recently also been identified. 

Interestingly, the PLN-R14del mutation has been found in 10-15% of all Dutch patients 

diagnosed with dilated cardiomyopathy (DCM) and arrhythmogenic right ventricular 

cardiomyopathy (ARVC), but has been detected in several other countries too, including the 

USA, Canada, Spain, Germany, and Greece 27–29. PLN is a small transmembrane SR protein and 

serves as a crucial regulator of SR function and cardiac contractility, as it can reversibly inhibit 

the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA2a) 30. The PLN-R14del mutation results 

in super-inhibition of SERCA2a, due to disruption of the phosphorylation motif involving 

Ser1616.31 Impaired SR Ca2+ reuptake, intracellular Ca2+ overload and activation of pathogenic 

Ca2+ signaling pathways have been suggested to cause ventricular remodeling and failure 

over years.  Up to today, only heterozygous PLN-R14del individuals have been identified 32. 

Carriers have a high risk of developing malignant ventricular arrhythmias and end-stage heart 

failure, resulting in a high mortality and poor prognosis 33.  Symptoms of the disease present 

at later ages, with a mean age of presentation ranging from 40 to 50 years old. Onset of the 
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disease has shown a slightly higher frequency in males. End-stage PLN-R14del hearts show 

pronounced fibrosis and fatty changes in the left and right ventricular myocardial wall. PLN-

R14del hearts display a different pattern of fibrosis in the heart, in comparison to desmosomal 

ACM, that is independent of clinical presentation. PLN-R14del hearts have significantly more 

fibrosis in the LV free wall than desmosomal ACM hearts and less RV fatty infiltration 15. A specific 

histopathology hallmark for PLN-R14del hearts is the presence of PLN-containing aggregates 

that are concentrated in dense perinuclear aggresomes in cardiomyocyte 34. In addition, many 

PLN-R14del mutation carrier’s show similar abnormal electrocardiographic characteristics 

in comparison to desmosomal ACM patients, in terms of low QRS complex potentials and 

a decreased R-wave amplitude 29,35. Due to the complex role of PLN in cardiomyocytes, 

disease onset and mechanisms of disease progression in PLN-R14del patients remain largely 

unexplored and animal models and specific drug treatment are still lacking.

THESIS AIM AND OBJECTIVES

The general aim of the work described in this thesis is to study new disease mechanisms in 

ACM, with a special focus on the involvement of Ca2+ handling related signaling pathways. 

As well, exploring treatment options targeting in specific the PKP2 and PLN-R14del- related 

cardiomyopathy.

Objectives: 

Part 1

 - To study the disease progression by total loss of PKP2 expression

 - To explore treatment options against isoproterenol-induced arrhythmias by total loss of  

 PKP2 expression

 - To study the disease progression by 50% reduction of PKP2 expression

 - To explore treatment options against structural remodeling by total loss of PKP2 expression

 - To postulate new disease mechanism in ACM pathology

Part 2

 - To explore similarities and differences in cardiac Ca2+ handling of zebrafish, mice and   

 humans

 - To develop a tool to study in vivo electrophysiology and cardiac arrhythmias in the   

 zebrafish heart

 - To study disease progression by the PLN-R14del mutation

 - To explore treatment options against disturbed Ca2+ dynamics by PLN-R14del 

1 
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In order to study these objectives, we used genetically modified mice and zebrafish as 

experimental model organisms and performed transcriptional, electrophysiological, 

biomolecular and histological experiments. As well, we performed state-of-the-art techniques 

as in vivo high speed fluorescent microscopy, super resolution microscopy, high resolution 

scanning electron microscopy and 3D segmentation.

THESIS OUTLINE

After this general introduction, this thesis starts in chapter 2 were we outline the intracellular 

cardiac Ca2+ dynamics and relate pathophysiological signaling, induced by disturbed Ca2+ 

handling, with activation of Calmodulin dependent kinase II (CaMKII) and Calcineurin A (CnA). 

In this chapter, we postulate a thus far unrecognized role for Ca2+ sensitive signaling proteins 

in maladaptive remodeling of the ID, during pro-arrhythmic remodeling of the heart. The 

subsequent chapters are divided in two parts: I) The PKP2- related cardiomyopathy, including 

chapter 3,4,5 and 6; and II) The PLN-R14del- related cardiomyopathy, including chapter 7, 8 

and 9. 

 In part I of this thesis we use different mouse models with genetically induced restricted 

PKP2 expression to study the PKP2-related disease progression. In detail, in chapter 3 we 

introduce a cardiomyocyte-specific, tamoxifen-activated, cardiac specific PKP2 knockout 

(PKP2-cKO) mouse model and examined its potential as model for ACM and anti-arrhythmic 

drug treatment. We explored the function of PKP2 in the heart, beyond its role in cell 

adhesion, and describe the effects of PKP2 in transcription of genes that control intracellular 

Ca2+ cycling and cardiac rhythm. In chapter 4 we used a heterozygous PKP2 knock-out mouse 

(PKP2-Hz) to study the effects of environmental modifiers potentially involved in disease onset 

and progression (exercise, pressure overload and auto-immune myocarditis) on functional, 

structural and electrical remodeling of the heart. We describe impaired Ca2+ cycling 

related protein levels in mice with reduced cardiac levels of PKP2, pro-arrhythmic cardiac 

remodeling upon exercise and an exaggerated inflammatory and fibrotic response towards 

pathophysiological stimuli. In chapter 5 we investigated the role of ATP and adenosine in 

the progression of a PKP2-related cardiomyopathy. We studied cellular ATP release by loss 

of PKP2 and Cx43 expression, and expression of genes involved in the adenosine-receptor 

cascade in PKP2-cKO hearts. In this chapter we describe that adenosine 2A receptor blockade 

(via administration of the drug Istradefylline) can temper the progression of fibrosis and 

mechanical failure by loss of PKP2. In chapter 6 we postulate new disease mechanisms in 

ACM pathology, based upon previous findings in the PKP2-cKO model. In this chapter we 

extrapolate a thus far unrecognized role for mitochondrial dysfunction as substrate for ACM, 

by discussing the potential involvement in typical phenotypical hallmarks of ACM.

 In part II of this thesis we used various zebrafish models to study in vivo cardiac 

electrical activation, in vivo cardiac Ca2+ handling, in vivo cardiac arrhythmogenesis and 
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the PLN-R14del mutation-related disease progression. In detail, in chapter 7 we outline 

the electrophysiological machinery of zebrafish cardiomyocytes, with a special focus on the 

intracellular Ca2+ dynamics and excitation-contraction coupling. We debate the potency 

of zebrafish as a model to study human cardiovascular diseases and postulate steps to 

employ zebrafish as a more ‘humanized’ model. In chapter 8 we introduce two generated 

zebrafish lines, expressing either an optogenetic cardiac voltage (VSFP-butterfly CY) or a 

Ca2+ sensor (GCaMP6f). We generated those fish in order to be able to study cardiac cellular 

electrophysiology in a detailed and spatiotemporal manner. The acquired data demonstrate 

that these transgenic VSFP-butterfly CY and GCaMP6f fish provide a powerful and novel tool 

for research of arrhythmias. In chapter 9 we studied zebrafish expressing a heterozygous 

PLN-R14del mutation, their potential as model for ACM and explore PLN-patient specific 

drug treatment. We describe structural remodeling, pulsus alternans (measured as outflow 

peak velocity) and action potential duration (APD) alternans in adult pln R14del zebrafish. 

In addition, we describe disturbed in vivo cytosolic Ca2+ dynamics in embryonic pln R14del 

zebrafish, making use of GCaMP6f. In this chapter we show that by interference on the 

disturbed PLN-SERCA interaction (using the drug istaroxime), intracellular Ca2+ dynamics and 

cardiac relaxation can be improved and APD alternans be reversed.  Chapter 10 puts the 

results of this thesis into perspective, in the form of a summarizing discussion.

1 
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ABSTRACT

ACM, or its most well-known subform ARVC, is a cardiac disease mainly characterized by a 

gradual replacement of the myocardial mass by fibrous and fatty tissue, leading to dilatation 

of the ventricular wall, arrhythmias and progression towards heart failure. ACM is commonly 

regarded as a disease of the intercalated disk in which mutations in desmosomal proteins 

are an important causative factor. Interestingly, the Dutch founder mutation PLN-R14del has 

been identified to play an additional, and major, role in ACM patients within the Netherlands. 

This is remarkable since the PLN protein plays a leading role in regulation of the sarcoplasmic 

reticulum calcium load rather than in establishment of intercellular integrity. In this review we 

outline the intracellular cardiac calcium dynamics and relate pathophysiological signaling, 

induced by disturbed calcium handling, with activation of Calmodulin dependent kinase II 

(CaMKII) and Calcineurin A (CnA). We postulate a thus far unrecognized role for Ca2+ sensitive 

signaling proteins in maladaptive remodeling of the macromolecular protein complex that 

forms the ID, during pro-arrhythmic remodeling of the heart. 
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Genetic causes of cardiomyopathy
Over the last decades, multiple studies have identified over 100 genes and mutations 

involved in various forms of cardiac disease like hypertrophic, dilated, and arrhythmogenic 

cardiomyopathy (HCM, DCM, and ACM, respectively) 1. These genes mainly encode proteins 

of the contractile machinery, but also proteins that participate in calcium homeostasis and 

ones that reside in the intercalated disk (ID). As a consequence, mutations in these genes have 

pathogenic effects on several cardiac cellular functions, such as contractile force generation, 

force regulation, signal transduction, excitability and intracellular calcium handling. Since the 

discovery of the first causative mutations for cardiomyopathies, attention for inherited genetic 

variants has highly been increased. To uncover these genetic mutations contributes importantly 

to knowledge of the underlying pathogenic mechanisms and has introduced a regimen of 

clinical genetic evaluation of affected individuals and their relatives. Early identification of 

asymptomatic mutation carriers, via genetic screening, is of major prognostic importance 

since cardiomyopathies, with emphasis on ACM, can lead to sudden cardiac death (SCD) as a 

result of malignant ventricular arrhythmias even before the onset of any symptoms.

 Interestingly, there are multiple genes in which genetic aberrancies cause different types of 

cardiomyopathies and even opposite functional effects are present. For example, mutations 

in proteins involved in calcium handling, like phospholamban (PLN), which mostly correlate to 

DCM also manifest in the setting of ACM 2. On the other hand, mutations in the desmosomal 

protein plakophilin2 (PKP2) are classically correlated with arrhythmogenic right ventricular 

cardiomyopathy (ARVC, a subform of ACM), 3 but can additionally be identified in DCM 

patients 4. Likewise, mutations in PKP2 are also present in patients suffering from Brugada 

syndrome (BrS), a disease commonly related to mutations in multiple ion channels instead 

of desmosomal proteins 5. These studies suggest that distinct cardiac proteins should not 

be considered as completely autonomous working entities, rather than that they function in 

different macromolecular protein complexes. In this review we will focus specifically on gene 

mutations that relate to ACM and the potential mechanisms that drive proarrhythmic cardiac 

remodeling in this disease. For a subset of these mutations, particularly those involving PLN, 

we postulate a potential role for calcium sensitive signaling pathways.

Pathophysiological remodeling in arrhythmogenic cardiomyopathy
During cardiomyopathy, not exclusively limited to ARVC, ventricular arrhythmias can arise 

out of electrical and structural cardiac remodeling, which disrupts cell-cell communication, 

excitability and pump function of the heart 6. Electrical remodeling is based on abnormal 

expression, distribution and regulation of ion channels and gap junctions, and a heterogeneous 

expansion of the extracellular matrix (fibrosis formation) which results in a disturbed electrical 

cell-cell signaling between cardiomyocytes or between cardiomyocytes and (myo)fibroblasts 
6,7. Increased pathophysiological intracellular calcium concentrations, caused by dysfunction of 

calcium regulatory proteins, negatively affects the contraction and relaxation dynamics of the 

heart (reviewed by ‘Qu et al. 2015’) 6.  Structural cardiac remodeling involves myocyte death, 
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fiber disorders, changes in cell size (hypertrophy) and collagen deposition (fibrosis). Structural 

remodeling disturbs the impulse propagation between cardiomyocytes and hampers pump 

function of the entire heart 6. 

 ARVC, the most familiar form of ACM, is a cardiac disease mainly characterized by a gradual 

replacement of the myocardial mass by fibrous and fatty tissue, which causes dilatation of the 

ventricular wall and progression towards heart failure. As such this is classically defined as 

structural remodeling, but it also includes a disruption of proper electrical signaling, with a 

high susceptibility for ventricular arrhythmias. As described in several studies, remodeling 

also results in a combination of reduced sodium channel (Na
v
1.5), gap junction channels 

(Cx43) and Plakoglobin localization at the ID of patients 8. ARVC is a familial disease with an 

estimated frequency of 1:5000 people all over the world, though in some regions prevalence 

is more pronounced 9. In about 60% of the ARVC cases, a mutation is the underlying cause 

of the disease 2. Mutations in genes encoding the desmosomal proteins Plakophilin-2 [PKP2], 

Plakoglobin [JUP], Desmoplakin [DSP], Desmocollin-2 [DSC2] and Desmoglein-2 [DSG2], 

are highly related to development of ARVC 1. Those mutations are predominantly found in 

the PKP-2 gene, but have also been discovered in non-desmosomal genes like ryanodine 

receptor2 [RyR2], transforming growth factor β3 [TGFβ3], lamin A/C [LMNA], transmembrane 

protein 43 [TMEM43], desmin [DES], titin [TTN], T-catenin [CTNNA3] and phospholamban 

[PLN] 1. 

 The fact that mutations in desmosomal genes and non-desmosomal genes commonly 

lead to a comparable clinical phenotype suggests that more than one underlying mechanism 

could be involved in the process of cardiac remodeling in ARVC patients. This is strengthened 

by the identification of a role for mutations in the sarcoplasmic reticulum (SR) associated 

proteins PLN and RyR2, and the fact that in the other 40% of patients diagnosed with ARVC, 

no causative mutations, or mutations not yet linked to ARVC, have been detected thus far 

1. PLN is a transmembrane SR phosphoprotein and a key regulator of calcium homeostasis. 

As expected, mutations in PLN mostly lead to inhibition of the calcium re-uptake into the 

SR 10. Interestingly, next to the classical desmosomal mutations that trigger instability of the 

ID (potentially due to trafficking defects), the pathogenic PLN-R14del mutation is identified 

in patients diagnosed with ARVC. In such patients, a differential diagnosis of DCM or ARVC 

can be made 2. In the Netherlands, the PLN-R14del mutation is a founder mutation and has 

been identified in 10-15% of patients diagnosed with either DCM or ARVC 11. This similarity 

in pathophysiological remodeling driven by dysfunction/mislocalization of proteins in the ID 

and proteins related to the intracellular calcium handling may perhaps not be as long distance 

as it seems at first glance. Present studies provide an interesting new view into the possible 

interaction between structures classically defined as separate (ID and calcium homeostasis). 

Next to the well-known classical model, based on malfunctioning/mislocalized desmosomal 

proteins, also involvement of alternative mechanisms underlying ARVC phenotype should 

be mentioned. The canonical Wnt/beta-catenin signaling pathway and hippo pathway 

illustrate pathways which are affected by ID proteins under pathogenic conditions, ending 

in recapitulation of the ARVC phenotype 12,13.In this regard, the common observation that 
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plakoglobin signals are reduced or even absent at the ID is important 8,14, while GSK3β seems 

to accumulate at the ID during pathological remodeling 15.  

Cross talk within the Intercalated disk 
To withstand the strong and frequent mechanical forces of the beating heart, individual 

cardiomyocytes tightly connect to each other via a subcellular domain named the ID 14. IDs 

are of major physiological importance as they not only physically connect cardiomyocytes 

by means of desmosomes and adherence junctions, but also couple cardiomyocytes 

electrically to ensure fast propagation of electrical signals, through gap junctions 14. Gap 

junctions are agglomerates of multiple intercellular channels that consist of two connexons 

(hemi channels), which are engaging structures composed of hexametric clusters of connexin 

proteins, delivered by cells on both sides of each junction. In the working myocardium, 

these channels are predominantly composed of connexin40 (atria) and connexin43 (atria 

and ventricles). Electrical coupling depends on the organization of gap junctions at the ID, 

which abundance, resistivity and distribution defines the characteristics of electrical impulse 

propagation between cardiomyocytes. The classical outlook of the arrangement at the ID 

with its separated structures as desmosomes, gap junctions, ion channels and connexons, is 

currently changing. Knowledge about the relation between different structures of the ID is 

expanding in detail and it becomes more and more clear that the ID in fact is a complex and 

sophisticated protein network. 

 Accumulating experimental evidence supports the idea that the ID should be considered 

as a singular arranged functional entity in which macromolecular complexes mechanically and 

electrically interact in synchrony 16. This is exampled by the fact that the loss of desmosomal integrity, 

caused by PKP2 dysfunction, leads to a reduced sodium current (I
Na

), aiding for an interaction 

between the desmosome and sodium channel complex 5. This interaction could partly be related 

to disturbed trafficking of proteins to the ID. A study by Sato et al.  presented colocalization of 

Na
v
1.5 (the alpha-subunit of the sodium channel) with PKP2 17, whereas a very recent study of the 

same group identified colocalization of these sodium channels with N-cadherin, a protein of the 

adherence junction 16. When PKP2 expression was decreased through RNA silencing in neonatal 

rat ventricular myocytes, this also resulted in a decrease of total Cx43 content and a significant 

redistribution of Cx43 to the intracellular space. Multiple experiments showed that Cx43 and PKP2 

coexist in the same macromolecular complex. Besides this, ankyrin-G (encoded by ANK3) shows 

to be a key component of linkage within the ID as it is related to three complexes often considered 

independent: the voltage-gated sodium channel, gap junctions, and the cardiac desmosome 

17,18. The intermolecular interactions between proteins relevant to mechanical junctions, and 

those that constitute gap junctions/sodium channels embeds important implications for the 

pathophysiology of inherited arrhythmias, such as in ACM 17. This specifically accounts for patients 

in which the ACM is caused by mutations in desmosomal proteins. However, it is more complex to 

understand why patients show a similar clinical phenotype when causative mutations are present 

in non-desmosomal proteins like PLN, a protein heavily involved in calcium homeostasis. Certainly 

if we know that also in these patients pro-arrhythmic remodeling of the ID is reported 1,9,11.
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Calcium dynamics and pathophysiological signaling
PLN plays a leading role in cardiac excitation contraction coupling which relies on tightly 

regulated calcium fluxes that are triggered when an action potential enters from adjacent 

cells. Voltage gated L-type calcium channels (LTCC) on the cell membrane of striated muscle 

cells open and calcium enters the cell. This influx of calcium into the cell subsequently triggers 

opening of the ryanodine receptor (RyR2), leading to a coordinated efflux of calcium out 

of the SR. Local calcium peaks result in binding of calcium ions to the troponin complex 

which exists out of three regulatory proteins that form a contractile complex. If calcium ions 

unbind from troponin the myofilaments are able to relax again. Calcium is removed out of the 

cardiomyocytes by Na+/Ca2+ (NCX) exchange channels at the cell membrane or stored back 

in the SR by SERCA2a channels (Reviewed by Luo et al., 2013) 20. The open and closed state 

of gap junction /ion channels and channels involved in calcium handling is tightly controlled 

by phosphorylation and dephosphorylation, through kinases and phosphatases. Under 

physiological conditions their activation is mainly regulated by protein kinase A (PKA), protein 

kinase C (PKC) and MAP kinase signaling. Downstream activity of protein kinases like PKA and 

PKC regulates Ca2+ homeostasis by phosphorylation of Ca2+ channels, like LTCC, SERCA2a, 

and RyR2. This regulation is important to adapt to changing demands like an elevated cardiac 

output. Dephosphorylated PLN interacts with SERCA2a and inhibits Ca2+-pump activity into 

the SR 10. By phosphorylation of PLN upon beta-adrenergic stimulation and enhanced cyclic 

AMP-dependent protein kinase A (PKA) activity, the inhibitory effect of PLN on SERCA2a 

is relieved. This leads to increased initial rates of SR Ca2+ uptake, accelerated relaxation, 

enhanced SR Ca2+ load and increased Ca2+ release by the ryanodine receptor during systole 21. 

 Under pathophysiological conditions, functional control of cellular excitability and 

excitation-contraction coupling shifts from kinases like PKA and PKC towards Calmodulin 

dependent kinase II (CaMKII) and Calcineurin A (CnA) 22,23. Under pathological conditions 

the diastolic calcium levels can become persistently higher, which in the end compromises 

pump function through insufficient relaxation and a reduced force of contraction due to lower 

calcium availability during systole 20. Diastolic calcium concentrations not solely rely on LTCC 

and SR Ca2+ regulation, since alterations in the kinetics of Na
v
1.5 channels (triggering late 

sodium current, I
Na-L

), NCX (Na+/Ca2+ exchanger) and PLN activity are also of importance 2,4,10. 

An increase in the amplitude of I
Na-L 

prolongs the action potential duration, increases the 

transmural dispersion of repolarization which triggers arrhythmogenesis 25. An increase in I
Na-L 

also increases the intracellular sodium concentration and subsequently raises [Ca2+]
i
 via the 

reverse-mode Na+-Ca2+ exchanger (NCX) 26. 

 Besides affecting kinases and phosphatases like Ca MKII and CnA, the intracellular 

calcium concentration is also capable to affect the ID structure directly. Although it is known 

that elevating intracellular calcium conditions from very low towards the physiological state 

causes targeting and maturation of desmosomes from the ER to the cellular membrane 27, 

currently it is still unknown whether such influences can also be triggered by a persistently 

elevated diastolic calcium level above the physiological concentration. Importantly, the signal 

transduction pathways induced under persistently elevated calcium levels further trigger 
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cardiac remodeling and electrical and contractile modifications 24. In the following we propose 

a link between increased diastolic Ca2+ concentrations, activation of CaMKII and CnA, and 

electrical and structural cardiac remodeling in the setting of ACM (see Figure 1). 

Figure 1. Overview illustrating the pro-arrhythmic interactions between Ca2+-sensitive proteins, intercalated disk 
proteins and ion channels. SR: Sarcoplasmatic Reticulum: RYR: ryanodine receptor; SERCA: SR Ca2+-ATPase; PLN: 

phospholamban; LTCC: L-type Ca2+ channel; Na
L
: Late sodium current; NCX: Na+/Ca2+ exchanger; NKA: Na+/K+-ATPase; 

AnkG: ankyrin-G;  DSC2/DSG2: desmocolin-2/desmoglein-2; PKP2: plakophilin-2; Cx43: connexin43; N-Cad: N-Cadherin; 

CaMKII: Ca2+/calmodulin-dependent protein kinase II; CaM: calmodulin; CnA: calcineurin A ; EB-1: end-binding protein 

1; NFAT; nuclear factor of activated T-cells; CACNA1D: voltage-dependent L-type calcium channel subunit alpha-1D; 

ATP2A2: sarcoplasmic/endoplasmic reticulum calcium ATPase 2; SCN5A: sodium channel protein type 5 subunit alpha : 

Col1A1/1A2/3A1: alpha-1 type I/1 type 2/ 3type 1 collagen; TGFβ1: transforming growth factor beta 1; CTGF: connective 

tissue growth factor; TIMP1: metallopeptidase inhibitor 1.

Phospholamban dysfunction 
Deregulated intracellular Ca2+-handling in cardiomyocytes is frequently attributed to an 

impaired sarcoplasmic reticulum (SR) functioning, leading to heart failure, in which dysfunction 

of the different key-proteins involved each can be causative. Dysfunction of PLN has been 

reported to play a key role in cardiac pathophysiology and up to now several different 

mutations have been identified in patients 21. Characterization of those PLN mutations generally 

revealed disruption of intracellular calcium handling, precipitating clinical manifestations of 

ACM, DCM and heart failure. 
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 Of special attention in this review is the PLN-R14Del mutation since this mutation is 

known to trigger development of ACM in patients 19. PLN is a phosphoprotein which, when 

dephosphorylated, inhibits the Ca2+-affinity of SERCA2a. PLN phosphorylation can take place 

at the Ser16 by PKA (during sympathetic stimulation) or at Thr17 by CaMKII (predominantly 

during pathophysiological conditions), which reverse the inhibitory effect on SERCA2a 28. The 

Arg14del mutation in the PLN gene is associated with the deletion of the highly conserved basic 

aminoacid Arg-14 in the coding region. As a result, phosphorylation is still possible but the 

inhibitory effect is no longer relieved. Coexpression of wild type PLN and mutant PLN-R14del, 

in HEK cells, confirmed the super inhibition of the SERCA2a channel 10. This super inhibitory 

effect is likely caused by partial destabilization of the PLN pentamer, leading to production 

of highly inhibitory monomers and a persistent PLN-SERCA2a association. The dominant 

inhibitory effect of this mutant was not alleviated by phosphorylation through PKA, leading 

to ventricular dilatation, contractile dysfunction and ventricular arrhythmias. Transgenic mice, 

overexpressing the PLNdel14 mutation, recapitulated the human cardiomyopathy and resulted 

in premature death. Next to the disturbance in Ca2+ transients, PLN-R14del patients show also 

classical ARVC like features as fibrofatty replacement and myocardial disarrangement 10. A 

study in endomyocardial samples taken from PLN-R14del patients showed in 71% of the cases 

depressed or absent plakoglobin levels indicative for remodeling of the ID 11.

 In addition to abnormalities in Ca2+ transients and electrical instability, in human iPS-

cardiomyocytes generated from patients bearing the PLN-R14del mutation, an abnormal 

distribution of the mutated protein towards the cytoplasm was reported 29. Knocking down the 

mutated PLN gene and simultaneous overexpression of a normal PLN gene (genetic repair) 

appeared able to reverse this pathological phenotype in vitro. In a different experimental 

mouse model, the mutation was introduced into PLN null mice, to generate a homozygous 

PLN-R14del knock out model 21. Comparable to the situation in PLN-Leu39 mutants, 

colocalization of PLN with SERCA2a was lost and no inhibition on SR Ca2+-transport and 

contractility in these R14del mice was present. In contrast, R14del mutated protein misrouted 

towards the sarcolemmal Na+/K+-ATPase in the plasma membrane and stimulated its activity. 

Eventually these PLN-R14del mice showed cardiac remodeling in terms of ventricular dilation 

and interstitial fibrosis 21. 

 The missense mutation at PLN residue 9 (PLN-R9C) has been reported to cause inherited 

DCM and heart failure in patients 30. Studies in transgenic PLN-R9C mice showed that the 

mutated protein did not impair Ca2+-transients by direct inhibition of SERCA2a, rather than 

it depended on trapping of protein kinase A (PKA) by the mutant protein that resulted in a 

blocked PKA-mediated phosphorylation of wild-type PLN. This finally delayed intracellular 

calcium transients through super inhibition of SERCA2a 30. A different T116G point mutation 

resulting in PLN-Leu-39-stop (PLN-L39stop) was also discovered in familial cases of heart 

failure 31. Whereas the heterozygous mutation caused cardiac hypertrophy, homozygous 

patients developed lethal DCM and heart failure. Homozygous hearts showed a 50% 

reduction of PLN mRNA while PLN protein diminished to a negligible level suggesting that 

disturbed calcium handling could not be causative for the disease. Surprisingly, homozygous 
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patients demonstrated extensive fibrofatty replacement and myocardial disarrangements. In 

vitro, adenoviral transfection of recombinant PLN-L39stop in adult rat cardiomyocytes indeed 

confirmed the absence of a maladaptive effect on SERCA2a and contractility. Viral transfection 

of PLN-L39stop in HEK cells revealed a destabilized PLN expression and redirected minor 

amounts of PLN towards the cytosol or plasma membranes. This study emphasized a clear 

contrast between the disease phenotypes in human and rodents since ablation of PLN in mice 

seemed to be beneficial in the setting of heart failure, whereas human carriers of PLN-L39stop 

develop severe and lethal cardiomyopathies 31. 

 Very recently it was shown that overexpression of R25C-PLN in adult rat cardiomyocytes 

extremely suppressed the affinity of SERCA2a for Ca2+, resulting in a decreased SR Ca2+ 

concentration and Ca2+ transients 32. Interestingly, this super inhibition of SERCA2a caused 

elevated diastolic Ca2+ concentrations and CaMKII activation. CaMKII activation subsequently 

enhanced RyR2 phosphorylation and leakage of Ca2+ out of the SR, ending in an impaired 

cardiac contractility and ventricular arrhythmias. To further stress the pivotal role for CaMKII 

in this pathophysiological remodeling, KN93 inhibition of CaMKII abolished the R25C-PLN 

triggered Ca2+ sparks 32.

 In general, dysfunctional PLN highly disrupts the cardiac intracellular calcium handling, 

finally ending in hypertrophy, DCM, ventricular arrhythmias, heart failure and premature death. 

Mainly SERCA2a, RyR2 and the SR load are affected, leading to increased diastolic calcium 

concentrations and decreased Ca2+-transients. In spite of the disturbed calcium homeostasis 

a subgroup of PLN-R14del patients present an ARVC like phenotype, resembled by fibro-fatty 

replacement and ID disarrangement. Comparable alterations were also reported in patients 

with a different PLN mutation, like PLN-L39stop. The most recent study also presented an 

increased CaMKII activation by mutated PLN (R25C). Several studies in cardiomyocytes 

have already proven that increased diastolic Ca2+ concentrations cause CaMKII auto-

phosphorylation and CaMKII activation 33,34,35. Importantly, next to CaMKII, also the Ca2+/

CaM activated phosphatase Calcineurin A (CnA) is sensitive to increased diastolic calcium 

concentrations 23. In that regard it is of interest to uncover if a pathophysiological activation 

of CaMKII and CnA in ACM patients potentially contributes to the adverse remodeling in 

ACM. Because CaMKII and CnA play a key role in electrical and structural remodeling of the 

heart, as postulated in the following paragraphs, it is not unlikely that also in this particular 

disease they modulate aspects of electrical signaling, excitation-contraction coupling and 

tissue architecture. 

CaMKII in cardiomyopathy
CaMKII and CnA are structurally present in the heart, but transcription, expression and 

activation of these proteins is enhanced during cardiomyopathy 36. This phenomenon suggests 

a pathophysiological role for these proteins in development of heart failure. Persistent 

activation of beta-adrenergic signaling pathways will activate CaMKII, but most important, 

phosphorylation of Ca2+ channels increases the diastolic intracellular Ca2+ concentration, which 
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facilitates permanent activation of CaMKII via calmodulin (CaM). Moreover, CaMKII is able to 

maintain its activated state independent from calcium-activated CaM via autophosphorylation 

and via the influence of reactive oxygen species (ROS) (Reviewed by ‘Heineke et al. 2006’) 
37. Amongs many others, activated CaMKII phosphorylates cardiac proteins that increase 

inflammatory signaling and apoptosis 38. A study in pneumocytes showed that Ca2+/CaMKII 

drives apoptosis which can lead to pulmonary fibrosis 39. TAC surgery in a murine knock out 

model of CaMKII resulted in a tempered increase in ventricular wall thickness and no significant 

levels of fibrosis 22. Illustrative for its well-studied and maladaptive role in disturbance of calcium 

handling, a study in patients with heart failure suggested that pathophysiological enhanced 

CaMKII levels in cardiomyocytes increased SR Ca2+ leak, which consequently depleted the SR 

as Ca2+ source and decreased contractility 34. A link of activated CaMKII to fatty replacement, 

one of the striking aspects of remodeling in ARVC hearts, currently is lacking.

CaMKII remodeling of ID proteins
Beyond its detrimental role in SR calcium handling, CaMKII can also influence electrical 

signaling between cardiomyocytes at the level of the ID, by phosphorylation of ion channels 

like Na
v
1.5. The CaMKII-δ isoform stably interacts with two looping domains of the main 

cardiac voltage-dependent sodium channel Na
v
1.5 and facilitates phosphorylation at the Ser-

516, Ser571 and Thr-594 site 40. The pathological regulation of cardiac sodium channels by 

CaMKII is not well studied in human disease, but animal models of triggered heart failure 

presented independent upregulation of CaMKII levels and enhanced sodium currents during 

cardiomyopathy 35. In dogs with chronic heart failure the slow late sodium current and total 

sodium influx levels where enhanced by Ca2+/CaMKII signaling under physiological and 

pathophysiological conditions, which was manifested by slowing down of the inactivation 

kinetics of the channel 35. In this model, the excess of sodium entry was counteracted by 

activation of the NCX, which in turn even further enhanced the already elevated diastolic 

calcium level. A recent study of Glynn et al. in mice revealed that phosphorylation of Na
v
1.5 

at Ser571 regulates the increase in late sodium current, but not other channel properties 

previously linked to CaMKII 40. Inhibition of CaMKII in mice resulted in down regulation of fast 

Na+ currents, which negatively affected the Na+ channels ability to depolarize the cell whereas 

phosphorylation of sodium channels in rabbit cardiomyocytes delayed the I
Na

 recovery after 

inactivation and enhance the late sodium current 41. The observations made in these different 

models indicate that enhanced activation of CaMKII increases the depolarizing current, 

elongating the action potential and thereby increases the susceptibility to arrhythmias.

 Conditional knock out of ankyrin-G in a mouse model showed that ankyrin-G targets 

Na
v
1.5 and its regulatory protein CaMKII to the ID for which βIV-spectrin is necessary 18,42. 

Knock-out of ankyrin-G resulted in a decreased Na
v
1.5 expression and membrane trafficking, 

and a concomitant decreased I
Na

 and I
Na-L

, highlighting the dependence of the Na
v
1.5 channel 

on other protein partners in the ID that serve as a regulatory platform 18,43. Moreover, ankyrin-G 

links sodium channels with broader ID signaling nodes, as loss of ankyrin-G also resulted in 

reorganization of PKP2 and lethal arrhythmias in response to β-adrenergic stimulation 18. A 
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study by Xu et al. clarified that enhanced cellular calcium entry totally diminished the open 

probability of Cx43 gap junction channels which suggests that gating was affected by a Ca2+/

CaM-dependent mechanism 44. These results reveal that CaM already links towards gap 

junctions by itself and additionally suggest a relation between CaMKII and Cx43. This was 

recently confirmed in an in vitro study with cultured cardiomyocytes, where one novel serine 

residue in the Cx43 carboxyl terminus was identified that can be phosphorylated by CaMKII, 

which suggests that CaMKII may phosphorylate, and thereby regulates the activity of Cx43 in 

normal and diseased hearts 45.

Role for calcineurin in fibrosis formation and conductional remodeling
Calcineurin is a serine-threonine dimeric phosphatase, consisting out of the catalytic subunit 

Calcineurin A (CnA) and the regulatory subunit calcineurin B (CnB). Next to the above described 

regulation of CaMKII, Ca2+ saturated CaM directly binds and activates CnA. Coherent to the 

fact that CaM needs to be activated by Ca2+, the amount of CaM needed for activation of CnA 

decreases by increasing intracellular calcium concentrations. Binding and dephosphorylation 

of NFAT transcription factors by CnA in the cytoplasm allows translocation of NFAT into the 

nucleus, which induces gene expression of adverse remodeling genes. Other kinases like 

JNK, p38, GSK3β, protein kinase A (PKA) phosphorylate specific NFAT family members and 

block the nuclear translocation. (Reviewed by Heineke et al. 2006) 37.

 Activity of CnA was significantly increased in the compensated and decompensated 

hypertrophic myocardium of patients with coronary artery disease, and it is suggested to 

play a major role in fibrosis formation 46. Transgenic mice with a constitutively active form of 

CnA present in the myocardium display tremendous deposits of collagen in the myocardium 

and show trans-differentiation of ventricular fibroblasts into myofibroblasts, a phenotype 

known for its high profibrotic activity 23. Mice overexpressing a constitutively active form of 

calcineurin presented pathological remodeling and impaired Cx43 protein levels. Fontes 

et al. studied the postnatal development of mice overexpressing this constitutively active 

form of CnA 47. After one week these mice develop cardiac hypertrophy with reduced protein 

and RNA levels of connexin43 and Na
v
1.5. After three weeks the protein levels of Cx43 were 

still reduced and the connexin proteins were less phosphorylated, potentially as a result of 

dephosphorylation by CnA. Four weeks after birth these heart display substantial levels of 

fibrosis, so increased levels of active CnA coincide with reduced expression of the sodium 

channel Na
v
1.5, connexin43 and eventually ends in cardiac hypertrophy and fibrosis formation 

47. In addition, a different transgenic mouse model harboring an inducible constitutively 

active CnA gene confirmed the presented adverse cardiac remodeling, but also indicated 

reversibility upon block of CnA 48. CnA inhibition in a murine CaMKII KO model confirmed 

the main role of CnA in cardiac hypertrophy, associated with fibrosis formation, apoptosis and 

systolic dysfunctions. 
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CONCLUSION 

ACM, or its most prominent subform ARVC, is commonly regarded as a disease of the ID 

in which mutations in desmosomal proteins are an important causative factor. Originally 

described as a composition of separate units, recent data indicate that the ID should be 

considered a single functional unit in which Na
v
1.5, Cx43, ankyrin-G and components of 

the adherence junction and desmosome (including plakophilin2 and plakoglobin) interact. 

As such, accumulating evidence in the last decade, suggests that destabilization of the ID 

(through disturbed protein-protein interactions) and trafficking problems of its composing 

proteins trigger the remodeling. The latter aspect was recently illustrated through deficits 

in EB-1 ID protein trafficking causing a disturbed ID morphology resulting from a disrupted 

connection between the tubulin network (that directs the new proteins to the ID) and the 

existing macromolecular complex at the ID 49. Other contributing mechanisms have recently 

also acquired more attention as detrimental roles are anticipated for intracellular accumulation 

of misfolded or mislocalized protein aggregates, and alterations in the hippo/Wnt signaling 

pathways. For the latter the specific contribution of GSK3β that accumulates at the ID, and 

plakoglobin that dispatches from the ID are topics of investigation (see Figure 2).

 The Dutch founder mutation PLN-R14del has been identified to play a major role in ACM 

(at least in the Netherlands), which seems as explained, remarkable since PLN is an important 

protein involved in regulation of SR calcium load. Despite of that, patients with this mutation 

show, beyond clinical signs that fit with ARVC, also remodeling of proteins in the ID and 

fibrofatty replacement. The mutation results in dysfunction of PLN and thereby to accumulation 

of diastolic calcium, which in turn would be able to activate Ca2+-sensitive proteins as CaMKII 

and CnA. Patients with a different PLN mutation, R25C, indeed show activation of CaMKII 

which formerly has been linked to DCM, heart failure and disturbed calcium handling. As has 

been reported for patients with desmosomal mutations, dysfunction of the cardiac sodium 

channels is a rather recent observation made. Although the experimental proof is still lacking, 

if this dysfunction results in enhanced late-sodium currents, also under these conditions 

enhanced diastolic calcium levels can be expected and as such activation of the described 

calcium-sensitive pathways. Activated CaMKII likely modifies ID proteins, SR structures and 

ion channels in a direct fashion, where CnA rectifies their transcriptional regulation and 

stimulates formation of fibrosis. In addition, enhanced cytosolic Ca2+ concentrations can 

induce autophagy by activating CaMKII, a manifestation also seen in PLN-R14del patients 50. 

Obviously, further experimental investigation is needed to unravel the exact role of CaMKII 

and CnA in ACM. 

 Step by step important accomplishments have been made in our knowledge and 

understanding. Progression, however, is sometimes compromised by the fact that the applied 

experimental models do not always completely recapitulate the situation seen in patients. 

Obviously patient material is extremely scarce and often reflects the situation in the end stage 

only. Examples of the hurdles that adhere to experimental models are the fact that calcium 
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Figure 2. Figure illustrating five pathways putatively causing pathological remodeling in ACM. 1) Deficits in EB-1 

ID protein trafficking provoke disturbance of the ID morphology. 2) Pathological activation of the hippo pathway and 

suppression of Wnt/β-catenin signaling, caused by molecular remodeling of ID proteins, Plakoglobin nuclear translocation 

and GSK3β-ID anchoring, recapitulates the ARVC phenotype 3) Remodeling of ID proteins by Ca2+ -activated CaMKII. 

4) Possible direct effect of increased intracellular Ca2+ concentrations on the ID structure. 5) Intracellular accumulation 

and degradation of misfolded PLN proteins in PLN-R14del mutation carriers. GSK3β: glycogen synthase kinase 3 beta.

handling in mouse cardiomyocytes, and in cardiomyocytes derived from iPS cells, is significantly 

different from that in human 51. Also the important aspect of fibro-fatty replacement, one of 

the hallmarks of the disease, is often only partially recapitulated in mouse models (mostly 

only the deposition of fibrosis). Ongoing improvements in experimental approaches and 

implementation of new techniques (e.g. focusing on genetic repair and application of super-

resolution microscopy) provide, however, enough fuel and hope for a fruitful progression of 

our aim to control this cardiac disease.
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ABSTRACT

Plakophilin-2 (PKP2) is a component of the desmosome and known for its role in cell-cell 

adhesion. Mutations in human PKP2 associate with a life-threatening arrhythmogenic 

cardiomyopathy, often of right ventricular predominance (“ARVC”). Here, we use a range of 

state-of-the-art methods and a cardiomyocyte-specific, tamoxifen-activated, PKP2 knockout 

mouse to demonstrate that in addition to its role in cell adhesion, PKP2 is necessary to 

maintain transcription of genes that control intracellular calcium cycling. Lack of PKP2 

reduces expression of Ryr2 (coding for Ryanodine Receptor 2), Ank2 (coding for Ankyrin-B), 

Cacna1c (coding for Ca
V
1.2) and Trdn (coding for triadin), and protein levels of calsequestrin-2 

(Casq2). These factors combined lead to disruption of intracellular calcium homeostasis and 

isoproterenol-induced arrhythmias that are prevented by flecainide treatment. We propose a 

previously unrecognized arrhythmogenic mechanism related to PKP2 expression and suggest 

that mutations in plakophilin-2 in humans may cause life-threatening arrhythmias even in the 

absence of structural disease.
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INTRODUCTION

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC), also known as “Arrhythmogenic 

Right Ventricular Dysplasia” (ARVD) and most recently as “Arrhythmogenic Cardiomyopathy” 

(ACM) is an inherited heart disease characterized by a fibrous or fibrofatty infiltration of the 

heart muscle, commonly –though not exclusively- of right ventricular (RV) predominance, 

ventricular arrhythmias and increased propensity for sudden death in the young 1. Sudden 

unexpected cardiac arrest is associated frequently with exercise, most often occurs in 

early adulthood during the subclinical (or “concealed”) phase of the disease when overt 

cardiomyopathy is not yet detectable by imaging (echocardiography or cardiac MRI),2,3 and is 

the first disease manifestation in a high proportion of probands 1,4,5. Understanding electrical 

remodeling in the early stage of the disease is therefore paramount to understand sudden 

death mechanisms. 

 ARVC associates primarily with mutations in genes coding for desmosomal proteins. 

Among these, one of the most commmonly disrupted is PKP2, which encodes the protein 

plakophilin-2 (PKP2) 1-5. Despite clear evidence that mutations in this molecule can cause 

ARVC in humans, fundamental knowledge related to the biology of PKP2 in adult cardiac 

myocytes is quite limited. Indeed, PKP2 expresses both in myocytes and in non-myocytes,6 

and is present both in cardiac progenitors and in differentiated myocytes 6,7. Recent studies 

focused on defining the contribution of non-myocyte cells to the origins of ARVC;6 and others 

suggested that absence of desmosomal genes in progenitors of the second heart field during 

development is an important component of disease pathogenesis 8-10. Yet, even though 

PKP2 is expressed abundantly in adult myocytes and likely is fundamental to function, the 

consequences of PKP2 deficiency specifically in myocytes, and after the heart is developed 

fully, remain poorly explored. 

 In addition to its role in cell adhesion, PKP2 is a component of the conexome 11 and as such, 

scaffolds an intracellular signaling node coupled to multiple molecular pathways; dysfunction 

of this node leads to an expanding chain of events that disrupts the cardiac transcriptional 

program 7,12. The latter has been documented for cell systems, but evidence collected from 

adult PKP2-deficient hearts remains lacking. Furthermore, while PKP2-dependent changes 

in the transcriptome have been studied in the context of fibrogenesis and adipogenesis,7,12 

the possibility that transcriptional modifications specifically contribute to an arrhythmogenic 

phenotype has not been studied. 

 We generated a novel cardiomyocyte-specific, tamoxifen-activated, PKP2 knockout 

murine line (αMHC-Cre-ER(T2)/Pkp2 fl/fl; referred to as “PKP2-cKO”), which allowed us to 

control the onset of PKP2 loss of expression, limit it to adult myocytes, and establish a time 

line for progression of molecular and functional events. Through a combination of multiple 

experimental approaches including super-resolution imaging 13 we show that PKP2 deficiency 

in adult ventricular myocytes is sufficient to cause an arrhythmogenic cardiomyopathy of right 

ventricular predominance in mice. RNAseq data show a complex downregulation of multiple 
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networks. Of relevance to arrhythmogenesis, molecular, functional and structural studies show 

the downregulation of a transcriptional network that controls calcium cycling, leading to a 

disruption of intracellular calcium homeostasis and a high propensity to isoproterenol- (ISO-

) induced arrhythmias that are prevented by flecainide treatment. Because of the intrinsic 

limitations inherent to all animal models, these results cannot be directly transported to 

human patients affected with ARVC.  Yet, they imply possible new avenues of investigation 

in humans, namely to examine the role of intracellular calcium homeostasis as an arrhythmia 

trigger and as a therapeutic target in patients with mutations in PKP2, even in the absence of 

overt structural disease. 

MATERIALS AND METHODS

Generation of cardiac-specific PKP2-cKO mice 
A C57BL/6 PKP2 fl/fl mice line was generated and crossed with the αMyHC-Cre-ER(T2) line, 

as previously published 13 (Figure S1). Two forward loxP sites were designed and introduced 

into the construct flanking mouse PKP2 exons 2 and 3, with a downstream neomycin selection 

cassette. The linearized targeting construct was electroporated into C57B/6 derived ES cells 

and the resultant ES cell clones were identified. The confirmed positive ES cells were injected 

into isogenic blastocyts, and microinjected into the foster mice. The neo cassette was excised 

by crossing the F1 heterozygous mice with FRT mice. The PKP2 flox/flox mice were mated 

to αMyHC-Cre-ER(T2) mice to obtain flox/flox/Cre+ mice which contains the α myosin heavy 

chain promoter and the ligand binding domain of the human estrogen receptor. The resulting 

mice (PKP2-cKO) developed normally without functional or structural deficits. All procedures 

conformed to the Guide for Care and Use of Laboratory Animals published by the US National 

Institutes of Health (NIH Publication no. 58-23, revised 1996) and were approved by the NYU 

IACUC committee under protocol number 160726-01.  Mice were injected 4 consecutive days 

with tamoxifen (3 mg dissolved in sterile peanut oil with 10% ethanol; mice weight hovered 

∼28–30 g, giving an approximate tamoxifen dose of 0.1 mg of tamoxifen per gram of body 

weight). Binding of tamoxifen to the estrogen receptor induced the cardiomyocyte specific 

Cre-mediated deletion of the Pkp2 gene. All experiments were performed in C57BL/6 PKP2-

cKO mice and CRE-negative, tamoxifen treated, C57BL/6  littermates were used as controls.  

Both genders were included. All animals were between 3 and 4 months of age. 

PCR validation of gene expression
 Total RNA was extracted from the heart tissue of PKP2-cKO and control mice using RNeasy Mini 

Kit (QIAGEN). The cDNA was generated by reverse transcription (RT)-PCR with SuperScript 

VILO cDNA Synthesis Kit (Life Technologies). PCR reactions were performed using the cDNA 

and the primers targeting to the specific exon region in each gene. Primer sequences are 
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listed in Table S5. Resultant reactions were loaded on 2% agarose gel and visualized with 

Bio-Rad ChemiDoc.

Electrocardiograms recordings
Mice were anesthetized with 1.5% isoflurane in 700 ml O

2
/minute via a nose cone (following 

induction in a chamber containing isoflurane 4-5% in oxygen). Rectal temperature was 

monitored continuously and maintained at 37-38 °C using a heat pad. Three lead ECG (leads 

I,II,III) were recorded from sterile needle electrodes inserted subcutaneously in each forelimb 

and hindlimb. The signal was then acquired and analyzed using a digital acquisition and 

analysis system (Power Lab; AD Instruments; LabChart 7Pro software version). ECG parameters 

were quantified after 1-2 minutes from anesthesia induction, in order to stabilize the trace. 

QT interval was defined as the time elapsed from the beginning of the major deflection 

representing the QRS to the end of the secondary slow deflection, as described by Danik et al. 
14 QT intervals were corrected for RR interval by the equation (QTc=QT/(RR/100)1/2), according 

to Mitchell et al.15 Analysis was performed on lead II electrocardiograms. For spontaneous 

arrhythmias monitoring, mice were monitored for 30 minutes after anesthesia induction. 

For Isoproterenol (ISO) experiments, after anesthesia induction and ECG stabilization for 1 

to 3 minutes, 3 mg/kg isoproterenol were injected i.p. in a single bolus and the ECG was 

recorded for 20 minutes post-injection 14.  Flecainide experiments were performed at 21 dpi. 

After anesthesia induction and ECG stabilization for 1 to 3 minutes, flecainide 40 mg/kg was 

administered in a single bolus as previously published 16. After 15 minutes, upon evidence 

of drug effect by ECG parameters (P wave duration, PR and QRS intervals prolongation), 

isoproterenol 3 mg/kg was administered ip and the ECG recorded for an additional 20 

minutes. 

Echocardiography
Transthoracic echocardiography was performed using a Vevo2100 Imaging System 

(VisualSonics Inc., Toronto, Canada) with a 30 MHz probe.  Briefly, after induction of anesthesia 

in a chamber containing isoflurane 4-5% in oxygen, the mouse was positioned supine on a 

heat pad in order to maintain body temperature at 37-38 °C and anesthesia was maintained 

with 1.5% isoflurane in 700 ml O
2
/minute via a nose-cone.  Recordings were obtained in 

parasternal long and short axis views. Quantitative measurements were assessed offline 

using the Vevo2100 analytical software. A B-mode parasternal long axis view was used for left 

ventricular ejection fraction and volumes measures. Left ventricular fractional shortening was 

calculated from the parasternal short axis view (M-mode)17. A B-Mode modified parasternal 

long axis view of the right ventricle (RV) was used to visualize the chamber and to measure the 

RV diameter: during diastole, the diameter was measured half-way between the pulmonary 

and tricuspid valves from the free wall to the interventricular septum 18. Pulsed-wave (PW) 

Doppler was used to quantify RVOT velocity time integral (RVOT-VTI) and this value was used 

as a surrogate for right ventricular function 18. 
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Histology
 Hearts were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), embedded 

in paraffin, and cut into 5 μm thick sections. Sections were stained with Masson’s Trichrome 

according to the manufacturer’s instructions. Briefly, paraffin embedded sections were 

incubated at 60°C for 30mins and rehydrated. Slides were then incubated in Bouin’s solution, 

60°C for 1 hour followed by wash steps and immersed in Weigert’s working hematoxylin 

solution for 10 minutes. After repeated washes, slides were immersed in Biebrich Scarlet - 

Acid Fuchsin solution for 5 minutes and phosphomolybdic acid solution for 10 minutes 

prior to putting them into Aniline blue for 5 minutes. After a wash, slides were incubated 

in 1% Acetic acid for 1 minute, rinsed, dehydrated and mounted with Permount Mounting 

Medium.  Stained sections were scanned at a 40X magnification on a Leica SCN400F Whole 

Slide Scanner. The ImageJ (NIH) software was used for analysis of tissue section. By defining 

regions of interest (ROIs), three ROIs for each ventricle were selected (base, free mid-wall, 

apex) and the interventricular septum was excluded. For each ROI, the area of collagen (blue 

staining) was normalized to the area of tissue.

Western blot analysis
To analyze protein expression levels, PKP2-cKO and controls mice were euthanized (CO

2
 

inhalation 2% for 5-10 minutes, confirmed by cervical dislocation) at 21 dpi and ventricular 

samples were cryopreserved immediately in liquid nitrogen. Ventricular samples were then 

homogenized in extraction buffer containing protease and phosphatase inhibitors (150 mM 

NaCl, 0.02% Sodium azide, 1% Triton X-100, 1 mM PMSF, 1 mM Na
3
VO

4
, 50 mM NaF, 50 

mM Tris-HCl, pH 8.0 and Complete Protease Inhibitor (Roche)). Protein concentration was 

determined using BCA kit (Invitrogen). Samples were run on 4-12% precast polyacrylamide 

SDS gradient gels (Invitrogen) and transferred onto nitrocellulose membranes (Bio-Rad) 

subsequently incubated in blocking buffer consisting of PBS with Tween-20 (0.1%) and 1% 

nonfat dry milk. Membranes were then incubated with specific primary antibodies diluted 

in 1% nonfat dry milk overnight at 4°C followed by wash steps and secondary antibodies 

(see Antibodies section). Antigen complexes were visualized and quantified with the Odyssey 

Infrared Imaging System (LI-COR).

Immunohistochemistry
PKP2-cKO and controls mice were euthanized and the hearts were excised and immediately 

fixed in 4% paraformaldehyde. The hearts were washed in ice-cold PBS and equilibrated in 30% 

sucrose at 4°C overnight. The samples were then embedded into Tissue-Tek OCT compound 

(Fisher Scientific), and frozen tissues sections were cut (5 μm) and collected on Superfrost Plus 

microscope slides (Fisher Scientific). Sections were permeabilized in 0.1% Triton X-100 (Sigma) 

for 30min and subsequently incubated in blocking buffer: 2% bovine serum albumin (Sigma), 

2% glycine (Sigma), 0.2% gelatin (Sigma), for 30 min with 10% Normal Goat Serum, followed 

by an 1 hour incubation at room temperature with primary antibodies diluted in blocking 
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buffer blocked with 3% Normal Goat Serum. Sections were then washed in PBS and incubated 

with secondary antibodies with Alexa Fluor dyes (see Antibodies section) in blocking buffer 

with 3% Normal Goat Serum for 30 minutes before mounting. Slides were coverslipped with 

ProLong Gold antifade mountant with DAPI (ThermoFisher). Confocal images were taken with 

a Leica TCS SP5 confocal microscope using Leica LAS AF acquisition software. Image analysis 

and quantification is made using ImageJ software (NIH).

Antibodies
The following primary antibodies were used: monoclonal mouse anti-PKP2 (K44262M; 

Biodesign International, Meridian Life Sciences), monoclonal mouse anti-AnkyrinB (N105-17; 

BioLegend),  polyclonal rabbit  anti-Cav1.2 (ACC-003; Alomone), polyclonal rabbit anti-CASQ2 

(PA1-913; ThermoFisher), monoclonal mouse anti-RyR2 (MA3-916; ThermoFisher), polyclonal 

rabbit anti-RyR2 phospho serine-2808 and anti-RyR2 phospho serine-2814 (A010-30 and 

A010-31 respectively; Badrilla), monoclonal mouse anti-TriadinT32 (MA3-927; ThermoFisher), 

polyclonal rabbit anti-NCX (sc-32881, SantaCruz), polyclonal rabbit anti-SERCA2 (PA5-

29380; ThermoFisher), monoclonal mouse anti-phospholamban (sc-393990; SantaCruz), 

polyclonal rabbit anti-phospholamban phospho serine-16 (sc-12963; SantaCruz) and phospho 

threonine-17 (sc-17024; SantaCruz), GAPDH (G109A; Fitzerald) monoclonal mouse anti-Cx43 

(Clone 4E6.2, Millipore), polyclonal rabbit anti-β-catenin (C2206; Sigma), monoclonal mouse 

anti-JPH2 (sc-37086, SantaCruz),  monoclonal mouse anti-Bin1 (Clone 99D; Sigma), polyclonal 

rabbit anti-PKC and anti-phospho PKC (#2056 and #9375; Cell Signaling), polyclonal rabbit anti-

CaMKII (PA5-22168; ThermoFisher), monoclonal mouse anti-CaMKII phospho threonine-286 

(MA1-047; ThermoFisher), polyclonal rabbit Desmocollin-2 (ab72792; Abcam), polyclonal 

rabbit anti-Nav1.5 (S0819; Sigma). Secondary antibodies for Western blotting included goat-

anti rabbit IRDye 800CM or goat anti-mouse IRDye 680RD antibodies (LI-COR). Secondary 

antibodies for immunofluorescence: Alexa Fluor488, 568 or 647 goat anti-mouse or anti-rabbit 

antibodies (Invitrogen). A list of all antibodies used, their manufacturer and animal source, 

working concentration and application are detailed in Supplementary Table 2.

RNASeq and KEGG analysis 
RNAs for 5 control and 4 PKP2-cKO mice at 21dpi were extracted using RNA-easy Mini 

kit (Qiagen). RNA-Seq library preps were made using the Illumina TruSeq® RNA Library 

Preparation Kit v2 using 500 ng of total RNA as input, amplified by 12 cycles of PCR, and run 

on an Illumina 2500 (v4 chemistry), as single read 50 at the Genome Technology Center at 

NYUMC. Approximately 200 million reads per sample were generated. Sequencing results 

were demultiplexed and converted to FASTQ format using Illumina Bcl2FastQ software. 

Quality Control (QC) for the RNA-Seq reads was assessed using FastQC software. Next, reads 

were aligned to the mouse genome (build mm10/GRCm38) with Spliced Transcripts Alignment 

to a Reference (STAR 19). PCR duplicates were removed using the Picard toolkit (open-source, 

MIT license). HTSeq package 20 was utilized to generate counts for each gene. The read 
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counts of each transcript were normalized to the length of the individual transcript and to 

the total mapped read counts in each sample and expressed in counts per millions (CPM). 

In order to validate the intra-group homogeneity we first performed a Principal Component 

Analysis (PCA). PCA is based on two principal components PC1 and PC2 21. The first principal 

component (PC1) is the direction along which the samples show the largest variation. The 

second principal component (PC2) is the direction uncorrelated to the first component along 

which the samples show the largest variation. Next, we visualized the genes with a largest 

variance using a hierarchical clustering heatmap. For each gene, we compared the expression 

levels between Control and PKP2-cKO RNAs. Gene expression differences were evaluated 

using Fisher’s exact test after normalizing by the total number of mapped reads in each lane. 

The resulting p-values were corrected via the Benjamini and Hochberg method. Differentially 

expressed genes were defined as those with log
2
 changes of at least 1.5 fold between a 

pair of samples at a false discovery rate (FDR) of 0.001 for genes with a count above 70. For 

differentially expressed genes, we carried out functional annotation analysis using DAVID 22,23. 

Differentially expressed genes were used as input gene list, and all mouse genes that were 

expressed in the heart were used as the background. We looked for enrichment for genetic 

association with KEGG pathways. Dataset was analyzed using R software version 3 and ad hoc 

packages. 

Cardiomyocyte dissociation 
Murine ventricular myocytes were obtained by enzymatic dissociation 24. Mice were injected 

with 0.1 ml heparin (500 IU ml−1 i.p.) 20 min before heart excision and anaesthetized by inhalation 

of 100% CO
2
. Deep anesthesia was confirmed by lack of response to otherwise painful stimuli. 

The mouse was then euthanised and the heart surgically removed via thoracotomy and placed 

in a Langendorff column. The isolated hearts were perfused sequentially at a constant flow rate 

of 3 ml min−1 with Ca2+-free solution containing (in mmol/L): 113 NaCl, 4.7 KCl, 1.2 MgSO
4
, 0.6 

Na
2
HPO

4
, 0.6 KH

2
PO

4
, 12 NaHCO

3
, 10 KHCO

3
, 10 HEPES and 30 Taurine, pH 7.45 with NaOH 

and then an enzyme (collagenase type II; Worthington, Lakewood, NJ, USA) solution for ten 

minutes. Perfusate temperature was maintained at 37 °C. After digestion, ventricles were cut 

into small pieces, and gently minced by gentle mechanical agitation with a Pasteur pipette. 

The isolated cardiomyocytes were suspended in 10 ml of stop buffer (Ca2+-free perfusion 

buffer with 5% bovine calf serum) and the Ca2+ concentration was increased gradually to 1.0 

mM. Cardiomyocytes were kept in Tyrode’s solution containing (in mmol/L): 148 NaCl, 5.4 KCl, 

1.0 MgCl
2
, 1.0 CaCl

2
, 0.4 NaH

2
PO

4
, 15 HEPES and 5.5 Glucose, pH 7.4. Cells were used within 

8 hours after isolation.

Whole-cell patch clamp recordings 
Macroscopic Ca2+ currents were recorded using the whole-cell patch-clamp configuration 

with the external recording solution of the following composition (in mmol/L): 140 TEA-Cl, 

10 CsCl, 10 Glucose, 10 HEPES, 1.0 MgCl
2
, 1.2 CaCl

2
, 2.0 4-AP, pH 7.4 with CsOH. An internal 
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pipette solution contained (in mmol/L): 20 TEA-Cl, 120 CsCl, 10 HEPES, 5 EGTA, 5 Mg-ATP, 

0.3 GTP, pH 7.2 with CsOH. Patch pipettes had mean resistances of 1.5–3 MΩ. All recordings 

were performed at room temperature (22-24°C). Assessment of I
Ca

 density was obtained by 

holding the cell at −80 mV, followed by stepping to voltages between −60 and +40 mV, in 10 

mV steps, for 400 ms, with 5 s interpulse intervals. 

 NCX current was measured using an external solution containing (in mmol/L): 140 NaCl, 

1.0 CaCl
2
, 1 MgCl

2
, 10 HEPES, 10 Glucose,  5 CsCl,  0.01 Nifedipine, 0.05 Oubain, 1 BaCl

2
, 

pH 7.4 (NaOH). The recording pipettes were filled with a solution containing (in mmol/L): 20 

NaCl, 65 CsCl, 20 TEA-Cl, 6 CaCl
2
, 10 EGTA, 5 MgATP and 10 HEPES, pH 7.25 with CsOH.  

The peak NCX current density was measured at the 2000 ms test pulse to +60 mV from -80 mV 

holding potential and 5 sweeps before and after NiCl
2
 (5 mM) application were averaged and 

subtracted 25. 

 Late Na+ current was measured using an external solution containing (in mmol/L): 135 

NaCl, 5.4 KCl, 1.0 CaCl
2
, 1 MgCl

2
, 10 HEPES, 10 Glucose, 0.2 CdCl

2
, pH 7.4 (NaOH). The 

recording pipettes were filled with a solution containing (in mmol/L): 5 NaCl, 135 CsF, 10 EGTA, 

5 MgATP and 5 HEPES, pH 7.2 with CsOH.  The late tetrodotoxin-sensitive Na+ current density 

was measured at the end of a 500ms test pulse to - 30mV from -90 mV holding potential and 

20 sweeps before and after tetrodotoxin (20 μM) application were averaged and subtracted 13. 

Currents were normalized to the cell capacitance and expressed in pA/pF. 

Action potential recording 
Current clamp was used to measure adult cardiomyocyte action potential, the recording 

pipette solution contained (in mmol/L): 135 KCl, 1 MgCl
2
, 10 EGTA, 10 HEPES, and 5 Glucose, 

pH 7.2 with KOH. The bath solution contained (in mmol/L): 136 NaCl, 4 KCl, 1 CaCl
2
, 2 

MgCl
2
, 0.2 CdCl

2
, 10 HEPES, 0.04 Tetrodotoxin and 10 Glucose, pH 7.4 with NaOH.  Resting 

membrane potentials, action potential amplitudes, and action potential duration at 90% 

(APD90) repolarization were measured.

Super-resolution scanning patch clamp 
This method combines SICM with cell-attached patch clamp technology for recording of 

ion channels at a particular subcellular location. A detailed description of this technique 

can be found in Bhargava et al. 26 Briefly, after generating the topographical image of the 

cardiomyocyte surface with SICM, the pipette was moved to an area clear of cells or debris. 

At that coordinate, a custom-built program was used to clip the tip of the pipette against 

the bottom of the dish. The pipette resistance was continuously monitored and the clipping 

manoeuvre stopped once the current through the pipette reached the desired level. At that 

point, the pipette was repositioned to spatial coordinates that were selected based on the 

topography image recorded with the sharp pipette. The repositioned, clipped pipette was 

lowered at the chosen subcellular location (T-tubule or crest) to record Ca2+ channels in the 
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cell-attached configuration. For recording of Ca2+ channels, cardiomyocytes were bathed in an 

external solution containing in (mmol/L): 120 K-gluconate, 25 KCl, 2 MgCl
2
, 1 CaCl

2
, 2 EGTA, 

10 Glucose, 10 HEPES, pH 7.4 with NaOH. Pipettes  were filled with an  internal recording 

solution containing in (mmol/L): 90 BaCl
2
, 10 HEPES, 10 Sucrose, pH 7.4 with TEA-OH. Single 

L-type Ca2+ channels (LTCCs) were identified and characterized by their voltage dependent 

properties. For this purpose, pulses from a holding potential of -80 mV were elicited to test 

potentials between -20 and +20 mV.

Ca2+ imaging in isolated cardiomyocytes 
Isolated ventricular myocytes were loaded for 12 min with x-Rhod-1/AM (Invitrogen Inc., Eugene, 

OR, USA) in Tyrode’s solution containing (in mmol/L): 140 NaCl, 4 KCl, 1.8 CaCl
2
, 1 MgCl

2
, 10 

HEPES and 5.6 glucose followed by a 30 min wash in Tyrode’s solution. Fluorescent signals were 

acquired using a 40× UVF objective (numerical aperture 1.0; Nikon, Tokyo, Japan), and single 

excitation wavelength microfluorimetry was performed using a PMT system (IonOptix Corp., 

Milton, MA, USA). Cells were paced at 1Hz to achieve steady state, then paced either for 10 

beats at 0.5Hz and 1Hz. Following background subtractions, data were calculated as the ratio of 

fluorescence intensity of x-Rhod-1 over baseline (F/F
0
). 10 mM Caffeine was used to determine the 

SR Ca2+ load after the cells were paced at 1Hz and achieved steady state. To measure Ca spark, 

isolated ventricular myocytes were loaded with Fluo-8/AM and line scans were used to obtain 

Ca2+ spark data with confocal microscopy. Finally, ratiometric analysis to determine diastolic [Ca2+]

i
 was based on the method described by Li et al.27 Isolated ventricular myocytes were loaded with 

Fura-2/AM. The free calcium concentration were determined with the equation [Ca2+]= Kd*β*(R-

Rmin)/(Rmax-R),  where Kd is the constant of 245 nM. R is the ratio of F
340

/F
380

. Rmax and Rmin 

values were determined after cells were treated with ionophore (4-Bromo A23187)/6 mM Ca2+ or 

ionophore/10 mM EGTA, respectively. β is the ratio of F
380

-EGTA/F
380

-Ca2+.

Ca2+ leak in permeabilized cells 
Ventricular myocytes were plated on glass-bottom dishes coated with 1 mg/mL laminin and 

maintained in bath solution containing (in mmol/L) 135 NaCl, 4 KCl, 1.8 CaCl
2
, 1 MgCl

2
, 10 

HEPES, 1.2 NaH
2
PO

4
, and 10 glucose, pH 7.40, until used. Myocytes were permeabilized with 

50 µg/mL saponin in 10 nM free [Ca2+] internal solution, containing (in mmol/L) 0.5 EGTA, 10 

HEPES, 120 K-aspartate, 0.56 MgCl
2
, 5 Mg-ATP, 10 reduced glutathione, 5 phosphocreatine, 5 

U/mL creatine phosphokinase, 8% dextran (Mr: 40000), pH 7.2, and enough CaCl
2
 to adjust free 

[Ca2+] (MaxChelator). Ca2+ leak was recorded in permeabilized myocytes perfused with 70 nM free 

[Ca2+] internal solution supplemented with 0.025 mM Fluo-4 pentapotassium salt (Invitrogen), 

using a Zeiss LSM510 Meta confocal microscope with a 40x 1.2 N.A. water-immersion objective. 

Line-scan images were acquired at the sampling rate of 3 ms/line. After 30 s of basal recording, 

10 mM caffeine was rapidly applied to measure SR load. Then, cells were perfused with 70 nM 

[Ca2+]
i
 internal solution again for 1 min, and perfused with 10 mM caffeine for the second SR Ca2+ 

load measurement.
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Excitation-contraction coupling gain 
Whole-cell patch-clamp combined with Ca2+ transient recording experiments were performed 

to measure excitation-contraction coupling gain. Briefly, cells were bathed in a solution 

containing (in mM): 135 NaCl, 4 KCl, 1.8 CaCl
2
, 1 MgCl

2
, 10 Hepes, 1.2 NaH

2
PO

4
, and 10 

glucose, 4 4-aminopyridine and 0.03 TTX, pH 7.4 with NaOH. The pipette internal solution 

contained (in mM): 100 Cs-Aspartate, 10 CsCl, 1 MgCl
2
, 5 MgATP, 0.5 Na

2
GTP, 10 Hepes, and 

15 TEA·Cl, pH 7.2 with CsOH. Cells were voltage-clamped at −50 mV, depolarized from −40 

mV to +60 mV at 10-mV increments for 300 ms, and repolarized to −50 mV between sweeps. 

Ca2+ transients triggered by Ca2+ currents were recorded at the same time. The Ca2+ indicator 

Fluo-4 pentapotassium salt (0.2 mM; Invitrogen) was added to the internal solution before the 

experiment.

[3H]Ryanodine binding assays 
Binding assays were carried out following a modified version of a protocol previously described 
28,29. Whole heart homogenates were prepared as previously described 30. In brief,  frozen hearts 

were pulverized in liquid nitrogen and suspended in a buffer containing 0.9% NaCl, Tris-HCl 

10 mM pH 6.8, 20 mM NaF, 2 µM leupeptin, 100 µM phenylmethylsulphonyl fluoride, 500 µM 

benzamidine, 100 nM aprotinin. This suspension was homogenized using a Teflon pestle and 

centrifuged at 1000 g for 10 minutes at 4 °C. Supernatants were aliquoted and stored at -80°C 

until used. Protein concentrations were determined using the Bradford method (Bio-Rad). 

Binding mixtures were prepared containing 50 µg of protein from heart homogenates, 0.2 M 

KCl, 20 mM Na-HEPES pH 7.4, 6.5 nM [3H]Ryanodine (Perkin Elmer), 1mM EGTA and enough 

CaCl
2
 to set free [Ca2+] between 100 nM to 100 μM. The Ca2+/EGTA ratio was calculated with 

MaxChelator (WEBMAXCLITE v1.15, http://maxchelator.stanford.edu). The binding reactions 

were incubated for 2 hr at 37°C, then filtered through Whatman GF/B filters and washed 

with distilled water in a Brandel M24-R Harvester. [3H]Ryanodine binding was determined by 

liquid scintillation and corrected for non-specific binding determined in the presence of 20 

μM unlabeled ryanodine (MP Biomedicals). Maximum [3H]ryanodine binding corrected for 

RyR2 expression and EC
50

 were calculated with Hill’s equation using Origin 9 (Origin Lab). 

Mathematical simulations
Computational simulations were conducted in a model of the mouse ventricular myocyte 

using the formulation described by Morotti et al.31 To model the PKP2-KO mouse myocyte, 

the following changes were implemented in accordance with experimental observations: 

reduction of Calsequestrin in the SR to 45.3% of its concentration in the Control model; 

adjustment of the closing rate of the L-type Calcium channels to 75% of its original value and 

scaling down the current density of the L-type Calcium current to 50% of its original value, 

leading to a peak current 72% of the original (Control) model, the latter also in accordance 

with experimental findings; adjustment in the localization of L-type Calcium channels to 

model decreased expression in the T-tubules; RyR2 current adjustment to 60% of its original 
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value to account for its observed reduced abundance.  To assess e-c coupling gain, a holding 

potential of -50 mV was applied to the cell models for 600 seconds, to ensure steady state. 

Then, a test potential of -40 mV to +60 mV was applied for 150 ms. The peaks of the traces 

were identified and the EC coupling gain was calculated as Gain=([Ca2+]
i
/[Ca2+]

i,0
)/I

CaL,max
. In 

cases where Calcium discharges occurred spontaneously, the test potential was applied at 

least 500 ms after the previous discharge and at least 500ms before the next discharge.

Optical mapping
Mice were heparinized (heparin sodium, 0.5 U/g IP) and euthanized by CO

2
 inhalation 

followed by cervical dislocation. Hearts were quickly removed through a midline sternotomy 

and rinsed in a modified Tyrode’s solution containing (in mM): NaCl 130; NaHCO, 24; KH2PO4 

1.2; MgCl2 1.0; glucose 11.1; KCl 4.7; and CaCl2 1.8, equilibrated with a 95% O2-5% CO2 

gas mixture. Hearts were rapidly cannulated and perfused with a constant pressure (50-60 

mmHg) in a retrograde fashion via an aortic cannula with warm (37° to 39°C) oxygenated 

modified Tyrode’s solution. Once connected to the Langendorff perfusion system, hearts 

were immersed in modified oxygenated Tyrode’s in a jacketed perfusion chamber where the 

temperature was controlled (37° to 39°C) to ensure the absence of transmural temperature 

gradients 32,33. The excitation-contraction uncoupler Blebbistatin (Enzo Life Sciences,4 mg/L) 

was added to the perfusate to limit motion artifacts during optical recordings. Calcium-

dependent fluorescent signals were recorded using a modified microscope (MVX10 Olympus) 

equipped for epifluorescent illumination. A 530 nm mounted LED (ThorLabs) was used for 

excitation, combined with a 593±20 nm band pass emission filter. Images were acquired with a 

CMOS camera (SciMedia MiCAM ULTIMA) at 1,000 frames/s with 14-bit resolution from a 100 

× 100-pixel array. Hearts were loaded with the Ca2+ indicator Rhod-2 AM (Enzo Life Sciences, 

40 mg/heart).  Images were acquired from the right ventricular free wall while pacing at 120 

ms BCL. Baseline fluorescence images were acquired before dye loading and subtracted from 

the movies prior to data analysis. Activation maps for calcium transients were generated using 

custom software. Movies were signal averaged to improve signal-to-noise ratio and pixels 

with low signal-to-noise ratio were excluded from analysis. Duration of Ca2+ transients (CaD) 

was determined on a pixel by pixel basis from the time of 50% maximum fluorescence during 

the rising phase to the time point of 30, 50 and 70% recovery of Ca2+ to its original baseline. 

Calcium transient time-to-peak was quantified as the rise time from minimum to maximum 

transient amplitude.

Super-resolution fluorescent microscopy 
22-squared coverslips (Fisherbrand) were coated with 10 µg/ml laminin (BD Biosciences) 

for 30 minutes. Isolated adult cardiomyocytes were plated on the coverslips and allowed to 

attach to the surface for 45 minutes at 37°C. Cells were fixed with 4% paraformaldehyde in 

PBS for 10 min and left in PBS until further processing for immunostaining. Samples were 

permeabilized with 0.1% Triton in PBS for 10 minutes at room temperature. Blocking was 
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done with PBS containing 2% bovine serum albumin, 2% glycine and 0.2% gelatin for 30 

minutes. Primary antibodies rabbit Ca
V
1.2 (dilution 1:250, Alomone) and monoclonal mouse 

RyR2 (dilution 1:100, Thermofisher) were diluted in blocking solution and incubated for 1 hour 

at room temperature. Primary antibodies were washed with PBS and secondary antibodies 

anti-mouse Alexa Fluor 647 (dilution 1:3000) and anti-rabbit Alexa Fluor 568 (dilution 1:5000, 

Life Technologies) were incubated for 30 minutes at room temperature. For SRFM imaging, 

coverslips were mounted on slides with imaging buffer: 200 mM mercaptoethylamine and an 

oxygen scavenging system: 0.4 mg/ml glucose oxidase, 0.02 mg/ml catalase and 10% (wt/

wt) glucose. Samples were imaged in a custom-built microscope set up equipped  with a 

Leica DM3000 microscope, a 556 nm and 640 laser (OEM Laser Systems) and an HCX PL APO 

100X NA = 1.47 OIL CORR TIRF objective. Total internal reflection fluorescence or highly 

inclined illumination modes were used to excite the samples and improve signal-to-noise 

ratio.  A Dual-View (DV2-Photometrics) was used to image two colors simultaneously, side-by-

side, onto a EM-CCD camera (Andor iXon+897). Two-color movies containing 2,000 frames 

were processed using an ImageJ macro routine based on the QuickPALM plugin. The two-

color image was split into its separate channels and each reconstructed at 20 nm using the 

QuickPALM parameters full-width half-maximum 4 and signal/noise ratio 4. Super-resolved 

clusters were defined as “lateral” when localized along the lateral membrane or “midsection” 

when localized intracellular away from the lateral membrane. For lateral clusters, a line (1 µm 

thick) was drawn along the membrane and a mask created in order to select only those clusters 

for further analysis. Midsection clusters were selected by creating a mask using the polygon 

section tool in ImageJ. Images were then processed with a smoothing filter, adjusted for 

brightness and contrast and filtered to a threshold to obtain a binary image. Cluster detection 

was performed using the function “Analyze particles” in ImageJ. Distances between clusters 

were obtained using the ImageJ function “Analyze particles” and a script written in Python 

that utilized the image processing packages “scikit-image” and “mahotas”.

2D transmission electron microscopy of the dyad 
Mice were anesthetized with carbon dioxide

 
inhalation, perfused with 2% paraformaldehyde 

and 2.5% glutaraldehyde in PBS and then euthanized by excision of the heart. The perfused 

heart was cut into 1 mm3 and placed in the same fixative solution at 4∞C overnight. Fixed 

mouse heart was processed with OTOTO method and embedded in Durcupan as described in 

our previous paper 34. Briefly, after washing with 0.1 M PBS for 30 minutes at room temperature, 

the tissue was placed in 2% OsO
4 

/ 1.5% potassium ferrocyanide in PBS for 1 h at room 

temperature, washed three times for 5 min in ddH
2
O at room temperature and then placed in 

a filtered solution of 1% thiocarbohydrazide (EMS) in ddH
2
O for 20 min at room temperature 

to allow for additional osmium staining. The tissue was then washed three times in ddH
2
O 

and then placed in 2% aqueous OsO
4
 for 30 min at room temperature. Finally, the tissue was 

washed three times in ddH
2
O and placed in 1% aqueous uranyl acetate at 4°C overnight.  The 

next day, tissue was washed three times in ddH
2
O. En bloc lead staining was performed to 

enhance membrane contrast 35. A lead aspartate solution was made by dissolving 0.066 g of 
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lead nitrate in 10 ml of 0.003 mg aspartic acid. The pH was adjusted to 5.5 with 1N KOH, and 

the solution was placed in a 60°C oven for 30 min. The lead aspartate solution was filtered, 

and the tissue was stained at 60°C for 30 min. It was determined that this enhanced osmium 

staining protocol, combined with en bloc lead staining, was critical for enhancing membrane 

contrast. The sample was then washed three times in ddH
2
O, dehydrated in a series of ethanol 

solutions (30, 50, 70, 85, 95, 100, 100%; 10 min each, on ice) and then placed in ice-cold dry 

acetone for 10 min, followed by 10 min in acetone at room temperature. The sample was then 

gradually equilibrated with Durcupan ACM Araldite embedding resin (Electron Microscopy 

Sciences, EMS, PA) by placing in 25% Durcupan/acetone for 2 h, 50% Durcupan/acetone 2 h, 

75% Durcupan/acetone for 2 h, and 100% Durcupan overnight. The tissue was then embedded 

in fresh 100% Durcupan and placed in a 60°C oven for 48 h to allow Durcupan polymerization 

and complete the embedding procedure). Sections 60nm thin were cut and mounted on 200 

mesh copper grids (Electron Microscopy Sciences, Hatfield, PA). Images were acquired at 

8800X and 66000X magnification using a Philips CM-12 electron microscope (FEI; Eindhoven, 

The Netherlands) equipped with a Gatan (4k x2.7k) digital camera (Gatan, Inc., Pleasanton, 

CA). Upon selection of only dyads presenting clear membrane contours, a dataset composed 

of 30 (control), 41 (PKP2-cKO 1) and 41 (PKP2-cKO 2) dyads imaged at 66000X was processed 

and analyzed in the following way: contours of the t-tubule and the adjacent sarcoplasmic 

reticulum were traced manually, thus generating a 2D binary mask for each dyad, where pixels 

corresponding to the membranes were assigned a value of 1 (white) and the rest of the image 

received a value of zero (black). Sarcoplasmic reticulum membrane was defined as boundary 1 

(in red) and t-tubule membrane was defined as boundary 2 (in blue) using the Matlab function 

“bwboundaries.” Then, for each point in the boundary 2, we identified the shortest distance 

to the opposing one.  Mean and minimum values of these distances were obtained and used 

for comparison.

Serial block face scanning electron microscopy (SBF-SEM) 
The sample block was trimmed and thin sections were cut on slot grids to identify the area of 

interest. The sample block was then mounted on the SEM sample holder using double sided 

carbon tape (EMS). Colloidal silver paint (EMS) was used to electrically ground the exposed 

edges of the tissue block. The entire surface of the specimen was sputter coated with a thin 

layer of gold/palladium and the tissue was imaged using a FEI Teneo VolumeScope which 

is a scanning electron  microscope equipped with a microtome unit. The system was set to 

cut sections with 20nm thickness, imaged in low vacuum mode and images were recorded 

after each round of section from the block face using the SEM beam at 3.09 keV, 50 pA  

and pixel dwell time of 4 μs. Each raw image had the following dimensions: X: 7 nm/px; Y: 

7 nm/px and Z: 20 nm/slice. Data acquisition occurred in an automated way using MAPs 

software. A volume of roughly 15x12x0.8 µm3 dimensions was obtained from the tissue block. 

Contours of the present t-tubule network and the lateral membrane of a cardiac myocyte were 

manually traced on all the virtual slices and their 3D rendered models obtained. The manually 

traced 3D mask of the t-tubule network was projected along the Z-axis of the image stack, 
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thresholded and skeletonized (Matlab function ‘bwmorph’) as in our previous study 36. The 

spatial orientation of the skeletons was analyzed using the ‘directionality’ plug-in in ImageJ as 

in Wagner et al 37. Network components were color-coded according to the local angle of the 

skeleton relative to the long axis of the cardiomyocyte (0°) and a histogram of orientations was 

obtained. Segmentation and visualization were performed in Amira (FEI). ImageJ and Matlab 

(Mathworks, Natick, MS, USA) equipped with the Image Processing toolbox were used for 

quantitative analysis.

Statistics
Data are represented as mean ± SEM. Significance was calculated using two-sided Student 

t-test for two group comparisons or 1-way ANOVA with Bonferroni post-test for more than two 

different groups, as indicated in the figure legends. Analysis was done using the GraphPad 

Prism 6 and SPSS 23.0, IBM packages.  All statistical comparisons involved groups of at least 

six samples and, in the case of cells in isolation (patch clamp), cells were obtained from at least 

two animals. Specifics are provided in the figure legends. Sample sizes were determined by 

animal availability, cost and degree of difficulty in data generation, and previous experience 

by us and other laboratories in standards of practice. The assumption was made that variations 

within the group would follow a normal distribution and as such, unless specifically noted in 

the figure legend, parmetric statistics were used. Variance was similar between groups being 

statistically compared. Criteria for inclusion (or exclusion) were only based on genotype and 

age of the animals (both genders were included). Given that two specific genotypes were 

compared, the animals needed to be genotyped prior to entering the experimental arms, and 

that information was acquired by the experimental operators (as well as the day of injection), 

there was no blinding and/or randomization of the individual animals; operators knew the 

genotype and the number of days after tamoxifen injection for the sample or animal under 

study.

Data availability
All relevant data are available from the authors. RNAseq data have been deposited in Figshare.

com under accession code 5034932.v1 (https://doi.org/10.6084/m9.figshare.5034932.v1). 

Primers used for RT-PCR have been deposited in Figshare.com under accession code 5034923.

v1 (https://doi.org/10.6084/m9.figshare.5034923.v1). 
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RESULTS

Structural and electrical phenotype of PKP2-cKO mice
We generated a Pkp2 fl/fl mice (Figure S1A) and crossed it with an αMyHC-Cre-ER(T2) line 38. 

We refer to this line as “PKP2-cKO.” Pkp2 fl/fl Cre-negative littermates were used as controls. 

Mice developed normally without functional or structural deficits. Injection of tamoxifen in 

Cre+ animals caused loss of PKP2 expression (Figure S1B-D). Using echocardiography we 

observed a progression from a normal heart (Figure 1A, left; Control) to a cardiomyopathy 

of right ventricular predominance (Figure 1A, middle; 21 days post-injection or “dpi”) to 

biventricular dilated cardiomyopathy and heart failure (Figure 1A, right; 42 dpi; days counted 

from first day of tamoxifen injection). Histological analysis confirmed the echocardiographic 

findings (see four-chamber sections in Figure 1B-C). Echocardiograms were obtained from 

the same group of animals at various time points for paired statistical comparisons. As shown 

in Figure 1D, the first significant change was an increase in right ventricular (RV) area at 14 

dpi. Left ventricular ejection fraction (LVEF) showed a minor decrease at 21 dpi, though to 

levels compatible with normal function (non-failing; Figure 1E). Heart function continued to 

deteriorate with time, with LVEF reaching values below 40% in all animals studied at 28 dpi 

and thereafter. Consistent with the impaired cardiac function, a Kaplan-Meier survival curve 

showed a 100% survival until day 28 and then a sharp decrease after 35 days, with only one 

animal reaching 50 dpi (Figure 1F). Other echocardiographic parameters, and data for control 

animals, are presented in Table S1A-B.

 Histological analysis (Trichrome staining) revealed no significant increase in collagen 

abundance in either left or right ventricular free wall at 14 dpi compared to controls (Figure 
1C,G). Hearts observed at 28 dpi and thereafter showed bi-ventricular dilated cardiomyopathy 

with extensive fibrosis in both ventricles (right panel of Figure 1C&G). Interestingly, at 21 dpi 

we observed a cardiomyopathy of RV predominance (middle panel of Figure 1C; Figure 
1G). While collagen occupied less than 20% of the area of the LV free wall in all ten animals, 

five of ten samples showed more than 40% collagen occupancy of the RV free wall (Figure 
1G). Control mice (also injected with Tamoxifen) showed no signs of cardiomyopathy for the 

entire follow-up (16 weeks post-injection). In summary, the combined echocardiographic and 

histological data show that RV dysfunction was the first manifestation of disease (at 14 dpi), 

followed (and not preceded) by fibrosis of RV predominance and subsequently, biventricular 

dilated cardiomyopathy and end-stage failure. 

 Electrocardiographic parameters measured in anesthetized animals were not different 

between groups at the time of tamoxifen injection (Figure S2). On follow up (same animals; 

repeated measures), paired comparisons showed no statistical difference in standard 

electrocardiographic parameters for the first 21 days post-injection (Figure S2). Spontaneous 

premature ventricular contractions (PVCs) during 30 minutes of continuous recording were 

nearly absent at 14 dpi, whereas occasional extrasystoles were detected in 16 out of 17 PKP2-

cKO animals at 21 dpi, with one animal showing 381 PVCs in 30 minutes of recording (Figure 
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Figure 1. Progression of cardiomyopathy in PKP2-cKO mice. (A) Representative images of M-mode echocardiography 

recorded from left ventricle and right ventricle (LV; RV) of PKP2-cKO mice before (control; left), 21 dpi (middle) and 42 dpi 

(right). Notice scales on the right of each panel. (B) Masson’s trichrome staining of longitudinal heart sections of PKP2-

cKO hearts at 14, 21 and 42 dpi (left, middle and right panels, respectively). (C) High contrast mask of the same sections 

emphasizing collagen deposition in the RV and LV in blue. Scale bar = 1mm for all images. (D) Time course of change 

in RV area (measured by modified long axis B-mode echocardiography) in PKP2-cKO mice as a function of days after 

tamoxifen injection (dpi). Number of animals: n=21 (0 dpi); n=12 (14 dpi); n=18 (21 dpi), n=16 (28 dpi); n= 11 (35 dpi); 

n= 9 (42 dpi). (E) LV ejection fraction (LVEF) in PKP2-cKO, measured by long axis B-mode echocardiography. Number of 

animals: n= 21 (0 dpi), n=13 (14 dpi), n=19 (21 dpi), n= 16 (28 dpi), n=15 (35 dpi), n= 10 (42 dpi). For panels D and E, we 

obtained repeated measures from the same animals; statistical significance was calculated by paired Student’s t-test, 

comparing each value against its own control. (F) Kaplan-Meier survival curve of PKP2-cKO and control mice as a function 

of days after tamoxifen injection. A total of 16 PKP2-cKO and 10 control animals were followed. (G) Quantification of 

collagen deposition in the right (RV, red dots) and in the left (LV, blue dots) ventricle of control (CTL, n=7) and PKP2-cKO 

hearts at 14dpi (n=5), 21dpi (n=10), 28dpi (n=8), 35dpi (n=8) and 42dpi (n=9). Statistical significance by one way ANOVA, 

RV and LV compared independently against corresponding control. For panels D, E, G: *p<0.05, **p<0.001.  
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2A; unlabeled bars). The occurrence of PVCs increased further at later times. Importantly, an 

isoproterenol (ISO) challenge (3 mg/kg i.p. 39) did not increase arrhythmia burden at 14 dpi, but 

unveiled high arrhythmia susceptibility at 21 dpi and threafter, with six of ten animals showing 

more than 100 PVCs in 20 minutes of recording, often organized in couplets, triplets and runs 

of non-sustained ventricular tachycardia (NSVT; Figure 2A, bars labelled “ISO” and Figure 
2B). Interestingly, lethal arrhythmias were only observed at early stages, namely, mice studied 

16 dpi. Of 9 mice analyzed at that time point, 3 died in VF during ISO challenge (Figure 
2C). The transition to VF was abrupt, so the number of PVCs recorded was limited. Of note, 

echo images of these mice did not show structural disease. The ISO-induced polymorphic 

ventricular ectopy, couplets, triplets, and runs of polymorphic NSVT along with the ISO-

induced VF documented lethal arrhythmias at this stage resembled a catecholaminergic 

polymorphic ventricular tachycardia, considering that these highly arrhythmic hearts were 

normal structurally at this stage.

Figure 2. Isoproterenol-induced arrhythmias in PKP2-cKO hearts. (A) Incidence  of spontaneous, and of isoproterenol-

induced (ISO) PVCs during 20 minutes of recording in anesthetized PKP2-cKO mice as a function of days post-tamoxifen 

injection (dpi). Data reported as percent of total animals studied per time point and condition; number of animals in 

parenthesis at top of each bar. Numbers inside bars indicate mean±SEM of ventricular extrasystoles. (B) Example of 

ISO-induced non-sustained ventricular tachycardia (NSVT) in a PKP2-cKO mouse. Scale bar = 500 ms. (C) Example of 

ISO-induced fatal ventricular tachycardia/fibrillation (VT/VF) in a PKP2-cKO mouse 16 days post tamoxifen injection. 

Scale bar = 500 ms.
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Differential transcriptome of PKP2-cKO hearts.
In addition to its role in cell adhesion, PKP2 scaffolds an intracellular signaling hub at the 

intercalated disc 12,40. One of the functions of this hub is to retain molecules that, if translocated 

in excess to the nucleus, modify transcription 7,41. We therefore examined the transcriptome 

obtained from PKP2-cKO hearts at 21 dpi in comparison to that of Cre-negative, tamoxifen 

injected littermate controls. Hierarchical clustering revealed a high level of homogeneity inside 

the groups, and a clear separation between them (Figure S3A). A total of 45,076 annotated 

transcripts from the Ensembl reference database were tested for differential expression. 

Stringent threshold criteria (count>70, FDR<0.001, Log
2
FC +/- 1.5) resulted in 1,215 transcripts 

Figure 3. Transcriptome analysis in PKP2-cKO and control mice. (A) Flowchart of RNA-Seq analysis. (B) Heatmap 

of transcripts from Control and PKP2-cKO hearts at 21 dpi (n=5 and n=4 respectively) highlighting consistency within 

groups. Red and green: downregulated and upregulated transcripts, respectively. (C) Significantly enriched KEGG (Kyoto 

Encyclopedia Genes and Genomes) categories show differentially downregulated gene pathways in PKP2-cKO hearts. 

(D) Volcano plot of upregulated (green) or downregulated (blue) transcripts in PKP2-cKO hearts as per inclusion criteria 

noted in panel A. Dots in grey: transcripts meeting exclusion criteria. Dots in other colors: specific transcripts noted in 

bottom left of plot.
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differentially expressed between PKP2-cKO and litermate controls; 510 transcripts were 

downregulated and 705 transcripts were upregulated in the PKP2-cKO when compared to 

control (Figure 3A). Of note, for this analysis we chose hearts with no visible evidence of RV 

dilation.  Significant differences (i.e., FDR <0.001; log
2
FC >1) were not observed in cardiac 

sarcomeric/structural genes (e.g., Actn2, Obscn, Myh7, mybpc3, tnnt2, tnni3, actc1, myl2, 

myl3, sptb4) or in genes known to highly predominate in myocytes (Gja1; Scn5a), indicating 

similarity in the proportion of cardiac myocyte transcript abundance in both sample sets. A 

heatmap showed excellent consistency of the changes within groups (Figure 3B). 

 A KEGG (Kyoto Encyclopedia of Genes and Genomes) functional network analysis of the 

510 downregulated genes yielded the highest significance to the “ARVC” path; “Dilated 

cardiomyopathy” also scored with high significance. Pathways related to insulin signaling, 

adipo-cytokine interactions and gonadotropin release hormone-related cascades were 

prominent, emphasizing the important role that PKP2 plays in the stability of intracellular and 

paracrine signaling pathways, as well as in cell metabolism. Specific genes in these networks 

are noted in Figure S3B. Interestingly, the “Calcium signaling pathway” was the 8TH most 

prominent in the list (Figure 3C). We focused on this pathway given the high relevance of 

intracellular calcium homeostasis to arrhythmogenesis 42 and our stated interest on the role 

of PKP2 in the control of electrical stability in the heart. As a starting point, we focused on 

genes known to be relevant to cardiac electrophysiology: Ank2 (coding for ankyrin-B), Ryr2 

(coding for the cardiac ryanodine receptor), Cacna1c (coding for Ca
v
1.2) and Trdn (coding for 

triadin). The positions of these genes in the volcano plot are depicted in Figure 3D. Pathways 

enriched for upregulated genes involved mostly inflammatory-pro-fibrotic genes and are 

presented in Figure S3C.

Abundance of proteins relevant to [Ca]i cycling 
Transcript deficits observed by RNAseq and relevant to calcium cyling were confirmed for 

Ank2, Ryr2 and Trdn (Figure S4). Low transcript levels correlated with decreased abundance 

of corresponding proteins, as demonstrated by the Western blots in Figure 4A. Furthermore, 

though transcript levels for Casq2 were not significantly affected, protein levels were decreased 

(Figure 4A), consistent with previous studies indicating that reduction in triadin leads to 

decreases in Casq2 protein 43. Immunofluorescence experiments confirmed the decreased 

abundance of Casq2 (Figure 4B) and AnkB (Figure 4C). The abundance of other molecules 

relevant to [Ca2+]
i
 regulation and/or their phosphorylated forms (including RyR2), as well as the 

abundance of other proteins of the connexome such as Cx43, Na
v
1.5 and desmocollin-2 was 

unaffected, as seen by data in Figure S5. Full lanes for the Western blots shown in Figure 4 

are also shown in Figure S5. Information about the source of the antibodies utilized, and the 

dilutions used for the experiments, is provided in Table S2. Worth noting, the subdomain-

specific localization of Bin-1, Cx43 and beta-catenin was preserved at this stage, indicating 

that changes detected in other molecules were not part of a global loss of structural integrity 

of the cell (Figure S6). 
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Figure 4. Remodeling of proteins involved in calcium signaling pathways in the PKP2-cKO mouse. (A) Representative 

Western blots (left) and average densitometry (right; n=6 for all groups) measured from control (CTL) and PKP2-cKO (KO) 

ventricular lysates. *p<0.05; **p<0.01 (Student’s T-test). (B) Immunofluorescence staining for Casq2 (green) and α-actinin 

(red) in control and PKP2-cKO ventricular sections collected at 21 dpi. Scale bar = 20 µm. Bottom panel: Quantification 

of Casq2 intensity in PKP2-cKO versus control samples. Analysis from 54 images, obtained from four hearts, both for 

PKP2cKo and control. ***p<0.001 versus control. (C) Immunofluorescence staining for Ankyrin B (green) and α-actinin 

(red) in control and PKP2-cKO heart sections at 21 dpi. Scale bar, 20 µm. Right panel: Profile expression intensity of AnkB 

and α-actinin in PKP2-cKO and control hearts. 

Ultrastructural changes in the dyadic space
Both triadin and AnkB are proteins relevant to the organization of the dyadic microdomain 44,45. 

AnkB is also relevant to calcium channel targeting 46. We therefore speculated that changes in 

AnkB and triadin would alter the molecular organization of the dyad. As a first approach, we 

used two-color super-resolution stochastic optical reconstruction microscopy (STORM) 38, 47 to 

characterize the position of Ca
V
1.2 relative to that of RyR2. To further assess data consistency, 

we examined clusters both from lateral membranes, and from the cell midsection. Figure 5A 

shows an example of images and sectors selected for analysis. Figure 5B shows that in the 
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case of PKP2-cKO hearts, the area of overlap between Ca
V
1.2 and RyR2 clusters increased, 

suggesting increased proximity between the structures hosting these molecules (T-tubules 

and junctional sarcoplasmic reticulum –jSR-, respectively).

 At the ultrastructural level, T-tubules and jSR do not overlap. Yet, the limits of STORM vis 

a vis the dimensions of the dyadic space, combined with the fact that these are 2D images 

of 3D objects, give the impression of overlap (see, e.g.,34) and render our measurements only 

an approximation of actual proximity. As a direct imaging approach with higher resolution, 

we measured dyadic space using transmission electron microscopy images combined with 

segmentation analysis 34,36. To obtain a more global view of the dyad we calculated the 

average of all distances between each point in the T-tubule and the most proximal point 

in the jSR (Figure 5C-F). Though the minima of all values was not different between groups 

(Table S2), we did observe significant reduction in the average of all distances separating the 

T-tubule from the junctional SR in PKP2-cKO hearts (Figure 5G).  Of note, using serial block 

face scanning electron microscopy, we found good preservation of the T-tubular network 

and the sarcomeric structure at this stage (Figure 5H-I and Movie S1), consistent with the 

echocardiographic finding of adequate contractile function.

Calcium current properties depend on PKP2 expression
 The transcriptome data indicated reduced abundance of Cacna1c. Consistent with this, 

whole-cell voltage clamp experiments revealed a decrease in average peak L-type calcium 

current density (Figure 6A-B) and a slower rate of current inactivation (Figure 6C). As a result, 

total charge (the integral of current over time) was the same, though the time course of its 

entry into the cell was different between groups (Figure 6D). Separate scanning patch clamp 

studies 25 demonstrated reduced probability of recording calcium channels at the T-tubules 

(Figure 6E-F), consistent with reduced abundance of Ca
V
1.2 and reduced whole-cell current 

amplitude. Of note, channel open probability was not different from control (Figure 6G) nor 

did we see an increased abundance of channels at the cell crest, in contrast with previous 

scanning patch clamp studies in failing myocytes,48 supporting the notion that the cellular 

phenotype recorded was not that of a failing myocyte.

RyR2 activity and its relation to PKP2 expression 
The reduced RyR2 RNA and protein abundance (Figures 3-4) was confirmed independently 

by [3H]ryanodine binding assays (Figure S7A and Table S3), which also showed no difference 

in Ca2+-dependence of [3H]ryanodine binding (Figure S7B-C). Maximal binding (B
max

) 

normalized for RyR2 expression was not different between groups (see Table S3). Taken 

together, the data indicated that individual RyR2 channel activity was not altered by loss of 

PKP2 expression. Also consistent with decreased abundance of RyR2, analysis of  Ca2+ sparks 

in permeabilized myocytes (saponin-treated; 50 µg/ml for 3-5 min) showed reduced SR Ca2+ 

leak in PKP2-cKO cells (Figure 7A-B).
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Figure 5. Structural changes consequent to PKP2 deletion. (A) STORM-acquired images of Cav1.2 (green) and RyR2 

(purple) in a single myocyte. (B) Analysis of RyR2/Cav1.2 overlapping area in transverse (left) and longitudinal (right) 

clusters. n=1335 and 1285 clusters from 30 Control and 25 PKP2-cKO  cardiomyocytes at 21 dpi, respectively. t-test, 

* p<0.05 and ** p<0.01 versus Control. (C) 2D-EM image of PKP2-cKO ventricular tissue at 21 dpi showing a dyadic 

structure. Scale bar = 200nm. (D) Boundaries of the jSR (red) and T-tubule (blue) membranes, detected from the dyad 

in the dotted square in C. (E) Acquisition of distances from each point in the T-tuble membrane to its closest neighbor 

in the jSR (green lines). (F) Close-up of the region inside the dashed square in panel E. All distances measured within a 

dyad were averaged to obtain the “average distance” for that dyad (expressed in nm). (G) Comparison of average data 

collected from one control (n=30 dyads) and 2 PKP2-cKO 21 dpi samples (n=41 dyads for both). Student T-test * p<0.001 

versus control. (H) Spatial orientation of the T-tubular network, obtained from segmentation and analysis of a volume of 

15x12x0.8 µm3 dimensions obtained by Serial Block-Face Scanning Electron Microscopy analysis. See also supplemental 

video 1 and “Methods.”  The angle of the T-tubular skeleton is color-coded (bottom left) from -90∞ in magenta to +90∞ 

in red; relative to the longitudinal axis of the cell (light blue; 0∞). (I) Histogram of orientations (from H), showing a strong 

preference for zero-degree orientation, as expected from a non-failing heart (see reference60).
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Figure 6. Calcium current in PKP2-cKO cardiomyocytes at 21 dpi. (A) L-type calcium current in control (black) and 

PKP2-cKO (red). (B) Peak L-type calcium current density as a function of voltage recorded in control (black) and PKP2-cKO 

(red) cardiomyocytes. Voltage clamp protocol in inset.  (C) Normalized L-type calcium current decay in control (black) and 

PKP2-cKO (red) cardiomyocytes. Inset: Tau of inactivation of the L-type calcium current in control (black) and PKP2-cKO 

(red) cardiomyocytes. Student’s T-test, *p<0.05 versus Control. (D) L-type calcium current decay in control (black) and 

PKP2-cKO (red) cardiomyocytes. Inset: Charge (Q) passing through calcium channels during L-type calcium current in 

control (black) and PKP2cKO (red) cardiomyocytes. For panels b, c and d, results collected from 13 cells, 3 mice in the 

control group and 10 cells, 3 mice in the PKP2-cKO group. (E) Example of SICM recording showing crest and t-tubules. 

(F) Occurrence ratio of calcium channels at crest and t-tubules measured by SICM in control (n=11 and 18 for crest and 

T-tubules respectively; black) and PKP2-cKO (n=15 and 22 for crest and T-tubules respectively; red) cardiomyocytes. Five 

mice in each group. Chi-square test, *p<0.05 versus control. (G) Calcium channel unitary conductance in control (n=5; 

black) and PKP2-cKO (n=5; red) cardiomyocytes. Five mice in each group.

Increased SR load and diastolic [Ca2+]i in PKP2cKO myocytes
Caffeine pulses were delivered to permeabilized cells. The ratio of maximum fluorescence 

recorded upon caffeine application (F) over baseline fluorescence (F
0
) was used to assess SR Ca2+ 

load under conditions that bypass the participation of sarcolemmal channels and transporters, 

and that allow us to set the same baseline [Ca2+] for both groups. As shown in Figure 7A,C, we 

detected increased SR load in PKP2-cKO cells compared to control, with a consequent decrease 

in leak/load ratio (Figure 7D). Using a similar caffeine protocol but in “intact” myocytes (i.e., non-

permeabilized, quiescent cells in normal Tyrode solution and exposed to a pulse of caffeine), 

we observed no difference in the ratio F/F
baseline

 between groups (Figure 7E). However, separate 

measurements using a ratiometric dye revealed that actual diastolic [Ca2+]
i
 in PKP2-cKO cells was 
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Figure 7. Dysruption of [Ca2+]
i
 homeostasis in PKP2-cKO cardiomyocytes at 21 dpi. (A) Laser scanning confocal 

image of Ca2+ in control (top) and PKP2-cKO (bottom) permeabilized cardiomyocytes. (B) Sarcoplasmic reticulum (SR) 

Ca2+ leak in control (n= 30 cells from 3 hearts, black) and PKP2-cKO cardiomyocytes (n=23 cells from 3 hearts, red). 

Statistical difference was estimated by measuring the average of spontaneous Ca2+ release without any stimulation. 

**p<0.01 vs.control. (C) SR Ca2+ load estimated by measuring the peak of caffeine-induced Ca2+ release from control 

(n=30 cells from 3 hearts, black) and PKP2-cKO permeabilized cardiomyocytes (n=23 cells from 3 hearts, red) relative to 

the fluorescence intensity at baseline (F
0
). Given that cells were permeabilized, F

0
 was the same for control and for PKP2-

cKO. *p<0.05 vs. control. (D) Ratio between Ca2+ leak and SR Ca2+ load in permeabilized cells, **p< 0.01 vs.control. (E) 

Peak of caffeine-induced Ca2+ release (F) in Control (n=33 cells from 3 hearts, black) and PKP2-cKO intact cardiomyocytes 

(n=34 cells from 3 hearts, red) relative to fluorescence at baseline (F
baseline

). (F) Diastolic [Ca2+]
i
 in Control (n=10 cells from 

3 hearts) and PKP2-cKO (n=10 cells from 3 hearts) cardiomyocytes. Student’s t-test *p<0.05. This result indicates that F 

at baseline (F
baseline

) for the data in panel e was not the same for the two groups. The combined data in panels e and f 

indicate an increase in SR load in intact cells.  (G) Representative confocal line-scan images of Ca2+ sparks recorded in 

control and PKP2-cKO cardiomyocytes. (H,I) Bar graphs depicting Ca2+ spark amplitude (F/F
0
) and Ca2+ spark frequency, 

respectively, measured as the number of events per unit time and length in Control (n= 200 sparks, N= 27 cells from 3 

hearts, black) and PKP2-cKO intact cardiomyocytes (n= 457 sparks, N= 30 cells from 4 hearts, red). Student’s T-test, *** 

p<0.001 versus Control. 

larger than control (Figure 7F). The data in Figure 7E-F combined lead us to conclude that, as in 

permeabilized cells, SR load was increased in PKP2-cKO myocytes maintained in normal Tyrode 

solution. Consistent with the latter, analysis of Ca2+ sparks in non-paced isolated myocytes revealed 

increased amplitude and frequency of spontaneous Ca2+ release (SCR) events (Figure 7G-I). 
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PKP2 loss increases excitation-contraction (e-c) gain
The increased eagerness of the SR to release calcium in intact cells led us to examine the E-C 

coupling gain factor, that is, the magnitude of calcium released from the SR relative to the 

magnitude of I
Ca,L

, the Ca2+ current entering through L-type Ca2+ channels upon depolarization. 

Myocytes were simultaneously voltage-clamped to detect I
Ca,L

 and imaged to detect changes 

in [Ca2+]
i
. As shown in Figure 8A-C, the gain factor was increased significantly in PKP2-cKO 

cells when compared to controls. These results were reproduced by electrophysiological 

simulations based on the mouse ventricular model of Morotti et al. 31(Figure S8). The 

mathematical simulations indicated that two molecular events (reduced RyR2 and reduced 

Casq2) were sufficient condition for the increased amplitude of the Ca2+ transient, increased 

free Ca2+ in the SR, and increased e-c gain factor observed in the PKP2-cKO cells. 

Figure 8. Excitation–contraction (e-c) coupling gain. (A) Representative examples of excitation-contraction coupling 

gain measurement in WT (Left) and KO (Right) cells. Cells were voltage-clamped at -50mV, and depolarized from -40mV 

to +60mV for 300ms in 10mV increments. Red traces in top panels correspond to the current triggered by the 0mV 

voltage pulse (Top). Ca2+ transients were recorded simultaneously with L-type Ca2+ currents (Middle).  Fluorescence 

intensities were plotted from the Ca2+ images (Bottom). (B) Amplitude of Ca2+

i
 transients in control and PKP2-cKO 

cardiomyocytes. (c) e–c coupling gain, calculated as the ratio of [Ca2+]
i
 transient amplitude (ΔF/F

0
) versus I

CaL
 density (pA/

pF), was significantly higher for PKP2-cKO cardiomyocytes, especially at positive test potentials. (Control: n=10 from 2 

mice; PKP2-cKO: n= 11 from 3 mice; *p< 0.05 versus Control by Student’s t test).
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Figure 9. Ca2+ transients in PKP2-cKO cardiomyocytes at 21 dpi. (A). Ca2+ transients from control (black) and PKP2-

cKO (red) cardiomyocytes paced at 1 Hz. (b-d). Quantification of  time to peak (B), amplitude (C) and relaxation time 

constant (D) of calcium transients from ventricular myocytes paced at 0.5 and 1 Hz from control (n=26; 3 mice) and PKP2-

cKO (n=50; 3 mice) cardiomyocytes. Student’s t-test, * p<0.05, ** p<0.01 versus control. (E). Examples of Ca2+transients in 

control (top) and PKP2-cKO cardiomyocytes (bottom) with different pacing rates (0.5-1-3-5Hz). Both early after-transients 

(EATs) and delayed after-transients (DATs) were recorded.

Increased calcium transient amplitude and duration 
The results described above were consistent with an observed increase in amplitude of Ca2+ 

transients recorded from paced cells maintained in normal Tyrode solution (Figure 8A and 
9A-B). In addition, we observed prolongation of the [Ca2+]

i
 transient duration and increase 

in time to peak in PKP2-cKO cells (Figure 9C-D) and in Langendorff-perfused hearts (Figure 
S9). We also detected a prolongation of action potential duration (APD) measured under 

current clamp conditions, and slight depolarization of resting membrane potential (Figure 
S10), suggesting additional involvement of repolarizing currents.  Using voltage clamp, we 

detected no difference in the magnitude of Ni-sensitive current (ascribable to the sodium-
3 
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calcium exchanger) or in the late sodium current (Figure S11A,B) suggesting that the 

difference in [Ca2+]
i
 transient duration may be consequent to the prolonged APD of the cells. 

No difference was observed for the amplitude of the inward rectifier current IK1 (Figure S11C).

Loss of PKP2 favors early and delayed after-transients 
To determine whether the molecular and functional changes observed were sufficient to 

generate an arrhythmogenic pattern, PKP2-cKO cells maintained in normal Tyrode solution 

were paced at increasing rates and [Ca2+]
i
 variations were monitored throughout. As shown in 

Figure 9E, pacing caused spontaneous calcium release events that appeared during the time 

course of the elicited [Ca2+]
i
 transient (early after-transient) or after complete relaxation and 

during rest (delayed after-transient). The magnitude, temporal and spatial synchronization of 

the SCR events make up Ca2+ waves of critical mass likely sufficient to act as arrhythmogenic 

events, capable of generating ventricular arrhythmias.

Effect of flecainide on ISO-induced arrhythmia burden 
The experimental and numerical data indicated that loss of PKP2 expression caused excessive 

outflow of calcium from the jSR during each beat. Previous studies have indicated that 

flecainide can limit the outflow of calcium through RyR2 channels, effectively reducing the 

occurrence of catecholamine-triggered  ventricular arrhythmias 49,50. We therefore tested 

arrhythmia burden in animals in the presence of a single dose of flecainide (40 mg/kg as 

in 16) delivered ip. The expected changes in electrocardiographic parameters resulting from 

flecainide exposure were observed (Figure S12). Furthermore, in contrast with result obtained 

in untreated animals, flecainide-treated PKP2-cKO mice showed absence of ISO-induced 

arrhythmia burden in the total recording period (20 minutes). These results further support 

the notion that arrhythmias in PKP2-cKO animals prior to cardiomyopathy may result from 

dysregulation of intracellular calcium cycling via increased RyR2-dependent calcium release. 

DISCUSSION

We have generated a murine model of PKP2 deficiency targeted specifically to alpha-MHC-

expressing cardiac myocytes. The CRE-ERT2 system allowed us to control the timing of 

Pkp2’s knockout. Our results show that loss of PKP2 in adult myocytes is sufficient to generate 

an arrhythmogenic cardiomyopathy of right ventricular predominance in mice. We further 

show that a well-known effect of loss of PKP2 expression, a change in transcription program, 

impacts on expression of genes necessary to maintain [Ca2+]
i
 homeostasis and that these 

changes compound to facilitate a highly arrhythmogenic state. Finally, we provide evidence 

that treatment with flecainide, an agent that can suppress catecholaminergic polymorphic 
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ventricular tachycardia caused by mutations in the RyR2-encoded cardiac ryanodine receptor/

calcium release channel, also suppresses the ISO induced arrhythmias shown in PKP2-deficient 

animals. Our results, though constrained by the limitations inherent to a mouse model, imply 

possible new avenues of research on the pathogenesis and potential treatment of arrhythmias 

in patients with mutations in the gene coding for PKP2. 

 Previous work has suggested that the structural features of ARVC result from transcriptional 

dysfunction of either non-myocyte 6 or myocyte-progenitor cells 9,10. Some of these studies 

suggested that ARVC is “a disease of cardiac stem cells” 10. The data presented here indicate 

that loss of PKP2 in adult myocytes is sufficient to generate a cardiomyopathy of right 

ventricular predominance, consistent with other studies suggesting that mechanical stress is 

a component of the cardiomyopathy. Our data, limited by the experimental model, do not 

discard possible changes occuring during development; it does indicate that PKP2 deficiency 

in adult heart can be an important contributing factor to the overall final phenotype. 

 The Current (2010) Task Force Criteria emphasize the presence of fibrosis, with or without 

adiposis, as a diagnostic criteria for ARVC 51. Adiposis is indeed present in multiple hearts 

affected with ARVC, though it is considered a slowly-developing process. Our data in mice 

indicate that loss of PKP2 in adult myocytes does not lead to adiposis within the time frame 

studied, an observation consistent with other murine models of desmosomal deficiency 

(e.g.,52). 

 Although loss of PKP2 includes both ventricles, we do observe that the RV is affected 

first. This suggests that right ventricular predominance can result from the particular balance 

between structure and functional demand present in the RV, rather than from developmental 

features favoring one or the other ventricle during embryogenesis. We also observe that 

fibrosis occurs after mechanical dysfunction is first detected, suggesting that the fibrosis is 

reparative. As noted above, our data do not discard possible changes in cellular programming 

that occur during development affecting the control of pro-fibrotic genes in PKP2-deficient 

hearts; we do show that even after bypassing the developmental stage, an extensive fibrotic 

cardiomyopathy of RV predominance can be observed following loss of PKP2 expression.  

 Our study concurs with multiple others demonstrating that loss of expression of a 

desmosomal molecule (including PKP2) leads to transcriptional dysregulation 5,7,8,12. Our study, 

though, is first to define the differential transcriptome of an adult PKP2-deficient mammalian 

heart. While here we focused on genes controlling intracellular calcium homeostasis, other 

functional networks were also significantly affected and are likely to contribute to the overall 

functional and structural phenotype. In fact, upregulated networks included inflammatory 

and pro-fibrotic pathways, consistent with the anatomical changes observed at a later stage. 

Also of interest was the downregulation of genes involved in insulin signaling and in adipo-

cytokine expression, which may play a role in the metabolic aspects of the disease 53 as well as 

in the control of intracellular and paracrine signaling stability, as noted by other investigators 

7,8,12. Our animal model can be used for future experiments in which this particular angle can 

be studied in the adult heart. 
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 The changes observed in the transcriptome included elements of the calcium signaling 

pathways.  Whether the group of genes affected share a common transcriptional regulator (as 

it has been shown in other cases; see 54,55) that is influenced (directly or indirectly) by loss of 

PKP2 expression is an attractive possibility that deserves future investigation.

 Our data unveiled a reduced abundance of AnkB in PKP2-cKO hearts. There are similarities 

between the phenotype observed in our mice and that reported for mice deficient in the 

AnkB protein 45. These include increased calcium transients and SR calcium content, as well as 

increased frequency of calcium sparks in intact myocytes. The latter leads us to speculate that 

the reduced abundance of AnkB may play a critical role in the overall phenotype consequent 

to loss of PKP2 expression. 

 In a previous study, Chopra et al demonstrated that loss of triadin expression caused a 

reduction in Casq2 abundance 18. This may explain the significant decrease in Casq2 protein 

(and not transcript) observed in our studies. Since Casq2 acts as negative regulator of RyR2 

openings 56 and RyR2 density is decreased in PKP-KO hearts, the decreased Casq2 levels may 

reflect a compensatory effort of the cell to maintain calcium homeostasis, but at the cost of 

enhancing the incidence of arrhythmogenic SCR events 57.

 Chopra et al also found that reduced Trdn altered the ultrastructure of the couplon 43. 

Although the specific ultrastructural changes noted by those authors were not identical to 

those in our study, we note a consistency in the fact that altered scaffolding protein expression 

can change the anatomy of the calcium release functional unit. Overall, the emerging 

picture is one in which altered expression of scaffolding molecules in the dyad secondary to 

transcriptional dysregulation leads to altered ultrastructure of the dyadic space. The specific 

role that these structural changes play in the increased e-c coupling gain factor or in other 

features of the phenotype, remains to be defined.

 Overall, our data indicate that multiple molecules relevant to calcium handling are affected 

by the loss of PKP2 expression. Our results show a complex molecular phenotype with a 

clear functional consequence: an increased susceptibility to arrhythmias that, in a whole heart, 

could lead to death.  We acknowledge at the outset that the genetic deficit in PKP2 created 

for the purpose of this study does not reproduce that of humans with ARVC, where PKP2 

deficiency is very rarely recessive and it does not affect only one cell type or developmental 

stage. (In fact, from a strict definition, we are unaware of any murine or cell system -including 

that of induced pluripotent stem cell derived cardiomyocytes or hIPSC-CMs that models 

ARVC.) Yet, some important convergence with data obtained from human studies deserves 

mention. In particular, Denis et al recently reported that an ISO challenge effectively  identifies 

arrhythmia susceptibility in patients at a pre-clinical stage of ARVC 58. A calcium dysregulation 

was also reported (although with differences in the actual phenotype) in hIPSC-CMs deficient 

in PKP2,33 and a separate study indicated that flecainide may be effective for the treatment 

of arrhythmias in some ARVC patients 59. Our data provide a possible mechanism (yet to be 

fully explored) for both the response to the ISO challenge and to the flecainide treatment 

in humans, and creates a foundation for future studies to explore the relation between the 

structural integrity of PKP2, and arrhythmias originating from dysregulation of intracellular 
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calcium homeostasis.   

 While our data are constrained by the limitations inherent to the animal model, it also 

implies possible new avenues of research for humans. In that context, we hypothesize that 

mutations in PKP2 could underlie some catecholamine-sensitive life-threatening arrhythmias 

in young individuals even in the absence of structural disease, thus leading to a clinical 

diagnosis of catecholaminergic polymorphic ventricular tachycardia (CPVT). The existence 

and prevalence of PKP2 mutations in heretofore genotype negative CPVT remains to be 

determined. Overall, we speculate that as a protein that scaffolds multiple complexes in the 

connexome and participates in separate but parallel functions, PKP2 deficiency can lead to 

more than one phenotype (see diagram in Figure 10). Importantly, those phenotypes can 

mimic the ones classified as pertaining to other diseases, such as Brugada syndrome 60 or 

CPVT. PKP2 may therefore be more than just an ARVC-susceptibility gene. Instead, PKP2 may 

be a gene that can, if mutated, precipitate phenotypes that vary from purely arrhythmogenic 

(a “channelopathy”) to that of a severe mechanical dysfunction. 

Figure 10. Diagrammatic representation of the function of PKP2 in the adult heart. PKP2 scaffolds a signaling 

node at the intercalated disc. From that position, it covers four known functions: Maintains intercellular coupling and 

sodium channel function, modulates transcription, and facilitates cell-cell adhesion. In the present study, we show 

that transcriptional regulation impacts on [Ca2+]
i
 homeostasis. These functions are necessary for normal electrical and 

mechanical function. Loss or mutations in PKP2 (signaled by the black horizontal dotted line) could independently impair 

electrical (blue) or mechanical (red) function. A predominant effect in one of these descending branches would yield 

either an electrical phenotype (resembling Brugada syndrome –BrS- or resembling catecholaminergic polymorphic 

ventricular tachycardia –CPVT-), a mechanical phenotype (e.g., dilated cardiomyopathy) or a combination of both, which 

would yield the “classic” phenotype of ARVC.
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 In conclusion, we have used a murine model of PKP2 deficiency to demonstrate a 

transcriptional dysregulation of molecules involved in intracellular calcium handling/cycling 

and a consequent increase in arrhythmogenesis. As in all other studies that rely on mouse 

models, our goal was not to model the entire disease constellation but rather, to understand 

the role that is played, in one specific cell type and at a given time point in development, by a 

molecule (PKP2) known to be responsible for a heritable disease in humans (ARVC). In doing so, 

we demonstrate that the loss of PKP2 only in adult myocytes is sufficient for the development 

of a catecholamine-inducible arrhythmogenic phenotype without overt structural disease, 

that later gives way to an arrhythmogenic cardiomyopathy of right ventricular predomininace 

and finally, a biventricular dilated cardiomyopathy leading to end-stage heart failure. Our 

studies reduce the gap that separates us from understanding the biology of PKP2 in the adult 

heart and as such, open new avenues to investigate the causes of disease and the proper 

targets for future therapeutic intervention in humans. 
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SUPPLEMENTARY MATERIAL

Figure S1. Generation of PKP2-cKO mice. (A) Two forward loxP sites were designed and introduced into the construct 

flanking mouse PKP2 exons 2 and 3, with a downstream neomycin selection cassette. The linearized targeting construct 

was electroporated into C57B/6 derived ES cells and the resultant ES cell clones were identified. The confirmed positive 

ES cells were injected into isogenic blastocyts, and microinjected into the foster mice. The neo cassette was excised by 

crossing the F1 heterozygous mice with FRT mice. The PKP2 flox/flox mice were mated to αMyHC-Cre-ER(T2) mice to 

obtain flox/flox/Cre+ mice which contains α myosin heavy chain promoter and the ligand binding domain of the human 

estrogen recep- tor. Binding of Tamoxifen to the ER induces the cardiomyocyte specific Cre-mediated deletion of PKP2 

gene. (B) The genotype of PKP2-cKO mice was identified by PCR screening. The flox/flox/cre+ and flox/flox/cre- mice 

were selected for the experiments. (C) Relative expression of PKP2, Gja1 and Scn5a mRNAs in controls and PKP2-cKO 

mice (n=3 in both groups). (D) Western blots showing expression of PKP2 in control and drastically reduced expression 

in PKP2-cKO hearts 2 weeks after the first tamoxifen injection. GAPDH was used as loading control.
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Figure S2. ECG characteristics of PKP2-cKO mice. (A) Representative examples of Lead II ECG traces recorded in 

control (n=6), PKP2-cKO at 14 dpi (n=7), and at 21dpi (n=7) anesthetized mice. Scale = 50 ms. (B-E). Bar graphs depicting 

PR interval, P wave, QRS interval and QTc durations in controls (CTL, black, left) and PKP2-cKO mice (red; 14 dpi and 21 

dpi). No statistical differences were observed among groups
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Figure S3. RNASeq data. (A) Hierarchical clustering heatmap of the 1215 genes with the largest significance variance 

from 5 controls (CTRL) and 4 PKP2-cKO samples at 21 dpi shows good clustering of samples by genotype. (B) Specific 

genes, and scores, in gene networks that were identified by KEGG analysis to be downregulated with high statistical 

significance, and that are relevant to intracellular and paracrine signaling as well as cell metabolism. (C) KEGG analysis 

of upregulated transcripts in PKP2-cKO hearts 21 dpi, showing specific functional networks.
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Figure S4. Down-regulation of transcripts involved in calcium signaling. RT-PCR showing downregula- tion of 

transcripts of Triadin (A), and Ankyrin-B (B) in PKP2-CKO ventricular cardiomyocytes at 21 dpi. (C) Abundance of RyR2 

transcript was estimated by qt-RT-PCR. Normalized expression relative quantification (RQ) was calculated as RQ= 2−

ΔΔCT
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Figure S5. Expression of proteins involved in calcium signaling in PKP2-cKO hearts (21 dpi). Western blots for 
of A) NCX, B) PKC (including phospho-form), C) SERCA, D) CaMKII (including phospho-form), E) PLB (including phos- 

pho-forms), F) RyR2 (including phospho-forms), G) junctophilin-2 (JPH2), H) Connexin43 (Cx43), I) desmocollin-2 (DSC2), 

and J) NaV1.5 in control (CTL) and PKP2-cKO (KO) ventricular lysates (n=6 for each condition). Representative examples 

are on the left and bar graph with combined results on the right. Full lanes of Western blots shown in Figure 4 of the 

main manuscript are present- ed in panels K (Casq2), L (Trdn), M (CaV1.2), N (AnkB) and O (RyR2). Panels P (Nav1.5) 

and Q (Pkp2), full lane representation of blots shown in Supplementary Figure 1D. panels R (Trdn) and S (AnkB), full 

lane representation of gels shown in Supplementary Figure 4A-B. Panel T, full lane representation of blots shown in 

Supplementary Figure 5A-J. Panel U, full lane representation of blots shown in Supplementary Figure 7A.
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Figure S6. Immunolocalization of Bin-1, Cx43 and β-catenin in PKP2-cKO cardiomyocytes. Immunostaining of 
Bin-1 (A), Cx43 (B) and β-catenin (C) showing absence of differences in control and PKP2-cKO cardiomyocytes. Scale bar 

= 20 µm. Magnificient images scale bar = 10 µm.
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Figure S7. Ryanodine receptor binding assay. (A) Expression of RyR2 confirmed by western blot in the same samples 

used for the binding assays. t-test, * p<0.05 versus control. (B) Ryanodine binding curves to control (black line and 

squares; n=5) and PKP2-cKO at 21dpi (red line and circles; n=6) of RyR2 shows a lower Bmax in PKP2-cKO samples. 

(C) Hill fitting of the Ryanodine binding assay in control (n=5) and PKP2-cKO at 21dpi (n=6) shows a modest and non-

significant shift of the calcium sensitivity for RyR2 in PKP2-cKO hearts.
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Figure S8. Mathematical simulations of e-c coupling gain factor. (A) Traces obtained using the original model (left), or 

one in which we modified the amplitude and kinetics of the calcium current, as well as the abundance of RyR2 and Casq2 

as per the experimental data (see also “Methods”). An increase in e-c coupling gain (B) and in free calcium SR load (C) 

were observed in the PKP2-cKO model.
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Figure S9. Calcium mapping in isolated hearts. (A) and (B) Activation maps showing calcium transients mea- sured 

at 120 msec BCL in control and PKP2-cKO respectively. Scale bar: 1 mm. (C) Average calcium activation transients for 

the maps shown in a and b, normalized to peak amplitude. Scale bar: 25 msec. (D) Average time-to-peak of the calcium 

transients in controls (black bars, n=6) and PKP2-cKO (red bars, n=6) * p<0.05. (E) Average calcium transient duration 

from dF/dt Max to 30% and 50% of cytosolic extrusion in controls (black bars, n=6) and PKP2-cKO (red bars, n=6) * 

p<0.05.
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Figure S10. Action potential of ventricular cardiomyocytes. (A) Action potentials recorded in Control (black) and 

PKP2-cKO (21dpi, red) isolated cardiomyocytes. (B) Bar graphs depicting resting membrane potential (RMP) and 

action potential duration at 90% of repolarization (APD90) in Control (n=10; 2 mice) and PKP2-cKO (n=14; 3 mice) 

cardiomyocytes. * p<0.01, ** p<0.001 versus Control.

Figure S11. (A) Quantification of Ni2+-sensitive NCX current in Control (black; n=10; 2 mice) and 21 dpi PKP2-cKO (21 

dpi, red; n=10; 2 mice) cardiomyocytes (B) Quantification of TTX-S late sodium current in Control (black; n=10; 2 mice) 

and 21 dpi PKP2-cKO (21dpi , red; n=9; 2 mice) cardiomyocytes. (C) Quantification of inward-rectifier IK1 current in 

control (black; n=10; 2 mice) and 21 dpi PKP2-cKO (red; n=12; 2 mice) cardiomyocytes. None of the comparisons yielded 

statistical significance by Student’s unpaired t test.
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Figure S12. ECG characteristics of PKP2-cKO mice after flecainide challenge at 21 dpi (A) Lead II ECGs of PKP2-cKO 

mice before and 15 minutes after flecainide 40 mg/kg i.p. challenge (n=6). Scale = 100 ms. (B-E). Bar graphs depicting 

P wave, PR interval, QRS interval and JTc interval durations before (white bars) and after (red bars) flecainide injec- 

tion challenge. Drug effect is demonstrated by the expected increase in P, PR and QRS, but not JT intervals duration. 

Student’s paired t-test, * p<0.01, ** p<0.001.
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Supplementary Table 2: Average minimal distance between t-tubules and jSR

Supplementary Table 3: Ryanodine binding assays

Average minimal distance (nm) p-value

Control (n=30) 11.08 ± 0.98

PKP2cKO_1 (n=41) 11.48 ± 0.74 0.74

PKP2cKO_2 (n=41) 14.91 ± 2.15 0.15

Parameter Control (n=6) PKP2cKO (n=6) p-value

RyR2 expression normalized to GAPDH (a.u.) 1.00 ± 0.08 0.66 ± 0.11 0.0347

Maximum [3H]Ryanodine binding corrected 

for expression (fmol/mg of protein)
29.33 ± 3.27 31.62 ± 4.11 0.6729

[Ca2+] at 50% RyR2 activation, EC50 (µM) 1.36 ± 0.28 0.94 ± 0.19 0.2443

Maximum [3H]Ryanodine binding (fmol/mg 

of protein)
29.42 ± 4.13 19.62 ± 2.90 0.0841
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ABSTRACT 

Human variants in plakophilin-2 (PKP2) associate with most cases of familial arrhythmogenic 

cardiomyopathy (ACM). Recent studies show that PKP2 not only maintains intercellular 

coupling, but also regulates transcription of genes involved in Ca2+ cycling and cardiac rhythm. 

ACM penetrance is low and it remains uncertain, which genetic and environmental modifiers 

are crucial for developing the cardiomyopathy. In this study, heterozygous PKP2 knock-out 

mice (PKP2-Hz) were used to investigate the influence of exercise, pressure overload, and 

inflammation on a PKP2-related disease progression. In PKP2-Hz mice, protein levels of 

Ca2+-handling proteins were reduced compared to wildtype (WT). PKP2-Hz hearts exposed 

to voluntary exercise training showed right ventricular lateral connexin43 expression, right 

ventricular conduction slowing, and a higher susceptibility towards arrhythmias. Pressure 

overload increased levels of fibrosis in PKP2-Hz hearts, without affecting the susceptibility 

towards arrhythmias. Experimental autoimmune myocarditis caused more severe 

subepicardial fibrosis, cell death, and inflammatory infiltrates in PKP2-Hz hearts than in WT. 

To conclude, PKP2 haploinsufficiency in the murine heart modulates the cardiac response to 

environmental modifiers via different mechanisms. Exercise upon PKP2 deficiency induces 

a pro-arrhythmic cardiac remodeling, likely based on impaired Ca2+ cycling and electrical 

conduction, versus structural remodeling. Pathophysiological stimuli mainly exaggerate the 

fibrotic and inflammatory response.

Keywords: arrhythmogenic cardiomyopathy; plakophilin-2; second hit; calcium handling; 

fibrosis; exercise; cardiac pressure overload; inflammation.
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INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (ACM) is an inherited heart disease 

characterized by fibrous or fibrofatty infiltration of the cardiac muscle, ventricular arrhythmias, 

and increased propensity for sudden death. Sudden cardiac arrest most often occurs in 

early adulthood during the subclinical (or “concealed”) phase of the disease, when overt 

cardiomyopathy is not yet detectable by imaging, and is the first disease manifestation in 

a high proportion of probands 1–3. ACM associates primarily with variations in genes coding 

for desmosomal proteins. One of the most commonly mutated genes in ACM is PKP2, which 

encodes the desmosomal protein plakophilin-2 (PKP2) 4,5. Genetic variants are transmitted 

autosomal dominantly and prevalence of symptom onset varies 6. Penetrance of the disease 

is low and it remains unknown which genetic and environmental modifiers are required for 

development of the cardiomyopathy. Understanding cardiac remodeling upon environmental 

stress factors is therefore paramount to understand the mechanisms underlying sudden death 

and deterioration of cardiac performance.

 PKP2 was first described as a component of the desmosome, a cellular structure involved 

in cell–cell adhesion 7. Desmosomal dysfunction results in intercellular gap widening and 

apoptosis of the cardiomyocytes 8,9. As a result, cardiac progenitor cells and cardiac myocytes 

may differentiate into fatty or fibrous tissue, proceeding into fibrous and fatty infiltrates 

that disrupt normal cardiac electrical impulse propagation 10. Recent studies show that the 

intercalated disk (ID; including PKP2) not only maintains intercellular coupling, but also 

modulates transcription pathways fundamental for intracellular Ca2+ cycling and cardiac 

rhythm 5,11. PKP2 variants lead to phenotypes that vary from purely arrhythmogenic to severe 

mechanical dysfunction and therefore pkp2 alterations are also linked to inherited cardiac 

conditions as Brugada syndrome and Catecholaminergic polymorphic ventricular tachycardia 

(CPVT) 12–14. Total knockout of Pkp2 in mice is embryonically lethal, although heterozygous 

PKP2 deletion in mice does not induce clear phenotypical manifestations and mice live 

through adulthood. Expression levels and localization of desmosomal proteins (other than 

PKP2), adherens junction protein, and gap junctional protein are not changed in PKP2 

haploinsufficient (PKP2-Hz) mice 15. Ultrastructural analysis however revealed an increased 

average intercellular spacing and reduced number and length of mechanical junctions in 

PKP2-Hz mice 16. In addition, PKP2-Hz mice present a reduced peak sodium current density 

and a negative shift of I
Na

 steady-state inactivation, which remains masked without addition of 

sodium channel blockers. Provocation with the sodium channel blocker flecainide in PKP2-Hz 

animals impairs ventricular conduction, triggers ventricular arrhythmias, and predisposes to 

sudden death 15.

 Additional to PKP2 variants, several additional factors (secondary hits) have been proposed 

to contribute to ACM development. Participation in endurance exercise is a key risk factor for 

developing ACM, its progression toward heart failure, and for the occurrence of arrhythmias 

and sudden death 17–19. In that regard, patients with ACM are often recommended to avoid 

94

CHAPTER 4



endurance training 20. To date, the involvement of cardiac pressure overload in developing 

ACM is not well studied yet. Left ventricular hypertrophy induced by cardiac pressure overload 

is a known precursor of heart failure with severe prognosis 21. Pressure overload in combination 

with a loss of desmosomal integrity elevates mechanical stress in cardiac tissue, disturbs 

intracellular homeostasis, and activates stress-related pathways 5. Inflammation is a common 

finding in ACM, the inflammatory response can be caused by cell death, viral infection, or be 

a consequence of defective desmosomes 22–24. Genetic variants underlying ACM can induce 

immune alterations that make the heart more vulnerable for myocarditis 25,26. Separate studies 

have revealed elevated levels of serum inflammatory mediators and myocardial expression 

of IL-17 and TNF-alpha in patients with ACM 23. As well, acute myocarditis reflects an active 

phase of ACM and accelerates ACM 27. Conversely, the genetic background can influence the 

susceptibility towards this superimposed myocarditis 27.Here, we examined the influence of 

exercise, cardiac pressure overload, and autoimmune myocarditis on the progression of ACM 

using a mouse model of PKP2 haploinsufficiency. Hearts of PKP2-Hz mice showed a reduced 

expression of Ca2+-handling-related proteins, confirming intracellular Ca2+ disturbances 

as shown upon total loss of PKP2 expression 11. Reduced expression of PKP2 exaggerated 

the (subepicardial) fibrotic and inflammatory response towards pathophysiologic stimuli as 

pressure overload and inflammation. Exercise-induced pro-arrhythmic cardiac remodeling in 

PKP2-Hz hearts is likely based on impaired Ca2+ cycling and a disturbed electrical conduction, 

instead of structural remodeling. Showing that PKP2 deficiency controls the cardiac response 

towards environmental modifiers via different mechanisms.

MATERIALS AND METHODS

Mouse model
Mice heterozygous-null for the PKP2 gene (PKP2-Hz) was generated and genotyped as 

described previously 7. Except where noted, experiments were conducted in PKP2-Hz and 

WT littermate C57BL/6J mice (Charles River, Lyon, France) of both genders. For the EAM 

studies, mice were backcrossed onto the BALB/c background. Animal experiments were 

performed according to institutional guidelines, the Dutch Experiments on Animals Act and 

the New York University and SUNY Upstate Medical University guidelines for animal use and 

care (2010.II.06.109 (04.10.2010), 2010.II.01.006 (09-02-2011), 2011.II.08.116 (15-10-2011), #177 

(01-11-2009). Experiments were approved by the local Animal Experiments Committees and 

conformed to the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health.

Transverse aortic constriction procedure
Wildtype and PKP-Hz 12-week-old mice were TAC or sham operated as explained previously 
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28. Briefly, mice were anesthetized by isoflurane (mean 2.5% in oxygen), intubated with a 20 

G polyethylene catheter, and ventilated (200 µL, 160 strokes/min) with a rodent ventilator 

(Minivent, Hugo Sachs Electronics, March-Hugstetten, Germany). The thoracic cavity was 

accessed through a small incision at the left upper sternal border in the second intercostal 

space. A 7-0 silk suture was passed around the aorta between the right innominate and 

left common carotid arteries. Constriction of the transverse aorta was performed by tying 

against a 27 G needle, which was subsequently removed. Sham-operated mice underwent 

the same procedure without aortic binding. Eight weeks after surgery echocardiograms and 

electrocardiograms were recorded, the mice were sacrificed by cervical dislocation and the 

hearts were removed for histological studies.

Exercise protocol
Wildtype and PKP2-Hz 12-week-old mice were housed solitary in a cage with a treadmill for 

one month, where they were exposed to daily voluntary exercise training. After one-month 

voluntary exercise training, echocardiograms and electrocardiograms were recorded, mice 

were sacrificed by cervical dislocation and the hearts were removed for histological and 

electrophysiological studies.

Experimental autoimmune myocarditis
Myocarditis was induced by immunization with cardiac α-myosin heavy chain (AnaSpec 

Inc., Fremont, CA, USA) as explained previously 29. 100 µg cardiac α-myosin heavy chain 

was dissolved in 100 µL sterile phosphate buffered saline (PBS) and mixed with 100 µL of 

complete Freund’s adjuvant (Sigma, F5881, st. Louis, MO, USA). This mixture was vortexed 

for 1.5 h to create an emulsion of antigen in complete Freund’s adjuvant. On day 0, 200 

µL of emulsion was injected subcutaneously at two flanks of wildtype and PKP2-Hz mice. 

For this study, mice were backcrossed onto the BALB/c background as it is permissive for 

myocarditis 29. In addition, the mice were injected intraperitoneally with 500 ng of pertussis 

toxin (List Biological Laboratories, Campbell, CA, USA) dissolved in PBS. The mice were 

monitored for at least one week following the injections. A mouse was euthanized if it showed 

unusually large granulomas, ulcerations, or signs of being moribund. After three or six weeks, 

echocardiograms and electrocardiograms were recorded, the mice were sacrificed by CO
2
 

euthanasia and the hearts were removed for histological studies.

Echocardiography
Transthoracic echocardiography was performed using a Vevo2100 Imaging System (VisualSonics 

Inc., Toronto, Canada) with a 30 MHz probe. Briefly, after induction of anesthesia in a chamber 

containing isoflurane 4%–5% in oxygen, the mouse was positioned supinely on a heat pad in 

order to maintain a body temperature at 37–38 °C and anesthesia was maintained with 1.5% 

isoflurane in 700 mL O
2
/minute via a nose cone. Recordings were obtained in parasternal long 
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and short axis views. Quantitative measurements were assessed offline using the Vevo2100 

analytical software. A B-mode parasternal long axis view was used for left ventricular ejection 

fraction. Left ventricular fractional shortening was calculated from the parasternal short axis 

view (M-mode) 30.

Electrocardiograms recordings
Mice were anesthetized with 1.5% isoflurane in 700 mL O

2
 per minute via a nose cone (following 

induction in a chamber containing isoflurane 4%–5% in oxygen). The rectal temperature was 

monitored continuously and maintained at 37–38 °C using a heat pad. Three lead ECG (leads 

I, II, and III) were recorded from sterile needle electrodes inserted subcutaneously in each 

forelimb and hindlimb. The signal was then acquired and analyzed using a digital acquisition 

and analysis system (Power Lab; AD Instruments, Oxford, UK; LabChart 7Pro software 

version). ECG parameters were quantified after 1–2 min from anesthesia induction, in order 

to stabilize the trace. The QT interval was defined as the time elapsed from the beginning 

of the major deflection representing the QRS to the end of the secondary slow deflection, 

as described by Danik et al. 31. QT intervals were corrected for RR interval by the equation 

(QTc = QT/(RR/100)1/2), according to Mitchell et al. 32. Analysis was performed on lead II 

electrocardiograms.

Epicardial activation mapping in langendorf-perfused hearts
For epicardial activation mapping experiments, mice were anesthetized (4% isoflurane in 

oxygen) and the hearts were quickly excised, rinsed, and placed on a Langendorf column 

for retrograde coronary perfusion. Hearts were continuously perfused with a Tyrode solution 

containing: (in mmol/L): NaCl 116, KCL 5, MgSO
4
 1.1, NaH

2
PO

4
 0.35, NaHCO

3
 27, glucose 10, 

mannitol 16, and CaCl
2
 1.8 at 37 °C. Solution was continuously gassed with 95% O

2
 and 5% 

CO
2
. Electrograms were recorded using a 247-point multiterminal electrode (19 × 13mm grid, 

0.3 mm spacing) placed over both the LV and RV, as described before [36,50]. Recordings 

of the LV and RV were made during stimulation (2 ms duration, 2× diastolic stimulation 

threshold) from the center of the grid at a basic cycle length (BCL) of 120 ms. The moment 

of maximal negative dV/dt in the unipolar electrograms was selected as the time of local 

activation and determined using customized software 33. Conduction velocity parallel (CV
L
) 

and perpendicular to fiber orientation were determined from activation maps generated 

from BCL-pacing. Activation times of at least four consecutive electrode terminals along lines 

perpendicular to intersecting isochronal lines were used to calculate CVs.

Western blot analysis
Total murine heart lysate was prepared as described previously 34. Equal amounts of protein 

(25 μg/lane) of each sample were separated on 7% (for Ca
V
1.2 and AnkyrinB) or 10% SDS-

polyacrylamide gels (for the remaining proteins) and transferred by electrophoresis to 
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nitrocellulose membranes (Bio-rad, Veenendaan, Netherlands). Equal protein loading 

was assessed by Ponceau S staining. After the first and second antibody incubation, 

immunoreactivity was detected using an ECL chemiluminescence kit (Amersham, Piscataway, 

NJ, USA). The following antibodies were used for western blot: PKP2 (1:250; Fitzgerald, 

10R+P130b), plakoglobin (1:500; Sigma, P8087), Cx43 (1:250; Thermo scientific (Landsmeer, 

Netherlands), 71-0700), N-cadherin (1:10000; Sigma, C12821), calsequestrin-2 (1:1000, Thermo 

scientific (Landsmeer, Netherlands), PA1-913), ankyrinB (1:500, custom-made in Peter Mohler 

lab, city, OH, USA), SERCA2a (1:1000, abcam (Camebridge, UK), Ab2861), Ca
V
1.2 (1:500, 

alomone (Jerusalem, Israel), ACC-003), and β-catenin (1:10000, BD transduction (Vianen, 

Netherlands), 610154). Secondary labeling was performed with peroxidase-conjugated 

secondary antibodies (1:7000, Jackson ImmunoResearch, Uden, Netherlands). Images for 

each western blot, and the corresponding Ponceau S staining, were imported into ImageJ 

(2008, NIH, Bethesda, MD, USA). The density of each band in the Western blot was normalized 

to the corresponding Ponceau S signal (after background subtraction) to correct for loading.

PCR validation of gene expression
Total RNA was extracted from the heart tissue of PKP2-Hz and control mice using an RNeasy 

Mini Kit (QIAGEN, Hilden, Germany). The complement DNA (cDNA) was generated by 

reverse transcription (RT)-PCR with SuperScript VILO cDNA Synthesis Kit (Thermo scientific, 

Landsmeer, Netherlands). For RT-qPCR on ventricular tissue, TaqMan gene expression 

assays (all from Applied Biosystems by Life Technologies Corp., Carlsbad, CA, USA) were 

used as described earlier 35. As an internal control, the geometric mean of the TATA-binding 

protein (TBP) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used. Relative 

mRNA expression levels were determined for collagen 1α1 (Col1α1), collagen 1α2 (Col1α2), 

metalloproteinase 9 (MMP9), metallopeptidase inhibitor 1 (Timp1), nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kβ), and interleukin-6 (IL-6). Assay IDs are listed in 

Table S3.

Immunofluorescence labeling
For the detection of protein localization by immunofluorescence, hearts were rapidly frozen in 

liquid nitrogen and stored at −80 °C. Hearts were sectioned (thickness: 10 μm) parallel to the 

long axis of the heart. Sections displaying a four-chamber view were used for immunostaining 

as previously described 34. Samples were exposed to the primary antibodies Cx43 (1:250, 

BD transduction, 610062), N-cadherin (1:1000, Sigma, C3678), chicken anti-vimentin (1:400, 

EMD Millipore Corporation (Burlington, MA, USA), AB5733), and myosin (1:200, Enzo Life 

Sciences Inc. (Bruxelles, Belgium), ALX-BC-1150-S-L001) for primary labeling. Afterwards, 

Cx43- and Ncad-labeled sections were incubated with FITC conjugated anti-rabbit whole 

IgG or Texas Red-conjugated anti-mouse whole IgG. Vimentin- and myosin-labeled sections 

were incubated with secondary antibodies Alexa Fluor 488 goat anti-chicken IgG (1:500, 

abcam Inc., ab150169) and Alexa Fluor 568 goat anti-mouse IgG (1:500, Thermo scientific 
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(Landsmeer, Netherlands)), A-11031). After labeling, sections were mounted in Vectashield 

(Vector Laboratories, Orton Southgate, Peterborough, UK) and visualized by conventional 

epifluorescence and confocal microscopy (Nikon optiphot-2). To examine the non-myosin 

area, pictures of 40 × magnification of the most damaged area in five heart areas; apex, left-

ventricular base/mid region, and right-ventricular base/mid region, were taken. The perimeter 

of empty area continuous to the epicardial layer was manually selected (in triplet), excluding 

myocytes and vessels. The non-myosin area continuous to the epicardium was normalized to 

the length of the epicardium. 

Immunohistochemistry
For detection of inflammatory infiltrates and gap junctions by immunohistochemistry, hearts 

were fixed with 4% paraformaldehyde in PBS. Hearts were sectioned (thickness: 10 μm) 

parallel to the long axis of the heart. Labeling was performed using the ImmPRESS anti-rat 

Ig Reagent kit, peroxidase (Vector Laboratories Inc., MP-7444), and the ImmPACT NovaRED 

Peroxidase substrate kit (Vector Laboratories Inc., SK-4805) to reduce background staining. 

Antigen retrieval was performed by incubating the sections in a citrate buffer (Biogenex, 

HK-080-9K) and heating this for 25–30 min using a steamer (Deni, Keystone Inc., Grand 

Island, NY, USA). Subsequently the sections were incubated with 0.5% hydrogen peroxide 

(Fisher Scientific (Landsmeer, Netherlands), H323-500) and incubated in 0.3% normal goat 

serum (Sigma, G9023) in PBS. After blocking, the samples were incubated with primary 

antibodies (Cx43, 1:250, Thermo Scientific 71-0700; anti-Ly-6G/Ly-6C, 1:200, Biolegend (San 

Diego, CA, USA) 108402) diluted in ready-to-use 2.5% normal goat blocking serum. Next, 

sections were incubated for 30 min with ImmPRESS (anti-rat and anti-rabbit) reagent and 

incubated in peroxidase substrate working solution. Finally, sections were incubated with 

Vector Hematoxylin QS nuclear counterstain, Gill’s Formula (Vector Laboratories Inc., H-3404) 

and mounted with Vectashield (Vector Laboratories, H-1000). Quantification of inflammatory 

infiltrates was performed by computed analysis via Image J. RGB images were converted 

to stack images and red, blue, and green channels were separated. Red intensity should be 

at least 110% of the blue intensity, surface area and percent neutrophil positive area was 

quantified.

Picrosirius red staining
To evaluate the extent of fibrosis, sections were fixed with 4% paraformaldehyde in PBS, 

stained with Picrosirius red and examined by light microscopy. Briefly, paraffin embedded 

sections were deparaffinated and rehydrated. After repeated washes, slides were incubated in 

Picrosirius red working solution pH 2.0 (Picric acid, Sigma-Aldrich (Zwijndrecht, Netherlands), 

74069; Sirius Red, Polysciences, Inc. (Hirschberg an der Bergstrasse, Germany) C.I. 35780) for 

60 min. Sections were directly transferred to 0.01 M HCl solution and incubated under constant 

movement. Sections were dehydrated again and a coverslip was placed using Entallan (Merck, 

Schiphol-Rijk, Netherlands, 107960). Stained sections were scanned at a 40× magnification on 
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a Leica SCN400F Whole Slide Scanner. Quantification of healthy myocardium was performed 

by computed analysis of the percentage red stained tissue with Image J (NIH), which refers 

to collagen. Regions of interest were selected manually by lining the tissue of both ventricles 

and septum. The subepicardial layer was defined as 0.2 mm tissues underneath the epicardial 

layer. By means of a macro the fraction of red staining to the total area was calculated.

Hematoxylin and eosin staining
To evaluate the extent of myocardial damage, sections were fixed with 4% paraformaldehyde 

in PBS, stained with hematoxylin and eosin according to the manufacturer’s instructions, and 

examined by light microscopy. Briefly, paraffin embedded sections were incubated at 60 °C 

for 30 min. Slides were incubated in hematoxylin 2 (Thermo Scientific, 7231) for two minutes 

and directly transferred to clarifier 2 (Thermo Scientific, 7402) for 15 s. After repeated washes, 

slides were incubated in a Bluing reagent (Thermo Scientific, 1931423) for one minute. 

After a wash, slides were exposed to eosin Y (Thermo Scientific, 71204) for 1.5 min. After 

this step the sections were dehydrated again and a coverslip was placed using Permount 

Toluene solution. Stained sections were scanned at a 40× magnification on a Leica SCN400F 

Whole Slide Scanner. Two independent researchers assessed the subepicardial damage in 

HE-stained hearts, by determining the ratio of the non-myocyte area—continuous of the 

epicardial layer—to total tissue area. This was done by computed analysis via Image J (NIH) in 

five windows of 0.59 mm × 0.31 mm over the ventricular wall; apex, left-ventricular base/mid 

region, and right-ventricular base/mid region. The perimeter of the empty area continuous to 

the epicardial layer was manually selected (in triplet), excluding myocytes and vessels.

Statistical analysis
Statistical analysis and drawing of graphs and plots were carried out in GraphPad Prism 

(version 6 for Mac OS X, GraphPad Software, San Diego, CA, USA) and SigmaStat 3.5 software. 

Normality and equal variance assumptions were tested with the Kolmogorov-Smirnov and the 

Levene’s median test, respectively. Differences between two groups were analyzed using the 

paired two-tailed Student’s t-test, comparisons between experimental groups were analyzed 

by a one-way ANOVA for non-parametric variables with a Tukey’s post-test for intergroup 

comparisons. All data is presented as mean ± SEM, and p < 0.05 was considered significant. 

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, and n.s. p > 0.05. n denotes the number 

of mice used per dataset.
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RESULTS

PKP2 haploinsufficiency impairs expression of calcium handling-related proteins
In this study we used a heterozygous PKP2 knock-out (PKP2-Hz) mouse model, as described 

in Cerrone et al. 2012 (Figure S1a) 15. Since not all patients with a mutation in PKP2 show 

symptoms of ACM, additional factors likely contribute to disease development. Such 

factors could be pressure overload, exercise, and inflammation. We evaluated the potential 

contribution of several factors to pathogenesis in PKP2-Hz mice (Figure S1b). The study of 

Cerrone et al. showed that levels of intercalated disk proteins N-cadherin (Ncad), connexin 

43 (Cx43), plakoglobin (PKG), and Na
v
1.5 are normal in PKP2-Hz hearts, although the sodium 

current density and kinetics are affected 15. Total loss of PKP2 expression in mice modulated 

the transcription of genes important for Ca2+ handling and cardiac rhythm, inducing cardiac 

arrhythmogenesis in the concealed stage of the disease 11. In the present study we first 

examined the protein levels of Ca2+-handling-related proteins via western blot on ventricular 

lysates of three-month-old wildtype (WT) and PKP2-Hz mice (Figure 1). In PKP2-Hz mice, 

ankyrinB (AnkB) expression was on average 27% reduced (p = 0.08), calsequestrin-2 (Casq2) 

38% (1.0 ± 0.06 vs. 0.62 ± 0.03; p ≤ 0.05), Ca
v
1.2 22% (1.0 ± 0.068 vs. 0.78 ± 0.04; p ≤ 0.05) 

and SERCA2a 50% (p = 0.08; Figure 1). We confirmed these changes over the timespan of 

our intervention study. In six-month-old PKP2-Hz mice AnkB was 24% reduced (1.0 ± 0.07 vs. 

0.76 ± 0.08; p ≤ 0.05), SERCA2a 46% (p = 0.08) and Casq2 31% (1.0 ± 0.087 vs. 0.69 ± 0.04; 

p ≤ 0.05; Figure S2). Notably, impaired AnkB expression has been recently associated with 

human ACM 36.

Characterization of PKP2-Hz hearts over time
 Since cardiac electrical and structural remodeling progresses with age, we compared 

three-month- to six-month-old WT and PKP2-Hz murine hearts 37,38. Histological analysis 

by hematoxylin and eosin (H&E) and Picrosirius red revealed no structural modifications at 

both ages and genotypes (Figure 2A,B), which was confirmed by RNA expression analysis 

of collagen- and inflammation-related genes (Figure 2C). Timp2 expression was increased 

(0.83 ± 0.18 vs. 1.98 ± 0.40, p ≤ 0.05) in three-month-old PKP2-Hz mice, but this effect did 

not persist over time (Figure 2C). The heart weight/body weight (HW/BW) index decreased 

over time, but did not differ between WT and PKP2-Hz mice (Figure 2D and Table S1). 

Electrophysiological parameters were unchanged and arrhythmia incidence was rare in six-

month-old WT hearts (10%; Figure 2E and Table S2). Western blot and immunohistochemistry 

revealed no difference in expression and localization of Ncad and Cx43 (Figure 2F,G). PKG 

expression however was 49% lower in six-month-old PKP2-Hz hearts compared to WT (1.0 ± 

0.13 vs. 0.51 ± 0.03, p ≤ 0.05; Figure 2C).
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Figure 1. Remodeling of proteins involved in calcium signaling pathways in the PKP2-Hz mouse. Representative 

western blots (left) and average densitometry (right; n = 5 for all groups) of ankyrinB (AnkB), calsequestrin-2 (Casq2), 

Cav1.2, and SERCA2a, measured from wildtype and PKP2-Hz ventricular lysates of three-month-old mice. Left upper 

panels represent western blots, bottom panels according to ponceau staining used for quantification (mean ± SEM, * 

p < 0.05).
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 Figure 2. Absence of cardiac remodeling in three and six months old PKP2-Hz mice. (A) Hematoxylin and eosin 

staining of wildtype and PKP2-Hz heart sections, at three and six months of age; scale bar, 100 µm. (B) Representative 

pictures of Picrosirius red staining (left panel) in the inner myocardium of wildtype and PKP2-Hz murine hearts of both 

ages; scale bar, 500 µm. Quantification of collagen abundance (right panel) in overview slides of whole heart sections 

(WT 3 months; n = 7, PKP2-Hz three months; n = 7, WT six months; n = 6, PKP2-Hz six months; n = 6, mean ± SEM). (C) 

Relative mRNA expression of Col1α1, Col1α2, MM9, Timp1, NF-κß, and IL-6 assessed by RT-qPCR in three (left) and six 

month old (right), wildtype and PKP2-Hz ventricular tissue (three months; n = 6 for all groups, six months; n = 4 for all 

groups, mean ± SEM, * p < 0.05). (D) Quantification of heart weight (HW) to body weight (BW) ratio (WT three months; 

n = 8, PKP2-Hz three months; n = 8, WT six months; n = 10, PKP2-Hz six months; n = 10, mean ± SEM, * p < 0.05). 

(E) Percentage of Langendorf-perfused hearts within each group susceptible for sustained ventricular arrhythmias by 

epicardial pacing (WT three months; n = 8, PKP2-Hz three months; n = 8, WT six months; n = 10, PKP2-Hz six months; 

n = 10). (F) Representative western blots (bottom) and average densitometry of N-cadherin (Ncad), connexin 43 (Cx43), 

and plakoglobin (PKG; top, WT; n = 6, PKP2-Hz n = 5 for Cx43 and PKG, WT; n = 4, PKP2-Hz n = 5 for Ncad), measured 

from wildtype and PKP2-Hz ventricular lysates, six months of age. Upper panels represent western blots, bottom panels 

according ponceau staining used for quantification (mean ± SEM, * p < 0.05). (G) Immunofluorescence staining for Cx43 

(green) and Ncad (red) in wildtype (WT) and PKP2-Hz (PKP2) heart sections of three (3M) and six months (6M) of age; 

Scale bar, 100 µm.

4 

103

Plakophilin-2 haploinsufficiency causes calcium handling deficits and modulates the cardiac response towards stress



Pro-arrhythmic cardiac remodeling in PKP2-Hz mice exposed to exercise
As endurance training decreases cardiac function and provokes ventricular arrhythmias 17,18, 

PKP2-Hz mice were subjected to one-month voluntary running on a treadmill. PKP2-Hz mice 

exposed to exercise training did not show increased levels of fibrosis (Figure 3A, Figure 
S3), signs of hypertrophy (Figure 3B,C, Table S1), affected cardiac contractility (Figure 3F), 

or changes in electrocardiogram (ECG) parameters (Table S2), compared to controls. The 

arrhythmia incidence was clearly higher in trained PKP2-Hz mice compared to trained WT 

animals (PKP2-Hz vs. WT; 40% vs. 0%; Figure 3H). Impaired intracellular Ca2+ dynamics (as 

shown in the three- and six-month-old mice) in combination with endurance exercise possibly 

increases the susceptibility towards arrhythmias in PKP2-Hz hearts 11.

 To confirm our previous findings in three- and six-month-old mice, we examined Ca2+ 

handling-related protein levels in ventricular lysates of WT and PKP2-Hz hearts exposed to 

exercise training. In PKP2-Hz hearts the expression of AnkB, Casq2, and Ca
v
1.2 was significantly 

lower than in WT hearts (AnkB 49%: 1.0 ± 0.14 vs. 0.51 ± 0.066, p ≤ 0.05; Ca
v
1.2 37%: 1.0 ± 

0.08 vs. 0.63 ± 0.097, p ≤ 0.05; and Casq2 49%: 1.0 ± 0.08 vs. 0.51 ± 0.02, p ≤ 0.05; Figure 3D). 

We then investigated proteins involved in myocardial cell–cell coupling. Cx43 expression was 

consistent between WT and PKP2-Hz hearts exposed to exercise training, whereas levels of 

Ncad and PKG seemed lower in PKP2-Hz hearts than in WT (Ncad; 1.0 ± 0.15 vs. 0.67 ± 0.04, 

p ≤ 0.05, and PKG; 1.0 ± 0.17 vs. 0.58 ± 0.08, p = 0.08; Figure S4). Impaired Ncad and PKG 

expression implicates disturbed mechanical coupling between cardiomyocytes in PKP2-Hz 

hearts that could affect electrical signaling between cells.

 To study the electrical cell–cell coupling in trained mice we analyzed Cx43 localization 

by immunofluorescence and measured the ventricular conduction velocity by epicardial 

mapping. PKP2-Hz mice exposed to voluntary exercise presented right ventricular lateral 

Cx43 expression (Figure 3E) and longitudinal right ventricular conduction slowing, compared 

to WT mice (left ventricle—LV: 72.10 ± 9.97 vs. 67.43 ± 1.94, ns.; and right ventricle—RV: 59.98 

± 2.58 vs. 52.78 ± 6.11, p < 0.05; Figure 3G). The transversal ventricular conduction velocity 

did not differ between groups (Figure 3G).

Cardiac pressure overload is pro-fibrotic in the PKP2 happloinsufficient heart
Trans aortic constriction (TAC) surgery induces extensive electrical and structural remodeling of 

the heart and increases arrhythmia vulnerability 39. To study if pressure overload in combination 

with loss of PKP2 expression excaggarates the disease progression, we performed TAC surgery 

on PKP2-Hz and WT mice. Eight weeks after TAC surgery, in both groups hypertrophy was 

observed (HW/BW WT-Sham: 5.95 ± 0.26 mg/g; WT-TAC: 8.60 ± 1.99 mg/g, p ≤ 0.05; PKP2-Hz 

Sham: 5.84 ± 0.92 mg/g; and 8.44 ± 1.85 mg/g; p ≤ 0.01), fractional shortening was reduced 

(WT-Sham: 48.54% ± 1.2%; WT-TAC: 37.43% ± 3.0%, p ≤ 0.0001; PKP2-Hz Sham: 47.3% ± 2.9%; 

and PKP2-Hz TAC 37.34% ± 5.5%, p ≤ 0.001) and QRS duration prolonged (WT-Sham: 9.18 ± 

0.5 ms; WT-TAC: 11.01 ± 0.9 ms, p ≤ 0.05; PKP2-Hz Sham: 8.69 ± 0.4 ms, and PKP2-Hz TAC: 

11.51 ± 0.6 ms, p ≤ 0.05). These aspects of cardiac remodeling however did not differ between 
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Figure 3. Pro-arrhythmic cardiac remodeling in PKP2-Hz mice exposed to exercise training. (A) Representative 

pictures of Picrosirius red staining (left panel) in the inner myocardium of wildtype and PKP2-Hz murine heart sections, 

of mice exposed to exercise training; scale bar, 500 µm. Quantification of collagen abundance (right panel) in overview 

slides of whole heart sections (WT; n = 5 and PKP2-Hz; n = 5, mean ± SEM). (B) Hematoxylin and eosin staining of wildtype 

and PKP2-Hz heart sections, of mice exposed to exercise; scale bar, 100 µm. (C) Quantification of heart weight (HW) to 

body weight (BW) ratio in both groups (WT; n = 5 and PKP2-Hz; n = 5, mean ± SEM). (D) Representative western blots 

(left panel) and average densitometry (right panels, n = 5 for all groups) of AnkyrinB (ANKB), Cav1.2, and calsequestrin-2 

(Casq2) measured from wildtype (WT) and PKP2-Hz ventricular lysates of mice exposed to exercise training. Left upper 

panels represent western blots, bottom panels according ponceau staining used for quantification (mean ± SEM, * p 

< 0.05). (E) Immunofluorescence staining for Cx43 (red) and Ncad (green) in right ventricular heart sections of WT and 

PKP2-Hz mice; scale bar, 100 µm. Upper right panel shows magnified shots of according merged pictures, indicated by 

the white boxes. Lateral Cx43 expression is more pronounced in PKP2-Hz hearts exposed to exercise training, indicated 

by white arrows. (F) Left ventricular fractional shortening examined via echocardiography in hearts of wildtype (WT) and 

PKP2-Hz mice after one-month of training (WT; n = 5 and PKP2-Hz; n = 5, mean ± SEM). (G) Conduction (CV) velocity 

measured by epicardial mapping on the left ventricle (LV) and right ventricle (RV) in longitudinal (left) and transverse 

(right) directions in hearts of wildtype (WT) and PKP2-Hz mice (WT; n = 5 and PKP2-Hz; n = 5, mean ± SEM, * p < 0.05). 

(H) Percentage of Langendorf-perfused hearts, within each group, susceptible for sustained ventricular arrhythmias by 

epicardial pacing (WT; n = 5 and PKP2-Hz; n = 5).
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WT and PKP2-Hz mice (Figure 4A–D, Tables S2 and S3). Ventricular repolarization (QTc) wa 

ssimilar between groups (Figure 4D). The susceptibility to sustained ventricular arrhythmias 

mildly increased due to TAC surgery, with only slightly higher levels in PKP2-Hz TAC than in 

WT TAC mice (WT TAC vs. PKP2-Hz TAC; 10% vs. 20%; Figure 4E).

 To further investigate the determinants of arrhythmogenicity in these mice, we 

performed tissue analyses for expression of cell-coupling proteins and interstitial fibrosis. 

Immunolabelling revealed no difference in expression and localization of NCad and Cx43 

(Figure 4F). Sirius red staining for collagen abundance presented significant higher levels 

of interstitial (but not subepicardial) fibrosis in PKP2-Hz TAC mice compared with sham-

treated WT and PKP2-Hz mice (WT-Sham: 1.64% ± 0.1%; WT-TAC 2.83% ± 0.95%; PKP2-Hz 

Sham: 1.86% ± 0.29%; and PKP2-Hz TAC: 5.0% ± 0.86%, p ≤ 0.05 vs. WT-Sham and PKP2-Hz 

Sham; Figure 4G,H). To explore if the Wnt signalling pathway was involved in this pro-fibrotic 

response, we examined protein levels of β-catenin in ventricular lysates of all groups. Levels 

of β-catenin were significantly higher in ventricular lysates of TAC mice and this difference was 

more pronounced in PKP2-Hz mice compared to WT (Figure S5).

 

PKP2 haploinsufficiency alters the cardiac fibrotic and inflammatory response to 
auto-immune myocarditis
Inflammation, in the form of a viral infection or acute inflammatory response, has been suggested 

to trigger arrhtyhmogenic cardiomyopathy 23. To investigate whether inflammation indeed affects 

disease progression upon loss of PKP2 expression, we induced experimental autoimmune myocarditis 

(EAM) in PKP2-Hz and WT mice. Cardiac structural remodeling was studied after three weeks (innate 

immune response) and six weeks (chronic immune response) of EAM onset. Picrosirius red staining 

revealed no difference in the collagen content of whole-heart sections, neither after three nor six weeks 

of EAM (Figure 5A,B). Three weeks after EAM, PKP2-Hz hearts tended to have more subepicardial 

fibrosis, while after six weeks, this difference was significant (WT six weeks: 6.24% ± 1.6%; and PKP2-Hz 

six weeks: 14.16% ± 3.3%, p ≤ 0.05; Figure 5A,B). By determining the ratio of damaged area to total 

tissue, more subepicardial damage was found in PKP2-Hz compared to WT mice, three and six weeks 

after EAM induction, and most pronounced after six weeks (three weeks WT: 5.04% ± 1.4%; three 

weeks PKP2-Hz: 10.17% ± 2.0%; six weeks WT: 6.02% ± 1.1%; six weeks PKP2-Hz 20.16% ± 3.8%, p ≤ 

0.05 vs. three weeks PKP2-hz and p ≤ 0.001 vs. six weeks WT; WT untreated: 1.34% ± 0.5%, p ≤ 0.05 vs. 

six weeks WT; and PKP2-Hz untreated: 2.76% ± 1.5%, p ≤ 0.05 vs. six weeks PKP2-Hz; Figure 5C,D). 

These observations corresponded to the findings in Cx43 and vimentin-myosin staining of three and 

six week EAM hearts. PKP2-Hz mice showed a loss of Cx43 expression and larger non-myocyte areas 

than WTs, three and six weeks after EAM induction (three weeks WT: 0.08% ± 0.02%; PKP2-Hz: 0.18% 

± 0.02%, p ≤ 0.01, six weeks WT: 0.12% ± 0.03%; and PKP2-Hz: 0.23% ± 0.05%, p ≤ 0.05; Figure 5E,F). 

On top of that, in the 0.2 mm subepicardial layer, PKP2-Hz mice showed a higher neutrophil-positive 

area than WT mice three weeks pro-EAM onset (Figure 5G). No neutrophils were present in the six-

weeks group (data not shown) because the initial immune response most likely had subsided at that 

timepoint. This subepicardial response of the PKP2-Hz heart towards inflammation did not cause 

alterations in cardiac contractility or ECG parameters (Figure S6 and Table S2).
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Figure 4. Pro-fibrotic cardiac remodeling in PKP2-Hz trans aortic constriction (TAC) operated mice. (A) Hematoxylin 

and eosin staining of wildtype and PKP2-Hz heart sections of Sham and TAC operated mice; scale bar, 100 µm. (B) 

Quantification of heart weight (HW) to body weight (BW) ratio in all four groups (WT Sham; n = 5, PKP2-Hz sham; n = 8, 

WT TAC; n = 8, and PKP2-Hz TAC; n = 9, mean ± SEM, ** p < 0.01). (C) Left ventricular fractional shortening examined by 

echocardiography in wildtype (WT) and PKP2-Hz mice after eight weeks of TAC/Sham surgery (WT Sham; n = 5, PKP2-Hz 

sham; n = 8, WT TAC; n = 8, and PKP2-Hz TAC; n = 9, mean ± SEM, *** p < 0.001). (D) QRS duration (left) and ventricular 

repolarization (QT) time corrected for heart rate (QTc; right) examined via electrocardiograms in wildtype (WT) and PKP2-

Hz mice after eight weeks of surgery (WT Sham; n = 5, PKP2-Hz sham; n = 8, WT TAC; n = 8, and PKP2-Hz TAC; n = 9, 

mean ± SEM, *** p < 0.001). (E) Percentage of Langendorf-perfused hearts, within each group, susceptible for sustained 

ventricular arrhythmias by epicardial pacing (WT Sham; n = 5, PKP2-Hz sham; n = 8, WT TAC; n = 8, and PKP2-Hz TAC; n 

= 9). (F) Immunofluorescence staining for Cx43 (green) and Ncad (red) in wildtype and PKP2-Hz (PKP2) heart sections of 

mice exposed to Sham (SH) or TAC surgery; scale bar, 100 µm. (G) Representative pictures of Picrosirius red staining (left 

panel) in the inner myocardium of all four groups; scale bar, 500 µm. Quantification of collagen abundance (right panel) 

in overview slides of whole heart sections (WT Sham; n = 5, PKP2-Hz sham; n = 8, WT TAC; n = 8, and PKP2-Hz TAC; n 

= 9, mean ± SEM, * p < 0.05). (H) Quantification of collagen abundance (right panel) in the 0.2 mm subepicardial layer, 

examined in overview slides of whole heart sections (WT Sham; n = 5, PKP2-Hz sham; n = 8, WT TAC; n = 8, and PKP2-Hz 

TAC; n = 9, mean ± SEM).
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Figure 5. Exaggerated cardiac fibrotic and inflammatory response in PKP2-Hz mice exposed to autoimmune 
myocarditis. (A) Representative pictures of Picrosirius red staining (left panel) of the outer myocardial layer in wildtype 

and PKP2-Hz murine heart sections, of mice after three weeks of experimental auto-immune myocarditis (3wk EAM) and 

six weeks of experimental auto-immune myocarditis onset (6wk EAM; scale bar, 750 µm). (B) Quantification of collagen 

abundance in the entire heart (left panel) and 0.2 mm subepicardial region (right panel) of wildtype (WT) and PKP2-

Hz (PKP2) mice after three weeks experimental autoimmune myocarditis (EAM) and six weeks EAM onset or without 

treatment (untreated; WT 3wk EAM; n = 9, PKP2 3wk EAM, n = 11, WT 6wk EAM; n = 16, PKP2 3wk EAM, n = 15, WT 

untreated; n = 5, and PKP2 untreated, n = 4, mean ± SEM, * p < 0.05). (C) Hematoxylin and eosin (H&E) staining in 

wildtype and PKP2-Hz heart sections exposed to EAM; scale bar, 500 µm. (D) Quantification of damaged area in the 0.2 

mm subepicardial layer of wildtype (WT) and PKP2-Hz (PKP2) mice hearts exposed to EAM or without any treatment, 

quantification was performed on H&E stained heart sections (WT 3wk EAM; n = 9, PKP2 3wk EAM, n = 11, WT 6wk EAM; 

n = 16, PKP2 6wk EAM, n = 15, WT untreated; n = 5, and PKP2 untreated, n = 4, mean ± SEM, * p < 0.05, *** p < 0.001). 

(E) Representative examples of Connexin 43 (Cx43) immunohistochemistry labeling in the subepicardial region of WT 

and PKP2-Hz heart sections exposed to EAM; scale bar, 100 µm. (F) Representative examples (right) of myosin (red) and 

vimentin (green) immunofluorescence labeling and quantification of non-myosin area (left) in wildtype and PKP2-Hz heart 

sections of mice exposed to EAM; scale bar, 100 µm. The non-myosin area was examined in the epicardial layer of both 

ventricles, areas were normalized by the length of the epicardium (WT 3wk EAM; n = 8, PKP2 3wk EAM, n = 11, WT 6wk 

EAM; n = 16, and PKP2 6wk EAM, n = 15, mean ± SEM, * p < 0.05, ** p < 0.01). (G) Quantification of Ly6C/6G (neutrophil) 

coverage area (left) in whole heart and 0.2 mm subepicardial regions of wildtype and PKP2-Hz mice after three weeks 

EAM onset (WT whole heart; n = 8, PKP2 whole heart, n = 11, WT subepicard; n = 9, and PKP2 subepicard, n = 11, mean 

± SEM, * p < 0.05). Representative example (right) of the neutrophil positive area in both groups; scale bar, 500 µm.
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DISCUSSION

ACM is seen as a disease of the intercalated disc (ID) and human variants in PKP2 associate 

with most familial ACM cases. PKP2 is mainly a component of the desmosome, a cellular 

structure involved in cell–cell adhesion 5,11,40. Besides PKP2, genetic variants in other 

desmosomal genes (Desmocollin2; DSC2, Desmoglein2; DSG2, and Plakoglobin; PKG), have 

been linked to ACM as well 41. Since the environmental and genetic modifiers of ACM remain 

unknown, we examined the effect of exercise, cardiac pressure overload, and inflammation on 

the progression of a PKP2-related cardiomyopathy. We show that PKP2 deficiency modulated 

the cardiac response to environmental modifiers via different mechanisms. Exercise induced 

a pro-arrhythmic cardiac remodeling, likely based on a combination of impaired Ca2+ cycling 

and electrical conduction. Upon pathophysiological stimuli, PKP2 haploinsufficiency mainly 

exaggerated the fibrotic and inflammatory response.

 First of all, we found that PKP2 haploinsufficient mice displayed deficits in Ca2+-handling-

related proteins, most critically of Ca
V
1.2, SERCA2a, AnkB, and Casq2. This correlates with 

findings in PKP2 conditional global knock-out (PKP2-cKO) mice, in which the expression of 

proteins involved in Ca2+

i
 cycling is markedly reduced 11. Altered Ca2+

i
 transients and Cx43 

disfunction potentially causes the ventricular arrhythmias in these mice 11,42. In addition, PKP2-

cKO mice present biventricular mechanical dysfunction and fibrosis formation, both starting 

in the right ventricle 11. Spontaneous ventricular arrhythmias were observed before the onset 

of LV dysfunction, followed by end-stage failure and sudden death 11. In contrast, PKP2-Hz 

hearts did not display arrhythmogenic events, suggesting that a 50% reduction of PKP2 did 

not suffice to provoke spontaneous ectopic activity in the heart. It is tempting to speculate 

that a combination of factors was needed to induce pathological (electrical) remodeling 

upon PKP2 deficiency. In humans, PKP2 variants are transmitted in an autosomal-dominant 

manner and mutation carriers can proceed throughout life without developing any signs of 

cardiomyopathy, similar as observed in the PKP2-Hz mouse model 6,15,43.

 In mice, heterozygous loss of PKP2 expression associates with ultrastructural defects, 

sodium current deficits and hampered sodium channel inactivation kinetics 16,15. However, 

under baseline conditions PKP2-Hz mice appear farily nomal and lack an overt disease 

phenotype 15. In line with the literature, three- or six-month-old PKP2-Hz mice displayed no 

structural or electrical abnormalities. This might be explained by the relatively young age of 

the mice. We acknowledged that six months of age is still mild ageing in mice and increasing 

the age towards 18–22 months would probably enhance fibrosis formation and arrhythmia 

incidence 44. Senescent mice become arrhythmogenic by increased interstitial fibrosis levels 

and redistributed Cx43 44. However, whether extensive aging will discriminate between WT 

and PKP2-Hz mice remains to be determined.

 In line with the literature we observed that PKP2-Hz hearts of mice exposed to one 

month of voluntary running displayed a higher vulnerability towards sustained ventricular 

arrhythmias, although lacking any signs of fibrosis 9,12. While in humans ACM penetrance 
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is low, exercise also greatly increases the risk for developing the cardiomyopathy and for 

its progression toward failure 17,19. Life-threatening ventricular arrhythmias or sudden death 

often occur in the concealed phase of the disease, prior to overt structural damage 45. The 

underlying mechanisms responsible for these arrhythmias remain under study but a disturbed 

electrical coupling could be an important factor 15. Acute adrenergic stimulation of PKP2 null 

mice associates with malignant ventricular arrhythmias and sudden death, mimicking exercise 

during the concealed phase of the disease 11. In accordance, exercise training in PKP2-R735 

mutant mice appeared crucial for developing the ACM phenotype 18. In addition, we show 

that a 50% reduction of PKP2 expression was not associated with exercise-induced contractile 

impairment, in contrast to the study of Cruz et al. 18. Important to note is the difference in the 

PKP2 model (PKP2-Hz vs. AAV-induced PKP2-R735 mice), the extent of exercise training (one 

month of running vs. eight weeks of swimming), and the contractile parameters examined 

(left ventricular fractional shortening (LVFS) vs. right ventricular ejection fraction (RVEF)) 18. 

For future studies, we recommend to explore RV contractility in PKP2-Hz mice exposed to 

exercise training. Sudden death upon exercise was not observed, and PKP2-Hz mice and 

their hearts lack any signs of hypertrophy. However, we could not control the intensity of 

training in our voluntary exercise experiments. Chronic isoproterenol infusion in PKP2-Hz mice 

would allow studying the effect of adrenergic stimulation on disease development in a more 

controlled experimental setting 46.

 Exercise training of PKP2-Hz mice associates with RV conduction slowing, potentially 

caused by a combination of impaired mechanical coupling, reduced peak sodium current 

and redistributed Cx43 18,15,44. The absence of structural remodeling in our PKP2-Hz mice 

suggests that exercise-induced pro-arrhythmic remodeling in PKP2-Hz hearts is caused by 

an impaired cardiac electrical conduction. The reduced expression of Ca2+-handling-related 

proteins in trained PKP2-Hz hearts is likely not pro-arrhythmic in itself. Though it is tempting to 

speculate that a combination of impaired intracellular Ca2+ cycling and impaired intercellular 

electrical coupling serves as a pro-arrhythmic substrate in exercise-exposed PKP2-Hz hearts. 

This needs to be confirmed by in vivo recordings of ventricular arrhythmias in PKP2-Hz mice 

during exercise, for example by telemetry.

 Cardiac pressure overload is a well-known contributor to electrical and structural 

remodeling of the heart and a risk factor for cardiac arrhythmias 47,48. In line with the literature 

we observed that TAC surgery induced hypertrophy, impaired cardiac contractility, and 

increased susceptibility for arrhythmias; however, PKP2-Hz mice presented similar effects 

as WT mice 21,47. TAC surgery increased collagen abundance predominantly in PKP2-Hz 

hearts. This implicates that PKP2 is involved in regulating the cardiac fibrotic response, as 

PKP2 haploinsufficiency might lead to activation of pro-fibrotic pathways, inflammation, and 

apoptosis 48,49. Enhanced ß-catenin levels in PKP2-Hz TAC mice might confirm this hypothesis, 

since a loss of desmosomal integrity alters the Wnt-signalling pathway, a well-known 

contributor to adipo-and fibrogenensis and ACM pathology 50. Imbalance of the intracellular 

Ca2+ homeostasis and hypertrophic signals possibly increase calcineurin activation in the heart 

and subsequent inflammatory-driven fibrosis in PKP2-Hz TAC mice 51. Additional studies are 
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needed to confirm these hypotheses.

 In this study we exposed PKP2-Hz mice to an experimental auto-immune myocarditis and 

studied the acute and innate immune response of the heart. Whole heart collagen levels 

were not affected by the intervention, although PKP2-Hz mice developed severe levels of 

subepicardial fibrosis and myocardial damage six weeks after EAM onset. Inflammation was 

a common finding in ACM. The inflammatory response could be caused by cell death, viral 

infection, or be a consequence of defective desmosomes 52,53. Endomyocardial biopsies 

of ACM patients show features of myocarditis-like inflammation or fibrofatty replacement, 

possibly reflecting different stages of the disease 27,54. Acute myocarditis reflects an active 

phase of ACM and is a superimposed phenomenon during the natural history of the disease 

27. Cardiac fibrofatty replacement in desmosomal mutation carriers is mainly located in the 

posterolateral wall of the heart, confirming the observations we saw in PKP2-Hz mice exposed 

to EAM 55. The molecular mechanism underlying this epicardial response is still under debate. 

Paracrine signaling between PKP2-positive and PKP2-negative cells in the epicardial region of 

PKP2-Hz mice is a likely causative factor, activating a TGF-β1/p38 MAPK-dependent fibrotic 

gene expression 56. Inflammatory infiltrates were already present at three weeks post-EAM 

onset in PKP2-Hz mice, suggesting an inflammation-driven fibrotic response. We concluded 

that PKP2 deficiency altered the cardiac inflammatory and fibrotic response to EAM. This study 

fitted the hypothesis that ACM might be triggered by infection, as desmosomal mutations 

compromised the resilience of the heart to inflammation. Inflammation itself may also be 

arrhythmogenic as previous data suggest that cytokines can alter sodium current function 

57. Future studies are needed to unravel the exact arrhythmic potential of EAM in the PKP2 

haploinsufficient heart.

 In conclusion, reduced expression of PKP2 in the murine heart affects Ca2+-cycling-related 

protein levels and modulates the cardiac reponse towards environmental modifiers. Cardiac 

pressure overload and auto-immune myocarditis drive (subepicardial) pro-fibrotic mechanisms 

in the PKP2 happloinsufficient heart. Exercise-induced pro-arrhythmic cardiac remodeling in 

hearts with reduced expression of PKP2 is based upon impaired electrical conduction instead 

of structural remodeling. Our data presented potential important disease mechanisms in a 

PKP2-related cardiomyopathy.
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Study limitations
The data presented in this study suggest that decreased levels of Ca2+-handling proteins played 

a maladaptive role in the development of different cardiac phenotypes upon environmantal 

modifiers in PKP2-Hz mice. Levels of Ca2+-handling-related proteins were not examined in 

mice exposed to cardiac pressure overload and autoimmune myocarditis, so whether cardiac 

remodeling and Ca2+-handling disturbances were directly linked in these models remains 

uncertain. In addition, no intracellular Ca2+ measurements were executed. More in-depth in 

vitro studies need to be performed to confirm the definite effect of PKP2 haploinsuffiency 

on cardiac Ca2+ dynamics. Another limitation of this study was the lack of arrhythmia score in 

PKP2-Hz hearts exposed to autoimmunce myocarditis. Histological examination showed that 

pathophysiological stimuli mainly exacerbated the fibrotic and inflammatory response, but 

pro-arrhythmic remodeling in PKP2-Hz hearts exposed to autoimmune myocardits could not 

be excluded
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Figure S1. Validation of the PKP2-Hz model and outline of the intervention studies (A) Representative Western 

blots (bottom) and average densitometry (top; n=5 for both groups) for Plakophilin-2, measured from wildtype and 

PKP2-Hz ventricular lysates. Upper panels represent western blot, bottom panels according ponceau staining used for 

quantification (mean ± SEM, *p<0.05). (B) Schematic time frames of the different interventions models used in this study.

Figure S2. Remodeling of proteins involved in calcium signaling pathways in 6 month old PKP2-Hz mice. 
Representative Western blots (left) and average densitometry (right; WT: n=6, PKP2-Hz n=5 for all proteins) of AnkyrinB 

(ANKB), Calsequestrin-2 (Casq2), and SERCA2a, measured from wildtype and PKP2-Hz ventricular lysates of 6 months 

old mice. Left upper panels represent western blots, bottom panels according ponceau staining used for quantification 

(mean ± SEM, *p<0.05).

SUPPLEMENTARY MATERIAL
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Figure S3. Absence of subepicardial fibrosis in PKP2-Hz mice 3 and 6 months of age, or exposed to exercise 
training. (A) Quantification of collagen abundance in the 0.2mm subepicardial region in overview slides of wildtype (WT) 

and PKP2-Hz heart sections, of 3 and 6 months old mice (WT 3 months; n=4, PKP2-Hz 3 months; n=4, WT 6 months; 

n=6, PKP2-Hz 6 months; n=6, mean ± SEM). Representative pictures of Picrosirius red staining (right panel) in the outer 

myocardial region of all groups. Scale bar, 500 µm. (B) Quantification of collagen abundance in the 0.2mm subepicardial 

region in overview slides of wildtype (WT) and PKP2-Hz heart sections, of mice exposed to exercise training (WT; n=5, 

PKP2-Hz; n=5, mean ± SEM). Representative pictures of Picrosirius red staining (right panel) in the outer myocardial 

region of both groups. Scale bar, 500 µm.
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Figure S4. Remodeling of proteins involved in mechanical cell-cell coupling in PKP2-Hz mice exposed to exercise 
training. Representative Western blots (bottom) and average densitometry (top) of N-cadherin (Ncad), Connexin 43 

(Cx43), and Plakoglobin (PKG), measured from wildtype and PKP2-Hz ventricular lysates of mice exposed to exercise 

training. Upper panels represent western blots, bottom panels according ponceau staining used for quantification (Ncad 

and Cx43: WT, n=4, PKP2-Hz, n=5; PKG: WT, n=5, PKP2-Hz, n=5, mean ± SEM, *p<0.05).

Figure S5. Enhanced ß-catenin expression in TAC operated mice. Representative Western blot (bottom) and average 

densitometry (top) of ß-catenin (ß-cat), measured from wildtype and PKP2-Hz ventricular lysates of mice exposed to 

Sham and TAC surgery. Upper panels represent western blot, bottom panels according ponceau staining used for 

quantification (WT Sham; n=3, PKP2-Hz sham; n=5, WT TAC; n=4, PKP2-Hz TAC; n=6, mean ± SEM, *p<0.05).
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Figure S6. Cardiac contractility of PKP2-Hz mice after 6 weeks EAM onset is not affected. (A) Left ventricular 

ejection fraction examined by echocardiography in wildtype and PKP2-Hz mice after 6 weeks of experimental auto-

immune myocarditis (EAM) onset (WT 6 weeks EAM; n=4, PKP2-Hz 6 weeks EAM; n=4, mean ± SEM). (B)  Left ventricular 

fractional shortening examined in wildtype and PKP2-Hz mice after 6 weeks EAM onset (WT  6 weeks EAM; n=4, PKP2-Hz 

6 weeks EAM; n=4, mean ± SEM).

4 

119

Plakophilin-2 haploinsufficiency causes calcium handling deficits and modulates the cardiac response towards stress



3!Months 6!Months Running Sham TAC
WT PKP2 WT PKP2 WT PKP2 WT PKP2 WT PKP2

n 8 8 10 10 5 5 5 8 8 9

Male(Female) 1(7) 4(4) 7 (3) 4 (6) 1 (4) 3 (2) 4 (1) 4 (4) 6 (2) 4 (5)

Heart weight (g) 0.135 ± 0.016 0.1651 ± 0.043 0.171 ± 0.041 0.159 ± 0.043 0.15 ± 0.006 0.16 ± 0.0084 0.18 ± 0.02 0.15 ± 0.02 0.25 ± 0.07 0.23 ± 0.05***

Body weight (g) 22.0 ± 2.9 25.7 ± 4.2 32.9 ± 6.8 29.7 ± 6.2 23.7 ± 1,6 25.8 ± 2,1 30.86 ± 2.2 25.51 ± 3.6 28.92 ± 3.5 27.25 ± 4.1

HW/BW (g/g) 6.16 ± 0.60 6.36 ± 0.81 5.17 ± 0.58 5.37 ± 0.91 0.63 ± 0.4 0.62 ± 0.4 5.95 ± 0.26 5.84 ± 0.92 8.60 ± 1.99# 8.44 ± 1.85**

Tibea lenght (g) 1.76 ± 0.05 1.81 ± 0,04 1.89 ± 0.07 1.88 ± 0.04 1.83 ± 0.04 1.82 ± 0.08 1.88 ± 0.03 1.81 ± 0.03 1.85 ± 0.04 1.85 ± 0.04*

HW/TL (g/cm) 0.077 ± 0.008 0.091 ± 0.022 0.09 ± 0.02 0.08 ± 0.02 0.082 ± 0.003 0.088 ± 0,005* 0.096 ± 0.008 0.082 ± 0.013 0.135 ± 0.035 0.123 ± 0.027***

Table S2. Tissue characteristics of 3 and 6 months old WT and PKP2-Hz mice, WT and PKP2-Hz mice after 
exercise training and WT and PKP2-Hz mice after Sham and TAC surgery. Values are mean ± SEM. TAC, trans 

aortic constriction; WT, Wildtype; HW, heart weight; BW, body weight; TL, tibea length. *p<0.05, **p<0.01, ***p<0.001. 
#p<0.05; compared to WT Sham.

3!Months# 6!Months Running Sham TAC 6!Week!EAM#

WT PKP2 WT PKP2 WT PKP2 WT PKP2 WT PKP2 WT PKP2
n 8 8 10 10 5 5 5 8 8 9 6 6

RR (ms) 128.3 ± 13.9 135.9 ± 50.4 130.6 ± 17.5 134.9 ± 20.3 128.6 ± 14.7 117.2 ± 18.0 119.1 ± 15.4 135.1 ± 16.0 122.7 ± 18.0 113.2 ± 9.6 116.7 ± 5.22 129.9 ± 18.9

HR (BPM) 472.5 ± 50.5 446.3± 50.2 454.9 ± 75.1 466.0 ± 53,6 471.9 ± 58.0 521.8 ± 82.2 510.6 ± 63.6 450.0 ± 55.7 498.7 ± 76.3 533.3 ± 44.3 514.9 ± 21.9 467.2 ± 52.7

P (ms) 10.7 ± 1.3 10.7 ± 2.9 13.4 ± 1.9 12.2 ± 1.4 13.2 ± 2.4 15.6 ± 2.5 13.1 ± 1.8 12.7 ± 1.3 13.7 ± 3.5 12.8 ± 3.7 14.2 ± 4.7 12.8 ± 3.2

PR (ms) 41.1 ± 2.2 40.5 ± 3.7 40.9 ± 3.2 41.3 ± 3.3 39.7 ± 2.5 42.1 ± 2.2 39.7 ± 4.6 39.3 ± 3.0 41.9 ± 3.5 42.1 ± 2.5 31.16 ± 4.05 29.4 ± 6.67

QRS (ms) 11.4 ± 1.1 12.0 ± 1.5 12.2 ± 1.2 11,8 ± 1,2 11.0 ± 0.9 11.6 ± 1.5 9.2 ± 0.5 8.7 ± 0.4 11.0 ± 0.9* 11.5 ± 0.6* 11.58 ± 1.53 11.2 ± 1.44

QT (ms) 49.4 ± 7.2 52.4 ± 3.6 51.8 ± 3.1 50,4 ± 3,1 55.0 ± 9.8 59.3 ± 4.5 56.7 ± 6.6 56.3 ± 5.2 64.1 ± 13.9 59.2 ± 8.6 23.0 ± 3.32 21.6 ± 2.05

QTc (ms) 42.8 ± 6.2 42.82 ± 2.9 44.8 ± 2.0 44.4 ± 3.9 49.0 ± 10.6 55.3 ± 7.4 52.3 ± 8.0 48.7 ± 4.9 57.7 ± 10.1 55.8 ± 9.01 21.3 ± 3.16 19.0 ± 2.20

Table S3. Electrocardiographic measurements of 3 and 6 months old WT and PKP2-Hz mice, WT and PKP2-Hz mice 
after exercise training, WT and PKP2-Hz mice after Sham and TAC surgery and WT and PKP2-Hz mice 6 weeks 
after EAM onset. Values are mean ± SEM. TAC, trans aortic constriction; EAM, experimental auto-immune myocarditis; 

WT, Wildtype; PKP2, PKP2-Hz. *p<0.05. #Data is analyzed by distinct observers and can not be compared to the data of 

other groups. 

Protein Gene Assay ID
Collagen 1α 1 Col1α"1 Mm00801666_91

Collagen 1α 2 Col1α"2 Mm00483888_m1
MMP-9 Mmp9 MM00442991_m1
TIMP-1 Timp1 MM00441818_m1
NF-κβ NF-κβ MM00477798_m1
IL-6 Il6 MM00446190_m1

Table S1. Characteristics of qPCR primers used in this study. Protein, gene name and assay ID of all primers (all 

purchased for Applied Biosystems by Life Technologies Corp., Carlsbad, USA).
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ABSTRACT

Mutations in plakophilin-2 (PKP2) are the most common cause of familial Arrhythmogenic 

Right Ventricular Cardiomyopathy, a disease characterized by ventricular arrhythmias, 

sudden death and progressive fibrofatty cardiomyopathy. The relation between loss of PKP2 

expression and structural cardiomyopathy remains under study, though paracrine activation 

of pro-fibrotic intracellular signaling cascades is a likely event. Previous studies have indicated 

that ATP release into the intracellular space, and activation of adenosine receptors, can 

regulate fibrosis in various tissues. However, the role of this mechanism in the heart, and in 

the specific case of a PKP2-initiated cardiomyopathy, remains unexplored. The aim of this 

study was to investigate the role of ATP/adenosine in the progression of a PKP2-associated 

cardiomyopathy. HL-1 cells were used to study PKP2- and Connexin43 (Cx43)-dependent ATP 

release. HL-1 cells silenced for PKP2 showed increased ATP release compared to control. 

Knockout of Cx43 in the same cells blunted the effect. A cardiac-specific, tamoxifen-activated 

PKP2 knock-out murine model (PKP2-cKO) was used to define the effect of adenosine receptor 

blockade on the progression of a PKP2-dependent cardiomyopathy. Transcriptomic data of 

PKP2-cKO mice revealed overexpression of genes involved in adenosine-receptor cascades. 

Treatment with Istradefylline (an adenosine 2A receptor blocker) tempered the progression 

of fibrosis and mechanical failure observed in PKP2-cKO mice. In contrast, PSB115, a blocker 

of the 2B adenosine receptor, showed opposite effects. To conclude, paracrine adenosine 2A 

receptor activation contributes to the progression of fibrosis and impaired cardiac function in 

animals deficient in PKP2. Given the limitations of the animal model, translation to the case of 

patients with PKP2 deficiency needs to be done with caution. 

Keywords: Arrhythmogenic right ventricular cardiomyopathy, Plakophillin-2, Adenosine, 

Fibrosis, desmosomes, cardiomyopathy, ATP, mouse models of arrhythmias
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INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (ARVC, indicated also as “arrhythmogenic 

cardiomyopathy, ACM” or “arrhythmogenic right ventricular dysplasia, ARVD”) is an inherited 

disease characterized by fibrofatty infiltration of right ventricular (RV) predominance, 

ventricular arrhythmias and high propensity for sudden death in the young 1. Cardiac arrest 

is often associated with exercise, and it is the first disease manifestation in a high proportion 

of probands 1,2. Most often the disease begins with a subclinical, concealed stage, followed 

by overt stages of RV predominance (though LV is often involved) then bi-ventricular dilated 

cardiomyopathy and failure 1,2. The disease can progress to end-stage heart failure and in the 

absence of a heart transplant, death. At present, no medical treatment exists to prevent or 

delay the progression of the disease. 

 Familial ARVC is most commonly consequent to mutations in the gene coding for 

Plakophilin-2 (PKP2) 2, a protein classically defined as a component of the desmosome, though 

also known to participate in other cellular functions. The relation between PKP2 on one hand, 

and the structural disease that results from its absence or altered sequence, on the other, 

remains a matter of investigation. Previous studies on the molecular mechanisms leading to 

fibro-adiposis in ARVC have proposed that activation of the Hippo and Wnt pathways are the 

causative mechanisms of the structural disease 3,4. Recently, Dubash et al.5 demonstrated an 

additional route whereby loss of PKP2 expression causes an increase in the expression of TGF-

beta1, and activation of the p38-MAPK-dependent pro-fibrotic program. Importantly, and in 

contrast with previous studies that have characterized the activation of profibrotic genes as 

cell-autonomous processes, Dubash et al. showed that p38-MAPK was also activated in PKP2-

expressing cells neighboring those lacking PKP2 expression 5. These data strongly suggested 

the presence of a paracrine pathway for induction of the pro-fibrotic program. The molecular 

carrier of this cell-cell message and the additional possibility of autocrine regulation were not 

characterized in that study.

 There are a number of potential molecular carriers of cell-cell information. In the present 

study, we have focused on adenosine. Studies from the Cronstein laboratory have shown that 

binding of adenosine to the adenosine 2A receptor (A2AR), a member of the large family of 

G protein coupled receptors, significantly enhances collagen deposition in skin, lung and liver 

tissues by indirect mechanisms that include stimulation of growth factor expression (TGF-beta 

and CTGF) as well as by direct stimulation of matrix production 6.  Recent observations from the 

same lab have further pointed to cross-talk between A2AR activation and the Wnt-signaling 

pathway in promoting matrix production 7,8. Separate studies from others 9,10 have also shown 

that A2AR stimulation activates GSK3-beta, a signaling molecule in the Wnt pathway that is 

potentially involved in ARVC 11. The cumulative data indirectly suggest a possible role for 

adenosine as a mediator of the ARVC phenotype; yet, the latter remains to be assessed. 

 Increased levels of adenine nucleotides in the extracellular space give rise to adenosine 

in models of both dermal and hepatic fibrosis as a result of nucleoside triphosphate 
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dephosphorylase (CD39)- and ecto 5’-nucleotidase (CD73)-mediated dephosphorylation of 

adenine nucleotides 12,13.  Importantly, studies in a number of systems have indicated that 

a) connexin43 (Cx43) hemichannels allow for the release of ATP 14, and b) there is a physical 

association between Cx43 and the desmosome, in a protein complex referred to as the 

connexome 15. We thus speculated that PKP2 deficiency may facilitate opening of Cx43 

hemichannels and favor ATP release. We also speculated that blockade of the A2AR in the 

heart may slow progression of the cardiomyopathy that results from loss of PKP2 expression 
16. These two hypotheses were tested in the present study.

METHODS

Generation of CX43 deficient HL-1 cell line 
HL-1 is a cardiac muscle cell line derived from the AT-1 mouse atrial cardiomyocyte tumor lineage. 

To generate a stable Cx43-deficient cell line (Cx43-KD) we utilized a lenti-GJA1-shRNA clone 

(Clone ID TRCN0000068473), containing a hairpin sequence targeting the 3’-UTR of GJA1 gene 

CCGGCCCACCTTTGTGTCTTCCATACTCGAGTATGGAAGACACAAAGGTGGGTTTTTG. A 

separate line was generated that expressed a non-silencing Lenti vector (Cx43 ΦKD) and 

used as a control. Both control and Cx43-KD HL-1 cells were selected in Claycomb medium 

containing puromycin. The silencing of Cx43 expression was confirmed by Western Blot. 

Briefly, the cells were first cultured in 6 well plate to 80% confluent. Cells were collected in PBS 

and pelleted by centrifugation at 2000 rpm 5 min at 4°C. The cell pellets were homogenized in 

lysis buffer (150 mM NaCl, 0.02% Sodium azide, 1% Triton X-100, 1 mM PMSF, 1 mM Na
3
VO

4
, 

50 mM NaF, 50 mM Tris-HCl, pH 8.0 and Complete Protease Inhibitor) by vortex on ice for 3 

times (10 seconds each). The supernatant were obtained by centrifugation at 8,000 rpm at 

4°C for 5 min. Protein concentration was determined using BCA Kit (Thermo Fisher). Samples 

were run on 4-15% precast polyacrylamide SDS gradient gels (Bio-Rad) and transferred onto 

nitrocellulose membranes and subsequently incubated in blocking buffer consisting of PBS 

with Tween-20 (0.1%) and 1% nonfat dry milk. Membrane was then incubated with CX43 

(Millipore) and PKP2 (Fitzgerald International) antibodies diluted in 1% nonfat dry milk T-PBS 

overnight at 4°C. The secondary antibodies goat-anti-rabbit IRDye 800CM and goat anti-

mouse IRDye 680RD were followed after wash in T-PBS buffer. The image was obtained by 

scanning with an Odyssey Fc Imaging System (LI-COR).

ATP-release experiments in PKP2 deficient and PKP2/Cx43 deficient HL-1 cell line
The ATP release assay was performed with HL-1 control (CTL), PKP2 deficient (PKP2-

KD(Cerrone, Lin et al. 2014)) and PKP2/CX43 double deficient (PKP2/CX43-KD) HL-1 cells. 

Briefly, cells were treated with hypotonic solution (1.2 mM CaCl2, 1.8 mM MgCl2, 25 mM 

HEPES pH 7.4) at 37∞C for 30 min. The medium supernatant was collected from each 
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cell well and mixed with the reaction solution. The released ATP was determined using a 

bioluminescence assay in which ATP-dependent generation of light by recombinant firefly 

luciferase and its substrate D-luciferin was measured with an ATP Determination Kit 17 (Life 

Technologies). The relative luminescence was detected by plate reader Flex 3 Station. All 

assays were performed in triplicate. Data were from at least 4 independent experiments and 

normalized to HL-1 control cells.

Mouse model 
The PKP2-cKO animal model used in this work was the C57BL/6 PKP2 fl/fl mice line generated 

and crossed with the αMyHC-Cre-ER(T2) line described for the first time in 16. Details on the 

generation and characterization of the αMHC-Cre-ER(T2) line can be found in Takefuji et al. 
18. Regarding the PKP2-cKO line, 2 forward loxP sites were designed and introduced into the 

construct flanking mouse PKP2 exons 2 and 3, with a downstream neomycin selection cassette. 

The linearized targeting construct was electroporated into C57BL/6 derived embryonic stem 

cells and the resulting embryonic stem cell clones were identified. The confirmed positive 

embryonic stem cells were injected into isogenic blastocysts and microinjected into the foster 

mice. The neo cassette was excised by crossing F1 heterozygous with FRT mice. The PKP2 

fl/fl mice were mated to αMyHC-Cre-ER(T2) (C57BL/6 background; the αMyHC-Cre-ER(T2) 

construct has been passed into C57Bl/6 mice for more than 15 generations) mice in order to 

obtain flox/flox/Cre+ mice which contain the αMyHC promoter and the ligand binding domain 

of the human estrogen receptor. The mice resulting from the crossing develop normally. 

 Mice were injected 4 consecutive days with tamoxifen. Binding of tamoxifen to the 

estrogen receptor induced the cardiomyocyte specific Cre-mediated deletion of the Pkp2 

gene. All experiments were performed in PKP2-cKO mice and Cre-negative, tamoxifen 

treated, littermate were used as controls for transcriptome experiments. Untreated PKP2-cKO 

mice were used as controls for the pharmacological interventions experiments.

 Considering that the initial characterization of this mouse model 16 did not show phenotype 

differences between genders, animals of both genders and between 3-4 months old were 

used for the experiments. 

 All procedures conformed to the Guide for Care and Use of Laboratory Animals published 

by the US National Institutes of Health (NIH Publication no. 58-23, revised 1996) and were 

approved by the NYU IACUC (protocol #160726-01). 

Pharmacological interventions 
PKP2-cKO were injected with istradefylline (ISTRA, Sigma Aldrich, 5-10 mg/Kg/day i.p.19) or 

with PSB115 (TOCRIS, 15 mg/Kg/day i.p. 20,21)  from 14 to 35 days post tamoxifen injection 

(dpi). 
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Echocardiography
Transthoracic echocardiography was performed using a Vevo2100 Imaging System 

(VisualSonics Inc., Toronto, Canada) with a 30 MHz probe.  Briefly, after induction of anesthesia 

in a chamber containing isoflurane 4-5% in oxygen, the mouse was positioned supine on a 

heat pad in order to maintain body temperature at 37-38 ∞C and anesthesia was maintained 

with 1.5% isoflurane in 700 ml O
2
/minute via a nose-cone.  Recordings were obtained in 

parasternal long and short axis views 16. Quantitative measurements were assessed offline 

using the Vevo2100 analytical software. A B-mode parasternal long axis view was used for left 

ventricular ejection fraction measures. 

Histology 
Hearts were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), embedded 

in paraffin, and cut into 5 μm thick sections. Sections were stained with Masson’s Trichrome 

according to the manufacturer’s instructions. Stained sections were scanned at a 40X 

magnification on a Leica SCN400F Whole Slide Scanner. The ImageJ (NIH) software was used 

for analysis of tissue section, as in 16. By defining regions of interest (ROIs), three ROIs for 

each ventricle were selected (base, free mid-wall, apex) and the interventricular septum was 

excluded. For each ROI, the area of collagen (blue staining) was normalized to the area of 

tissue.

Picrosirius red and immunohistochemistry 
Both picrosirius red and immunofluorescence were performed on thin sections from paraffin 

embedded hearts. For immunofluorescence, tissue sections were deparaffinized and 

rehydrated; antigen retrieval was performed for 15 min at 37°C with proteinase K solution (20 

μg/ml in Tris EDTA buffer, pH 8.0). Thin sections from both free ventricular walls were incubated 

with PBS containing 5% Fetal Bovine Serum, 3% Bovine Serum Albumin (BSA) and Triton 

X-100 1% (1 hour at RT). Samples were incubated with primary antibodies [mouse monoclonal 

anti-vimentin (1:200)- Santa Cruz Biotechnology, CA, USA] overnight at 4°C in a humidified 

chamber. The day after, samples were washed with 3% PBS-BSA and incubated with secondary 

antibodies [anti-mouse IgG-Alexa Fluor 555 (red)] for 1 hour. Nuclei were counterstained with 

DAPI mounting medium.  Immunofluorescence images were collected with an Eclipse NI-U 

fluorescence upright microscope (Nikon). For the measurement of fluorescence intensity, all 

images were captured at the same exposure times, contrast settings, and intensity. Picrosirius 

red polarized images were collected with a Nikon DS-Fi1 camera (Tokyo, Japan), green and 

red fibers from left and right ventricles were quantified with Image J software.

RNAseq and KEGG analysis 
Data mentioned in this study were derived from the initial set generated in 16. 
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Statistical analysis 
All data are expressed as mean ± SEM. Comparisons between experimental groups were 

analyzed by Student T-test or one-way ANOVA for non-parametric variables with Tukey’s post-

test for intergroup comparisons. (SPSS v.24). A p value of <0.05 was considered statistically 

significant. Graphs were drawn using GraphPad Prism (version 5.0 for Windows).

RESULTS

ATP release in PKP2-deficient HL-1 cells
We examined the relation between PKP2 expression and ATP release using HL-1 cells stably 

expressing a PKP2 silencing RNA (PKP2-KD; see 22) compared to cells expressing a scrambled 

sequence (control, or “ctrl”). Details in the design and characterization of this line have been 

described before 22 and are consistent with methods used by other investigators 4.  ATP 

release was provoked by a shift in osmotic pressure, as previously described 23. As shown in 

Figure 1, the release of ATP was significantly larger in cells deficient in PKP2, suggesting that 

reduced expression of the desmosomal protein led to the opening of a hydrophilic pathway 

for ATP release from the intracellular space, likely Cx43 hemichannels. We therefore examined 

ATP release in a cell line where both PKP2 and Cx43 were silenced (line PKP2/Cx43-KD; see 

methods and Figure 1 for details). Loss of Cx43 expression drastically blunted the release of 

ATP (Figure 1). These results suggest that loss of PKP2 expression is linked to Cx43-mediated 

release of ATP to the extracellular milieu. 

Figure 1. A) Western blot confirming knock-down of expected proteins in CX43Δ, PKP2Δ, and PKP2Δ/ CX43Δ HL-1 

cell lines. B)  ATP release measured in HL-1 cells (black bar), PKP2-deficient HL-1 cells (PKP2KD, grey bar) and PKP2 and 

connexin43-deficient HL-1 cells (PKP2/CX43 KD, white bar). ATP levels are higher in PKP2KD cells when compared to 

controls. Concomitant loss of Cx43 blunts partially this effect. * p<0.05; **** p< 0.0001.
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Downstream targets of A2AR activation are upregulated in PKP2-cKO mice
In the heart as in other tissues, ATP is rapidly converted to adenosine, a well-known agonist for 

receptor-activated intracellular signaling 24. We therefore examined whether transcript levels 

for genes downstream of the adenosine receptors, were upregulated in hearts deficient in 

PKP2.  For this purpose, we examined the differential transcriptome of a cardiac-specific, 

tamoxifen activated PKP2 knockout murine line (PKP2-cKO) previously described by our 

laborator 16. Transcriptome data are available as supplementary material. Figure 2 shows 

how transcripts known to be part of adenosine receptor-initiated cascades 25,26 were over-

represented in the PKP2-cKO hearts in respect to the controls. 

Figure 2. RNAseq data from PKP2-cKO (n=5) and littermate control (n=4) mice showing that lack of PKP2 expression 

is linked to overexpression of genes involved in fibrosis and regulated by adenosine expression (Perez-Aso et al., 

2014; Ferrari et al., 2016). In the abscissae, “log2FoldChange” refers to the magnitude of the differential (expressed as 

logarithm base 2) of the abundance of a given transcript in control when compared to that present in PKP2-cKO mice 

hearts. The ordinates indicate the negative logarithm base 10 of the confidence (p value) calculated from the difference 

between abundance in control versus abundance in the PKP2-cKO.

Istradefylline, an A2AR blocker, prolongs survival and partially preserves LVEF 
in PKP2-cKO mice
 The results noted above suggested that adenosine acts as a paracrine agonist in the setting 

of PKP2 deficiency. We therefore examined whether an A2AR blocker could change the course 

of the cardiomyopathy that results from PKP2 deficiency. For this purpose, mice were treated 

with 5-10 mg/Kg/day of ISTRA 8,27, delivered by intraperitoneal injection and starting 14 days 

post-tamoxifen injection (14 dpi), that is, at a time prior to the onset of the cardiomyopathic 

phenotype 16. As shown in Figure 3A-B and as previously reported 16, the mortality rate at 
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Figure 3. A) Kaplan Meyer survival curve showing that PKP2-cKO mice treated with ISTRA (black line, n=10) have 

increased survival when compared to untreated ones (red line, n=22). B) Left Ventricular ejection fraction (LVEF) in 

PKP2-cKO mice 35 days after tamoxifen injection. ISTRA-treated mice (black bar, n=10) showed improved values when 

compared to untreated mice (red bars, n=22). *** p<0.001. 

35 dpi in PKP2-cKO deficient mice was 37.5%, and LVEF in surviving animals was markedly 

reduced (21%+/-1.46%; n=22).  In the presence of ISTRA, no deaths were observed (Figure 
3A) and LVEF was partially preserved (32% +/- 2.35%; n=11; p<0.001; Figure 3B). These results 

indicate that pharmacologic blockade of the A2AR can prolong life expectancy and partially 

interrupt the progression of the cardiomyopathic phenotype.

ISTRA effect on fibrosis in PKP2-cKO mice
Given the known pro-fibrotic role of A2AR activation, we examined whether ISTRA changed 

the course of fibrosis that occurs after loss of PKP2 expression 16.  As shown in Figure 4 
A&B, we observed reduced collagen abundance in the right ventricular free wall in ISTRA-

treated mice. A similar though not significant tendency was observed in the left ventricular 

free wall. In more detailed analysis we observed areas void of collagen staining in both free 

walls of PKP2-cKO hearts compared to controls (Figure 4C&D).  Moreover, we found a drastic 

reduction in the abundance of vimentin-positive cells in the ISTRA-treated hearts compared 

to the untreated controls (Figure 5 A&B), suggesting that the A2AR antagonist limits the 

recruitment of non-myocyte cells into the heart interstitial space after loss of PKP2 at the time 

tested. 

A2B receptor blockade is pro-fibrotic in PKP2-cKO hearts
 ISTRA is an A2AR-selective antagonist. To further confirm the specificity of A2AR involvement 

in cardiac fibrosis in these mice we tested the effects of PSB115, a selective antagonist of 
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Figure 4. A) Masson Trichrome staining of untreated (left) and ISTRA-treated (right) PKP2-cKO mice hearts 35 days 

post-tamoxifen injection. B) Collagen percentage in the right (left bars) and left (right bars) ventricles of PKP2-cKO mice 

treated (black, n=10) and untreated (red, n=8) with ISTRA. * p<0.05. C-D) Picrosirius red staining in areas of the right 

(top) and left (bottom) ventricles in PKP2-cKO untreated and ISTRA-treated hearts. Left panels show BW contrast and 

polarized light microscopy images. 

A2BAR 20,21. Interestingly, the results were opposite to those observed with ISTRA. Hearts 

treated with PSB115 (15 mg/Kg/day treated between 14 and 35 dpi) showed impaired LVEF 

(14% p<0.01 vs. untreated, Figure 6A) and a trend towards increased fibrosis (Figure 6B&C) 

when compared to control, thus suggesting that A2A but not A2B receptors can be considered 

a potential target for treatment in PKP2-dependent cardiomyopathies.
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Figure 5. A) Examples of vimentin staining on sections of PKP2-cKO ventricles at 35 days post tamoxifen untreated (left) 

and after ISTRA treatment (right), showing decreased fibroblast abundance. Note the vessel in the right bottom panel 

(LV) as positive control for appropriate staining. B) Quantification of vimentin-positive cells in untreated (red bar) and 

ISTRA treated hearts (black bars).

Figure 6. A) Left ventricular ejection fraction is worsened by PSB115 treatment in PKP2-cKO mice 35 days after tamoxifen 

injection. B) Treatment with PSB115 does not reduce fibrosis in the right (RV) or left ventricles (LV) in PKP2-cKO mice and 

shows a trend toward increased fibrosis. C) Masson trichrome stained examples of untreated (left) and PSB115-treated 

(right) hearts of PKP2-cKO mice at 35 days post tamoxifen injection. Red bars: untreated animals. Grey bars: treated with 

PSB115. *p<0.05
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DISCUSSION

PKP2 was originally described as a desmosomal molecule. Evidence over the last ten years 

has shown that, in addition to its role in cell-cell adhesion, PKP2 scaffolds an intracellular 

signaling hub at the cell junction, and also participates in the control of transcription. The 

involvement of the same molecule in multiple functions may explain, at least in part, the 

complex phenotype that results from its deficiency, ranging from electrical diseases such 

as CPVT 27 to electrical/structural (Brugada syndrome 22) to mainly structural (biventricular 

dilated cardiomyopathy and end-stage failure 2. Given the pleiotropism of PKP2, it is unlikely 

that a “masterswitch” will be found downstream of PKP2 that can prevent all phenotypical 

features. Yet, analysis of the relation between PKP2 and specific interacting molecules has 

been helpful in identifying molecular cascades and events that explain at least some aspect 

of the overall phenotype. Here, we concentrate on one possible mechanism for the paracrine 

effect resulting from PKP2 loss, namely, the extrusion of ATP from PKP2-deficient cells and 

the activation of adenosine receptors.

 The availability of the PKP2-cKO murine model has allowed us to examine whether drugs 

that interfere with pro-fibrotic cascades can blunt the progression of a cardiomyopathy 

caused by PKP2 deficiency.  Our approach has been not to design new drugs or examine 

compounds only for experimental use but rather, to test whether existing approved drugs 

can be re-purposed for the specific case of ARVC (e.g., flecainide to treat triggered activity-

initiated arrhythmias; see 16. Drug repurposing -i.e., the identification of new uses for existing 

drugs- is a highly efficient bypass to the expensive and time-consuming process of drug 

development. Here we examined Istradefylline 28,29,30 (ISTRA; first coded KW6002), a selective 

A2AR antagonist. Our data show that ISTRA partially preserves left ventricular function in the 

setting of PKP2 deficiency.

 ISTRA is a highly selective antagonist of the adenosine 2A receptor 28,29. The drug is 

currently in use in Japan as adjunctive therapy in Parkinson disease and studies over long 

periods demonstrate that the daily oral administration of the drug is well tolerated and safe 

30. No use of ISTRA in the context of heart disease has been reported to date. Yet, evidence 

in the literature (reviewed in the introduction) suggested, albeit indirectly, a potential for 

convergence of A2AR-mediated signaling pathways with those that participate in the PKP2-

dependent cardiomyopathic phenotype. This molecular intersection was further explored 

in the present study. Our data show that even if not completely effective, mice treated with 

ISTRA showed a partial preservation of LVEF 5 weeks after the loss of PKP2 expression. 

Though it is far too soon for speculation in the clinical realm, it is worth noting that, if ISTRA 

were to have a similar effect in human ARVC, this effect could be beneficial to those patients 

progressing toward end-stage heart failure with the only prospect of either heart transplant 

or death. 

 We examined the relation between PKP2 expression and ATP release in HL-1 cells deficient 

in PKP2 (PKP2-KD) 22. HL-1 cells have been used before both by us and by other investigators 
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to study PKP2 function and shown to yield results consistent with those observed in cardiac 

preparations 5,22. The increased abundance of ATP in the extracellular milieu of stimulated 

PKP2-KD cells suggested the formation of an ATP-permeable hydrophilic pathway in the cells 

after PKP2 loss. Given the association between molecules of mechanical and of electrical 

junctions into a common protein interacting network (the connexome 15), we speculated 

that Cx43 hemichannels may mediate ATP release. The latter was supported by experiments 

demonstrating that loss of Cx43 expression blunted the PKP2-dependent release of ATP. It is 

tempting to speculate that the reduced intercellular adhesion strength consequent to loss of 

PKP2 expression creates a pool of Cx43 connexons that would otherwise form gap junctions. 

These hemichannels can passively allow leakage of intracellular solutes, including ATP. In 

that regard, it is worth noting that mitochondria abundantly localize to the site of cell-cell 

contact and as such, the intercellular junctions are expected to be rich on ATP 15.

 In contrast to the effect of A2AR blockade, we found that blockade of A2B receptors 

worsened fibrosis in the PKP2 deficient mice. Adenosine A2B receptors have been reported 

to play divergent roles in cardiac fibrosis; in some models A2B receptors inhibit and in other 

models promote fibrosis (Reviewed in 32). A number of in vitro studies demonstrate that A2B 

receptor stimulation inhibits cardiac fibroblast expression of pro-fibrotic genes and their 

products and in in vivo studies A2B receptor stimulation blocks cardiac fibrosis induced by 

adenosine infusions. In contrast, in models of acute myocardial infarction or other injury 

models A2B receptor blockade inhibits cardiac fibrosis. The results of the studies reported 

here are most consistent with models in which acute cardiac injury leads to cardiac fibrosis 

and adenosine A2B receptor stimulation prevents fibrosis since A2B receptor blockade 

worsened the cardiac fibrosis observed in the PKP2-cKO mice. Although A2A and A2B 

adenosine receptors share signal transduction through G
aS, 

adenylate cyclase and protein 

kinase A or EPAC1/2, A2B receptors also signal through G
q
 33, thus it is possible that biasing 

the signal transduction of A2B receptors towards one path or the other would lead to very 

different outcomes and A2B blockade could have the same or opposing effect on cardiac 

fibrosis as A2AR blockade. 

 Although long-term increases in adenosine levels in the heart may promote cardiac 

fibrosis, as we have observed, it has long been reported that adenosine release is increased 

from the heart after exercise and during ischemia 34 and has beneficial effects. Adenosine 

A2AR mediate suppression of cardiac injury in animal models of myocardial infarction 35 

and beneficial effects of adenosine infusion have been noted in patients after myocardial 

infarction 36  as well.  Nonetheless, it is tempting to speculate that these acute changes in 

adenosine levels following exercise may form the basis for exercise-induced worsening of 

cardiac prognosis in patients with mutations in Pkp2. 

 In summary, our results indicate that A2AR activation contributes, likely via the release of 

ATP by Cx43 hemichannels, to the myriad of intracellular signaling cascades that initiate and 

crisscross after loss or mutations in PKP2. In that regard, our data support the notion that a 

pharmacological intervention on this specific pathway may ameliorate the structural damage 

caused by desmosomal dysfunction. Yet, given the fundamental differences between 
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experimental models and clinical conditions, applicability of our data to the case of the 

patient with ARVC remains purely speculative. 
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ABSTRACT

Arrhythmogenic cardiomyopathy (ACM) is a familial heart disease, associated with ventricular 

arrhythmias, fibrofatty replacement of the myocardial mass and an increased risk of sudden 

cardiac death (SCD). Malignant ventricular arrhythmias and SCD largely occur in the pre-

clinical phase of the disease, before overt structural changes occur. To prevent or interfere 

with ACM disease progression, more insight in mechanisms related to electrical instability are 

needed. Currently, numerous studies are focused on the link between cardiac arrhythmias and 

metabolic disease. The role of mitochondrial dysfunction in ACM pathology is unclear and 

mitochondrial biology in the ACM heart remains understudied. In this chapter, we explore the 

potential relation between mitochondrial dysfunction and ACM pathology. We performed 

an experimental study in cardiac tissue of conditional PKP2 knock out mice (PKP2-cKO), 

were we examined mitochondrial morphology and localization in the concealed stage of 

the disease. In a literature review we extrapolate the link between mitochondrial dysfunction 

and typical hallmarks of ACM. Mitochondrial dysfunction depletes adenosine triphosphate 

(ATP) production and increases levels of reactive oxygen species (ROS) in the heart. Both 

metabolic changes affect cardiac ion channel gating, electrical conduction, intracellular 

calcium handling and fibrosis formation, all well-known aspects of ACM pathophysiology. ATP-

mediated structural remodeling, apoptosis and mitochondria-related alterations have already 

been shown in models of PKP2 dysfunction. Yet, the limited amount of experimental evidence 

in ACM models makes it difficult to determine whether mitochondrial dysfunction indeed 

precedes and/or accompanies ACM pathogenesis. Nevertheless, current experimental ACM 

models can be very useful in unravelling ACM-related mitochondrial biology and in testing 

potential therapeutic interventions.

Keywords: Arrhythmogenic Cardiomyopathy, Cardiac metabolism, Mitochondria, ATP, 

Oxidative stress, Plakophillin-2, Calcium handling, Connexin 43.
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INTRODUCTION

Arrhythmogenic cardiomyopathy (ACM) is a familial heart disease, associated with ventricular 

arrhythmias and an increased risk of sudden cardiac death (SCD). SCD often occurs as the 

first clinical manifestation, in particular in athletes and young adults 1. The prevalence of 

ACM in the general population ranges from 1:2000 to 1:5000, meaning that this disease is 

listed among the rare cardiovascular diseases 2. Age at time of diagnosis varies widely, with 

most patients being first diagnosed between 20 and 50 years of age 3. ACM is characterized 

by progressive replacement of the myocardium with fatty and fibrous tissue, ending in 

impairment of the ventricular systolic function and ventricular dilatation 4. Cardiac remodeling 

in ACM patients is of right ventricular predominance, though left-ventricular or bi-ventricular 

involvement has been recognized 3. The fibrofatty substitution likely contributes to the 

development of ventricular arrhythmias by creating an anatomic substrate 5, though cellular 

mechanisms of initiation have been invoked (REF). ACM is considered an inheritable disease, 

as approximately 60% of the patients carry a genetic mutation, though likely not all genetic 

mutations related to ACM have been identified yet 6.  ACM is commonly considered as a 

disease of the intercalated disc (ID), whereby mutations in Plakophilin-2 (PKP2) associate 

with most cases of ACM in which a genetic cause can be found. Mutations in other genes 

that encode desmosomal proteins (Desmocollin2; DSC2, Desmoglein2; DSG2, Plakoglobin; 

PKG, Desmoplakin; DSP), have been linked to ACM as well 2. Desmosomes mediate cell-cell 

mechanical coupling of adjacent cardiomyocytes at the ID. In the setting of desmosomal 

mutations, the expression of Connexin43 (Cx43) and the sodium channel (Na
v
1.5) is highly 

diminished, implicating a macromolecular signaling node at the ID 7. ID proteins are not 

just considered “junctional” and “non-junctional” single function entities, but multitasking 

molecular complexes that jointly regulate electrical conduction and mechanical force 8,9. 

Recent studies show that ID proteins are also involved in modulation of transcription pathways 

fundamental for homeostasis within cardiomyocytes. Specifically, the  transcription of genes 

involved in the intracellular calcium (Ca2+) homeostasis can be modified by the expression 

of PKP2 10,11. Besides that, PKP2 loss provokes non-transcriptional related Ca2+ handling 

dysregulation, via ID-located Cx43 hemichannels and a change in the phosphorylation state 

of the Ryanodine receptor (RyR2) 12. This stands along the notion that PKP2, like many others 

in the cardiac myocyte, is a pleiotropic gene 13, and it highlights the fact that ACM is not 

only a desmosomal disease, but aberrant activation of intracellular signaling pathways and 

subsequent destabilization of the intracellular homeostasis likely provokes the structural and 

electrical changes in the heart.

 SCD in ACM patients often occurs in the subclinical phase of the disease, before structural 

changes are present. To prevent or interfere with ACM disease progression, more insight in 

the mechanisms related to electrical instability in ACM hearts is needed. At present, there 

is widespread interest on the link between cardiac arrhythmias and metabolic disease. 

A common focal point is the case of Diabetes Mellitus (DM) where a changed metabolic 

state and altered mitochondrial balance caused by elevated blood glucose levels, glucose 
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fluctuation and hypoglycemia can set the stage for cardiac arrhythmias 14. The altered energy 

metabolism and increased oxidative stress in DM cardiomyocytes have proven to influence 

intracellular Ca2+ handling, activate Ca2+/calmodulin-dependent protein kinase II (CaMKII), and 

cause mitochondria-induced cell death and fibrosis 15. Apoptosis and necrosis are important 

elements in structural remodeling of ACM hearts and mitochondria-related alterations have 

been shown in iPSC-derived cardiomyocytes (iPSC-CMs) from a patient with mutated PKP2 
16–19. Mitochondria are essential for providing adenosine triphosphate (ATP) to the cell and 

satisfying the energy demand for electrical activity and contraction 20. Mitochondria are also 

involved in the intracellular Ca2+ homeostasis of cardiomyocytes and ATP generated by the 

mitochondria fuels various ion pumps 21,22. Mitochondrial dysfunction can thereby affect 

the electrical stability of cardiomyocytes and favor arrhythmogenesis. In the specific case 

of ACM, this hypothesis has not been tested yet, though it is tempting to speculate that 

metabolic and mitochondrial dysfunction can serve as substrates for electrical and structural 

changes in ACM patients. Especially since previous studies have indicated differences in 

mitochondrial metabolism between the left ventricle (LV) and right ventricle (RV) in the heart 

and ACM is regarded a (right) chamber specific disease 23. In this chapter, we explore the 

potential relation between mitochondrial dysfunction and ACM pathology. We performed an 

experimental study in cardiac tissue of conditional PKP2 knock out mice (PKP2-cKO) were we 

examined mitochondrial morphology and localization in the concealed stage of the disease. 

In a literature review we explored the link between mitochondrial dysfunction and typical 

hallmarks of ACM.

PART 1: EXPERIMENTAL STUDY

RESULTS 

In a recent study of Kim et al., it has been proposed that asymmetric (RV versus LV) Ca2+ 

dysregulation upon PKP2 deletion precedes the cardiomyopathic stage and likely triggers 

gross structural changes in later stages of the disease 12. Increased Ca2+ load in the 

sarcoplasmic reticulum (SR) and cytoplasmic and mitochondrial compartments provoked 

intracellular Ca2+ (Ca2+

i
) disturbances and isoproterenol (ISO)-induced ventricular tachycardia’s 

in PKP2-cKO mice, in the period before overt structural changes were observed 12. As just 

mentioned, an increased membrane permeability via orphan Cx43 hemichannels, and 

enhanced phosphorylation of RyR2, were indicated as initiators of these (especially right 

ventricular) Ca2+

i

 handling disturbances 12. Mitochondrial Ca2+ handling is tightly linked to the 

intracellular Ca2+ homeostasis. Mitochondrial Ca2+ overload increases cytosolic Ca2+ levels 

and is an important marker for oxidative stress and metabolic dysfunction in the cell 24. A 

systematic study of mitochondrial biology and structure in relation to PKP2 deficit in adult 

heart is lacking. In order to examine the structural characterization of mitochondria, and 
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surrounding intracellular cardiomyocyte components, upon PKP2 depletion, we performed 

scanning electron microscopy (SEM) in combination with 3D rendering. For this study we used 

right ventricular tissue of wildtype (WT) and PKP2-cKO mice 14 days post tamoxifen injection 

(14 dpi), a time-point preceding overt electrical or structural phenotypes. SEM revealed severe 

structural changes in cardiomyocytes residing in the direct subepicardial region of PKP2-cKO 

hearts, compared to WT controls (Figure 1A&B). Cardiomyocyte integrity and alignment was 

lost and inflammatory cells were infiltrating (Figure 1B). Striking changes in mitochondrial 

appearance were observed when the individual mitochondrial structures were analyzed 

by 3D rendering of SEM imaging stacks. Segmentation revealed that the mitochondrial 

alignment and structure appeared totally normal in right ventricular tissue of WT mice 

(Figure 2A). Mitochondria in PKP2-cKO cardiomyocytes lost their natural morphology and 

the connection between individual structures was absent (Figure 2B). Given the fact that 

the direct cardiomyocyte layer underneath the epicardium seemed to be affected most 

Figure 1. Electron microscopy images of the subepicardial region in right ventricular tissue of wildtype and PKP2-
cKO mice. A) Electron microscopy image of wildtype subepicardial ventricular tissue; clearly presenting the epicardial 

layer, cardiomyocytes, blood vessels and intracellular components. Scale bar: 10 μM. Red insert depicts a zoom in 

of the original picture, white arrowheads highlight localization of the intercalated disc and mitochondria. Scale bar: 

5 μM. B) Electron microscopy image of PKP2-cKO (14 days post tamoxifen injection) subepicardial ventricular tissue, 

presenting the epicardial layer, cardiomyocytes, blood vessels and intracellular components. Scale bar: 10 μM. Red insert 

depicts a zoom in of the original picture, white arrowheads highlight localization of the mitochondria. Note the loss of 

cardiomyocyte and mitochondrial integrity and infiltration of inflammatory cells. Scale bar: 5 μM.
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Figure 2. Segmentation of mitochondrial clusters in wildtype and PKP2-cKO murine right ventricular tissue. A) 
3D-rendered models of mitochondrial structures in wildtype murine tissue visible after image segmentation: Individual 

mitochondria are emphasized by different colors, the epicardium is presented in red. Scale bar: 10 μM. B) 3D-rendered 

models of mitochondrial structures in PKP2-cKO murine tissue (14 days post tamoxifen injection) visible after image 

segmentation: Individual mitochondria are emphasized by different colors, the epicardium is presented in red. Note the 

loss of mitochondrial alignment and structure. Scale bar: 10 μM.  

Figure 3. Segmentation of the epicardial layer in wildtype and PKP2-cKO murine right ventricular tissue. A) 
3D-rendered models of the epicardium (red) in wildtype murine tissue visible after image segmentation. Scale bar: 50 

μM.  B) 3D-rendered models of the epicardium (red) in PKP2-cKO murine tissue (14 days post tamoxifen injection) visible 

after image segmentation. Scale bar: 50 μM.
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severely, we suggested that this myocardial response might be of epicardial origin. To study 

changes in epicardial outline, thickness and morphology, we performed 3D segmentation of 

the epicardial cell layer in WT and PKP2-cKO 14 dpi SEM samples.  3D rendering revealed no 

gross morphological abnormalities in the epicardial layer of PKP2-cKO right ventricular tissue, 

compared to WT (Figure 3A&B).

MATERIALS AND METHODS

Generation of cardiac-specific PKP2-cKO mice
A C57BL/6 PKP2 fl/fl mice line was generated and crossed with the αMyHC-Cre-ER(T2) line, as 

previously published 10. The resulting mice (PKP2-cKO) developed normally without functional 

or structural deficits. All procedures conformed to the Guide for Care and Use of Laboratory 

Animals published by the US National Institutes of Health (NIH Publication no. 58-23, revised 

1996) and were approved by the NYU IACUC committee under protocol number 160726-01. 

Mice were injected 4 consecutive days with tamoxifen (3 mg dissolved in sterile peanut oil 

with 10% ethanol; mice weight hovered ∼28 – 30 g, giving an approximate tamoxifen dose of 

0.1 mg of tamoxifen per gram of body weight). Binding of tamoxifen to the estrogen receptor 

induced the cardiomyocyte specific Cre-mediated deletion of the Pkp2 gene. Experiments 

were performed in C57BL/6 PKP2-cKO mice and CRE-negative, tamoxifen treated, C57BL/6 

littermates were used as controls. All animals were between 3 and 4 months of age.

Electron Microscopy
Sample Preparation

Mice were anesthetized with sodium pentobarbital and then euthanized by excision of the 

heart. The heart was perfused with 4% paraformaldehyde in PBS, cut into pieces of 1 mm3 

and placed in a fixative solution containing 2% paraformaldehyde and 2.5% glutaraldehyde in 

phosphate buffer (PB, pH7.2). Fixed mouse heart tissue was continue processed with modified 

OTTO22, and embedded in Durcupan. In brief, the heart tissue was washed with 0.1M PB, 

post fixed in 2% OsO4 / 1.5% potassium ferrocyanide for 1.5 h at room temperature, then 

stained with freshly made 1% tannic acid (EMS) in PBS for two consecutive steps (2 hours each 

step at 4°C) to allow for additional staining. The tissue was then washed in ddH2O, placed in 

2% aqueous OsO4 for 40 min at room temperature, and en bloc stained in 1% aqueous uranyl 

acetate at 4°C overnight. The tissues were subsequently washed with ddH2O, dehydrated in 

a series of ethanol solutions (30, 50, 70, 85, 95, 100, 100%; 10 min each, on ice) and replaced 

with ice-cold dry acetone for 10 min, followed by 10 min in acetone at room temperature. 

Finally, the sample was gradually equilibrated with Durcupan ACM Araldite embedding resin 

(Electron Microscopy Sciences, EMS, PA) and embedded in freshly made 100% Durcupan.
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Serial Block-Face Scanning Electron Microscopy (SBF-SEM)

The sample block was trimmed and thin sections were cut on slot grids to identify the area 

of interest. The sample block was then mounted on an aluminum specimen pin (Gatan, 

Pleasanton, CA) using silver conductive epoxy (Ted Pella Inc.) to electrically ground the tissue 

block. The specimen was trimmed again with a pyramid shape mold and coated with a thin 

layer of gold/palladium (Denton Vaccum DESK V sputter coater, Denton Bacuum, LLC., 

NJ, USA). Serial block face imaging was performed using Gatan OnPoint BSE detector in a 

Zeiss GEMINI 300 VP FESEM equipped with a Gatan 3View automatic microtome unit. The 

system was set to cut sections with 100nm thickness, imaged with gas injection setting at 

65% (3.9E-03mBar) with Focus Charge Compensation to reduce the charge, and images were 

recorded after each round of section from the block face using the SEM beam at 1.2 keV with 

a dwell time of 1.0 μs/pixel. Each frame is 20 x25 um with a pixel size of 2nm. Data acquisition 

occurred in an automated way using the Auto Slice and View G3 software. A stack of 150 slices 

was aligned, assembled using ImageJ, with a volume of roughly 20x25x15 μm3 was obtained 

from the tissue block.

Segmentation
Mitochondria and the epicardium were segmented in Amira (Visage Imaging, San Diego, CA, 

USA) to generate 3D models. 

CONCLUSION

To conclude, in this small histological study we show that in the concealed stage of a PKP2-

related cardiomyopathy there is a right ventricular response of subepicardial origin. Internal 

compartments of cardiomyocytes in this region have lost their structural characterization, 

inflammatory cells are infiltrating and mitochondrial disorganization is established. If 

mitochondrial dysfunction is the cause or consequence of observed changes in PKP2-cKO 

right ventricular murine tissue and to which extent it translates into ventricular arrhythmias 

and gross structural changes at later stages has to be studied in more detail
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PART 2: LITERATURE REVIEW

Cardiac energy metabolism
The mechanical force required for cardiac contraction consumes large amounts of energy, 

which needs to be replenished via the mitochondria. The heart is capable of utilizing all 

classes of energy substrates for ATP production, including carbohydrates, lipids, amino acids 

and ketone bodies 21. Lactate and glucose are the major sources for energy production during 

the foetal stage. After birth, the heart undergoes a metabolic adaptation, switching substrate 

oxidation from glucose to fatty acids (FA). β-oxidation of free FA and oxidative phosphorylation 

(OXPHOS) become the primary mechanisms for ATP production and produces approximately 

70% of all ATP in the heart 25. The two most important factors regulating the cardiac energy 

production are cellular concentrations of ADP and Ca2+ 26. Cytosolic Ca2+ levels tightly regulate 

enzymes of the tricarboxylic acid cycle (TCA) cycle and excitation-contraction coupling in the 

heart, thereby linking myocyte contraction and energy production 26. The heart uses about 

60-70% of all generated ATP to facilitate contraction, the remaining 30-40% is used for control 

of various ion pumps, such as the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2a) 22. 

About 15% of the cardiac energy is consumed via SERCA-ATPase activity, which highlights the 

energy cost of active Ca2+ signalling in the heart 26.

 Mitochondrial restitution of cardiac energy storages is facilitated through OXPHOS 27. In 

the healthy heart, ATP production via OXPHOS is in balance with the rate of ATP hydrolysis. 

This balance mediates a constant ATP level in the cell, even during intense exercise 28. 

The importance of mitochondrial function in cardiomyocytes is highlighted by their high 

abundance in the cell. Mitochondria occupy roughly 33% of the cellular volume in each 

ventricular cardiomyocyte and generate more than 95% of ATP consumed by the heart 29. 

ATP production is established via the mitochondrial membrane potential (ΔΨm = − 180 mV).  

The ΔΨm creates a proton motive force which provides energy necessary to phosphorylate 

adenosine diphosphate (ADP) to ATP 24. This mechanism is also one of the main sources for 

reactive oxygen species (ROS) in the cell 20. Under physiological conditions ΔΨm is tightly 

controlled and ATP production is in equilibrium with the energy demands of the cell. In 

response to pathological stimuli, such as ischemia or structural injury, alterations in ΔΨm 

diminish the cellular ATP level and increase ROS production 24. If ROS production exceeds the 

detoxifying (scavenging) capacity of the cell, it creates oxidative stress 24.

 Under pathological conditions, the fuel metabolism of the heart shifts back from FA 

oxidation (FAO) to increased reliance on glucose, like in the foetal heart 22,30. As well, the 

metabolic gene expression shifts back to a foetal profile 31. The overall oxidative metabolism 

and energy reserve is thus reduced 31. Increased glucose consumption is characterized 

by enhanced glucose uptake and glycolysis, without prominent adaptations in glucose 

oxidation. As a consequence, glucose uptake and glucose oxidation become outbalanced. 

In combination with decreased FAO, the mitochondrial oxidative metabolism capacity gets 

depleted and ultimately the cardiac energy provision shrinks 32. Cardiac hypertrophy and heart 
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failure also enhance ketone body oxidation and disturb amino acid metabolism, particularly 

the branched-chain amino acid (BCAA) catabolism 31 .The exact metabolic consequences and 

functional relevance of these changes remain to be understood. 

Mitochondrial -associated cardiac arrhythmias
Cardiomyocyte excitability and electrical cell-cell coupling are critical factors for electrical 

activation and synchronized contraction of the heart. Changes in ion channel composition, 

function and localization increase the susceptibility towards arrhythmias 33. Ventricular 

arrhythmias in individuals with ACM are usually exercise-related and range from frequent 

premature ventricular complexes (PVCs) to ventricular tachycardia (VT) and ventricular 

fibrillation (VF) 34. The intimate mechanism of these ventricular arrhythmias is still unclear 

but triggered activity and reentry-based conduction are two likely factors. These two pro-

arrhythmic factors are mainly based on disturbed intracellular Ca2+ dynamics and fibrotic 

infiltrates in the hearts, next to ion channel dysfunction 10,12,35. Examination of cardiac biopsies 

and post-mortem cardiac material also revealed diminished expression of Cx43 and Na
v
1.5 at 

the ID of ACM patients, two critical determinants of cardiomyocyte excitability and electrical 

cell-cell coupling 7. In addition, in a mouse model of PKP2 haploinsufficiency a reduced 

peak sodium current density and impaired I
Na 

inactivation kinetics have been reported, 

predisposing to ventricular arrhythmias and sudden death, upon flecainide treatment 36. 

Besides cardiomyocyte excitability, a recent study also revealed repolarization abnormalities 

in the electrical remodeling of ACM patients 37. Multiple ion channels undergo structural 

and functional remodeling driven by pathophysiological stimuli, such as generated by 

mitochondrial dysfunction 33. Loss of ID integrity likely provokes directly (via stress-related 

pathways) 38,39 and indirectly (via transcriptional alterations) 10,11 mitochondrial dysfunction, 

which adapts the cardiomyocyte energy metabolism and thereby induces pro-arrhythmic 

remodeling in the ACM heart.

ATP driven arrhythmogenic substrate

The metabolic capacity of mitochondria largely relies on OXPHOS capacity and the ability to 

transfer ATP to the sites of energy usage. During mitochondrial ATP production, mitochondrial 

proteins and enzymes are subjected to various posttranslational modifications, such as 

phosphorylation and acetylation. These modifications can alter the activity of metabolic 

enzymes and affect downstream metabolic pathways 40. Enzymes important in FA metabolism, 

TCA cycle metabolism,  electron transport chain (ETC) and OXPHOS can severely be 

dysregulated by an imbalanced ATP production 40. Dysfunction of the mitochondrial oxygen 

consuming capacity leads to destabilization of ΔΨm, which causes diminished ATP production 

and eventually energy deficiency in the cardiomyocyte 40. The impact of mitochondria on 

cellular excitability is mainly mediated by energy sensing, ATP sensitive K+ channels on the 

sarcolemma (sarcKATP) 24. These channels are negatively regulated via intracellular ATP levels 

and form a crucial link between metabolism and electrical function of the cardiomyocyte. An 
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altered intracellular ATP/ADP ratio, as a consequence of mitochondrial dysfunction, results in 

opening of sarcKATP channels. This increases the K+ efflux and shortens the action potential 

duration (APD) 24. Shortening of the APD via sarcKATP channels reduces the time for Ca2+ 

influx via L-type Ca2+ channels (LTCC) during the action potential plateau phase and increases 

the time for Ca2+ extrusion via NCX 41. As a consequence, less intracellular Ca2+ is available 

and excitation-contraction coupling of cardiomyocytes is impaired 24. Via this mechanism, 

insufficient ATP levels in the cardiomyocyte diminish the contractile capacity of the cell. 

If a large amount of sarcKATP channels open at the same time, they hold the membrane 

potential very close to the K+ Nernst equilibrium potential and keep the cardiomyocytes in a 

non-excitable state 42. As consequence, in regions where sarcKATP channels are open due to 

metabolic stress, a ‘sink’ is created for depolarization of the myocardium. This phenomenon 

is called the ‘metabolic sink’. It impairs electrical conduction and is suggested to be an 

important substrate for cardiac arrhythmias (Figure 1) 42. Blocking sarcKATP channels with 

HMR1883 showed to reduce the incidence of ventricular arrhythmia in rats, rabbits, pigs and 

dogs 43–46. These findings have been confirmed in clinical studies where sarcKATP channel 

blockers reduced the incidence of ventricular arrhythmias in patients with decompensated 

heart failure and DM 47,48. 

Oxidative stress related arrhythmogenic substrate

A different and important aspect of mitochondrial dysfunction is the production of reactive 

oxygen species (ROS), which may result in oxidative stress 24. Oxidative stress is defined 

as the imbalance between the generation of ROS and the cellular antioxidant defense 15. 

ROS are unstable molecular structures such as superoxide (O
2

•−), hydrogen peroxide (H
2
O

2
), 

peroxynitrite (ONOO−) and hydroxyl radicals (•OH). They can damage proteins and lipids 

within the cell, activate intracellular signaling cascades and induce cellular dysfunction or 

cell death,15,49. To protect cellular functions from ROS, cells have two defense mechanisms: 

enzymatic and non-enzymatic pathways. The enzymatic pathway includes superoxide 

dismutase, catalase and glutathione peroxidase. Together they are responsible for breaking 

down superoxide into water and oxygen. The non-enzymatic pathways include a variety of 

redox-defense systems, for example antioxidant scavengers 50. The arrhythmogenic effect of 

ROS depends on ROS-induced ROS release (RIRR). This is an autocatalytic process by which 

high levels of ROS induce further ROS release from mitochondria 24. Increased oxidative 

stress through ROS is associated with the abnormal function of intracellular organelles, 

including the SR and mitochondria 49. Via several pathways, ROS leads to repolarization- 

and conduction abnormalities, eventually resulting in cardiac arrhythmias (Figure 4) 49. 

For example, destabilization of ΔΨm can cause oxidation of ion channels via ROS, and/or 

indirectly through phosphorylation of ion channels via activation of protein kinases (Figure 4) 

5151,52. Increased ROS production can also activate the unfolded protein response (UPR) that 

accordingly reduces ion channel functionality and creates repolarization abnormalities 49. In 

addition, oxidative stress impairs gap junction conduction and electrical coupling between 

cardiomyocytes. Elevation of ROS levels decreases the amount of Cx43 protein in the cell 
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and hampers gap junction conduction, resulting in cardiac arrhythmias and SCD (Figure 
4) 53,54. Moreover, ROS production disturbs the intracellular Ca2+ homeostasis, inducing SR 

Ca2+ sparks and increasing cytosolic Ca2+ levels, and causes fibrosis formation 55,56. Thereby, 

creating additional substrates for conduction abnormalities, triggered activity and re-entry 

based arrhythmias (Figure 4). The relationship between ROS production, disturbance of the 

Ca2+ homeostasis and structural remodeling will be explained later in this chapter. 

 To conclude, mitochondrial dysfunction can result in inadequate ATP synthesis and an 

increased ROS production. Insufficient supply of ATP to the cardiomyocyte results in activation 

of sarcKATP channels, which impair cardiomyocyte excitability, cardiac electrical conduction 

and cardiac contractility. Furthermore, enhanced cellular ROS levels cause RIRR, aberrant 

opening of various ion channels, repolarization abnormalities, impaired electrical conduction 

and eventually provokes different types of malignant cardiac arrhythmias.

Effect of mitochondrial dysfunction on cardiac calcium handling
ACM is regarded a disease in which desmosomal mutations are an important causative factor 

and mutations in PKP2 are associated with most cases of ACM 10. Desmosomal proteins fulfil 

an important role in cell-cell adhesion. In addition, conditional PKP2 knockout (PKP2-cKO) 

and heterozygous PKP2 knock out (PKP2-Hz) mouse models showed that PKP2 is also an 

Figure 4. Schematic overview of the factors via which mitochondrial dysfunction can lead to cardiac arrhythmias. 
ATP: adenosine triphosphate, sarcKATP: ATP sensitive potassium channels on the sarcolemma, ROS: reactive oxygen 

species.
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important transcriptional and non-transcriptional regulator of Ca2+ handling related proteins 

10,39. In PKP2-cKO mice, right ventricular Ca2+ dysregulation upon PKP2 deletion precedes the 

cardiomyopathic stage and likely triggers gross structural changes at later stages of the disease 

12. Besides desmosomal mutations, ACM can also be caused by mutations in genes directly 

involved in cardiac Ca2+ dynamics, such as the ryanodine receptor (RyR2) and phospholamban 

(PLN). Variants in RyR2 are classically linked to the inherited arrhythmogenic disease 

Catecholaminergic polymorphic ventricular tachycardia (CPVT), although RyR2 missense 

mutations have also been found in ACM patients. These RyR2 variants can enhance Ca2+ 

leakage out of the sarcoplasmic reticulum (SR), predisposing to delayed after depolarization’s 

(DADs) and ventricular arrhythmias 57. Moreover, recently the Dutch founder mutation PLN-

R14del has been associated with the development of ACM 58. Under physiological conditions, 

PLN inhibits the Ca2+ affinity of SERCA and SERCA inhibition can be relieved upon PLN 

phosphorylation. The PLN-R14del mutated protein has a stronger affinity for SERCA2a, leading 

to an increased inhibition of SERCA2a and a disruption of normal intracellular Ca2+ dynamics 

59,60. Impaired SR Ca2+ reuptake, intracellular Ca2+ overload and activation of pathogenic Ca2+ 

signaling pathways have been suggested to cause fibrofatty ventricular remodeling and failure 

over years 61,62. These findings indicate an interesting link between disturbed intracellular Ca2+ 

dynamics, structural remodeling of the heart and initiation of ventricular arrhythmias. The 

phenotypical characteristics of PLN-R14del patients highlight, in combination with findings 

in the PKP2-cKO mouse model, that a disturbed intracellular Ca2+ homeostasis can be an 

important factor for the cardiac electrical and structural remodeling of ACM patients. 

 Cardiac mitochondria play an important role in the intracellular ion homeostasis of 

cardiomyocytes, especially for Ca2+ ions 21. In PKP2-cKO mice, severe RV Ca2+

i
 disturbances 

are present (e.g. increased Ca2+ load in the SR and mitochondria), initiating isoproterenol 

(ISO) induced ventricular tachycardia’s, in the phase before overt structural changes are 

present 12. Previous studies have suggested that mitochondrial metabolism differs between 

the LV and RV. Therefore, it would be tempting to speculate that mitochondrial dysfunction 

can alter intracellular Ca2+ sensitive pathways and break the Ca2+ balance in the cell, leading 

to RV initiated electrical disturbances in ACM patients. This could for example be mediated 

via reduced ATP production, enhanced ROS production, direct interference with the Ca2+ 

handling related proteins or mitochondrial Cx43 (mtCx43) hemichannels. These possibilities 

will be discussed in the following paragraphs.

Mitochondrial calcium cycling 

The cellular Ca2+ homeostasis is maintained by both SR and mitochondrial Ca2+ cycling 

63. Mitochondria are defined by two structurally and functionally different membranes, 

the outer membrane (OMM) and the inner membrane (IMM) which surround the 

intermembrane space (IMS). The mitochondrial membrane contains large amounts of 

invaginations enclosing the mitochondrial matrix, referred to as “cristae”.  Cristae junctions 

are tubular structures, which regulate and limit the random diffusion of molecules into the 

IMS. Mitochondria are linked to several other intracellular structures, especially the SR, 
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enabling Ca2+ and lipid transfer between these two organelles. The mitochondrial matrix 

[Ca2+] is tightly regulated via mitochondrial Ca2+ influx and efflux.  Ca2+ influx requires a 

balanced mitochondrial membrane potential (negative charge inside) and an electrogenic 

Ca2+ uniporter 26. Ca2+ crosses the outer mitochondrial membrane (OMM) through voltage 

dependent anion channels (VDAC), large channels that are permanently permeable to 

Ca2+. VDAC permits Ca2+ flux into the intermembrane space and the mitochondrial Ca2+ 

uniporter (MCU) allows Ca2+ entry from the intermembrane space into the mitochondrial 

matrix. The mitochondrial [Ca2+] plays an important role in regulation of mitochondrial ATP 

production 64 29. However, a prolonged and sustained increase of the mitochondrial Ca2+ 

level opens the permeability transition pore (mPTP), collapses the membrane potential 

(ΔΨm) and activates apoptotic pathways 64. Ca2+ that enters the mitochondrial matrix can 

be pumped back into the intermembrane space via the mitochondrial Na+/Ca2+ exchanger 

(mNCX) and via ubiquitous H+/Ca2+ exchange. This means that the mitochondrial [Ca2+] is 

set by the dynamic balance between MCU Ca2+ entry and Ca2+ extrusion via the mNCX 29. 

Under physiological circumstances, the mitochondrial Ca2+ influx and efflux is relatively small 

and unlikely to affect the cytosolic Ca2+ concentration 29. Under pathological circumstances, 

mitochondrial Ca2+ overload increases ROS production, induces oxidative stress and 

thereby interferes with the SR Ca2+ cycling and elevates cytosolic  Ca2+ levels 24. Elevated 

cytosolic Ca2+ levels activate several pro-arrhythmic pathways and cause triggered activity 

in the heart 35,65. Recent studies have also shown the contribution of mitochondrial Cx43-Hs 

to mitochondrial Ca2+  entry 63. In PKP2-cKO RV cardiomyocytes, Cx43 hemichannels in the 

sarcolemma increase the membrane permeability and cause intracellular Ca2+  overload 12. 

It is tempting to speculate that an increased mitochondrial membrane permeability, via 

mt-Cx43 hemichannels, allows excessive entry of Ca2+ into the mitochondria and induces 

mitochondrial Ca2+ overload upon loss of PKP2 expression (Figure 5). 

Oxidative stress and intracellular calcium dynamics

Mitochondrial calcium overload

The link between disturbed cytosolic Ca2+

 
levels and cardiac arrhythmias is well established, 

although mitochondrial Ca2+ dysregulation as substrate for arrhythmias is less clear 42. Oxidative 

stress can induce mitochondrial Ca2+ overload via the MCU. An overload of mitochondrial Ca2+ 

results in opening of mPTP, collapse of ΔΨm, release of cytochrome c and eventually myocyte 

death (Figure 5) 24. It has been demonstrated that the H
2
O

2
-induced activation of MCU and 

subsequent mitochondrial Ca2+ overload can be decreased by overexpression of microRNA 

25 (MiR-25). Overexpression of MiR-25 reduced the MCU protein levels, diminished H
2
O

2  

driven elevation of the mitochondrial Ca2+ levels and inactivated the mitochondrial apoptotic 

pathway 66. Prevention of mitochondrial Ca2+ overload, via inhibition of MCU, has also proven 

protective against the development of cardiac arrhythmias 67. Mitochondrial Ca2+ overload 

promotes excessive ROS production and oxidative stress, of which the consequences have 

already been discussed in the previous paragraphs. 
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Ryanodine Receptor oxidation

RyR2 is a crucial component of Ca2+-induced Ca2+-release (CICR) and highly sensitive to 

oxidative stress, as it is oxidized by increased ROS levels in the cytosol 67,68. Oxidation of RyR2 

causes opening of the channel pore and Ca2+ leak out of the SR. This SR Ca2+ leak results in Ca2+ 

sparks, cytosolic Ca2+ overload and SR Ca2+ depletion, inducing delayed after depolarization’s 

(DADs) and impairment of the cardiac contractile force 56,69. Enhanced cytosolic Ca2+ levels 

cause mitochondrial Ca2+ overload via an increased MCU Ca2+ uptake, eventually provoking 

a pro-arrhythmic vicious cycle of malignant high cellular Ca2+ levels (Figure 5) 56,69. Elevated 

cytosolic Ca2+ levels also activate a variety of pathogenic Ca2+ sensitive signaling pathways 

in cardiomyocytes, as for example the one including Ca2+/Calmodulin-dependent kinase II 

(CaMKII) 35.

Figure 5. Graphic illustration of the processes via which mitochondrial dysfunction causes intracellular calcium 
handling disturbances. Oxidative stress induces mitochondrial calcium (Ca2+) overload via the MCU. Mitochondrial Ca2+ 

overload increases reactive oxygen species (ROS) production, oxidizes ryanodine receptors (RyR2) and will subsequently 

cause sarcoplasmic reticulum (SR) Ca2+ leakage. Excessive SR Ca2+ release creates elevated cytoslic Ca2+ levels and free 

Ca2+ ions will be transported into the mitochondria via the mitochondrial Ca2+ uniporter (MCU). The increased intracellular 

[Ca2+] activates the pathologic Ca2+ dependent protein Ca2+/calmodulin-dependent protein kinase II (CaMKII). ROS 

and Ca2+ induced sustained activation of CaMKII hyper-phosphorylate the l-type Ca2+ channel (LTCC), sodium channel 

(Na
V
1.5) and RyR2, increasing the sodium current (I

Na
), [Na]

i
 and [Ca2+]

i
. Connexin43 (Cx43) and mitochondrial Cx43 

(mtCx43) can cause cytosolic and mitochondrial Ca2+ overload. Mitochondrial Ca2+ overload causes mitochondrial 

death, apoptosis and fibrosis in the heart. LTCC: l-type calcium channel, NCX: sodium calcium exchanger, NKA: sodium 

potassium ATPase, RyR2; ryanodine receptor, SERCA: sarco/endoplasmic reticulum Ca2+-ATPase, PLN: phospholamban, 

Cx43: connexin43, mtCx43: mitochondrial connexin 43, MCU: mitochondrial Ca2+ uniporter, SR: sarcoplasmic reticulum, 

CAMKII: Ca2+/calmodulin-dependent protein kinase II, ROS: reactive oxygen species
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Calcium/calmodulin-dependent protein kinase II activation

CaMKII is a multifunctional serine/threonine kinase located at the cell membrane, cytoplasm 

and in the nucleus of cardiomyocytes. Ca2+ and Calmodulin facilitate CaMKII activation under 

physiological conditions, though CaMKII is also a substrate for its own monomers 70. Under 

pathological conditions ROS can directly oxidize CaMKII, leading to its persistent activity 
52. Once activated (via ROS or elevated cytosolic Ca2+ levels) CaMKII can target several 

ion channels and transcription factors, which coordinate cardiac electrical and mechanical 

mechanisms (Figure 5) 71. CaMKII can for example hyper-phosphorylate the L-type Ca2+ channel 

(Ca
V
1.2), Na

V
1.5 and RyR2, thereby increasing cytosolic Ca2+ levels 71. This leads to contractile 

dysfunction and afterdepolarizations, as discussed before. Moreover, the increased cytosolic 

Ca2+ levels can lead to mitochondrial Ca2+ overload, further increasing ROS production 

and ultimately resulting in cell death 24. It has been shown that oxidative CaMKII activation 

leads to afterdepolarizations in isolated rabbit cardiomyocytes, caused by phosphorylation 

of L-type Ca2+ (LTCC) and Na+ channels 72. In addition, mitochondrial-targeted antioxidant 

treatment has shown to suppress early afterdepolarizations in an in silico model of guinea pig 

cardiomyocytes 72. Phosphorylation of Na
v
1.5 delays the I

Na
 recovery time after inactivation and 

enhances the persistent late Na+ current 73. Under pathophysiological conditions, the CaMKII 

induced increased Na+ peak current further elevates diastolic Ca2+, as increased cytosolic Na+ 

levels stimulate the Ca2+ influx via the sodium- Ca2+ exchanger (NCX) 74. Elevated cytosolic 

Ca2+ levels enhance the phosphorylation and activation of CAMKII, ending in a positive 

feedback loop in which a CaMKII-dependent increase of I
NaL

, alters the Ca2+ homeostasis and 

persistent activation of CaMKII. When during the plateau phase more Ca2+ and Na+ enter the 

cell, early after depolarization’s (EADs) can develop, provoking ectopic activity in the heart 73. 

Overexpression of CaMKIIδ in rabbit cardiomyocytes has proven to increase the I
Na

, [Na]
i
 and 

cause accumulation of Ca2+

i
 75. CaMKIIδ knock out in murine cardiomyocytes blunts the ROS 

(H
2
O

2
)-induced intracellular accumulation of Na+ and Ca2+ and its subsequent incidence of 

ventricular arrhythmias, hypercontraction and SCD 75. This implies that ROS-induced CaMKII 

activation causes cellular Na+ overload and, as a consequence, disturbs the Ca2+ balance in 

the cell.

L-type calcium channel and Na+/Ca2+ exchanger

The L-type Ca2+ channel (LTCC) is a voltage gated Ca2+ channel that couples electrical 

activation, via an action potential, to contraction of the cardiomyocyte. The effects of ROS 

on LTCCs are controversial 20. On one hand, it has been shown that elevated mitochondrial 

ROS levels increase the I
Ca

 in guinea pig ventricular cardiomyocytes 76. On the other hand, 

increased ROS levels decreased I
Ca

 in hamster ventricular cardiomyocytes. This could be 

due to energy depletion or Ca2+ overload, rather than oxidation of the LTCC 77. It should 

be taken into account that results can vary between animal species and different types of 

ROS. The subset of ROS components differs in reactivity and oxidation potential 20.  The Na+/

Ca2+ exchanger (NCX) is an antiporter membrane protein which mainly works in the forward 

mode, pumping 3 Na+ ions into the cardiomyocyte in exchange for 1 Ca2+ ion 78. Whether 
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NCX acts in the forward or reversed mode depends on the driving force of the intracellular 

ion concentrations: high cytosolic [Ca2+] favors the forward mode, whereas high cytosolic [Na+] 

and a positive membrane potential favor the reverse mode 79. The effect of oxidative stress 

on NCX activity is also controversial, as ROS has proven to both stimulate and decrease NCX 

activity 80. Nevertheless, both RyR2 oxidation and CaMKII activation elevates the cytosolic 

[Ca2+], forcing NCX into the forward mode, inducing a depolarizing current and making the 

cell susceptible for DADs 79. 

 To summarize, oxidative stress resulting from mitochondrial dysfunction can induce 

mitochondrial Ca2+ overload via the MCU. Mitochondrial Ca2+ overload increases ROS 

production, oxidizes RyR2 and will subsequently cause SR Ca2+ leakage. Excessive SR Ca2+ 

release creates elevated cytosolic Ca2+ levels and free Ca2+ ions will be transported into the 

mitochondria via MCU. Mitochondrial Ca2+ reuptake and subsequent ROS production creates 

a vicious pro-arrhythmic environment in the cardiomyocyte. The increased intracellular 

[Ca2+] prolongs the APD, initiates afterdepolarizations, causes contractile dysfunction and 

importantly activates pathologic Ca2+ dependent signaling pathways as for example CaMKII. 

ROS and Ca2+ induced sustained activation of CaMKII will hyper-phosphorylate Ca
V
1.2, 

Na
V
1.5 and RyR2, increasing I

Na
, [Na]

I
 and [Ca2+]

I. 
Via these mechanism, a separate vicious pro-

arrhythmic cycle of altered Ca2+ homeostasis and CaMKII activation is initiated in the cell 75,81. 

It should be noted though that whether these mechanisms, all or in part, are present in ACM 

hearts, remains to be studied. 

Mitochondrial dysfunction and structural remodelling
Besides ventricular arrhythmias ACM is characterized by fibrofatty replacement of the 

ventricular myocardium 3. Fibroblasts can become activated upon injury or environmental 

stress, triggering their differentiation into myofibroblasts, the primary collagen-producing cell 
82. Myofibroblast differentiation further induces pro-fibrotic responses, including the production 

of extracellular matrix proteins, collagen and cytokines 83. Excessive deposition of collagen, in 

between or in place of the healthy myocardium, interferes with the cardiac electrophysiology. 

Collagen deposition in the heart acts as a physical barrier to conduction, facilitating re-entry 

84. Molecular signatures underlying the epicardium-initiated fibrofatty replacement in ACM 

hearts remain largely unexplored 5,62. Previous studies have proposed that abnormal trafficking 

of intracellular proteins to the ID and subsequent Wnt/β-catenin and Hippo-YAP pathway 

activation underlie the disease pathogenesis in ACM 85. Involvement of mitochondrial related 

processes in fibrofatty infiltration of ACM hearts have not been well studied and may be an 

interesting new target. Especially, since previous studies showed apoptosis in ACM-affected 

hearts and RV vs. LV differences in (mitochondrial) Ca2+ handling during the concealed stage 

of the disease 12,16,17,86. This suggests that alterations in mitochondrial function might serve as 

early component in ACM, preceding overt structural disease and apoptosis.
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ATP- and ROS-induced collagen production

Multiple cellular and animal models have been used to explore the role of PKP2 in pro-fibrotic 

processes. Dubash et al.  showed that paracrine pathways might be responsible for inducing 

fibrosis in the setting of PKP2 deficiency 38. In HL-1 cells lacking PKP2, transforming growth 

factor (TGF)-β1 expression was increased and the p38-mitogen-activated protein kinases 

(MAPK) pro-fibrotic program was activated. Importantly, this study also showed that p38-

MAPK was activated in neighboring, PKP2-postive, HL-1 cells 38. These data strongly suggest 

cell-cell communication between PKP2 positive and negative cells and the presence of a 

paracrine pathway for induction of the pro-fibrotic processes. The molecular carrier of this 

cell-cell communication was not identified. Recently, Cerrone et al. explored adenosine as 

a possible pro-fibrotic molecular cell-cell messenger in the PKP2-deficient heart 87. Previous 

studies showed that binding of adenosine to the adenosine 2A receptor (A2AR) enhances 

collagen deposition in skin, lung and liver tissue 88. A2AR activation can induce TGF-β1 

expression and activate GSK3-β and Wnt-signaling pathways 89–91. In the heart, ATP can rapidly 

convert to adenosine, which bind to its G-coupled protein receptor (A2AR) 92,93. In the study 

of Cerrone et al., we showed that ATP release was significantly higher in PKP2-deficient cells 

and that this effect was blunted when Cx43 was also silenced 87. This suggests that Cx43 

hemichannels may act as a conduit for ATP release in PKP2-deficient cells. As proposed in 

Kim et al., reduced intercellular adhesion strength by PKP2 deficiency may disrupt the gap 

junction plaque integrity and create a pool of Cx43 hemichannels at the ID (perinexus) 12. 

Cx43 hemichannels can passively leak intercellular solutes as ATP, via mitochondria closely 

resembling at the site of cell-cell contact 94. In this particular study, Cerrone et al. treated 

PKP2-cKO mice with Istradefylline, a specific A2AR antagonist and indeed less collagen was 

found in both ventricles of PKP2-cKO mice after treatment 87. 

Connexin43 

Cx43 is the predominant connexin protein expressed in ventricular cardiomyocytes. Six 

Cx43 proteins can assemble in a hemichannel (called a connexon) at the sarcolemma and 

opposing hemichannels (of the adjacent cell) in the ID form a full functional gap junction 

channel 95. Gap junctions regulate cell-cell coupling between cardiomyocytes, conducting 

the passage of small molecules, metabolic substrates and electrical current between the 

adjacent cells 95. Under pathological conditions, Cx43 expression is decreased at the ID and 

can be redistributed as Cx43 hemichannels to the lateral side of the cardiomyocyte 96. Cx43 

hemichannels are large non-selective conduction pores, transporting small molecules and ions 

via concentration gradients across the cellular membrane. By this mechanism, hemichannels 

can release ATP, exchange Na+ and Ca2+ ions and release K+ ions 97. A large number of 

studies have demonstrated lateralization and heterogeneous distribution of Cx43 in the 

myocardium of patients with hypertrophic cardiomyopathy, dilated cardiomyopathy, ischemic 

cardiomyopathies and heart failure 98–100. In ACM patients, a diminished expression of Cx43 

at the ID was demonstrated in a large cohort of patients 2. Reduced ID Cx43 expression and 
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lateral Cx43 localization contribute to abnormal electrical impulse propagation and thereby 

create an arrhythmogenic substrate in the ACM heart. In addition, in a murine model of PKP2 

deficiency, Cx43 hemichannels in the perinexus were linked to intracellular Ca2+ disturbances 

and ISO-induced ventricular arrhythmias 12. An increased membrane permeability, via ID-

located orphan Cx43 hemichannels, increased cellular Ca2+ entry and Ca2+ load in the SR, 

cytoplasm and mitochondria of PKP2-cKO RV cardiomyocytes (Figure 5) 12. It is tempting 

to speculate that these RV specific Ca2+ disturbances cause gross structural changes at later 

stages of the disease. Cx43 is also present on the mitochondrial membrane, though almost 

exclusively at mitochondria that are located directly beneath the sarcolemma 97. It has been 

suggested that ROS can increase the expression of mtCx43, via activation of the p38-MAPK 

pathway 101. Close proximity of Cx43 hemichannels, mitochondria and mtCx43 might facilitate 

ATP and Ca2+ exchange, that under pathological conditions can interfere with intracellular and 

mitochondrial Ca2+ dynamics and activate pro-fibrotic pathways (Figure 6).

Pannexin-1 

Pannexins seem to play an essential role in oxidative stress. These “connexin-like” proteins 

are present in vertebrates and, unlike connexins, they do not form gap junctions 102. Pannexins 

do have functional characteristics that distinguish them from connexin hemichannels. Indeed, 

pannexins are not regulated by high extracellular Ca2+ levels, but are sensitive to high 

intracellular Ca2+ and extracellular ATP 103,104. Pannexin-1 forms large conductance channels 

and can be activated by Ca2+ released from the SR 102. Pannexin-1 hemichannels can allow 

passage of Ca2+, ATP and other small molecules across the membrane, in a manner  similar to 

that of Cx43 hemichannels 105. Upon stressful conditions, oxidative stress activates Pannexin-1 

hemichannels; the latter was shown  in a model of ischemia reperfusion, where ROS led to 

increase opening of pannexin-1 hemichannels during oxygen and glucose deprivation 106. 

In addition, cellular stress does increase the ATP released of cardiomyocytes via Pannexin-1 

107. Pannexin-1 mediated ATP release activates G-coupled P2X and P2Y receptors, further 

triggering the accumulation of ROS, via their underlying pathways 105,108,109. P2X and P2Y 

activation enhances the transcription of fibrotic genes, such as TGF-β1 110. Besides ROS/TGF-β1 

signalling, pannexin hemichannels do also promote fibrotic remodelling via inflammation. 

In a murine model of lung fibrosis, pannexin hemichannels showed to be involved in the 

acute inflammatory response, as ATP-P2Xy receptor activation provoked interleukin-1ß (IL-

1ß) maturation 111. ATP not only directly activates P2X and P2Y receptors, but can also be 

converted to AMP and adenosine, activating A2AR and underlying pro-fibrotic pathways as 

explained before (Figure 6) 90.

ROS-induced fibroblast differentiation

As noted above, both Pannexin-1 and Cx43 hemichannels are involved in cardiac fibrosis 

formation, likely via release of ATP from the cardiomyocytes. The fact that Pannexin-1 is 

activated by intracellular Ca2+ levels and SR Ca2+ release, both increased by ROS-induced 
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RyR2 oxidation, highlights Pannexin-1 as an interesting new target in mitochondrial related 

pro-fibrotic processes of ACM. In addition to the indirect (Pannexin-1 mediated) ROS-induced 

fibrosis formation, it has been demonstrated that mitochondrial ROS also directly promotes 

fibroblast differentiation 112. For example, superoxide activates TGF-β1 expression, fibroblast 

differentiation into myofibroblasts and subsequent extracellular matrix (ECM) deposition 112,113. 

Myofibroblasts are characterized by expression of contractile proteins, such as smooth muscle 

 Figure 6. Graphic illustration of the processes via which mitochondrial dysfunction causes pro-fibrotic remodeling 
in the heart. Relocation of connexin43 (Cx43) hemichannels to the lateral membrane enables release of adenosine 

triphosphate (ATP) into the extracellular space, via mitochondria close residing at sides of cell-cell contact. ATP can 

directly activate P2X/Y channels and also convert into adenosine diphosphate (ADP), adenosine monophosphate (AMP) 

and adenosine. Adenosine subsequently activates pro-fibrotic signaling pathways, via adenosine 2A receptor (A2AR) 

binding. Pannexin-1 is activated via enhanced cytosolic calcium (Ca2+) levels and sarcoplasmic (SR) Ca2+ release and 

has the same ATP-mediated pro-fibrotic factor capacity as Cx43 hemichannels. Superoxide activates transforming 

growth factor (TGF)-β1 expression, fibroblast differentiation into myofibroblasts and subsequent extracellular matrix 

(ECM) deposition. TGF-β1-mediates reactive oxygen species (ROS) production, regulates α-smooth muscle actin (SMA) 

expression in the cell and the conversion of fibroblasts into myofibroblasts and TGF-β1 promotes the production 

of superoxide via stimulating NADPH oxidase 4 (Nox4). Nox4 superoxide production is also regulated via Smad2/3 

activation, Smad2/3 activation leads to enhanced activation of Nox4, creating a pro-fibrotic positive-feedback loop in the 

heart. Cx43: connexin43, ATP: adenosine triphosphate, ADP: adenosine diphosphate, AMP: adenosine monophosphate, 

A2AR: adenosine 2A receptor, AC: adenylate cyclase, cAMP: cyclic AMP, PKA: protein kinase A, ROS: reactive oxygen 

species, TFs: transcription factors, Col1α: collagen 1α, Col3α: collagen 3α, Nox4: NADPH oxidase 4, TGF-β1: transforming 

growth factor beta 1, α-SMA: alpha smooth muscle actin.
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α-actin (α-SMA). Cucoranu et al. showed that TGF-β1-mediated ROS production regulates 

α-SMA expression in the cell and the conversion of fibroblasts into myofibroblasts 113. In 

human cardiac fibroblasts, TGF-β1 promotes the production of superoxide via stimulating 

NADPH oxidase 4 (Nox4) and superoxide subsequently stimulates α-SMA expression and 

ECM deposition. Nox4 superoxide production is regulated via Smad2/3 activation. Moreover, 

Smad2/3 activation leads to enhanced activation of Nox4, creating a pro-fibrotic positive-

feedback loop (Figure 6) 113.

PPAR-induced apoptosis and lipogenesis

Cardiac metabolic activity is tightly regulated by expression levels of metabolic enzymes and 

their posttranslational modifiers. One important class of transcriptional regulators for FA use 

are nuclear Peroxisome proliferator–activated receptors (PPAR). PPARα is the predominant 

isoform in the heart, although PPARδ and PPARγ also regulate lipid metabolism,114,115. PPARγ 

is mainly expressed in adipose tissue and contributes to adipogenesis, the differentiation of 

pre-adipocytes to adipocytes 116. PPARs interact with members of the PPAR-γ coactivator-1 

(PGC-1) family and co-activation of these proteins increases the FA uptake capacity and FAO 
117. Recently, an interesting link was found between cardiomyocyte metabolism, apoptosis 

and lipogenesis in an induced pluripotent stem cell cardiomyocyte (iPSC-CM) model of ACM. 

Dermal fibroblasts from patients harboring a PKP2 mutation were reprogrammed to generate 

iPSC-CMs and mutant PKP2 iPSC-CMs demonstrated exaggerated lipogenesis and apoptosis 
18,19. Kim et al. presented PPARα, β/δ and γ as key regulators in these processes, especially 

PPARγ seem to be activated.18 Experimental PPARγ over-activation in PKP2-iPS-CMs also 

induced exaggerated lipogenesis and pronounced apoptosis, caused by pathogenic PPARγ 

and PPARα co-activation 18. In addition, Kim et al. assessed the involvement of ROS in 

pathogenesis of PKP2 iPSC-CM and decreased ROS levels could indeed prevent cardiomyocyte 

death of these iPSC-CM 18. As discussed earlier, the heart experiences a metabolic switch after 

birth, changing substrate oxidation from glucose to FA 25. After pathogenic co-activation of 

PPARγ and PPARα, the mutant PKP2 iPSC-CMs also demonstrated a fuel shift from FA and 

glucose metabolism to pre-dominant glucose utilization 18. These data strongly suggest that 

pathological metabolic changes underlie disease progression in ACM patients harboring 

a PKP2 mutation. The engagement of PPARs in a PKP2-related cardiomyopathy has been 

confirmed in the PKP2-cKO mouse model 10. KEGG analysis of transcriptional regulation in 

PKP2-cKO murine hearts presented the adipocytokine signaling pathway as one of the most 

upregulated pathways, with a predominant effect on PPARα 10. Moreover, GTEx-based analysis 

of human RNA abundance in the heart revealed that PPARα is a member of a PKP2-centered 

gene network, thus suggesting a direct regulation of PPARα levels by PKP2 expression 11.

 In conclusion, cellular ATP release and increased oxidative stress are important pro-

fibrotic aspects in the heart. Cx43 hemichannels in the perinexus enable release of ATP 

into the extracellular space, via mitochondria close residing at sides of cell-cell contact. 

ATP can directly activate P2X/Y channels and also convert into ADP, AMP and adenosine. 

Adenosine subsequently activates pro-fibrotic signaling pathways (as TGF-β1 activation) via 
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A2AR binding. Pannexin-1 has the same ATP-mediated pro-fibrotic factor capacity as Cx43 

hemichannels. Interestingly, pannexin hemichannels are activated via enhanced cytosolic Ca2+ 

levels and SR Ca2+ release, which is increased by ROS-induced RyR2 oxidation. Furthermore, 

Nox4-derived ROS can induce fibrosis via TGF-β1 activation and fibroblast differentiation into 

myofibroblasts. The increased apoptosis and adipogenesis in ACM patients are likely caused 

by co-activation of PPARγ and PPARα, which points towards an altered metabolic state of the 

ACM heart. 

CONCLUSION

In ACM patients, malignant ventricular arrhythmias and sudden cardiac death largely occur in 

the pre-clinical phase of the disease, before overt structural changes. To prevent or interfere 

with the disease progression, more insight into the mechanisms related to electrical instability 

in ACM hearts is needed. At present, a large extent of research is focused on the link between 

cardiac arrhythmias and metabolic disease. Mitochondrial dysfunction can affect the electrical 

balance in cardiomyocytes and favor arrhythmogenesis. The role of mitochondrial dysfunction 

in ACM pathology is still unclear, and mitochondrial biology and structure in the ACM heart 

remains understudied.  Here, we review the relation between mitochondrial dysfunction and 

typical hallmarks of ACM.

 Mitochondrial dysfunction reduces ATP production and increases ROS production 

in the heart. Upon insufficient ATP supply, the predominantly closed sarcKATP channels 

can become conductive. Open sarcKATP channels can impair electrical conduction in the 

heart, by reducing cardiomyocyte excitability. In addition, increased ROS production leads 

to abnormal opening of various ion channels and reduces the expression of gap junctions. 

Mitochondrial Ca2+ overload (via for example mtCx43) increases ROS production, oxidizes 

RyR2 and subsequently induces SR Ca2+ leakage. This results in repolarization abnormalities, 

ectopic activity, conduction defects and eventually (re-entry based) cardiac arrhythmias. ROS 

oxidation also indirectly affects ion channels, transcription factors and (pathogenic) intracellular 

processes, through the multifunctional protein CaMKII. Appearance of fibrosis, apoptosis 

and lipogenesis is highly related to mitochondrial (dys)function. Fibrosis formation can be 

induced via Cx43 hemichannel-mediated ATP release, SR Ca2+-driven Pannexin-1 activation 

and ROS-TGF-β1-Nox4 activated fibroblast differentiation.  Whether some or all of these 

changes are present in cardiomyocytes of hearts deficient in desmosomal proteins remains to 

be determined.  PPARγ and PPARα co-activation is a possible link between metabolic changes 

in PKP2-deficient patients, apoptosis and lipogenesis. Yet their relative contribution remains 

a subject of further investigation. 

 The limited amount of experimental evidence in ACM models makes it hard to 

determine whether mitochondrial dysfunction indeed precedes and/or accompanies ACM 

pathogenesis. Mutations in mitochondrial DNA can provoke mitochondrial dysfunction and 
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activate the mechanisms we discussed. On the contrary, loss of ID integrity might also affect 

the intracellular ion homeostasis (e.g. Ca2+) and alters mitochondrial activity and homeostasis. 

The cardiac stress responses upon mutations in ID-associated proteins likely activates several 

mechanisms related to mitochondrial dysfunction, such as inflammation and apoptosis. 

Postulated hypotheses are largely based upon findings in experimental PKP2 models, which 

are of course not representative for the entire ACM population, therefore extrapolations 

should be done with caution. Nevertheless, these models can be very useful in discovering 

ACM-related mitochondrial biology and testing of therapeutic targets, as for example anti-

oxidant treatment or genetic repair. 
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ABSTRACT

Sudden cardiac death is a leading cause of death worldwide, mainly caused by highly 

disturbed electrical activation patterns in the heart. Currently, murine models are the most 

popular model to study underlying molecular mechanisms of inherited or acquired cardiac 

electrical abnormalities, although the numerous electrophysiological discrepancies between 

mouse and human raise the question whether mice are the optimal model to study cardiac 

rhythm disorders. Recently it has been uncovered that the zebrafish cardiac electrophysiology 

seems surprisingly similar to the human heart, mainly because the zebrafish AP contains a clear 

plateau phase and ECG characteristics show alignment with the human ECG. Although, before 

using zebrafish as a model to study cardiac arrhythmogenesis, however, it is very important 

to gain a better insight into the electrophysiological characteristics of the zebrafish heart. In 

this review we outline the electrophysiological machinery of the zebrafish cardiomyocytes, 

with a special focus on the intracellular Ca2+ dynamics and excitation-contraction coupling. 

We debate the potential of zebrafish as a model to study human cardiovascular diseases and 

postulate steps to employ zebrafish into a more ‘humanized’ model.
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INTRODUCTION

Sudden cardiac death accounts for 25% of all deaths worldwide 1. The underlying causes are 

coronary artery disease and genetic or acquired disorders which affects structure and electrical 

signaling in the heart. Examples of inherited arrhythmic syndromes are arrhythmogenic 

right ventricular cardiomyopathy (ARVC), long QT syndrome (LQTS) and catecholaminergic 

polymorphic VT (CPVT) 1,2. These diseases are caused by mutations in genes encoding for ion 

channels or desmosomal proteins, which consequently change the electrical signaling in the 

heart 1. To get more insights into these diseases, researchers employ animal models to examine 

the effects of these mutations on electrical signaling 3. To obtain the most valuable results with 

animals and to be able to extrapolate these results to humans, the right animal model should 

be chosen. Obviously, this should be one which optimally reflects functionality of the human 

heart, and in particular the model should reflect its electrophysiological characteristics.

 The current and most popular models used for cardiac related studies are mice (mus 

musculus) 3. The main advantage of using mice as animal model is the large similarity in 

morphology of the murine heart when compared to human. However, the electrophysiology 

of a murine heart differs significantly from humans, due to differences in, for example, heart 

rate and action potential (AP) 3,4. This complicates extrapolation of observations that are made 

in murine models to the human situation, especially concerning electrophysiology. New and 

more improved models are therefore welcomed to study the underlying mechanisms of 

arrhythmogenic cardiomyopathies. 

 The zebrafish (Danio rerio) is a widely-used model for studying developmental processes 

and drug testing 3,5,6. Zebrafish are easy to maintain and the transparency during juvenile 

stages make them a useful tool to observe developmental defects. Beside this, the genome of 

zebrafish is fully known 3,4,5. The anatomy of the zebrafish heart differs from mammals, however 

there are promising similarities in heart rate and shape of the AP 3,4. This marks them as a 

potential interesting model to study cardiac electrophysiological disorders. The zebrafish AP 

morphology is in close accordance with the human situation, as well as the expression of the 

most important ion channel orthologues 3. On the other hand, it is still unknown if all underlying 

ion channels and ion currents are representative for the human situation. Altogether, before 

using zebrafish as a model to study cardiac arrhythmogenesis, it is therefore important to get 

a better insight into the electrophysiology of the zebrafish heart. For that reason, in this review 

we provide more insights into the potential of employing zebrafish as a model to study human 

cardiovascular diseases in comparison to mammals like mice. In particular, Ca2+ signaling and 

excitation-contraction coupling (EC-coupling) are the focus of interest in this review. 
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Cardiac morphology and electrophysiology
Human

The human heart has a pyramidal shape and consists of two atria and two ventricles, see 

Figure 1A. Electrical activation that precedes cardiac contraction is spontaneously generated 

by the sino-atrial (SA) node, the cardiac pacemaker, which is located at the upper part of the 

right atrium. The electrical impulse propagates over the heart and the depolarizing wavefront 

first depolarizes the cardiomyocytes of the atria to induce contraction which facilitates an 

optimal blood flow into the ventricles. When the wavefront reaches the atrioventricular (AV) 

node, there is a short delay to complete atrial systole before the depolarizing wavefront 

is conducted further to the ventricles. From the AV node, the bundle of His depolarizes, a 

structure that subsequently splits into left and right branches in the ventricle, terminating in 

the Purkinje fibers. Purkinje fibers cannot contract, but these cells facilitate a fast propagation 

of the depolarizing wavefront from the apex to the cardiomyocytes at the base of the heart. 

This enables the heart to contract in a coordinated fashion, propelling the blood with maximal 

intra-cardiac force into the circulatory system 4.

Ion channels such as the sodium (Na+), potassium (K+) and calcium (Ca2+) channels underlie the 

mechanism of cardiac excitability 5. Human cardiac muscle cells contract after depolarization 

and relax after repolarization 5.  The human AP is divided into five phases, phase 0 represents 

a rapid depolarization from the resting membrane potential of -90 mV to +20 mV, due to 

the opening of sodium channels (I
Na

) 6 (Figure 2A). In phase 1 the I
Na

 channels inactivate 

and rapid transient outward potassium channels (I
to

) open. Thereby, K+ ions flow out of the 

cell, slightly repolarizing the membrane potential 6 (Figure 2A). Phase 2 of the AP is the 

plateau phase, in which trans-sarcolemmal influx of Ca2+ through L-type Ca2+ channels (LTCC) 

initiates contraction of the cardiomyocytes which is subsequently manifested via Ca2+-induced 

Ca2+ release (CICR) from the intracellular storage-organelle, the sarcoplasmic reticulum (SR). 

 Figure 1 Morphology of the human, murine and zebrafish heart. (A) The human heart is pyramidal shaped and 

consists of two atria and two ventricles. (B) The murine heart is rugby ball-shaped and also consists of two atria and 

two ventricles. (C) The zebrafish heart is built out of two chambers, the sinus venous, and bulbus arteriosus, which are 

connected in series. LV: left ventricle; LA: left atrium; RV: right ventricle; RA: right atrium. Adapted from Leong et al. 2010.
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Figure 2 Major ion currents responsible for the human, murine and zebrafish action potential. (A) The AP of human 

cardiomyocytes consists of four phases: Including fast depolarization by I
Na

, a plateau phase by outbalanced I
to

 and 

I
Ca 

currents and repolarization driven by IKs and IKr. Concurrent activity of IK1 and I
NCX 

is responsible for maintaining the 

resting membrane potential. Adapted from the mathematical human epicardial ventricular cell model of ten Tusscher 

et al., 2006. (B) The murine AP has a fast depolarization phase driven by I
Na

 and steep repolarization caused by the 

dominant I
to 

and IK,slow currents. I
Ca 

is less prominent and
 
IK1 and I

NCX 
are responsible for maintaining the resting membrane 

potential
. 
Adapted from the mathematical murine apical ventricular cell model of Bondarenko et al., 2006. (C) Zebrafish 

AP depolarization is driven by I
Na

, although a lower I
Na

 density leads to a slower upstroke velocity, compared to human 

and mice. The zebrafish AP has a clear plateau phase caused by I
Ca

 and AP repolarization is mainly driven by the 

prominent IKr current. Activity of IKs is under debate, although suggested to be present under sympathic innervation 17. 

Density of IK1 is comparable and I
NCX 

density is higher compared to human and mice. Depicted ion currents are based on 

simulations using an adapted Ten Tusscher et al. 2006 model. Where possible we made adaptations based on published 

experimental data, aiming for an action potential morphology comparable with reported experimental data. I
Na: 

rapid 

inward sodium
 
current; I

to
: transient outward potassium current; I

Ca
: L-type calcium current; IKr: rapidly activating delayed 

rectifier potassium current; IKs: slowly activating delayed rectifier potassium current; IKss: non-inactivating steady state 

potassium current IK1: inward rectifier potassium current; I
NCX

: sodium-calcium exchange current.
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During the plateau phase, a temporary balance in membrane potential is reached between 

the depolarizing effect of opening of calcium channels (I
Ca

), causing an inward Ca2+ current, 

and the repolarizing effect of opening of slow activating delayed rectifier potassium (IKs) 

channels, resulting in an efflux of K+,  and voltage dependent activity of the potassium inward 

rectifying channels (IK1) which shapes the initial AP depolarization and final repolarization 

phase 6,7 (Figure 2A).  In phase 3, contraction of cardiomyocytes starts to arrest, when the 

slow potassium channels open and the contractile cells repolarize back towards their resting 

membrane potential. Phase 3 is determined by the closing of I
Ca 

channels, further opening of 

IKs channels and opening of the rapid delayed potassium channels (IKr), ending in repolarization 

of the membrane potential down to -90 mV. IK1 channels close upon depolarization, thereby 

tempering  membrane repolarization and facilitating development of a plateau phase which 

prolongs cardiac action potential duration 6 (Figure 2A). During phase 3 and 4, the membrane 

potential of cardiomyocytes returns to the stable resting membrane potential (RMP) of -90 mV, 

which is achieved by the mutual activity of the sodium-calcium exchanger (NCX), the sodium-

potassium ATPase (INa,K) and re-opening of IK1 channels (Figure 2A). During rest, the large 

Na+ concentration gradient across the plasma membrane helps the NCX to extrude Ca2+ out 

of the cell, thereby restoring the cytosolic Ca2+ balance. The resting membrane potential is 

maintained until the next AP reaches the cell 6. 

Mouse

As mentioned in the introduction, currently the most generally used animal model to study 

cardiac electro(patho)physiology is the mouse (mus musculus). One main advantage of mice 

as animal models in cardiac disease is the strong similarity between the morphology of the 

murine heart and that of the human heart 8. This is mainly because the murine heart also 

consists of two atria and two ventricles, as shown in Figure 1B 8.  Electrical activity in mice, 

as in humans,  is generated by pacemaker activity in the SA node 9. Also comparable to the 

human situation, the wavefront travels from the SA node to the AV node, and propagation 

throughout the ventricles is facilitated via the bundle of His and Purkinje fibers 8,9. Unlike 

in humans, there is an asynchronous conduction of electrical impulses in the left and right 

bundle branches of the conduction system and a high degree of variability in the pattern of 

impulse propagation due to aberrancies in tissue architecture and diameter of the bundle 

branches 10. 

 In addition, the murine electrophysiology, in terms of AP configuration and ECG reflection, 

differs significantly from humans 3,11,14 (Figure 2B). Mice show similarities in expression of 

ion channel orthologues (Table 1). The most important difference is that the murine APD 

is unusually short and no plateau phase is present, due to dominancy of the repolarization 

currents I
to

 and IK,slow 
8,11,12 (Figure 2B). Fast repolarization is driven by I

to
 through potassium 

channels composed of Kv1.4, 4.2 and 4.3, and IK,slow currents conducted by channels composed 

of  Kv1.5 and 2.1 12,13 (Figure 2). In humans, repolarization is driven by IKr and IKs 
3,11

.
 Adding to the 

pronounced differences in repolarizing currents, mice possess an inward L-type Ca2+ current, 

but this current is less abundant when compared to human cardiomyocytes 3,14 (Figure 2B). In 
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human cardiomyocytes, the LTCC driven rise in cytosolic Ca2+ results in a 2.4-4.0 fold gain via 

SR-release 14. In mice, however, systolic Ca2+  level highly depends on SR Ca2+ release with only 

5-10% entering the cell via LTCC 14. Furthermore, the murine heart rate is approximately four 

times faster than that of the human heart, reaching rates of around 500-600 beats per minute 

(bpm) 8.  The underlying short refractory period, high conduction velocity and small size of 

the heart makes it challenging to detect for example reentry based arrhythmias in the murine 

heart 15,16. 

 

Zebrafish

In a search for more ‘humanized’ models, zebrafish (Danio rerio) have become a popular 

new research model in preclinical cardiovascular electrophysiology, as zebrafish hearts show 

some surprisingly close electrophysiological similarities with the human heart. Heart rate 

of adult zebrafish is about 110 to 130 bpm, which more closely resembles the resting heart 

rate in humans (130 bpm in newborns versus 70 bmp in adults) 17. However, the anatomy of 

the zebrafish heart significantly differs from mammalian cardiac anatomy, as zebrafish have 

only one atrium and one ventricle 18. These chambers are connected in series with the sinus 

venosus and bulbus arteriosus, see Figure 1C 18. Generation of electrical activation occurs at 

the SA node, which is located near the sinoatrial valve 19. Zebrafish do not possess a distinct 

AV node; however, the AV canal still causes a delay of the electrical impulse propagation in 

order to fill the ventricle with blood 19. After a small delay, the ventricle becomes activated 

first in the apical region, causing apex-to-base contraction of the ventricle. This uniform AP 

propagation over the zebrafish heart reflects the similarity in ECG morphology towards the 

human hearts 3. In contrast, there is no clear presence of a His-Purkinje system in the zebrafish 

heart. Ventricular trabeculae are suggested to serve as the functional ventricular conduction 

system, to achieve the apex-to-base activation patterns 19. The zebrafish AP configuration is 

in close accordance with the human situation, containing a plateau phase, which is lacking in 

mice 20 (Figure 2C). Orthologues of human cardiac ion channels are expressed in the zebrafish 

heart and similar ion currents can be measured (Table 1). 

 Compared to other vertebrate species, zebrafish underwent an additional round of 

whole-genome duplication (WGD) during speciation; which results in several paralogues of 

mammalian genes 21. Paralogues are different genes resulting from this WGD and orthologues 

are the functional homologues of the mammalian genes 22. Previous studies revealed that 

71.4% of human genes have at least one zebrafish orthologue 23. Reciprocally, 69% of zebrafish 

genes have at least one human orthologue 23. Whole genome duplication and expression 

of differential paralogues can significantly change the molecular composition, regulatory 

mechanisms and functionality of for example ion channels compared to humans 24,25. So, when 

using zebrafish as model, it has to be considered that detailed analysis is needed to determine 

which paralogue is the functional homologue of the human gene of interest. Nonetheless, the 

large overlap in functional orthologues between fish and human and the readily available 

techniques for producing transgenic zebrafish lines make it still a powerful tool to study all 

aspects of the cardiovascular system 23. The now commonly applied CRISPR/Cas9 technique 
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appears also very effective in zebrafish, which hold great promise for fine-tuning the zebrafish 

genome to better match specific research questions 26,27. Zebrafish are ectothermic animals 

that can adapt to a broad range of environmental conditions including temperature. The 

transcriptome of zebrafish possibly varies with changes in conditions such as temperature, 

favoring the expression of one paralogue over the other. For example, Ca2+ sensitivity of 

cardiac Troponin C (cTnC) is regulated by variable expression of protein isoforms under 

changing conditions, whereby lower temperatures enhance cTnC expression 28. It is enticing 

to speculate that zebrafish gene expression and protein function may be more overlapping 

with the human situation under specific environmental condition. The now available Tomo-

sequencing technique enables high-resolution spatial transcriptomics of the zebrafish heart, 

by RNA tomography 29. This application can be very useful to unravel cardiac spatial expression 

patterns or expression of paralogues during development, remodeling processes and/or 

Table 1. Ion currents and underlying α-subunit isoforms present in the human, murine and zebrafish heart.

Ion current Model α-subunit

I
Na

Human Na
v
1.5 31

Mouse Na
v
1.5 31

Zebrafish Na
v
1.4 31

I
to

Human K
v
1.4, K

v
4.3 138 

Mouse K
v
1.4, K

v
4.2, K

v
4.3 13

Zebrafish - 20

I
Ca

Human Ca
v
1.1, Ca

v
1.2, Ca

v
1.3, Ca

v
1.4 139

Mouse Ca
v
1.1, Ca

v
1.2, Ca

v
1.3, Ca

v
1.4 139

Zebrafish Ca
v
1.2, Ca

v
1.3, Ca

v
3.1, Ca

v
3.2 61,140

IKs Human K
v
7.1 138

Mouse - 12

IK,slow: K
v
1.5, K

v
2.1 139

Zebrafish K
v
7.1 141

IKr Human K
v
11.1 138

Mouse - 12

Zebrafish K
v
11.1 141

IK1 Human Kir2.1, Kir2.2, Kir2.3 41

Mouse Kir2.1, Kir2.2, Kir2.3 41

Zebrafish Kir2.2a, Kir2.4 41
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different environmental conditions 30. These facts highlight the importance to have zebrafish 

raised, and analyzed, under consistent conditions when used for experimental studies, in 

order to minimize the genetic diversity between fish.

 Composition of the I
Na

 channel differs between zebrafish and human cardiomyocytes, with 

a predominance of the Na
v
1.4 isoform instead of Na

v
1.5 31. Density of I

Na
 is assumed to be 

significantly lower in zebrafish cardiomyocytes, causing a slightly slower AP upstroke velocity 
20,32 (Figure 2C). LTCC in zebrafish cardiomyocytes consists of Ca

v
1.2 (α1C) and Ca

v
1.3 (α1D) 

subunits while in humans Ca
v
1.2 is the predominantly expressed isoform 33,34.  I

Ca,L
 density in 

zebrafish cardiomyocytes is five times higher compared to human, important for the dominant 

plateau phase (Figure 2B). Sarcolemmal Ca2+ entry in zebrafish cardiomyocytes is conducted 

via LTCC, TTCC and NCX, and explained in more detail in chapter 2. No experimental evidence 

exists for presence of the transient outward current (I
to

) in zebrafish hearts, which is important 

for rapid repolarization in the early AP phase in humans (Figure 2C). Electrophysiological 

studies on isolated cardiomyocytes and whole hearts revealed conflicting outcomes regarding 

presence of the IKs current in zebrafish cardiomyocytes. It has been shown that orthologues 

of the human IKs genes KCNQ1 and KCNE1 are expressed in the zebrafish heart, suggesting 

potential presence of IKs 
35. Blocking of IKs by HMR1556 in isolated cardiomyocytes seemed to 

have no effect, although blocking of IKs by chromanol 293B clearly prolonged QT
C
 and APD 

in isolated hearts 17,20 (Figure 2C). These observed discrepancies are suggested to be based 

upon the necessity of IKs to be stimulated by PKA signaling during sympathetic activation, 

although in vivo studies are needed to confirm these speculations. Treatment with the  IKr 

blocker E4031 prolonged APD and QTc interval, but also decreased heart rate in zebrafish 

hearts, the latter not being present in mammalian hearts  17,20.  IKr is determined by the zebrafish 

ether-a-go-go-related gene (zERG), which shows similarities compared to hERG in conduction 

of rapidly activating, and inactivating, K+ currents 36.  Half-maximal activation and steady-state 

inactivation voltages of zERG slightly differs from hERG, although the conducted current 

during a ventricular action potential under action potential clamp conditions is highly similar 

36. Of note, whereas IKr in humans is due to the sole expression of KCNH2 (hERG1), zebrafish 

cardiomyocytes express both KCNH2 and KCNH6 (hERG2) as genes underlying the IKr current
 

3,41. zERG inhibition and Kcnh2 recessive mutations displayed a long QT (LQT) like phenotype 

in zebrafish and a IKr gain-of function mutation (reggae) shortened QT intervals 37–40. This 

suggests that, despite contradictions in channel kinetics and orthologue expression, zERG 

can serve as a relevant research model to study human repolarization defects (Figure 2C). 

The IK1 current (Figure 2C) is detected in both atrial and ventricular zebrafish cardiomyocytes, 

although a five times higher density of this channel is detected in ventricular cells, which 

is in accordance with the mammalian situation 41. However, the isoforms Kir2.2a and Kir2.4 

are mainly expressed in the zebrafish heart, while mammals express other isoforms, namely 

Kir2.1, Kir2.2 and Kir2.3 41. In humans the hyperpolarization-activated ‘’funny’’ (I
f
) current is 

predominantly expressed in cells of the conduction system, controlling sinoatrial pacemaking 

42. Adult atrial and ventricular zebrafish cardiomyocytes express the pacemaker current, with 

a larger I
f
 density in atrial cells 32. Zebrafish I

f
 has been shown to be important in cardiac 

pacemaking and heart rate regulation, although a functional role in AP configuration in 
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‘working’ cardiomyocytes can not be excluded 43,44.

 Approaching the human situation, the resting membrane potential of ventricular zebrafish 

cardiomyocytes is ± -70 mV, while the peak potential of the AP is around +30 mV 45,46 (Figure 2C). 

So, the AP amplitude (APA) is slightly lower, but comparable to human cardiomyocytes, and 

the overall shape containing a prominent plateau phase is very similar 20,45. Another similarity 

between the zebrafish and human heart is the difference in AP duration between atrial and 

ventricular myocytes, which is shorter in atrial cells 20. When pacing frequency increases to 2 

Hz, the AP becomes shorter, which is in accordance with cardiomyocytes in larger mammalian 

species 45. ECG recordings of adult zebrafish hearts display close similarities with the human 

electrocardiogram, showing a distinct P-wave, QRS-complex and T-wave 47. Of note, zebrafish 

ECG recordings, as published over the last few years, show considerable differences between 

studies, suggesting that better standardization in recording techniques would be useful.  

 Even though zebrafish have a two-chambered heart, they do possess functional 

pacemaker cells that initiate and regulate cardiac contraction, APs with a long plateau phase 

and substantial correspondence in ion currents, highlighting the potential of this model 

in studying the pathophysiology of cardiac arrhythmogenesis. Early -and delayed after 

depolarization’s (EAD’s/DAD’s) are an important cause of lethal arrhythmias and a disturbed 

intracellular Ca2+ cycling is a crucial contributor to these ectopic activities 48. The prominent 

plateau phase in zebrafish APs putatively makes them an appropriate model to study these 

types of arrhythmic events, although there is still a large gap in knowledge concerning the 

exact Ca2+ handling machinery in zebrafish. Unfortunately, studies showing ectopic activity in 

zebrafish cardiomyocytes are still lacking, however in trout atrial cardiomyocytes recordings 

of EAD’s and DAD’s have already been established 49. To further evaluate to what extent 

zebrafish are a suitable model, it is important to know in more depth the way in which CICR 

contributes to EC-coupling in this model. In the next section the different players involved in 

regulation of the Ca2+ dynamics within human and zebrafish cardiomyocytes are subjected to 

a comparative evaluation. 

Excitation-contraction coupling 
Ca2+ is a ubiquitous intracellular second messenger involved in electrical signaling, contraction 

and other biological functions. The main trigger for EC-coupling is opening of voltage 

gated L-type Ca2+ channels (LTCCs), which induces a phenomenon named Ca2+-induced 

Ca2+ release (CICR) leading to a temporary rise in cytosolic [Ca2+] 50. Due to this elevated 

presence of free Ca2+ ions, the likelihood that Ca2+ can bind to troponin C (TnC) increases. Via 

a conformational change in the troponin complex, in a ATP-depended fashion, Ca2+ binding 

activates the contractile machinery, which results in shortening of the cardiomyocyte and 

generation of force 14.  After contraction, during the phase that initiates relaxation, cytosolic 

Ca2+ must be pumped back into the SR, and/or out of the cell. The sarcoplasmic reticulum 

Ca2+ ATPase (SERCA) pumps Ca2+ back into the SR. SERCA activity is, amongst others, 

regulated by phosphorylation of its associated protein phospholamban (PLN) on serine16 
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(by PKA) and threonine17 (by CaMKII) 51. In addition to Ca2+ being returned to the SR, the 

Na+/Ca2+ exchanger (NCX) extrudes Ca2+ across the sarcolemma, exchanging three Na+ ions 

for one Ca2+ ion, thereby causing a hyperpolarizing effect. Of note, NCX can also function 

in the opposite direction, exchanging Na+ out of the cell for Ca2+ influx, when intracellular 

Na+ concentrations are (too) high 14,52. To control the intracellular Na+ concentration a second 

pump is expressed at the sarcolemma, the sodium potassium ATPase (Na+-K+-ATPase), which 

exchanges Na+ for K+. SERCA and the Na+-K+-ATPase require ATP hydrolysis to facilitate their 

activity while NCX is primarily regulated by the electrochemical gradient 53. 

Inward Ca2+ current

Human cardiomyocytes express two types of Ca2+ channels, namely the LTCC or Ca
v
1.2, 

Ca
v
1.3 (encoded by α

1C 
or α

1D
 genes) and the T-type Ca2+ channel or Ca

v
3.1 (encoded by α

1G
 

or α1H genes) 14. The LTCC is expressed in atrial and ventricular cells, while the T-type Ca2+ 

pump is mainly expressed in cells of the SA node and cells of the conduction system 54. In 

the SA node, the T-type Ca2+ channel contributes to spontaneous depolarization of the SA 

node and thereby to pacemaker activity of the heart 54. Interestingly, the T-type Ca2+ channels 

are activated at a more negative membrane potential than the LTCC. Their inactivation is 

independent of intracellular [Ca2+] and happens faster than the LTCC 55,56. In the ventricles, 

only α
1C

 LTCC is expressed while additional α
1D

 LTCC is expressed in pacemaker cells 54. 

There, α
1D

 functions as the intermediate Ca2+ channel between the activation of the T-type 

Ca2+ current at a relatively negative membrane potential and LTCC of α
1C

, which is activated 

at a less negative membrane potential 55. LTCCs in cardiac myocytes conduct the inward Ca2+ 

current, triggering CICR from the SR by activating ryanodine receptors (RyR2). The reversal 

potential of I
Ca

 is between +50 and +60 mV. When the AP is maximally depolarized directly 

after the upstroke, there is a low driving force for Ca2+ ions to enter the cell through LTCC. 

However, in this phase of the AP, opening of I
to

 channels induces a fast repolarization of the 

membrane leading to opening of LTCC and transsarcolemmal Ca2+ influx 14.  Besides voltage-

sensitive activation, activity of of Ca2+ channels is regulated via phosphorylation by protein 

kinase A (PKA) or protein kinase C (PKC) 57,58. Inactivation of LTCC in human cardiomyocytes is 

a slow process mediated by membrane repolarization and binding of Ca2+ to the Ca2+-binding 

protein calmodulin (CaM) 59. CaM is already preassembled with the channel during diastole. 

When the cytosolic [Ca2+] rises during systole, Ca2+ binds to CaM, which then inactivates the 

channel by binding to the critical IQ motif of LTCC 60. Inactivated Ca2+ channels must recover 

for 100 – 200 ms at -80 mV before they are able to be reactivated 14. 

 In zebrafish, an Island beat (isl) mutation affects the LTCC α
1C

 subunit 61. Stanier et al. 

induced a lethal recessive isl mutation in zebrafish, known for its important role in cardiac 

morphogenesis and early embryonic development 37. In those fish, ventricular contraction 

was missing, while the contraction in the atrium was rapid and highly discoordinated 61. 
Cloning revealed localization of isl in the gene encoding for the LTCC α

1C
 subunit, thereby 

abolishing L-type Ca2+ currents in isl mutated cardiomyocytes. This study highlights the 

importance of LTCC for organized contraction of the zebrafish heart 61. Contraction of 
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zebrafish cardiomyocytes is highly reliant on sarcolemmal Ca2+ entry by LTCC, TTCC and 

reverse mode NCX activity 62. In zebrafish, I
Ca,L

 contributes to 80% of the action potential-

induced Ca2+ transient, in contrast to human cardiomyocytes which have 25-25% sarcolemmal 

Ca2+ cycle contribution 14,62. As explained, the current density in atrial cells is fivefold higher 

than in human atrial cardiomyocytes, but the current-voltage curve is as well bell-shaped 63,64. 

In voltage clamp experiments, the maximum inward Ca2+ current density is reached between 

0 and +10 mV 63, while maximal cell shortening requires further depolarization to +40 mV, 

which remains unchanged when LTCCs are blocked with nifedipine.  This finding proposes a 

role for NCX regulated transsarcolemmal Ca2+ influx in shaping contraction, compensating for 

the decreased activity of LTCC when the membrane potential is above +10 mV. Application of 

nifedipine completely inhibits Ca2+ transients after triggering an AP with field stimulation and 

application of both verapamil and nifedipine showed a totally diminished cytosolic [Ca2+], both 

suggesting a dominant role for LTCC in the induction of Ca2+ transients 62,63. LTCC in zebrafish 

are inactivated in a Ca2+-dependent manner, a similar characteristic of Ca
v
1.2 channels in 

human ventricular cardiomyocytes. Calcium sensitive activation (CDA) and inactivation (CDI) 

of zebrafish Ca
v
1.2 channels is similar as seen in mammals and also preserved over a range 

of temperatures (7, 14 & 21°C ) 63,65,66. Adding to that, there is a considerable homology in 

the COOH-terminal domain and IQ motif of the Ca
v
1.2 channel with humans 63. Comparable 

to human cardiomyocytes is the recovery time of LTCC, which is approximately 100 ms 14,63. 

Zebrafish cardiomyocytes also dominantly express the T-type Ca2+ channel (TTCC), with 

properties similar to the human channels composed of Ca
v
3.1 subunits 20,67. In addition, 

immunohistological experiments also revealed presence of the Ca
v
3.2 subunit 68. Dominant 

expression of TTCC in the zebrafish heart possibly causes a more immature AP shape 20,24,69 

However, thus far, studies are lacking regarding the functionality of this channel with T-type 

specific Ca2+ blockers, so the specific role of these T-type Ca2+ channels is still unclear 24. 

In humans, dysfunction of Ca2+ regulatory proteins will cause a pathophysiological high 

intracellular [Ca2+], thereby hindering cardiac contraction. In zebrafish, sarcolemmal Ca2+ entry 

occurs via LTCC, TTCC and NCX (explained in detail later). Additional Ca2+ entry possibly 

influence the LTCC CDI, making the response to elevated diastolic [Ca2+] not one to one 

comparable to the human situation.

Calcium induced calcium release - CICR

There are three RyR isoforms expressed in humans with RyR2 being the isoform which is mainly 

expressed in cardiomyocytes 70. RyR2 is located at the membrane of the SR in a signaling 

complex composed of multiple accessory proteins. These proteins modulate EC-coupling 

by controlling the efficiency and specificity of RyR2 binding to downstream targets 70. A well-

known regulator of RyR2 is calsequestrin (CSQ). When RyR2 becomes activated by binding 

of Ca2+, subsequently Ca2+ in the SR unbinds from CSQ and this protein dissociates into 

monomers 62. The monomers bind to RyR2, thereby inhibiting RyR2 activity 70. This negative 

feedback mechanism is important to prevent permanent Ca2+ release from the SR into the 

cytosol 70. In addition, CSQ has an important SR Ca2+ buffering capacity. CSQ will bind around 
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75% of Ca2+ which is taken up into the SR and therefore CSQ is an important determinant of 

SR Ca2+ content 71. Similar to the situation with LTCCs, Ca2+-binding proteins CaM and CaMKII 

are also important players in the tight regulation of RyR2 activity 72,73. The activation of RyRs 

mobilizes Ca2+ from the SR into the cytosol, termed as Ca2+ sparks 74. These Ca2+ sparks can 

vary in amplitude, suggesting that different numbers of RyRs are activated during each AP. 

Multiple Ca2+ sparks together activate contraction of the cardiomyocytes 74. 

 As in human and mice, RyR2 is present in zebrafish cardiomyocytes 62. Based on the amino 

acid sequence, it is thought that at least 85% of the zebrafish primary protein structure of RyR2 

is identical with rabbits 62. Bovo et al. compared Ca2+ sparks of ventricular cardiomyocytes 

before and after caffeine treatment to study the contribution of LTCC and RyR2 to the Ca2+ 

amplitude. In zebrafish cardiomyocytes, only 16% of this amplitude was determined by SR Ca2+ 

release mediated by RyR2, being significantly different from the 55% observed in rabbits 62. In 

line with that, protein expression of RyR2 is 72% lower in zebrafish ventricular cardiomyocytes 

compared to rabbits 62. It is suggested that only 5-10% of RyRs become activated in zebrafish 

cardiomyocytes, caused by an extremely low sensitivity for Ca2+. This low sensitivity of RyR2 

for Ca2+, in comparison to mammals, might be explained by lack of a glutamate residue at 

position 3885 in RyR2 62, but the amino acid sequence of zebrafish RyR2 at this position  has not 

been resolved yet. Another explanation for the decreased RyR2 activity can be a less optimal 

LTCC-RyR2 coupling in the dyads. The zebrafish cardiomyocytes lack a transverse tubule 

(T-tubular) system, which in mammals, facilitates the spreading of the excitation wave towards 

L-type Ca2+ channels located in close vicinity to the muscle fibers that require SR Ca2+ release 

for contraction  20,45. A highly-coordinated protein complex in the T-tubular dyad brings LTCCs 

in close proximity to RYR2 at the SR membrane 75. When LTCCs open and import extracellular 

Ca2+, the local subsarcolemmal [Ca2+] quickly rises to a level that results in Ca2+ extrusion of 

the SR via activation of RYR2 75. In zebrafish cardiomyocytes, the important contribution of 

transsarcolemmal Ca2+ influx for cardiac contraction is facilitated by their long (~ 100 µM) and 

relatively thin (~ 6 µM) cell geometry 45. This close proximity between cellular membranes and 

peripherally located myofilaments probably tempers the necessity for T-tubules to induce 

Ca2+ transients in zebrafish cardiomyocytes 76. 

 Due to the low RyR2 Ca2+ sensitivity, trout atrial cardiomyocytes showed only 4% fractional 

SR Ca2+ release per beat, which is near to 50% in mammalian myocytes 77–79. Important factors 

which also determine the fractional SR Ca2+ release are termination of SR Ca2+ release via 

RyR2 and SR Ca2+ buffering. Termination of SR Ca2+ release in rat cardiomyocytes is suggested 

to be caused by a decline in local [Ca2+] due to SR depletion, the opening rate of local RyRs 

decreases and they are no longer able to support CICR 80. Termination of SR Ca2+ release in 

ectotherms is still an unexplored phenomenon, as SR Ca2+ release is already minimal, local 

[Ca2+] will possible change too little to be the driving force for termination of SR Ca2+ release. 

Studies exploring this mechanism can provide relevant information to unravel the aberrant SR 

Ca2+ release in fish cardiomyocytes. Studies in trout showed a relatively high SR Ca2+ buffering 

capacity by CSQ in ectothermic vertebrates 81. Combination of this low fractional SR Ca2+ 

release and high Ca2+ buffering capacity by CSQ possibly explains the large ectothermic SR 
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Ca2+ content in zebrafish cardiomyocytes, compared to the mammalian heart 82. Although 

zebrafish have presumable a larger maximal SR Ca2+ content, SR density per cell volume 

is smaller compared to mammals 31. RyR2s of mammals are more leaky when compared to 

zebrafish RyR2, which adds to the difference in content of the SR 82. The functional role of 

this large Ca2+ buffering capacity of the zebrafish SR, combined with a relatively low CICR 

gain remains elusive. In mammalian cardiomyocytes, local mechanical stretch can elicit 

Ca2+ sparks, enhancing Ca2+ release from the SR 83, but mechanosensitivity of zebrafish RyR 

channels has not been studied in detail. Effects of stretch on pacemaking in the zebrafish 

have been described and are in line with observations in mammalian hearts, but whether 

the observed effects involve mechanosensitivity  of cardiomyocyte Ca2+ regulation was not 

tested 84. As was already suggested before 85, the ectothermic zebrafish may depend on 

large SR Ca2+ buffering capacity to adjust to changing water temperatures, which may be 

addressed in in vivo experiments using zebrafish expressing optogenetic Ca2+ sensors, or 

ex vivo in experiments using rapid cardiac cooling 86 to elicit cooling-induced Ca2+ release 

from the SR. These contradictions in RyR2 Ca2+ sensitivity, relative SR Ca2+ load and fractional 

SR Ca2+ release need to be taken into account when using zebrafish as a model to study 

pathological conditions which impair SR Ca2+ cycling. An example of this is the situation in 

Catecholaminergic polymorphic ventricular tachycardia (CPVT), a disease which is mainly 

caused by mutations in genes that regulate Ca2+ handling.

 Functionality of the SR in zebrafish differs from mammals as the contribution of the SR to 

Ca2+ transients is lower, being only 20% in zebrafish and 70-90% in mammals 3,62. To compensate 

for the smaller SR Ca2+ release in zebrafish, additional Ca2+ enters the cell via external sources 

such as NCX 63. In general, the amplitude of Ca2+ sparks in zebrafish ventricular cardiomyocytes 

is smaller, however the frequency is similar when compared to human cardiomyocytes 3,62. 

Suggesting at least a partial role of the zebrafish SR in excitation-contraction coupling. 
In trout hearts the importance of SR Ca2+ cycling changes by physiological conditions, 

enhancing at low temperatures and contraction frequencies and having a more pronounced 

role in atrial tissue 66,87,88. When permeabilized zebrafish ventricular cardiomyocytes were 

treated with high extracellular [Ca2+] no spontaneous SR Ca2+ release occurred, while in rabbit 

and trout cardiomyocytes high extracellular [Ca2+] triggered spontaneous Ca2+ sparks 49,62. 

Furthermore, in trout cardiomyocytes elevation of extracellular [Ca2+] did also trigger EADs 

and DADs 49, suggesting  that ectothermic hearts can serve as model to study mechanisms 

underlying ectopic activity. However, further studies are needed to confirm and explore the 

possibilities for inducing arrhythmic ectopic activity in the zebrafish heart. An important step 

in advancing our insight would be the development of a mathematical action potential model 

incorporating Ca2+ dynamics, such as are available for human and murine cardiomyocytes 89,90. 

Currently, there are no action potential models available for zebrafish or other fish. Simulation 

studies, performed in combination with experiments, could help in understanding the role 

of LTCC, TTCC and NCX in Ca2+ transient generation and the gain of CICR, and provide 

insight into the role of the high Ca2+ buffering capacity of the zebrafish SR. Specifically, given 

the relative ease of genetic manipulation in the zebrafish, targeted optogenetic Ca2+ sensors 

could be employed to study Ca2+ dynamics in relevant subcellular compartments such as in 
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the subsarcolemmal space, within the SR, or in the cytoplasm (for a review of available sensors 

and targeting motifs see Koopman et al., 2017).  

Cardiac contraction

An elevated level of free Ca2+ ions in the cytosol induces contraction as explained before. When 

there is no extracellular Ca2+ in the medium of isolated zebrafish ventricular cardiomyocytes, 

there is no generation of contraction in the cardiomyocytes 92. When extracellular [Ca2+] 

rises, force of contraction increases due to an increased transsarcolemmal influx via the 

LTCC and the NCX 92. Paradoxically, despite the suggested lower contribution of SR Ca2+ 

release, when RyR is blocked in atrial and ventricular cardiomyocytes of the fish, there is an 

approximately 50% reduction in force of contraction 92. These data indicate that the SR does 

contribute to force generation in zebrafish cardiomyocytes. Stimulation with PKA is able to 

increase SR-load, CICR and RyR2-mediated Ca2+ release. Likewise, β-adrenergic stimulation 

increases contraction in the zebrafish cardiomyocytes, suggesting the importance of SR load 

towards force of contraction 93. The negative force frequency relationship (FFR) in zebrafish 

cardiomyocytes is contrary to the scenario in humans 92. When a negative FFR is measured 

in the human heart, this correlates to human heart disease 94. A negative FFR is considered 

to regulate cardiac output primarily via changes in stroke volume rather than heart rate 94. 

This negative FFR in zebrafish cardiomyocytes might be due to incomplete mechanical 

reconstitution or reduction of transsarcolemmal Ca2+ influx 94. 

Reuptake of Ca2+ into the SR

SERCA is a Ca2+ ATPase which resides in the SR membrane of cardiomyocytes and transfers 

Ca2+ from the cytosol into the SR. There are three SERCA isoforms, SERCA 1-3, while SERCA2 

can be spliced in SERCA2a and SERCA2b 95. These isoforms differ in their sensitivity for Ca2+. 

SERCA2a is the major isoform expressed in the human cardiomyocytes, where it pumps back 

70% of the cytosolic Ca2+ into the SR during diastole 96. The rate of Ca2+ being pumped back 

into the SR by SERCA is regulated by PLN isoform 2b 93. PLN is an important inhibitory protein 

of SERCA and it reduces the sensitivity for Ca2+. SERCA2a is also the the major SERCA isoform 

in zebrafish and it is 85% homologous to human SERCA2a 93. There is no difference in the 

SERCA-PLN binding site, which suggests that zebrafish SERCA2a protein can be regulated 

in the same fashion by PLN as in human cardiomyocytes 93. Zebrafish carry multiple PLN 

isoforms (1, 2a and 2b), and characterization of the predominant isoform 2b (zfPLN) revealed 

that SERCA inhibition and reversal by phosphorylation of PLN was comparable to the human 

situation 93. The isoforms differ in their inhibitory capacity, which raises the possibility that SR 

Ca2+ handling and cardiac contractility may be regulated by the differential expression of PLN 

variants with different SERCA inhibitory capacities 93. Studies regarding the specific kinetics 

of SERCA and its contribution towards SR Ca2+ load in zebrafish cardiomyocytes are scarce. 

Morpholino-mediated inhibition of SERCA2 in embryonic hearts reduced the heart rate and 

diminished contractility and growth of both chambers to a level of embryonic lethality 97. 
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However, SERCA2 inhibition did not induce cardiac arrhythmias, in contrast to morpholino-

mediated inhibition of NCX1h 97. SERCA mRNA injection in NCX mutant zebrafish was able 

to restore disturbed Ca2+ fluxes and the related fibrillation phenotype in these mutant fish, 

highlighting the importance of SERCA in the intracellular Ca2+ homeostasis of zebrafish 

cardiomyocytes 98. In line with this observation, inhibition of SERCA by cyclopiazonic acid 

(CPA) in the trout hearts reduced Ca2+ transient amplitude and increased the time constant 

for decay 49. These data underline the importance of SERCA in regulation of intracellular 

Ca2+ homeostasis in zebrafish cardiomyocytes, although NCX-SERCA balance for Ca2+ efflux 

is obviously aberrant from human cardiomyocytes. Stimulation of zebrafish cardiomyocytes 

with PKA increased the SR Ca2+ content and extent of CICR, via direct targeting of SERCA 

99. In general, the large SR Ca2+ load in combination with a low SR density per cell and low 

Ca2+ sensitivity of RyR2, implies a relatively high expression and/or functionality of SERCA2 in 

zebrafish cardiomyocytes 82. This implicates that zebrafish can serve as a useful model to study 

PLN and SERCA functionality, although discrepancies in SR Ca2+ buffering, SR Ca2+ release 

and NCX-SERCA balance for Ca2+ efflux need to be considered when studying functional 

mutations in these proteins.

Extrusion of Ca2+ out of the cell 

The NCX is an antiporter protein which main function is to extrude Ca2+ from the cell after 

contraction, generating a depolarizing current by Na+ influx. NCX uses energy from the 

electrochemical gradient between the inside and outside of the cell, to allow net movement 

of Na+ across the membrane, in exchange for Ca2+100. During steady state, NCX transports 

the same amount of Ca2+ ions out of the cell which enter the cardiomyocyte via LTCCs, 

thereby exchanging one Ca2+ ion for three Na+ ions 101. There are three isoforms of NCX, 

NCX1-3, with NCX1 being the isoform which is mainly expressed in human cardiomyocytes 

101. Phosphorylation by PKA and PKC enhances the activity of this exchanger protein 102,103. 

These kinases together with phosphatases PP1 and PP2A are bound to the NCX complex 104. 

A natural inhibitor of NCX is the transmembrane protein phospholemman 105. Phosphorylation 

of phospholemman by PKC further inhibits NCX activity 106.  

 Zebrafish express different isoforms of NCX throughout the body, with NCX1h being 

the main expressed isoform in the heart 98. In fish cardiomyocytes a higher NCX expression, 

NCX channel density, and NCX activity is observed, in comparison to mammals 63,107. Under 

conditions of strong membrane depolarization, high cytosolic Na+ and low cytosolic Ca2+, 

reverse-mode NCX, together with I
Ca

 is able to trigger  Ca2+ release from the SR 108,109. High 

pacing frequencies reduce I
Ca

, increase [Na+]
i
 and favors reverse-mode NCX activity 63,107. 

NCX may thereby contribute to maintaining proper contractility at higher heart rates. In 

fish cardiomyocytes, NCX becomes increasingly important in activation of contraction by 

Ca2+ influx at membrane potentials above 10 mV 63. Studies in trout atrial cardiomyocytes 

have shown that extended periods of membrane depolarization induces SR Ca2+ loading, 

which gradually depletes again after NCX inhibition, by for example exchanger inhibitory 

peptide (XIP) 107. This confirms a direct cytosolic Ca2+ regulation by reverse-mode NCX via 
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membrane depolarization (mainly above 10 mV) and indirect cytosolic Ca2+ regulation via 

the SR Ca2+ load. Blocking of NCX by XIP did also decrease contractility of the heart to up 

to 50%, implying a prominent reverse-mode NCX contribution to sarcolemmal Ca2+ entry in 

fish cardiomyocytes 107. Zebrafish with a tremblor (tre) mutation have nonfunctional NCX1 

channels, which results in cardiac fibrillation 98. When NCX1 is mutated, zebrafish are not 

able to maintain a proper Ca2+ homeostasis and cardiac rhythmicity anymore 98. When human 

NCX1 was introduced in tre mutant zebrafish, as with SERCA mRNA introduction in the fish, 

the heart was rescued from cardiac fibrillation, indicating that the NCX1 sequence is highly 

conserved among the two species 98.  In neonatal rabbit cardiomyocytes, a subset of NCX 

molecules are in close orientation to RyRs channels, establishing functional E-C coupling units 

111,112. Moreover, as NCX is dominant over I
Ca

 in E-C coupling, I
Na

- NCX interaction is implied 

to be highly important in these neonatal cells. 113,114. In rabbit cardiomyocytes robust protein 

levels of Na
v
1.4 are expressed and Na

v
1.4 colocalizes with NCX, suggesting that intracellular 

elevated [Na+] can induce Ca2+ entry through reverse-mode NCX 115. As Na
v
1.4 is the primary 

expressed isoform in zebrafish cardiomyocytes, a similar interaction between I
Na

 and NCX 

may also be occurring in zebrafish cardiomyocytes. To conclude, when using zebrafish as a 

model for human NCX functionality it has to be considered that the balance in Ca2+ entry via 

LTTT, TTCC and NCX versus cytosolic Ca2+ efflux via SERCA and NCX is reasonably different 

from the human situation. As well, the additional role of reverse mode NCX in cytosolic Ca2+ 

regulation via membrane depolarization and SR Ca2+ load.

Modulation of cardiac E-C coupling 

Adrenergic signaling

The beta-adrenergic receptor (β-AR) plays an important role in the regulation of cardiac 

function and belongs to the family of G-protein coupled receptors 116. When stimulated by 

catecholamines, cardiomyocyte β
1
-AR primarily binds to the G stimulatory (Gs) protein. The 

Gα subunit of the Gs protein (Gα
S
) activates adenylyl cyclase, which generates the second 

messenger cyclic adenosine monophosphate (cAMP) 116. Increased cAMP levels activate 

cAMP-dependent protein kinase A (PKA) which subsequently phosphorylates downstream 

Ca2+ regulatory proteins, in order to enhance cardiac contractility 117. Activation of LTCC is 

regulated in such a way 118. Enhanced activation and open probability of LTCC facilitates an 

increased contractility of cardiomyocytes, due to a higher availability of cytosolic Ca2+ while 

also elevated release and reuptake into the SR are regulated by PKA 118. In addition to the 

direct regulation of RyR2 by Ca2+, FK binding proteins (FKBPs) are also important contributors 

to RyR2 Ca2+ release out of the SR 119. FKBP12 and FKBP12.6 can both bind to RyR2, with 

FKBP12 showing the highest affinity, causing channel activation and stimulation of CICR in 

cardiomyocytes 120. FKBP12.6 antagonizes the activity of FKBP12 resulting in stabilization of 

RyR2 and thereby lowering the open probability and make the channel less sensitive for Ca2+ 

119. Phosphorylation of RyR2 by PKA sensitizes the channel for Ca2+ by dissociation of FKBP12.6 

from the channel and thereby increasing the open probability of RyR2 121. A second target 

of PKA is Sorcin, an inhibitory accessory protein of RyR2. Phosphorylation of Sorcin results 
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in more Ca2+ release from RyR2 122. PLN can be phosphorylated by PKA, PKC and CaMKII, 

causing destabilization of the SERCA-PLN interaction 123,124. Treatment with forskolin, an 

adenylate cyclase activator that increases cAMP concentration, revealed different responses 

in zebrafish cardiomyocytes. In half of the cells PKA stimulation caused RyR2 and/or LTCC 

phosphorylation, enhancing SR Ca2+ release, spark frequency and increasing amplitude of 

Ca2+ transients 62. The other half of the cells responded in a SERCA-dependent matter, solely 

increasing the SR Ca2+ load, but not the RyR2-mediated Ca2+ release 62. These results indicate 

that the ß-adrenergic-PKA signaling pathway is able to affect the phosphorylated state of 

LTCC, RyR2 and SERCA in zebrafish cardiomyocytes, suggesting a similar mechanism as seen 

in humans. 

Ca2+ related signaling pathways 

Beyond the modulatory effects exerted via activation of PKA, beta-adrenergic signaling also 

plays an important role in activation of the Ca2+-CaM-dependent protein kinase (CaMKII). 

Increased activity of CaMKII is implicated in cardiac arrhythmias, mainly because of an 

increased SR Ca2+ mediated ectopic activity 125. LTCC inactivation can be modulated solely 

by CaM or in combination with CaMKII 126,127. Activated CaMKII increases the amplitude of 

the I
Ca

 current and reduces the rate of I
Ca

 inactivation over a longer period of time (generally 

a few heartbeats) 127,128. This mechanism of Ca2+-dependent LTCC inactivation protects the 

cell from Ca2+ overload, the mentioned risk of ectopic activity and cell-death. In accordance 

with LTCCs, CaM binding decreases the RyR2 Ca2+ release by reducing the open probability 

of the channel 129. CaMKII can also phosphorylate RyR2 which results in higher activity of 

the channel 130. In addition, CaMKII is part of the SERCA complex, which makes it able to 

phosphorylate PLN relatively fast due to its close proximity. When more Ca2+ is stored into 

the SR and the activity of RyR2 is increased, larger Ca2+ transients and thereby higher systolic 

[Ca2+] will increase contractility of cardiomyocytes 131. A specific arrhythmia-associated CaM 

mutation (D129G), expressing decreased activation capabilities for CaMKII, was introduced 

in embryonic zebrafish 132. Mutated CaM RNA injected in zebrafish embryos revealed a major 

effect on zebrafish heart physiology 132. Most importantly, the CaM D129G mutation led to 

a clear bradycardia in all 2-day old zebrafish and an arrhythmic phenotype in a subset of 

fish triggering a “breakdance” phenotype, characterized by a 2:1 atrium to ventricle beating 

ratio 132. Pathways underlying this arrhythmogenic phenotype where not further analyzed. 

Nonetheless, this study shows the importance of CaMKII in zebrafish cardiac development 

and underlines the essential role of Ca2+ homeostasis in maintaining rhythmic contraction in 

the zebrafish heart.
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Figure 3 Schematic overview of the differences in Ca2+ cycling between human and zebrafish cardiomyocytes. (1) In 

comparison to human cardiomyocytes, the zebrafish cardiomyocytes lack t-tubules. (2) LTCC density is higher and TTCC 

is also expressed in the working myocardium. Sarcolemmal Ca2+ influx is responsible for 80% of the action potential-

induced Ca2+ transients, compared to 25% in human cardiomyocytes (3). RyR2 has a very low Ca2+ sensitivity, only 5-10% 

of RyR2 becomes activated by sarcolemmal Ca2+ influx, causing a less abundant CICR. (4) SR Ca2+ load is higher in 

ectothermic vertebrates. (5) PLN-SERCA interaction is similar, although SERCA expression and/or activity is suggested 

to be higher. (6) The NCX activity and I
NCX

 density are higher and (7) reverse mode NCX is able to trigger SR Ca2+ 

release. Ca2+: calcium; LTCC: L-type calcium channel; TTCC: T-type calcium channel; NCX: sodium-calcium exchanger; 

NKA: sodium–potassium pump; RyR2: ryanodine receptor 2; SERCA: sarco/endoplasmic reticulum calcium-ATPase; PLN: 

phospholamban. 

CONCLUSION AND FUTURE PERSPECTIVES

Sudden cardiac death is a leading cause of death worldwide, mainly caused by highly 

disturbed electrical activation patterns in the heart. Currently, murine models are the most 

popular model to study underlying molecular mechanisms of inherited cardiac electrical 

abnormalities. As summarized at the beginning of this review, although morphology of the 

murine heart is comparable to that of the human heart, there are significant differences at the 

electrophysiological level between the two species 8,133. The numerous electrophysiological 

discrepancies raise the question whether mice are the optimal model to study cardiac rhythm 

disorders.  Zebrafish are widely used as an animal model to study development processes, 

and in the last decade zebrafish have also been introduced in drug screening strategies and 

their genome has been sequenced completely 134,135. The zebrafish heart morphology differs 

from the human heart, because it only has one atrium and one ventricle that are connected 

in series 18. In contrast, it has been uncovered that part of the cardiac electrophysiology is 

surprisingly similar with that of the human heart, mainly because the zebrafish AP contains 

a clear plateau phase and ECG characteristics show alignment with the human ECG 20. For 

these reasons zebrafish are considered a rising new animal model to study inherited cardiac 

rhythm disorders and to test drugs that do, or might, affect electrophysiology. Early- and 
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delayed after depolarization’s (EAD’s/DAD’s) are an important cause of lethal arrhythmias and 

the prominent plateau phase in zebrafish APs putatively makes them an appropriate model to 

study these types of arrhythmic events 48. This optimism within the scientific community might 

not be fully justified, since knowledge concerning the exact underlying electrophysiological 

machinery is still incomplete.

 Zebrafish express all orthologues of human cardiac ion channels which results in an AP 

morphology akin to the human one, however discrepancies in the expressed ion channel 

isoforms are present (see Table 1). This is further complicated by the fact that zebrafish have 

an almost complete genome duplication which means that for the majority of genes involved 

in cardiac electrophysiology doubles exist that, in addition, do not necessarily have a similar 

sequence nor an identical transcriptional regulation. As well, the transcriptome of zebrafish 

possibly varies with changes in conditions such as temperature. Zebrafish express Na
v
1.4 

responsible for the I
Na

 current, in contrast to mice and humans which express Na
v
1.5 subunits 

31. LQT3 and Brugada syndrome are inherited diseases mainly caused by mutations in SCN5A, 

the gene underlying the Na
v
1.5 protein 136. Differences in conformation and functionality of the 

Na+ channel isoform can become problematic when disease-related SNC5A mutation variants 

have to be introduced in zebrafish, in order to study underlying mechanisms of the LQT3 and 

Brugada syndrome phenotypes. Similarly, given the fact that disagreement exists regarding 

the functional presence of IKs (even though the underlying genes KCNQ1 and KCNE1 are 

expressed) studies concerning LQT1 have to be performed with caution. More promising, 

however, is that zebrafish cardiomyocytes express KCNH2, the same gene responsible for 

channels conducting IKr in humans. This implicates that they would therefore serve as a useful 

model to study LQT2 136. One additional remark in this regard, that can not be ignored, is that 

in addition to KCNH2 (hERG1), KNCH6 (hERG2) is also expressed; both giving rise to IKr but 

the channels may display different kinetics and regulatory mechanisms (Leong et al., 2010b).  

Ca2+ channel subunits expressed in zebrafish are very similar to those in the human heart 

although, as we have extensively discussed in this review, the dynamics of Ca2+ homeostasis in 

zebrafish clearly differ from the human situation as has been summarized in Figure 3. The main 

discrepancies in the Ca2+ homeostasis are the lack of T-tubules, the regulatory mechanism and 

contributing factors of CICR, and the specific function of the SR. How these differences affect 

the potential to study mechanisms involved in CPVT (mainly caused by mutations in genes 

that regulate Ca2+ handling) must be considered. 

 In general, much more in depth knowledge about zebrafish cardiac electrophysiology 

needs to be acquired to judge the true potential of this experimental model. The overall 

conclusion of this comparative study might as such be more disappointing than the currently 

expressed enthusiasm of the scientific community. This is, however, only partly true. Beyond 

the already discussed advantages and doubts that zebrafish bring as an experimental model 

(see Table 2), the nowadays commonly applied CRISPR/Cas9 technique appears very effective 

in zebrafish 26. The rapid and ongoing sophistication of this technique holds great promise 

to fine-tune the zebrafish electrophysiological characterization. Though structural differences 

between cardiomyocytes in human and zebrafish will most likely remain, on a molecular level 
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CRISP/Cas9 allows the removal of aberrant genes (and their duplicates), the introduction 

of correct human genes and disease-related mutations, and even the correction of those 

introduced mutated genes. This unique approach will hopefully in the near future result in a 

more ‘humanized’ model with better extrapolative capabilities.

Table 2. Advantages and disadvantages of using zebrafish as an animal model to study human cardiac arrhythmias.

Advantages Disadvantages

Small size (handling + housing) Small size (experimental use)

Breeding (large offspring numbers + rapid 

development

Gene duplicates

Fewer ethical restrictions (embryonic fish) Temperature sensitive gene expression

Transparency (embryonic fish) Temperature sensitive heart rate

Drug screening tool Anatomy heart (2 chambered)

Genetic homology Unknown conduction system

Easy to manipulate genetically (morpholino’s + 

CRISPR/Cas9)

No identical ion channel expression profile

Heart rate (180-200 bpm) Aberrant Ca2+ handling (in general)

Functional pacemaker cells Low SR contribution to CICR

ECG morphology Aberrant sarcolemmal Ca2+ entry

Ion channel orthologues TTCC expression in working myocardium

Action potential shape
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Optogenetic sensors in the zebrafish 
heart: a novel in vivo electrophysiological 

tool to study cardiac arrhythmogenesis

8



ABSTRACT

Background: Cardiac arrhythmias are among the most challenging human disorders to 

diagnose and treat due to their complex underlying pathophysiology. Suitable experimental 

animal models are needed to study the mechanisms causative for cardiac arrhythmogenesis. 

To enable in vivo analysis of cardiac cellular electrophysiology with a high spatial and temporal 

resolution, we generated and carefully validated two zebrafish models, one expressing an 

optogenetic voltage indicator (chimeric VSFP-butterfly CY) and the other a genetically encoded 

calcium indicator (GCaMP6f) in the heart.

Methods: High-speed epifluorescence microscopy was used to image chimeric VSFP-butterfly CY 

and GCaMP6f in the embryonic zebrafish heart, providing information about the spatiotemporal 

patterning of electrical activation, action potential configuration and intracellular Ca2+ dynamics. 

Plotting VSFP or GCaMP6f signals on a line along the myocardial wall over time facilitated the 

visualization and analysis of electrical impulse propagation throughout the heart. Administration 

of drugs targeting the sympathetic nervous system or cardiac ion channels was used to validate 

sensitivity and kinetics of both zebrafish sensor lines. Using the same microscope setup, we 

imaged transparent juvenile casper fish expressing GCaMP6f, demonstrating the feasibility of 

imaging cardiac optogenetic sensors at later stages of development. 

Results: Isoproterenol slightly increased heart rate, diastolic Ca2+ levels and Ca2+ transient 

amplitudes, whereas propranolol caused a profound decrease in heart rate and Ca2+ transient 

parameters in VSFP-Butterfly and GCaMP6f embryonic fish. I
kr
 blocker E-4031 decreased heart 

rate and increased action potential duration in VSFP-Butterfly fish. I
Ca,L

 blocker nifedipine 

caused total blockade of Ca2+ transients in GCaMP6f fish and a reduced heart rate, altered 

ventricular action potential duration and disrupted atrial-ventricular electrical conduction in 

VSFP-Butterfly fish. Imaging of juvenile animals demonstrated the possibility of employing an 

older zebrafish model for in vivo cardiac electrophysiology studies. We observed differences in 

atrial and ventricular Ca2+ recovery dynamics between 3 dpf and 14 dpf casper fish, but not in 

Ca2+ upstroke dynamics.

Conclusion: By introducing the optogenetic sensors chimeric VSFP-butterfly CY and GCaMP6f 

into the zebrafish we successfully generated an in vivo cellular electrophysiological readout 

tool for the zebrafish heart. Complementary use of both sensor lines demonstrated the ability 

to study heart rate, cardiac action potential configuration, spatiotemporal patterning of 

electrical activation and intracellular Ca2+ homeostasis in embryonic zebrafish. In addition, we 

demonstrated the first successful use of an optogenetic sensor to study cardiac function in 

older zebrafish. These models present a promising new research tool to study the underlying 

mechanisms of cardiac arrhythmogenesis. 
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INTRODUCTION

Cardiac arrhythmias are among the most challenging human disorders to diagnose and 

treat due to their complex underlying pathophysiology. To fully understand arrhythmogenic 

mechanisms, a detailed examination at the multicellular level within the context of the whole 

body is necessary. While human cardiac electrophysiology has been studied for decades, 

experimental (animal) models are pivotal to study cellular processes in depth. Unfortunately, 

as the heart is poorly accessible within a closed thoracic cavity, our current knowledge of 

cellular electrophysiology is mainly based on in vitro experiments using isolated hearts or 

cardiomyocytes. Therefore, the ability to conduct in vivo research would provide us remarkable 

insight into the complex interplay of the heart and other organs to maintain homeostasis. 

 Small rodent models, like mice and rats, are often used to analyze electrophysiological 

mechanisms of cardiac arrhythmias as they are affordable, highly available and can be 

genetically manipulated 1. However, due to their high heart rates 2, small heart size, and 

significantly different action potential (AP) shape 3, use (or the application) of these models 

is usually limited to proof-of-principle studies that can later be extended into larger animal 

models 1-4. Large animal models such as the dog, pig, sheep and goat, have hearts that are 

both anatomically and physiologically more similar to that of a human’s. For this reason, large 

models are more suitable for pre-clinical studies to test safety and efficacy of novel therapies. 

However, the costs of using these animals are very high, the experimental procedures are 

complex, and there are more serious ethical concerns 1. Furthermore, not all large-animal 

hearts are equally similar to the human heart, thereby reducing the clinical relevance of some 

disease models 5. Ultimately, the choice of an animal model has to be determined for each 

study separately, as it will depend on the specific research goal which animal is most suitable.

 During the past few decades, the zebrafish (Danio rerio) has emerged as a powerful, cost-

efficient, and easy-to-use vertebrate model to study cardiovascular disease. Due to its optical 

accessibility, small size, genetic manipulability, rapid development, high offspring numbers, 

and the possibility of high-throughput chemical screenings, the zebrafish forms an important 

addition to the existing group of electrophysiological animal models 6. This especially holds 

true for the use in high-throughput genotype-phenotype relation studies and in vivo studies. 

Even though zebrafish hearts have two chambers, their physiology resembles the human 

heart in multiple aspects 7. Like mammals, zebrafish have functional pacemaker cells that 

initiate and regulate cardiac contraction 8,9 and spontaneous heart rates. Furthermore, the 

relationship between QT interval and heart rate are reported to be comparable to those 

found in a human 10,11. In addition, zebrafish cardiac action potentials exhibit a similar shape 

to human action potentials, with a long plateau phase and substantial correspondence in ion 

currents10,12-14.

 Optical mapping with fluorescent dyes has become a fundamental tool to study cardiac 

cellular electrophysiology and excitation-contraction coupling due to its high spatial and 

temporal resolution. Unfortunately, dyes are primarily optimized for in vitro experiments—for 
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example, for use in Langendorff perfused hearts—thereby removing the heart from its context 

within the body. In vivo experiments with dyes have been performed and are achievable 15,16, 

but the approaches are usually invasive (due to required surgery or high DMSO concentrations) 

and lack cell type specificity. Optogenetic sensors form an appealing alternative, as they can 

be genetically targeted to specific subsets of cells, have low phototoxicity and can be used 

for in vivo (longitudinal) studies 17-19. Genetically encoded voltage indicators (GEVI’s) and 

Ca2+ indicators (GECI’s) are two groups of optogenetic sensors that allow the detection of 

membrane depolarization and intracellular Ca2+ dynamics respectively. To accurately reflect 

the short action potentials and Ca2+ fluxes in the heart, it is essential that optogenetic sensors 

have robust, high-resolution signals and fast kinetics. The novel voltage sensor Chimeric VSFP-

butterfly CY (cyan-yellow: mCitrine/mCerulean) has unprecedented kinetics in comparison 

to earlier differential dual emission (“FRET’’) voltage sensors like VSFP2.3 and Mermaid. 

Off kinetics in particular have improved vastly, allowing for an accurate reflection of action 

potential shape 20. Similarly, the Ca2+ sensor GCaMP6f has excellent kinetics and was the first 

GCaMP sensor to surpass the sensitivity and speed of the classic synthetic Ca2+ dyes 21.

 Here we describe a novel cardiac voltage sensor zebrafish line, chimeric VSFP-butterfly CY, 

and the validation of this voltage sensor line together with a GCaMP6f Ca2+ sensor line to study 

cellular membrane voltage and intracellular Ca2+ dynamics in the heart in a spatiotemporal 

manner. We show that both chimeric VSFP-butterfly CY and GCaMP6f accurately reflect cardiac 

electrophysiology and that parallel use of these zebrafish lines provides a powerful tool to 

study in vivo excitation-contraction coupling and cardiac arrhythmogenesis in zebrafish. In 

addition, we demonstrate for the first time the possibility to perform in vivo imaging of cardiac 

optogenetic sensors in juvenile zebrafish.

METHODS

Zebrafish husbandry
Fish used in this study were housed under standard conditions as previously described 22. All 

experiments were conducted in accordance to the ethical guidelines and approved by the 

local ethics committee at the Royal Dutch Academy of Sciences (KNAW). 

Development of transgenic zebrafish
To generate the tg(myl7:chimeric VSFP-butterfly CY) line (VSFP: voltage sensitive fluorescent 

protein), we first cloned the chimeric VSFP-butterfly sequence from its original vector pCAG-

Chimeric_Butterfly_CY_1.0 (Addgene plasmid #59800) into pGEM-T easy using PCR-based 

cloning. After validation through sequencing, chimeric VSFP-butterfly was cloned into pCR8/

GW/TOPO using EcoRI restriction. Multisite Gateway cloning was used to combine chimeric 

VSFP-butterfly CY (pME) with the cardiac-specific myl7 promoter (p5E) and a SV40 late polyA 
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signal (p3E) into the pDestTol2pA (http://tol2kit.genetics.utah.edu) destination vector. To 

obtain transgenic zebrafish, wild-type Tupfel Long fin (TL) strain zebrafish embryos were 

injected with 1 nL of 100 ng/µL pDestTol2pA myl7:chimeric VSFP-butterfly CY and 24 ng/µL 

tol2 transposase mRNA at the 1-cell stage. Tol2 sequences flanking the expression cassette 

facilitated stable genomic integration. Injected embryos (F0) were screened for mCitrine 

and mCerulean expression in the heart and grown to adulthood. The adult F0 generation 

was outcrossed to wild-type TL strain zebrafish and F1 embryos were screened for bright 

and homogeneous mCitrine and mCerulean expression in the heart to generate a stable 

tg(myl7:chimeric-VSFP-butterfly-CY) line. 

 To generate the UAS:GCaMP6f construct, ten repeats of the Upstream Activation 

Sequence (10x UAS), were placed upstream of GCaMP6f 21, in the Gateway destination 

vector pDestTol2pA, using Gateway LR recombination. 12 ng/µL plasmid DNA with 40 ng/

µL Tol2 transposase mRNA and 0.02% Phenol Red was injected into 1-cell stage embryos. 

An outcrossed stable UAS:GCaMP6f line was crossed to myl7:Gal4FF fish, and progeny was 

screened for GCaMP6f expression in the heart to identify tg(myl7:Gal4FF; UAS:GCaMP6f) fish. 

Confocal imaging 
At 24 h post-fertilization (hpf), embryos were placed in 1-phenyl-2-thiourea (PTU) to keep 

them transparent. Embryos at 3 days post-fertilization (dpf) were treated with 40 µM of 

2,3-Butanedione 2-monoxime (BDM) (Sigma-aldrich, B0753) dissolved in E3 containing 16 

mg/mL Tricaine until the heart stopped beating. BDM was used in this experiment, since it 

is highly effective in blocking cardiac contraction, but was not used in any other experiments 

in this study due to its interference with cardiac electrophysiology. Subsequently, these 

embryos were embedded in 0.3% agarose (UltraPure agarose, Invitrogen) prepared in E3 

medium containing 16 mg/mL Tricaine and a maintenance dose of 20 µM BDM. To establish 

expression patterns of chimeric VSFP-butterfly CY and GCaMP6f, recordings were performed 

at 20 °C using an inverted TCS SP8 confocal laser-scanning microscope (Leica microsystems, 

Germany) and a 20x objective. Images were processed using ImageJ (U. S. National Institutes 

of Health, Bethesda, Maryland, USA).

High-speed fluorescence imaging in embryos
A morpholino (MO) oligomer targeted against tnnt2a 

(5’-CATGTTTGCTCTGATCTGACACGCA-3’) was used to uncouple contraction from 

excitation in embryos, thereby preventing contraction artifacts in our recordings of cardiac 

electrophysiology and Ca2+ dynamics. This ‘silent heart’ ATG morpholino was applied as 

described previously 23. At 24 hpf, embryos were placed in PTU to keep them transparent. 

Embryos at 3 dpf were embedded in 0.3% agarose prepared in E3 medium containing 16 mg/

mL Tricaine and placed in a heated (28 °C) recording chamber. Recordings were performed 

using a custom-build upright widefield microscope (Cairn research, Kent, UK) equipped with 

a 20x 1.0 NA objective (Olympus XLUMPLFLN20X W). White LED excitation light was filtered 
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using a 438/24 nm filter (Semrock FF02-438/24-25) and reflected towards the objective using a 

458 nm dichroic mirror (Semrock FF458-Di02-25x36). Emitted fluorescence was directed to an 

emission splitter unit (OptoSplit II ByPass Image Splitter) fitted with a 509 nm dichroic mirror 

(Semrock FF509-FDi01-25x36) and 483/32 nm and 514 long-pass emission filters (Semrock 

FF01-483/32-25 and LP02-514RU-25, respectively). Images were projected on a high-speed 

camera (Andor Zyla 4.2 plus sCMOS). Recordings were performed at 100 fps, for 1000-2000 

frames. Basal parameters were recorded first. Subsequently, drug stocks were diluted in 28 

°C E3-Tricaine medium (isoproterenol hydrochloride 1, 10 or 100 µM, Sigma-Aldrich I6504; 

propranolol hydrochloride 1, 10 or 100 µM, Sigma-Aldrich P0884; E4031 100, 250, or 500 µM, 

Sigma-Aldrich M5060; nifedipine 1, 10, or 100 µM, Sigma-Aldrich N7634) and the medium 

was mixed vigorously to assure a homogeneous concentration of the drug. Embryos were 

incubated for 30 min in normal E3-Tricaine medium (Placebo experiments) or E3-Tricaine-drug 

mixture and parameters were measured again. Isoproterenol experiments were recorded 

in both a 25 °C and 28 °C heated solution. For nifedipine washout experiments, embryos 

were removed from agarose gel and incubated 180 min in E3-Tricaine medium at 28 °C. 

Subsequently embryos were fixed again in 0.3% agarose and parameters were measured for a 

third time. Recordings were analyzed using Image J and Matlab (Version R2015a, Mathworks, 

Natick, MA, USA). 

High-speed fluorescence imaging in PAB-treated embryos and juveniles 
14 dpf juvenile casper tg(myl7:Gal4FF; UAS:GCaMP6f) fish were embedded and imaged using 

the same approach as was employed in 3 dpf embryos. In contrast to embryos, we used 

para-amino-blebbistatin (PAB), a highly soluble and non-phototoxic blebbistatin derivative, 

to inhibit contraction 24. PAB was used as an alternative, as fish cannot be raised to adulthood 

once injected with the tnnt2a morpholino due to a lack of blood flow. Fish were incubated 

in E3 medium containing 16 mg/mL Tricaine and 100 µM PAB for 15 min before embedding 

them in 0.3% agarose. To enable the comparison between embryonic and juvenile fish, we 

also treated 3 dpf casper fish with PAB instead of the tnnt2a MO. These fish were incubated 

in E3 medium containing 16 mg/mL Tricaine and 75 µM PAB for 90 min before embedding 

them in 0.3% agarose. Recordings were performed at 28 °C. While hearts never fully stopped 

beating, contraction was inhibited sufficiently to prevent major movement artifacts. To correct 

for remaining movement, we used the ‘Template Matching’ plugin from ImageJ. 

Statistical analysis
Statistical analysis and drawing of graphs and plots were carried out in GraphPad Prism 

(version 6 for Mac OS X, GraphPad Software, San Diego California USA). Differences between 

two groups were analyzed using the paired Student’s t-test, and comparisons between 

experimental groups were analyzed by one-way ANOVA for non-parametric variables with 

Tukey’s post-test for intergroup comparisons. Correlation between changes in diastolic Ca2+ 

levels and transient amplitude was analyzed using linear regression. All data is presented 
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as mean±SEM, and p<0.05 was considered significant. *p≤0.05, **p≤0.01, ***p≤0.001, 

****p≤0.0001, n.s. p>0.05. N denotes the number of fish used per dataset.

RESULTS

Expression of chimeric VSFP-butterfly CY and GCaMP6f in the zebrafish heart
We generated a transgenic zebrafish line expressing the voltage-sensitive fluorescent protein 

(VSFP) chimeric VSFP-butterfly CY (cyan-yellow: mCitrine/mCerulean), and placed it under 

the control of the cardiac-specific myl7 promoter to generate the tg(myl7:chimeric VSFP-

butterfly CY) line, referred to as VSFP-butterfly fish (Figure 1A). Fish expressing the sensor 

developed normally and high magnification in vivo confocal images of embryonic zebrafish 

hearts expressing chimeric VSFP-butterfly at 3 days post-fertilization (dpf) showed correct 

localization of the sensor to the plasma membrane, with very little cytosolic fluorescence 

(Figure 1B). In parallel, we generated a transgenic zebrafish line expressing GCaMP6f under 

the control of the cardiac-specific myl7 promoter and the Gal4-UAS system: tg(myl7:Gal4FF; 

UAS:GCaMP6f), referred to as GCaMP6f fish (Figure 1C). Fish expressing this sensor also 

developed normally and in vivo- confocal images of 3 dpf embryonic zebrafish hearts 

expressing GCaMP6f showed correct localization of the sensor to the cytosol, with very little 

nuclear fluorescence (Figure 1D).

VSFP-butterfly and GCaMP6f report voltage and Ca2+ dynamics in the embryonic 
zebrafish heart
To study in vivo spatiotemporal patterning of electrical activity in 3 dpf embryonic VSFP-

butterfly zebrafish hearts, we used high-speed widefield epifluorescence microscopy (Figure 
2A). Fish were injected with an antisense morpholino oligomer (MO) against tnnt2a at the one-

cell stage to stop cardiac contractions and to avoid motion artifacts during imaging. Individual 

analysis of the mCitrine and mCerulean channels demonstrated a decrease in mCerulean 

signal and a simultaneous increase in mCitrine signal with every consecutive membrane 

depolarization, signifying an increase in FRET efficacy during membrane depolarization 

(Figure 2B and Movie S1). Ratiometric processing of the mCitrine and mCerulean channels 

provided spatial information about action potential (AP) configuration and propagation 

across the whole heart. Characteristics that could be extracted from our analysis were: heart 

rate (interval between action potentials) and repolarization parameters (action potential 

duration (APD) as measured from the start of the upstroke, in which APD
10

 indicates 10% of 

the APD, APD
20

 20%, APD
50

 50% and APD
90

 90%) (Figure 2C). We obtained a clear depiction 

of electrical impulse propagation throughout the heart by plotting ratiometric signals along 

a trajectory defined by the myocardial wall as a line versus time (analogous to the line scan 

approach). APs that originated in the atrium demonstrated a small delay at the AV canal and 
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then rapidly spread throughout the ventricle. These line plots also revealed a difference in AP 

duration between the atrium and ventricle, and provided information about the regularity of 

the activation intervals (Figure 2D). 

 The same high-speed widefield epifluorescence imaging setup and analysis procedure was 

used to obtain detailed information of in vivo cytosolic Ca2+ dynamics in 3 dpf embryonic 

GCaMP6f zebrafish hearts (Movie S2). Analysis of GCaMP6f (cpEGFP) signal intensity over 

time allowed examination of diastolic Ca2+ levels, the speed of intracellular Ca2+ release and 

reuptake/clearance as well as maximal Ca2+ amplitudes (Figure 2C). Individual analysis of the 

atrial and ventricular myocardium demonstrated differences in Ca2+ dynamics along the heart 

tube such as a faster Ca2+ release in the atrium as reflected by the steeper upstroke phase 

Figure 1. Development of voltage- and Ca2+-reporting zebrafish lines. (A) DNA construct and concept of the sensing 

mechanism of chimeric VSFP-butterfly CY. Chimeric VSFP-butterfly CY was placed under control of the myl7 promoter 

to restrict its expression to the heart. The sensor consists of a voltage sensitive domain with transmembrane segments 

S1-S4, sandwiched between a fluorescence resonance energy transfer (FRET) pair of the fluorescent proteins mCitrine 

and mCerulean. Movement of S4 upon membrane depolarization translates into a change of FRET efficiency. (B) 3D 

projection of a confocal image of a 3 dpf zebrafish tg(myl7:chimeric VSFP-butterfly CY) heart. Only the mCitrine channel 

is displayed. Insert shows a magnification of the selected ventricular area; arrowheads highlight the membrane targeting 

of chimeric VSFP-butterfly CY. (C) DNA construct and sensor dynamics of GCaMP6f. GCaMP6f was placed under the 

control of the myl7 promoter to restrict its expression to the heart. The Gal4FF-UAS system amplifies its expression. 

GCaMP6f consists of a circularly permutated enhanced green fluorescence protein (cpEGFP) fused to calmodulin (CaM) 

and the M13 peptide. When intracellular Ca2+ rises, CaM binds to M13, causing increased brightness of cpEGFP. (D) 3D 

projection of a confocal image of a 3dpf zebrafish tg(myl7:Gal4FF;UAS:GCaMP6f) heart. Insert shows a magnification of 

the selected ventricular area; arrowheads highlight cytosolic expression of GCaMP6f. CaM: calmodulin; EC: extracellular; 

IC: intracellular; pA: poly(A); PM: plasma membrane; tg: transgenic; UAS: upstream activation sequence.
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(Figure 2C). We obtained a clear depiction of Ca2+ propagation over the zebrafish heart by 

plotting fluorescence signals of the myocardial wall as a line versus time. These line plots 

clearly showed that (like voltage signals) Ca2+ release starts in the atrium, has a slight delay in 

the AV-canal and then rapidly spreads throughout the ventricle (Figure 2E). 

VSFP-butterfly and GCaMP6f accurately report the in vivo effects of cardiac 
sympathetic intervention 
To validate the functionality and sensitivity of our VSFP-butterfly and GCaMP6f lines, we 

used two pharmacological agents to target the sympathetic sensitivity of the heart: the 

β-adrenergic agonist isoproterenol and the β-adrenergic antagonist propranolol. Placebo 

experiments demonstrated that incubation without pharmacological agents did not influence 

cardiac parameters (Figure S1). Optimal concentrations of isoproterenol and propranolol 

were determined via dose-response measurements in VSFP-butterfly fish (Figure S2A-B). 

β-adrenergic stimulation is known to increase heart rate and force of contraction by enhancing 

intracellular Ca2+ dynamics. Incubation with 100 µM isoproterenol seemed to have a limited 

effect in both the VSFP-butterfly and GCaMP6f zebrafish lines at 28 °C (average increase in 

heart rate: VSFP 7.6%, p≤0.001; GCaMP 5.4%, n.s.) (Figure S3). We lowered the environmental 

temperature from 28 °C to 25 °C, in order to reduce the sympathetic tone of the heart. This 

resulted in a more pronounced effect of isoproterenol on heart rate (average increase: VSFP 

19.9%, p≤0.001; GCaMP 8.8%, p≤0.05) (Figure 3A, C) and Ca2+ transient amplitudes (Figure 
3D-E). Isoproterenol significantly increased AP frequency (25 °C: 124.3 ± 24.2 bpm vs. 144.5 ± 

22.2 bpm, p≤0.001; 28 °C: 172.9 ± 22.6 bpm vs 182.2 ± 16.4 bpm, p≤0.001) in VSFP-butterfly 

embryos without affecting APD (Figure 3A-B and Figure S1A), and significantly increased 

the number of Ca2+ transients per minute (147.8 ± 24.1 vs 160.9 ± 20.9, p≤0.05), diastolic Ca2+ 

levels and Ca2+ transient amplitudes in GCaMP6f embryos at 25 °C (Figure 3C-E). In contrast, 

treatment with 100 µM of the β-receptor antagonist propranolol very effectively decreased AP 

frequency (197.2 ± 21.8 bpm vs 149,2 ± 26.4 bpm, p≤0.001) without affecting APD in chimeric 

VSFP-butterfly CY fish (Figure 3A-B), and significantly decreased Ca2+ transient frequency 

(185.9 ± 21 bpm – 137.5 ± 20.7 bpm, p≤0.0001), diastolic Ca2+ levels and the amplitude of Ca2+ 

transients in GCaMP6f fish (Figure 3C-E). To visualize the effect of adrenergic intervention on 

intracellular Ca2+ kinetics, we plotted the change in diastolic Ca2+ levels against the change in 

Ca2+ transient amplitude in each individual fish after treatment with 100 µM isoproterenol or 

100 µM propranolol (Figure 3E). Isoproterenol treatment at 28 °C shows a strong correlation 

(R2=0.80, p=0.0004) between the diastolic Ca2+ levels and Ca2+ transient amplitude, although 

these parameters did not always increase (Figure S3B). When lowering the environmental 

temperature, isoproterenol treatment induced a clear positive correlation between diastolic 

Ca2+ levels and Ca2+ transient amplitude (R2=0.46, p=0.02). In contrast, propranolol shows a 

strong negative correlation (R2=0.95, p≤0.0001) (Figure 3E and Figure S4). 
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Figure 2. In vivo recording of voltage and Ca2+ dynamics in the embryonic zebrafish heart. (A) Recordings were 

performed using a custom-built upright widefield microscope equipped with a 20x objective, LED excitation light, an 

emission splitter unit and a high-speed fluorescence camera. Embryos were embedded in 0.3% agarose and placed in 

a temperature-controlled water bath. Temperature was regulated using a heated glass plate and a temperature sensor. 

A schematic depiction of the focal plane through the embryonic heart is visible in the right bottom frame. (B) Using the 

high-speed epifluorescence microscope, movies of 3 dpf non-contracting chimeric VSFP-butterfly CY embryonic hearts 

were recorded. Signal analysis demonstrated an increase in mCitrine (top panel) and decrease in mCerulean (bottom 

panel) every consecutive excitation cycle, starting in the atrium and followed by the ventricle. From these signals, a 

ratiometric signal could be calculated to study action potential (AP) configuration in both chambers. The selected atrial 

or ventricular regions are indicated by square boxes superimposed on the fluorescence images. (C) Movies of 3 dpf 

non-contracting GCaMP6f embryonic hearts were recorded and signal analysis demonstrated a clear oscillatory Ca2+ 

signal, starting in the atrium and followed by the ventricle. (D-E) Line plots of both chimeric VSFP-butterfly CY and 

GCaMP6f signals illustrating electrical impulse (D) and Ca2+ propagation (E) throughout the heart. Background-corrected 

fluorescence intensities were averaged across the width of the myocardial wall and along a trajectory defined by the 

course of the wall. Signal heat maps of trajectory against time depict depolarizations of the membrane (D) or increases 

in intracellular Ca2+ (E). The chimeric VSFP-butterfly CY line plot (D) clearly shows that APs originate in the atrium, have a 

small delay at the atrioventricular canal (AVC) and then rapidly spread throughout the ventricle. White insets represent 

the spatial AP traces, visible is the longer AP duration in the ventricle as compared to the atrium, as well as the regularity 

of the activation intervals. Analysis of GCaMP6f signal intensity versus time (E) also shows a clear activation pattern 

from atrium to ventricle. White insets represent the spatial Ca2+ transients, showing a faster speed of intracellular Ca2+ 

release in the atrium versus ventricle, similar speed in Ca2+ reuptake/clearance between chambers and nice regularity of 

activation intervals. A: atrium; cpEGFP: circularly permutated enhanced green fluorescent protein; V: ventricle. 
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Figure 3. In vivo effect of sympathetic intervention on ventricular electrophysiology and Ca2+ dynamics in 
embryonic zebrafish. 3 dpf VSFP-butterfly and GCaMP6f fish were treated for 30 min with β-adrenergic receptor 

agonist isoproterenol (100 µM) or antagonist propranolol (100 µM). Isoproterenol experiments were recorded at 25 °C 

to decrease sympathetic tone and propranolol experiments at 28 °C. (A-B) VSFP-butterfly fish treated with isoproterenol 

(n=18) or propranolol (n=17). (A) Bar graphs demonstrating a significant increase in AP frequency (heart rate) after 

isoproterenol treatment (p≤0.001) and a decrease after propranolol treatment (p≤0.0001) (mean ± SEM). (B) Boxplots 

demonstrating action potential duration (APD) parameters. No significant changes were found in APD
10,20,50 

and APD
90 

after treatment. Representative examples of normalized VSFP-butterfly ratiometric signals of the same fish before and 

after treatment showing the clear effect on AP frequency by isoproterenol and propranolol treatment, without affecting 

the AP configuration. (C-E) GCaMP6f fish treated with isoproterenol (n=11) or propranolol (n=10). (C) Bar graphs (mean 

± SEM) demonstrating a significant increase in Ca2+ transient frequency after treatment with isoproterenol (p≤0.05) and 

a decrease after treatment with propranolol (p≤0.001). (D) Representative examples of the effect of isoproterenol and 

propranolol on Ca2+ transient amplitude and GCaMP6f signal intensity compared to baseline. Clear changes in Ca2+ 

transient frequency, Ca2+ transient amplitude and baseline GCaMP6f signal intensity (diastolic Ca2+ level) are visible. 

GCaMP6f intensity is represented as percentage change compared to baseline, setting the lowest value of the baseline 

measurement at 100%. (E) Correlation plots of the change in diastolic Ca2+ level versus the change in Ca2+ transient 

amplitude after sympathetic stimulation (p=0.02, R2=0.46) and sympathetic inhibition (p≤0.0001, R2=0.95), presenting 

significant positive correlations. 
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VSFP-butterfly and GCaMP6f fish are sensitive to IKr and to LTCC blockade 
To validate whether VSFP-butterfly is sensitive enough to pick up changes in APD and AP 

morphology, we used classic pharmacological agents to target cardiac ion channels. The 

hERG channel blocker E-4031 is known to block the rapid delayed rectifier K+ channel (IKr), 

thereby decreasing K+ efflux and increasing APD. The optimal dose of E-4031 was determined 

via dose-response measurements in VSFP-butterfly fish (Figure S2C). Incubation with 500 µM 

E-4031 induced a significant reduction of AP frequency (181.3 ± 18.6 vs 160.4 ± 25.1 bpm, 

p≤0.05) in the zebrafish heart (Figure 4A). APD
50 

and APD
90

 were significantly increased in 

both the atrium (APD
50

: 72.7 ± 7.2 vs 92.7 ± 21.8 ms, p≤0.05; APD
90

: 95.3 ± 10.5 vs 119 ± 

29.4 ms, p≤0.05) and the ventricle (APD
50

: 110.9 ± 24.8 vs 142.1 ± 36.4 ms, p≤0.01; APD
90

: 

139.2 ± 36.1 vs 181 ± 51.6 ms, p≤0.05), while APD
20

 only showed an increase in the ventricle 

(81.8 ± 20.2 vs 95.2 ± 26.8 ms, p≤0.05) (Figure 4B). APD
10

 was unaffected in both chambers 

(Figure 4B). This decrease in AP frequency and lengthening of APD was clearly exposed when 

visualized by line graphs and line plots (Figure 4C-D).

Figure 4. In vivo effect of IKr block on cardiac electrophysiology in embryonic VSFP-butterfly CY fish. 3 dpf VSFP-

butterfly CY fish were treated for 30 min with I
kr
 antagonist E-4031 (500 µM; n=10). (A) Bar graphs demonstrating a 

significant decrease in AP frequency after E-4031 treatment (p≤0.05) (mean ± SEM). (B) Boxplots demonstrating APD 

parameters of the ventricle and atrium at baseline and after treatment with E-4031. A significant increase in APD
20

,
50 

and 

APD
90

 in
 
the ventricle and significant increase in APD

50 
and APD

90
 in

 
the atrium was found (* p≤0.05, ** p≤0.01). (C) A 

representative example of the ratiometric AP signals recorded in the atrium and ventricle before and after treatment with 

E-4031. Clear broadening of the AP shape after treatment is visible. (D) Line plots of the ratiometric AP signals versus 

time showing a decreased AP frequency and increase of AP duration in the atrium as well as the ventricle. The pattern of 

atrial-ventricular electrical conduction seems unaffected after treatment with E-4031. 
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 The voltage-sensitive L-type Ca2+ ion channel is essential for the influx of Ca2+ after a 

membrane depolarization and for the maintenance of the AP plateau phase. The L-type Ca2+ 

antagonist nifedipine (100 µm) induced a total block of Ca2+ transients in the entire heart, 

which was visible by the complete disappearance of GCaMP6f fluorescence (Figure 5B-C). 

The effect of nifedipine on GCaMP6f signal intensity appeared to be dose dependent: 100 

µM nifedipine induced a total Ca2+ block in 100% of the fish treated (Figure 5A-B), 10 µM 

nifedipine only resulted in a total Ca2+ block in 41.7% of embryos treated, while 1 µM was 

not able to induce a total block in any of the fish (Figure S5A-C). Nifedipine did cause a 

clear reduction in frequency of Ca2+ transients with all the different concentrations (1, 10, 

100 µM: 19% (p≤0.01), 56% (p≤0.001), 100% (p≤0.0001) decrease, respectively) (Figure 5B 

and Figure S5B-C). Washout experiments were performed in all 3 conditions to exclude 

that toxicity (death of the embryos) could have been the reason for the disappearance of 

the GCaMP6f signal. Washout after treatment with 1 µM and 10 µM nifedipine completely 

restored frequency of Ca2+ transients to baseline levels in all fish (Figure S5B-C). Washout 

after treatment with 100 µM nifedipine reversed the Ca2+ block in 65% of the fish, restoring 

frequency of Ca2+ transients, and Ca2+ transient amplitudes to levels near to baseline (Figure 
5B-C).

Figure 5. In vivo effect of L-type calcium channel block on ventricular Ca2+ dynamics in embryonic GCaMP6f fish. 
3 dpf GCaMP6f fish were treated for 30 min with the L-type calcium channel (LTCC) antagonist nifedipine. (A) Dose-

response curve showing that increased concentrations of nifedipine (1-100 µM) result in a decreased frequency of Ca2+ 

transients in the ventricle (representative of frequencies over the entire heart tube). Baseline measurements of the 3 

treatment groups are pooled in one group (mean ± SEM, 10 and 100 µM p≤0.0001, baseline: n=43, 1 µM:  n=12, 10 

µM: n=12, 100 µM: n=19). (B) Bar graphs showing that treatment with 100 µM nifedipine completely diminished Ca2+ 

amplitude and frequency (p≤0.0001), which was partly reversed after washout in E3 medium (p≤0.0001) (mean ± SEM, 

baseline n=19, treatment n=19, washout n=17). (C) A visual representation of the total block in GCaMP6f signal intensity 

in one representative fish after treatment with 100 µM nifedipine and the rescue of Ca2+ amplitude and frequency after 

washout in E3 medium. AU: arbitrary units.
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 Strikingly, in contrast with GCaMP6f signals, VSFP-butterfly signals could still be recorded 

after 100 µM nifedipine treatment. Nifedipine treatment in VSFP-Butterfly fish did, however, 

significantly reduce the AP frequency (198.9 ± 24.7 vs 156.8 ± 25.2 bpm, p≤0.0001) (Figure 6A-
B), which is in line with the effect on Ca2+ transient frequency in GCaMP6f fish at 1 µM and 10 

µM nifedipine, but not at 100 µM nifedipine, as the GCaMP6f signal completely disappeared at 

this concentration (Figure 5B-C). In the ventricle, APD was slightly, but significantly increased 

Figure 6. In vivo effect of LTCC blockage on cardiac electrophysiology in embryonic VSFP-butterfly CY fish. 3 

dpf VSFP-butterfly fish were treated for 30 min with 100 µM nifedipine. (A) Line plots of the ratiometric VSFP-butterfly 

signal versus time in one representative fish before and after treatment, along with a visual representation of the AP 

configuration. The line plots show a decrease in AP frequency and slight increase in ventricular APD after treatment 

with nifedipine. Line plots and adjacent ratiometric graphs are from the same fish. (B) APD parameters before and after 

treatment with 100 µM nifedipine (n=16). Bar graphs show a significant decrease in the AP frequency (mean ± SEM, 

p≤0.0001) and boxplots show a significant increase in APD
10,20,50 

and APD
90

 in the ventricle (middle panel; **p≤0.01, 

***p≤0.001), but only an increase of APD
10

 in the atrium (bottom panel; p≤0.05). (C) A line plot of one representative fish 

showing a disturbed atrial-ventricular electrical conductance after treatment with 100 µM nifedipine, which occurred in 

20% of the fish. Atrial firing is regular, but there is ectopic activation at the apex as well at the base of the ventricle, which 

is clarified in the schematic picture. A: atrium; V: ventricle.

8 

215

Optogenetic sensors in the zebraf ish heart



after treatment with 100 µM nifedipine (APD
10

: 54.1 ± 6.3 vs 60.8 ± 6.3 ms, p≤0.01; APD
20

: 67.2 

± 7.1 vs 77.2 ± 6.8 ms, p≤0.01; APD
50

: 92.5 ± 9.3 vs 105.4 ± 10.7 ms, p≤0.001; APD
90

: 114.1 ± 

11 vs 130 ± 13.8 ms, p≤0.01) (Figure 6B). In the atrium, only APD
10

 was significant increased 

(43.1 ± 4 vs 47 ± 3.4 ms, p≤0.05), while APD
20

, APD
50 

and APD
90

 were not affected
 
(Figure 6B). 

Strikingly, in 20% of the treated fish (100 µM) we observed a desynchronized atrial-ventricular 

(A-V) electrical impulse propagation (Figure 6C and Movie S3).

GCaMP6f reports Ca2+ dynamics in the juvenile zebrafish heart
To study in vivo cardiac Ca2+ dynamics in older fish, we developed a transparent casper 

tg(myl7:Gal4FF;UAS:GCaMP6f) zebrafish line. Due to mutations in the genes mitfa and mpv17 

,25 casper zebrafish lack two skin pigments and remain transparent even into adulthood 
26. We used the same high-speed widefield epifluorescence microscopy setup employed 

in 3 dpf VSFP-butterfly and GCaMP6f embryos (Figure 2A and Figure 7A). 3 dpf and 14 

dpf casper tg(myl7:Gal4FF;UAS:GCaMP6f) zebrafish were treated with 75 µM and 100 µM 

para-amino-blebbistatin (PAB) respectively, to inhibit contraction. While hearts never fully 

stopped beating with PAB, contraction was inhibited sufficiently to prevent major movement 

artifacts (Movie S4). Analysis of the oscillatory GCaMP6f (cpEGFP) signal over time allowed 

examination of Ca2+ transient dynamics in both cardiac chambers (Figure 7B). Similar to 

3 dpf embryos, individual analysis of the atrial and ventricular myocardium demonstrated 

differences in Ca2+ dynamics between chambers, with again a faster rise of cytosolic Ca2+ 

levels in the atrium (Figure 7B-E). Interestingly, when comparing Ca2+ dynamics between 3 

dpf and 14 dpf zebrafish, we found significant differences in the recovery phases of atrial 

and ventricular Ca2+ transients (Figure 7C-E). Cytosolic Ca2+ clearance was significantly 

slower in the atrium of 14 dpf fish (90-10%: 117.9 ± 7.3 ms at 3 dpf vs. 199.7 ± 8.6 ms at 14 

dpf, p ≤ 0.0001), as well in the ventricle of 14 dpf fish (90-10%: 97.7 ± 3.5 ms at 3 dpf vs. 

162.7 ± 11.4 ms at 14 dpf, p ≤ 0.0001) (Figure 7E), which could be an effect of the overall 

slower heart rate at 14 dpf (Figure S6A). To investigate whether genetic background and 

type of contraction block affects Ca2+ dynamics, two zebrafish strains (TL and casper) and 

two types of contraction blockers (tnnt2a MO and PAB) were compared (Figure S6). We did 

observe an effect of zebrafish strain, as we found higher heart rates in casper fish compared 

to embryonic TL fish (Ca2+ transient frequency; TL MO 216.6 ± 3.1 bpm vs. casper MO 238.4 

± 4.2 bpm, p ≤ 0.001; TL PAB 223.5 ± 2.9 bpm vs. casper PAB 242.1 ± 3.9 bpm, p ≤ 0.001) 

(Figure S6A), as well as a shorter Ca2+ transient recovery time in casper fish, both in the 

atrium (TL MO 137.6 ± 2.5 ms vs. casper MO 123.3 ± 2.6 ms, p ≤ 0.05; TL PAB 138.6 ± 2.1 

ms vs casper PAB 117.9 ± 7.2 ms, p ≤ 0.01) and in the ventricle (TL MO 120.8 ± 2.9 ms vs. 

casper MO 98.20 ± 2.9 ms, p ≤ 0.0001; TL PAB 119.8 ± 1.7 ms vs casper PAB 97.71 ± 3.5 ms, 

p ≤ 0.001) (Figure S6C). No difference in Ca2+ transient upstroke time between embryonic 

casper and TL fish was observed (Figure S6B). In addition, the type of contraction block 

seemed to have no effect on Ca2+ dynamics, as MO- and PAB-treated fish of the same 

strain demonstrated a similar Ca2+ transient frequency, Ca2+ transient upstroke time and Ca2+ 

transient recovery time (Figure S6A-C).  
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Figure 7. In vivo recording of Ca2+ dynamics in embryonic and juvenile casper GCaMP6f fish. (A) Visual representation 

of the imaging plane in 14 dpf juvenile casper-GCaMP6f hearts. The same widefield high-speed epifluorescence 

microscopy setup was used as in 3 dpf embryos. (B) Movies of almost silent GCaMP6f juvenile hearts were recorded and 

signal analysis demonstrated a clear oscillatory cpEGFP (GCaMP6f) Ca2+ signal in the selected atrial or ventricular region. 

(C-D) Representative examples of normalized oscillatory atrial (C) and ventricular (D) GCaMP6f signals from 3 and 14 dpf 

PAB-treated casper hearts, showing the Ca2+ transient dynamics over time. (E) Schematic representation of analyzed Ca2+ 

transient parameters. Bar graphs (mean ± SEM) demonstrating the speed in Ca2+ transient upstroke and recovery phase, 

compared between chambers and age (3 dpf n=7, 14 dpf n=3), showing a significant faster Ca2+ transient upstroke in 

the atrium compared to the ventricle, in both 3 dpf (p≤0.0001) and 14 dpf casper fish (p≤0.01). The recovery phase is 

significantly slower in 14 dpf casper fish compared to 3dpf casper fish, both in the atrium (p≤0.0001) and the ventricle 

(p≤0.0001). Also, the Ca2+ transient recovery phase is slower in the atrium compared to the ventricle, both in 3 dpf and 

14 dpf fish (p≤0.05) (mean ± SEM, one-way ANOVA).

DISCUSSION

Experimental animal models have been instrumental for the development of our understanding 

of cardiac cellular electrophysiology and the pathophysiology of cardiac arrhythmias. In general, 

in vivo assays are mainly used to study global multicellular cardiac electrophysiology, while in 

vitro and ex vivo experiments allow detailed research into cardiac cellular electrophysiology. 
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Unfortunately, it is extremely difficult to study cardiac cellular electrophysiology in the context 

of the whole body, as the heart is simply not accessible within a closed thoracic cavity. Here, 

we describe the generation and validation of two transgenic zebrafish lines that can be used 

to study in vivo cardiac cellular electrophysiology by reporting cardiac membrane voltage (via 

the chimeric VSFP-butterfly CY sensor) and cytosolic Ca2+ dynamics (via the GCaMP6f sensor).  

 During the past decades, the zebrafish has emerged as a powerful model to study human 

disease due to its small size, optical accessibility and ease of genetic engineering. Zebrafish 

can be used to test mechanisms of disease in vivo, especially through genotype-phenotype 

screens, and they also are an efficient and suitable model to screen large libraries of chemical 

compounds 6. Large-scale chemical screens are very appealing, as they would allow for fast 

and economical surveys to identify novel compounds that could benefit patients. Mutagenesis 

in zebrafish has improved markedly in the past few years due to development of the CRISPR/

Cas9 technique and it is even possible to generate fish carrying patient-specific mutations 
27. In future studies, combining the VSFP-butterfly and/or the GCaMP6f transgenic line with 

zebrafish carrying a loss of function or a specific patient mutation could provide unique 

information about the impact of mutations on cardiac electrophysiology. 

 In this study, we validated the reliability and robustness of both the VSFP-butterfly 

and GCaMP6f sensor lines through treatment of 3 dpf embryos with well-studied (golden 

standard) drugs. The β-adrenergic agonist isoproterenol and the β-adrenergic antagonist 

propranolol were used to test the sensitivity of the 3 dpf embryonic zebrafish heart to 

modulation of sympathetic tone. In line with literature, isoproterenol increased heart rate and 

enhanced intracellular Ca2+ dynamics,28 while propranolol had the opposite effect. In general, 

β-adrenergic stimulation in human cardiomyocytes also decreases APD,29 which we did not 

observe in the zebrafish heart. However, this could be due to baseline heterogeneity in AP 

contour between species 30. Strikingly, the response to propranolol was much more prominent 

than the response to isoproterenol in 3 dpf embryos (especially at 28 °C), possibly indicating 

that at this developmental stage the sympathetic tone is higher than the parasympathetic 

tone. In line with this, Schwerte et al. demonstrated that the vagal tone is not very pronounced 

in zebrafish embryos until ±11-12 dpf 31, and heart rates recorded in adult zebrafish (100 days, 

28 °C) are reported to be around 130 bpm, which is much lower than the 180-200 bpm average 

we find in 3 dpf embryos 32 suggesting that the vagal tone is not fully developed at 3 dpf.  

 In line with literature, the hERG ion channel blocker E-4031 clearly prolonged APD 33. A 

similar response has been described in isolated atrial and ventricular cardiomyocytes from adult 

zebrafish 34. E-4031 also significantly decreased heart rate, an observation we did not expect 

as the hERG channel is not typically associated with mammalian SA node electrophysiology. 

However, literature provides more reports of bradycardia-inducing effects by QT-prolonging 

drugs in zebrafish embryos, as well as reports of LQT2 patients with bradycardia carrying a 

hERG mutation 12,34,35.

 Nifedipine largely blocked Ca2+ transients, disrupted atrial-ventricular electrical conduction 

and mainly affected action potential configuration in the ventricle, with relatively little effect 

in the atrium. It is known that zebrafish express both L-type (LTCC) and T-type Ca2+ channels 
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(TTCC), which distinguishes them from mammals, as mammals only express LTCC in the 

working myocardium of the heart. Dominance of the LTCC in the zebrafish ventricle, but not in 

the atrium, could explain why we see a more pronounced effect of nifedipine on the ventricle. 

Indeed, island beat zebrafish embryos with a loss of function mutation in the gene encoding 

the zebrafish LTCC, have a chaotically beating atrium but a completely silent ventricle 36. In 

addition, tomo-seq, a technique that provides spatial information on RNA expression, indeed 

demonstrated a clear expression dominance of LTCC in the ventricle, but not in the atrium at 

2 dpf 37.

 In this study, we also demonstrated the first successful use of optogenetic sensors in 14 

dpf juvenile zebrafish by crossing our tg(myl7:Gal4FF;UAS:GCaMP6f) line with transparent 

casper fish. While 3 dpf embryos remain easier to manipulate and provide a fast way to 

screen for the effects of mutations or drugs, juvenile fish provide an excellent tool to measure 

electrophysiology in a more mature system. This can be extremely helpful, for instance when 

a mutation only results in a phenotype after the embryonic stages. Our data demonstrate 

that the Ca2+ transient upstroke time is similar in both the atrium and ventricle of 3 dpf and 

14 dpf fish, but the Ca2+ transient recovery time is significantly longer in 14 dpf fish. One 

possible explanation is the physiological decrease in heart rate from 200-250 bpm at 3 dpf 

to approximately 150-180 bpm at 14 dpf, as it may influence the speed of Ca2+ release and 

recovery. It is also possible that this decrease in Ca2+ transient recovery time is an effect of 

cardiomyocyte maturation, but this can only be confirmed with recordings that have similar 

Ca2+ transient frequencies.   

 Ultimately, it would be favorable to combine these high-sensitivity voltage and Ca2+

 

sensors into one zebrafish line, as it will allow for a one-on-one comparison and it will diminish 

the influence of genetic heterogeneity between zebrafish lines on experimental outcomes. 

In terms of fluorescence spectra, it would be a possibility to combine chimeric VSFP-butterfly 

with RCaMP2, a red variant of GCaMP. The concept of a dual-sensor fish is not novel, as Hou 

et al. presented simultaneous mapping of membrane voltage and Ca2+ using a genetically 

encoded dual-function Ca2+ and voltage reporter (CaViar).38 This dual-sensor fish is very 

promising; however, its dim opsin voltage signal (30-80 times dimmer than EGFP) makes 

imaging highly challenging and detailed APD analyses complicated. 

Another previously reported zebrafish line used the VSFP2 type voltage indicator termed 

Mermaid. While it was shown that Mermaid can report in vivo cardiac membrane voltage 39, 

this voltage sensor has slow kinetics, with a τ
off

 of >60 ms 40 as compared to 14.6±0.5 ms in the 

chimeric VSFP-butterfly 20 used here, resulting in reduced temporal resolution of the voltage 

report. 

 In conclusion, by introducing the optogenetic sensors chimeric VSFP-butterfly CY and 

GCaMP6f into the zebrafish heart we successfully generated two tools capable of reporting in 

vivo cellular electrophysiological characteristics. Parallel use of both sensors showed the ability 

to study heart rate, cardiac AP configuration, spatiotemporal patterning of electrical activation 

and intracellular Ca2+ dynamics. In addition, we demonstrated the first successful use of an 

optogenetic sensor in juvenile zebrafish, opening new possibilities for electrophysiological 
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research. Due to the fast kinetics and high-resolution signals of both sensors, chimeric VSFP-

butterfly CY and GCaMP6f zebrafish provide promising models to study electro(patho)

physiology and to search for novel drugs that could aid patients with cardiac arrhythmias.

Limitations
Validation of the sensors via side-by-side comparison to an established method, such as 

current clamp recording, was not performed in this study. However, these recordings are very 

challenging when performed in vivo and the temporal resolution of chimeric VSFP-butterfly 

CY and GCaMP6f have been characterized in several earlier studies. Another limitation 

of our study is the use of a total contraction block to prevent movement artifacts, despite 

its necessity for the accurate assessment of fluorescence signals over time. The effects of 

normal cardiac contractile function and hemodynamic load on electrophysiological and Ca2+ 

transient properties via e.g., mechano-electrical feedback mechanisms could therefore not 

be taken into account. Another challenge is the very fast nature of the AP upstoke phase 

(less than 2 ms). While chimeric VSFP-butterfly CY has excellent kinetics (τ
on

 2.3±0.2 ms), the 

upstroke phase is simply too fast for accurate tracing with the imaging strategy used in this 

study (for example the camera exposure time (10 ms) is longer than the AP upstroke time). 

Consequently, we have not addressed AP upstroke velocity in this study. 
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SUPPLEMENTARY FIGURES

Figure S1. No effects of placebo treatment on cardiac electrophysiology and Ca2+ dynamics in embryonic zebrafish. 
Ventricular signals of 3 dpf chimeric VSFP-butterfly CY and GCaMP6f fish were recorded at baseline and after 30 min 

incubation in normal E3-Tricaine solution without added drugs, at 28 °C. (A) Bar graphs of AP-frequency, and boxplots 

of APD
90

 demonstrate no significant effect on both parameters in VSFP-butterfly CY fish, after 30 min incubation (mean 

± SEM, n=10). (B) Bar graphs on frequency of Ca2+ transients, and Ca2+ transient amplitude demonstrates no significant 

effect on both parameters in GCaMP6f fish, after 30 min incubation (mean ± SEM, n=15). AU: arbitrary units.
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Figure S2. Dose-response effects of isoproterenol, propranolol and E-4031 in VSFP-butterfly CY fish. The effect of 

different concentrations (1-100 µM) isoproterenol and propranolol on AP frequency. (A) Showing a significant increase 

in AP frequency after treatment with 100 µM isoproterenol (mean ± SEM, p<0.05, one-way ANOVA, baseline: n=40, 1 

µM: n=9, 10 µM: n=16, 100 µM: n=15). (B) Gradual decrease of AP frequency with increasing propranolol concentrations 

(mean ± SEM, ***p≤0.001, ****p≤0.0001, one-way ANOVA, baseline: n=39, 1 µM: n=11, 10 µM: n=12, 100 µM: n=16). (C) 
The effect of different concentrations (100-500 µM) E-4031 on ventricular APD

90
 showing a significant increase in APD

90
 

after treatment with 500 µM (mean ± SEM, p≤0.0001, one-way ANOVA, baseline: n=30, 100 µM: n=9, 250 µM: n=11, 500 

µM: n=10). Baseline measurements of the different concentration groups were pooled into one group.
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Figure S3. In vivo effect of sympathetic stimulation on cardiac electrophysiology and Ca2+ dynamics at 28 °C. 3 

dpf VSFP-butterfly and GCaMP6f fish were treated for 30 min with β-adrenergic receptor agonist isoproterenol (100 

µM), experiments were performed at 28 °C. (A) Bar graphs demonstrate a significant increase in AP frequency after 

isoproterenol treatment (mean ± SEM, p≤0.001, n=15). Boxplots show action potential duration (APD) parameters at 

baseline and after isoproterenol treatment. No significant changes were found in APD
10,20,50 

and APD
90 

after treatment. (B) 
Effect of isoproterenol on Ca2+ dynamics at the physiological temperature of 28 °C, n=15. Bar graphs demonstrating no 

significant increase in the frequency of Ca2+ transients and no change in diastolic Ca2+ levels (mean ± SEM). The change in 

Ca2+ transient amplitude is plotted per individual fish, demonstrating no consistent positive response towards treatment. 

The correlation plot of the change in diastolic Ca2+ level versus the change in Ca2+ transient amplitude after sympathetic 

stimulation presents a significant correlation, which is positive as well as negative (p=0.0004, R2=0.80). AU: arbitrary units.
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Figure S4. In vivo effect of sympathetic inhibition on Ca2+ dynamics in GCaMP6f fish. 3 dpf GCaMP6f fish were 

treated for 30 min with β-adrenergic receptor antagonist propranolol (100 µM), n=10. Bar graphs demonstrating a 

significant decrease in diastolic Ca2+ levels (p≤0.01) (left panel) and Ca2+ transient amplitude (p≤0.01) (middle panel) after 

treatment (mean ± SEM). Change in Ca2+ transient amplitude is plotted per individual fish (right panel), demonstrating a 

clear decrease in 9/10 fish after treatment (right panel). AU: arbitrary units.

Figure S5. Dose-response effect of nifedipine on ventricular Ca2+ dynamics in GCaMP6f fish. 3 dpf GCaMP6f fish 
were treated for 30 min with 1, 10 and 100 µM nifedipine.  (A) Bar graphs demonstrating the percentage of fish in which 

the ventricular GCaMP6f signal was blocked 100% after treatment (top panel) and the percentage of fish in which this 

block was reversible after washout in E3 medium for 180 min (bottom panel). Y-axis numbers are representable for the 

signal intensity across the entire heart tube. No total signal block was observed after 1 µM treatment, but there was 

a total block in 41.7% of fish when treated with 10 µM and total block in 100% of the fish when treated with 100 µM 

nifedipine. In addition, this total block was reversible in all fish after treatment with 10 µM and in 65% of fish treated with 

100 µM nifedipine (data are presented as mean, 1 µM: n=10, 10 µM: n=12, 100 µM: n=19). (B) Bar graphs demonstrating 

a significant decrease in Ca2+ transient frequency (p≤0.01) and Ca2+ transient amplitude (p≤0.01) after 1 µM nifedipine 

treatment. These parameters recovered to baseline levels after washout (mean ± SEM, frequency p≤0.001, amplitude 

p≤0.01). (C) Bar graphs demonstrating a significant decrease in Ca2+ transient frequency (p≤0.001) and Ca2+ transient 

amplitude (p≤0.0001) after 10 µM nifedipine treatment. These parameters significantly recovered after washout (mean ± 

SEM, frequency p≤0.001, amplitude p≤0.0001). AU: arbitrary units.
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Figure S6. In vivo Ca2+ dynamics of embryonic zebrafish with different genetic backgrounds and different types 
of contraction block. Comparison in Ca2+ transient dynamics between different experimental groups (TL MO n=17, 

TL PAB n=15, casper MO n=10, casper PAB n=7, 14 dpf casper PAB n=3). (A) Bar graphs demonstrating no significant 

difference in Ca2+ transient frequency between MO and PAB treated fish within the TL or casper background. Embryonic 

casper fish have a higher Ca2+ transient frequency compared to embryonic TL fish. Ca2+ transient frequency is significant 

lower in 14 dpf juvenile fish compared to both 3 dpf casper and TL fish (mean ± SEM, *p≤0.05, ***p≤0.001, one-way 

ANOVA). (B) Bar graphs demonstrating no significant differences in atrial and ventricular upstroke time between TL and 

casper fish, between 3 dpf and 14 dpf, nor between MO and PAB treated fish (mean ± SEM, one-way ANOVA). (C) Bar 

graphs demonstrating a significant difference in atrial and ventricular Ca2+ transient recovery time in 3 dpf TL versus 3 

dpf casper fish, as well as a significant difference in atrial and ventricular Ca2+ transient recovery time of 3 dpf versus 14 

dpf casper fish (mean ± SEM, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, one-way ANOVA). No significant differences 

were observed between MO and PAB treated fish (mean ± SEM, one-way ANOVA). MO: morpholino; PAB: para-amino-

blebbistatin; TL: Tupfel long fin. 8 
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dysregulation in a zebrafish model 

reminiscent of Phospholamban R14del 
cardiomyopathy
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ABSTRACT

The heterozygous phospholamban (PLN) p.Arg14del (R14del) mutation is found in patients 

with dilated or arrhythmogenic cardiomyopathy. The PLN-R14del mutation triggers cardiac 

contractile dysfunction and arrhythmogenesis by affecting intracellular Ca2+ dynamics. Little 

is known about the physiological processes preceding PLN-R14del induced cardiomyopathy, 

which is characterized by sub-epicardial accumulation of fibrofatty tissue, and a specific 

drug treatment is currently lacking. Here, we addressed these issues using a knock-in PLN-

R14del zebrafish model. Hearts from adult zebrafish with the R14del mutation display age-

related remodeling with sub-epicardial inflammation and fibrosis. Echocardiography revealed 

contractile pulsus alternans before overt structural changes occurred, which correlated at 

the cellular level with action potential duration (APD) alternans. These functional alterations 

are preceded by diminished Ca2+ transient amplitudes in embryonic hearts. We found that 

istaroxime treatment ameliorates the in vivo Ca2+ dysregulation, rescues the cellular APD 

alternans, while it improves cardiac relaxation. Thus, we present novel insight into the 

pathophysiology of PLN-R14del cardiomyopathy and identify istaroxime as a potential novel 

drug for its treatment.
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INTRODUCTION 

Arrhythmogenic cardiomyopathy (ACM) is a genetic inherited disease that occurs in 1:1000- 

1:5000 of the general population. ACM is characterized by the accumulation of fibrous tissue 

and fat at the sub-epicardial region of the ventricles where it infiltrates the myocardial wall. 

In addition, malignant ventricular arrhythmias and a high propensity for sudden cardiac 

death has been observed 1. Sudden cardiac death most commonly occurs in young patients, 

during the concealed stage of the disease, when no overt cardiomyopathy is detectable yet. 

Little is known about the underlying cause of cardiac remodelling, eventually culminating 

in contractile dysfunction and heart failure, and sudden cardiac death in ACM patients 2. 

Myocardial biopsies of late stage ACM patients also display inflammatory infiltrates, which are 

associated with the fibrofatty replacement of myocardial tissue2. Most cases of familial ACM 

are caused by mutations in desmosomal genes (e.g. plakophilin, desmoplakin). However, non-

desmosomal gene mutations such as the phospholamban (PLN) p.Arg-14 deletion (R14del), 

have recently been identified as a cause for ACM as well 3.

 PLN-R14del is a Dutch founder mutation and the most prevalent cardiomyopathy-related 

mutation in the Netherlands. It has been identified in 10-15% of all Dutch patients with dilated 

cardiomyopathy (DCM) and/or ACM and it is estimated that there are more than 1000 PLN-

R14del Dutch carriers 4. PLN mutations, including PLN-R14del, have also been detected in 

several other countries, including Canada, the USA, Spain, Germany, and Greece 5–8. Patient 

phenotypes are very heterogeneous, not only between families but also within families 9,10. 

Up to today, no homozygous carriers have been identified 11. Severely affected PLN-R14del 

mutation carriers display profound fibrofatty infiltration in the sub-epicardial region of both 

ventricular walls, along with malignant ventricular arrhythmias and end stage heart failure 12. 

Currently, specific drugs to treat this disease are lacking.

 PLN is a small 52 amino-acid transmembrane sarcoplasmic reticulum (SR) protein and 

a crucial regulator of SR function within cardiomyocytes 13. During excitation-contraction 

coupling, free cytosolic Ca2+ levels increase, causing more Ca2+ to bind to the cardiac 

myofilaments which generates contractile force. After contraction, free cytosolic Ca2+ levels 

must be diminished to resting levels in order to induce cardiomyocyte relaxation. Ca2+ 

is pumped back into the SR via the sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA2a) 

and extruded out of the cell via the Na+-Ca2+ exchanger (NCX). Activity of SERCA2a, the 

cardiac SERCA isoform, is tightly regulated by its scaffolding protein PLN. Under physiological 

conditions, PLN inhibits SERCA2a activity and thereby tempers the amount of Ca2+ that flows 

back into the SR. Upon the inhibition of PLN activity, such as by phosphorylation on Ser16, SR 

Ca2+ cycling is enhanced leading to an increase in SR Ca2+ reuptake and improved cardiac 

function 14–16. The PLN-R14del mutation results in a protein that has a stronger affinity for 

SERCA2a 6, which has been correlated with the disruption of the Ser16 phosphorylation motif. 

It was suggested that disruption of this motif could lead to an increased inhibition of the 

SERCA2a, cytoplasmic Ca2+ overload, and increased risk for malignant ventricular arrhythmias 
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17,18. Whether changes in intracellular Ca2+ dynamics also occur in vivo and affect cardiac 

structure and function remains unaddressed. Studying these processes in depth requires 

accurate in vivo models. 

 During the past decades, the zebrafish (Danio rerio) has emerged as a powerful, cost-

efficient, and easy-to-use vertebrate model to study human disease 19. Its conserved genome 

(82% of all human disease causing genes has at least one zebrafish orthologue), physiology 

and pharmacology has made the zebrafish a highly valuable model for the resolution of human 

disease-related mechanisms and for novel drug (target) discovery 20–22. In addition, CRISPR/

Cas genome editing in the zebrafish has led to new opportunities, such as the introduction of 

patient specific gene mutations in the zebrafish genome 23–25. 

 In this study, we used zebrafish with a R14del variant in the endogenous plna gene to 

understand the cardiac pathophysiology caused by the PLN-R14del mutation.  Strikingly, 

an age-related severe cardiac remodelling was observed at the sub-epicardial region of the 

heart, combined with a strong infiltration of immune cells, fibroblasts and fat deposits. In 

young-adult plna R14del zebrafish without apparent structural remodelling, we observed 

variations in ventricular outflow peak velocity between consecutive beats. In correlation with 

this, irregular action potential (AP) duration (APD) (alternans) were identified in isolated plna 

R14del cardiomyocytes. Since these irregular APs can be caused by altered Ca2+ dynamics, 

we analysed intracellular Ca2+ dynamics in vivo. Corroborating this we found that cardiac Ca2+ 

transient amplitudes were reduced in plna R14del hearts.  Importantly, istaroxime ameliorated 

the in vivo Ca2+ dysregulation and contractile impairment in plna R14del zebrafish, and rescued 

the observed irregular APDs in plna R14del cardiomyocytes.

MATERIALS AND METHODS

Zebrafish husbandry
Fish used in this study were housed under standard conditions as described previously 26. All 

experiments were conducted in accordance with the ethical guidelines and approved by the 

local ethics committee of the Royal Dutch Academy of Sciences (KNAW).

Generation of mutant lines
The R14del mutation was generated in the wild-type Tupfel Longfin (TL) strain zebrafish using 

CRISPR/Cas9 technology. Plna R14del fish were generated as described before 24. In short, one-

cell-stage zebrafish embryos were microinjected with an injection mixture consisting of (final 

concentrations): 150 ng/μl nuclear Cas9 (nCas9) mRNA, 20-40 ng/μl sgRNA, 10% (v/v) Phenol Red 

and 25 ng/μl template oligo. Each putative founder adult fish was crossed with a wild-type adult 

fish (F1). Homozygous fish (F2) were generated by inbreeding heterozygous mutant carriers.   
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Adult zebrafish heart isolations and preparation
For paraffin sections, adult zebrafish hearts were dissected and fixed in 4% paraformaldehyde 

(dissolved in phosphate buffer containing 4% sucrose) at 4ºC overnight, washed twice in PBS, 

dehydrated in EtOH, and embedded in paraffin. Serial sections were made at 10 μm using a 

microtome (Leica RM2035). For cryosections, zebrafish hearts were extracted and fixed in 4% 

paraformaldehyde (in Phosphate buffer) for 4 hours at room temperature (RT). Three washes of 

30 minutes were performed using 4% sucrose (in Phosphate buffer) followed by an overnight 

incubation at 4∞C in 30% sucrose (in Phosphate buffer). Hearts were embedded in tissue 

freezing medium (Leica, Lot# 03811456), frozen on dry ice and kept at -80∞C. Cryo-sectioning 

using Cryostar NK70 (Thermo Scientific) was performed to obtain 10 μm thin sections. Images 

of extracted whole hearts were acquired using a Leica M165 FC stereo microscope.  

Adult zebrafish heart staining
In situ hybridization (ISH) was performed on paraffin sections as described previously 27, with 

the exception that the hybridization buffer did not contain heparin and yeast total RNA. 

Primers for the grn1 probe were: forward primer TCCCGGTGGAGACTGTAGAC, reverse 

primer AATGACGGTGCATTTTGACA. Primers for the postnb probe were: forward primer 

AGAGGTTCTGGACAGGCTCA, reverse primer AAGGCACCATTTTTCACCAG. The myl7 and 

tbx18 ISH probes were as described previously 28,29. Hematoxylin and Eosin (H&E) staining was 

performed on cryosections according to standard laboratory protocol for paraffin sections. 

Cryosections were fixed in 4% Paraformaldehyde for 1 hour at RT beforehand. Pico-sirius Red 

staining on cryo-sections was performed in accordance with standard laboratory protocol. 

Acid fuchsin-orange (AFOG) and Oil Red O (ORO) staining were performed on cryosections 

as described previously 30,31. Imaging of stained sections was performed using Leica DM4000 

B LED upright automated microscope. TUNEL apoptosis staining was performed on 

cryosections and detected using In Situ Cell Death Detection Kit, fluorescein from Roche 

(Mannheim, Germany, Lot#29086800) according to manufacturer’s instructions. Nuclei were 

staining with DAPI (4’,6-diamidino-2-phnylindole) from Molecular Probes. Confocal images 

were acquired using a Leica Sp8 confocal microscope and processed using Imaris image 

analysis software (version 9.3.1).

Echocardiography
Adult zebrafish were anesthetised in a cage filed with 4% MS-222 in aquarium water. When 

the zebrafish were unresponsive to a slight tail pinch with forceps it was determined that the 

appropriate anesthetised condition for echocardiography was reached. Anesthetized zebrafish 

were placed in a custom-made mold and placed ventral side up in a large petridish filled 

with 4% MS-222 in aquarium water. Breathing was monitored by visual tracking of opercular 

movement to ensure fish health throughout the protocol. Transthoracic echocardiography 

was performed using a Vevo2100 Imaging System (VisualSonics Inc., Toronto, Canada) with 

a 50 MHz ultrasound transducer fixed above the ventral side of the zebrafish and parallel 
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to the longitudinal axis plane. Recordings were performed within 3 minutes after induction 

of anesthesia to preserve optimal cardiac performance. Quantitative measurements were 

assessed offline using the Vevo2100 analytical software. Color Doppler images were used for 

measuring heart rate, ventricular outflow diameter (manually), ventricular outflow tract velocity 

time integral (VOT VTI) and ventricular outflow peak velocity (VOT PV), as validated by Wang 

et al. and Visual Sonics Inc. 32. Every parameter was determined as the average measurement 

of at least five cardiac cycles. Ventricular outflow surface was calculated by the equation π((OT 

diameter*OT diameter)/2), VOT diameter was measured in 3 consecutive beats per fish. 

Stroke volume was calculated by multiplying the VOT VTI with the ventricular outflow surface. 

Variation in outflow peak velocity was determined by the discrepancy in VOT PV between 

two consecutive heart beats and averaged over at least 6 beats per fish.  VOT PV variation 

was corrected for the average total OT PV per fish. Hearts of these fish were then individually 

isolated and processed as frozen samples for cryosectioning. 

Cellular electrophysiology 
 Cell preparation: Single ventricular cardiomyocytes were isolated by an enzymatic 

dissociation procedure as described previously 33. Ventricles from 3-4 adult fishes (6-7 months) 

were pooled and stored at RT in a modified Tyrode’s solution containing (in mmol/L): NaCl 140, 

KCl 5.4, CaCl
2
 1.8, MgCl

2
 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (set with NaOH). Subsequently, 

the ventricles were cut in small pieces which were transferred to Tyrode’s solution with 10 

μmol/L CaCl
2
 (30∞C). The solution was refreshed one time before the addition of Liberase 

TM research grade (final concentration 0.038 mg/mL (Roche Diagnostics, GmbH, Mannheim, 

Germany)) and Elastase from porcine pancreas (final concentration 0.01 mg/mL (Bio-Connect 

B.V., Huissen, Netherlands)) for 12–15 minutes. During the incubation period, the tissue 

was triturated through a pipette (tip diameter: 2.0 mm). The dissociation was stopped by 

transferring the ventricular pieces into a modified Kraft-Brühe solution (30ºC) containing (in 

mmol/L): KCl 85, K
2
HPO

4
 30, MgSO

4
 5.0, glucose 5.5, pyruvic acid 5.0, creatine 5.0, taurine 

30, β-hydroxybutyric acid 5.0, succinic acid 5.0, BSA 1%, Na
2
ATP 2.0; pH 6.9 (set with KOH). 

The tissue pieces were triturated (pipette tip diameter: 0.8 mm) in Kraft-Brühe solution (30ºC) 

for 4 min to obtain single cells. Finally, the cells were stored for at least 45 min in modified 

Kraft-Brühe solution before they were transferred into a recording chamber on the stage of an 

inverted microscope (Nikon Diaphot), and superfused with Tyrode’s solution (28ºC). Quiescent 

single cells with smooth surfaces were selected for electrophysiological measurements.

 Data acquisition: Action potentials (APs) and net membrane currents were recorded 

using the amphotericin-B perforated patch-clamp technique and an Axopatch 200B amplifier 

(Molecular Devices, Sunnyvale, CA, USA). Voltage control, data acquisition, and analysis 

were realized with custom-made software. Pipettes (resistance 3–4 MΩ) were pulled from 

borosilicate glass capillaries (Harvard Apparatus, UK) using a custom-made microelectrode 

puller, and filled with solution containing (in mmol/L): K-gluconate 125, KCl 20, NaCl 10, 

amphotericin-B 0.44, HEPES 10; pH 7.2 (set with KOH). Potentials were corrected for the 

calculated liquid junction potential 34. Signals were low-pass-filtered with a cut-off of 5 kHz 
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and digitized at 40 and 5 kHz for APs and membrane currents, respectively. Cell membrane 

capacitance (C
m
) was estimated by dividing the time constant of the decay of the capacitive 

transient in response to 5 mV hyperpolarizing voltage clamp steps from –40 mV by the series 

resistance.

 Action potentials: APs were elicited at 0.2 to 4 Hz by 3-ms, ~1.2X threshold current pulses 

through the patch pipette. Susceptibility to delayed afterdepolarization (DAD) generation was 

tested using fast burst pacing (20 APs at 3 Hz) which was followed by an 8-sec pause. After 

the 8-sec pause, a single AP was evoked to test the susceptibility of early afterdepolarizations 

(EADs) generation. APs were characterized by resting membrane potential (RMP), maximum 

AP amplitude (APA
max

), AP duration at 20, 50 and 90% of repolarization (APD
20

, APD
50

, APD
90

 

respectively), maximal velocity (dV/dt) of the AP upstroke (Phase-0) and phase-3 repolarization 

(Phase-3), and plateau amplitude (APA
plat

; measured 50 ms after the AP upstroke). Averages were 

taken from 10 consecutive APs. DADs were defined as spontaneous depolarization of >1 mV.

 Membrane currents: The AP measurements were alternated by a general voltage clamp 

protocol to elucidate the ionic mechanism underlying the AP changes. For K+ current 

measurements, 500 ms depolarizing and hyperpolarizing voltage clamp steps were applied 

from a holding potential of -50 mV with a cycle length of 2 s (Figure S3A). To ensure that 

the other cardiomyocytes in the recording chamber remained undistorted for biophysical 

analysis, our voltage clamp measurements were performed without specific channel blockers 

or modified solutions. Inward rectifier K+ current (IK1) and rapid delayed rectifier K+ current 

IKr were defined as the quasi steady-state current at the end of the voltage-clamp steps at 

potentials negative or positive to -30 mV, respectively. The L-type Ca2+ current (I
Ca,L

) was 

measured with a two-pulse voltage clamp protocol (Figure S3B) from a holding potential of 

-60 mV. The first pulse (P1) served to activate I
Ca,L

; the second pulse (P2) was used to analyse 

the inactivation properties of I
Ca,L

. I
Ca,L 

was defined as the difference between peak current and 

steady-state current. Current densities were obtained by normalizing to C
m
.

 Istaroxime experiment: After baseline recordings, a number of isolated ventricular 

cardiomyocytes were treated for 5 minutes with 5 μM istaroxime (MedCham Exptress, 

Lot#11394). The effect on APD was measured at 1 and 4 Hz.

High-speed brightfield imaging
Embryos were placed in 1-phenyl-2-thiourea (PTU) 20-24 hours post fertilization (hpf) to prevent 

pigmentation. 3 days post fertilization (dpf) embryos were embedded in 0.3% agarose prepared 

in E3 medium containing 16 mg/ml MS-222. Recordings were performed at 150 frames per 

seconds (fps) using a high-speed inverted light microscope at 28°C. Basal parameters were 

recorded first. Subsequently 3 mL of 100 µM istaroxime (MedCham Exptress, Lot#11394) or 

ouabain (Sigma-Aldrich, Lot#BCBZ9329) in E3- MS-222 solution was added, incubated for 

30 minutes, and parameters were measured for a second time. Heart rate measurements 

and contractility parameters were analyzed using ImageJ (U. S. National Institutes of Health, 

Bethesda, Maryland, USA). Contraction time, relaxation time and contraction cycle time were 
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analyzed by scrolling through the recorded movies frame by frame, and by identifying (1) the 

moment the ventricular wall moved inward and the ventricle started expelling blood (start 

of contraction), (2) the moment the ventricular wall moved back outward (start of relaxation), 

and (3) the moment that the ventricular wall reached its most dilated position (maximum 

relaxation). This process was repeated 3 times for each heart and values were averaged. The 

hemodynamic parameters such as surface area and volumes were analyzed using ImageJ by 

drawing an ellipse on top of the ventricle at end-diastole and end-systole. Per heart 6 ellipses 

were analyzed: 3 at diastole, and 3 at systole. Values were averaged. ImageJ provided the 

values for the minor and major axis of each ellipse. Surface area was calculated using the 

following formula: (0.5*major axis)*(0.5*minor axis)*π. End diastolic and end systolic volume 

(EDV/ESV) were calculated by: (1/6)*(π)*(major axis)*(minor axis2). Stroke volume (SV) by: EDV-

ESV. Ejection fraction (EF) by: SV/EDV. Cardiac output (CO) by: SV*Heart rate.

High-speed fluorescence imaging
PLN-R14del fish were crossed to tg(myl7:Gal4FF; UAS:GCaMP6f) fish 35 to obtain PLN-R14del 

fish with a genetically encoded cardiac Ca2+ sensor. Wild-type fish, expressing GCaMP6f or a 

genetically encoded voltage sensor (VSFP Butterfly CY) were used as controls 35. A morpholino 

(MO) oligomer targeted against tnnt2a (5’-CATGTTTGCTCTGATCTGACACGCA-3’) was 

injected at the 1-cell stage to uncouple contraction from excitation in embryos, thereby 

preventing motion artifacts in our recordings of intracellular cardiac Ca2+ handling. This ‘silent 

heart’ ATG morpholino was applied as described previously 36. Embryos were placed in PTU 

after 20-24 hours to keep them transparent. 3 dpf embryos were embedded in 0.3% agarose 

prepared in E3 medium containing 16 mg/ml MS-222 and placed in a heated (28°C) recording 

chamber. Recordings were performed using a custom-build upright widefield microscope 

(Cairn research) equipped with a 20x 1.0 NA objective (Olympus XLUMPLFLN20X W). Blue 

LED excitation light (470 nm) was filtered using a 470/40 nm filter (Chroma ET470/40x) and 

reflected towards the objective using a 515 nm dichroic mirror (Chroma T515lp). Emitted 

fluorescence was filtered by a 514 long-pass filter (Semrock LP02-514RU) and images were 

projected on a high-speed camera (Andor Zyla 4.2 plus sCMOS). Recordings were performed 

at 100 fps, for 1000 frames. Basal parameters (heart rate, Ca2+ transient amplitude, diastolic 

Ca2+ level, upstroke time, recovery time) were recorded first. Subsequently, drug stocks 

were diluted in 28°C E3- MS-222 medium (istaroxime: MedCham Exptress, Lot#11394, 

ouabain: Sigma-aldrich, Lot#BCBZ9329) and the medium was mixed vigorously to assure a 

homogeneous concentration of the drug. Embryos were incubated for 30 minutes in the E3- 

MS-222 -istaroxime mixture and parameters were measured again. Recordings were analyzed 

using Image J and Matlab (Version R2015a, Mathworks).

Quantitative PCR
RNA was isolated from hearts of adult TL wild-type fish. Adult hearts were separated into 

ventricular (n=3) and atrial (n=3) samples. ef1α was used as reference gene for the qPCR. 
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Samples were loaded on 96-well PCR plate and run in CFX real-time PCR System (Bio rad) 

using KiCStart SYBR Green qPCR ReadyMix with ROX as recommended by the manufacturer 

(Sigma-Aldrich: KCQS02). Three technical replicates were performed for each sample 

together with no-template control (NTC) for each gene. The qPCR was performed with 

a 2-minute hold at 50°C and a 10-minute hot start at 95°C, followed by the amplification 

step for 43 cycles of 15 seconds denaturing at 95°C and 1-minute annealing/extension at 

58°C, and the melting curve was obtained by increment of 1°C/ 10 seconds from 63°C to 

95°C.  Primers for qPCR were as follow: plna forward: TCTCCACTGCCATCTCTCCT and 

reverse: ACGAAGAGCTCCTGCATGTT, plnb forward: ACCAGCCTCATCATCTCCAC and 

reverse: ATCCTGTAGGTTGCGTTTGG, ef1α forward: CTTCTCAGGCTGACTGTGC and 

reverse: CCGCTAGCATTACCCTCC. Analysis was performed on the Cq values as described 

previously37. Fold Change was calculated using the formula 2^-(∆∆Ct). 

Statistical analysis
Statistical analysis and drawing of graphs and plots were carried out in GraphPad Prism 

(version 6 for Mac OS X and version 7 for Windows, GraphPad Software) and SigmaStat 

3.5 software. Normality and equal variance assumptions were tested with the Kolmogorov-

Smirnov and the Levene median test, respectively. Differences between two groups were 

analyzed using the paired Student’s t-test, comparisons between experimental groups 

were analyzed by one-way ANOVA for non-parametric variables with Tukey’s post-test for 

intergroup comparisons. Comparisons between experimental groups in combination with 

an intervention were analyzed by two-way ANOVA for non-parametric variables with Tukey’s 

post-test for intergroup comparisons. All data is presented as mean±SEM, and p<0.05 was 

considered significant. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, n.s. p>0.05. N denotes 

the number of fish used per dataset.

RESULTS 

Cardiac remodeling in adult pln R14del zebrafish
A zebrafish homologue of human PLN has been annotated on chromosome 20 

(ENSDARG00000069404), which we refer to as plna (Figure S1A). Subsequent screening 

for homologues sequences within the zebrafish genome revealed a second pln-like gene 

on chromosome 17 (si:ch211-270g19.5; ENSDARG00000097256), which we refer to as plnb 

(Figure S1A).  Both zebrafish genes are expressed in the heart and have similar expression 

levels in the ventricle while in the atrium plnb is most abundant (Figure S1C). Both genes 

contain a short predicted open reading frame with high sequence similarity compared to 

human PLN (75% for Plna and 67% for Plnb) (Figure S1B). To get a better understanding of 

the consequences of the PLN-R14del mutation, we engineered a fish line with a 3bp in-frame 
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deletion in plna removing the conserved arginine at positions 14, which we will refer to as 

plna R14del (Figure S1D) 24. Since the expression levels in the ventricle for plna and plnb are 

similar, we reasoned that zebrafish with a homozygous plna R14del mutation and wild type for 

the plnb gene (plna R14del/R14del ; plnb +/+) would be the best genotype to represent the 

heterozygous PLN-R14del mutation in patients. We will refer to this genotype as homozygous 

plna R14del fish or simply as plna R14del mutants. Adult fish with either a heterozygous or 

homozygous plna R14del mutation had a normal appearance and showed normal behaviour. 

To investigate cardiac morphological changes, we isolated hearts from 2-years-old wild type 

control, plna R14del heterozygous and homozygous zebrafish. Importantly, we observed that 

23% of homozygous plna R14del fish displayed severe cardiac morphological changes, such 

as an increased size of the heart and a white flocculent layer of tissue that lined the outside of 

the heart. We did not observe any of these changes in wild-type siblings nor in heterozygous 

plna R14del fish (Figure 1A-C). Histological analysis of the remodelled hearts revealed altered 

tissue organisation in the sub-epicardial region with areas of high nuclear density and areas 

that appeared acellular compared to wild-type siblings and non-remodelled hearts (Figure 
1D-F). Moreover, picro-sirius red staining revealed increased collagen deposition in the sub-

epicardial region of these remodelled hearts, unlike wild-type siblings and non-remodelled 

hearts (Figure 1G-I). To address whether the morphological changes already occur earlier 

we isolated hearts from 10-month homozygous plna R14del fish (n=13) and observed one 

case with a similar altered tissue organisation, which was accompanied by cell death,  in the 

sub-epicardial region  (Figure S2). Interestingly, Oil Red O staining revealed prominent fat 

deposits throughout the sub-epicardial tissue and especially in the acellular areas (Figure 
S2C&D). Overall, these results suggest that zebrafish with a homozygous R14del mutation in 

plna and a wild type plnb gene undergo age-related cardiac remodeling most severe in the 

sub-epicardial region with incomplete penetrance.

Epicardial responses and immune ifiltration in adult hearts of plna  R14del 
zebrafish 
Next, we aimed to identify which cell types could be involved in the observed cardiac 

remodeling and used in situ hybridization to investigate the presence of cell-type specific 

markers. T-box18 (Tbx18) is a transcription factor that is weakly expressed in the epicardium 

of the adult heart but its expression is induced upon cardiac injury 38. Indeed, in wild-type 

hearts, we found expression of tbx18 to be restricted to sparse cells in the sub-epicardial 

region (Figure 2A). Strikingly, expression of tbx18 was clearly present in the epicardial region 

of plna R14del mutants, with tbx18-expressing cells forming several cell layers that covered 

the ventricle and the bulbus arteriosus (arrows in Figure 2B) and not overlapping with the 

myocardium, marked by myl7 (Figure 2 C&D). In addition, dispersed tbx18 positive cells 

intermingled with cardiomyocytes were present in the ventricle of remodelled plna R14del 

mutant hearts, something we never observed in the hearts of wild types (Fig. 2B; boxes).  Since 

TUNEL-staining revealed apoptotic cells in the sub-epicardial region we analysed the presence 

of immune cells by granulin (grn1) expression. Corroborating this finding, an accumulation 
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of immune cells in the sub-epicardial region was observed as well (Figure 2E&F). As Picro-

sirius red staining indicated enhanced fibrosis in the plna R14del mutant hearts, we analyzed 

the presence of fibroblasts, marked by the expression of periostin (postnb). Consistent with 

the increased fibrosis, we observed periostin expression in cells located in the sub-epicardial 

region (Figure 2G&H). Together these results indicate that cardiac remodeling of the sub-

epicardial region in plna R14del mutants is accompanied by cellular damage, infiltratrations 

of immune cells and the accumulation of fibroblasts.

Figure 1. Structural remodelling of the adult Phospholamban R14del zebrafish heart. (A-C) Bright field images of 

isolated adult zebrafish hearts, 2 years of age: wild-type fish, remodelled plna R14del heart and non-remodelled plna 

R14del heart (D-F) Haematoxylin and Eosin staining of the three conditions to identify nuclei, with zoom-in at indicated 

regions (G-I) Picro-sirius red staining of collagen deposition for the three conditions, collagen fibers are shown as red 

staining. Zoom-in of each indicated region is included.  Images were taken at a zoom of 20x. Scale bars are 200µm for 

whole heart tile scans and 50µm for zoom-in regions. A: atrium, V: ventricle, BA: bulbus arteriosus
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Figure 2. Epicardial response and immune infiltration in adult hearts of Phospholamban R14del zebrafish. In situ 

hybridisation of  wild-type and plna R14del adult zebrafish hearts, 2 years of age. (A-B) tbx18 staining to indicate the 

epicardial cells, (C-D) myl7 staining to indicate the myocardial cells, (E-F) grn1 staining to indicate the immune cells, 

(G-H) postnb staining to indicate fibroblasts. Zoom-in of each region is indicated.  Images were taken at a zoom of 

20x. Scale bars are 200µm for whole heart tile scans and 50µm for zoom-in regions. A: atrium, V: ventricle, BA: bulbus 

arteriosus.

Cardiac contractility defects in the plna R14del mutant heart
Structural remodeling of the heart is often preceded by impaired cardiac contractile dysfunction 

39. To examine cardiac contractility and pump function in plna R14del mutant zebrafish and 

relate this to heart morphology, we performed echocardiographic measurements combined 

with histological analysis of the cardiac tissue. For echocardiography fish were positioned 

ventral side up and a long-axis view, which included the two chambers of the heart, was 

imaged accordingly (Figure 3A&B). To track changes in cardiac performance over time, 

echocardiography of fish at two different ages (6 and 10 months old) was performed. Color 

doppler images were used to examine contractile parameters. While the heart rates were 

similar between groups, cardiac output was significantly higher in 10-month-old wild type 

and plna R14del mutant fish, compared to 6-month-old fish (Figure 3C&D, Table S1). 

Interestingly, plna R14del mutant fish showed alternations in ventricular outflow peak velocity 

(VOT PV) between consecutive beats, indicating alternating strong and weak beats. These 

so called pulsus alternans were already observed in 6-month-old plna R14del mutant fish, 

and became more apparent in 10-month-old fish resulting in a significantly higher extent of 

VOT PV variation in plna R14del mutant fish, compared to their wild-type siblings (Figure 
3E&F). Histological analysis of hearts with strong pulsus alternans revealed no signs of cardiac 
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Figure 3. Contractile pulsus alternans in the structural normal adult Phospholamban R14del zebrafish heart. A) 
Graphical illustration of the zebrafish echocardiography imaging setup. B) B-mode echocardiography imaging plane of 

the adult zebrafish heart, ventricular walls and cardiac valves are depicted in yellow. C) Heart rate of wild-type (WT) and 

plna R14del zebrafish, 6 and 10 months of age (mean ± SEM, WT n=10, plna R14del n=21, Two-way ANOVA). D) Cardiac 

output of WT and plna R14del zebrafish, 6 and 10 months of age (mean ± SEM, **p≤0.01, ***p≤0.001, WT n=10, plna 

R14del n=21, Two-way ANOVA). E) Variation in Outflow Peak Velocity in WT and plna R14del zebrafish, 6 and 10 months 

of age (mean ± SEM, **p≤0.01, WT n=10, plna R14del n=21, Two-way ANOVA). F) Representative examples of Colour 

Doppler ventricular outflow measurements in 10 months old WT and plna R14del zebrafish. G) Representative pictures of 

Hematoxylin & Eosin staining on 10 months old WT and plna R14del hearts (scale bar of 200µm for whole hearts as 50µm 

for zoom-in). Zoom-in of mid-myocardial and subepicardial region presented next to the corresponding whole heart 

picture. A: atrium, V: ventricle, BA: bulbus ateriosus, A-V valve: atrial-ventricular valve, Vent. Outflow: ventricular outflow, 

bpm: beats per minute, mL/min: millilitre per minute, mms/s: millimetre per second, VOT: ventricular outflow tract. 

remodelling (Figure 3G). Taken together, these results indicate that the plna R14del mutation 

causes beat-to-beat variations in cardiac output in absence of cardiac remodelling. This 

suggests that the cardiac contractile dysfunction is not caused by cardiac remodeling, but 

may be causal for cardiac remodelling. 
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Cellular electrophysiology of plna R14del ventricular cardiomyocytes
Cardiac (contractile) pulsus alternans can be the consequence of aberrancies in cardiac 

cellular electrophysiology and/or Ca2+ dynamics (reviewed by 40). To examine cellular 

electrophysiology in plna R14del mutant zebrafish we performed patch clamp analysis 

on isolated cardiomyocytes from 10-month old fish. APs and membrane currents were 

measured using the perforated patch clamp technique, to limit technical disturbances 

in intracellular Ca2+ homeostasis. None of the AP parameters measured at 1 Hz differed 

significantly between WT and plna R14del mutant APs (Figure 4A&B). With increase in 

stimulus frequency, however, we observed a remarkable difference between both groups. 

While the average APD
90

-frequency relationships are virtually overlapping (Figure 4C), we 

noticed clear alternations in APD between consecutive APs (electrical alternans) in plna 

R14del mutant cells at higher pacing frequencies. Figure 4D shows a typical example 

of such an alternans. On average, the alternans in AP between consecutive beats was 

approximately 4-times larger in plna R14del mutant cells compared to cardiomyocytes 

from their wild-type siblings (Figure 4E). 

 We next measured the major membrane currents responsible for AP repolarization in 

zebrafish cardiomyocytes 41. IK1, defined as steady-state current negative of -30 mV (Figure 
S3A), was not significantly different between WT and plna R14del mutant cardiomyocytes. 

This finding is in line with the comparable resting membrane potential (RMP) and Phase-3 

repolarization velocities between the two groups (Figure 4B). In addition, IKr defined 

as steady-state current positive of -30 mV (Figure S3A), was unaffected in plna R14del 

mutant cardiomyocytes. Finally, we analysed I
Ca,L

 density and L-type Ca2+-channel (LTCC) 

gating properties. Neither current densities (Figure S3B) nor gating properties (data not 

shown) were affected by the plna R14del mutation. Together these data indicate that the 

plna R14del mutation does not affect the main ion channels underlying AP morphology.

Impaired Ca2+ dynamics in plna R14del mutant hearts 
AP alternans are frequently caused by a dysfunction of intracellular Ca2+ homeostasis and 

may trigger cardiac arrhythmias 42. To study the effects of the plna R14del mutation on 

Ca2+ dynamics, we generated transgenic plna R14del zebrafish, expressing a cytosolic 

cardiac Ca2+ sensor (tg(myl7:Gal4FF UAS:GCaMP6f)). Analysis of GCaMP6f (cpEGFP) 

signal intensity over time allowed examination of Ca2+ transient amplitudes, diastolic Ca2+ 

levels and the speed of intracellular Ca2+ release and reuptake/clearance, as described 

earlier (Figure 5A) 35. Here, we used 3-day old embryos since they allow in vivo analysis 

of intracellular Ca2+ dynamics due to their optical transparency. No significant differences 

were observed in Ca2+ transient frequency, upstroke time and recovery time between wild-

type siblings and plna R14del mutants (Figure 5B&C, S5), indicating a normal speed 

of Ca2+ release into the cytosol and Ca2+ removal from the cytosol. However, the Ca2+ 

transient amplitude was on average 26% lower in plna R14del mutant embryos compared 

to wild-type siblings (WT: 99.8 ± 6.12% and plna R14del: 73.9 ± 9.03, p≤0.05) (Figure 5D), 
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suggesting that SR Ca2+ sequestration is impaired in the presence of the plna R14del 

mutation. Diastolic Ca2+ levels were not significantly affected in plna R14del mutant fish 

(Figure 5E). Intracellular Ca2+ handling and cardiac contractility are very closely related 

processes, as free cytosolic Ca2+ ions bind troponin to cause actin-myosin linkages 

and contraction of the cardiomyocyte. High speed video imaging was used to analyze 

ventricular contractile parameters of the embryonic hearts (Figure 5F). No significant 

differences in stroke volume and cardiac output were observed between wild-type and 

plna R14del mutants (Figure 5G&H). Together these results indicate that intracellular Ca2+ 

dynamics of the embryonic heart are affected by the plna R14del mutation, but this has no 

consequences for the cardiac contractility at these early stages.

Figure 4. Action potential alternans in Phospholamban R14del isolated cardiomyocytes. A) Typical action 

potentials (APs) of cardiomyocytes isolated from a 10 months old wild-type (WT) (top panel) and plna R14del (bottom 

panel) zebrafish, paced at 1 Hz. B) Average AP parameters at 1 Hz pacing (mean ± SEM, unpaired Students t-test). 

C) AP duration at 90% of repolarization (APD
90

) at 0.2 to 4 Hz pacing (mean±SEM, unpaired Students t-test). D) Two 

consecutive APs during 4 Hz pacing in a WT (top panel) and plna R14del (bottom panel) cardiomyocyte. The plna R14del 

cardiomyocyte showed an AP alternans where a long AP is followed by a short AP. E) Average APD
90

 difference between 

two consecutive APs (alternans) during 4 Hz pacing. Average APD
90

 difference between two consecutive APs (alternans) 

during 4 Hz pacing, corrected for the mean APD
90

 (mean ± SEM, *p≤0.01, unpaired Students t-test). WT: wild type, Hz: 

Hertz, mV: millivolt, ms: milliseconds, V/s: Volts per second, RMP: resting membrane potential, APA
max

: maximal action 

potential amplitude, APA
plat

: action potential amplitude at plateau phase, APD
20

: AP duration at 20% of repolarization, 

APD
50

: AP duration at 50% of repolarization, APD
90

: AP duration at 90% of repolarization.
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 Figure 5. Reduced calcium transient amplitude in Phospholamban R14del embryonic zebrafish. A) DNA construct 

and sensor dynamics of GCaMP6f (left panel). GCaMP6f was placed under the control of the myl7 promoter to restrict its 

expression to the heart. The Gal4FF-UAS system amplifies its expression. GCaMP6f consists of a circularly permutated 

enhanced green fluorescence protein (cpEGFP) fused to calmodulin (CaM) and the M13 peptide. When intracellular 

Calcium (Ca2+) rises, CaM binds to M13, causing increased brightness of cpEGFP. Using a high-speed epifluorescence 

microscope, movies of 3 dpf non-contracting GCaMP6f embryonic hearts were recorded (middle panel). Schematic 

representation of Ca2+ transient parameters examined from the recorded GCaMP6f signals (right panel). B) Frequency 

of Ca2+ transients, C) Ca2+ transient recovery time, D) normalized diastolic Ca2+  levels and E) normalized Ca2+ transient 

amplitude in wild-type (WT) and plna R14del embryonic zebrafish (mean ± SEM, *p≤0.05, WT n=10, plna R14del n=12, 

unpaired Students t-test). F) To measure hemodynamic parameters in high speed imaging recordings, we used ImageJ 

to fit an ellipse over the ventricle in every recording, both at end-systole (left) and end-diastole (right). Stroke volume (G) 
and cardiac H) output in WT and plna R14del embryonic zebrafish (mean ± SEM, WT n=12, plna R14del n=14, unpaired 

Students t-test). CaM: calmodulin, UAS: upstream activation sequence: Ca2+: calcium, ESV: end systolic volume, EDV: 

end diastolic volume, bpm: beats per minute, ms: milliseconds, pL: Pico litre.
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Istaroxime enhances cardiac output by improving ventricular relaxation via 
targeting PLN-SERCA interaction
Since specific drug treatment is lacking to treat patients with PLN-R14Del cardiomyopathy, 

we looked for a small molecule with the potential to rescue the above described 

electrophysiological phenotypes observed in plna R14del mutants.  Istaroxime is known to 

stimulate the activity of SERCA2a, thereby enhancing SR Ca2+ sequestration 43. In addition, it 

inhibits  Na+/K+ -transporting adenosine triphosphatase (NKA) activity 44,45. Since our results 

indicate that SR Ca2+ sequestration is impaired in plna R14del mutant zebrafish, we tested 

whether the treatment of plna R14del mutant embryos with istaroxime could improve the 

observed depression in Ca2+ transient amplitude. Wild-type and plna R14del mutant embryos 

with GCaMP6f were first imaged to record baseline Ca2+ dynamics.  After baseline recording, 

100 µM istaroxime was added to the E3-MS-222 medium and after 30 minutes of incubation 

another recording was performed (Figure 6A). 100 µM istaroxime was determined as the 

optimal drug concentration in a dose-response experiment using wild-type GCaMP6f fish 

(Figure S4). When combining the recordings of the GCaMP6f intensities from individual 

embryos before and after istaroxime treatment, we observed a near-complete restoration 

of the Ca2+ transient amplitude in plna R14del mutants, approaching wild-type levels (Figure 
6B&C), leaving diastolic Ca2+ levels unaffected (Figure 6D). 

 Istaroxime has shown to improve the systolic and diastolic function in acute heart failure 

patients 46,47. In that regard, we examined the effect of istaroxime on cardiac contractility of 

wild-type and plna R14del mutants using high speed video imaging. As expected, istaroxime 

significantly enhanced stroke volume, cardiac output and ejection fraction in both wild-type 

and plna R14del mutants (Figure 6E &S5), which was not observed with a placebo treatment 

(Figure S6). Stroke volume and cardiac output were likely affected via an improvement of the 

diastolic filling of the heart, as only end diastolic, and not end systolic volume, was changed 

by istaroxime treatment (Figure 6F&G). In order to further elucidate the effect of istaroxime 

on the rate of myocardial relaxation (lusitropy), we examined contractile cycle length. The 

total duration of contraction was divided into contraction time (time from maximal relaxation 

to maximal contraction) and relaxation time (time from maximal contraction to maximal 

relaxation). Total contraction duration and contraction time were not different between 

plna R14del mutants and wild-type embryos and were not affected by istaroxime treatment 

(Figure 6H, S6). Interestingly, the relaxation time was slightly longer in plna R14del mutants 

at baseline and significantly decreased after istaroxime treatment (Figure 6I). 

 Since istaroxime is known to block NKA and potentiates SERCA2a activity we tested 

whether istaroxime improves the Ca2+ transient amplitude via SERCA2a activation or NKA 

inhibition. Therefore, we compared the effect of istaroxime and ouabain, a specific NKA 

blocker, on ventricular Ca2+ transient dynamics in wild-type embryos. In contrast to istaroxime, 

ouabain treatment had no effect on Ca2+ transient amplitude (Figure S7A&B). To test whether 

a NKA block could be responsible for the lusitropic effects of istaroxime, potential changes 

in contractility were examined in ouabain treated embryos. Ouabain did not significantly 

enhance stroke volume, ejection fraction or cardiac output (Figure S7C-F). Next, we validated 
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Figure 6. Istaroxime improves cardiac calcium dynamics and cardiac relaxation in Phospholamban R14del 
embryonic zebrafish. A) Overview of the experimental setup. Embryos were embedded in agarose and incubated for 

5 minutes at 28∞C. Baseline measurements were performed and subsequently embryos were incubated with 100 µM 

istaroxime for 30 minutes, and imaged again. B) Representative calcium (Ca2+) transients from one wild-type (WT) and 

one plna R14del embryonic zebrafish, before and after incubation with 100 µM istaroxime. C) Ca2+ transient amplitude 

and, D) diastolic Ca2+ levels in WT and plna R14del zebrafish, at baseline and after incubation with 100 µM istaroxime 

(mean ± SEM, *p≤0.05, WT baseline n=11, WT istaroxime n=11, plna R14del baseline n=12, plna R14del istaroxime n=13, 

Two-way ANOVA). E-I) Bar graphs of contractility parameters at baseline and after incubation with 100 µM istaroxime 

(mean ± SEM, *p≤0.05, **p≤0.01, ***p≤0.001, WT baseline n=12, WT istaroxime n=12, plna R14del baseline n=14, plna 

R14del istaroxime n=15, Two-way ANOVA), including end systolic volume (E), end diastolic volume (F), ejection fraction 

(G), contractile cycle length contraction time (H) and contractile cycle length relaxation time (I). AU: arbitrary units, ms: 

milliseconds, pL: Pico litre. 
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the effectiveness of ouabain in our zebrafish model using embryos expressing a genetically 

encoded Voltage Sensitive Fluorescent Protein (VSFP Butterfly-CY) (Figure S8A). Fluorescent 

high-speed recordings of VSFP embryos demonstrated a clear APD shortening in the presence 

of ouabain compared to baseline values (Figure S8B).

 Together, these data indicate that istaroxime can rescue impaired Ca2+ transient 

amplitudes in plna R14del mutant cardiomyocytes, an effect that is predominantly asserted 

via interference of the PLN-SERCA interaction.

Figure 7. Istaroxime reverses action potential alternans in plna R14del isolated adult cardiomyocytes. A) Typical 

action potentials (APs) of plna R14del isolated adult cardiomyocytes at baseline (black line) and after incubation with 5 µM 

istaroxime (orange line), paced at 1 Hertz (Hz). B) Average AP parameters of plna R14del isolated adult cardiomyocytes 

at baseline (black bars) and after incubation with 5 µM istaroxime (orange bars), at 1 Hz pacing (mean ± SEM, *p≤0.01, 

baseline n=6, istaroxime n=6, unpaired Students t-test). C) Typical action potentials (APs) of plna R14del isolated adult 

cardiomyocytes at baseline (black line) and after incubation with 5 µM istaroxime (orange line), paced at 4 Hertz (Hz).  The 

plna R14del cardiomyocyte showed an AP alternans at baseline, where a long AP is followed by a short AP. D) Average 

APD
90

 difference between two consecutive APs (alternans) at baseline and after incubation with 5 µM istaroxime, during 4 

Hz pacing pacing (mean ± SEM, *p≤0.01, baseline n=6, istaroxime n=6, unpaired Students t-test). Hz: Hertz, mV: millivolt, 

APD
20

: AP duration at 20% of repolarization, APD
50

: AP duration at 50% of repolarization, APD
90

: AP duration at 90% of 

repolarization.
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Istaroxime shortens repolarization and restores APD alternans in plna R14del 
cardiomyocytes
To test whether istaroxime could also rescue the AP alternans that we observed in adult 

plna R14del cardiomyocytes, we performed patch clamp recordings on isolated ventricular 

cardiomyocytes. To this end, cardiomyocytes of adult wild-type and plna R14del zebrafish 

hearts were measured at 1 and 4 Hz before and after treatment with istaroxime. Interestingly, 

istaroxime treatment resulted in a significant shortening of APD
20

, APD
50

 and APD
90

 and a 

complete absence of APD alternans (Figure 7A-D). The effects of istaroxime on APD were 

confirmed in vivo, using high-speed fluorescence imaging on embryos expressing VSFP 

Butterfly-CY (Figure S8C). 

 Together these results demonstrate that istaroxime rescues the APD alternans in plna 

R14del mutant cardiomyocytes and indicates that these APD alternans are caused by defects 

in intracellular Ca2+ handling.

DISCUSSION 

In this study, we utilized the zebrafish to investigate the in vivo consequence of a PLN-R14del 

mutation. Our results indicate that plna R14del results in alterations of cardiac intracellular 

Ca2+ dynamics already at the embryonic stages, and that these changes relate to a reduction 

in SR Ca2+ re-uptake. At this early age, the observed defects in Ca2+ handling do not lead 

to measurable differences in cardiac output. In the adult heart plna R14del cardiomyocytes 

start to show alterations in APD, especially under high pacing frequencies, presumably as 

a consequence of reduced SERCA activity. In line with this, the hearts of adult plna R14del 

zebrafish displayed clear alternations in cardiac output. In elderly plna R14del mutant fish we 

observed cardiac remodeling, which was characterized by the accumulation of immune cells, 

fibroblast and fat, features reminiscent of those seen in PLN-R14del patients. Importantly, our 

results demonstrate that drug treatment with istaroxime enhances cardiac Ca2+ dynamics, 

improves cardiac relaxation and reverses APD alternans in plna R14del cardiomyocytes. 

 We observed a heterogeneous effect of plna R14del in 2-year-old zebrafish, as some fish 

appeared completely healthy while others displayed end-stage heart disease characterized 

by the accumulation of fibroblasts, immune cells and fat in the sub-epicardial region. A similar 

heterogenous effect of the PLN-R14del mutation is seen in patients, with fibrofatty infiltrates 

that are usually located in the posterolateral region of the left ventricular myocardium, right 

underneath the epicardium. Cardiac fibrofatty replacement in PLN-R14del patients has a likely 

(sub)epicardial origin, which implicates that the underlying mechanisms of disease might be 

comparable between zebrafish and man 48. The epicardium is a mesothelial cell layer acts as 

an important source of trophic signals to maintain continued growth and differentiation of 

the developing heart. The importance of the epicardium as a driver of morphologic changes 
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in the heart is increasingly recognized 49. In the adult zebrafish the epicardium responds to 

injury by inducing embryonic epicardial gene expression (e.g. tbx18) and proliferation 38,50. 

After cardiac injury, the epicardial cells undergo a process called epithelial-to-mesechymal 

transformation (EMT). They migrate into the cardiac tissue where they can give rise to 

cardiac smooth muscle cells and fibroblasts 51. Epicardial cells can also give rise to fat cells 

via mesenchymal transformation and peroxisome proliferator-activated receptor γ (PPARγ) 

activation52. As the remodelled tissue within plna R14del hearts showed strong expression 

of tbx18, it suggests that it may have an epicardial origin. This should be studied further by 

lineage tracing experiments.  

  Interestingly, plna R14del zebrafish presented with a remarkable higher variation in 

ventricular outflow peak velocity, even in absence of structural heart disease. Pulsus alternans 

results primarily from an alternating contractile state of the ventricle 53. In accordance with our 

echocardiography measurements, we noticed a clear alternans between consecutive APs in 

plna R14del cardiomyocytes during patch clamp experiments at higher pacing frequencies. 

A plausible mechanism underlying these alternans is a functional change in SR Ca2+ pumps, 

resulting in alternating strong and weak beats 54,55. Also, concomitant slow transportation of 

Ca2+ from the uptake compartment to the release compartment in the SR has been suggested 

as a cause of alternans 55. Corroborating such a model, we were able to rescue the Ca2+ 

amplitudes (discussed below) and electrical alternans with istaroxime. Istaroxime is a drug 

which acts by releasing PLN from SERCA and thereby restores SR Ca2+ loading and release 43.

 In line with our presumptions, the in vivo Ca2+ transient amplitude clearly decreased in 

embryonic plna-R14del mutant fish, potentially caused by a hampered SR Ca2+ sequestration 

56. In contrast to earlier described observations18, it appears that diastolic Ca2+ concentrations 

were slightly lower in plna R14del mutants. Overexpression of human PLN-R14del in Pln null 

mice revealed that PLN-R14del can translocate to the plasma membrane and subsequently 

activate NKA 11. Increased NKA activity will lower cytosolic [Na+] and increase NCX mediated 

Ca2+ extrusion, thereby depleting cytosolic Ca2+ levels. It is tempting to speculate that this 

mechanism is also involved in plna R14del mutant fish. In line with literature, we demonstrated 

that istaroxime improves intracellular Ca2+ transient amplitude and has a positive inotropic 

effect on zebrafish heart function. More efficient reuptake of Ca2+ into the SR, by mitigated 

PLN-SERCA inhibition, will improve SR Ca2+ load, Ca2+ release and as a consequence elevates 

the Ca2+ transient amplitude. The enhanced Ca2+ transient amplitudes did not directly 

translate into improved contractility of the zebrafish cardiomyocyte in our study. This may 

be explained by high myofilament affinity for Ca2+, which may lead to complete myofilament 

saturation in both absence and presence of istaroxime. Zebrafish have the ability to adapt 

their myofilament Ca2+ sensitivity extensively in order to maintain cardiac function under a 

large range of temperatures (6-38°C), demanding a high Ca2+ buffering capacity in the cell 

57. In this study, we show that istaroxime predominantly improves the relaxation, relaxation 

time and filling of the zebrafish heart, rather than affecting the contractile state of the heart. 

The positive effect of istaroxime on cycle length relaxation time was primarily present in plna 

R14del mutants, confirming that istaroxime can improve SR Ca2+ storage capacity when SR 

9 

249

Istaroxime treatment amel iorates calc ium dysregulat ion in a Phospholamban R14del  zebraf ish model



Ca2+ sequestration is hampered 43. Ouabain is a widely used inotropic agent in heart failure 

therapy. Unlike istaroxime, ouabain did not affect the Ca2+ transient amplitudes. This suggest 

a predominant lusitropic effect of istaroxime via enhanced SR Ca2+ sequestration, presenting 

istaroxime as potential effective pharmacologic agent for PLN-R14del disease.

 This study has also demonstrated that istaroxime shortens AP repolarization in the zebrafish 

heart and isolated zebrafish pln R14del cardiomyocytes, a phenomenon previously reported 

in vitro and in vivo in the chronic atrioventricular block dog model 58. Under physiological 

conditions, the removal of Ca2+ from the cytosol is achieved via SR Ca2+ reuptake and via the 

forward mode of the NCX. Upon istaroxime exposure, the enhanced SR sequestration of Ca2+ 

through SERCA2A during diastole likely reduces the amount of Ca2+ extruded by the NCX and 

reduces its depolarizing pump current. A reduced amplitude of NCX current, in combination 

with enhanced Ca2+-induced I
Ca,L

 inactivation, therefore results in shortening of repolarization. 

Impaired NKA Na+ extrusion by istaroxime elevates intracellular Na+ levels and favors the 

reverse mode of NCX, further shortening AP repolarization. More important, in this study we 

show that APD alternans caused by the plna R14del mutation can be reversed. This highlights 

Ca2+ handling defects as underlying cause for the APD alternans in isolated ventricular plna 

R14del cardiomyocytes. APD alternans are likely not related to a prolonged repolarization, 

as APD
90

 did not differ between wild-type and pln R14del cardiomyocytes. We appreciate 

that the Ca2+ handling defects in plna R14del embryonic hearts and adult cardiomyocytes 

cannot yet be linked directly towards the structural remodeling at later stages. In PLN-R14del 

patients the disease symptoms predominantly manifest at later ages (50-60 years of age), 

implying that APD alternans and impaired Ca2+ transient dynamics are an early phenotypical 

characteristic of the disease, which over time predisposes to a pathogenic Ca2+ handling 

related cardiomyopathy.

 In conclusion, by introducing the R14del mutation in the endogenous zebrafish plna gene 

we generated a novel relevant zebrafish cardiomyopathy model which shows in vivo cardiac 

Ca2+ dysregulation and morphological features like observed in cardiac specimen from 

patients. Our data present possible early disease mechanisms in PLN-R14del cardiomyopathy 

and provide usefulness of this model to explore patient specific drug treatment. Naturally, 

extrapolation of our findings to the human situation should be done with caution.
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SUPPLEMENTARY FIGURES

Figure S1. Generation of Phospholamban R14del zebrafish. A) In contrast to humans, zebrafish carry two pln genes 

instead of one. One gene is locate on chromosome 17 (plnb) and one on chromosome 20 (plna). The R14del mutation 

was introduced to plnb. B) Alignment of the human (H. sapiens) and zebrafish (D. rerio) protein sequences.  Differences in 

amino acid sequence are indicated in red. The R14 and phosphorylation sites are indicated in bold. The different protein 

domains are indicated by la (cytosolic), lb (linker), and ll (transmembrane). C) Quantitative PCR plot shows the expression 

levels of plna and plnb in ventricle (n=3) and atrium (n=3) of wild-type fish. D) Sequencing peaks of plna showing the 

R14del mutation from a wild-type and a plna R14del mutant fish. In the R14del fish, the Arginine on amino acid location 

14 has evidently been deleted. aa: amino acids, Neg.: negative. 9 
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 Figure S2. Fibrofatty replacement and cell death in adult hearts of Phospholamban R14del zebrafish. (A-B) Bright 

field images of isolated wild-type and plna R14del zebrafish hearts. (C-D) Oil Red O staining on the hearts of the two 

genotypes is shown, with 40x zoom-in on the myocardium and ORO stained region. (E-F) TUNEL fluorescent staining to 

indicate apoptosis, where DAPI+ nuclei are shown in cyan and TUNEL+ nuclei in magenta. Images were taken at a zoom 

of 20x for whole heart and at a zoom of 63x for TUNEL staining. Scale bars are 200µm for whole heart tile scans and 20µm 

or 50 µm for zoom-in regions at 40x and 63x, respectively. A: atrium, V: ventricle, BA: bulbus arteriosus.

 Figure S3. Effect of PLN-R14del on membrane currents in isolated cardiomyocytes. A) Current-voltage (I-V) 

relationships of IK1 and IKr in cardiomyocytes from wild-type (WT) and plna R14del zebrafish (mean ± SEM, unpaired 

Students t-test). Inset, voltage clamp protocol used.  B) I-V relationships of I
Ca,L 

in WT and plna R14del zebrafish 

cardiomyocytes (mean ± SEM, unpaired Students t-test). Inset, voltage clamp protocol used. WT: wild type, ms: 

milliseconds, mV: millivolt, IK1: inward rectifier potassium current, IKr: rapidly activated delayed rectifier potassium current, 

I
Ca,L

: L-type calcium current.
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Figure S4. Dose response effect of istaroxime in GCaMP6f embryonic zebrafish. A-C) Effect of increasing 

concentrations of istaroxime (1-250 µM) on calcium (Ca2+) transient parameters in GCaMP6f zebrafish. Values are presented 

as relative change (in %) from grouped baseline values of all concentrations. Parameters include A) the frequency of 

Ca2+ transients, B) the Ca2+ transient amplitude and C) diastolic Ca2+ levels (mean ± STDEV, *p≤0.05, baseline n=51, 1 

µM n= 17, 10 µM n= 11, 100 µM n= 11, 250 µM n= 12, unpaired Students t-test). D) The effect of different istaroxime 

concentrations (1-250 µM) on the Ca2+ transient amplitude in GCaMP6f zebrafish. Bar graphs represent baseline values 

and values after incubation with istaroxime (mean ± SEM, *p≤0.05, 1 µM n= 18, 10 µM n= 11, 100 µM n= 11, 250 µM n= 

12, paired Students t-test). AU: arbitrary units.

Figure S5. Effect of istaroxime on cardiac contractility parameters in wild-type and plna R14del zebrafish. A-D) 
Cardiac contractility parameters examined in wild-type (WT) and plna R14del embryonic zebrafish at baseline and after 

incubation with 100 µM istaroxime (mean ± SEM, ** p≤0.01, *** p≤0.001, WT baseline n=12, WT istaroxime n=12, plna 

baseline n=14, plna istaroxime n=14, paired Students t-test), including heart rate (A), stroke volume (B), cardiac output 

(C) and contractile cycle length contraction duration (D). bpm: beats per minute, pL: Pico litre, ms: milliseconds. 

9 
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Figure S6. Effect of placebo treatment on cardiac contractility parameters in wild-type embryonic zebrafish. 
A-I) Cardiac contractility parameters examined in wild-type (WT) embryonic zebrafish at baseline, and 30 minutes after 

replacing the incubation medium (E3 water + MS222) with the exact similar medium (mean ± SEM, baseline n=15, 

placebo n=15, paired Students t-test), including heart rate (A), end systolic volume (B), end diastolic volume (C), stroke 

volume (D), ejection fraction (E), cardiac output (F), contractile cycle length contraction duration (G), contractile cycle 

length contraction time (H) and contractile cycle length relaxation time (I). bpm: beats per minute, pL: Pico litre, ms: 

milliseconds. 
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Figure S7. In vivo effect of ouabain on calcium transient amplitude and cardiac contractility in GCaMP6f embryonic 
fish. A) Effect of 100 µM istaroxime and 100 µM ouabain on the calcium (Ca2+) transient amplitude in GCaMP6f zebrafish. 

Values are presented as relative change (in %) from baseline values (mean ± SEM, * p≤0.05, baseline n=35, istaroxime 

n=15, ouabain n=20, paired Students t-test). B) The Ca2+ transient amplitude at baseline and after incubation with 100 

µM ouabain (mean ± SEM, n=20, paired Students t-test). C-F) Cardiac contractility parameters examined in GCaMP6f 

embryonic zebrafish at baseline and after incubation with 100 µM ouabain (mean ± SEM, baseline n=12, ouabain n=12, 

paired Students t-test), including heart rate (C), stroke volume (D), ejection fraction (E) and cardiac output (F). bpm: beats 

per minute, pL: Pico litre, nL/min: nanolitre per minute

9 
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Figure S8. In vivo effect of istaroxime and ouabain on action potential parameters in VSFP-butterfly CY embryonic 
zebrafish. A) DNA construct and concept of the sensing mechanism of chimeric voltage sensitive fluorescent protein 

(VSFP)-butterfly CY. Chimeric VSFP-butterfly CY was placed under control of the myl7 promoter to restrict its expression 

to the heart. The senor consists of a voltage sensitive domain with transmembrane segments S1-S4, sandwiched between 

a fluorescence resonance energy transfer (FRET) pair of the fluorescent proteins mCitrine and mCerulean. Movement 

of S4 upon membrane depolarization translates into a change of FRET efficiency. B) Frequency of action potentials and 

APD parameters at baseline and after incubation with 100 µM ouabain. (mean ± SEM, * p≤0.05, ** p≤0.01, n=11, paired 

Students t-test). C) Frequency of action potentials and APD parameters at baseline and after incubation with 100 µM 

istaroxime (mean ± SEM, * p≤0.05, n=19, paired Students t-test). min-1: per minute, ms: milliseconds, APD
10

: AP duration 

at 10% of repolarization, APD
20

: AP duration at 20% of repolarization, APD
50

: AP duration at 50% of repolarization, APD
90

: 

AP duration at 90% of repolarization.
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Cardiovascular disease is the number one cause of mortality worldwide and in a large 

percentage of heart failure patients fatal cardiac arrhythmias are the leading cause of sudden 

death 1. Over the past years, extraordinary progress has been made to understand the genetics 

and molecular mechanisms of cardiac arrhythmias and inherited rhythm disorders although 

still a lot of questions remain unanswered. Arrhythmogenic cardiomyopathy (ACM) is a familial 

heart disease and sudden cardiac death occurs very often as the first clinical manifestation, in 

particular in athletes and young adults 2. The current management of ACM is focussed on slowing 

disease progression by anti-arrhythmic treatment while preventive and/or predictive tools are 

still lacking. In this thesis, we aimed to expand our knowledge about the underlying mechanisms 

of ACM and explored new treatment options. The underlying cause of arrhythmogenic 

cardiomyopathy is in 60-70% of patients a mutation in genes encoding desmosomal proteins 

3,4. In the far majority of inherited ACM cases, in which a desmosomal mutation is found, the 

affected gene is PKP2 that encodes for the protein plakophilin-2 (PKP2) 5,6. Non-desmosomal 

mutations have been identified in ACM as well and pathogenic mutations have been reported in 

genes associated with other cardiomyopathies and arrhythmia syndromes (LaminA/C (LMNA), 

Na
v
1.5 (SCN5a), titin (TTN)) (see figure 1) 7–9. The fact that mutations in desmosomal genes 

and non-desmosomal genes commonly lead to a comparable clinical phenotype suggests 

that multiple mechanisms are involved in the process of cardiac remodelling in ACM patients. 

The identification of a role for mutations in the sarcoplasmic reticulum (SR) associated proteins 

phospholamban (PLN) and the ryanodine receptor (RYR2) encouraged us to focus in this thesis 

specifically on calcium (Ca2+) handling related pathways in ACM disease progression 10,11.

 In Chapter 2 we outlined the intracellular cardiac Ca2+dynamics and relate  

pathophysiological signaling, induced by disturbed Ca2+ handling, with activation of 

Calmodulin dependent kinase II (CaMKII) and Calcineurin A (CnA). We postulate a role for Ca2+ 

sensitive signaling proteins in maladaptive remodeling of the macromolecular protein complex 

that forms the ID, during pro-arrhythmic remodeling of the heart. In Part 1 of this thesis we 

studied two PKP2 mutated mouse models having almost homozygous (chapter 3 and 5) and 

heterozygous (chapter 4) deletion of the gene, and studied the molecular mechanisms causing 

the cardiac remodeling (chapter 3,4,5). In PKP2-cKO mice we identified a relation between 

loss of desmosomal integrity and transcription of genes involved in cardiac Ca2+ dynamics and 

confirmed the loss of Ca2+ related protein levels in PKP2-Hz mice. Making use of these two 

PKP2 mouse models we also explored the effect of a second hit on disease progression and 

invented different treatment options. In chapter 6, we postulate a thus far unrecognised role for 

mitochondrial dysfunction in ACM. In Part 2 of this thesis we introduced the zebrafish as model 

to study inherited cardiac rhythm disorders, and in specific the PLN-R14del mutation. In chapter 

7 we first elucidate, in a review article, the differences and similarities in cardiac Ca2+ handling 

between zebrafish, mice and human. In chapter 8 we first explained the model we developed 

to study in vivo cardiac voltage en Ca2+ dynamics in embryonic and juvenile zebrafish, which we 

subsequently implemented in chapter 9 in our pln R14del zebrafish model. In this last chapter 

with experimental work we studied embryonic and adult pln R14del zebrafish and present in 

vivo cardiac Ca2+ handling disturbances, which are amendable to PLN-SERCA targeted drug 

therapy.

264

CHAPTER 10



Figure 1. Cardiac protein structures in which ACM-causing mutations reside. (1) Components of the desmosome, 

including desmocollin 2, desmoglein 2, junctional plakoglobin, plakophilin 2 and desmoplakin. (2) Components of the 

adherens junction, including cadherin 2 and catenin-α3. (3) Contributors to calcium handling, including phospholamban 

and ryanodine receptor-2 located in the membrane of the sarcoplasmic reticulum (SR). (4) Intracellular structural 

proteins, including desmin, titin and filamin C. (5) The sodium channel and transforming growth factor-β3 (TGFβ3). (6) 

Nuclear envelope proteins transmembrane protein 43 and lamin A. TGFβ3: transforming growth factor-β3, SERCA2, 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2. (Adapted from Austin et al. 2019 12)

PART 1: PKP2- RELATED CARDIOMYOPATHY

To withstand the strong and frequent mechanical forces of the beating heart, individual 

cardiomyocytes tightly connect to each other via a subcellular domain named the intercalated 

disc (ID) 13. IDs are of major physiological importance as they not only physically connect 

cardiomyocytes by means of desmosomes and adherence junctions, but also couple 

cardiomyocytes electrically to ensure fast propagation of electrical signals, through gap 

junctions 13. PKP2 is an important desmosomal protein that interacts with plakoglobin and 

provides binding sites for desmoplakin, which in turn maintains the link to the intermediate 

filaments, such as desmin 7. Heterozygous mutations in PKP2 resulting in pre-mature 

termination of the protein and/or mutations that cause abnormal splicing are the most 

prevalent in ACM patients 8-10.  Originally described as a composition of separate units, recent 

data indicate that the ID should be considered a single functional unit in which Na
v
1.5, Cx43, 

ankyrin-G and components of the adherence junction and desmosome (including plakophilin2 

and plakoglobin) interact intensively 14,15. As such, accumulating evidence in the last decade 

10 
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suggests that destabilization of the ID (through disturbed protein-protein interactions) and 

trafficking problems of its composing proteins trigger cardiac remodeling and are at the onset 

of disease. 

Cardiac remodeling in PKP2 disease
To study the PKP2-related disease progression multiple mouse models have been generated 

over time. Engineered mouse models with complete knock down of the PKP2 gene have shown 

embryonic lethality 16. In chapter 3 we discuss a murine model were we induced, by tamoxifen 

injection (Cre-lox recombinase), a conditional cardiomyocyte-specific deletion of PKP2. This 

means that with such a strategy man is not only able to specifically target PKP2 in a selected type 

of cell, but also at any desired age of the mouse thereby limiting confounding factors caused 

e.g. by aberrant development or biological redundancy. This model reproduces in a very short 

timeframe (6-8 weeks) almost all clinical characteristics of ACM. The first observed disease 

manifestation was an increase in right ventricular (RV) area, detected by echocardiography 14 

days after tamoxifen injection (14 days post-injection or “dpi”), followed by RV dilation and 

reparative fibrosis (21 dpi), then bi-ventricular dilated cardiomyopathy (28 dpi), heart failure 

and death (30-50 dpi). Spontaneous premature ventricular contractions (PVCs) did start at 21 

dpi and the occurrence increased further at later times. We then studied in more detail the 

underlying mechanisms for ventricular arrhythmias in the concealed stage of the disease. As 

PKP2 scaffolds molecules at the ID that can translocate into the nucleus, we examined the 

transcriptome obtained from PKP2-cKO hearts at 21 dpi. Among the signaling nodes most 

modified in expression level, alterations in internal Ca2+ handling machinery ranked high. 

Given its relation with pro-arrhythmia we further investigated this. Total knock out of PKP2 

reduces the RNA expression of Ryr2, Ank2 (coding for Ankyrin-B), Cacna1c (coding for Ca
V
1.2) 

and Trdn (coding for triadin), and protein levels of calsequestrin-2 (Casq2). The summation of 

alterations in these factors lead to disruption of the intracellular Ca2+ homeostasis. In addition, 

other functional networks were also significantly affected and are likely to contribute to the 

overall functional and structural phenotype. The upregulated networks included inflammatory 

and pro-fibrotic pathways, which is in accordance with the anatomical changes observed at a 

later (more overt) stage. Also of interest was the downregulation of genes involved in insulin 

signaling and in adipo-cytokine expression, which may play a role in the metabolic aspects of 

the disease, a field that is currently explored intensively 17. It is important to note that in regard 

to the transcriptome analysis and cellular measurements PKP2-cKO mice are compared to 

wildtype (WT) controls. No Cre negative and tamoxifen injected littermates were taken along 

as control, so any side-effects of the tamoxifen injection by itself can’t be ruled out.  Although 

the studied model recapitulates many details of disease onset and progression as seen in 

patients, the genetic deficit in PKP2 created for the purpose of this study does not reproduce 

that of humans with ACM, where PKP2 deficiency is very rarely recessive and it does not affect 

only one cell type (like cardiomyocytes in this case) or developmental stage. Despite of that, 

the PKP2-cKO mouse model can be considered a very useful model to unravel ACM disease 

mechanisms within an exaggerated time frame when compared to the situation in humans.
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 As most ACM patients carry an autosomal dominant mutation in PKP2 (with one 

allele being mutated and the other unaffected), Cerrone et al. used a mouse model with 

heterozygous loss of PKP2 expression (PKP2-Hz). PKP2 haploinsufficiency associates with 

ultrastructural defects, sodium current deficits and hampered sodium channel inactivation 

kinetics 18,19. In contrast to PKP2-cKO mice, PKP2-Hz mice do appear fairly nomal under 

baseline conditions and lack any overt disease phenotype 18. Despite of that, provocation with 

the sodium channel blocker flecainide did impair ventricular conduction, triggered ventricular 

arrhythmias, and predisposed to sudden death 20. In a follow-up of our investigations in 

the PKP2-cKO model, in chapter 4 we used this PKP2-Hz mouse model to examine Ca2+ 

dynamics upon heterozygous loss of PKP2 expression. Also in PKP2-Hz mice, protein levels 

of the Ca2+-handling proteins AnkyrinB, SERCA2a, Ca
V
1.2 and Calsequestrin2 were reduced, 

in accordance to the observations in the PKP2-cKO model as we discussed in chapter 3. No 

intracellular Ca2+ measurement were performed in PKP2-Hz cardiomyocytes, so the definite 

effect of PKP2 haploinsufficiency on Ca2+ dynamics remains to be explored. After all, it is a 

relevant observation that in a situation more close to that in ACM patients (heterozygous 

vs. homozygous loss of PKP2), the expression of Ca2+-handling proteins is as well impaired. 

Current progression in the generation of genetically engineered mouse models will soon 

result in the availability and analysis of models with patient specific human mutations. This will 

hopefully bring these models even more closer to the human situation, though the intrinsic 

differences between the mouse and the human heart will always restrict it in many ways as 

being a model. 

The second hit theory
Additional to PKP2 mutations or additive to them, several additional factors (secondary hits) 

have been proposed to contribute to ACM development. Since ACM disease penetrance is 

low, it has been subject to discussion for a long time if, and if so, environmental influences 

would be able to interfere in disease onset, progression and severity. One of the first 

recognized factors that clearly relate to this, exercise, greatly increases the risk for developing 

the cardiomyopathy and for its progression toward failure 21,22. In chapter 3, we studied 

the effect of adrenergic stimulation (pharmacologically mimicking an aspect of exercise) 

on disease progression by Isoproterenol (ISO) injection in anesthetized PKP2-cKO mice. 

ISO challenges unveiled lethal arrhythmias at early stages of the disease, namely in mice 

studied at 16 dpi, in structural normal hearts thereby corresponding to sudden cardiac death 

observed in young athletes with ACM 22,23.  It is well known that in ACM patient life-threatening 

ventricular arrhythmias or sudden death often occur in this concealed phase of the disease, 

prior to overt structural damage. In chapter 4 we investigated the influence of exercise in 

a more physiological setting (voluntary running in a treadmill) on mice with heterozygous 

loss of PKP2 expression. Exercise upon PKP2 deficiency did induce a pro-arrhythmic cardiac 

remodeling, without structural changes, although sudden death could not be observed. 

Ventricular arrhythmias in PKP2-Hz mice are likely caused by a combination of an impaired 

Ca2+ cycling and an observed slower right ventricular electrical conduction. These outcomes 
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suggest that a combination of factors might be needed to provoke sudden death in the 

concealed stage of ACM. Unpublished data from the Delmar lab reveal that PKP2-cKO mice 

lack any signs of compensatory hypertrophy in response to endurance exercise or to chronic 

Isoproterenol (ISO) exposure, in contrast to control animals. This suggests that loss of PKP2 

expression might blunt the activation of transcriptional programs necessary for adaptive (or 

maladaptive) hypertrophy, causing increased myofibril damage and apoptosis, predisposing 

to sudden death. PKP2-Hz mice were exposed to voluntary exercise training, an experimental 

setting which doesn’t allow to tightly control the intensity of the training. For future studies it 

would be interesting to expose PKP2-Hz mice to a longer and more intense exercise regime 

and see if sudden death can be provoked. As well, whether PKP2-Hz then still lack any signs 

of hypertrophy or structural remodeling like observed in the PKP2-cKO mice. 

 In chapter 4 we also exhibited PKP2-Hz mice to cardiac pressure overload and auto-

immune myocarditis, two other secondary hits relevant to ACM patients. Pressure overload 

mildly increased levels of fibrosis in PKP2-Hz hearts, without affecting the susceptibility 

towards arrhythmias. Experimental autoimmune myocarditis (EAM) caused more severe 

subepicardial fibrosis, cell death, and inflammatory infiltrates in PKP2-Hz hearts than in WT. 

Inflammation is a common finding in ACM and can be caused by defective desmosomes 

and/or viral infections 24,25. Acute myocarditis also reflects an active phase of ACM and 

accelerates disease progression 26. In our model, we confirmed that inflammation upon loss 

of ID integrity predisposes to severe structural changes, initiated at a subepicardial origin. 

PKP2-Hz hearts exposed to cardiac pressure overload display interstitial and patchy fibrosis 

throughout the entire myocardial tissue, suggesting that different mechanisms are causing 

the fibrotic replacement. PKP2-Hz mice exposed to trans aortic construction (TAC) surgery 

present a clear hypertrophic response and it is tempting to speculate that, as discussed in 

chapter 2, Ca2+ sensitive proteins Ca2+/calmodulin-dependent protein kinase II (CAMKII) and 

Calcineurin might play a role in this type of fibrotic remodeling 27,28. In the setting of cardiac 

pressure overload and inflammation, the levels of Ca2+ handling related proteins were not 

examined, so the direct link between structural changes and Ca2+ handling deficits in the 

PKP2-Hz heart remains unproven. In addition, Wnt/β-catenin signaling might contribute to 

disease pathogenesis in both groups, although engagement of this pathway in ACM is still a 

topic of debate 29. In desmosomal mutation carriers, cardiac fibrofatty replacement is mainly 

located in the posterolateral wall of the heart, confirming what we observe in PKP2-Hz mice 

exposed to EAM 30. Paracrine signaling between PKP2-positive and PKP2-negative cells in the 

epicardial region of PKP2-Hz mice is a likely causative factor, activating a transforming growth 

factor-beta1 (TGF-β1)/p38 MAP kinase (MAPK)-dependent fibrotic gene expression 31. 

Drug treatment in PKP2 disease
At present, no medical treatment exists to prevent or delay the progression of ACM. The 

current disease management is focused on lifestyle advice (restriction of physical exercise), 

slowing disease progressing with anti-arrhythmic and heart failure medications, catheter 

ablation, implantable cardioverter defribillator (ICD) implantation and finally, in the case of 
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end-stage failure, a heart transplantation 32. In chapter 3 and chapter 5, we investigated 

different drug treatment options to interfere with ventricular arrhythmias and cardiac structural 

changes in ACM, using the PKP2-cKO mouse model.

Targeting ventricular arrhythmias

In chapter 3, we tested if flecainide treatment would be suitable to target the disturbed 

intracellular Ca2+ handling and subsequent ventricular arrhythmias upon near-total loss of 

PKP2 expression. Flecainide is mainly known as sodium channel blocker, which can help to 

unveil an otherwise masked sodium current deficit 20,33. Beyond that, previous studies have also 

indicated that flecainide can limit the spontaneous outflow of Ca2+ through RyR2 channels, 

effectively reducing the occurrence of catecholamine-triggered ventricular arrhythmias 34,35. 

As well, a separate study indicated that flecainide may be effective for the treatment of 

arrhythmias in some ACM patients 36,37. The experimental data in chapter 3 indicated that loss 

of PKP2 expression caused excessive outflow of Ca2+ from the sarcoplasmic reticulum (SR). We 

therefore tested the arrhythmia burden in PKP2-cKO animals in the presence flecainide. In 

contrast with results obtained in untreated animals, flecainide-treated PKP2-cKO mice showed 

absence of ISO-induced arrhythmia burden. Given the fact that PKP2-cKO mice do not display 

overt alterations in expression of the cardiac sodium channel, these results support the notion 

tha arrhythmias in PKP2-cKO animals may result from dysregulation of intracellular Ca2+ cycling, 

prior to structural disease. Direct translation to the clinical situation is not possible, as PKP2-

cKO mice do not reproduce the genetic variants in PKP2 patients. For future studies, it would 

be of interest to study if restoring the hampered Ca2+ dynamics prevents structural changes 

at later stages. Recently, Kim et al. uncovered that Ca2+ handling disturbances in PKP2-cKO 

mice, in the concealed stage of the disease (14 dpi), are of RV predominance, implicating a 

contribution to the structural cardiomyopathy later on, again linking to activation of Ca2+-

sensitive pro-fibrotic pathways 38. In the setting of PKP2 haploinsufficiency, flecainide was used 

to provoke cardiac arrhythmias and unmask sodium current deficits 20. In contrast to PKP2-Hz 

mice, like mentioned, PKP2-cKO mice are absent of aberrancies in sodium channel dynamics 

emphasizing that understanding the initiator of cardiac arrhythmias in the ACM patient is 

highly important before considering flecainide as anti-arrhythmic treatment. 

Targeting structural remodeling

In chapter 5, we tested Istradefylline as drug therapy for structural remodeling in later stages 

of the disease. Istradefylline is a highly selective antagonist of the adenosine 2A receptor 39,40. 

The drug is currently in use in Japan as adjunctive therapy in Parkinson disease and studies 

over long periods demonstrate that daily oral administration of the drug is well tolerated 

and safe 41. In chapter 3, we show that fibrosis formation in PKP2-cKO mice starts at 21 

dpi, with RV predominance, and progresses over time. Previous data strongly suggest the 

presence of a paracrine pathway for induction of the pro-fibrotic program upon loss of PKP2 

expression 31. In chapter 5 we have focused on adenosine as molecular cell-cell messenger 
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and activator of the paracrine pro-fibrotic pathway, located downstream of the adenosine 2A 

receptor (A2AR). In HL1 cells silenced for PKP2 we showed that adenosine triphosphate (ATP) 

release was increased. ATP can rapidly be converted into adenosine when released in to the 

intracellular space and subsequently able to activate the A2AR receptor. Hearts of PKP2-cKO 

mice present overexpression of genes involved in adenosine-receptor cascades, suggesting 

the involvement of this pathway in remodeling processes. Treatment with Istradefylline for 3 

weeks, starting 14 dpi, tempered the progression of fibrosis and mechanical failure observed 

in PKP2-cKO mice. To date, no use of Istradefylline in the context of heart disease has been 

reported. If Istradefylline were to have a similar effect in ACM patients on preservation of left 

ventricular ejection fraction (LVEF), this drug can be very beneficial for patients progressing 

toward end-stage heart failure with the only prospect of either heart transplant or death. Even 

though it is far too soon for speculation in the clinical realm, as follow-up trials are needed for 

examination of long term effects of this drug on cardiac performance.

Searching for the unknown
Recent studies, including chapter 3, show that PKP2 and its ID partners translate information 

initiated at the site of cell-cell contact into intracellular signals that modulate electrical and 

mechanical homeostasis 31,42,43. This strengthens the idea that more processes are involved 

in ACM pathology besides abnormal cell-cell adhesion. This specifically accounts for the 

concealed phase of the disease. Beyond that, the relation between desmosomal mutations 

and the structural aspects of the disease that results from PKP2 absence or altered sequence 

also still remains a matter of investigation. Previous studies present activation of the Hippo-YAP 

pathway, Wnt/β-catenin-signaling and TGF-β1-p38-MAPK-pathwas as causative mechanisms 

for the structural disease 42,44. In chapter 5 we show that paracrine adenosine 2A-receptor 

activation contributes to the progression of fibrosis and impaired cardiac function. In this study 

we also examined the mediator of ATP release into the intracellular space. We speculated that 

the reduced intercellular adhesion strength, consequent to loss of PKP2 expression, creates 

a pool of Cx43 connexons that would otherwise form gap junctions. These hemichannels can 

passively allow leakage of intracellular solutes, including ATP, obtained via mitochondria closely 

residing at sides of cell-cell contact (see Figure 2). Loss of Cx43 expression indeed blunted 

the PKP2-dependent release of ATP in HL-1 cells. Presence of orphan Cx43 hemichannels at 

the ID in PKP2-cKO mice was recently confirmed by the study of Kim et al..38 An increased 

membrane permeability, mediated via orphan Cx43 hemichannels at the ID, was shown as 

the initiator of RV Ca2+

i 
handling disturbances and mitochondrial Ca2+ overload 38. In chapter 

6, we aimed to extrapolate mitochondrial dysfunction as component of ACM pathology. 

In ACM, mitochondria-related alterations and apoptosis have been reported in structurally 

affected hearts and iPSC-derived cardiomyocyte models of PKP2 patients 45–48. Mitochondria 

are essential for providing ATP to the cell and to satisfy the energy demand for electrical 

activity and contraction 49. Mitochondria are tightly linked to intracellular Ca2+ dynamics and 

ATP generated by the mitochondria fuels various ion pumps 50,51. Mitochondrial dysfunction 

can therefore affect the electrical balance in the cell and favour arrhythmogenesis. As well, 
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in patients with diabetes mellitus (DM) the altered energy metabolism has proven to affect 

the electrical conduction, intracellular Ca2+ handling, activate CaMKII, cause mitochondria-

induced cell death and alter tissue architecture 52,53. In our literature study, we postulate that 

mitochondrial dysfunction (in terms of increased ATP release and oxidative stress) indeed 

influences cardiac electrophysiological mechanisms and contribute to electrical and structural 

remodelling processes of importance in ACM patients. The drawback of this study is that 

a lot of conclusions are based upon findings in PKP2 models, which are not exclusively 

representable for the entire ACM population (bearing other mutations than PKP2). Therefore, 

extrapolations should be done with caution and more near future experimental evidence is 

needed to strengthen the hypotheses.

Figure 2. ATP-Adenosine mediated pro-fibrotic signalling in PKP2-deficient cardiomyocytes. Graphical illustration 

highlighting the differences in cardiac tissue of healthy individuals and PKP2 patients. PKP2 deficiency causes intracellular 

gap widening, destabilisation of gap junctions and Cx43 hemichannels formation, eventually leading to Cx43 hemichannel 

–mediated ATP release (bottom panel). ATP is converted to adenosine, which activates the adenosine 2A receptor and 

downstream pro-fibrotic pathways (bottom panel). Cx43: Connexin43, DSC2: Desmocollin2, Dsg2: Desmoglein2, PKP2: 

Plakophilin2, Dsp; Desmoplakin, N-Cad: N-Cadherin, A2AR: adenosine 2A receptor, ATP: adenosine triphosphate, PKA: 

Protein kinase A.
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Future directions
ACM is a familial disease, mainly associated with mutations in PKP2. In chapter 3 and 4 we 

present a thus far unrecognized role for PKP2 in the cardiac Ca2+ homeostasis. In chapter 3 

we speculate that PKP2 deficiency can also lead to other inherited cardiac conditions such 

as Brugada syndrome or Catecholaminergic polymorphic ventricular tachycardia (CPVT) 

20,54. PKP2 may therefore be more than just an ACM-susceptibility gene since mutations can 

lead to phenotypes that vary from purely arrhythmogenic to severe mechanical dysfunction, 

depending on the pathway most dominantly affected (see Figure 3). In addition, nowadays a 

large pool of PKP2 variants have been recognized 55. The establishment of patients -specific 

PKP2 models is therefore crucial for future research in order to investigate exact molecular 

signatures and test possible (patient specific) drug treatments. Mutations in desmosomal 

genes and non-desmosomal genes have shown comparable clinical ACM phenotypes. This 

highlights the importance to re-evaluate the one gene-one disease paradigm,56 and focus on 

studying mutation -and patient specific disease mechanisms.

Figure 3. PKP2 as pleiotropic gene. PKP2 covers four known functions in the heart: It maintains intercellular coupling 

and sodium channel function, modulates transcription, and facilitates cell–cell adhesion. These functions are necessary 

for normal electrical and mechanical function. Loss or mutations in PKP2 (indicated by the black horizontal dotted 

line) could independently impair electrical (blue) or mechanical (red) function. A predominant effect in one of these 

descending branches would yield either an electrical phenotype (resembling Brugada syndrome (BrS) or resembling 

catecholaminergic polymorphic ventricular tachycardia (CPVT)), a mechanical phenotype (e.g., dilated cardiomyopathy) 

or a combination of both, which would yield the “classic” phenotype of ARVC. (Figure originates from Chapter 3)
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PART 2: PHOSPHOLAMBAN R14DEL RELATED  
CARDIOMYOPATHY 

Next to the classical desmosomal mutations that trigger instability of the ID, the pathogenic 

PLN-R14del mutation (a founder mutation especially in the north of the Netherlands) has been 

identified in patients diagnosed with ACM. PLN is a transmembrane SR phosphoprotein and 

a key regulator of Ca2+ homeostasis. Under healthy conditions, PLN actively inhibits SERCA2a 

activity and thereby reduces the amount of Ca2+ to flow back into the SR. Upon the inhibition 

of PLN activity, such as by phosphorylation on Ser16, SR Ca2+ cycling is enhanced, leading 

to improved cardiac function 57–59. This particularly is important during exercise, when heart 

rate needs to increase to meet the physiological demands and as such Ca2+ cycling needs 

to accelerate. The PLN-R14del mutation has a stronger affinity for SERCA2a, which has been 

correlated with the disruption of the Ser16 phosphorylation motif, with the suggestion that 

this leads to an increased inhibition of the SERCA2a and a disruption of normal intracellular 

Ca2+ dynamics 60,61. PLN-R14del mutation carriers have a high risk of developing malignant 

ventricular arrhythmias and end-stage heart failure, resulting in a high mortality and a poor 

prognosis. End-stage PLN-R14del hearts show pronounced fibrosis and fatty changes in the 

left and right ventricular myocardial wall. Based on our findings in chapter 3 and 4, this 

similarity in pathophysiological remodelling driven by dysfunction of proteins in the ID and 

proteins related to intracellular Ca2+  homeostasis may perhaps not be as long distance as it 

seems at first glance. 

Using zebrafish to study cardiac Ca2+ dynamics

In chapter 7 we discuss the use of different animal models to study arrhythmogenic 

cardiomyopathies and, in specific, cardiac Ca2+ handling disturbances. The current and most 

popular model used for cardiac related studies are mice 62. The main advantage of using mice 

as animal model is the large similarity in morphology of the murine heart when compared to 

human. However, the electrophysiology of a mouse heart differs significantly from humans, 

due to differences in for example heart rate, action potential propagation and action potential 

(AP) morphology 62,63. This complicates extrapolation of observations that are made in murine 

models to the human situation, especially when concerning electrophysiology. The zebrafish 

heart morphology differs from the human heart, because it only has one atrium and one 

ventricle that are connected in series 64. In contrast, it has been uncovered that part of the 

cardiac electrophysiology is surprisingly similar towards the human heart, mainly because the 

zebrafish AP does contain a clear plateau phase and ECG characteristics show alignment with 

the human electrocardiogram (ECG) 65. In chapter 7, we performed a literature study towards 

cardiac Ca2+ dynamics in zebrafish. Ca2+ channel subunits expressed in zebrafish are highly 

similar to those in the human heart, although the dynamics of Ca2+ homeostasis in zebrafish 

differ from the human situation. The main discrepancies in the Ca2+ homeostasis are the lack 

of T-tubules, a deviation in the regulatory mechanism of Ca2+-induced Ca2+ release (CICR), and 
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a lower contribution of the SR. Experimental data on the zebrafish cardiac Ca2+ handling is still 

scarce and extrapolations have to been done with caution. Severe cardiac remodeling upon 

SERCA deletion, however, suggests a prominent role of PLN-SERCA in the zebrafish cardiac 

Ca2+ handling, indicating the zebrafish as suitable model to study PLN-R14del disease. Of 

note, in terms of cardiac cellular electrophysiology no ‘perfect’ model can be assigned. Mice 

and zebrafish have both their pro’s and con’s and it highly depends on the research question 

which model to choose. 

Using zebrafish to study in vivo cardiac arrhythmogenesis

As the heart is poorly accessible within a closed thoracic cavity, our current knowledge of 

cellular electrophysiology is mainly based on in vitro experiments using isolated hearts or 

cardiomyocytes. In order to study the complexity of cardiac electrophysiology in interplay 

with other organs and the autonomic nervous system in vivo approaches are needed. In 

chapter 8 we describe a technique that we developed in embryonic and juvenile zebrafish 

to study in vivo cardiac electrophysiology, making use of genetically encoded optogenetic 

sensors. Optogenetic sensors can genetically be targeted to specific subsets of cells, have 

a low phototoxicity and can be used for in vivo (longitudinal) studies 66–68. This in contrast 

to fluorescent dyes, which are nowadays mainly used to study in vitro and ex vivo cardiac 

electrophysiology. In chapter 8 we describe a novel cardiac voltage sensor zebrafish line, 

chimeric voltage sensitive fluorescent protein (VSFP)-butterfly CY, and we validated this 

voltage sensor line together with a GCaMP6f Ca2+ sensor line. We show that these genetically 

engineered fish allow to study the in vivo cellular membrane voltage and intracellular Ca2+ 

dynamics in the heart, in a spatiotemporal manner. In this study we also validated the reliability 

and robustness of both the VSFP-butterfly CY and GCaMP6f sensor lines through treatment of 

3 days post-fertilization (dpf) embryos with well-studied drugs. We show that e.g. blocking the 

L-type Ca2+ channels with Nifedipine causes severe disturbances in atrial-ventricular electrical 

impulse propagation. 

 One of the technical limitations of this study is the necessity to use a total contraction block 

to prevent movement artifacts. Interference with cardiac contractility is necessary for accurate 

assessment of the fluorescence signals over time and was established chronically (via a ‘’silent 

heart’ morpholino) and acute (via superfusion with para-amino blebbistatin). The reciprocal 

effect of cardiac contractility and hemodynamic load of the hearts on electrophysiological 

and Ca2+ transient properties could therefore not be taken into account. Optimization of 

the imaging -and processing software, to extract signals from moving objects would be a 

nice step forward. In this study we performed parallel recordings of the VSFP-butterfly and 

GCaMP6f signals, and it would be favorable to combine these two sensors into one zebrafish 

line, to diminish the potential influence of genetic heterogeneity on experimental outcomes. 

As well, it will allow a one-on-one comparison of voltage and Ca2+ dynamics in the same 

heart. In addition, targeting different compartments in the cardiomyocyte with specific 

sensors, as for example one that allows to visualize SR Ca2+ dynamics, can bring novel insight 

in arrhtyhmogenic disease mechanisms. Eventually, combining the VSFP-butterfly CY and/or 
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the GCaMP6f transgenic line with zebrafish carrying patient specific mutations, making use 

of CRISPR/Cas9, will provide unique information about the impact of mutations on cardiac 

electrophysiology. As proof of principle, in chapter 9 we implemented the GCaMP6f sensor 

in zebrafish carrying the patient specific PLN-R14del mutation.

Cardiac remodeling upon PLN-R14del 
As described previously, the pathogenic PLN-R14del mutation has recently been identified in 

patients diagnosed with ACM.  In chapter 9 we describe the phenotypical characteristics of 

our pln R14del zebrafish model and explore a novel drug treatment option to treat this PLN 

disease. In adult pln R14del zebrafish we observed severe changes in cardiac morphology 

characterized by the accumulation of fibroblasts, immune cells and fat in sub-epicardial 

regions, which is in accordance with structural changes observed in PLN-R14del patients. In 

line with the variable phenotypes in patients, we also observed a very heterogeneous effect 

of PLN-R14del in zebrafish, as some fish appeared completely healthy while others displayed 

symptoms of end-stage cardiac disease. Adult pln R14del zebrafish do not have an impaired 

cardiac contractility, but present with pulsus alternans, even in absence of structural changes. 

In addition, alternans in action potential duration (APD) was present in isolated adult pln 

R14del cardiomyocytes and the in vivo cardiac Ca2+ dynamics were impaired in embryonic 

pln R14del zebrafish. Ca2+ handling disturbances are in accordance with an iPSC-CM model 

of the PLN-R14del mutation, although until now no data from in vivo and/or animal model 

of the PLN-R14del mutation have been published 61. Zebrafish have gene duplicates for the 

majority of their genes (including pln) and we were unable to insert the R14del mutation in 

plnb. Despite of the fact that we were able to show that both genes are actively transcribed, 

it remains uncertain if the two pln genes have overlapping or separate functional properties. 

It would as well be interesting to track phenotypical changes over time, as for now only 

embryonic, 10 months -and 2 years old phenotypical characteristics have been studied. Pln 

R14del zebrafish start to expose morphological cardiac changes from 10 months onwards, so 

for future studies it would be interesting to provoke the phenotype at earlier time points, for 

example by exercise training or chronic adrenergic stimulation. 

Drug treatment in PLN-R14del disease
In chapter 9 we also present Istaroxime as drug treatment option targeting the 

electrophysiological changes in pln R14del zebrafish. Istaroxime is a Na+/K+-transporting 

adenosine triphosphatase (NKA) inhibitor, which exerts positive inotropic effects 69,70. 

In addition, istaroxime stimulates the activity of SERCA2a, thereby enhancing SR Ca2+ 

sequestration 71. The positive inotropic but not pro-arrhythmic effect of istaroxime has been 

shown in a large animal model of compensated hypertrophy 72. In embryonic pln R14del fish, 

we show that istaroxime treatment improves in vivo cardiac Ca2+ dynamics and enhances 

cardiac contractility, via stimulating the cardiac relaxation. As well, istaroxime can reverse APD 

alternans in isolated ventricular pln R14del zebrafish cardiomyocytes. In a cohort of acute 
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heart failure patients istaroxime has shown to improve both systolic and diastolic function and 

additionally, displayed beneficial effects on myocardial energetics 69. In the zebrafish model, 

istaroxime mainly promotes diastolic filling of the heart, instead of systolic contraction. This 

is likely caused by the significant difference in hemodynamics of the human and zebrafish 

heart, as zebrafish have for example a negative force-frequency relationship 73. The fact that 

istaroxime improves particularly the contractile relaxation time in pln R14del fish confirms 

targeting of the enhanced PLN-SERCA interaction, which was further supported through 

experiments with the drug ouabain (exclusively targeting the NKA), which did not show this 

phenomenon. If istaroxime were to have a similar effect in PLN-R14del patients, patients with 

reduced LVEF, progressing toward end-stage heart failure, would mainly benefit from the 

therapy. For future studies, it will be of interest to test if improving the cardiac Ca2+ dynamics 

by istaroxime from the early stage onwards can prevent the severe structural changes at later 

stages. 

Future directions
PLN-R14del is a complex disease and disease mechanisms remain still largely unexplored. 

For this purpose the development of novel (animal) models is crucial. Mouse models with the 

heterozygous and homozygous PLN-R14del mutation have recently been generated in other 

labs and can be as well very useful to study disease mechanisms in the future. To validate the 

observed in vivo Ca2+ handling disturbances, in a mammalian adult model, I would propose 

to crossbreed mice expressing a genetically encoded cardiac Ca2+ indicator with PLN-R14del 

mice. Recently, we developed a tool to monitor in vivo murine endocardial Ca2+ transients, 

making use of the GCaMP3 optogenetic sensor. Excitation of the sensor and detection of 

fluorescent emission was done using a thin plastic optical fiber, inserted through a small incision 

in the carotid artery, and directed to the left ventricular endocardium of GCaMP3-transgenic 

Figure 4. Insertion of optical fiber to detect calcium transients at the endocardial apex of the heart. A) Two threads 

on each end of the carotid artery suppress the blood flow when the optical fiber gets inserted into a small cut on top of 

the vessel. B) After introduction of the fiber, the loose thread is closed over the fiber and the inferior thread is opened 

(left panel) to push the fiber deeper towards the apex of the heart (right panel). The blue excitation is light is shining 

through the myocardium (visualized after the experiment).
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Figure 5. Recorded endocardial fluorescent signals in GCaMP3-transgenic C57Bl6 mice. Endocardial signals 

recorded in GCaMP3-positive (upper panel) and GCaMP3-negative (bottom panel) mouse, mice received sequential 

intra-peritoneal injections (100μl) of 10mg/ml tamoxifen for 5 days with one injection daily. The recordings were analyzed 

via Matlab (Version 7.12.0.635 (R201 1a), 32-bit (win32) and filtered with a low-pass 100Hz filter.

(GCaMP3/MerCreMer) C57Bl6 mice (see Figure 4). By using this surgical technique with a 

closed-chest application we successfully detected in vivo endocardial Ca2+ transients in the 

murine heart (see Figure 5) (unpublished data). Besides implementing this tool in PLN disease 

it would also be very interesting to introduce this tool in the PKP2-cKO or PKP2-Hz mice.

CONCLUSION

Arrhythmogenic Cardiomyopathy is classically defined as a disease of the desmosome, 

caused by loss of adhesion strength in the intercalated disc. In this thesis, we postulated and 

confirmed a thus far unrecognized role for Ca2+ handling related disease mechanisms in ACM 

and explored pharmaceutical interventions to treat the disease. On one hand, Ca2+ sensitive 

signaling proteins can induce maladaptive remodeling of the macromolecular protein complex 

that forms the ID. On the other hand, loss of ID integrity impairs the transcription of genes 

important for cardiac Ca2+ dynamics, which subsequently causes Ca2+

 
handling dysfunction. 

In addition, mutations in the Ca2+ handling associated protein PLN causes overlapping ACM 

phenotypical characteristics with those induced through mutations in the desmosomal PKP2 

gene. We show that Flecainide treatment can reduce the arrhythmia burden in PKP2-cKO 

mice and Istradefylline targets the structural remodeling and preserves cardiac contractility 

via interference with ATP –and adenosine related pro-fibrotic pathways. In PKP2-Hz mice we 

show that exercise, cardiac pressure overload and inflammation activate different disease 

phenotypes. In addition, we explored mitochondrial dysfunction as possible new disease 
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mechanism in ACM. Lastly, we generated a tool to study in vivo cardiac voltage and Ca2+ 

dynamics in the zebrafish heart and implemented this in a model of PLN-R14del disease. We 

show that the PLN-R14del mutation causes pulsus -and APD alternans and impaired cardiac 

Ca2+ dynamics in zebrafish, which can be restored by istaroxime treatment. In this thesis 

we therefore successfully developed new models to study ACM pathology and unraveled 

new molecular mechanisms. Though, two important questions remain unanswered: 1) Are 

intracellular Ca2+ disturbances the cause or consequence of desmosomal dysfunction?, and 2) 

What is the link between Ca2+

i
 dysfunction in the concealed stage and structural remodeling 

at later stages of the disease?
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ENGLISH SUMMARY

The heart is the most important muscular organ in the body as it provides oxygen and vital 

nutrients to all tissues within the body and facilitates the disposal of waste products. The 

heart beats in a highly coordinated fashion and loss of normal cardiac rhythm and contractility 

can therefore have devastating physiological consequences. Cardiovascular disease is the 

number one cause of worldwide mortality. Under pathological conditions, electrical activation 

patterns of the heart and normal cardiac rhythm can become disrupted, leading to malignant 

ventricular arrhythmias. The consequences of arrhythmias are severe and can end in heart 

failure and even sudden cardiac death, mostly within a very short time period after onset. 

Which makes early detection of cardiac abnormalities paramount to prevent sudden cardiac 

death

 Arrhythmogenic cardiomyopathy (ACM), also known as arrhythmogenic right ventricular 

cardiomyopathy or dysplasia (ARVC/D), is a familial myocardial disease with autosomal 

dominant inheritance. The prevalence of ACM in the Western world ranges from 1:2000 to 

1:5000, meaning that this disease is listed among rare cardiovascular diseases. Patients with 

ACM generally manifest with ventricular arrhythmias, palpitations, syncope related to physical 

exertion and have an increased risk for sudden cardiac death (SCD). SCD often is the first, and 

dramatic, disease manifestation in a high proportion of probands and is often associated with 

exercise, affecting in particular athletes and young adults. The majority of patients is diagnosed 

at 20-50 years of age, though age can be highly variable while males seemed to be more 

affected as females. The disease progresses over time, starting with a subclinical or concealed 

stage without clear symptoms, followed by overt stages of right ventricular (RV) predominance 

(though the left ventricle (LV) is often involved), bi-ventricular dilated cardiomyopathy and 

eventually congestive heart failure. Histopathologically, the ACM heart is characterized by 

myocardial cell death, inflammation and progressive fibrofatty tissue replacement primarily 

of RV predominance, preceding ventricular dilatation eventually culminating in ventricular 

arrhythmias and impaired ventricular systolic function. Replacement of healthy myocardium by 

fibrous and fatty tissue is a process that progresses in ACM patients mainly from subepicardial 

and midmyocardial layers to the endocardium. At present, no medical treatment exists to 

prevent or delay the progression of ACM. The current disease management is focused on 

lifestyle advice (restriction of physical exercise), slowing disease progressing pharmacological 

interventions, catheter ablation, implantable cardioverter defribillator (ICD) implantation and 

finally, in the case of end-stage failure, a heart transplantation. 

 In 60-70% of patients diagnosed with ACM the underlying cause is a mutation in genes 

encoding desmosomal proteins.  In the far majority of inherited ACM cases, in which 

a desmosomal mutation is found, the affected gene is PKP2 that encodes for the protein 

plakophilin-2 (PKP2). Non-desmosomal mutations have been identified in ACM as well and 

pathogenic mutations have been reported in genes associated with other cardiomyopathies 

and arrhythmia syndromes (LaminA/C (LMNA), Na
v
1.5 (SCN5a), titin (TTN)). The identification 
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of a role for mutations in the sarcoplasmic reticulum (SR) associated proteins phospholamban 

(PLN) and the ryanodine receptor (RyR2) encouraged us to focus in this thesis specifically 

on calcium (Ca2+) handling related pathways in ACM disease progression. Especially, since 

the pathogenic Dutch founder mutation PLN-R14del has been identified in a large cohort of 

patients diagnosed with ACM. The PLN-R14del mutated protein has a stronger affinity for 

SERCA2a, which has been correlated with the disruption of the Ser16 phosphorylation motif, 

with the suggestion that this leads to an increased inhibition of SERCA2a and a disruption of 

normal intracellular Ca2+ dynamics. Impaired SR Ca2+ reuptake, intracellular Ca2+ overload and 

activation of pathogenic Ca2+ signaling pathways have been suggested to cause ventricular 

remodeling and failure over years. The fact that mutations in desmosomal genes and non-

desmosomal genes commonly lead to a comparable clinical phenotype suggests that multiple 

mechanisms are involved in the process of cardiac remodelling in ACM patients. 

Aim
The general aim of the work described in this thesis is to study new disease mechanisms 

in ACM, with a special focus on involvement of Ca2+ handling related signaling pathways. 

As well, exploring treatment options targeting in specific the PKP2 and PLN-R14del- related 

cardiomyopathy.

 After the general introduction, this thesis starts in chapter 2 were we outline the 

intracellular cardiac Ca2+ dynamics and relate pathophysiological signaling, induced by 

disturbed Ca2+ handling, with activation of Calmodulin dependent kinase II (CaMKII) and 

Calcineurin A (CnA). In this chapter, we postulate a thus far unrecognized role for Ca2+ 

sensitive signaling proteins in maladaptive remodeling of the intercalated disc (ID), during 

pro-arrhythmic remodeling of the heart. The subsequent chapters are divided in two parts: 

I) The PKP2- related cardiomyopathy, including chapter 3,4,5 and 6; and II) The PLN-R14del- 

related cardiomyopathy, including chapter 7, 8 and 9. 

Part I – PKP2- related cardiomyopathy
To study the PKP2-related disease progression multiple mouse models have been generated 

over time. Engineered mouse models with complete knock down of the PKP2 gene have 

shown embryonic lethality. In chapter 3, we discuss a murine model were we induced, by 

tamoxifen injection (Cre-lox recombinase), a conditional cardiomyocyte-specific deletion 

of PKP2. This model reproduces in a very short timeframe (6-8 weeks) almost all clinical 

characteristics of ACM. The first observed disease manifestation was an increase in right 

ventricular (RV) area, detected by echocardiography 14 days after tamoxifen injection (14 

days post-injection or “dpi”), followed by RV dilation and reparative fibrosis (21 dpi), then bi-

ventricular dilated cardiomyopathy (28 dpi), heart failure and death (30-50 dpi). Spontaneous 

premature ventricular contractions (PVCs) did start at 21 dpi and the occurrence increased 

over time. Isoproterenol (ISO) challenges unveiled lethal arrhythmias at early stages of the 

disease, namely in mice studied at 16 dpi, in structurally normal hearts thereby corresponding 
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to sudden cardiac death observed in young athletes with ACM. We then studied in more detail 

the underlying mechanisms for ventricular arrhythmias in the concealed stage of the disease. 

As PKP2 scaffolds molecules at the ID that can translocate into the nucleus, we examined the 

transcriptome obtained from PKP2-cKO hearts at 21 dpi. Total knock out of PKP2 reduces 

the RNA expression and protein levels of Ryr2, Ank2 (coding for Ankyrin-B), Cacna1c (coding 

for Ca
V
1.2), Trdn (coding for triadin) and Casq2 (coding for calsequestrin-2). The summation 

of alterations in these factors lead to disruption of the intracellular Ca2+ homeostasis. The 

experimental data indicated that loss of PKP2 expression caused excessive SR Ca2+ release. 

We therefore tested the arrhythmia burden in PKP2-cKO animals in the presence of flecainide, 

a drug which targets RyR2 and consequent SR Ca2+ release. In contrast with results obtained 

in untreated animals, flecainide-treated PKP2-cKO mice showed absence of ISO-induced 

arrhythmia burden.

 As most ACM patients carry an autosomal dominant mutation in PKP2 (with one allele 

being mutated and the other unaffected), we also used a mouse model with heterozygous 

loss of PKP2 expression (PKP2-Hz). In contrast to PKP2-cKO mice, PKP2-Hz mice do appear 

fairly nomal under baseline conditions and lack any overt disease phenotype. In a follow-

up of our investigations in the PKP2-cKO model, we used this PKP2-Hz mouse model in 

chapter 4 to examine Ca2+ dynamics upon heterozygous loss of PKP2 expression. Also in 

PKP2-Hz mice, protein levels of the Ca2+-handling proteins AnkyrinB, SERCA2a, Ca
V
1.2 

and Calsequestrin2 were reduced. On top of mutations in PKP2 , several additional factors 

(secondary hits) have been proposed to contribute to ACM development. We investigated 

in chapter 4 the effect of exercise, cardiac pressure overload and inflammation on disease 

progression, in the PKP2-Hz mouse model. Exercise upon PKP2 deficiency did induce a pro-

arrhythmic cardiac remodeling, without structural changes, although sudden death could 

not be observed. Ventricular arrhythmias in PKP2-Hz mice exposed to exercise are likely 

caused by a combination of an impaired Ca2+ cycling and an observed slower right ventricular 

electrical conduction. Pressure overload (induced by trans aortic constriction) mildly increased 

levels of fibrosis in PKP2-Hz hearts, without affecting the susceptibility towards arrhythmias. 

Experimental autoimmune myocarditis (EAM) caused severe subepicardial fibrosis, cell death, 

and inflammatory infiltrates in PKP2-Hz.

 In chapter 5, we tested Istradefylline (a specific adenosine 2A receptor blocker) as potential 

drug therapy for structural remodeling in later stages of the disease. Previous data strongly 

suggest the presence of a paracrine pathway for induction of the pro-fibrotic program upon 

loss of PKP2 expression. We have focused on adenosine as molecular cell-cell messenger 

and activator of the paracrine pro-fibrotic pathway, located downstream of the adenosine 

2A receptor (A2AR). In HL-1 cells silenced for PKP2 we showed that adenosine triphosphate 

(ATP) release was increased. We speculated that the reduced intercellular adhesion strength, 

consequent to loss of PKP2 expression, creates a pool of Cx43 connexons that would 

otherwise form gap junctions. These hemichannels can passively allow leakage of intracellular 

solutes, including ATP, obtained via mitochondria closely residing at sides of cell-cell contact. 

Loss of Cx43 expression indeed blunted the PKP2-dependent release of ATP in HL-1 cells. 
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ATP can rapidly be converted into adenosine when released into the intracellular space and 

subsequently activate the A2AR receptor. Hearts of PKP2-cKO mice present overexpression of 

genes involved in adenosine-receptor cascades, suggesting the involvement of this pathway 

in remodeling processes. Treatment with Istradefylline for 3 weeks, starting 14 dpi, tempered 

the progression of fibrosis and mechanical failure observed in PKP2-cKO mice. 

 In chapter 6, we aimed to extrapolate mitochondrial dysfunction as component of ACM 

pathology. Mitochondria are tightly linked to intracellular Ca2+ dynamics and ATP generated by 

the mitochondria fuels various ion pumps. Mitochondrial dysfunction can therefore affect the 

electrical balance in the cell and favours arrhythmogenesis. As well, in patients with diabetes 

mellitus (DM) the altered energy metabolism has proven to affect the cardiac electrical 

conduction, intracellular Ca2+ handling, activate CaMKII, cause mitochondria-induced 

cell death and alter tissue architecture. In a literature study, we discuss that mitochondrial 

dysfunction (in terms of inadequate ATP synthesis and increased oxidative stress) indeed 

influences cardiac electrophysiological mechanisms and could contribute to electrical and 

structural remodelling processes of importance in ACM patients.

Part II – Phospholamban R14del- related cardiomyopathy
In part II of thesis we used various zebrafish models to study in vivo cardiac electrical 

activation, cardiac Ca2+ handling, cardiac arrhythmogenesis and the PLN-R14del mutation-

related disease progression. In chapter 7, we describe, via a literature study, the cardiac Ca2+ 

dynamics in zebrafish and compare it to the situation in mice and human. Ca2+ channel subunits 

expressed in zebrafish are highly similar to those in the human heart, although the dynamics 

of Ca2+ homeostasis in zebrafish differ from the human situation. The main discrepancies in 

the Ca2+ homeostasis are the lack of T-tubules, a deviation in the regulatory mechanism of 

Ca2+-induced Ca2+ release (CICR), and a lower contribution of the SR. Experimental data on 

the zebrafish cardiac Ca2+ handling are still scarce and extrapolations have to been done with 

caution. Severe cardiac remodeling upon SERCA deletion, however, suggests a prominent 

role of PLN-SERCA in the zebrafish cardiac Ca2+ handling, indicating the zebrafish as suitable 

model to study PLN-R14del disease. 

 To use the zebrafish as model for cardiac arrhythmogenesis, we describe in chapter 8 
a novel cardiac voltage sensor zebrafish line, chimeric voltage sensitive fluorescent protein 

(VSFP)-butterfly CY, and we validated this voltage sensor line together with a GCaMP6f Ca2+ 

sensor line. We show that these genetically engineered fish allow to study the in vivo cellular 

membrane voltage and intracellular Ca2+ dynamics in the heart, in a spatiotemporal manner. 

In this study we also validated the reliability and robustness of both the VSFP-butterfly CY 

and GCaMP6f sensor lines through treatment of embryonic fish with well-studied drugs. We 

show that fish responded to several of these drug as expected based on existing knowledge 

derived from mammalian models and that e.g. blocking L-type Ca2+ channels with Nifedipine 

causes severe disturbances in atrial-ventricular electrical impulse propagation. Confirming the 

usefulness of these models in studying cardiac arrhythmogenesis.
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 In chapter 9, we describe the phenotypical characteristics of our pln R14del zebrafish 

model and explore a novel drug treatment option to treat this PLN disease. In adult pln 

R14del zebrafish we observed severe changes in cardiac morphology characterized by 

the accumulation of fibroblasts, immune cells and fat in sub-epicardial regions, which is in 

accordance with structural changes observed in PLN-R14del patients. In line with the variable 

phenotypes in patients, we also observed a heterogeneous effect of PLN-R14del in zebrafish, 

as some fish appeared completely healthy while others displayed symptoms of end-stage 

cardiac disease. Adult pln R14del zebrafish do not have an impaired cardiac contractility, 

but present with pulsus alternans (measured as outflow peak velocity), even in absence of 

structural changes. In addition, alternans in action potential duration (APD) was present 

in isolated adult pln R14del cardiomyocytes and the in vivo cardiac Ca2+ dynamics were 

impaired in embryonic pln R14del zebrafish. We also present istaroxime as drug treatment 

option targeting the electrophysiological changes in pln R14del zebrafish. Istaroxime is a 

Na+/K+-transporting adenosine triphosphatase (NKA) inhibitor, which exerts positive inotropic 

effects. In addition, istaroxime stimulates the activity of SERCA2a, thereby enhancing SR Ca2+ 

sequestration. In embryonic pln R14del fish, we show that istaroxime treatment improves 

in vivo cardiac Ca2+ dynamics and enhances cardiac contractility, via stimulating the cardiac 

relaxation. As well, istaroxime can reverse the APD alternans in isolated ventricular pln R14del 

zebrafish cardiomyocytes.

CONCLUSION

Arrhythmogenic Cardiomyopathy is classically defined as a disease of the desmosome, 

caused by loss of adhesion strength in the intercalated discs of adjacent cardiomyocytes. In 

this thesis, we postulated and confirmed a thus far unrecognized role for Ca2+ handling related 

disease mechanisms in ACM and explored pharmaceutical interventions to treat the disease. 

On one hand, Ca2+ sensitive signaling proteins can induce maladaptive remodeling of the 

macromolecular protein complex that forms the ID. On the other hand, loss of ID integrity 

impairs the transcription of genes important for cardiac Ca2+ dynamics, which subsequently 

causes intracellular Ca2+

 
handling dysfunction. In addition, mutations in the Ca2+ handling 

associated protein PLN causes overlapping ACM phenotypical characteristics with those 

induced through mutations in the desmosomal PKP2 gene.  For the future, it is important to 

re-evaluate the one gene-one disease paradigm, and focus on studying mutation -and patient 

specific disease mechanisms.
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NEDERLANDSE SAMENVATTING

Het hart is een van de meest belangrijke organen van het lichaam. Het zorgt voor de toevoer 

van zuurstof en voedingsstoffen naar alle weefsels in het lichaam en verzorgt de afvoer 

van afvalstoffen. Het hart contraheert in een zeer ritmisch patroon en verlies van dit ritme 

heeft ernstige gevolgen voor het hele lichaam. Hart –en vaatziekten zijn daarom ook de 

nummer één oorzaak van sterfte wereldwijd. Onder pathologische (zieke) omstandigheden 

van het hart kan het elektrische activatie patroon verstoord raken, wat leidt tot zeer ernstige 

hartritmestoornissen. Hartritmestoornissen kunnen hartfalen en plotse (hart)dood tot gevolg 

hebben, met name in een zeer kort tijdsframe (enkele minuten) nadat de ritmestoornissen zijn 

ontstaan. Mede hierdoor is vroege detectie van elektrische afwijkingen in het hart van groot 

belang.

 Aritmogene cardiomyopathie (ACM), ook wel bekend als aritmogene rechterkamer 

cardiomyopathie of dysplasie (ARVC/D), is een genetisch overdraagbare hartspierziekte welke 

autosomaal-dominant overerft. ACM komt in de Westerse wereld voor in ongeveer 1 op 2000 

tot 1 op 5000 mensen, wat betekent dat het een relatief zeldzame hartspierziekte is. ACM-

patiënten vertonen vaak ritmestoornissen, hartkloppingen, flauwte bij het uitoefenen van 

lichamelijke inspanning, en hebben een ernstig verhoogde kans op plotse hartdood. Plotse 

dood is zelfs vaak het eerste moment waarop de ziekte zich uit en is met name gerelateerd 

aan het uitoefenen van sport. Daarom is dit een veel gezien fenomeen in jongvolwassenen en 

atleten. Het grootste deel van de patiënten wordt gediagnostiseerd tussen de 20 en 50 jaar 

oud, alhoewel leeftijd zeer variabel is binnen de groep van ACM-patiënten. Daarnaast komt 

de ziekte vaker voor in mannen dan in vrouwen. De ziekte begint met een preklinische fase, 

waarbij er eigenlijk nog geen duidelijke symptomen zichtbaar zijn. Vervolgens ontwikkelen zich 

symptomen in de rechterkamer van het hart, volgt verdunning van de beide hartwanden en 

uiteindelijk ontwikkelt zich hartfalen, waarbij de pompfunctie van het hart ernstig aangedaan 

is. Als je kijkt naar histologische en pathologische kenmerken van het hart van ACM-patiënten 

zie je vooral een hoge mate aan celdood van de hartspiercellen, ontstekingsreacties in het 

hart en een progressieve ontwikkeling van vet –en littekenweefsel in het hartspierweefsel. 

Wederom hebben deze kenmerken een dominantie in de rechterkamer van het hart. Deze 

veranderingen leiden tot ritmestoornissen en een verlies aan contractiliteit (pompfunctie) van 

het hart. De infiltratie van vet –en littekenweefsel in ACM-patiënten zit met name aan in de 

buitenste (subepicardiale) lagen van het hart en breidt van daaruit naar de middelste regio’s 

en binnenste (endocardiale) lagen. Op dit moment zijn er nog geen medische behandelingen 

beschikbaar om ACM te voorkomen, of de progressie van de ziekte te vertragen. ACM-

patiënten worden met name behandeld door middel van adviezen betreffende de levensstijl 

(restrictie van lichamelijke beweging), voorschrijven van medicatie die ritmestoornissen 

tempert, katheterablatie (blokkeren van de verstoorde elektrische prikkels door littekens aan 

te brengen), het aanbrengen van een Implanteerbare Cardioverter-Defibrillator (ICD) (een 

apparaat dat continue het hartritme monitort en kan ingrijpen bij ritmestoornissen), of in het 

uiterste geval een harttransplantatie. 
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 In 60 tot 70% van de ACM-patiënten wordt de ziekte veroorzaakt door een mutatie in genen 

die coderen voor desmosomale eiwitten, eiwitten die zorgen voor de mechanische koppeling 

tussen de hartspiercellen. In de grote meerderheid van de gevallen bevindt zich een mutatie 

in het PKP2 gen, welke codeert voor het eiwit plakophilline-2 (PKP2). Daarnaast komen er ook 

niet-desmosomale mutaties voor in ACM-patiënten, en ook mutaties in genen die eigenlijk 

worden geassocieerd met andere vormen van hartspierziektes en hartritmestoornissen (zoals 

in Lamin A/C (LMNA), Na
v
1.5 (SCN5a) en titin (TTN)). Daarnaast zijn mutaties in eiwitten 

gerelateerd aan de calciumhuishouding van de cel (phospholamban; PLN en de ryanodine 

receptor; RyR2) ook betrokken bij de ontwikkeling van ACM. Met name deze mutaties hebben 

ons gedreven om in dit proefschrift te focussen op de betrokkenheid van calcium- gevoelige 

signaalpaden in de ontwikkeling van ACM. Met name omdat sinds een aantal jaren geleden 

de pathogene Nederlandse ‘founder’ mutatie PLN-R14del is geïdentificeerd in een grote 

groep (met name Nederlandse) ACM-patiënten. Het PLN-R14del gemuteerde eiwit heeft een 

sterkere affiniteit voor SERCA2a, dan het normale PLN-eiwit, wat wordt veroorzaakt door een 

afwijking in het PLN Ser16 fosforylatie motief. Hierdoor heeft PLN-R14del een toegenomen 

remmende werking op SERCA2a en verstoord hierbij de intracellulaire calciumhuishouding van 

de cel. Een afgenomen opname van calcium in het SR, een overmaat van calcium in de cel, en 

activatie van pathogene calcium- gevoelige signaalpaden zorgen daarbij voor remodulering 

van het hart en het ontwikkelen van hartfalen. Het feit dat mutaties in desmosomale en niet-

desmosomale genen vaak leiden tot zeer vergelijkbare klinische symptomen toont aan dat er 

waarschijnlijk meerdere mechanismen betrokken zijn bij het ontwikkelen van ACM. 

Doel
Het algemene doel van het werk zoal beschreven in dit proefschrift was het bestuderen 

van nieuwe mechanismen in de ontwikkeling van ACM, met een specifiek focus op de 

betrokkenheid van calcium- gevoelige signaalpaden in de cel. Daarnaast hebben we 

verschillende behandelingen getest welke aangrijpen op de veranderingen in het hart van 

PKP2 en PLN-R14del-patiënten.

 Na de algemene introductie, start dit proefschrift in hoofdstuk 2. In dit hoofdstuk 

beschrijven we de calcium dynamiek in de hartspiercel en linken we het activeren van 

pathofysiologische signaalpaden, veroorzaakt door een verstoorde calcium balans in de cel, 

aan de activatie van de eiwitten Calmoduline-afhankelijke kinase II (CaMKII) en Calcineurine 

A (CnA). In dit hoofdstuk postuleren we een tot dan toe nog onbekende rol voor calcium- 

gevoelige signaalpaden in modulatie van de intercalair schijf (ID), welke betrokken zijn bij 

pro-aritmogene veranderingen in hart. De hoofdstukken die volgen in dit proefschrift zijn 

verdeeld in twee delen: I) De PKP2- gerelateerde hartspierziekte, welke bestudeerd wordt 

in de hoofdstukken 3,4,5 en 6; en II) De PLN-R14del- gerelateerde hartspierziekte, welke 

bestudeerd wordt in de hoofdstukken 7,8 en 9.
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Deel I – De PKP2- gerelateerd hartspierziekte 
Om de progressie van een PKP2- gerelateerde hartspierziekte te kunnen bestuderen zijn 

er over de jaren heen verschillende muismodellen ontwikkeld. Muizen waarbij het gehele 

PKP2 gen verwijderd wordt blijken niet levensvatbaar te zijn. In hoofdstuk 3 bespreken we 

daarom de ontwikkeling van een muismodel waarbij we de deletie van het PKP2 gen kunnen 

bewerkstelligen door middel van een tamoxifen injectie (welke Cre-lox recombinatie en 

verwijdering van het gen veroorzaakt). Deze deletie vindt specifiek plaats in de hartspiercellen 

en kan op elke gewenste leeftijd van de muis worden geïnduceerd. Dit PKP2-conditionele 

knock-out muismodel (PKP2-cKO) reproduceerde binnen een zeer kort tijdsbestek (6 tot 

8 weken) bijna alle klinische karakteristieken van ACM. Het eerste ziektebeeld was een 

toename in oppervlakte van de rechterkamer, waargenomen via echocardiografie op 14 

dagen na injectie van tamoxifen (14 dagen na injectie; 14 dpi), gevolgd door verdunning 

van de rechterkamerwand en infiltratie van littekenweefsel (21 dpi), verdunning van de beide 

kamerwanden (28 dpi), hartfalen en sterfte van de muizen (tussen de 30 en 50 dpi). Spontane 

ritmestoornissen in de hartkamers kwamen voor vanaf 21 dpi en namen in frequentie toe 

over tijd. De injectie van isoproterenol veroorzaakte dodelijke ritmestoornissen in een zeer 

vroeg stadium van de ziekte, namelijk 16 dagen na tamoxifen injectie, terwijl er op dat 

moment nog geen structurele veranderingen in het hart van de muizen zichtbaar waren. Dit 

ziektebeeld is zeer vergelijkbaar met de plotse hartdood die plaatsvindt in jonge atleten met 

ACM. Vervolgens zijn we in meer detail de mechanismen van deze hartritmestoornissen gaan 

bestuderen. PKP2 is een eiwit dat in de intercalair schijf moleculen aan zich bindt welke ook naar 

de celkern getransporteerd kunnen worden en daar de transcriptie van verschillende genen 

kunnen beïnvloeden. Daarom hebben we het RNA-expressie patroon (het transcriptoom) van 

PKP2-cKO muizen op 21 dpi vergeleken met die van controle muizen. Totale deletie van PKP2 

zorgt voor een afname in RNA en -eiwitexpressie van Ryr2, Ank2 (coderend voor Ankyrin-B), 

Cacna1c (coderend voor Ca
V
1.2), Trdn (coderend voor triadin) en Casq2 (coderend voor 

calsequestrin-2). Deze veranderingen leiden vervolgens tot een ernstige verstoring van de 

calcium balans in de cel. Onze experimentele data impliceerde ook dat een verminderde 

PKP2 expressie lijdt tot een overmatig SR-calcium afgifte. Daarom hebben we deze muizen 

vervolgens behandeld met flecainide: een medicijn dat kan aangrijpen op activiteit van 

RyR2 en daardoor de SR-calcium afgifte vermindert. PKP2-cKO muizen, behandeld met 

flecainide, waren inderdaad totaal vrij van isoproterenol-geïnduceerde hartritmestoornissen, 

in tegenstelling tot onbehandelde muizen. 

 Aangezien de meeste ACM-patiënten een autosomaal dominante mutatie in PKP2 hebben 

(waarbij één allel gemuteerd is en het andere allel onaangedaan), hebben we ook muizen 

gebruikt met een heterozygote deletie (50% afname) van PKP2 (PKP2-Hz). In tegenstelling 

tot PKP2-cKO muizen, zijn PKP2-Hz muizen vrij van symptomen van een hartspierziekte. In 

navolging van onze studie in de PKP2-cKO muizen, hebben we in hoofdstuk 4 ook gekeken 

naar de expressie van calcium- gerelateerde eiwitten in PKP2-Hz muizen. Hierbij vonden 

we dat ook in PKP2-Hz muizen de expressie AnkyrinB, SERCA2a, Ca
V
1.2 en Calsequestrin2 

was afgenomen. Naast het hebben van een mutatie in PKP2, zijn er ook verschillende 
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omgevingsfactoren (second hits) welke bij kunnen dragen aan de ontwikkeling en progressie 

van ACM. In hoofdstuk 4 hebben we daarom het effect van sport, drukoverbelasting op het 

hart, en ontsteking van hart onderzocht op de ontwikkeling van een een PKP2- gerelateerde 

hartspierziekte (in PKP2-Hz muizen). Hierbij vonden we dat sport een met name pro-aritmische 

verandering veroorzaakt in het PKP2-Hz hart, zonder dat hierbij structurele modificaties te zien 

waren. Kamerritmestoornissen werden waarschijnlijk veroorzaakt door een combinatie van de 

verstoorde calciumhuishouding en een vertraagde elektrische geleiding in de rechterkamer. 

Drukoverbelasting op het hart (veroorzaakt door constrictie van de aortaboog) zorgde met 

name voor een toename in littekenweefselvorming in het PKP2-Hz hart, zonder enige toename 

in de mate van hartritmestoornissen. Een experimentele auto-immuun myocarditis in het hart 

van PKP2-Hz muizen zorgde voor een extreme mate van littekenweefsel, celdood en infiltratie 

van immuun cellen in het weefsel direct onder de hartwand (subepicardiale laag).

 In hoofdstuk 5 hebben we Istradefylline (een specifieke adenosine 2A receptor blokker) 

getest als mogelijk medicijn voor het tegengaan van structurele veranderingen in het hart, 

zoals die voorkomen in latere stadia van de ziekte. Voorafgaande studies suggereren dat 

een signaalroute gebaseerd op cel-cel contact (paracrine signalering) betrokken is bij 

de vorming van littekenweefsel (fibrose) in PKP2 deficiënte cellen. In hoofdstuk 5 hebben 

wij ons toegespitst op adenosine als molecuul voor dit cel-cel contact, welke middels de 

adenosine 2A receptor (A2AR) een pro-fibrotisch mechanisme kan activeren in de cel. Met 

het gebruik van PKP2 deficiënte HL-1 cellen laten we zien dat verlies van PKP2 expressie 

zorgt voor een toegenomen afgifte van ATP uit de cel. Wij speculeren dat het verlies van 

PKP2 de mechanische koppeling tussen hartspiercellen verzwakt, wat zorgt dat ontkoppelde 

Connexine 43 hemikanalen (Cx43 connexons) op het celmembraan blijven zitten. Door deze 

losse Cx43 hemikanalen kunnen passief moleculen uit de cel lekken, zoals ATP, aangemaakt 

door mitochondriën vlak onder het oppervlak van cel-cel contact. Om deze hypothese te 

testen hebben we in HL-1 cellen zowel PKP2 als Cx43 verwijdert, de afgifte van ATP uit deze 

cellen werd hierdoor inderdaad drastisch vermindert. ATP wordt buiten de cel omgezet in 

adenosine en activeert vervolgens A2AR en onderliggende pro-fibrotische signaalpaden. 

Daarom hebben we PKP2-cKO muizen voor 3 weken lang, vanaf 14 dpi, dagelijks behandelt 

met Istradefylline. Hierbij zagen wij dat de ontwikkeling van littekenweefsel in het hart en 

verlies aan contractiliteit duidelijk verminderd was in de behandelde PKP2-cKO muizen. 

 In hoofdstuk 6 beschrijven we mitochondriale disfunctie als onderdeel van het ACM-

ziektebeeld. Mitochondriën zijn nauw verbonden met de calciumhuishouding in de 

hartspiercel, en energie (ATP) aangemaakt door de mitochondriën dient als ‘brandstof’ voor 

vele ion kanalen. Disfunctie van de mitochondriën kan daardoor een direct effect hebben op 

de elektrische balans in de hartspiercel en op die wijze het ontstaan van hartritmestoornissen 

bevorderen. In patiënten met diabetes mellitus (DM) is al aangetoond dat een verstoorde 

energiebalans en verstoord energiemetabolisme drastische effecten heeft op de elektrische 

geleiding, calcium dynamiek en activiteit van CaMKII in het hart, en zorgt voor celdood 

en aantasting van de weefselstructuur (vorming van littekenweefsel). Door middel van een 

literatuurstudie extrapoleren we in dit hoofdstuk dat mitochondriale disfunctie (in termen 
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van een verstoorde ATP-aanmaak en een toegenomen mate van oxidatieve stress) inderdaad 

de mechanismen in het hart beïnvloed die betrokken zijn bij elektrische en structurele 

veranderingen in het hart van ACM-patiënten.

Deel II- De Phospholamban R14del- gerelateerde hartspierziekte
In deel 2 van dit proefschrift gebruiken we verschillende zebravismodellen om de elektrische 

activatie van het hart in vivo, de calciumhuishouding van het hart, de ontwikkeling van 

hartritmestoornissen en de PLN-R14del- gerelateerde hartspierziekte te kunnen bestuderen. 

In hoofdstuk 7 bespreken we door middel van een literatuurstudie de calcium dynamiek 

in het hart van de zebravis en vergelijken deze met de mens en de muis. De onderdelen 

van calciumkanalen in het zebravishart zijn zeer vergelijkbaar met die in de mens, hoewel 

de calcium dynamiek in de cel wel degelijk andere kenmerken heeft. De voornaamste 

verschillen in calciumhomeostase zijn gebaseerd op: de afwezigheid van T-tubuli, afwijkingen 

in het mechanisme van calcium-geïnduceerde calcium-afgifte vanuit het SR, en een 

verminderde bijdrage van het SR in zebravis hartspiercellen. Experimentele studies die 

deze calciumhuishouding in zebravissen bevestigen zijn helaas nogal schaars, waardoor 

directe vertaling naar de mens met enige voorzichtigheid dient te gebeuren. Er is echter wel 

aangetoond dat het genetisch verwijderen van SERCA in de zebravis leidt tot zeer ernstige 

veranderingen in het hart, wat suggereert dat PLN en SERCA een prominente rol spelen in 

de calciumhuishouding van zebraviscellen. Dit impliceert dat de zebravis een zeer bruikbaar 

model is om de PLN-R14del hartspierziekte te bestuderen. 

 In hoofdstuk 8 beschrijven we een zebravislijn die we hebben ontwikkeld om in vivo de 

elektrische geleiding in het hart te kunnen bestuderen, en daarmee de ontwikkeling van 

een nieuwe tool voor onderzoek naar de oorzaak van hartritmestoornissen. Deze vislijn is 

gebaseerd op een spanning-gevoelige sensor in de hartspiercel, die licht geeft bij activatie, en 

genaamd is ‘’chimeric voltage sensitive fluorescent protein (VSFP)-butterfly CY’’. De werking 

van deze sensor in het vissenhart hebben we gevalideerd in combinatie met een calcium-

gevoelige sensor, GCaMP6f. In hoofdstuk 8 laten we zien dat deze genetisch gemodificeerde 

vislijnen inderdaad zeer bruikbaar zijn voor het in vivo bestuderen van de spanning over het 

celmembraan en de calcium dynamiek in de hartspiercel, op een plaats- en tijdsgebonden 

manier. In deze studie valideren we de betrouwbaarheid en robuustheid van deze VSFP-

butterfly CY en GCaMP6f sensors in het vissenhart door het behandelen van embryonale 

vissen met welbekende medicijnen, welke aangrijpen op belangrijke elektrofysiologische 

aspecten van de hartspiercel. We laten zien dat deze vissen naar verwachting reageren op 

deze drugs, gebaseerd op kennis uit studies op zoogdiermodellen. Daarnaast laten we ook 

zien dat blokkade van het L-type calciumkanaal in deze vissen ernstige verstoringen van de 

elektrische geleiding tussen boezem en kamer tot gevolg heeft, en bevestigen we daarmee 

de bruikbaarheid van dit model in onderzoek naar hartritmestoornissen. 

 In hoofdstuk 9 beschrijven we de fenotypische karakteristieken van ons pln R14del 

zebravis model en testen we een medicijn dat mogelijk in zou kunnen grijpen op de 
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ontwikkeling van deze ziekte. In volwassen pln R14del zebravissen zien we een ernstige 

aantasting van de morfologie van het hart, welke gepaard gaat met de opeenstapeling van 

fibroblasten, immuun cellen en vetcellen in het weefsel direct onder de hartwand. Dit is in 

overeenstemming met de structurele veranderingen zoals die in PLN-R14del patiënten tot 

uiting komen. In lijn met de variabele fenotypes in PLN-R14del patiënten, vinden we ook in 

het zebravismodel een zeer heterogeen effect van de mutatie terug, waarbij een deel van 

de vissen compleet gezond blijft, terwijl ongeveer 20% een zeer ernstige hartspierziekte 

ontwikkeld. Volwassen pln R14del zebravissen hebben geen verminderde contractiliteit van 

het hart, maar laten ‘pulsus alternans’ zien (een variatie per hartslag in pompkracht van het 

hart), zelfs in structureel gezonde harten. Daarnaast vonden we in geïsoleerde hartspiercellen 

van volwassen pln R14del zebravissen ook alternans terug in duur van het actiepotentiaal (APD) 

en was de in vivo calcium dynamiek van het embryonale pln R14del vissenhart verstoord. We 

presenteren istaroxime als medicijn tegen deze elektrofysiologische veranderingen in het pln 

R14del vissenhart. Istaroxime is een remmer van de Na+/K+-ATPase pomp, welke een positief 

effect op de pompkracht van het hart bewerkstelligd. Istaroxime stimuleert ook de activiteit 

van SERCA2a en verbeterd op deze manier de SR-calcium opname. In embryonale pln R14del 

vissen laten we zien dat istaroxime de in vivo calcium dynamiek van het hart verbeterd en 

daarmee ook de pompkracht, met name door het verbeteren van de ontspanning van het hart. 

Daarnaast kan istaroxime ook de APD alternans tenietdoen in geïsoleerde hartspiercellen van 

volwassen pln R14del zebravissen.

CONCLUSIE

Aritmogene Cardiomyopathie wordt in zijn klassieke vorm gedefinieerd als een ziekte die 

veroorzaakt wordt door een verlies van mechanische koppeling tussen hartspiercellen als 

gevolg van mutaties in voornamelijk desmosomale eiwitten die aan elkaar gelinkt zijn in de 

intercalair schijf. In dit proefschrift postuleren en bevestigen we een tot nu toe onbekende 

rol voor calciumhuishouding- gerelateerde mechanismen in de ontwikkeling van ACM en 

testen we medicijnen om deze pathologische mechanismen te behandelen. We laten zien 

dat, aan de ene kant, calcium- gevoelige signaaleiwitten zorgen voor een pathologische 

verandering van het macromoleculaire eiwitcomplex dat de intercalair schijf vormt.  Aan 

de andere kant, beperkt een verlies aan integriteit van de intercalair schijf de transcriptie 

van genen van belang voor de calcium dynamiek in de cel, wat leidt tot disfunctie van de 

calciumhuishouding in het hart. Daarnaast kunnen mutaties in PLN, een eiwit van belang in de 

intercellulaire calciumhuishouding, overlappende klinische karakteristieken veroorzaken met 

PKP2- gerelateerde ACM-patiënten. Voor de toekomst is het daarom van groot belang dat 

we het één gen- één ziekte principe loslaten en focussen op het bestuderen van mutatie- en 

patiënt specifieke mechanismen.
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DANKWOORD

Alweer het laatste hoofdstuk van dit proefschrift! Het dankwoord… Een hoofdstuk waar ik 

jaren naar uit heb gekeken om te schrijven, maar wat nu toch wel ineens heel officieel een 

punt achter het verhaal zet. En laten we eerlijk zijn, een proefschrift schrijf je niet alleen, 

een proefschrift is een bundeling van succesvolle (en minder succesvolle) studies, tot stand 

gebracht door heel hard zwoegen in het lab, avonden en weekenden data analyseren en vele 

uren schrijfwerk. Een proces waarbij collega’s, vrienden en familie cruciaal zijn, voor zowel de 

praktische als de mentale ondersteuning. De afgelopen vier jaren waren een groot avontuur 

en met grote trots op het behaalde eindresultaat leg ik na vandaag de pen neer. Echter, niet 

zonder deze allerlaatste pagina’s van mijn proefschrift nog even dankbaar te gebruiken om 

eenieder die mij de afgelopen jaren op wat voor manier dan ook gesteund heeft heel erg te 

bedanken!

Allereerst wil ik natuurlijk beginnen met dr. T.A.B. (A.A.B?) van Veen, beste Toon. Ik wil jou 

heel erg bedanken voor de mogelijkheid om als PhD-student bij jou aan de slag te gaan in 

2015 en de fantastische begeleiding van de afgelopen jaren! Onze samenwerking begon 

eigenlijk al op het moment dat ik voor jou mijn masterscriptie kwam schrijven in 2014 en je me 

daarna zonder enige aarzeling als student op pad naar New York stuurde. Op de dag voordat 

ik vertrok fluisterde je me in dat ik eigenlijk ook wel als PhD-student terug mocht komen op 

de afdeling Medische Fysiologie, wat ik toen waarschijnlijk wat sceptisch heb afgewezen. 

Door de jaren heen heb jij altijd erg veel vertrouwen in mij gehad, en geuit, en hier ben 

ik je ontzettend dankbaar voor! Dit heeft mij absoluut geholpen om te groeien in mijn rol 

als jonge onderzoeker en doen inzien dat ik hier ook daadwerkelijk (enig) talent in heb. Je 

bent een zeer toegewijd wetenschapper en je deur stond altijd voor mij open, je was altijd 

bereid om mij te helpen, theorieën en resultaten te bediscussiëren, dan wel bij te roddelen 

over alle perikelen in onderzoeksland. Je kent namelijk werkelijkwaar iedereen en dit heeft 

mij zeer zeker geholpen om belangrijke connecties te maken. Met name gedurende de vele 

congressen die we samen hebben bezocht en tijdens bijbehorende etentjes en borrels (ik haal 

je nog wel een keer over voor de shotjes). Heel hartelijk bedankt voor de afgelopen jaren!

Prof. Vos, beste Marc, uiteraard wil ik jou ook heel erg bedanken om als PhD student op het 

CVON-project te mogen werken en voor de bijbehorende begeleiding van de afgelopen 

jaren. Je hebt echt ontzettend veel kennis van het vak en een fijne vooruitstrevende blik in 

het onderzoek. Je was niet in al mijn projecten evenveel verweven, maar stond toch altijd 

open voor vragen en discussies. Ik leerde je kennen op het moment dat ik als PhD-student 

terugkwam uit New York en je hebt me toen meteen duidelijk gemaakt dat ik me nog wel 

even moest bewijzen als onderzoeker… Uiteindelijk heeft me dit zeker gedreven om net dat 

stapje extra te zetten en te blijven groeien in mijn vak. Wonderbaarlijk genoeg hadden wij 

een zeer grote gemeenschappelijke factor, namelijk het feit dat we beiden opgegroeid zijn in 
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Moergestel, een van de kleinste gehuchten in Brabant! Na Carnaval kon ik dan ook altijd even 

fijn bijkletsen over alle avonturen die ik in de Brouwer en het Draaiboompje had meegemaakt. 

Naast je kennis van de wetenschap is je kennis van (speciaal) bieren ongekend, hier heb ik erg 

van genoten de afgelopen jaren!

Prof. Delmar, dear Mario, previous supervisor and new boss! Although, I have not been 

physically present at the NYU for the entire four years, you have always been a great support 

in the projects we were collaborating on. You are a truly inspiring scientist and always full 

of new ideas, theories and approaches, thinking steps ahead of anyone else in the field. In 

2015, I came to the Delmar lab as a student and later on continued my stay as a Predoc for 

a couple of months. I always felt very welcome and a true part of the team. Your door was 

open for questions, to discuss relevant results/theories and you continuously motivated me 

to execute my own ideas. I am very glad that I’ve got the opportunity to join the team as a 

Postdoc from the start of October 2019 and am looking forward to do some ‘fun’ science in 

the upcoming year(s)! Over the last years you have been repeatedly visiting the Netherlands, 

partly as visiting professor of our Department, as well for a lot of congresses, talks and other 

collaborations. So, I think the next step will be to improve a little bit of your Dutch-language 

skills!

Prof. Bakkers, beste Jeroen, in het begin van 2017 werd mijn project wat uitgebreid en 

ben ik samen met Lotte aan de slag gegaan met de zebravissen, een totaal nieuwe wereld, 

waar ik eigenlijk helemaal geen verstand van had. Vanaf dag één heb ik me altijd heel erg 

welkom gevoeld in het Bakkers lab en alle mogelijke hulp en faciliteiten gekregen om mijn 

projecten uit te kunnen voeren. Het is een ontzettend gezellig team en ik heb me daar (als 

heel klein onderdeel van) altijd heel erg op mijn gemak gevoeld in de afgelopen jaren! In den 

beginselen van onze gezamenlijke meetings met Teun en Lotte vond ik het erg spannend 

om mijn data te presenteren, daar ik dit begrijpelijk moest zien uit te leggen aan iemand die 

eigenlijk helemaal geen (tot weinig) verstand heeft van de cellulaire elektrofysiologie van het 

hart. Juist deze meetings en onze vele discussies en gesprekken hebben mij heel erg doen 

groeien door de jaren heen en mijn onderzoek leren verwoorden. Je bent een zeer gedreven 

en vooruitstrevende onderzoeker met een fantastische passie voor de wetenschap, heel erg 

bedankt voor alle hulp en kennis!

Beste Teun, als echte specialist van de cellulaire elektrofysiologie heb je mij ontzettend 

veel geleerd de afgelopen jaren! In het begin van mijn PhD heb je me alle ins -en outs van 

de calciumhuishouding in de hartspiercel bijgebracht en later heb je me veel begeleid in 

mijn projecten met de sensorvissen. In het lab heb je mij oneindig geholpen met alle 

praktische problemen en ik mocht zo nu en dan gebruik maken van jouw handige app om de 

oplosconcentraties van mijn chemische goedjes te berekenen. Je zit altijd vol nieuwe ideeën 

en theorieën en bent de absolute computerexpert van het lab, heel erg bedankt!
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Ik wil mijn beoordelingscommissie bestaande uit prof. Peter van Tintelen, prof. Roel 
Goldschmeding, prof. Arthur Wilde, prof. Eva van Rooij en prof. Mario Delmar bedanken 

voor het kritisch lezen en beoordelen van mijn proefschrift. Peter, een speciale dank voor jou 

als voorzitter van deze commissie, je open houding en de paar kleine tips die ik op de valreep 

nog van je heb mogen ontvangen. Roel, hartelijk dank voor het ‘onafhankelijk’ begeleiden 

van mijn tijd als PhD, onze gesprekken vond ik altijd erg motiverend en je hebt een geweldige 

passie voor je vak. Arthur, een speciale dank naar jou als hoofd van CVON-PREDICT waar ik 

de afgelopen jaren als PhD deel van uit mocht maken. Eva, je bent een groot voorbeeld voor 

mij als vrouwelijke professor en ik hoop wellicht in de toekomst nog ooit in je voetstappen te 

mogen treden!

Uiteraard ook een grote dank naar mijn paranimfen Helen en Patricia! Niet alleen voor 

het helpen bij het organiseren van mijn promotie, maar voor het zijn van twee hele lieve 

vriendinnen en collega’s waar ik ontzettend veel aan heb gehad de afgelopen jaren! Ik hoop 

dat we nog lang vriendinnen blijven!

Patricia, in 2013 begonnen wij samen als studenten bij de afdeling Experimentele Cardiologie 

en hadden elkaar in deze groep al snel gevonden. We zorgden ervoor dat er naast werk ook 

genoeg gelachen werd en dat mocht beloond worden met onze favoriete dropjes. Tijdens 

deze tijd zijn we ook onze traditie begonnen om samen naar de bios te gaan, met vooraf 

een burgertje bij meneer Smakers, een traditie die we over de jaren heen gelukkig in stand 

hebben gehouden! Toen we onze PhD begonnen lasten we de nodige koffiepauzes in om 

even ons leed te bespreken en bij te roddelen over alle ontwikkelingen in onder andere PLN-

land. Lieve Patricia, jou PhD zit er ook bijna op en je hebt een baan gevonden bij het NHI 

waar je helemaal op je plek zit, je bent gaan samenwonen en getrouwd, nu kan het serieuze 

leven echt gaan beginnen!

Helen, in 2016 begon ik op de afdeling Medische Fysiologie en hier waren we al snel maatjes. 

Met onze gezamenlijke liefde voor Brabant, paarden, hardlopen en feestjes was dit ook niet 

zo gek! Zowel op werk als naast werk stond je altijd voor me klaar, dan wel om een lamp op 

te hangen, of met jouw cabrio meubels te gaan shoppen bij de IKEA. Samen met David liet 

je me integreren in jouw vriendengroep en hebben we de nodige mooie feestjes en festivals 

bezocht! Het bespreken van alles wat we hadden meegemaakt op de maandagochtend werd 

helaas niet altijd gewaardeerd door onze mede-collega’s.;) Lieve Helen, na vele jaren is het 

einde van jouw promotie ook eindelijk in zicht, heb je je grote liefde gevonden, ben je gaan 

samenwonen en de gelukkig eigenaar van mijn goudvis, nu kun je eindelijk je carrière als 

dokter (of toch iets anders) beginnen!

Natuurlijk wil ik ook al mijn andere collega’s en oud-collega’s van de afdeling Medische 
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Fysiologie bedanken voor alle hulp, gezelligheid, diners, borrels en feestjes. Ik heb met veel 

plezier op de afdeling gewerkt de afgelopen jaren en het is een mooie leerschool voor mij 

geweest!

Lieve Tonny, ook wel ‘’moeder van de afdeling’’, door jou heb ik me altijd ontzettend welkom 

gevoeld op de afdeling. Na vele jaren heb jij de Medische Fysiologie helaas verlaten, maar ik 

heb het geluk gehad om mijn ruim 3.5 jaar als PhD student bij de Medische Fysiologie met jou 

als secretaresse te mogen doorbrengen. Je stond altijd klaar met een luisterend oor, of voor 

een praatje en een koekje, en hebt me vele malen uit de brand geholpen met het declareren 

van mijn bonnetjes. Samen hebben we ook nog Samen Voor de Patient gedaan, niet een 

van onze favoriete bezigheden, maar wel een mooi excuus om over iedereen bij te kunnen 

roddelen. Ik wens je al het beste toe met je man, kinderen en kleinkinderen in Brabant en 

hoop dat je lekker gaat genieten van je vrije tijd! Je dekentje heb ik uiteraard mee naar New 

York genomen voor de koude wintermaanden!

David, ook al ben je officieel al een tijdje uit dienst bij de Medische Fysiologie, toch schaar 

ik je nog even onder deze groep. Je was altijd een ontzettend leuke en gezellige collega (en 

vriend) en ik kon met jou oneindig discussiëren over de calciumhuishouding van het hart, dan 

wel welke stofjes ik nu weer op mijn vissen uit ging testen! Samen hebben we echt een feestje 

gemaakt van het Nederlandse Fysiologen Congres en het was een eer dat je jouw promotie 

op mijn verjaardag hield. Je bent een fantastische cardioloog en ik wacht op de dag dat je 

Tom Dumoulin verslaat in de Tour de France!

Lotte, ik weet niet waar ik zonder jou zou zijn geweest… Je hebt me in een hele korte tijd 

alles bijgebracht over de zebravissen en was altijd bereid om mij te helpen waar nodig, om 

onze experimenten uit te kunnen voeren. Je bent ontzettend secuur en wilt alles tot in de 

puntjes uitgezocht hebben voordat je geloofd in het eindresultaat, kwaliteiten die je zeker 

gaan helpen bij je nieuwe baan bij ‘Single Cell Sequencing’’! De afgelopen jaren hebben 

we nauw samengewerkt en veel lief en leed gedeeld. In het begin dachten we dat we de 

Nobelprijs gingen winnen met onze sensorvissen zonder hartslag, dit leek wat minder ‘novel’ 

na de literatuur erop nageslagen te hebben, maar we hebben er een prachtig artikel van 

gemaakt! Ik vind het leuk om te zien dat je helemaal je plekje hebt gevonden bij je nieuwe 

baan en hoor het graag wanneer je bent gepromoveerd tot CEO!

Birgit, ik vond het erg gezellig om samen met jou een aantal maanden op ‘mijn’ kamer te 

hebben gezeten en hoop dat ik een klein beetje gemist wordt nu je het uitzicht op mijn roze 

ananas (en de andere troep) kwijt bent! Je was altijd erg betrokken en geïnteresseerd en lette 

er nauw op dat ik niet zou sterven aan uitdroging. Je bent een fantastische wetenschapper 

en ook al zat het over de afgelopen jaren niet altijd mee, toch trek jij je eigen plan en blijf je 
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gedreven om alles op jouw manier uit te zoeken. Het einde van jouw proefschrift is nu ook 

bijna in zicht en ik hoop dat je een mooie tijd als onderzoeker in Zwitserland (of een ander 

leuk land) tegemoet gaat. En dat Bob gezellig meegaat in al deze avonturen!

Joanne, als student heb ik je een klein beetje kunnen helpen voordat je aan je stage in New 

York begon en daarna hebben we lekker kunnen roddelen over alle perikelen op het lab 

daar! Het is een goede keus geweest om je PhD te beginnen bij de Medische Fysiologie en 

je bent een gezellige aanwinst voor de groep. Je hebt je eigen visie over hoe je deze 4 jaar 

af gaat ronden en hebt er dan ook absoluut geen stress over dat dit goed gaat komen (of 

misschien toch een beetje?). Wat je eigenlijk nog leuker vindt is het organiseren van feestjes, 

uitstapjes, karaoke zingen (met de swiffer) en testen (en eten) van alle verschillende soorten 

chocolade. Als je niet slaagt als wetenschapper weet ik zeker dat je een fantastische carrière 

als weddingplanner tegemoet gaat! Ik vond het een feestje om een week met JoChAga naar 

Papendal te gaan en hoop dat je een keer in New York langskomt voor een glaasje Liquor43!

Agnieszka, jouw energie en enthousiasme is werkelijkwaar onuitputtelijk en je bent altijd 

druk in de weer met de honden of in telcalls met Medtronic! Samen met Marc vlieg je de hele 

wereld over en met Joanne en Jet zorg je dat alle honden-experimenten strak in de planning 

lopen. Je houdt van kletsen en lachen en zorgt dat de afdeling bruisend blijft. JoChAga op 

Papendal was een groot succes, al was jij helaas met name druk met succesvolle presentaties 

voorbereiden en geven. Wel erg knap dat je jouw onderzoek (over de ICD’s) weet uit te leggen 

door middel van een wasmachine!

Ook een dank naar al mijn andere collega’s en oud-collega’s van de afdeling Medische 

Fysiologie. Leonie, bedankt voor al je hulp op het lab en het mede-begeleiden van mijn 

studenten. Het was altijd erg gezellig tijdens de Toon-meetings en zorg er maar voor dat alles 

een beetje op de rit blijft bij de Medische Fysiologie! Alan, heel veel succes met je lessen 

Nederlands and keep up bringing in the Italian food! Muge, good luck with visiting all the 

countries in Europa before finishing your PhD! Valerie, ik hoop dat je een hele leuke tijd hebt 

in Los Angeles! Willem, goed om te zien dat Toon eindelijk wat mannelijkheid heeft in zijn 

groep en vergeet niet af en toe Tilburg te bezoeken! Vera, succes met het opstarten van je 

PhD! Sanne, je bent altijd erg enthousiast in de weer met alle studenten en bent een leuke 

frisse wind in de wat grijzige staff! Marien, Jet, Marti, Marcel, Maria, Sanna K, Bastiaan, Iris, 

Yuan, Magda, Elise en Alex het was altijd erg gezellig met jullie op de afdeling!

Natuurlijk ook een grote dank naar alle studenten die mij mee hebben geholpen in de 

afgelopen jaren, jullie hebben mij erg veel werk uit handen genomen! Stephanie, leuk om te 

zien dat je na je tijd in San Francisco terug bent gekomen als PhD student bij de Medische 

Fysiologie! Je bent een goede aanwinst voor de Toon-groep en ik wens je heel veel succes in 
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de komende jaren! Clarissa, thanks for helping me out on the zebrafish project and good luck 

in becoming a PhD! Lyanne, heel veel succes in Melbourne en niet vergeten dat je eigenlijk 

meer kunt dan je denkt! Jaël, je was een ontzettende hulp op het PKP2 project en het was 

fantastisch om te zien hoe enthousiast jij deze studie oppakte en voortzette. Heel veel succes 

in Londen en in je verdere carrière als onderzoeker!

Daarnaast wil ik uiteraard ook graag mijn collega’s van de Bakkers groep in het Hubrecht 

bedanken, ik heb daar ontzettend veel mogen leren en vond het altijd erg gezellig op de 

afdeling! Er wordt hard gewerkt, maar jullie doen ook erg veel leuke uitstapjes met elkaar, wat 

het een fijne hechte groep maakt. 

Sarah, je bent ondertussen zo geïntegreerd in Nederland dit ik dit eigenlijk in het Nederlands 

zou kunnen doen…! You are an extremely eager and motivated scientist and works an absolute 

crazy hours per day (weekdays AND weekends). I have learnt to know you better when starting 

to collaborate on the PLN project and (together with Lotte) we did form a super team (PLN 

chicks woehoe). We have learned a lot from each other, as having both our own specialties, 

and you were always willing to help me out. In the GDL, we spent long days echoing zebrafish 

and praying to see some phenotypes. ;) You did put a lot of effort in finishing up the PLN 

paper and I am very curious how it turns out now it is in review at Nature Communications. I 

am sure you are going to have a very successful scientific career and wish you all the best with 

finishing up the last part of your PhD!

Yeszamin, je bent een erg vrolijke noot in de groep en was altijd bereid om even gezellig 

bij te kletsen! Je hebt me alle kneepjes van het genotyperen bijgebracht en hoe je een gel 

kunt opwarmen zonder dat het door de hele magnetron zit. Daarnaast heb je Clarissa veel 

geholpen en begeleid, waar ik je er dankbaar voor ben, ik wens je heel erg veel succes met je 

nieuwe baan! Sven en Dennis, ik heb ontzettend om en mèt jullie kunnen lachen in het lab, 

ook jullie heel erg veel succes gewenst met de laatste loodjes van je PhD (Sven, en ook met 

de kleine en het nieuwe huis)! Silja, Fabian, Laurence, Phong, Federico, Hessel, Marian, and 

Sonja, thanks for the great time and all the help in the lab!

Ook een groot dank voor de dierenverzorgers in het Hubrecht. Rob, Luuk, Bert en Erma, heel 

hartelijk dank voor het verzorgen en bijhouden van mijn vissen. Het verliep niet altijd helemaal 

vlekkeloos, aangezien ik niet dagelijks in het Hubrecht te vinden was, maar door jullie hulp 

bleef alles op rolletjes lopen! Daarnaast stonden jullie in het aquarium altijd klaar voor een 

praatje over het een en ander, en het overbrengen van al jullie kennis! 

A very fun and inspiring part of my time as a student and Predoctoral researcher I did spend 

in the Delmar lab at the NYU Langone Medical Center in Manhattan, New York. I would like 
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to thank all my colleagues of the Delmar lab for their help and support over the past years! 

Marina, in 2015 I was working for 11 months under your supervision and you made this a very 

successful start of my scientific career! You are a great cardiologist, did teach me a lot of skills 

and always trusted me in my work as an independent scientist. Besides work, you were always 

there for a nice chat and some New York and lifestyle advices. As the fact that my Bikramyoga 

classes were not per se improving my cardiovascular health... ;). I am sure you are going to be 

a great group leader in the future and feel honored to be back as your colleague! Esperanza, 

I have learned to know you as an extremely kind and social person, always willing to help me 

out with any problems. Especially my endless trainings in cannulating the mouse hearts. As 

well, over the years you became an expert in guiding Dutch students! I hope there will follow 

a lot of nice drinks and dinners in the upcoming time and wish you all the best with Pablo 

and the little one! Marta, during my short stay at the lab in 2018 we came in touch and you 

are (still) a truly amazing and funny colleague! I feel still sad that you never visited me when 

I was trying to become a segmentation expert at the EM core, but am sure there will follow 

a lot of new opportunities! In the upcoming months, I will work on my Spanish language 

skills, maybe you can learn a bit of Dutch in all your exchanges to the Netherlands? Jerome 

and Kabir, thanks a lot for the great help on the PKP2 projects! Ming, without you the lab 

would be absolutely nowhere. Your dedication to lab is absolutely amazing, always working 

hard, arranging all the animal care, orders, as well all other tasks! You know exactly where to 

find everything or who to reach out for and are always willing to help out! Lin, you are the 

absolute patch clamp expert! Kim, Grecia, Sarah C, Sandra, Sarah V, Tatiana, Valeria and 

Greg you are/were great colleagues and a pleasure to work with! As well, a great thanks to the 

Pathology core and Electron Microscopy core of the NYULMC for their help with processing 

and imaging of all my samples!

Naast al mijn collega’s aan de experimentele kant zou ik ook graag mijn collega’s aan de 

klinische kant, van de ACM-groep in het UMC Utrecht, willen bedanken. We hebben soms de 

neiging om wat langs elkaar heen te werken, terwijl we eigenlijk heel veel van elkaar kunnen 

leren! Ik vond de ACM-meetings die ik heb bijgewoond erg leerzaam en het was leuk elkaar 

zo af en toe tegen te komen tijdens onderwijs, congressen en/of andere praatjes. Mimount, 
tijdens de Dutch-German meeting in Münster hebben we elkaar wat beter leren kennen en zijn 

daarna gezellig in contact gebleven om de vorderingen in ACM-land te kunnen bespreken, 

of gewoon gezellig een kop koffie te drinken. Je gaat absoluut een goede arts worden en 

heel veel succes met het afronden van je PhD! Anneline, je bent altijd sociaal en gezellig en 

extreem goed in wat je doet, ik heb erg veel bewondering voor je werk! Laurens, Rob, Karim, 

Freyja, Feddo, prof. Richard Hauer, dr. Maarten-Jan Cramer en dr. Peter Loh, bedankt 

voor alle wijze lessen over ACM en ik hoop dat we in de toekomst in contact blijven!

Ook een speciale dank naar al mijn collega’s van het consortium CVON-PREDICT, de meetings 

waren gezellig en leerzaam en ook financieel heb ik alle steun gehad om mijn projecten en 

ontwikkeling als onderzoeker tot een succes te maken, hartelijk dank!
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Daarnaast zou ik ook graag mijn dank en bewondering voor de PLN-stichting uit willen 

spreken, met in het speciaal Pieter Glijnis en Irene Kindermans. Jullie motivatie en 

doorzettingsvermogen om de PLN-ziekte de wereld uit te helpen is fantastisch en jullie 

hebben al erg veel bereikt in de afgelopen jaren. Ik hoop dat ik een klein steentje bij heb 

kunnen dragen en wens jullie heel erg veel succes met deze missie in de komende jaren!

Mijn ‘collega’s’ van het AMC in Amsterdam wil ik erg bedanken voor het overbrengen van 

een hoop kennis over de elektrofysiologie en gezelligheid tijdens alle congressen! Mathilde, 

we have been colleagues in New York and Utrecht and I wish you all the best with the little 

girl, Bas and your scientific career in Amsterdam! Carol-Ann, in 2015 zaten we in hetzelfde 

vliegtuig toen ik aan mijn avontuur in New York begon en jij Mathilde op ging zoeken, daarna 

zijn we elkaar nog op vele congressen en bijeenkomsten tegen gekomen. Je bent altijd in 

voor een praatje en erg gedreven in je vak! Vincent and Gerard, you have been my true 

drinking buddies at a lot of congresses (no Absinth again) and the both of you are going to 

be great scientist! Arie Verkerk, heel erg bedankt voor alle hulp bij het patchen van de PLN 

vissen-cellen!

Naast de afdeling Medische Fysiology zou ik ook graag mijn collega’s van de afdeling 

Experimentele Cardiologie willen bedanken. Prof. Joost Sluijter, in 2013 werkte ik bij je op 

de afdeling als student en daarna ben je altijd erg toegankelijk gebleven voor het geven van 

adviezen en goede raad. Daarnaast heb ik altijd de mogelijkheid gehad om gebruik te maken 

van appartuur bij jullie op de afdeling, of het ‘lenen’ van antilichamen waar nodig, hartelijk 

dank! Ik ben erg beniewd wanneer het ‘’Circulatory Health’’ lab zich gaat vormen! Emma, 

Esther, Marian, Robin en Alain, jullie ook bedankt alle hulp en gezellige praatjes op de gang! 

Hard werken vraagt ook om de nodige ontspanning en afleiding, vandaar ook een bedankje 

voor al mijn lieve vrienden en familie die mij door de jaren heen hebben gesteund en 

gesupport! 

Om te beginnen met mijn clubgenootjes van jaarclub Commadore (wie, wie, wie?)! In augustus 

2008 begon ons avontuur bij Unitas S.R. en sinsdien zijn we een fantastisch onafscheidelijke 

club meiden die elkaar door en door steunt. We hebben al heel wat hoogte- en dieptepunten 

meegemaakt, zijn (bijna) allemaal een stukje ouder en volwassener geworden en ook de 

eerste baby’s en huwelijken zitten eraan te komen. Gelukkig dat ik als Benjamin van de club 

de jeugdigheid er een beetje in kan houden. ;) 

Merel, niet alleen het einde van mijn tijd als PhD-student nadert zijn einde, maar ook die van 

jou! Wat een toeval dat we allebei binnen een week gaan promoveren, je gaat het uiteraard 

fantastisch doen. Door de jaren heen hebben we altijd heerlijk met elkaar kunnen spuien 
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over ons zware leven als PhDer, zeikende reviewers en vermoeiende begeleiders. Ik heb 

het heerlijk gevonden om jou hier als buddy in te hebben! Uiteraard heb je het voor elkaar 

gekregen om toegelaten te worden tot de studie als apotheker die je graag wilde gaan doen 

en wordt het de komende jaren nog even doorbikkelen... Heel veel respect en heel veel 

succes! Aira, naast een fantastische borrelbuddy (mijn familie heeft het nog steeds over het 

feit dat jij op-zijn-kop biertjes adte op ons afstudeerfeest) vond ik het ook heerlijk dat jij na 

mij een tijdje in New York ging wonen! Uiteraard op de eerste plaats omdat ik wist dat je een 

fantastische tijd zou gaan hebben, maar ook een klein beetje zodat ik een goed excuus had 

om zelf weer eens op het vliegtuig te stappen. Ik vond het heel leuk om een jaartje door jouw 

ogen de stad mee te maken en vind het ontzettend jammer dat jij net weer in Nederland 

bent gaan wonen nou ik de overstap heb gemaakt. Hopelijk ga je New York toch een beetje 

missen en kom je snel eens langs! Je bent echt een van de carrière -tijgers van onze club en 

hebt/gaat het als notaris helemaal maken. Ook heel veel succes in je nieuwe huisje! Jenny, je 

bent echt een (te) gekke meid en wij hebben samen al heel wat mooie feestjes meegemaakt! 

De kans dat het uit de hand loopt als wij met zijn tweeën op pad gaan is aanzienlijk en dat 

zal de komende tijd helaas wat minder voor gaan komen. Jou heerlijke enthousiasme en 

je passie voor roze, panterprint en glittertjes siert je en je maakt er tegenwoordig zelf ook 

grapjes over. Ik vind het echt superknap dat je na je studie rechten ook nog bent begonnen 

aan de studie diergeneeskunde. Je bent er helemaal voor naar Antwerpen verhuisd, al vind je 

Schalkwijk en Utrecht eigenlijk veel leuker, en moet ook nog eens een hele hoop biologsiche 

en scheikundige kennis van jaren geleden op zien te rakelen. Maar je doet het fantastisch en 

ik weet zeker dat je een super-dierenarts gaat worden! 

Britt, de mama van de club, en sinds kort ook nog eens letterlijk! Als Joosbartapper en Fiscus 

Sociëteitsbestuur was je absoluut een van de braktste van onze club, maar de afgelopen 

maanden houd je het ook erg goed vol op alcoholvrije prosseco. Toen Chef in je leven kwam 

werd je bijna net zo gelukkig (of misschien nog iets meer?) als toen Koen in je leven kwam en 

hij is zelfs helemaal #instafamous. Je bent echt een lieverd en gaat een fantastische moeder 

worden, daarna kun je weer helemaal gaan shinen bij de hockey en 3e helft daarvan! Leo/
Laura, mijn Utrecht-maatje, altijd in voor een kopje koffie of een lekker biertje ergens op 

het terras! Daarnaast zorg je er ook voor dat bij langdurige afwezigheid mijn goudvis lekker 

vertroedeld wordt. Het leven zit niet altijd mee en daar weet jij alles van af, maar ik vind 

het superknap hoe jij je door de afgelopen tijd heen hebt geknokt. Het is soms moeilijk 

om je neer te leggen bij het feit dat dingen niet zo snel gaan als dat je zou willen, maar je 

doorzettingsvermogen is super en ik weet zeker dat het goed gaat komen! Daarnaast heb 

je in de tussentijd sublieme talenten ontwikkeld in puzzelen, als katten-oppas, bij yoga en in 

het onderhouden van je eigen moestuin! Johanna, van jou heb ik geleerd dat je de ballon 

niet te lang onder water moet duwen en af en toe ook een beetje lief voor jezelf moet zijn! 

Als ik weer eens geneigd was iets door te slaan als workaholic (bijna nooit toch?), fluisterde 

jij me in dat ik eventueel ook wat rustiger aan zou kunnen doen en goed voor mezelf moest 

blijven zorgen. Je bent altijd heel erg lief en zorgzaam voor iedereen en hebt je plek helemaal 

gevonden als Talent Manager bij Quoratio. Daarnaast heb je sinds kort ook een tweede huis 

gekocht met Fer, die je bent gaan verbouwen, en dus ben je ook ineens huurbaas, chapeau! 
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Huijts/Laura, de tijd van verschimmelde restjes eten na het stappen en avonden lang droge 

pasta met ketchup als avondmaaltijd is gelukkig voorbij, nu je het helemaal hebt gemaakt 

in Amsterdam! Jouw grootste vijand ben je eigenlijk zelf, aangezien je erg streng en kritisch 

voor jezelf kunt zijn, terwijl je gewoon een hele knap en succesvolle meid bent! Sinds kort 

woon je samen met Daan en denk je toch ook al stiekem na over een kleine spruit, zeker nu 

je tante bent van alle leuke kindjes van je zussen. Uiteraard moet er ook nog even carrière 

gemaakt worden bij KPMG en dat komt zeker goed met je promotie tot senior-consultant 

in tha pocket! Josien, ik kan wel doen alsof ik heel slim ben nu ik mijn proefschrift heb 

geschreven en (hopelijk) binnekort ga promoveren, maar de echte studie-nerd ben jij toch 

wel! Niet dat je veel studeert, maar je hebt gewoon het onmogelijke talent hebt om alles te 

kunnen wat je doet (hoeveel talen sprak je ook alweer, 11?). Daarnaast ben je de eerste van de 

club die in het huwelijksbootje gaat treden, in de trand van een soort mini-Woodstock, ik kijk 

er nu al naar uit! Je hebt het in je hoofd zitten om misschien in je ‘’vrije’’ tijd ook nog even te 

gaan promoveren, dat gaat je zeker lukken, heel veel succes! Carline, de enigste Brabander 

van onze club die zijn rood-wit-geblokte hartje echt achterna is gegaan en weer terug is 

verhuisd naar Eindhoven! De tijd van de ‘koffiehottie’ en de Grastuin heb je achter je gelaten 

en je hebt het helemaal gemaakt in de fashionbusiness. Samen met Ivo heb je net heel jullie 

appartement opgeknapt en geniet je lekker van het leven (en op zijn tijd een lekker glaasje/

flesje wijn), ik hoop je binnenkort tegen te komen bij de New York Fashion week!

Tijdens mijn tijd op Unitas (S.R) heb ik één jaar in het bijzonder meegemaakt waarin absoluut 

vrienden voor het leven zijn ontstaan, namelijk als Sociëteitsbestuur Avondpracht! Wat 

een ongekende brakheid, prachtige borrels/feesten en afgrijselijke avonden met de 

Hijweeghetappers (sorry Ben) hebben wij meegemaakt! 100 jaar Unitas, een sjaars die elk 

moment dood neer kon vallen, een vice-praeses die spoorloos verdween, dat deden wij even. 

De bar, de dobbelstenen, Pim Nijland en de frituur waren onze beste vriend en ook al regelde 

ik elke avond heerlijke maaltijden, toch konden we na dat jaar allemaal wel weer wat kleur 

op ons gezicht en een abonnementje sportschool gebruiken. Maar niet te vergeten hebben 

we ontzettend gelachen en als het met jullie was zou ik het jaar zo weer over doen! We zien 

elkaar tegenwoordig wat minder vaak, maar jullie zijn altijd super geïnteresseerd en betrokken 

geweest bij de vorderingen in mijn promotie, heel erg bedankt daarvoor!  

Tijdens mijn tijd op Unitas (S.R) heb ik één jaar in het bijzonder meegemaakt waarin absoluut 

vrienden voor het leven zijn ontstaan, namelijk als Sociëteitsbestuur Avondpracht! Wat 

een ongekende brakheid, prachtige borrels/feesten en afgrijselijke avonden met de 

Hijweeghetappers (sorry Ben) hebben wij meegemaakt! 100 jaar Unitas, een sjaars die elk 

moment dood neer kon vallen, een vice-praeses die spoorloos verdween, dat deden wij even. 

De bar, de dobbelstenen, Pim Nijland en de frituur waren onze beste vriend en ook al regelde 

ik elke avond heerlijke maaltijden, toch konden we na dat jaar allemaal wel weer wat kleur 

op ons gezicht en een abonnementje sportschool gebruiken. Maar niet te vergeten hebben 

we ontzettend gelachen en als het met jullie was zou ik het jaar zo weer over doen! We zien 
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elkaar tegenwoordig wat minder vaak, maar jullie zijn altijd super geïnteresseerd en betrokken 

geweest bij de vorderingen in mijn promotie. Dino, Britt, Ben, Marlouke en Wouter, heel erg 

bedankt daarvoor! En ja Wouter, je kunt nu eindelijk mijn proefschrift in je boekenkast zetten!

Naast mijn leven in Utrecht, vond ik het af en toe ook heerlijk om even uit te kunnen waaien in 

Moergestel. Met name tijdens Carnaval en de Kermis kon ik het niet laten even de overtocht 

naar het Zuiden te maken en dat was altijd weer erg gezellig en heerlijk thuis komen, mede 

dankzij mijn lieve vrienden en familie daar! Natalie, jouw ken ik al ongeveer mijn hele 

leven! Tijdens groep 3 van de basisschool kwamen we bij elkaar in de klas en vanaf toen 

onafscheidelijk. Samen onze verjaardag vieren (gelukkig word jij altijd een jaar ouder), samen 

elke dag naar de middelbare school fietsen (en daarna een McFlurry), op stap in Tilburg 

(lekker kriek en tequila drinken) en/of op vakantie met de Tosti’s. We hebben al vele avonturen 

meegemaakt en wonen nu ook allebei in Utrecht! Je bent net met Paul samen gaan wonen en 

kunt gelukkig ook je werk weer een beetje op gaan pakken, en dat in mijn blitse Peaugotje, 

ik hoop dat we nog vele Carnavals samen mee gaan maken! Kim, ook ik al is het niet zo, 

toch heb ik het idee dat ik jou ook al mijn hele leven ken! Tijdens de wiskundelessen (die jij 

eigenlijk niet nodig had, want je haalde toch wel een 10) maakte ik altijd levendige poppetjes 

van de moedervlek op je hand, vervolgens kwam jij niet meer bij van het lachen en stonden 

we weer op de gang. Samen met Naat waren we een echte drie-eenheid en wij hebben je 

tijdens het uitgaan (of op andere momenten dat er drank ik het spel was) dan ook vele malen 

voor iets-minder-charmante acties behoed! Tegenwoordig zorgt gelukkig mijn vader voor 

je bij het stappen, al weet ik niet of dat beter is... Ook jij woont alweer een tijdje in Utrecht 

samen met Paulien, je hebt net de stap gezet om een schoonmaakster aan te schaffen en de 

volgende wordt je eigen huis! 

Daarnaast ook een bedankje voor al mijn andere vrienden uit Moergestel en van FEVIOR, 

Anne, Anita, Manon, Yvon, Kim, Conny, Aniek, Paul D, Frans, Mark, Dirk en Niels, het 

is altijd weer een feestje als ik in Moergestel ben! Pol, binnenkort mag je me dan eindelijk 

officieel dr. Van Opbergen noemen! Bas, uiteraard een speciaal bedankje voor jou, jij bent 

waarschijnlijk een van mijn enigste vrienden die echt weet wat ik onderzocht heb de afgelopen 

jaren! Je was altijd geintereseerd en ik denk dat het voor jou absoluut niet meer nodig is om 

dit boekje te lezen. Ik zal goed voor Boef blijven zorgen!

Uiteraard een groot woord van dank naar Emile, voor alle hulp bij het prachtige design van dit 

boekje! Naast het designen van proefschriften ben je ook erg handig in verhuizen en leerde ik 

je kennen toen je samen met Helen wat meubels mee in elkaar kwam zetten en mijn lampen 

op kwam hangen op de Lange Nieuwstraat. Daarna hebben we nog vele gezellige festivals en 

zondagen ‘’Heel Holland Bakt’’ met Helen, Lotte, Anouk en David meegemaakt. Het boekje 

is prachtig geworden, daar mag je erg trots op zijn, en ik wens je heel veel plezier en succes 

in de USA!
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Ook mijn familie (oma, ooms en tantes en alle neven en nichten) wil ik graag bedanken, jullie 

waren altijd erg geïnteresseerd in waar ik allemaal mee bezig was! Familie ‘van Opbergen’, ik 

hoop dat er nog vele mooie familiedagen en nieuwjaarsborrels zullen volgen! Tante Ine, ome 

Karel, Manon, Emilie, Tom en Remco, als petekindje voelde ik me toch altijd extra welkom,  

heel veel succes met alle muziekoptredens en de nieuwe kleine spruit! Tante Gea, ik hoop 

dat ik je na dit boekje heb kunnen overtuigen dat het geld dat je in de Hartstichting stopt 

een goed doel heeft! Ome Joop en Rein, heel veel succes als compagnons in Inkopart! Kars 

en Eefje, welkom thuis na jullie fantastische reis en waarschijnlijk succes met jullie volgende! 

Sjaak (†), omdat we je nooit zullen vergeten!! Ome Peter en tante Ria, jullie enthousiasme 

over mijn studies en promotie vond ik altijd erg fijn! Familie ‘Willems’, Oma, Ome Wim en 

tante Marleen, tante Nellie en ome Wim, tante Mieke en ome Peter, tante Joke, tante Dini 
en ome Henk, tante Anet, tante Rian en ome Sjak, tante José en ALLE neven, nichten en 

aanhang, eindelijk hebben we een dr. in de familie! Via ons mam blijven jullie altijd up-to-date 

van alle vorderingen in onderzoeksland en ik heb al veel lieve kaartjes als support mogen 

ontvangen!

Joyce, mijn zus èn goede vriendin, ook jij heel erg bedankt voor alle steun en betrokkenheid 

de afgelopen jaren! Je bent ontzettend getalenteerd en gedreven in je vak en daar ben ik 

heel erg trots op! Vroeger, toen we nog jonger waren, en we nog samen in de paardensport 

zaten, hadden we nogal eens ruzie. Met name door het feit dat ik nèt iets minder fanatiek (en 

getalenteerd) was en ik mijn studie ook heel erg belangrijk vond, wat voor jou wat lastig te 

begrijpen was… Sinds ik ben gaan studeren is dit helemaal opgeklaard en doen we vooral 

nog heel veel leuke dingen samen! Je hebt een erg succesvol eigen paardenbedrijf, waar je 

dag en nacht mee bezig bent en vanaf kinds af aan vol voor gaat. Met een tweede plaats neem 

jij geen genoegen en dat doe je dan ook zo min mogelijk. ;) Alle Brabantse en Nederlandse 

titels die je al hebt behaald beginnen misschien wat te vervelen, maar vergeet niet dat ze 

elk even bijzonder zijn en de Olympische titel vanzelf komt! Je bent mijn grote zus èn grote 

voorbeeld en ik hoop dat we nog lang vriendinnen blijven! Bart, je bent nog niet zo heel lang 

in de familie, maar ik vind je een erg gezellige ‘zwager’! Je bent altijd geïnteresseerd in waar 

ik mee bezig ben en een echte kletskont. We hebben elkaar gevonden in onze gezamenlijk 

passie voor hardlopen (misschien iets meer die van mij, dan die van jou?) en hebben een 

poging gewaagd de 10 mijl tijdens de Dam-tot-Dam loop te rennen. Het was echter niet onze 

schuld dat we de medaille niet hebben gehaald! Ik hoop dat je een beetje in vorm blijft en we 

binnenkort de marathon van New York op de agenda kunnen zetten. Heel veel succes met de 

laatste verbouwingen in je eigen huis en met die in je nieuwe huis(?)!

Last but not least, uiteraard ook een groot woord van dank naar mijn ouders! Pap en mam, 

zonder jullie ben ik nergens en was dit proefschrift er absoluut nooit gekomen! Jullie steunen 

me vanaf kleins af aan al in alles wat ik doe en staan altijd voor me klaar, van de tientallen 

keren dat ik verhuisd ben tot de meerdere keren dat jullie me weer uit hebben gezwaaid op 

het vliegveld. Mijn leven als student was soms wat onwennig en nieuw voor jullie en vereiste 
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hier en daar wat uitleg. Lid worden van een studentenvereniging, een jaar stoppen met 

mijn studie en bestuurslid worden van de vereniging en alle weekendjes dat ik weer eens 

langskwam met vrienden, bestuurs- en/of commissieleden in Moergestel. En daarna ging 

ik ook nog een jaar in New York wonen! Ik ben jullie er heel erg dankbaar voor dat ik alle 

vrijheid (en een klein beetje financiële hulp) heb gekregen om dit allemaal te kunnen doen! 

Pap, jouw werkmentaliteit is echt ongekend en ik heb erg veel respect voor alle succesvolle 

bedrijven die jij in je leven al hebt opgebouwd! Jij hebt me geleerd dat je alles kunt, als je 

het maar graag genoeg wilt en doorzet. Jij probeert me altijd te motiveren om nèt een stapje 

extra te zetten en vooral verstandige keuzes te blijven maken, er moet later nou eenmaal wel 

geld verdiend worden. ;) Het is soms lastig om je erbij neer te leggen dat je geen 30 meer 

bent, maar uiteindelijk krijg je toch alles weer naar jouw zin en op jouw manier voor elkaar. Je 

bent tegenwoordig helemaal fit, je hebt je eigen moestuin en een nieuwe motor om lekker 

mee te touren! Met pensioen ga je waarschijnlijk nooit, maar daarvoor vind je werken ook 

eigenlijk veel te leuk. Je bent een fantastische vader! Mam, jij bent absoluut de liefste vrouw 

op aarde en af en toe een beetje te goed voor deze wereld! Dag en nacht zal jij voor Joyce 

en mij klaar staan. Dat ik op mijn 17e naar de grote stad Utrecht verhuisde vond je wel wat 

jammer en ook van mijn tijd in Amerika heb jij slapeloze nachten, maar toch ben je altijd 

ongekend trots en motiveer je me in alles wat ik doe! Mijn nieuwe huis in Utrecht is ook een 

beetje jouw nieuwe thuis en eigenlijk zou je er het liefst zelf in gaan wonen. Jouw auto kent 

de route naar Utrecht uit zijn hoofd en je hebt al vele weekenden klussen en poetsen erop 

zitten. Het huis en de tuin zijn dan ook prachtig geworden! In de afgelopen jaren heb je 

met je gezondheid wat tegenslagen gehad, maar toch blijf je altijd positief en ben je weer 

(bijna) helemaal fit. Tegenwoordig ben je ook heel goed in taarten en cakejes bakken, breien, 

knutselen en werk je zo nu en dan in een kledingwinkel. Je weet altijd precies wat ik denk en 

bent een fantastische moeder!

Heel erg bedankt allemaal!

 

“What doesn’t kill you makes you stronger”
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