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Two major goals in relation to biological pacemaker development are incorporated 
in this thesis: 1) the development of a long-term delivery system, and 2) the 
improvement of pacemaker function to be competitive with electronic pacemakers.1, 2 
Important steps to reach these goals are described in parts II and III of this thesis. 
Several gene and cell therapy strategies for the treatment of tachyarrhythmias are 
addressed in part IV.3, 4 The focus of part IV was to improve our understanding of one 
of these approaches. We highlighted strategies that speed conduction to reduce the 
occurrence of reentrant tachyarrhythmias. Similar to studies in biological pacing, we 
analyzed several gene interventions and compared different delivery systems. 

When we set out to develop methods for the generation of long-term function, 
it was unclear whether viral-based or cell-based systems were to be preferred. We 
therefore initiated both paths. In Chapter 3 we explored the use of lentiviral vectors in 
biological pacemaker engineering.5 Encouraging results were obtained with lentiviral 
HCN4 overexpression in cultured neonatal rat cardiac myocytes. These studies revealed 
the need for a reproducible in vitro system with low to absent spontaneous activity. In 
Chapter 4, we developed and characterized such a system, which was based on organ 
explant cultures of neonatal rat ventricular myocytes.6 This system was subsequently 
used in Chapter 5 to demonstrate the usefulness of undifferentiated cardiac myocyte 
progenitor cells (CMPCs) as a novel cellular platform for the delivery of ionic currents.7

In our efforts to improve pacemaker properties, we hypothesized about possible 
causes for dysfunction in HCN-based biological pacemakers. Here we considered 
current-to-load mismatch as a possible cause for slow beating rates and pacemaker 
instabilities.2 We therefore considered gene transfer strategies that reduced 
hyperpolarizing load or facilitated diastolic depolarization to improve pacemaker 
function. In SAN development, TBX3 is crucial for the expressional induction of ion 
channels that contribute to diastolic depolarization (e.g., HCN channels). In addition, 
TBX3 contributes to the suppression of electrical load generating ion channels (e.g., Kir 
encoding genes) and electrical load transmitting gap-junction channels (e.g.,  Cx43 
and Cx40).8 We therefore further evaluated the effects of TBX3 overexpression in 
Chapter 6, where we modified mature cardiac myocytes via transgenic mice technology 
and via viral overexpression in culture.9 

In part III, we conducted several in  vivo studies that further characterized 
biological pacemaker function, and tested novel approaches aimed at improvement. 
In Chapter  7, we studied to what degree HCN2-based biological pacemakers are 
sensitive to emotional arousal stimuli.10 We tested this by overexpressing HCN2 
into the left bundle branch of AV-block dogs and analyzing heart rate acceleration 
upon presentation of food after an overnight fast. In Chapter 8, we explored a novel 
approach for the induction of biological pacemaker function. The rationale here was to 
use Ca2+ stimulated adenylyl cyclase (AC)1, a protein that is critically linked to the high 
basal cAMP levels in SAN cells and thus importantly impacts on a variety of pacemaker 
mechanisms operating downstream to the cAMP signal.11 Here, we overexpressed 
AC1 in the left bundle branch of AV-block dogs and compared outcomes to 
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those with overexpression of HCN2 and HCN2/AC1.12 In Chapter 9, we tested yet 
another approach aimed at improvement of HCN2-based pacemaker function. We 
hypothesized that overexpression of the skeletal muscle Na+-channel (SkM1) would 
hyperpolarize the action potential threshold potential thereby increasing pacemaker 
firing frequency.13 The rationale for selecting SkM1 came from previous studies which 
indicated a more depolarized inactivation versus voltage curve and more rapid recovery 
kinetics from inactivation for SkM1 versus the cardiac sodium channel SCN5A.3, 14 SkM1 
overexpression is therefore expected to increase sodium channel availability during 
diastolic depolarization leading to a more negative threshold potential. In the setting 
of HCN2/SkM1 co-expression, this would improve pacemaker stability and increase 
beating rates. To test these hypotheses, we overexpressed HCN2/SkM1 in the left 
bundle branch and subepicardium of the dog heart and studied pacemaker properties 
in vivo as well as multicellular electrophysiology including AP threshold in vitro.13

Part IV focuses on the prevention of arrhythmias in the early phase of myocardial 
infarction. In this setting, high levels of extracellular K+ and a low pH contribute to 
membrane depolarization (reducing the availability of cardiac Na+-channels) and 
closure of gap junctions, respectively. As a result, impaired conduction importantly 
contributes to the occurrence of reentrant arrhythmias. We therefore hypothesized 
that normalizing conduction in these depolarized areas would remove unidirectional 
block or make the reentrant wave front encounter its refractory tail and be blocked. 
Canine studies previously showed that overexpression of SkM1 can rescue Na+-channel 
availability in the depolarized epicardial border zone (EBZ) and reduce inducibility 
of ventricular tachycardia/fibrillation (VT/VF).3 In chapter 10, we investigated to 
what extent conduction can be normalized via overexpression of the acidification 
resistant connexin, Cx32 and SkM1/Cx32. In this study, we also tested whether 
protection against inducible VT/VF could be obtained and compared outcomes to 
SkM1 treatment alone.15 In chapter 11, we explored the usefulness of cellular delivery 
of Na+-channels in  vitro and reevaluated whether SkM1 is superior over Nav1.5 in 
normalizing conduction in depolarized tissue.16 In chapter 12, delivery of SkM1 via 
MSCs was studied. We first demonstrated feasibility in vitro and subsequently used 
the approach in canine subacute myocardial infarcts. In these animals we investigated 
several indices for the speed of impulse propagation and tested susceptibility to 
inducible VT/VF.17
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