


 
TO MONITOR AND

 
 
 
CARDIAC REMODELLING

NEW MODALITIES 
 
INTERFERE WITH

 

 

Helena Elise Driessen



Layout:   Emile de Wit
Cover design:  Ralph Zabel
Printed by:  Gildeprint

ISBN: 9789464021158

Copyright © 2020 H.E. Driessen, 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.

Nieuwe modaliteiten om remodeleren van het hart te monitoren en 
tegen te gaan (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 12 
november 2020 des middags te 16.15 uur.

door

Helena Elise Driessen

geboren op 29 april 1988
te ‘s-Hertogenbosch

 
TO MONITOR AND

 
 
 
CARDIAC REMODELLING

NEW MODALITIES 
 
INTERFERE WITH



Promotor:
Prof. dr. M.A. Vos

Copromotor:
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 Heart Research and Development and the Royal Netherlands Academy of Sciences (CVON-
PREDICT)

Financial support by the Dutch Heart Foundation for the publication of this thesis is gratefully acknowledged



CONTENT

Chapter 1 Preface and thesis outline

PART ONE

Chapter 2 New antiarrhythmic targets to control intracellular calcium
  handling

Chapter 3 PI CaMKII inhibition partly rescues maladaptive remodelling 
  of conduction parameters in a murine model of pressure 
  overload but fails to be antiarrhythmic

Chapter 3 PII A Combined CaMKII inhibition and mineralocorticoid  
  receptor antagonism via eplerenone inhibits functional  
  deterioration in chronic pressure overloaded mice 

Chapter 4 Emerging molecular therapies targeting myocardial 
  infarction related arrhythmias

Chapter 4a miRNA-based antiarrhythmics after myocardial ischemic 
  injury

Chapter 5 Effect of SkM1 sodium channels delivered via a cell 
  platform on cardiac conduction and arrhythmia induction

8

20

48

66

90

114

118

PART TWO

Chapter 6 Correlation of circulating biomarkers for cardiac fibrosis  
  with scar size in patients after myocardial infarction

Chapter 7 Global, segmental, and layer-specific two-dimensional  
  speckle tracking echocardiography immediately after  
  acute myocardial infarction as a predictive tool to assess  
  myocardial viability and scar size

Chapter 8 Buccal mucosa as surrogate tissue to study onset and  
  progression of arrhythmogenic cardiomyopathy

Chapter 9 General discussion

APPENDIX

  English summary
  Nederlandse samenvatting
  Acknowledgements
  List of publications
  Curriculum vitae

146

164

184

202

220
226
232
242
246



CHAPTE R

1. Willem Einthoven recorded first human electrocardiogram 

2. Claude Bernard was the first to catheterise and measure pressures in animal hearts

3. Robert Gross successfully closed a patent ductus arteriosus 

4. First patient inrolled in the Framingham Heart Study to identify coronary risk factors 

5. Inge Edler and Helmuth Hertz provided the first continuous recordings of the heart 
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Preface and thesis outline

1902 Electrocardiography1

1927 Cardiac Catheterisation2

1938 Cardiovascular Surgery3

1948 Peventive Cardiology 4

1952 Echocardiography5
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Adverse cardiac remodelling
Adverse cardiac remodelling commonly occurs after a variety of myocardial injuries, for 
example after myocardial infarction or sustained pressure overload of the heart, although 
the pathology can also have an inherited (genetic) cause.1,2 During cardiovascular pathology 
the heart attempts to adapt to new but disturbed circumstances. At first this adaptation is 
preferable and highly needed to maintain function in this new environment in order to keep 
on addressing the metabolic demands of the body. However, this adaptation often is only 
temporarily beneficial, and eventually the equilibrium will shift from adaptive to maladaptive 
remodelling that eventually can lead to heart failure and arrhythmias.3 Changes that might 
occur simultaneously and gradually progress, can be found at different structural and func-
tional levels of the heart. A generalized and schematic overview of changes, particularly in 
cardiomyocytes, found during adverse remodelling is shown in Figure 1. 

Figure 1. Schematic changes on macroscopic, cellular, molecular and electrical level during adverse cardiac 
remodeling. A) schematic cross section of a healthy heart. B) A sheet of myocardial tissue in a physiological situation. 
C) Normal action potential morphology and duration. D-F) Schematic overview of changes during concentric 
hypertrophy. G-I) Schematic overview of changes during eccentric hypertrophy.
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Changes in calcium handling 
In general, adverse remodelling of the cardiomyocyte is associated with hypertrophy, an 
increase in cellular dimensions of the cardiomyocyte. Initially, hypertrophy is mostly found 
in thickening of the cells (Figure 1E), however, when the stressor is not relieved this will de-

velop to more lengthening than thickening of the cardiomyocytes and apoptosis might occur 
(Figure 1H). Signalling pathways involved in pathological hypertrophy of the cardiomyocytes 
are multiple and complex but in general affect a common factor, namely dysregulation of the 
intracellular calcium homeostasis.4 Calcium is involved in numerous physiological functions 
of the cardiomyocyte, with of course triggering contraction as the most well-known and 
prominent function.5 A central player in dysregulation of cardiomyocyte calcium homeostasis 
is activation of Ca2+-calmodulin-dependent protein kinase II (CaMKII), which is enhanced in 
its activity during cardiac pathology. Downstream direct targets of CaMKII are ubiquitous and 
involve the sarcolemmal L-type calcium channel and the ryanodine receptor which resides 
in the membrane of the sarcoplasmic reticulum, but indirectly CaMKII has also effects on 
hypertrophic and apoptotic pathways.6,7 
 In a genetically induced form of cardiomyopathy, namely arrhythmogenic cardiomyopa-
thy (ACM), calcium also seems to play an important part in the pathological cascade.8 ACM 
is predominantly caused by a mutation in one of the desmosomal genes, with a mutation in 
plakophilin-2 (PKP2) being the most prevalent. It has been shown that a loss in functional 
PKP2 expression impacts the expression of genes that are needed for Ca2+ homeostasis in the 
cardiomyocyte, like ankyrin-B and RyR.8 Desmosomes are constituted by important intracellu-
lar anchor proteins that facilitate organ strength,9 and are located in the intercalated disc (ID) 
between the individual cells. Next to desmosomes, the ID consists of gap junctions (namely 
Cx43 in the ventricles), adherence junctions and ion channels.10 In ACM the ID remodels sig-
nificantly, showing e.g. a reduction in the desmosomal protein plakoglobin, and a decreased 
presence of Cx43 and Nav1.5 (sodium channel).11,12 Many of those proteins are sensitive with 
regard to their function to alterations in intracellular calcium dynamics. 

Electrical remodelling
The hallmark of electrical remodelling in the failing heart is action potential (AP) prolongation 
(Figure 1F and I). This AP prolongation is heterogeneous leading to inhomogeneous electrical 
behaviour of the myocardium. Prolongation of the AP increases the chance of early after 
depolarisations (EADs) and thereby the risk of arrhythmias (Figure 1I).13 Again, calcium dis-
turbances play a major role in electrical remodelling. SERCA is a Ca2+ ATPase that facilitates 
transport of Ca2+ from the cytosol to the sarcoplasmic reticulum (SR). The expression of SERCA 
is reduced in heart failure leading to a lower efficiency of Ca2+ removal from the cytosol.14,15 The 
ryanodine receptor (RyR) is the calcium channel responsible for calcium release from the SR. 
During adverse remodelling, the kinetics of RyR channel opening are changed, leading to un-
anticipated Ca2+ releases from the sarcoplasmic reticulum that can initiate EADs and delayed 
after depolarisations (DADs).13 When the amplitude of the depolarization reaches threshold, 
triggered activity in the form of ectopic beats occurs. Triggered activity is a mechanism that 
can initiate an arrhythmia while for progressive manifestation of the arrhythmia, a reentry 
circuit may be necessary. Reentry is a continuous circulating electrical impulse which needs 
the following conditions: i) abnormal electrical pathway lengthening, ii) unidirectional block 
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in one pathway most often caused by presence of electrically insulating matrix components 
( fibrosis) and, iii) slow conduction which can be caused by a hampered intercellular coupling 
or a depressed speed of excitation.16 These conditions can arise due to heterogenous electrical 
properties in the failing heart, or in the epicardial border zone after MI due to the depolarised 
state of the ischemic tissue leading to reduced sodium channel availability and slow conduc-
tion.17

 

Structural remodelling
Next to cellular and electrical remodelling, also the extracellular matrix (ECM) changes upon 
cardiac pathology. The ECM is a network of extracellular proteins that provide structural 
support of the tissue by embedding the cardiomyocytes. The structural proteins in the cardiac 
ECM are predominantly collagen type I (80%) and III (11%), where collagen type I constitutes 
the majority of collagen in the heart.18 Increased deposition of proteins composing the ECM 
( fibrosis) is mainly achieved by myofibroblasts which are derived from fibroblasts that reside 
in the myocardium. More than half of the cells present in the myocardium are fibroblasts. 
Upon cardiac injury (e.g. MI, or diffuse injury due to pressure overload) the transition from 
fibroblasts to myofibroblasts is stimulated.19 During structural remodelling, next to cardio-
myocyte hypertrophy, fibre disarray and increased collagen deposition is observed (Figure 1E 
and H). Collagen deposition can be interstitial, compact, diffuse or patchy.20 Of these forms 
of collagen deposition patchy fibrosis seems the most arrhythmogenic, probably because it 
gives rise to an increase in tissue inhomogeneity leading to zig-zag conduction of the electrical 
impulse between the long fibrotic strands.21

Effect of adverse remodelling on cardiac function
The culminating effects of alterations in cellular, electrical and structural characteristics create 
an adverse remodelling of high complexity. The hypertrophy of the cardiomyocytes leads to in-
creased contractility and the subsequent increase in ventricular wall thickness decreases wall 
stress. Initially these combined effects are able to preserve cardiac function. At this stage there 
is concentric hypertrophy with preserved function (Figure 1D). When next to hypertrophy of 
the cardiomyocytes also cell death, Ca2+ dysregulation and an excess of fibrosis deposition is 
present, dilation occurs and eccentric hypertrophy becomes overt (Figure 1 G).4 The mani-
festation of pathological hypertrophy, electrical remodelling and collagen deposition creates 
a vicious circle and all processes described above are intertwined. Ca2+ disbalance induces 
hypertrophy, affects cellular coupling, and leads to electrical imbalance. Collagen deposition 
and desmosomal changes lead to decreased cellular coupling and can induce apoptosis again 
activating more fibroblasts and creating more fibrosis.19 More fibrosis adds to the rigidness, 
and limit the contractile function of the heart. Also, fibroblast-myocyte interactions and 
changes in gap junctional expression add to the arrhythmogenicity of the heart.22,23  

Diagnosis of heart failure
Patients suffering from heart failure experience symptoms like dyspnoea, oedema, fatigue and 
orthopnoea.24 There is no single diagnostic test for heart failure, since it is a clinical diagnosis 
where the physician combines information from patient history, symptoms, physical examina-
tion and diagnostic testing. An important tool in diagnostic testing is echocardiography, which 
is an ultrasound of the heart.24 Conventional echocardiography provides information about 
cardiac dimensions, e.g. wall thickness during diastole and systole, and function. Functional 
parameters are left ventricular ejection fraction (EF) and fractional shortening (FS).25 EF is the 
fraction (%) of total blood (present in the heart at the end of diastole) that the heart pumps out 
with every single contraction. Fractional shortening is the change in ventricular dimension 
from end diastole to end systole25. An EF of less than 50% percent indicates systolic heart 
failure, an EF of 50% or more and a decreased left ventricular compliance indicates diastolic 
failure.26,27  

Current treatment of heart failure 
Neuro-hormonal antagonists like angiotensin-converting enzyme inhibitors (ACE-I), min-
eralocorticoid receptor antagonists (MRA) and beta-blockers (β-blocker) are recommended 
for all patients with HF.27 The goal of treatment here is to reduce mortality, improve cardiac 
function and prevent hospitalisation. At the same time therapy with diuretics is initiated to 
reduce symptoms of congestion.27 Implantation of an implantable cardioverter-defibrillator 
(ICD) is recommended for patients with symptomatic heart failure and an EF of 35% or less. 
This because, in this group of patients, sudden cardiac arrest due to electrical disturbances 
is significantly increased.27,28 ICDs can aid in the therapy of bradycardia by pacing the heart 
at a higher frequency, and they can provide a shock to abort ventricular tachycardia (VT). 
Cardiac resynchronisation therapy (CRT) can be delivered via an implantable device and aids 
in simultaneous contraction of both ventricles to increase effectivity of pump function. CRT 
relieves symptoms and reduces mortality and morbidity.29,30 Patients with HF that experience 
ventricular arrhythmias usually benefit from optimisation of pharmacological therapy with 
ACE-I, MRA and β-blockers. However, sometimes additional treatment with amiodarone is 
necessary, even though, this could have detrimental effects on prognosis.27,31 When phar-
macological therapy and implantable devices fall short in preventing deterioration of HF, 
patients could eventually need a heart transplant, however when no donor heart is available 
mechanical circulatory support via a left ventricular assist device (LVAD) can serve as bridge 
till a donor heart becomes available. LVAD implantation can also be a destination therapy in 
patients that not qualify for transplantation. 

Aim of this thesis 
The aim of this thesis is to study new therapeutic and monitoring strategies in cardiac pathol-
ogy. Additional parameters to predict adverse remodelling in patients at risk that is easy to 



14 15

CHAPTER ONE PREFACE AND THESIS OUTLINE

perform and interpret, not time consuming and reliable would be welcome. In this thesis we 
investigate the usability of circulating biomarkers of collagen metabolism to predict collagen 
deposition in the myocardium. If we could follow the progressive worsening of cardiac func-
tion then timely adaptations in therapy could be implemented to prevent heart failure from 
occurring. Monitoring of adaptations in therapeutical regimen could be performed easily by 
collecting blood samples at a regular interval. New therapeutic strategies described in this 
thesis focus on tackling the core problem by restoring the physiological properties of the myo-
cardium, either by direct gene and cell therapy or by intervening in the collagen synthesis.  In 
short, the eventual goal of this thesis is to get one step closer to significantly improve quality of 
life of patients suffering from cardiac pathology by providing on new therapies and monitoring 
to predict patients at risk and to follow success of the applied therapy. 

Outline of this thesis
This thesis is divided in two parts, part one involves new therapeutical targets and strategies, 
and part two describes new diagnostic and prognostic strategies. 

Chapter two is a review on new anti-arrhythmic targets, focussing primarily on those in-
volved in disturbance of intracellular calcium homeostasis. It sets of with an introduction 
on physiological impulse generation and contraction, and discusses abnormal excitation. It 
provides an overview of drugs interfering with new targets like CaMKII, Na+/Ca2+ exchanger 
(NCX), the ryanodine receptor (RyR2) and the late component of the sodium current, and 
concludes with an overview about the current research efforts that are made to interfere with 
the functionality of those targets. Chapter three part one is extracted from a published 
study that shows in four different experimental models that calmodulin/CaMKII inhibition 
improves intercellular communication and impulse propagation in the heart, and is antiar-
rhythmic under conditions when fibrosis is absent.32 We investigated the changes occurring 
upon transverse aortic constriction (TAC, inducing chronic pressure overload) in mice with 
genetically induced CaMKII inhibition by means of an overexpression of a peptide that blocks 
the activation domain of the kinase. Compared to sham operated animals the pressure-over-
loaded engineered mice show a preservation of conduction characteristics and the molecular 
determinants underlying those characteristics though contractile performance appeared de-
pressed. This probably was caused through the observed structural remodelling (hypertrophy 
and fibrosis) while arrhythmias could neither be prevented. A follow up study is described 
in chapter three part two. Here, we looked into the therapeutic advantages of adding an 
anti-fibrotic compound, eplerenone, to chronic CaMKII inhibition via AC3I in mice subjected 
to pressure overload. This intervention was based on the idea that the maintenance of fibrosis 
formation as described in part one was the main reason for the presence of arrhythmias and 
the contractile dysfunction. Next to (immuno)histological parameters, we also investigated 

contractile function using conventional echo and strain analyses. Data reveal that this an-
tifibrotic intervention indeed related to a tempering of arrhythmogenesis and an improved 
contractile performance. In chapter four and five gene and cell therapies targeting myocardial 
infarction related arrhythmias are discussed. In detail, chapter four is a review paper dis-
cussing old antiarrhythmic pharmacological strategies and providing new gene and cellular 
alternatives. It ends with the current obstacles and the future perspectives. The addendum of 
chapter four is a letter to the editor in response to a reaction on our review. In Chapter five 
we continue with a research paper about cell therapy. This study confirms the antiarrhythmic 
potential of introducing the ‘ischemia insensitive’ skeletal sodium channel when delivered via 
a mesenchymal stem cell platform in a canine model of myocardial infarction. 
 After chapter five we arrive at part two of this thesis in which the value of new diagnostic 
and prognostic strategies is explored. Chapter six and seven arise from the “Detection of car-
diac fibrosis by LGE MRI and circulating biomarkers in patients with myocardial infarction” 
study (DEFI-MI). In chapter six circulating biomarkers of i) collagen formation and turnover 
and ii) post-transcriptional modulators (miRNAs) of gene expression related to pro-fibrotic 
pathways are correlated to scar size in patients at different time points after myocardial in-
farction. Their potential value for prediction and monitoring strategies is discussed. Chapter 
seven describes a new echocardiographic tool, two-dimensional speckle tracking, to predict 
myocardial viability in MI patients. This approach could provide a low-cost and a readily-avail-
able alternative for cardiac magnetic resonance imaging in regard of scar transmurality. In 
chapter eight the use of buccal mucosa cells as surrogate tissue for the myocardium in ACM 
patients is discussed. In two types of inherited cardiomyopathy which closely resemble ACM, 
alterations in extra-cardiac tissue (like hair and skin) have been linked to mutation-driven 
alterations in the heart. Buccal mucosa cells also express most of the desmosomal proteins 
similarly as found in the myocardium and could serve as a non-invasive and easily accessible 
source to monitor onset and/or progression of the disease. Since it is known that predomi-
nantly there is a decrease in plakoglobin expression in the myocardium of ACM patients, in 
this chapter we investigated the expression of plakoglobin in buccal mucosa cells of ACM 
patients, compared it to healthy controls, and discuss its usability as clinical classification tool. 
This thesis concludes, in chapter nine, with a summary and general discussion where new 
insights described in this thesis are put into perspective. 
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CHAPTER T WO NEW ANTIARRHY THMIC TARGETS TO CONTROL CALCIUM HANDLING

Abstract
Sudden cardiac death due to ventricular arrhythmias is a major problem. Drug therapies to 
prevent SCD do not provide satisfying results, leading to the demand for new antiarrhythmic 
strategies. New targets include Ca2+/Calmodulin-dependent protein kinase II (CaMKII), the 
Na/Ca exchanger (NCX), the Ryanodine receptor (RyR, and its associated protein FKBP12.6 
(Calstabin)) and the late component of the sodium current (INa-Late), all related to intracellular 
calcium (Ca2+) handling. In this review, drugs interfering with these targets (SEA-0400, K201, 
KN-93, W7, ranolazine, sophocarpine, and GS-967) are evaluated and their future as clinical 
compounds is considered. These new targets prove to be interesting; however, more insight 
into long-term drug effects is necessary before clinical applicability becomes reality. 

Keywords: Arrhythmia, calcium; drugs, treatment

Introduction
Sudden cardiac death (SCD) due to arrhythmias is a major problem in the Western popu-
lation.1 SCD occurs when, due to a trigger, sinus rhythm lapses into ventricular tachycardia 
(VT) which can deteriorate into ventricular fibrillation. At that stage of rhythm disorder, 
the contractile performance of the heart is severely compromised and eventually results in 
asystole and, as such, arrest of effective circulation.2 Conditions such as congenital heart dis-
ease, cardiomyopathies and risk factors (e.g. smoking or hypertension) can be the underlying 
mechanisms of SCD.2 In patients with dilated cardiomyopathy 30% will suffer from SCD.3 
SCD in patients with end-stage heart failure is mostly due to mechanical dysfunction based 
on structural and contractile changes.3 Prevention strategies focus on antiarrhythmic drugs 
and implantation of a cardiac defibrillator. Current drug therapies, though effective, also have 
major drawbacks (as discussed below) and the results have partially been disappointing.4

Besides the classical modulation of sarcolemmal ion channels by drugs (including both 
activation and block), new antiarrhythmic targets emerge that can be of great interest in 
pharmacological treatment of VT in cardiac disease. Especially arrhythmias that occur in 
hypertrophy and heart failure have our attention, because of the difficulty in treating these 
patients effectively. Besides disappointing data concerning antiarrhythmic efficacy, current 
therapies such as blockade of the late-type calcium current (ICa-L), are known to affect haemo-
dynamics negatively. 
 These new targets include Ca2+/Calmodulin-dependent protein kinase II (CaMKII), the 
Na+/Ca2+ exchanger (NCX), the Ryanodine receptor (RyR, and its associated protein FKBP12.6) 
and the late component of the sodium current (INa-Late), all related to intracellular calcium 
(Ca2+) handling of the cardiac myocyte. With this development, emphasis of antiarrhythmic 
drugs seems to shift therapy more in the direction of focal arrhythmias, which can be caused 
by delayed (DAD) or early afterdepolarisations (EAD), a logical step knowing that triggered 
activity-related arrhythmias are becoming more and more common in hypertrophy and heart 
failure.5

Impulse propagation
For the heart to function properly, excitation and contraction of all myocytes in the heart 
needs to be coordinated and balanced. Therefore, the electrical impulse that initiates ex-
citation moves throughout the heart via a specific route starting in the sinoatrial node. Next 
the atria are activated, after which the electrical signal passes the atrioventricular node and 
travels down through the bundle of His and the bundle branches towards the apex of the 
heart. From there it activates the ventricular myocytes from apex to base via the network of 
Purkinje fibres and this is further supported by the anisotropic fibre structure. This sequence 
leads to a coordinated contraction of the ventricles. For the signal to travel from myocyte 
to myocyte they need to be coupled electrically. This electrical and metabolic coupling of 
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myocytes is facilitated by gap junctions that are built from connexin proteins (Cxs). In the 
heart three isoforms of Cxs are present. Cx40 is mainly expressed in the atria and throughout 
the conduction system. Cx43 is the most abundant Cx isoform in both the atria and ventricles 
but is also found in the distal conduction pathway. Finally, Cx45 is only found in the nodes, the 
His bundle, and bundle branches.6 For a detailed review of cardiac connexins see Jansen et al.6 
The Cxs are localised in the intercalated disks between the myocytes. It is this localisation that 
facilitates that conduction is anisotropic with a faster conduction along the fibre length (lon-
gitudinal conduction) compared with the conduction perpendicular to that given orientation 
(transverse conduction). 
 Remodelling of the highly homogeneous expression pattern of Cxs during disease may 
contribute to generation of a proarrhythmic substrate which may increase the propensity for 
reentry-based arrhythmias. Reentry based arrhythmias are, however, beyond the scope of this 
review. In addition, focal uncoupling of the electrical syncytium may favour the occurrence of 
ectopic activity. The mechanisms that underlie ectopic activity will be further discussed and 
provide potential new targets for antiarrhythmic interference. 

Impulse generation and contraction
Ions > Action Potential Duration (APD)
The action potential (AP) is generated via a complex interaction of ion channels, and 
membrane voltage7, and is generally divided into five phases. They are established through 
a fine-tuned interaction of sodium (Na+), potassium (K+), and Ca2+ currents. The inward Na+ 

current (INa) is responsible for the upstroke during phase 0 (Figure1, phase 0). The total Na+ 

current is formed by the peak and late INa: the latter contributes to depolarisation currents 
during the plateau phase. During phase 1, the Na+ channel inactivates considerably and at the 
same time Ito1 and Ito2 (transient outward currents) create outward currents of K+ and chloride, 
respectively, to form the notch (Figure 1, phase 1). Subsequently, Ca2+ enters the cell through 
voltage-gated Ca2+channels (L-type calcium channels, LTCC) (ICa,L) and is involved in creating 
the plateau phase of the AP since inward movement of Ca2+ is counterbalanced by outward 
K+ flow driven by the delayed rectifier potassium currents IKs and IKr (Figure 1, phase 2). The 
plateau phase delays repolarisation of the AP creating time for contraction and relaxation of 
the cardiomyocytes in between action potentials. Full repolarisation occurs when the LTCC 
closes and IKs and IKr take over dominantly (Figure 1, phase 3). Finally, K+ restores the negative 
membrane potential via the IK1 current (Figure 1, phase 4).7 

Excitation-contraction coupling
Of the ions involved in the activation of the heart, Ca2+ plays a key role in excitation-plateau 
via LTCC. LTCC is activated upon depolarisation of the sarcolemma due to a local increase 
of positive charge that is brought about through influx of [Na+], while LTCC is inactivated 
by local [Ca2+]i via calmodulin (CaM) binding on the C-terminus of the channel. The initial 
Ca2+ influx via the LTCC leads to Ca2+ induced calcium release (CICR) from the sarcoplasmic 

reticulum (SR), which is mediated by the RyRs (reviewed by Bers 8). When RyR is activated, 
this leads to Ca2+ extrusion from the SR thereby increasing [Ca2+]i but this increase in Ca2+ also 
triggers inactivation of the LTCC. The RyR is a channel, but also a scaffolding protein that 
clusters proteins such as CaM (exerts Ca2+ dependent modulation of RyR and LTCC function, 
see below), protein kinase A (PKA, which can alter RyR and Ica gating), and sorcin (which 
connects RyRs and LTCCs) near the Ca2+ release complex. Subsequently, Ca2+ released from 
the SR binds to troponin to facilitate contraction of the sarcomere, the contractile element 
of the myocyte. Thus, Ca2+ links the electrical activation of cardiomyocytes to mechanical 
contraction: excitation-contraction coupling (Figure 2). 
 During relaxation, free cytoplasmic Ca2+ must decline to allow Ca2+ to dissociate from 
troponin leading to relaxation of the contractile element. This Ca2+ transport is facilitated by 
a Ca2+-ATPase (SERCA) on the SR which transports Ca2+ back into the SR and the NCX on the 
sarcolemma.8 SERCA is an active Ca2+ pump whose activity is controlled by the phosphoryla-
tion status of phospholamban (PLN). When certain residues on PLN are not phosphorylated, 
SERCA activity is inhibited but this inhibition is relieved when PLN becomes phosphorylated 
by PKA. Activators of PKA, such as β-adrenergic stimulation, can therefore play a role in 
relaxation, as more Ca2+ is restored in the SR because of higher SERCA activity. This, in turn, 
renders more Ca2+ available for CICR in the subsequent beats which results in a stronger force 
of contraction. 
 The NCX on the sarcolemma exchanges three Na+ ions for one Ca2+ ion. This exchange 
generates an electrical current that can go in both directions and is dependent on the [Na+] 

and [Ca2+] across the sarcolemma as well as the membrane potential. Whether the current is 
in the forward or reversed mode depends on the driving force for NCX. High [Ca2+]i favours 
forward INa/Ca whereas high [Na+]i and positive membrane potential favours reversed INa/Ca.8 

Figure 1. Action potential and ion currents. Phases of the action potential and the responsible ion currents are 
discussed in the text.
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Figure 2. Calcium handling. 0; Sodium enters the cell, creating the AP upstroke. 1; Calcium enters via the LTCC 
facilitating the plateau phase of the AP and initiating CICR. 2; via RyR on the sarcoplasmic reticulum leading to 3; 
calcium binding to the contractile elements: excitation-contraction coupling. 4; NCX transports calcium from the cell 
in exchange for sodium. 5; calcium is pumped back into the SR via SERCA, together with 4 this leads to relaxation of 
the contractile elements and the end of the plateau phase. 6; Potassium restores the negative membrane potential.

Arrhythmias: Abnormal excitation 
Triggered arrhythmias
In hypertrophy and heart failure, Ca2+ handling is disturbed. As has been shown in several 
models, functional expression of SERCA is reduced whereas activity of the NCX is increased.5,8 
Moreover, kinetics of RyR openings are also changed, leading to unanticipated Ca2+releases 
that can initiate EADs and DADs (Figure 3). They are defined as: oscillations that attend (EADs) 
or follow (DADs) the cardiac AP and respond to preceding activation for their manifestation.9 
When the amplitude of the depolarisation reaches threshold, triggered activity in the form of 
ectopic beats occurs. 

DADs
DADs arise after full repolarisation of the myocyte. Ca2+ release from the SR is triggered when 
free SR [Ca2+], ([Ca2+]SR), reaches a certain threshold leading to opening of RyRs (Figure 4).10 
[Ca2+]SR is influenced by total [Ca2+]i and the activity of SERCA. Increased [Ca2+]SR load due 
to higher SERCA activity, for example via β-adrenergic stimulation, brings the [Ca2+]SR closer 

to the threshold for SR leak. Furthermore, the threshold is affected by the RyR open proba-
bility: if the open probability increases, the threshold lowers. The open probability of RyR is 
modulated by [Ca2+]SR, [Ca2+]i, AP, RyR phosphorylation and the stabilising protein FKBP12.6 
(Calstabin).11,12 RyR phosphorylation is among others executed by CaMKII, and this increases 
the open probability of RyR.13, 14 Opening of multiple RyRs creates Ca2+ sparks, which can lead 
to DADs via creation of the transient inward current (Iti) by the NCX (Figure 3).15 If the DADs 
reach threshold a new AP arises. In heart failure, [Ca2+]SR and threshold are both lowered (Fig-
ure 4) yet threshold is affected more than [Ca2+]SR leading to a higher occurrence of triggered 
arrhythmias in these patients.16

Figure 3. A) EAD and DAD formation. SR calcium overload leads to increased [Ca2+]i. This can lead to prolonged 
action potential duration creating a calcium window current potentially leading to EAD (3). Increased [Ca2+]i on the 
other hand can lead to spontaneous calcium release via CICR resulting in either EADs (4) or DADs (2) via NCX. Also, 
late Ina is able to increase [Ca2+]i via NCXr, hereby contributing to EAD formation. Numbers corresponding to black 
numbers in Figure 3B. B) 1; normal action potential and ICaL and INCX. 2; DAD occurring due to forward NCX activity (*). 
3; EAD due to calcium window current via LTCC (**). 4; EAD due to forward NCX activity (***). 
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EADs
EADs are generated in the ventricle during phase 2 or phase 3 of the AP, and can occur during 
prolongation of AP duration (APD) via a window current of the LTCC (Figure 3).9, 17 However, 
also NCX plays a role in EAD formation in a mode which is comparable with that as described 
for DADs. This indicates that EAD formation can occur via two routes, namely a sarcolemmal 
(LTCC) and a SR (RyR and NCX) dependent mechanism.18 Whether the LTCC window or NCX 
has a dominant role in creating EADs depends on the disease setting; it has been suggested 
that when oxygen radicals are involved LTCC seems dominant, whereas in a β-adrenergic 
setting NCX may be dominant.18 Either way NCX and LTCC are both important players in the 
generation of EADs. In addition, an increase in INa-Late leads to higher [Na+]i, which pushes NCX 
in its reverse mode and Na+ is transported out and Ca2+ into the cell, also leading to increased 
[Ca]i.

19 Via the aforementioned mechanism, this in turn can lead to EAD formation again, as 
is shown in Figure 3.

Figure 4. A) RyR open probability, [Ca2+]SR, and sparks. Calcium sparks occur when [Ca2+]SR reaches RyR opening 
threshold. RyR opening threshold is influenced by the open probability of RyR. Higher open probability lowers the 
threshold. [Ca2+]SR is affected by total [Ca2+]in and SERCA.  B) In heart failure [Ca2+]SR is lowered but the RyR open 
threshold is lowered more extensively rendering [Ca2+]SR higher than threshold. 

Old strategies
Antiarrhythmic drugs are still classified according to the Vaughan Williams classification. 
The underlying molecular strategy includes class I: Na+ channel block, class II: β-adrenergic 
receptor block, class III: K+ channel block, class IV: Ca2+ channel block, and class V: Na+/K+ AT-
Pase block.20 Drugs categorised into these various classes all have the capability of terminating 
arrhythmias via different strategies. These strategies are reviewed elsewhere.21 Only class II 
antiarrhythmic drugs, the β-adrenergic receptor blockers, have proved to reduce mortality.21, 22 
One of the drawbacks of the existing drugs is that most of them temper cardiac performance 
leading to a negative haemodynamic effect in patients. For example, class I drugs such as 
flecainide are used in supraventricular arrhythmias but are negative inotropic and also have 
proarrhythmic effects, which are likely due to excessive conduction slowing and reentry like 
tachyarrhythmias.20, 21 Class III drugs prolong the AP, thereby increasing the refractory period, 
meanwhile terminating arrhythmias based on short APDs such as atrial fibrillation. On the 
other hand, APD prolongation is a well-established risk factor for long-QT arrhythmias and 
can lead to ectopic activity through EADs (Figure 3). Class IV agents, due to their Ca2+ channel 
blocking properties, have negatively inotropic, chronotropic, and dromotropic effects. Class V 
agents such as digitalis lead to high [Na+]i which will activate NCX thereby triggering Ca2+over-
load, and associated ectopic activity (Figure 3). New antiarrhythmic strategies attempt to find 
ways to increase antiarrhythmic efficacy while relieving or omitting the adverse side effects.

New targets for antiarrhythmic 
treatment
Drugs that interfere with CaMKII, NCX, RyR and its associated stabilising protein FKBP12.6, 
and the INa-Late are potential targets that are currently being investigated in order to achieve 
clinical applicability. The focus is on interfering with calcium handling of the cardiomyocytes 
and to become active in the prevention or suppression of VTs. To date, interference on SERCA 
has not resulted in drug candidates with potential clinical applicability. Since SERCA function 
in heart failure is considered to be depressed (as observed in several preclinical models of 
heart failure), it is to note that a non-pharmacological, but viral approach is currently under 
consideration to restore SERCA function under conditions of heart failure.23

Acute modulation of antiarrhythmic targets
NCX
NCX and SERCA are the most important players during Ca2+ removal from the cytoplasm of 
the cardiomyocyte. During depolarisation under physiological conditions, NCX contributes 
marginally to the total inward Ca2+ current but most of the time the channel is in its forward 
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Target Action Model Dose Block Author
INCX Inhibition Ventricular 

myocytes
(guinea pig)

1 µM Forward 82.5%
Reverse: 86.2%

Tanaka et al. 
200225

INCX Inhibition CAVB myocytes 1 µM Forward 50%
Reverse 66%

Bourgonje et al. 
201328

INCX Inhibition Ventricular 
myocytes
(pig, mouse)

0.3-1 µM Forward 50%
Reverse 70%

Ozdemir et al. 
200827

INCX Inhibition Ventricular 
myocytes
(dogs)

1 µM Forward 60%
Reverse 80%

Birinyi et al. 
200583

ICa,L Inhibition Cardiac tissue
(dogs)

1 µM 3% Nagy et al. 
200429

ICa,L Inhibition Ventricular 
myocytes
(pig, mouse)

0.3-1 µM 25% Ozdemir et al. 
200827

ICa,L Inhibition Ventricular 
myocytes 
(guinea pig)

1 µM 9% Tanaka et al. 
200225

ICa,L Inhibition CAVB myocytes 1 µM 33% Bourgonje et al. 
201328

Model Inhibitor Inhibitor 
administration

Dose Effect Author

In vivo animal 
model (CAVB 
dog)

SEA-0400 After challenge 0.4 and 0.8 
mg/kg

0.4 mg/kg 
decreased TdP 
episodes 7±4 
à 3±4
0.8 abolished 
TdP incidence

Bourgonje et al 
201328

Table 1. SEA-0400 effects on ion currents in cardiomyocytes and NCX inhibition by SEA0400 as antiarrhythmic

mode extruding Ca2+ from the cell creating a Iti (proarrhythmic).24 

NCX inhibition 
Known inhibitors of NCX are KB-R7943 and SEA-0400. However, KB-R7943 also inhibits LTCC, 
IK, and IK1 

25, 26, and thereby KB-R7943 is less specific than SEA-0400 (Table 1).26 Blocking NCX 
theoretically leads to Ca2+ accumulation and increased SR Ca2+ load, which in turn could lead 
to adverse effects such as Ca2+ sparks.27 Nonetheless, due to the fact that SEA-0400 probably 
simultaneously inhibits LTCC, thereby inducing negative inotropic effects, this counteraction 
possibly preserves cardiac output. Moreover, NCX has a profound role in EAD formation 
(see section above). Therefore, blocking of NCX potentially exerts antiarrhythmic effects.28 
Recently, our group showed that SEA-0400 effectively prohibited torsades de pointes (TdP) 
arrhythmia and EAD formation and, as important, without the occurrence of the negative 
inotropic effects that are typically observed when LTCC is blocked alone.28

Overview of studies on isolated cardiomyocytes, tissue preparations, whole hearts, and intact animals. EAD: 
early afterdepolarisation. TdP: torsade de pointes arrhythmia. I/R: ischaemia reperfusion model. DAD: delayed 
afterdepolarisation.

Single rabbit 
ventricular 
myocytes

SEA-0400 After challenge 2 µM Abolished EADs Zhao et al. 201218

Langendorff 
perfused 
rabbit hearts 
(dofetilide 
induced 
arrhythmias)

SEA-0400 Prior to 
challenge

1 µM No effect on TdP 
incidence

Farkas et al. 
200932

Langendorff 
perfused rabbit 
hearts (sotalol/
veratrinide 
induced 
arrhythmias)

SEA-0400 After challenge 1 µM TdP incidence ↓
(16/18 → 1/18, 
sotolol, 6/13 → 
0/13 veratrinide)

Milberg et al, 
200830

Isolated guinea 
pig myocardium 
(Ouabain 
induced 
arrhythmias)

SEA-0400 Co-
administration

1 µM Arrhythmic 
contractions ↓ 
(19/26 → 12/26)

Tanaka et al. 
200731

In vivo animal 
model (dog 
ischaemia /
reperfusion 
model and 
digitalis induced 
arrhythmias)

SEA-0400 Prior and co-
administration 
(I/R) and After 
challenge 
(Digitalis)

0.3-3 mg/Kg Did not change 
aemodynamics. 
No 
antiarrhythmic 
effect (I/R). 
Arrhythmic ratio 
↓ (digitalis)

Nagasawa et al. 
200535

Isolated dog 
Purkinje fibres 
(dofetilide 
induced 
arrhythmias)

SEA-0400 After challenge 1 µM EAD amplitude 
↓ 
(26.6 ± 2.5 → 
14.8 ± 1.8 mV) 
DAD incidence ↓
(6/6 → 3/6)

Nagy et al. 
200429

In vivo animal 
model, guinea 
pigs (aconitine 
induced 
arrhythmias)

SEA-0400 Prior to 
challenge

1-10 mg/Kg Ineffective in 
suppressing 
triggered 
activity

Amran et al. 
200433

 Antiarrhythmic approaches using NCX block do not, however, provide a uniform and 
straightforward answer about the effectiveness of this strategy (Table 1). In ventricular 
myocytes SEA-0400 showed different effects on EADs in two different models, although it 
efficiently inhibited EADs in both settings.18 In another study, using canine isolated Purkinje 
fibres, EAD amplitude and DAD incidence were also suppressed by SEA-0400.29 Similarly, 
in Langendorff perfused rabbit hearts, SEA-0400 administration (in the presence of sotalol 
or veratrinide in order to induce TdP) shortened APD and the incidence of EADs30, thereby 
reducing the incidence of arrhythmias.31
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 In contrast, in Langendorff perfused rabbit hearts, Farkas et al. observed no antiarrhyth-
mic effects when TdPs where induced using dofetilide.32 In guinea pigs, no effect of SEA-0400 
on arrhythmogeneity was found, and no effect on AP configuration was noticed.33 On the other 
hand, in dogs, SEA-0400 did not change heart rate or blood pressure,34 which are promising 
findings in line with our own observations.28 Moreover, a 2007 study showed that SEA-0400 
had no effects on inotropy and could reverse the positive inotropic effects of Ouabain in 
isolated guinea pig myocardium.31 Nevertheless, no antiarrhythmic outcome was found in 
ischaemia-reperfusion induced arrhythmias.
 Concerning safety, SEA-0400 decreased arrhythmias based on intoxication with digitalis, 
but also caused AV block and cardiac arrest in a small number of the dogs.35 Due to lack of con-
sensus found in these results more research should be performed before it can be concluded 
whether or not NCX block has potency in clinical use. 

RyR
RyR, and its function in cardiac physiology, has been extensively reviewed by Kushnir and 
Marks.36-38 Whether or not RyR opens to release Ca2+ depends on the open probability of RyR 
and the SR Ca2+ load, which are influenced via various mechanisms, as described earlier. 

RyR inhibition 
Spontaneous release of Ca2+ by RyR is involved in the generation of triggered activity (Figure 
3A), and as such RyR is an interesting target in antiarrhythmic therapy that would be based on a 
decreased risk of DAD formation. This spontaneous release of Ca2+ is causative for arrhythmias 
as found in a disease named catecholaminergic polymorphic ventricular tachycardia (CPVT). 
Mutations in RyR can enhance the susceptibility for Ca2+ leak, especially under conditions with 
an increased adrenergic drive. Flecainide, a well-established class-Ic antiarrhythmic, showed 
additional and remarkable efficacy to suppress these arrhythmias both in mice and humans 
through enhancement of the threshold for triggered activity.39, 40 It remains to be discussed 
what the exact contribution is of sodium channel block and RyR inhibition in this preventive 
effect.
 K201 ( JTV-519) is a more recent compound that has been tested as a potential inhibitor of 
RyR. It decreased spontaneous Ca2+ release at 1 µM by binding to FKBP12.6, thereby increasing 
its affinity for RyR and stabilisation of the closed conformation of RyRs.41, 42 K201 has, however, 
various other effects on different sarcolemmal ion channels (a multi-channel blocker) 1, see 
Table 2. Previous experiments have not been able to confirm consistent antiarrhythmic effects 
of K201 (Table 2). Of the positive studies, K201 prevented the frequency of spontaneous APs 
after Ouabain in mice with the RyR R4496C+/- mutation.43 Wehrens et al. showed that when 
FKBP12.6+/- mice were treated with K201 no arrhythmias could be recorded, which was in 
contrast to non-treated animals that regularly showed SCD.41 On the other hand, experiments 
on isolated cardiomyocytes or in intact RyR2 R4496C knock-in mice, elicited no decrease in 
DAD incidence upon K201 administration.44 In the CAVB (chronic AV block) dog, K201 was 

not able to decrease the incidence nor the severity of dofetilide-induced TdP. In addition, K201 
prolonged repolarisation and slowed heart rate, although no negative inotropic effects were 
observed.45 These divergent results are in contrast with the well-established molecular role of 
RyR in the incidence of Ca2+ sparks and DADs and its suppression by K201. 
 In the mentioned dog study, our group showed that at a relatively high dose (1.5-2 µM), 
even proarrhythmic effects of the drug were observed.45 Although K201 has already been used 
in clinical trials for treatment of atrial fibrillation (AF), the results seem disappointing: only one 
has been completed without publication of the results, and two other trials were prematurely 
terminated. 

Target Action Model Dose Block Author

Ina Inhibition Ventricular 
cardiomyocytes 
(guinea pig)

1.2 µM 50% Kimura et al., 
199984

IK1 Inhibition Ventricular 
cardiomyocytes 
(guinea pig)

5 µM 50% Kimura et al., 
199984

ICa Inhibition Ventricular 
cardiomyocytes 
(guinea pig)

3 µM 50% Kimura et al., 
199984

ICa Inhibition Ventricular 
cardiomyocytes 
(rabbit)

3 µM 34% Loughrey et al., 
200742

IKr Inhibition Ventricular 
cardiomyocytes 
(guinea pig)

1.2 µM 50% Kiriyama et al., 
200085

IKr Inhibition Atrial 
cardiomyocytes 
(guinea pig)

1 µM 50% Nakaya et al. 
200086

IK-ACH Inhibition Atrial 
cardiomyocytes 
(guinea pig)

0.12 µM 50% Nakaya et al. 
200086

Model Inhibitor Inhibitor 
administration

Dose Effect Author

In vivo 
at isoproterenol 
or I/R induced

K201 Prior to 
challenge

1 mg/kg Incidence of 
arrhythmia ↓ 
9/10 → 2/10 
(isoproterenol) 
14/14 → 7/15(I/R)

Otani et al. 
201387

Table continues on next page

Table 2. K201 effects on ion currents in cardiomyocytes and experimental models focusing on antiarrhythmic 
properties of K201.
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DADs: delayed after depolarisations. AP: action potential. SR: sarcoplasmic reticulum. SCD: sudden cardiac death. 
Adapted from Currie et al.1

In vivo dog 
(CAVB dog)

K201 Prior to 
and during 
challenge

0.1 and 0.3 
mg/kg/2 min 
followed by 0.01 
and 0.03 mg/
kg/30 min iv

No significant 
anti-arrhythmic 
but pro-
arrhythmic 
effects were 
observed

Stams et al., 
201145

RyRR4496C 
myocytes +/- 
ouabain

K201 Acutely upon 
DAD incidence, 
and prior to 
challenge

1 µmol/L No effect on 
DADs under 
baseline 
conditions. 
But decreased 
incidence of 
spontaneous 
APs during 
ouabain 
challenge

Sedej et al., 
201043

Pulmonary 
cardiomyocytes, 
isoprenaline 
(rabbit)

K201 Prior to 
challenge

0.3 μM Reduction in 
spontaneous 
activity

Chen et al. 
200888

In vivo rabbit 
methoxamine 
and clofilium 
induced

K201 After challenge 50, 200, 400 μg/
kg/min

TdP incidence 
↓ 6/6 → 4/6, 
2/5, 0/6 (dose 
dependent)

Hasumi et al. 
200789

RyRR4496C 
myocytes + 
in vivo mouse 
(RyR 4496C+/-)

K201 Prior to 
challenge

1 μmol-10 μmol
18 mg/Kg per 
day

Failed to 
limit DADs or 
arrhythmias

Liu et al., 200644

Mouse 
whole animal 
(FKBP12.6-/- en 
FKBP12.6+/-)

K201 Prior to 
challenge

0.5 mg/kg per 
hour

Prevention of 
arrhythmias 
and SCD in 
FKBP12.6+/- but 
not FKBP12.6-/- 

mice. 

Wehrens et al., 
200441

In vivo dog 
pacing induced

K201 Prior to 
challenge

0.03 mg/kg/min AF episodes ↓ 
4.2±2.9 →0±0

Kumagai et al. 
200390

Isolated guinea 
pig heart

K201 After challenge 0.3 μM and 1 μM Incidence AF ↓ 
2/5 → 0/6

Nakaya et al. 
200086

 Other drugs are currently being tested or designed to allow continuation of targeting 
RyR. Carvedilol, a registered β-blocker, also blocks RyR and prevents spontaneous Ca2+ release 
at doses higher than needed for its β-blocking activity. In this respect, the development of 
the carvedilol analogue VK-II-86 has to be mentioned since it shows an enhanced specificity 
regarding the RyR blocking capacities. It has been suggested that in combination with a potent 
β-blocker, this could be a promising antiarrhythmic approach although thus far no further 
studies have been published using these compounds in order to test their efficacy.46

CaMKII 
Besides its activation under pathological conditions through oxidation by reactive oxygen 
species (ROS), activation of CaMKII is mainly facilitated by CaM, a small cytoplasmic pro-
tein. CaM needs to bind cytosolic Ca2+ before CaMKII can be activated.47 For that, CaMKII 
activation is indirectly dependent on [Ca2+]i, but due to its capability of autophosphorylation 
is not solely dependent on the rise and fall in [Ca2+]i.. When phosphorylation of CaMKII has 
been accomplished, the enzyme becomes persistently active and therefore the natural beat-
to-beat fall in [Ca2+]i will not immediately affect the enzymes’ activity. CaMKII has a central 
role in Ca2+ handling, influencing RyR, LTCC, and SERCA (Figure 2). By phosphorylating RyR, 
CaMKII increases the open probability.48, 49 LTCC phosphorylation by CaMKII leads to faster 
recovery from inactivation50, whereas the effect of CaMKII on SERCA (via phosphorylation 
of PLN) leads to an increased SR Ca2+ load. CaMKII activation leads to an increase in [Ca2+]i 

and is therefore able to influence NCX by pushing it into the forward mode which results in a 
depolarising current. All of the above-mentioned actions are under physiological conditions. 
During cardiac pathology CaMKII expression and function is upregulated, which can trigger 
proarrhythmia via induction of ectopic activity.51-53 This makes it an interesting target for 
antiarrhythmic intervention.

CaMKII inhibition
Up till now two CaMKII inhibitors are known, W7 and KN-93. KN-93 is a compound that com-
petes with CaM for the binding site on CaMKII, and through this mode it inhibits activation 
of CaMKII, with an IC50 of 370 nM.54 However, KN-93 also appears to act as a multi-channel 
blocker in cardiomyocytes as is depicted in Table 3. W7 is actually an inhibitor of CaM55, and 
therefore considered to be an indirect inhibitor of CaMKII as well as of other targets of CaM 
(e.g. RyR, LTCC). 
 So far, CaMKII antagonists show promising experimental results (Table 3). In genetically 
engineered Langendorff perfused mouse hearts, W7 and KN-93 suppressed VTs in almost all 
mice. However, W7 appeared to prolong APD to a higher degree than KN-93 which renders the 
use of the more specific inhibitor KN-93 favourable in this setting.56 In Langendorff perfused 
rat hearts, KN-93 effectively suppressed ventricular fibrillation (VF) without affecting APD57, 
and also lowered the incidence of premature beats occurring after ischaemia reperfusion 
interventions.58 Similarly, VF induced by angiotensin II was prevented by KN-93 in 75% of the 
hearts.59 Furthermore, KN-93 also prevented the occurrence of EADs in Langendorff perfused 
rabbit hearts60, while W-7 decreased EAD as well as TdP incidence, even though W-7 was not 
able to counteract the sotalol-induced APD prolongation.61

 Looking at intact animal studies, CaMKII inhibition by KN-93 was able to prevent isopro-
terenol-induced arrhythmias62, as well as in other experimental setups in mice, such as aortic 
banding , where KN-93 also proved to be successful in preventing VTs.63 In rabbits, pretreat-
ment with W-7 prevented methoxamine-induced TdP64, 65, and had no undesirable effects on 
haemodynamics.65 In CAVB dogs, W-7 was successful in terminating dofetilide-induced TdP in 
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the majority of dogs.66 Given its antiarrhythmic potency, the minimal effects on APD and the 
fact that haemodynamics were virtually unaffected, CaMKII inhibition might be a favourable 
approach when compared with the old antiarrhythmic strategies. 

Table 3. KN-93 effects on ion currents in cardiomyocytes and overview of antiarrhythmic experiments with CaMKII 
inhibitors W7 and KN-93. 

Target Action Model Dose Block Author
Ica Inhibition Rabbit 

cardiomyocytes
1 μM 41% Anderson et al. 

199860

IK Inhibition HEK cells 
overexpressing 
Kv1,5

3 μM 50% Rezazadeh et al. 
200691

Model Inhibitor Inhibitor 
administration

Dose Effect Author

In vivo animal 
model (mdx 
mice)

KN-93 After challenge 1 μM VT incidence ↓ 
in presence of 
KN-93 
(7/14 → 2/14)

Ather, 201392

CAVB dog 
(dofetilide 
induced)

W7 After challenge 18.87 mg/kg/5 
min

Abolished 
almost all TdPs

Bourgonje et al., 
201266

Langendorff 
perfused rat 
heart (AngII 
induced 
arrhythmia)

KN-93 Prior to 
challenge

2 μM VF incidence ↓ 
in presence of 
KN-93 
(4/4 → 1/4) 

Bapat et al., 
201259

Langendorff 
perfused rat 
heart

KN-93 Prior to 
challenge

2.5 μM Incidence of 
premature beats 
↓ (71.5%)

Said et al., 201158

Langendorff 
perfused rat 
heart (glycolytic 
inhibition 
induced 
arrhythmia)

KN-93 Prior to and 
after challenge

1 μM Incidence of VT/
VF ↓ 
(6/6 → 4/9)

Morita et al., 
201157

Whole animal 
(mouse RyR2-
S2814D knock 
in and aortic 
banding)

KN-93 Prior to 
challenge

30 μmol/kg Incidence of VT 
↓ (6/12 → 0/12)

Lui et al., 201163

Whole animal 
(heart failure 
mouse, iso 
induced 
arrhythmia)

KN-93 Prior to 
challenge

20 μmol/L/kg Incidence of 
arrhythmias ↓ 
(5/6 → 0/4)

Sag et al., 200962

Langendorff 
perfused rabbit 
heart

W7 Co-
administration 
with challenge

20, 50, 100 μM EAD incidence ↓ 
(9/9 à 1/9)
TdP incidence ↓ 
(7/9 → 1/9)

Pu et al., 200561

Late inward sodium current
The total inward sodium current is composed of a peak and late component and is provid-
ed through voltage-gated Na channels in the sarcolemma, which are rapidly activated and 
inactivated. Under physiological conditions, the INa-Late has a much smaller amplitude than 
peak INa. Under pathological circumstances, however, the INa-Late can be elevated up to 5 times, 
and substantially affect total INa leading to accumulation of Na+ in the cytosol.67 On its own, 
increased [Na+]i leads to APD prolongation, and by pushing NCX in the reverse mode it can 
lead to increased [Ca2+]i, and triggered arrhythmias. 

Late inward sodium current inhibition
Due to its previously described role in arrhythmias, inhibition of INa-Late is a topic of interest 
because it can possibly prevent EAD and DAD triggered activity. Ranolazine is a well-known 
inhibitor of INa-Late but its actions are not restricted to this channel as it evokes multiple other 
effects (Table 4). In Table 5, we have listed its antiarrhythmic properties. In Langendorff per-
fused guinea pig hearts, ranolazine abolished and prevented ATX-II induced (pro) arrhythmic 
features on APD, EADs and VTs in the ‘LQT-3 syndrome’.68 In guinea pig isolated ventricular 
myocytes, ranolazine was able to counteract the arrhythmic effects, such as APD prolongation 
and subsequent EAD formation.69, 70 In canine wedge preparations, ranolazine also effectively 
prevented TdP and EADs,71 and in rats it showed various antiarrhythmic properties.72-74 Even 
in clinical trials, ranolazine showed its capability of reducing arrhythmic events.75 Ranolazine 
is already being prescribed to treat patients with chronic angina and, importantly, in a clinical 
trial a significant decrease in the occurrence of ventricular arrhythmias was observed com-
pared to controls.75 
 Recently, data have been published which suggest that sophocarpine also possesses 

AV: atrioventricular node; TdP: torsades des pointes; AngII: angiotensin II; VT: ventricular tachycardia; VF: ventricular 
fibrillation; iso: isoproterenol; EAD: early after depolarisation; pVT polymorphic VT.

Langendorff 
perfused mouse 
heart

W7, KN-93 After challenge W7: 25 µM KN-
93: 2 μM

W7: pVT 
incidence ↓
(7/11 à 1/11) KN93: 
pVT incidence ↓
(5/8 → 1/8) 

Kirchhof et al., 
200456

In vivo 
animal model 
(Methoxamine 
rabbit model)

W7 Prior to 
challenge

50 μM/kg TdP incidence ↓ 
(12/14 → 1/11)

Gbadebo et al. 
200264

In vivo 
animal model 
(Methoxamine 
rabbit model)

W7 Prior to 
challenge

25, 50 μM/kg TdP incidence ↓ 
(6/8 → 1/7)

Mazur et al., 
199965

Langendorff 
perfused rabbit 
heart

KN-93 Prior to 
challenge

0.5 μM EAD Incidence ↓ 
(8/8 → 4/10)

Anderson et al., 
199893
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Table 4. Ranolazine effects on ion currents in cardiomyocytes.

Target Action Model Dose Block Author
Late INa Inhibition Canine wedge 

preparations 
6 μmol/L 50% Antzelevitch 

200471

Late ICa Inhibition Canine wedge 
preparations

2-6 μmol/L 25-30% Antzelevitch 
200471

Iks Inhibition Canine wedge 
preparations

30 μmol/L 17% Antzelevitch 
200471

INa-Ca Inhibition Canine wedge 
preparations

50 μmol/L 50% Antzelevitch 
200471

Ikr Inhibition Canine wedge 
preparations

12 μmol/L 50% Antzelevitch 
200471

Table 5. Late Ina inhibition and antiarrhythmic properties.

Model Inhibitor Inhibitor 
Administration

Dose Effect Author

Langendorff 
perfused rat 
hearts (rapid 
pacing induced 
VF and oxidative 
stress induced 
VF)

Ranolazine Prior to 
challenge

10 μM Pacing induced 
VF shortening
>3min à 12±6s
Oxidative stress 
induced VF 
termination and 
suppression

Morita, 2011 74

Transgenic 
CaMKII mice 
papillary 
muscles

Ranolazine After challenge 5 μmol/L Termination 
of premature 
arrhythmogenic 
contractions

Sossalla, 2011 94

CAVB dog, 
dofetilide 
induced

Ranolazine After challenge 4 mg/kg/0.5 min 
+ 0.225 mg/kg/
min

TdP episodes ↓ 
10 à 3 

Antoons 201095

In vivo animal 
model (rats 
I/R induced 
arrhythmias 
and ischemia 
induced 
arrhythmias

Ranolazine After challenge 
(I/R)
Prior to 
challenge (I)

10 mg/kg iv 
bolus (I/R)
2, 6, 10 μM 
(I and I/R)

Sustained VT 
incidence ↓
9/12 vs. 1/11 (I/R)
VF incidence ↓
10/12, 8/12, 5/10, 
4/12 (control, 
2, 8, 10 μM 
Ranolazine 
resp.)

Dhalla, 2009 72

Clinical trial Ranolazine Prior to 
challenge

Reduced the 
incidence of VT 
vs placebo

Scirica, 2007 75

Rabbit and 
guinea pig 
isolated 
ventricular 
myocytes H2O2 

challenge 

Ranolazine After challenge 10 μM Suppression 
of APD 
prolongation 
and EAD 
formation

Song, 2006 69

Canine 
myocytes of 
normal and HF 
dogs

Ranolazine After challenge 5, 10, 20 μM Shortening 
of APD and 
suppression of 
EADs

Undrovinas, 
2006 96

Langendorff 
perfused guinea 
pig hearts. 
ATX-II induced 
arrhythmias

Ranolazine Both 5 μM Ranolazine 
abolished 
ATX-II induced 
EADs/VTs and 
prevented 
ATX-II induced 
EADs/VTs in 
pretreated 
hearts

Wu, 2004 68

Langendorff 
perfused rat 
hearts I/R ATX-II 
challenge 

Ranolazine Prior to 
challenge 

4 μM, 9 μM in 
perfusate 

Reduced Ca2+ 
overload and 
LV mechanical 
dysfunction

Fraser, 2006 73

Isolated 
canine wedge 
preparations, 
M cells and 
Purkinje fibres

Ranolazine Prior to 
challenge

1-100 μmol/L Abolished TdP 
and EADs

Antzelevitch, 
2004 71

Isolated guinea 
pig ventricular 
myocytes – ATX-
II challenge

Ranolazine After challenge 0.1 - 30 μmol/L Reduced ATX-II 
induced EADs

Song, 2004 70

Canine Purkinje 
fibres E-4031, 
ATX-II and 
high Ca + 
isoproterenol 
induction

GS-967 After challenge 30 nM / 100 nM EAD and DAD 
incidence ↓ EAD 
4/4 → 2/5 → 0/5 
(E-4031) EAD 
4/4 → 1/4 → 0/4 
(ATX-II)
DAD 4/4 → 2/4 
→ 0/5 (high Ca + 
isoproterenol

Sicouri et al. 
2013 77

Langendorff 
perfused rabbit 
heart ATX-II 
and E-4031 
induction

GS-967 After challenge 100 and 600 
nmol/L (ATX-II 
and E-4031 
resp.)

Incidence of 
VT ↓ 6/11 → 0/11 
(ATX-II) 5/5 → 
0/5 (E-4031)

Belardinelli et al. 
201378

In vivo animal 
model (rabbits 
clofilium/ 
methoxamine 
and ischaemia 
induced

GS-967 Prior to 
challenge

60 μg/kg bolus 
+ 16 µg/kg/min 
(clofilium)
15 µg/kg + 4 
µg/kg/min 
(ischaemia)

Incidence VT 
↓ 5/6 à 1/6 
(clofilium) 
5/10 → 2/8 
(ischemia)

Belardinelli et al. 
201378

Langendorff 
perfused guinea 
pig heart 
isoprenaline 
induction

Sophocarpine After challenge 300 μmol/L incidence VT 
↓ 6/6 → 0/6

Yang et al. 201197

EAD: early afterdepolarisation. TdP: torsade de pointes arrhythmia. I/R: ischaemia reperfusion model. VT: ventricular 
tachycardia. A H2O2 challenge mimics oxidative stress.
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INa-Late inhibiting potency next to its effect on other currents (IKr, ICa).76 GS-967 is another new 
compound that is proposed to inhibit late INa,late specifically (it affects peak INa and IKr only 
weakly at much higher doses). This new compound has been tested in animal models with 
positive findings77, 78, which makes it an interesting and potentially antiarrhythmic compound 
for future testing in a clinical setting. 

Conclusion
Old antiarrhythmic strategies, though proven clinically effective, have important drawbacks 
such as negative haemodynamic effects and a small safety margin, thereby prohibiting the 
use of higher dosages.21 To improve specificity and efficacy of pharmacological intervention, 
there is a continuous quest for new pharmacological targets. Calcium handling within the 
cardiomyocytes is such an important target since disturbed calcium handling has a mala-
daptive and dual effect that leads to both an increased propensity to develop arrhythmias 
and to induction of contractile dysfunction. In the current study we have reviewed the recent 
investments made to target NCX, RyR, CaMKII and the late sodium current, all being involved 
in proarrhythmia due to disturbed calcium handling. Figure 5 provides a schematic overview 
of the current knowledge regarding the potency and potential efficacy of drugs affecting these 
new antiarrhythmic targets.
 NCX - So far, blocking of NCX, using SEA-0400, appears to be neutral on inotropy due 
to the counteracting effects of i) anticipated positive inotropy by NCX block alone and ii) 
negative haemodynamics by its additional inhibition of LTCC.28, 66 Taking into account that 
this compound is possibly totally specific for NCX, it shows a neutral haemodynamic effect 
but so far did not prove to be antiarrhythmic in all experimental studies. The pharmacological 
industry has no plans for further exploration in this direction and therefore the future of this 
drug as an antiarrhythmic agent is uncertain. Development of new NCX blockers is, however, 
foreseen and could become tools for future clinical applicability.
 RyR - The antiarrhythmic potential of RyR block remains debatable, as positive results 
of K201 are scarce and counteracted by negative results (Table 2). Together with the possible 
proarrhythmic effects at the high dosage that is required for treatment of atrium fibrillation, 
the lack of convincing antiarrhythmic results, and various effects on other ion currents, K201 
may not be the best suitable future antiarrhythmic agent. For this reason, development of a 
more selective inhibitor is required to assess its antiarrhythmic properties. 
 CaMKII - In Table 3, studies on CaMKII inhibition using either W-7 or KN-93 in intact 
animals and Langendorff perfused hearts are summarised, mostly showing a profound 
antiarrhythmic effect of the drugs. Also in various experimental settings using isolated cardi-
omyocytes, the antiarrhythmic properties of CaMKII inhibition are readily observed.66, 79 Ad-
ditionally important, blocking CaMKII provides antihypertrophic effects and maintenance of 
LV function.1 The clinical use of W-7 and KN-93 is still under consideration. The currently used 

and obviously attractive drugs are not completely target specific, and long-term inhibition of 
CaMKII with these drugs induces neurotoxicity 80 which makes them less favourable.81 Current 
development of new entities by several industries is expectantly awaited by the scientific 
community. 

Figure 5: Schematic overview of experimental approaches that have been performed to test efficacy and 
antiarrhythmic potency of drugs targeting NCX, RyR, CamKII and late INa. References are stated behind the model. S 
stands for suppressive, P stands for preventive. * Indicates papers in which no plasma concentration was measured. 
† Indicates model in which proarrhythmic events were observed.
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 Late INa inhibition - The use of ranolazine has also shown positive results: prevention and 
suppression of EADs, and VT/VF in several experimental approaches. Important aspect is that 
the drug is already registered and clinically applicable. Its antiarrhythmic efficacy is not com-
plete, which opens the road for improvement using this approach. In this line of intervention, 
promising new drugs such as sophocarpine and GS-967 are being investigated. 
 Overall, regardless of the current possibilities for pharmacological interventions, it is 
clear that new strategies will be welcome to prevent SCD due to arrhythmias. The new targets 
discussed here prove to be interesting strategies for the future and provide food for thought. 
Obviously, more research with respect to the long-term effects of chronically blocking each of 
the discussed targets is essential before research can proceed to a more clinical setting. 
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Abstract
Background: In healthy hearts, ventricular gap junctions are mainly composed by connex-
in43 (Cx43) and localize in the intercalated disc, enabling appropriate electrical coupling. In 
diseased hearts, Cx43 is heterogeneously down-regulated, whereas activity of calmodulin/
calcium-calmodulin protein kinase II (CaM/CaMKII) signaling increases. It is unclear if CaM/
CaMKII affects Cx43 expression/localization or impulse propagation. 

Methods and results: AC3I mice with CaMKII genetically inhibited were subjected to 
pressure overload (16 weeks, TAC vs. sham). Epicardial mapping was performed on Langen-
dorff-perfused AC3I hearts. Cx43 subcellular distribution from mouse ventricles was evaluat-
ed by immunoblot after Triton X-100-based fractionation. In mice with constitutively reduced 
CaMKII activity (AC3I), conduction velocity (CV) was augmented (n = 11, p < 0.01 vs. WT). In 
AC3I, CV was preserved after TAC, in contrast to a reduction seen in TAC-WT mice (220%). 
Cx43 expression was preserved after TAC in AC3I mice, though arrhythmias and fibrosis were 
still present. 

Conclusion: Changes in investigated parameters between AC3I sham and TAC operated 
animals were compared to changes found upon TAC surgery in WT animals (identical genetic 
background, identical follow-up period) from recently performed studies. Chronic CaM/
CaMKII inhibition improves conduction characteristics and enhances localization of Cx43 in 
the intercalated disc. In the absence of fibrosis, this reduced the susceptibility for arrhythmias. 

Keywords: Calmodulin, CaMKII, connexin43, conduction velocity, arrhythmogenicity 

Introduction
Normal cardiac conduction of electrical excitation is essential for the synchronous beating 
of the heart. This electrical conductivity includes active conduction due to sodium channel 
activation (depolarization) and passive conduction through gap junction channels, which 
propagate the electrical charge from one cell to the other. In ventricular tissue, connexin43 
(Cx43) is the major component of gap junction channels, and sodium channels mainly consist 
of the alpha-subunit protein NaV1.5. Reduced expression and heterogeneous redistribution of 
Cx43 channels in the heart, as well as lateralization, negatively modify the conductivity of 
cardiac tissue in diseased hearts and enhance the susceptibility for arrhythmias.1–3 Besides 
Cx43 mislocalization, disturbed NaV1.5 expression and localization, and increased cardiac 
fibrosis are contributing factors,2,4 which often act in combination.
 Calmodulin (CaM) and the multifunctional Ca2+  and calmodulin-dependent protein 
kinase II (CaMKII) are involved in cardiac arrhythmias, both in drug-induced arrhythmia mod-
els,5,6  and in CaMKII overexpression animal models.7,8  The available evidence suggests that 
CaM/CaMKII activation leads to arrhythmias via three potential mechanisms: i) it can directly 
phosphorylate ion channels, thereby altering their function in a proarrhythmic manner9;  ii) 
prolonged CaMKII activation gives rise to changes in ion channel expression patterns, named 
electrical remodeling10; and iii) long-term CaMKII activation ultimately culminates in cardiac 
hypertrophy, heart failure,11–13 apoptosis of cardiomyocytes, and fibrosis formation,14  which 
may provide the substrate of reentry-based arrhythmias.
 There are several studies showing an interaction between CaM/CaMKII and Cx43: i) Cx43 
has a CaM binding site to regulate the gating of Cx43-mediated gap junction channels15,16; ii) 
CaM inhibition by W7 prevented Ca–CaM complex-induced impairment of gap-junctional 
conductance17; and iii) bepridil, which has CaM inhibiting activity, increased the intercellular 
electrical coupling, and terminated reentry-based arrhythmias.18  These studies suggested 
but did not directly test the hypothesis that CaM and CaMKII can influence the conductive 
properties of the myocardium via modulation of Cx43.
 We hypothesized that CaM/CaMKII has not only a direct effect on Cx43 channels by 
regulating its gating properties but also has an indirect effect by modifying their expression, 
or subcellular localization in the intercalated disc. To approach this issue, we investigated 
the effect of chronic CaMKII inhibition on Cx43 localization, conduction velocity (CV), and 
arrhythmogenesis in a murine model of chronic pressure overload.
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Methods 
Animals 
Mice with cardiac specific expression of autocamtide-3 related peptide (AC3I) were provided 
by Dr. Anderson, The University of Iowa, USA.  AC3I is an effective CaMK-II inhibitor. Mice 
were bred in a C57BL/6 background. To evaluate the chronic effect of CaMK-II inhibition, AC3I 
mice (age three months, both sexes) were subjected to the experiments. All experiments were 
approved by the institutional ethical committee for animal experiments of the UMC Utrecht. 
Changes in investigated parameters between AC3I sham and TAC operated animals were 
compared to changes found upon TAC surgery in WT animals (identical genetic background, 
identical follow-up period) from recently performed studies.2,3 

Experimental set-up
The experiment started with a transverse constriction of the aorta (TAC) (N=11), or sham 
surgery for the control group (N=11). Procedures were conducted as previously described.2,3 
Mice were anesthetized with isoflurane (1.5%, in oxygen), intubated with a polyethylene cath-
eter and ventilated with a rodent ventilator (Minivent, Hugo Sachs Electronics, Germany). 
A small incision in the second intercostal space was used to reach the aorta. Constriction 
was performed by tying a silk suture around the aorta together with a 27-gauge needle, after 
which the needle was subsequently removed. This final procedure never took more than 12 
seconds. Sham animals received the same surgery, but without aortic constriction. Effectivity 
of the constriction was confirmed by Doppler echocardiography (average pressure gradient: 
63±16mmHg). Sixteen weeks after the surgery, subsequent measurements were performed, 
consisting of cardiac echo and ECG under anesthesia in vivo, epicardial mapping ex vivo, and 
histology in vitro.

Electrocardiogram and echocardiography
In anesthetized mice (1.5% isoflurane), a 3 lead ECG was recorded on a custom-built ECG-am-
plifier and analyzed off-line using Chart 5 Pro (AD Instruments). Echocardiography was per-
formed immediately after ECG analysis, to determine functional and structural characteristics 
(digital cardiac ultrasound platform, SONOS 5500, Philips Medical Systems). 

Langendorff perfusion and epicardial mapping
After the in vivo measurements, the heart was excised and connected to a Langendorff perfu-
sion set-up.  Perfusion buffer contained (in mM) NaCl 226, KCl 5, MgSO4 1.1, NaH2PO4 0.35, Na 
HCO3 27, glucose 10, mannitol 16 and CaCl2 1.8, which was carbogen-gassed and kept at 37ºC. 
A multi-electrode 16x13 grid was placed on the epicardial surface of the heart. Stimulation 
was performed from the center of the grid (2x stimulation threshold). Assessment of arrhyth-

mias was performed in three steps, i) spontaneous arrhythmias, ii) arrhythmias induced by 
a 16-paced train (at BCL 100ms) followed by 1~3 premature stimuli close to the effective 
refractory period, iii) arrhythmias induced by 2-s burst pacing with the shortest possible cycle 
length. Analysis of conduction velocity was done off-line. The maximal negative dV/dt on 
the unipolar electrogram was defined as the time of activation. If in doubt, a laplacian was 
used to determine whether a signal was local or remote (a laplacian that is first positive and 
then negative implies a passing wave front, thus a local signal, whereas remote signals should 
almost disappear on a laplacian). The combined activation times of the electrodes allowed 
to generate an activation map, which could subsequently be used to determine conduction 
velocities. All measurements were determined with custom written software based on Matlab 
(The MathWorks Inc.). 

Immunohistochemistry and Western blot
Hearts were removed from the Langendorff apparatus, snap-frozen in liquid nitrogen, and 
stored at -80ºC. Four-chamber view cryo-sections were generated for immunomicroscopy in 
order to assess subcellular distribution of Nav1.5 and Cx43. Nav1.5 was labeled with a cus-
tom-made antibody kindly provided by Dr. Hund (Biomedical Engineering, Columbus, USA), 
and Cx43 was labelled with a commercially available antibody (Invitrogen, USA or Millipore, 
USA). At least 5 photos per ventricle were taken for every heart, divided over sections differing 
in depth of the plane of sectioning. For fibrosis detection, cryosections were fixed with 4% 
paraformaldehyde and stained by Picrosirius Red. Analysis was performed on at least four 
hearts per group and four pictures per heart. Analysis was done in ImageJ and microscopy 
was performed by a Nikon Eclipse 80i. For Western blot analysis the frozen tissue was treated 
with radioimmunoprecipitation buffer (10mM Tris-HCL, 150 mM NaCl, 1% triton X-100, 0,1% 
sodium dodecyl sulfate (SDS), and 0,5% sodium deoxycholate, pH 7,4). Total protein samples 
were separated on a 10% SDS gel and transferred on a nitrocellulose membrane, which was 
subsequently blocked using 5% milk and incubated with a mouse monoclonal anti-Cx43 an-
tibody (BD Transduction laboratories). Detection of the primary antibody was performed by 
a secondary antibody directed against mouse IgG and was visualized using an ECL detection 
kit (GE healthcare). Fractionation of total protein in Triton X-100 soluble proteins (non-junc-
tional fraction: cytoplasmic Cx43 on its way to the plasma membrane, Cx43 in the plasma 
membrane as undocked connexons, and Cx43 being processed for degradation), and Triton 
X-100 insoluble proteins (junctional fraction: Cx43 in the docked connexons of gap-junctional 
plaques), was based on the Triton X-100 extraction method as previously described.19

Statistical analysis
Results are shown as means ± standard error of the mean (SEM). Statistics were performed 
by one-way/two-way ANOVA with a post-hoc test (Tukey’s HSD) or Student’s t-test when 
appropriate. Differences are considered significant if p < 0.05. Due to the historical origin of 
the WT data, we compared sham vs TAC data of WT and AC3I mice separately.
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Results
Structural cardiac remodelling and functional dete-
rioration after pressure overload is not prevented by 
chronic CaMKII inhibition
After chronic pressure overload, wild type mice developed hypertrophy due to structural 
cardiac remodeling. This was manifested by the increase in heart weight corrected for tibia 
length from 80 mg/cm in sham animals to 143 ± mg/cm in TAC animals (p < 0.05, Table 1). This 
increase was also observed in AC3I mice: 89 mg/cm after sham to 142 mg/cm after TAC (p < 
0.05, Table 1), indicating that AC3I did not prevent hypertrophy after trans-aortic constriction. 
Echocardiographic findings supported these data as is shown by a significantly increased 
diastolic- and systolic interventricular septal thickness, diastolic and systolic LV internal 
diameters, and diastolic and systolic LV posterior wall thickness in wild type and AC3I mice, 
as is shown in Table 1. Fractional shortening in wild type mice was decreased, reflecting a 
decrease in cardiac contractility (47.2% in sham to 32.7% in TAC, p < 0.01), while this was also 
the case in the AC3I mice (48.4% in sham to 35.8% in TAC, p < 0.01, Table 1). 

Electrical remodelling of contributing molecular de-
terminants is prevented in AC3I mouse hearts but this 
does not prevent arrhythmogenesis 
TAC surgery in wild type mice lead to a significant slowing of conduction in the LV in both 
the longitudinal and transversal direction (LV CVL 70,4 ± 2.1 cm/s to 62.1 ± 2.4; LV CVT 35.5 ± 
1.8 cm/s to 30.6 ± 1.7 cm/s). Comparable reductions were also found in the RV (RV CVL 71.5 
± 2.3 cm/s to 60.0 ± 1.5; RV CVT 42.2 ± 2.1 cm/s to 36.3 ± 1.9 cm/s) as is expressed in Table 2, 
Figure 1A, B, C and D. In AC3I mice this decrease in conduction velocity after chronic pressure 
overload was prevented both in the LV (LV CVL 79.7 ± 4.4 cm/s to 86.2 ± 2.5; LV CVT 60.0 ± 2.5 
cm/s vs 53.5 ± 3.5 cm/s) and the RV (RV CVL 74.6 ± 3.8 cm/s vs 80.7 ± 4.3; RV CVT 55.1 ± 3.7 
cm/s vs 49.6 ± 7.1 cm/s), suggesting a repression of electrical remodellingby chronic CaMKII 
inhibition. Notably, the CVs at baseline seemed to be higher in AC3I animals when compared 
to WT. Electrocardiography in WT mice showed an increase in QRS, QT, and QTc duration 
whereas AC3I mice only show an increase in QRS duration (Table 2). Although conduction 
characteristics were preserved in the AC3I mice, there was no reduction in arrhythmia inci-
dence (4/11, Fig 1E-G) compared to the WT mice studied by Jansen et al. (2/11),2 and Boulaksil 
et al. (8/18).3 Arrhythmias were burst pacing-induced, polymorphic, and sustained (>15 beats) 
as is exampled in Figure 1E and 1G.

Values are mean ± SEM. TAC, transverse aortic constriction; N, number of animals; HW/BW, heart weight to body 
weight ratio; HW/TL, heart weight to tibia length ratio; IVSd and IVSs, diastolic and systolic interventricular septal 
thickness, respectively; LV, left ventricle; LVIDd and LVIDs, LV diastolic and systolic internal diameters, respectively; 
LVPWd and LVPWs, LV diastolic and systolic posterior wall thickness, respectively; LVOT, LV out flow tract; LA, left 
atrium. *p < 0.05, ** p < 0.001 vs. sham. No statistics were performed on WT vs AC3I groups.

Table 1. Tissue characteristics and echocardiographic measurements of sham- and TAC operated WT and AC3I mice.

WT AC3I

  SHAM TAC SHAM TAC

N 12 11 11 11

Organ weights        

  Body weight (g) 25.0 ± 1.2 29.0 ± 1.5 * 27.9 ± 1.1 28.6 ± 1.3

  Heart weight (mg) 142.4 ± 10.5 261.9 ± 21.2 ** 162.6 ± 9.6 235.9 ± 17.2 **

  HW/BW (mg/g) 5.77 ± 0.21 9.00 ± 0.55 ** 5.97 ± 0.40 8.29 ± 0.42 **

  Tibia length (cm) 1.80 ± 0.01 1.83 ± 0.01 * 1.84 ± 0.02 1.76 ± 0.09

  HW/TL (mg/cm) 79.8 ± 6.1 143.0 ± 11.7 ** 88.8 ± 5.2 142.1 ± 17.2 *

  Liver weight (g) 1.07 ± 0.08 1.23 ± 0.09 1.21 ± 0.06 1.21 ± 0.08

  Lungs weight (g) 0.17 ± 0.01 0.21 ± 0.02 * 0.18 ± 0.01 0.21 ± 0.01 **

Echocardiography        

  IVSd (mm) 0.06 ± 0.001 0.07 ± 0.003 ** 0.05 ± 0.001 0.07 ± 0.001 **

  LVIDd (mm) 0.31 ± 0.01 0.38 ± 0.03 0.32 ± 0.01 0.37 ± 0.02 *

  LVPWd (mm) 0.06 ±0.002 0.07 ± 0.003 ** 0.05 ± 0.001 0.07 ± 0.001 **

  IVSs (mm) 0.08 ± 0.003 0.10 ± 0.004 ** 0.07 ± 0.001 0.09 ± 0.001 **

  LVIDs (mm) 0.16 ± 0.01 0.26 ± 0.04 * 0.16 ± 0.01 0.24 ± 0.02 **

  LVPWs (mm) 0.08 ± 0.004 0.10 ± 0.01 * 0.07 ± 0.002 0.09 ± 0.002 
**

  Aortic root diameter (mm) 0.12 ± 0.004 0.14 ± 0.01 * 0.12 ± 0.01 0.15 ± 0.01 **

  LVOT diameter (mm) 0.10 ± 0.003 0.13 ± 0.01 * 0.11 ± 0.004 0.13 ± 0.003 **

  LA dimension (mm) 0.16 ± 0.01 0.23 ± 0.03 0.15 ± 0.01 0.18 ± 0.01 **

  Pressure Gradient 
  (mmHg)

4.0 ± 0.4 42.8 ± 2.9 ** 2.4 ± 0.2 65.7 ± 4.1 **

  Fractional Shortening (%) 47.2 ± 1.0 32.7 ± 3.2 ** 48.4 ± 0.8 35.8 ± 1.7 **
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Table 2. Electrocardiographic and electrophysiological measurements of sham- and TAC operated WT and AC3I 
mice.

Values are mean ± SEM. TAC, transverse aortic constriction; N, number of hearts; QTc, corrected QT interval 
using Bazett’s formula; LV and RV, left and right ventricles, respectively; CVL and CVT, longitudinal and transversal 
conduction velocity, respectively; AR, anisotropic ratio; ERP, effective refractory period; CV disp, dispersion of 
conduction velocity. *p < 0.05, ** p < 0.01 vs. sham. No statistics were performed on WT vs AC3I groups.

WT AC3I

  SHAM TAC SHAM TAC

N 10 9 11 11

Electrocardiography        

Heart Rate (bpm) 487.9 ± 20.9 578.8 ± 32.7 * 503.7 ± 25.8 536.7 ± 19.8

RR interval (ms) 125.7 ± 5.9 106.6 ± 6.6 * 122.5 ± 6.8 113.5 ± 4.6

PR interval (ms) 41.0 ± 1.2 39.4 ± 1.3 44.5 ± 1.1 47.1 ± 1.5

P duration (ms) 11.0 ± 0.3 11.3 ± 0.6 11.2 ± 0.2 11.2 ± 0.6

QRS interval (ms) 11.0 ± 0.4 12.8 ± 0.6 ** 10.2 ± 0.3 11.4 ± 0.2 **

QT duration (ms) 48.9 ± 0.8 53.3 ± 1.6 * 49.4 ± 0.6 50.6 ± 2.0

QTc duration (ms) 43.9 ± 0.8 51.9 ± 1.2 ** 45.0 ± 1 47.5 ± 1.7

Electrophysiology        

LV CVL (cm/s) 70.4 ± 2.1 62.1 ± 2.4 ** 79.7 ± 4.4 86.2 ± 2.5

LV CVT (cm/s) 35.5 ± 1.8 30.6 ± 1.7 * 60.0 ± 2.5 53.5 ± 3.5

RV CVL (cm/s) 71.5 ± 2.3 60.0 ± 1.5 * 74.6 ± 3.8 80.7 ± 4.3

RV CVT (cm/s) 42.2 ± 2.1 36.3 ± 1.9 * 55.1 ± 3.7 49.6 ± 7.1

LV AR (CVL/CVT) 1.98 ± 0.09 2.00 ± 0.15 1.34 ± 0.08 1.67 ± 0.17

RV AR (CVL/CVT) 1.70 ± 0.08 1.68 ± 0.10 1.37 ± 0.05 1.75 ± 0.20

LV ERP (ms) 57.50 ± 6.75 73.33 ± 5.27 57.8 ± 3.6 50.0 ± 3.0

RV ERP (ms) 58.00 ± 7.42 68.75 ± 8.75 44.5 ± 3.9 41.8 ± 3.0

LV CV Disp index 1.11 ± 0.11 1.43 ± 0.21 1.56 ± 0.18 1.59 ± 0.14

RV CV Disp index 0.81 ± 0.14 1.36 ± 0.12 ** 1.28 ± 0.22 1.40 ± 0.22

Figure  1. CV and VTs induced in perfused TAC-operated mouse hearts. A, B, C, and D) CV in longitudinal and 
transverse directions measured by epicardial mapping on the left ventricle (LV) and right ventricle (RV), respectively. 
Sham and TAC AC3I mice were compared with historical data of sham and TAC-WT mice (Jansen 2012). Please note 
that the CV reduction in WT TAC is not present in AC3I TAC mice. *p < 0.05, ** p < 0.01 (general experiments per 
group: 6–7). E) Representative epicardial electrogram of a polymorphic VT induced by pacing in TAC AC3I mice. 
Asterisks (*) indicate the last 5 burst-paced (cycle length 40 ms) complexes. F) Comparison of the VT incidence 
in TAC AC3I mice with TAC-WT mice from our previous studies (Boulaksil 2010, Jansen 2012). Numbers in the bars 
indicate the amount of positive VT hearts over group size. G) Activation maps from four numbered VT complexes 
indicated in the epicardial electrogram in C. Black isochronal lines of activation are 1 ms apart. Red colour represents 
the earliest activation time and blue colour the latest.
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Molecular remodelling during chronic CaMKII inhibition 
in AC3I hearts
In WT mice Cx43 immunoreactivity decreased upon pressure overload compared to sham 
operated mice.2 However, the total amount of Cx43 expression was not changed in TAC AC3I 
hearts when compared with sham AC3I hearts as shown both by immunohistochemistry 
(Figure 2 A and B) and Western blot (Figure 2C and D). Additionally, there was no significant 
difference in total Cx43 from chronic CaMKII inhibition of sham AC3I hearts compared with 
sham mouse hearts from the same C57BL/6 background (Figure 2C and D). Interestingly, the 
Triton X-100 insoluble Cx43 level was significantly increased after CaMKII inhibition in sham 
AC3I when compared with control hearts (2.5 ± 0.2 vs. 1.0 ± 0.2, p < 0.05), which was even 
further increased after TAC AC3I (2.5 ± 0.2 vs. 3.7 ± 0.3, p < 0.05, Figure 2E and F). Similar to our 
measurements of total Cx43, there was no change in total NaV1.5 expression between sham 
and TAC AC3I hearts, or when compared with control hearts as assessed by immunohisto-
chemistry (Figure 2G and H) and Western blot (Figure 2I and J). Fibrosis did show profound 
changes when assessed through Picrosirius Red staining. AC3I mice displayed areas of patchy 
fibrosis after TAC, and total fibrosis levels were significantly increased, by a factor of four, 
when compared to sham (p < 0.05, Figure 2K and L). The findings concerning fibrosis resem-
bled findings in WT mice where TAC surgery also lead to an increased fibrosis deposition.2 

Discussion
The central question of this research project was to directly determine whether the CaM/
CaMKII pathway regulated CV, subcellular distribution of Cx43 levels and arrhythmogenesis. 
We discovered that i) conduction characteristics improved and the level of Triton X-100 
insoluble Cx43 (in the intercalated disc) was increased by chronic CaMKII inhibition in AC3I 
transgenic mice; ii) chronic CaMKII inhibition prevented a TAC-induced reduction of CV (CV 
was even higher in sham AC3I compared to sham WT mice) and (Triton X-100 insoluble) Cx43 
expression in AC3I mice, failed to prevent structural and contractile remodelling, and had no 
suppressive effect on ventricular arrhythmias induced by programmed electrical stimulation.

CaMKII inhibition improves intercellular coupling and 
conduction velocity
Under physiological conditions, ventricular Cx43 protein localizes to the intercalated disc and 
forms gap junctions that enable cardiomyocytes to transfer excitability and small metabolic 
solutes. Total Cx43 protein expression was not affected by chronic CaMKII inhibition in 
transgenic AC3I mice hearts. However, the level of Triton X-100 insoluble Cx43 was increased 
as is shown in Figure 2. Thus, our findings support a view that the CaM/CaMKII pathway is 

Figure 2. Cx43 expression, Nav1.5 expression, and fibrosis in isolated sham- and TAC-operated AC3I mouse hearts 
compared with control mouse hearts from the same C57BL/6 background. A) Representative pictures of Cx43 
expression (red) in sham and TAC AC3I hearts. Scale bar represents 100 µm. B) Quantification of Cx43 immunolabelling 
exemplified in A. Western blots of Cx43 in total lysate (C) and in Triton X-100 insoluble fraction (E) with their 
respective Ponceau staining below. {indicates region of Cx43 immunoreactivity. D and F) Quantification of the blots 
(Cx43/Ponceau) represented in C and E, respectively. *p < 0.05; ** p < 0.01 (n= 3–4 per group). G) Representative 
pictures of Na1.5 expression (red) in sham and TAC AC3I hearts. Scale bar represents 100 µm. H) Quantification of Na1.5 
immunolabelling exemplified in G. I) Western blot of Na1.5 in total lysate and respective Ponceau staining below. J) 
Quantification of the blots (Na1.5/Ponceau) represented in I (n= 3–4 per group). Control samples (C, E, and I) were 
loaded on the same membrane as respective AC3I sham and TAC but were not adjoining (indicated by white line 
in between). K) Representative pictures of collagen in sham and TAC AC3I hearts. Scale bar represents 100 µm. L) 
Quantification of collagen exemplified in K. * p < 0.05 vs. sham AC3I. For quantification of (immuno)histological data, 
four pictures were taken from each heart, at least four hearts per group (B, H, and L).
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an important signal for controlling Cx43 localization and CV in myocardium. Because we did 
not find a change in total Cx43 expression in mice with a transgenic myocardial expression of 
AC3I, we speculate that CaMKII is involved in post-translational modification of Cx43 leading 
to an increased junctional positioning of this gap junction protein, or that protein turnover is 
affected by CaMKII leading to accumulation of Cx43 at the intercalated disc.
 CaMKII phosphorylation sites have been identified on Cx43,16 although the physiological 
implication of this finding is not yet known. In our chronic inhibition of CaMKII, we found 
no obvious differences between phosphorylated and non-phosphorylated Cx43 levels (as 
suggested by the upper and lower Cx43 bands, respectively, in AC3I sham vs. control groups 
of  Figure  2C  and  E). Beyond phosphorylation, it is possible that other post-translational 
modifications of Cx43 may be involved (e.g. ubiquitination, SUMOylation, nitrosylation, hy-
droxylation, acetylation, methylation, and γ-carboxyglutamation).20 
 To speculate, the observed increased coupling and junctional presence of Cx43 could 
possibly explain the increase in CV observed. We have demonstrated that chronic CaMKII in-
hibition in AC3I transgenic mice improved CVL and CVT under baseline conditions (Figure 1). 
When chronic pressure overload is induced through TAC surgery in WT mice, CV is generally 
decreased.2,3  Interestingly, upon 16 weeks of pressure overload in our transgenic AC3I mice 
of chronic CaMKII inhibition, CV and the Triton X-100 insoluble Cx43 levels were preserved. 
To the best of our knowledge, this is the first time that CaM/CaMKII is experimentally linked 
to regulation of cardiac CV. Loss of Cx43 distribution to the intercalated disc is an impor-
tant characteristic of heart failure that may contribute to abnormal excitation–contraction 
coupling and arrhythmia susceptibility. Our findings suggest that the CaM/CaMKII pathway, 
which is augmented in structural heart disease,21 might contribute to this pathological pheno-
type

CaMKII inhibition does not alter NaV1.5 protein levels 
Another factor that importantly adds to intercellular impulse propagation is the functionality 
of the sodium channel NaV1.5. NaV1.5 can be directly phosphorylated by CaMKII, which alters 
its gating properties resulting in an increased sodium current.22,23 Although this suggests that 
CaMKII inhibition could decrease sodium channel function, we found no difference in NaV1.5 
protein expression between normal and CaMKII-inhibited mouse hearts (Figure 2J). It is thus 
tempting to speculate that NaV1.5 expression is not contributing to the improved CV seen in 
AC3I mice at baseline and that enhanced CV is mainly dependent on increased gap-junctional 
coupling. Also, expression of NaV1.5 remained unchanged in TAC AC3I hearts when analyzed 
after 16 weeks of pressure overload. A recent study that used the same intervention to induce 
pressure overload showed an increase in NaV1.5 after 1 and 5 weeks of TAC.24 Furthermore, 
the authors of this study showed an increase in late sodium current that could be reversed by 
inhibiting CaMKII. This, however, most likely reflects an earlier phase of cardiac remodelling 
that is not comparable with the phase studied in our approach.

Antiarrhythmic effect of chronic CaMKII inhibition 
Previously, it was shown that enhancement of gap junction conductance caused a large reduc-
tion in the incidence of sustained VT by 58%, with an increase in CV of only 10%.25 Additionally, 
we also showed that reduced (and heterogeneous) expression of Cx43 increased the suscepti-
bility to cardiac arrhythmias.4 We investigated the potential antiarrhythmic effects of chronic 
CaMKII inhibition during pathological pressure overload by TAC surgery, as it has been shown 
that CaMKII activity is already increased after 1 week of TAC.26 Many studies have demonstrat-
ed that acute inhibition of CaMKII through application of the pharmacological agent KN93 has 
antiarrhythmic effects in different animal models.5,27,28 Although CV and Triton X-100 insoluble 
levels of Cx43 were increased in AC3I TAC hearts, against our expectations, chronic CaMKII 
inhibition did not reduce susceptibility to arrhythmias. We speculated that this discrepancy 
was due to the unattenuated presence of fibrosis, which is a major proarrhythmic substrate 
in diseased hearts.29 Besides fibrosis, mechanical remodelling due to increased LV wall stress 
and poor mechanical function may also contribute to the presence of arrhythmias.30 Although 
in our previous studies on WT TAC hearts the arrhythmias were reentry based,3,4 in AC3I TAC 
mice, we found no evidence of reentry-like activity. In fact, arrhythmias had a polymorphic 
nature suggesting a focal activity possibly starting from early afterdepolarizations.

Structural hypertrophy and fibrosis upon chronic pres-
sure overload
TAC surgery induced an increase in HW/BW, dilatation, an increased wall thickness and a 
reduced FS (Table 1). In contrast to the effects observed with regard to intercellular coupling, 
this mechanical and structural remodellingafter TAC was not prevented by chronic CaMKII 
inhibition (Table 1). In several studies, CaMKII has been reported as an important factor for 
the progression of cardiac hypertrophy and that CaM/CaMKII inhibition could rescue hearts 
from hypertrophy after 3–8 weeks of TAC.14,31,32  However, two recent independent studies 
using CaMKII knockout mice reported a similar level of hypertrophy compared with WT mice 
after 3 weeks of TAC.33,34 Nonetheless, these studies had opposite findings regarding fibrosis; 
Kreusser et al. showed prevention of fibrosis, while Cheng et al. showed a substantial increase 
in fibrosis compared with WT. We found that fibrosis remained present in our CaMKII inhi-
bition model of 16 weeks of TAC but did not compare hearts with CaMKII inhibition to WT 
controls. This discrepancy separating preservation of Cx43/NaV1.5 vs. increased fibrosis is new 
and of great interest. The most striking finding is that CV was improved compared with WT 
hearts, even in the presence of fibrosis after TAC surgery. The QRS interval prolongation after 
TAC was also not prevented by CaMKII inhibition, but this most likely can be explained by the 
increased cell size due to the observed hypertrophy, as was previously confirmed in a rabbit 
model.35
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Acute and chronic CaMKII inhibition in other experi-
mental models 
Upon acute inhibition of CaM (using W7) in isolated rabbit hearts we also found no increase 
in total Cx43 expression but an increase in Triton-X-100 soluble Cx43, indicating increased 
junctional expression in this model as well.36 These findings were again confirmed in isolated 
dog cardiomyocytes either treated with W7 or KN93 (CaM and CaMKII inhibitors, respec-
tively) while the functional consequences of this (suggested) enhanced intercellular coupling 
were proven in a model of cultured neonatal rat cardiomyocytes.36 In contrast to the findings 
in the chronic study described in this chapter, during acute blockade of CaMKII via blocking 
CaM by W7 there was an antiarrhythmic effect in isolated rabbit hearts. It was hypothesized 
that improved coupling and an increase in length of the functional block line were responsible 
for destabilizing spiral waves in this model.36 Notably, it should be stressed that because of the 
acute nature of these experiments no fibrosis formation was present in these models which 
substantiates the idea that fibrosis can be regarded as the causative factor responsible for the 
observed arrhythmogenesis in the AC3I mice. 

Study limitations 
We have speculated about NaV1.5 not contributing to the increased CV. However, this remark 
should be taken with caution since we only showed results for total NaV1.5 protein level. We 
attempted to evaluate the levels of NaV1.5 in Triton X-100 soluble and insoluble fractions by 
Western blot, but unfortunately this attempt proved unsuccessful.
 Since we took advantage of historical data for WT mice, we acknowledge the possibility 
that slight differences in the actual execution of the experiments, the equipment used, and the 
fact that the ones that performed the experiments were different might potentially have been 
of minor influence.

Conclusions
Chronic CaMKII inhibition improves conduction characteristics and enhances localization 
of Cx43 to the intercalated disc. However, this did not prove to be sufficient in preventing 
arrhythmias, possibly due to the persistent fibrosis deposition. These data suggest that CaM-
KII is a potential therapeutic target to reduce arrhythmia susceptibility via enhancement of 
intercellular electrical coupling, if fibrosis formation can be prevented.
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Abstract
Background: In the diseased and remodeled heart, increased activity and expression of 
Ca2+/calmodulin-dependent protein kinase II (CaMKII), an excess of fibrosis, and a decreased 
electrical coupling and cellular excitability leads to disturbed calcium homeostasis and tissue 
integrity. This subsequently leads to increased arrhythmia vulnerability and contractile dys-
function. Here we investigated the combination of CaMKII inhibition (using genetically mod-
ified mice expressing the autocamtide-3-related-peptide (AC3I)) together with eplerenone 
treatment (AC3I-Epler) to prevent electrophysiological remodeling, fibrosis and subsequent 
functional deterioration in a mouse model of chronic pressure overload. 

Methods and results: We compared AC3I-Epler mice with mice only subjected to miner-
alocorticoid receptor (MR) antagonism (WT-Epler) and mice with only CaMKII inhibition 
(AC3I-No). Our data show that a combined CaMKII inhibition together with MR antagonism 
mitigates contractile deterioration as was manifested by a preservation of ejection fraction, 
fractional shortening, global longitudinal strain, peak strain and contractile synchronicity. 
Furthermore, patchy fibrosis formation was reduced, potentially via inhibition of pro-fibrotic 
TGF-β/SMAD3 signaling, which related to a better global contractile performance and a 
slightly depressed incidence of arrhythmias. Furthermore, the level of patchy fibrosis appeared 
significantly correlated to eplerenone dose. 

Conclusion: The addition of eplerenone to CaMKII inhibition potentiates the effects of 
CaMKII inhibition on pro-fibrotic pathways. As a result of the applied strategy, limiting patchy 
fibrosis adheres to a higher synchronicity of contraction and an overall better contractile 
performance which fits with a tempered arrhythmogenesis.

Keywords: Heart failure, contractile performance, CaMKII, mineralocorticoid receptor antag-
onism, patchy fibrosis, echocardiography, strain analysis 

Introduction 
During cardiovascular pathology molecular changes can gradually affect cardiac function, 
eventually leading to heart failure. For the heart to function properly it needs sufficient elec-
tromechanical coupling between cardiomyocytes via gap junctions (in the ventricles mainly 
connexin 43, Cx43), substantial excitability of cardiomyocytes through the sodium channel 
(Nav1.5) and appropriate architectural stability provided by extracellular collagen type I and 
III. In the diseased and remodelled heart, the activity and expression of Ca2+calmodulin-de-
pendent protein kinase II (CaMKII) is elevated. This, together with an excess of fibrosis, and 
a decreased electrical coupling and cellular excitability, leads to reduced cardiac function via 
disturbed calcium homeostasis and architectural tissue integrity. 
 CaMKII is activated by binding of Ca2+/calmodulin (CaM) to the regulatory domain 
leading to a conformational change exposing the catalytic domain of CaMKII. During ep-
isodes of a sustained high cytosolic Ca2+ concentration, CaMKII can become constitutively 
active via autophosphorylation.1 Its targets involve various ion channels, with emphasis on 
calcium handling proteins within the cardiomyocytes. For example phosphorylation of the 
L-type calcium channel leads to slower inactivation, phosphorylation of phospholamban 
leads to dissociation from SERCA2a thereby increasing Ca2+ re-uptake in the sarcoplasmic 
reticulum, while  phosphorylation of the ryanodine receptor leads to more systolic Ca2+ release 
and diastolic Ca2+ leak.2 Although CaMKII initially initiates beneficial effects, sustained activity 
of CaMKII eventually triggers pro-arrhythmic electrical remodelling and leads to transcription 
of pro-hypertrophic genes inducing structural remodelling eventually leading to heart failure 
(HF). Therefore, CaMKII is considered as an interesting drug target in HF therapy.3,4 
 Approaches with acute CaMKII inhibition appeared antiarrhythmic in numerous animal 
studies. Indirect inhibition of CaMKII with W7 suppressed almost all torsade de pointes (TdP) 
in chronic AV block dogs (CAVB).5 W7 also prevented methoxamine-induced TdPs in rabbits, 
improved conduction velocity (CV) and reduced arrhythmogenicity in isolated perfused rabbit 
hearts.6–8 Furthermore, in various rat and mouse studies the antiarrhythmic potential of acute 
CaMKII inhibition was also observed (reviewed in9). With regard to contractile performance, 
acute CaMKII inhibition in mice subjected to 15 days of transverse aortic constriction (TAC) 
showed significant restoration of function.10 This was also found in mice which underwent 
TAC for 3 weeks and received pharmacological inhibition of CaMKII during the last week.10 
Furthermore, genetic deletion of CaMKII δ showed beneficial effects on function and struc-
tural remodelling after six weeks of pressure overload.11,12 However, another study showed that 
chronic CaMKII inhibition preserved conduction characteristics and Cx43 expression, but 
lacked anti-arrhythmicity and did not preserve function in mice that were subjected to long 
term TAC (namely 16 weeks). This was most likely the result of persistent fibrosis formation 
eventually disrupting the architectural integrity of the myocardium during this extended peri-
od of TAC.7 Chronic CaMKII inhibition in the latter study was achieved using transgenic mice 
possessing cardiac specific expression of autocamtide-3-related-peptide (AC3I, AC3I-mice) 
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which inhibits a conserved region of the CaMKII regulatory domain.13 These studies suggest 
that CaMKII inhibition at least partly is effective in restoring normal conduction parameters 
but not completely reverts adverse cardiac remodelling in the long term and ultimately does 
not prevent heart failure. 
 A previously conducted study in our lab, interestingly, showed that fibrosis, a major 
player in adverse cardiac remodelling, could be depressed in physiologically aged mice by an-
tagonism of the renin-angiotensin-aldosterone-system. Long term administration of losartan 
(angiotensin-receptor blocker) and eplerenone (aldosterone-receptor blocker), showed equal 
effectiveness.14 Aldosterone binds to its cytosolic mineralocorticoid receptor (MR) which 
is known to have pro-fibrotic downstream targets (reviewed in15). The MR can translocate 
to the nucleus and facilitates transcription of transforming growth factor beta 1 (TGF-β1), 
fibronectin and collagens.16 Additionally, MR signalling can induce cell (trans)differentiation 
and proliferation of (myo)fibroblasts.17 Therefore, MR antagonism via eplerenone, a sec-
ond-generation selective MR antagonist, could potentially prevent fibrosis formation during 
pathological cardiac remodelling. 
 Here we investigated the combination of CaMKII inhibition together with eplerenone 
treatment as strategy to prevent cardiac remodelling, and subsequent functional deterioration 
leading to heart failure in an AC3I-mouse model of long-term chronic pressure overload. 

Materials & Methods
Animals 
Mice with cardiac specific expression of AC3I were kindly provided by Dr. Anderson, The 
University of Iowa, USA. AC3I mice were bred in a C57BL/6 background. To investigate the 
additional effect of eplerenone on top of chronic CaMKII inhibition, 14 AC3I mice received 
eplerenone treatment (200mg/kg/day) for a period of 11 weeks starting seven days after TAC 
(group name AC3I-Epler). These mice were compared to 16 AC3I mice not receiving epler-
enone treatment (AC3I-No), and 15 wild type mice (WT-Epler) receiving eplerenone treatment 
after TAC similar as the AC3I-Epler group. Twelve weeks old mice of both sexes were used. All 
experiments were approved by the institutional ethical committee for animal experiments 
of the UMC Utrecht (DEC number 2013.II.11.115) and all procedures are performed conform 
the guidelines from Directive 2010/63/EU of the European Parliament on the protection of 
animals used for scientific purposes. 

Experimental set-up
All mice underwent TAC surgery. Procedures were conducted as previously described.18,19 
Mice were anesthetized by isoflurane (1.5%, in oxygen), intubated with a polyethylene cath-
eter and ventilated with a rodent ventilator (Minivent, Hugo Sachs Electronics, Germany). A 

small incision in the second intercostal space was used to reach the aorta. Constriction was 
performed by tying a silk suture around the aorta together with a 27-gauge needle, then the 
needle was subsequently removed. This latter procedure never took more than 12 seconds. 
Effective constriction was confirmed by Doppler echocardiography (see pressure gradient per 
group in Table 1). One week after TAC surgery eplerenone treatment was started. Eplerenone 
tablets were pulverized and mixed with pulverized food, the food was weighed every week and 
subsequent doses were calculated based on intake. After two, six, and twelve weeks all mice 
were again anesthetized by isoflurane and underwent cardiac-echography. At twelve weeks 
subsequent measurements were performed, consisting of electrocardiogram (ECG), epicardial 
mapping ex vivo, molecular biology and histology in vitro.

Electrocardiography and echocardiography
Echocardiography was performed to determine functional and structural characteristics 
(VisualSonics, Vevo 2100 Imaging System). Echocardiographic data collected at two, six, and 
twelve weeks were analysed using conventional analysis techniques in Vevo ImageLab. Data 
collected at two and twelve weeks were additionally analysed with the Vevo ImageLab Strain 
analysis software package. Long axis views were used for assessment of longitudinal strain and 
time to peak (T2P). The endocardial border was traced and divided in 48 individual points, 8 
points together composed one endocardial segment which provided 6 endocardial segments. 
Strain is defined as change in length between relaxation and contraction. Strain dyssynchrony 
is evaluated as being the standard deviation (STDEV) of the time to peak (T2P) of the six 
different endocardial segments per mouse. The higher the STDEV T2P per mouse, the more 
dyssynchrony is present.20 
 Prior to sacrifice at 12 weeks, in anesthetized mice (1.5% isoflurane), a 3 lead ECG was 
recorded on a custom-built ECG-amplifier and analysed off-line using Chart 5 Pro (AD Instru-
ments). 

Langendorff perfusion and epicardial mapping
After in vivo measurements, the heart was excised and connected to a Langendorff perfusion 
set-up.  Perfusion buffer contained (mM) NaCl 116, KCl 5, MgSO4 1.1, NaH2PO4 0.35, Na HCO3 
27, glucose 10, mannitol 16 and CaCl2 1.8, which was carbogen-gassed and kept at 37ºC. A 
multi-electrode 16x13 grid was placed on the epicardial surface of the heart. Stimulation was 
performed from the centre of the grid (2x stimulation threshold). Assessment of arrhythmi-
as was performed in three steps, i) spontaneous arrhythmias, ii) arrhythmias induced by a 
16-paced train (BCL 100ms) followed by 1~3 premature stimuli close to the effective refractory 
period, iii) arrhythmias induced by 2-s burst pacing with the shortest possible cycle length. 
Arrhythmias were classified as sustained when ventricular tachycardia or fibrillation (VT/VF) 
lasted for more than 15 consecutive beats.
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Histology 
Hearts were removed from the Langendorff apparatus, quickly frozen in liquid nitrogen, and 
stored at -80ºC. Four-chamber view cryo-sections were generated for histochemistry to assess 
fibrosis using picrosirius red staining. For quantification, sections were digitally scanned using 
Aperio ScanScope software (Leica Microsystems BV, Son, The Netherlands) and pictures were 
taken using ImageScope software (Leica Microsystems BV). From each mouse heart two or 
three slices were used for quantification of fibrosis using ImageJ 1.35s software. Fibrosis was 
calculated as the percentage of total ventricular area. For total fibrosis no additional protocol 
was used. To discriminate between patchy fibrosis and interstitial fibrosis a Gaussian blur 
(sigma = 2) was used, visualizing fibrosis in greyscale. This greyscale corresponded with the 
type of fibrosis, where black was patchy fibrosis and light grey was interstitial fibrosis. 

Real-time quantitative PCR 
From pulverized cardiac tissue total RNA was isolated using TRIzol reagent (Invitrogen) and 
subsequently treated with DNAse I. Two µg DNAse treated RNA was used to convert into cDNA 
with Reverse Transcriptase (Invitrogen) according to the manufacturers protocol. Obtained 
cDNA was diluted ten times prior to use. RT-qPCR was performed using TaqMan Gene Ex-
pression Assays (Applied Biosystems by Life Technologies Corp., Carlsbad, CA, USA). Relative 
mRNA levels were determined of collagen 1α1 (Col1α1), collagen 1α2 (Col1α2), collagen 3α1 
(Col3α1), transforming growth factor β (Tgf-β), and nuclear factor κb (NF-κB). The Geometric 
mean of Gapdh and TATA-binding protein (Tbp) was used as internal control. AC3I-No and 
WT-Epler groups are shown as relative fold increase compared to the AC3I Epler group. 

Immunoblotting
Total protein was isolated from cardiac tissue using radioimmunoprecipitation buffer (10mM 
Tris-HCL, 150 mM NaCl, 1% triton X-100, 0.1% sodium dodecyl sulfate (SDS), and 0.5% so-
dium deoxycholate, pH 7.4). Total protein was separated on a 7% or 10% SDS-Page gel and 
transferred to a nitrocellulose membrane. Membranes were blocked for one hour using either 
5% milk powder or 5% bovine serum albumin (BSA) dissolved in TBST depending on the pri-
mary antibody used. Membranes were incubated overnight at 4 ºC with a mouse monoclonal 
antibody against total SMAD 2/3 (1:200, Santa Cruz, Inc.), smooth muscle actin (SMA, 1:500, 
Sigma), a rabbit monoclonal antibody against phosphorylated SMAD3 (pSMAD3, 1:1000, 
Abcam), a rabbit polyclonal antibody against fibronectin (1:1000, Sigma-Aldrich), vimentin 
(1:1000, ThermoScientific), or phosphorylated (at Thr17) phospholamban (pPLN, 1:250 Santa 
Cruz, Inc.) Primary antibodies were dissolved in 5% milk powder or 5% BSA dissolved in 
TBST.  Detection of the primary antibody was achieved by one-hour incubation at 4 ºC with a 
secondary antibody directed against mouse or rabbit IgG (1:250 in 5% milk powder or BSA in 
TBST) and was visualized by an ECL detection kit (GE healthcare). Bands were detected on a 
ChemiDoc XRS+ (BioRad) and ImageLab (version 6.0.0).

Statistical analysis
Data were showed as means ± standard error of the mean (SEM). Statistics were performed by 
one-way ANOVA with a post-hoc test (Tukey’s HSD) or Student’s t-test when appropriate. Dif-
ferences were considered significant if p < 0.05. All analyses were performed using GraphPad 
Prism 6.0 (GraphPad Software, La Jolla, CA, USA). 

Results 
Animal characteristics and AC3I effectivity – model va-
lidity 
There was no difference in body weight, heart weight, heart weight corrected for body weight 
or tibia length, or other organ weights at 12 weeks post-intervention (Table 1). Furthermore, 
there was no difference in daily intake of eplerenone between the AC3I-Epler and WT-Epler 
group (Table 1). In the presence of the AC3I peptide, phosphorylation of phospholamban 
(pPLN) at Thr17 was significantly decreased indicating an active and potent CaMKII inhibition 
in our AC3I mice (Supplemental Figure 1).

Animal 
characteristics AC3I-No (n) AC3I-Epler (n) WT-Epler (n)

Male 6 (16) 5 (14) 11 (15)

Body weight (g) 26,5 ± 1.0 (16) 25.5 ± 1.0 (14) 26.8 ± 0.8 (15)

Heart weight (g) 0.217 ± 0.016 (16) 0.189 ± 0.011 (14) 0.229 ± 0.014 (15)

HW/BW (mg/g) 8.1 ± 0.5 (16) 7.4 ± 0.2 (14) 8.6 ± 0.5 (15)

Tibia Length (cm) 1.81 ± 0.01 (16) 1.80 ± 0.01 (14) 1.80 ± 0.01 (15)

HW/TL (mg/cm) 119.8 ± 8.7 (16) 105.2    ± 8.2 (14) 128.1 ± 8.1 (15)

Lungs weight (g) 0.223 ± 0.029 (16) 0.164 ± 0.009 (14) 0.181 ± 0.02 (15)

Liver weight (g) 1.09 ± 0.05 (16) 1.10 ± 0.06 (14) 1.13 ± 0.05 (15)

Kidney weight (g) 0.157 ± 0.007 (16) 0.147 ± 0.006 (14) 0.145 ± 0.06 (15)

Average daily dose 
Eplerenone (mg/kg) - 207. 5 ± 8.1 (14) 190.6 ± 11.4 (15)

Functional characteristics

RR (ms) 107.3± 4.7 (16) 110.4 ± 3.9 (14) 114.0 ± 5.0 (14)

Table continues on next page

Table 1. Animal and functional characteristics at week 12.
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All values are ± SEM; Standard error of the mean.  HW/BW; heart weight corrected for body weight. HW/TL; heart 
weight corrected for tibia length. CO; cardiac output. EF; ejection fraction. FS; Fractional shortening. LVESV/
LVEDV; LV end systolic/diastolic volume in μl. GLS; global longitudinal strain. LVAW;d,s: Left ventricular anterior 
wall thickness in diastole and systole, respectively. LVPW:d,s: Left ventricular posterior wall thickness in diastole 
and systole, respectively. LVID;d,s: Left ventricular internal dimensions diastole and systole, respectively. Arrhythmia 
inducibility; ventricular fibrillation or ventricular tachycardia upon programmed electrical stimulation. One-way 
ANOVA, * p < 0.05 compared to WT-Epler.

PR (ms) 46.1 ± 1.5 (16) * 45.8 ± 1.6 (14) * 39.9 ± 0.9 (14)

P (ms) 11.2 ± 0.4 (16) 10.7 ± 0.5 (14) 10.0 ± 0.5 (14)

ORS (ms) 10. 4 ± 0.4 (16) 9.9 ± 0.5 (14) 10.6 ± 0.5 (14)

QTc (ms) 45.0 ± 4.1 (16) 48.8 ± 3.3 (14) 55.1 ± 2.1 (14)

Pressure gradient (mmHg) 53.43 ± 3.07 (16) 56.39 ± 3.89 (14) 62.20 ± 4.55 (15)

CO (ml/min) 16.1 ± 0.92 (16) 15.42 ± 0.81 (14) 17.2 ± 1.48 (15)

EF (%) 45.23 ± 3.4 (16) 50.69 ± 3.65 (14) * 39.08 ± 2.54 (15)

FS (%) 22.52 ± 1.97 (16) 25.77 ± 2.14 (14) * 18.99 ± 1.33 (15)

LVESV (μl) 72.15 ± 9.32 (16) 65.73 ± 7.57 (14) 78.01 ± 6.09 (15)

LVEDV (μl) 96.99 ± 8.76 (16) 95.68 ± 7.28 (14) 99.94 ± 6.19 (15)

LVAW;d (mm) 1.23 ± 0.05 (16) 1.23 ± 0.05 (14) 1.19 ± 0.06 (15)

LVAW;s (mm) 1.54 ± 0.05 (16) 1.55 ± 0.05 (14) 1.44 ± 0.08 (15)

LVPW;d (mm) 1.40 ± 0.07 (16) 1.43 ± 0.06 (14) * 1.21 ± 0.07 (15)

LVPW;s (mm) 1.54 ± 0.07 (16) 1.67 ± 0.06 (14) * 1.41 ± 0.07 (15)

LVID;d (mm) 3.9 ± 0.10 (16) 3.62 ± 0.10 (14) * 4.23 ± 0.09 (15)

LVID;s (mm) 3.28 ± 0.14 (16) 2.84 ± 0.12 (14) * 3.55 ± 0.12 (14)

GLS (%) -12.11 ± 0.95 (15) -15.02 ± 1.24 (14) -11.66 ± 0.73 (15)

Average peak (%) -11.31 ± 0.9 (15) -13.74 ± 1.14 (14) -9.55 ± 0.93 (15)

Average time to peak (ms) 60.47 ± 3.63 (15) 66.57 ± 2.17 (14) 65.27 ± 2.86 (15)

Segmental dyssynchrony (ms) 11.49 ± 1.2 (14) 10.14 ± 0.73 (14) * 14.02 ± 1.53 (15)

Arrhythmia inducibility (%) 21 (14) 7 (14) 15 (13)

Conventional echocardiographic measurements 
Echocardiography at 12 weeks showed no difference in pressure gradient across the aortic 
constriction, meaning that constrictions were comparable among groups. (all echo data 
listed in Table 1). Cardiac output (CO) proved to be equal between groups. However, ejection 
fraction (EF) was significantly higher in AC3I-Epler animals (50.69 ± 3.65 %) compared to WT-
Epler animals (39.08 ± 2.54 %) suggesting a beneficial effect of AC3I and eplerenone treatment 
together. Chronic CaMKII inhibition alone increased the EF slightly in comparison to WT-

Epler however not significantly (45.23 ± 3.4 %). The same holds true for fractional shortening 
(FS) where AC3I-Epler mice performed significantly better than WT-Epler animals (25.77 ±  
2.14 % vs 19.88 ± 1.33 % respectively). AC3I-No animals performed at an intermediate level 
(22.52% ± 1.97). Measurements in time show that animals from all three groups had an equal 
EF and FS at week two (Figure 1A and 1B, respectively). However, WT-Epler animals started to 
deteriorate both with regard to EF and FS at six weeks after TAC, which progressively further 
deteriorated to a significantly worse EF and FS compared to the time-point of two weeks. 
AC3I-No animals showed a decreased EF and FS at week six, however they seemed to recover 
slightly at twelve weeks. AC3I-Epler animals did not deteriorate at all, neither at six weeks nor 
at twelve weeks post TAC, and displayed even a small increase in EF and FS at twelve weeks, 
although this was not significant (Table 1, Figure 1A and 1B). With regard to structural remod-
elling, LV anterior wall thickness in diastole and systole (LVAW;d and LVAW;s respectively) did 
not differ between groups, however there was a significant increase in posterior wall thickness 
in both diastole and systole in AC3-Epler animals when compared to WT-Epler animals at 
twelve weeks (LVPW;d 1.43 ± 0.06 vs 1.21  ± 0.07, LVPW;s 1.67  ± 0.06 vs 1.41  ± 0.07 respectively, 
Table 1). Analysis of LV internal dimensions in diastole and systole revealed a significant LV 
dilation over time in both AC3-No and WT-Epler animals, whereas LV dimensions remained 
constant in AC3I-Epler animals (Figure 1C and D). This resulted in a significantly more dilated 
status in WT-Epler mice compared to AC3I-Epler animals both in diastole and systole at 
twelve weeks (LVID;d 4.23 ± 0.10  mm vs 3.66 ± 0.10 mm, LVID;s 3.56 ± 0.12 mm vs 2.84 ± 0.12 
mm, respectively, Table 1). 

Echocardiographic strain analysis 
Global longitudinal strain (GLS) is defined as the fractional change in total length of the 
U-shaped endocardial contour. The GLS at two weeks after TAC surgery was moderately 
reduced (normal GLS is approximately -18)21 but comparable among groups (AC3-No -13.16 
± 0.68 %; AC3I-Epler -14.91 ± 1.24 %; WT-Epler -14.02 ± 0.71 %) as is shown in Figure 1E. Al-
though at twelve weeks no differences between groups were found, the WT-Epler mice did 
show a significantly deteriorated GLS (-11.66 ± 0.73 %) compared to two weeks (14.02 ± 0.71 
%, p<0.05, Table 1 and Figure 1E). AC3I-No and ACI-Epler animals showed preserved GLS at 
twelve weeks compared to two weeks (-12.11 ± 0.95 % vs -13.16 ± 0.68 % and -15.02 ± 1.25 % vs 
-14.91 ± 0.71 % respectively, Table 1 and Figure 1E). The same accounts for the average peak 
% (Table 1 and Figure 1F), which is an average of the maximum deformation in percentage of 
the six endocardial segments measured (see Supplemental Figure 2A for an example of a strain 
analysis graph, the grey line with the black dot depicts the average curve). At two weeks peak 
% was equal among the groups (AC3I-No -11.99 ± 0.63%, AC3I-Epler -13.58 ± 1.16%, WT-Epler 
-12.54 ± 0.7%). At twelve weeks AC3I-No and AC3I-Epler mice had a preserved average peak % 
(-11.31 ± 0.9% and -13.74 ± 1.14% respectively), however the WT-Epler mice had a significantly 
decreased average peak % (-9.55 ± 0.93% p<0.05) when compared to the peak % at 2 weeks 
(Table 1 and Figure 1F). 
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Figure 1. AC3I-Epler mice showed a significant better ejection fraction (A) and fractional shortening (B) compared 
to WT-Epler mice at twelve weeks of TAC. C, D) In diastole AC3I-No mice showed a significantly dilated LV compared 
to two weeks, while WT-Epler mice show a significantly dilated LV at twelve weeks compared to two weeks. E) A 
decrease in global longitudinal strain (GLS) and, (F) average peak % of WT-Epler mice in time, where AC3I-Epler 
mice preserved a constant GLS and PK%, while AC3I-No animals showed a small but insignificant reduction in GLS 
and PK% in time. EF and FS at week 2, 6 and 12: AC3I-No n=16, AC3I-Epler n=14, WT-Epler n=15. GLS and PK% at week 
2 and 12: AC3I-No n=15, AC3I-Epler n=14, WT-Epler n=15. One-way ANOVA or Students t-test when appropriate, * p < 
0.05 AC3I-Epler compared to WT at specific time point. # p < 0.05 compared to WT week 2, ̂  p < 0.05 compared AC3I-
No week 2. ## p < 0.01 compared to WT-Epler week 2, ^^ p < 0.01 compared to AC3I-No. All values are mean ± SEM.

 Focusing on peak % per segment, in week two we observed comparable values between 
segments in each group, and comparable percentages between groups. This is indicated as a 
reasonably homogenous colour in the schematic endocardial diagram shown in Figure 2. At 
twelve weeks we observed in the AC3I-Epler animals a preserved strain expressed as peak % 
in all six segments, hence the same tincture in the diagram in Figure 2. The AC3I-No animals 
showed a preserved strain in all segments at twelve weeks except for the posterior middle 
segment were the peak strain significantly decreased from -19.1 ± 1.55% to -14.88 ± 1.77% and 
this is visualized as a more yellow colour at twelve weeks compared to the corresponding 
segment at two weeks in Figure 2. WT-Epler mice showed a significantly decreased average 
peak % at twelve weeks compared to two weeks (Figure 1F), and this is predominantly caused 

by deterioration of strain at the posterior middle (-13.81 ± 0.84% vs 9.63 ± 1.55% p<0.05) and 
posterior apical segments (-15.89 ± 1.56% vs -11.38 ± 1.44% p< 0.05) as is depicted in Figure 2. 
Also, when we compared the three groups with each other at twelve weeks, the posterior api-
cal segment of the WT-Epler animals performed significantly worse compared to the posterior 
apical segment of the AC3I-Epler animals (-17.33 ± 1.8% p<0.05). 
 In Figure 3A we show per group the average time it takes for each segment to reach its 
maximal peak strain, T2P, at twelve weeks. Depicted data show homogenous green diagrams 
indicating no notable delay of one of the segments in either of the groups. To evaluate dyssyn-
chrony we calculated the STDEV of the T2P of the six segments per mouse since the higher the 
STDEV T2P, the more dyssynchrony is present. Examples of dyssynchronous strain analysis 
are shown in Supplemental Figure 2B and 2C. AC3I-No animals showed a STDEV T2P of 11.49 
± 1.2 ms, which was comparable to the STDEV T2P of the AC3I-Epler mice of 10.14 ± 0.73 ms 
(Figure 3B). However, the WT-Epler mice showed significantly more dyssynchrony (14.02 ± 
1.53 ms, Figure 3B) compared to AC3I-Epler animals. Segmental diagrams of representative 
mice are shown in Figure 3C, the diagrams of the AC3I-Epler and AC3I-No animals are reason-
ably homogenous in colour, whereas the diagram of the WT-Epler animal is strikingly more 
variable. 

Figure 2. Figure depicts the murine myocardium divided in six segments. Per segment the peak strain in % is reported 
with mean values ± SEM. WT-Epler mice have a decreased peak strain % at 12 weeks compared to 2 weeks which is 
mostly because of significant worsening of strain in the posterior middle and apical segments. One-way AVOVA, * p 
< 0.05 compared to AC3I-Epler at specific time point. Students t-test, # p < 0.05 compared corresponding segment 
in week 2. Week 2: AC3I-No n=16, AC3I-Epler n=14, WT-Epler n=14, week 12: AC3I-No n=15, AC3I-Epler n=14, WT-Epler 
n=15.
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Electrocardiogram parameters and arrhythmia induci-
bility 
Before sacrificing the mice, an ECG was recorded. No differences were observed in ECG pa-
rameters with exception of the PR interval which was significantly shorter in WT-Epler mice 
compared to AC3I-No and AC3I-Epler mice (Table 1). Arrhythmia inducibility was tempered 
in the AC3I-Epler group, but not significantly suppressed; AC3I-No 21% vs AC3I-Epler 7% vs 
WT-Epler 15%. No significant differences in morphology or duration of the arrhythmias could 
be observed due to the general low incidence of arrhythmias.  

Degree of Interstitial and patchy fibrosis 
Total tissue fibrosis levels proved to be equal among groups; AC3I-No 4.26 ± 0.72%, AC3I-Epler 
3.22 ± 0.23% and WT-Epler 4.67 ± 0.76% as is shown in Figure 4A. However, when we discrimi-
nated between interstitial fibrosis and patchy fibrosis, we observed slight differences in patchy 

Figure 3. Figure depicts the murine myocardium divided in six segments. Per segment the time to peak (T2P) in ms is 
reported. All values are mean ± SEM. A) Mean values per group at week 12 are depicted. No differences in T2P of the 
different segments between groups is observed. B) Within each individual mouse the standard deviation (STDEV) 
of the T2P of the six segments was calculated to evaluate dyssynchrony, in the graph the mean STDEV per group 
is reported at 12 weeks. WT-Epler mice experienced a significant higher level of dyssynchrony compared to AC3I-
Epler mice. C) Representative examples of T2P per group, the more heterogeneous the colour pattern the more 
dyssynchrony is present. AC3I-No n=15, AC3I-Epler n=14, WT-Epler n=15. One-way ANOVA, * p <0.05. 

fibrosis (Figure 4B), and absolutely no variation in interstitial fibrosis between our three study 
groups (Figure 4C). The lower percentage of patchy fibrosis in AC3I-Epler mice showed a trend 
towards reduced patchy fibrosis in the AC3I-Epler mice (p = 0.08) when compared to WT-
Epler mice (representative images shown in Figure 4J). When we divided our mice according 
to GLS at twelve weeks as being better (<), or worse (>) than -15 (-15 as being moderate GLS), 
we noticed that mice with a less negative GLS had significantly more total (4.58 ± 2.60% vs 2.75 
± 0.97%, Figure 4D) and patchy (2.67 ± 2.35% vs 0.94 ± 0.59%, Figure 4E, supplemental Table 1) 
fibrosis. Interstitial fibrosis was comparable among groups (Figure 4F), suggesting that patchy 
fibrosis could be an important factor affecting function. Comparing fibrosis in regard of ar-
rhythmia inducibility we noticed a trend towards a higher amount of total fibrosis in animals 
which showed inducible arrhythmias (5.45 ± 1.34%) compared to animals without inducible 
arrhythmias (3.81 ± 0.36%, Figure 4G). In animals with inducible arrhythmias there was a 
significant higher amount of patchy fibrosis (3.89 ± 1.27%, Figure 4H) compared to animals 
that were not inducible (1.87 ± 0.3%). Furthermore, the level of interstitial fibrosis did not differ 
between inducible and not inducible mice (2.78 ± 0.51% vs 2.34 ± 0.15% respectively, Figure 
4I), again indicating that patchy fibrosis plays a role in arrhythmogenicity. Interestingly, we 
found a significant correlation between average eplerenone dose per day (intake during eleven 
weeks) and total fibrosis at week twelve (n=26, r=-0.54, p<0.01, Figure 5A). This correlation 
was also present, and slightly more pronounced, between eplerenone dose and patchy fibrosis 
(n=26, r=-0.58, p<0.001 Figure 5B), but absent between eplerenone dose and interstitial fibrosis 
(n=26, r =-0.22, p=0.14, Figure 5C). Examples of fibrosis deposition with their corresponding 
eplerenone dose are depicted in Figure 5D. This correlation indicates that eplerenone primar-
ily tempers patchy fibrosis deposition but does not affect interstitial fibrosis. Fibrosis data are 
summarized in Supplemental Table 1. 

Pro-fibrotic signalling pathways 
The mRNA expression of Tgf-β, and Nf-κb was determined. Tgf-β mRNA was lowest in AC3I-
Epler, with a modest increase in expression in AC3I-No and a significant increase in expres-
sion in WT-Epler (Supplemental Figure 3A). Furthermore, we detected a significant higher 
expression of Nf-κb mRNA in WT-Epler mice (Supplemental Figure 3B). NF-κB is involved in 
pro-inflammatory and pro-remodelling pathways. 
 Following up on the difference in Tgf-β mRNA we investigated the underlying SMAD3 
pathway. Total SMAD3 protein was equally present in all three groups (Supplemental Figure 
3C and D), whereas a significant decrease in phosphorylated SMAD3 was observed in both the 
AC3I-No as in AC3I-Epler mice (Supplemental Figure 3E and F). When looking at downstream 
targets of the SMAD3 pathway in pooled protein (n=5) samples we noticed a confirming 
pattern. Fibronectin, vimentin and α-smooth muscle actin (α-SMA) expression was highest 
in WT-Epler mice, and lower in both AC3I groups as is shown in Supplemental Figure 3G-J. 
This suggests that CaMKII inhibition displays an inactivating effect on the TGF-β/SMAD3 
signalling pathway. 
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Figure 4. Figure depicts fibrosis levels at twelve weeks. The subtle decrease in total fibrosis (A) in AC3I-Epler mice is 
mainly caused by a trend towards reduced patchy fibrosis (B, patchy fibrosis AC3I-Epler vs WT-Epler p=0,08), where 
interstitial fibrosis in all groups is equal (C). D, E and F) show all mice divided in two groups, animals with a moderate 
or good GLS (more negative than - 15), or a bad GLS (less negative than - 15). D and E) illustrate a lower percentage 
of total and patchy fibrosis in mice with a moderate to good GLS. F) shows that there is no difference in interstitial 
fibrosis between mice with a bad GLS. G) No significant difference in total fibrosis and interstitial fibrosis when 
mice which do not show inducible arrhythmias are compared to mice which do show inducible arrhythmias (I). H) 
The difference in patchy fibrosis is significant between inducible and non-inducible mice. J) Representative pictures 
of heart slices stained using Sirius Red focusing on patchy fibrosis. In AC3I-no, and WT-Epler mice there was more 
patchy fibrosis present compared to AC3I-Epler mice. Interstitial fibrosis was equal among groups. For n per group 
see Supplemental Table 1. A-C one-way ANOVA, D-I students t-test, * p < 0.05. Graphs depict means ± SEM. GLS; 
global longitudinal strain. VT/VF; ventricular tachycardia/ fibrillation. 

Figure 5. Figure shows correlations between fibrosis at twelve weeks (in %) and average eplerenone doses per 
day (intake over 11 weeks regardless of genotype). A) Significant correlation between eplerenone dose and total 
fibrosis, which is mainly determined by, the correlation between eplerenone dose and patchy fibrosis (B). C) No 
correlation was found between eplerenone dose and interstitial fibrosis. (D) Examples of fibrosis deposition with 
their corresponding eplerenone doses. Vessels and perivascular fibrosis were removed before analysis. A-C a 
pearsons correlation coefficient was calculated, n=29. 

Discussion 
Recently we showed that in mice subjected to pressure overload, chronic CaMKII inhibition: 
i) preserved conduction velocity, expression and localization of the gap junction protein Cx43 
and Nav1.5 sodium channels, ii) did not prevent hypertrophy and fibrosis formation and con-
sequently, iii) did not prevent heart failure and arrhythmogenesis 7. As a follow-up we hypoth-
esized that under these conditions, chronic administration of the MR antagonist eplerenone 
would mitigate deterioration of cardiac function. This because in a previous study in aged 
mice, chronic eplerenone treatment not only limited (especially patchy) fibrosis formation, 
but as a consequence also limited arrhythmogenesis.14 Beyond the consequences for cardiac 
contractile performance we were also interested to explore the effect of the intervention on 
arrhythmogenesis. The latter because fibrosis formation not only gives rise to inhomogeneity 
of contraction but also triggers conduction disturbance, which additionally is depending 
on CaMKII activity. Data obtained in this current study showed that in mice with chronic 
pressure overload, a combined CaMKII inhibition together with MR antagonism: i) mitigates 
contractile deterioration as was manifested by a preservation of EF, FS, GLS, peak strain, and 
contractile synchronicity during the 12 weeks of pressure overload. ii)  reduces patchy fibrosis 
formation, potentially via inhibition of pro-fibrotic TGF-β/SMAD3 signalling, which again 
related to a preservation of function and slightly depressed incidence of arrhythmias.
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Conceptual Framework  
The effects of CaMKII on intracellular Ca2+ handling have direct consequences for cardiac 
function (Figure 6). CaMKII mediated phosphorylation of the ryanodine receptor increases the 
open probability, phosphorylation of the L-Type Ca2+ channel leads to a slower inactivation, 
and phosphorylation of phospholamban leads to an increase in sarcoplasmic Ca2+ load.22,23 Re-
sulting from these actions, upregulated CaMKII activity during cardiac pathology leads to an 
increased intracellular Ca2+ concentration and can lead to triggered activity via spontaneous 
diastolic Ca2+ release.9,24

 Next to its effects on calcium handling, CaMKII also exerts its effects on cardiac function 
via regulation of gene expression, as is also depicted in Figure 6. Directly via phosphorylation 
of transcription factors, or indirectly by phosphorylation of transcription factor modulators.4,25 
CaMKII is known to directly phosphorylate CREB (cAMP response element binding protein) 
and SRF (serum response factor) transcription factors, which probably have a role in tran-
scription of genes involved in cardiac dilatation, contractile performance and preservation 
of intercellular integrity.26,27 CaMKII indirectly induces activation of the MEF2 (myocyte en-
hancer factor) transcription factor via phosphorylation of HDAC4 (histone deacetylase) which 
results in translocation of HDAC4 to the cytoplasm, alleviating repression of MEF2.28 MEF2 
activates a gene program resulting in loss of sarcomere structure and subsequent contractile 
dysfunction.29–31 Furthermore, it is known that CaMKII indirectly regulates NF-κB (nuclear fac-
tor κB) via IκB leading to intranuclear translocation of NF-κB. In the nucleus NF-κB regulates 
a gene program involved in adverse remodelling and inflammation.32,33  In our current study, 
inhibition of CaMKII with the AC3I peptide in our mouse model results in tempering of these 
pro-remodelling pathways which is in line with the observed effects on the expression of Tgf-β 
and Nf-κb mRNA, and fits with the improved contractile performance of these animals under 
conditions of chronic pressure overload. 
 CaMKII inhibition leads to increased intercellular coupling via Cx43 gap junctions, 
as we showed previously.7 In models of cardiac hypertrophy it is commonly observed that 
an increase in collagen deposition is preceded by reduction in Cx43, and that aligns with 
increased fibroblast activity, although the exact underlying mechanism is unknown.18,34 It is 
known that cardiomyocytes and fibroblasts are able to form functional gap junctions via Cx43 
hemichannels,35 therefore direct communication via small molecules (<1kDa) between cardio-
myocytes and fibroblasts can be more effective when increased expression of functional Cx43 
channels is present. However, recent findings in skin fibroblasts suggest a direct role for Cx43 
in regulation of gene expression since blocking Cx43 hemichannels resulted in a upregulation 
of pERK1/2 and a subsequent increase in TGF-β mRNA.36,37 Here we show a decrease in Tgf-β 
mRNA expression upon CaMKII inhibition which theoretically can be mediated via increased 
Cx43 coupling and a tempering of the pERK1/2 pathway. In neonatal rat fibroblasts it was 
shown that collagen production is significantly controlled by the ERK1/2 pathway,38 and more 
studies suggest a profibrotic role of p-ERK1/2 in cardiac fibroblasts.39,40 This role potentially 
could be exerted via upregulation of the profibrotic TGF-β/SMAD signalling cascade. Indeed, 

in our AC3I mice, the observed alleviation of the TGF-β/SMAD signalling pathway fits with a 
preserved expression and functionality of Cx43 gap junction channels (Figure 6).7

Figure 6. Schematic overview of the different pathways affected by CaMKII inhibition and mineralocorticoid receptor 
antagonism in this study. For detailed description see Discussion. 

 Eplerenone treatment on top of CaMKII inhibition seems to potentiate the antifibrotic 
and antiarrhythmic effect, as can be concluded from the improved functional parameters and 
the effect on pro-fibrotic signalling in our AC3I-Epler mice. Normal MR-signalling in cardi-
ac tissue has several different types of target cells where it exerts it’s profibrotic capacities. 
MR-signalling in cardiomyocytes has been shown to induce CTGF expression,41 although the 
decisive role of CTGF in fibrosis formation is still subject of debate.42 Furthermore, MR-sig-
nalling plays a role in the type of cardiac fibrosis that is formed. Inhibition of MR-signalling in 
mice (via cardiomyocyte specific genetic deletion) inhibited reactive fibrosis, and also reduced 
the expression of hypertrophy and fibrosis associated genes like β-myosin heavy chain, angio-
tensin-converting enzyme, CTGF, and collagens.43 The immune system also plays a significant 
role in the formation of cardiac fibrosis and also here MR-signalling is involved (Figure 6). 
In this study our mice were treated orally for 11 weeks with the selective mineralocorticoid 
receptor antagonist eplerenone, and thereby they were subjected to a systemic inhibition of 
the different platforms of MR-activity. For that, we cannot exclude the involvement of effects 
exerted on non-cardiomyocytes. In endothelial cells MR activation leads to increased expres-
sion of ICAM-1 (intercellular adhesion molecule 1) which facilitates enhanced adhesion and 
subsequent infiltration of macrophages into the myocardium.44,45 In macrophages the MR 
plays a role in determining the macrophage response. MR activation in macrophages leads to 
a proinflammatory M1, and a profibrotic M2 phenotype, with an increased TNFα and TGF-β 
(and subsequent SMAD3 phosphorylation) production because of activation of the JNK/
activator protein (AP)-1 pathway.46,47 
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Study limitations
The effect of chronic CaMKII inhibition via AC3I was not able to completely inhibit adverse 
remodelling in our model of pressure overload, but it should be noted that improvement of 
function is present whilst the trigger for remodelling (aortic constriction) persists. It would 
therefore not be realistic to expect a complete inhibition of remodelling. 

Conclusion
The double treated AC3I-Epler mice perform best in this study, which is most likely due to a 
combination of interference on all the above discussed actions of CaMKII in the cardiomy-
ocyte and MR signalling in all cells present in the diseased myocardium. It is clear that the 
addition of eplerenone to CaMKII inhibition via AC3I does potentiate the effects of CaMKII 
inhibition on pro-fibrotic pathways. As a result of the applied strategy, limiting patchy fibrosis 
adheres to a higher synchronicity of contraction and an overall better contractile performance 
which fits also with a slightly tempered arrhythmogenicity.
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Supplemental figure 1. Western blot results (A) and quantification of pPLN (phosphorylated PLN, B) on mice from all 
three groups, AC3I-No n=5, AC3I-Epler n=6, WT-Epler n=7. Graphs show a significant reduction of pPLN in AC3I mice 
compared to WT mice showing effectivity of CaMKII inhibition on PLN phosphorylation. One-way ANOVA, ** p <0.01. 

Supplemental Table 1. Fibrosis in percentage at week 12All values are ± SEM; Standard error of the mean. GLS; global 
longitudinal strain. VT ventricular tachycardia. VF; ventricular fibrillation. One-way ANOVA, * p < 0.05 compared to 
WT-Epler. Students t-test * p < 0.05 compared to GLS < -15, or no VT/VF

AC3I-No AC3I-Epler WT-Epler
N 15 13 13

Total fibrosis 4.26 ± 0.72 3.22 ± 0.23 4.67 ± 0.76 

Patchy fibrosis 2.24 ± 0.62 1.25 ± 0.15 3.02 ± 0.69

Interstitial fibrosis 2.58 ± 0.28 2.27 ± 0.18 2.35 ± 0.29

GLS < -15 GLS > -15

N 11 28

Total fibrosis 2.75 ± 0.97 4.58 ± 2.60

Patchy fibrosis 0.94 ± 0.59 2.67 ± 2.35 *

Interstitial fibrosis 2.00 ± 0.71 2.58 ± 1.00

No VT/VF VT/VF

N 35 6

Total fibrosis 3.81 ± 0.36 5.45 ± 1.34

Patchy fibrosis 1.87 ± 0.30 3.89 ± 1.27 *

Interstitial fibrosis 2.34 ± 0.15 2.78 ± 0.51

Supplemental material

Supplemental figure 2. Examples of strain analysis graphs. Colour of graph represents different endocardial 
segments. Green; posterior base. White; posterior middle. Light blue; posterior apex. Dark blue; anterior base. 
Yellow; anterior middle. Purple; anterior apex. Grey; average curve.  Examples of (A) synchronous segmental strain, 
with moderately reduced peak strain. B) Moderate dyssynchronous segmental strain with severe reduced peak 
strain. C) Severe dyssynchronous segmental strain and reduced peak strain. 

Supplemental figure 3. A significant increase in TGF-β (A), and Nf-κb mRNA (B) is seen in WT-Epler compared to 
AC3I-Epler. TGF-β: AC3I-No n=14, AC3I-Epler n=9, WT-Epler n=7. Nf-κb: AC3I-No n=13, AC3I-Epler n=12, WT-Epler n= 
9. Western blot result (C), and analysis of SMAD3 (D) on mice from all three groups. AC3I-No n=5, AC3I-Epler n=6, 
WT-Epler n=7. Red asterisk indicates degraded samples which were left out of the analysis. Western blot results (E) 
and analysis of pSMAD3 (F) on mice from all three groups. AC3I-No n=5, AC3I-Epler n=6, WT-Epler n=12. Red asterisk 
indicates degraded samples which were left out of the analysis. Graphs (F) show a significant reduction of pSMAD3 
in AC3I mice regardless of Eplerenone treatment. Western blot results (G) and quantification of pooled (n=5 per 
group) samples from all three groups for fibronectin, vimentin and αSMA (α smooth muscle actin). Quantification 
of fibronectin (H) shows the highest level in WT-Epler mice. Vimentin (I) also shows the highest level in WT-Epler 
mice,and the lowest in AC3I-Epler mice. αSMA (J) again shows the highest level in WT-mice. One-way ANOVA, * = 
p < 0.05; ** = p< 0.01
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Abstract
Cardiac disease is the leading cause of death in the developed world. Ventricular arrhyth-
mias associated with myocardial ischemia and/or infarction are a major contributor to 
cardiovascular mortality, and require improved prevention and treatment. Drugs, devices 
and radiofrequency catheter ablation have made important inroads, but have significant 
limitations ranging from incomplete success to undesired toxicities and major side effects. 
These limitations derive from the nature of the intervention. Drugs are frequently ineffective, 
target the entire heart and often do not deal with the specific arrhythmia trigger or substrate. 
Devices can terminate rapid rhythms but at best indirectly affect the underlying disease while 
ablation, even when appropriately targeted, induces additional tissue damage. In contrast 
exploration of gene and cell therapies are expected to provide a targeted, non-destructive and 
potentially regenerative approach to ischemia- and infarction-related arrhythmias. Although 
these approaches are in the early stages of development, they carry substantial potential to 
advance arrhythmia prevention and treatment.

Key words: Gene therapy, stem cells, myocardial infarction, arrhythmias

Introduction
Heart disease is the leading cause of death in the developed world, killing nearly 600,000 
individuals annually in the U.S. alone.1 Ventricular arrhythmias associated with ischemia and 
myocardial infarction (MI) are a major contributor, for which the predominant underlying 
electrophysiological mechanism is reentry.2 In large myocardial infarcts detrimental remodel-
ling promotes progression to heart failure. Here, intracellular calcium handling importantly fa-
cilitates the occurrence of triggered activity. This arrhythmia mechanism can initiate Torsade 
de Pointes (TdP) arrhythmias but might also facilitate reentry.3 To address these arrhythmias 
various drugs are prescribed to patients in addition to other clinical interventions such as ap-
plication of implantable cardioverter defibrillators (ICDs) or radiofrequency ablation. Despite 
this spectrum of treatment modalities, mortality from MI-related arrhythmias is still high and 
shock interventions by ICDs are associated with a negative impact on quality of life.4 Hence 
there is a clear need for more effective therapies. 
 There are also mechanistic problems with currently available therapies. For example, 
drugs are available to slow conduction or prolong repolarization to effectively produce bidi-
rectional conduction block and prevent reentry, yet they tend to induce proarrhythmic side 
effects.5 The alternative would be to improve conduction in areas with slow conduction, but 
this has been proven difficult to achieve pharmacologically.6 Triggered activity is a different 
problem. This can effectively be addressed by calcium and sodium channel blocking agents. 
Yet, such drug therapies can be complicated by off-target effects, like bradycardia and negative 
inotropic effects with non-dihydropyridine calcium channel blockers (e.g. verapamil), thy-
roid- and lung toxicity with amiodarone, and pro-arrhythmia with sodium channel blockers 
in ischemic heart disease.7–9 Use of ICDs as primary prevention of sudden cardiac death is 
accepted as an established treatment in myocardial infarction patients with reduced ejection 
fractions.10 However, in the initial post-myocardial infarction period, when patients have the 
highest chance of dying suddenly, ICDs have failed to reduce mortality.11 In this setting ICD 
implantation was associated with an increase in nonarrhythmic death, that counteracted 
the benefit of reduced arrhythmic mortality. Finally, in severely diseased hearts such as those 
with multiple infarcts or a high degree of cardiac failure, interventions that further increase 
myocardial damage, such as ablation, are undesired. 
 In sum, today’s treatments do not cure, rather they aim to maintain cardiac function 
and prevent further deterioration. This unfortunate state of affairs has stimulated extensive 
research efforts to develop more advanced antiarrhythmic therapies. With the arrival of gene 
and cell therapy, effective prevention of post-MI arrhythmias has come within reach. In this 
review we focus on emerging molecular therapies that prolong refractoriness, improve con-
duction and normalize calcium handling, in an effort to prevent MI-related arrhythmias. The 
molecular therapies in this review range from pure gene therapy (typically overexpression of a 
therapeutic gene) to strategies that modify the expression profile of multiple genes via microR-
NAs. Both viral vectors and gene-modified cells have been explored as delivery platform. The 
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use of complementary cell-based therapies to regenerate myocardium is beyond the scope of 
this review, but is discussed elsewhere.12,13

Prolonging refractoriness to prevent myocardial infarc-
tion-related arrhythmias
Class III antiarrhythmics (e.g. dofetilide) prolong action potential (AP) duration by blocking 
the delayed rectifier outward K-current and increasing the persistent inward Na-current. Their 
use is largely hampered by global effects on repolarization, which results in lengthening of 
the QT interval and increased possibility of TdP ventricular tachycardia (VT). To overcome 
the limitations of interfering with global repolarization, Donahue and co-workers developed 
a targeted approach for K-channel blockade.14 They selected the dominant negative HERG 
mutant G628S, known for its association with the long QT syndrome,15 and introduced it into 
four week old porcine infarcts with reproducible monomorphic VT. Transgene delivery was 
localized to the infarcted area via endovascular adenovirus infusion at the site of the initial 
balloon occlusion that had been used to create the infarct. One week after vector infusion, all 
HERG-G628S-treated animals showed a prolonged effective refractory period (ERP) without 
QTc prolongation and absence of inducible arrhythmias. In contrast, VT inducibility remained 
unchanged in all control animals (Table 1). Of note, the K-channel blocker dofetilide that was 
also tested in this model generated a prolongation of ERP and QTc, increased dispersion of the 
QT interval, and failed to prevent VT induction. A concern with the HERG-G628S strategy is 
its efficacy in more lethal arrhythmias such as polymorphic VT and VF has not been tested. 
Moreover, an inappropriately targeted prolongation of AP duration may be associated with 
triggered activity and TdP VT. At present, this final concern remains theoretical as proarrhyth-
mia was not noted in this study. 
 As an alternative strategy to prolong AP duration, refractoriness may also be enhanced 
in the early post-repolarization phase. In this respect cellular delivery of Kv1.3 and Kir2.1 both 
have been demonstrated to prolong ERP while shortening AP duration.16,17 Advantages of such 
an approach could be the positive impact on conduction velocity in depolarized tissue and the 
suppressive effect on potential proarrhythmic automaticity (Figure 1).18 However, a significant 
drawback appears to be the very high cell-to-myocyte ratio required to obtain the desired 
effect.17 Since the present studies 16–18 were conducted in healthy tissue, it remains to be elu-
cidated to what extent sufficient numbers of cells survive within or around the myocardial 
infarcts. Furthermore, potential protection against inducible arrhythmias has not yet been 
investigated.   

Gene therapy to improve conduction and prevent reen-
try-based VT/VF
Several studies have shown favourable outcomes using gene therapy approaches to speed 
conduction and prevent VT or fibrillation (VF).19–21 After MI, alterations in tissue homeostasis 

Table 1. Summary data of the various approaches to prolong refractoriness and prevent arrhythmias. Subacute 
myocardial infarction was performed in a porcine model, and cellular transplantation studies were performed in 
healthy rat and pig hearts. Control pigs were non-injected or injected with Ad-LacZ, control rats were injected with 
unmodified fibroblasts. *: p < 0.05 vs respective control. ^: p <0.05 vs baseline. † estimated. 
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Subacute myocardial infarction (pig)14

PES-induced VT (%) 100 100 0

  ERP prolongation (%) NS† 15^†

Non-infarcted (rat)17

  ERP prolongation (%) 120^ 183^*

Non-infarcted (pig)17

  ERP prolongation (%) 131^ 119^

Figure 1. Cellular delivery of Kv1.3 or Kir2.1 leads to in increased Ik1 current. This results in a more polarized resting 
membrane potential (RMP), shorter action potential duration (APD), and prolonged effective refractory period 
(ERP). Normally, after myocardial infarction, alterations in tissue homeostasis depolarize the RMP leading to 
reduced sodium channel availability and therefore decreased conduction velocity. A more polarized potential in 
infarcted tissue, consequently, leads to more availability of sodium channels increasing conduction velocity. The 
hyperpolarized RMP decreases the likelihood of reaching threshold potential, together with the prolonged ERP this 
leads to reduced proarrhythmic automaticity and potential protection against reentrant arrhythmias. 
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depolarize the resting membrane potential thereby reducing sodium channel availability. This 
decreases the AP upstroke velocity (Vmax) and consequently conduction velocity (CV). Com-
pared to the cardiac sodium channel, the skeletal muscle sodium channel (SkM1) has more 
positive inactivation kinetics, which is expected to improve sodium channel availability in 
ischemic tissue. Computer modelling comparing SkM1 and cardiac sodium channel (SCN5a) 
for their ability to preserve Vmax and CV under depolarized conditions, indeed showed more 
favourable features for SkM1.20 Initial proof-of-concept was provided by Lau and colleagues 
who used adenoviral gene transfer to overexpress SkM1 in the epicardial border zone (EBZ) 
of infarcted canine hearts.20 In this setting, they found significantly reduced arrhythmia in-
ducibility, normalized local electrogram duration (in vivo), and an increased phase 0 upstroke 
velocity in APs of depolarized myocardium (in vitro). In a subsequent epicardial mapping 
study, the investigators showed that SkM1 overexpression significantly increased longitudinal 
conduction in the EBZ.22 Furthermore, SkM1 gene transfer reduced the incidence of spontane-
ous arrhythmia in a murine model of ischemia-reperfusion.19 Reentry was considered to be the 
major mechanism in both models. Hence, SkM1 overexpression improves upstroke velocity in 
depolarized tissue, speeds longitudinal conduction, and prevents reentry-based arrhythmias 
in settings of myocardial infarction and ischemia-reperfusion. 
 The other major approach to normalize conduction centres on improving gap junction 
function (affecting intercellular coupling). Here, overexpression of the cardiac connexin Cx43 
and the liver connexin32 (Cx32), have both been investigated. Cx32 was chosen for its relative 
insensitivity to low pH, preserving gap-junctional communication during ischemia.  Cx32 
overexpression indeed reduced arrhythmia incidence with an efficiency that was compara-
ble to SkM1 in mice subjected to ischemia/reperfusion.19 Similarly, Cx43 gene transfer was 
tested in porcine hearts manifesting inducible monomorphic VT.23 In this model, infarcts 
were created via temporary left anterior descending (LAD) coronary artery occlusion. Four 
weeks later, animals with inducible sustained monomorphic VT were treated with adenoviral 
vector infusion into the infarcted area. Cx43 gene transfer reduced electrogram fractionation, 
improved conduction velocity and decreased arrhythmia inducibility. 
 A concern with both connexin gene transfer strategies is that, in settings of acute myo-
cardial infarction, they can increase the spread of mediators of injury (e.g. apoptotic signals, 
electrical signals and maintenance of Ca2+ signalling between myocytes), thereby increasing 
the size of the damaged area. This concern was supported by murine and canine studies in 
which infarct size indeed was larger after Cx32 gene transfer.24,25 Although Cx43 channels 
close upon ischemia-induced acidification (potentially reducing the risk for larger infarcts), 
this process is incomplete.26 Concerns with regard to Cx overexpression in settings of ischemic 
heart disease therefore apply to all the isoforms tested. Animal studies testing Cx-based ther-
apies in settings of MI are shown in Table 2.
 A third approach to speed conduction and prevent reentry-based arrhythmias may stem 
from interference with the micro RNA, miR-1 (Table 2).21 Tissue levels of miR-1 are elevated 
in clinical and experimental settings of myocardial infarction, resulting in reduced expression 

of Cx43 and the inward rectifier potassium channel Kir2.1, a main contributor to hyperpo-
larization of the resting membrane potential. Consequently, elevated miR-1 levels result in 
depolarized membrane potentials and slow conduction.21 Based on this observation, Yang and 
colleagues tested antagomir inhibition of miR-1 in myocardially infarcted rats which resulted 
in more hyperpolarized membrane potentials, accelerated conduction and suppressed ven-
tricular arrhythmias.21 In a different study investigating micro RNA-related arrhythmogenesis, 
miR-1 overexpression increased Ca2+-cycling precipitating isoproterenol-induced arrhythmias 
in vitro.27 Although both studies indicate a role for suppressing miR-1 as an antiarrhythmic 
approach, the large number of processes regulated by miR-1 may add to the complexity, and 
thereby hamper success of such a strategy. This is supported by the observation that reduc-
tions in miR-1 have also been found in association with hypertrophic remodelling and altered 
calcium handling during heart failure.28–30

Normalizing conduction: why some strategies prevent 
VT/VF and others don’t
The finding that strategies, which provide comparable efficiency in restoring impulse propa-
gation, affect arrhythmia inducibility differently, is intriguing. Understanding the settings in 
which proposed therapies work or fail may help in targeting therapies to selected patients, 
thereby improving the overall safety and efficacy. So, what have we learned from strategies 
that speed conduction, but fail to prevent arrhythmias?
 We will start by comparing the efficacy of various strategies that speed conduction. For 
this comparison we will focus on the data available from mouse and dog studies as presented 
in Table 2. In vitro conduction velocities were recorded from isolated murine right ventricular 
preparations treated with SkM1 and Cx32 overexpression. At baseline, the conduction velocity 
is faster in SkM1 versus control, whereas Cx32 does not differ from control. This corresponds 
to the baseline murine QRS duration, which is also shorter in SkM1 versus control and is likely 
caused by the relatively large abundance of Cxs in healthy tissue. Hence, increasing the num-
ber of gap junctions at baseline is thought not to affect conduction. Sodium channels, on the 
contrary, appear already to be a rate-limiting factor in normal conduction making it a robust 
target for restoration of rapid impulse propagation. Despite these differences at baseline, SkM1 
and Cx32 were remarkably similar in restoring impulse propagation during combined applica-
tion of high potassium (generating membrane depolarization-induced inactivation of cardiac 
Na+-channels) and low pH (inducing closure of gap junctions).19 Similarly, in canine subacute 
myocardial infarcts, QRS duration (during sinus rhythm and programmed electrical stimula-
tion, PES) and local electrogram duration in SkM1 and Cx32 were all significantly shorter than 
in controls. In canines, we also studied combined SkM1/Cx32 overexpression. Here, outcomes 
with regard to baseline QRS duration and local electrogram duration were comparable to the 
single gene interventions. What did differ was activation of myocardium during PES. Here, 
QRS duration was shorter than both control and the single gene interventions of SkM1 and 
Cx32.24 A final intervention studied in canine was SkM1 delivery via a cellular platform, canine 
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Subacute myocardial 
infarction (mice)25

PES-induced VT (%) 55 50

Infarct size (%) 23± 44±5*

Ischemia/reperfusion  
(I/R; mice)19

QRS (ms; before I/R) 11±0.3 9±0.3* 12±0.4

Spontaneous VT (%) 60 15* 15*

VT duration (s) 12±3 3±1* 4±1*

Area at risk (%) 42±5 47±7 41±5

Subacute myocardial 
infarction (rat)21

 QRS duration (ms) 27±2 19±2*

 Premature beats (%) 92 60*

 VT (%) 84 48*

 F (%) 72 40*

Table 2. Summary data of the various gene therapy approaches to speed conduction and prevent arrhythmias. 
Control mice were injected with Ad-empty, control dogs were injected with Ad-GFP, control pigs were injected with 
Ad-βgal or remained un-injected. Control rats were uninjected compared to AMO-miR1.†: QRS duration averaged 
during baseline, S1, and S2 programmed electrical stimulation (PES) from the epicardial borderzone (EBZ). *: p < 
0.05 vs respective control. ^: p < 0.05 vs baseline. ~: p < 0.05 vs Ad-SkM1 and Ad-Cx32. PVT: polymorphic VT, MVT: 
monomorphic VT. ID: intercalated disk.

mesenchymal stem cells (cMSCs), which was compared to the injection of unmodified cMSCs 
and uninjected sham animals as shown in Table 3. The finding that cMSC and cMSC/SkM1 
generated a relatively comparable shortening of QRS duration in infarcted canine myocar-
dium was unexpected. This may in part reflect the positive paracrine effects that cMSC can 
add to promote endogenous regeneration thereby improving global electrical activation. In 
any case, differences between these two interventions became apparent when the duration of 
local electrograms (directly recorded from the injected region) were compared and it appeared 
that outcomes in cMSC/SkM1 were superior compared to cMSC. When comparing QRS and 
local electrogram durations between stem cell and viral delivery of SkM1, outcomes appeared 
similar.31

Subacute myocardial 
infarction (dog)22,24

QRS (ms) 56±1 46±1* 51±2* 46±2*

EG duration, EBZ (ms) 30±1 23±3* 24±1* 21±1*

QRS during PES from 
EBZ (ms) † 96±3 77±2* 80±4* 67±3*~

PES-induced VT/VF (%) 68 17* 43 80

Predominant 
arrhythmia morphology PVT PVT MVT PVT

Infarct size (%) 29±2 29±3 37±2* 33±2

Subacute myocardial 
infarction (pig)23

 PES-induces 100 40*

 VT/VF (%)

Subcellular location of                                     
the applied therapy ID ID ID ID ID ID

Outcomes Sham cMSC cMSC/SkM1

Subacute myocardial infarction (dog)31

QRS (ms) 56±1 47±2* 44±1*

EG duration, EBZ (ms) 32±2 26±1* 21±2*#

QRS during PES from EBZ (ms) † 81±2 78±2 71±2*#

PES-induced VT/VF (%) 70 38 70

Predominant arrhythmia morphology polymorphic polymorphic polymorphic

Infarct size (%) 29±2 28±2 28±3

Subcellular location of the applied 
therapy

Random and not 
at ID

Table 3. Summary data of the various therapeutic approaches to speed conduction and prevent arrhythmias in 
canine with subacute myocardial infarction. Control dogs remained uninjected (sham) or received unmodified stem 
cells (cMSC) in comparison to stem cell delivery of SkM1. †: QRS duration averaged during baseline, S1, and S2 
programmed electrical stimulation (PES) from the epicardial borderzone (EBZ). *: p < 0.05 vs respective control. #: p 
< 0.05 vs cMSC. ID: intercalated disk. 
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 Another aspect to address in comparing the studies discussed above is the area at risk or 
the area of tissue damage. This distinction stems from the model being applied. Ischemia-rep-
erfusion injury is quantified by the area at risk for infarction, as if there would be a complete 
coronary occlusion. Infarct models are typically quantified for their size, expressed as per-
centage of the total heart. Assessing the outcomes in Table 2, Cx32 overexpression increases 
infarct size in mice and dogs.24,25 A likely explanation for this finding is that improved gap 
junction function may facilitate the spread of mediators of injury, thereby increasing the area 
of damage. Combined overexpression of SkM1/Cx32, on the other hand, did not significantly 
increase infarct size. The latter may relate to less efficient Cx32 production, while another 
protein targeted to the membrane compartment is also being overexpressed (SkM1 in this 
case).24 Furthermore, the stem cell interventions tested did not significantly alter infarct size.31 
In the ischemia-reperfusion model, there was no difference among the various strategies 
tested. The fact that Cx32 does not increase the area at risk in this setting presumably relates 
to the relatively short period of ischemia (5 min) that was applied.19

 Final factors to consider that potentially influence effectiveness of the intervention, are 
the site of application, distribution and subcellular location of the various therapies. In the 
murine studies, single injections were made directly into the anterior left ventricular wall. This 
procedure resulted in transgene expression throughout both ventricles with higher protein 
levels in left versus right ventricle.19 In the canine studies, constructs (viral or stem cells) were 
injected into selected wide electrogram sites of the EBZ. Immunohistochemistry and Western 
blotting detected protein expression at the injection site, but not in the uninjected EBZ or 
elsewhere in the heart. With the viral approaches, a clear membrane staining of SkM1 and 
Cx32 was detected and immunocytochemistry suggested an increase of this expression at the 
intercalated disk (Figure 2).24 In contrast, SkM1-expressing cMSCs were randomly distributed 
through the EBZ and did not form intercalated disks.31

 We will now consider why some strategies did not generate an antiarrhythmic effect. In 
infarcted mouse and dog, Cx32 did improve gap junction communication but was not antiar-
rhythmic. A confounding factor in this outcome appears to be the larger infarcts in Cx32-treat-
ed animals.24,25 In ischemia-reperfusion mice, Cx32 treatment was not associated with a larger 
area of risk and in this setting protection against arrhythmias was comparable to SkM1.19 
Another interesting finding was the phenotype of the arrhythmia in canines treated with Cx32. 
Here, improved conduction in combination with larger (possibly more homogeneous) infarcts 
resulted in the occurrence of monomorphic rather than polymorphic arrhythmias (Figure 3). 
In SkM1/Cx32, infarct size remained comparable to control and the arrhythmia converted 
back into a polymorphic phenotype. However, the finding that SkM1/Cx32 in this setting was 
not antiarrhythmic was surprising. In evaluating this outcome, it is important to realize that 
SkM1/Cx32 provided efficient means for restoring impulse propagation in the EBZ. Thus, the 
shorter QRS duration during premature stimulation in SkM1/Cx32 vs SkM1 and Cx32 alone 
suggests the possibility of novel pathway formation. If such novel pathways can support reen-
try they could now oppose the antiarrhythmic effect of speeding conduction (Figure 3).24 A 

comparable mechanism may have prevented cMSC/SkM1 from being antiarrhythmic (Figure 
3). Another problem with the cMSC/SkM1 approach is that subcellular location of SkM1 at 
the intercalated disk could not be demonstrated. Such suboptimal cellular distribution of the 
channel may have further contributed to absence of antiarrhythmic efficacy of cMSC/SkM1. 
 In sum, the above-discussed combination of studies indicates that, although speeding 
conduction in depressed areas may be antiarrhythmic, the following aspects need to be 
addressed before therapies can be applied: i) the risk that increased gap junction function 
increases myocardial damage, and ii) the risk of improving conduction in reentrant pathways 
that otherwise would remain silent. Finally, as compared to stem cells, viral delivery appears 
at this stage superior for the delivery of antiarrhythmic genes aimed at improving conduction. 
This finding is now being applied to the design of follow-up studies that focus on long-term 
viral delivery systems. 

Figure 2. Subcellular localization of overexpressed SkM1 and Cx32 in epicardial border zone cardiac myocytes. A) 
(upper panel), Colocalization of SkM1 (red) and N-Cadherin (green) at the intercalated disk in single myocytes 
isolated from the Ad-SkM1 injected epicardial border zone. A) (lower panel), SkM1 immunolabeling could not be 
detected in single myocytes obtained from the non-injected epicardial border zone. B) (upper panel), Colocalization 
of Cx32 (red) and Cx43 (green) at the intercalated disk (indicated by arrows) as shown by immunohistochemistry. B) 
(lower panel), the non-injected epicardial border zone is negative for Cx32 immunolabeling. 



102 103

CHAPTER FOUR MOLECUL AR THERAPIES TARGETING MI REL ATED ARRHY THMIAS

 Figure 3. Schematic cartoon of the infarcted heart treated with various viral and stem cell approaches to normalize 
conduction and modify the arrhythmogenic substrate. In the control situation, viable areas surrounding the infarct 
harbour slow conduction and in combination with unidirectional block predispose to re-entrant arrhythmias. In 
this setting, arrhythmias were polymorphic as shown by the ECG tracing and the multiple circuits in the cartoon. 
In animals that received Ad-SkM1 into their epicardial border zone, conduction was normalized which importantly 
removed the re-entrant substrate. The figure illustrates the two mechanisms by which SkM1 may be antiarrhythmic: 
1) the prevention of unidirectional conduction block (shown in the left part of the circuit), and 2) the acceleration of 
conduction which makes the re-entrant wave front encounter its own refractory tail (shown in the right part of the 
circuit). In Ad-Cx32 treated animals, conduction was also normalized, yet at the same time infarct size was increased 
(as shown) which generated a substrate for monomorphic tachycardia possibly circling the larger infarct. In Ad-
SkM1/VCx32 and cMSC/SkM1 treated animals, conduction was improved and infarct size remained unchanged, 
yet no protection against re-entrant arrhythmias was generated. Possibly, the Ad-SkM1/Cx32 and cMSC/SkM1 
interventions improved conduction in re-entrant circuits that otherwise would have remained silent, thereby 
maintaining a substrate for polymorphic arrhythmias. Note that the re-entrant circuit is slightly larger than in control 
and SkM1 such that, despite the improved conduction, re-entry can still persist. The tracings shown are from canines 
treated with Ad-GFP, Ad-SkM1, Ad-Cx32 and Ad-SkM1/Cx32, respectively, in which arrhythmias were induced by 
premature stimulation.21 See text for further details. EBZ: epicardial border zone.

Gene therapy to restore Ca2+-handling and prevent ar-
rhythmias
Beyond approaches that focus on normalizing characteristics of repolarization and conduc-
tion, a third subject of interest is the control of calcium handling. Normal calcium handling 
is essential for proper cardiac function. Normal calcium handling in cardiomyocytes is sum-
marized in Figure 4. Ca2+ influx via the L-type calcium channels (LTCC) leads to Ca2+ induced 
Ca2+ release (CICR) from the sarcoplasmic reticulum (SR) which is mediated by the ryanodine 
receptors (RyR), causing contraction of the sarcomere.30 During relaxation the cytoplasmic 
[Ca2+] must decrease to aid lengthening of the sarcomere. This is facilitated by the sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) on the SR and the Na+/Ca2+ exchange 
channel (NCX) on the sarcolemma, transporting Ca2+ back into the SR and out of the cell, 
respectively. The activity of SERCA is controlled by the phosphorylation status of phospholam-
ban (PLN). Dephosphorylated PLN reduces SERCA2a activity while phosphorylated PLN has 
the opposite effect.32 Another protein involved in calcium cycling is S100A1. S100A1 interacts 
with SERCA2a thereby increasing its activity, which leads to an increased Ca2+ load of the SR.33 
On the other hand, S100A1 exerts a biphasic effect on RyRs, leading to a decreased diastolic 
Ca2+ leak but an increased systolic Ca2+ transient. The combined effects on SERCA2a and RyR 
lead to improved Ca2+ handling and contractility. 

Figure 4. Schematic overview of calcium Handling. Sodium enters the cell, creating the AP upstroke. Calcium enters 
via the LTCC facilitating the plateau phase of the AP and initiating CICR via RyR on the sarcoplasmic reticulum leading 
to calcium binding to the contractile elements: excitation contraction coupling. NCX transports calcium from the cell 
in exchange for sodium. Calcium is pumped back into the SR via SERCA, together with the function of NCX this 
leads to relaxation of the contractile elements and the end of the plateau phase. Potassium restores the negative 
membrane potential. S100A1 affects SERCA2a, increasing its function, and RyR. The action on RyR is biphasic leading 
to less diastolic calcium leak and increased systolic calcium current. CaMKII phosphorylates: 1. RyR, increasing their 
open probability, 2. LTCC, leading to faster recovery from inactivation, and 3. PLN leading to increased SERCA activity 
and increased SR calcium load. LTCC: L-type calcium channels. CIRC: calcium induced calcium release.
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 Inappropriate Ca2+ handling after MI can have various deleterious effects. Firstly, it 
affects the electrical functioning of the heart by modulating action potential duration (APD), 
due to higher cytosolic Ca2+ concentrations. Secondly, it leads to alterations in contractility 
and therefore left ventricular (LV) function. Finally, it may result in modulation of calcium-sen-
sitive signal transduction pathways,34,35 like Ca2+/calmodulin-dependent protein kinase II 
(CaMKII) pathway. Increased [Ca] leads to increased activity of CaMKII, this leads to a higher 
open probability of RyR contributing to delayed after depolarizations. Also, CaMKII leads to 
increased SR Ca2+ load via phosphorylation of PLN. And the increased cytosolic [Ca2+] pushes 
NCX in a depolarizing forward mode. All these changes lead to pro-arrhythmic conditions,36 
and contribute to a final common pathway resulting in reduced myocardial function in com-
bination with increased susceptibility to arrhythmias. 
 One approach to restore intracellular calcium homeostasis has been overexpression of 
S100A1 (Table 4). In MI rats, catheter based adenoviral S100A1 whole heart transduction im-
proved both systolic and diastolic function (normalized peak rate LV pressure rise and decline, 
and end-systolic and -diastolic LV pressure).  Activation of the fetal gene program (commonly 
associated with maladaptive cardiac remodelling) was also prevented. In addition, adeno asso-
ciated virus (AAV)-S100A1-treated post-MI rat hearts were rescued from adverse remodelling, 
showed improvements in contractile function, and remained normal heart rates.37 With the 
aim to translate this to a clinical application, using a rat MI model, intracoronary adS100A1 
gene therapy was administered two hours after MI instead of directly after MI. This study again 
showed improved cardiac function comparable to the previous described studies.38 Moreover, 
the increase upon MI of two heart failure markers (GRK2 and ANF) was attenuated by S100A1 
while heart weight reverted to control values.38 Subsequent large animal testing indicated 
significant improvements in LV function (systolic and diastolic) in pigs receiving S100A1 AAV 
based coronary delivered gene therapy two weeks after MI. The absence of safety issues during 
this 12-week study have been encouraging and support the initiation of clinical trials which 
are now scheduled to commence in 2016.39 To test the effect on arrhythmogenicity, mice were 
subjected to ischemia/reperfusion (I/R) injury after which they received AAV-S100A1 intra-
venous gene therapy. To induce arrhythmias mice were challenged with epinephrine. S100A1 
treated animals were significantly less susceptible to VF compared to control animals (30% vs 
70%; Table 4), and also VF-associated death was significantly less.40 The underlying mechanism 
seems to be the S100A1/RyR ratio, where an increased ratio rescues failing myocardium from 
diastolic Ca2+ sparks. 
 The SERCA2a strategy has been paving the way for cardiac gene therapy, and has made 
greater progress than other strategies. During heart failure SERCA2a protein levels are sig-
nificantly decreased which negatively impacts on cardiac performance as a result of reduced 
SR calcium loading and increased cytosolic calcium levels.41 This raised the hypothesis that 
restoration of protein expression of SERCA could improve cardiac function. 
 In a rat I/R study, it was shown that gene transfer using Ad.SERCA2a was effective in 
reducing the incidence of ventricular arrhythmias during I/R.42 The infarct size in the SER-
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Ischemia/reperfusion (I/R; mice)

  VF (%)42 70 30*

Ischemia/reperfusion (I/R; pig)

  Episodes VT/VF (24hr after I/R)44 226±9 27±11*

Subacute myocardial infarction (MI) (pig)44

  Early (90 min after MI) lethal 
  arrhythmias (%)

33 56

  Late (24hr after MI) lethal 
  arrhythmias (%)

17 44

Myocardial infarction induced  
heart failure (rat)43

  VT (%) 63 0*^

Table 4. Summary data of the various therapeutic approaches to normalize calcium handling and prevent arrhythmias 
in various animal models. Control mice were injected with AAV9-GFP compared to AAV9-S100A1, control pigs were 
injected with ad-βgal compared with ad-SERCA2a. Early lethal arrhythmias occurred during the first 90 minutes 
after occlusion. Late lethal arrhythmias occurred between 90 minutes and 24 hours after occlusion. Control rats were 
injected with ad-GFP compared to ad-SERCA2a. Baseline measurements done after heart failure status and before 
gene transfer. *: p < 0.05 vs respective control. ^: p < 0.05 vs baseline.

CA2a group was significantly smaller, possibly due to the preventive effect of overexpressed 
SERCA2a on cell death. In addition, elevated SERCA2a reduced the incidence of ventricular 
arrhythmias which could be attributed to improved Ca2+ handling, the smaller infarct size, or 
the combination of both.42,43 Also, in a porcine I/R model the effect of SERCA2a overexpression 
on ventricular arrhythmias was tested. Here, seven days after gene (β-gal or SERCA2a) deliv-
ery, arrhythmia incidence during I/R or permanent occlusion was compared. It appeared that 
SERCA2a therapy was able to reduce the episodes of VT/VF after I/R.44 However, there was 
no effect on VT/VF incidence during the ischemia itself or after permanent occlusion of the 
LAD (Table 4), indicating that SERCA2a was only able to abrogate reperfusion induced VT/
VF in the 24hr follow-up period.44 A limitation of these permanent occlusion and I/R porcine 
studies was that the effect of SERC2a overexpression was investigated in non-failing myocar-
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dium. This led Lyon and co-workers to further study antiarrhythmic effects of SERCA2a in 
rats with chronic, myocardial infarction-induced, heart failure. This study showed a reductions 
in both spontaneous and catecholamine-induced arrhythmias. Moreover, ex vivo PES studies 
indicated reduced reentrant arrhythmias (Table 4). Cellular studies indicated that SERCA2a 
overexpression reduced spontaneous SR Ca2+ release, SR Ca2+ leak and catecholamine-induced 
triggered arrhythmias. Reduced triggered arrhythmias may also result from restoration of 
NCX function through normalization of miR-1 levels 28. Finally, in normal and failing guinea 
pig hearts, SERCA2a not only protected against triggered arrhythmias, but also reduced AP 
alternans, which is a marker of increased arrhythmia susceptibility.45,46 
 As an alternative to overexpression, SERCA2A activity can be modulated via downregula-
tion of PLN expression. Increased levels of PLN lead to decreased SERCA function under basal 
conditions (when not hyper-phosphorylated). PLN downregulation is therefore expected to 
impact positively on Ca2+-homeostasis during heart failure. In vitro experiments using trans-
duced cardiomyocytes showed positive results. A dominant negative PLN mutant introduced 
into cardiomyocytes using adenoviral gene transfer increased Ca2+ affinity of SERCA by 45% 
and resulted in a 7% faster decline in diastolic Ca2+.47 As a result of this intervention fractional 
shortening increased and diastolic relaxation was augmented. Also, adenoviral mediated gene 
therapy with PLN asRNA in rat neonatal cardiomyocytes showed positive results. Here, time to 
50% recovery was lowered, indicating a faster removal rate of Ca2+ during relaxation.48 Fechner 
et al. produced an adenoviral vector for the delivery of short-hairpin RNA targeting PLN. This 
treatment induced a highly effective and specific PLN gene silencing, which was seen up till 
two weeks after gene delivery, and the PLN downregulation led to improved SERCA Ca2+ han-
dling.49 The use of a transcoronary delivery system for rAAV carrying a pseudophosphorylated 
mutant of phospholamban was evaluated in an in vivo study of cardiomyopathic hamsters. 
This showed that Ca2+ handling was preserved, and contractility and membrane integrity were 
improved compared to non-treated animals.50 
 SERCA2a gene therapy has showed promising clinical outcomes and is at this stage the 
most advanced cardiac gene therapy. A recent phase I/IIa clinical trial (CUPID I) randomized 
39 patients to receive one of three dosages of intracoronary-infused AAV-SERCA2a gene ther-
apy or placebo.51 This study showed improvements in patients receiving the highest dose of 
AAV1/SERCA2a (1 x 1013 DRP, DNase-resistant particles), as expressed by a lower symptomatic 
classification (New York Heart Association; NYHA class), a better health status (VO2 max), and 
improved ventricular function (left ventricular ejection fraction).51 In addition, less frequent 
or delayed HF related hospitalizations occurred, and fewer cardiovascular deaths and trans-
plantations were seen in these patients.  Moreover, this study has been reassuring in terms of 
safety as no maladaptive changes where seen in major organ systems. This led to a follow-up 
study, the CUPID 2 (phase IIb, 250 patients) trial. Patients were randomized to receive placebo 
or the high dose of AAV1/SERCA2a (1 x 1013 DRP).52 Here the primary objective was to reduce 
the frequency of hospitalization, or to delay heart failure related hospitalizations. Secondary 
objectives included estimating incidence and severity of adverse events.52 Although details of 

this final study have not yet been published, the associated company (Celladon) has disclosed 
that primary and secondary endpoints have not been met. It therefore still needs to be deter-
mined whether this negative outcome relates to the study design or to mechanistic problems 
with long-term SERC2a overexpression. Another issue illustrated by the SERCA2a trial, is the 
development of neutralizing antibodies (NAbs), which prevent efficient AAV-mediated gene 
transfer. Occurrence of NAbs resulted in the exclusion of about half of the eligible patients.51 To 
bypass issues with NAbs, ongoing efforts are directed at engineering novel AAV serotypes that 
are sufficiently different from the naturally occurring AAVs.53 Moreover, NAbs are not expected 
to cause issues with non-vascular delivery such as with locally injected antiarrhythmic gene 
therapies

Issues and opportunities on the road ahead
As the field of antiarrhythmic gene and cell therapy advances, some selected approaches are 
emerging as promising pre-clinical candidates, while others, not primarily designed as anti-
arrhythmics, have reached to the level of early stage clinical testing (Table 5). Much is still to 
be learned about the underlying mechanisms of action and about means to identify patients 
who are most likely to benefit from selected therapies. More comprehensive testing in various 
cardiac pathologies will be important to evaluate the risk-benefit ratio and its contextual 
dependence. Concurrently, valuable information will be generated by application of selected 
therapies in ongoing and future clinical investigations. 
 Individual strategies will face their own hurdles that need to be dealt with. For example, 
the HERG-G628S and SkM1 strategies would likely benefit from the incorporation into long-
term expression vectors such as AAV or lentiviral vectors. Development of these types of vec-
tors will also facilitate investigation of potentially beneficial or deleterious effects of long-term 
transgene overexpression. The issue for the HERG-G628S and SkM1 approaches is delivery 
to opportune sites. Here, clinically available endocardial and epicardial mapping techniques 
may need to be optimized for substrate detection and catheter or open-chest delivery of the 
constructs involved. Concerning calcium handling, research on SERCA2a is most advanced. 
However, as presented at the 2015 European Society of Cardiology meeting (presentation 
7165), the latest phase 2b clinical trial (CUPID 2) did not meet its primary and secondary 
endpoints. Regardless of this negative study, it is expected that over time goals like long-term 
stem cell maintenance and stable myocardial transgene expression will be achieved, while 
generating meaningful therapeutic benefit. This will also create significant opportunities for 
protection against non-ischemic cardiac arrhythmias. The development of biological pace-
makers 54 is such an example, but protection against atrial fibrillation may also be achieved.55,56 
Furthermore, genetic correction of inherited arrhythmia syndromes will be another area of 
interest. Early signs of success have been noted,57–59 and with the arrival of techniques 60,61 
that facilitate the development of large animal models of these lethal syndromes, we are set to 
explore the full potential of molecularly-defined antiarrhythmics. 
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Table 5. Major strategies to prevent myocardial infarction related arrhythmias and most promising examples. GT: 
Gene Therapy. CT: Cell Therapy.

Strategies & examples Potency to protect 
against arrhythmias

Phase of development Refs.

Speeding conduction

 SkM1 GT High Pre-clinical, large animal 17, 18, 20, 22

 Connexin GT (Cx32 or 
 Cx43)

Moderate Pre-clinical, large animal 17, 21-23

 miR-1 GT Moderate Pre-clinical, small animal 19

Prolonging refractoriness

 HERG-G628S GT High Pre-clinical, large animal 12

 Kv1.3 or Kir2.1 CT Low-moderate Pre-clinical, large animal 14-16

Restoring Ca2+ homeostasis

  SERCA2a GT Moderate Clinical, Phase III 43, 44, 51, 52

 S100A1 GT Moderate Clinical testing in 
preparation

38-40, 42

 Phospholamban GT Not known Pre-clinical, small animal

Conclusions
The development of gene and cell therapy is a work in progress. Many of the conceptualized 
strategies are still in pre-clinical testing and have only been validated in small-sample studies. 
Yet, these novel molecular interventions are providing opportunities to locally modify the car-
diac substrate, and modify specific genes or pathways, all to a degree that has been impossible 
with classical pharmacology. These novel therapies therefore have significant potential to 
reduce the disease burden of life-threatening cardiac arrhythmias. 
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CHAPTER FOUR AD MICRO-RNA-BASED ANTIARRHY THMICS AFTER MI INJURY

To the Editor:
We thank Pantanè and his colleague for their constructive remarks on our review that was re-
cently published in Europace. Pantanè referred to a recent article (published after acceptance 
of our manuscript) describing the role of miR-1231 after myocardial infarction (MI) in human 
and rat heart tissue.1 This article states that miR-1231 is upregulated during the acute phase 
upon MI in humans and in rats, and that this miRNA supresses Cacna2d2 which encodes for 
the alpha-2/delta-2 subunit of the voltage-dependent calcium channel complex by which it 
potentially exerts a pro-arrhythmic effect.1 Yet, another paper shows opposite results in pa-
tients with chronic heart failure claiming a downregulation of miR1231 in those patients.2 As 
shown in a rat model of acute MI, a possible antiarrhythmic strategy could embody a temporal 
downregulating of miR1231 to decrease arrhythmogeneity in the acute phase resulting from 
the instant injury.1 But the pattern of miR1231 levels in time and its other possible downstream 
targets should first be defined before proceeding in that direction. 

Another miRNA-based antiarrhythmic strategy may be provided by miR-223-3p down regu-
lation. This miRNA is upregulated after acute injury which is associated with suppression of 
Kv4.2 encoding the transient outward current Ito. 

3 Decreased Ito can lead to prolonged action 
potential duration (APD) and affects calcium handling in a proarrhythmic manor.4 Therefore, 
in terms of arrhythmia prevention miR-223-3p may be reasonable, yet repertoire of down-
stream effects of this microRNA is more complex. For example, miR-233-3p upregulation has 
beneficial inhibitory effects on the ischemia reperfusion (I/R) induced NlRP3 inflammasome, 
which is a mediator of I/R damage by inflammation and necroptosis.5 

These recent studies, among many, clearly highlight the complexity of designing miRNA-based 
gene therapy strategies due to the diversity of functions and downstream targets. As we already 
stated in our review 6 in relation to miR-1, this diversity of targets could hamper the success 
of such interventions if not appropriately addressed. It therefore remains highly important to 
study the biological function of miRNAs including their changes over time, and in different 
disease states. This improved understanding of their mechanisms of action will ultimately aid 
the design of antiarrhythmic gene therapies to alter their function. 
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CHAPTER FIVE SKM1 DELIVERED VIA A CELL PL ATFORM

Abstract 
Background: In depolarized myocardial infarct epicardial border zones (EBZ), the cardiac 
sodium channel is largely inactivated, contributing to slow conduction and reentry. We have 
demonstrated that adenoviral delivery of the skeletal muscle sodium channel SkM1 to EBZ 
normalizes conduction and reduces induction of ventricular tachycardia/fibrillation (VT/VF). 
We now studied the impact of canine mesenchymal stem cells (cMSC) in delivering SkM1. 

Methods and Results: cMSC were isolated and transfected with SkM1. Co-culture experi-
ments showed cMSC/SkM1, but not cMSC alone, maintained fast conduction at depolarized 
potentials. We studied three groups in the canine seven day infarct: sham, cMSC and cMSC/
SkM1. In vivo EBZ electrograms were broad and fragmented in sham, narrower in cMSC and 
narrow and unfragmented in cMSC/SkM1 (p < 0.05). During programmed electrical stimula-
tion (PES) of EBZ, QRS duration in cMSC/SkM1 was shorter than in cMSC and sham (p < 0.05). 
PES-induced VT/VF was equivalent in all groups (p > 0.05). 

Conclusions: cMSC provide efficient, effective delivery of SkM1 current. The interventions 
performed (cMSC or cMSC/SkM1) were neither antiarrhythmic nor proarrhythmic. Compar-
ing outcomes with cMSC/SkM1 and viral gene delivery highlights the criticality of the delivery 
platform to SkM1 antiarrhythmic efficacy. 

Keywords: 
Myocardial infarction, arrhythmias, Na+ channels, gene and cell therapy, cardiac conduction 

Introduction 
Reentry causes most life-threatening cardiac arrhythmias in ischemic heart disease.1,2 An-
tiarrhythmic drugs and surgery terminate reentrant arrhythmias by creating bidirectional 
conduction block, depressing conduction and/or prolonging refractoriness.3 Normalization 
of conduction in depressed pathways might be an antiarrhythmic alternative to blocking 
conduction. Yet, the only tools to affect such outcomes have been norepinephrine and ace-
tylcholine, which hyperpolarize cell membranes and whose toxicities render their use here 
impractical. 
 We recently reported a novel means for speeding/normalizing conduction in settings 
associated with depolarized membrane potentials, leading to low availability of cardiac Na+ 
channels.4,5 The skeletal muscle Na+ channel (SkM1, Nav1.4) gene has a 10mV more depolarized 
midpoint of inactivation4,5 than the cardiac isoform (SCN5A, Nav1.5). Computer simulations 
indicated that SkM1 but not SCN5A expression preserves conduction velocity in depolarized 
environments.4 When administered via adenoviral vector into ventricular myocardium, SkM1 
increases action potential (AP) Vmax and conduction velocity and reduces the incidence of 
ventricular tachycardia/fibrillation (VT/VF) initiated by programmed electrical stimulation 
(PES) in healing infarcts4 or occurring spontaneously during ischemia/reperfusion.5

 Because viral gene delivery is not innocuous, one objective of this study was to explore 
an alternative delivery system. We have successfully introduced HCN2, a pacemaker channel 
gene, into canine myocardium in vivo using adult human mesenchymal stem cells (hMSC) 
as a delivery platform. hMSC express cardiac connexins (Cx40 and Cx436), electrically couple 
with myocytes and, carrying overexpressed HCN2 channels, create biological pacemakers in 
canine ventricle.7 These outcomes suggested feasibility of cell-based gene delivery. Therefore, 
we selected canine mesenchymal stem cells (cMSC) as a delivery platform in this study.
 Preliminary in vitro experiments8 demonstrated superior effects of SkM1 over SCN5A on 
Vmax and conduction in a cell line. We now report the isolation of cMSC, SkM1 properties in 
this delivery platform and their impact on conduction, arrhythmia induction, and AP Vmax in 
healing canine infarcts.  

Methods
Protocols were performed per American Physiological Society recommendations and re-
viewed and approved by the Columbia and Stony Brook University Institutional Animal Care 
and Use Committees. 
 Unless otherwise indicated, chemicals were from Sigma Chemical Co., St Louis, MO. An 
expanded version of the materials and methods and supporting data is provided in the online 
supplement. 
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Cell Isolation and Transfection
After euthanasia for other purposes, 4ml canine bone marrow was aspirated from the iliac crest 
of one-year old dogs. cMSC isolation proceeded by standard techniques9, and transfection of the 
cells with SkM1 and SCN5A constructs was performed via electroporation using nucleofector 
technology (Amaxa Lonza, Gaithersburg, MD). Transfection efficiency was 30-45%.

In vitro studies
Whole cell patch clamp with a signal amplifier (Model Axopatch-1B, Axon Instruments Inc.) 
was used to measure single cell membrane current. Electrode resistances were 3-4 MΩ. The 
liquid junction potential (~8 mV between bath and electrode solutions) was not corrected 
because exchange between pipette and cell are never complete.10 Neonatal Sprague-Dawley 
rats were euthanized and ventricular myocytes isolated by an approved Stony Brook Univer-
sity IACUC protocol as previously described.11 Isolated ventricular myocytes were re-plated at 
4×105 cells/cm2 for the control group and 3.5×105 cells/cm2 for the coculture groups at a 20:1 
ratio with cMSC onto grooved scaffolds. Cultures were maintained for 4-5 days before making 
functional measurements. For immunocytochemistry, cMSC were loaded with quantum dots 
(Qdot 655, Invitrogen) before coculture. After 4 days coculture on plastic cover slips, samples 
were stained with mouse anti-connexin 43 (Invitrogen) and rabbit anti-α-actinin (Sigma), and 
then stained with Alexa 488 and Alexa 546 conjugated secondary antibodies (Invitrogen). For 
functional measurements, scaffolds were washed and equilibrated at room temperature and 
stained with Fluo-4 AM (Invitrogen, Carlsbad, CA). A 2-D optical mapping system12 was used to 
measure impulse propagation at room temperature. 

Canine studies
cMSCs were prepared as above and used in passages 2-4. All batches employed had consistently 
high SkM1 sodium current expression in GFP-expressing cells. At the time of in vivo experi-
mentation, cells were thawed, and trypan blue exclusion used to obtain % and total number 
of viable cells. 1x106 viable cells were suspended in 0.75 ml PBS. The percentage of viable cells 
was 70-90%. Adult male mongrel dogs (22-25 kg; Chestnut Ridge Kennels, Chippensburg, Pa) 
were anesthetized with thiopental (17 mg/kg IV) and mechanically ventilated. Anesthesia was 
maintained with isoflurane (1.5-3.0%). A left thoracotomy was performed by sterile techniques, 
and coronary ligation performed as previously described.13 1x106 cMSC were injected using a 
23-gauge needle into three sites in the epicardial border zone (EBZ). The injection protocol was 
similar to that for adenoviral delivery.4  The chest was closed, lidocaine (50 µg · kg1 · min-1) was 
infused during surgery, and for 24-48h postoperatively. seven days later, dogs were anesthetized, 
the heart exposed, and ECGs and electrograms acquired, digitized, and stored on a personal 
computer (EMKA Technologies, Falls Church, Va). Electrogram recordings, induction of ven-
tricular tachycardia, microelectrode studies, infarct sizing, and immunohistochemistry were all 
performed as previously reported4 and are detailed in the online supplement.

Statistical Analysis
Data are expressed as mean ± SEM. For in vitro studies, t-tests were used to compare between 
two groups and Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparison test 
was used to analyze CV. Arrhythmia incidence in sham and cMSC or cMSC/SkM1-treated 
animals was analyzed by Fisher’s exact test. ECG parameters, electrogram width recordings, 
and microelectrode data were analyzed using one-way ANOVA followed by Bonferroni’s post-
tests. During PES at different cycle lengths, QRS duration was analyzed using two-way ANOVA 
for repeated measurements. p < 0.05 was considered significant. The authors had full access to 
and take full responsibility for the integrity of the data. All authors have read and agree to the 
manuscript as written.  

Results
Biophysical Comparison of SkM1 and SCN5A in cMSCs
To study voltage-dependent activation of SkM1 and SCN5A currents in GFP-positive cMSC 
(n=8/group), cells were held at -100 mV to prevent inactivation, and then pulsed to test poten-
tials from -80 to +40 mV, with 5 mV increments (Figure 1A). SkM1 current started activating 
at -40 mV, was half maximal at -30 mV and peaked at -20 mV. Comparable SCN5A current 
measurements were -50 mV, -40 mV and -25 mV respectively (Figure 1C). This suggests a 5-10 
mV shift between activation of SkM1 and SCN5A channels. Reversal potentials were at 21.69 
± 1.87 mV and 21.09 ± 3.66 mV respectively; both close to the Nernst potential for Na+ (+23.31 
mV at 22°C). Peak current density and peak conductance density were 38.52±4.74 pA/pF and 
0.95±0.14 nS/pF for SkM1, respectively and 55.09±10.60 pA/pF and 1.27±0.27 nS/pF for SCN5A, 
respectively. There were no significant differences in peak current density or peak conductance 
density between groups, suggesting comparable expression levels of both genes in cMSC.
 To characterize steady-state SkM1 and SCN5A inactivation, cMSC were prepulsed 
for 500 msec to holding potentials from -100 mV to 0 mV, with 5 mV increments, and then 
stepped to 0 mV (Figure 1B). Normalized currents were fitted with the Boltzmann equation.  
SkM1 channel inactivation had a midpoint of -58.6 ± 0.4 mV, and slope factor of 6.0 ± 0.2 mV. 
SCN5A had a midpoint of -73.9 ± 0.1 mV and slope factor of 5.9 ± 0.1 mV (Figure 1D). Thus, 
SCN5A inactivation was roughly 15 mV negative to SkM1 (p < 0.05). These data confirmed the 
relatively positive position of SkM1 inactivation voltage-dependence, suggesting cMSC/SkM1 
may function better to deliver Na+ current than cMSC/SCN5A in depolarized cells. Similar to 
our HEK239 cells results,8 time constants for recovery from inactivation of SkM1 and SCN5A 
in cMSCs are smaller than those for SCN5A at all holding potentials (Supplementary Figure 4), 
especially at more depolarized potentials, suggesting much faster recovery of SkM1 in cMSC. 
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cMSC and cMSC/SkM1 Effects on in vitro Impulse Propa-
gation
To confirm electrical coupling between cMSC and cardiac myocytes, we tested SkM1 effects 
on CV with cMSCs as the delivery system in the cocultures of myocytes and cMSC expressing 
SkM1 on PDMS scaffolds (Figure 2A-B).  A linear Pt electrode was placed at one edge of the 
scaffold to pace at 1 Hz. Macroscopic optical mapping was carried out at room temperature 
to record propagation in 2-D. CV comparison among myocyte only, myocyte-cMSC, and my-
ocyte-cMSC/SkM1 cocultures showed significantly higher CV in SkM1 cocultures in normal 
and high K+ solutions (Figure 2C).

Figure 1. SkM1 and SCN5A expression in cMSCs. A) SkM1 and SCN5A activation in cMSCs held at -100 mV and then 
pulsed to test potentials from -80 mV to +40 mV, per Methods. B) Inactivation of SkM1 and SCN5A currents in cMSCs 
held at potentials from -100 mV to 0 mV with 5 mV increments. C) Current-voltage relationship of SkM1 (n=8) and 
SCN5A (n=8) in cMSCs, normalized to maximum peak current. D) Inactivation curve (the h∞ curve) of SkM1 (n=8) and 
SCN5A (n=8). Data are normalized to the maximum peak current and fit to the Boltzmann equation f = 1/(1 + exp[(Em-
Vh)/K]), where Vh is the midpoint membrane potential and K is the slope factor.

Figure 2. Effect of cMSC/SkM1 on CV in in vitro cardiac syncytium. A-B) according previously described methods14, 
cMSCs were loaded with quantum dots (red) before being cocultured with myocytes. Cultures were fixed and stained 
4 days after initiation of coculture. Nuclei were counterstained using DAPI (blue). A) Low amplification micrographs 
showing the distribution of QDs loaded cMSCs (red) in relation to the cultured myocytes stained for Cx43 (green); 
scale bar represents 40µm. B) High amplification micrographs showing Cx43 expression (green) at the interface 
(yellow arrows) between myocytes (stained orange for α-actinin) and cMSCs loaded with quantum dots (red); scale 
bar represents 10µm. C) Comparison of CV in myocyte-only (n=33), myocyte-CMSC (n=17) and myocyte-CMSC/SkM1 
(n=28) cultures in normal and high K Tyrode’s (*p < 0.05). 

Studies in the Canine Model
Fourteen dogs were injected with cMSC, 10 with cMSC/SkM1, and 12 were not injected (sham). 
One cMSC animal died of VT two hours after surgery. Two shams died of arrhythmias, one 
during surgery and one two days later. All cMSC/SkM1 animals survived. Animals that died in 
the first two days were excluded from further analysis. We performed terminal experiments 
at day seven. During sinus rhythm, ECG cycle length, PR, QT and QTc did not differ among 
groups (Table 1A). However, QRS duration in cMSC and cMSC/SkM1 was shorter than sham 
(p < 0.05). Epicardial EBZ showed broad, fragmented electrograms (EGs) in sham; narrower 
EGs in cMSC and narrow, unfragmented EGs in cMSC/SkM1 (Table 1A, Figure 3).  
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ERP, QRS Duration and Arrhythmia Incidence during PES
ERP did not differ among groups (Table 1B). During PS site stimulation, QRS duration in 
cMSC and cMSC/SkM1 was shorter than sham (p < 0.05); and during EBZ site stimulation 
QRS duration was shorter in cMSC/SkM1 than cMSC or sham (P<0.05; Figure 4). Despite the 
potentially therapeutic actions of cMSC/SkM1 on conduction, sustained VT/VF was induced 
in 7/10 cMSC/SkM1-injected dogs vs. 5/13 cMSC-injected dogs and 7/10 shams (p > 0.05).

Figure 3. Typical recordings of lead II ECG (upper) and local electrograms (lower) - in normal myocardium (left) and 
EBZ; right. 

Microelectrode studies
After the in situ protocol, tissue slabs of injected regions were used to study cMSC and cMSC/
SkM1 impact on EBZ cellular electrophysiology. Resting membrane potential (RP) and AP 
duration (APD) did not differ among groups (p > 0.05; Table 1C). However, Vmax in cMSC/SkM1 
injected preparations was faster than sham and cMSC (P<0.05; Table 1C). To provide further 
insight into the relation between Vmax and membrane potential we plotted them against one 
another for all groups (Figure 5). This demonstrated that cMSC/SkM1 preparations have faster 
Vmax over the full membrane potential range. 

Measurement Sham cMSC cMSC/SkM1 

ECG parameters, ms 

Cycle length 567±37.2 562±30.1 560±33.6 

PR 96±4.4 98±4.3 100±3.5 

QRS 56±1.4 47±2.4 * 44±1.2 *

QT 220±5.6 207±5.5 210±7.9 

QTc 294±4.8 277±6.5 282±5.7 

EG duration, ms 

LV basal        (PS) 21±0.8 22±1.3 21±2.1 

LV anterior    (EBZ) 32±1.9 26±1.4 * 21±1.6 †

RV anterior 22±1.1 20±0.4 21±0.8 

Table 1A. ECG and local electrogram (EG) measurements during sinus rhythm. Note that only the local EG duration 
in anterior wall of the left ventricle (LV) – the injected epicardial borderzone (EBZ) – differs amoung groups. PS: 
paraseptal site. Sham n=10, cSMC n=13, cMSC/SkM1 n=10. *: p < 0.05 vs. Sham, †: p < 0.05 vs. cMSCs and Sham. 

Table 1B. Effective refractory period (ERP) recorded during PES from the paraseptal region (PS) and from the EBZ/
injection region. Sham n=10, cSMC n=13, cMSC/SkM1 n=10.

Measurement Sham cMSC cMSC-SkM1 

ERP (PS), ms 168±2.8 157±4.4 163±5.3 

ERP (EBZ), ms 167±4.2 158±4.8 153±4.0 

Table 1C. In vitro electrophysiological parameters recorded from EBZ tissues. †: p < 0.05 vs. cMSCs and Sham. Sham 
n=10, cSMC n=13, cMSC/SkM1 n=10.

Measurement Sham cMSC cMSC-SkM1

MDP, -mV 78.2±1.6 77.9±1.1 78.5±1.6 

Vmax, V/S 157.8±10.4 148.0±8.0 201.0±13.9 †

APD30, ms 38.7±7.4 43.9±4.8 49.6±8.1 

APD50, ms 54.9±8.6 70.0±7.3 74.8±11.5 

APD90, ms 87.3±9.1 109.9±8.6 113.2±12.9 
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Figure 4. QRS duration during normal and premature stimulation. QRS duration during stimulation from the 
paraseptal (PS; left) and EBZ/injection (right) regions. Note shorter QRS duration in cMSC/SkM1-injected animals 
(*p < 0.05). Electrical stimulation applied per Methods. Some animals could not be included in this analysis because 
they fibrillated before completing the protocol (PS; Sham n=7, cMSC n=12, cMSC/SkM1 n=9, and EBZ; Sham n=5, 
cMSC n=9, cMSC/SkM1 n=8. 

Figure 5. Action potentials have higher membrane responsiveness (Vmax   vs. MP) curves in cMSC/SkM1 injected 
preparations vs. Sham and cMSC (*; p < 0.05). 

Infarct Size, Western Blotting and Histology
No differences in infarct size were seen among sham, cMSC and cMSC/SkM1 (29±2.4, 28±2.1, 
and 28±3.3%; p > 0.05). Western blotting indicated persistent presence of SkM1 protein in the 
injection site of cMSC/SkM1-injected animals whereas the non-injected site in these animals 
and all tested sites in cMSC or sham treated animals persistently showed absence of SkM1 
protein (Figure 6A). Immunohistochemistry of cMSC/SkM1-injected regions demonstrated 
anti-Cx43 staining at the cMSC and adjacent myocardium interface (Figure 6B). SkM1/

GFP-positive cMSC were not found in sham EBZ (Figure 6B).

Discussion
This study  demonstrates: i) SkM1 biophysical properties in cMSC are more favorable than 
SCN5A in restoring fast conduction in depolarized tissue, ii) cMSC/SkM1 but not unloaded 
cMSC maintain relatively fast conduction in depolarized tissue, iii) cMSC/SkM1-injected 
animals show prominent restoration of fast impulse propagation (narrow EGs, narrow prema-
turely-stimulated QRS complexes, and high Vmax in excised tissue), iv) despite the potentially 
therapeutic actions of cellular SkM1 delivery there was no antiarrhythmic effect, contrasting 

Figure 6. Western blotting and immunohistochemistry of EBZ. A) Western blotting of injection site samples from 
cMSC/SkM1-treated animals showed a specific positive band at 250 kDa comparable to the signal obtained from 
virally transduced (using an SkM1 adenovirus; Ad-SkM1) neonatal rat ventricular myocytes (NRVMs) that were used 
here as a positive control. This 250 kDa SkM1-specific signal was not obtained in tissue from non-injected EBZ of 
cMSC/SkM1-treated animals nor was it obtained from sham (not shown) or cMSC-treated animals. GAPDH was used 
as a loading control.  B) In cMSC/SkM1 injected cells, coimmunohistochemical experiments showed Cx43 (green) on 
the interface (yellow arrows) between myocardium and SkM1 positive cells. GFP is visualized via direct florescence 
(green) and not optometrically separated from the Cx43 signal. SkM1 positive cells were not detected in sham. 
Nuclei were counter-stained (blue) using DAPI. Bar=25μm.
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with our previous work using viral delivery,4  v) whereas prior literature suggests MSC may be 
proarrhythmic15,16, we found MSC delivery to a healing canine infarct does not increase VT/
VF incidence. 

Biophysics of speeding conduction using cMSC-SkM1 
Early work on circus movement arrhythmias,17,18  predicting cessation of reentry if conduc-
tion accelerated such that the activation wave front encountered its own refractory tail. Yet, 
initial pharmacological strategies to speed conduction (e.g.neurohormones) were hampered 
by proarrhythmia and limited success.2 Novel drugs (rotigaptide and analogs)19 and gene 
therapies5,20 provided experimental means to speed conduction by enhancing gap junctional 
function, but their efficacy is still being debated21,22 and there are concerns that maintaining or 
increasing gap junctional function during acute infarction will increase infarct size.20 
 Cell and gene therapies are being explored as means to prolong ERP and prevent reentry. 
Cell based strategies can induce post-repolarization refractoriness, but their antiarrhythmic 
efficacy is still under investigation.23,24 Prolonging repolarization and refractoriness is effective 
in monomorphic VT25 and tachy-pacing induced AF;26 efficacy against polymorphic VT/VF is 
still unknown. Despite concerns regarding proarrhythmia accompanying local prolongation of 
repolarization, no proarrhythmia occurred in proof-of-concept studies.25,26 Ischemic tissue is 
often depolarized, contributing to reduced Na-channel availability, slow conduction and reen-
try.27,28  Cardiac Na-channel inactivation is pivotal here,29 and motivated our gene transfer of 
SkM1 channels whose inactivation kinetics favour current flow in depolarized tissue.4,5 These 
studies showed efficient restoration of conduction and protection against PES- or ischemia/
reperfusion-induced arrhythmias. Concerns regarding use of viral vectors led us to explore 
alternatives to viral gene transfer. Investigation of biophysical differences between SkM1 and 
the native cardiac Na-channel SCN5A in cMSC showed the midpoint of Na-channel inactiva-
tion shifted positively by 15 mV in SkM1- expressing cMSC as compared to cMSC expressing 
SCN5A – an outcome similar to results in HEK cells and NRVMs.8,30 Approximately 60% of 
SkM1 channels are available at -60 mV contrasting with <10% of SCN5A channels. Other im-
portant predictors of sodium channel availability include fast inactivation and recovery from 
fast inactivation: both were accelerated in SkM1 vs. SCN5A. Together, these results suggest 
cellular SkM1 delivery should efficiently restore the pool of available sodium channels; in a 
fashion superior to cellular SCN5A delivery and to natively-available Na-channels.
 Efficient coupling of delivery cells (here, cMSCs) to cardiac myocytes via gap junctions 
is central to ion current delivery. To this end, we previously reported that hMSC express Cx40 
and Cx43 allowing efficient electrical coupling, delivery of overexpressed HCN2 current, and 
introduction of HCN2-based spontaneous activity in adjacent myocytes.6,31,32 In those studies, 
HCN2 current and spontaneous activity were blocked by carbonoxalone, highlighting the 
criticality of gap junctional coupling. To investigate the capability of cMSC/SkM1 to couple 
to myocytes and speed conduction we cocultured them with NRVMs. Cx43 was expressed at 
myocyte/cMSC interfaces and conduction velocities were increased in normal and depolar-

ized conditions as compared to myocyte-only and myocyte/cMSC cell strands (Figure 2). This 
outcome encouraged our in vivo experiments. 

Efficient and specific restoration of fast conduction in 
canine EBZ
One concern about the cMSC-based approach was the reduced pH of ischemic tissue, which 
results in closure of Cx43 gap junctions.33,34 This might limit the efficiency of SkM1 current 
delivery. Despite the potential for suboptimal coupling between myocytes and cMSCs, cM-
SC-SkM1 efficiently restored fast conduction in EBZ, as evidenced by: i), local electrograms in 
EBZ were broad and fragmented in sham, narrow and less fragmented in cMSC, and narrow 
and unfragmented in cMSC-SkM1 (Figure 3); ii) QRS duration after application of PES in the 
EBZ was narrow in cMSC/SkM1-injected dogs, comparable to that of uninfarcted dogs. iii) 
QRS duration was shorter at normal and short coupling intervals – in cMSC/SkM1 dogs than 
in shams or those receiving cMSC (Figure 4); iv) Vmax in isolated EBZ tissues of cMSC/SkM1 
was significantly faster than in non-injected or cMSC-injected tissues (Figure 5). These results 
reflect restoration of fast inward Na current and speeding of conduction in EBZ by cMSC/
SkM1 with efficiency comparable to that with viral SkM1. 
 Also similar to viral SkM1 delivery was the lack of proarrhythmia in hearts receiving 
cMSC/SkM1. Note as well that QT and QTc (Table 1A), ERP (Table 1B) , and AP duration (Table 
1C) were similar across groups, further illustrating that introducing SkM1 primarily impacts 
conduction without affecting repolarization. This suggests the outcomes of SkM1-based 
interventions arise from an effect on conduction. 

Absence of protection against inducible VT/VF
Despite the efficacy of cMSC/SkM1 in restoring fast conduction in EBZ, protection against 
PES-induced VT/VF was not achieved. Several considerations might explain the absence of 
an antiarrhythmic effect: First; the extent of speeding of conduction might be insufficient to 
prevent PES-induced VT/VF. This appears unlikely, as we previously demonstrated significant 
reduction in incidence of PES-induced VT/VF with a similar acceleration of conduction based 
on SkM1 gene transfer.4 We also showed SkM1 gene therapy speeds longitudinal conduction35 
and prevents ischemia/reperfusion-induced arrhythmias5, further supporting the notion that 
the extent of conduction speeding (similar to viral SkM1) should be antiarrhythmic. Second; 
cMSCs could negatively impact conduction by acting as a current sink31 thereby slowing 
conduction and compensating the SkM1 effects. This is unlikely because unloaded cMSC did 
not slow conduction. In light of potential current sink effects, it should be noted that we use 
a small number of cells (~1 million) because we previously established this dose to generate 
significant ion channel-based biological function.7 This dose is much lower than that typically 
used in studies of cardiac regeneration (~200 million cells).36,37  Third; prior research has shown 
that MSC form low resistance junctions but not intercalated disks with myocytes,6 Therefore, 
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while conduction is sped by cMSC/SkM1, the organization needed for an antiarrhythmic 
effect may not be achieved. In addition, it is possible that absence of intercalated discs in the 
cMSC-SkM1/myocyte unit supports formation and/or maintenance of reentrant pathways 
that otherwise would have remained incomplete. 

Safety concerns of MSC-based therapies 
When considering gene-modified or unmodified MSC transplantation as therapeutic ap-
proaches in cardiac disease two concerns have been extensively discussed: i) the potential of 
MSC to be proarrhythmic38 and ii) the risk for neoplasia.39 The proarrhythmia concern is based 
on studies illustrating slowing of conduction and reentrant arrhythmias in vitro40 and ERP 
shortening in vivo41 following MSC transplantation. However, other in vivo studies report ab-
sent42,43 or protective44 effects with regard to ventricular arrhythmias. Our study supplements 
these findings by showing that transplanting a low dose of allogeneic MSC into the EBZ is safe 
and that it improves the conduction properties of the myocardium (Table 1A and Figure 4).
 Concern for potential tumourogenesis resulting from MSC transplantation has primarily 
arisen because even early passage MSC can manifest chromosomal aberrations.45 A murine 
model of MSC transplantation confirmed this concern.46 Although a large body of literature 
suggests the use of human MSC is safe,39,44 recent reports of tumour formation in rodents46 
clearly warrant extensive safety analysis of MSC-based therapies.

Study limitations
In this study, we asked if cellular delivery of SkM1 protects against inducible arrhythmias 
seven days post MI. We worked with a fixed end-point i) because previous research indicat-
ed this provides a stable substrate for induction of reentrant arrhythmias28 and ii)  to allow 
direct comparison between cellular delivery of SkM1 and previously reported viral delivery.4 
Furthermore, we only tested one dose of cells which had been  highly effective in delivering 
electrical signals locally.7 Other experiments had indicated that seven days is sufficient for 
MSCs to form gap junctions with myocytes and deliver ionic currents.32 We cannot exclude 
that a protocol using higher doses or later time points might have had a different outcome. 
Yet the outcome with the cellular approach - highly efficient normalization of conduction - 
suggests that sufficient dose and time were available for cellular delivery of SkM1. The lack of 
specific antiarrhythmic effects of the cMSC/SkM1 intervention suggests that the cell delivery 
approach was complicated by the mechanistic problems discussed above rather than resulting 
from insufficient dose or time.

Conclusions
Using in vitro and in vivo approaches, we have shown cMSCs provide an efficient platform 
to control ion channel function in the vicinity of myocardial infarcts. We also have shown 
that effectiveness of SkM1-based antiarrhythmic therapy critically depends on the delivery 
vehicle, with viral gene delivery appearing superior. Further attempts to modify conduction 
in infarcted tissue may therefore be better focused on viral delivery of sodium channels, while 
cells might be reserved for myocardial repair. 
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Supplemental material 
Expanded Materials and Methods
Plasmid Construction
The rat SkM1 insert was released from pµI-2-SkM1, kindly provided by Dr. Gail Mandel (SUNY, 
Stony Brook, NY) and subcloned into a mammalian expression vector pIRES2-EGFP (BD 
Bioscience Clontech, Mountain View, CA) at the EcoR I site. Human SCN5A-pcDNA3.1 was 
a kind gift from Dr. Robert Kass (Columbia University, New York, NY). The insert was excised 
using Hind III and Xba I restriction enzymes, blunt ended, and subcloned into the Sma I site 
of pIRES2-EGFP. 

Cell Isolation and Culture
Canine mesecheymal stem cells were isolated by Ficoll-Paque Plus density gradient centrifu-
gation from aspirated bone marrow (Figure S1). Primary cultures of cMSC were maintained at 
37°C in 5% CO2/95% air with an initial medium for 48h. Medium was then changed every 3-4d. 
Cell colonies with spindle-like morphology were transferred seven days after initial plating. 
After confluence cells were harvested with 0.25% trypsin-EDTA, and replated. Isolated cells 
were characterized at passages 2-4 by flow cytometric analysis of specific surface antigens 
with fluorescein isothiocyanate- (FITC) conjugated rat anti-canine CD44, FITC-conjugated 
rat anti- canine CD45 unconjugated rat anti-canine CD90, and phycoerythrin-(PE) conjugated 
mouse anti-canine CD34. A large majority of the cells were CD44 (99.61%) and CD90 (93%) 
positive – and 98% were CD34 and CD45 negative; suggesting a significant majority were 
MSCs (Figure 2S).
 To further validate the MSC properties of the isolated cells we subjected subsets of the 
cells to osteogenic, apdipogenic and chondrogenic differentiation protocols. For adipogenic 
and osteogenic differentiation, the cells were plated in 6well or 12-well plates. Adipogenic and 
osteogenic induction was initiated using designated kits from Lonza. For adipogenesis, three 
to five cycles of the following media changes were performed: two-three days of exposure to 
adipogenic induction medium followed by two-three days of exposure to maintenance me-
dium. Osteogenic induction was carried out by feeding the cells with osteogenic induction 
medium every three-four days for two-three weeks. Chondrogenic induction was performed 
by pelleting 2.5×105 cells in chondrogenic induction medium containing TGFβ3. Complete 
media changes were performed every two-three days for three-four weeks. At the end of the 
induction protocols, the cells were rinsed with PBS and fixed with 10% formalin. Adipogen-
esis was assayed using Oil Red O staining. Osteogenesis was assayed by staining for calcium 
deposition using Alizarin Red staining. Chondrogenic pellets were embedded in cryogenic 
cutting medium, sectioned for histology, and glycosaminoglycans were stained using Safranin 
O. Figure S3 illustrates the osteogenic, apdipogenic and chondrogenic potential of the isolated 
cells.
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Figure S2. Flow cytometric identification of Ficoll-Paque Plus density gradient isolated cMSC. A) Typical flow 
cytometry histogram indicating nearly all cells are negative for CD34 (2.01%; upper panel) and CD45 (2.18%; lower 
panel). B) Typical flow cytometry histograms indicating a majority of cells are positive for CD90 (93.45%; upper panel) 
and nearly all cells are positive for CD44 (99.61%; lower panel).

Figure S1. Canine mesenchymal stem cell (cMSC) isolated by Ficoll-Paque Plus density gradients centrifugation. A, 
Cells isolated from the density interface of 1.073g/ml attached and grew as symmetric spindle-likes morphology cell 
colonies in about 7-10 days after initial planting. B-C, Cells obtained from densities higher than 1.073g/ml showed 
different cell morphology and did not develop into colonies over 7-10 days.

Transfection
cMSCs were transfected with pIRES2-EGFP-SkM1 or -SCN5A construct by electroporation 
using Nucleofector technology (Amaxa Lonza, Gaithersburg, MD) as directed and were in-
cubated at normal culture conditions. Expression of EGFP and Na+ currents was examined 
24-48h after transfection. 30-45% of the cells were GFP positive. Na+ currents were measured in 
GFP-positive cells perfused with 15 mM Na+ Tyrode’s solution. cMSC/SkM1 and cMSC/SCN5A 
cell capacitances were 57.63 ± 6.74 pF and 56.38 ± 6.93 pF, respectively (n=8/group).  

Patch clamp studies
Whole cell patch clamp with a signal amplifier (Model Axopatch-1B, Axon Instruments Inc.) 
was used to measure single cell membrane current. Voltage and current signals were digitized 

Figure S3. Canine MSCs differentiation. A-B) Osteogenic differentiation. B) Red-brown staining indicates Ca2+ 

deposition based on alkaline phosphatase - suggesting osteogenic differentiation in induced cultures. A, Non-
induced cultures did not show Ca2+ depositions. C-D) Adipogenic differentiation. D) Positive Oil red-O staining 
indicates adipogenic differentiation in induced cells. C) Non induced cells did not show positive staining for Oil 
red-O. E-F) Chondrogenic differentiation. F) Cell pellets of induced cells showed positive safranin O staining – 
indicative for presence of proteoglycans and therefor suggesting cartilage formation. E, Pellets of non-induced cells 
do not show safranin O positivity. Cytoplasm stains green and nuclei stain black. 
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(Model DIGIDATA 1320A, Axon Instruments) and transferred to a personal computer. Data 
acquisition and analysis were performed using CLAMPEX 9.2 and CLAMFIT 9.2 software 
(Axon instruments), respectively. Normal Tyrode’s solution contained (mM): NaCl 137.7, KCl 
5.4, NaOH 2.3, CaCl2 1.8, MgCl2 1, Glucose 10, and HEPES 10 (pH adjusted to 7.4 with NaOH). 
Low Na+ Tyrode’s solution contained (mM): NaCl 15, TEACl 122.7, KCl 5.4, NaOH 2.3, CaCl2 1.8, 
MgCl2 1, Glucose 10, and HEPES 10 (pH adjusted to 7.4 with NaOH). Electrodes with resist-
ances =3-4 MΩ were made from capillaries with a P-87 Flaming/Brown micropipette puller 
(Sutter Instrument Company, Novato, CA) and filled with (mM): KCl 50, K-aspartic acid 80, 
MgCl2 1, EGTA 10, HEPES 10 and Na2-ATP (pH adjusted to 7.2 with KOH). The liquid junction 
potential (~8 mV between bath and electrode solutions) was not corrected because exchange 
between pipette and cell are never complete. 1

Generation of a cardiac Syncytium
Neonatal Sprague-Dawley rats were sacrificed and ventricular myocytes were isolated by an 
approved Stony Brook University IACUC protocol as previously described.2 Ventricles were 
excised and washed free of blood, tissue cut into small pieces and enzymatically digested 
with trypsin at 4°C (1mg/ml, USB, Cleveland, OH), and, the next morning, with collagenase 
at 37°C (1mg/ml, Worthington, Lakewood, NJ). Cardiac fibroblasts were removed by 90 min 
preplating. Isolated ventricular myocytes were re-plated at 4×105 cells/cm2 for the control 
group and 3.5×105 cells/cm2 for the coculture groups at a 20:1 ratio with cMSC onto grooved 
fibronectin-coated polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI) 
scaffolds in M199 medium (GIBCO Invitrogen) supplemented with 10% fetal bovine serum 
(GIBCO Invitrogen) for 2d and then reduced to 2%. Cultures were maintained in an incubator 
at 37°C with 5% CO2 for 4-5d before functional measurements. 

Microscopic Dynamic Functional Measurements and Analysis
All scaffolds were washed and equilibrated at room temperature in normal Tyrode’s solution. 
Samples were then stained with Fluo-4 AM (Invitrogen, Carlsbad, CA) for 20 min for tracking 
Ca2+ waves. After washing with Tyrode’s, scaffolds were removed from the surface so that only 
the cells in the grooves remained, forming 5 linear cultures. A 2-D optical mapping system3 
as in the companion paper4 was used to measure impulse propagation. To vary the degree of 
membrane depolarization, we used 5.4 and 10.4 mM K+ Tyrode’s solutions.

Induction of VT/VF
Pacing threshold was determined by incrementally increasing the current until capture. 
Ventricular pacing was performed at 2X pacing threshold. Extrastimulus pacing with a 
programmable stimulator (Bloom Associates, Reading, Pa) was performed sequentially in the 
high paraseptal region (PS), infarct lateral EBZ/injection region and within the infarct. Pacing 
trains began with 10 stimuli at a cycle length of 350-400 ms. S2 was initiated at 250 ms, and 
S1-S2 was decreased in 10-ms steps until loss of capture. For S3 pacing, S1-S2 was set at the 

Figure S4. Recovery of SkM1 current (A) and SCN5A current (B) in cMSCs. Cells were held over a range of holding 
potentials and double-pulsed to 0 mV. Each pulse had a 10 msec duration, with an increasing time interval between 
the two pulses. Data were normalized to the current amplitude of the first pulse (n = 8 for each holding potential) 
and curve fit the equation f = 1- exp (-t/τ). C) Comparison of recovery time constant τ between SkM1 and SCN5A at 
different holding potentials.

shortest interval with reliable S2 capture (equivalent to the effective refractory period; ERP). 
S3 was initiated at a coupling interval of 100 ms and increased in 10-ms steps until S3 capture 
occurred. If VT was ≥60 seconds or when the protocol was finished, the heart was removed 
and prepared for microelectrode study, histology, and infarct sizing.

Microelectrode Methods
Hearts were removed and immersed in Tyrode’s solution5 equilibrated with 95% O2/5% CO2. 
Epicardial strips (≈10Χ5 Χ 0.5 to 1 mm) were filleted parallel to the left ventricular free wall 
surface from non-injected EBZ sites and EBZ sites injected with blank cMSC or cMSC/SkM1. 
Preparations were pinned epicardial surface up to the bottom of a 4-mL tissue bath and su-
perfused (36°C, pH 7.35±0.05) at 12 mL/min.  Superfusate [K+] was varied from 4-7 mmol/L to 
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permit Vmax measurement at various membrane potentials. Preparations were paced at a cycle 
length of 500 ms, and AP recorded at 30–50 sites/preparation after 3h equilibration to reach 
steady state.5 

Infarct Sizing
After tissues were removed for microelectrode study and histology, the heart was cooled to 
4°C and cut into 1-cm-thick transverse slices from apex to base. Slices were incubated x20 
min in 1% tetrazolium red (pH, 7.4 buffer at 37°C), immersed in 10% formalin x15 min, and 
pressed between 2 glass plates to obtain uniform 1-cm thickness. Apical sides of slices were 
photographed, and a digital image planimetered (Image J Analysis 1.40g, National Institutes 
of Health, Bethesda) to determine overall infarct size. Volume of infarcted myocardium was 
calculated by multiplying planimetered areas by slice thickness and expressed as % total left 
ventricular volume. 

Histology and Immunochemistry
Tissue blocks were snap-frozen in liquid nitrogen; 5 µm serial sections were cut with a cryostat 
(Microm HM505E) and air-dried. Sections were washed in PBS, blocked x20 min with 10% 
goat serum, and incubated overnight at 4°C with anti-SkM1 antibody (1:200, Sigma-Aldrich, 
St Louis, Mo) alone or together with Cx43 antibody (1:500,Invitrogen, Breda, The Netherlands). 
Antibody bound to target antigen was detected by incubating sections x2h with goat an-
ti-mouse IgG labeled with Cy3 (red fluorescence for SkM1) and goat anti-rabbit IgG labeled 
with Alexa 488 (green fluorescence for Cx43), together with detection of GFP with a Nikon 
E800 fluorescence microscope. 

Western Blotting
Tissue samples were sonicated in lysate buffer, which contains 1X PBS, 1% Triton X-100, 0.5% 
NaDoc, 0.1% Tween-20 and protease inhibitor tablet (Roche), for 45 second and incubated on 
ice for 30 min. After centrifugation at 3000 rpm for 10 minutes to remove connective tissue and 
unbroken cells, the supernatant were used as the whole cell lysate. Samples were separated 
on a 4-20% tris-glycine gradient gel (invitrogen) and transferred to PVDF membrane (Biorad). 
After blocking with 5% milk for an hour at room temperature membranes were incubated 
with anti-Nav1.4 mouse monoclonal antibody (Sigma-Aldrich, 1:500) or anti-GAPDH rabbit 
polyclonal antibody (Fitzgerald Industries International, 1:5000) in 5% milk overnight at 4° 
C.  After washing, membranes were incubated with secondary antibody for an hour at room 
temperature (GE Healthcare), followed by enhanced chemiluminescence processing (Amersh-
am Pharmacia Biotech). In Figure 6B, the sample neonatal rat ventricular myocytes (NRVMs) 
transduced with a SkM1 overexpressing adenovirus (Ad-SkM1)6 was used as a positive control 
- loaded to the gel with 1 ug/lane (as compared to 75 ug/lane for the other samples) - and is 
not included for quantitative comparison. The results for the cMSC/SkM1-treated animal is 
typical for a total of 4 animals tested.
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Abstract
Background: Because of increased survival after myocardial infarction (MI), heart failure 
due to adverse remodelling is a growing socio-economic burden. A major hallmark of ad-
verse remodelling is increased collagen deposition leading to contractile dysfunction and 
arrhythmogenicity. Timely observation of increased cardiac fibrosis deposition could lead 
to therapy adjustments, hereby preventing further functional deterioration. Current golden 
standard to assess cardiac fibrosis is late gadolinium enhancement (LGE) MRI, however the 
costs and need for contrast agents with this technique are major drawbacks. An alternative 
could be the use of a biomarker of collagen synthesis like procollagen type I carboxy-terminal 
pro-peptide (PICP), which is cleaved off and released into the bloodstream prior to fibre for-
mation. Here we studied the relation between circulating biomarker levels after MI and infarct 
size as measured by LGE MRI. 

Methods and results: Plasma from first-time acute MI (AMI) patients was collected at base-
line, and six weeks and five months post-MI. Circulating PICP and ICTP levels were measured 
by commercially available ELISA or RIA kits, respectively. Circulating levels of miR1, miR21-5p 
and miR133a were analysed using Qiagen miRNeasy and miRCury kits. To determine infarct 
size, LGE was performed at five months after AMI (n=76). A Pearson’s correlation coefficient 
was computed and a mixed-effect model for repeated measures was used when appropriate. 
PICP showed a significant increase at six weeks and returned to baseline value at five months. 
ICTP was decreased at six weeks and five months compared to baseline, as was miR21-5p. 
miR1-3p and miR133a did not show differences upon MI. PICP corrected for ICTP was not 
correlated to infarct size. However, PICP and miR21-5p were correlated with scar size at six 
weeks. ICTP was correlated to scar size between 5.5 and 9.5 months.

Conclusion: Circulating biomarkers of collagen PICP, ICTP and miR21-5p seem to be involved 
in collagen formation after MI and correlated with scar size. However, the correlations were 
weak to moderate which makes it difficult to implement it in clinical treatment regimen. 

Keywords: circulating biomarkers, fibrosis, myocardial infarction, LGE MRI.

Introduction
In Europe, almost 6 million new cases of ischemic heart disease per year arise, and this number 
is increasing since 1990.1 Despite the rise in the incidence of ischemic heart disease, the mor-
tality as a consequence of myocardial infarction has decreased in western Europe since 2003, 
due to innovations in clinical practice.1 Because of this increased survival after myocardial 
infarction, adverse cardiac remodelling resulting in heart failure is a growing socio-economic 
burden. 
 A major hallmark of adverse remodelling is increased collagen deposition leading to con-
tractile dysfunction and arrhythmogeneity.2,3 Timely observation of increased cardiac fibrosis 
could lead to therapy adjustments, thereby preventing further functional deterioration. The 
current clinical golden standard to assess cardiac fibrosis is late gadolinium enhancement 
magnetic resonance imaging (LGE) MRI.4 Gadolinium is administered intravenously and after 
a short time period myocardial scar is visualised because scarred and viable myocardium 
have different gadolinium washout kinetics. The remaining gadolinium within scarred tissue 
is reflected as an enhanced signal on T1 weighted MRI.4 The costs and need for contrast agents 
with this technique are major drawbacks, and even more importantly, only large patches of 
fibrosis can be detected. Moreover, LGE MRI does not specifically determine collagen but 
merely reflects enhanced extracellular space.5 Therefore, healthcare could benefit from alter-
natives applicable for fibrosis monitoring, for example by evaluating circulating biomarkers 
of collagen. A biomarker is a marker which is strongly associated with a specific disease or 
disease process.6 In this case, we are looking for a marker that reflects alterations in collagen 
deposition as accurately as possible. To make a biomarker clinically applicable, a biomarker 
should be measurable in the peripheral body (blood plasma), easy to detect, and analysis 
needs to be robust and reproducible.6 
 The most abundant cardiac collagen is collagen type I, and to a lesser extent type III, 
which form fibres to provide mechanical strength to the myocardium.7 Collagens are dynamic; 
a balance between synthesis and degradation provides a thin weaved network of collagens 
between the cardiomyocytes. Procollagen type I is synthesised by fibroblasts. When the pr-
ocollagen is transported into the intercellular space, the pro-peptides at the amino (N)- and 
carboxy (C)-terminus are cleaved and released into the blood, PICP and PINP respectively.8 
Degradation of collagen fibres occurs by metalloproteases (MMPs), cleaving the fibrillar 
collagen into small peptides. C-terminal telopeptide of type I collagen (ICTP) is the stable 
degradation peptide that is also released into the blood. Collagen turnover is relatively slow 
and estimated to be between 80-120 days.8 When there is more synthesis than breakdown, 
fibrosis formation takes place. MicroRNAs (miRNAs) are small non-coding RNA strands which 
regulate gene expression at a post-transcriptional level.9 Several miRNAs are known to target 
genes that play a role in collagen homeostasis, like miR1-3p (targets Fibulin-110), miR21-5p 
(targets TGF-β induced endothelial to mesenchymal transition11), and miR133a (targets colla-
gen-α-112). 
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In this study we analysed the potential relation between circulating fibrotic biomarkers and 
post-MI infarct size as measured by LGE MRI. We focussed on PICP as direct marker for col-
lagen I synthesis, ICTP as direct marker for collagen type I degradation, and the microRNAs 
miR1, miR21, and miR133a as markers for post-transcriptional regulation of fibrosis formation. 

Material & Methods 

Study population
The DEFI-MI study is a prospective single centre study (METC UMCU: NL45241.041.13), in 
which 89 patients were enrolled between March 2014 and April 2018. Patients presenting with 
an acute myocardial infarction (AMI, ST-elevation and non-ST-elevation), and without a his-
tory of cardiac disease were included. AMI was defined as troponin I levels >60 ng/L together 
with clinical and electrocardiographic (ECG) findings consistent with AMI. The study was 
conducted according to the Declaration of Helsinki. Blood samples were collected at baseline, 
and at approximately six weeks and around five months thereafter. Samples were stored at 
-80ºC until use at the biobank of the University Medical Centre Utrecht. 

LGE MRI 
Five months after inclusion, patients underwent contrast-enhanced 1.5 Tesla cardiac magnetic 
resonance (CMR) imaging (Philips Healthcare, Best, The Netherlands). LGE image acquisition 
was performed 15 minutes after administration of 0.2 ml/kg gadobutrol (Gadovist, Bayer 
Healthcare, Berlin, Germany) with an infusion rate of 1.5ml/s and first pass perfusion imaging 
was performed. This consisted of prospective ECG-gated sequences of the short axis views 
from base to apex, with slice thickness of 5mm. Images were analysed using the Philips ISP9 
software (Philips Healthcare). The amount of LGE was quantitatively assessed using the full-
width-at-half-maximum (FWHM) method,4 providing a percentage for total scar size of the 
whole left ventricle. For patients in whom no scar was observed visually, FWHM results were 
manually set to zero. This because the FWHM technique will count half of the myocardium as 
scar when no scar is visible due to the narrow intensity width. 

Circulating biomarker analysis 
PICP pro-peptides were measured using a commercially available enzyme-linked immuno-
sorbent assay (ELISA) from MicroVue, Quidel (MicroVue Bone, CICP, product number 8005). 
ICTP was measured using a commercially available radioimmunoassay (RIA) (UniQÆ, Orion 
Diagnostica, product number 68601). PICP and ICTP levels are shown as ng/ml. miRNAs were 
isolated from EDTA plasma samples using the Qiagen miRNeasy Serum/Plasma Advanced kit 
(Qiagen, cat no: 217204). In short 200µl plasma was mixed with a lysis buffer to release miRNA 
from plasma proteins and extracellular vesicles. Next a precipitating buffer was added and the 

sample was centrifuged to precipitate contaminating proteins. Isoproterenol was added to 
create the best circumstances for the miRNA to bind to the silica membrane of the MinElute 
spin column, after which subsequent wash-steps were executed before eluting the miRNA in 
RNase-free water.  The next step was to create cDNA using a miRCury LNA RT kit (Qiagen, cat 
no: 339340). The cel-miR39-3p RNA spike-in template (Qiagen, cat no: 339390) was used for 
normalisation. miR1-3p, miR21-5p and miR133-3p were analysed using miRCURY SYBR PCR 
Kit (Qiagen, cat no: 339346). We calculated a ∆CT value using the CT values derived from the 
miRNA specific assay corrected for our spike-in cel-miR39-3p. We would like to emphasize 
that the CT value of a specific miRNA is the number of PCR cycles required for the fluorescent 
signal to exceed threshold, therefore the lower the CT (or ∆CT) value, the higher the miRNA 
expression. Due to nature of our study design (no control subjects were enrolled in this study), 
we were not able to calculate a ∆∆CT value. 

Statistical analysis 
Data was tested for normal distribution using the Kolmogorov-Smirnov test for normality. 
Because scar size determined via LGE MRI did not follow a normal distribution, all circulating 
biomarker data were correlated to LGE MRI results using a Spearman’s correlation. Differenc-
es or correlations were considered significant if p < 0.05, correlations were considered weak 
between 0.10 and 0.40, moderate between 0.40 and 0.70, strong between 0.70 and 0.80, and 
very strong between 0.80 and 1.00. Patients were excluded for correlation when during the 
follow-up period other diseases (e.g. cancer, systemic inflammation) were diagnosed or events 
that affect collagen homeostasis (e.g. surgery) occurred. Due to missing values, a Mixed-ef-
fect model for repeated measures was used for biomarker analysis over time. For statistical 
analysis, SPSS Statistics version 25.0.0.2 (IBM, Armonk, NY, USA) and PRISM 8.0 (GraphPad 
Software, La Jolla, CA, USA) software was used. 

Results 
Patient characteristics 
Informed consent was signed by 89 patients, from whom nine dropped out due to retraction 
of the informed consent, or absence at subsequent blood collection time points and not 
having the ability to reschedule appointments. All patient characteristics are listed in Table 
1. As such, we included 80 patients of which 12 were female and 68 were male. The average 
age was 57.49 (±10.92). The majority of the included patients had a STEMI (n=66), while 14 
patients had a non-STEMI. Six patients presented with an out of hospital cardiac arrest. Time 
to revascularisation on average was 7.9 ± 14.3 hours after first symptoms appeared. Revas-
cularisation therapy consisted of percutaneous intervention (PCI) for 79 patients while one 
patient underwent bypass surgery. Scar size measured five months after revascularisation was 
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6.19% ± 4.93% of total myocardial mass.
 At baseline, four patients were diagnosed previously with diabetes mellitus (DM), 19 
were diagnosed with hypertension, 36 were diagnosed with hypercholesteremia, and five had 
a history of a transient ischemic attack or stroke. Almost half of our included patients were 
smokers at time of inclusion. Table 2 lists the medication prescribed prior to inclusion, and at 
six weeks and five months after PCI. 

Table 1. Patient characteristics. SD: standard deviation, STEMI: ST-elevation myocardial infarction. OHCA: out of 
hospital cardiac arrest, DM: diabetes mellitus, TIA: transient ischemic attack, COPD: chronic obstructive pulmonary 
disease.

Patient Characteristics 

Male (%,n) 68 (85%, 80)

Age ± SD (n) 57.49 ± 10.92 (80)

STEMI (%,n) 66 (82.5%, 80)

Non-STEMI (%,n) 14 (17.5%, 80)

OHCA (%,n) 6 (7.5%, 80)

Scare size, % of total mass (n) 6.19% ± 4.93% (76) 

Time to revascularization ± SD (n) 7.9 ± 14.3 (79)

DM (%,n) 4 (5%, 80)

Hypertension (%,n) 19 (23.8%, 80)

Hypercholesteremia (%,n) 36 (45%, 80)

Family risk (%,n) 27 (33.8%, 80)

TIA/Stroke (%,n) 5 (6.3%, 80)

Periferal artery disease (%,n) 0 (0%, 80)

Renal failure (%,n) 1 (1.3%, 80)

COPD (%,n) 2 (2.5%, 80)

Smoking (%,n) 37 (46.3%, 80)

Table 2. Medication at baseline. RAAS: renin-angiotensin-aldosterone-system.

Medication Baseline (n) Six weeks Five months

Acetylsalicylic acid 6 (80) 79 (80) 74 (79)

Betablocker 3 (80) 71 (80) 69 (79)

Calcium antagonist 1 (80) 5 (80) 6 (79)

RAAS inhibitor 8 (80) 74 (80) 69 (79)

Aldosterone antagonist 1 (80) 14 (80) 10 (79)

Statin 10 (80) 77 (80) 79 (79)

Data acquisition 
An overview of data acquisition points is provided in Table 3. Baseline blood was collected 
for all 80 included patients at an average of 2.91 ± 3.79 days after revascularisation therapy 
(percutaneous intervention, PCI), with an range of -1 to 34 days. Blood collection at six weeks 
was collected on average at 6.81 ± 1.81 weeks after PCI (range of 4.00 to 13.00 weeks). Blood 
samples at the timepoint of five months were collected at 5.66 ± 0.87 months after PCI (range 
3.94 to 9.55 months). The MRI was performed at 5.79 ± 0.89 months after PCI (range 3.83 to 
9.87 months). Of the 80 MRIs performed, 76 were used for FWHM analysis. Four MRIs were 
excluded due to bad quality (n=3) or an uncomplete protocol due to claustrophobia of the 
patient (n=1). Because for some collection points an unpreferable large range of collection 
timepoints existed, we decided to set maximum ranges to select data points for analyses. 
For that, we considered the following ranges as acceptable: baseline blood collection until a 
maximum of 3 days after PCI, six weeks blood collection 4.5 - 7.5 weeks after PCI, and MRI/five 
months blood samples 3.6 - 6.4 months after PCI. All blood samples that were collected within 
a three day window around MRI performance were used to correlate the circulating biomarker 
levels five months after PCI to scar size.

Table 3. Overview data acquisition. PCI: percutaneous intervention, SD: standard deviation.

 Data collection n Mean ± SD Range

Blood collected baseline  
(days after PCI) 80 2.91 ± 3.79 -1 – 34

Blood collected 6 weeks  
(weeks after PCI) 78 6.81 ± 1.81 4.00 – 13.00 

Blood collected 5 months  
(months after PCI) 77 5.66 ± 0.87 3.94 – 9.55

MRI performed 5 months  
(months after PCI) 80 5.79 ± 0.89 3.83 – 9.87

Collagen synthesis corrected for degradation increases 
after MI but does not correlate with scar size
Total collagen turnover (PICP/ICTP) shows a significant increase after six weeks (37.64 ± 
16.00) and five months (33.87 ± 17.26) after PCI compared to baseline (27.07 ± 14.96, Figure 
1A). The main objective was to investigate the correlation between collagen turnover with scar 
size measured with LGE MRI. We found no significant correlation between PICP/ICTP at six 
weeks after PCI and infarct size (rs = -0.03, n 30, n.s., Figure 1B). However, we observed a weak 
though not significant correlation between PICP/ICTP at five months with infarct size (rs = 
-0.22, n = 39, n.s., Figure 1C). 
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Figure 1. Collagen synthesis corrected for degradation. A) PICP/ICTP over time, measured at baseline, six weeks 
and five months. B) Correlation of PICP/ICTP at six weeks with scar size in LGE %. C) Correlation of PICP/ICTP at five 
months with scar size in LGE %. PICP: C-terminal pro-peptide of collagen type I. ICTP: C-terminal telopeptide of type 
I collagen. LGE: late gadolinium enhancement. ** = p < 0.01, *** = p <  0.001, n.s. = non significant. PICP/ICTP over 
time: Mixed-effect model for repeated measures. Correlation in Spearmans rho (rs). 

Figure 2. Collagen synthesis. A) PICP over time, measured at baseline, six weeks and five months. B) Correlation of 
PICP at six weeks with scar size in LGE %. C) Correlation of PICP at five months with scar size in LGE %. D) Correlation 
of ΔPICP at six weeks with scar size in LGE %. E) ΔPICP at 4 until 6.5 weeks correlated with scar size in LGE %. F ΔPICP 
at 6.6 until 13 weeks correlated with scar size in LGE %.  PICP: C-terminal pro-peptide of collagen type I. ΔPICP: PICP 
corrected for baseline PICP. LGE: late gadolinium enhancement. * = p < 0.05, ** = p < 0.01, n.s. = non significant. PICP 
over time: Mixed-effect model for repeated measures Correlation in Spearmans rho (rs). 

Collagen synthesis increases after MI and moderately 
correlates with scar size before decreasing back to 
baseline
After PICP/ICTP analyses we further investigated collagen synthesis and breakdown separately. 
PICP, similar as PICP/ICTP, showed a rise after six weeks. However, PICP returned to baseline 
after several months, as is depicted in Figure 2A. PICP at six weeks correlated moderately to 
weakly with scar size, as is depicted in Figure 2B (rs = 0.38, n = 45, p < 0.01). Progressing in time, 
circulating PICP at five months resulted in a correlation coefficient of -0.04 (n = 67, n.s., Figure 
2C). 
 Because we noticed that baseline PICP values varied from 58.36 ng/ml to 184.0 ng/ml and 
there was a distinct rise in PICP at six weeks which seemed to return back to baseline value 
after approximately five months, we corrected PICP at six weeks for baseline values (∆PICP). 
We correlated ∆PICP with scar size and found a moderate and significant correlation (rs 0.50, 
n 34, p < 0.01, Figure 2D). We chose the six-week timepoint because of logistic reasons, being 
the time when the first out-patient visit was usually planned. Since this timepoint had a wide 
range of 4.00 to 13.00 weeks after PCI, a sub-analysis was performed for early (4 – 6.5 weeks) and 
late phase (6.51 – 13 weeks). Data showed a stronger, though still moderate, correlation of early 
∆PICP with scar size (rs = 0.56, n = 26. p < 0.01, Figure 2E) and a weaker correlation of late ∆PICP 
with scar size (rs = 0.44, n = 21, p < 0.05, Figure 2F). Because we could not observe a correlation 
between scar size and ∆PICP measured at five months, sub-analysis in time was not performed. 

Collagen degradation decreases after MI and moder-
ately correlates with scar size 
In contrast to PICP, circulating ICTP decreased significantly after baseline and remained de-
creased at five months (Figure 3A). At baseline an ICTP level of 4.7 ± 2.1 ng/ml was observed, 
which decreased to 3.9 ± 1.8 ng/ml at six weeks and 3.9 ± 2.0 ng/ml at five months. There was a 
moderate to weak correlation scar size and ICTP at six weeks (rs = 0.27, n = 30, n.s., Figure 3B) 
and at five months (rs = 0.17 n = 39, n.s, Figure 3C). Although we observed a change in ICTP 
levels from baseline values at six weeks and five months, correcting ICTP levels for baseline 
(∆ICTP) only blunted the correlation for six weeks and five months (rs = -0.15, n = 29, n.s. and rs = 
-0.09, n = 39, n.s. respectively). To discover a pattern of ICTP levels after PCI, we again separated 
ICTP levels at six weeks in an early and late phase. We found a weak correlation between ICTP 
measured until 6.5 weeks after PCI (rs = 0.12, n = 22, n.s., Figure 4A) and a slightly stronger 
correlation when ICTP was measured between 6.51 till 13 weeks after PCI (rs = 0.45, n = 18, p < 
0.05, Figure 4B). In addition, we divided the five months timepoint in an early phase (3.94 – 5.5) 
and late phase (5.51 – 9.55). The ICTP measured until 5.5 months after PCI showed a weak 
correlation (rs = 0.26, n = 19, n.s., Figure 4C). However, the ICTP measured later than 5.5 months 
after PCI showed a moderate correlation (rs = 0.56, n = 20, p < 0.01 Figure 4D). 
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Figure 3. Collagen degradation. A) ICTP over time, measured at baseline, six weeks and five months. B) Correlation 
of ICTP at six weeks with scar size in LGE %. C) Correlation of ICTP at five months with scar size in LGE %.  ICTP: 
C-terminal telopeptide of type I collagen. LGE: late gadolinium enhancement. ** = p <  0.01, n.s. = non significant. 
ICTP over time: Mixed-effect model for repeated measures. Correlation in Spearmans rho (rs). 

Figure 4. Collagen degradation sub-analyses. A) ICTP at 4 until 6.5 weeks correlated with scar size in LGE %. B) ICTP 
at 6.6 until 13 weeks correlated with scar size in LGE %.  C) ICTP at 3.94 – 5.5 months correlated with scar size in LGE 
%. D) ICTP at 5.61 – 9.55 months correlated with scar size in LGE %. ICTP: C-terminal telopeptide of type I collagen. 
LGE: late gadolinium enhancement. n.s. = non significant. Correlation in Spearmans rho (rs). 

miR21-5p is weakly correlated with scar size whereas 
miR1-3p and miR133-3p are not
Analysis of miR1-3p showed no differences in miR1-3p level after MI, suggesting that miR1-3p 
levels were unaffected by scar formation, as is depicted in Figure 5A. At baseline we found 
a ∆CT value of 5.8 ± 2.5, at six weeks a ∆CT of 5.5 ± 2.0 and at five months of 6.1 ± 2.3. As 
expected, correlation analyses between miR1-3p levels and scar size did not reveal any signif-
icant correlations (Figure 5B and C). Although miR21-5p did not show a distinct rise or fall in 
expression after MI (baseline ∆CT -3.1 ± 2.0, six weeks -3.3 ±1.9, five months -2.9 ± 1.7, Figure 
5D), a significant, though weak, correlation could be observed between miR21-5p expression 
at six weeks and scar size (rs = -0.34, n = 32, p < 0.05, Figure 5E). No correlation was found 
between miR21-5p at five months and scar size (Figure 5F). For miR133-3p levels we did not 
find any changes after MI (∆CT at baseline 5.5 ± 2.4, at six weeks 5.4 ± 2.2 and at five months 
5.7 ± 2.2), and likewise no significant correlations between miR133-3p expression at six weeks 
of five months with scar size (data shown in Figures 5G-I).

Figure 5. Post-transcriptional regulators of collagen turnover. A) miR1-3p over time, measured at baseline, six 
weeks and five months. B) Correlation of miR1-3p at six weeks with scar size in LGE %. C) Correlation of miR1-3p 
at five months with scar size in LGE %. D) miR21-5p over time, measured at baseline, six weeks and five months. E) 
Correlation of miR21-5p at six weeks with scar size in LGE %. F) Correlation of miR21-5p at five months with scar size in 
LGE %. G) miR133-3p over time, measured at baseline, six weeks and five months. H) Correlation of miR133-3p at six 
weeks with scar size in LGE %. I) Correlation of miR133-3p at five months with scar size in LGE %. miR: microRNA. LGE: 
late gadolinium enhancement. n.s. = non significant. miRNAs over time: Mixed-effect model for repeated measures. 
Correlation in Spearmans rho (rs). 
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Discussion  

In this study we showed that circulating biomarkers weakly to moderately correlate to scar 
size after MI. Our data show that the collagen synthesis product PICP, when measured in the 
early weeks after MI, is correlated with scar size which was measured between 3.6 and 6.4 
months after PCI. Therefore, PICP could serve as a scar size predictor. The collagen breakdown 
product ICTP measured at six weeks and five months sis not significantly correlated with 
scar size at five months. The correlation does seem to get stronger when measured in the 
late-phase subgroup after 5.5 months, as is depicted in Figure 4D. For the post-transcriptional 
regulators of collagen production, miR1-3p, miR21-5p and miR133-3p, we found only a weak 
correlation with scar size for miR21-5p when measured at six weeks. Figure 6 shows a sche-
matic overview of potential extrapolated levels of the examined circulating biomarkers based 
on the results obtained in this study. It shows an initial fast increase in PICP expression during 
the first weeks, decreasing to baseline after a couple of months. The same accounts for miR21-
5p, however, in a less pronounced fashion. ICTP levels increase more slowly and do not reach 
a peak neither a steady state during the follow up of this study. 

Figure 6. Schematic overview of circulating biomarkers over time after MI. In red PICP is depicted, in green ICTP is 
depicted and in blue the level of miR21-5p is shown. MI = myocardial infarction. PICP: C-terminal pro-peptide of 
collagen type I. ICTP: C-terminal telopeptide of type I collagen. miR: microRNA.

 Collagen type-I is expressed in almost all connective tissues. It is the major collagen in 
the heart, bone, skin, and ligaments.13 The scar formed after MI will only marginally increase 
the total mass of collagen type I in the entire body. This, together with the long turnover time 
of collagen type I (80-120 days), makes it unlikely to detect a very profound effect in PICP and 
ICTP levels when a stable scar has been generated. However, the initial need of additional col-
lagen directly after the infarction, and the remodelling of the collagen to create a stable scar, 
does lead to detectable changes in PICP and ICTP. Though, this effect could still be blunted by 

the baseline turnover of collagen type I in e.g. bone tissue, which is responsible for the largest 
amount of collagen turnover.14 
 Other processes affecting collagen turnover might also affect usability of collagen turno-
ver markers as a biomarker for cardiac fibrosis. Age, especially in women, can affect PICP and 
ICTP levels due to menopause related osteoporosis.15,16 Furthermore, immobility can increase 
collagen degradation, and thereby ICTP levels, significantly.17 This could partly explain why 
ICTP baseline levels are not suitable for normalisation of ICTP levels later on. Systemic inflam-
matory diseases, like active Crohn’s disease and rheumatoid arthritis, affect ICTP and PICP 
plasma levels in various ways.18–21 Furthermore, collagen metabolism markers are known to 
show a circadian rhythm,22,23 but unfortunately, we could not standardise the time of blood 
collection of all patients due to logistical reasons. This aspect tentatively could have affected 
the obtained results.  
 In general, specificity of miRNAs is a potential problem for their usability as biomarker. 
Usually one miRNA is involved in, or associated with, several disease processes. For example 
miR21-5p is associated with stroke where it is thought to protect neurons from ischemic inju-
ry,22,23 but is also believed to function as biomarker in various cancer proceses.24–26 In addition, 
complex interplay of different miRNAs can be involved in one disease process. For example, 
miR-199,27 miR-206,28 miR-154, and miR-410,29,30 among others, are believed to be involved in 
cardiac hypertrophy. Another problem in miRNA research, more specifically the isolation of 
miRNAs from plasma, is the absence of standardisation of the process and analysis. No reliable 
endogenous controls are available, and therefore usually only spike-in controls are used for 
normalisation.31 Consensus should be reached before miRNAs could become a strong clinical 
asset. Having said that, miR21-5p did change after MI and it was possible to correlate this to 
scar size. Apparently, the scar formation after MI affected total miR21-5p circulating in plasma 
enough to rise above the background noise.
 To conclude, circulating biomarkers PICP, ICTP, and miR21-5p indeed seem to reflect 
collagen formation after MI as their levels correlated with scar size. However, the strength of 
the correlations appeared weak to moderate, making it difficult to find clinical applications 
for these circulating biomarkers at this moment. The use of PICP as predictor of scar size, 
or measurement of success of PCI, needs to be further elucidated by a thorough time study 
focussing on the first days up to six weeks after MI. For monitoring of total cardiac collagen 
content in general, ICTP values are most interesting due to the steady increase in expression 
in plasma several months after MI. The complexity of miRNA analyses makes it an unlikely 
candidate as circulating biomarker to monitor cardiac collagen content in the near future.
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CHAPTER SEVEN 2D SPECKLE TRACKING TO ASSESS MYOCARDIAL VIABILIT Y AND SCAR SIZE

Abstract
Aim: Two-dimensional speckle tracking echocardiography (2D-STE) allows for easy and de-
tailed assessment of myocardial function. This may differentiate between no, subendocardial, 
and transmural scarring in the post-infarction period, offering an easy and accessible alterna-
tive to cardiac magnetic resonance imaging (CMR). We aim to assess the predictive value of 
2D-STE, including global, segmental and layer specific strain, regarding scar transmurality and 
extent at 6 months follow up. 

Methods and results: In 43 patients admitted for primary myocardial infarction, global 
longitudinal strain (GLS), segmental longitudinal strain (SLS), layer-specific GLS and SLS and 
the transmural strain gradient from the endocardium to the epicardium were assessed after 
admission and compared to CMR 6 months after inclusion. The added value of 2D-STE was 
evaluated with conventional echocardiographic parameters. We found a moderate correla-
tion between both GLS and conventional echocardiographic parameters and scar size and 
transmurality index. Wall motion score index is superior over GLS and left ventricular ejection 
fraction in the prediction of scar formation. At a cut-off of -13.3% for any scar and -11.5% for 
transmural scar, SLS can predict for scar formation. Layer-specific strain does not provide 
added predictive value.

Conclusion: SLS, but not layer specific strain, during admission for myocardial infarction 
may be an easy and accessible tool for predicting scar formation and transmurality extent 
at 6 months follow-up with CMR. GLS correlates well with scar size and could potentially be 
used as a prognostic tool, since scar size is related to adverse outcome. However, it does not 
outperform wall motion scoring. 

Key words: Two-dimensional speckle tracing, cardiac function, myocardial infarction

Introduction
Acute myocardial infarction (AMI) as a result of coronary artery disease is an increasingly 
common disease entity worldwide, with incidence rates of 43 to 144 per 100,000 per year.1,2 
As a result of improved revascularization strategies, mortality following AMI has decreased 
up to 60% the previous 30 years.3 Consequently, the population of patients with previous 
myocardial infarction is increasing. Due to the loss of cardiomyocytes and the subsequent 
fibrous scar formation resulting in left ventricular remodelling, these patients are at risk for 
heart failure. Scar size is an important prognostic factor for cardiac events such as mortality, 
recurrent AMI, and congestive heart failure.4,5 Evaluation of myocardial viability is performed 
in order to differentiate subendocardial from transmural myocardial infarction. Late gadolin-
ium enhancement (LGE) cardiac magnetic resonance imaging (CMR) is considered to be the 
gold standard for the assessment of both scar size as well as scar transmurality.6 It provides 
excellent diagnostic accuracy, but is hampered by clinical availability, contra-indications, and 
high costs, potentially leading to delay in viability assessment and revascularization.
 To this end, conventional echocardiography of regional function using the wall motion 
score index (WMSI) is a possible alternative.7 However, it might not be sensitive enough to 
discriminate scarred from stunned or hibernating myocardium in the period after AMI and 
is possibly hampered by subjective interpretation. Two-dimensional speckle tracking echo-
cardiography (2D-STE) derived myocardial deformation parameters may pose as an easy, 
readily available, and objective alternative for myocardial viability assessment.8 This technique 
is especially useful in viability assessment since it allows for discrimination between active 
and passive motion of the myocardial wall. It might aid clinical decision making by providing 
information on infarct transmurality in the days following AMI, when risk stratification is of 
utmost importance and potential benefit from additional revascularization is greatest. 
 Next to full-wall myocardial deformation parameters, 2D-STE can nowadays provide 
deformation indices of endocardial, mid-myocardial, and epicardial layers separately.9,10 This 
technique is promising in assessing transmurality, since non-transmural infarction typically 
first affects the subendocardial layers of the myocardium. In such cases, the averaging of 
outcomes over the full-wall thickness may underestimate endocardial functional impairment. 
The aim of this study was to investigate whether 2D-STE derived global and segmental lon-
gitudinal strain, as well as layer-specific strain, in the days after coronary reperfusion could 
reliably predict scar formation, transmurality and scar size at follow-up.
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Methods
Study population
This prospective single centre sub-study is part of the DEFI-MI study (METC: NL45241.041.13). 
Between March 2014 and April 2018, patients (n=79) without a history of cardiac disease 
presenting with AMI (both ST-elevation (STEMI) and non-STEMI), defined as troponin I 
levels > 60 ng/L together with clinical and electrocardiographic (ECG) findings consistent 
with AMI, were included. The study was conducted according to the Declaration of Helsinki. 
After informed consent, these patients underwent a baseline transthoracic echocardiography 
(TTE) within one to four days after admission. Around six months after inclusion, patients 
underwent a follow-up TTE, as well as a CMR including LGE analysis for myocardial scar. In 
order to avoid inter-vendor variability, only patients with a TTE on a General Electric (GE) 
system (n=43) were enrolled for this sub-study. 

Echocardiography
Although TTE was performed both at baseline during first admission and at follow-up, only 
results from the baseline examination were used to predict scar characteristics. Images were 
obtained with patients in left lateral decubitus position using a commercially available system 
(Vivid E9, GE Vingmed Ultrasound AS, Horten, Norway) fitted with a 4 MHz transducer (M5Sc). 
A TTE was performed, including zoomed images of the apical four-chamber, two-chamber, and 
long axis views, with frame rates varying from 55 to 90 frames per second. Three heart beats 
per image were acquired. These examinations were analysed off-line by a single researcher 
(BRvK) using dedicated analysis software for both standard echocardiographic parameters, 
including left ventricular ejection fraction (LVEF) and wall motion score index (WMSI), and 
2D-STE analysis (EchoPAC version 20, GE Vingmed Ultrasound AS, Horten, Norway). Wall 
motion was scored as 1 for normokinetic, 2 for hypokinetic, 3 for akinetic, 4 for dyskinetic, and 
5 for aneurysmatic segments, and divided by the total number of segments to obtain a wall 
motion score index. 
 For strain analysis, both the endocardium and epicardium were manually traced after 
which aortic valve closure time was manually adjusted based on visual assessment of aortic 
valve closure. The quality of tracking was checked qualitatively, and segments in which track-
ing quality was deemed insufficient were excluded from analysis. Results were generated using 
automated frame-by-frame tracking of acoustic markers,8 in which the software automatically 
divided the myocardium into even-sized endocardial, mid-myocardial, and epicardial layers. 
Subsequently, global and segmental longitudinal peak systolic strain (GLS and SLS) was ex-
tracted, both full-wall and layer-specific (i.e. endocardial and epicardial). Peak systolic strain 
was defined as the peak strain value within the time span between the R-peak on the ECG and 
the visually determined moment of closure of the aortic valve. For layer-specific parameters, 
the transmural strain gradient (TSG) from the endocardial layer to the epicardial layer was 

calculated, in concordance to the method described by Alcidi et al.11  

CMR
At a median of six months after primary AMI, all patients underwent contrast-enhanced 1.5 
Tesla CMR imaging (Philips Healthcare, Best, The Netherlands). LGE image acquisition was 
performed 15 minutes after administration of 0.2 ml/kg gadobutrol (Gadovist, Bayer Vital 
GmbH, Leverkusen, Germany. This consisted of prospective ECG-gated sequences of the short 
axis views from base to apex, with slice thickness of 5mm. Images were analysed off-line using 
Philips ISP9 software (Philips Healthcare, Best, The Netherlands). Using the RV insertion 
points as anatomical landmarks, the heart was divided into 16 segments according to the 
model of the American Heart Association (AHA),12 excluding the apical cap, in concordance 
with segmental division of the TTE examinations. The amount of LGE of each of the segments 
was quantitatively assessed using the full width at half maximum (FWHM) method, providing 
a percentage for each of the analysed segments, as well as the total scar size (global %) of the 
whole left ventricle. For patients in whom no scar was observed visually, FWHM results were 
set to zero. In two patients the FWHM could not be analysed, once due to claustrophobia 
leading to protocol deviation, once due to (motion) artefacts. In these patients visual scar 
assessment was used.
 In addition to FWHM-analysis, the qualitative assessment of each CMR for scar localiza-
tion and transmurality by an experienced cardiovascular radiologist (BKV), was noted using 
the 16-segment AHA model. Transmurality was scored for each segment, allocating 0 points 
for no scar, 1 point for subendocardial scar (SES) (LGE < 50% wall thickness) and 2 points for 
transmural scar (TMS) (LGE ≥ 50% wall thickness), in concordance with existing literature.13 
The sum of points was divided by 16 to retrieve a transmurality index. This analysis was com-
pleted for all of the 43 included patients. 

Statistical analysis 
For statistical analysis, SPSS Statistics version 25.0.0.2 (IBM, Armonk, NY, USA) and MedCalc 
version 19.0.5 (MedCalc Statistical Software, Ostend, Belgium) software was used. Continuous 
variables were tested for normality using the Kolmogorov-Smirnov test, and subsequently 
depicted as mean ± standard deviation (SD) in case of normal distribution or as median 
[interquartile range (IQR)] in case of non-normal distribution. Categorical data were depicted 
as count (%). A p value of <0.05 was considered statistically significant. Inter- and intra-ob-
server (BRvK and FK) variability was assessed for each of the assessed deformation outcome 
measures.
 Mean GLS, WMSI, and LVEF were compared between patients with no scar, patients with 
SES, and patients with TMS using one-way analysis of variance (ANOVA) with the Bonferroni 
post-hoc analysis to adjust for multiple groups. Pearson’s correlation coefficient was used to 
correlate abovementioned parameters to scar size on CMR, excluding all patients without 
scar on CMR from this analysis. In addition, using the area under the curve (AUC) of receiver 
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operating characteristics (ROC) curves, the sensitivity and specificity of these parameters of 
global function for identifying patients with any type of scar and patients with TMS were de-
termined. The Hanley & McNeil test was used to compare AUCs between studied parameters.
For segmental analysis, segments were allocated to no scar, SES, or TMS groups. Using one-
way ANOVA (in case of no scar versus any scar) and the Bonferroni post hoc analysis (no scar 
versus SES and SES versus TMS), full-wall segmental longitudinal strain (SLS), epicardial and 
endocardial SLS, TSG, and wall motion score (WMS) were compared between the scar groups. 
ROC-curves were generated and the AUC was calculated in order to generate sensitivity and 
specificity of each of these parameters for identifying any scar and TMS. AUCs were compared 
using the Hanley & McNeil test. Finally, the SLS, both full-wall, endocardial, and epicardial, 
was correlated to the amount of LGE per segment 

Results
Patient population and baseline characteristics
Baseline characteristics are shown in Table 1. A total of 43 patients (5 females, 38 males) 
admitted with STEMI (n=39) or non-STEMI (n=4) were included. Forty-two patients were 
revascularized, after a median period of 2.3 hours after onset of complaints; one patient did 
not undergo percutaneous coronary intervention (PCI) due to delayed presentation missing 
the window for revascularization. Biochemical infarct size was small to medium sized with 
median maximum serum creatine kinase levels of 1126 [633 – 2165] U/L, mean infarct size 
was 8.5 ± 0.8% of the LV. Within the follow-up period, no deaths or new AMIs occurred. Eight 
patients presented with recurrent chest pain without signs of myocardial infarction. 
 The TTE was performed after a median of 2 days after admission. CMR and follow up 
TTE were performed after a median of 6 months after inclusion (range 4.4 – 9.3 months). Mean 
LVEF improved between admission (52.3 ± 1.3%) and follow-up (54.5% ± 1.0%, p = 0.041), as 
was the case with GLS (median -15.3% to -17.0%, p=0.001) and WMSI (median 1.31 to 1.13, p < 
0.001). 

Global analysis
Table 2 shows the results of global functional parameters per scar type. Mean GLS was -16.1 
± 1.8% in patients without any scar, compared to -15.7% ±2.1 in patients with subendocardial 
scar and -13.2 ± 4.5% in patients with transmural scar. This trend in GLS did not reach statistical 
significance between the groups. LVEF and WMSI could also not discriminate between each 
of the scar types, although WMSI showed a trend towards discriminating between patients 
without scar and any scar, as well as between subendocardial scar and transmural scar.

Table 1. Data is depicted as mean ± standard deviation, median [interquartile range] or as n (%). N=43 unless stated 
otherwise. STEMI: ST-elevation myocardial infarction, LAD: Left anterior descending, RCA: Right coronary artery, 
RCx: ramus circumflexus, OHCA: out-of-hospital cardiac arrest, CK: creatinin kinase, TIA: Transient ischemic attack, 
RAAS:  Renin-angiotensin-aldosterone system, EDV:  End-diastolic volume, LVEF: left ventricular ejection fraction, 
WMSI: wall motion score index, GLS:  global longitudinal strain, LGE: late gadolinium enhancement, FWHM:  full 
width at half maximum.

Variable Value

Age (years) 58.7 ± 1.7

Female sex (n) 5 (11.6)

STEMI (n)
Non-STEMI (n)

39 (90.7)
4 (9.3)

Culprit (n)
  LAD
  RCA
  RCx

19 (44.2)
12 (27.9)
12 (27.9)

OHCA (n) 2 (4.7)

Time of ischemia (hours) n=42 2.3 [1.5 – 6.6]

CK-max (U/L) 1126 [633 – 2165]

Medical history (n)
  Diabetes
  Hypertension
  Hypercholesterolemia
  TIA/Stroke
  Smoking

1 (2.3)
10 (23.3)
21 (48.8)
4 (9.3)
20 (46.5)

Medication at admission (n)
  RAAS-inhibitors
  Aldosterone antagonist
  Beta-blockers
  Antiplatelet therapy
  Statin

5 (11.4)
1 (2.3)
3 (7.0)
3 (7.0)
7 (16.3)

Baseline LV function
  EDV (ml)
  LVEF (%) 
  WMSI
  GLS (%)

112.4 ± 4.5
52.3 ± 1.3
1.31 [1.13 – 1.56]
-15.3 [-12.9 – -17.0]

Follow-up LV function n=39
  EDV (ml)
  LVEF (%)
  WMSI 
  GLS (%)

113.0 ± 5.2
54.5 ± 1.0
1.13 [1.00 – 1.27]
-17.0 [-14.5 – -18.0]

Scar size (FWHM, %) n=41 8.5 ± 0.8 
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Figure 1. Correlation between global functional parameters vs scar size and transmurality index. GLS: global 
longitudinal strain, LVEF: left ventricular ejection fraction, WMSI: wall motion score index.

Table 2. Mean global function parameters per scar type. * NS vs SES, ** NS vs AS, *** SES vs TMS
NS: no scar, AS: any scar, SES: subendocardial scar, TMS: transmural scar, GLS: global longitudinal strain, LVEF: left 
ventricular ejection fraction, WMSI: wall motion score index.

NS (n=7) AS 
(n=36)

SES 
(n=13)

TMS 
n=23)

p* p** p***

GLS -16.1 ± 1.8 -14.1 ± 3.9 -15.7 ± 2.1 -13.2 ± 4.5 1 0.196 0.149

LVEF 54.6 ± 2.6 52.1 ± 8.7 55.2 ± 5.1 50.3 ± 9.8 1 0.459 0.235

WMSI 1.15 ± 0.29 1.36 ± 0.25 1.23 ± 0.25 1.43 ± 22.8 1 0.061 0.062

Figure 1 shows correlation graphs between the parameters of global LV function and scar size 
measured with the FWHM method as well as the transmurality index. WMSI (r = 0.572, p < 
0.001) correlated best with scar size, followed by GLS (r = 0.474, p = 0.002) and LVEF (r = -0.375, 
p = 0.016). A similar pattern with better correlation coefficients was seen when correlating 
these parameters with the transmurality index (respectively r = 0.618 and p < 0.001, r  = 0.588 
and p < 0.001, and r = -0.458, p = 0.002). Figure 2 shows the ROC-curves for each of the parame-
ters of global LV function in their ability to predict presence of scar and their ability to predict 
transmural scar. WMSI was significantly superior to LVEF in predicting the formation of scar 
(p=0.036), but not compared to GLS (p= 0.316). The AUCs of GLS and LVEF were not statistical-
ly significantly different (p=0.364). Also in predicting the formation of transmural scar, WMSI 
was significantly superior to LVEF (p=0.026), but not to GLS (p=0.193). The difference between 
the AUCs of GLS and LVEF did not reach a statistically significant difference (p=0.459).

Segmental longitudinal strain
In total, 683 segments were analysed from the baseline TTE (99.3%); 5 segments were excluded 
due to poor tracking or visualization. 571 segments were normal, 42 segments showed sub-
endocardial scar (SES) and 70 segments showed transmural scar (TMS). Table 3 shows the 
comparison of full-wall segmental longitudinal strain (SLS), endocardial SLS, epicardial SLS, 
transmural strain gradient (TSG) and wall motion score (WMS) per scar type. Mean SLS was 
-15.5% in non-scarred segments, compared to -8.0% in scarred segments (-10.3% for SES and 
-6.6% for TMS). A similar pattern was observed in the analyses of endocardial and epicardial 
SLS. Mean WMS was 1.21 for non-scarred segments, compared to 1.88 in scarred segments 
(1.67 for SES and 2.01 for TMS). TSG showed a decreasing trend from non-scarred to TMS 
segments.  All parameters could discriminate on a statistically significant level between the 
formation of no scar, the formation of SES and the formation of TMS six months after AMI, 
apart from the TSG that did not discriminate between SES and TMS. Bar charts of mean WMS 
and mean full-wall SLS are shown in Figure 3.

Layer specific segmental longitudinal strain
Figure 4 shows correlation graphs of layer-specific deformation parameters with scar size. Of 
these parameters, full-wall SLS showed the best correlation with scar size (r=0.450, p<0.001). 
The TSG showed poor correlation with scar size (r=0.141, p<0.001). Both epicardial and endo-
cardial SLS did not allow for improved prognostic accuracy of strain analysis with regards to 
scar size.

Figure 2. ROC curves of segmental strain to predict any and transmural scar. ROC: receiver operating characteristics, 
AUC: area under curve, GLS: global longitudinal strain, WMSI: wall motion score index, LVEF: left ventricular ejection 
fraction. 
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 Figure 5 shows ROC-curves for full-wall, endocardial, and epicardial SLS and TSG for 
identifying any scar and identifying TMS. Sensitivity, specificity and AUC was calculated and 
depicted in the table under the curves. All showed fair to good accuracy. At a cut-off of -13.3%, 
full-wall SLS showed a sensitivity of 70.8% and a specificity of 68.9% (AUC 0.791) for identifying 
any scarred segment. Similar results were produced by endocardial and epicardial SLS. As for 
identifying TMS segments, full-wall SLS demonstrated a sensitivity of 71.0% and a sensitivity 
of 76.0% at a cut-off of -11.5% (AUC 0.809). Endocardial and epicardial SLS produced similar 
results. The TSG showed a significantly smaller AUC compared to the other studied parame-
ters, when predicting either any scar formation or TMS formation.

Table 3. Segmental deformation results. * NS vs AS, ** NS vs SES, *** SES vs TMS
NS: no scar, AS: any scar, SES: subendocardial scar, TMS: transmural scar, SLS: segmental longitudinal strain, TSG: 
transmural strain gadient, WMS: wall motion score, Endo:  subendocardial, Epi: subepicardial.

NS 
(n=571)

AS 
(n=112)

SES 
(n=42)

TMS 
(n=70)

p* p** p***

SLS Full-
wall

-15.5 ± 5.6 -8.0 ± 7.4 -10.3 ± 5.3 -6.6 ± 8.1 <0.001 <0.001 0.004

SLS Endo -17.9 ± 7.4 -9.1 ± 8.1 -11.3 ± 5.8 -7.7 ± 8.9 <0.001 <0.001 0.041

SLS Epi -13.7 ± 5.0 -7.7 ± 7.0 -9.6 ± 5.7 -6.6 ± 7.4 <0.001 <0.001 0.011

TSG -4.2 ±5.3 -1.4 ± 4.8 -1.7 ± 3.2 -1.2 ± 5.6 0.009 <0.001 1

WMS 1.21 ± 0.49 1.88 ± 0.77 1.67 ± 0.65 2.01 ± 0.81 <0.001 <0.001 0.003

Figure 3. SLS: segemental longitudinal strain. WMS: wall motion score, SES: subendocardial scar, TMS: transmural 
scar.

Figure 4. Correlation between segmental strain and segmental scar. SLS: segmental longitudinal strain. 

Discussion 
This study demonstrates 4 main results: i) 2D-STE derived segmental longitudinal strain (SLS) 
provides predictive information on scar formation and transmurality. LV functional impair-
ment with SLS > -13.3% will mainly be due to stunning since these segments were less associ-
ated with scar formation at follow-up. SLS <-13.3% predicts for scar and SLS <-11.5% predicts 
for transmural scar (TMS). ii) Layer-specific SLS and the transmural strain gradient (TSG) do 
not provide additional predictive value over full-wall SLS in the identification of scar. iii) Strain 
is not superior over wall motion score (WMS) when predicting for scar formation. However, on 
a segmental level, it provides additional information on myocardial function and can therefore 
determine the extent of infarction transmurality more accurately, making it more useful in 
clinical practice. iv) Global longitudinal strain (GLS) correlates reasonably well with scar size 
but does not perform better than WMSI. GLS is not suitable to detect scar transmurality.
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Scar size
We found a moderate correlation between GLS and scar size, and demonstrated that GLS 
does not outperform WMSI. Previous studies report better correlations between scar size and 
GLS. In patients with chronic ischemic heart failure GLS and scar size showed reasonably 
strong correlations.14,15 The first study to report the relation between GLS shortly after AMI 
and scar size months later showed a strong correlation (r2=0.59) between segmental strain 
1.5 hours after AMI and scar size measured with LGE CMR (defining scar as signal inten-
sity >2SD) 8 months later, while WMSI showed a correlation coefficient of 0.20.16 This is in 
concordance with the results by Sjøli et al,17 showing a better correlation between GLS and 
infarct size 6 to 23 months after AMI (r2=0.38) than between LVEF and scar size (r2=0.26). 
Huttin et al18 showed a moderate correlation between GLS and transmural scar size defined 
as area with >66% transmurality, both shortly after AMI and six months later, although no 
correlation between GLS in the acute period and LGE CMR-derived scar size in the follow-up 
period was determined. Grabka et al,19 in a very similar study design as our study’s, although 
generally performing strain analysis some days later than we did, showed strong correlations 
between GLS and infarct size (r2=0.38). More recently, Bendary et al20 showed an excellent 
correlation between GLS within 48 hours of admission for AMI and LGE-derived infarct size 
three months later (r2=0.71). Interestingly, two abovementioned studies found WMSI to be 
discriminative for large infarction,19,20 whereas none correlated WMSI to infarct size, possibly 
confirming our finding that wall motion analysis is not inferior to strain analysis with regards 

Figure 5. ROC curves of segmental strain to predict for any scar and transmural scar. ROC: receiver operating 
characteristics, AUC: area under curve, SLS: segmental longitudinal strain, Endo: endocardial, Epi: epicardial, TSG: 
transmural strain gradient. 

to scar size prediction. A possible reason for the present study to find weaker correlations 
between scar size and GLS is that the study population consists of a fair amount of patients 
with small myocardial infarctions and good global LV function (mean LVEF at baseline was 
52.3 ± 1.3%) at enrolment compared to the abovementioned studies, resulting in smaller scars 
and thereby less scarred segments to correlate to deformation parameters. Also, revascular-
ization in these studies might not have been optimal; for example, the patients in the study 
by Sjøli et al17 underwent thrombolytic therapy instead of the contemporary standard that is 
PCI. Another explanation might be found in the fact that definitions for scar transmurality 
in literature are heterogeneous, and methods for determining scar size vary.  We used the 
FWHM method, which shows the best accuracy of all studied semi-automated infarct size 
quantification methods.21,22 However, the technique becomes less reliable when there is no or 
only very subtle myocardial scar. This might be of significant importance in this study’s cohort 
which constitutes of both STEMI and non-STEMI patients. The fact that the results show a 
stronger correlation between GLS and transmurality index (a semi-quantitative measure of 
scar size) might strengthen this argument. Finally, one might expect that WMSI outperforms 
LVEF and GLS in predicting scar since results of WMSI are not influenced by compensatory 
hypermobility of adjacent or remote non-infarcted segments, while GLS and LVEF are.

Scar transmurality
We demonstrate a trend towards lower GLS according to scar transmurality, but global param-
eters are poor measures for scar transmurality, mainly due to compensatory hypermobility 
leading to a normal average global function. Only the WMSI is not hampered by overcompen-
sation by healthy segments, and showed a statistically significant AUC where 1.13 proved an 
optimal cut-off point for the prediction of scar formation. As expected, segmental longitudinal 
strain was a superior parameter in detecting scar transmurality. The derived cut-off points 
were -13.3% for predicting formation of any scar and -11.5% for transmural scar with sensitiv-
ities and specificities of 68.9% and 76.7% respectively. This indicates 2D-STE could be an easy 
and readily available tool for predicting which patients will have viability in the scarred region 
and thus might benefit from additional revascularization. Only one of seven patients without 
any scar demonstrated SLS below -13.3%. 
 The application of deformation in diagnosing scar transmurality has been extensively 
studied, albeit with varying results, in patients with chronic ischemic heart failure.14,23-25 Its 
value in AMI is less well studied, although existing literature is in concordance with our 
results. Zhang et al26 were the first to report that strain rate imaging could determine scar 
transmurality after AMI. Rost et al27 report a cut-off of -13.5% (AUC 0.82), similar to our results, 
for SLS in identifying any scar. In a similar set-up as the present study, Sjøli et al28 compared 
2D-STE and Doppler-derived strain and found a 2D-STE-derived SLS cut-off of -15.1% (AUC 
0.75, sensitivity 81%, specificity 53%) for predicting the formation of transmural scar. Huttin 
et al18 showed an excellent predictive value of SLS for infarct transmurality at both days and 
months after AMI, although they did not relate deformation parameters shortly after AMI to 
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CMR results at follow-up. Cimino et al29 reported cut-off values for SLS of -12.3% for any scar 
and -11.5% for transmural scar, although CMR was performed shortly after AMI. 

Layer-specific analysis
AMI first affects the subendocardial layer of the myocardium, which might develop into a 
subendocardial scar in which case epicardial myocardium remains unaffected.30 This is con-
trary to transmural infarction, in which the mid-myocardial and even the epicardial layers are 
also affected and scar will form through >50% of the myocardium. Current software allows 
for the discrimination of strain outcomes of these layers.31 The subendocardium consists of 
obliquely oriented fibres in a clockwise direction, whereas the subepicardium consists of fibres 
oriented in a counter-clockwise direction.32 The subendocardium is thought to contribute 
mainly to longitudinal function, the subepicardium to radial and circumferential deformation. 
Therefore, layer-specific longitudinal strain seems especially interesting in the differentiation 
between no scar vs SES and SES vs TMS. 
 We demonstrate that both epicardial and endocardial longitudinal strain are significant-
ly lower according to increasing scar transmurality. Surprisingly, there seems to be no added 
value over full-wall longitudinal strain, especially not in differentiating SES from TMS. Moreo-
ver, correlation between layer-specific SLS and segmental scar size by FWHM-measurement 
is poor. This is in line with literature on layer-specific deformation in patients with chronic 
ischemic LV dysfunction.9,25,33 In patients with chronic ischemic heart failure, Becker et al34 
state that endocardial strain outperforms total wall strain in scar transmurality identification, 
indicating a potential use of this measurement in the non-acute evaluation. Possible expla-
nations for the present study’s findings are that stunning after AMI alters deformation more 
transmurally than the eventual scar does, making layer-specific analysis of diminished value 
in the acute setting. In addition, the different myocardial layers are not structurally separated 
from each other, and layer-specific measurements may therefore not always accurately reflect 
each of the layers. Moreover, high spatial resolution is necessary to adequately distinguish the 
layers. 
 In concordance with literature,35 we found the highest transmural strain gradients in 
regions (normal) remote to the ischemic regions, which diminish in the presence of a scar. 
Distinguishing SES from TMS using the TSG is not feasible, but scarred segments can be dis-
tinguished from healthy segments. Literature concerning this matter is ambiguous, ranging 
from a maintained gradient in both SES and TMS25,31 to a diminished gradient in patients with 
significant non-STEMI.36,37

Limitations
This study was mainly limited by population size, which was largely due to the fact that strain 
analysis was only possible in 43 out of 80 patients in the cohort; five patients did not undergo 
TTE at baseline for logistical reasons, whereas 2 patients had insufficient TTE quality for 
strain analysis. The remaining patients underwent TTE on a machine from a vendor other 

than GE, and were excluded to avoid inter-vendor variability. However, due to the prospective 
nature of this trial, we do not expect this to result in selection- or reporting bias. In addition 
to a small sample size, infarct size was generally small, probably due to fast revascularization 
in the majority of the patients. The resulting limited amount of scarred segments further 
undermined the power of this study, making comparison with available literature difficult. 
The limited sample size made that a net reclassification index (NRI) analysis was deemed 
unfeasible and therefore not performed. The same argument stands for more detailed analyses 
of deformation, for example according to coronary territory or according to segment level 
(basal, mid, or apical).
 Another limitation is that there is a significant spread in follow-up period between pa-
tients, from 4.4 to 9.3 months. This is probably of little clinical importance since the process of 
remodelling and scar stabilization mainly occurs within 2 months of AMI.38 If however these 
processes are ongoing during our follow-up period, they might have altered our results. 
In this paper, we only studied longitudinal deformation. This is because apical views are usu-
ally of superior quality over parasternal views from which radial and circumferential strain 
can be derived, and may therefore be of more value in the prediction of scar extent after AMI. 
Other deformation parameters, such as post-systolic shortening, pre-stretch, ratios between 
different strain parameters and the recognition of other specific patterns of deformation 
were not studied in order to keep results easily applicable in daily practice. Although CMR is 
the golden standard for scar identification, the method has limitations. This paper assumes 
segments generated by 2D-STE and CMR to align. Despite maintaining anatomical landmarks 
in segment division, perfect alignment may not always be achieved and may therefore lead to 
inaccurate results. Furthermore, scar size quantification was done using the FWHM method. 
This method may be prone to overestimating scar, especially in patients with no or very limited 
LGE or with abundant vascular structures in the myocardium. 

Conclusion and clinical implications
2D-STE derived SLS in the period following AMI may be an easy and non-invasive tool for 
predicting the transmurality extent of scar six months after AMI, and might therefore aid and 
perhaps accelerate clinical decision making by bypassing the logistical challenges of CMR. 
GLS correlates well with scar size and can be used as a prognostic tool, since scar size is relat-
ed to adverse outcome. Layer-specific longitudinal strain has no additional value over full-wall 
strain in predicting scar transmurality.
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CHAPTER EIGHT BMC AS SURROGATE TISSUE TO STUDY ACM

Abstract
Background: Arrhythmogenic cardiomyopathy (ACM) is commonly caused by mutations in 
genes encoding desmosomal proteins, with mutations in plakophilin-2 (PKP2) being the most 
prevalent. However, also aberrancies in non-desmosomal proteins like phospholamban (PLN) 
are associated with ACM. Plakoglobin expression in cardiac tissue of patients is affected in 
ACM and could be a valuable additional tool to discriminate between family members and 
patient at risk. Information about cardiac plakoglobin status can be obtained via endocardial 
biopsies, however, this technique has major draw-backs and therefore an alternative is need-
ed. A promising new tool is the use of buccal mucosa cells (BMC), as it has been reported 
that effects of mutations in desmosomal proteins are also reflected in buccal mucosa smears. 
We investigated the clinical usability of BMC as tool to classify patients at risk of developing 
ACM by comparing healthy controls with asymptomatic and symptomatic ACM patients, and 
patients carrying a PLN-R14Del mutation. 

Materials and results: A cotton tipped swab was used to collect BMC from the inside of the 
cheeks of all participants. Dilution experiments with a plakoglobin antibody were performed 
in buccal mucosa smears. ACM patients showed significantly less BMC plakoglobin labelling 
than controls. A moderate correlation between TFC and plakoglobin labelling was found in 
those patients. PLN-R14Del patients showed plakoglobin labelling comparable as controls.

Conclusion: On a population level, there is a significant difference in plakoglobin labelling 
in BMC membranes of ACM patients when compared to control subjects. However, due to 
the high inter-individual variability within each group and the difficulty of interpreting the 
individual samples, this method is at this moment not yet suitable for clinical implementation. 

Key words: arrhythmogenic cardiomyopathy, surrogate tissue, plakoglobin, buccal mucosa 
cells 

Introduction
Arrhythmogenic cardiomyopathy (ACM) is a progressive cardiomyopathy which is associated 
with arrhythmias, heart failure, and can even present with sudden cardiac death, especially 
in young athletes.1 ACM is commonly caused by a mutation in one of the genes encoding 
desmosomal proteins, with a mutation in plakophilin-2 (PKP2) being the most prevalent.2  
However, a mutation in the phospholamban gene (PLN-R14Del), a non-desmosomal gene, can 
result in either an ACM or a dilated cardiomyopathy (DCM) phenotype.3

 Currently, diagnosis of ACM is based on the revised task force criteria (TFC).4 The TFC 
include family history (genetic aberrancies), contractile dysfunction, structural alterations, tis-
sue characteristics of the wall, and electrophysiological abnormalities.4 Tissue characteristics 
include myocardial atrophy and subsequent fibrous fatty replacement of the right ventricular 
(RV) free wall (RVFW), which can be assessed using endomyocardial biopsies. However, the 
specificity and sensitivity of information that can be obtained from those biopsies is highly 
variable according to the sample site, especially in segmental ACM.5 Most often biopsies 
are taken from the endomyocardial site of the septum which is often spared from fibrofatty 
replacement. Therefore, other characteristics that can function as biomarker for ACM, like a 
reduction in myocardial plakoglobin expression,6,7 are welcome and interesting alternatives. 
Plakoglobin expression could be a valuable additive tool to discriminate between affected and 
unaffected family members of ACM patients without a known mutation. It is however not 
desirable and ethically not acceptable to take endocardial biopsies of all family members due 
to the invasive nature and risk of mortality associated with the procedure.8 Therefore, there is 
a demand for surrogate tissue that can function as a mirror to the heart from which we can 
obtain information about desmosomal status of subjects and predict which subjects are at risk 
for developing ACM, with minimal associated risks. 
 Recently, buccal mucosa cells (BMC) were suggested as promising surrogate for endo-
myocardial biopsies.9 The rationale for investigating the potential of BMC originates from the 
existence of cardiocutaneous syndromes, like Naxos disease and Carvajal syndrome. Naxos 
disease is caused by a homozygous mutation in the plakoglobin gene, leading to woolly hair, 
palmoplantar keratoderma, and ACM (100% penetrance),10 whereas in Carvajal syndrome 
a recessive mutation in the desmoplakin gene gives rise to similar symptoms.11,12 That there 
are no extracardial complications described in ACM patients which are directly related to 
the underlying genetic cause does not mean that there are no asymptomatic subtle changes 
present in desmosomes in other tissues which can be unveiled by microscopic evaluation of, 
as we hypothesize, BMC. 
 Here we investigated the clinical usability of BMC as tool to classify patients at risk of 
developing ACM. For that, we analysed the plasma membrane localization of plakoglobin in 
human control BMC, and BMC from ACM and PLN patients. 
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Material & Methods
Study population 
In total 84 subjects were enrolled in this study, 34 controls, 33 ACM patients (asymptomatic 
and symptomatic) and 17 PLN patients (ACM, DCM and asymptomatic). Patients were de-
fined as a(symptomatic) mutation carriers (TFC <4), or being diagnosed with ACM (TFC ≥4 4) 
with or without a known pathogenic mutation, or in the PLN cohort as DCM (when adhering 
to the DCM criteria). Controls were defined as people without any history of cardiac disease. 
All subjects provided written informed consent. Sample collection protocols and study design 
were approved by the local Biobank committee (protocol number TCBio 14-513), an ethical 
review board of the University Medical Centre Utrecht. 

Collection and sample preparation 
A cotton tipped swab was used to collect BMC from the inside of the cheeks of the participants. 
Each side was swabbed for 30 seconds to allow for sufficient cells to adhere to the cotton top of 
the swab. Subsequently, smears were made by rolling the cotton swab directly on a glass slide, 
and cells were immediately fixated with 70% ethanol. Samples were allowed to air dry, after 
which (immuno)cytochemical procedures were performed at the same day. 

Immunohistochemistry and H&E 
Human buccal mucosa swabs for H&E staining were fixed with 4% paraformaldehyde (PFA), 
after which hematoxyin and eosin staining (Merck, Darmstadt Germany) was performed. For 
immunocytochemistry experiments the buccal mucosa swabs were fixed with 70% ethanol. 
After ethanol fixation, samples were washed with phosphate buffered saline (PBS) and incu-
bated in blocking solution (3% normal goat serum, 1% bovine serum albumin, 0,15% triton 
in PBS) for 45 minutes.9 After washing with 1% triton in PBS the specimens were incubated 
with the primary antibody (mouse monoclonal anti-plakoglobin (Merck, Darmstadt, Germa-
ny) overnight at 4 ºC. The next day samples were allowed to reach room temperature before 
washing with 1% triton in PBS, subsequently followed by a secondary antibody incubation for 
two hours at room temperature. Secondary antibody used was Alexa Fluor 594 (1:250) conju-
gated to anti-mouse whole IgG antibodies ( Jackson ImmunoResearch Europe, Newmarket, 
UK). Sections were analysed with a Nikon Eclipse 80i epifluorescence microscope, photos 
were made with a Nikon Digital sight DS-2MBWc camera and NIS Elements BR 3.0 software. 
Membrane labelling in human buccal mucosal swabs was assessed in cell clusters of more 
than 3 cells by two independent observers in a blinded fashion. 

Statistical analysis
Data are shown as means ± standard error of the mean (SEM). Statistics were performed by 
Student’s t-test or spearman’s correlation. Differences or correlations were considered signif-
icant if p < 0.05, correlations were considered weak between 0.10 and 0.40, moderate between 
0.40 and 0.70, strong between 0.70 and 0.80, and very strong between 0.80 and 1.00. All analyses 
were performed using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, USA). 

Results
Patient characteristics 
Of the 33 included ACM patients 19 were male and 14 were female, see Table 1. The average 
age was 49.73 ± 2.48. We included 28 PKP2 patients, two DSP patients, one plakoglobin patient, 
and two patients without a known pathological mutation. In our patient group we included 
14 asymptomatic mutation carriers and 19 patients with a TFC of ≥4. The average TFC score 
was 4.70 ± 0.43. The PLN cohort consisted of 17 patients with a PLN mutation, six males and 
11 females. Of these 17 patients three were diagnosed with ACM (TFC of ≥4, average TFC score 
1.75 ± 0.60), seven with DCM, and 6 appeared asymptomatic PLN mutation carriers. 
 Our control group consisted of 34 subjects of which 14 were male, 20 were female, with 
an average age of 38.76 ± 2.65. With regard to the aspect of gender our control group did not 
differ from the ACM or PLN cohort. However, there was a significant difference in average age 
between control and ACM patients (p < 0.01, Table 1), and between controls and PLN patients 
(p < 0.001, Table 2).

Interpretation of buccal mucosa smears 
In a previous study we showed that immunohistochemistry with labelling against plakoglobin 
on human cardiac specimen experiments is highly sensitive to the dilution of the used anti-
body.6 Since we are unaware about the potential differences in plakoglobin protein levels in 
buccal mucosa and heart, we decided to perform dilution experiments in both control, ACM 
and PLN patients. We scored membrane labelling in cell clusters consisting of at least three 
cells on a scale of 0 to 4, where 4 is the most abundant and clear membrane labelling (as is 
exampled in Figure 1). At all dilutions, and in all swabs, there was a vast majority of cells (sin-
gle and clustered) without any membrane labelling. Given the continuous turnover of BMC, 
we hypothesised that these cells were in the process of being shed from the buccal mucosa 
and replaced by younger buccal cells. Therefore, they could be in a phase where membrane 
proteins are downregulated, including the desmosomal proteins. Only samples were included 
with a sufficient amount of cell clusters to limit the chance of unrightfully scoring a sample as 
having no membrane labelling due to small number of cells. 
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Table 1. Patient characteristics – ACM cohort. Data depicted as average ± standard error of the mean. PKP2; 
plakophilin 2, DSP; desmoplakin. TFC Task force criteria 2010. Students t-test when appropriate, ** p < 0.01. 

ACM Controls

General

  n 33 34

  Average age 49.73 (±  2.48) 38.76 (±  2.65) **

   Male 19 14

Mutations

  PKP2 28 -

  DSP 2 -

  Plakoglobin 1 -

  No known mutation 2 -

TFC

  Average 4.70 (±  0.43) -

  ACM (TFC ≥  4) 19 -

   Asymptomatic mutation carrier (TFC < 4) 14 -

Table 2. Patient characteristics - PLN cohort. Table 2 shows patient characteristics of the PLN-R14Del cohort. This 
includes patients with a PLN-R14Del mutation with and without disease phenotype. Data depicted as average ± 
standard error of the mean. PLN; phospholamban. TFC Task force criteria 2010. Students t-test when appropriate, 
**** p < 0.001. 

PLN Controls

General

  n 17 34

  Average age 54.29 (± 3.21) 38.76 (±  2.65) ****

  Male 6 14

Mutations

  PLN 17 -

TFC

  Average  (1.75±  0.60) -

  ACM (TFC ≥  4) 3 -

  DCM 7 -

  Asymptomatic mutation carrier 6

Plakoglobin membrane labelling in healthy controls is 
not affected by age or gender
First, we investigated the effect of age and gender on plakoglobin membrane labelling in healthy 
controls. In all 4 applied dilutions scores of plakoglobin labelling did not differ between males 
and females as is depicted in Figure 2A. There was a weak, though non-significant, correlation 
between age and plakoglobin labelling (Figure 2B), this was the case in all dilutions (rs 0.24, 
n=31, n.s. for 1:5000; rs 0.24, n = 32, n.s. for 1:10.000; rs 0.29, n = 32, n.s. for 1:20.000; rs 0.15, n = 
33, n.s. for 1:40.000).

Figure 1. examples of buccal mucosa scoring. A score of 4 means extreme good membrane labelling and a score 
of 0 means no labelling at all. Scoring was performed on clusters consisting of more than 3 cells. Left bottom panel 
depicts a H&E staining of buccal mucosa cells. H&E; haematoxylin and eosin staining.
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Plakoglobin membrane labelling is compromised in 
ACM patients 
In healthy controls plakoglobin labelling only diminished slightly in the higher antibody dilu-
tions, as is illustrated in Figure 3 and the heat map in Figure 4. On the one hand some subjects 
still showed strong plakoglobin labelling even at a dilution of 1:40.000, and on the other hand 
some control subjects showed relatively poor labelling already at a dilution of 1:10.000 (e.g. C3, 
C23 and C32, Figure 3). In general, in ACM patients we observed a less abundant plakoglobin 
labelling compared to control subjects, which is visualized as the predominant red and yellow 
colours in the heat map of Figure 4. However, also in ACM patients a high variability was 
noticed. For example, subject A6, A10 and A18 still showed moderate membrane labelling 
at a dilution of 1:40.000, whereas e.g. subject A1, A8 and A19 showed no membrane labelling 
at a dilution of 1:5.000. Per dilution we compared the plakoglobin labelling. In all dilutions 
the scorings in ACM patients were significantly decreased compared to control subjects as is 
depicted in the graphs in Figure 5A.

Figure 2. Panel A shows that there is no difference between membrane labeling score between males (n=14) and 
females (n=20) in any of the dilutions. B) Depicts correlations between age and plakoglobin score. None of the 
dilutions show significant or biological relevant correlation with age. 1:5000 n=31, 1:10.000 n=32, 1:20.000 n=32, 
1:40.000 n=33. rs; spearman’s rho, n.s.; not significant.

Plakoglobin labelling moderately correlates with TFC
When correlating plakoglobin score with TFC scores we found a moderate negative correla-
tion with 1:5.000 dilution as is shown in Figure 5B upper left panel (rs -0,67, n=64, p < 0,0001).  
Plakoglobin score resulting after a dilution of 1:10.000 showed the strongest though still 
modest correlation with TFC scores (rs -0,71, n=64, p < 0,0001 Figure 5B upper right panel). 
Dilutions 1:20.000 and 1:40.000 resulted in a weak but still significant correlation with TFC 
scores as is depicted in Figure 5B lower left and right panel (rs -0,60, n=65, p < 0,0001 and rs 
-0,55, n=66, p < 0,0001).

Figure 3. Examples of buccal mucosa smears of healthy controls and ACM patients labeled for plakoglobin at 
different dilutions. ACM; arrhythmogenic cardiomyopathy.
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Figure 4. A heatmap visualizing plakogblobin score of all individual subjects (healthy controls n=34) and ACM 
patients n=33) for all four dilutions. A clear pattern is visible where healthy controls in general tend to show higher 
scores than ACM patients. Colours correspond to the score as shown in the right panel. ACM; arrhythmogenic 
cardiomyopathy.

Figure 5. A) Strong and significant differences on population level between healthy controls (n=34) and ACM 
patients (n=33) in all four dilutions. B) Spearman correlation graphs for plakoglobin score and TFC scores are shown. 
ACM; arrhythmogenic cardiomyopathy, rs; spearman’s rho, TFC; Task force criteria 2010. **** p < 0,0001

Plakoglobin labelling is not suitable as classification 
tool
To test whether plakoglobin staining is usable in the clinic as differentiation tool to classify 
patients at risk for developing ACM we calculated the sensitivity and specificity using a score 
of 2 as cut off value. This means that a score ≥ 2 would classify the subject as healthy (our 
healthy control group) and a score of < 2 would classify the subject at risk (our ACM cohort). 
A dilution of 1:5.000 appeared not successful in correctly classifying patients at risk, since a 
sensitivity of 0.55 means a high number of false negatives. On the contrary the specificity of 
0.97 is very high meaning a low number of false positives. For a dilution of 1:10.000 sensitivity 
is 0.66 and specificity is 0.91, for 1:20.000 sensitivity 0.88 and specificity 0.69, and for 1:40.000 
sensitivity is 0.94 and specificity 0.58.
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Plakoglobin labelling in PLN patients is comparable to 
healthy controls
In patients with a PLN-R14Del mutation plakoglobin labelling is similar to labelling in healthy 
controls and this holds true for all dilutions used in this study (Figure 6 and 7A). Because the 
PLN cohort consisted of asymptomatic PLN mutation carriers (n=6), patients with an ACM 
(n=3) or DCM (n=7) phenotype, we analysed the possible differences among subgroups. Of 
course, it should be noted that subgroups consist of a very small number of subjects, therefore 
only trends could be observed. Overall asymptomatic patients and DCM patients were similar 
to controls, which was less pronounced at a dilution 1:10.000 with respect to DCM patients 
(Figure 7B). Interestingly, PLN patients diagnosed with ACM showed a lower plakoglobin 
score at all dilutions, which was most profound at 1:5.000 and 1:40.000 and less marked in 
dilution 1:10.000 (Figure 7B).  

Conclusion & Discussion 

In this study we aimed to test the hypothesis that extracardiac tissue expressing desmosomal 
proteins, like BMC, could provide a non-invasive and predictive tool for ACM onset and pro-
gression of the disease. This is based on the fact that in two other diseases that closely relate 
to ACM, Carvajal syndrome and Naxos disease, mutations in genes encoding desmosomal 
proteins (plakoglobin and desmoplakin, respectively) present pathological manifestations 
in the heart but also in other tissues (skin, hair). In our study we focussed on alterations in 
membrane labelling of plakoglobin in BMC. Plakoglobin is robustly expressed in BMC and it 
is thought that this desmosomal protein is generally affected in cardiac specimen of nearly all 
ACM patients regardless of their underlying mutation.6,7,13 Moreover, we previously showed 
that when aberrant plakoglobin labelling in cardiac tissue of ACM patients was identified, 
this was always accompanied by diminished presence of Nav1.5 (the cardiac sodium channel) 
and/or Cx43 (the predominant gap junction protein in the ventricles).14,15 This fact relates 
disturbances in plakoglobin to potential alterations in excitability and impulse propagation 
thereby adhering to the arrhythmogenic character of the disease.15–17

 Also, in the study of Asimaki et all9, plakoglobin showed most consistent changes in 
buccal mucosa smears of ACM patients. In our current study we performed dilution exper-
iments in control subjects and patients to investigate the diagnostic potential of plakoglobin 
labelling in BMC of ACM patients. In line with the data presented in the study of Asimaki,9 we 
confirm that in buccal mucosa swabs of ACM patients significantly less plakoglobin is present 
compared to healthy controls and that there is a moderate though significant correlation with 
disease severity. However, it should be noted that there was a high variation in sensitivity and 
specificity and a high inter-individual variability in plakoglobin labelling in controls and ACM 
patients. This makes it very difficult to use this labelling to correctly discriminate between 

Figure 6. A heatmap visualizing plakogblobin score of all individual healthy controls (n=34) and PLN patients (n=17), 
for all four dilutions. No clear difference between controls and PLN patients in plakoblobin score was observed. 
Colours correspond to the score as shown in the right panel. PLN; phospholamban-R14Del mutation carriers.
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affected and unaffected subjects, or to use as a prospective measure to follow disease onset 
and progression. Also, the vast number of cells without membrane labelling in the samples, 
probably because these cells are at the end of the shedding process and the most likely ones 
to be released easily during swapping, is a significant mode of limitation with regard to imple-
mentation in diagnostic criteria. 
 Whether the diminished signals in BMC align with pro-arrhythmic remodelling is 
difficult to predict in ACM patients. BMC do express Cx43 but in very limited amounts and 
we have not been able to make any reliable observation of potential changes in membrane 
presence of Cx43. Nav1.5, the other factor that previously appeared to be co-regulated with 
changes in plakoglobin signal is not expressed in BMC. Obviously, a direct comparison be-
tween BMC and cardiac specimen of a patient at the same moment in time is not possible 
given the ethical considerations and clinical risk of taking a biopsy for research purposes only. 
To be able to make this direct comparison in follow up studies, we have to take advantage of 
currently emerging mouse models genetically engineered to express patient-specific mutated 
proteins.
 In PLN patients in general there was no difference in BMC levels of plakoglobin. Although 
observed in a very tiny subgroup, our results suggest that PLN-R14Del patients diagnosed with 

Figure 7. A) No significant differences on population level between healthy controls (n=34) and PLN patients (n=17) 
in any of the dilutions. B) Graphs depict differences in plakoblobin score between controls (n=34), PLN mutation 
carriers that are asymptomatic (n=6), with ACM (n=3) or DCM (n=7) phenotype. ACM PLN patients seem to adhere 
more to the ACM patient pattern of plakoglobin score. ACM; arrhythmogenic cardiomyopathy, rs; spearman’s rho, 
TFC; Task force criteria 2010. **** p < 0,0001

an ACM phenotype could more resemble classical ACM patients in regard of BMC plakoglobin 
expression. This could indicate that a PLN-R14Del mutation can cause a cardiomyopathy via 
at least two different mechanisms, both with calcium as key player leading to either global 
structural changes causing DCM or decreased desmosomal protein expression causing an 
ACM phenotype. 
 The results in this study confirm that, on population level, there is significant difference 
in plakoglobin labelling in BMC membranes of ACM patients compared to control subjects 
with a moderate correlation to disease severity. However due to the high variability within 
each group and the difficulty of interpreting the individual samples, this method is most likely 
not suitable to distinguish between ACM patients or healthy controls at the individual level. 
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6. Paul Zoll developed the first external pacemaker 

7. John Gibbon performed the first open-heart operation using cardiopulmonary bypass

8. Mason Sones as first injected contrast dye into the coronaries to image these vessels 

9. Rune Elmquist and Ake Senning as first reported the use of the internal pacemaker

10. Desmond Julian came up with the concept of a coronary care unit

11. James Black developed the first β-blocker to reduce the hearts need of oxygen 
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1952 Pacemaker6

1953 Cardiovascular Surgery7

1958 Coronary Angiography8

1959 Pacemaker9

1962 CCU10

1962 β-block11
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CHAPTER NINE GENERAL DISCUSSION

Adverse cardiac remodelling is a pathological disorder that affects millions of people world-
wide, and still is one of the primary causes of death, especially in the Western society.1 As ex-
plained in the preface of this thesis, the process of remodelling is very complex and integrates 
several aspects that are overlapping and affecting each other. An illustrative example in this 
regard is that disturbance of the calcium homeostasis plays a significant role both in com-
promised contractility, the propensity to trigger rhythm disturbances as well as in structural 
remodelling of the heart.2,3

 Some of the causes that are at the onset of cardiac remodelling can be prevented or even 
cured. Examples of such causes are pharmacological anti-coagulation therapy, angioplasty or 
bypass surgery to prevent MI and the following adverse remodelling of the infarcted area and 
remote myocardium. Another cause of adverse remodelling that can be treated with different 
grades of success is focal ablation of atrial tissue to arrest atrial fibrillation. However, many 
causes of adverse cardiac remodelling are not subject to curative therapy and treatment 
mainly consists of limiting deterioration of cardiac performance or preventing life threatening 
complications like ventricular arrhythmias that can end in sudden cardiac death. The latter is 
mainly accomplished by pharmacological intervention or implantation of devices controlling 
cardiac rhythm and rate like a pacemaker or an ICD, both having beyond benefits also signifi-
cant drawbacks and off-targets side effects.4

 Research in cardiovascular physiology and pathophysiology continuously aims to acquire 
a better understanding about the mechanistic details that underlie the different processes in 
cardiac (dys)function, and to identify key players within these processes. This information is 
important because it might identify new targets for intervention and it fuels the development 
of new strategies and tools for therapeutic intervention. Following this aim, in this thesis we 
focussed on new targets and interventional modes to prevent arrhythmogenesis and contrac-
tile deterioration, and explored the predictive value of new biomarkers in relation to onset and 
progression of disease.

Focus on calcium homeostasis 
In part one of this thesis we described new therapeutic strategies to preserve or restore cardiac 
performance. Starting in chapter two we focussed on potential new antiarrhythmic pharma-
cological targets related to their role in imbalanced calcium homeostasis. These new targets 
include Ca2+/Calmodulin-dependent protein kinase II (CaMKII), the Na/Ca exchanger (NCX), 
the Ryanodine receptor (RyR2, and its associated protein FKBP12.6) and the late component 
of the sodium current (INa-Late), all related to intracellular calcium (Ca2+) handling of the cardiac 
myocyte. These new antiarrhythmic strategies attempt to find ways to increase antiarrhyth-
mic efficacy while relieving or omitting the adverse side effects that are currently encountered. 
We discussed KB-R7943 and the more specific SEA-0400 being blockers of NCX. At the moment 
of publication (2014) of this review manuscript no uniform conclusions about the efficacy 
and safety of SEA-0400 could be formulated. In the past five years a couple of new studies 
have been published further investigating the antiarrhythmic properties of SEA-0400. A 2015 

paper described ischemia reperfusion injury in a Langendorff perfusion model with isolated 
rat hearts, and studied the effect of NCX inhibition via SEA-0400 and a new, more selective, 
inhibitor ORM-10103.5 From that study, the authors concluded that both NCX blockers were 
unable to significantly reduce VF incidence or duration. Even more interesting was the fact 
that combining either of the NCX blockers with cariporide (a N+/H+ exchanger blocker) would 
even reduce the antiarrhythmic effects of cariporide in their experimental model. The expla-
nation for this observation is that NCX inhibitors relieve the suppressing effect of cariporide 
treatment and hereby reinitiated the arrhythmic susceptibility of the hearts.5 Another study 
published in 2016 did not examine the potential antiarrhythmic effects of SEA-0400, but the 
effect on cardiac function and remodelling in a rat model of chronic kidney disease and heart 
failure with preserved ejection fraction (EF).6 The authors concluded that inhibiting NCX in 
their model not only improved cardiomyocyte function in vitro, but also showed that SEA-
0400 is beneficial for preservation of contractile function in vivo.6

 We also discussed the inhibition of RyR2 by K201 in chapter two. In the past five years 
only one research paper was published that investigated the antiarrhythmic capacity of RyR 
inhibition via K201. This study showed an effective termination of atrial fibrillation in a canine 
model of pericarditis after administration of M-II, one of the active metabolites of K201.7 Due 
to its multichannel blocking properties K201 is maybe not the best choice for antiarrhythmic 
intervention via RyR2 blockade. However, it is still interesting to investigate cardiomyocyte 
RyR2 blockade, and not only due to its potential antiarrhythmic effects. Recent studies also 
showed the potency of RyR2 inhibition in heart failure,8 and even as antifibrotic strategy via 
interfering with the transforming growth factor beta 1 (TGF-β-1) pathway.9

 The rationale and efforts made for Inhibition of the late sodium current (INa-Late) was also 
discussed in chapter two, and in this regard the blockers ranolazine, sophocarpine and GS-967 
are highlighted. Late sodium current can arise due to inherited (due to mutations in SCN5a) or 
acquired causes which affect the normal gating kinetics of the sodium channel. Prolonged and 
elevated influx of sodium ions drives the NCX in its reversed mode thereby extruding sodium 
ions in exchange for calcium resulting in cytoplasmic calcium overload. Extensive research has 
been performed using ranolazine in the last couple of years. The RAID trail, published in 2018 
concluded that Ranolazine did not reduce the incidence of the first ventricular tachycardia 
(VT), ventricular fibrillation (VF), or death. However, administration of the drug did reduce 
the occurrence of recurrent VT/VF and therefore a reduction in ICD shocks.10 The combina-
tion of amiodarone and ranolazine in patients that underwent cardiac surgery significantly 
reduced post-operative atrial fibrillation (AF) in comparison to amiodarone alone, especially 
in patients with a reduced ejection fraction (EF).11 These are just two recent clinical studies 
involving ranolazine that indicate the beneficial antiarrhythmic effect which is maybe not 
extremely overt, but is definitely there. 
 The last five years no new studies on sophocarpine in the setting of antiarrhythmic 
therapy have been reported. However, with regard to GS-967 research efforts have been per-
formed indicating that administration of this drug was able to temper catecholamine induced 
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VT,12 and another study showed a reduced incidence of AF,13 both studies being performed 
in a porcine model. From these different studies can be concluded that inhibition of INa-Late 

has shown its benefits in reducing the arrhythmic burden in patients, especially in reducing 
AF. Therefore, INa-Late inhibition, most likely via ranolazine will gradually conquer its place in 
current antiarrhythmic pharmacological strategies. 
New strategies to inhibit CaMKII, the kinase maladaptively upregulated in its activity during 
adverse cardiac remodelling, include the application of W7 and KN-93. Whereas KN-93 is 
considered to block CaMKII directly, W7 inhibits calmodulin and as a consequence indirectly 
also CaMKII. We conclude in this thesis that CaMKII inhibition has attractive antiarrhythmic 
properties, with the discrimination that application of drugs with properties like KN-93 (di-
rect block) is more favourable because of the pronounced prolonging effect of W7 on action 
potential duration (APD) which potentially triggers generation of arrhythmogenic early-af-
ter-depolarizations. The last five years several studies underlined the antiarrhythmic prop-
erties of CaMKII inhibition. A study of Hoeker et al. showed that KN-93 significantly reduced 
arrhythmia inducibility in heart failure rabbits (induced via aortic constriction).14 Our group 
confirmed the antiarrhythmic properties of acute CaMKII inhibition with W7 in Langendorff 
perfused rabbit hearts and two additional in vitro models.15  
 In chapter three, part one and two, we evaluated the effects of chronic CaMKII inhibition 
in a genetically engineered mouse model in which overexpression of the AC3I peptide blocks 
the activation of CaMKII. To mimic the process of adverse remodelling we applied chronic 
pressure overload via transverse-aortic constriction (TAC). In part one we conclude that under 
these conditions CaMKII inhibition is able to prevent reductions in presence of sodium- and 
gap junction channels (as seen during baseline pressure overload) but not sufficient to prevent 
fibrosis deposition and therefore still creates arrhythmic substrates. In part two of this chapter 
we focussed on the possibility to reduce fibrosis deposition via interference on the mineralo-
corticoid receptor (MR) with its antagonist eplerenone, and investigate the effect on several 
aspects of cardiac function. We concluded that eplerenone potentiates the anti-fibrotic effect 
of CaMKII inhibition and subsequently leads to better and more homogeneous contractile per-
formance and a mildly tempered arrhythmogenesis. A conceptual framework of the mode of 
action of chronic CaMKII and MR signalling is extensively described in the discussion section 
of chapter three part two. The beneficial effects that we describe in part two are strengthened 
by findings in other research papers published recently. Kreusser et al.16 showed in a inducible 
knock-out model of cardiac CaMKII that cardiac function can be restored, or at least, that 
deterioration can be arrested upon CaMKII deletion.16 Another recently published study also 
confirmed that chronic CaMKII inhibition with KN-93 can restore systolic cardiac function.17 
It is evident that CaMKII blockade has positive effects on cardiac performance, both stimu-
lating contractility and preservation of electrical characteristics. However, the problem with 
CaMKII blockade is still that pharmacological interventions are not completely cardiac spe-
cific, for example, CaMKII inhibition promotes neuronal apoptosis.18–20 This can be explained 
by the fact that the kinase (divided in different isoforms) is expressed ubiquitously in multiple 

cells and organs. In addition the well-known pharmacological CaMKII blockers cannot 
be administered orally, and require intravenous administration. This renders it difficult to 
implement CaMKII inhibitors to daily pharmacological regime. However, three new CaMKII 
inhibitors have emerged that can be orally administered and, in preclinical studies, two agents 
showed they exert antiarrhythmic effects in vitro, and one also revealed beneficial effects 
on contractile function. Rimacalib (SMP-114) is a novel small molecule and is an ATP-com-
petitive CaMKII inhibitor (developed as disease-modifying anti-rheumatic drug). Neef et 
al. showed that it effectively reduced sarcoplasmic reticulum (SR) calcium leak in isolated 
murine cardiomyocytes and in human atrial cells.21 Another new ATP-competitive CaMKII 
blocker GS-680 has shown antiarrhythmic effects in human atrial cells, also by inhibiting SR 
Ca2+ leak and subsequent triggered activity.22 Furthermore, GS-680 expressed a much lower 
affinity for neuronal CaMKII thereby possibly relieving the negative effects of current CaMKII 
inhibitors on neuronal apoptosis.22 Finally, RA306 is an agent with proven oral bioavailability, 
and showed its ability to reverse adverse cardiac remodelling and to restore EF after two weeks 
of treatment in a murine model of genetic DCM (mutation in alpha actin).23 

Focus on fibrosis 
As described above, in chapter three part two we combined chronic CaMKII inhibition with 
MR-antagonism via administration of eplerenone. Inhibition of the renin-angiotensin-aldos-
terone system (RAAS) is one of the possible mechanisms through which cardiac fibrosis can 
be decreased. Eplerenone and spironolactone are two registered MR-antagonists that are 
readily available for clinical use, however, eplerenone has much higher specificity for the MR 
and therefore provides less adverse side effects.24 Eplerenone exerts its antifibrotic effect via 
inhibition of different pathways. One being directly inhibiting the expression of CTGF by car-
diomyocytes,25 but also directly affecting transcription of genes related to collagen production  
by the myofibroblasts.26 A study in mice showed that treatment with eplerenone effectively 
attenuated atrial fibrosis in vivo, and that the presumable mechanism is suppression of 
the TGF-β-1 pathway in fibroblasts which was indicated through data obtained from an in 
vitro model.27 Captopril, a well-known angiotensin converting enzyme (ACE) inhibitor also 
has anti-fibrotic properties, and it has been shown in a rat model that captopril was able to 
reduce cardiac fibrosis, probably by affecting the reactive oxygen species mediated immune 
response.28 
 While intervention of the RAAS is the most widely known antifibrotic strategy, new 
strategies are arising. One very interesting and thoroughly investigated target is TGF-β. 
Neutralising antibodies directed against TGF-β are prescribed to patients, like metelimumab 
and fresolimumab.29 Pirfenidone is a small molecule that inhibits the transcription of TGF-β 
gene, and is able to reduce renal fibrosis in a murine model.30 One of the major draw backs 
of anti TGF-β therapy is that inhibition might lead to tumorigenesis.31 A different but also 
interesting strategy to temper fibrosis is via anti-inflammatory therapies due to its role in 
fibrosis formation. Cenicriviroc is a potent inhibitor of the ligand binding to C-C chemokine 
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receptor 2 (CCR2) and C-C chemokine receptor five (CCR5), which are found on T cells.32 
CCR2 and CCR5 are important players in the migration and activation of immune cells, and 
a phase 2b trial where cenicriviroc was investigated in the context of liver fibrosis showed 
functional improvement after one year of treatment.33 Although this study focussed on fibrotic 
liver disease, it clearly illustrates that there is an active research field in a quest for antifibrotic 
therapies and that it will hopefully be a matter of time before the effect of some new therapies 
on cardiac fibrosis will be described. 

Focus on molecular therapies  
In chapters four and five we focus on new therapeutic strategies involving gene and cell ther-
apy. These strategies are meant to treat arrhythmias that commonly arise from the epicardial 
border zone (EBZ) of a heart compromised by MI. Ways to correct conduction defects in the 
EBZ are described in the first paragraphs of chapter 4, and in chapter 5. Gene and cell therapy 
to restore Ca2+ handling is also touched upon in chapter 4.  
 We extensively describe the use of SkM1 (a skeletal muscle sodium channel) as it has 
been shown that SkM1 has the ability to preserve Vmax and CV under depolarized conditions 
(like induced by ischemia), where the cardiac sodium channel has less favourable kinetics.34 
This also applies to connexin 43 (Cx43, gap junction channel) which normally facilitates 
electrical and metabolic coupling of the ventricular myocytes but closes partly due to the 
acidic environment of the EBZ (also caused through ischemia). We concluded that, although 
speeding conduction in the EBZ may be antiarrhythmic, there are some issues that need to be 
addressed. i) the risk that increased gap junction function increases myocardial damage, and  
ii) the risk of providing circumstances for reentrant pathways that otherwise would remain 
silent. Recently, new research on overexpression of Cx43 in the myocardium after MI in mice 
has been published. The experimenters injected murine myocardial infarct sites with Cx43 
via a lentiviral vector.35 The choice for a lentiviral vector was to provide broad cellular tropism 
and permanent expression of the transgene.35 The lentiviral-Cx43 was injected two or three 
days after cryo-injury, and showed effective transduction and subsequent expression of Cx43 
in the injected area.35 In their study they showed significantly less VTs in lentiviral-43 treated 
mice when compared to lentiviral-EGFP (control) treated mice, which was based on increased 
conduction velocities in the EBZ.35 Interestingly, they did not find a difference in lesion size, 
which is a common phenomenon encountered with Cx overexpression after MI.35–37      
 In chapter four we also touch upon gene therapy concerning normalisation of Ca2+ 

handling. We describe the CUPID I trial (phase I/IIa clinical trial) where 39 patients were 
randomised to receive either AAV-SERCA2a gene therapy or placebo. The CUPID I trail 
showed beneficial effects on health status and ventricular function.38 When chapter four 
was published it was already known that the CUPID II (phase IIb) did not met its primary 
and secondary endpoints (reduce the frequency of hospitalization, or to delay heart failure 
related hospitalizations and incidence and severity of adverse events, respectively) although 
these data were not published yet. CUPID II was a randomised, multinational, double blind, 

placebo-controlled clinical trial, that included 250 patients of which 123 patients received 
AAV1-SERCA2a and 127 received placebo.39 Two patients in the AAV1-SERCA2a and five 
patients in the placebo group dropped out of the trial before treatment due to various health 
related issues, resulting in 121 and 122 patients (respectively) in the groups. After antegrade 
coronary delivery of the treatment, a follow-up period of at least twelve months followed. They 
concluded that AAV1-SERCA2a infusion did not improve rate of recurrent cardiac events, 
nor improvement in time to all-cause death was observed.39 There was no difference between 
intervention and control group in change in disease severity ( from baseline) or quality of 
life was found. They were able to investigate myocardial tissue of seven patients receiving 
AAV1-SERCA2a, findings from these sections suggested a low level of transduced cells, which 
could, at least partly, explain the absence of efficacy.39 A recent small clinical trial (the AGENT-
HF trial), focused on the effect of AAV1-SERCA2a on ventricular remodelling measured via 
echocardiography.40 This study randomised only nine patients, but was not able to detect any 
difference in ventricular remodelling between groups after twelve months of follow-up.40 The 
CUPID II and AGENT-HF trials are both neutral studies, where the intervention did not differ 
in positive or negative way from placebo. One difference is that in the CUPID trial, due to a in 
general low event rate, an amendment was implemented that was created to include patients 
with a higher risk of heart failure events.39 This was determined by their level of N-terminal 
pro-B-type natriuretic peptide (pro-BNP) for which a level of>1600 pg/ml (or > 1200 pg/ml 
for patients with atrial fibrillation) was needed for inclusion.39 Another reason for failure 
of CUPID II could be the negative effects of BNP on SERCA2a expression. It is thought that 
BNP via interference on gene transcription can downregulate the endogenous expression of 
SERCA2a,41,42 and this could well be the case for transduced SERCA2a. This, together with the 
suboptimal transduction could explain the absence of efficacy in CUPID II.43

 In general, the efforts to bring (viral) gene therapy to clinical implementation is facing 
challenges comparable to the efforts that have been made in bringing cell transplantation 
therapy to clinical treatment of different cardiomyopathies. In this regard important issues 
are time-frame of delivery, dose (or titer of virus used) and mode of delivery. Where stem cell 
therapy thus far has not resulted in significant breakthrough results, gene therapy is currently 
one of the promising focus areas and subject of intensive investigations. This enthusiasm is 
further fed by the fact that not only gene delivery is aimed, but application of new molecular 
techniques like CRISPR/cas9 would also allow genetic repair which is particularly of interest 
for those patients that suffer from inherited cardiomyopathies.

Focus on Biomarkers 
In part two we focus on the aspect of monitoring for prognostic and diagnostic purposes, 
which is different from the explained aims studied in part I where the focus was on new 
targets for more specific drug treatment and new treatment strategies. Overall, research on 
biomarkers in cardiovascular disease aims to identify tools that can help to determine disease 
onset and progression. This can be of importance in patients that have been diagnosed with 
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a cardiomyopathy where function gradually deteriorates (like upon MI), but also in patients 
that are genetically predisposed to develop cardiac disease. The latter is exampled by patients 
with ACM where penetrance of the disease is incomplete and disease onset and progression is 
highly variable among patients. We start with chapters six and seven where we search for cir-
culating biomarkers and new imaging modalities to predict scar size in patients after MI. These 
new strategies focus on quantifying fibrosis via an easier, less time consuming and preferably 
cheaper alternative for late gadolinium enhancement MRI. These efforts also were intended 
as a proof of principle in patients with excessive fibrosis deposition due to cardiomyocyte loss, 
to eventually find better ways to detect small amounts of fibrosis in other cardiomyopathies 
(like ACM or DCM). These small fibrotic depositions are not sufficiently detected with the 
currently clinically used 1.5 tesla MRI. 
 Circulating biomarkers have proven to be very useful as clinical application, e.g. c-reac-
tive protein for inflammation, or proBNP for heart failure. However, circulating biomarkers 
mirroring cardiac fibrosis are harder to find. The prominent collagens in the heart are collagen 
type I and III, where collagen type I is the most prevalent.44 The problem resides in the fact 
that collagen type I is expressed in almost all connective tissues (bone, skin, ligaments, etc), 
so an increase in cardiac collagen type I will only marginally influence the total amount of 
collagen type I-derivatives in the circulation.45 Circulating biomarkers of cardiac collagen will 
need to be extremely precisely measurable to detect this change from baseline. This magnifies 
the problem with the usability of miRNAs as circulating biomarker for fibrosis. Momentarily 
there is no consensus on how to isolate, measure and normalize miRNA from plasma sam-
ples. Differences in preanalytical and analytical steps are responsible for huge variations in 
results.46–49 Variation due to normalisation of the miRNAs is a problem that could be tackled if 
the scientific community could reach consensus and provide a guideline on how to normalise 
miRNA derived from plasma. At this moment normalisation using exogenous oligonucleo-
tides, spike ins, is a commonly used method. However, the geometric mean of all analysed 
miRNA in a study or endogenous miRNAs are a preferable strategy, but these methods are 
not always easy to use (small number of miRNAs analysed and difficulty finding reliable en-
dogenous miRNAs in plasma).50 Synthetic spike ins are mostly applied because they are easy 
to use, however they only correct for technical steps after addition of the oligonucleotides 
and not for biological influences or technical differences before addition.48,50 Faraldi and 
co-workers examined the effect of different normalisation methods and concluded that there 
are marked effects that cannot be overlooked and consensus should be reached.50  Further 
complicating the search for biomarkers related to the cardiac degree of fibrosis is the fact that, 
as mentioned, collagen derivatives and certain miRNAs not necessary have to be exclusively 
related to the cardiomyopathy itself. Especially in complex patients, which we more often 
experience in our aging population, fibrotic or inflammatory processes in other organs e.g. 
the lungs, might significantly influence the level of the circulating biomarker of interest. Still 
in this study population of post-MI patients we identified weak to moderate correlations for 
several profibrotic biomarkers. 

 In chapter seven we investigated new imaging modalities to identify scar transmural-
ity and size after MI. Segmental and global longitudinal strain analyses were tested and we 
concluded that segmental longitudinal strain aids in the identification of viable myocardium 
in scar. Global longitudinal strain correlated moderately with scar size, but is not superior to 
the currently used wall motion index. These new imaging modalities seem usable specifically 
in patients with an acute MI and can aid in clinical decision making, but if they are usable 
for fibrosis detection and especially the magnitude of fibrotic depositions per se cannot be 
determined yet.  This is an important step to be made for application in patients with cardi-
omyopathies that are not secondary to MI, with likely less intense and more diffuse fibrosis 
formation. In line with that, an additional challenge is to investigate whether the observed 
correlations between the pro-fibrotic biomarkers and cardiac fibrosis still stand when these 
analyses are applied in such patients. 
 In the final experimental chapter of this thesis (chapter eight) we analysed another 
source of extra-cardiac biological material that easily can be obtained from patients with the 
aim whether this source can be used as a biomarker for patients with ACM. The far majority 
of patients diagnosed with ACM carry a disease-causing mutation in one of the desmosomal 
genes.51 These mutations give rise to malfunctioning proteins and destabilization of the protein 
complexes that can be found at the intercalated disc in cardiomyocytes from these patients. 
Loss of plakoglobin is one of the most prominently observed findings.52,53 As a consequence, 
these patients develop electrical remodelling early in the disease which unfortunately results 
in severe arrhythmias and sudden cardiac death. A problem with ACM is that not all carriers 
of a mutation develop the disease and if so, the moment of disease onset is highly variable. 
Monitoring those carriers and patients with a questionable diagnosis would certainly benefit 
from an easily accessible diagnostic tool. Since desmosomes are not exclusively present be-
tween cardiomyocytes, buccal mucosa cells harvested from the inner lining of the cheek were 
postulated by the Boston group as such an alternative source.54 The background of this idea 
has been based on the fact that certain mutation in desmosomal proteins lead to cardiomyo-
pathy reminiscent of ACM, but also to extra-cardiac manifestations in tissues that also express 
the mutated gene (like skin and hair).55,56

 In chapter eight we confirmed that plakoglobin levels in buccal mucosa cells isolated 
from patients with ACM are significantly reduced when compared to healthy controls. This re-
duction is not influenced by age or gender and is only specific for patients with a classical form 
of ACM (ARVC) and not in patients diagnosed with PLN-R14Del cardiomyopathy, a disease 
which is often linked to ACM. Importantly, the reduction in plakoglobin levels correlated to 
the TFC scores of the patients meaning that the clearest the cardiomyopathy was diagnosed 
based on other criteria, the worst the plakoglobin level was in the buccal mucosa. Whether 
these findings hold promise for clinical application remains to be determined because within 
the group of ACM patients, but also in the healthy controls, we experienced extensive inter-
individual variability in plakoglobin signal intensity. This could compromise diagnosis of the 
individual patient.
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 To conclude, in this thesis we explored several modes of interfering with adverse cardiac 
remodelling. These strategies were based on the continuously accumulating knowledge on 
the mechanisms that underlie cardiac remodelling and this is crucially important. With this 
knowledge we have been able to focus on new targets for (more specific) drug intervention, 
tested a mode for genetic repair and evaluated several leads that could serve as biomarkers 
to benefit disease diagnosis and progression. Extrapolation of those findings into clinical 
practice is always a difficult step to be made, and time will tell how much progression can be 
made based on findings like described in this thesis for patient-specific precision medicine.
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CHAPTER NINE ENGLISH SUMMARY

In this thesis new modalities to monitor and interfere with adverse cardiac remodelling are 
described. Adverse cardiac remodelling occurs after a variety of myocardial injuries. For 
example, after ischemic injury, after long exposure to a high after load, or due to genetical 
causes. Remodelling means that the heart changes in shape and tissue characteristics.  These 
changes can occur simultaneously and gradually. Important changes in the cardiac tissue 
that we can observe are: i) cardiomyocyte hypertrophy, ii) decreased cellular coupling via gap 
junctions and iii) increased fibrosis deposition. Intracellular we can observe a change in calci-
um handling which is a key component in the vicious circle of cardiac deterioration. Cardiac 
remodelling can be observed clinically using echocardiography, where a decrease in ejection 
fraction and fractional shortening can be seen. Patients suffer from dyspnoea, oedema, fatique 
and orthopnoea. Current disease management consists of drug treatments, implantation of an 
implantable cardioverter-defibrillator or as last resort implantation of a left ventricular assist 
device. 

Part I of this thesis – interference with remodelling 
As described above, drug therapy is a cornerstone of the treatment of heart failure. Also, to 
prevent sudden cardiac death drugs play a prominent role. However, the effects of these drugs 
are not always as hoped for and a need for new antiarrhythmic strategies still exists. In chap-
ter two we describe new antiarrhythmic targets. Ca2+/Calmodulin-dependent protein kinase 
II (CaMKII) plays a central role in the calcium handling of the cardiomyocyte. It affects the 
Ryanodine receptor (RyR), the L-type calcium channel and SERCA. During cardiac pathology 
CaMKII becomes more active and results in an increase in intracellular calcium load and 
thereby can trigger arrhythmias via induction of ectopic beats. Pharmacological compounds 
to inhibit CaMKII are W7 and KN-93, they show in animal studies to have antiarrhythmic 
potential, minimal effects on action potential duration and haemodynamics makes CaMKII 
inhibition an interesting new target. 
 The sodium calcium exchanger (NCX) and SERCA are responsible for calcium removal 
from the cell in diastole. Studies investigating the benefits of NCX inhibition show inconsist-
ent results and therefore it cannot be concluded if NCX inhibition has therapeutic potential. 
The RyR is responsible for calcium release from the sarcoplasmic reticulum. A higher open 
probability can lead to diastolic calcium release and triggered activity. The antiarrhythmic 
effect of NCX blockade is debatable, for future research a more selective inhibitor should be 
produced. In chapter three part one we investigated CaMKII inhibition in a murine model of 
pressure overload. We subjected AC3I mice, in which CaMKII is genetically inhibited, to trans-
verse aortic constriction. Epicardial mapping after six weeks showed an increased conduction 
velocity in AC3I mice compared to wild type mice. Also, Cx43 expression was preserved, how-
ever, fibrosis and arrhythmias were still present.  A follow up study where CaMKII inhibition 
was combined with antifibrotic therapy via eplerenone is described in chapter three part 
two. We compared AC3I mice that were treated with eplerenone to AC3I mice that were not 
treated with eplerenone and to wild type animals that were treated to eplerenone. Our data 

show that the combination therapy mitigates contractile deterioration and decreases patchy 
fibrosis deposition. The less patchy fibrosis that was observed, the higher the synchronicity 
of contraction and the better the overall cardiac performance in those animals. Next to new 
pharmacological interferences in chapter four and five we discussed gene and cell therapy 
as more targeted approach to ischemia and infarction-related arrhythmias. We describe the 
use of SkM1 (a skeletal muscle sodium channel) as it has been shown that SkM1 has the ability 
to preserve Vmax and CV under depolarized conditions (like induced by ischemia), where 
the cardiac sodium channel has less favourable kinetics. This is also the case for connexin 
43 (Cx43, gap junction channel) which normally facilitates electrical and metabolic coupling 
of the ventricular myocytes and closes in the acidic environment of the EBZ. In chapter four 
we concluded that speeding conduction in the EBZ may be antiarrhythmic, but at this mo-
ment no clear-cut conclusions can be drawn from the available research.  In chapter five we 
compared two delivery platforms for SkM1 in the EBZ. Namely, the adenoviral vector and a 
mesenchymal stem cell platform. The mesenchymal stem cells provide efficient and effective 
delivery of SkM1 current, however does not prove to be antiarrhythmic in contrast to the viral 
approach. This research highlighted the importance of the chosen delivery platform to SkM1 
antiarrhythmic efficacy.

Part II of this thesis – monitoring cardiac remodelling 
In part two of this thesis we describe new diagnostic and prognostic strategies for monitoring 
cardiac remodelling. If we could follow the progressive worsening of cardiac function then 
timely adaptations in therapy could be implemented to prevent heart failure from occurring. A 
major hallmark of adverse remodelling is increased collagen deposition leading to contractile 
dysfunction and arrhythmogenicity. In chapter six we describe the timely observation of 
increased cardiac fibrosis deposition after myocardial infarction. The current golden standard 
to assess cardiac fibrosis is late gadolinium enhancement (LGE) MRI, however the costs and 
need for contrast agents with this technique are major drawbacks. An alternative could be 
the use of a biomarker of collagen synthesis like procollagen type I carboxy-terminal pro-pep-
tide (PICP), which is cleaved off and released into the bloodstream prior to fibre formation. 
PICP seems to be correlated to fibrosis deposition after myocardial infarction. However, the 
correlation is weak to moderate which makes it difficult to implement it in clinical treatment 
regimen.
 In chapter seven we describe a new imaging technique, two-dimensional speckle 
trachking  echocardiography (2D-STE), to differentiate between no, subendocardial, and 
transmural scarring in the post-infarction period. This, like the research in chapter six, is to 
serve as alternative for cardiac magnetic resonance imaging. Segmental longitudinal strain 
during the primary admission for myocardial infarction may be an easy tool for predicting scar 
formation and transmurality at six months after injury. Global longitudinal strain correlated 
well with scar size and has potential to be used as prognostic tool. However, more research is 
needed before this could be implemented in regular clinical care. 
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 Chapter eight focusses on the use of buccal mucosa as surrogate tissue for arrhythmo-
genic cardiomyopathy (ACM). ACM is commonly caused by mutations in genes encoding 
desmosomal proteins, where mutations in plakophilin-2 (PKP2) are the most prevalent. 
However, also non-desmosomal proteins like phospholamban (PLN) could be affected in ACM 
patients. Plakoglobin expression in cardiac tissue of patients is affected in ACM and could 
be a valuable additional tool to discriminate between family members and patient at risk. 
However, this information about cardiac plakoglobin status can only be obtained via endo-
cardial biopsies, which has major draw-backs and therefore an alternative is needed. Buccal 
mucosa cells (BMC) were suggested as promising surrogate for endomyocardial biopsies. This 
because BMC express mostly the same desmosomes as cardiomyocytes, including expression 
of plakoglobin. In this chapter we concluded that, on a population level, there is a significant 
difference in plakoglobin labelling in BMC membranes of ACM patients when compared to 
control subjects. However, due to the high inter-individual variability within each group and 
the difficulty of interpreting the individual samples, this method is at this moment not yet 
suitable for clinical implementation. Furthermore, PLN-R14Del patients on average showed 
plakoglobin labelling comparable as controls. Although, we observed in a very tiny subgroup 
that PLN-R14Del patients diagnosed with an ACM phenotype could more resemble classical 
ACM patients in regard of BMC plakoglobin expression in their BCM. 

In this thesis we described various new targets to interfere with cardiac remodelling, rang-
ing from pharmacological interventions to molecular strategies. We also showed new ways 
to monitor structural remodelling and the use of surrogate tissue in ACM. Of course, more 
research is needed before clinical implementation can be achieved. I do believe this thesis 
provides insights that could be beneficial for future management of heart failure patients. 
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Introductie 

Het hart is de belangrijkste spier in het lichaam en is verantwoordelijk voor het rondpompen 
van bloed door het lichaam. Alle weefsels in het lichaam verbruiken zuurstof, die ze vanuit het 
bloed opnemen. Wanneer het hart niet goed functioneert - dus niet genoeg bloed kan rond-
pompen - krijgt het lichaam hier last van. Dit noemen we hartfalen. Hartfalen kan ontstaan na 
een hartinfarct, bij een te hoge (bloed)druk waartegen het hart moet pompen, of doordat er in 
het DNA mutaties aanwezig zijn.
 Wanneer je een stukje hartweefsel zou bekijken onder de microscoop, zie je dat het hart 
bestaat uit individuele hartspiercellen. Dit zijn gespecialiseerde cellen en deze hebben een 
aantal kenmerkende aspecten. Het zijn een soort ronde baksteentjes die, net zoals de baks-
tenen in een muur, achter elkaar en naast elkaar liggen. Ze vormen zo de vezels van het hart. 
De hartspiercellen lopen in een voor het hart specifiek patroon, dat wordt verzorgd door het 
bindweefselskelet van het hart. Dit bindweefselskelet bestaat uit collageenvezels. Deze vezels 
lopen tussen de cellen door en geven ze houvast en bepalen dus de richting van de spiervezels. 
Dit is erg belangrijk voor een efficiënte pompfunctie van het hart.
Aan de korte kant van de hartspiercellen worden intercalairschijven gevormd. In deze inter-
calairschijven vinden we ankermoleculen, gap junctions en ionkanalen. De ankermoleculen, 
desmosomen genaamd, zijn verantwoordelijk voor de mechanische sterkte tussen de hart-
spiercellen. De gap junctions zijn bijzondere kanaaltjes tussen de hartspiercellen en zorgen 
voor de elektrische en metabole communicatie tussen de hartspiercellen.  De ionkanalen 
zorgen ervoor dat er elektrisch geladen deeltjes de hartspiercellen in kunnen en dat er een    
actiepotentiaal kan ontstaan. Een actiepotentiaal is een signaal voor de hartspiercel om 
samen te trekken. De communicatie via gap junctions zorgt ervoor dat de hartspiercellen op 
een geordende manier samentrekken en dat het hart het bloed kan rondpompen.

Pathofysiologie 
Wanneer het hart ziek is, gaat het veranderen om in de nieuwe omstandigheden te kunnen 
blijven functioneren. Deze aanpassingen zijn in het begin voordelig, maar op den duur breekt 
het op. Dit heet dan “remodelering van het hart”.  Dit gebeurt bijvoorbeeld na een hartinfarct, 
hierbij sterft een gedeelte van het hart af waardoor het overgebleven gedeelte dezelfde kracht 
moet genereren. Het gebeurt ook wanneer het hart te maken heeft met een hele hoge bloed-
druk voor een langere tijd. Ook kan remodelering van het hart gebeuren als gevolg van gene-
tische aandoeningen waarbij er een fout zit in het DNA. Hierdoor worden de ankermoleculen 
niet helemaal goed gemaakt. Samenvattend kunnen we stellen dat het hart gaat remodeleren 
wanneer het gedurende een langere tijd meer kracht moet leveren dan dat het eigenlijk kan. 
 Dit remodeleren van het hart is weer op verschillende manieren te zien. We zien dat de 
individuele hartspiercellen groter worden, dit heet hypertrofie. Daarnaast zien we dat er veel 
meer bindweefsel tussen de hartspiercellen gaat zitten, dit heet fibrose. Ook de intercalair- 

schijven gaan er anders uitzien: er zijn minder gap junctions, desmosomen en ionkanalen 
te vinden in de intercalairschijf. Deze veranderingen resulteren uiteindelijk in een uitgelub-
berd hart, met tragere elektrische geleiding en meer fibrose, hetgeen leidt tot een slechtere 
pompfunctie van het hart en bovendien tot een grotere kans op hartritmestoornissen. Op dat 
moment is het hart in een vicieuze cirkel terechtgekomen waarin calcium een erg belangrijke 
speler is. 

Doel van dit proefschrift 
Symptomen van hartfalen zijn kortademigheid, oedeem (vochtophopingen), vermoeidheid en 
niet plat kunnen liggen zonder buiten adem te raken. Om hartfalen vast te stellen, worden er 
bloedtesten gedaan, een echo van het hart gemaakt en klinische symptomen geanalyseerd. 
Op dit moment bestaat de behandeling vooral uit medicijnen die op het hartritme werken 
en vocht afdrijven (plaspillen). Wanneer deze medicijnen niet voldoende werken, kan er een 
interne pacemaker/defibrillator worden geïmplanteerd. Als laatste redmiddel kan er een 
steunhart geïmplanteerd worden, dat kan dienen als destination therapie of als overbrugging 
tot harttransplantatie. In dit proefschrift beschrijven we nieuwe manieren om remodelering 
van het hart te monitoren en om in te grijpen in het proces. 

Dit proefschrift 

Deel I - ingrijpen in het remodelering proces
Zoals hierboven beschreven, zijn medicijnen de hoeksteen van de behandeling van hartfalen. 
Ook om plotse hartdood door ritmestoornissen tegen te gaan, spelen medicijnen een belan-
grijke rol. Maar, de effecten van deze medicijnen zijn niet altijd zoals we hopen en nieuwe 
medicijnen zijn nog steeds erg nodig. In hoofdstuk twee van dit proefschrift beschrijven we 
nieuwe moleculaire aangrijpingspunten voor medicijnen tegen hartritmestoornissen. Ca2+/
Calmodulin-dependent protein kinase II (CaMKII) is een kinase (eiwit) welke een belangrijke 
rol speelt in de calciumhuishouding van hartspiercellen. Het heeft effect op de Ryanodine 
receptor (RyR) en op het L-type calcium kanaal en SERCA. Tijdens remodelering van het hart 
bij hartziekten zien we dat er meer expressie en hogere activiteit is van CaMKII. Dit resulteert 
in een verhoogde calciumconcentratie in de hartspiercel en kan hierdoor hartritmestoornis-
sen veroorzaken. Voorbeelden van farmacologische middelen om CaMKII te remmen zijn 
W7 en KN-93. In dierproeven laten deze middelen zien dat ze hartritmestoornissen kunnen 
voorkomen en dat ze verder weinig negatieve effecten hebben op het hart. Daardoor is rem-
ming van CaMKII een interessante nieuwe strategie. 
 In hoofdstuk drie deel I onderzoeken we CaMKII-remming in een muismodel met 
drukoverbelasting. We gebruikten muizen die genetisch gemodificeerd zijn om CaMKII te 
remmen in de hartspiercellen: AC3I muizen. Bij deze muizen legden we een band om de aorta 
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(de lichaamsslagader) waardoor het hart tegen een hogere druk moet pompen en uiteindelijk 
hartfalen ontwikkelt. In de AC3I muizen zagen we dat de geleiding gepreserveerd bleef, verge-
leken met wild type muizen. Ook zagen we dat connexine 43 (de belangrijkste gap junction 
van het hart) op een hoger niveau bleef dan in wild type muizen, maar dat er nog steeds veel 
fibrose aanwezig was en dat er nog steeds ritmestoornissen konden worden opgewekt in de 
AC3I muizen. In een vervolgstudie, beschreven in hoofdstuk drie deel twee, behandelen 
we de AC3I muizen met eplerenone. Eplerenone is een mineralocorticoid receptor antagonist 
welke bewezen anti-fibrosche eigenschappen heeft. We hebben in dit hoofdstuk laten zien 
dat de combinatie-therapie voor minder patchy fibrose zorgt en dat er een meer synchrone 
contractie en algemene functie van het hart is. 
 In hoofdstuk vier en vijf bediscussiëren we cel- en gentherapie als meer specifieke 
strategie om ritmestoornissen, die ontstaan na een hartinfarct, tegen te gaan. We focussen 
vooral op SkM1, dit is een natriumkanaal die vooral in skeletspiercellen voorkomt. SkM1 heeft 
bepaalde eigenschappen die wenselijk zijn in gedepolariseerd weefsel, in tegenstellig tot het 
natriumkanaal dat normaal gesproken in het hart tot expressie komt. SkM1 in het hart van 
honden geeft een snellere geleiding en lijkt ook werkzaam tegen ritmestoornissen. Echter, er 
zijn geen eenduidige conclusies te trekken uit de beschikbare literatuur tot nu toe om SkM1 te 
implementeren in de dagelijkse klinische praktijk. In hoofdstuk vijf beschrijven we het verschil 
tussen twee strategieën om SkM1 in het hartweefsel te krijgen, namelijk via een viraal en een 
cellulair platform. Ook al lijkt het cellulaire platform een goede expressie te geven van SKM1, 
lijkt het niet in staat ritmestoornissen te voorkomen. Dit in tegenstelling tot de adenovirale 
strategie. Dit hoofdstuk benadrukt hoe belangrijk de juiste methode voor bezorging van SkM1 
in het hartweefsel is voor de effectiviteit tegen hartritmestoornissen.

Deel II – monitoren van remodelering
In deel twee van dit proefschrift beschrijven we nieuwe diagnostische en prognostische 
strategieën om remodelering van het hart te monitoren. Als we het verslechteren van het hart 
tijdens remodelering kunnen monitoren, kunnen we tijdig ingrijpen en de therapie aanpassen. 
Hopelijk wordt dan verslechtering tot hartfalen voorkomen. Een erg belangrijk aspect van 
remodelering van het hartweefsel is fibrose, welke de contractiliteit van het hart vermindert 
en tot disfunctie en ritmestoornissen kan leiden. 
 In hoofdstuk zes beschrijven we het meten van de hoeveelheid fibrose in het hart na 
een hartinfarct. Op dit moment is de standaard om fibrose te meten een MRI-scan waarbij 
contrast (gadolinium) wordt gebruikt. Dit is een erg dure methode en het gebruik van 
contrastmiddelen heeft ook zijn nadelen. Wij beschrijven, als alternatief voor een MRI, het 
bepalen van biomarkers in het bloed. We bekijken de biomarker PICP, deze wordt van het 
collageen molecuul gekliefd voordat het een collageenvezel vormt en wordt in de bloedbaan 
uitgescheiden. We concluderen dat PICP is gecorreleerd aan fibrose in het hart na een infarct, 
maar dat de correlatie niet sterk is. Hierdoor is gebruik van deze biomarker in de dagelijkse 
klinische routine lastig. In hoofdstuk zeven beschrijven we een nieuwe echo-analyse om te 

bepalen of een infarct de gehele dikte van de wand beslaat. Dit ook weer om het gebruik van de 
MRI te vervangen. Segmental longitudinal strain gemeten tijdens de primaire opname na een 
infarct kan een makkelijke manier zijn om transmuraliteit van het litteken te voorspellen. Ook 
global longitudinal strain lijkt potentie te hebben om de grootte van het litteken te voorspellen, 
echter is hier meer onderzoek voor nodig. 
 Hoofdstuk acht richt zich op het gebruik van wanslijmvliescellen als alternatief voor 
een hartbiopt bij patiënten met aritmogene cardiomyopathie (ACM). ACM wordt vaak 
veroorzaakt door een mutatie in een gen dat een van de desmosomen codeert, waarbij een 
mutatie in plakofiline-2 het vaakst voorkomt. Maar ook mutaties in niet-desmosomale ge-
nen kunnen ACM veroorzaken, zoals een mutatie in het PLN-gen. Plakoglobine-expressie in 
het hartweefsel van patiënten met ACM is vaak lager dan bij niet-aangedane personen. Dit 
expressie-patroon kan bruikbaar zijn om patiënten met een kans op ACM te onderscheiden 
van gezonde patiënten. Echter, hiervoor is het nodig om een hartbiopt te nemen en daarin de 
plakoglobine-expressie te bepalen. Wangslijmvliescellen zijn onderzocht als alternatief voor 
een hartbiopt, aangezien ze bijna alle desmosomen tot expressie brengen die ook in het hart 
te vinden zijn, waaronder ook plakoglobine. In dit hoofdstuk hebben we geconcludeerd dat 
op populatieniveau een significant verschil te vinden is tussen ACM-patiënten en gezonde 
controle personen. Het interpreteren van de samples en de hoge variabiliteit van de resultaten 
maken het moeilijk om deze methode te gebruiken voor het diagnosticeren van een individu. 

In dit proefschrift beschrijven we verschillende nieuwe manieren om in te grijpen in het re-
modeleringproces, van nieuwe medicijnen tot gen- en celtherapie. Ook beschrijven we nieuwe 
manieren om remodelering te monitoren zonder het gebruik van dure MRI-methoden en 
risicovolle procedures zoals het nemen van een hartbiopt. Er is meer onderzoek nodig om 
deze strategieën te testen op haalbaarheid en klinische relevantie. Echter, dit proefschrift is 
weer een klein stapje in de juiste richting om hartfalen beter te kunnen managen.
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Dr. van Veen, beste Toon, waar moet ik beginnen. Hoe kan ik je in een paar zinnen bedanken 
voor alle wijze woorden van de afgelopen tien jaar? Dat is bijna onmogelijk, maar ik ga het toch 
proberen. Allereerst bedankt voor de mogelijkheid om mijn PhD te behalen bij de medische 
fysiologie. En voor de vliegende start die ik al kon maken tijdens SUMMA. En vooral ook voor 
de begeleiding en de motiverende woorden die ik soms wat meer nodig had dan op andere mo-
menten. Ik ben ook erg dankbaar voor de gesprekken die we hebben gehad over mijn loopbaan 
en de kans die je me hebt gegeven mijn klinische toekomst al tijdens mijn promotietraject te 
ontdekken. De gesprekken die we hadden over van alles en nog wat in het leven zullen me   
altijd bijblijven en zal ik zeker gaan missen. Ik heb veel geluk gehad met jou als copromotor, 
coach en klankbord. In de toekomst zal ik je nog wel lastigvallen als ik een van de laatste 
twee nodig heb! Toon, bedankt voor het geloven in mij, de kansen die je hebt gecreëerd, je 
goede ideeën, je geduld, de goede raad, het hart onder de riem wanneer het nodig was, de 
gezelligheid en goede sfeer, maar ook de appels en de pruimen. Tot snel! 

Prof. Vos, beste Marc, allereerst natuurlijk bedankt voor de mogelijkheid dit promotietraject 
te volbrengen bij de medische fysiologie. Ook al was je niet altijd direct betrokken bij mijn 
projecten, was je altijd bereid mee te denken en de data te bediscussiëren, om zo een ma- 
nuscript naar een hoger niveau te tillen. Naast alle gesprekken over de wetenschap, zal ik ook 
vooral de gespreken over verre reizen en sport onthouden. Je zeer brede kennis over sport en 
de Brabantse gezelligheid heeft menig saai werkdiner omgetoverd in een interessante avond, 
meestal resulterend in een lange lijst met nieuwe vakantiedromen. Naast alle wetenschap-
pelijke kennis die ik heb opgedaan, heb ik ook vooral van je geleerd dat positiviteit en passie 
belangrijk is. En dat je keuzes moet maken in het leven. Marc, bedankt voor alle mooie jaren 
en herinneringen die ik heb mogen maken bij de medische fysiologie! Het was een mooie tijd.
 
Beste Tonny, jouw rol op de afdeling is lastig te beschrijven. Dat is iets dat je meegemaakt 
moet hebben. Je was eigenlijk een soort Mater Familias van het lab, de vertrouwenspersoon 
waarbij iedereen zich op z’n gemak voelde. Je luisterend oor, advies over hoe de ontspanning 
te vinden tijdens een hectisch PhD-bestaan, en natuurlijk de koekjes: dit zijn maar enkele 
aspecten van hoe je verlichting kan brengen aan de pieken en dalen van een promotietraject 
(ook toepasbaar op het gehele leven trouwens). Meer woorden ga ik er niet aan vuil maken, 
aangezien jij en iedereen de je kent precies weet wat ik bedoel. Naast dit alles moet ik het 
toch ook over de saucijzenbroodjes hebben: OMG lekker!! Dat dekt de lading denk ik wel. 
Tonny, heel veel plezier in je nieuwe huis in Overlangel, ik wens je veel mooie momenten met 
je familie. Dankjewel voor alles! 
 
Dr. Fontes, dear Magda, thank you for all the help with the AC3-I study. Because of you, the 
study could continue during my clinical rotations. 

Beste Leonie, de afgelopen jaren (tien ofzo…) ben je mijn vraagbaak voor allerhande dingen 

geweest. Zo heb je me bijna alle experimentele procedures geleerd en helpen te verfijnen en 
heb je me ontelbaar keer verteld waar dit of dat goedje te vinden was. Maar je hebt me ook 
geïnspireerd om milieubewustere keuzes te maken, bijvoorbeeld hoe ik mijn lunch kon verpa-
kken met de Boc ’n wrap! Zonder jouw kennis en kunde was mijn promotietraject veel minder 
soepel verlopen, mijn dank daarvoor is groot! Heel veel succes met je nieuwe carrièrepad, 
maar dat komt vast helemaal goed. En succes en vooral veel plezier met je mannen thuis!    

Lieve Chantal, samen met David waren we een goed trio. Een trio dat zelfs door Marc is 
opgemerkt. Chantal, ik heb zo veel lol met je gehad en dat was ook niet gek met alle gemeen-
schappelijke dingen die we deelden. Zoals jij al uitgebreid hebt beschreven in jouw dankwoord, 
dus hierbij refereer ik naar jouw proefschrift: pagina 300, laatste alinea. Ik bewonder je voor je 
werkethos, je motivatie om het onderste uit de kan te halen en je kracht om te zien waar iets 
te halen valt en daar dan ook vol voor te gaan. Maar ik bewonder je ook voor het hoge niveau 
van naar de klote gaan dat je af en toe kan bereiken in de kroeg of op een feestje. Jij bent de 
belichaming van “work hard, play hard”. Heel veel succes in New York, ik hoop dat je daar veel 
mooie herinneringen gaat maken en dat ik daar binnenkort een kijkje in je leven mag komen 
nemen. Met tequila, of course! 

Dokter David, dankjewel voor het drie jaar lang mijn propjesontvanger zijn. De aanhoorder 
van al mijn weekendavonturen en andere levensverhalen. Dankjewel voor alle leuke festi-
valdansjes en ongezouten meningen over schoenen en carrière-keuzes. Ik zal nooit vergeten 
dat je als enige van ons drieën echt kon multitasken. Jij kon naar mijn monoloog luisteren, 
daar op de juiste momenten “aha”, “hmm” of “ow interessant” op zeggen en ondertussen in 
sneltreinvaart een promotieboekje afschrijven. Diep respect voor je superfocus. David, heel 
veel succes met je opleiding tot cardioloog en heel erg bedankt voor het tegenover mij zitten! 
Ga je mee naar New York binnenkort? 

Elise, samen met Leonie beschouw ik ons toch wel als de Charlie’s Angels van Toon. Of de 
Toon’s Angels beter gezegd. Eerlijkheid gebiedt mij te zeggen dat ik altijd een beetje tegen je 
opgekeken heb. Al snel leerde ik dat je naast een wetenschapper pur sang ook een mens bent 
die van hardstyle feestjes houdt en heel goed tegen wijn kan! Dankjewel voor alle tips op het 
lab en de gezelligheid tijdens congressen. En voor het meetillen van Chantal naar ons appar-
tement in Wenen. Dat laatste was me alleen niet gelukt ;D. Heel veel succes met je verdere 
carrière. Ik hoop je in de toekomst nog eens tegen te komen op een festival! 
 
Birgit, het miRNA avontuur ben ik toch een beetje samen met jou aangegaan. Gelukkig kon ik 
altijd op een sarcastische of relativerende opmerking rekenen om de dag luchtig te houden. Heel 
veel succes met de laatste loodjes en het vinden van een post-doc. Ik heb er alle vertrouwen in! 
Tot snel, en liefs voor Bob (cats rule). Muge, thanks for the China mainland hiking tips, I hope 
to go there in the near future. Joanne, heel veel succes met het afronden van je promotie. 
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Bedankt voor het samen priegelen in het Hubrecht om de chirurgische vaardigheden scherp 
te houden. Agnieszka, de meest extraverte en vrolijke collega die ik me kan herinneren. Heel 
veel succes met je planning en vooral veel succes met het solliciteren voor een opleidingsplek! 
Valerie, een mooie toekomst gewenst als wetenschapper en als dokter. Lotte (Koopman), 
succes met je vervolgcarrière! Alex, en plus de notre amour de la cardiologie nous avons eu 
des conversations intéressantes sur notre intérêt commun de la musique. Merci pour celles-ci 
et bien sûr pour tes observations philosophiques… Alan, ti ringrazio per la ricetta per lasagne 
della tua mamma! Mathilde, merci pour ton enthousiasme et ton énergie motivante. Tu vois 
toujours quelque chose de positif dans les résultats, tu est ainsi une source d’inspiration lors 
de mes recherches! Willem, gefeliciteerd met je PhD plek, ik heb er alle vertrouwen in dat je 
het succesvol gaat afronden. En als je dan je promotiefeest hebt, gebruik sneleentaxi.nl voor 
het nodige busvervoer van en naar Tilburg! Stephanie, bedankt voor het onvernemen van de 
muizenfok en alle GDL-regeldingen. Heel veel succes met de biomarkerstudies!

Ferogh, Laila & Michiel, jullie inzet op het lab heeft veel gebracht in mijn onderzoek. 
Bedankt! Jiuru, you were the firestarter of the uro-epithilia as surrogate tissue study. Thank 
you so much for your time and effort. Hope you have a fruitful PhD in the Netherlands. 

Marti, Bart, Marien & Jet, dankjulliewel voor jullie hulp en inzichten. Teun, je hulp bij 
computerproblemen was meerdere malen onmisbaar! Marcel, ik bewonder je kennis over 
moleculaire chemie, maar vooral bewonder ik je capaciteit om onderzoeksfraude te ontdekken 
en aan te pakken. Maria, bedankt voor je droge humor en heel veel plezier met het leven na 
het pensioen! 

Vincent, jouw humor is van een type dat je niet dagelijks tegenkomt. Het is zeer verfrissend 
en goed voor de buikspieren. Een etentje bij het Louis Hartlooper Complex staat dus gelijk aan 
winnen wat mij betreft. Dankjewel voor de AC3-I-erfenis, er is uiteindelijk nog een mooi paper 
uit gekomen. Maar vooral bedankt voor je gezelligheid en het bier! 

Geert, naast dat je een onderzoeks-ideeën-machine bent die zowel met geschreven als 
gesproken woorden menig oordeelcommissies voor beurzen kan charmeren, ben je ook 
gewoon een topgozer, die na veel te veel limoncello volhardend mij probeert te laten inzien 
dat ik toch cardioloog zou moeten worden. Bedankt voor je begeleiding in New York en de 
carrière-sparsessies in Amsterdam. Veel succes gewenst met je carrière als cardioloog en 
onderzoeker, maar vooral veel plezier gewenst in het vader zijn! Dear Mike & Peter, thank 
you for the amazing time I had in New York! 

Prof. Dr. Marie José Goumans, dankjewel voor het sparren over de pro-fibrotische spelers in 
de AC3-I muizen. De goede ideeën en je bijdrage aan het manuscript. Maike, dankjewel voor 
het uitvoeren van de TAC-operaties in de AC3-I muizenstudie. En ook voor het beantwoorden 

van al mijn GDL-gerelateerde vragen! Prof. Dr. Velthuis en Dr. de Jong, beste Birgitta en Sanne, 
ik ben dankbaar voor de kans deel te nemen aan de DEFI-MI-studie. Birgitta, bedankt voor 
het begeleiden tijdens de MRI-analyses. Sanne, bedankt voor het sparren over de collageen 
biomarkers. Maar ook bedankt voor alle gezellige momenten tijdens mijn tijd op het lab. Ik 
wens je een mooie toekomst! Bas (van Klarenbosch), jouw inzet tijdens de DEFI-MI-studie 
was onmisbaar. Dankjewel! 

Mimount, Freyja & Anneline, dankjullie wel voor de hulp in het ACM-onderzoek en de 
ACM-dagen. Ik wens jullie een mooie toekomst toe, zowel in het onderzoek als de kliniek! 

Lieve SUMMIES, zonder jullie was het leven een stuk saaier geweest! Tessa Mulder, ik weet 
dat je nu vegetariër bent, maar ik zal onze nachtelijke broodjes frikandel tijdens de bata- 
vierenrace niet snel vergeten. Net zoals het overnachten in de auto en het terugvinden van 
mijn paraplu tijdens een nachtelijk plasavontuur… Heel veel succes met het solliciteren naar 
een opleidingsplek bij de interne geneeskunde en ik hoop dat we nog veel Wildeburg-achtige 
momenten mogen beleven! Lieve Cassandra, wat had ik zonder jou gemoeten tijdens de co-
schappen. Het friet etende Griekse duo, samen de gynaecologie-diensten doorkomen (terwijl 
maar een van ons dienst had). Ook het slaapdieet waar jij me op gezet had, staat nog goed in 
mijn geheugen gegrift. Dank voor de mooie herinneringen en voor je vriendschap, zorgen en 
knuffels. Ik hoop daar nog veel van te mogen genieten in de toekomst! Nienke de Graeff, heel 
veel succes met je promotie! En bedankt voor de introductie op de JP Coenstraat, ik heb er 
een mooie vriendschap met Matthijs aan over gehouden. Lieve Matthijs, zonder alle avonden 
in ’t Otje was ik mijn promotietijd niet doorgekomen. Laten we snel een feestje pakken (iets 
anders dan Reactor). Ik wens je veel liefde met Laura en succes met je eigen bedrijf ! Kim & 
Jeffrey, ons SUMMA-koppel getrouwd en wel, wie had dat gedacht. Nou: Lotte en ik! Heel veel 
gelukgewenst met Erik en de opleidingen. Tot snel in Nijmegen.

Lieve Thomas, dankjewel voor je relativerende opmerkingen, je down to earth mentaliteit 
en je grappige momenten (waar je niet altijd bewust grappig probeert te zijn). Je stond altijd 
klaar met zelfgemaakte soep wanneer het fijn was en je aanwezigheid op festivals heeft menig 
hilarisch moment opgeleverd. Evelien, Anouk, Pascal, Dorine, Thom & Pol, dankjulliewel 
voor alle “la grande bouffe’s”, feestjes, knuffels, wijntjes, dansjes en gezelligheid. 

Lieve Marjolein & Nienke, al sinds 2006 mag ik jullie mijn vriendinnen noemen. Sindsdien 
hebben we veel meegemaakt, zowel leuke als minder leuke dingen (but that’s life). Ik ben erg 
dankbaar voor alle saunaverjaardagen, etentjes en ontspannen theeleutmomenten. Lieve 
Jenny, Joyce & Nathalie, wij kennen elkaar zelfs nog langer, ik weet niet eens meer hoe lang! 
Jenny, bedankt voor alle goede adviezen en het altijd tijd maken voor een date en het aanhoren 
van mijn gezeur. Joyce, een groot gedeelte tijdens mijn promotie woonde je in LA en heb ik 
eigenlijk niet echt iets aan je gehad, vandaar dat ik je eigenlijk niet apart wilde noemen hier. 
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Maar aangezien ik van je hou en je tijd maakte om me tijdens mijn 72 uur durende lay-over 
in LA te vermaken: toch bedankt. Nathalie, dank voor je wijze woorden en je inspirerende 
werkethos. Het leven bestaat uit drie pilaren en ze kunnen nooit allemaal tegelijkertijd perfect 
zijn: fucking true. 

Beste CTC’ers, ik had me geen betere en leukere collega’s kunnen wensen voor mijn eerste 
baan als arts. Ik heb zo veel geleerd bij jullie. En bovenal zo ontzettend veel plezier gehad met 
jullie. Er is geen dag geweest dat ik geen zin had om naar de afdeling te komen, want er was 
altijd een toffe sfeer en een veilige leeromgeving. Ik ben ook erg dankbaar dat ik nog steeds op 
de vele borrels mag komen, supertof dat ik elke keer een uitnodiging mag ontvangen. We zijn 
misschien geen collega’s meer, maar ik ben blij dat jullie nog steeds een beetje in mijn leven 
zijn. Jullie zijn toppers! 

Sara, Tessa Kremer & Sanne van der Horst, lieve mede-BSAS’ers. Ik vind het heel leuk 
dat we na al die tijd nog steeds contact hebben met elkaar. En allemaal (uiteindelijk) voor de 
oogheelkunde hebben gekozen. Dat is best een goede score! Tessa en Sanne, succes met de 
opleiding in Rotterdam. Sara, succes met de laatste loodjes van je PhD. Tot snel op een of ander 
leuk oogheelkundig congres! 

Bas & Robin, de tijd dat we met z’n drieën op de Minrebroederstraat woonden, heeft garant 
gestaan voor veel goeds! Dankjewel Bas, dat je mij als je huisgenoot hebt gevraagd. Robin, 
bedankt voor het met mij uithouden (ik weet dat ik niet altijd makkelijk ben). Ik mis jullie best 
een beetje, nu jullie niet meer in Utrecht wonen. Gelukkig is de trein snel in Rotterdam!  

Lieve Angelique, jij bent als een grote zus voor mij. Altijd al geweest en zal je ook altijd blijven. 
We zien elkaar misschien niet meer zo veel als vroeger (elke dag is ook best veel) maar ik weet 
dat je er altijd voor mij zult zijn. Tijdens mijn promotieonderzoek heb je me ook iets ergs 
moois gegeven, namelijk het peetmoederschap! Ik ben zo trots op jou en de drieling, en ook 
wel een beetje op Johan natuurlijk! Hopelijk vind ik hetzelfde van 16 april als de meiden van 
een dagje naar het zwembad. “Het was een mooie dag”.  

Beste Bert & Nelleke, bedankt voor alle oprechte interesse in mijn onderzoek! Ik vertel jullie 
graag over alle nieuwe ontwikkelingen in het onderzoek tijdens het volgende etentje. Maar dan 
vooral over oogheelkunde in plaats van cardiologie. Dieuwke & Nienke, tot op het volgende 
familie-uitje! 

Beste Ralph, wat een talent heb je. De mooiste kaft allertijden mag mijn proefschrift om- 
armen. Dankjewel voor de tijd en het meedenken over de chapterpagina's. Ik ben fan van je 
werk en zal dat ook nog wel een tijdje blijven!  

Beste paranimf, lieve Susanne, allereerst bedankt voor alle stapavonden tijdens de studie, en 
bedankt voor de uitdrukking “die is echt aardig, niet alleen Suus-aardig”. Iedereen is aardig, 
wat heb je daar nou aan! Ik heb veel van je no-nonsense houding geleerd. Niet druk maken 
om dingen en andere mensen, dat kost energie en dat kan je beter stoppen in iets nieuws 
leren of beginnen of tot middernacht naar de radio luisteren om kaartjes voor een Justin 
Bieber-concert te winnen, bijvoorbeeld. Ik weet zeker dat je een toptoekomst tegemoet gaat, 
want jij maakt het gewoon een toptoekomst. Of je nu huisarts wordt, carrière gaat maken in de 
consultancy of toch minister van VWS wordt (ik zet mijn geld in op alle drie): jij cheft het wel. 
Heel veel succes met alles, en bedankt voor alles! 

Beste paranimf, lieve Emile, wat zou mijn leven saai zijn zonder jou. Ik herinner me nog heel 
goed de eerste keer dat ik je voor de deur zag staan van de Nieuwegracht 24 bis. Jij, onze 
nieuwe (niet door ons uitgekozen) huisgenoot stond een paar meter voor de voordeur het 
pand met een verwonderlijke blik te bekijken. Eigenaardige gast dacht ik. Sympathiek, maar 
eigenaardig. En daar heb ik toch best gelijk in gekregen. Jij bent uniek in heel veel opzichten, 
vooral in het te laat komen en het niet kunnen inschatten van tijd(sduur) of planning. Maar 
vooral ook je bijzondere eigenschap om het genieten van een lekkere maaltijd te intensiveren 
door met je ogen dicht de smaak tot in het diepste van je vezels te proeven. In deze paar zinnen 
is het moeilijk om te beschrijven hoeveel ik je waardeer als persoon, dus Emile, bedankt dat 
je bestaat! 

Lieve Lotte, bedankt voor alles! Bedankt voor de reflectie-etentjes en het altijd (echt altijd) tijd 
hebben voor een tête-à-tête. Bedankt voor al het bedachtzame advies, en soms gewoon zeggen 
wat ik wilde horen omdat ik het nodig had. Ik ben blij dat het vaak jij en ik tegen de rest van 
de wereld was en ik hoop dat dat nog lang mag blijven. Ik ben zo blij dat je gelukkig bent met 
Giacomo en dat we ons inderdaad geen zorgen hoeven te maken of onze wederhelften het met 
elkaar kunnen vinden. Bedankt dat je mijn BFF bent, en mijn Jul of course. Liefs. 
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