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GENERAl INTRODuCTION





GENE AND CEll THERAPIES 
IN THE TREATMENT OF BRADy- 

AND TACHyARRHyTHMIAS 

Gerard JJ Boink1,2

1Heart Center, Academic Medical Center, University of Amsterdam, 
Amsterdam, The Netherlands, and 2Interuniversity Cardiology Institute 

of the Netherlands, Utrecht, The Netherlands.

Parts of this chapter have been published in the following manuscript:
Boink GJJ and Rosen MR. Regenerative therapies in 

electrophysiology and pacing: introducing the next steps. 
Journal of Interventional Cardiac Electrophysiology 2011; 31:3-16 
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ABSTRACT 
Morbidity and mortality of cardiac arrhythmias are major international health concerns. 
Drug and device therapies have made inroads, but because of their shortcomings 
alternative approaches are being sought. For example, gene and cell therapies have 
been explored for treatment of brady- and tachyarrhythmias, and proof-of-concept 
has been obtained for both biological pacing in the setting of heart block and gene 
therapy for treating ventricular tachycardias. This chapter discusses the state-of-the-
art developments with regards to gene and cell therapies for cardiac arrhythmias. In 
doing so, it will provide a general introduction to this thesis.
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INTRODuCTION
Cardiac arrhythmias are a major burden on society in developed countries. Ventricular 
tachycardia/ventricular fibrillation (VT/VF) are the predominant causes of cardiac arrest, 
accounting for approximately 340.000 deaths annually in the United States alone.1 
Anti-arrhythmic drugs have largely failed to reduce mortality.2 Radiofrequency catheter 
ablation has provided a more targeted approach, but success rates are moderate and 
recurrence rates high. Therefore, only implantable cardioverter/defibrillators provide 
a reliable safeguard to otherwise lethal arrhythmias. However, these devices are 
associated with significant morbidity as they terminate rather than prevent arrhythmias, 
and they are a physical and psychological burden to many patients.2 

The slow heart rates that characterize bradyarrhythmias necessitate nearly 
200.000 electronic pacemaker implantations annually in the United States.3 Although 
such pacemakers are mature therapies, important limitations remain, including an 
inadequate response to autonomic modulation, and impulse initiation from non-
physiological sites that may induce significant cardiac remodeling.4, 5 Furthermore, 
they are inappropriate for many pediatric patients, and up to 5% of all pacemaker 
implantations result in serious complications that require surgical or endovascular 
revision.6 Hence, in the fields of both brady- and tachyarrhythmias, there is a pressing 
need to improve currently available therapies. 

The inadequacy of conventional therapies to treat arrhythmias stems in part from 
problems related to targeting therapies to the appropriate sites within the heart. For 
example, electronic pacemakers are typically implanted in the right ventricular apex 
at sites that optimize stable lead position, but these sites induce a non-physiological 
contraction pattern of the cardiac muscle, which may result in adverse remodeling 
of the heart. Different pacing sites (including His, para-His and the right ventricular 
outflow tract) to generate a more physiological contraction wave have been explored 
for years. Yet, these approaches are still hampered by difficult placement procedures, 
unstable lead positioning and higher risks for complications. Pacing from the right 
ventricular apex has therefore remained the standard method of care.7 On the other 
hand, antiarrhythmic drugs typically target ion channels that are expressed throughout 
the heart. Such an approach lacks specific targeting to the pathophysiologic substrate 
and has been complicated by proarrhythmic side-effects. Gene and cell therapy may 
provide important improvements because virtually every site within the heart is readily 
accessible for construct injection. Furthermore, in contrast to approaches that use 
radiofrequency (RF) catheter ablation to locally destroy arrhythmogenic areas, gene 
and cell therapy have the potential to prevent arrhythmias without doing further 
damage, and they may even regenerate cardiac muscle. 

To better understand the rationale behind the various molecular therapies proposed 
for cardiac arrhythmias, I begin this chapter by discussing the basic concepts of cardiac 
rhythm and the various tools available for gene and cell therapy. Next, I summarize 
achievements in the area of arrhythmia research. Finally, I will address the major goals 
in this thesis. 
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BASIC CONCEPTS IN THE GENERATION AND MAINTENANCE OF 
CARDIAC RHyTHM
In the right atrium, close to the entry site of the superior vena cava, a small group 
of cells present in the sinoatrial node (SAN) depolarizes spontaneously providing a 
nidus of impulse initiation to pace the heart (Figure 1A). Activation spreads from the 
SAN through the atria and activates the atrioventricular node (AVN), where impulse 
propagation is delayed. This delay allows the ventricle to fill during atrial contraction. 
From the AVN, activation proceeds rapidly through the His-Purkinje system to activate 
ventricular myocardium. 

The spontaneous action potentials generated in the SAN drive the heart 
throughout life in healthy individuals with only rare moments of failure. In the diseased 
heart, however, bradycardia may occur due to SAN dysfunction or due to failure of 
impulse propagation from atria to ventricle. In these instances, residual pacemaker 
activity in the AVN and the distal conducting system may be revealed, as these tissues 
have intrinsically slower firing frequencies than the SAN.8 Although these secondary 
pacemakers maintain a cardiac rhythm, in most instances the bradycardia which 
develops requires implantation of an electronic pacemaker. To better understand 
the electrical phenomena behind cardiac impulse initiation and propagation, major 
processes in cellular electrophysiology will be discussed.

The greatest electrophysiological differences among cardiac myocyte types are 
those between SAN and ventricular cells (Figure 1B). In SAN cells, spontaneous action 
potentials (APs) are generated by slow diastolic depolarization. Important contributors 
to this process include the hyperpolarization activated cyclic nucleotide-gated (HCN) 
channels encoding the pacemaker current (“funny” current”, If) and the T-type Ca2+-
channels. A more complete discussion on the various mechanisms contributing to 
SAN pacemaking is provided below. When the threshold for activation of voltage-
gated L-type Ca2+ channel opening is reached, phase 0 depolarization commences 
which initiates the regenerative action potential in the SAN cell and is a stimulus for 
propagation of impulses to neighboring cells. Impulse propagation from a cell to its 
neighbors primarily occurs through low-resistance intercellular connections provided 
by gap-junction channels. Following depolarization of the membrane, voltage-gated 
K-channels open and generate an outward current that repolarizes the cell to its 
maximal diastolic potential (MDP; Figure 1C).9

Voltage-gated Na+-channels (primarily encoded by the α-subunit SCN5A) are 
the predominant driver of phase 0 membrane depolarization in cells of the working 
myocardium. Following the AP notch (caused by initial repolarization carried by the 
transient outward current Ito), ventricular myocytes manifest a plateau phase during 
which inward (Ca2+) and outward (K+) currents are largely in balance. Next, membrane 
repolarization is driven by voltage-gated K+ channels (Figure 1D).10 

There are a number of additional differences between SAN and ventricular myocytes: 
1) The inward rectifier current (IK1) in ventricle generates a more hyperpolarized and 
stable resting membrane potential than does SAN, in which IK1 is virtually absent. 
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Figure 1. Basic properties in cardiac electrophysiology. A, Schematic drawing of cardiac anatomy 
and its functional relation with the electrocardiogram (ECG). B, Differences in action potential 
morphology in cells isolated from sinus node, atrium and ventricle and their relationship to the 
ECG. C-D, Schematic drawing of the action potential shape and underlying currents of in sinus 
node (C) and ventricular myocyte (D). Modified from reference 155, with permission.
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This difference primarily stems from the higher expression levels of the Kir2 family of 
genes encoding IK1 in ventricle compared to SAN. The strong IK1 in ventricle clamps the 
membrane at a negative potential and limits the membrane depolarization that would 
be induced by inward currents.11-13 2) If current density in ventricular cells is much 
smaller than in cells of the SAN. This difference is the result from both differences 
in expression levels of HCN channels and differences in activation kinetics of If. In 
SAN cells, HCN expression levels are much higher and If activates at more positive 
potentials than in ventricular cells. The positively shifted activation kinetics stem 
in part from the elevated baseline cAMP levels in SAN versus ventricle, but other 
contextual factors contribute as well, e,g., the β-subunit minK-related protein  1.14 
3) INa  only minimally contributes to phase 0 depolarization of SAN cells, as the 
depolarized membrane potentials in SAN cells inactivate the voltage dependent INa. 
The low expression levels of SCN5A in central SAN cells further increase this difference 
with ventricular myocytes.10 4) Intracellular Ca2+-handling also differs. In SAN cells, 
spontaneous local Ca2+ release events importantly contribute to spontaneous activity. 
In ventricular myocytes, these local release events occur randomly and generally do 
not generate spontaneous activity.15 Furthermore, the intracellular Ca2+-apparatus in 
ventricular myocytes is linked to a well- developed sarcoplasmic reticulum (SR), which 
supports contraction. In SAN cells, this apparatus contributes to pacemaking, but is 
underdeveloped with regards to the generation of contractile force.16 

Other cardiac myocytes have phenotypes that are more or less in between 
the extremes of a SAN and a ventricular cell. As compared to their ventricular 
counterparts, atrial myocytes harbor fewer IK1 channels, but still have a hyperpolarized 
resting membrane potential and lack spontaneous activity. Cells within the specialized 
conduction system harbor slow spontaneous activity that gradually decreases in the 
proximal to distal direction while the membrane remains relatively hyperpolarized.17 
Finally, a key difference between SAN and Purkinje cells is that the latter harbor 
abundant Na+-channels and connexins. These differences facilitate the rapid 
conduction that characterizes the ventricular conduction system.10, 18 

Endogenous pacemaker function
Decades of research have fueled our knowledge of mechanisms contributing to 
slow diastolic depolarization and pacemaker function within the SAN. Ever since the 
discovery of HCN channels and the If current which they generate,19, 20 high importance 
has been assigned to their role in SAN function.21, 22 Indeed, these channels are 
predominantly expressed in the pacemaker regions of the heart23 and their biophysical 
properties predict the generation of an inward current that flows during diastole as 
these channels open upon hyperpolarization.19, 20 Furthermore, HCN channels can 
bind cAMP, thus facilitating direct autonomic modulation.24 

The notion that If is the unique determinant of pacemaker function (as shown in 
Figure 1C) has been challenged by the demonstration of a coupled-clock system.25, 26 
Ca2+ is cycled in a process of SR release and reuptake (designated “Ca2+-clock”), which 
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in turn facilitates membrane depolarization via a variety of ion channels and exchangers 
in which the Na+/Ca2+-exchanger plays a significant role. Although there is agreement 
that both If- and the Ca2+-clock contribute to SAN activity, ongoing disagreement exists 
on the relative contributions of these systems and whether one of these systems can 
be considered primary rather than secondary to the other.27 This ongoing discussion is 
particularly fueled by dissimilar outcomes in different species (e.g., Ca2+-clock based 
mechanisms appear more important in guinea pig than in canine SAN), in different 
modes of pacemaking (i.e., in the absence or presence of autonomic stimulation/
inhibition), and in different pacemaker tissues (e.g., If-based pacemaking appears to 
be predominant in Purkinje fibers).28 In addition, If and Ca2+-clock based pacemaker 
mechanisms may in fact be highly interlinked. Evidence in favor of this hypothesis 
was recently provided by Yaniv and colleagues in experiments on isolated rabbit 
SAN cells. Here, they found 3 µM ivabradine to specifically block If without having 
direct effects on other membrane currents or Ca2+ cycling. However, indirect effects 
associated with the reduced AP firing rate in the presence of ivabradine did appear 

Figure 2. Schematic diagram of the various sarcolemmal ion channels, Ca2+-cycling proteins and 
intracellular pathways involved in sinoatrial node pacemaker function. Given the high degree 
of redundancy in the various contributing mechanisms, there is not one primary source that 
ignites the oscillator. Rather, several systems contribute, including: If-channels, ICa-channels and 
spontaneous sarcoplasmic Ca2+-releases that primarily generate inward current through the Na+/
Ca2+-exchanger. Abbreviations: CAMKII, Ca2+/calmodulin-dependent protein kinase II; cAMP, 
cyclic AMP; GPCR, G-protein-coupled receptor; HCN, hyperpolarization-activated cyclic nucleo-
tide-gated channel; NCX, Na+/Ca2+ exchanger; PLB, phospholamban; RYR, ryanodine receptor; 
SERCa2a, sarcoplasmic reticulum Ca2+ ATPase. Modified from reference 156, with permission.
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to orchestrate reduced Ca2+ handling and prolongation of the period of spontaneous 
local Ca2+ releases.29 

The persistent function of the SAN under a large variety of pathological and 
experimental conditions suggests significant redundancy within the contributing 
systems. Indeed, regardless of which system is considered as primary, it is the 
interaction among mechanisms that contributes to the final pacemaker outcome. 
These mechanisms involve regulatory elements executed by G proteins and cyclic 
nucleotides, exchangers (the Na+/K+ exchanger is particularly important in secondary 
pacemakers) and several ion channels including the L- and T-type Ca2+-channels, Na+-
channels and K+-channels.30 

The involvement of Na+-channels largely depends on a hyperpolarized membrane 
potential. These channels critically contribute to the excitation of the SAN periphery, 
the atrial and ventricular muscle and the His-Purkinje system.31 In the more depolarized 
cells of the central SAN and AVN, Ca2+-channels are the primary charge carriers for 
membrane excitation (Figure 1C). 

The involvement of K+-channels is complex as reductions in outward current during 
diastole will facilitate phase 4 depolarization. However, increases in outward current 
during phases 2 and 3 of the action potential will accelerate repolarization; a resultant 
shorter action potential duration in the setting of a constant phase 4 depolarization 
slope has the potential to increase the rate of impulse initiation. The most important 
processes contributing to SAN pacemaking are summarized in Figure 2.

A final key element to cardiac pacing is the electrical coupling between the SAN 
and surrounding atrial cells. Appropriate cell-to-cell coupling is important, because 
too-weak coupling will result in failure to excite adjacent atrial cells, while too-strong 
coupling would transmit too much hyperpolarizing current from atrial cells, which would 
tend to silence pacemaker activity.32 Protecting the SAN from hyperpolarizing effects 
of surrounding atrial cells is provided by its partial encapsulation with connective tissue 
and blood vessels, limiting the number of exit pathways.33 Furthermore, absence of 
the fast-conducting connexins Cx40 and Cx43 within the SAN together with presence 
of the more slowly conducting connexins Cx45 and Cx30.2 (mice) or Cx31.9 (human) 
contribute to a lesser degree of cell-cell coupling within the node and at the interface 
with atrial myocardium.23 

Mechanisms underlying tachyarrhythmias
In general, three mechanisms are considered important in the pathophysiology of 
tachyarrhythmias: 1) reentry, 2) triggered activity, and 3) abnormal automaticity. 
Reentry is the leading cause of arrhythmias complicating ischemic heart disease.34 
The occurrence of reentry is determined at the tissue level, where functional barriers 
(e.g., tissue that is coupled electrically with cardiomyocytes, but unexcitable such 
as fibroblasts, or myocardial tissue that remains unexcited at certain heart rates or 
activation patterns) or structural barriers (e.g., infarct scar) may cause the activation 
wavefront to persist in a circular pattern. Further requirements for reentry include the 
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Figure 3. Mechanisms of cardiac arrhythmias. A, Upper left panel shows normal impulse prop-
agation under healthy conditions. Upper right panel shows moderate conduction slowing as 
indicated by the crowding of isochrones around the black bar that represents myocardial tissue 
damage. For reentry to occur, another prerequisite is the occurrence of unidirectional conduction 
block represented by the black jagged line in the lower left panel. The subsequent lower panels 
show the initiation and maintenance of a tachycardia circling around the area of myocardial 
damage. Modified from reference 157, with permission. B, Early afterdepolarizations in cardiac 
Purkinje fibers. In the left panel, the solid line represents a normal action potential (AP), the 
dashed line (arrow) represents AP prolongation that can predispose to single afterdepolariza-
tions (EADs, arrow; middle panel) or a train of EADs (arrow; right panel). C, Left panel, stimulated 
APs followed by subthreshold delayed afterdepolarizations (DAD; arrow). Right panel, when the 
stimulation cycle length is shortened, DAD amplitude increases to reach threshold and induce 
triggered activity (arrow). In B and C, each trace shows a drawing based on original recordings. 
Modified from reference 38, with permission.
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occurrence of unidirectional conduction block in combination with a path length and 
speed of conduction that allow for recovery of excitability before the circulating wave 
front returns (Figure 3A). Important determinants for the speed of impulse propagation 
include the availability and biophysical characteristics of the voltage-gated Na+- and 
Ca2+-channels, availability and distribution of gap-junctions and the presence of 
fibrosis (excess of collagen). Recovery of excitability on the other hand is primarily 
determined by the duration of repolarization; hence, voltage-gated Na+, Ca2+, and K+ 
channels are also involved. 

Triggered arrhythmias may develop either based on early afterdepolarizations 
(EADs) or delayed afterdepolarizations (DADs).35 During an EAD, depolarization 
reinitiates before AP repolarization has completed. The occurrence of EADs is 
therefore facilitated by factors that prolong repolarization (e.g., electrolyte imbalance, 
inherited ion channelopathies, and slow heart rates; Figure 3B). In addition, increased 
availability of Na+- and Ca2+-channels may also contribute to the occurrence of EADs 
as these channels contribute inward current to membrane depolarization.36, 37 DADs, 
on the other hand, occur after cellular repolarization has completed. Here, elevations 
in cytosolic Ca2+ activate the electrogenic Na+/Ca2+-exchanger (NCX), which carries 
net inward current that drives membrane depolarization. Calcium leakage from the SR 
Ca2+ stores, such as occurs during heart failure, may importantly contribute to increases 
in cytosolic Ca2+ and the occurrence of DADs.38 Although EADs and DADs are cellular 
phenomena, in the intact heart they need to acquire sufficient cellular mass to allow 
for impulse propagation to surrounding tissue. Similar to the spread of pacemaker 
activity, partial uncoupling (e.g., due to fibrosis or connexin heterogeneities) may 
importantly contribute to the propagation of triggered activity.

A final arrhythmia mechanism to consider is abnormal automaticity. In contrast 
to enhanced normal automaticity, which may arise from (close to) normal levels of 
membrane potential, abnormal automaticity is initiated from a reduced membrane 
potential.39 When the resting potential of atrial or ventricular myocardial cells is reduced 
to less than about –60 mV, spontaneous diastolic depolarization may occur. Channels 
that generate inward current or reductions in outward current may depolarize the 
membrane until threshold for action potential initiation. Underlying conditions such 
as heart failure and ischemic heart disease are associated with a loss of membrane 
potential and the occurrence of abnormal automaticity.40, 41 

AvAIlABlE GENE AND CEll THERAPy TOOlS 
The field of regenerative therapy as applied to arrhythmias typically includes three of 
the following components: 1) a target for modifying electrical activity; 2) the vector or 
cell used to deliver the therapy, and 3) the genetic component selected as modifier 
of electrical activity.42-44 Alternatively, pure stem cell-based approaches may be used 
to regenerate the cardiac muscle after myocardial infarction and in doing so prevent 
arrhythmias. The following paragraphs will outline the most important gene and stem 
cell therapy systems currently available. 
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Gene therapy
The general concept of gene therapy is that designated vehicles are used to deliver 
genetic information to specific target cells. In the heart, such targeting may be 
achieved by injecting vectors into specific areas or infusing vectors via the coronary 
vasculature. In these settings, viral vectors are typically used for direct myocardial gene 
transfer. Adenoviral vectors are useful candidates because they are easily produced, 
transduce myocardium efficiently, and have a large insert capacity allowing for the 
investigation of a broad range of genetic targets. A downside of this system is that 
gene expression only persists over a period of weeks due to the fact that the gene 
is not integrated into the host genome and the limited stability of gene expression 
due to the inflammatory response to adenoviral gene products.45, 46 This makes these 
vectors suitable for proof-of-principle studies, but their clinical value is limited. Long-
term myocardial gene transfer is typically generated by adeno-associated viral vectors 
(AAV). Because all the viral genes have been removed from this vector, they only 
induce a minimal inflammatory response, and myocardial gene transfer has been 
shown to persist for up to 12 months.47 In addition, these vectors have been shown to 
be safe while being tested clinically in patients with failing hearts,48, 49 AAV therefore 
provides the first choice platform when developing novel gene therapies for the heart. 
However, because AAV-based gene transfer remains largely episomal, it is uncertain 
how expression will be maintained over the longer term (>years). In addition, a 
significant downside of AAV is the limited insert capacity.50 Consequently, alternatives 
such as lentiviral vectors are actively being explored. Lentiviral vectors are derived 
from the human immunodeficiency virus and, similar to this virus, they integrate into 

Figure 4. Major gene therapy vehicles used in cardiovascular applications. A, Scaled cartoons of 
viruses. From left to right: particles of adenovirus, adeno-associated virus (AAV) and lentivirus. 
B, Summary of important properties of these viral vectors. ds, double strand; ss, single strand.
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the host genome.51 This probably has the best potential for very long-term gene 
expression, but gene integration also comes with safety concerns regarding insertional 
mutagenesis. Because of these concerns and a more laborious production process, 
lentiviral vectors are now primarily used clinically for the ex vivo modification of stem 
cells.52 Yet, the first clinical trial using lentiviral vectors for direct gene transfer into 
brain tissue has been initiated53, 54 and it appears likely that, over time, these studies 
will extend to other organs including the heart. Properties of the most important viral 
gene therapy vectors are further summarized in Figure 4. 

Cell therapy
Myocardial regeneration and repair have been goals of scientists for many years 
(Figure  5).55-57 Research using stem cells to achieve this end has been performed 
extensively in the clinic and has shown some improvement in function, but often in 
terms of statistical significance rather than physiological effectiveness.58 Nonetheless, 
it has been established that the administration of autologous human stem cells, 
including cardiac progenitors, is safe.59-61 Additional data indicate safety for delivery 
of human mesenchymal stem cells administered allogeneically.62, 63 

Among the various types of stem cells, it is important to make a distinction 
between cells that are applied undifferentiated and those that are differentiated 
towards a cardiac myocyte phenotype before application. The undifferentiated cells 
may be obtained from various sources including bone marrow, adipose tissue and 
myocardium, with the latter source generating the so-called cardiac progenitors. In the 
classical approaches aimed at myocardial repair after infarction, the undifferentiated 
cells isolated from bone marrow have been shown to impact positively on cardiac 
function despite low engraftment and minimal potential for the formation of new 
cardiac myocytes. The predominant mechanism of action therefore appears to involve 
the secretion of paracrine factors that mobilize endogenous stem cells for repair 
(Figure 6A).64, 65 

In designing specific arrhythmia treatments, adult mesenchymal stem cells have 
also been loaded with ion channels to provide an alternative delivery vehicle for ion 
channel function. Many of the undifferentiated cells express cardiac connexins and 
couple with cardiac myocytes via the formation of gap junctions. In so doing they 
provide an alternative vehicle for functional delivery of the ion currents. In this respect, 
mesenchymal stem cells (MSCs) have been most extensively studied for the delivery 
of HCN2-based pacemaker function (Figure 6B).66-68

Differentiated stem cells have also been considered both for direct myocardial 
repair and the induction of pacemaker function (Figure 6C-D). Important examples of 
this approach include the use of embryonic stem cells (ESCs) and induced pluripotent 
stem cells (iPS). Both cell types are pluripotent, meaning that they can differentiate 
into virtually every cell of the human body (including cardiac myocytes and pacemaker 
cells), however their source of origin is remarkably different. As implied by their 
name, ESCs are obtained from embryonic tissue which brings significant drawbacks 
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including ethical issues and the concurrent need for immunosuppressive therapies.69 
The iPS cells, on the other hand, may be obtained from various adult tissue sources 
and therefore have the potential of autologous application. However, iPS cells come 
with other issues that relate to their method of production. Originally, Takahashi and 
Yamanaka used retroviral vectors to deliver the cocktail of reprogramming factors 
(KLF4, OCT4, SOX2 and C-MYC), pushing skin fibroblast back into the pluripotent 
state.70 Yet, especially in this setting of high cell turnover, integrating vectors may 
increase the risk for malignant transformation. Ongoing efforts therefore focus on the 
use of non-integrating vectors and improvement of other techniques involved in the 
generation of a large and pure population of well-differentiated cells.71, 72 

GENE AND CEll THERAPIES TARGETING BRADyARRHyTHMIAS
Robust proof-of-concept has been obtained for treatment of complete heart block. 
Early studies focused on the transplantation of SAN tissues or the SAN on a pedicle 
to the ventricle. All met with failure.73-75 Yet the combination of intellectual interest in 
pacemaker function and recognition of the shortcomings of electronic pacing created 
an environment of persistent interest in developing “biological pacemakers” that 
might be used as replacements for or adjuncts to electronics. It was reasoned that 
biological solutions might be better adapted to the needs of children’s hearts, might be 
more physiologically autonomically responsive, might confer better opportunities for 
improving cardiac output, and might be longer-lived than electronics. If these objectives 
were met, then the biologic solution would be an attractive alternative to electronics.

The history of proof-of-concept with biological pacemakers is straightforward 
and from the beginning has incorporated elements of gene and cell therapy. The 
earliest gene therapy reports of interest come from Edelberg et al., who introduced 
the β2-adrenergic receptor in a plasmid to the atrium of the mouse and later of the 
pig.76, 77 The result was an increase in basal rate and in catecholamine responsiveness. 
Clearly, this was not a clinically viable approach, but it paved the way to use gene 
therapy to modulate pacemaker function. The first cell therapy approach involved 
the implantation of fetal canine atrial cells, including those identified as SAN cells, 
into the ventricles of two adult dogs that were then put into heart block. Rhythms 
were mapped to the injection site and had rates of about 70 bpm.78 Certainly, this 
suggested viability of a cellular approach to therapy, although the use of fetal cells 
for such a purpose creates a number of issues including long-term incorporation into 
myocardium and rejection of the fetal cells by the host.

virally-delivered Gene therapy
The first report of virally-delivered gene therapy to provide biological pacing was 
provided by Miake et al.79, who used a dominant-negative approach to reduce the 
hyperpolarizing current, IK1, in guinea pig ventricular myocardium. While this clearly 
provided proof-of-concept using viral vectors and modifying an ion current, it also led 
to prolongation of repolarization (a potentially pro-arrhythmic change) and was largely 
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Figure 5. Different sources of stem cells that are currently being developed for myocardial repair. 
The time scale at the bottom gives an approximation of when clinical testing was or will be 
initiated. Modified from reference 57, with permission.

abandoned for that reason. Subsequent gene therapy approaches have focused on the 
HCN family of genes responsible for the pacemaker current, lf.

80-82 Proof-of-concept 
of pacemaker activity—again using adenovirus—was established first in the canine 
atrium81 and then via injection into the bundle branch system of dogs in transient80 
or complete heart block.83 This approach has shown basal rates of 50-60 bpm and 
sympathetic and parasympathetic responsiveness. The optimal pacemaker rate would 
be 60-90 bpm in the resting heart, with sympathetic responsiveness increasing rate to 
the range of 130-160 bpm. In an effort to optimize biological pacemaker rates, various 
HCN mutants have been studied. However, mutations on HCN1 and HCN2 have 
shown outcomes more subtle than substantive.82, 83 For example, the HCN2 mutant 
E324A was originally selected because of its shifted activation kinetics—rendering 
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more channels open within the physiological range of membrane potentials—while 
maintaining intact sensitivity to cAMP. However, this intervention did not improve 
dependence on the electronic backup pacemaker, nor did it improve basal heart 
rates.83 A chimeric channel, HCN212, was designed to incorporate the pore-forming 
unit of HCN1 (which has more favorable activation kinetics than HCN2) and the cAMP 
binding site of HCN2 (which is more robust than that of HCN1). However, HCN212 
had an excessive effect, inducing ventricular tachycardias with rates above 200 bpm.84 
An alternative approach was explored by Marban et al. who mutated a Kv1.4 channel 
to produce a HCN-like current. This approach generated biological pacing at beating 
rates ranging from 60 to 150 beats per minute, depending on the specific mutation. 
A downside of this approach is that these channels are not directly regulated through 
autonomic signaling.85 

As an alternative to gene transfer of ion channels, overexpression of transcription 
factors may be employed to transdifferentiate working myocardial cells towards 
cells with a pacemaker phenotype. Initial proof-of-concept for this approach was 
provided by Hoogaars and colleagues. Using transgenic mice studies, they showed 
that overexpression of the T-box transcription factor TBX3 during early embryogenesis 
imposes a pacemaker phenotype upon atrial cells.86 More recently, these studies were 
followed by experiments that tested biological pacemaker function based on adenoviral 
overexpression of TBX18 in guinea pig left ventricle. In isolated AV-block hearts, this 
approach generated heart rates of around 160 bpm and harbored significant sensitivity 
to adrenoceptor stimulation. Yet, at this stage it remains difficult to assess the value of 
this approach as the obtained beating rates are too slow for guinea pigs, but too rapid 
for humans.87 

Cell therapy
Three approaches have been used for cell therapy. One has involved the 
implantation of human embryonic stem cell-derived cells as biological pacemakers 
into the ventricles of pigs with complete heart block and immunosuppressed to 
prevent rejection. The stem cells had been coaxed into a lineage with pacemaker 
properties and drove the ventricles effectively during the period of study.88, 89 The 
obvious concern about proceeding in a clinical direction with embryonic stem cell-
derived pacemakers is the need for immunosuppression: even with their attendant 
issues, electronic pacemakers are a superior option to immunosuppression for the 
lifetimes of patients needing pacemakers. Another approach focused on the use 
of adult human mesenchymal stem cells (hMSCs) as a platform—loaded with HCN 
genes—to deliver pacemaker current.67 This has been done in dogs with complete 
heart block and without immunosuppression, based on literature suggesting these 
cells are “immunoprivileged”.90, 91 In fact, effective pacemaker current has been shown 
for 6-week periods, during which time rejection or apoptosis have not been issues.66 
These stem cells have been shown to couple to canine myocytes via gap junction 
proteins and to deliver their current robustly.68 The major issue that has arisen is the 
propensity of stem cells to migrate elsewhere, once implanted in the heart. For this 

27



PArT I: CHAPTer 1

1
reason, efforts are underway to encapsulate the cells in biomaterials that might retain 
them in position while still permitting gap junction formation to occur. An alternative 
to cell encapsulation has been tested: this is fusion of HCN-overexpressing cells to 
adjacent cardiac myocytes using polyethylene glycol.92 The third cell therapy approach 
involves the use of iPS cells as biological pacemakers. Several groups have reported 
the derivation of cardiogenic and functioning pacemaker cell lineages from these iPS 
cells.93, 94 An exciting feature as this area continues to advance is that the cells are 
obtained autologously, alleviating fears of rejection. However, many questions remain, 
and in vivo testing has not yet been reported.

Other approaches to complete heart block
Whereas biological pacemakers placed in the ventricle would offer treatment 
to a subset of patients in complete heart block, another subset has normal sinus 
node function and requires pacemaker therapy because of atrioventricular (AV) 
block alone. These patients now benefit from AV sequential pacing. The obvious 
alternative here would be to build an AV bypass tract to permit the normal sinus 
nodal impulse to propagate to the ventricle. Attempts here have been reported, 
although all are still rudimentary. They range from overexpressing connexins in cells 
in culture that are then used to bridge islands of myocytes, to preliminary reports of 
implanting conducting cells between atrium and ventricle.95-97 While this approach 
has not achieved the success of biological pacing, its requisites are far more rigorous, 
including the optimizing of the AV delay, programming in autonomic responsiveness, 
and initiating activation at a site in the ventricle that recruits as normal a ventricular 
activation pathway as possible. It is likely that the final approach will utilize both a cell 
matrix and a biomaterial or hydrogel to carry it. But much more time will be needed 
to solve this issue.

GENE AND CEll THERAPIES TARGETING TACHyARRHyTHMIAS
Two types of tachyarrhythmias have been studied with an eye toward their treatment 
with gene or cell therapy: atrial fibrillation (AF) and VT/VF. These will be considered 
individually. However, common to both has been the extent of dissatisfaction with 
existing therapies. This reflects the inadequacies of antiarrhythmic drugs (which 
as individual therapies remain useful in atrial fibrillation and less so in VT/VF), the 
complexities and fragilities of cardioverter-defibrillators, and—for the atria—the 
mixed successes with ablation techniques to maintain the heart in sinus rhythm.98-103 
The difficulty in bringing these gene and cell therapy approaches to clinical reality 
lies in part in the preparation of effective constructs. As shown below, some effective 
constructs have already been identified, but delivery to an opportune site is still 
complex. Hence, advances in specialized methods that localize regions suitable for 
treatment and allow for accurate and efficient therapy delivery, are crucial. This is 
especially important because it will determine the effectiveness of the therapy; and in 
some cases, the benefit over globally applied pharmacological interventions.
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Atrial fibrillation
Both rhythm control and rate control have been goals here. For rate control, the major 
cellular approach has been the implantation of fibroblasts (~320 injections) in the AVN 
region of dogs. This has resulted in scarring of the nodal region and prolonged atrium-
to-His delays.104 In yet another approach, overexpression of Gαi2 in the AVN of porcine 
was used to prolong the effective refractory period (ERP) and reduce the ventricular 
rate during AF. In this case, adenoviral vectors given through the AVN artery locally 
suppressed adenylyl cyclase activity and thereby L-type Ca2+ current.105, 106 Similarly, 
L-type Ca2+ currents could also be suppressed by overexpressing Gem, a GTP-binding 
protein within the Ras superfamily, which reduces trafficking of the α subunit of the 
channel to the plasma membrane.107 Importantly, these strategies are all intermediate 
alternatives to generally well-tolerated drug treatments and clinically available RF 
ablation procedures. It therefore remains to be seen whether these novel strategies 
become a method of choice. 

For rhythm control, the initial approach has been to prolong the effective refractory 
period (ERP) throughout the atria. Proof-of-concept was provided by Levy et al. who 
administered the mutant ion channel Q9E-hMiRP1 to the atria of pigs via plasmid gene 
transfer. This mutant ion channel is associated with drug-induced long QT syndrome and 
therefore allowed for the delivery of a “caged” therapy. Clarithromycin had to be used to 
trigger the local prolongation of repolarization.108 Another approach has been described 
by Donahue et al. who improved on the efficiency of global atrial gene transfer. They 
combined the use of adenoviral vectors with a painting method involving 20% pluronic 
(to form a gel that adheres to the myocardium) and 0.5% trypsin (to facilitate viral 
penetration through the first layers of connective tissue). Using this method, they reported 
transmural gene delivery and demonstrated regional prolongation of monophasic action 
potential (MAP) and ERP with gene transfer of the long QT-associated ion channel, HERG-
G628S.109 In a subsequent study, they were able to maintain sinus rhythm in HERG-G628S 
overexpressing animals for periods during which control animals developed burst pacing 
induced AF.110 A different approach to rhythm control in AF is being tested in experiments 
that speed conduction. Here, Cx43 gene transfer has been applied via adenoviral vector 
injection in combination with electroporation, which appeared effective in the protection 
against burst pacing-induced AF.111 A subsequent study used the above described atrial 
painting method and indicated potential superiority for Cx43 vs Cx40 in preventing burst 
pacing induced AF.112 

ventricular tachycardia/fibrillation
The antiarrhythmic approaches explored in AF, such as increasing ERP or speeding 
conduction, can also be applied to reentry-based VT/VF. The challenges here are 
different, and lie primarily in the identification of appropriate sites for the application 
of therapy. In most cases, this will require extensive mapping because of large inter-
patient variations in anatomy and due to cardiac remodeling. Although these mapping 
techniques are already routinely applied in clinical VT ablation procedures113, further 
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Figure 6. Different approaches to myocardial cell therapy. A, Undifferentiated stem cells isolated 
from various sources may be used to stimulate myocardial regeneration via the excretion of 
paracrine factors that stimulate endogenous pathways of repair. B, Undifferentiated stem cells may 
be loaded with ion channels to couple to cardiac myocytes through gap-junctions (GJ) and as such 
can locally modify the electrical substrate. C, Stem cell-derived cardiac myocytes may be used for 
myocardial repair after direct injection or infusion into damaged myocardium. D, Embryonic or 
induced pluripotent stem cells may be coaxed into a lineage of pacemaker cells and as such can 
be injected locally to couple to adjacent myocytes and compensate for bradycardia.

30



GeNe ANd Cell THerAPy for CArdIAC ArrHyTHMIAs

1
development will be required to combine them with the gene transfer methods 
discussed here. 

Myocardial infarction
Proof-of-concept for the ERP-prolongation approach was provided by overexpressing 
the dominant-negative HERG mutant G628S in pigs. This strategy was tested in chronic 
(3-week old) infarcts, in which programmed electrical stimulation resulted in 100% 
monomorphic VT inducibility. Site identification issues were tackled by endovascular 
gene delivery at the site of initial balloon occlusion used to create the infarct. One 
week after gene transfer, HERG-G628S overexpressing animals showed increased ERP 
and VT was no longer inducible. In contrast, all control animals still demonstrated 
inducible VT.114 

Another approach to infarct-associated VT/VF is provided by interventions that 
improve conduction. The rationale is that even in the setting of tissue damage, and 
with no attempt to regenerate or replace the tissue, impulses might be made to 
conduct normally, and, in the process, prevent initiation of reentrant VT/VF. The most 
successful approach to date uses the skeletal muscle Na+ channel (SkM1; Nav1.4). This 
channel functions effectively at the depolarized membrane potentials (in the −65 mV 
range) seen in the border zones of myocardial infarctions.115, 116 At these potentials 
in the border zones of myocardial infarctions, the cardiac sodium channel, Nav1.5, 
is largely inactivated, and this contributes to conduction slowing/block.117 In the 
5–7 days canine myocardial infarct, administration of an adenoviral vector carrying the 
Nav1.4 gene, SkM1, into selected border zone sites resulted in reduced electrogram 
fragmentation, an increased action potential upstroke velocity (Vmax) of the depolarized 
myocardium (reflecting an increased inward Na current) and a significant reduction in 
VT/VF inducibility.118 In a related study, mapping techniques demonstrated that SkM1 
overexpression improved longitudinal conduction in the border zone.119 Hence, SkM1 
increases Vmax of depolarized myocardium, speeds conduction, and reduces incidence 
of inducible sustained VT/VF in canine infarcts. 

Another approach to reduce ventricular arrhythmias may derive from speeding 
conduction via endogenous or additionally introduced connexins. This approach was 
studied first using pharmacological modulation of gap junctions (via rotigaptide and 
analogs) and later using gene therapy. The rotigaptide approach indeed showed 
reduced spontaneous arrhythmias after ischemia/reperfusion in open-chest dogs120, 
and reduced arrhythmogenic dispersion of repolarization.121, 122 However, because 
rotigaptide prevents dephosphorylation of Cx43, it can only enhance function of 
connexins that are already present123, 124, while in some cases there might be the need 
for increased connexin presence.125-130 This perception fostered the development of 
techniques to increase connexin presence via post-transcriptional or overexpression 
pathways. In mice with myocardial infarction, an antisense inhibition of miR-1 restored 
Cx43 and Kir2.1 protein levels and thereby improved conduction and decreased 
arrhythmogenesis.131 We recently studied adenoviral delivery of Cx32 into the left 
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ventricle of mice and demonstrated a reduced incidence of ischemia/reperfusion 
arrhythmias. This strategy was comparably effective to SkM1, which was also tested in 
this model. The Cx32 isoform was selected because of its low sensitivity to acidosis, 
i.e., Cx32 channels largely remain open at low pH, whereas Cx43 channels close. Using 
Cx32 overexpression, maintenance of fast impulse propagation was demonstrated 
under conditions of metabolic stress and acidosis.132 

A concern with connexin enhancement strategies is that in settings of myocardial 
ischemia or infarction, they may lead to increased spread of injury mediators, resulting in 
a larger area of tissue damage. In line with these concerns, it has been demonstrated that 
gene knockdown of Cx43133 or pharmacological inhibition of gap junction channels134-135 
show reduced infract size. In mice treated with adenoviral Cx32 overexpression, we 
indeed found an increase in infarct size 24 h after coronary artery ligation.137 

Finally, a cellular approach to treat myocardial infarction and related arrhythmias 
may be provided by attempts to regenerate cardiac muscle. This may be done with 
one of the various sources of stem cells that are currently available. However, there 
are concerns for potential proarrhythmia.138 These concerns are particularly strong for 
skeletal myoblasts, because they do not couple electrically to adjacent myocardium 
and form isolated electrical barriers that may increase arrhythmogenicity. Although this 
problem may be met by overexpressing Cx43, the success rate of such an approach in 
reducing arrhythmias appears to vary among different models.139, 140 

Congestive heart failure
Gene therapy has also been applied to the treatment of arrhythmias associated with 
congestive heart failure (CHF). CHF can be complicated by prolonged repolarization 
associated with K+ channel down-regulation and attendant arrhythmogenic 
consequences.141 This prompted the development of several gene and cell therapy 
strategies that enhance expression or availability of K+ channels/currents.142-148 A general 
concern with these strategies is that because they accelerate repolarization, they also 
reduce Ca2+ cycling and contractility.143 Therefore, in a subsequent study, Nuss et al.149 
overexpressed Kir2.1 and SERCA1 genes via intramyocardial injection in the guinea pig. 
In this way, the acceleration of repolarization induced by Kir2.1 and the attendant loss of 
Ca2+ cycling and contractility was averted. That is, repolarization was accelerated, which 
would reduce the risk of long QT-associated arrhythmias while maintaining contractility. 

SERCA2a overexpression has further been used to improve contractile function in 
the experimental treatment of CHF. Overexpression of the cardiac isoform SERCA2a 
has shown reductions in hypertrophic remodeling and improvements in contractile 
function and survival.150-152 In subsequent phase I/II clinical trials using AAV-1 mediated 
gene delivery in patients with end-stage CHF, safety and efficacy of the approach have 
been demonstrated, which supported the initiation of next stage clinical trials.48, 49 
Interestingly, SERCA2a overexpression also appeared to be antiarrhythmic against 
ischemia/reperfusion arrhythmias in rats and pigs.153, 154 A potential mechanism that 
may underlie the antiarrhythmic effects of SERCA2a is provided by a significant 
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Table 1. Promising experimental approaches to treat cardiac arrhythmias and their expected 
follow –up.  

Arrhythmia Therapy strategies Next steps

Bradycardias Focal HCNx gene/current 
transfer to atria or 
ventricle—to increase 
automaticity or create 
a de novo pacemaker

Obtain functional improvements using additional 
gene transfer or further engineered mutant 
genes *

Incorporate long-term functionality using 
dedicated viral vectors or encapsulated cells, 
and conduct associated testing *

AV-block Focal modification of 
conduction in the 
AV-nodal region or 
implantation of cell 
constructs to create 
a de novo pathway for 
AV-conduction

Engineer more robust gene and cell based 
methods to restore conduction in the AV-nodal 
region 

Develop stem cell matrixes that allow for the 
transplantation of a targeted stem cell strand 
without eliciting an immune response 

Optimize function with regard to AV delay, 
autonomic responsiveness and activation 
initiation site in the ventricle

Reentry 
based AF

Global gene transfer to 
both atria of HERG-
G628S, Cx40 or Cx43—
to globally prolong, ERP 
or to speed conduction

Develop (minimal invasive) delivery methods to 
apply LV or AAV globally to both atria 

Prepare long-term expression vectors and 
conduct associated testing

MI related 
VT/VF

Gene transfer of HERG-
G628S or SkM1 to 
specific sites in and 
around the infarct—to 
locally, prolong ERP or 
speed conduction

Develop minimally invasive techniques, that 
allow for detection of sites suitable for gene 
transfer and subsequent application of viral 
vectors 

Prepare intermediate to long-term delivery 
systems (susceptibility to some post MI 
arrhythmias is transient) and conduct 
associated testing *

Congestive 
heart 
failure 
related 
arrhythmias

Global gene transfer 
of SERCA possibly in 
combination with K+ 
channel enhancement 
strategies

Further investigate effects of AAV based 
SERCA gene therapy on pump function and 
arrhythmias (ongoing in clinical studies) 

Indentify specific subsets of patients that can 
safely benefit from SERCA gene therapy 

Establish potential benefit of adding K+ channel 
enhancement strategies to SERCA-based 
therapies

* Indicates next steps addressed in this thesis.

resistance to action potential duration (APD) alternans, noted in single cells and 
intact guinea pig hearts.155, 156 Reduced APD alternans likely stems from the increased 
diastolic Ca2+ uptake into the SR. Unfortunately SERCA2a overexpression may also 
imply a potential risks for proarrhythmia in the acute phase of permanent coronary 
artery occlusion.154, 157 It will therefore be critical to establish which subsets of patients 
might safely benefit from SERCA2a gene therapy.
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INTRODuCING THE NExT STEPS
The next steps on the road towards clinical application for the most advanced gene and 
cell therapies in experimental electrophysiology and pacing are summarized in Table 1. In 
general, every successful gene and cell therapy has to achieve the following milestones 
before clinical application can be considered: 1) proof-of-concept, 2) optimization of 
genetic or cellular composition, 3) fabrication of vectors or cells that allow for long-
term function, and 4) implementation of 2 and 3 into thorough toxicology and efficacy 
testing while using clinically applicable delivery methods. This thesis primarily focuses 
on the second and third milestones for the development of biological pacemakers 
and therapies targeting myocardial infarction related arrhythmias. The next chapter will 
more specifically introduce the research questions addressed. 
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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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ABSTRACT
Background: Research on biological pacemakers for the heart has so far mainly focused 
on short-term gene and cell therapies. To develop a clinically relevant biological 
pacemaker, long-term function and incorporation of autonomic modulation are 
crucial. Lentiviral vectors can mediate long-term gene expression, while isoform 4 of 
the Hyperpolarization-activated Cyclic Nucleotide-gated channel (encoded by HCN4) 
contributes to pacemaker function and responds maximally to cAMP, the second 
messenger in autonomic modulation. 

Material and Methods: Action potential (AP) properties and pacemaker current (If) 
were studied in single neonatal rat ventricular myocytes that overexpressed HCN4 
after lentiviral gene transduction. Autonomic responsiveness and cycle length stability 
were studied using extracellular electrograms of confluent cultured monolayers. 

Results: Perforated patch-clamp experiments demonstrated that HCN4-transduced 
single cardiac myocytes exhibited a 10-fold higher If than non-transduced single 
myocytes, along with slow diastolic depolarization, comparable to pacemaker cells 
of the sinoatrial node, the dominant native pacemaker. HCN4 transduced monolayers 
exhibited a 47% increase in beating rate, compared to controls. Upon addition of 
DBcAMP, HCN4 transduced monolayers had beating rates which were 54% faster than 
baseline and significantly more regular than controls. 

Conclusions: Lentiviral vectors efficiently transduce cardiac myocytes and mediate 
functional gene expression. Because HCN4 transduced myocytes demonstrate an 
increase in spontaneous beating rate and responsiveness to autonomic modulation, 
this approach may be useful to create a biological pacemaker. 
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INTRODuCTION
The heartbeat is driven by action potentials (APs) generated spontaneously in 
the sinoatrial (SA) node. Old age and a variety of cardiovascular disorders may 
disrupt normal SA node function. This results in disease-causing slow heart rates in 
conjunction with fast heart rates, called ‘sick sinus syndrome’. Due to aging of the 
general population and an associated rise in the prevalence of cardiovascular disease, 
the prevalence and clinical impact of this syndrome are likely to increase. Currently, 
electronic pacemakers are the only effective therapy. However, these devices leave 
ample room for improvement. Most importantly, they lack autonomic modulation. 
Creating an autonomically controlled biological pacemaker may solve this limitation.1,2 

The electrical activity of the SA node is driven by a spontaneous change in the 
membrane potential, called slow diastolic depolarization. This depolarization results 
in the formation of APs, and triggers the heartbeat. A major current underlying this 
process is the hyperpolarization-activated ‘pacemaker’ current, If, which is produced 
by a family of Hyperpolarization-activated Cyclic Nucleotide-gated (HCN) channels, 
i.e., HCN1–4.3 HCN channel function is modulated by binding of cyclic adenosine 
monophosphate (cAMP),4 the second messenger in the β-adrenergic signaling 
pathway.5 Thus, If activity is increased by β-adrenergic stimulation, and reduced by 
muscarinic stimulation. This modulation of channel activity contributes to autonomic 
modulation of the heartbeat.6 Accordingly, adenoviral delivery of HCN channels in pigs 
and dogs resulted in the generation of a biological pacemaker that was responsive 
to β-adrenergic modulation. However, biological pacemaker rhythms exhibited 
unexplained large variations in beating rates (cycle lengths).7,8 

Although adenoviral vectors efficiently transduce cardiac myocytes,9,10 their 
usefulness as a therapeutic tool is unlikely, because they mediate only transient gene 
expression.11 Lentiviral vectors derived from the human immunodeficiency virus-1 
(HIV-1) have also been shown to transduce cardiac myocytes.12-15 The advantage of 
lentiviral vectors is that they integrate into the host genome. This induces long-term 
transgene expression, and renders these vectors ideal candidates to manage a chronic 
condition, such as sick sinus syndrome.16 

Because HCN4 is the predominant isoform in the SA node17 and the most cAMP-
responsive isoform,5,18–20 it is an attractive candidate to develop a biological pacemaker. 
The purpose of this study was to test whether lentiviral HCN4 overexpression in cardiac 
myocytes confers an SA node phenotype. Of note, we studied whether such a bioengineered 
pacemaker exhibits responsiveness to autonomic control and stable cycle lengths.

MATERIAlS AND METHODS
Construction and production of lentiviral vectors
A lentiviral HCN4 expression vector was made by cloning human HCN4 (hHCN4)21 as 
a NdeI XbaI fragment into the corresponding sites of the pRRL-cPPT-CMVPRE-SIN22 
lentiviral transfer vector. In this vector, the cytomegalovirus (CMV) promoter drives 
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hHCN4 expression. This vector is designated LV-HCN4 throughout this paper. A 
control vector in which the CMV promoter drives enhanced green fluorescent protein 
(GFP) expression (LV-GFP) was described earlier.22

A bicistronic HCN4 transfer vector was constructed as follows: The hHCN4-coding 
sequence21 was cloned as a blunted HindIII and XbaI fragment into the SmaI and 
XbaI sites of a bicistronic lentiviral transfer vector. In this vector, gene expression is 
controlled by a CMV promoter and the expression of HCN4 is linked to GFP expression 
by an internal ribosome entry site (IRES) from the encephalomyocarditis virus (EMCV). 
This vector is designated LV-HCN4-GFP throughout this paper (Figure 1). LV-HCN4-
GFP and LV-GFP lentiviral vectors were generated by cotransfection of HEK293T 
cells, concentrated and titrated as described previously.23 LV-HCN4 was generated 
similarly and titrated by detecting HCN4 expression on transduced HeLa cells with 
immunohistochemistry, as described below. To concentrate the viral suspension of LV-
HCN4-GFP and LV-HCN4, we centrifuged 900 ml for 18 h at 4000 rpm and resuspended 
the viral pellet in 3 ml culture medium. The titer, measured in HeLa transducing units 
per milliliter (TU/ml), was typically in the range of 1×106 TU/ml for LV-HCN4-GFP, and 
in the range of 1×107 TU/ml for both LV-GFP and LV-HCN4.

Figure 1. Lentiviral constructs. In LV-GFP (bottom) and LV-HCN4 (middle), expression of the transgene 
is driven directly by the CMV promoter. LV-HCN4-GFP (top) is a bicistronic vector in which HCN4 
and GFP expression are linked by the EMCV internal ribosome entry site. LTR: long terminal repeat.

western blotting
HCN4 expression was examined by Western blotting in HEK293T cells transduced with 
lentiviral vectors. Transductions were performed at a MOI (multiplicity of infection) of 1 
and 5. Cells were harvested in lysis buffer (2% SDS, 50 mM Tris, pH 7.4/1 mM EDTA/
protease inhibitor mixture) 6 days after transduction and homogenized by sonification. 
Equal amounts of protein (40 μg) were separated by sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS/PAGE) on 8% gels, blotted on nitrocellulose, and probed with 
anti-HCN4 goat polyclonal IgG (Santa Cruz Biotechnology) and subsequently with rabbit-
anti-goat (HRP) (DAKO), and detected by chemiluminescence (Roche). To measure protein 
loading, antibodies directed against β-actin (Sigma-Aldrich) were used.
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Immunohistochemistry on transduced
HeLa cells and cardiac myocytes Cells were fixed 4 days after transduction with methanol/
acetone (4:1) and washed with phosphatebuffered saline (PBS) supplemented with 
Tween 20 (0.05%). Anti-HCN4 goat polyclonal IgG (Santa Cruz Biotechnology) was used 
as primary antibody and donkey anti-goat IgG conjugated with Alexa 488 (Molecular 
Probes) was used as secondary antibody. The cells were subsequently embedded with 
Vecta Shield® containing DAPI. Transduction efficiencies were determined by counting 
the numbers of positive cells in at least two different random fields.

Cell isolation and culture of neonatal rat ventricular myocytes
Animal experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the National Institute of Health (NIH 
Publication No. 85-23, revised 1996), and approved by the institutional committee for 
animal experiments. 

Six neonatal rats were sacrificed in one procedure as described previously.24 
Briefly, rats were decapitated after which a cardiotomy was performed. The atria 
were removed and the ventricles were minced. Tissue fragments were washed, using 
a Hanks’ balanced salt solution (HBSS) without Ca2+ and Mg2+ supplemented with 
20  units/100  ml penicillin and 20 μg/100 ml streptomycin. Five to six dissociations 
were performed for 15 min at 36.5º C. The dissociations were performed using HBSS 
without Ca2+ and Mg2+ containing 20 units/100 ml penicillin, 20 μg/10 ml streptomycin, 
0.2% trypsin and 60 μg/ml pancreatin. The obtained dissociation solutions were 
centrifuged and cell pellets were resuspended in culture medium. 

The neonatal rat ventricular myocytes were cultured in M199 containing (mM): 
137 NaCl, 5.4 KCl, 1.3 CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and 
supplemented with 20 units/100 ml penicillin, 20 μg/100 ml streptomycin, 2 μg/100 ml 
vitamin B12 and either 5% or 10% neonatal calf serum (NCS); 10% NCS was used only 
on the first day of culturing the cells. These cells were cultured on collagen-coated 
glass at 37º C in 5% CO2.

Cell isolation and culture of adult human cardiac myocytes
Samples from human right atrial appendages were used to isolate cardiac myocytes. 
The specimens were obtained from hearts of patients undergoing coronary artery 
bypass surgery during the preparation of extra-corporeal circulation. Samples were 
immersed in modified low Ca2+ Tyrode’s solution at 4°C containing (mM): 140 NaCl, 
5 KCl, 1.8 CaCl2, 1.0 MgCl2, 5, 5.5 glucose and 5 HEPES; pH 7.4 (NaOH). The tissue 
was cut into small chunks (<1 mm3) that were put in a 50 ml flask containing 10 ml 
low Ca2+ Tyrode’s solution with the addition of 400 U/ml collagenase type 2 (Sigma) 
and 4.2 U/ml protease type XXIV (Worthington). In this solution, a predigestion was 
performed during 15 min, at 37º C, under continuous agitation of the chunks ensured by 
oxygenation and shaking the flask in the water bath at 170 rpm. Thereafter, a digestion 
was performed under similar conditions during 45min in 10ml low Ca2+ Tyrode’s solution 
with the addition of 400 U/ml collagenase type 2. To obtain semi-sterile tissue chunks, 
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they were repeatedly washed with filtered low Ca2+ Tyrode’s solution. Thereafter, single 
cells were obtained by multiple pipetting of the tissue chunks using a wide border 
glass pipette. The cell suspension was then seeded on laminin-coated cover slips. 
After 2h, the Tyrode’s solution was gently replaced by culture medium. Single cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM L-glutamine and 100 μg/ml P-S. Transductions 
were performed 1 day after isolation and cells were cultured up to 4 days thereafter.

Cell transduction and electrophysiological recordings
For patch-clamp measurements, neonatal rat ventricular myocytes and HEK293T cells 
were transduced with LV-HCN4-GFP and LV-GFP at a MOI of 0.1. Measurements were 
performed 4–6 weeks after transducing HEK293T cells (data not shown) and 7–10 days after 
transducing cardiac myocytes. Cardiac myocytes were transduced 1 day after isolation. 

Eight to eleven days later, myocytes were trypsinized during 30 s to prepare 
them for patch-clamping. By this procedure, cardiac myocytes lost their cell-to-cell 
connections, became less flattened (which facilitated the use of glass micropipettes), 
but remained attached to the coverslip. For extracellular measurements, cardiac 
myocytes were transduced at a MOI of 2.5 and 5 with LV-HCN4 and at a MOI of 5 
with LV-GFP. These measurements were performed 14–21 days after the transduction. 

If and APs were recorded at 36±0.2°C using the perforated patch-clamp 
technique (Axopatch 200B clamp amplifier, Axon Instruments Inc.). Signals were 
lowpass filtered (cut-off frequency: 5 kHz) and digitized at 5 kHz. Series resistance 
was compensated by ≥80%, and potentials were corrected for the estimated 15-mV 
change in liquid-junction potential. For voltage control, data acquisition, and 
analysis, custom-made software was used. Superfusion solution contained (mM): 
140  NaCl, 5.4  KCl, 1.8 CaCl2, 1.0  MgCl2, 5.5 glucose, 5 HEPES; pH 7.4 (NaOH). 
Pipettes (2–3  MΩ, borosilicate glass) were filled with solution containing (mM): 
125 K-gluc, 20 KCl, 5  NaCl, 2.2  amphotericin-B, 10 HEPES; pH 7.2 (KOH). If was 
characterized using custom voltage-clamp protocols modified from those published 
previously.25,26 For current-voltage (I-V) relationships and activation properties, If was 
measured as Cs+-sensitive (5 mM, Figure 4A) current during 6-s hyperpolarizing steps 
(range −30 to −110 mV) from a holding potential of −30 mV. The hyperpolarizing 
step was followed by an 8-s step to −110 mV to record tail current, then a 0.5-s 
pulse to 40 mV to ensure full deactivation (see Figure 4B for protocol). Tail current, 
plotted against test voltage, provided the activation-voltage relationship; the latter 
was normalized by maximum conductance and fitted with the Boltzmann function 
I/Imax=A/{1.0 + exp[(V1/2 − V)/k]} to determine the half-maximum activation voltage 
(V1/2) and slope factor (k). Activation time kinetic properties were measured during the 
6-s hyperpolarizing steps. Deactivation time kinetic properties and reversal potential 
were measured during depolarizing steps (range −80 to −10 mV, duration 5 s) after 
activation by a 3-s prepulse to −110 mV (see Figure 4E for protocol). In the latter 
experiment, 2 mM BaCl2, 5 μM nifedipine, and 1 mM 4-aminopyridine were added 
to block the inward rectifier K+ current (IK1), the L-type Ca2+ current (ICa,L), and the 
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transient outward K+ current (Ito1), respectively.27 The time course of If (de)activation 
was fitted by the monoexponential equation I/Imax=A×[1 − exp(−t/τ )], ignoring the 
variable initial delay in If (de)activation.26,28

APs were characterized by AP duration (APD) at 20, 50, and 90% repolarization (APD20, 
APD50, and APD90, respectively), maximal diastolic potential (MDP), action potential 
amplitude, cycle length (CL), and maximum upstroke velocity (Vmax). AP parameters from 
ten consecutive APs were averaged.

Extracellular electrograms were recorded at 34.0±0.1º C using a glass pipette (tip 
diameter: 50 μm) containing 140 mMNaCl. Baseline signals were recorded for 85 s, 
thereafter cultures were exposed to 1 mM of the cAMP analogue dibutyryl-cyclic-adenosine-
monophosphate (DBcAMP). Ten minutes later, electrograms were recorded again for 85 s. 
Signals were low-pass filtered (cut-off frequency: 400 Hz) and digitized at 2 kHz with a 
24-bits resolution. Data acquisition was performed with a modified ActiveTwo system 
without the input amplifiers (BioSemi); data were analyzed using custom-made software 
based on Matlab (Mathworks).29 After acquisition, data were digital high-pass filtered, to 
remove baseline drift. Mains interference was removed with a digital 50-Hz filter.

Statistics
Data are expressed as mean±standard error of the mean (SEM). Group comparisons 
were made using the Mann-Whitney rank sum test for paired comparisons, or two-way 
repeated measurements analysis of variance (ANOVA) (followed by Holm-Sidak post-
hoc testing). Categorical data (presence of diastolic depolarization) were compared 
using a Fisher’s exact test. Data from multicellular preparations were compared with 
a Student’s t-test. To minimize the effects of culture-to-culture variability, data from 
three separate cultures were pooled. The level of significance was set at P<0.05.

RESulTS
Demonstration of gene transfer
HCN4 expression in transduced HEK293T cells was confirmed by Western blotting 
(Figure 2). A protein with molecular weight of 150 kD was detected, in agreement with 
previous studies.30 The bicistronic vector, LV-HCN4-GFP, resulted in weaker transgene 
expression.

To evaluate HCN4 expression in cardiac myocytes, monolayers were cultured and 
transduced at a MOI of 2.5 or 5, and subjected to an immunofluorescent staining 
using a HCN4-specific antibody. HCN4 positive cells were only detected in transduced 
monolayers (Figure 3B), but not in control monolayers (Figure 3A). Average transduction 
efficiencies of 27±2% were obtained when cardiac myocytes were transduced at a 
MOI of 5, and 13±1% when transduced at a MOI of 2.5. 

To provide proof-of-principle that lentiviral vectors can transduce genes into the 
human heart, human atrial myocytes were transduced with LV-GFP at a MOI of 100. In 
three different preparations, we achieved a transduction efficiency of 54±5% (Figures 3C 
and 3D).
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Figure 2. Western blotting dem-
onstrates HCN4 gene transfer. 
Cell lysates of (left-to-right) non-
transduced, LV-GFP-transduced, 
LV-HCN4-transduced, and LV-
HCN4-GFP-transduced HEK293T 
cells were subjected to Western 
blotting.

Figure 3. Fluorescence microscopy of transduced cardiac myocytes 4 days after transduction. 
Nuclei are blue, resulting from DAPI staining. A-B, Neonatal rat cardiac myocytes stained for 
HCN4 expression by immunofluorescence. Only the myocytes in (B) were transduced by LV-HCN4, 
as evidenced by clear staining of HCN4-positive myocytes. C-D, Human cardiac myocytes, non-
transduced (C) or 4 days after transduction with LV-GFP (D).

Electrophysiological effects of HCN4 overexpression in single cardiac 
myocytes
The effects of HCN4 overexpression on If density and pacemaker activity were studied 
in single neonatal rat ventricular myocytes using the perforated patch-clamp technique. 
The myocytes were transduced with either LVHCN4-GFP or LV-GFP at a MOI of 0.1, 
and cultured for 1 week. Non-transduced myocytes served as additional controls. 
Figure 4B shows typical If recordings from a non-transduced, a LV-GFP-transduced 
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and a LV-HCN4-GFP-transduced cell; average I-V relationships of If are summarized in 
Figure 4C. In HCN4-overexpressing cells, If density was about ten times larger than in 
nontransduced and LV-GFP-transduced cells (Figure 4C).

Next, If properties of LV-HCN4-GFP-transduced neonatal rat myocytes were 
analyzed in detail. Voltage dependence of activation was characterized by plotting 
normalized tail current amplitude against the preceding hyperpolarizing potential. The 
average half-maximal activation voltage (V1/2) and slope factor (k) of the Boltzmann fit to 
the data were −80.2±2.0 and −6.7±1.0 mV (n=8), respectively (Figure 4D). The voltage 
dependence of the fully activated current was evaluated over a large range of potentials 
(−80 to −10 mV) by measuring the tail current amplitudes after a hyperpolarizing pulse 
to −110 mV. Figure 4E shows a typical example, and Figure 4F shows the average 
I-V relationship of the fully activated HCN current. The average reversal potential 
was −35.6±3.0 mV (n=4) (Figure 4F). Activation and deactivation time constants were 
obtained from monoexponential fits of the step (Figure 4B) and tail (Figure 4E) currents, 
respectively. The activation time constant ranged from ~400 ms at −110 mV to ~2 s 
at −80 mV, and the deactivation time constant was ~2 s at −80 mV to ~140 ms at 
−30 mV (Figure 4G). Finally, we tested the effects of adrenoceptor stimulation on basic 
If properties of the LV-HCN4-GFP-transduced neonatal rat myocytes. We compared 
both the activation kinetics and voltage dependence of activation before and after the 
presence of 1 μM noradrenaline in three cells. Noradrenaline accelerated the current 
activation significantly. The inset in Figure 4H shows a typical example of If activated 
upon a hyperpolarizing step to−110 mV of a LV-HCN4-GFP-transduced neonatal rat 
myocyte. On average, the activation time (upon steps to −110 mV) decreased by 
30±9% in response to noradrenaline (n=3). Additionally, noradrenaline shifted the V1/2 
of channel activation by 10.2±3.3 mV to more positive potentials (Figure 4H).

If is a major determinant of spontaneous beating of SA node pacemaker cells, 
because its depolarizing current contributes importantly to diastolic depolarization 
and the signature AP morphology of these cells. To study how the increase in If 
magnitude, which resulted from HCN4 overexpression, impacted on AP properties, 
we analyzed APs from non-transduced, LV-GFP transduced, and LV-HCN4-GFP 
transduced single neonatal myocytes. Figure 5A shows typical APs of (left-to-right) 
non-transduced, LV-GFP transduced, and LV-HCN4-GFP transduced single neonatal 
myocytes; Table 1 summarizes their average AP characteristics. HCN4 overexpressing 
myocytes had diastolic depolarization (phase-4 depolarization, arrows), which was 
never observed in non-transduced and LV-GFP-transduced myocytes. The absence 
of diastolic depolarization in non-HCN-transduced myocytes agrees with previous 
observations in cultured neonatal rat myocytes.26,27,31 In HCN4 overexpressing 
myocytes (n=5), the diastolic depolarization resulted in regular beating with an intrinsic 
cycle length of 513±60 ms. Nontransduced and LV-GFP transduced cells also showed 
spontaneous activity, but this seemed to be due to irregularly occurring delayed 
afterdepolarizations (asterisks) which sometimes reached the threshold to trigger 
spontaneous APs.32 Delayed afterdepolarization are activated by spontaneous Ca2+ 
release of the saccoplasmic reticulum as frequently occurs in neonatal rat myocytes.33 
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Figure 4. Hyperpolarization-activated current, If, in single cardiac myocytes transduced by lentiviral 
vectors. A, Typical If trace and its block by 5 mM Cs+ in a LV-HCN4-GFP-transduced cardiac myocyte. 
B, Typical If traces of (top-to-bottom) a non-transduced, a LV-GFP-transduced, and a LV-HCN4-GFP-
transduced rat cardiac myocyte. Inset: voltage pulse protocol to measure activation properties. 
C, Average current-voltage (I-V) relationships of If. D, Voltage dependency of If activation. Solid line 
is the Boltzmann fit to the experimental data. E, Typical If traces of LV-HCN4-GFP-transduced rat 
cardiac myocyte. Inset: voltage pulse protocol to measure deactivation properties. F, I-V relation-
ship of the fully activated HCN current. Solid line is the linear fit to the experimental data. G, Time 
constants of (de)activation. Solid line is the best fit curve to the equation τ=1/[A1×exp(−V/B1) + 
A2×exp(V/B2)], where τ is the activation or deactivation kinetic time constant, and A1, A2, B1, and 
B2 are calculated fitting parameters.41 H, Effects of 1 μM noradrenaline on voltage dependence of 
If activation. Inset: typical If traces in the absence and presence of noradrenaline.
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Cycle lengths of APs in non-transduced (n=8) and LV-GFP transduced cells (n=5) were 
significantly longer than in HCN4 overexpressing cells (n=7) at 797±63, 702±59, and 
513±60 ms, respectively. In HCN4 overexpressing myocytes, Cs+ (2 mM) abolished 
diastolic depolarization and reduced the beating rate. However, spontaneous activity 
based on delayed afterdeplarizations remained present. Figure  5B shows a typical 
example. In non-transduced or LV-GFP transduced cells, Cs+ left the spontaneous 
activity unaffected (Figure 5C). Of note, spontaneous beating rates in HCN4 
overexpressing myocytes in the presence of 2 mM Cs+ were similarly irregular as in 
control (non-transduced and LV-GFP transduced) cells. 

Consistent with pacemaker cells, i.e., SA nodal cells, maximal diastolic potential 
(MDP) of HCN4 overexpressing cells (−61.2±2.3 mV) was less negative than in non-
transduced cells (−68.9±1.2  mV) and LV-GFP transduced cells (−69.5±1.3 mV). 
This agrees with previous studies on HCN2 and HCN4 overexpression in neonatal 
myocytes.26,27 Moreover, along with the finding that HCN blockade by Cs+ causes 
hyperpolarization of MDP, this finding demonstrates that HCN channel activity initiates 
diastolic depolarization (Figure 5B). Also in agreement with pacemaker cells, maximal 
AP upstroke velocity of HCN4 overexpressing cells (40±9 V/s) was significantly lower 
than in non-transduced cells (142±20 mV) and LV-GFP transduced cells (123±15 mV). 
AP amplitude (APA) and AP duration at 50 and 90% repolarization (APD50 and APD90) did 
not differ between the various cell types, although there is a trend to increased APD50 
and APD90. AP duration at 20% repolarization (APD20) in LV-HCN4-GFP transduced cells 
was increased compared to LV-GFP transduced cells. The trend toward longer APs may 
be related to the less negative MDP in LV-HCN4-GFP transduced cells, which will result 
in inactivation (thus reduced availability) of various repolarizing K+ currents, i.e., transient 
outward K+ current (Ito1) and rapid component of delayed rectifier K+ current (IKr).

34–36

Table 1. Action potential properties. 

Non-transduced 
(n=8)

LV-GFP 
(n=5)

LV-HCN4
(n=7)

Diastolic depolarization, n/n 0/8 0/5 7/7 *†

Cycle length, ms 797±63 702±59 513±60 *†

MDP, mV -68.9±1.2 -69.5±1.3 -61.2±2.3 *†

Vmax, V/s 142.0±20 123±15 37.5±9 *†

APA, mV 110.1±9.6 117.0±9.9 97.2±4.7

APD20, ms 20.6±5.6 11.1±3.0 39.7±9.2 †

APD50, ms 58.1±9.0 45.0±17.2 82.6±11.6

APD90, ms 123.1±12.8 101.2±20.4 147.4±14.5

* P<0.05 vs. non-transduced; † p<0.05 vs. LV-GFP; MDP, maximal diastolic potential; Vmax, maximal 
uostroke velocity; APD20, APD50, APD90, action potential duration at 20, 50, and 90% of repolar-
ization, respectively.
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Electrophysiological effects of HCN4 overexpression in cardiac myocyte 
cultures
The biological pacemaker will eventually be formed by a syncitium of myocytes, which are 
functionally linked. Their coordinated beating and response to autonomic modulation 
depends greatly upon the electrotonic interactions between myocytes and this may 
impact on the functional properties of single myocytes. Accordingly, we studied how 
HCN4 overexpression of myocytes, and the resulting increase in If magnitude, shape 
the electrophysiological properties of cultured myocyte monolayers. We also studied 
the critical mass of HCN4 overexpressing cells which is required to incorporate an 
appropriate response to cAMP stimulation. To study cycle lengths and average beating 
rates, we conducted extracellular measurements 14–21 days after transduction. 

Figure 5. Spontaneous action potentials (APs) in single cardiac myocytes transduced by lentiviral 
vectors. (A) Typical APs in (left-to-right) a non-transduced, a LV-GFP-transduced, and a LV-HCN4-
GFP-transduced rat cardiac myocyte. Asterisks and arrows indicate delayed after depolarizations 
and diastolic depolarization, respectively. B and C, Typical examples of the effect of 2 mM Cs+ on 
spontaneous activity in a LV-HCN4-GFP-transduced (B) and a LV-GFP-transduced (C) rat cardiac 
myocyte. Note that, in the LV-HCN4-GFP-transduced rat cardiac myocyte, Cs+ abolished diastolic 
depolarization, while spontaneous activity based on delayed after depolarizations was still present.
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Figure 6A shows typical tracings of LV-GFP and LV-HCN4 monolayers. Monolayers 
were measured for 85 s and analyzed for cycle length variability and average beating 
rate (beats per minute). Figure 6B shows typical examples of all cycle lengths which were 
measured in a single monolayer. The left panel of Figure 6C shows the distribution of all 
cycle lengths which were measured in all monolayers put together in each experimental 
group. Cycle lengths in LV-GFP monolayers were highly irregular at baseline. In contrast, 
HCN4 overexpressing monolayers had regular cycle lengths at baseline. Median cycle 
lengths (Figure 6C, left panel) cannot be used to analyze overall beating rates when cycle 
lengths are highly irregular. To assess overall beating rates, we therefore counted mean 
beats per minute (bpm), as summarized in Figure 6C, right panel. Overall beating rates 
were significantly faster in LV-HCN4 transduced monolayers (113±7 bpm at MOI 2.5, 
n=14, and 124±9 bpm at MOI 5, n=12) than in non-transduced or LVGFP transduced 
monolayers (79±14 bpm, n=13, and 84±6 bpm, n=14, respectively). Beating rates were 
not different between monolayers transduced with LV-HCN4 at MOI 2.5 or 5.0, and 
between non-transduced and LV-GFP-transduced monolayers.

We next studied if a critical mass of engineered pacemaker cells is essential in 
the response upon autonomic modulation. We therefore exposed monolayers to an 
analogue of cAMP (DBcAMP), the downstream second messenger in the β-adrenergic 
signaling pathway. We recorded extracellular electrograms before DBcAMP stimulation 
and 10 min thereafter. In these experiments, we studied two different groups of 
HCN4 overexpressing monolayers; LV-HCN4 (MOI 2.5) monolayers with 13% of 
HCN4 overexpressing cells and LV-HCN4 (MOI 5) with 27% of HCN4 overexpressing 
cells. We compared their responses to non-transduced and LV-GFP transduced 
control monolayers. Beating rates of monolayers transduced with LV-HCN4 at a MOI 
of 5 increased by 54%, from 124±9 bpm to 191±10 bpm (P<0.05; Figure 6C), after 
addition of DBcAMP. Moreover, while HCN4 overexpression at a MOI of 5.0 stabilized 
beating rates upon DBcAMP stimulation by reducing the variations in beat-to-beat 
intervals, this stabilization did not occur in monolayers transduced at a MOI of 2.5. 
Upon DBcAMP stimulation, cycle lengths of monolayers transduced at a MOI of 2.5 
became highly irregular, similar to LV-GFP monolayers (Figure 6C, left panel). Because 
DBcAMP addition resulted both in shorter and longer cycle lengths in LV-HCN4 
(MOI 2.5) monolayers, overall beating rates (expressed as bpm) were unchanged after 
DBcAMP stimulation (Figure 6C, right panel). Taken together, these findings indicate 
that a threshold of transduction efficiency exists to obtain stable cycle lengths and an 
overall increase in beating rates in response to DBcAMP stimulation.

DISCuSSION
We show that cardiac myocytes overexpressing HCN4 adopt hallmark features of SA 
node pacemaker cells, including slow diastolic depolarization, less negative maximal 
diastolic potential, and slower AP upstroke velocity. Moreover, we demonstrated 
that stimulation of these cells with noradrenaline shifted the V1/2 of the If activation 
curve towards more positive potentials, indicative of intact β-adrenergic signaling 
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Figure 6. Extracellular measurements on spontaneously active monolayers transduced by lentiviral 
vectors. A, Top: Typical recordings of LV-GFP and LV-HCN4 (MOI 5) transduced monolayers, at 
baseline (left) and after stimulation with 1 mM DBcAMP (right). Bottom: Extracellular electrograms 
at expanded time scale of baseline rhythms of hatched square in top panel. B, Typical recordings 
of cycle lengths from single monolayers transduced with (left-to-right) LV-GFP, LV-HCN4 (MOI 2.5) 
and LV-HCN4 (MOI 5); upper panels represent baseline and lower panels represent measurements 
10 min after the addition of DBcAMP on the same monolayer. C, Left: Box-plots of all cycle 
lengths in each experimental group at baseline (white) and after stimulation with DBcAMP (gray). 
Boxes include middle quartiles (25–75%), bars within boxes represent median values, whiskers 
indicate smallest and largest non-outlier values. Outliers are defined as smaller or larger than 
1.5 times interquartile range and are not shown. Right: Mean beating rates (beats per minute, 
bpm) at baseline (white) and after stimulation with DBcAMP (gray).
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after lentiviral overexpression. We also show that beating rates of cardiac myocyte 
monolayers increase by lentiviral HCN4 overexpression. In addition, monolayers that 
are transduced with a sufficient amount of HCN4 demonstrate faster and more uniform 
beating rates upon addition of DBcAMP. These findings together indicate that LV-HCN4 
transduction at a certain threshold confers responsiveness to autonomic control. 

HCN4 overexpression resulted in slow diastolic depolarization, which was 
efficiently blocked by Cs+. However, blockade of HCN did not abolish spontaneous 
activity completely (Figure 5). This contrasts with findings of Er and colleagues.27 
They demonstrated that the overexpression of a dominant-negative HCN2 construct 
abolished the spontaneous activity completely in neonatal rat myocytes. This 
inconsistency might be due to the fact that our experiments were performed in 
single myocytes or that pacemaker formation in neonatal rat myocytes is due to an 
ensemble of ion currents, as is the case in SA node cells.37 Interestingly, modulation of 
T-type Ca2+ current,38 Na+-Ca2+ exchange current,31 and Ca2+ homeostasis33 also affects 
beating rates significantly, indicating that pacemaking activity in neonatal myocytes is 
not entirely based on If. Detailed experiments are required to address the mechanism 
of neonatal rat myocytes pacemaking. 

Our study points to transduction efficiency as a critical factor in appropriate 
responsiveness to cAMP stimulation of If. This finding should aid the in vivo development 
of a biological pacemaker because it indicates that a threshold of transduction 
efficiency must be obtained in a focal area to generate a cAMP-responsive biological 
pacemaker. Kashiwakura et al. described that a transduction efficiency of 3% to 5% 
in the left ventricle of guinea pigs was sufficient to create a biological pacemaker 
with a synthetic pacemaker channel.39 However, this transduction efficiency was 
calculated with respect to the whole ventricle and is therefore not comparable with the 
transduction efficiencies in our study. We found that a minimal transduction efficiency 
of 27±2% in neonatal cardiac myocytes was necessary to generate a monolayer of cells 
which responded appropriately to cAMP stimulation. Responsiveness to autonomic 
modulation is a key advantage of a biological pacemaker compared to its electronic 
counterpart. In our design, autonomic modulation was expected, since HCN4 channel 
activity is known to be affected by alterations in cAMP levels, and modifications in 
cAMP levels are normally a direct result of β-adrenergic and muscarinic stimulation. 
Moreover, it has been demonstrated that HCN4 channels are more responsive to 
cAMP than HCN1 or HCN2.5,18–20 

The transduction efficiency found in human cardiac myocytes is not directly comparable 
with the transduction efficiency found in neonatal rat cardiac myocytes. It is therefore 
not yet possible to draw definite conclusions regarding the feasibility of obtaining 
sufficient transduction efficiency in the human heart with lentiviral gene delivery. One 
of the challenges is to develop a method of culturing human cardiac myocytes in which 
functional properties are sufficiently preserved to allow for in vitro electrophysiological 
studies. Human cardiomyocytes are isolated from atrial fragments that may be obtained 
during the preparation of extra-corporeal circulation during cardiac surgery. At present, 
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this mode of cell acquisition does not preserve the cellular integrity sufficiently well to 
conduct electrophysiological studies. To further determine the maximal transduction 
efficiency of a lentiviral vector, the use of in  vivo studies may be more valuable since 
different groups reported greatly varying in vivo transduction efficiencies.12–15 

The development of a biological pacemaker requires longterm and stable 
expression. Although we found that lentiviral HCN4 expression was stable for more 
than 1 month in cultured HEK293T cells (data not shown), long-term in vivo studies 
must be performed to determine the usefulness of lentiviral HCN4 gene transfer when 
therapeutic applications are considered. Lentiviral vectors appear to be very promising 
for long-term expression in vivo. We have, for instance, shown that lentiviral vectors 
are suitable for the expression of therapeutic genes in skeletal muscle, pancreas, and 
liver for more than 1 year.16,40 In conclusion, HCN4 gene therapy shows great potential 
to initiate pacemaker function in  vitro. In  vivo experiments are necessary to further 
evaluate the effects of lentiviral overexpression of HCN4.
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ABSTRACT
Testing cardiac gene and cell therapies in vitro requires a tissue substrate that survives 
for several days in culture while maintaining its physiological properties. The purpose 
of this study was to test whether culture of intact cardiac tissue of neonatal rat ventricles 
(organ explant culture) may be used as a model to study gene and cell therapy. We 
compared (immuno) histology and electrophysiology of organ explant cultures to both 
freshly isolated neonatal rat ventricular tissue and monolayers. (Immuno) histologic 
studies showed that organ explant cultures retained their fiber orientation, and that 
expression patterns of α-actinin, connexin-43, and α-smooth muscle actin did not 
change during culture. Intracellular voltage recordings showed that spontaneous 
beating was rare in organ explant cultures (20%) and freshly isolated tissue (17%), 
but common (82%) in monolayers. Accordingly, resting membrane potential was 
–83.9±4.4 mV in organ explant cultures, −80.5±3.5 mV in freshly isolated tissue, and 
−60.9±4.3 mV in monolayers. Conduction velocity, measured by optical mapping, 
was 18.2±1.0 cm/s in organ explant cultures, 18.0±1.2 cm/s in freshly isolated tissue, 
and 24.3±0.7 cm/s in monolayers. We found no differences in action potential 
duration (APD) between organ explant cultures and freshly isolated tissue, while APD 
of monolayers was prolonged (APD at 70% repolarization 88.8±7.8, 79.1±2.9, and 
134.0±4.5 ms, respectively). Organ explant cultures and freshly isolated tissue could 
be paced up to frequencies within the normal range for neonatal rat (cycle length; 
CL 150 ms), while monolayers could not. Successful lentiviral (LV) transduction was 
shown via GFP gene transfer. Co-culture of organ explant cultures with spontaneously 
beating cardiomyocytes increased the occurrence of spontaneous beating activity of 
organ explant cultures to 86%. We conclude that organ explant cultures of neonatal 
rat ventricle are structurally and electrophysiologically similar to freshly isolated tissue 
and a suitable new model to study the effects of gene and cell therapy.
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INTRODuCTION
New therapies for various cardiovascular diseases are currently being developed with 
a focus on gene and cell therapy. For gene therapy, lentiviruses are attractive vectors 
because they are capable of transducing non-replicating cells1 (e.g., cardiomyocytes), 
stably integrating the gene of interest into the host genome,2 and carrying relatively 
large genes.3 The expression of lentivirally-transduced genes requires several days. This 
time is needed to allow the viral mRNA to be reverse transcribed into DNA, which is 
required for subsequent integration and expression. Evaluating the effects of cell therapy 
may also require several days4. Experimental models to test gene and cell therapy for 
cardiovascular diseases should therefore replicate the in  vivo situation over a period 
of at least days. Although this may be achieved via animal studies, these studies have 
important drawbacks, including their high cost and labor intensity. Therefore, suitable 
in  vitro models are important, especially as an initial strategy screening tool. While 
current in vitro models, such as cultured neonatal rat ventricular cardiomyocytes, provide 
the opportunity of testing cells over 1–2 weeks, important properties of the in  vivo 
situation are lost in this system. For instance, neonatal rat ventricular cardiomyocytes 
cultured in a syncytium (monolayer) show a flat, star-shaped morphology instead of 
the normal rod-like shape, along with a reduction in peak transient outward current, 
sodium current, and calcium current.5 Furthermore, these cells display a depolarized 
resting membrane potential (RMP), a reduced action potential upstroke velocity, and 
spontaneous beating.6,7 These properties are correlated to the loss of IK1

8 and the number 
of myofibroblasts present in these cultures.9 Miragoli et al. described a fast phenotypic 
switch from fibroblasts to myofibroblasts when in culture.10 These myofibroblasts 
expressed both connexin-43 and connexin-45 at contact sites between each other and 
with cardiomyocytes. Since myofibroblast have a more depolarized membrane potential, 
coupling between myocyte and myofibroblast is believed to induce depolarization in 
the cardiomyocyte, thereby causing depolarization-induced automaticity.11

Several studies describe methods to limit the changes due to cell culturing, 
including anisotropic growth and the use of pharmacologic agents and cell separation 
to reduce the number of (myo) fibroblasts.10,12 However, a 3-dimensional system would 
still be preferable over a 2-dimensional cell culture for various reasons, including 
differences in gene expression, regulation of cell growth and fibroblast morphology.13 
Furthermore, the 3-dimensional structure more closely resembles the in vivo situation 
and may be particularly relevant when studying electrical phenomena such as current-
to-load mismatch.14

Clearly, the development of a 3-dimensional cardiac in vitro model that remains 
viable for several days, yet maintains its electrophysiologic properties, is crucial to 
reliably study various gene- and cell-based therapies. Previous studies have reported 
on short-term culturing of cardiac tissue slices. However, extensive electrophysiologic 
characterization after several days is lacking from these reports.15-17 Therefore, in 
the present study, we investigated the (immuno) histologic and electrophysiologic 
properties of 6–8 days old cultured intact cardiac tissue (organ explant culture). We 
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compared outcomes to both freshly isolated cardiac tissue and to monolayers to 
address the following questions: 1) Are organ explant cultures viable for 6–8 days? 
2)  How do the (immuno) histologic and electrophysiologic properties differ among 
these in  vitro systems? 3) Can organ explant cultures be transduced by lentiviral 
vectors? 4) Can organ explant cultures functionally couple to spontaneously beating 
neonatal rat ventricular cardiomyocytes?

MATERIAlS AND METHODS
Preparation of organ explant cultures and monolayers
All animal experiments were approved by the local Animal Experiments Committee 
(Academic Medical Center, University of Amsterdam; DCA102499) and carried out in 
accordance with national and institutional guidelines.

Organ explant cultures 
To obtain organ explant cultures, 2-day old Wistar rats (Charles River) were 
decapitated, and hearts were excised and stored in cold HBSS (Gibco, #14025). Atria 
were removed and ventricles were separated into right ventricle, left ventricle, and 
septum. We either used these explants immediately for electrophysiologic studies or 
immunohistochemistry, or cultured them, endocardial side down, on drained collagen 
gels.18 Organ cultures and gels were placed in an incubator at 37°C and 5% CO2. 
Organ cultures were left untreated overnight to allow for attachment to the gel, after 
which complete M199 medium (Gibco, #31150) was added, containing (mM) NaCl 
117, KCl 5.3, CaCl2 1.8, MgSO4 0.8, NaHCO3 26.2, and Na2HPO4 1.0, supplemented 
with 1% fetal bovine serum, 1% penicillin/streptomycin 100× (Gibco, #15140–122), 
5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium (ITS, Collaborative Research Inc., 
#40351), and 2 mM L-glutamine (Gibco, #25030–081). This medium, now called organ 
explant medium, was changed after 4 days and we conducted electrophysiologic and 
(immuno) histologic characterization after 6–8 days.

Monolayers of neonatal rat ventricular cardiomyocytes 
To obtain monolayers of neonatal rat ventricular cardiomyocytes we used previously 
described protocols.19 Briefly, after excision of the hearts and removal of the atria, 
ventricles were dissected into 4–6 fragments, which were left to rotate overnight at 4°C 
in HBSS (Gibco, #14170) without Ca2+ and Mg2+ but containing trypsin (1 mg/mL, USB, 
#22720). The next day, after inactivation of trypsin with culture medium, cells were 
dissociated in three steps in HBSS containing collagenase (1 mg/mL, Worthington 
#4176, 315 units/mg) at 37°C. Dissociation solutions were centrifuged and cells were 
resuspended in 10% culture medium. To separate fibroblasts from cardiomyocytes, 
cells were preplated for 2 hours in tissue-culture treated polystyrene T175 cell culture 
flasks at 37°C in 5% CO2. After two hours, non-adherent cells were collected and 
plated (0.6×106 cells on 22 mm ø fibronectin (BD Biosciences, # 356009) coated glass 
coverslips). Neonatal rat ventricular cardiomyocytes were cultured at 37°C in 5% CO2 
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in monolayer medium, consisting of M199 (Gibco, #31150) containing (mM) NaCl 117, 
KCl 5.3, CaCl2 1.8, MgSO4 0.8, NaHCO3 26.2, and Na2HPO4 1.0, supplemented with 
1% HEPES (Gibco, #15630–080), 5000 U/L penicillin-G (Sigma, #P7794), 2 mg/L 
vitamin B12 (Sigma, #V2876), 3,5 g/L glucose, 1% non essential amino acids (Gibco, 
#11140–050), 1% L-glutamine (Gibco, #25030–081), and either 10% (until day 3) or 2% 
(from day 3) fetal bovine serum (Gibco, #16140071). Also, several monolayers were 
cultured in organ explant medium to exclude an effect of culture medium composition 
on electrophysiologic characteristics. We conducted electrophysiologic and (immuno) 
histologic characterization after 6–8 days.

Histology
After embedding freshly isolated tissue and organ explant cultures in Tissue-Tek O.C.T 
(Sakura, # 4583), 10 μm thick sections were cut by microtome and stored at −20°C. 
For fixation of monolayers, glass coverslips with cells attached were washed with 
PBS twice and then covered in methanol (−20°C) for 2 minutes. Subsequently, the 
coverslips were washed with PBS 3 times. Fixed monolayers were kept at 4°C.

HE staining 
For hematoxylin-eosin (HE) staining, tissue sections were thawed for 2 hrs and fixed 
in 4% PFA for 10 minutes. Afterwards, both the fixed sections and the previously 
fixed monolayers were washed with distilled H2O, stained with hematoxylin (Sigma) 
for 5 minutes, washed with H2O, and stained with eosin (Sigma) for 30 seconds. After 
washing with H2O, the preparations were shortly rinsed with 70% ethanol, 96% ethanol 
and 100% ethanol, after which they were left in xylol (Bufa) for 5 minutes and mounted 
with pertex (Histolab).

Immunohistologic staining 
For immunohistochemistry, tissue sections, after thawing for 2 hrs, were rehydrated 
in PBS (Lonza, #BE17–516F) for 5 minutes. Monolayers were already stored in PBS. 
Afterwards, 0.2% Triton X-100 (Sigma, #T8787) in PBS was added for 1 hr to increase 
permeability of the cell membrane. After 4 washes with PBS, 2% BSA (MP Biomed) 
in PBS was added for 30 minutes. The primary antibody, dissolved in PBS containing 
10% normal goat serum (Gibco, #16210–064), was left to incubate overnight. The next 
day, sections were washed with PBS. Tissue sections were incubated with secondary 
antibodies and nucleic acid staining (diluted in PBS containing 10% normal goat serum) 
for 2 hours. Sections were sealed with glycerol: PBS (1:1) and stored at 4°C. Primary 
antibodies used are anti-connexin-43 mouse monoclonal (1:100; BD Transduction; 
#610061), anti-α-smooth muscle actin mouse monoclonal (1:1000; Sigma, #A2547), 
anti-α-actinin mouse monoclonal (1:1000; Sigma; #A7811). Secondary antibodies used 
were Alexa-fluor antibodies diluted 1:250, nuclear staining used was sytox orange 
(Invitrogen; #S11368, 1:1000). The specificity of secondary antibodies was verified by 
incubating control sections with secondary antibodies only. Sections treated this way 
did not show any non-specific staining.
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Intracellular recordings
To assess RMP, intracellular microelectrode recordings were made of tissue and cell 
cultures at 37°C in Tyrode’s solution, which contained (mM) NaCl 140, KCl 5.4 mM, 
CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0 (pH 7.4 with NaOH). Microelectrodes 
were filled with 3 M KCl, and tip resistance was 15–35 MΩ. A reference electrode 
was placed in the tissue bath. Action potentials were recorded at 16 kHz using a 
data acquisition system (Biosemi Actiview), and analyzed using custom-made 
software based on Matlab (Mathworks). We characterized tissue by (1) the presence 
of spontaneous beating activity, (2) the presence of phase 4 depolarization, defined 
as a diastolic depolarization rate of at least 5 mV/s measured over the 50 ms interval 
starting at the maximal diastolic potential (MDP), and (3) MDP or RMP (MDP in case 
of preparations showing phase 4 depolarization; RMP in case of quiescent tissue). 
Action potential amplitude, action potential duration (APD), and upstroke velocity 
were not measured due to difficulty keeping the microelectrode intracellular during 
contraction, especially in organ cultures.

Optical mapping
To assess conduction velocity (CV) and action potential properties, optical mapping of 
tissue and cell cultures was done. After exposure to 15 μM di-4-ANEPPS (Invitrogen, 
#D1199) in EBSS (Gibco, #24010) for 7.5 minutes, explants were placed in an optical 
mapping set-up in Tyrode’s solution (37.0±0.5°C) containing (mM) NaCl 140, KCl 5.4 mM, 
CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0 (pH 7.4 with NaOH) and blebbistatin 
10 μmol/L (Tocris Bioscience, #1760). Six power light emitting diodes (5 W per diode, 
band-pass filtered 510±20 nm) delivered excitation light. Emission fluorescence (filtered 
>610 nm) was transmitted through a tandem lens system on a Complementary Metal 
Oxide Semiconductor chip (Micam Ultima) with a spatial resolution of 100×100 pixels. 
Data acquisition was carried out with a sample frequency of 1 kHz for freshly 
isolated tissue and organ explant cultures, and 0.5 kHz for monolayers (because of 
lower fluorescence intensity in monolayers). Data were analyzed using custom made 
software based on Matlab (Mathworks). We characterized tissue by 1) the presence of 
spontaneous beating activity, 2) CV, 3) anisotropy ratio, 4) maximal upstroke velocity, 
5) APD at 20%, 50%, 70%, and 90% repolarization (APD20, APD50, APD70, APD90), 
and 6) the ability to stimulate tissue at different cycle lengths (CLs) varying from 500 ms 
to 100 ms. CV and maximal upstroke velocity were measured at a pacing CL of 500 ms. 
CV was calculated from activation times – based on time of maximal upstroke velocity – 
recorded at 2 sites along a line perpendicular to the isochronal lines, when stimulated 
at 2 times stimulation threshold at a cycle length of 500 ms. The anisotropy ratio was 
defined as maximal CV divided by CV measured perpendicular to maximal CV. Maximal 
upstroke velocity was determined in normalized action potentials – baseline was set 
to 0 and maximal amplitude to 100 – and defined as the maximal rise in percentage 
of action potential amplitude per ms (d(%APA)/dtmax). Because of the lower sample 
frequency, this could not be measured in monolayers.
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Gene and cell therapy
A lentiviral GFP expression vector (pRRL-cPPT-CMV-X2-IRES-GFP-PRE-SIN lentiviral 
transfer vector, designated LV-GFP) was made as described previously.20 Virus was 
produced via cotransfection of HEK293T cells, and titrated by detection of GFP 
expression 3 days after transduction of HeLa cells.

To test the feasibility of gene transfer we injected virus LV-GFP (1×106 IU) into organ 
explant cultures at day 0, before attachment of the tissue to the gel, in the presence of 
dextran (10 Mg/mL; Sigma, #D9885). After overnight incubation, we added complete 
M199 medium.

To test the utility of cell therapy, freshly isolated neonatal rat ventricular 
cardiomyocytes were seeded on top of one-day old organ explant cultures (0.3×106 
cells per explant) to form a spontaneously beating confluent monolayer. Spontaneous 
beating of organ explant cultures was measured via microelectrode measurements 
and optical mapping.

Statistical analysis
Data are presented as mean±SEM. Statistical tests used include Student’s t-test and 
one-way ANOVA for normally distributed continuous data and Pearson’s chi-squared 
test or Fisher’s exact test for categorical data. P<0.05 was considered statistically 
significant. SPSS 18 was used for statistical analysis.

RESulTS
Histology
Hematoxylin-eosin (HE) stained organ explant cultures had a more loose tissue 
structure than freshly isolated tissue, but maintained a longitudinal fiber orientation. 
In contrast, monolayers did not show a longitudinal fiber orientation (Figure 1A). 
Immunohistochemistry for the cytoskeletal protein α-actinin, which is localized to the 
Z-discs, showed a striated pattern in all groups (Figure 1B). Also, immunostaining for 
the gap-junction protein connexin-43 showed a similar pattern in all 3 groups, i.e., 
localization not only to the intercalated discs, but along all cell borders (Figure 1C). 
Expression of α-smooth muscle actin, a marker for myofibroblasts and smooth muscle 
cells, was abundantly present throughout the whole preparation in monolayers, while 
this was not the case in both freshly isolated tissue and organ explants cultures. In 
the example of freshly isolated tissue shown in Figure 1D, α-smooth muscle actin was 
present in vascular smooth muscle cells.

Intracellular recordings
Table 1 shows results from microelectrode measurements; Figure 2 depicts typical 
examples of stimulated action potentials when stimulated at 500 ms CL. Twenty 
percent of organ explant cultures (n=10; 4 left ventricle, 3 right ventricle, 3 septum) 
showed spontaneous beating activity. This proportion was similar to freshly isolated 
tissue (17% [n=6; 2 left ventricle, 2 right ventricle, 2 septum], P=NS). In contrast, 82% 
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Figure 1. Organ explant cultures are (immuno) histologically similar to freshly isolated tissue. 
From left to right: organ explant cultures, freshly isolated tissue, and monolayers. A, Hematox-
ylin-eosin staining. B, Immunohistochemistry for α-actinin (green). C, Immunohistochemistry for 
connexin-43 (green). D, Immunohistochemistry for α-smooth muscle actin (green). Nuclei are 
stained with sytox orange (red).

Figure 2. Typical examples from intracellular recordings. Typical examples of action potentials as 
measured with intracellular recordings when stimulated at 500 ms cycle length.
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Figure 3. Isochronal activation maps. Isochronal activation maps constructed from the moment of 
maximal action potential upstroke velocity. Numbers are activation times in ms. A, Organ explant 
culture. B, Freshly isolated tissue. C, Monolayer.

Figure 4. Action potential duration and capture at different cycle lengths. A, Action potential 
duration at 20%, 50%, 70% and 90% repolarization. B, Typical example of action potentials as 
seen with optical mapping. C, Percentage of tissue showing propagated action potentials when 
stimulated at 500, 400, 300, 200, 150, and 100 ms cycle length. *−* or †−† statistically different 
from each other, P<0.05.

of monolayers (n=17) beat spontaneously (P<0.05 vs. both other groups). Accordingly, 
we observed phase 4 depolarization in 20% of measurements in organ explant 
cultures, never in freshly isolated tissue, and in 67% of the monolayers (P<0.05 vs. 
both other groups).
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Table 1. Summary data from intracellular recordings. 

Organ explant culture 
(n=10)

Freshly isolated tissue 
(n=6)

Monolayers  
(n=17)

Spontaneous beating 
activity

2 (20%) * 1 (17%) † 14 (82%) *†

Phase 4 depolarization 2 (20%) * 0 (0%) † 11 (65%) *†

RMP / MDP (mV) -83.9±4.4 * -80.5±3.5 † -60.9±4.3 *†

Values are n (%) or mean±standard error of the mean. RMP, resting membrane potential; MDP, 
maximal diastolic potential. *−* or †−† statistically different from each other, P<0.05.

Table 2. Summary data from optical mapping. 

Organ explant culture
(n=22)

Freshly isolated tissue 
(n=12)

Monolayers 
(n=26)

Spontaneous beating 
activity 

8 (36%) * 4 (33%) † 23 (89%) *†

CL (ms) 468±97 677±85 582±60

CV (cm/s) 18.2±1.0 * 18.6±1.0 † 24.3±0.7 *†

Anisotropy ratio 2.5±0.1 * 2.1±0.2 † 1.2±0.04 *†

d(%APA)/dtmax 46.8±2.4 50.4±1.9

Values are n (%) or mean±standard error of the mean. CL, cycle length; CV, conduction velocity; 
d(%APA)/dtmax, maximal upstroke velocity. *−* or †−† statistically different from each other, 
P<0.05.

RMP of organ explant cultures was similar to freshly isolated tissue (−83.9±4.4 mV 
and −80.5±3.5 mV, respectively, P=NS), while being more depolarized in monolayers 
(−60.9±4.3 mV; P<0.05).

Optical mapping
Table 2 summarizes results from optical mapping. Similar to intracellular recordings, the 
proportion of spontaneous beating activity of organ explant cultures was comparably 
low as in freshly isolated tissue (36% [n=22; 7 left ventricle, 7 right ventricle, 8 septum] 
and 33% [n=12; 4 left ventricle, 4 right ventricle, 4 septum], respectively, p=NS), 
but much higher in monolayers (89% [n=26], P<0.05 vs. both other groups). In 
spontaneously beating preparations, cycle length did not differ between organ explant 
cultures, freshly isolated tissue and monolayers (468±97 ms, 677±85 and 582±60 ms, 
respectively). Spontaneous activity in organ explant cultures and freshly isolated tissue 
never originated from the dissection border of the tissue.

Maximal CV of organ explant cultures was similar to that of freshly isolated 
tissue (18.2±1.0 cm/s and 18.6±1.0 cm/s, respectively, P=NS), but lower than in 
monolayers (24.3±0.7 cm/s, P<0.05 vs. both other groups). Electrical conduction 
remained anisotropic in organ explant cultures (anisotropy ratio 2.5±0.1), similar to 
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freshly isolated tissue (2.1±0.2, p=NS), while conduction in monolayers was isotropic 
(1.2±0.04, P<0.05 vs. both other groups). Figure 3 shows typical examples of isochronal 
activation maps, based on time of d(%APA)/dtmax of different types of tissue studied.

We did not observe a difference in d(%APA)/dtmax between organ explant cultures 
and freshly isolated tissue (46.8±2.4 and 50.4±1.9 %APA/ms, p=NS).

While APD20, APD50, APD70, and APD90 did not differ between organ explant 
cultures and freshly isolated tissue (33.6±4.0, 35.0±2.9 for APD20; 65.8±6.5, 61.5±2.8 
for APD50; 88.8±7.8, 79.1±2.9 for APD70; and 116.8±10.9 and 107.5±9.8 ms for 
APD90, respectively), APD70 and APD90 were increased in monolayers (134.0±4.5 
and 230.8±9.5 ms; P<0.05 vs. both other groups; Figure 4A).

When stimulated at 500, 400 and 300 ms CL, all groups showed similar capture 
rates (n=15 organ explant cultures, n=10 freshly isolated tissue, n=26 monolayers; 
Figure 4C). When stimulated at 200 ms CL, only 54% of monolayers were captured, 
as compared to 100% of organ explant cultures and 100% of freshly isolated tissue 
(P<0.05 vs. both other groups). This difference was more prominent at shorter CLs, 
e.g., at 150 ms (93% of organ explant cultures, 100% of freshly isolated tissue, 8% of 
monolayers) and at 100 ms (40% of organ explant cultures, 60% of freshly isolated 
tissue, 8% of monolayers).

We further established that the composition of the culture medium was not of 
influence on monolayer characteristics (Figure 5). Monolayers grown in organ explant 
medium (n=10) showed electrophysiologic characteristics similar to monolayers grown 

Figure 5. Optical mapping results comparing monolayers cultured in monolayer medium or 
organ explant medium. A, Percentage of monolayers showing spontaneous beating activity. 
B, Cycle length of spontaneously beating monolayers. C, Conduction velocity. D, Action potential 
duration at 20%, 50%, 70% and 90% repolarization. E, Percentage of monolayers showing propa-
gated action potentials when stimulated at 500, 400, 300, 200, 150, and 100 ms cycle length.
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in monolayer medium (n=9). Both groups showed a high occurrence of spontaneous 
beating activity (89% vs 90%), similar CL of spontaneous beating activity (399±37 vs 
479±86), and no differences in CV, APD, and capture when stimulated at different CLs 
(all P=NS).

Gene and cell therapy
After establishing that electrophysiologic and histologic properties of organ explant 
cultures were highly comparable with freshly isolated tissue, we next tested how well 
organ explant cultures were suitable for lentiviral gene transfer. Injection of LV-GFP 
into the center of organ explant cultures (n=4) resulted in expression of GFP at the site 
of injection (Figure 6A).

Finally, we investigated whether organ explant cultures may be useful in evaluating 
the effects of cell therapy, by testing their capability to couple to other cardiomyocytes. 
Here we found the addition of 0.3×106 spontaneously active neonatal rat ventricular 
cardiomyocytes to increase the percentage of spontaneously beating organ explant 

Figure 6. Organ explant cultures can be used to study the effects of gene and cell therapy. 
A, GFP expression in organ explant cultures transduced with LV-GFP. B, Percentage of prepara-
tions showing spontaneous beating, comparing organ explant cultures alone with organ explants 
co-cultured with spontaneously beating neonatal rat ventricular cardiomyocytes. C, Isochronal 
activation map of organ explant culture with spontaneously beating neonatal rat ventricular car-
diomyocytes, constructed from the moment of maximal action potential upstroke velocity. Spon-
taneous beating originates from the monolayer, with capture of organ explant culture. Numbers 
are activation times in ms.*−* statistically different from each other, P<0.05.
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cultures to 86% (CL 605.8±70.8 ms; Figure 6B). In comparison, above reported 
unmodified organ explant cultures exhibited spontaneous beating only in 28% (n=32) 
of the samples (P<0.05). Figure 6C shows a typical example of an isochronal activation 
map, with spontaneous beating originating from the monolayer of isolated neonatal 
rat ventricular cardiomyocytes, with capture of the organ explant culture.

DISCuSSION
Interpretation of the results from in vitro studies on gene therapies in culture models 
of neonatal rat ventricular cardiomyocytes is often confounded by the occurrence of a 
partial loss of the native physiologic properties. In the present study, we investigated 
whether a new in  vitro model of long-term organ explant culture retained its 
in  vivo properties, and whether this model is suitable for studying gene- and cell-
based therapies. Using (immuno) histochemical and electrophysiologic analysis, we 
demonstrated that long-term heart organ explant cultures were viable up to 8 days 
in culture, while still retaining multiple critical properties of freshly isolated cardiac 
tissue. Cardiomyocytes in organ explant culture retained their longitudinal fiber 
orientation, while expression patterns of the structural proteins α-actinin, connexin-43, 
and α-smooth muscle actin were similar to freshly isolated cardiac tissue. Also, the 
electrophysiologic properties were largely preserved in organ explant cultures. As in 
freshly isolated cardiac tissue, most of the cultures did not show spontaneous beating 
activity and had stable RMP of approximately −85 mV. In addition, CV, anisotropy 
ratio, maximal upstroke velocity, and APD were unaltered.

In comparison, alterations in (electro) physiologic properties in monolayers were 
more pronounced. Immunoreactivity for α-smooth muscle actin was abundantly 
present throughout monolayers, indicative for the presence of myofibroblasts. 
Moreover, monolayers often beat spontaneously, and showed a depolarized RMP, an 
increased presence of slow diastolic depolarization, a loss of anisotropic conduction, 
and a prolonged APD as compared to freshly isolated tissue. Also, while organ explant 
cultures could be paced at frequencies similar to freshly isolated tissue, monolayers 
were more frequently not captured at short CLs.

Finally, we demonstrated that organ explant cultures can be transduced with 
LV-GFP (inferred from the expression of GFP), and are capable of functional coupling 
to spontaneously beating neonatal rat ventricular cardiomyocytes.

Origin of α-smooth muscle actin expression in monolayers
The expression of α-smooth muscle actin in organ explant cultures and freshly 
isolated tissue is related to the presence of smooth muscles in the vasculature.21 
In monolayers, the origin of the α-smooth muscle actin is less clear. While recent 
reports suggest that this is due to the presence of myofibroblasts,12,12 it could also 
be the result of dedifferentiation of cardiomyocytes, since α-smooth muscle actin is 
also temporarily expressed in fetal rat cardiomyocytes.22 Zhang et al. have shown that 
cultured cardiomyocytes can dedifferentiate and express early transcription factors, 
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but they did not investigate the expression of α-smooth muscle actin in these cells.23 
In vivo, the expression of α-smooth muscle actin in both adult cardiomyocytes and 
myofibroblasts has been described in cardiac diseases such as atrial fibrillation and 
right ventricular pressure overload.24,25

Myofibroblasts, MDP, and spontaneous activity
Several studies investigated the effects of different amounts of (myo) fibroblasts on 
MDP and spontaneous beating activity of monolayers.10,26 In these studies a preplating 
step was used to separate fibroblasts from cardiomyocytes, and bromodeoxyuridine 
was added to influence the growth of (myo) fibroblasts present in culture. Miragoli et al. 
described a decrease in MDP from approximately −80 mV to −50 mV when the amount 
of myofibroblasts increased. In that study, experiments were performed in 3−4 days 
old preparations. Since we want to use our model to further study the effect of lentiviral 
gene transfer after 6 days, we tried to decrease the number of myofibroblasts this way. 
However, in our experience, decreasing the amount of (myo) fibroblasts via preplating 
and bromodeoxyuridine was only effective for a limited amount of time. Alternatively, 
pharmacologic interventions such as cytochalasin D or latrunculin B have been shown 
to disturb actin function, restore membrane potential and stop spontaneous beating 
in cell pairs of myofibroblasts and neonatal rat ventricular cardiomyocytes.12 Yet, we 
did not attempt to use this type of interventions as they do not prevent abundant 
presence of myofibroblasts and membrane potentials remain relatively depolarized at 
approximately −74 mV.

Another factor that can contribute to spontaneous beating in cultured cells is a 
decreased inward rectifier current (IK1), which has been shown in both adult rat and 
rabbit ventricular myocytes.8,27 This progressive decrease in IK1 was correlated to a 
depolarization of the RMP, and could thus also influence the occurrence of spontaneous 
beating.

Even in the absence of myofibroblast and with a RMP of approximately −84 mV, 
some of the organ explant cultures and freshly isolated tissues showed spontaneous 
beating activity. Spontaneous beating was observed in some preparations where 
we did not detect phase 4 depolarization. This likely occurred in settings where the 
impalement site was not at the origin of spontaneous membrane depolarization. We 
showed that the beating activity in organ explant cultures and freshly isolated tissue 
did not originate from the dissection border of the tissue, excluding tissue damage as a 
causative factor in our preparations. Since part of the conduction system is still present 
in freshly isolated tissue and organ explant cultures, it is possible that spontaneous 
beating originated from these cells.

Conduction velocity
CV of freshly isolated tissue was relatively low (18.2±1.0 cm/s) compared to reported 
values for adult rat ventricle (66±8 cm/s).28 Only few papers have reported CV in 
neonatal rat heart,29-31 and showed values ranging from 21 cm/s in 2-day old rats to 
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31 cm/s in 10-day old rats. This increase in CV with increasing age was found in several 
species.32,33

We found that CV in monolayers was higher than in organ explant cultures 
and freshly isolated tissue. This was somewhat surprising, given the fact that 
organ explant cultures had electrophysiologic properties and tissue architecture 
that were more favorable (i.e., conducive to high CV) than monolayers. CV has 
multiple determinants, whose net contributions are difficult to predict. For instance, 
fiber direction, a determinant of CV,34 appears more favorable for organ explant 
cultures than monolayers, as longitudinal cell orientation (associated with large 
CV in the longitudinal direction) was preserved in organ explant cultures, but not 
in monolayers. Paradoxically, tissue geometry may also provide a potential cause 
for the lower CV in organ explant cultures. Since a monolayer is a 2-dimensional 
network, the activation wavefront must travel in a horizontal plane, i.e., the plane 
that is measured by optical mapping. However, in organ explant cultures, the 
loose 3-dimensional tissue structure may give rise to activation wavefronts that 
travel outside the planes of optical measurement. In that case, the CV will be 
underestimated.

Another factor that can influence CV is the magnitude of the upstroke velocity.35 
However, since the sample time was 2 ms in optical mapping of monolayers, we 
could not measure upstroke velocity and compare this to organ explant cultures and 
freshly isolated tissue, as these were mapped with a sample time of 1 ms.

A possible contributor to higher CV in monolayers may be larger cell size. While 
we did not quantify cell surface area, in both HE staining and immunohistochemistry, 
cell surface area in monolayers appeared to be larger, which may partly explain larger 
CV.36,37 A final determinant of CV to consider is cell-to-cell coupling.36 However, this 
determinant is not likely to explain differences in CV, as connexin-43 expression was 
similar in all groups; being distributed along all cell borders, instead of being localized 
to the intercalated discs as in adult tissue.38 We did not investigate Cx45 expression 
and therefore cannot rule out potential differences among the individual groups. 
Although the presence and role of connexin-45 during embryonic development have 
been well established,39 its role in neonatal and adult tissue seems limited, as it has 
consistently been found in very low quantities in both neonatal and adult heart.40-42 
Furthermore, in cell pairs of neonatal rat ventricular cardiomyocytes there is a linear 
correlation between gap junction conductance and connexin-43 immunosignal.43 
We therefore like to suggest that potential differences in connexin-45 are unlikely 
to explain the differences in CV in our study. Nevertheless, if there is a difference in 
expression of connexin-45 in monolayers as compared to freshly isolated tissue and 
organ explants cultures, this could influence CV, as mixed channels containing both 
connexin-43 and -45 have a lower channel conductance.44-46 This lower gap junction 
conductance is expected to decrease CV.47

While CV is higher in monolayers than organ explant cultures, freshly isolated 
tissue has a similar CV to organ explant cultures, which leads us to believe that the 
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organ explant cultures in this study showed a CV within the normal range for neonatal 
rat ventricular tissue.

Action potential duration
The APDs of freshly isolated neonatal rat ventricle and monolayers reported vary 
between different studies, and the values as reported in this paper are consistent 
with previously published studies.48-50 The prolonged APD seen in monolayers as 
compared to freshly isolated tissue can be explained by their depolarized MDP. Due 
to this depolarization, both the transient outward current (Ito) and the rapid component 
of the delayed rectifier current (IKr) are inactivated more strongly.51-53 The resulting 
decrease in repolarizing currents is expected to prolong APD. Bursac and colleagues 
indeed showed that blocking Ito with 4-aminopyridine in freshly isolated tissue strongly 
increased the APD, while blocking Ito had no effect on the APD in monolayers.49

Stimulation at different cycle lengths
Often properties of monolayers are studied at a 2 Hz pacing rate. Since neonatal rat 
hearts beat at around 350 beats per minute (CL~170 ms54,55), we also investigated 
capture at shorter CLs. While both organ explant cultures and freshly isolated tissue 
could still be paced with a CL of 150 ms, capture was frequently lost in monolayers 
at CLs of around 200 ms. This finding is in accordance with the longer APD found 
in monolayers.

CONCluSION
In conclusion, we developed a method of organ explant culture that provides an 
in vitro model of cardiac tissue that is structurally and electrophysiologically similar 
to freshly isolated tissue. In accordance with its tissue architecture, (near) absence 
of spontaneous beating and myofibroblasts render this model superior to the well 
established model of neonatal rat ventricular cardiomyocytes cultured in monolayer. 
Because the cultured organ explant model also appeared readily modified by 
methods of gene and cell therapy, this model may offer a powerful screening tool for 
the evaluation of biological approaches aimed at treatment of cardiovascular disease.
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ABSTRACT
Background: The generation of sustained pacemaker function is a challenge in 
biological pacemaker engineering. Human cardiac myocyte progenitor cells (CMPCs) 
have exhibited extended survival in the heart after transplantation. We now studied 
whether lentivirally-transduced CMPCs that express the pacemaker current If (encoded 
by HCN4), may be used as gene delivery vehicle in biological pacemaker engineering.

Methods and Results: Human CMPCs were isolated from fetal hearts using magnetic 
beads coated with a Sca-1 antibody, cultured in non-differentiating conditions, and 
transduced with HCN4 and/or green fluorescent protein (GFP) lentiviral expression 
vectors. In CMPCs overexpressing HCN4-GFP, patch-clamp analysis showed a large 
hyperpolarization-activated, time-dependent inward current (-20 pA/pF at -140 mV, 
n=14) with properties typical of If. Gap-junctional coupling between CMPCs and 
neonatal rat ventricular myocytes (NRVMs) was demonstrated by efficient dye transfer 
and changes in spontaneous beating activity. In organ explant cultures, the number of 
preparations showing spontaneous beating activity increased from 6.3% in CMPC/GFP-
injected preparations to 68.2% in CMPC/HCN4-GFP-injected preparations (P<0.05). 
In CMPC/HCN4-GFP-injected preparations, isoproterenol induced a  significant 
reduction in cycle lengths from 648±169 to 392±71 ms (P<0.05). 

Conclusions: Lentivirally transduced CMPCs overexpressing HCN4 functionally couple 
to NRVMs, induce physiologically controlled pacemaker activity, and may therefore be 
a useful delivery platform for sustained pacemaker function. 
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INTRODuCTION
Biological pacing based on gene and cell therapy technologies has been the subject 
of intensive research, focused primarily on treating bradycardia. Several gene-based 
strategies are particularly promising, but their potential clinical application depends 
on demonstration of efficacy, safety and durability of effect.1 

A major concern relates to delivery platforms to induce long-term gene-based 
pacemaker function. Adeno-associated viral (AAV) vectors have been studied for 
myocardial gene therapy and are currently employed in clinical trials that target heart 
failure.2 A downside of AAV is their limited insert capacity (allowing only <5k base 
pairs) which is problematic for some approaches to biological pacing, e.g., approaches 
that rely on the skeletal muscle sodium channel SkM1 (5.5k base pairs).3 Lentiviral 
vectors have a much larger insert capacity (8.0k base pairs) and can generate long-
term gene expression in the heart.4, 5 However, due to safety concerns and a laborious 
production process, these vectors are infrequently used for direct gene transfer.6 Yet, 
lentiviral vectors have been shown to be a powerful tool for ex vivo modification of 
hematopoietic stem cells, and have been used in various clinical trials targeting blood 
and immune disorders.7 Thus, they may be considered for gene-based approaches to 
biological pacing in settings of ex vivo modification of stem cells. 

Genetically modified mesenchymal stem cells (MSCs) provide efficient delivery of 
hyperpolarization-activated cyclic nucleotide-gated ion channels (HCN) to adjacent 
myocytes.8, 9 When MSCs are used as a delivery platform for pacemaker current, they 
are typically undifferentiated and form gap junctions with myocardial cells, thereby 
providing ion channel function to the host cells.9 When loaded with HCN2 and 
transplanted into left ventricular epicardium of dogs with complete atrioventricular 
block, these cells generated autonomically-controlled pacemaker function that 
persisted throughout a 6-week study.10 However, longer term studies have been 
problematic as these cells tend to be lost over time from the injected area.1 

Given these outcomes, we searched for an alternative cellular delivery platform 
with a better potential for long-term intramyocardial persistence. We selected cardiac 
myocyte progenitor cells (CMPCs) since they are native to the human heart and have 
been shown to persist for months after intramyocardial transplantation.11 In the present 
study, we assessed lentiviral transduction of CMPCs, studied functional interaction with 
cardiac myocytes, and investigated the ability of HCN4-loaded CMPCs to generate 
autonomically controlled pacemaker function. 

MATERIAlS AND METHODS
Cardiac progenitor cells isolation and culture
CMPCs were isolated from human fetal hearts obtained after elective abortion with 
prior informed consent and approval by the ethical committee of the University 
Medical Center Utrecht, as previously described.12 In brief, hearts were isolated and 
perfused using a Langendorff perfusion setup. After digestion with collagenase and 
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protease, CMPCs were isolated from the non-myocyte fraction of the cell suspension 
using magnetic cell sorting beads coupled to a Sca-1 antibody. Cells were cultured 
on 0.1% gelatin coated material, using SP++ medium (Lonza, EBM-2 with EGM-2 
additives, mixed 1:3 with M199) supplemented with 10% FCS (Gibco), 10 ng/ml 
basic fibroblast growth factor, 5 ng/ml epithelial growth factor, 5 ng/ml insulin-like 
growth factor, and 5 ng/ml hepatocyte growth factor. CMPCs were cultured in non-
differentiating conditions for up to a maximum of 20 passages. 

lentiviral vectors, transduction and efficiency
The bicistronic lentiviral HCN4 expression vector has previously been described.13 In 
this vector, gene expression is controlled by a cytomegalovirus (CMV) promoter and 
the expression of HCN4 is linked to green fluorescent protein (GFP) expression by an 
internal ribosome entry site from the encephalomyocarditis virus. CMV driven GFP 
and DsRed lentiviral vectors served as control vectors. These vectors are designated 
LV-HCN4-GFP, LV-GFP, and LV-DsRed, respectively, throughout this paper. Lentiviral 
vectors were generated by co-transfection of HEK293T cells, concentrated, and 
titrated as previously described.14

CMPCs were transduced in the presence of 8 μg/ml polybrene (Sigma), with LV-
HCN4-GFP or LV-GFP at a multiplicity of infection (MOI) of 2. Transduced cells were 
used after 4 days for co-culture and organ explant experiments, or within 7-14 days 
for patch-clamp analysis.

To assess the lentiviral transduction efficiency, 5*104 CMPCs were transduced in the 
presence of 8 μg/ml polybrene (Sigma) with LV-DsRed at MOIs of 1, 2 and 10. The cells 
were washed twice in phosphate-buffered-saline, trypsinized, resuspended in SP++, 
and analyzed using a Becton Dickinson FACSCalibur.

Cell isolation of neonatal rat ventricular cardiac myocytes and co-culture
All animal experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the National Institute of Health (NIH 
Publication No. 85-23, revised 1996), and approved by the Academic Medical Center 
committee for animal experiments.

Between six and twelve neonatal rats were sacrificed per procedure, as described 
previously.13, 15 NRVMs were cultured in M199 containing (mmol/L): 137 NaCl, 5.4 KCl, 
1.3 CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and supplemented with 
20 units/100ml penicillin, 20 µg/100ml streptomycin, 2 μg/100ml vitamin B12 and either 
5% or 10% neonatal calf serum; 10% neonatal calf serum was used only on the first day 
of cell culture. These cells were cultured on collagen coated glass at 37°C in 1% CO2.

Immunohistochemistry
For the connexin staining, untransduced cells were fixed in methanol (−20°C) or 4% 
paraformaldehyde, washed with PBS, and permeabilized with 0.2% Triton X-100/
PBS. Nonspecific binding of antibodies was blocked with 2% bovine serum albumin. 
Incubation with primary antibodies was performed overnight in PBS with 10% 
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normal goat serum. Antibodies used recognized Cx40 (Chemicon) or Cx43 (Zymed). 
Immunolabeling was performed using FITC-conjugated secondary antibodies 
(Jackson Laboratories). All incubation steps were performed at room temperature 
and, in between all incubation steps, cells were washed with PBS. Finally, cells were 
embedded with Vectashield. 

For the HCN4 staining, cells were fixed four days after transduction with 
methanol:acetone (4:1) and washed with PBS supplemented with Tween20 (0.05%). 
As a negative control, untransduced cells were prepared in parallel. Anti-HCN4 goat 
polyclonal IgG (Santa Cruz Biotechnology) was used as primary antibody and donkey 
anti-goat IgG conjugated with Alexa 594 (Invitrogen) was used as secondary antibody. 
Anti-GFP rabbit polyclonal IgG (Invitrogen) was used as primary antibody and goat 
anti-rabbit IgG conjugated with Alexa 488 (Invitrogen) was used as secondary antibody. 
The cells were subsequently embedded in Vectashield with DAPI.

CMPC-to-myocyte dye transfer
CMPC-to-myocyte coupling via gap junctions was assessed by dye transfer of Calcein 
between CMPCs and myocytes. CMPCs were loaded with 5 µmol/L Di-I (Invitrogen) 
and 5 µmol/L Calcein-AM (Invitrogen). CMPCs were then trypsinized and added to 
a NRVM monolayer. Imaging was performed after 6 hours of co-culture using an 
inverted fluorescence microscope (Leica DMIL) with a DFC320 camera (Leica). Calcein 

was imaged with 450 to 490 nm fluorescence excitation and 500 to 550 nm emission. 
Di-I was imaged with 515 to 560 nm excitation and >590 nm emission. 

Functional interaction between CMPCs and myocytes
LV-HCN4-GFP and LV-GFP transduced CMPCs were seeded on top of 6 day-old NRVM 
monolayers. Seven days after the initiation of co-culture, spontaneous beating rates 
were assessed by counting the contractions during 1 minute. These cultures were 
superfused with Tyrode’s solution (36±0.2°C) containing (mmol/L): NaCl 140, KCl 5.4, 
CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH).

Single cell measurements
For patch-clamp experiments, single CMPCs were harvested from the culture 
flask by trypsinization, and stored in SP++ at room temperature (20°C) for later 
use. CMPCs were studied within 3 hrs of harvest. Cell suspensions were put into a 
recording chamber on the stage of an inverted microscope, and superfused with 
Tyrode’s solution (36±0.2°C). Single CMPCs that visibly formed branches with the 
bottom of the recording chamber and exhibited green fluorescence were selected for 
electrophysiological measurements.

If was recorded using the amphotericin-perforated patch-clamp technique and 
an Axopatch 200B amplifier (Molecular Devices). Signals were low-pass filtered 
(cut-off frequency 5 kHz) and digitized at 5 kHz. Series resistance was compensated 
by ≥80%, and potentials were corrected for the estimated 15 mV change in liquid-
junction potential. Voltage control, data acquisition, and analysis were accomplished 
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using custom software. Pipettes (2-3 MW resistance; borosilicate glass) were filled 
with solution containing (mmol/L): K-gluc 125, KCl 20, NaCl 10, amphotericin-B 
0.22, HEPES 10; pH 7.2 (KOH). Cell membrane capacitance was determined as 
described previously.16

If was measured during 6-s hyperpolarizing steps (range -30 to -140 mV) from a 
holding potential of -30 mV. Next, a 6-s step to -120 mV was applied to record tail 
current followed by a 1-s pulse to 10 mV to ensure full deactivation (see Figure 3A 
for protocol; cycle length 18-s). Activation kinetics were measured during the 6-s 
hyperpolarizing steps. The current-voltage (I-V) relation was constructed from 
the current measured at the end of the 6-s hyperpolarizing steps. Currents were 
normalized to cell capacitance. Tail current, plotted against test voltage, provided 
the activation-voltage relation. The latter was normalized by maximum conductance 
and fitted with the Boltzmann function I/Imax=A/{1.0+exp[(V1/2–V)/k]} to determine the 
half-maximum activation voltage (V1/2) and slope factor (k). Deactivation kinetics and 
reversal potential (Erev) were measured during depolarizing steps (range -80 to -10 mV, 
duration 6 s) after a 6-s prepulse to -120 mV to ensure full activation (see Figure 3D 
for protocol; cycle length 15 s). The time course of If (de)activation was fitted by the 
mono-exponential equation I/Imax=A×[1–exp(–t/τ)], ignoring the variable initial delay in 
If (de)activation.17, 18 The effects of 10 nmol/L isoproterenol (Iso; Sigma) and 1 mmol/L 
dibutiryl-cyclic-adenosine-monophosphate (DBcAMP; Sigma) on If were measured at 
least 5 min after application of the drugs.

Organ explant cultures
We previously developed organ explant cultures as a screening tool for myocardial 
gene and cell therapies. An advantage of this system is the low-to-absent intrinsic 
automaticity which makes it particularly useful to test novel approaches to biological 
pacing.19 To obtain these cultures, 2 day-old Wistar rats (Charles River) were 
decapitated, and, after excision of the hearts, right ventricles were removed and 
used for further experiments. After isolation of tissue, 5×105 CMPCs, transduced 
with either LV-HCN4-GFP or LV-GFP, were injected into the right ventricle. This tissue 
was placed, endocardial side down, on drained collagen gels and subsequently 
maintained in culture. Organ explant cultures were left untreated overnight after 
which M199 medium supplemented with 1% fetal bovine serum, 1% penicillin/
streptomycin 100, 5 ug/ml insulin, 5 ug/ml transferrin, 5 ng/ml selenium, and 2 mM 
L-glutamine were added. 

Optical mapping of impulse generation and action potential propagation
To assess spontaneous beating activity, we performed optical mapping experiments 
of organ explant cultures injected with CMPCs. Cultures were stained with 15 μM di-
4-ANEPPS (Invitrogen) in EBSS (Gibco), containing Ca2+, Mg2+, for 7.5 minutes. After 
staining, explants were placed in an optical mapping apparatus in Tyrode’s solution 
(37.0±0.5°C). Excitation light was delivered by six power LEDs (band-pass filtered 
510±20 nm). Emission fluorescence (filtered >610 nm) was transmitted through a 
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tandem lens system on a Complementary Metal Oxide Semiconductor chip (Micam 
Ultima) with a spatial resolution of 100*100 pixels. Data acquisition was carried out 
with a sample frequency of 1 kHz. Subsequently, data were analyzed off-line using 
custom made software based on Matlab (Mathworks).20

We characterized organ explants cultures by the presence of spontaneous 
beating activity, cycle length (CL) of spontaneous activity and response to 10 nmol/L 
isoproterenol (Iso; Sigma). In preparations in which we detected irregular spontaneous 
activity, we determined the average cycle length over 5 recordings of 5 seconds each. 

Statistics
Data are expressed as mean±SEM. Group comparisons were made using a Student’s 
t-test. Categorical data were compared using Fisher’s exact test. The level of 
significance was set at P<0.05.

RESulTS
CMPCs are efficiently transduced by lentiviral vectors
To determine the function of lentiviral vectors to transfer genes into CMPCs, we 
transduced cells with LV-DsRed at varying MOI. Efficiency of gene transfer was 
assessed by fluorescence microscopy and flow cytometry (Figure 1). CMPCs were 
readily transduced such that approximately 100% of CMPCs expressed DsRed at a 
MOI of 10. Mean DsRed fluorescence intensity was increased 10-fold when the MOI 
was increased from 2 to 10. 

When we transduced CMPCs with LV-HCN4-GFP, we observed toxicity with a 
MOI of 10 and higher. Toxicity was identified by morphological changes (reduced 
cytoplasmic volume) in combination with poor cell survival and growth of the HCN4 
expressing cells. This degree of gene toxicity did not occur when CMPCs were 
transduced with LV-HCN4-GFP at a MOI of 2. In follow-up experiments, we therefore 
performed transductions with LV-HCN4-GFP at a MOI of 2, resulting in 65-70% of the 
cells being transduced. 

undifferentiated CMPCs couple to myocytes
Gap junctional coupling between CMPCs and myocytes is essential for the delivery 
of ion channel function. We thus proceeded to study whether Cx40 and Cx43 are 
expressed in CMPCs. Using immunohistochemistry, we found that Cx40 and Cx43 are 
expressed in CMPCs (Figures 2A-B). Next, functionality of CMPC-to-myocyte coupling 
via gap junctions was assessed by dye transfer. CMPCs were loaded with Calcein-
AM and permanently stained with the membrane resident dye, DiI. The Calcein-AM 
ester is hydrolyzed in the cytoplasm by nonspecific esterases to produce polyanionic 
Calcein. Calcein is thus trapped inside the CMPC, but can be transferred to myocytes 
via gap junctions. Figure 2C demonstrates spread of the Calcein dye from CMPCs to 
adjacent myocytes indicating intact communication between both cell types through 
gap junctions. 
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Functional interaction was further studied using HCN4 overexpressing CMPCs. 
HCN4 expression was first demonstrated via immunocytochemistry (Figure 2D). 
Untransduced CMPCs stained negative for HCN4 (Figure 2D; inset). LV-HCN4-GFP or 
LV-GFP transduced CMPCs were subsequently seeded on top of NRVM monolayers. 
Seven days later, spontaneous beating rates were significantly faster in myocyte-
CMPC/HCN4-GFP co-cultures as compared to myocyte-CMPC/GFP co-cultures 
(P<0.05; Figure 2E).

Figure 1. Efficient transduction of CMPCs with lentiviral vectors. CMPCs were transduced with 
LV-DsRed at MOI 1, 2, and 10. Four days after transduction, cells were assessed by fluorescence 
microscopy (left) and flow cytometry (right). Histogram plots demonstrate that the proportion 
of DsRed-positive cells increases as a function of the applied MOI. Triplicate experiments were 
performed and mean values are given for the transduction efficiency. 
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Figure 2. CMPCs couple metabolically and electrically to myocytes. A, B, Immunolabeling against 
the connexin isoforms Cx40 and Cx43. Scale bars represent 30 and 25 µm, respectively. C, Fluo-
rescent microscopy of dye transfer from DiI- and Calcein-labeled CMPCs to unlabeled myocytes. 
Myocytes that have adapted the green fluorescence are indicated by white arrows. Scale bar rep-
resents 45 µm. D, Immunolabeling of GFP (green) and HCN4 (red) in LV-HCN4-GFP transduced 
CMPCs. Untransduced CMPCs, shown in the inset, stained negative for GFP and HCN4. Nuclei 
were counterstained blue with DAPI. Scale bar represents 45 µm. E, Average beating rates of 
NRVM monolayers co-cultured with HCN4-GFP or GFP expressing CMPCs.

If properties in lentivirally transduced CMPCs
To study If properties, CMPCs were transduced with either LV-HCN4-GFP or LV-GFP as 
control at MOI 2, and cultured for 7 to 14 days. Figure 3A shows typical If recordings 
from a LV-GFP transduced and a LV-HCN4-GFP transduced CMPC. Average I-V 
relationships of If are summarized in Figure 3B. In LV-GFP transduced CMPCs, we 
observed only small amplitude leak currents during the 6 s-long hyperpolarizing steps 
(Fig  3A); time-dependent components were not observed (Fig. 3B). LV-HCN4-GFP 
transduced CMPCs showed large time-dependent inward currents in response to 
the hyperpolarizing voltage steps, typical for If (Figures. 3A-B). To analyze voltage-
dependence of activation of LV-HCN4-GFP transduced CMPCs in detail, we plotted 
normalized tail current amplitude against the preceding hyperpolarizing potential and 
fitted a Boltzmann function to the data. Average curves are shown in Figure 3C. The 
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Figure 3. Hyperpolarization-activated current, I f, in single lentivirally transduced CMPCs. A, Voltage 
steps and typical I f traces of a LV-GFP transduced, and a LV-HCN4-GFP transduced CMPC. Inset: 
voltage pulse protocol to measure activation properties. B, Average current-voltage (I-V) relation-
ships of If

 of LV-GFP and LV-HCN4-GFP transduced CMPCs. C, Voltage dependency of If activation. 
Solid line is the Boltzmann fit to the experimental data. D, Typical I f traces of a LV-HCN4-GFP trans-
duced CMPC. Inset: voltage pulse protocol to measure deactivation properties. E, I-V relationship of 
the fully-activated HCN4 current. Solid line is the linear fit to the experimental data. F, Time constants 
of (de)activation. Solid line is the best fit curve to the equation t=1/[A1× exp(-V/B1)+A2×exp(V/B2)], 
where t is the activation or deactivation kinetic time constant, and A1, A2, B1, and B2 are calculated 
fitting parameters.37

average V1/2 and k of the Boltzmann fit to the data were -86.7±2.1 and -7.7±0.8 mV, 
respectively. The voltage-dependence of the fully activated current was evaluated over 
a large range of potentials (-80 to -10 mV) by measuring the tail current amplitudes 
after a hyperpolarizing pulse to -120  mV. Figure 3D shows a typical example, and 
Figure 3E shows the average I-V relationship of the fully-activated HCN4. The average 
reversal potential was -35.7±0.8 mV (n=6). Activation and deactivation time constants 
(Figure 3F) were obtained from monoexponential fits of the step (Figure 3A) and tail 
(Figure 3D) currents, respectively. 

In a final series of patch-clamp experiments, we tested the effects of adrenoreceptor 
stimulation (using isoproterenol) and cAMP on basic If properties in LV-HCN4-GFP 
transduced CMPCs. The voltage-dependence of activation was measured before 
and after 5  minutes application of 10 nmol/L isoproterenol or 1 mmol/L DBcAMP. 
Neither If voltage dependency of activation (Figure 4A) nor speed of If activation (data 
not shown) were affected by isoproterenol. However, DBcAMP did shift the voltage 
dependency of If activation positively (Figure  4B). On average, V1/2 of activation 
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Figure 4. If modulation in HCN4 expressing CMPCs. A, Effects of 10 nmol/L Isoproterenol on 
voltage dependency of If activation. B, Effects of 1 mmol/L DBcAMP on voltage dependency of If 
activation. C, Effects of 1 mmol/L DBcAMP on speed of If activation. Typical If traces at –120 mV 
in absence and presence of DBcAMP (left) and summary data (right).

was 8.5±2.2 mV (n=4; P<0.05) more positive compared to the control condition. 
Additionally, DBcAMP accelerated the current activation significantly. Figure 4C, left 
panel, shows a typical example of If activated upon a hyperpolarizing step to –120 mV 
in absence and presence of DBcAMP. On average, the activation time (upon steps to 
-120 mV) decreased by 40±16% in response to cAMP (Figure 4C, right panel).

Biological pacemaker function in organ explant cultures
To further study the pacemaker properties of CMPC/HCN4-GFP, we injected these 
cells into organ explant cultures. This resulted in a significant increase in the number 
of preparations with spontaneous beating activity (P<0.05; Figure 5A). We next 
tested if the speed of impulse propagation was affected by the presence of HCN4 
expressing cells. We found that conduction velocities during electrical stimulation 
were comparable in CMPC/HCN4-GFP and CMPC/GFP treated preparations 
(Figure  5B-C). These conduction velocities also did not differ significantly from 
previously reported unmodified organ explant cultures.19 

Finally, to test the response to autonomic modulation in CMPC/HCN4-GFP treated 
preparations, we exposed them to isoproterenol (10 nmol/L) and found that the fraction 
of preparations with spontaneous beating activity increased to 100%. Moreover, 
cycle lengths shortened (P<0.05 vs. baseline) and were significantly faster in CMPC/
HCN4-GFP than in CMPC/GFP (P<0.05; Figure 6). In CMPC/GFP treated preparations, 
isoproterenol increased the fraction of spontaneously beating preparations to 76% 
(P=NS vs. baseline). 

DISCuSSION
This study investigated biological pacemakers fabricated as lentivirally transduced 
CMPCs. In vitro analysis indicated that CMPCs were efficiently transduced by lentiviral 
vectors and expressed connexins, leading to efficient delivery of If into the coupled 
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cardiac myocytes. Injection of CMPC/HCN4-GFP into organ explant cultures revealed 
robust pacemaker activity with intact autonomic modulation. Because lentiviral 
vectors integrate into the host genome, whereas CMPCs have been shown to persist 
after transplantation into myocardium, this approach provides a new and promising 
strategy for long-term biological pacing. 

Transducing CMPCs
In a CMPC-based biological pacemaker system, only HCN4-expressing cells contribute 
to pacemaker function. We therefore sought the highest achievable ratio of these 
cells. Although a transduction efficiency of close to 100% was readily achieved with 
LV-DsRed (MOI of 10; Figure 1), this protocol could not be applied to LV-HCN4-GFP 
due to dose-dependent gene toxicity. However, at a MOI of 2, 65-70% of the cells 
were transduced. This is well above the 30-45% obtained after electroporating MSCs 
with plasmid DNA carrying HCN2.9 Given the level of in vivo function generated by 
these gene-modified MSCs10, we expect that our lentiviral transduction protocol does 
not require any further optimization. 

Figure 5. Baseline properties of organ explant cultures injected with CMPCs. A-B, Summary data 
of spontaneous activity and conduction velocity of organ explant cultures injected with CMPC/
GFP and CMPC/HCN4-GFP. C, Typical activation maps and optical action potentials measured 
during stimulation at 2Hz. * indicates P<0.05.
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Functional interaction between CMPCs and myocytes
To demonstrate functional interaction between CMPCs and myocytes, we performed 
a dye transfer experiment (Figure 2C) and studied the beating rate of NRVM 
monolayers co-cultured with CMPCs expressing either HCN4-GFP or GFP (Figure 2E). 
Although these experiments indicated significant functional interaction between 
CMPCs and myocytes, they did not provide a true quantification of the level of gap-
junction coupling between both cell types. Previous experiments by Valiunas and 
coworkers showed a sigmoid relationship between the transmitted HCN2 current and 
the level of junctional conductance between myocytes and MSCs.21 It thus appears 
relevant to improve gap junctional conductance to a certain level to increase the 
transmitted HCN current. Thereafter, cell-to-cell coupling is no longer a rate limiting 

Figure 6. Autonomic modulation of pacemaker function in CMPC/HCN4-injected organ explant 
cultures. A, Isoproterenol (10 nmol/L) significantly shortens cycle lengths in CMPC/HCN4-inject-
ed organ explant cultures (left panel). In the presence of isoproterenol, cycle lengths are signifi-
cantly shorter in CMPC/HCN4 than in CMPC/GFP (right panel). B, Typical activation maps and 
optical action potentials in CMPC/HCN4-injected explants at baseline and during superfusion 
with isoproterenol (two different preparations). * Indicates P<0.05.
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factor. Given the high levels of connexin expression (Figure 2A-B), pronounced 
dye transfer (Figure 2C), and significant increases in spontaneous beating activity 
(Figure 2E and 5A), it seems likely that gap-junction conductance between CMPCs 
and myocytes was adequate. 

HCN4 expression and modulation
Patch-clamp experiments were performed to evaluate the properties of overexpressed 
HCN4 in CMPCs. These experiments showed clear HCN4 expression with kinetics of 
activation and inactivation typical for If. The V1/2 of HCN4 activation was more negative 
in CMPCs as compared to the previously-reported kinetics of overexpressed HCN4 
in NRVMs13 and this may have contributed to a lower peak current density in CMPCs. 
However, these differences are small and comparable to differences found between 
HCN2 overexpression in MSCs and NRVMs.9, 22 Despite these differences, in  vivo 
function based on HCN2 delivered via virus or stem cell was similar,10, 23 suggesting 
similar outcomes with CMPCs. 

A difference between MSCs and CMPCs is the absence of direct sensitivity to 
beta-adrenergic signaling in the latter. While HCN2-loaded MSCs showed a positive 
shift of voltage-dependent activation upon beta-adrenergic stimulation9, such 
effects were absent in HCN4 expressing CMPCs (Figure 4A). This occurred despite 
the demonstrated maintenance of sensitivity to cAMP (Figure 4B). Theoretically, this 
could be a downside of CMPCs in the context of biological pacemaker engineering. 
However, as CMPCs and myocytes function together as a combined pacemaker unit, 
beta-adrenergic stimulation can still activate the down-stream cascade within the 
myocyte component. Here, elevations in cAMP impact on a variety of ion channels 
and Ca2+-handling proteins supporting a faster rate.24-26 Furthermore, cAMP passes 
through gap-junctions27 and may thus still enhance activity of overexpressed HCN4 
channels within CMPCs. Such mechanisms likely explain the significant autonomic 
modulation found in the CMPC/HCN4-GFP-injected organ explant cultures 
(Figure 6). 

Biological pacemaker function induced by HCN4 expressing CMPCs
The level of baseline function generated by CMPC/HCN4-GFP injected into organ 
explant cultures was comparable to what we previously reported for organ explants 
co-cultured with spontaneously active NRVMs.19 Although it is not known how this 
would translate to in vivo function, as suggested above, we have no reason to expect 
a large difference from what has previously been reported for MSC-based delivery 
of HCN2 or HCN4.10, 28, 29 Besides the issue of loss of pacemaker function over time,1 
these in  vivo studies suggest ample room for improvement in basal beating rates, 
maximal beating rates and dependence on electronic back-up pacing.10, 28, 29 

Of note, we have recently shown that HCN-based biological pacemaker function 
may efficiently be enhanced by co-expression of the skeletal muscle sodium channel 
SkM1. In this approach, HCN channels generate slow diastolic depolarization and SkM1 
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hyperpolarizes the action potential threshold, thereby improving rate and stability of 
pacemaker function.3 Furthermore, in  vitro and in  vivo studies have demonstrated 
that SkM1 can also be efficiently delivered via a cellular platform.30, 31 This suggests 
that CMPC/HCN4-based biological pacemaker function may be improved with co-
expression of SkM1. 

A final issue to consider is the durability of biological pacing based on gene 
modified CMPCs. Pacemaker function depends on robust gene expression and high 
persistence of the cells in the injected area. A large body of literature suggests that 
lentiviral vectors are perfectly suitable for stable gene modification of stem cells, 
although specific elements or promoters may be needed.7 With regard to persistence 
in the injection site, we found substantial retention of our CMPCs during 3-month 
murine studies in which we transplanted the cells into the hostile environment of 
myocardial infarction.11 We therefore expect even better cellular persistence when 
transplanting CMPCs into non-infarcted myocardium as would be the case for the 
biological pacemaker approach. However, the exact degrees of CMPC survival and 
maintenance in this setting still need to be established. 

Safety issues related to CMPC-based biological pacemakers
The potential risk for pro-arrhythmia is a relatively unaddressed issue of biological 
pacemakers.1 Although some constructs generated spontaneous tachycardia32, 33, 
none of the most relevant approaches that lack spontaneous arrhythmias have yet 
been tested in pathological settings such as ischemia, myocardial infarction or heart 
failure. These studies are clearly needed to assess the risk-benefit ratio of biological 
pacing and will have to occur for the full range of strategies and delivery platforms, 
including the CMCP vehicle described here.

Another safety issue that needs consideration is the risk for insertional mutagenesis 
and tumor formation. We anticipate this risk to be largely alleviated by the use of 
third generation self-inactivating lentiviral vectors (as used in this study). In these 
vectors, the U3 transcriptional control elements from the long terminal repeats are 
not present. This deletion removes potential oncogene activation by these elements 
and makes rescue by wild type viruses impossible.34, 35 However, the internal 
promoter may still give rise to long-range transcriptional oncogene activation, a risk 
that can be reduced with the use of promoters with weak-to-moderate activity.36 It 
should be noted, however, that the risk for oncogene activation and tumor formation 
may be very low because of the relatively low number of cells typically used (e.g., 
~1 million)10 and the limited number of cell divisions that occur after introduction of 
the therapeutic gene(s). This is significantly different from the clinical trials in which a 
small number of lentivirally transduced cells are used to repopulate the whole bone 
marrow. In any case, before clinical testing of CMPC-based biological pacemakers, 
a thorough evaluation of potential insertional mutagenesis and tumor formation will 
be essential. 
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CONCluSIONS
CMPCs provide a novel ion channel delivery platform that is anticipated to have 
particular value for long-term modification of the cardiac substrate. As such, 
CMPCs provide an attractive alternative to direct lentiviral gene transfer. CMPCs 
are therefore considered a potentially powerful tool to treat bradycardias and other 
cardiac disease. 

SOuRCES OF FuNDING
This work was supported by the Netherlands Organization for Scientific Research 
(NWO, ZonMW-Vici 918.86.616 to HLT and ZonMW-Vidi 016.056.319 to MJG), the 
Netherlands Heart Foundation (NHS, 2005B180 to HLT and JMTdB and 2003B07304 
to JPGS), The Netherlands Foundation for Cardiovascular Excellence (to GJJB), the 
BSIK program ”Dutch Program for Tissue Engineering” (6746 to JPGS), the Royal 
Netherlands Academy of Arts and Sciences KNAW (to HLT), the Bekales Foundation 
(to HLT) and the BDDA Validation fund (AMC; to GJJB and HLT).

ACkNOwlEDGEMENTS
The authors thank Dr. Jan Fiolet, Carel Kools and Wim ter Smitte for their contributions 
to the optical mapping setup, and Drs. Mark Potse and André Linnenbank for the 
development of Math Lab analysis software. Dr. Michael Rosen is kindly acknowledged 
for his critical reading of the manuscript and valuable suggestions.

REFERENCES
1. Rosen MR, Robinson RB, Brink PR, Cohen 

IS. The road to biological pacing. Nat Rev 
Cardiol 2011; 8:656-666.

2. Jessup M, Greenberg B, Mancini D, et al. 
Calcium upregulation by percutaneous 
administration of gene therapy in 
cardiac disease (CUPID): A phase 2 
trial of intracoronary gene therapy of 
sarcoplasmic reticulum Ca2+-atpase in 
patients with advanced heart failure. 
Circulation 2011; 124:304-313.

3. Boink GJJ, Duan L, Nearing BD, et al. 
HCN2/SkM1 gene transfer into canine 
left bundle branch induces stable, 
autonomically-responsive biological 
pacing at physiological heart rates. J Am 
Coll Cardiol 2013; 61:1192-201.

4. Lee CJ, Fan X, Guo X, Medin JA. 
Promoter-specific lentivectors for long-
term, cardiac-directed therapy of fabry 
disease. J Cardiol 2011; 57:115-122.

5. Niwano K, Arai M, Koitabashi N, et al. 
Lentiviral vector-mediated SERCA2 gene 
transfer protects against heart failure 
and left ventricular remodeling after 
myocardial infarction in rats. Mol Ther 
2008; 16:1026-1032.

6. Boink GJJ, Rosen MR. Regenerative 
therapies in electrophysiology and 
pacing: Introducing the next steps. J 
Interv Card Electrophysiol 2011; 31:3-16.

7. Naldini L. Ex vivo gene transfer and 
correction for cell-based therapies. Nat 
Rev Genet 2011; 12:301-315.

8. Valiunas V, Doronin S, Valiuniene L, et al. 
Human mesenchymal stem cells make 
cardiac connexins and form functional 
gap junctions. J Physiol 2004; 555:617-
626.

9. Potapova I, Plotnikov A, Lu Z, et al. Human 
mesenchymal stem cells as a gene delivery 

106



CMPC-BAsed BIoloGICAl PACING

5

system to create cardiac pacemakers. Circ 
Res 2004; 94:952-959.

10. Plotnikov AN, Shlapakova I, Szabolcs 
MJ, et al. Xenografted adult human 
mesenchymal stem cells provide a 
platform for sustained biological 
pacemaker function in canine heart. 
Circulation 2007; 116:706-713.

11. Smits AM, van Laake LW, den Ouden K, 
et al. Human cardiomyocyte progenitor 
cell transplantation preserves long-
term function of the infarcted mouse 
myocardium. Cardiovasc Res 2009; 
83:527-535.

12. Smits AM, van Vliet P, Metz CH, et al. 
Human cardiomyocyte progenitor cells 
differentiate into functional mature 
cardiomyocytes: An in vitro model for 
studying human cardiac physiology and 
pathophysiology. Nat Protoc 2009; 4:232-
243.

13. Boink GJJ, Verkerk AO, van Amersfoorth 
SC, et al. Engineering physiologically 
controlled pacemaker cells with lentiviral 
hcn4 gene transfer. J Gene Med 2008; 
10:487-497.

14. Seppen J, van der Rijt R, Looije N, 
van Til NP, Lamers WH, Oude Elferink 
RP. Long-term correction of bilirubin 
udpglucuronyltransferase deficiency in 
rats by in utero lentiviral gene transfer. 
Mol Ther 2003; 8:593-599.

15. Rohr S, Scholly DM, Kleber AG. Patterned 
growth of neonatal rat heart cells in culture. 
Morphological and electrophysiological 
characterization. Circ Res 1991; 68:114-
130.

16. Verkerk AO, Tan HL, Ravesloot JH. Ca2+-
activated Cl- current reduces transmural 
electrical heterogeneity within the rabbit 
left ventricle. Acta Physiol Scand 2004; 
180:239-247.

17. van Ginneken AC, Giles W. Voltage clamp 
measurements of the hyperpolarization-
activated inward current If in single cells 
from rabbit sino-atrial node. J Physiol 
1991; 434:57-83.

18. DiFrancesco D, Ferroni A, Mazzanti 
M, Tromba C. Properties of the 
hyperpolarizing-activated current (if) in 
cells isolated from the rabbit sino-atrial 
node. J Physiol 1986; 377:61-88.

19. Den Haan AD, Veldkamp MW, Bakker D, 
et al. Organ explant culture of neonatal rat 
ventricles: A new model to study gene and 
cell therapy. PLoS One 2013; 8:e59290.

20. Potse M, Linnenbank AC, Grimbergen 
CA. Software design for analysis of 
multichannel intracardial and body 
surface electrocardiograms. Comput 
Methods Programs Biomed 2002; 69:225-
236.

21. Valiunas V, Kanaporis G, Valiuniene L, et 
al. Coupling an HCN2-expressing cell to a 
myocyte creates a two-cell pacing unit. J 
Physiol 2009; 587:5211-5226.

22. Qu J, Barbuti A, Protas L, Santoro B, Cohen 
IS, Robinson RB. HCN2 overexpression in 
newborn and adult ventricular myocytes: 
Distinct effects on gating and excitability. 
Circ Res 2001; 89:E8-14.

23. Bucchi A, Plotnikov AN, Shlapakova I, et 
al. Wild-type and mutant HCN channels 
in a tandem biological-electronic cardiac 
pacemaker. Circulation 2006; 114:992-
999.

24. Barman P, Choisy SC, Hancox JC, James 
AF. Beta-adrenoceptor/pka-stimulation, 
Na+/Ca2+ exchange and pka-activated 
Cl- currents in rabbit cardiomyocytes: A 
conundrum. Cell Calcium 2011; 49:233-
239.

25. Harmati G, Banyasz T, Barandi L, et al. 
Effects of beta-adrenoceptor stimulation 
on delayed rectifier K+ currents in 
canine ventricular cardiomyocytes. Br J 
Pharmacol 2011; 162:890-896.

26. Ogrodnik J, Niggli E. Increased Ca2+ leak 
and spatiotemporal coherence of Ca2+ 
release in cardiomyocytes during beta-
adrenergic stimulation. J Physiol 2010; 
588:225-242.

27. Kanaporis G, Mese G, Valiuniene L, White 
TW, Brink PR, Valiunas V. Gap junction 
channels exhibit connexin-specific 
permeability to cyclic nucleotides. J Gen 
Physiol 2008; 131:293-305.

28. Jun C, Zhihui Z, Lu W, et al. Canine bone 
marrow mesenchymal stromal cells with 
lentiviral mHCN4 gene transfer create 
cardiac pacemakers. Cytotherapy 2012; 
14:529-539.

29. Lu W, Yaoming N, Boli R, et al. mHCN4 
genetically modified canine mesenchymal 
stem cells provide biological pacemaking 
function in complete dogs with 
atrioventricular block. Pacing Clin 
Electrophysiol 2013 [Epub ahead of print].

30. Boink GJJ, Lu J, Driessen HE, et al. Effect 
of skeletal muscle Na+ channel delivered 
via a cell platform on cardiac conduction 
and arrhythmia induction. Circ Arrhythm 
Electrophysiol 2012; 5:831-840.

107



PArT II: CHAPTer 5

5

31. Lu J, Wang HZ, Jia Z, et al. Improving 
cardiac conduction with a skeletal muscle 
sodium channel by gene and cell therapy. 
J Cardiovasc Pharmacol 2012; 60:88-99.

32. Boink GJJ, Nearing BD, Shlapakova IN, et 
al. Ca2+-stimulated adenylyl cyclase AC1 
generates efficient biological pacing as 
single gene therapy and in combination 
with HCN2. Circulation 2012; 126:528-
536.

33. Plotnikov AN, Bucchi A, Shlapakova I, et al. 
HCN212-channel biological pacemakers 
manifesting ventricular tachyarrhythmias 
are responsive to treatment with If 
blockade. Heart Rhythm 2008; 5:282-288.

34. Montini E, Cesana D, Schmidt M, et al. 
Hematopoietic stem cell gene transfer in 

a tumor-prone mouse model uncovers low 
genotoxicity of lentiviral vector integration. 
Nat Biotechnol 2006; 24:687-696.

35. Montini E, Cesana D, Schmidt M, et al. 
The genotoxic potential of retroviral 
vectors is strongly modulated by vector 
design and integration site selection in a 
mouse model of HSC gene therapy. J Clin 
Invest 2009; 119:964-975.

36. Zychlinski D, Schambach A, Modlich U, 
et al. Physiological promoters reduce 
the genotoxic risk of integrating gene 
vectors. Mol Ther 2008; 16:718-725.

37. Qu J, Kryukova Y, Potapova IA, et al. Mirp1 
modulates HCN2 channel expression and 
gating in cardiac myocytes. J Biol Chem 
2004; 279:43497-43502.

108







T-BOx TRANSCRIPTION FACTOR 
TBx3 REPROGRAMS MATuRE 

CARDIAC MyOCyTES INTO 
PACEMAkER-lIkE CEllS

Martijn l. Bakker1, Gerard J.J. Boink1,2, Bas J. Boukens1, 
Arie o. Verkerk1, Malou van den Boogaard1, 

A. denise den Haan1, Willem M.H. Hoogaars3, 
Henk P. Buermans3, Jacques M.T. de Bakker1,2, Jurgen seppen4, 

Hanno l. Tan1, Antoon f.M. Moorman1, Peter A.C. ’t Hoen3 
and Vincent M. Christoffels1

1Heart failure research Center, Academic Medical Center, 
University of Amsterdam, Amsterdam, The Netherlands  
2Interuniversity Cardiology Institute of the Netherlands, 

Utrecht, The Netherlands.  
3Center for Human and Clinical Genetics, leiden University Medical 

Center, leiden, The Netherlands  
4Tytgat Institute for liver disease, Academic Medical Center, 

University of Amsterdam, Amsterdam, The Netherlands.

Cardiovascular Research 2012; 94:439-49

6



PArT II: CHAPTer 6

6

ABSTRACT
Aim: Treatment of disorders of the sinus node or the atrioventricular node requires 
insights into the molecular mechanisms of development and homeostasis of these 
pacemaker tissues. In the developing heart, transcription factor TBX3 is required 
for pacemaker and conduction system development. Here, we explore the role of 
TBX3 in the adult heart and investigate whether TBX3 is able to reprogram terminally 
differentiated working cardiomyocytes into pacemaker cells. 

Methods and results: TBX3 expression was ectopically induced in cardiomyocytes of 
adult transgenic mice using tamoxifen. Expression analysis revealed an efficient switch 
from the working myocardial expression profile to that of the pacemaker myocardium. 
This included suppression of genes encoding gap junction subunits (Cx40, Cx43), 
the cardiac Na+ channel (NaV1.5; INa), and inwardly rectifying K+ ion channels 
(Kir-genes; IK1). Concordantly, we observed conduction slowing in these hearts, and 
reductions in INa and IK1 in cardiomyocytes isolated from these hearts. The reduction 
in IK1 resulted in a reduced maximum diastolic potential, thus enabling spontaneous 
diastolic depolarization. Neither ectopic pacemaker activity nor pacemaker current 
If, was observed. Lentiviral expression of TBX3 in ventricular cardiomyocytes resulted 
in conduction slowing and development of heterogeneous phenotypes, including 
depolarized and spontaneously active cardiomyocytes. 

Conclusions: TBX3 reprograms terminally differentiated working cardiomyocytes and 
induces important pacemaker properties. The ability of TBX3 to reduce intercellular 
coupling to overcome current-to-load mismatch and the ability to reduce IK1 density to 
enable diastolic depolarization, are promising TBX3 characteristics that may facilitate 
biological pacemaker formation strategies.
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INTRODuCTION 
Disorders of the pacemaker and conduction system tissues may cause life-threatening 
arrhythmias requiring medication, surgery or implantation of electronic pacemakers.1 
Repair or regeneration of diseased pacemaker myocardium would be a preferable 
alternative. Currently, although knowledge regarding morphology, development and 
electrophysiological properties of the cardiac pacemaking and conduction system has 
increased substantially,2-4 no such treatment is available.

Pacemaker myocardium differs from the working myocardium in many aspects.4,5 
Key properties of pacemaker cells are a reduced maximum diastolic potential (MDP), 
a slow action potential (AP) upstroke velocity, high intercellular resistance, which 
result in slow impulse propagation, and spontaneous diastolic depolarization (DD). In 
contrast to pacemaker cells, working cardiomyocytes have a stable resting membrane 
potential (~ - 80 mV) maintained by the inwardly rectifying K+ current, IK1. In pacemaker 
cells IK1 is virtually absent.6 If IK1 is subjected to dominant negative suppression in 
working myocardial cells, these cells become spontaneously active.7 

Diastolic depolarization is the result of a delicate balance of inward and outward 
currents controlled by several voltage-dependent ion channels in the plasma 
membrane, together designated the ‘membrane’ or ‘voltage’ clock.4 Ion channels that 
contribute to the membrane clock are hyperpolarization-activated cyclic nucleotide 
gated (Hcn) channels, also known as funny channels (If), T-type and L-type Ca2+ channels 
(ICaT and ICaL), and delayed rectifier K+ channels (IK). In the intracellular space, Ca2+ 
cycling has been shown to contribute to diastolic depolarization through orchestrated 
Ca2+ releases from the sarcoplasmic reticulum (SR) and the Na+/Ca2+ exchanger (Incx), 
designated the ‘Ca2+ clock’.8

Another important feature of the sinus node is a critical degree of uncoupling from 
its surrounding myocardium. Uncoupling relieves potential current-to-load mismatch 
between the pacemaker tissues and the hyperpolarizing atrial working myocardium.9 
Electrical uncoupling is achieved through the virtual absence of fast propagating 
connexins, Cx40 (Gja5) and Cx43 (Gja1), and presence of slow propagating connexins, 
Cx30.2 (Gjd3) and Cx45 (Gjc1).10, 11 Furthermore, structural uncoupling is provided by 
connective tissue and a reduction in gap junction channel density in the sinus node.12 

NaV1.5, encoded by Scn5a, is the major cardiac alpha-subunit of the Na+ current 
(INa), and is required for the fast upstroke of the AP. In working myocardium NaV1.5 is 
required for fast conduction. The expression of Scn5a is low or absent in the sinus node 
of different species.11 In the periphery of the sinus node, NaV1.5 has been proposed to 
be crucial for proper transfer of the cardiac impulse to the surrounding myocardium.13

T-box (Tbx) factor 3 is an evolutionary conserved transcription factor required 
for development of many tissues. Heterozygous mutations in TBX3 cause the 
ulnar-mammary syndrome of congenital malformations.14 Previously, we found that 
Tbx3 is specifically expressed in all components of the conduction system, not 
including the Purkinje fibers, in the developing, post-natal and adult heart.15 In the 
embryonic heart, Tbx3 suppresses differentiation into working myocardium in the 
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developing sinus node and atrioventricular bundle, allowing these cells to acquire the 
pacemaker phenotype.16,17 Tbx3 is required for the functional maturation and post-
natal homoeostasis of the conduction system in a highly dosage-sensitive manner.18 
Moreover, ectopic activation of TBX3 in embryonic atrial myocytes in  vivo resulted 
in suppression of Gja5 and Gja1, induction of Hcn4, and the formation of ectopic 
pacemaker sites within the atrial myocardium.16 

While the importance of TBX3 for the development of the conduction system has 
been recognized, its role in the adult heart has not been addressed. More specifically, 
it is not known whether TBX3 is able to impose the pacemaker phenotype on adult 
terminally differentiated working myocytes. In this study, we show that TBX3 suppresses 
working myocardial genes, induces diastolic depolarization, modifies the mechanism 
underlying spontaneous activity, and reduces the velocity of impulse propagation.

MATERIAlS AND METHODS 
For a detailed description of methods, statistics, buffer compositions and sequences, 
see Supplementary file 1.

Mice studies
CAG-CAT-TBX3 (CT3) heterozygous mice16 were crossed with Myh6-MerCreMer 
(MCM) mice.19 Tamoxifen (Sigma T5648) was injected intraperitoneally (100 mg per 
day) for 4 days in adult males. On day 5 mice were anaesthetized in a CO2/O2 mixture 
and subsequently sacrificed by cervical dislocation. Alternatively, mice were sacrificed 
with an i.p. shot of 30 mg pentobarbital. NppaCre;CT316 and Z/EG reporter mice20 
were previously described. Animal care and experiments conform with the Directive 
2010/63/EU of the European Parliament and with national and institutional guidelines 
(Animal Care and Use Committee of the Academic Medical Center and University of 
Amsterdam, approval DAE 1001157).

quantitative real-time PCR 
Total RNA was isolated from left atrial appendages and apex myocardium (Machery-
Nagel kit) and reverse transcribed into cDNA using Superscript II (Qiagen, 200 ng 
entry). Expression was assayed using the Roche Lightcycler 480 system and analyzed 
using the LinRegPCR software.21 Values were normalized to Gapdh. 

Microarray analysis 
Labeled antisense RNA samples derived from 60 µg of total RNA were hybridized 
to Illumina Mouse-Ref-6 BeadChips (Illumina, Inc.). Beadstudio software was used 
to assess individual array quality. Probe signals were normalized using VSN in R22. 
Analysis of differentially expressed genes was done with the LIMMA package in R23. 
Microarray data are available at the Gene Expression Omnibus database (http://www.
ncbi.nlm.nih.gov/projects/geo) under series GSE31969.
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Immunohistochemistry 
Paraplast sections (7 μm) were fluorescently labeled overnight. Antibodies used were 
goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey anti-goat (1:250), 
and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey anti-mouse IgG 
(1:250). For detection of biotinylated antibodies we used the TSA Enhancement kit 
(Perkin&Elmer, NEL702).

Cellular electrophysiology 
Single cells were isolated from left atrial appendages by enzymatic dissociation24. 
APs and net membrane currents were recorded at 36±0.2ºC with the amphotericin-B 
perforated patch-clamp technique using an Axopatch 200B Clamp amplifier (Molecular 
Devices Corporation, Sunnyvale, CA, USA). In cells without pacemaker activity, APs 
were elicited at 2 or 4-Hz by 3-ms, 1.5× threshold current pulses through the patch 
pipette. Parameters from 10 consecutive APs were averaged. Net membrane current 
was recorded using 500-ms hyper- and depolarizing voltage-clamp steps from a 
holding potential of -40 mV, every 2 seconds. We analyzed the current at the end 
of the voltage-clamp steps, i.e., the quasi-steady-state current, and the current by 
stepping back to the -40 mV holding potential. IK1 and IK were defined as the quasi-
steady-state current at the end of the voltage-clamp steps at potentials negative 
or positive to -30 mV, respectively. INa was defined as the instantaneous tail current 
when stepping back to the holding potential. Membrane currents were normalized for 
cell capacitance.

Electrical recordings 
On a Langendorff perfusion set-up, local electrograms were recorded from the left 
ventricle using a multi-electrode during sinus rhythm, ventricular, and atrial pacing at a 
basic cycle length of 120 ms, and twice the diastolic stimulus. Local electrograms were 
acquired using a custom-built 256 channel data acquisition system. 

Optical recordings 
Atrial preparations were placed in an optical mapping set-up. Fluorescence (filtered 
>610nm) was transmitted through a tandem lens system on a photo diode array (16x16 
elements) connected to a data-acquisition system (biosemi Mark-6). 

Neonatal rat ventricular myocyte cultures 
Neonatal rats were sacrificed by decapitation. Ventricular myocytes were obtained 
from 6 to12 neonatal rats and cultured in monolayers or in low density single cell 
preparations. A bicistronic TBX3 lentiviral expression vector was generated by 
cloning human TBX3 into pRRL-cPPT-CMV-X2-IRES-GFP-PRE-SIN (LV-TBX3-GFP).25 
Green fluorescent protein lentiviral vectors (LV-GFP) served as a control. Neonatal rat 
ventricular myocytes (NRVMs) were transduced in the presence of 8 μg /ml Polybrene 
(Sigma) on day 4.
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RESulTS
Induced expression of TBx3 in the working myocardium of adult hearts
We aimed to induce expression of TBX3 in adult, fully differentiated working 
cardiomyocytes. Therefore, we crossed transgenic mice bearing a construct that 
expresses a tamoxifen-inducible Cre construct under control of the Myh6 promoter 
(MCM), with mice carrying a Cre-inducible TBX3 expression construct (CT3; Figure 1A).16 
Upon injection of tamoxifen, these mice initiate expression of TBX3 in cardiomyocytes. 
Immunostainings confirmed the presence of TBX3 in nuclei of working cardiomyocytes 
of tamoxifen-treated MCM;CT3 (tamMCM;CT3) mice (Figure 1B). Tamoxifen-treated 
MCM (tamMCM) mice served as a control. We performed qRT-PCR to assess the 
amount of mRNA transcribed from unrecombined and recombined DNA to determine 
the efficiency of recombination. These experiments revealed an efficiency of ~60% and 
no recombination without tamoxifen (Figure 1C). MCM mice were also crossed with 
mice with a Cre-inducible GFP encoding gene (Z/EG). Double heterozygous MCM;Z/
EG mice initiate expression of GFP upon tamoxifen administration and visually confirm 
efficient recombination (Figure 1D). 

TBx3 efficiently down-regulates working myocardial genes
To assess the functionality of ectopically expressed TBX3, we analyzed the expression 
of Gja1 (Cx43), which has been shown to be repressed by TBX3 during embryonic 
development16. Immunostainings demonstrated reduced amounts of Cx43 in 
tamMCM;CT3 hearts (Figure 1B). qRT-PCR confirmed a six-fold down-regulation of 
Gja1 (Figure 1C) indicating a rapid and significant down-regulation of this TBX3 target 
gene in this model. 

To identify genes and gene repertoires controlled by TBX3, we performed 
genome-wide expression profiling by microarray analysis of six left atrium samples 
of tamMCM;CT3 mice and six tamMCM controls. We collected RNA from left atrial 
appendages, arguing that this cell population is not “contaminated” with conduction 
system component tissue. Furthermore, we wanted to compare these results with 
previous data, which indicated that during embryogenesis TBX3 was able to reprogram 
atrial myocardium into functional ectopic pacemaker tissue.16 

Of 14,527 (33% of total) transcripts detected by the array, 12,844 (88%) were not 
significantly influenced by TBX3, 1,064 (7.3%) were down-regulated, and 1,018 (7.0%) 
were up-regulated (Figure 2A). A list of all differentially expressed transcripts is available 
in the supplementary material (Supplementary file 2). TBX3 was enriched 43  times, 
Gja1 was down-regulated 4 times, and Gja5 down-regulated 17 times (P<0.05). Down-
regulation of Nppa was not observed, probably because signal saturation occurred 
due to the high expression of Nppa in the heart.

To functionally categorize the differentially expressed transcripts, the data set was 
clustered into function categories using the GeneOntology (GO) database. Next, we 
calculated which GO categories were significantly over-represented in the groups of 
differentially expressed transcripts, using the Database for Annotation, Visualization 
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and Integrated Discovery (http://david.abcc.ncifcrf.gov) bioinformatics tool. 
Comparing differentially expressed transcripts in hearts of tamMCM;CT3 mice with all 
transcripts on the array, GO terms associated with ‘nervous system development’, ‘ion 
transport’, and ‘muscle development’ were significantly enriched (P<0.05; Figure 2A). 
Differentially expressed ion channel-related genes are depicted in the Supplementary 
file 3, which includes previously mentioned TBX3 target genes, such as Gja1, but also 
many genes that have not been related to TBX3 regulation or to the conduction system. 
Interestingly, a substantial number of Ca2+ handling genes were influenced by TBX3.

To validate the microarray results and determine the response of several key genes 
not detected by the microarray, we performed qRT-PCR on the same atrial samples. 
Analysis revealed that expression of important working myocardium-enriched genes 
was down-regulated in tamMCM;CT3. These genes include Gja1, Gja5, Scn5a, and 
Nppa and inwardly rectifying K+ channels Kcnj2 (Kir2.1), Kcnj3 (Kir3.1), and Kcnj12 
(Kir2.2; Figure 2B). The contractile apparatus is poorly developed in pacemaker cells.26 
The expression of one of its components, the cardiac troponin I encoding gene Tnni3, 
was reduced to 41% (P<0.001). Cardiac transcription factors Nkx2.5 and Gata4, which 
are important for both working and pacemaker myocardium, were not deregulated, 
indicating that TBX3 specifically represses working myocardium-enriched genes 
(Figure 2C). 

We observed up-regulation of pacemaker channel Hcn1 (Figure 2D), whereas 
Hcn4 was not up-regulated. Furthermore, pacemaker-enriched Ca2+ channel encoding 
genes Cacna1d (CaV1.3) and Cacna1g (CaV3.1) and slow conducting gap junction 
subunit encoding gene Gjd3 (Cx30.2) were also not up-regulated. In contrast, Lbh was 
strongly up-regulated. This putative repressor of Nppa27 was previously found to be 
enriched in the sinus node and highly responsive to TBX3 in the developing heart.16 

To assess whether TBX3 reprograms ventricular myocytes in a similar way, we also 
analyzed gene expression in the apex myocardium. As depicted in Figure 2E, we 
found significant down-regulation of Gja1 (17-fold), Scn5a (3-fold), and Kcnj12 (3-fold), 
indicating similar reprogramming capabilities of key working myocardial genes by 
TBX3 in atrial and ventricular myocardium. Hcn4 was not up-regulated. It was down-
regulated instead, although expression levels of Hcn4 in ventricular cardiomyocytes 
are very low.

Expression of TBx3 in adult cardiomyocytes leads to conduction slowing
The conduction velocity of the electrical impulse was measured in freshly isolated 
atrial preparations and in the ventricular myocardium of whole hearts on a Langendorff 
perfusion set-up. We recorded epicardial electrograms and performed optical 
mapping and measured a two-fold reduction in the conduction velocity in both cardiac 
compartments of tamMCM;CT3 mice (Figure 3A-B). ECG recordings in living animals 
showed QRS broadening, confirming the loss of fast-conducting properties of the 
working myocardium (data not shown).

Right atrium preparations always contracted spontaneously, presumably due to the 
presence of remnants of pacemaker tissue. These samples served as positive controls. 
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Figure 1. A, Cartoon depicting tamoxifen-inducible Cre-loxP recombination. Tamoxifen binds to 
MCM, whereby tamoxifen-MCM enters the nucleus and enables Cre to bind to loxP-sites in the 
target construct and remove the stop cassette. B, Fluorescent immunohistochemistry sections 
demonstrating induced expression of TBX3 and reduced abundance of Cx43 in tamMCM;CT3 
in the atrium (magnification of the tip of the left atrial appendage). C, qRT-PCR analysis to 
determine recombination efficiency. CAT primer set identifies the proportion of non-recombined 
DNA, indicating that recombination is more than 60%. The loxP primer set detects mRNA tran-
scribed from recombined CT3 only, indicating no recombination without tamoxifen. TBX3-target 
gene Gja1 (Cx43) is specifically down-regulated in tamMCM;CT3, while expression is unchanged 
in control groups. D, Fluorescent imaging demonstrating efficient recombination of tamMCM 
with fluorescent reporter Z/EG. E, Abbreviations of the used mouse models. 

Left atrium preparations of tamMCM;CT3 mice did not initiate any spontaneous 
contractions, indicating that no functional pacemaker sites were formed (Figure 3C). 

TBx3 imposes pacemaker properties on adult working myocardial cells
To determine the role of TBX3 in the regulation of electrophysiological properties, 
single atrial cardiomyocytes were isolated. Figure 4A shows typical APs of cells 
isolated from control and TBX3-expressing atria. Almost all control cells (96%), but 
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Figure 2. A, Pie-chart representing microarray results in the tamMCM;CT3 model. Lower panel: 
GO terms that are enriched in the group of differentially expressed transcripts (up- or down-
regulated). B-E, qRT-PCR analysis depicting change in gene expression in atrial samples of 
tamMCM;CT3 hearts in a set of working myocardium-enriched genes (B); a set of general cardiac 
transcription factor genes (C); and a set of pacemaker -enriched genes (D). E, Depicts change in 
gene expression of ventricular samples. F, Official gene names and more commonly used aliases 
or protein names.
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only 50% of tamMCM;CT3 cells were excitable (Figure 4B). No significant differences 
in MDP, AP amplitude (APA), maximum upstroke velocity (Vmax), or AP duration (APD) 
were observed (Figure 4C). The excitable cells of tamMCM;CT3 hearts most likely 
represent cardiomyocytes that did not initiate expression of TBX3, which is in line with 
our finding that the recombination efficiency of the model is ~ 60% (Figure 1C). The 
inexcitable cells of the tamMCM;CT3 hearts were depolarized and had an MDP of 
~ -50 mV (Figure 4A).

Next, cells were subjected to a generic voltage-clamp protocol, without 
specific channel blockers. Figure 4D shows typical current traces in response to a 
hyperpolarization voltage clamp step to –100 mV from a holding potential of –40 mV. 
Time-dependent, inward currents that activated upon the hyperpolarizing voltage 
steps were not observed (Figure 4D), indicating the absence of If. Quasi-steady-state 
currents at the end of the voltage-clamp steps at potentials negative or positive to 
-30 mV were defined as IK1 and IK, respectively. While IK1 and IK in excitable tamMCM 
and tamMCM;CT3 cells were similar, they were significantly smaller in the depolarized, 
inexcitable tamMCM;CT3 cells (Figure 4E). These findings are in line with our finding 
that TBX3 reduces the expression of Kcnj2, Kcnj3, and Kcnj12. 

We observed large inward currents that rapidly activated and inactivated upon 
switching of the hyperpolarizing pulses of –60 mV and more negative (Figure 4D). 
In control and excitable tamMCM;CT3 cells, these currents were typically saturated. 
Figure 4D (inset) shows the currents with adapted amplifier settings, and demonstrates 
that the amplitude exceeds 5 nA. Given their amplitude and time course, these transient 
inward currents are most likely INa, which activates by the depolarizing voltage step at 
the end of the protocol. This current is significantly smaller in inexcitable tamMCM;CT3 
cells (Figure 4D inset, 4F), which is in line with our finding of transcriptional repression 
of Scn5a.

Developmental activation of TBx3 converts cardiomyocytes into 
pacemaker cells
Previously, we observed that TBX3, when activated in embryonic atrial cells, creates 
ectopic pacemaker sites, including functional If.

16 To investigate, at the cellular level, 
whether TBX3 transforms atrial cells into pacemaker-like cells, we generated triple-
transgenic (NppaCre;CT3;Z/EG) mice. These mice express Cre specifically in the atria, 
inducing recombination in CT3 and Z/EG, resulting in co-expression of TBX3 and 
GFP in atrial cardiomyocytes. Electrophysiological properties of isolated single cells 
were compared with NppaCre;Z/EG control cells. Figure 4G shows typical APs. Eight 
out of 10 GFP-positive NppaCre;CT3;Z/EG cells showed diastolic depolarization 
resulting in spontaneous APs with an average cycle length of 212±24 ms, whereas 
all GFP-positive NppaCre;Z/EG cells (n=8) were quiescent and had a stable resting 
membrane potential. All quiescent GFP-positive cells could be stimulated indicating 
that the cells were viable. Diastolic depolarization was absent in NppaCre;Z/EG 
cells. All AP parameters of NppaCre;CT3;Z/EG cells, except the APD at 90% of 
repolarization (APD90), differed significantly from control cells (Figure 4H). Together, 

120



TBx3 INdUCes A PACeMAker PHeNoTyPe

6

these experiments indicate that TBX3 induces pacemaker function in adult atrial cells 
when expressed from embryonic stages onwards.

To gain insight into the differences between embryonic and adult reprogramming 
capabilities of TBX3, we compared microarray results obtained from the tamMCM;CT3 
model with the NppaCre;CT3 model. Of ~1100 and ~1400 transcripts that were 
differentially expressed in tamMCM;CT3 and NppaCre;CT3, 333 transcripts were 
differentially expressed in both models, suggesting that these are targets of TBX3 
(Figure 5). Gene ontology analysis revealed that GO terms associated with ion transport, 
cell cycle regulation, muscle development, and nervous system development are 
over-represented in this group, indicating that these pathways might be regulated by 
TBX3. Table 1 lists genes that are differentially expressed in both models and encode 
ion channels, ion channel related proteins or cell cycle regulators, and genes involved 
in nervous system and muscle development. Most of the transcripts encoding ion 
channels/transport proteins that were differentially expressed in both mouse models 
were down-regulated. Only two ion transport transcripts were up-regulated in both 
models [Gjc2 (Cx47 or Gja12) and Atp1b1]. Both have not yet been related to the 
conduction system or to TBX3, but might be of significant importance to pacemaker 
function, which needs further exploration.

Reprogramming of NRvMs by TBx3
To explore more clinically applicable alternatives of cell reprogramming by TBX3 
in order to assess potential usefulness in biological pacemaker engineering, we 
studied lentiviral TBX3 gene transfer in monolayers of NRVMs and characterized 
basic electrophysiological properties of the transduced monolayers and single cells. 
Monolayers transduced with LV-TBX3-GFP and stimulated at 2 Hz exhibited major 
reductions in the conduction velocity (Figure 6A-B). Spontaneous beating rates were 
not influenced by over-expression of TBX3 (Figure 6C).

All single LV-GFP cells (n=12) exhibited one functional phenotype, which 
was spontaneous activity based on delayed afterdepolarizations (DADs; Figure 
6D). We defined this as the wild-type (WT) phenotype. LV-TBX3-GFP transduced 
myocytes exhibited 3 phenotypes (Figure 6D): 9 out of 28 (32%) were WT, 7 (25%) 
exhibited spontaneous activity based on DD-type, and 12 (43%) were depolarized 
and inexcitable (DI-type). AP parameters of ‘WT’ LV-TBX3-GFP cells did not differ 
significantly from LV-GFP cells, except for APA and Vmax (Figure 6E). DD-type LV-TBX3-
GFP cells had more depolarized MDP, lower APA, and a lower Vmax than WT LV-TBX3-
GFP cells (Figure 6E). 

Voltage-clamp experiments revealed absence of If in all groups (Figure 6F). While 
IK1 density was similar in LV-GFP and WT LV-TBX3-GFP cells, IK1 appeared smaller in 
DD-type and almost absent in DI-type LV-TBX3-GFP cells (Figure 6G). These findings 
are in line with the reduced MDP in these cells (Figure 6E). In comparison with LV-GFP 
cells, INa density was smaller in all types of LV-TBX3-GFP cells (Figure 6H). Taken 
together, TBX3 over-expression in these cardiomyocytes causes reduced conduction 
velocities, reduced IK1 and reduced INa, which is consistent with our findings in our 
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Figure 3. A, Conduction velocity is reduced in tamMCM;CT3 myocardium. Reconstruction of 
activation maps of the atrium and ventricle of tamMCM and tamMCM;CT3 mice after stimulation. 
Note the crowding of isochrones in tamMCM;CT3. B, Bar graphs representing average conduc-
tion velocities calculated from the activation maps. C, Spontaneous and stimulated activity of 
right and left atrial preparations of tamMCM and tamMCM;CT3 mice.

transgenic mouse model. The variation in phenotype of the LV-TBX3-GFP cells is 
probably due to differences in the level of TBX3 expression, because the expression 
of lentivirally delivered transgenes strongly depends on the random integration site.

DISCuSSION 
In this study, we assessed the capability of TBX3 to reprogram adult working 
cardiomyocytes into pacemaker cells. In vitro and in vivo studies revealed that TBX3 
efficiently suppresses intercellular conduction, INa, and IK1. This indicates that TBX3 can 
induce a switch from the working myocardial phenotype to a pacemaker-like phenotype 
and therefore may provide a useful tool in biological pacemaker engineering.

Cell-to-cell coupling and INa

Reduced intercellular coupling and slow propagation of the electrical impulse within 
pacemaker tissues are crucial to overcome current-to-load mismatch. Both in silico9 
and functional28,29 studies have demonstrated that these properties are important for 
pacemaker robustness and stability. In the sinus node, relative uncoupling is established 
by the presence of fewer intercellular connexins. Furthermore, the expression of 
fast-conducting gap junction encoding genes is lower and the expression of slow-
conducting gap junction subunit encoding genes is higher than in the surrounding 
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myocardium.6,30 Conduction also depends on INa, which is reduced in the sinus node, 
resulting in a slower upstroke velocity of the AP31. 

We found that induced expression of TBX3 resulted in reduced expression of fast 
conducting gap junction encoding genes Gja1 and Gja5. In addition, NaV1.5-encoding 
gene Scn5a, and Fgf12, a modifier of voltage-gated Na+ channels,32 are expressed 
at low levels in the sinus node compared with working myocardium11 and were 

Figure 4. A, Typical APs of tamMCM;CT3 and tamMCM cells. B, Percentage of excitable cells. 
C,  AP characteristics of excitable cells. D, Current traces in response to a hyperpolarization 
voltage clamp step to –100 mV from a holding potential of –40 mV. Note that a time-dependent 
hyperpolarization-activated current is absent. Inset, currents with adapted amplifiers settings. 
E, current-voltage (I-V) relationships of steady-state currents. F, I-V relationship of Na+ current (INa). 
G-H, NppaCre;CT3;Z/EG and NppaCre;Z/EG cells. G, Typical APs. H, Average AP characteristics. 
APs indicates action potentials; APA, AP amplitude; APD20, 50, 90, AP duration at 20, 50 and 90% of 
repolarization; depol, depolarized; MDP, maximum diastolic potential; Vmax, maximum upstroke 
velocity. * indicates P<0.05; n, number of cells; N, number of animals the cells were derived from.
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significantly down-regulated in tamMCM;CT3 animals. Accordingly, INa was reduced 
in tamMCM;CT3 cells. Fgf12 function has not been implicated in the heart, but in 
neurons, it has been shown to be crucially important for excitability.32 Consistent with 
the reduced expression of fast conducting gap junctions and INa, conduction velocities 
were significantly reduced in the hearts of TBX3 expressing mice and the monolayers 
of NRVMs. 

Automaticity
The diastolic depolarization phase is controlled by a delicate balance of various inward 
and outward currents, the ‘voltage clock’,4 and intracellular Ca2+ cycling molecules, the 
‘Ca2+ clock’, as reviewed in detail by Lakatta et al.8 An MDP around ~ –60 mV and 
diastolic depolarization are key features of pacemaker cells, resulting in automaticity 
of the cell. The relatively depolarized MDP is due to virtually absent IK1,

6 which enables 
diastolic depolarization. We found that induced expression of TBX3 results in reduced 
expression of IK1-encoding Kir-genes Kcnj2, Kcnj3, and Kcnj12, and reduced IK1 density. 
Consequently, the membrane potential was more depolarized in TBX3 expressing 
cells. We found several degrees of depolarization, which is likely related to various 
degrees of IK1 down-regulation (Figure 6G).

TBX3 did not induce the complete pacemaker phenotype in adult myocardium 
in  vivo, as it did not induce diastolic depolarization. Although pacemaker-enriched 
genes Hcn1 and Lbh were induced by TBX3, pacemaker gene Hcn4 was not up-regulated 
and a measurable If was absent, which could be a limitation in the use of TBX3 alone 
in the formation of a biological pacemaker. In contrast, immature cardiomyocytes can 
still be (re)programmed into fully functional pacemaker cells. Changes during myocyte 
maturation in the epigenetic state of the chromatin or in the presence or activity 
of particular co-factors of TBX3 may underlie this difference. Identification of these 
epigenetic factors or co-factors may further increase our understanding of the molecular 
mechanisms underlying pacemaker formation. Long term expression of TBX3 in adult 
working myocytes may allow induction of the pacemaker gene program. However, our 
inducible model is not suitable to test this hypothesis because tamMCM;CT3 animals 
develop heart failure and die 8 to 10 days after initial tamoxifen administration.

We also found that expression levels of a substantial number of intracellular Ca2+ 
handling genes, including ryanodine receptor 2 and calcium/calmodulin-dependent 
protein kinases were changed by TBX3 (Supplementary file 3). These changes in gene 
expression could have a significant effect on intracellular Ca2+ handling and the Ca2+ 
clock, for example reduced SR Ca2+-releases caused by down-regulation of Ryr2. We 
found that Ryr2 was down-regulated 2.8 times, which is consistent with the finding 
that the expression of Ryr2 is reduced in the sinus node.4, 5 

Other pacemaker myocyte properties
The contractile apparatus is poorly developed in pacemaker cells.3 Microarray analysis 
revealed that genes involved in muscle development were over-represented in the 
group of differentially expressed genes. qRT-PCR confirmed that the expression of the 
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cardiac troponin I encoding gene Tnni3 (cTnI) was reduced. Although this property 
of pacemaker cells may not be crucial for pacemaker function, it indicates the broad 
range of pacemaker properties regulated by TBX3. 

In contrast to working cardiomyocytes, pacemaker myocytes proliferate slowly 
during embryogenesis.3 The functional gene group ‘regulation of the cell cycle’, and 
other GO terms involved in cell cycle, proliferation, and cell death, were enriched 
in tamMCM;CT3 atria (Supplementary file 4), indicating that TBX3 is involved in 
regulation of proliferation of pacemaker cardiomyocytes. This is consistent with the 
observation that during development, conduction system cells exit the cell cycle 
under the influence of TBX3.17 In myocyte monolayers, transduced with high amounts 
of virus, we observed increased cell death. However, cell death was not observed in 
the monolayers transduced at moderate MOI used in this study nor was it observed 
in the in vivo models, suggesting that the dose of TBX3 needs to be carefully controlled 
for use in biological pacemaker formation. Alternatively, modified isoforms of TBX3 or 
less potent T-box factor family members that also act as repressor could be tested for 
their use in reprogramming myocytes. 

Figure 5. Venn diagram of the comparison of differentially expressed transcripts in tamMCM;CT3 
and NppaCre;CT3. Note that 333 transcripts are differentially expressed in both models. Lower 
panel: GO terms that are enriched in the 3 groups of differentially expressed transcripts. The 
entire list of enriched GO terms is available (Supplementary file 5).
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Table 1. Comparison of differentially expressed transcripts in the atria of tamMCM;CT3 and 
NppaCre;CT3 mouse hearts

Gene Alias Accession # tamMCM;CT3 NppaCre;CT3

Up/down Fold Adj P Up/down Fold Adj P

Ion transport

Abcc8 NM_011510 Down 7.7 <0.01 Down 2.0 <0.001

Atp1b1 NM_009721 Up 2.1 <0.01 Up 1.4 <0.01

Camk1d NM_177343 Down 2.4 <0.01 Down 1.6 <0.001

Fgf12 NM_183064 Down 2.8 <0.01 Down 3.0 <0.001

Gja1 Cx43 NM_010288 Down 3.9 <0.001 Down 2.0 <0.001

Gja5 Cx40 NM_008121 Down 1.8 <0.01 Down 3.8 <0.001

Gjc2 Cx47 NM_080454 Up 2.6 <0.05 Up 1.4 <0.01

Kcnd2 Kv4.2 NM_132981 Down 3.6 <0.05 Down 2.2 <0.001

Kcnj3 Kir3.1 NM_008426 Down 3.5 <0.001 Down 2.0 <0.001

Kcnk3 Task-1 NM_010608 Down 2.2 <0.05 Down 1.4 <0.05

Kcnv2 Kv11.1 NM_183179 Down 6.4 <0.05 Down 1.6 <0.001

Ryr2 RYR2 NM_023868 Down 2.0 <0.05 Down 1.4 <0.01

Scn10a Nav1.8 NM_009134 Down 8.2 <0.001 Down 1.7 <0.001

Slc4a3 NM_009208 Down 6.2 <0.01 Down 2.1 <0.001

Slc9a2 NM_129721 Down 5.1 <0.01 Down 1.6 <0.001

Muscle and nerve development and cell cycle

Acta1 NM_009606 Up 4.4 <0.05 Down 1.9 <0.01

Apbb1 NM_009685 Down 2.5 <0.05 Down 1.3 <0.05

Arl8a NM_026823 Up 1.7 <0.05 Up 1.5 <0.001

Bmp4 NM_007554 Up 2.9 <0.05 Up 2.3 <0.001

Cited2 NM_010828 Up 2.6 <0.05 Up 1.5 <0.01

Edn1 NM_010104 Up 7.5 <0.01 Up 3.1 <0.001

Egf NM_010113 Down 4.5 <0.01 Down 1.4 <0.01

Itgb1bp3 XM_125745 Up 3.2 <0.001 Up 2.6 <0.01

Myl2 NM_010861 Up 5.9 <0.05 Up 1.8 <0.001

Pik3r1 NM_011085 Down 2.1 <0.05 Down 1.4 <0.05

Plxnb2 XM_484491 Up 1.5 <0.05 Up 1.3 <0.05

Prox1 NM_008937 Down 3.9 <0.05 Down 1.6 <0.001

Robo1 NM_019413 Up 2.0 <0.05 Up 1.5 <0.05

Rtn4 NM_194054 Up 6.2 <0.05 Up 1.5 <0.05

Sphk1 NM_011451 Up 6.9 <0.05 Up 1.5 <0.05

Tgfb2 NM_009367 Up 8.4 <0.05 Up 1.6 <0.001

Tnc NM_011607 Up 2.8 <0.05 Up 1.4 <0.05

Ttn AK036536 Down 1.8 <0.05 Down 3.0 <0.001

Uchl1 Pgp9.5 NM_011670 Up 3.9 <0.05 Up 1.7 <0.001
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The sinus node, the atrioventricular node, and in particular the His bundle are 
embedded in connective tissue and extracellular matrix, and this insulation is crucial 
for proper function2. Like in the NppaCre;CT3 model, we found that transcripts 
involved in the formation of connective tissue and extracellular matrix, i.e. collagens, 

Figure 6. TBX3 over-expression in NRVMs. A, Optical activation maps at 2Hz stimulation 
B,  Average conduction velocities C, Average beating rate D, Typical APs of LV-GFP and LV-
TBX3-GFP cells. We observed three AP phenotypes within the LV-TBX3-GFP cells: 1) WT-like 
spontaneous APs, 2) spontaneous APs based on diastolic depolarization (DD), 3) depolarized and 
inexcitable cells (DI). E, Average AP characteristics. F, Current traces in response to a hyperpo-
larization voltage clamp step to –100 mV from a holding potential of –40 mV G, I-V relationships 
of steady-state currents. H, I-V relationships of INa. * Indicates P<0.05 DI versus GFP, WT and 
DD; $, P<0.05 DI versus GFP and WT; &, P<0.05 DI versus DD; ‡, P<0.05 DI versus GFP and DD; 
#, P<0.05 GFP versus WT and DD; ¶, P<0.05 GFP versus WT; n, number of cells analyzed, derived 
from 5 cell isolations, 6 to 12 neonatal rats per isolation.
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were significantly enriched in the tamMCM;CT3 model, indicating that this process 
is directly stimulated by TBX3 in the myocardium. Accordingly, ectopic expression 
of TBX3 in embryonic hearts induced subendocardial mesenchyme formation and 
extracellular matrix formation (unpublished data). Therefore, we hypothesize that 
TBX3 is involved in the formation and regulation of the connective tissues surrounding 
the pacemaker and conduction system components. 

Creating a biological pacemaker
Biological pacemakers are able to initiate the cardiac impulses and transfer them to 
the surrounding myocardium. They can be derived from embryonic, mesenchymal 
or induced pluripotent stem cells, which have been reprogrammed into pacemaker 
cells via tissue-engineering technology. TBX3 may be useful to efficiently force these 
embryonic cells along the pacemaker lineage. Alternatively, cells can be targeted 
‘in vivo’ via direct gene transfer, in which case TBX3 could be useful to impose several 
important pacemaker properties on the targeted myocardium. Over a decade of 
experimental research has generated robust proof-of-concept data on gene-based 
biological pacemakers (reviewed in Rosen et al.33). Most efforts have focused on impulse 
generation. In these studies, dominant negative suppression of Kcnj2,7 over-expression 
of HCN1, -2, and -434,35 and over-expression of β2-adrenergic receptors36 have been 
demonstrated to be successful. Improvements were made when strategies were 
combined.37,38 While gene transfer of HCN channels appears most promising because 
of direct modulation of function by autonomic stimuli, beating rates in the HCN-based 
approach are still suboptimal. A  likely explanation for the suboptimal function is the 
current-to-load mismatch between HCN over-expressing cells and the surrounding 
myocardium. An effective strategy to reduce or prevent such mismatch may be provided 
by co-expression of TBX3 and HCN or other pacemaker genes. Our study indicates that 
TBX3 is a powerful factor to reduce intercellular coupling via down-regulation of Gja1 and 
Gja5 and to reduce intracellular electrical load via down-regulation of inwardly rectifying 
genes, thereby enabling spontaneous diastolic depolarization in adult cardiomyocytes. 
These modifications will likely increase biological pacemaker rate and stability. 
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SuPPlEMENTARy MATERIAl – CHAPTER 6

SuPPlEMENTARy FIlE 1

Mice studies
Transgenic mice were identified before and after experiments by PCR. Genotype 
confirmation pcr primer sequences:

CAT: FW/ CAGTCAGTTGCTCAATGTACC R/ ACTGGTGAAACTCACCCA

GFP: FW/ CGACGTAAACGGCCACAAGTT R/ TTGATGCCGTTCTTCTGCTTGT

Cre: FW/ GGTTCGCAAGAACCTGATGGACAT R/ GCTAGAGCCTGTTTTGCACGTTCA

To exclude that a previously reported tamoxifen/Cre-induced hypertrophy response1 
would influence our findings, we measured expression of hypertrophy markers Nppa 
(ANF) and Nppb (BNP). Expression levels of these genes were not different between 
hearts of tamMCM;CT3 mice and controls (Supplementary Figure I).

Supplementary Figure I. Hypertrophy markers Nppa and Nppb were not up-regulated in 
tamMCM;CT3 hearts. Cre has been reported to induce hypertrophy. In left left atrial and ventricu-
lar samples we assessed expression levels of hypertrophy response markers Nppa and Nppb.

quantitative real-time PCR 
Total RNA was isolated from left atrial appendages and apex myoccardium using the 
total RNA isolation Kit (Machery-Nagel) according to the manufacturer’s protocol. 
200 ng of total RNA was reversed transcribed into cDNA using the Superscript II 
reverse transcription kit (Qiagen). Expression of different genes was assayed using 
the Roche Lightcycler 480 system. Target quantities were calculated using LinRegPCR 
software.2 Values were normalized to Gapdh. 6 tamoxifen-treated Myh6MCM;CT3 
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(tamMCM;CT3) animals were compared with 6 tamoxifen-treated Myh6MCM 
(tamMCM) controls. Genes were considered differentially expressed if P<0.05, using 
the two-tailed unpaired Student t-test. These are the primer sequences used: 

Cacna1d: FW/ CTTGGGGGAACAGGAGTATT R/ CCAGTGGGAGAGTCATCATC

Cacna1g: FW/ CGTCCTGCTCTCTAGCTCTG R/ CTTCCTCACAGTCAGCAGGT

CAT: FW/ CAGTCAGTTGCTCAATGTACC R/ ACTGGTGAAACTCACCCA

Gapdh: FW/ TGTCAGCAATGCATCCTGCA R/ CCGTTCAGCTCTGGGATGA

Gata4: FW/ TGAAGAGATGCGCCCCATCAA R/ ATAGCCTTGTGGGGACAGCT

Gja1: FW/ AGTACCCAACAGCAGCAGAC R/ AAATGAAGAGCACGACAG

Gja5: FW/ GGAAGACGGGCTGTTCCA R/ CCCATTTCAGAAAACAAACACA

Gjd3: FW/ GCAGGAGGAGTTCGTGTGTA R/ AGGATGTGGAAGAGCCAGA

Hcn1: FW/ CAGACTCAGACTCAGCAGCA R/ TGTGCTCTTGTGCACTTCAT

Hcn2: FW/ ACAATTTCAACGAGGTGCTG R/ CTTGTGCAGCAAGATGCAGT

Hcn4: FW/ TCCTTGATCCCTTCAGCTCT R/ AGAGAATCCAGCCAGCTGTT

Hop: FW/ TTGAATTCATTTAAGCAGACA 
GGCACCA 

R/ TTAAAGCTTACATCAAAACAGCC 
TGGGTA

Kcnd2: FW/ AGAGGCAGTGTGCAAGAACT R/ GTGGTTACTGGAGGTGTTGG

Kcnj12: FW/ GGTCACAGAGGAGGGTGAGT R/ TCTGTCTCAAGGTCCTGACG

Kcnj2: FW/ GTGGCTTGTGACCCTCTGTA R/ TCTCGACGCTTCTCTCTTGA

Kcnj3: FW/ TGGAAACCACAGGAATGACT R/ CATGGAACTGGGAGTAATCG

Lbh: FW/ TATTTCCCCATTCACTGCTC R/ TCAGTGGGTTCCACCACTAT

loxP: FW/ GCAAAGAATTCAAGCTGGG R/ ATTCGATCGATACCGTCGAC

Nkx2.5: FW/ CATGCCAACATCAGCTGACCA R/ CGCCCTATCCCAGACCTCTT

Nppa: FW/ TTCCTCGTCTTGGCCTTTTG R/ CCTCATCTTCTACCGGCATCTTC

Nppb: FW/ GTCCAGCAGAGACCTCAAAA R/ AGGCAGAGTCAGAAACTGGA

Scn5a: FW/ GGGACTCATTGCCTACATGA R/ GCACTGGGAGGTTATCACTG

Microarray analysis 
For both tamMCM;CT3 and tamMCM controls, 6 labeled antisense RNA samples 
derived from 60 ug of total RNA from 6 left atrium samples were hybridized to Illumina 
Mouse-Ref-6 BeadChips following the manufacturer’s instructions (Illumina  Inc.). 
Beadstudio software was used to assess the individual array quality. The probe 
signals were normalized using VSN in R.3 Analysis of differentially expressed genes 
was done with the LIMMA package in R.4 P-values were adjusted for multiple testing 
using the method proposed by Benjamin and Hochberg. Transcripts were considered 
differentially expressed if the adjusted P<0.05. Microarray data have been submitted 
to the Gene Expression Omnibus database [http://www.ncbi.nlm.nih.gov/projects/
geo] under series GSE31969.
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Immunohistochemistry 
Hearts were fixed overnight in 4% formaldehyde, embedded in paraplast and 
sectioned at 7 μm. Immunohistochemistry was performed by removing embedding 
media from sections and boiling for 5 minutes in a high pressure cooking pan in 
Antigen Unmasking Solution (Vector H3300). Tissue sections were incubated with 
primary antibodies overnight in Tris-NaCl buffer with blocking powder. Antibodies 
used were goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey anti-
goat (1:250), and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey 
anti-mouse IgG (1:250). For detection of biotinylated antibodies we used the TSA 
Enhancement kit (Perkin&Elmer, NEL702).

Cell isolation 
Single cells were isolated from left atrial appendages by an enzymatic dissociation 
procedure modified from Verkerk et al.5 In summary, the left atrium was cut in small 
strips of ~0.5 mm width, 1.0 mm length for cell isolation and stored in a modified 
Tyrode’s solution (20°C) containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, 
glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). The strips were placed in nominally Ca2+-free 
Tyrode’s solution (20°C), i.e., modified Tyrode’s solution with 10 mM CaCl2, which was 
refreshed two times. Then, the strips were incubated for 11-13 min in nominally Ca2+-
free Tyrode’s solution (37°C) to which liberase IV (0.25–0.29 U/ml; Roche, Indianapolis, 
USA) and elastase (2.4–0.7 U/mL; Serva, Heidelberg, Germany) were added. During the 
incubation period, the strips were triturated through a pipette (tip diameter: 2.0 mm). 
The dissociation was stopped by transferring the strips into a modified Kraft-Brühe (KB) 
solution (37°C) containing (mM): KCl 85, K2HPO4 30, MgSO4 5.0, glucose 20, pyruvic 
acid 5.0, creatine 5.0, taurine 30, β-hydroxybutyric acid 5.0, succinic acid 5.0, BSA 1%, 
Na2ATP 2.0; pH 6.9 (KOH), that was refreshed two times (at 20°C). Finally, the strips 
were triturated in modified KB solution (20°C) through a pipette (tip diameter 0.8 mm) 
for 2 min to obtain single cells. Single cells were stored at room temperature for at least 
45 min in modified KB solution before they were put into a recording chamber on the 
stage of an inverted microscope, and superfused with modified Tyrode’s solution (37ºC).

Patch clamp recording procedures 
Action potentials (APs) and membrane currents were recorded at 36±0.2ºC with the 
amphotericin-B perforated patch-clamp technique using an Axopatch 200B patch-
clamp amplifier (Molecular Devices Corporation, Sunnyvale, CA, USA). Superfusion 
solution was modified Tyrode’s solution; pipettes (2-3 MW, borosilicate glass) were 
filled with solution containing (mM): 125 K-gluc, 20 KCl, 5 NaCl, 0.22 amphotericin-B, 
10 HEPES; pH 7.2 (KOH). APs were low-pass filtered with a 5-kHz cut-off frequency, 
and digitized at 25-kHz; membrane currents were filtered and digitized at 5 and 
4-kHz, respectively. Series resistance was compensated by ≥80%, and potentials were 
corrected for the estimated liquid junction potential. Voltage control, data acquisition, 
and analysis were accomplished using custom software. Cell membrane capacitance 
was determined as described previously.6
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In cells without pacemaker activity, APs were elicited at 2 or 4-Hz by 3-ms, 1.5× 
threshold current pulses through the patch pipette. We analyzed the following AP 
characteristics: cycle length, MDP, maximum upstroke velocity (Vmax), maximum AP 
amplitude (APA), and AP duration at 20, 50, and 90% repolarization (APD20, APD50 and 
APD90, respectively). Parameters from 10 consecutive APs were averaged.

Based on AP characteristics we observed various groups of cells (for details, see 
Results section). Almost all single atrial cardiomyocytes of control mice, but only 
50% of the atrial cardiomyocytes of the hearts of tamMCM;CT3 mice were excitable 
(Fig. 4b). Neither cell size (83.3±13.7 pF, control cells (n=18); 72.0±12.7 pF, excitable 
tamMCM;CT3 cells (n=9); 85.2±11.9, inexcitable tamMCM;CT3 cells (n=9)) nor series 
resistances (23.3±2.7 ΩM, control cells (n=18); 22.7±2.5 ΩM, excitable tamMCM;CT3 
cells (n=9); 25.7±2.2 ΩM, inexcitable tamMCM;CT3 cells (n=9)) differed between the 
various atrial cardiomyocytes groups. In neonatal rat ventricular myocytes (NRVMs), all 
LV-GFP cells exhibited one functional phenotype, i.e., spontaneous activity based on 
delayed afterdepolarizations (DADs), which was defined as the wild-type (WT) phenotype. 
In LV-TBX3-GFP cells we observed 3 phenotypes: 1) WT phenotype, 2)  spontaneous 
activity based on diastolic depolarization, defined as DD-type, and 3) depolarized and 
inexcitable cells, defined as DI-type (Fig. 6). Comparable to adult atrial myocytes, cell 
size (27.2±2.8 pF, WT LV-GFP cells (n=10); 27.7±8.2 pF, WT LV-TBX3-GFP cells (n=5); 
35.5±5.7 pF, DD-type LV-TBX3-GFP cells (n=4); 29.2±6.8, DI-type LV-TBX3-GFP cells 
(n=10)) and series resistances (20.2±4.4 pF, WT LV-GFP cells (n=10); 23.4±8.3 pF, WT 
LV-TBX3-GFP cells (n=5); 23.7±11.3 pF, DD-type LV-TBX3-GFP cells (n=4); 24.6±6.7, 
DI-type LV-TBX3-GFP cells (n=10)) did not differed between the various NRVM groups.

Net membrane current was recorded using 500-ms hyper- and depolarizing voltage-
clamp steps from a holding potential of -40 mV, every 2 seconds. We analyzed the 
current at the end of the voltage-clamp steps, i.e., the quasi steady-state current, and 
the current by stepping back to the –40 mV holding potential. IK1 and IK were defined 
as the quasi steady-state current at the end of the voltage-clamp steps at potentials 
negative or positive to -30 mV, respectively. INa was defined as the instantaneous 
tail current when stepping back to the holding potential. Membrane currents were 
normalized for cell capacitance.

Statistics 
Data are presented as mean±SEM. Groups were compared using one-way ANOVA and 
unpaired t-test, Fisher’s exact test with Bonferroni correction, or Two-Way Repeated 
Measures ANOVA followed by pairwise comparison using the Student-Newman-Keuls 
test. P<0.05 defines statistical significance.

Electrical recordings
Mice were sacrificed with an intraperitoneal injection of 30 mg pentobarbital, after 
which the heart was excised, cannulated, mounted on a Langendorff perfusion set-up, 
and perfused at 37°C with Tyrode’s solution ((in mM) 128 NaCl, 4.7 KCl, 1.45 CaCl2, 
0.6 MgCl2, 27 NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained at 7.4 by 
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Supplementary Figure II. Schematic drawing of the lentiviral vectors used. B, Lentivirally trans-
duced HEK 293T cells. LV-TBX3-GFP transduced cells demonstrate clear nuclear TBX3 expression 
(orange; left panel) which was absent in LV-GFP transduced cells (right panel). Bars represent 25 µm.

equilibration with a mixture of 95% O2 and 5% CO2)). Local electrograms were 
recorded from the left ventricle using a multi-electrode (247 unipolar 19x13 electrode 
grid, interelectrode distance 300 µm) during sinus rhythm, ventricular and atrial pacing 
at a basic cycle length of 120 ms, and twice the diastolic stimulus. Local electrograms 
were acquired using a custom-built 256 channel data acquisition system. Moment 
of activation was determined by the maximal negative dV/dt as measured from the 
unipolar electrograms using custom made software.

Optical recordings 
Atrial preparations were placed in an optical mapping set-up and superfused with 
Tyrode’s solution at 37°C. Excitation light was provided by a 5 Watt power led (filtered 
510 +/- 20 nm). Fluorescence (filtered >610nm) was transmitted through a tandem 
lens system on a photo diode array (16x16 elements) connected to a data-acquisition 
system (biosemi Mark-6). Optical action potentials were analyzed with custom software. 
Statistical significance in atrial and ventricular conduction velocities was calculated 
using a Two-Way ANOVA with genotype and with/without tamoxifen as fixed factors.

A

B
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Neonatal rat cardiomyocyte culture 
Between six and twelve neonatal rats were sacrificed per procedure, as described 
previously.7 NRVMs were cultured in M199 containing (mM): 137 NaCl, 5.4 KCl, 1.3 
CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and supplemented with 
20  units/100ml penicillin, 20 µg/100ml streptomycin, 2 μg/100ml vitamin B12, and 
5% or 10% neonatal calf serum (NCS); 10% NCS was used only on the first day of 
culturing. Cells were cultured in monolayers or in low density single cell preparations 
on collagen-coated glass at 37°C in 1% CO2.

lentiviral vectors 
A bicistronic TBX3 lentiviral expression vector was generated by cloning human 
TBX3 as a SpeI-XbaI fragment into the corresponding sites of pRRL-cPPT-
CMV-X2-IRES-GFP-PRE-SIN.8 In this vector, gene expression is controlled by a 
cytomegalovirus (CMV) promoter and the expression of TBX3 is linked to enhanced 
green fluorescent protein (GFP) expression by an internal ribosome entry site (IRES) 
from the encephalomyocarditis virus (Supplementary Figure IIa). Lentiviral vectors 
were generated by co-transfection of HEK293T cells, concentrated, and titrated as 
described previously.8

Transduction 
NRVMs were transduced with LV-TBX3-GFP or LV-GFP on day 4 of culture (initial 
NRVM seeding was defined as day 0) in the presence of 8 μg /ml Polybrene (Sigma) at 
a multiplicity of infection (MOI) of 2 (monolayers) or 0.1 (single cells). Four to 5 days 
later, electrophysiological and molecular analyses were performed. Non-transduced 
NRVM monolayers served as controls. 

Demonstration of gene transfer 
HEK 293T cells were transduced at a MOI of 2 in the presence of 8 μg /ml Polybrene 
and fixed 4 days after transduction. Transduced HEK 293T cells were fixed with 
methanol:acetone (4:1) and washed with PBS supplemented with Tween20 (0.05%). 
Anti-TBX3 (Santa Cruz) was used as primary antibody and donkey anti-goat IgG 
conjugated with Alexa 488 (Invitrogen) was used as secondary antibody. Sytox 
green (Molecular Probes) was used to stain the nuclei. The HEK 293T cells were 
subsequently embedded with Vecta Shield® and assessed by fluorescence microscopy 
(Supplementary Figure IIb). 

NRvM Optical mapping of action potential propagation and spontaneous 
beating
NRVM monolayers were stained with 10 μmol/L di-4-ANEPPS (Invitrogen) in serum-free 
culture medium for 15 minutes at 37°C and 1.2% CO2. Subsequently, they were put into a 
recording chamber, superfused with Tyrode’s solution (36±0.2°C), and optical recordings 
were made in a custom-made tandem lens setup. Excitation light was delivered by 6 cyan 
(505 nm) high-power Light Emitting Diodes (LEDs) filtered by a 505/30 nm band-pass 
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filter. Emission fluorescence was high-pass filtered (600 nm) and measured with a 
photodiode array (PDA; Hamamatsu C4675-102). Data acquisition was performed with 
modified ActiveTwo system without the input-amplifiers (BioSemi); data were analyzed 
using custom made software based on Matlab (Mathworks).9 After acquisition, data were 
digitally filtered. Conduction velocities were calculated from two pairs of remote detectors 
perpendicular to the activation wave front. In these experiments, monolayers were 
stimulated at 2Hz and two times threshold using a 100μm bipolar silver point-electrode. In 
control, LV-GFP, and LV-TBX3-GFP transduced NRVM monolayers, spontaneous beating 
rates were assessed by counting the contractions during 1 minute. These cultures were 
not loaded with ANEPPS and superfused with Tyrode’s solution (36±0.2°C). 

ECG 
Animals were anaesthetized with 1.5% isoflurane. Electrodes were placed at the 
right (R) and left (L) armpit and the left groin (F). Electrocardiograms were recorded 
(sampling rate 2 kHz, acquisition system BioSemi Mark X, Amsterdam, NL) for a period 
of 5 minutes. From these leads a three lead ECG was calculated as follows: I=L-R, 
II=F-R, III=F-L, the PR interval was defined as the time from the start of the P wave 
to the first deflection of the QRS complex (either a Q or a R wave depending on the 
lead). The QRS complex was defined as the time of the first deflection (Q or R) to the 
moment when the S wave intersects the isoelectric line. The end of the T wave was 
defined as the moment where the T wave returns to the isoelectrical line.
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SuPPlEMENTARy FIlE 3 

Differentially expressed ion channels in the atrium of tamMCM;CT3 mouse hearts

gene alias accession# up/down fold AdjP

Gap junctional subunits      

Gja1 Cx43 NM_010288 down 3,9 <0,001

Gja5 Cx40 NM_008121 down 18 <0,01

Gja7 Cx45/Gjc1 NM_008122 up 1,8 <0,05

Gja12 Cx47/Gjc2 NM_080454 up 2,6 <0,05

Gjd4 Cx39 NM_153086 up 3,8 <0,05

Calcium homeostasis        

Ank1 Ank-R NM_031158 up 1,6 <0,05

Ank3 Ank-G NM_170728 up 1,6 <0,05

Cacna2d1 Cavα2δ1 NM_009784 up 2,9 <0,01

Cacna2d3 Cavα2δ3 NM_009785 down 1,9 <0,05

Cacnb3 Cavβ3 NM_001044741 up 2,2 <0,05

Camk1d   NM_177343 down 2,4 <0,01

Camkk1   NM_018883 up 2,4 <0,01

Camkk2   NM_145358 up 1,8 <0,05

Catsper2   NM_153075.2 down 1,7 <0,05

Itpr1   NM_010585.2 up 1,7 <0,05

Ryr2   NM_023868 down 2,8 <0,01

Potassium channel and auxiliary subunits    

Kcna6 Kv1.6 NM_013568 down 2,7 <0,05

Kcnab1 Kvβ1 NM_010597 down 2,1 <0,05

Kcnd2 Kv4.2 NM_019697 down 3,6 <0,05

Kcnip2 KChIP2 NM_145703 down 2,6 <0,05

Kcnj12 Kir2.2 NM_010603 down 2,5 <0,05

Kcnj3 Kir3.1 NM_008426 down 4,7 <0,01

Kcnk3 Task-1 NM_010608 down 2,2 <0,05

Kcnq1 KvLQT1 NM_008434 down 2,9 <0,05

Kcnv2 Kv11.1 NM_183179 down 6,4 <0,05

Sodium channels and auxiliary subunits    

Fgf12   NM_010199 down 3,0 <0,01

Scn10a Nav1.8 NM_009134 down 8,2 <0,001

Scn4b Navβ4 NM_001013390 down 3,8 <0,05

Scnm1   NM_027013 down 2,1 <0,05

others/miscelaneous        
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Differentially expressed ion channels in the atrium of tamMCM;CT3 mouse hearts

gene alias accession# up/down fold AdjP

Abcc8   NM_011510 down 7,7 <0,01

Atp1b1   NM_009721 up 2,1 <0,01

Chrnb1   NM_009601 up 2,6 <0,01

Clic5   NM_172621 up 2,9 <0,05

Clic6   NM_172469 down 4,9 <0,05

P2rx5   NM_033321 up 2,4 <0,05

Slc4a3   NM_009208 down 5,9 <0,01

Slc9a2   NM_001033289 down 5,1 <0,01

Vdac2   NM_011695 up 1,7 <0,05

, continued.
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SuPPlEMENTARy FIlE 4

Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3

enriched GO term   up + down

anatomical structure formation   1,6

angiogenesis   2,0

anion transport   2,0

blood circulation   2,6

blood vessel morphogenesis   1,9

branching morphogenesis of a tube   2,6

carbohydrate transport   2,4

cell development   1,5

cell growth   2,2

cell morphogenesis   1,6

cellular polysaccharide metabolic process   2,8

cellular structure morphogenesis   1,6

cytoskeleton organization and biogenesis   2,1

cytoskeleton-dependent intracellular transport   2,5

embryonic pattern specification   2,6

generation of neurons   1,5

heart development   2,0

heart process   2,9

lipid biosynthetic process   1,6

morphogenesis of a branching structure   2,4

muscle cell differentiation   3,2

muscle contraction   2,8

muscle development   2,6

myoblast maturation   6,0

myofibril assembly   5,9

negative regulation of programmed cell death   2,0

negative regulation of progression through cell cycle   2,1

nervous system development   1,5

neuron morphogenesis during differentiation   1,7

phosphate metabolic process   1,6

polysaccharide metabolic process   2,8

positive regulation of cell differentiation   2,4

positive regulation of cell proliferation   1,6

positive regulation of developmental process   2,7
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Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3

enriched GO term   up + down

positive regulation of neurogenesis   4,3

regulation of cell cycle   1,9

regulation of cell growth   2,4

regulation of heart contraction   3,1

regulation of progression through cell cycle   1,9

regulation of synaptic plasticity   4,2

skeletal muscle fiber development   3,2

striated muscle cell development   5,9

vasculature development   2,0

wound healing   2,3

, continued.
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SuPPlEMENTARy FIlE 5

Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3, in 
NppaCre;CT3, or both

eriched GO term   MCM both Nppa

actin binding   2,0   2,3

active transmembrane transporter activity       1,6

anatomical structure morphogenesis     1,9 1,4

anion transport   1,8 3,8  

anti-apoptosis   2,7    

apoptosis   1,5    

axonogenesis     3,2  

bicarbonate transmembrane transporter activity     11,6  

calcium ion binding     1,6  

calmodulin binding       2,7

carbohydrate transmembrane transporter activity       3,8

cell cycle process   1,7    

cell death   1,6    

cell development     1,8  

cell differentiation   1,2 1,7 1,3

cell growth   2,2   2,3

cellular metal ion homeostasis       3,1

chloride transmembrane transporter activity     11,6  

chloride transport   2,8    

collagen     9,7 4,9

collagen fibril organization     10,8  

connexon complex     10,2  

contractile fiber       6,0

cytoskeleton   1,7 2,1  

cytoskeleton organization and biogenesis   1,9 2,4  

electron transport       1,9

extracellular matrix     4,1 3,3

extracellular matrix organization and biogenesis     5,1  

extracellular matrix part     7,9 3,5

extracellular matrix structural constituent     7,5 4,0

extracellular matrix structural constituent conferring 
tensile strength

    12,0  

extracellular region     1,4 1,5

extracellular region part     1,4 1,5
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Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3, in 
NppaCre;CT3, or both

eriched GO term   MCM both Nppa

extracellular space       1,5

extracellular structure organization and biogenesis     3,6 2,7

gap junction     8,3  

gap junction channel activity     11,6  

heart development     4,6  

I band       5,7

inorganic anion transmembrane transporter activity     7,5  

inorganic anion transport     3,1  

ion binding       1,2

ion transmembrane transporter activity       1,5

ion transport   1,4 1,9 1,5

morphogenesis of a branching structure     7,3  

muscle cell differentiation     5,7  

muscle contraction     4,8 3,9

muscle development     4,5 2,1

muscle fiber development     6,2  

muscle system process     4,8 3,9

myofibril       6,0

negative regulation of apoptosis   2,0    

negative regulation of biological process     1,7  

negative regulation of cell differentiation     4,5  

negative regulation of programmed cell death   2,1    

negative regulation of progression through cell cycle   2,0 3,1  

nervous system development     2,4  

neurogenesis     2,4  

neuron development     3,1  

neuron differentiation     2,5  

ossification       2,7

phosphate transport     5,6  

positive regulation of cell proliferation   1,7    

proteinaceous extracellular matrix     4,0 3,3

regulation of apoptosis   1,5    

regulation of cell differentiation       2,0

regulation of cell growth   2,2   2,4

regulation of cell proliferation   1,6    

regulation of growth   1,9   2,2

, continued.
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Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3, in 
NppaCre;CT3, or both

eriched GO term   MCM both Nppa

regulation of programmed cell death   1,6    

regulation of progression through cell cycle   2,1    

sarcomere       5,9

skeletal development     2,7 1,9

skeletal muscle development     5,2 2,4

skeletal muscle fiber development     6,2  

smooth muscle contraction       4,3

striated muscle contraction       4,6

striated muscle development   2,1 5,0 2,3

substrate-specific transmembrane transporter activity       1,5

transport   1,2 1,4 1,3

tube development     3,8  

tube morphogenesis     3,2 2,0

voltage-gated cation channel activity       2,3

wide pore channel activity   3,0    

wound healing     4,5  

Z disc   4,2    

, continued.
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ABSTRACT
Background: Biological pacemakers based on the HCN2 channel isoform respond 
to beta-adrenergic and muscarinic stimulation, suggesting a capacity to respond to 
autonomic input.

Objective: The purpose of this study was to investigate autonomic response 
to emotional arousal in canines implanted with murine HCN2-based biological 
pacemakers using gene therapy.

Methods: An electronic pacemaker was implanted with its lead in the right ventricular 
apical endocardium (VVI 35 bpm). An adenoviral HCN2/GFP construct (Ad-HCN2, 
n=7) or saline (control, n=5) was injected into the left bundle branch on day 2 after 
radiofrequency ablation of the atrioventricular node to induce complete atrioventricular 
block. Emotional arousal was achieved by presenting food following an overnight fast. 
Autonomic control was evaluated with Poincaré plots of R-RN against R-RN+1 intervals to 
characterize heart rate variability (HRV) and with continuous RR interval assessment via 
24-hour ambulatory ECG. The 24-hour ECG and Poincaré plot shape were analyzed.

Results: During day 1 after biological pacemaker implantation, Poincaré HRV 
parameters and RR intervals were unchanged with food presentation. However, on 
day 7, food presentation was accompanied by an increase in HRV (SD1, P<0.07, and 
SD2, P<0.05) and shortening of RR interval (P<0.05) in dogs with Ad-HCN2 but not in 
controls.

Conclusion: This is the first demonstration that biological pacemakers are capable of 
responding to natural arousal stimuli to elicit appropriate chronotropic responses, a 
potential advantage over electronic pacemakers.
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INTRODuCTION
A distinct advantage of intrinsic cardiac pacemakers over their electronic replacements 
is their seamless response to physiologic stimuli, thereby adapting heart rate to the 
metabolic needs of the body. Although electronic pacing is a lifesaving technology 
and rate-responsive units now are in use, the nuanced input of the autonomic 
nervous system is difficult to replicate. Recent experiments in the engineering of 
biological pacemakers based on the HCN family of genes has demonstrated good 
responsiveness to infusion of catecholamines1 and to vagal stimulation.2 However, 
such testing does not provide information regarding autonomic control in a conscious 
animal. Specifically, whether activation of the sympathetic nervous system in response 
to emotional arousal would be associated with a significant increase in the activity of 
a genetically engineered biological pacemaker remains unknown.

The purpose of this study was to evaluate whether a stimulus that reproducibly 
evokes emotional arousal during sinus rhythm does so as well in dogs implanted with 
a biological pacemaker. A positive outcome would provide evidence of the autonomic 
responsiveness of these pacemakers. The paradigm is based on a standardized 
protocol in which we consistently observed significant cardiovascular responses to 
presentation of food following an overnight fast.3 To evaluate the responsiveness of 
the biological pacemakers to emotional arousal, we performed quantitative Poincaré 
analysis of heart rate variability (HRV),4 which circumvents the stationarity requirements 
associated with conventional time- and frequency-domain HRV techniques. RR interval 
was also continuously assessed.

MATERIAlS AND METHODS 
Experiments were performed using protocols that were approved by the Columbia 
University Institutional Animal Care and Use Committee and conformed to the Guide 
for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).

Preparation and implantation of the adenoviral HCN2 construct
Adenoviral constructs of murine HCN2 (Ad-HCN2) and enhanced green fluorescent 
protein (Ad-GFP) driven by the CMV promoter were prepared as previously described.5 
To obtain high-titer stocks suitable for in  vivo injections, both constructs were 
amplified in HEK293 cells, harvested, purified, and concentrated via CsCl banding and 
subsequently titrated. The final titer for each virus was ≥1011 fluorescent-forming units 
per milliliter. The adenoviral construct delivered to all dogs was a mix of Ad-HCN2 and 
Ad-GFP, 3×1010 fluorescent-forming units each. This delivered construct is referred to 
throughout the text as Ad-HCN2. For implantation of Ad-HCN2 or saline, 2- to 4-year-
old male mongrel dogs weighing 23 to 27 kg (Chestnut Ridge Kennels, Chippensburg, 
PA, USA) were anesthetized with sodium thiopental induction (17 mg/kg intravenously) 
followed by inhalational isoflurane (1.5%–2.5%). A pacemaker lead (Flextend, Guidant 
Corp., St. Paul, MN, USA) was introduced into the right ventricular apex via a jugular 
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venous approach, and an electronic pacemaker (Discovery II, Guidant) was placed in a 
subcutaneous pocket in the neck and set at VVI35. Electronic pacing was discontinued 
completely during arousal testing. Complete heart block was created by radiofrequency 
ablation of the atrioventricular node (Atakr, Medtronic, Inc., Minneapolis, MN, USA). 
A custom-modified bipolar 8Fr steerable catheter with a retractable 29-gauge needle 
(Guidant Corp.) was used to deliver the adenoviral constructs or saline subendocardially. 
The catheter was introduced into the left ventricle under fluoroscopic guidance via an 
8Fr introducer sheath through the right carotid artery. After a stable left bundle branch 
potential electrogram had been identified, the needle was advanced 3 mm, and 0.1 
to 0.2 mL of 3:1 saline-diluted contrast material (50% Hypaque, Nicomed, Melville, 
NY, USA) was injected to confirm that the needle tip was in the left ventricular wall. 
The adenoviral construct or normal saline was injected at three sites identified by left 
bundle branch electrograms (total volume=0.6 mL in each animal). After each injection, 
cardiac pacing via the injection catheter was performed for pace mapping. The injection 
sites were within 4 mm of one another. During surgery, ECGs and electrograms were 
monitored and stored on a personal computer (EMKA Technologies, Falls Church, 
VA, USA). The 24-hour recordings of heart rhythms were made with a Holter monitor 
and analyzed on a personal computer (Rozinn Electronics, Inc., Cleveland, OH, USA). 
Results were reviewed by two independent readers.

Behavioral paradigm
At the time of behavioral testing, a six-lead ambulatory ECG (Dr. Vetter PC-ECG 
program, Baden-Baden, Germany) was attached to the animals. After an overnight 
fast, 30-minute baseline ECG recordings were made while the animals rested on 
days 1 and 7 after implantation of the biological pacemaker or saline. Food then 
was presented, and the ambulatory ECG recording of the arousal state was obtained. 
Poincaré HRV parameters and RR intervals were assessed.

quantitative analysis of Poincaré HRv
The Poincaré plot is a diagram in which each RR interval of a tachogram is plotted as 
a function of the previous RR interval for a predetermined segment length (Figure 1), 
producing a graphic display of the plots for visual interpretation and allowing quantitative 
analysis of the shape of the scattergrams.4 The center point of the scattergram is located 
at (RRaver, RRaver), where RRaver is the average RR-interval length for the tachogram. The 
length of the transverse axis describes the instantaneous beat-to-beat variability of the 
data, or standard deviation 1 (SD1). The length of the longitudinal axis describes the 
continuous, longer-term versus instantaneous variability of the data, SD2.

Statistical analysis
Results are given as mean±SEM. Depending on the protocol, statistical significance was 
determined by Student’s t-test for unpaired data or analysis of variance for repeated 
measures. Linear regression analysis was also used. P<0.05 was considered significant. 
The authors had full access to and take responsibility for the integrity of the data.
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RESulTS
As in previous studies from our laboratory, pacemaker function became evident within 
2 to 3 days of implantation, with stabilization as a function of time after implantation.

Baseline resting state
ECGs from a representative control animal (Figure 2) and an animal implanted with 
Ad-HCN2 (Figure 3) illustrate the basic function of spontaneously arising idioventricular 
rhythm in the resting and arousal states on day 1. Of note, the points of the associated 
Poincaré plot for the Ad-HCN2 animal during rest (open squares in Figure 4) are tightly 
clustered. The axis is short and densely packed with some splay in width.

Response to behavioral arousal
The ECG from a representative control animal on day 7 (Figure 5) exhibits a mild 
increase in heart rate of 8 bpm during arousal. By comparison, an animal implanted 
with Ad-HCN2 (Figure 6) on day 7, at which time the biological pacemaker is fully 
expressed, shows a >3-fold greater acceleration in heart rate of 27 bpm in response 
to arousal. Poincaré analysis of the ECG on day 7 produced a cluster of points along 
a longer segment of the transverse axis (Figure 7). There is a 616-ms separation of the 
centroids for rest or arousal in the representative animal, indicative of a more dynamic 
heart beat pattern during arousal than on day 1, when the separation between the 
centroids measured 375 ms (Figure 4).

On day 1 following implantation of the biological pacemaker, the response to 
emotional arousal was minimal in terms of both RR interval decrease (Figure 8A) and 

Figure 1. Quantitative analysis of Poincaré plots from a representative animal implanted with 
HCN2 during a 5-minute rest period on day 1 following biological pacemaker implant. Centroid at 
1,500 ms indicates point of the average RR interval. Standard deviation (SD) of instantaneous RR-
interval variability, SD1, is visualized as length of the centroid about the transverse axis (lower left 
to upper right). Standard deviation of long-term continuous RR-interval variability, SD2, is observed 
as length of the centroid about the longitudinal axis (upper left to lower right). AVG: average. 
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tricular rhythm is observed at baseline during rest (heart rate=42 bpm) and after presentation of 
food (heart rate=45 bpm).

Figure 3. ECG of the same representative animal shown in Figure 1 on day 1 after injection of 
Ad-HCN2 biological pacemaker. Slow idioventricular rhythm is observed at baseline rest (heart 
rate=44 bpm) and increased heart rate during arousal after presentation of food (heart rate=55 bpm).
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Figure 4. Poincaré plot of 5-minute ECG recordings during rest and arousal of same animal with 
biological pacemaker implant in Figures 1 and 3 on day 1. In this example, distinct centroids 
about the transverse axis are evident for the two behavioral states, with rest (open squares) 
compared to food presentation (filled squares). The centroid is shifted somewhat by 375 ms upon 
food presentation, consistent with a general shortening in RR interval.

Figure 5.  ECG of same representative control animal shown in Figure 2 on day 7 after saline 
injection. Slow idioventricular rhythm is observed at baseline rest (heart rate=41 bpm) and after 
presentation of food (heart rate=49 bpm).
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HRV as assessed by quantitative Poincaré analysis (filled squares in Figure 4; Figures 8B 
and 8C). In striking contrast, on day 7, presentation of food provoked a decrease in 
RR interval by 425.7±65.9 ms versus 218.0±58.0 ms (mean±SEM) on day 1 (P<0.05, 
Figure 8A). In the seven Ad-HCN2 animals, food presentation on day 7 also elicited 
significant increases in SD1 and SD2, from 11.3±21.0 and 18.0±22.2, respectively, on 
day 1 to 37.5±13.4 (P<0.07) and 60.4±10.9 (P<0.05) on day 7 (Figures 8B and 8C).

Data for day 1 were similar for dogs with Ad-HCN2 and controls during both rest 
and food presentation. The observed alterations in RR interval, SD1, and SD2 on day 
7 in response to food presentation to dogs with adenoviral vector also were significant 
in comparison with control animals, which exhibited no changes in any parameter from 
day 1 to day 7 (Figure 8).

DISCuSSION
Among the beneficial theoretical advantages that biological pacemakers possess 
over electronic devices is their potential capacity to adapt to changing physiologic 
demands associated with mental and/or physical activity. Promising evidence 
already available indicates that pacemakers based on the HCN2 channel isoform 

Figure 6.  ECG of the same representative Ad-HCN2–injected animal shown in Figure 1, 
Figure 3 and Figure 4 on day 7 at baseline rest (heart rate=45 bpm) and at a faster rate than on 
day 1 during arousal after presentation of food (heart rate=72 bpm).
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respond to beta-adrenergic and muscarinic stimulation, suggesting a capacity to 
respond to autonomic input.2, 6, 7 We investigated autonomic response to emotional 
arousal in dogs implanted with Ad-HCN2–based biological pacemakers or saline 
control in the left bundle branch. Using this methodology, we now provide the first 
demonstration that biological pacemakers are capable of responding to natural 
arousal stimuli to elicit appropriate chronotropic responses, a distinct advantage over 
electronic pacemakers.

Previous studies
In previous studies of biological pacing, approaches included overexpression of β2-
adrenergic receptors in pig atrium,8 use of a dominant negative construct to reduce 
the repolarizing current IK1 in guinea pig heart,9 administration into pig hearts of a 
cardiogenic cell line developed from human embryonic stem cells,10 overexpression of 
the HCN family of pacemaker genes in canine heart via viral or hMSC platforms,1, 6, 7, 11 and 
administration of various mutant and chimeric ion channel constructs.7, 12, 13 Autonomic 
responsiveness was tested in only some of these studies.

Beta-adrenergic responsiveness was observed, as anticipated, in the setting 
of β2-adrenergic receptor expression. Studies of the HCN2 gene administered as 
an adenoviral construct into atrium revealed a positive chronotropic response to 
catecholamine infusion. Vagal responsiveness was observed as cessation of impulse 
initiation following bilateral vagal stimulation.2 In addition, the HCN2 construct 
administered adenovirally or via an hMSC cell platform into the ventricle showed an 
increased idioventricular rate in response to catecholamine infusion.6, 7 The same was 
true of an adenoviral construct of the mutant HCN2 channel E324A.7 These studies 
of ventricular function did not test any effect of vagal stimulation, given the paucity 
of vagal innervation to the ventricle. Hence, it was reasonable to conclude, based on 
preserved cAMP sensitivity of these HCN constructs, that circulating catecholamines 
could have a positive chronotropic effect, whereas any vagal effect would depend on 
the proximity of vagal terminals to the pacemaker implant.

Present findings
Our observations are novel in that they demonstrate the capacity of biological 
pacemakers to respond to emotional arousal, a far more natural stimulus than the 
infusion of catecholamines or electrical stimulation of the vagi previously reported.2, 6, 7 
The intensity of the stimulus is comparable to that observed during the course of 
daily activities. Of note, at 7 days after implantation of biological pacemakers, food 
presentation yielded a positive chronotropic response, indicated by shortening of RR 
interval and a shift in the centroid of average RR intervals, providing evidence of 
autonomic responsiveness, which was not present in the control animals. In addition, 
the animals with biological pacemakers exhibited a significant change in SD1 and 
SD2, which are indicators of rapid, dynamic heart rate changes and of the long-term 
variability dynamics of heart beat pattern, respectively.4 Control animals did not exhibit 
evidence of autonomic responsiveness.
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The capacity of biological pacemakers to respond to emotional arousal after 
a 7-day period, at which time full expression of the transgene has occurred,7 has 
apparent adaptive advantages. Namely, the chronotropic response associated with 
excitement can act in concert with catecholamine-mediated increases in contractility 
and stroke volume to increase cardiac output. The adrenergic nature of this behavioral 
paradigm is supported in prior studies by the facts that plasma catecholamines 
are markedly elevated14 and that β-adrenergic blockade blunts the chronotropic 
response.15 Although behavioral arousal was used as a test stimulus in the present 
study, it is likely, but unproven, that the capacity of biological pacemakers to 
respond to an adrenergic stimulus would also apply to other physiologic challenges, 
particularly exercise.

A notable feature of the beat-to-beat pattern observed 7 days following 
implantation is the greater variance in the RR interval, suggested by the changes 
in SD1 and SD2 (Figure 8). Based on an extensive HRV literature, the presence of 
variability in the RR interval is associated with cardiovascular health.16, 17 For example, 
a number of disease states, including diabetic neuropathy, myocardial infarction, heart 
failure, as well as advancing age, are associated with reduced HRV. Cardiovascular 
health-enhancing activities, such as exercise training, are known to increase HRV18 as 
well as baroreceptor reflex sensitivity.19 Thus, the observation that the HRV markers of 
long-term variance were increased after 7 days suggests a general beneficial impact on 

Figure 7. Poincaré plot of 5-minute ECG recordings during rest and arousal of same Ad-HCN2–
injected animal shown in Figure 1, Figure 3, Figure 4 and Figure 6 on day 7. In this example, 
the separation of the centroids for rest and arousal increased from baseline (open squares) to 
616 ms with food presentation (filled squares). The centroid is shifted nearly twice as much along 
the transverse axis on day 7 (616 ms) as on day 1 (375 ms in Figure 4) upon food presentation, 
consistent with greater autonomic response.
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Figure 8. Summary of changes in RR intervals, SD1, and SD2 on day 1 (open bars) vs day 7 (filled 
bars) during emotional arousal. A, Decrease in RR interval in animals with biological pacemakers 
compared to control animals (*P<0.05). B, Increase in SD1, a measure of rapid changes in heart 
rate variability, in animals with biological pacemakers compared to control animals (†P<0.07). 
C, Increase in SD2, a measure of longer-term dynamics in heart rate variability, in animals with 
biological pacemakers compared to control animals (*P<0.05).

cardiovascular regulation associated with the dynamics of the chronotropic response 
to the emotional arousal stimulus following biological pacemaker implantation.

Although the present study does not permit direct elucidation of the mechanisms 
whereby behaviorally mediated changes in neural activity affect biological pacemaker 
function, it is likely that the control points center on the slope of spontaneous diastolic 
depolarization and the resting membrane potential.17 Behavioral arousal, by enhancing 
adrenergic activity, would be expected to affect both control points in the direction of 
increasing the firing rate of biological pacemakers. This effect is evident in the increase 
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in centroid shift in dogs treated with adenovirus during food presentation on day 7 
compared to day 1. Recent evidence suggests that beta-adrenergic stimulation may 
also increase the firing rate of pacemakers through an influence on Ca2+ clocks.20 The 
potential role of the latter mechanisms on biological pacemaker activity, as observed 
in the present study, remains to be determined.

Study limitations
Histologic study of the biological pacemakers was not performed. We previously 
reported the functional outcome of saline versus Ad-GFP versus Ad-GFP, Ad-HCN2 
administration and found no significant difference between saline and Ad-GFP.11

Moreover, histologic study of saline versus Ad-GFP injection sites has shown 
inflammatory cell infiltration, likely reflecting a combination of trauma from the injection, 
saline, and adenovirus (unpublished data). Nonetheless, the chronotropic and HRV 
changes associated with HCN2 administration are consistent with our previous reports 
with catecholamine administration7 and are seen only in animals receiving HCN2.

CONCluSION
The present study contributes to progress in the field of biological pacemakers in 
the evolution from proof of concept to experimental confirmation of appropriate 
chronotropic response to behavioral arousal, an important step in clinical 
implementation.
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ABSTRACT
Background: Biological pacing performed solely via HCN2 gene transfer in vivo results 
in relatively slow idioventricular rates and only moderate autonomic responsiveness. 
We induced biological pacing using the Ca2+-stimulated adenylyl cyclase AC1 gene 
expressed alone or in combination with HCN2 and compared outcomes to those with 
single-gene HCN2 transfer. 

Methods and Results: We implanted adenoviral HCN2, AC1, or HCN2/AC1 constructs 
into the left bundle branches of atrioventricular-blocked dogs. During steady-state 
gene expression (days 5–7), differences between AC1, HCN2/AC1, and HCN2 alone 
were evident in basal beating rate, escape time, and dependence on electronic backup 
pacing. In HCN2, AC1, and HCN2/AC1, these parameters were as follows: basal beating 
rate: 50±1.5, 60±5.0, and 129±28.9 bpm (P<0.05 for HCN2/AC1 versus HCN2 or AC1 
alone), respectively; escape time: 2.4±0.2, 1.3±0.2, and 1.1±.0.4 seconds (P<0.05 
for AC1 and HCN2/AC1 versus HCN2); and percent electronic beats: 34±8%, 2±1%, 
and 6±2% (P<0.05 for AC1 and HCN2/AC1 versus HCN2). Instantaneous (SD1) and 
long-term (SD2) heart rate variability and circadian rhythm analyzed via 24-hour Holter 
recordings showed a shift toward greater sensitivity to parasympathetic modulation in 
animals injected with AC1 and a high degree of sympathetic modulation in animals 
injected with HCN2/AC1. 

Conclusion: AC1 or HCN2/AC1 overexpression in left bundle branches provides 
highly efficient biological pacing and greater sensitivity to autonomic modulation than 
HCN2 alone. 
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INTRODuCTION
Despite ongoing technological advances, 5% of clinical pacemaker implantations 
have serious complications.1 These adverse events, together with other limitations of 
electronic pacing (eg, limited autonomic responsiveness and battery life, difficulties 
associated with growth and development in pediatric care, and association with 
significant cardiac remodeling), have prompted the development of biological 
alternatives.2–5 Approaches have ranged from transplanting spontaneously beating 
cell aggregates, eg, derivatives of embryonic stem cells,6,7 to delivery of pacemaker 
function–related genes via viral vectors or cell platforms. Although not yet implanted 
for biological pacing, induced pluripotent stem cells8,9 are another potential option. 

Clinical Perspective on Page 182

Gene therapy–based strategies reported include engaging the β-adrenergic signaling 
cascade via overexpression of the β2-adrenergic receptor10,11 or its downstream target 
AC6,12 dominant-negative knockdown of inward rectifier channels to eliminate the 
IK1 contribution to resting membrane potential,13 or overexpressing ion channels to 
generate inward current such as If encoded by hyperpolarization-activated cyclic 
nucleotide-gated (HCN) channels14–18 or mutated potassium channels.19 Each strategy 
has inherent advantages and shortcomings, although the HCN-based approach 
appears currently favored for several reasons. First, HCN channels generate de novo 
pacemaker function in various tissues and large-animal models, whereas β2-adrenergic 
receptor or AC6 generates pacemaker activity only in response to catecholamines.10–12 
Second, HCN channels are activated on hyperpolarization and remain open during 
diastole, thereby avoiding the prolongation of repolarization that complicates the 
dominant-negative Ik1 strategy.20 Third, HCN channels respond to autonomic modulation 
via the cAMP binding domain located in the carboxy terminus.21 This permits direct 
modulation of biological pacemaker function by cholinergic and adrenergic stimuli, a 
property not incorporated into potassium channel–based strategies. 

Although HCN2-based biological pacemakers respond to catecholamine 
administration, physical activity, and emotional arousal,15,22 their basal rates are 
sufficiently low that electronic backup pacing of 30% to 40% of beats is required. 
Introducing HCN mutants has provided some improvement in the biological 
pacemaker profile. For example, the HCN2 mutant E324A showed improved 
sensitivity to catecholamine stimulation compared with wild-type HCN2,15 and the 
HCN1 deletion within the S3-S4 linker (235–7EVY) induced spontaneous activity in 
cultured guinea pig myocytes, whereas wild-type HCN1-overexpressing myocytes 
remained silent.23 Finally, an HCN212 chimera incorporating the N and C termini of 
HCN2 and the transmembrane region of HCN1 increased beating rates in vivo but also 
induced ventricular tachycardias exceeding 200 bpm.24 Furthermore, considerable 
dependence on electronic backup pacing persisted with these constructs, with pauses 
>2 seconds in response to overdrive pacing.15,24 Hence, optimization of gene-based 
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pacemakers is desirable. Although “optimization” has not been specifically defined 
in the literature, we have suggested that an optimally firing biological pacemaker 
implanted in an adult human likely would have basal rates in the 60- to 90-bpm range 
and peak catecholamine- or exercise-stimulated rates of ≈130 to 160 bpm.3

One approach to optimization might be offered by the Ca2+-stimulated adenylyl 
cyclase gene AC1, which is abundant in the sinoatrial node25,26 and shows enhanced 
activity in response to Ca2+.27,28 The latter property likely contributes to the elevated 
baseline cAMP levels of sinoatrial node cells,26 which importantly affect not only If 
but the entire spectrum of pacemaker mechanisms in sinoatrial node cells.29 In a 
study of the mechanism of Ca2+-dependent β-adrenergic modulation of HCN2, AC1 
overexpression in neonatal myocytes increased baseline cAMP levels, positively shifted 
the activation, V1/2, of overexpressed HCN2, and increased spontaneous beating.30 As 
expected, comparable overexpression of the working myocardial isoform AC6 did not 
modify these parameters. 

The outcomes of these in vitro studies led us to hypothesize that AC1 overexpression 
in the left bundle branch will generate highly efficient biological pacemaker activity, 
both alone and in combination with overexpressed HCN2. We tested this in a 
previously reported canine model of complete heart block.15

MATERIAlS AND METHODS 
Experiments were performed under protocols approved by the Columbia University 
Institutional Animal Care and Use Committee and conformed to the Guide for the Care 
and Use of Laboratory Animals (National Institutes of Health publication No. 85–23, 
revised 1996). 

Adenoviral Constructs
Adenoviral constructs of green fluorescent protein, mouse HCN2, and FLAG-tagged 
AC1 (a generous gift of D. Ross Feldman, University of West Ontario, London, ON, 
Canada), all driven by the cytomegalovirus promoter, were prepared as described 
previously.31 For consistency with earlier studies, we prepared 3×1010 fluorescent focus-
forming units of 1 adenovirus and combined this suspension with an equal amount 
of another adenovirus in a total volume of 700 μL to obtain the following groups: 
an HCN2 group (n=12) made up of 7 previously reported HCN2/green fluorescent 
protein–treated animals22 and an HCN2/green fluorescent protein–treated group 
made up of 5 animals. The other groups received AC1/green fluorescent protein 
(designated AC1; n=5) or HCN2/AC1 (n=7). 

Intact Canine Studies
Adult mongrel dogs (Chestnut Ridge Kennels, Chippensburg, PA) weighing 22 to 
25 kg were anesthetized with propofol (6 mg/kg IV) and inhalational isoflurane (1.5%–
2.5%). An electronic pacemaker (Guidant, Discovery II, Flextend lead, Guidant Corp, 
Indianapolis, IN) was implanted and set at VVI 35 bpm. Using a steerable catheter, we 
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injected adenoviral vectors into 3 left bundle-branch sites as previously described.15 
We paced each injection site transiently via the catheter electrode to facilitate pace 
mapping of the origins of idioventricular rhythms electrocardiographically during 
follow-up. Complete atrioventricular block was induced via radiofrequency ablation. 
ECGs, 24-hour Holter monitoring, pacemaker log record review, and overdrive pacing at 
either 80 bpm or 5% faster than intrinsic rates were performed daily. ECG intervals were 
calculated from baseline ECGs recorded on day 5 to 7. To correct the QT intervals, we 
used both the Bazett formula and the 1-parameter logarithmic formula of Matsunaga 
et al: (QTc=log600×QT/log RR).32 For each dog, the percent of electronically induced 
beats was calculated daily. Biological pacemaker function on the first day after construct 
injection is usually minimal and is typically confounded by ectopic activity resulting 
from the injection trauma; therefore, we excluded data from day 1 from our analysis. 

In a subset of the HCN2/AC1-injected animals (n=4) that exhibited rapid 
idioventricular rhythms during resting ECG recordings, we turned off the electronic 
pacemaker, infused ivabradine (1 mg/kg diluted in 30 mL saline intravenously) over 
5 minutes, and monitored the ECG continuously for 30 minutes to evaluate the effect 
of treatment. Continuous 24-hour monitoring was performed thereafter. Ivabradine 
was kindly provided by Servier Laboratories (Courbevoie, France). 

We performed 24–hour monitoring using a Holter ECG (Rozinn [Scottcare], 
Glendale, NY). We defined basal beating rate as the rate that was recorded daily 
with the animal resting quietly on the examination table. We calculated maximal 
beating rates daily from 30-second strips of a stable rhythm at maximal rate. Pace 
mapping was performed on the basis of 6-lead ECG recordings obtained at the time 

HCN2 FLAG-AC1 Overlay + DAPI

HCN2/AC1

Non-Injected

Figure 1. Immunohistochemical staining for HCN2 and AC1. Positive HCN2 staining (green) 
and AC1 staining (red; FLAG antibody) were detected in the injected left bundle branches from 
animals that received the corresponding adenovirus. Nuclei were stained blue with DAPI. Bars 
represent 50 μm. 
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of implantation during pacing from the injection site. During subsequent daily 6-lead 
ECG testing, we identified rhythms of comparable morphology and QRS axis and 
recorded them simultaneously with our 3-lead Holter system. In this way, we could 
identify and determine the characteristics of both matching and nonmatching rhythms 
on 6-lead ECG and on Holter (Figures I and II in the Data Supplement). 

We performed detailed heart rate variability (HRV) analysis on Holter recordings 
registered during steady-state gene expression (days 5–7; 1 day per animal). In 
this analysis, we calculated the percentage of matching beats, the percentage of 
nonmatching beats, the percentage of paced beats, and the 24-hour average beating 
rate of the matching beats. Furthermore, we classified all pace-mapped beats as 
“normal” to calculate the standard deviation of their instantaneous RR-interval 
variability (SD1) and the standard deviation of long-term continuous RR-interval 
variability (SD2). To analyze circadian modulation, we compared the rate of pace-
mapped beats and dependence on electronic backup pacing during sleep (2–4 am) 
versus during feeding and physical activity (8–10 am). Investigators involved in the 
Holter analysis were not blinded to study group. 

To evaluate β-adrenergic responsiveness at the termination of the study (day 7–8), 
we infused epinephrine (1.0, 1.5, and 2.0 μg · kg−1 · min−1 IV) for 10 minutes as 
previously reported15 and recorded the rate response of the pace-mapped rhythm. 

Immunohistochemistry
HCN2 and AC1 overexpression was validated by immunohistochemistry (Figure  1). 
The threshold for HCN2 detection was set above the level required to detect 
endogenous HCN2 so that we could detect HCN2 only in animals that had received 
HCN2 adenovirus. Similarly, FLAG staining was positive only in animals that received 
AC1 adenovirus. 

Tissue blocks (left bundle branch and surrounding endocardium) were snap-frozen in 
liquid nitrogen, and 5-μm serial sections were cut with a cryostat (Microm HM505E) and 
air dried. Sections were washed in PBS, pretreated for 10 minutes with 0.2% triton X, 
blocked for 20 minutes with 10% goat serum, and incubated overnight at 4°C with 
anti-FLAG antibody (1:200; Sigma-Aldrich, St. Louis, MO) and anti-HCN2 antibody 
(1:200; Alomone, Jerusalem, Israel). Antibody bound to target antigen was detected 
by incubating sections for 2 hours with goat anti-mouse IgG labeled with Cy3 (red 
fluorescence for AC1) and goat anti-rabbit IgG labeled with Alexa 488 (green fluorescence 
for HCN2). Images were recorded with a Nikon E800 fluorescence microscope. 

Statistical Analysis
Data are presented as mean±SEM unless stated otherwise. Statistical significance 
was examined by t test or by ANOVA followed by the Bonferroni post hoc test. In 
the following data sets, we did not detect a normal gaussian distribution: percent 
matching rhythm, percent nonmatching rhythm, percent paced (Holter), morning rate 
of matching, percent paced (morning), and maximal duration of electronic pacing. 
In these cases, we examined statistical significance by Wilcoxon matched-pairs 
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signed-rank test and Kruskal-Wallis 1-way ANOVA followed by the Dunn multiple 
comparison test. P<0.05 was considered significant. 

The authors had full access to and take full responsibility for the integrity of the data.

RESulTS
Basal Function
Basal beating rates did not differ significantly in the AC1 and HCN2 groups, but that for 
the HCN2/AC1 group was more rapid than desirable and significantly faster than that for 
the HCN2 group (Figure 2A). Analysis of the ECG intervals indicated significantly shorter 
cycle lengths in HCN2/AC1-injected animals compared with those injected with HCN2 
alone. Furthermore, in HCN2/AC1-injected animals with cycle lengths <600 milliseconds, 
QT and QTc-log were significantly shortened (P<0.05 versus HCN2) with the Matsunaga 
et al32 formula, whereas QTc by the Bazett formula was significantly prolonged (P<0.05 
versus HCN2; Figure 2B). The reemergence of pacemaker activity after overdrive pacing 
was significantly more rapid in the AC1 and HCN2/AC1 groups than in the group with 
HCN2 alone (Figure 3). The differences in basal rate and escape time had a sizeable 
impact on the dependence on electronic backup pacing, which was significantly reduced 
in the AC1 and HCN2/AC1 groups compared with the HCN2 alone group (Figure 4A). 

Maximal Beating Rates and Response to Ivabradine
Using-24 hour Holter recordings, we investigated the maximal rates achieved in the 
3 groups. Rates were significantly more rapid in HCN2/AC1-injected animals than in 

Figure 2. Basal beating rates in HCN2/AC1-injected animals are faster than in the other groups. 
A, Summary data pooled for days 2 to 4 and 5 to 7. B, Summary data on ECG intervals pooled 
for days 5 to 7. HCN2, n=12; AC1, n=5; HCN2/AC1, n=7. CL indicates cycle length. +P<0.05 vs 
HCN2 alone. 
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the other groups throughout the study (Figure 4B). Given the maximal rates attained 
in the HCN2/AC1 group, sometimes exceeding 250 bpm, we treated four of these 
animals with the If blocker ivabradine. This significantly slowed but did not silence 
pacemaker activity because the pace-mapped rhythms continued at slower rates 
(Figure 5). 

A 24-Hour Analysis of Pace-Mapped Rhythms and Autonomic Modulation
The percentage of matching pace-mapped beats (Figures I and II in the Data 
Supplement) was significantly higher in the AC1 and HCN2/AC1 groups (>95% and 
>75%, respectively) compared with HCN2 alone (≈40%; P<0.05 versus the other 
groups; Figure 6A, left). This increase was accompanied by a significant reduction in 
the percentage of electronically paced beats in AC1- versus HCN2-injected animals 
(P<0.05; Figure 6A, right). The 24-hour average rate of pace-mapped rhythms is 
summarized in Figure 6B, showing a significant increase in rate in the HCN2/AC1 
group compared with the other groups (P<0.05), which correlated with the day 5 to 7 

Figure 3. Reemergence of pacemaker activity after overdrive suppression in AC1- and HCN2/
AC1-injected animals is faster than with HCN2. A through C, Representative examples of 
overdrive suppression experiments in HCN2-, AC1-, and HCN2/AC1-injected animals, respec-
tively. D, Summary data pooled for days 2 to 4 and 5 to 7. HCN2, n=12; AC1, n=5; HCN2/AC1, 
n=7. +P<0.05 vs HCN2 alone.
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averages of basal and maximal beating rates reported above. The greater dependence 
on electronic backup pacing in the HCN2/AC1 versus AC1 groups derived from 
the finding that HCN2/AC1-induced rhythms sometimes overdrive-suppressed 
themselves, a process that did not occur in animals injected with AC1 (Sample tracings 
of overdrive suppression are shown in Figure III of the Data Supplement). The maximal 
durations of episodes of electronic pacing are summarized in Figure 6C. The maximal 
duration of electronic pacing was significantly shorter in AC1-injected animals than in 
HCN2-injected animals. 

To test whether the changes in beating rate and dependence on backup electronic 
pacing occurred in accordance with what would be expected on the basis of a normal 
circadian rhythm, we compared these parameters during 2 hours of sleep (2–4 am) 
and 2 hours of feeding and activity (8–10 am). Slower matching rhythms and higher 
percentages of electronically paced beats occurred in the HCN2-injected animals, 
primarily during the night (P<0.05 versus AC1 and HCN2/AC1; Figure 6D). In addition, 
beating rates increased in all groups from the resting state during the night to the active 

Figure 4. Dependence on electronic backup pacing and maximal beating rates achieved. 
A, Reduced dependence on electronic backup pacing in both animals injected with AC1 alone 
and those injected with HCN2/AC1. B, Excessively rapid maximal beating rates in HCN2/AC1-
injected animals. HCN2, n=12; AC1, n=5; HCN2/AC1, n=7. +P<0.05 vs HCN2 alone; *P<0.05 
vs HCN2 or AC1 alone.
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Figure 5. Significant slowing of ventricular tachycardia in HCN2/AC1 by ivabradine (IVB). A, Rep-
resentative ECG tracings of pace-mapped rhythm before and after IVB infusion. B, Summary data 
of beating rates before, during, and after IVB administration. n=4. †P<0.05 vs baseline. 

state in the morning (P<0.05). In the HCN2 and HCN2/AC1 groups, the percentage 
of electronically paced beats was also lower in the morning than in the night (P<0.05). 

Poincaré plots of pace-mapped rhythms showed differences in HRV among the 
3 groups (Figure 7A). Significant modulation of heart rates occurred in HCN2-injected 
animals (Figure 7A, left). AC1-injected animals showed more pronounced modulation 
that occurred over a wider range of heart rates than HCN2-injected animals (Figure 7A, 
center). HCN2/AC1-injected animals showed pronounced modulation that occurred 
primarily during intermediate to very rapid heart rates (Figure 7A, right). 

Quantitative analysis of SD1, SD2, and SD1/SD2 revealed that the level of 
sympathetic modulation expressed by long-term variation of heart rates (SD2) was 
comparable between HCN2- and AC1-injected animals and was maximal in animals 
injected with HCN2/AC1 (P<0.05 versus HCN2 and AC1; Figure 7B, middle). 
Parasympathetic modulation, as expressed by short-term variation of heart rates 
(SD1), was comparable between HCN2 and HCN2/AC1 and was maximal in animals 
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Figure 6. A, Summary data of percentage of matching beats (corresponding to pace mapping), 
nonmatching, and electronically paced beats. HCN2, n=12; AC1, n=5; HCN2/AC1, n=7. B, The 
24-hour average rate of matching beats. C, Summary data on the maximal duration of electronic 
pacing. D, Summary data of day/night modulation of pace-mapped beating rates (left) and de-
pendence on electronic backup pacing (right). Note that panels A, C and D are presented as 
median and interquartile range. B through D, HCN2, n=11; AC1, n=5; HCN2/AC1, n=7. +P<0.05 
vs HCN2 alone; *P<0.05 vs HCN2 or AC1 alone; †P<0.05 for morning vs night.

injected with AC1 (P<0.05 versus HCN2; Figure 7B, left). Furthermore, the significantly 
increased ratio of SD1/SD2 in the AC1-injected animals supports the notion of greater 
sensitivity to parasympathetic modulation in this group than in the other groups 
(P<0.05 versus HCN2 and HCN2/AC1; Figure 7B, right). 

On the final day of the study, we tested the response to epinephrine. Figure 8A 
illustrates the individual rate responses during 10 minutes of infusion with 
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1.0 μg · kg−1 · min−1 epinephrine. After the 10-minute exposure to epinephrine, all 
groups exhibited a significant increase in rate compared with baseline (P<0.05), and 
beating rates in the HCN2/AC1 group were significantly faster than in the HCN2 group 
(P<0.05; Figure 8B). Animals that responded with an increase in rate <50% received 
higher doses of epinephrine up to 2.0 μg · kg−1 · min−1. In the HCN2 group, this did 
not result in a more extensive effect; in the other groups, the numbers were too low to 
draw further conclusions in relation to the higher doses. 

DISCuSSION
This study demonstrates significant changes in biological pacemaker function achieved 
with AC1 or HCN2/AC1 gene transfer. It is noteworthy that biologically induced rhythms 
at physiological beating rates based on overexpression of AC1 alone were generated 
for >95% of beats. Additionally, AC1 gene transfer resulted in robust sensitivity to 
sympathetic and parasympathetic modulation to a greater degree than has been 
reported for any single gene–based pacemaker strategy. Sensitivity to sympathetic 
modulation was further enhanced when HCN2 and AC1 were injected together, but 
this combination also resulted in an excessive increase in basal beating rate. 

Figure 7. Analysis of heart rate variability. A, Representative Poincaré plots of pace-mapped 
beats in 24-hour Holter recordings of HCN2-, AC1-, and HCN2/AC1-injected animals. Middle, 
SD of instantaneous RR-interval variability (SD1) and SD of long-term continuous RR-interval 
variability (SD2) in an AC1 injected animal. B, Summary data of SD1, SD2, and SD1/SD2. HCN2, 
n=11; AC1, n=5; HCN2/AC1, n=7. +P<0.05 vs HCN2; *P<0.05 vs HCN2 or AC1 alone; ^P<0.05 
vs HCN2 alone or HCN2/AC1.
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Figure 8. Catecholamine-stimulated rates in the HCN2/AC1 group are greater than in the HCN2 
group. A, Time course of effect during the first 10 minutes of epinephrine (Epi; 1.0 μg · kg−1 · min−1) 
infusion. Downward triangles indicate HCN2; squares, AC1; upward triangles, HCN2/AC1. 
B, Summary data for the complete epinephrine protocol; animals that did not show an increase 
in beating rates of >50% during the first 10 minutes received additional doses of 1.5 and 
2.0 μg · kg−1 · min−1 epinephrine. For all 3 groups, epinephrine increased the beating rate sig-
nificantly over baseline. One of the HCN2/AC1-injected animals exhibited a rapid rhythm of 
>200 bpm at the time of study termination and was therefore not further challenged with epi-
nephrine infusion. HCN2, n=12; AC1, n=5; HCN2/AC1, n=5. †P<0.05 vs baseline; +P<0.05 vs 
HCN2 alone. 

Biological Pacemaker Function in Relation to Other Approaches
In comparing the approaches tested, we used the following criteria as optimal 
biological pacing outcomes: basal beating rates of 60 to 90 bpm, escape times 
closely matching the basal cycle length (ie, if the basal rate is 60 bpm, escape times of 
≈1 second would be optimal and represent a situation in which no beat is missed), an 
autonomic response resulting in rate increases to 130 to 160 bpm, and low to absent 
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dependence on electronic backup pacing. Among the 3 groups studied, overall 
outcomes in the AC1 group were superior to those in the HCN2 and HCN2/AC1 
groups. For AC1 alone on days 5 to 7, beating rates were about 60 bpm (Figure 2), 
escape times were <1.5 seconds (Figure 3), and the dependence on electronic backup 
pacing was reduced to <2% (Figure 4A). 

These outcomes compare favorably with those reported previously for gene- 
and cell-based pacemakers. Biological pacemakers based on HCN2 or the mutant 
HCN2-E324A have consistently exhibited episodes of excess bradycardia requiring 
significant (≈35%) dependence on electronic backup pacing.15,33 A truncated HCN1 
construct administered to the left atrium shifted the kinetics of activation positively 
and reduced dependence on electronic backup pacing to only ≈15%.18 This construct 
was used to provide atrial pacing in a porcine model of sinoatrial node dysfunction, 
which is a different setting than atrioventricular block and demand ventricular pacing. 
Finally, preliminary experiments have shown highly efficient biological pacemaker 
function based on combined gene transfer of HCN2 and the skeletal muscle sodium 
channel (SkM1).34 Potential advantages of the AC1-based approach may include the 
smaller gene size of AC1 compared with SkM1, facilitating packaging into smaller 
delivery vehicles such as adeno-associated virus, and the lesser complexity of a single 
gene–based approach. 

Rates generated in the HCN2/AC1 group were excessive, but the outcomes provide 
insight at several levels. First, they show that when coexpressed, AC1 and HCN2 can 
function synergistically to increase basal beating rates (Figure 2) and sensitivity to 
sympathetic modulation (Figures 7 and 8). Second, although rhythms with the AC1/
HCN2 combination were excessively rapid (Figure 4B), pacemaker activity remained 
stable, as indicated by the infrequent need for electronic backup pacing (Figure 4A), 
high number of beats that pace mapped to the injection site (Figure 6A), and intact 
autonomic modulation (Figure 6–8). Third, the results support the earlier finding that if 
excessive rate accelerations occur as a result of HCN-associated pacing, then effective 
treatment is provided by If blockade (Figure 5).24 Finally, the outcomes in the HCN2, 
AC1, and HCN2/AC1 groups suggest that a biological pacemaker profile superior to 
the approaches using either HCN2 or AC1 may be generated if gene expression is 
sufficiently downtitrated in the combination strategy. 

Mechanisms underlying AC1-Based Biological Pacemaker Function
In  vitro studies have confirmed some of the mechanisms contributing to AC1-
induced pacemaker function.30 They demonstrated that in AC1-overexpressing 
neonatal myocytes, cAMP was increased in basal conditions and that the increase 
in cAMP affected downstream targets of cAMP. The outcome was the positive 
activation shift of coexpressed HCN2 channels, rendering more channels available 
for membrane depolarization. Additionally, in the setting of overexpressed HCN2-
R/E, a mutant channel that is insensitive to modulation by cAMP, the kinetics of If 
was, as expected, unmodified by overexpression of AC1. Yet, neonatal myocytes that 
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coexpressed HCN2-R/E and AC1 had significantly faster beating rates than cells that 
overexpressed HCN2-R/E alone, further supporting the notion that AC1 can enhance 
pacemaker mechanisms other than If.

30 Therefore, it is likely that the pacemaker 
function generated by overexpressing AC1 results from direct effects of cAMP 
elevation on targets that are sensitive to cyclic nucleotides such as HCN channels 
and from indirect effects on calcium-handling proteins that may be enhanced via 
protein kinase A–mediated phosphorylation. Examples of phosphorylation targets 
that may importantly affect pacemaker function include the L-type calcium channels, 
phospholamban, ryanodine receptors, and K channels.29 Our finding that pacemaker 
activity in HCN2/AC1 in  vivo was not silenced completely on administration of 
ivabradine was consistent with the above-mentioned preliminary data suggesting 
that AC1 stimulates pacemaker mechanisms other than If (Figure 5). This observation 
was in contrast to our previous investigation with the chimera HCN212, in which a 
similar ivabradine protocol completely suppressed HCN212-based and endogenous 
idioventricular pacemaker activity,24 whereas sinoatrial node pacemaker activity 
remained unaffected. In summary, in  vitro and in  vivo data are consistent with the 
enhancement of If and other likely calcium-based pacemaker mechanisms by AC1. 
With regard to the debate over calcium clock versus HCN roles in pacemaker 
function,29 our work supports the likelihood that a combination of calcium-based and 
If-based mechanisms is responsible. 

Autonomic Modulation of HCN2-, AC1-, and HCN2/AC1-Based Pacemakers
Direct sensitivity to autonomic modulation is a potential key advantage of biological 
over electronic pacemakers.22 With this in mind, we concluded that HCN2- and AC1-
based biological pacemakers incorporate a similar degree of sensitivity to sympathetic 
modulation based on SD2 (Figure 7B, middle), night versus morning rhythms (Figure 
6B, left), and response to catecholamine infusion (Figure 8). Furthermore, the higher 
SD2 in HCN2/AC1 versus HCN2 or AC1 alone (Figure 7B, middle) and increased 
beating rates in the morning (Figure 6B, left) or after catecholamine administration 
(Figure 8) indicate that the response to sympathetic modulation may be further 
enhanced when HCN2 and AC1 are combined. 

Also of interest is the high degree of HRV in the AC1 group observed in the fan-like 
pattern in the Poincaré plot (Figure 7A, middle), which closely resembles the pattern of 
sinus rhythm and is indicative of vagosympathetic modulation. Heightened sensitivity 
to parasympathetic stimulation was confirmed by the significant increase in SD1 
and SD1/SD2 (Figure 7B). Given the strong correlation between higher HRV values 
and improved cardiovascular health35,36 and the association of severe phenotypes 
of diabetic neuropathy, myocardial infarction, and heart failure with reduced HRV 
and poor prognosis, the increased HRV in the AC1 group might suggest potential 
benefit in the modulation of cardiovascular chronotropy. This would be consistent with 
the association of increased HRV with interventions that improve prognosis such as 
disease-altering pharmacotherapy and physical exercise.37,38
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qT Interval Measurements
The QT and QTc intervals (Figure 2B) were not affected by AC1 alone, whereas for the 
HCN2/AC1 intervention, at cycle lengths <600 milliseconds, a significant shortening of QT 
and QTc-log was seen with the Matsunaga et al 32 formula, and QTc with the Bazett formula 
was significantly prolonged. It should be noted that the Bazett formula overestimates 
the actual values at short RR intervals while underestimating them at long RR intervals in 
humans (see Reference 32 for review) and dogs.39,40 Without entering into the remaining 
controversies on which QTc correction to use in which experimental setting, we note the 
following. First, the Matsunaga et al32 formula has been found to be preferable to the Bazett 
formula for testing QTc prolongation in beagle dogs and likely other breeds. Second, 
despite the first point, the QTc prolongation with the Bazett formula in the combined 
AC1/HCN2 biological pacemaker setting (at cycle lengths <600 milliseconds) should call 
for vigilance in the evaluation of the occurrence of proarrhythmia either spontaneously or 
induced via electrophysiological testing. Third, the occurrence of QTc prolongation with 
overexpressed HCN2/AC1 at low cycle lengths, but not with HCN2/AC1 at higher cycle 
lengths or with sole overexpression of AC1 or HCN2, points out the complexity of events 
that may occur when various gene therapies are administered singly versus together in 
settings in which their impact on a physiological process is being assessed. 

Clinical Applicability
The clinical applicability of biological pacing is still uncertain in that much remains to be 
discovered and there are contemporaneous improvements in electronic pacing.3 Within 
the framework of a biological approach, we believe that gene transfer in the HCN2, 
AC1, and HCN2/AC1 spectrum has significant potential. However, the demonstration 
of safe and long-term function is pivotal for translation to clinical application. The 
next step in proof of concept of viral HCN2, AC1, and HCN2/AC1 approaches is to 
use vectors that induce long-term gene expression, eg, lentiviral or adeno-associated 
viral vectors.41–43 Stability of pacemaker function based on HCN2, AC1, or HCN2/
AC1 overexpression is not known in these settings, and its demonstration is crucial. 
There is also a need for caution related to the overexpression of AC1, either alone 
or in combination with HCN2. In settings of myocardial infarction or heart failure, 
elevating cAMP is known to have arrhythmogenic consequences. Safety testing for 
proarrhythmia during ischemia or cardiac hypertrophy will be useful in the further 
exploration of these biological pacemaker strategies. 

CONCluSIONS
AC1 generates efficient biological pacemaker function either alone or when coexpressed 
with HCN2. In addition, the baseline function and autonomic responsiveness generated 
by AC1 are superior to those of HCN2 alone. Finally, our in vivo and previous in vitro30 
studies suggest that AC1 enhances If-dependent and If-independent pacemaker 
mechanisms, which may explain why pacemaker activity is more robust than in the 
setting of HCN2 overexpression alone. 
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ClINICAl PERSPECTIvE
In the United States, ≈300 000 pacemakers are implanted annually, 5% of 
which result in serious complications requiring surgical revision or other 
invasive procedures. In addition, electronic pacemakers have limitations such 
as an inadequate autonomic response, limited battery life, and restrictions with 
regard to stable lead positioning. These issues may be dealt with in part by 
the development of biological pacemakers. Within the framework of biological 
pacing, the AC1-based approach shows potential because it generates highly 
stable pacemaker function at beating rates of ≈60 bpm and incorporates sensitivity 
to sympathetic and parasympathetic input. Two important hurdles on the road to 
clinical application include the demonstration of stable long-term function and the 
demonstration of safety with regard to both potential proarrhythmia and toxicity. 
The continued development of electronic pacemakers may obviate the need for 
biological alternatives, but regardless of whether biological pacemakers find 
clinical application, their development will continue to increase our understanding 
of pacemaker function and of cardiac gene therapy. 
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SuPPlEMENTARy MATERIAl – CHAPTER 8 
Figure I illustrates the process of identifying matching and non-matching rhythms in an 
HCN2-injected animal. All rhythms were recorded simultaneously on both 6 lead ECG 
and Holter before and after episodes of electronic overdrive suppression pacing. Pace-
mapping in the Holter analysis was performed after first determining that a matching 
rhythm was/was not present on 6 lead ECG. When matching QRS complexes were present 
the Holter ECG was used to determine rate and rhythm for beats with those complexes as 
well as to identify rhythms for non-matching beats. Figure II provides examples of rhythms 
that pace-mapped to the injection site and rhythms with distinct morphology that were 
non-matching. Figure III shows overdrive suppression occurring in an animal injected with 
HCN2/AC1. Note the rapid rhythm (rate=230 bpm) on the left which ceases abruptly and 
is succeeded by the first electronically paced beat after a pause of 1.76 seconds. 

Figure I. Six lead ECG (upper panels) and concurrent Holter (lower panels) during matching 
(day 7) and non-matching (day 1) escape beats observed after overdrive suppression electronic 
pacing (EP) in an HCN2-injected animal. Rhythms were classified matching when the QRS mor-
phology closely resembled the QRS morphology observed during electronic pacing from the 
injection site (EP during implant at day 0; right panel). 
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Figure II. Holter ECG tracings of matching and non-matching rhythms. Typical example tracings 
of three Holter leads are shown for animals injected with HCN2 (A), AC1 (B), and HCN2/AC1 (C). 
Left panels show tracings that pace-mapped to the injection site which were therefore desig-
nated as “matching” rhythms. Right panels show tracings of rhythms that did not originate from 
the injection site and were therefore designated as “non-matching” rhythms.
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Figure III. Intrinsic overdrive suppression of rapid pacemaker activity. Holter tracing from an 
HCN2/AC1-injected animal. A rapid rhythm that overdrive-suppressed itself resulted in abrupt 
termination of biological pacing followed by onset of electronic pacing. 
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ABSTRACT
Objectives: This study sought to test the hypothesis that hyperpolarization-activated 
cyclic nucleotide–gated (HCN)–based biological pacing might be improved 
significantly by hyperpolarizing the action potential (AP) threshold via coexpression of 
the skeletal muscle sodium channel 1 (SkM1).

Background: Gene-based biological pacemakers display effective in vivo pacemaker 
function. However, approaches used to date have failed to manifest optimal 
pacemaker properties, defined as basal beating rates of 60 to 90 beats/min, a brisk 
autonomic response achieving maximal rates of 130 to 160 beats/min, and low to 
absent electronic backup pacing.

Methods: We implanted adenoviral SkM1, HCN2, or HCN2/SkM1 constructs into left 
bundle branches (LBB) or left ventricular (LV) epicardium of atrioventricular-blocked 
dogs.

Results: During stable peak gene expression on days 5 to 7, HCN2/SkM1 LBB-injected 
dogs showed highly stable in vivo pacemaker activity superior to SkM1 or HCN2 alone 
and superior to LV-implanted dogs with regard to beating rates (resting approximately 
80 beats/min; maximum approximately 130 beats/min), no dependence on electronic 
backup pacing, and enhanced modulation of pacemaker function during circadian 
rhythm or epinephrine infusion. In  vitro isolated LV of dogs overexpressing SkM1 
manifested a significantly more negative AP threshold.

Conclusions: LBB-injected HCN2/SkM1 potentially provides a more clinically suitable 
biological pacemaker strategy than other reported constructs. This superiority is 
attributable to the more negative AP threshold and injection into the LBB.
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INTRODuCTION
Electronic cardiac pacing provides effective treatment for heart block and/or sinus 
node dysfunction but has shortcomings, including inadequate autonomic modulation, 
limited battery life, lead fracture, and an association with potentially deleterious cardiac 
remodeling.1 In seeking better alternatives, we and others have explored diverse 
strategies to create biological pacemakers.1 These strategies have used spontaneously 
active cells (e.g., derivatives of embryonic stem cells or induced pluripotent stem cells) 
or pacemaker function–related genes delivered via cell platforms or viral vectors.

Recent efforts have focused on improving gene-based biological pacemakers. 
However, engineered hyperpolarization-activated cyclic nucleotide–gated (HCN) 
variants have provided improvements that are subtle (e.g., HCN2 E324A)2 or 
excessive (e.g., HCN212).3 Alternative strategies have included overexpressing 
calcium-stimulated adenylyl cyclase (AC1)4 or the dominant negative inward rectifier 
channel Kir2.1-ΔΔΔ,5 and the combination strategies of HCN2/AC14 or HCN2/Kir2.1-
ΔΔΔ.5 Although these strategies represent substantial improvements, no strategy 
has achieved the pre-defined optimal outcomes of: 1) basal beating rates of 60 
to 90  beats/min; 2) autonomic responsiveness resulting in rate increases to 130 to 
160 beats/min; and 3) low to absent dependence on electronic backup pacing.4,5

To achieve these optimal parameters, we coexpressed skeletal muscle sodium 
channel 1 (SkM1) with HCN channel 2 (HCN2). Our rationale was as follows: HCN 
channels generate inward current that drives the membrane toward threshold for the 
rapid inward sodium current (INa). To reach the threshold for INa, channel opening must 
be maximized. We have shown that the SkM1 sodium channel has a more depolarized 
inactivation versus voltage curve and more rapid recovery kinetics from inactivation 
than the cardiac sodium channel SCN5A.6,7 Thus, SkM1 is expected to provide greater 
availability of sodium channels during diastole, leading to a more negative threshold 
potential, improved pacemaker stability, and increased beating rates.

MATERIAlS AND METHODS
Experiments conformed to the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health publication 85-23, revised 1996) and were performed 
using protocols approved by the Columbia University Institutional Animal Care and 
Use Committee.

Intact canine studies
Adult mongrel dogs were prepared, anesthetized, and fitted with electronic pacemakers 
(VVI 35 beats/min) and underwent radiofrequency ablation of the atrioventricular node 
as described previously.2 One series of animals was injected in the left bundle branch 
(LBB) with the appropriate adenovirus construct to obtain the following groups: HCN2 
(n=12), including 7 previously reported HCN2/green fluorescent protein (GFP)-treated 
animals,8 3 current HCN2/GFP-treated animals, and 2 animals injected with HCN2 plus 
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Figure 1. HCN2/SkM1-based biological pacemakers exhibit improved function over HCN2 and 
SkM1, with LBB injection providing superior outcomes to left ventricular myocardial injection. 
A-C, Summary data for left bundle block (LBB)–injected animals receiving hyperpolarization-
activated cyclic nucleotide–gated channel 2 (HCN2; n=12), skeletal muscle sodium channel 1 
(SkM1; n=5 in A and B, n=6 in C), or HCN2/SkM1 (n=6). A, Baseline beating rates on days 3 to 7 
were faster in HCN2/SkM1-injected animals than in animals injected with only HCN2 or SkM1(*). 
B, Mean escape times on days 4 to 7 were shorter in HCN2/SkM1-injected animals than HCN2-
injected animals (*). C, Median percentage of electronically stimulated beats calculated over 24-h 
periods were significantly lower in HCN2/SkM1-injected animals than HCN2-injected animals. 
On days 4 to 7, electronic backup pacing was eliminated in HCN2/SkM1-injected animals. D-F, 
Summary data for subepicardially injected animals receiving HCN2 (n=10), SkM1 (n=7), or HCN2/
SkM1 (n=6). D, Mean baseline beating rates. E, Mean escape times. F, Median percentage of 
electronically stimulated beats. G-I, Summary data pooled for days 5 to 7. G, Baseline beating 
rates in LBB-injected animals receiving HCN2/SkM1 were faster than in LBB-injected animals 
receiving either HCN2 or SkM1(†). H, Escape times in LBB-injected animals receiving SkM1 or 
HCN2/SkM1 were significantly shorter compared with those of the respective subepicardial in-
jections (‡). Escape times of HCN2/SkM1-injected animals were significantly shorter than those 
of the respective HCN2 injections (*). I, Median percentage of electronically stimulated beats 
was reduced to 0% in LBB-injected animals receiving HCN2/SkM1 and was significantly lower 
than in LBB-injected animals receiving HCN2 (*) or in subepicardially injected animals receiving 
HCN2/SkM1(‡). Note that in panels C, F and I, error bars are presented as interquartile range.  
*†‡: P<0.05.
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empty vector; SkM1/GFP (designated SkM1; n=6); and HCN2/SkM1 (n=6). Outcomes 
in the HCN2/empty group were comparable to those with HCN2/GFP and were 
therefore combined into one group designated HCN2.

Left thoracotomies were performed on a second series of animals using previously 
described methods,6 and adenovirus constructs were injected into 3 left ventricular 
(LV) anterobasal epicardial sites to obtain the following groups: HCN2/GFP (n=10; 
designated HCN2), SkM1/GFP (n=7; designated SkM1), and HCN2/SkM1 (n=6). 
Injections were in close proximity (approximately 4 mm) of one another. The injection 
site was marked with 2 sutures.

Further experimental details and statistical analysis details are in the Supplementary 
material of this chapter.

Figure 2. HCN2/SkM1-based biological pacemakers injected into the LBB have faster maximal 
beating rates than those based on HCN2 or SkM1. A, Maximal pace-mapped beating rates in 
LBB-injected animals. Maximal beating rates were faster in HCN2/SkM1 than HCN2 and SkM1 
groups (+). B, Summary data pooled for days 5 to 7. Maximal pace-mapped beating rates in 
LBB-injected animals were significantly faster in HCN2/SkM1 versus HCN2 or SkM1(+). HCN2/
SkM1 LBB-injected animals also had significantly faster maximal beating rates than respective 
subepicardially injected animals (‡; subepicardially injected animals: HCN2 n=10, SkM1 n=7, 
HCN2/SkM1 n=6; LBB-injected animals: HCN2 n=12, SkM1 n=6, HCN2/SkM1 n=6). C-E, Left 
panels show beating rates for every beat during 8 min surrounding an episode of maximal pace-
mapped beating rate recorded in LBB-injected animals. Right panels provide tracings of baseline 
and maximal beating rates of the recordings shown on the left. C, Gradual warm up and cool 
down in an HCN2-injected animal. D, Baseline bigeminy and stable maximal beating rate in a 
SkM1-injected animal. E, Stable baseline beating and robust rate acceleration followed by cool 
down in an animal injected with HCN2/SkM1. Abbreviations as in Figure 1. +‡: P<0.05.
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RESulTS
Intact animal studies
Baseline Function
Biological pacing effectiveness was evaluated in light of baseline heart rates, 
escape times after overdrive pacing, and percentage time during which the backup 
electronic pacemaker drove the heart (Figure 1). These parameters were compared 
in animals injected with biological pacemakers into the LBB or LV subepicardium. 
Electrocardiograms (ECGs) were recorded while animals rested quietly on a table 
(baseline beating rates). Over 7 days, biological pacemaker function in HCN2/SkM1 
LBB-injected animals was superior (i.e., faster basal rates, shorter escape times, and 
lower percentage of electronically stimulated beats) to that of animals with HCN2 
or SkM1 alone and was superior to that of animals with LV subepicardial injection 
of HCN2/SkM1. Typical baseline ECGs and escape times of LBB-injected animals 
are shown in Supplementary Figure I and immunochemical staining of LBB revealing 
presence of HCN2 and SkM1 is shown in Supplementary Figure II.

Autonomic Modulation
Sensitivity to autonomic modulation of pace-mapped rhythms was studied via 24-h 
ECG recordings. Faster beating rates were reached in HCN2/SkM1 LBB-injected 
animals than those injected with HCN2 or SkM1 (Figure 2A). At 5 to 7 days, beating 
rates were significantly faster in animals that received HCN2/SkM1 into the LBB as 
compared with subepicardial injection (Figure 2B). Typical recordings of maximal 
beating rates in LBB-injected animals are in Figures 2C, 2D, and 2E.

A detailed analysis of percentage pace-mapped rhythms and their autonomic 
modulation was performed on the ECG Holter recordings at 5 to 7 days. The percentage 
of matching pace-mapped beats was significantly higher in HCN2/SkM1 LBB-injected 
animals (>95% of all beats), requiring less pacemaker backup than the respective HCN2- 
and SkM1-injected groups (P<0.05; Figure 3A). The percentage of matching beats in 
animals that received HCN2/SkM1 into subepicardium was lower (approximately 60%) 
and did not differ from that of HCN2 and SkM1 control groups. Animals injected 
with SkM1 alone either into the subepicardium or LBB showed persistent bigeminy 
or trigeminy in more than 10% of beats, whereas no such arrhythmias were detected 
in animals injected with HCN2 or HCN2/SkM1 (P<0.05; Figure 3A). The percentage 
of electronically paced beats was reduced in the HCN2/SkM1-LBB group to 0% of all 
beats (P<0.05 vs. respective HCN2 and SkM1 groups; Figure 3A). The 24-h average 
rate of pace-mapped rhythms is summarized in Figure 3B, showing a faster rate in 
HCN2/SkM1-LBB versus the HCN2-LBB and SkM1-LBB groups (P<0.05). These results 
are consistent with the 5- to 7-day averages of baseline and maximal beating rates 
reported in Figure 2. Finally, animals that received HCN2 into the LBB exhibited faster 
24-h average beating rates than animals that received HCN2 into the subepicardium 
(P<0.05; Figure 3B).
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To test whether the changes in beating rate and dependence on backup electronic 
pacing were consistent with what would be expected based on a normal circadian 
rhythm, we compared these parameters during 2 h of sleep (2:00 to 4:00 am) with 
2 h of feeding and activity (8:00 to 10:00 am). Regardless of injection site, HCN2 and 
HCN2/SkM1 groups exhibited a significant rate acceleration of pace-mapped rhythms 
from morning to night (P<0.05; Figure 3C). During sleep as well as during feeding and 
activity, pace-mapped rhythms were significantly faster in HCN2/SkM1 LBB-injected 
animals as compared with those in HCN2-LBB and SkM1-LBB groups (P<0.05; Figure 
3C). Furthermore, both HCN2-LBB and HCN2/SkM1-LBB groups exhibited faster 

Figure 3. Detailed analysis of rhythms and their circadian modulation. A, Summary data on per-
centage of pace-mapped beats (percentage matching rhythm), nonmatching beats, bigeminal 
beats, and electronically paced beats in all animals. Animals that showed <5% of matching beats 
or persistent bigeminy were excluded from subsequent analysis (B-D; subepicardially injected 
animals: HCN2 n=9, SkM1 n=6, HCN2/SkM1 n=6; LBB-injected animals: HCN2 n=11, SkM1 n=4, 
HCN2/SkM1 n=6). B, 24-h average rate of matching beats. C, Summary data on morning/night 
modulation of pace-mapped beating rates. D, Dependence on electronic backup pacing during 
morning/night. Note that percentage nonmatching, percentage bigeminy, and percentage 
paced are presented as median and interquartile range. Abbreviations as in Figure 1. *: P<0.05 
versus respective HCN2. †: P<0.05 versus respective HCN2 and SkM1. ‡: P<0.05 versus respec-
tive myocardium. §:  P<0.05 versus respective HCN2 and HCN2/SkM1. !:  P<0.05 for morning 
versus night.
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beating rates in the morning than the respective subepicardially injected groups 
(P<0.05; Figure 3C). The percentage of electronically paced beats during night and 
morning is summarized in Figure 3D. Subepicardially or LBB-injected animals that 
received HCN2 exhibited a lower percentage of electronic pacing in the morning than 
at night (P<0.05; Figure 3D).

Poincaré plots of pace-mapped rhythms also demonstrated differences in 
autonomic modulation as analyzed by heart rate variability (HRV) among animals 
with the 3 gene constructs injected into the LBB (Figure 4A). Quantitative analysis of 
SD parameters revealed that the level of parasympathetic modulation expressed by 
short-term variation of heart rates (SD1) was comparable among the 3 groups tested 
(Figure 5B, left panel). Sympathetic modulation, expressed as long-term variation of 
heart rates (SD2), was significantly reduced (i.e., normalized) in the HCN2/SkM1-LBB 
group as compared with that of animals LBB-injected with HCN2 (P<0.05; Figure 4B, 
middle panel). The parasympathetic-sympathetic balance (SD1:SD2 ratio) did not 
differ among the 3 groups (P>0.05; Figure 5B, right panel). Among the subepicardially 
injected groups, no significant changes in SD1, SD2, and SD1/SD2 were found.

On the final study day, all animals showed a significant rate acceleration upon 
intravenous epinephrine administration (1.0 μg/kg/min; P<0.05; Figure 4C). 
Furthermore, during epinephrine infusion, animals subepicardially injected with 
HCN2/SkM1 exhibited faster beating rates than the respective HCN2 group (P<0.05). 
Similarly, during baseline and during epinephrine infusion, HCN2/SkM1 LBB-injected 
animals showed significantly faster beating rates than their respective HCN2 or 
SkM1 groups (P<0.05). Finally, in HCN2/SkM1 LBB-injected animals, beating rates 
in baseline and epinephrine groups were significantly faster than in subepicardially 
injected animals (P<0.05).

Isolated tissue studies
Figures 5A and 5B provide representative examples and summary data from isolated 
tissue experiments conducted on LBB from HCN2-, SkM1- and HCN2/SkM1-injected 
animals. In normal Tyrode solution, beating rates did not differ among groups. 
However, when isoproterenol was added, HCN2/SkM1-treated preparations beat 
faster than the others (P<0.05). With isoproterenol 0.1 μM superfusion maintained, 
we added tetrodotoxin 0.1 μM, which selectively blocks SkM1 current.7 Tetrodotoxin 
significantly slowed the HCN2/SkM1-injected preparations, bringing their beating 
rates into the same range as the HCN2-injected preparations (Figure 5B). This is 
consistent with a major contribution of SkM1 to the beating rates in the presence 
of isoproterenol. During superfusion with isoproterenol 0.1 μM, maximum diastolic 
potential was significantly more depolarized in HCN2-overexpressing tissue than in 
tissue that did not overexpress HCN2 (P<0.05; Figure 5B).

To test whether threshold potential shifts negatively in the presence of SkM1, 
we conducted experiments on dogs in which viral constructs were injected into 
myocardium. Figures 6A,6B, and 6C provide typical tracings and summary data. Data 
acquired from the first 9 action potentials (APs) per cycle that were stimulated normally 
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confirmed the functional presence of SkM1 in the SkM1 and HCN2/SkM1 groups 
(Figure 6C). Specifically, as in previous reports,6,8 SkM1 overexpression induced an 
increase in maximal upstroke velocity in the SkM1 and HCN2/SkM1 groups compared 
with those in the respective noninjected controls and the HCN2-injected group 
(P<0.05). The 10th AP was generated with a current pulse that was varied to identify 
the threshold potential for AP initiation. Threshold was reached at more negative 
voltages in SkM1- and HCN2/SkM1-injected preparations than in noninjected and 
HCN2-injected controls (P<0.05).

DISCuSSION
Injecting the pacemaker gene HCN2 together with SkM1 into the LBB has provided a 
construct that compares favorably with other biological pacemaker strategies reported 
to date. With the HCN2/SkM1 biological pacemaker, rhythms were generated in more 
than 95% of the beats, in a canine model with a cardiac rhythm status comparable 
to that of patients requiring ventricular demand pacing. Baseline beating rates were 
well within a target range of 60 to 90 beats/min and demonstrated brisk autonomic 
responsiveness as evidenced by the significant response to the epinephrine infusion 
and the high level of 24-h HRV. The next step in developing HCN2/SkM1-based 
biological pacemakers will be to move to a delivery system that generates long-term 
function. Such a system may be provided by lentiviral vectors or by HCN2/SkM1-
overexpressing human mesenchymal stem cells (hMSCs).

SkM1/HCN2 pacemaker function in relation to other approaches
Outcomes for baseline and maximal rates of LBB-implanted HCN2/SkM1-based 
biological pacemakers compared favorably with results reported for AC1 and various 
HCN isoforms, mutants, and gene combinations. Rates with AC1,4 wild-type HCN2, 
and genetically engineered HCN2-E324A, were consistently slower than with HCN2/
SkM1.2 Although the HCN2/Kir2.1-ΔΔΔ strategy generated robust pacemaker activity 
at relatively rapid baseline beating rates (90 to 95 beats/min), dependence on 
electronic backup pacing was not eliminated.5 Further concerns of this strategy include 
the prolongation of repolarization induced by Kir2.1-ΔΔΔ9 and the unknown degree of 
autonomic modulation. Although the AC1 strategy shows promise with respect to the 
high efficiency of pacemaker function (>95% of the beats originated from the injection 
site), physiological beating rates (approximately 60 beats/min), and high sensitivity to 
parasympathetic modulation, it also manifested relatively slow maximal beating rates 
and did not eliminate electronic backup pacing.4 Moreover, the AC1 strategy elevated 
cAMP levels which may impact on calcium handling in cells,10-12 presenting the potential 
for unwanted side effects such as triggered activity and calcium overload. Although 
we did not see such side-effects,4 they remain concerns. In contrast, the HCN2/SkM1 
gene combination induced baseline and maximal beating rates with ranges that we 
had targeted as optimal for a biological pacemaker. We had previously shown as well 
that the calcium overload one might fear with a sodium channel construct was not an 
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Figure 4. Detailed analysis of heart rate variability and response to epinephrine infusion. A, Rep-
resentative Poincaré plots of pace-mapped beats in 24-h Holter recordings of HCN2, SkM1, 
and HCN2/SkM1 LBB-injected animals. The middle panel (SkM1-injected animal) also defines 
SD of instantaneous RR-interval variability (SD1) and SD of long-term continuous RR-interval 
variability (SD2). B, Summary data of SD1, SD2, and SD1:SD2. Animals that showed <5% of 
matching beats or persistent bigeminy were excluded from this analysis. Subepicardially injected 
animals: HCN2 n=9, SkM1 n=6, HCN2/SkM1 n=6; LBB-injected animals: HCN2 n=11, SkM1 n=4, 
HCN2/SkM1 n=6. C, Summary data on the beating rates at baseline and during epinephrine (Epi) 
infusion. Subepicardially injected animals: HCN2 n=10, SkM1 n=6, HCN2/SkM1 n=6; LBB-inject-
ed animals: HCN2 n=12, SkM1 n=4, HCN2/SkM1 n=6. Abbreviations as in Figure 1. *: P<0.05 
versus respective HCN2. !: P<0.05 for baseline versus epinephrine. †: P<0.05 versus respective 
HCN2 and SkM1. ‡: P:<0.05 versus respective subepicardium.

issue here.6 Finally, favorable pacemaker function as manifested by short escape times 
and low to absent dependence on electronic backup pacing was also characteristic of 
HCN2/SkM1 LBB-injected animals.

Autonomic modulation of biological pacemaker function
Autonomic modulation of pacing rates is a potential key advantage of biological over 
electronic pacing.8 The extent of autonomic modulation that may be obtained via a 
biological approach likely depends on the gene construct or the cells used. To facilitate 
the comparison among the various biological pacemaker strategies, we analyzed 
several measures of autonomic modulation. First, the average baseline beating rate 
in the HCN2/SkM1-LBB group was relatively rapid (approximately 80  beats/min; 
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Figure  1), and the animals maintained robust rate acceleration, reaching average 
maximal rates of approximately 130 beats/min (Figure 2). Furthermore, maximal 
beating rates always remained within the physiological range, never exceeding 
180 beats/min. This outcome is superior to the slower maximal beating rates reported 
here for HCN2 or SkM1 (Figure 2) and elsewhere for AC14 in LBB-injected animals, 
superior to results with injection of HCN2/SkM1 into subepicardium (Figure 2), and 
superior to the very rapid maximal rates reported for animals in which the chimera 
HCN212 and the combination of HCN2/AC1 were both injected into LBB.3,4 

Second, we investigated the average beating rates comparing a period of rest 
(2:00 to 4:00 am) with one of physical activity and feeding (8:00 to 10:00 am). We 
found beating rates in accordance with those expected with a normal response to 
circadian modulation (Figures 3C and 3D). We also found the circadian response in 
the HCN2/SkM1-LBB group to be superior to that in animals with LBB gene transfer of 
HCN2 or SkM1 and myocardial gene transfer of HCN2/SkM1.

Finally, we investigated sensitivity to parasympathetic and sympathetic modulation 
via analysis of HRV and infusion of epinephrine. The significant reduction in SD2 in 
the comparison of HCN2/SkM1-LBB with HCN2-LBB (Figure 4B, middle panel) might 
suggest reduced sensitivity to sympathetic modulation in the former. However, this 
is unlikely given the strong in  vitro (Figure 5) and in  vivo (Figure 4C) responses to 
isoproterenol and epinephrine, respectively, which indicated more profound sensitivity 
to sympathetic stimuli in HCN2/SkM1-LBB than HCN2-LBB preparations. It should 
be noted that in the HCN2-LBB group, accelerations (likely induced by sympathetic 
stimuli) and decelerations (likely resulting from reduced biological pacemaker function) 
were frequently observed at rest, when beating rates in the HCN2/SkM1 group were 
relatively stable. Therefore, it appears likely that sympathetic stimulation during rest 
in the HCN2/SkM1-LBB group was below the level of that in the HCN2-LBB group, 
although the 24-h average beating rates in the HCN2/SkM1-LBB group were higher 
(Figure 3B). These data indicated that LBB-injected animals that received HCN2 
likely manifested increased sympathetic activity during rest as a result of their slower 
beating rates. The lower average values found for SD2 in the HCN2/SkM1-LBB group 
therefore indicated reduced activity of the sympathetic system during rest rather than 
reduced sensitivity to sympathetic modulation.13

Mechanisms underlying pacemaker function based on HCN2/SkM1 gene 
transfer
The microelectrode experiments on myocardial bundles obtained from subepicardially 
injected animals demonstrated the effect of SkM1 to move the threshold potential 
to more negative voltages (Figure 6). This observation is significant because shifting 
the threshold in this direction would result in AP initiation earlier during phase 4 
depolarization of automatic fibers. Although this change in AP threshold likely is a 
major mechanism by which SkM1 improves pacemaker function, other mechanisms 
should be considered. For example, SkM1 may help to reduce current-to-load 
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Figure 5. Tissue bath experiments confirm a critical role for SkM1 in determining beating rates 
of HCN2/SkM1-injected preparations. A, Representative microelectrode traces of LBB prepara-
tions from HCN2 (n=5), SkM1 (n=6), and HCN2/SkM1 (n=6) injected animals and noninjected 
zones (n=6) under control conditions, after graded application of isoproterenol and after iso-
proterenol (Iso) 0.1 μM plus tetrodotoxin (TTX) 0.1 μM. B, Summary data for beating rates (left 
panel) and maximum diastolic potential (right panel). Abbreviations as in Figure 1. *: P<0.05 
versus noninjected. †: P<0.05 versus HCN2, SkM1, and noninjected. ‡: P<0.05 for the combined 
groups with HCN2 (HCN2 and HCN2/SkM1) versus the combined groups without HCN2 (SkM1 
and noninjected).

mismatch that is potentially present at the interface between transduced and adjacent 
nontransduced myocardium. The cardiac sodium channel Nav1.5 is similarly thought 
to contribute to pacemaker impulse propagation in the sinoatrial node periphery.14,15 
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Based on our original hypothesis that SkM1 would improve HCN2-based pacemaker 
function, we expected induction of some degree of pacemaker function originating 
from the injection site of SkM1 adenovirus. Yet, we also recorded persistent bigeminal 
rhythms originating from the injection site (Figure 3A). The timing of these extra beats 
at coupling intervals of 300 to 700 ms and their dependence on slow baseline heart 
rates (Figure 3D) is consistent with either early afterdepolarizations16 or re-entry.17 That 
SkM1-associated bigeminy is not attributable to an SkM1 action on repolarization was 
shown in our earlier studies.6,7 Moreover, with the SkM1/HCN2 combination, we saw 
no bigeminy or other instances of proarrhythmia.

Clinical applicability
We consider clinical applicability with the caveat that the standard for the field is 
electronic pacing, with its considerable strengths and shortcomings that have been 
described in detail.1 Biological pacing is being explored by us and by others as 
a possible adjunct to/replacement for electronic pacing. However, a great deal 
remains to be done before clinical testing is in order. Given that framework, what 
can be said about the approach described here? Gene transfer of HCN2/SkM1 
generated robust pacemaker function at beating rates close to physiologically 
desirable levels. The range of function obtained in the short-term setting of the 
present study compares favorably to that seen with demand electronic pacing of 
the ventricle. However, for clinical implementation, the level of function that can be 
generated stably over much longer terms will be crucial to the success of such an 
approach. To this end, one logical next step is the use of the HCN2 and SkM1 genes 
in combination with a long-term viral expression vector such as the lentiviral vector.18 
In contrast, adeno-associated viral vectors cannot support genes the size of SkM1 
without further modifications.19 

In addition, we previously reported the use of MSCs for the delivery of HCN2 current 
to myocardium and fabrication of a cell-based biological pacemaker that functioned 
stably over 6 weeks.20 In a different study, we also showed that the SkM1 current can be 
efficiently delivered to myocardium via the MSC platform.21 Hence, the MSC platform 
offers an alternative means of gene delivery. However, MSCs show a tendency to 
migrate from the injection site, causing a loss of pacemaker function over time. For this 
reason, ongoing efforts are focused on the encapsulation of MSCs, which, if successful, 
would generate an attractive delivery vehicle for HCN2 and SkM1 ion channels.

CONCluSIONS
When HCN2/SkM1 was administered to the LBB, pacemaker function was facilitated by 
the slow depolarizing HCN2 current and the hyperpolarized AP threshold generated 
by SkM1. This dual gene therapy provided both highly efficient pacing and a brisk 
autonomic response to degrees that appear superior to those of previously developed 
gene- or cell-based approaches.
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Figure 6. SkM1 overexpression shifts threshold potential (TP) negatively. Action potential (AP) 
parameters and TP were registered from left ventricular subepicardial preparations isolated from 
HCN2-, SkM1-, or HCN2/SkM1-injected and noninjected regions. Preparations were paced at a 
cycle length of 1,000 ms with 2-ms current pulses at double threshold amplitude (S1). A 30-ms 
test current pulse (S2) of variable amplitude was substituted for every 10th regular pulse. A, 
Typical train of 9 APs initiated with 2-ms 2× threshold S1 current pulses followed by a 10th 
AP initiated by a 30-ms suprathreshold current pulse (S2). B, Fast-sweep recordings of typical 
tracings of 30-ms subthreshold and suprathreshold current pulses in noninjected, HCN2-, SkM1-, 
and HCN2/SkM1-injected preparations. C, Summary data on AP parameters and TP measure-
ments. APA=action potential amplitude; APD30, APD50, APD90=AP duration to 30%, 50%, and 
90% repolarization, respectively; MDP=maximum diastolic potential; Vmax=maximum upstroke 
velocity; other abbreviations as in Figure 1. TP was measured for just above threshold current 
amplitude. *: P<0.05 versus respective HCN2. †: P<0.05 versus respective noninjected.
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SuPPlEMENTARy MATERIAl – CHAPTER 9

MATERIAlS & METHODS
Adenoviral Constructs 
Adenoviral constructs of green fluorescent protein (GFP), mouse HCN2 and rat 
SkM1, all driven by the CMV promoter, were prepared as described previously.1,2 We 
prepared an empty adenoviral vector as an additional control vector. For consistency 
with earlier studies,3 we prepared 3×1010 fluorescence focus forming units of one 
vector and mixed this with an equal amount of the other vector in a total volume of 
700 μL. We did not use a single vector for delivery because the size of SkM1 (5.5 kb) 
is too large to combine with HCN2 in a single adenoviral vector.

Animal monitoring procedures
ECG, 24-hour Holter monitoring, pacemaker log record check, and overdrive pacing 
were performed daily for 7-8 days. For each dog, the percent of electronically induced 
beats was calculated daily. Endogenous pacemaker activity was suppressed by 
30 seconds of electronic pacing at 80 bpm or ~10% above intrinsic rhythm. 

Twenty-four hour monitoring was performed via Holter ECG (Rozinn, Scottcare, 
Glendale, New York, U.S.A.). We calculated maximal beating rates daily from 30-sec 
strips of a stable rhythm at maximal rate. We performed detailed analysis of the 
percentages of matching and non-matching beats (using pace-mapped beats at time 
of implant as a reference), bigeminal, and electronically paced beats, 24hr average 
beating rate of matching rhythms, and HRV on Holter ECG recordings registered 
during steady-state gene expression (days 5-7; one day per animal). To analyze 
circadian variation, we compared the rate of pace-mapped beats and dependence on 
electronic back-up pacing during sleep (2-4 AM) versus during feeding and physical 
activity (8–10 AM). In the analysis of HRV we calculated the standard deviation (SD) of 
all pace-mapped beats to assess their instantaneous RR-interval variability (SD1) and 
the SD of long-term continuous RR-interval variability (SD2). 

Statistical Analysis
Data are presented as mean±SEM in cases where data follow a normal Gaussian 
distribution. Statistical significance was examined by t-test or by two-way ANOVA 
followed by Bonferroni’s post-hoc test. In the following datasets we did not detect 
a normal Gaussian distribution: % paced (daily pacemaker logs), % non-matching 
rhythm (Holter), % bigeminy (Holter), % paced (Holter), % paced (morning; pacemaker 
log). In these cases, data are presented as median and interquartile range. Statistical 
significance was examined by Kruskal-Wallis one-way ANOVA followed by Dunn’s 
multiple comparison test and Mann Whitney test or Wilcoxon matched-pairs signed 
rank test. P<0.05 was considered significant.
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Beta-adrenergic responsiveness
To evaluate β-adrenergic responsiveness at termination of the study, epinephrine 
(1.0 μg/kg/min) was infused for 10 minutes as previously reported3 and maximum rate 
response of the pace-mapped rhythm was recorded. 

Tissue bath studies on lBB preparations
Preparations were placed in a 4-mL chamber perfused with Tyrode’s solution (37°C, 
pH 7.3 to 7.4) at a rate of 12 mL/min and were permitted to beat spontaneously. 
Tyrode’s solution containing isoproterenol (0.001 – 0.1µM) followed by isoproterenol 
plus TTX (0.1µM) were applied respectively. Transmembrane AP signals were acquired 
as described previously.4,5

Tissue bath studies on subepicardial myocardial bundles
Seven days after subepicardial adenovirus injection, subepicardial myocardial fascicles 
(~0.5 mm in diameter, 6-10 mm long) were isolated from the injection sites and 
from remote sites, 3-4 cm from the injected region. Preparations were mounted in 
a 2-compartment tissue bath,6,7 whose compartments were separated by a plastic 
partition having an opening 0.3-0.6 mm in diameter, permitting each preparation 
to slide through and fit snugly. Each compartment was independently perfused with 
Tyrode’s solution. 

Preparations were driven at a cycle length of 1 sec by current pulses delivered 
through Ag-AgCl electrodes placed in each compartment. Every 10th regular stimulus 
was replaced by a 30-ms depolarizing current pulse whose amplitude was gradually 
increased from subthreshold to threshold levels. 

Figure I. Baseline ECGs and recordings of escape times in LBB-injected animals. A, Typical ECG 
traces recorded from HCN2, SkM1 and HCN2/SkM1-injected animals. Note that baseline beating 
rates are faster with HCN2/SkM1-based biological pacemakers. B, Typical responses to overdrive 
suppression in HCN2, SkM1 and HCN2/SkM1-injected animals. Vertical arrows indicate final 
overdrive beats. Note that HCN2/SkM1 gene transfer results in less suppression of pacemaker 
activity after overdrive pacing.
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Conventional microelectrodes were used to record transmembrane potentials at 
locations within 0.1-0.2 mm of the partition. Phase 0 upstroke velocity was measured 
by analog differentiation of the transmembrane potential.

Immunohistochemistry
HCN2 and SkM1 overexpression were validated by immunohistochemistry (Figure II) 
using previously described methods.2,3 In brief, sections were incubated with anti-
SkM1 antibody (1:200, Sigma-Aldrich, St Louis, Mo) and anti-HCN2 antibody (1:200, 
Alomone, Jerusalem, Israel). Antibody bound to target antigen was detected by goat 
anti-mouse IgG labeled with Cy3 (red fluorescence for SkM1) and goat anti-rabbit IgG 
labeled with Alexa 488 (green fluorescence for HCN2).

HCN2/SkM1 

HCN2 SkM1 Overlay + DAPI 

Non-injected 

Figure II. Immunohistochemical staining for HCN2 and SkM1. Positive HCN2 (green) and SkM1 
(red) staining was detected in LBB from animals that received the corresponding adenovirus. 
Nuclei were stained blue using DAPI. Bar represents 50 µm. 
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ABSTRACT
Aims: Reentry accounts for most life-threatening arrhythmias, complicating myocardial 
infarction, and therapies that consistently prevent reentry from occurring are lacking. 
In this study, we compare antiarrhythmic effects of gene transfer of green fluorescent 
protein (GFP; sham), the skeletal muscle sodium channel (SkM1), the liver-specific 
connexin (Cx32), and SkM1/Cx32 in the subacute canine infarct. 

Methods and results: Immediately after ligation of the left anterior descending 
artery, viral constructs were implanted in the epicardial border zone (EBZ). Five to 
7 days later, efficient restoration of impulse propagation (narrow QRS and local 
electrogram duration) occurred in SkM1, Cx32, and SkM1/Cx32 groups (P<0.05 vs. 
GFP). Programmed electrical stimulation from the EBZ induced sustained ventricular 
tachycardia (VT)/ventricular fibrillation (VF) in 15/22 GFP dogs vs. 2/12 SkM1, 6/14 
Cx32, and 8/10 SkM1/Cx32 (P<0.05 SkM1 vs. GFP). GFP, SkM1, and SkM1/Cx32 
had predominantly polymorphic VT/VF, whereas in Cx32 dogs, monomorphic VT 
predominated (P<0.05 for Cx32 vs. GFP). Tetrazolium red staining showed significantly 
larger infarcts in Cx32- vs. GFP-treated animals (P<0.05). 

Conclusion: Whereas SkM1 gene transfer reduces the incidence of inducible VT/VF, 
Cx32 therapy to improve gap junctional conductance results in larger infarct size, a 
different VT morphology, and no antiarrhythmic efficacy. 
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INTRODuCTION
Reentry is the predominant mechanism for arrhythmias complicating ischaemic 
heart disease.1,2 These arrhythmias are facilitated by slow conduction and their 
prevention has focused on strategies that create bidirectional conduction block (Na+ 
channel blocker, surgery, or ablation) and/or prolong refractoriness.3 Alternatively, 
reentry may be averted by speeding conduction such that the reentrant wave front 
encounters its own refractory tail. While catecholamines and muscarinic agonists 
can be used to hyperpolarize the cell membrane and speed conduction, they have 
proarrhythmic and toxic properties that contravene their use. More recently, the gap 
junction-specific peptide rotigaptide has been explored as a novel antiarrhythmic 
strategy. Although rotigaptide facilitated rapid impulse propagation and reduced 
the incidence of spontaneous ischaemia/reperfusion-based arrhythmias,4 these 
effects could not be reproduced in the permanently ischaemic epicardial border 
zone (EBZ).5

EBZs overlying infarcts manifest membrane depolarization facilitating slow 
conduction and reentry. Previously, we have overexpressed SkM1 (SCN4A), a sodium 
channel that functions more effectively at depolarized potentials than cardiac SCN5A in 
EBZ of canine infarcts. This resulted in increased Vmax of the action potential (AP), more 
rapid longitudinal conduction velocity,6 and reduced incidence of ventricular tachycardia 
(VT)/ventricular fibrillation (VF) initiated by programmed electrical stimulation (PES) in 
the healing infarct.7 A comparable result was obtained for spontaneous VT/VF in a 
murine ischaemia/reperfusion model.8

Another potential strategy to optimize EBZ conduction is the maintenance/
improvement of gap junction coupling. The reduced pH of ischaemic tissue results 
in closure of Cx43 (predominant ventricular isoform) gap junctions, contributing to 
slow conduction and reentry.9,10 The liver-specific isoform, Cx32, largely remains open 
upon acidification and may therefore provide a means to maintain fast conduction 
and prevent reentry.11 Adenoviral delivery of Cx32 (Ad-Cx32) in the murine ischaemia–
reperfusion model revealed antiarrhythmic efficiency similar to that of Ad-SkM1.8 
A potential concern with Cx32 overexpression is that it can promote intercellular 
transmission of biochemical mediators of injury and thereby increase infarct size. 
Reinforcing this concern, we found that in mice overexpressing Cx32, infarct size 
was increased.12

To increase our understanding of antiarrhythmic strategies that speed conduction, 
we now compared SkM1-, Cx32-, and SkM1/Cx32-based approaches in their ability 
to speed conduction in the canine EBZ and to modify or prevent VT/VF induction. In 
addition, we related infarct size to the genetic interventions, incidence and expression 
of arrhythmias, and used immunohistochemical and tissue bath studies to confirm and 
compare the presence and functionality of the overexpressed genes. 
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MATERIAlS AND METHODS 
Adenovirus preparation
Rat SkM1 and murine Cx32 adenovirus were prepared as described previously.7,8 Briefly, 
replication-deficient adenoviruses of SkM1, Cx32, and green fluorescent protein (GFP) 
were plaque-purified and large-scale viral stocks were concentrated via CsCl binding, 
and subsequently titrated with mouse anti-adenovirus hexon antibodies (Advanced 
ImmunoChemical, Long Beach, CA, USA). The titre was defined in fluorescent focus-
forming units (ffu) per millilitre (ffu/mL). 

Intact animal and isolated tissue methods
The investigation conforms with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 
in 1996) and the protocols were reviewed and approved by the Columbia University 
Animal Care and Use Committee. 

Canine infarct preparation and adenovirus injection
Adult male mongrel dogs (22–25 kg; Chestnut Ridge Kennels, Shippensburg, PA, 
USA) were anaesthetized with thiopental (17 mg/kg iv) and mechanically ventilated. 
Anaesthesia was maintained with isoflurane (1.5–3.0%). The depth of anaesthesia was 
monitored by a veterinary anaesthesia technician throughout all surgical procedures. 
Systemic arterial blood pressure and a body surface electrocardiogram (ECG) were 
continuously monitored intraoperatively. Increases in heart rate and blood pressure 
>20% of initial values were used to indicate the need for increases in isoflurane levels. 
In addition, palpebral or corneal reflexes were monitored. 

A left thoracotomy was performed using sterile techniques, and sites of coronary 
ligation were selected on the basis of the distribution of the left anterior descending 
artery and collateral circulation from the left circumflex.13 Adenoviral constructs 
expressed GFP (designated Ad-GFP) SkM1/GFP (designated Ad-SkM1), Cx32/GFP 
(designated Ad-Cx32), or SkM1/Cx32 (designated Ad-SkM1/Cx32). 6×1010 ffu of each 
in 0.8 mL solution divided into four separate aliquots was injected within 5 mm of 
one another in a square array into the EBZ at selected wide electrogram (EG) sites 
at 1–2 mm depth with a modified Hamilton (30 G) syringe. The chest was closed, 
lidocaine infusion (50 μg/kg/min) was initiated during surgery, and prophylactic 
lidocaine continued for 24–48 h postoperatively. At 5–7 days of recovery, dogs 
were anaesthetized, the heart was exposed, and ECGs and EGs were acquired, 
digitized, and stored on a personal computer (EMKA Technologies, Falls Church, 
VA, USA). Studies were terminated at days 5–7 because this is during the subacute 
infarct period and because it provides a time window of plateau adenoviral gene 
expression during which we have shown SkM1 gene transfer to protect efficiently 
against arrhythmia induction.5

The dose of 6×1010 fluorescent focus-forming units (ffu) of each vector employed 
in the present study (the GFP group received a double dose to keep the number of 
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viral particles administered equal) was chosen for consistency with previous studies7 
and also because unpublished pilot studies indicated a higher dose of 1.2×1011 ffu 
to be associated with an excessive inflammatory/toxic response. In these earlier pilot 
studies, both Ad-GFP-injected animals and Ad-SkM1-injected animals showed high 
levels of transgene expression in immunohistochemical experiments. Yet, histology 
showed excessive cell death and a high degree of immune cell infiltration. Upon 
electrophysiological examination, no normalization of fast impulse propagation was 
found in either of the two groups (based on the measurements of QRS duration and 
local EGs), and all animals had inducible VT/VF. Finally, tissue bath experiments were 
in general not feasible due to the overall poor tissue quality of the epicardial samples 
taken from the injection site. 

Arrhythmia induction outcomes for a subset of the animals injected with Ad-GFP 
(n=9) and all animals injected with Ad-SkM1 (n=12) have been reported previously7; yet, 
for these previously reported animals, we have now added additional analysis of ECG 
parameters and QRS duration during premature stimulation. An additional 15 animals 
were injected with Ad-GFP and studied concurrently with the animals injected with 
Ad-Cx32 (n=15) and Ad-SkM1/Cx32 (n=10). The study of the initial series of Ad-GFP 
and Ad-SkM1 animals (studied in 2007–08) was immediately followed by the Ad-GFP, 
Ad-Cx32, and Ad-SkM1/Cx32 groups (studied by the same team in 2008–09). 

vT induction
Pacing threshold was determined by incrementally increasing the current until 
ventricular capture occurred; pacing was then performed at 2× pacing threshold. 
Extrastimulus pacing with a programmable stimulator (Bloom Associates, Reading, PA, 
USA) was performed sequentially in the high ventricular septum, infarct lateral border 
zone, viral injection site, 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 
5 ms steps until loss of capture. For S3 pacing, S1–S2 was set at the shortest interval 
with reliable S2 capture [equivalent to the effective refractory period (ERP)]. S3 was 
initiated at an initial coupling interval of 100 ms and increased in 10 ms steps until 
S3 capture occurred. If VT lasted ≥60 s, the heart was removed and prepared for 
microelectrode study, histology, and infarct sizing. 

Microelectrode methods
Hearts were removed and immersed in a previously described Tyrode’s solution14 
equilibrated with 95% O2/5% CO2. Epicardial strips (≈10×5×0.5–1 mm) were filleted 
parallel to the left ventricular free wall surface from infarct sites injected with SkM1, 
Cx32, and/or GFP, from infarcted non-injected sites, and from the normal myocardium. 
Preparations were pinned to the bottom of a 4 mL tissue bath (epicardial surface up) 
and superfused (36°C, pH 7.35±0.05) at 12 mL/min with Tyrode’s solution containing 
(in mmol/L): NaCl 131, NaHCO3 18, KCl 4, CaCl2 2.7, MgCl2 0.5, NaH2PO4 1.8, and 
dextrose 5.5. Preparations were paced at a cycle length of 500 ms, and APs were 
recorded during 30–50 impalements per preparation after 3 h of equilibration to reach 

215



PArT IV: CHAPTer 10

10 steady state.14 The activation time of each impalement site was determined as the time 
interval between stimulus artefact and AP upstroke. Activation maps were created from 
sequential impalements of the tissue slabs superfused at potassium concentrations 
of 4 and 7 mmol/L (to simulate ischaemia-induced membrane depolarization). We 
also varied pH to simulate ischaemia-induced acidification. Intracellular acidification 
was studied using an HEPES-buffered Tyrode’s solution containing (mmol/L): NaCl 
130, KCl  4, CaCl2 1.8, MgCl2 1.0, dextrose 5.5, sodium acetate 20, and HEPES 10 
(pH7.4). For the low pH solution (pH 6.0), HEPES was replaced by 2-N-morpholino-
ethanesulfonic acid buffer (10 mmol/L). Acetate, a weak acid that shuttles H+ by 
diffusing through the plasma membrane in its neutral H+-associated form, allows 
significant reduction in intracellular pH.15 Preparations were equilibrated for 15 min 
after a superfusate was changed. 

Infarct sizing
After epicardial tissues were removed for microelectrode study and histology, the 
heart was cooled to 4°C and cut into 1 cm-thick transverse slices from the apex to 
the base. Slices were incubated for 20 min in 1% tetrazolium red (pH 7.4 buffer at 

Figure 1. Immunohistochemistry of the EBZ. Positive SkM1 (green) and Cx32 (red) staining was 
detected in animals that received the corresponding adenovirus. Nuclei were stained blue using 
DAPI. Bars represent 50 µm.
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37°C), immersed in 10% formalin for 15 min, and pressed between two glass plates 
to obtain uniform 1 cm thickness. Apical sides of slices were photographed, and a 
digital image was obtained. Planimetry (Image J Analysis 1.40 g, National Institutes 
of Health, Bethesda, MD, USA) was used to determine overall infarct size. The volume 
of the infarcted myocardium was calculated by multiplying planimetered areas by slice 
thickness and expressed as percent total left ventricular volume. 

Histology and immunochemistry
Evidence of SkM1 and Cx32 overexpression was validated in injected animals by 
immunohistochemistry. Tissue blocks were snap-frozen in liquid nitrogen, and 5 μm 
serial sections were cut with a cryostat (Microm HM505E) and air dried. Sections were 
washed in phosphate-buffered saline, blocked for 20 min with 10% goat serum, and 
incubated overnight at 4°C with anti-SkM1 (1:200, Sigma-Aldrich) and/or anti-Cx32 
antibodies (1:200, Zymed Laboratories-Invitrogen) and anti-Cx43 antibodies (1:200, 
Invitrogen). Antibody bound to target antigen was detected by incubating sections for 
2 h with goat anti-mouse IgG labelled with Cy3 (red fluorescence for Cx32) and goat 
anti-rabbit IgG labelled with Alexa 488 (green fluorescence for SkM1 or Cx43); images 
were collected with a Nikon E800 fluorescence microscope. SkM1 and Cx32 were 
detected only in animals that had received the corresponding adenovirus (Figure 1). 
Based on these immunohistochemistry studies, we estimate that ~50% of EBZ 
cardiac myocytes were transduced with the gene constructs used. The presence of 
overexpressed SkM1 and Cx32 in the intercalated disk region of cardiac myocytes has 
previously been reported6,8 and was further confirmed in the Supplementary material, 
Figures II and III. 

Statistical analysis
Data are expressed as mean±SEM. Arrhythmia incidence (the ability of PES to induce 
sustained VT) and arrhythmia morphology (monomorphic vs. polymorphic) were 
analysed by χ2 test. Difference in ECG parameters, EG width, ERP, and in  vitro AP 
parameters were analysed by one-way ANOVA followed by Bonferroni’s post hoc test. 
QRS duration during premature stimulation, in  vitro conduction velocities, and Vmax 
curves were analysed with two-way ANOVA followed by Bonferroni’s post-tests. Values 
of P<0.05 were 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
Intact animal studies
Twenty-four dogs were injected with Ad-GFP, 12 with Ad-SkM1, 15 with Ad-Cx32, 
and 10 with Ad-SkM1/Cx32. One animal died during surgery (Ad-Cx32) and two died 
within 2 days after surgery (Ad-GFP); all of arrhythmias. These animals were excluded 
from further analysis. On days 5–7, we evaluated ECGs and performed terminal in situ 
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Table 1. ECG and local electrogram (EG) measurements during sinus rhythm and effective 
refractory period (ERP) recorded during programmed electrical stimulation.

Measurement Ad-GFP Ad-SkM1 Ad-Cx32 Ad-SkM1/Cx32

ECG parameters, ms

Cycle length 543±21 535±18 549±36 574±35

PQ 108±3 114±6 100±3 110±5

QRS 56±1 46±1 * 51±2 * 46±2 *

QT 224±5 226±3 219±6 232±8

QTc 305±6 309±6 298±7 307±6

EG duration, ms

LV basal (PS) 21±0.7 18±0.9 21±0.5 21±0.7

LV anterior (EBZ) 30±1.1 23±2.8 * 24±1.0 * 21±0.9 *

RV anterior 19±0.5 20±0.8 19±0.5 21±0.3

ERP (PS), ms 159±2.2 153±4.8 156±4.5 156±8.3

ERP (EBZ), ms 167±5.7 146±5.6 173±5.9 163±4.2

QRS duration and local EG duration in anterior wall of the left ventricle (LV) incorporating the 
EBZ – are approximately equal to one another in Ad-SkM1, Ad-Cx32 and Ad-SkM1/Cx32-treated 
animals and are shorter than Ad-GFP. PS: paraseptal site. Ad-GFP n=22, Ad-SkM1 n=12, Ad-Cx32 
n=14, Ad-SkM1/Cx32 n=10. *: Indicates P<0.05 vs. Ad-GFP. ERP values did not differ among the 
four groups. Ad-GFP n=21, Ad-SkM1 n=11, Ad-Cx32 n=13, Ad-SkM1/Cx32 n=9. 

and in vitro experiments. During sinus rhythm, heart rate, PR, QT, and QTc intervals 
did not differ among groups (Table  1). However, QRS duration in the SkM1, Cx32, 
and SkM1/Cx32 groups was shorter than in GFP-injected animals (P<0.05; Table 1). 
Furthermore, during epicardial mapping of the EBZ, we detected broad, fragmented 
EGs in GFP-injected animals, whereas EGs were short and unfragmented in the SkM1, 
Cx32, and SkM1/Cx32 groups (Table 1 and Figure 2). 

We also studied QRS duration and ERP during premature stimulation. ERP did not 
differ among groups regardless of the stimulation site (Table 1). Premature stimulation 
from the paraseptal (PS) or the EBZ injection sites resulted in shorter QRS durations in 
the SkM1, Cx32, and SkM1/Cx32 groups vs. the GFP group (P<0.05; Figure 3). QRS 
duration in the SkM1/Cx32 group was also shorter than in the SkM1 and Cx32 groups 
(P<0.05; Figure 3) during EBZ site stimulation.

Induction and expression of vT/vF
Despite the efficient shortening of QRS and EG durations in all therapeutic groups, 
consistent with more rapid conduction, arrhythmia induction outcomes differed. 
Figure  4A illustrates typical outcomes for each group. PES induced VT/VF in the 
majority of GFP-treated animals (68%) and this incidence was reduced to 17% in the 
SkM1 group (P<0.05; Figure 4B). It should be noted that the incidence of VT/VF in 
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Figure 2. Typical recordings of lead II ECG (upper tracings) and local EGs (lower tracings)—in the 
healthy myocardium (left) and in EBZs (right). 

response to PES within the Ad-GFP group has historically been 65–75% within our 
laboratory and this does not differ from the incidence of 70% we found in 10 infarcted 
and non-injected animals that we reported in a separate series of experiments.16 The 
incidence of inducible VT/VF was 43% for Cx32 and 80% for SkM1/Cx32 (P<0.05 vs. 
the SkM1 group): neither differed from the GFP group (P>0.05). 

Importantly, the arrhythmias in Cx32-injected animals were primarily monomorphic 
and this was significantly different from the predominant polymorphic VT of the GFP 
group (P<0.05; Figure 4B). Whereas the polymorphic VT rapidly progressed to VF, the 
majority of monomorphic VT was stable. In three of three GFP, four of five Cx32, and one 
of one SkM1/Cx32-injected animals in which we attempted to entrain the arrhythmias, 
they were captured by overdrive pacing and terminated by slowing the pacing rate. 
Figure 5A illustrates the termination of a monomorphic VT in a Cx32-treated animal. 

219



PArT IV: CHAPTer 10

10

Infarct size
Infarct sizes were comparable in the GFP, SkM1, and SkM1/Cx32 groups. The Cx32 
group had larger infarcts (P<0.05 vs. GFP; Figure  5B). To investigate a potential 
relationship between infarct size and arrhythmia outcomes, we first pooled the data 
from all experimental groups. Animals with inducible VT/VF had smaller infarcts than 
animals without inducible arrhythmias (P<0.05; Figure  5C, left panel). In addition, 
animals with polymorphic VT/VF had smaller infarcts than animals with monomorphic 
VT (P<0.05; Figure 5C, left panel). This observation held as well in a subsequent analysis 
within the GFP group, in which there was a correlation between smaller infarcts and 
the presence of polymorphic VT/VF (P<0.05; Figure 5C, right panel). These findings 
suggest that animals with smaller infarcts are more susceptible to the induction of 
polymorphic VT/VF. 

In vitro studies 
As a functional test of the presence of Cx32, we performed microelectrode studies 
to measure the speed of impulse propagation in normal (pH 7.4) and acidic (pH 6.0) 
environments. Cx32 overexpression increased conduction velocity in normal as well 
as in low pH settings (Figure  6A and B). As expected, this increase in conduction 
velocity occurred without concurrent effects on maximum diastolic potential, Vmax, or 
AP duration (APD; Figure 6C). 

Functionality of viral SkM1 overexpression has been reported previously6,7 
and additional confirmation of SkM1 functionality in EBZ cells was provided via 

Figure 3. QRS duration during normal and premature stimulation. Measurements of QRS duration 
during stimulation from the paraseptal region (PS; left) and from the EBZ/injection region (right). 
Electrical stimulation was applied as described in the methods section. Some animals could 
not be included in this analysis because they fibrillated before completion of the protocol (PS: 
Ad-GFP n=18, Ad-SkM1 n=10, Ad-Cx32 n=11, and Ad-SkM1/Cx32 n=8; EBZ: Ad-GFP n=9, 
Ad-SkM1 n=10, Ad-Cx32 n=8, and Ad-SkM1/Cx32 n=5). *: P<0.05.
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Figure  4. Incidence and phenotype of induced VT. A, Typical examples of the phenotypic 
response to PES. B, Percentage of inducible VT/VF (left panel) and percentage of polymorphic 
VT/VF vs. monomorphic VT (right panel). Absolute numbers of animals with VT/VF and total 
number of animals studied; and the number of animals with monomorphic VT and the total 
number of animals with VT/VF are presented within the associated bars. *: P<0.05 vs. Ad-GFP; 
+: P<0.05 vs. Ad-SkM1.
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patch-clamp experiments which are shown in the Supplementary material (Figure I); in 
this study, we primarily compared outcomes of microelectrode studies among the GFP, 
SkM1, and SkM1/Cx32 groups. The high [K]+ solution induced significant membrane 
depolarization and conduction slowing in Ad-GFP-injected preparations (P<0.05; 
Figure  6D and  E). In contrast, Ad-SkM1- and Ad-SkM1/Cx32-injected preparations 
maintained fast conduction in the high [K]+ condition. Conduction was similar to 
baseline (normal [K]+) and significantly faster than in the GFP group (Figure 6D and E). 
Figure 6F shows that resting potentials and APD were comparable among groups and 
that all groups exhibited significant membrane depolarization upon the application of 
high [K]+. 

In the baseline analysis, outcomes with respect to Vmax in the Cx32/SkM1 group 
(P>0.05 vs. GFP) were less robust than the SkM1 group (P<0.05 vs. GFP; Figure 6F). 
When we compared Vmax vs. membrane potential curves, the SkM1 and SkM1/Cx32 
groups did not differ statistically from each other (P>0.05), and both had higher values 
than the GFP group (P<0.05; Figure 6G). 

DISCuSSION
We recently reported a means to speed/normalize conduction and prevent VT/VF 
in canine and murine models of infarction and ischaemia/reperfusion, respectively.6,7 
In designing these studies, we understood that in healing infarcts or ischaemic- 
and reperfused myocardium, there are regions of depolarization resulting in slow 
conduction and reentry. In both settings SkM1 overexpression resulted in improved Na 
channel availability.5,17 The basis for this is that SkM1 channels have positively shifted 
kinetics of inactivation rendering them primarily open at depolarized potentials at 
which cardiac Na+ channels are closed.18 SkM1 overexpression improved conduction 
and reduced the incidence of arrhythmias induced by PES7 or occurring spontaneously 
after ischaemia/reperfusion.8

The present study adds to the previous findings by comparing outcomes in the 
healing infarct with SkM1 and with the pH-insensitive connexin, Cx32, and with a 
combination of SkM1 and Cx32. Our study provides the following new insights in 
the value of these two gene therapies that speed conduction: 1) the SkM1-based 
strategy increases Vmax, speeds conduction, and reduces the incidence of inducible 
VT/VF post-myocardial infarction. 2) The Cx32-based strategy speeds conduction 
comparably, but rather than being antiarrhythmic, it results in a monomorphic VT 
(vs. the polymorphic VT/VF in sham dogs and in those few SkM1-treated dogs in 
which therapy is unsuccessful). Importantly, the change in arrhythmia morphology 
induced by Cx32 occurs in the setting of an increase in infarct size—highlighting the 
risks of opening gap junctions during an active process of infarction. 3) The SkM1/
Cx32-based strategy appears most effective in normalizing QRS duration during 
premature stimulation, illustrating the potential synergy that may be obtained from 
combining Cx32 and SkM1. Nevertheless, protection against inducible VT/VF was 
not obtained. 
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Figure  5. Response to capture and slowing of pacing rate vs. infarct size. A, Induction of a 
monomorphic VT in a Cx32-treated animal (left), initiation of electrical pacing (middle), and re-
emergence of sinus rhythm (right) which occurred after slowing the rate of electronic pacing. 
B,  Summary data on infarct sizes. C, Subanalysis of infarct sizes in animals with and without 
inducible VT/VF and polymorphic VT/VF vs. monomorphic VT. Shown are the analyses of all 
animals (left) or the group of GFP-treated animals (right). The number of animals tested within 
the other groups was too low to allow for a meaningful breakdown and/or statistical analysis 
(data not shown). *: P<0.05 vs. Ad-GFP; +: P<0.05 vs. no VT/VF; †: P<0.05 vs. monomorphic VT.

Absence of arrhythmia protection in the Cx32 and SkM1/Cx32 groups
The key aspects of outcome in the Cx32 group are the failure to impact on VT/VF 
incidence (Figure 4), the expression of a monomorphic VT terminated by entrainment 
(Figure  5A), and the increase in infarct size. Several findings should be taken into 
consideration here: first, the extent of conduction normalization in the Cx32 group 
appeared comparable to that in the SkM1 group based on the EG widths (Table 1 
and Figure 2), QRS durations during sinus rhythm (Table 1) and premature stimulation 
(Figure  3), and conduction velocities (Figure  6). Secondly, the larger infarct size in 
the Cx32 group provides a confounding factor in evaluating the type of arrhythmia 
that occurred. It is possible that the open gap junction channels in the Cx32 group 
contributed to enhanced transmission of mediators of injury, thereby creating larger 
infarcts. It may be that the increase in infarct size in the Cx32 group is associated with 
more homogeneous tissue damage than is seen in the smaller infarcts which showed 
polymorphic VT. A more homogeneous infarct may incorporate a substrate facilitating 
a large ring of circus movement tachycardia, while the smaller infarcts in the other 
groups were associated with a more heterogeneous pattern of conduction involving 
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Figure  6. (Upper) Confirmation of functional presence of Cx32. A, Representative isochronal 
maps of EBZ obtained from animals injected with Ad-GFP or Ad-Cx32. As per method section, 
normal pH is 7.4 and low pH is 6.0. B, Summary data on conduction velocity (CV) indicating 
faster impulse propagation in the Ad-Cx32 group (n=14) vs. the Ad-GFP group (n=10)—both in 
normal and low pH; *P<0.05. C, Summary data on AP parameters. RP, resting potential; APD, AP 
duration. (Lower) Comparison of SkM1 and SkM1/Cx32 effects to speed conduction and increase 
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the EBZ and supporting a polymorphic arrhythmia. Prior literature indeed indicates 
that larger infarcts are positively correlated with monomorphic arrhythmias19 and that 
heterogeneous infracts are particularly prone to polymorphic arrhythmias.20 Taken 
together, this suggests that in the setting of Cx32 gene transfer, the combination of 
normalized conduction and increased infarct size was responsible for the absence 
of an antiarrhythmic effect while organizing the tachycardia from a polymorphic to a 
monomorphic phenotype. 

That the administration of SkM1 also contravened the expected antiarrhythmic 
effect of SkM1/Cx32 when the two genes were given together was unexpected, 
especially in the light of the observation that infarct size was not increased in this 
group and the arrhythmia remained polymorphic. Although we do not have a definitive 
explanation for this outcome, there are several possible contributing factors: 1) It 
is possible that infarct size was not increased due to lower expression of Cx32 in 
the SkM1/Cx32 group in comparison to the Cx32 group. 2) The lesser increase in 
Vmax in the SkM1/Cx32 group is consistent with lower expression of SkM1 here than 
in the SkM1 group. We speculate that a lower Vmax might also occur secondary to 
increased electrotonus (i.e. a space constant effect based on Cx32 overexpression). 
This however must be tested. 3) Given the comparable speeding of conduction 
among SkM1 and SkM1/Cx32 groups that occurred in the tissue bath (Figure  6D 
and E) and the narrower QRS duration in the SkM1/Cx32 group vs. the SkM1 group 
upon stimulation from the EBZ site (Figure 3, left panel), it might be that impulse 
propagation now occurred through pathways that otherwise would have remained 
silent, creating a polymorphic VT. 

Finally, it is noteworthy that the outcome in the Cx32 group is in contrast to 
that in the murine ischaemia/reperfusion model.8 Here, SkM1 and Cx32 comparably 
accelerated conduction and were equally effective in preventing VT/VF. The different 
outcomes in these two arrhythmia models illustrate the importance of testing 
antiarrhythmic strategies in diverse settings; they also suggest a more general 
applicability of SkM1. 

Other gene-based strategies to prevent arrhythmias
A variety of gene therapies are being explored with regard to arrhythmias associated 
with ischaemic heart disease. An effective means to prolong refractoriness has been 
provided by the Donahue group. They used a dominant negative K-channel to directly 
prolong repolarization and thereby increase ERP.21 This approach prevented induction 
of monomorphic VT21 and tachy-pacing induced atrial fibrillation.22 The effectiveness of 

Vmax. D, Typical isochronal maps of EBZ obtained from animals injected with Ad-GFP, Ad-SkM1, or 
Ad-SkM1/Cx32. In this protocol, extracellular K+ was increased from 4 to 7 mmol/L (see method 
section). E, Summary data on CV. F, Summary data on AP parameters; note that all groups 
significantly depolarized upon application of high K+. G, Higher membrane responsiveness 
(Vmax vs. MP) curves in Ad-SkM1 and Ad-SkM1/Cx32-injected preparations vs. Ad-GFP. Ad-GFP, 
n=12; Ad-SkM1, n=8; Ad-SkM1/Cx32, n=10. †: P<0.05 vs. K+=4 mM/L; *: P<0.05 vs. Ad-GFP.
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this approach in preventing polymorphic arrhythmias has not been reported. Although 
there might be concerns regarding local prolongation of repolarization and potential 
proarrhythmia, these were not detected in the initial proof-of-concept studies.21,22 
A cell therapy-based approach to carry K-channels, couple to myocytes, and induce 
post-repolarization refractoriness has also been reported.23,24

Study limitations
In experiments on Cx32 gene transfer, the measurements of impulse propagation 
and infarct size are consistent with the functional presence of Cx32 protein. However, 
we cannot be certain that some of the outcomes in the Cx32 group(s) derive from 
potential indirect effects of the gene transfer. To address this issue, further studies 
are needed to 1) examine potential secondary effects of Cx32 on the expression of 
other connexins genes (e.g. Cx40, Cx43, and Cx45) and the functional outcome, and 
2)  investigate the potential impact on cell geometry.25 The possibility of functional 
Cx32 gap junctions between myocytes and fibroblasts is recognized, but this is best 
studied in cell culture experiments.26,27 It is likely that this latter eventuality would 
result in slowing rather than speeding of conduction. 

Clinical applicability
The present study is consistent with the proposed applicability of SkM1 as an 
antiarrhythmic gene therapy while also highlighting some of the risks of improving 
conduction. Further studies using SkM1 gene transfer will focus on optimizing the 
delivery vehicle (use of long-term expression vectors may amplify the benefit of a 
SkM1-based therapy), minimally invasive delivery techniques (e.g. via endovascular 
or thoracoscopic routes), and application to different types of arrhythmias 
(e.g. arrhythmias based on chronic ischaemia). 

The clinical use of Cx32 gene transfer may be limited due to the potential 
of this intervention to increase infarct size. It however should be noted that we 
administered a gene that maintains gap junction channels open at the low pH 
characterizing ischaemia. It is possible, perhaps likely, that we would have had a 
beneficial outcome with Cx32 had the gene been delivered at a time when the heart 
was not undergoing infarction (as was the case in our reperfusion studies in mice6). 
It is also possible that overexpressing Cx43 (a channel which would be closed at low 
pH and then opened as pH increased to normal) might exert an antiarrhythmic effect. 
Preliminary studies using Cx43 overexpression in healed porcine infarcts indeed 
showed protection against arrhythmia induction.28 Another aspect of the results with 
Cx32 in this study and our murine study relates to their implications with regard to 
antiarrhythmic drug therapies targeted at opening gap junctional channels.29,30 The 
suggestion is that such approaches have the potential to be antiarrhythmic as long 
as there is not the opportunity for channel opening to occur in the setting of an 
infarct. In a practical sense, this titration may be difficult to achieve. In any event, 
Cx32 gene transfer might be considered for preventing arrhythmias that are not 
related to myocardial infarction. 
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SuPPlEMENTARy MATERIAl – CHAPTER 10 

Overexpression of SkM1 rescues Na+-channel function in epicardial 
border zone cells
Three adult male mongrel dogs (22 to 25 kg; Chestnut Ridge Kennels, Chippensburg, 
Pa) were prepared per methods1 described in the associated manuscript. Adenoviral 
constructs for SkM1 and GFP, 6x1010 fluorescent-forming units of each in 0.8 mL 
solution, were divided into 4 separate aliquots and injected within 5 mm of one 
another in a square array into the EBZ at selected wide electrogram sites at 1- to 2-mm 
depth with a modified Hamilton (30-gauge) syringe. At day 7 of recovery, dogs were 
anesthetized, the heart was exposed and to warrant maximal quality of EBZ cells we 
immediately excised the heart to isolate single cells. 

Single Ca2+-tolerant cells were dispersed from the injected EBZ with the use of a 
modification of our previously described method.2 The tissue was rinsed twice in a 
Ca2+-free solution that contained (in mM) 115 NaCl, 5 KCl, 35 sucrose, 10 dextrose, 
10 HEPES, and 4 taurine, pH 6.95, to remove blood. The solution was then triturated in 
20 ml of enzyme containing solution (0.19 mg/ml collagenase Type II from Worthington 
Biochemical; 0.05 mg/ml protease from Sigma; 36–37°C) for 20 min, after which the 
solution was decanted and discarded. The second trituration without the protease was 
discarded after 30 min. The next 6–7 triturations were each done for 15 min. Each time 
the solution was centrifuged for 3 min to collect the supernatant and dispersed cells. 
The resuspension solution was changed every 30 min for solutions containing increasing 
concentrations of Ca2+. With this procedure, the viable cell yield was 30–40%. Presence 
of SkM1 was confirmed by the presence of green fluorescence (GFP positive cells). GFP 
negative cells were also observed in the same cell aliquots and were assumed to be 
similar to EBZ cells obtained from non-injected dogs as previously described.3-5

A portion of the isolated cardiomyocytes were also fixed with 4% paraformaldehyde 
for 15 minutes, permeabilized with 0.5% Triton X-100 for 20 minutes, and blocked 
with 10% donkey serum for 30 minutes. Then the cells were co-incubated either with 
anti-SkM1 (Sigma Aldrich) and anti-Cx43 (Invitrogen) antibodies or anti-SkM1 and 
anti-cadherin (Sigma Aldrich) antibodies, respectively overnight. Fluorescent dye-
conjugated goat anti-rabbit IgG and goat anti-mouse IgG were used as secondary 
antibodies (Invitrogen). Finally the cells were visualized using Laser scanning confocal 
microscopy (Zeiss LSM 510 NLO multiophoton). 

We determined the effects of SkM1 overexpression on Na+ currents in cells 
dispersed from the injected EBZ. The average peak INa in GFP negative EBZ cells 
was 4.47±1.6 pA/pF and was comparable to our previous findings for EBZ,3-5 whereas 
average peak INa in GFP positive cells was 6.49±1.2 pA/pF (Figure I). Importantly, 
100nM TTX – a concentration that blocks Nav1.4 but not Nav1.5 channels, blocked the 
increased INa in GFP positive cells, returning it to 4.89±0.8 pA/pF. This indicates that 
the increased INa in EBZ cells was generated by a TTX-sensitive current, in concordance 
with the functional expression of SkM1.6
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Figure I. Effect of Ad-SKM1 injection on INa in EBZ cells. A-B, Family of tracings of INa recorded 
from EBZs. GFP negative cells indicate absence of SKM1, and GFP positive cells indicate presence 
of SKM1. Sodium currents were elicited from a holding potential of -100 mV to various levels test 
potentials (-70 to +5 mV) in GFP negative cells (Panel A) and GFP positive cells (Panel B). In 
Panel B, left hand tracings are control and right-hand tracings are in presence of TTX 100nM of 
same cell. IP indicates Peak sodium current. C, Average INa density-voltage relationships of GFP 
negative and GFP positive cells (Control and plus TTX 100nM). Note that the peak INa is greater in 
GFP positive than in GFP negative cells. D, Percentage inhibition of peak sodium current by TTX. 

Immunocytochemical studies confirmed the presence of an SkM1 channel immune-
signal in the intercalated disk region and along the cell edges of cells isolated from the 
injected EBZ (Figure II;). No SkM1 expression was detected in EBZ myocytes obtained 
from non-injected myocardium. Similarly, immunohistochemical experiments showed 
the presence of Cx32 largely at the longitudinal ends of the myocytes and in proximity 
to regions stained positively for Cx43 (Figure III). 

Hence, there appears to be good co-localization of the two connexin proteins 
and partial restoration of INa in the EBZ likely underlies the previously established 
normalization of conduction. 
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Figure II. Immunocytochemistry on cells isolated from SkM1-injected EBZs. A, Myocytes obtained 
from the Ad-SkM1 injected EBZ show SkM1 (red) and Cx43 (green) colocalization at the inter-
calated disk. B, EBZ myocytes obtained from a non-injected zone treated comparably to the 
myocytes in panel A show absence of SkM1. C, Myocytes from the Ad-SkM1 injected EBZ show 
SkM1 (red) and Cadherin (green) colocalization at the intercalated disk. D, EBZ myocytes obtained 
from a non-injected zone treated comparably to the myocytes in panel C show absence of SkM1.
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Figure III. Immunohistochemistry indicating Cx32 presence in the intercalated disk region of 
canine EBZ myocytes. The intercalated disk is identified via positive Cx43 staining (green) and 
location at the longitudinal end of the myocytes. Cx32 staining is shown in red and arrows 
indicate Cx32 presence in the intercalated disk. 
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ABSTRACT
The voltage-gated Na+ channel is a critical determinant of the action potential 
upstroke. Increasing Na+ conductance may speed action potential propagation. 
Here we propose use of the skeletal muscle Na+ channel SkM1 as a more favorable 
gene than the cardiac isoform SCN5A to enhance conduction velocity in depolarized 
cardiac tissue. We used cells which electrically coupled with cardiac myocytes as a 
delivery platform to introduce the Na+ channels. HEK293 cells were stably transfected 
with SkM1 or SCN5A. SkM1 had a more depolarized (18mV shift) inactivation curve 
than SCN5A. We also found that SkM1 recovered faster from inactivation than SCN5A. 
When coupled with SkM1 expressing cells, cultured myocytes showed an increase 
in the maximal upstroke velocity (dV/dtmax) of the action potential. Expression of 
SCN5A had no such effect. In an in  vitro cardiac syncytium, coculture of neonatal 
cardiac myocytes with SkM1 expressing but not SCN5A expressing cells significantly 
increased the conduction velocity under both normal and depolarized conditions. In 
an in vitro re-entry model induced by high frequency stimulation, expression of SkM1 
also enhanced angular velocity of the induced re-entry. These results suggest that 
cells carrying a Na+ channel with a more depolarized inactivation curve can improve 
cardiac excitability and conduction in depolarized tissues. 
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INTRODuCTION
Reentrant arrhythmias can occur in the setting of slow conduction and unidirectional 
block.1 Approaches to eliminate this life threatening event include increasing 
refractoriness (with the consequent threat of long Q-T syndrome),2, 3 converting 
unidirectional block to bidirectional block by blocking excitatory sodium current4-6 
and more recently the conversion of slow conduction to more rapid conduction7-9 
thereby increasing the wavelength of the propagating wave reducing the potential for 
reentrant events.

Our group has focused recently on the last of these three approaches, by 
examining ways to increase the speed of conduction. Conduction velocity is 
determined by two major variables, the magnitude of the peak inward current and 
the axial resistance that the myoplasm and gap junctional coupling provide.10 In 
conditions of post-infarction ischemia the membrane potential is depolarized and 
gap junctional coupling is reduced;11, 12 thus both gap junctional coupling and sodium 
current represent potential therapeutic targets. Our approach has focused on the 
inward sodium current, whose magnitude is determined by 1) the number of sodium 
channels available to be opened, 2) the single channel conductance, 3) the voltage 
dependence of activation, and 4)  the voltage dependence of inactivation.13 When 
the resting membrane potential is depolarized, a greater fraction of the channels 
have their inactivation gates closed. This removes a large fraction of the membrane 
resident sodium channels from participation in the inward current that generates the 
action potential upstroke, thus slowing conduction. Because of these depolarizing 
effects on inactivation, our approach has been to work with sodium channels whose 
voltage dependence of inactivation is more depolarized. In our studies to date,7, 8 we 
have used the skeletal muscle sodium channel (SkM1 or Nav1.4) which inactivates 
more positively than the cardiac sodium channel isoform (SCN5A or Nav1.5) allowing 
a greater fraction of these channels to participate in the action potential (AP) 
upstroke. In prior studies we have used virally-delivered SkM1 to increase action 
potential upstroke velocity, speed conduction and decrease the inducibility of VT/
VF (ventricular tachycardia/ventricular fibrillation) in the 1 week canine infarct as well 
as to reduce the incidence of spontaneously occurring VT/VF in the mouse heart 
following acute ischemia and reperfusion.7 

Given concerns about viral delivery and the demonstrated success of cell delivery 
using adult human mesenchymal stem cells in fabricating biological pacemakers,14, 15 
we now have explored the possibility of using cell delivery of SkM1 in in vitro cardiac 
settings. We use HEK293 cells stably transfected with SkM1 or SCN5A genes to test 
the hypothesis that cellular delivery of a sodium channel with a more depolarized 
inactivation curve will positively affect cardiac electrical properties associated with 
the genesis of arrhythmias. We confirm the differences in the inactivation voltage 
dependence of the channels and the ability of HEK293-SkM1 coupled to canine 
cardiac myocytes to increase the action potential upstroke velocity (dV/dtmax). We also 
examine the effects of both the sodium channel genes on the conduction velocity 
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in a culture of neonatal myocytes and their abilities to alter angular velocity. These 
studies set the stage for future examining the use of canine mesenchymal stem cells 
transfected with the SkM1 gene to alter conduction velocity and the incidence of 
arrhythmias in the post-infarction canine heart.

MATERIAlS AND METHODS
Cell culture and transfection
HEK293 cells (ATCC, Manassas, VA) were maintained in Dulbecco’s modified Eagle’s 
medium (GIBCO Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum 
(FBS; Sigma-Aldrich, St Louis, MO) and 1% penicillin–streptomycin (Sigma) at 37°C in 
a humidified atmosphere incubator with 5% CO2 and 95% air.

HEK293 cells were transfected with the pIRES2-GFP-SkM1 or -SCN5A construct 
DNA using Lipofectamine™ 2000 reagent (from Invitrogen) as directed. GFP (green 
fluorescent protein) expression was examined on the next day. 48 hours after 
transfection, 500 mg/ml Geneticin (GIBCO Invitrogen) was applied to select the stably 
transfected cells. The stable cell lines then underwent fluorescence activated cell 
sorting (USB Research Flow Cytometry Core Facility) to further select GFP-positive 
cells. The selected cells with high GFP fluorescence were then maintained in Geneticin 
(500 mg/ml) containing culture medium at 37°C in a humidified atmosphere incubator 
with 5% CO2 and 95% air.

Generation of cell pairs between canine ventricular myocytes and HEk293 
cells
Adult mongrel dogs of either sex weighing more than 22 kg were killed in accordance 
with an approved IACUC protocol at Stony Brook University by intravenous injection 
of sodium pentobarbitone (80 mg/kg body weight) and the heart removed. Canine 
ventricular cells were isolated using a modified Langendorff procedure as previously 
described.16 Isolated myocytes were stored in Kraft–Bruhe (KB) solution at room 
temperature before coculture with HEK293 cells. The cardiomyocytes in KB solution 
were plated onto coverslips coated with mouse laminin (10 µg/mL; Invitrogen) 
and incubated in a 37°C, 5% CO2/95% air incubator for 1 hour for attachment and 
the solution was then replaced by Medium 199 supplemented with 10% FBS, 1% 
penicillin/streptomycin and 50 µg/mL gentamicin (Invitrogen). HEK293 cells were 
trypsinized by 0.25% trypsin–ethylenediaminetetraacetic acid (GIBCO Invitrogen) 
and then collected by centrifugation at 1000 rpm for 4 minutes. The cell pellet 
was resuspended in supplemented M199 medium and distributed into the myocyte 
culture. The cocultures were incubated at 37°C in a humidified atmosphere with 5% 
CO2. Dual patch clamp experiments were performed 48–72 hours after plating. KB 
solution contains (in mM): KCl, 83; K2HPO4, 30; MgSO4, 5; Na-pyruvic acid, 5; [beta]-
OH-butyric acid, 5; creatine, 5; taurine, 20; glucose, 10; ethylene glycol tetraacetic 
acid (EGTA), 0.5; KOH, 2; and Na2-ATP, 5. The pH was adjusted to 7.2 with KOH.
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Electrophysiology
Whole cell patch clamp was used to measure the membrane current in single 
transfected HEK293 cells. To better control the Na+ current for a more accurate 
measurement, we used a low Na+ Tyrode’s solution containing (in mM): NaCl 15, 
tetraethylammonium-Cl 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) to perfuse the cells at room temperature for 
all Na+ current recordings. Dual patch clamp was used to measure the gap junctional 
current and action potentials in myocyte-HEK293 cell pairs. Action potentials were 
stimulated in myocytes with a positive stimulus and recorded by current clamp mode. 
Cells were superfused with Normal Tyrode’s solution containing (in 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). Electrodes were made from a capillary with a P-87 Flaming/Brown 
micropipette puller (Sutter Instrument Company, Novato, CA) and filled with (in mM): 
KCl 50, K-aspartic acid 80, MgCl2 1, EGTA 10, HEPES 10 and Na2-ATP (pH adjusted 
to 7.2 with KOH). The resistances of the electrodes were between 3 to 4 MΩ. There 
was a liquid junction potential of ~8 mV between the bath solutions and the electrode 
solution which was not corrected because exchange between the pipette and cell are 
never complete.17

Voltage and current signals were recorded by the amplifiers (Model Axopatch-
1B, Axon Instruments Inc.) and digitized through digitizers (Model DIGIDATA 1320A, 
Axon Instruments) and finally transferred to a personal computer. Data acquisition 
and analysis were performed by the computer using CLAMPEX 9.2 and CLAMFIT 9.2 
software (Axon instruments), respectively. 

Generation of the cardiac syncytium
Neonatal Sprague-Dawley rats were killed and the ventricular myocytes were isolated 
by an approved Stony Brook University IACUC protocol as previously described.18 
Briefly, the ventricular portion of the hearts was excised and washed free of blood. 
The tissue was then cut into small pieces and enzymatically digested with trypsin 
at 4°C (1  mg/mL; USB, Cleveland, OH), then with collagenase at 37°C (1 mg/mL; 
Worthington, Lakewood, NJ) the next morning. Cardiac fibroblasts were removed by 
90 minutes of preplating. The isolated ventricular myocytes were then replated at high 
density (4×105 cells/cm2 for the control myocyte group and 3.5×105 cells/cm2 for the 
coculture groups) with approximately 50,000 HEK293 cells onto fibronectin-coated 
polydimethylsiloxane (Sylgard 184; Dow Corning, Midland, MI) scaffolds or plastic 
coverslips in M199 medium (GIBCO Invitrogen) supplemented with 10% FBS (GIBCO 
Invitrogen) for the first 2 days and then reduced to 2%. Cultures were maintained in 
an incubator at 37°C with 5% CO2 for 4–5 days before functional measurements to get 
confluent monolayer and form gap junctions between each other.

Microscopic dynamic functional measurements and analysis 
All scaffolds were washed and equilibrated at room temperature in normal Tyrode’s 
solution. The samples were then stained for with di-8 ANEPPS (Molecular Probe, 
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Eugene, OR) for 10 minutes for measuring transmembrane voltage. After washing with 
Tyrode’s solution for another 10 minutes, the stained samples were transferred into an 
experimental chamber perfused with Tyrode’s solution at 30–32°C. The chamber was 
placed on an inverted microscope (Nikon TE2000). Propagation measurements were 
performed as previously described.19 Briefly, a Pt line electrode was placed at one end 
of the scaffold to pace the cells with planar waves at frequencies from 1 to 2 Hz with a 
0.5 Hz step and thereafter in 0.2 Hz increments after a dynamic restitution protocol,20 
until conduction block. Fluorescence signals were recorded at the other end of the 
scaffolds (1.1–1.5 cm from the stimulating electrode) with a photomultiplier tube. 
Fifteen to 20 transients were collected with IONOPTIX software at each frequency 
(60 beats pacing per frequency before recording). CV was calculated as described in 
Figure 5 and 5 transients were taken to average for each frequency. Normal (5.4 mM) 
K+ and high K+ (10.4 mM) Tyrode’s solutions were used in these experiments.

Macroscopic optical mapping and analysis
Two-dimensional optical mapping was done with a macroscopic system,21 including a 
CMOS camera (pco, Germany, 200 frames per second at 1280×1024 pixel resolution), 
an intensifier (Video Scope International, Dulles, VA), collecting optics (Navitar 
Platinum lens, 50 mm, f/1.0) and filters, excitation light source (Oriel with fiber 
optics lights guides) and an adjustable imaging stage, over a field of view of 2 cm. 
Samples on coverslips were washed and equilibrated in normal Tyrode’s solution at 
room temperature. Fluo-4 AM (Invitrogen) was used to label the cells for tracking Ca2+ 
waves. After staining, the coverslips were maintained in 4 different K+ concentrations 
(normal 5.4, 7.5, 9 and high 10.4 mM) for measurements. Propagation movies were 
acquired using CamWare (pco) data acquisition software. Raw data were binned (2×2) 
and analyzed in custom-developed MATLAB software. Color phase movies were 
generated using the Hilbert transform18 after filtering spatially (Bartlett filter, 5-pixel 
kernel) and temporally (Savitsky-Golay; order 2, width 7). AV for reentrant propagation 
was calculated from wavefront tracing across multiple frames.

Statistical analysis of data
Data are presented as mean±SEM. The statistically significant differences between two 
groups or among three groups were determined by Student’s t-test or one/two way-
ANOVA test, respectively. Differences were considered as significant when P<0.05.

RESulTS
Characterization of the biophysical properties of Na+ channels in SkM1 or 
SCN5A expressing cell lines
Voltage-gated Na+ channels are responsible for the upstroke and propagation of 
action potentials in excitable tissues. Although they share similar structures and 
functions, cardiac and skeletal muscle Na+ channels have different biophysical 
properties.22, 23 The most important difference with respect to our study is their steady 
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Figure 1. Activation of SkM1 and SCN5A in HEK293 cells. A, Expression of SkM1 or SCN5A in 
HEK293 cells. Na+ currents were recorded in low Na+ (15 mM) Tyrode’s solution at room tempera-
ture. Cells were held at -100 mV and then pulsed to test potentials from -80 mV to +40 mV, with 
a 5 mV increment. B, Current-voltage relationship of SkM1 (n=8) and SCN5A (n=10) in HEK293 
cells. Data are normalized to the maximum peak current (mean±SEM). C-D, Study of the m gates 
of SkM1 and SCN5A. Data of m3 are normalized to the maximal value and fitted to the equation 
f=1/1 + exp [(Em – Vh)/K], giving a midpoint of -21.1±0.5 mV and a slope of 5.9±0.4 mV (mean±SEM, 
n=8) for SkM1 (C), and a midpoint of -39.0±0.4 mV and a slope of 3.6±0.4 mV (mean±SEM, n=10) 
for SCN5A (D). The m curves were calculated from the curve fit.
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state inactivation properties. The cardiac channel has a midpoint of -74 to -80 mV,24, 25 
compared with a midpoint of around -68mV for the skeletal muscle channel.26 To 
confirm the more positive position of the skeletal muscle Na+ channel, we investigated 
the biophysical properties of both channels in our stably transfected cell lines. 

We first measured the voltage-dependent activation of SkM1 and SCN5A current 
in GFP positive cells (Figure 1A). The capacitances of HEK293-SkM1 and HEK293-
SCN5A cells were 19.72±0.64 pF and 21.45±0.90 pF, respectively. The difference of 
voltages of maximal currents is about 20 mV between SkM1 and SCN5A (-10 mV for 
SkM1 and -30 mV for SCN5A). We calculated the equilibrium potential for Na+ 

ENa = 2.303 (RT/zF)*log([Na+]o/[Na+]in). 

ENa was 23.31 mV at 22°C and found comparable reversal potentials for the I/V curves 
of SkM1 and SCN5A: 28.59±3.04 and 18.50±1.12 respectively (Figure 1B). The 
peak current density and peak conductance density were 84.53±12.39 pA/pF and 
2.19±0.32 nS/pF for SkM1, respectively and 99.64±11.75 pA/pF and 2.05±0.32 nS/pF 
for SCN5A, respectively. T-tests indicated no significant difference in peak current 
density or peak conductance density between SkM1 and SCN5A, suggesting 
comparable expression levels of the two plasmids in HEK293 cells.

To study the activation of these two channels in detail, we calculated the conductance 
at each test potential as gNa=INa/(Etest-Erev), where Erev is the reversal potential of the I/V 
curve. Assuming the Hodgkin and Huxley model gNa=m3hg–Na,

27 where g–Na is a constant 
and h is assumed as 1 because the cell was held at -100 mV, m3 is then proportional to 
the conductance. The m gate of the SkM1 channel starts to open around -80 mV and the 
conductance which is proportional to m3 is half maximal at -20 mV and maximal at +5 
mV (Figure 1C); the m gate of SCN5A channel also starts to open at -80 mV, half maximal 
conductance (proportional to m3) occurs at -40 mV and maximal at -20 mV (Figure 1D).

Next we characterized the steady-state inactivation of SkM1 and SCN5A in HEK293 
cells (Figure 2A). Normalized currents were fitted with the Boltzmann equation to 
obtain a midpoint of -53.1±0.1  mV, a slope factor of 6.4±0.1 mV for SkM1 and a 

Figure 2. Inactivation of SkM1 and SCN5A in HEK293 cells. A, Representative inactivation of 
SkM1 and SCN5A currents in HEK293 cells. Cells were held at different holding potentials from 
-100 mV to 0 mV for 500 msec, with a 5 mV increment, and then pulsed to 0 mV. B, The inac-
tivation curve (the h∞ curve) of SkM1 (n=12) and SCN5A (n=10). Data are normalized to the 
maximum peak current and fitted to the Boltzmann equation f=1/1+exp[(Em – Vh)/K], where Vh is 
the midpoint membrane potential and K is the slope factor. C, Inactivation of a representative 
Na+ current, starting from 2/3 of the maximal current to full inactivation. D, The time constant 
(τ) for each membrane potential of the h gate of channels was obtained by fitting the inac-
tivation phase with an exponential equation f=1-exp(-t/ τ). n=8 and 6 for SkM1 and SCN5A, 
respectively. E, Calculated α and β values of the h gate of the two channels for each membrane 
potential. αh values were curve fit by αh=a*exp(-b*Em), where a=5±2×10-4, b=0.09±0.01 for 
SkM1; a=1.5±1.4×10-3, b=0.07±0.02 for SCN5A. βh values were curve fit by βh=a/(1+exp(-(Em-
E0/b))), where a=1.60±0.03, b=9.37±0.32 and E0=-25.16±0.45 mV for SkM1; a=0.60±0.10, 
b=14.02±5.62 and E0=-34.48±6.34 mV for SCN5A.
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midpoint of -71.6±0.5 mV, a slope factor of 6.6±0.4 mV for SCN5A (Figure 2B). T-tests 
indicate a significant difference between the midpoints of both channels (P<0.005). 
This relatively positive position of inactivation voltage dependence of SkM1 suggests 
that it may function better than the cardiac Na+ channel to sustain conduction if cells 
are depolarized.

We also studied the rates of fast inactivation of SkM1 and SCN5A. We took the 
falling phase (starting from around 2/3 of the maximal current to full inactivation, 
Figure 2C) of Na+ current measured in the activation experiment, and then fit the 
data with an exponential function to get a time constant (τ) of inactivation at each 
membrane potential (Figure 2D). Again employing the Hodgkin & Huxley model of 
the h gate of Na+ channel:27

 
 dh/dt = αh(1-h)-βhh.

We then calculated the α and β values of the h gates of the two channels for each 
membrane potential (Figure 2E) from the expressions:
 

αh = h∞/τh,

βh = (1-h∞)/τh,

Where h∞ values were obtained from the inactivation curve (Figure 2B). The much 
higher β values (closing rate constant) of SkM1 illustrate faster kinetics than SCN5A 
with regard to channel closing.

We next measured the recovery of SkM1 and SCN5A from inactivation. We 
obtained recovery time constants for each channel at a series of holding potentials 
(Figure  3A-B). These time constants of SkM1 are much smaller than those for the 
cardiac sodium channel SCN5A at all holding potentials (Figure 3C, Table 1), especially 
at more depolarized potentials. This suggests a much faster recovery of SkM1 which 
can potentially contribute to preservation of fast conduction of extra stimuli preventing 
unidirectional blocks and reentry. 

Table 1. Comparison of the recovery time constants between SkM1 and SCN5A in HEK293 cells.

Holding Potential, mV τ of SkM1, mS τ of SCN5A, mS

-100 1.677 7.273

-90 2.335 9.001

-80 3.338 26.81

-70 5.155 69.78

-60 8.130 -

-50 14.58 -
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Figure 3. Recovery of SkM1 (A) and SCN5A (B) in HEK293 cells. Cells were held at a holding 
potential 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 value of the first pulse (n=8 
for each holding potential) and curve fit to the equation f=1-exp(-t/t). C, Comparison of recovery 
time constant t between SkM1 and SCN5A at different holding potentials.
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Effect of SkM1 on the maximal action potential rate of rise (dv/dtmax) in 
myocytes coupled to SkM1 expressing cells
To set up a simple cell-to-cell delivery model, myocytes disassociated from canine 
ventricle were cocultured with HEK293 cells. To examine the electrical coupling 
between myocytes and HEK cells, we performed double patch clamp to myocyte-HEK 
cell pairs (Figure 4A-B) in both normal K+ (5.4mM) and high K+ (10.4 mM) Tyrode’s 
solution at room temperature within 48 to 72 hours after plating. We chose cell pairs 
with at least 5nS gap junctional conductance (Figure 4B), which hyperpolarized the 
HEK cells toward the resting potentials of the myocytes.

Figure 4. Effect of expression SkM1 on dV/dtmax of the action potential. A, Dual patch clamp of 
a myocyte-HEK293-SkM1 cell pair. B, The gap junction current between the cell pair. The gap 
junctional currents were identified by a symmetrical bipolar pulse protocol (400msec, from 0 to 
±100mV with 20mV intervals). The conductance between the two cells was about 9 nS. C, Action 
potential upstrokes generated in a cultured myocyte and a myocyte cocultured and coupled to 
a HEK293 cell expressing SkM1. The resting potential is less negative but the dV/dtmax is greater 
and the overshoot is more positive in the myocyte coupled to the HEK-SkM1 cell. The inset 
shows the dV/dtmax points of the two APs. My, myocyte only; Co, cocultured myocyte. D, dV/dtmax 
vs. resting potential in four different culture conditions. Data were fitted by linear regression: 
Myocyte only: f=-4.47x-109.09, R=0.4780; Myocyte-HEK293: f=-4.45x-100.18, R=0.4139; Myo-
cyte-HEK293-SkM1: f=-9.17x-355.14, R=0.8106; Myocyte-HEK293-SCN5A: f=-8.85x-377.13, 
R=0.5001; Two way ANOVA test suggests significant difference between the SkM1 group and 
the control groups (P<0.01). 
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When current clamping the myocytes, we measured the resting potentials and then 

generated action potentials using a depolarizing stimulus (a 20 msec pulse of 20 to 
40 mV; Figure 4C). Then we compared the dV/dtmax of the APs measured in myocytes 
only, myocytes coupled with non-transfected HEK293 cells and myocytes coupled with 
transfected HEK293 cells expressing either SkM1 or SCN5A. We plot the dV/dtmax of 
the myocytes of the four different groups versus their resting potentials. Compared 
with the control groups and the Myocyte-HEK293-SCN5A group with similar myocyte 
resting potentials, the expression of SkM1 was associated with an increased dV/dtmax of 
the AP of myocytes coupled with HEK293-SkM1 cells (Figure 4D). We binned the resting 
potentials of all the samples into five different subsets: -80mV, -75mV, -70mV, -65mV, 
-60mV (data were included into each subset by most proximal). Then we considered the 
four culture types as factor A and the five resting potential subsets as factor B. Two-way 
ANOVA (Holm-Sidak) test suggested that the myocyte-HEK293-SkM1 coculture but 

Figure 5. Change in dV/dtmax with resting potential. A, The change in the upstroke velocity of 
the AP with perfusion of 10mM K+ solution in a single myocyte and a myocyte coupled with a 
HEK293-SkM1 cell. B, dV/dtmax vs. membrane potential during perfusion of 10mM K+ solution 
in one experiment. C-D, Comparison of dV/dtmax among three different cultures at -65, -60 and 
-55 mV (n=7, 5 and 5 for myocyte, myocyte-HEK293-SCN5A, and myocyte-HEK293-SkM1, re-
spectively; ** P<0.001, * P<0.002, one way ANOVA test). Data were normalized to the mean 
value of the single myocyte group at each potential.
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not myocyte-HEK293 or myocyte-HEK293-SCN5A is significantly different from the 
control (P<0.01). To further study the effect of SkM1 on dV/dtmax at different membrane 
potentials, we recorded the changes of dV/dtmax with the decrease of the membrane 
potentials by superfusing the cell pairs with normal K+ and then high K+ solutions (Figure 
5A-B). We compared the AP upstrokes of single myocytes and coupled myocytes 
at around -65 mV, -60 mV and -55 mV and found that SkM1 increased the dV/dtmax 
significantly at -60 mV and -55 mV (Figure 5C-D). In contrast, expression of SCN5A 
did not increase the AP upstrokes at these membrane potentials. The absence of an 
effect of SCN5A likely results from its more negative inactivation curve which may allow 
SCN5A to increase dV/dtmax only at more hyperpolarized potentials. 

Thus, our two cell delivery model suggests that SkM1 currents from the HEK 
cells traverse the gap junctions and improve the AP upstroke in myocytes and it may 
function superior to SCN5A especially at depolarized potentials around -60 mV.

Effect of SkM1 on the conduction velocity of action potential propagation 
in a cell culture model
Neonatal rat ventricular myocytes are highly plastic and can reconnect into a tissue-like 
syncytium having a relatively depolarized resting potential28 after dissociation from the 
heart. Therefore we cocultured them with the HEK293 cells as an in vitro preparation 
to study electrical activity of cardiac tissue. 

We paced the cultures at several frequencies from one edge of the scaffold with a 
platinum (Pt) line electrode (Figure 6A). Dynamic fluorescence signals of propagated 
action potentials at the other edges of the scaffolds (1.1-1.5 cm from the electrodes) 
were recorded by microscopy. Conduction velocity (CV) was calculated as the lag time 
between the stimulation pulse and acquired action potential divided by the distance 
(d) between the electrode and the recording site (Figure 6A-B). 

At K+ 5.4 and 10.4 mM, CV was significantly higher in myocytes cocultured with 
HEK293-SkM1 cells compared with myocytes only and myocytes cocultured with non-
transfected HEK293 cells at all frequencies (Figure 6C-D). We also compared the effects 
of SkM1 and SCN5A on CV at frequencies of 1, 1.5 and 2 Hz. The HEK293-SkM1 cells 
significantly increased the CV at all frequencies. In contrast, the conduction velocities 
of HEK293-SCN5A cell cocultures were not significantly faster in either normal or high 
K+ solutions (Figure 6E-F). This lack of effect of SCN5A may derive from the relatively 
depolarized membrane potential of the neonatal myocytes.28 

Thus, our in vitro cardiac syncytium model suggests that introduction of SkM1 
can improve conduction velocity better than SCN5A, especially under depolarized 
conditions.

Cellular delivery of SkM1 speed conduction in an in vitro arrhythmia 
(reentry) model
We have thus far demonstrated that HEK293 cells expressing SkM1 make gap junctions 
with cardiac myocytes, increase the maximal rate of rise of the AP and enhance 
conduction velocity. Next we tested if introducing the SkM1 channel into a cardiac 
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Figure 6. Effect of expression of SkM1 on conduction velocity (CV) of APs of in vitro cardiac cultures. 
A, Measurement of conduction velocity. A parallel Pt electrode is placed at one edge of the 
rectangular scaffold, and the recording site is shown as the red circle. “d”: the distance between 
the electrode and the recording site. B, An example of fluorescence signal at the recording site 
with a 1Hz pacing frequency. The lag time (Dt) was estimated as the distance between the tick 
(stimulation point) and the dashed line (start of the signal). CV=d/Dt. CV in normal K (5.4 mM) 
(C) and high K (10.4 mM) (D) Tyrode’s solutions at various stimulation frequencies. The data were 
normalized to the average CV values of control myocytes in normal Tyrode’s solution at 1Hz for 
each experiment (n=10, 12, 11 for myocyte, myocyte-HEK293, and myocyte-HEK293-SkM1, re-
spectively). Comparison of CV between myocyte-HEK293-SkM1 and -SCN5A at 1, 1.5 and 2 Hz 
in normal Tyrode’s (E) or in high K solution (F), respectively. Data were normalized to the mean 
CV values of the control myocyte group (n=10, 11, 10 for myocyte, myocyte-HEK293-SkM1, and 
myocyte-HEK293-SCN5A, respectively; *** P<0.001, ** P<0.01, * P<0.025, one way ANOVA test).
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syncytium under an “arrhythmic condition” could also increase conduction velocity 
and even prevent the occurrence of reentry. 

To this end we placed the above described cocultures onto square fibronectin-
coated coverslips and punched a hole with a 0.3 cm diameter in the center of the 
coverslip to generate a damaged zone in the syncytium. Reentry was induced by 
high-frequency pacing from a point electrode (typically around 3 to 4 Hz). Tyrode’s 
solutions of four different K+ concentrations (5.4, 7.5, 9 and 10.4 mM) were applied at 
room temperature. If spiral waves could not be generated in the normal K+ (5.4 mM) 
condition, a higher K+ solution was used until the conduction was slow enough to 
induce the reentrant propagation around the hole. 

We compared the genesis of re-entry among myocyte only, myocyte-HEK293-
SCN5A and myocyte-HEK293-SkM1 cocultures and found that 4 of 7, 3 of 7 and 5 of 
7 samples for each of the three groups, respectively, could not generate spiral waves 
in normal K+ solution. Instead, spiral waves were induced in the 7.5 mM K+ solution 
for these samples. 

Although we did not see a significant difference in the ability to generate spirals 
in the presence of SkM1, the propagation of the induced spirals was faster in SkM1 
cultures as compared to control and SCN5A cultures. Raw data from macroscopic 
optical mapping were analyzed in custom-developed Matlab software to generate 
color phase movies (Figure 7A); see Video, Supplemental Digital Content 1 to 4, 
which show re-entrant propagation induced in a myocyte only sample and a myocyte-
HEK293-SkM1 sample in normal K+ (5.4 mM) or high K+ (9 mM) Tyrode’s solution. The 
color bar shows the fluorescence intensity of the Ca2+ signal. The black line shows 
the wave front of the propagation). We then calculated the angular velocities (AV; 
expressed as rotations per second) of each spiral by measuring the time of 3 rotations 
(360° for each full rotation). We found that AV was significantly increased in SkM1 
cultures (Figure 7B). This higher AV in SkM1 culture may potentially terminate the 
propagation of the spirals because when the conduction is too fast there would be 
insufficient time for the tissue to recover from refractoriness.

DISCuSSION
A desirable gene
The voltage gated Na+ channel plays an important role in generation of the upstroke 
of the AP in that its availability determines the conduction velocity of cardiac tissue. 
The candidate gene we chose for this antiarrhythmic study was a Na+ channel 
gene with more favorable characteristics. Compared with existing antiarrhythmic 
pharmacological therapies which slow or block propagation, we selected this gene to 
speed conduction, which was effective in the depolarized conditions often associated 
with an arrhythmic environment. 

Our results confirmed the biophysical differences between SCN5A and SkM1 in 
exogenously expressing cell lines. Among the electrophysiological features of the 
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Figure 7. Effect of expression of SkM1 on angular velocity (AV) of AP propagation. A, Phase 
graphs of re-entrant propagation induced in a myocyte only sample and a myocyte-HEK293-
SkM1 sample in 5.4 mM K+ or 9 mM K+ Tyrode’s solution. Phase movies were generated in Matlab 
software from macroscopic optical mapping data. The color bar shows the fluorescence intensity 
of the Ca2+ signal. The black line shows the wave front of the propagation. Frames were analyzed 
every 0.1s to determine the propagation speed. B, AV of induced re-entry at different K+ con-
centrations. n=7 for each group. (r/s: rotations/sec). Two way ANOVA (Holm-Sidak) test showed 
a significant difference between Myocyte only and Myocyte-HEK293-SkM1 (*: P<0.001), and 
between Myocyte-HEK293-SCN5A and Myocyte-HEK293-SkM1 (*: P<0.001), but no difference 
between Myocyte only and Myocyte-HEK293-SCN5A. 
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voltage gated Na+ channel, inactivation is the one most important to cell excitability. It 
determines the pool of available Na+ channels to fire the AP. Two types of inactivation 
with different kinetics have been observed in the Na+ channels: fast inactivation within 
milliseconds and slow inactivation on the order of seconds.29 These two separate 
processes involve different regions of the channel and different mechanisms to 
inactivate.13 Although both processes may regulate the resting state of Na+ channels 
and the AP duration, we used the Hodgkin and Huxley model (which describes the 
fast component of inactivation) to study steady state inactivation because introducing 
SkM1 into cardiac tissue did not increase the AP duration7 suggesting little if any slow 
inactivation. In HEK293 cells, we obtained an 18 mV difference between the steady 
state inactivation curves of SkM1 and SCN5A. At -90 mV, both genes have most of 
their channels available. At -60 mV, there were about 73% of SkM1 but only 13% of 
SCN5A available, while at -50 mV, most of SCN5A were inactivated but around 37% 
of SkM1 channels were still available. Thus the results suggest the fraction of available 
Na+ channels at depolarized potentials was much higher in cells expressing SkM1 
than those expressing SCN5A. In addition, comparing the fast inactivation between 
SkM1 and SCN5A, we observed slower kinetics for SCN5A. This difference may result 
from modulation of the C-terminal domain of the SCN5A channel.30 The “faster” fast 
inactivation of SkM1 may provide another benefit to prevent long QT syndrome type 3 
by preventing late sodium current.

Recovery from fast inactivation also contributes importantly to the availability of 
Na+ channels for AP propagation. Our results showed SkM1 recovered about 4.3 fold 
faster at a membrane potential of -100 mV and about 13.5 fold faster at -70 mV 
than SCN5A. These results demonstrate at a relatively depolarized potential, SCN5A 
takes an order of magnitude more time to recover than SkM1. This faster recovery of 
SkM1 may preserve propagation particularly at high frequency stimulation. However, 
it may have both advantages and disadvantages in avoiding reentrant propagation. 
On one hand, it may prevent re-entry by protecting from unidirectional block and/
or by increasing the wavelength required to accommodate a reentrant wave. On the 
other hand, it might be difficult to stop existing re-entry because of the faster recovery 
from inactivation of the tissue. Nevertheless, this fast recovery from inactivation 
unambiguously speeds conduction in all circumstances.

A safe cell delivery platform
Because of the ability to insert their own genes into the chromosome of host cells, 
viruses have been commonly used as vectors to transfer genes into target cells. 
However, several problems prevent viral gene therapy from becoming an effective 
and safe treatment. First, immune responses might be stimulated after viral infection. 
Second, retrovirus vectors may integrate into the genome at any location, which yields 
a danger for tumorigenesis.31 Third, adenoviruses might be safer vectors but have the 
problem of short-lived expression. In addition, disadvantages of toxicity, inflammation 
and uncontrolled viral replication or mutation limit the therapeutic use of gene therapy. 
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In contrast, a cell delivery system may overcome some of these problems. We can use 
the patient’s own stem cells to introduce genes, which should reduce the risks of 
immunoresponse and toxicity. 

Our strategy to deliver the Na+ channel into the cardiac tissue relies on gap 
junctions which provide the electrical connection between myocytes to conduct the 
AP in the heart. Three major isoforms of connexin proteins Cx43, Cx45 and Cx40 are 
prominently expressed in the heart.32 We confirmed the expression of Cx43 and/or 
Cx45 in HEK293 cells and our double patch clamp data showed gap junction formation 
between the ventricular myocyte and the HEK293 cell. We hypothesized that the 
Na+ current passing through the membrane of the delivery cell also enters into the 
myocyte through gap junctions during generation of the AP, so that the AP upstroke 
can be enhanced. The upstroke of the AP determines the cardiac conduction velocity 
and its maximal rate of rise (dV/dtmax) is directly determined by the excitatory inward 
currents. So, measuring the effect of expression of SkM1 on the dV/dtmax was the first 
step in testing its antiarrhythmic potential. Our results showed that the dV/dtmax was 
significantly increased in the myocyte coupled with a HEK293-SkM1 cell. To generate 
a depolarized condition, we used a 10.4 mM K+ solution to decrease the cell resting 
potentials. We found that the dV/dtmax was also increased in SkM1 cell pairs in the high 
K+ solution. Analysis of the change of dV/dtmax with membrane potential showed that 
the increases by SkM1 were most significant at around -60mV and -55mV, with a ratio 
of 1.5 fold and 2.5 fold respectively. These results are consistent with the inactivation 
curve of SkM1 we obtained from HEK293 cells. At these voltages, there were big 
differences in the availability of Na+ channels between SkM1 and SCN5A. 

We did not see an effect of SCN5A on the dV/dtmax in myocytes coupled with 
HEK293-SCN5A. Since the current densities of SkM1 and SCN5A were similar in the 
two stable cell lines, the absence of an effect of SCN5A is not due to lower expression 
of SCN5A. Rather, myocytes in primary tissue culture may have relatively lower resting 
potentials due to less of the inwardly rectifying current (Ik1).

33 Most of our cultured 
myocytes showed membrane potentials between -65 and -68 mV. We assume 
expression of SCN5A may function effectively at more hyperpolarized potentials which 
our culture condition did not reach.

After demonstrating that SkM1 increases the AP upstroke, we then tested the 
effect of SkM1 on conduction velocity. Rat neonatal myocytes were used to generate 
an in vitro cardiac syncytium. We found that coculturing myocytes with HEK293-SkM1 
cells could enhance the conduction velocity of the syncytium at both normal (5.4mM K+) 
and depolarized (10.4mM K+) conditions. Again, we did not see a significant increase 
in the conduction velocity in the SCN5A culture under either normal or depolarized 
conditions. This result may also be due to the relatively positive resting potential 
of rat neonatal ventricular myocytes. Because many tachyarrhythmias are reentrant, 
we performed high frequency stimulation in an in vitro model to test if SkM1 could 
function in an arrhythmic fashion. Although SkM1 did not prevent re-entry, we found 
that the SkM1 coculture has a faster angular velocity of the induced re-entry than both 
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the control and SCN5A cultures under normal and depolarized conditions. Increased 
excitability via augmentation or biophysical optimization of the Na+ channels can 
affect both the inducibility and the stability of reentrant waves. Previous theoretical 
studies34 have shown that the synergistic decrease of Na+ channel availability, slowed 
recovery from inactivation and cellular uncoupling, as presumably seen in the impaired 
myocardium, lead to increased vulnerable window for reentry induction. Accordingly, 
our data with SkM1 that corrects 2 out of these 3 effects, revealed a tendency for lower 
inducibility of reentry in myocyte-HEK293-SkM1 vs. myocyte-HEK293-SCN5A samples 
(29% vs. 57% in normal K+), though statistical conclusions could not be reached due 
to insufficient sample number. Reentry stability as function of Na+ channel availability 
also has been examined theoretically,35 where higher Na+ channel availability lead 
to destabilization of functional reentrant waves by virtue of increased conduction 
velocity, and to the reentry breakup and/or termination. In our in vitro model, a small 
inexcitable obstacle was used rather than a pure functional reentry. Faster angular 
velocity for the myocyte-HEK293-SkM1 samples translates in possible reentrant wave 
destabilization, which may or may not result in termination, i.e. wave destabilization 
can be anti- or pro-arrhythmic. In summary, our proposed approach is likely to reduce 
the inducibility of reentrant waves, and to facilitate the de-stabilization of reentrant 
waves that may lead to their easier termination, though further experiments are 
needed to confirm this possible anti-arrhythmic action.

CONCluSIONS 
Here we demonstrate the feasibility to use cell therapy to augment cardiac conduction. 
Our results corroborate the differences in biophysical properties between SkM1 
and SCN5A, when the two genes are expressed exogenously in selected cell lines. 
Consequently, in our two cell delivery model, expression of SkM1, but not SCN5A 
enhanced the dV/dtmax of the AP upstroke in myocytes which were electrically coupled 
with HEK293 cells transfected with either of these Na+ channel genes. This increase was 
particularly significant at a depolarized membrane potential. At a syncytial level, we 
demonstrated that introducing SkM1 into neonatal cardiac myocyte speeds conduction 
velocity in both normal and depolarized conditions. In contrast, expression of SCN5A 
had no significant effect. To mimic an arrhythmic environment, we also generated an 
in  vitro re-entry model with a void center. The spiral propagation induced in SkM1 
cultures showed faster angular velocity than control and SCN5A cultures.

SOuRCES OF FuNDING 
This work was supported by grant HL094410 from the NIH/NHLBI and a grant from 
NYSTEM.

254



IMProVING CArdIAC CoNdUCTIoN By CellUlAr delIVery of skM1 

11

1. Allessie MA, Bonke FI, Schopman FJ. 
Circus movement in rabbit atrial muscle 
as a mechanism of tachycardia. II. The role 
of nonuniform recovery of excitability in 
the occurrence of unidirectional block, as 
studied with multiple microelectrodes. 
Circ Res 1976; 39:168-77.

2. Darpo B, Edvardsson N. Effect of almokalant, 
a selective potassium channel blocker, 
on the termination and inducibility of 
paroxysmal supraventricular tachycardias: 
a study in patients with Wolff-Parkinson-
White syndrome and atrioventricular nodal 
reentrant tachycardia. Almokalant PSVT 
Study Group. J Cardiovasc Pharmacol 
1995; 26:198-206.

3. Darpo B, Edvardsson N. Effects of 
almokalant, a class III antiarrhythmic 
agent, on supraventricular, reentrant 
tachycardias. Almokalant Paroxysmal 
Supraventricular Tachycardia Study Group. 
Cardiovasc Drugs Ther 1997; 11:499-508.

4. Savelieva I, Camm J. Anti-arrhythmic drug 
therapy for atrial fibrillation: current anti-
arrhythmic drugs, investigational agents, 
and innovative approaches. Europace 
2008; 10:647-65.

5. Antzelevitch C, Fish JM. Therapy for 
the Brugada syndrome. Handb Exp 
Pharmacol 2006; 171:305-30.

6. Weirich J, Wenzel W. Current classification 
of anti-arrhythmia agents. Z Kardiol 2000; 
89 Suppl 3:62-7.

7. Lau DH, Clausen C, Sosunov EA, et al. 
Epicardial border zone overexpression 
of skeletal muscle sodium channel 
SkM1 normalizes activation, preserves 
conduction, and suppresses ventricular 
arrhythmia: an in silico, in vivo, in vitro 
study. Circulation 2009; 119:19-27.

8. Protas L, Dun W, Jia Z, et al. Expression 
of skeletal but not cardiac Na+ channel 
isoform preserves normal conduction 
in a depolarized cardiac syncytium. 
Cardiovasc Res 2009; 81:528-35.

9. Takanari H, Honjo H, Takemoto Y, et al. 
Bepridil facilitates early termination of 
spiral-wave reentry in two-dimensional 
cardiac muscle through an increase 
of intercellular electrical coupling. J 
Pharmacol Sci 2011; 115:15-26.

10. Rohr S. Role of gap junctions in the 
propagation of the cardiac action 
potential. Cardiovasc Res 2004; 62:309-
22.

11. Spear JF, Michelson EL, Moore EN. 
Cellular electrophysiologic characteristics 
of chronically infarcted myocardium in 
dogs susceptible to sustained ventricular 
tachyarrhythmias. J Am Coll Cardiol 1983; 
1:1099-110.

12. Peters NS, Coromilas J, Severs NJ, Wit 
AL. Disturbed connexin43 gap junction 
distribution correlates with the location of 
reentrant circuits in the epicardial border 
zone of healing canine infarcts that cause 
ventricular tachycardia. Circulation 1997; 
95:988-96.

13. Goldin AL. Mechanisms of sodium channel 
inactivation. Curr Opin Neurobiol. 2003; 
13:284-90.

14. Potapova I, Plotnikov A, Lu Z, et al. Human 
mesenchymal stem cells as a gene delivery 
system to create cardiac pacemakers. Circ 
Res 2004; 94:952-9.

15. Valiunas V, Doronin S, Valiuniene L, et al. 
Human mesenchymal stem cells make 
cardiac connexins and form functional 
gap junctions. J Physiol 2004; 555:617-
26.

16. Zygmunt AC. Intracellular calcium 
activates a chloride current in canine 
ventricular myocytes. Am J Physiol 1994; 
267:H1984-95.

17. Mathias RT, Cohen IS, Oliva C. Limitations 
of the whole cell patch clamp technique in 
the control of intracellular concentrations. 
Biophys J 1990; 58:759-70.

18. Bien H, Yin L, Entcheva E. Calcium 
instabilities in mammalian cardiomyocyte 
networks. Biophys J 2006; 90:2628-40.

19. Chung CY, Bien H, Entcheva E. The role 
of cardiac tissue alignment in modulating 
electrical function. J Cardiovasc 
Electrophysiol 2007; 18:1323-9.

20. Tolkacheva EG, Schaeffer DG, Gauthier 
DJ, Krassowska W. Condition for alternans 
and stability of the 1:1 response pattern 
in a “memory” model of paced cardiac 
dynamics. Phys Rev E Stat Nonlin Soft 
Matter Phys 2003; 67:031904.

21. Entcheva E, Bien H. Macroscopic optical 
mapping of excitation in cardiac cell 
networks with ultra-high spatiotemporal 
resolution. Prog Biophys Mol Biol 2006; 
92:232-57.

22. Nuss HB, Tomaselli GF, Marban E. Cardiac 
sodium channels (hH1) are intrinsically 
more sensitive to block by lidocaine than 

REFERENCES

255



PArT IV: CHAPTer 11

11

are skeletal muscle (mu 1) channels. J Gen 
Physiol 1995; 106:1193-209.

23. Goldin AL. Resurgence of sodium channel 
research. Annu Rev Physiol 2001; 63:871-
94.

24. Baba S, Dun W, Cabo C, Boyden PA. 
Remodeling in cells from different regions 
of the reentrant circuit during ventricular 
tachycardia. Circulation 2005; 112:2386-
96.

25. Baba S, Dun W, Hirose M, Boyden PA. 
Sodium current function in adult and aged 
canine atrial cells. Am J Physiol Heart Circ 
Physiol 2006; 291:H756-61.

26. Hayward LJ, Brown RH, Jr., Cannon SC. 
Inactivation defects caused by myotonia-
associated mutations in the sodium 
channel III-IV linker. J Gen Physiol 1996; 
107:559-76.

27. Hodgkin AL, Huxley AF. A quantitative 
description of membrane current and its 
application to conduction and excitation 
in nerve. J Physiol 1952; 117:500-44.

28. Pinson A. The Heart cell in culture. Boca 
Raton, Fla CRC Press 1987.

29. Featherstone DE, Richmond JE, Ruben 
PC. Interaction between fast and slow 

inactivation in Skm1 sodium channels. 
Biophys J 1996; 71:3098-109.

30. Deschenes I, Trottier E, Chahine M. 
Implication of the C-terminal region of the 
alpha-subunit of voltage-gated sodium 
channels in fast inactivation. J Membr Biol 
2001; 183: 103-14.

31. Woods NB, Bottero V, Schmidt M, 
von Kalle C, Verma IM. Gene therapy: 
therapeutic gene causing lymphoma. 
Nature 2006; 440:1123.

32. Lo CW. Role of gap junctions in cardiac 
conduction and development: insights 
from the connexin knockout mice. Circ 
Res 2000; 87:346-8.

33. Schackow TE, Decker RS, Ten Eick RE. 
Electrophysiology of adult cat cardiac 
ventricular myocytes: changes during 
primary culture. Am J Physiol 1995; 
268:C1002-17.

34. Qu Z, Karagueuzian HS, Garfinkel A, 
Weiss JN. Effects of Na+ channel and cell 
coupling abnormalities on vulnerability to 
reentry: a simulation study. Am J Physiol 
Heart Circ Physiol 2004; 286:H1310-H21.

35. Qu Z, Xie F, Garfinkel A, Weiss JN. Origins 
of spiral wave meander and breakup in 
a two-dimensional cardiac tissue model. 
Ann Biomed Eng 2000; 28:755-71.

256



IMProVING CArdIAC CoNdUCTIoN By CellUlAr delIVery of skM1 

11

SuPPlEMENTARy MATERIAl – CHAPTER 11
Supplemental Digital Content: Phase movies of re-entrant propagation induced in 
a myocyte only sample and a myocyte-HEK293-SkM1 sample in normal K+ (5.4 mM) 
or high K+ (9 mM) Tyrode’s solution. Movies were generated in Matlab software from 
macroscopic optical mapping data. The color bar shows the fluorescence intensity of 
the Ca2+ signal. The black line shows the wave front of the propagation. 

Supplemental Digital Content 1: myocyte in normal K. wmv 
(http://links.lww.com/JCVP/A77)

Supplemental Digital Content 2: myocyte-HEKSkM in normal K. wmv 
(http://links.lww.com/JCVP/A78)

Supplemental Digital Content 3: myocyte in high K. wmv 
(http://links.lww.com/JCVP/A79)

Supplemental Digital Content 4: myocyte-HEKSkM in high K. wmv 
(http://links.lww.com/JCVP/A80)
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ABSTRACT
Background: In depolarized myocardial infarct epicardial border zones, the cardiac 
sodium channel is largely inactivated, contributing to slow conduction and reentry. We 
have demonstrated that adenoviral delivery of the skeletal muscle Na+ channel (SkM1) 
to epicardial border zones normalizes conduction and reduces induction of ventricular 
tachycardia/ventricular fibrillation. We now studied the impact of canine mesenchymal 
stem cells (cMSCs) in delivering SkM1. 

Methods and Results: cMSCs were isolated and transfected with SkM1. Coculture 
experiments showed cMSC/SkM1, but not cMSC alone, maintained fast conduction at 
depolarized potentials. We studied 3 groups in the canine 7d infarct: sham, cMSC, and 
cMSC/SkM1. In vivo epicardial border zones electrograms were broad and fragmented 
in sham, narrower in cMSCs, and narrow and unfragmented in cMSC/SkM1 (P<0.05). 
During programmed electrical stimulation of epicardial border zones, QRS duration 
in cMSC/SkM1 was shorter than in cMSC and sham (P<0.05). Programmed electrical 
stimulation–induced ventricular tachycardia/ventricular fibrillation was equivalent in all 
groups (P>0.05). 

Conclusion: cMSCs provide efficient delivery of SkM1 current. The interventions 
performed (cMSCs or cMSC/SkM1) were neither antiarrhythmic nor proarrhythmic. 
Comparing outcomes with cMSC/SkM1 and viral gene delivery highlights the criticality 
of the delivery platform to SkM1 antiarrhythmic efficacy. 

260



 CellUlAr delIVery of skM1 CHANNels

12

INTRODuCTION
Reentry causes most life-threatening cardiac arrhythmias in ischemic heart disease.1,2 
Antiarrhythmic 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 effect such outcomes have 
been norepinephrine and acetylcholine, which hyperpolarize cell membranes and 
whose toxicities render their use here impractical. 

Clinical Perspective on Page 277

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 
10 mV 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 Vmax 
and conduction velocity and reduces the incidence of ventricular tachycardia (VT)/
ventricular fibrillation (VF) initiated by programmed electrical stimulation (PES) in 
healing infarcts4 or occurring spontaneously during ischemia/reperfusion.5

Because viral gene delivery is not innocuous, 1 objective of the present study 
was to explore an alternative delivery system. We have successfully introduced 
hyperpolarization-activated cyclic nucleotide-gated channel 2 (HCN2), a pacemaker 
channel gene, into canine myocardium in vivo using adult human mesenchymal stem 
cells (MSCs) as a delivery platform. Human MSCs express cardiac connexins (Cx40 and 
Cx43),6 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 MSCs (cMSCs) as 
a delivery platform in the present study. 

Preliminary in  vitro experiments8 demonstrated superior effects of SkM1 over 
SCN5A on the maximal action potential upstroke velocity (Vmax) and conduction in 
a cell line. We now report the isolation of cMSCs, SkM1 properties in this delivery 
platform, and their impact on conduction, arrhythmia induction, and action potential 
Vmax in healing canine infarcts. 

MATERIAlS AND METHODS
Protocols were performed per American Physiological Society recommendations and 
reviewed and approved by the Columbia and Stony Brook University Institutional 
Animal Care and Use Committees. 
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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 Data Supplement at the end of this chapter. 

Cell isolation and transfection
After euthanasia for other purposes, 4-mL canine bone marrow was aspirated from 
the iliac crest of 1-year old dogs. cMSC isolation was proceeded by the standard 
techniques,9 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% to 45%. 

In vitro studies
Whole-cell patch clamp with a signal amplifier (Model Axopatch-1B; Axon Instruments 
Inc, Inverurie, Scotland, United Kingdom) was used to measure single cell membrane 
current. Electrode resistances were 3 to 4 MΩ. The liquid junction potential (≈8 mV 
between bath and electrode solutions) was not corrected because exchange between 
pipette and cell is never complete.10

Neonatal Sprague-Dawley rats were euthanized, and ventricular myocytes were 
isolated by an approved Stony Brook University Institutional Animal Care and Use 
Committee protocol as previously described.11 Isolated ventricular myocytes were 
replated at 4×105 cells per cm2 for the control group and 3.5×105 cells per cm2 for the 
coculture groups at a 20:1 ratio, with cMSCs set onto grooved scaffolds. Cultures were 
maintained for 4 to 5 days before making functional measurements. 

For immunocytochemistry, cMSCs were loaded with quantum dots (Qdot 655; 
Invitrogen, Carlsbad, CA) before coculture. After 4 days of coculture on plastic cover 
slips, samples were stained with mouse anti-Cx43 (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). A 2-dimensional optical mapping 
system12 was used to measure impulse propagation at room temperature. 

Canine studies
cMSCs were prepared as above and used in passages 2 to 4. All batches used had 
consistently high SkM1 sodium current expression in green fluorescent protein–
expressing cells. At the time of in vivo experimentation, cells were thawed, and trypan 
blue exclusion was used to obtain the percentage and total number of viable cells. 
1×106 viable cells were suspended in 0.75 mL PBS. The percentage of viable cells was 
70% to 90%. 

Adult male mongrel dogs (22–25 kg; Chestnut Ridge Kennels, Shippensburg, 
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 
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Figure 1. Skeletal muscle Na+ channel (SkM1) and SCN5A expression in canine mesenchymal 
stem cells (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]/I), where Vh 
is the midpoint membrane potential and K is the slope factor.

263



PArT IV: CHAPTer 12

12

Table 1. ECG and Local EG Measurements During Sinus Rhythm

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 

EG indicates electrogram; cMSC, canine mesenchymal stem cells; SkM1, skeletal muscle Na+ 
channel; QTc, corrected QT; LV, left ventricular; PS, paraseptal site; EBZ, epicardial border zone; 
RV, right ventricular. Note that only the local EG duration in anterior wall of the LV, the injected 
EBZ, differs among groups. *: P<0.05 vs sham. †: P<0.05 vs cMSC and sham.

performed by sterile techniques, and coronary artery ligation was performed as 
previously described.13 1×106 cMSCs were injected using a 23-gauge needle into 
3 sites in the epicardial border zone (EBZ). The injection protocol was similar to that 
of adenoviral delivery.4 The chest was closed, and lidocaine (50 µg·kg−1·min−1) was 
infused during surgery and for 24 to 48 hours postoperatively. Seven days later, dogs 
were anesthetized, the heart exposed, and ECGs and electrograms (EGs) acquired, 
digitized, and stored on a personal computer (EMKA Technologies, Falls Church, VA). 

EG recordings, induction of VT, microelectrode studies, infarct sizing, and 
immunohistochemistry were all performed as previously reported4 and are detailed in 
the Data Supplement. 

Statistical analysis
Data are expressed as mean±SEM. For in vitro studies, t tests were used to compare 
between 2 groups, and Kruskal-Wallis 1-way ANOVA followed by the Dunn multiple 
comparison test was used to analyze conduction velocity. Arrhythmia incidence in 
sham and cMSCs or cMSC/SkM1-treated animals was analyzed by Fisher exact test. 
ECG parameters, EG width recordings, and microelectrode data were analyzed using 
1-way ANOVA followed by Bonferroni posttests. During PES at different cycle lengths, 
QRS duration was analyzed using 2-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 article as written. 
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Figure 2. Effect of canine mesenchymal stem cells (cMSCs)/skeletal muscle Na+ channel (SkM1) 
on conduction velocity (CV) in in vitro cardiac syncytium. A and B, According to previously 
described methods,45 cMSCs were loaded with quantum dots (QDs; red) before being cocul-
tured with myocytes. Cultures were fixed and stained 4 days after initiation of coculture. Nuclei 
were counterstained using 4′,6-diamidino-2-phenylindole (DAPI; blue). A, Low-amplification mi-
crographs showing the distribution of QDs loaded with cMSCs (red) in relation to the cultured 
myocytes stained for connexin 43 (Cx43; green); scale bar, 40 µm. B, High-amplification mi-
crographs showing Cx43 expression (green) at the interface (yellow arrows) between myocytes 
(stained orange for α-actinin) and cMSCs loaded with QDs (red); scale bar, 10 µm. 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 (*: P<0.05).
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RESulTS
Biophysical comparison of SkM1 and SCN5A in cMSCs
To study voltage-dependent activation of SkM1 and SCN5A currents in green 
fluorescent protein–positive cMSCs (n=8 per group), cells were held at −100 mV to 
prevent inactivation and then pulsed to test potentials 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- to 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 cMSCs. 

To characterize steady-state SkM1 and SCN5A inactivation, cMSCs were prepulsed 
for 500 ms 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 a slope 
factor of 6.0±0.2 mV. SCN5A had a midpoint of −73.9±0.1 mV and a slope factor 
of 5.9±0.1 mV (Figure 1D). Thus, SCN5A inactivation was ≈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 human embryonic kidney 239 cell results,8 time constants for recovery 
from inactivation of SkM1 in cMSCs are smaller than those for SCN5A at all holding 
potentials (Data Supplement Figure IV), especially at more depolarized potentials, 
suggesting much faster recovery of SkM1 in cMSCs. 

cMSCs and cMSC/SkM1 effects on in vitro impulse propagation
To confirm electrical coupling between cMSCs and cardiac myocytes, we tested 
SkM1 effects on conduction velocity, with cMSCs as the delivery system in the 
coculture of myocytes and cMSCs expressing SkM1 on polydimethylsiloxane scaffolds 
(Figure 2A–2B). A linear platinum electrode was placed at 1 edge of the scaffold to pace 
at 1 Hz. Macroscopic optical mapping was carried out at room temperature to record 
propagation in 2 dimensions. Comparison of conduction velocities among myocyte-
only, myocyte-cMSC, and myocyte-cMSC/SkM1 cocultures showed significantly higher 
conduction velocities in SkM1 cocultures in normal and high K+ solutions (Figure 2C). 

Studies in the canine model
Fourteen dogs were injected with cMSCs, 10 with cMSC/SkM1, and 12 were not 
injected (sham). One cMSC animal died of VT 2 hours after surgery. Two sham animals 
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died of arrhythmias, 1 during surgery and 1 after 2 days. All cMSC/SkM1 animals 
survived. Animals that died in the first 2 days were excluded from further analysis. We 
performed terminal experiments at 7 days. During sinus rhythm, ECG cycle length, 
PR, QT, and QTc did not differ among groups (Table 1). However, QRS duration in 
cMSC and cMSC/SkM1 dogs was shorter than sham (P<0.05). EBZ showed broad, 
fragmented EGs in sham, narrower EGs in cMSC, and narrow and unfragmented EGs 
in cMSC/SkM1 dogs (Table 1; Figure 3). 

Effective refractory period, qRS duration, and arrhythmia incidence 
during PES
Effective refractory period did not differ among groups (Table 2). During paraseptal 
site stimulation, QRS duration in cMSC and cMSC/SkM1 dogs was shorter than sham 
(P<0.05); during EBZ site stimulation, QRS duration was shorter in cMSC/SkM1 than 
cMSC or sham dogs (P<0.05; Figure 4). Despite the potentially therapeutic actions 
of cMSC/SkM1 on conduction, sustained VT/VF was induced in 7 of 10 cMSC/SkM1-
injected dogs versus 5 of 13 cMSC-injected dogs and 7 of 10 shams (P>0.05).

Microelectrode studies
After the in situ protocol, tissue slabs of injected regions were used to study the impact of 
cMSCs and cMSC/SkM1 on EBZ cellular electrophysiology. Resting membrane potential 
and action potential duration did not differ among groups (P>0.05; Table 3). However, Vmax 
in cMSC/SkM1-injected preparations was faster than sham and cMSCs (P<0.05; Table 3). 

Table 2. ERP Recorded During PES From the PS and From the EBZ/Injection Region

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 

ERP indicates effective refractory period; PES, programmed electrical stimulation; PS, paraseptal 
site; EBZ, epicardial border zone; cMSC, canine mesenchymal stem cells; SkM1, skeletal muscle 
Na+ channel.

Table 3. In Vitro Electrophysiological Parameters Recorded From EBZ Tissues

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 

†: P<0.05 vs. cMSCs and Sham. Sham n=10, cSMC n=13, cMSC/SkM1 n=10.
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To provide further insight into the relationship 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.

Infarct size, western blotting, and histology
No differences in infarct size were seen among sham, cMSC, and cMSC/SkM1 does 
(29±2.4, 28±2.1, and 28±3.3%, respectively; P>0.05). Western blotting indicated 
persistent presence of SkM1 protein in the injection site of cMSC/SkM1-injected 
animals, whereas the noninjected 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 

Figure 3. Typical recordings of lead II ECG (top) and local electrograms (EGs; bottom) in normal 
myocardium (left) and epicardial border zones (EBZ; right). cMSC indicate canine mesenchymal 
stem cells; SkM1, skeletal muscle Na+ channel.
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Figure 4. QRS duration during normal and premature stimulation. QRS duration during stimula-
tion from the paraseptal site (PS; left) and epicardial border zone (EBZ)/injection (right) regions. 
Note shorter QRS duration in canine mesenchymal stem cell (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; EBZ: sham, n=5; cMSC, n=9; cMSC/SkM1, n=8). SkM1, skeletal muscle 
Na+ channel.

Figure 5. Action potentials have higher membrane responsiveness (Vmax vs MP) curves in cMSC/
SkM1-injected preparations vs sham and cMSC (*P<0.05). MP indicates membrane potential; 
cMSCs, canine mesenchymal stem cells; SkM1, skeletal muscle Na+ channel.
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staining at the cMSC and adjacent myocardium interface (Figure 6B). SkM1/green 
fluorescent protein– positive cMSCs were not found in sham EBZ (Figure 6B). 

DISCuSSION
The present study demonstrates the following: 1) SkM1 biophysical properties in 
cMSCs are more favorable than SCN5A in restoring fast conduction in depolarized 
tissue, 2) cMSC/SkM1 but not unloaded cMSCs maintain relatively fast conduction 
in depolarized tissue, 3) cMSC/SkM1-injected animals show prominent restoration 
of fast impulse propagation (narrow EGs, narrow prematurely stimulated QRS 
complexes, and high Vmax in excised tissue), 4) despite the potentially therapeutic 
actions of cellular SkM1 delivery there was no antiarrhythmic effect, contrasting with 
our previous work using viral delivery,4 and 5) whereas prior literature suggests MSC 
may be proarrhythmic,14,15 we found that 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 arrhythmias16,17 predicted cessation of reentry 
if conduction accelerated, such that the activation wave front encountered its 
own refractory tail. Yet, initial pharmacological strategies to speed conduction 
(eg, neurohormones) were hampered by proarrhythmia and limited success.2 Novel 
drugs (rotigaptide and analogs)18 and gene therapies5,19 provided experimental 
means to speed conduction by enhancing gap junctional function, but their efficacy 
is still being debated,20,21 and there are concerns that maintaining or increasing gap 
junctional function during acute infarction will increase infarct size.19

Cell and gene therapies are being explored as means to prolong effective refractory 
period and prevent reentry. Cell-based strategies can induce postrepolarization 
refractoriness, but their antiarrhythmic efficacy is still under investigation.22,23 Prolonging 
repolarization and refractoriness are effective in monomorphic VT,24 and tachy-pacing 
induced atrial fibrillation25; 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.24,25

Ischemic tissue is often depolarized, contributing to reduced Na-channel availability, 
slow conduction, and reentry.26,27 Cardiac Na+ channel inactivation is pivotal here28 and 
motivated our gene transfer of SkM1 channels whose inactivation kinetics favor 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 cMSCs showed that the midpoint of Na-channel inactivation 
shifted positively by 15 mV in SkM1-expressing cMSCs compared with cMSC-
expressing SCN5A—an outcome similar to results in human embryonic kidney cells 
and neonatal rat ventricular myocytes.8,29
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Approximately 60% of SkM1 channels are available at −60 mV, contrasting with 
<10% of SCN5A channels. Other important predictors of Na+ channel availability 
include fast inactivation and recovery from fast inactivation: both were accelerated 
in SkM1 versus SCN5A. Together, these results suggest that cellular SkM1 delivery 
should efficiently restore the pool of available Na+ channels in a fashion superior to 
cellular SCN5A delivery and 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 
human MSCs express Cx40 and Cx43, allowing efficient electrical coupling, delivery of 
overexpressed HCN2 current, and introduction of HCN2-based spontaneous activity 
in adjacent myocytes.6,30,31 In those studies, HCN2 current and spontaneous activities 
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 neonatal rat ventricular myocytes. Cx43 was 
expressed at myocyte/cMSC interfaces, and conduction velocities were increased in 
normal and depolarized conditions compared with 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.32,33 This might limit the efficiency of SkM1 
current delivery. Despite the potential for suboptimal coupling between myocytes 
and cMSCs, cMSC-SkM1 efficiently restored fast conduction in EBZ, as evidenced 
by the following: 1) local EGs in EBZ were broad and fragmented in sham, narrow 
and less fragmented in cMSC, and narrow and unfragmented in cMSC-SkM1 dogs 
(Figure 3), 2) QRS duration after application of PES in the EBZ was narrow in cMSC/
SkM1-injected dogs, comparable with that of uninfarcted dogs, 3) QRS duration was 
shorter at normal and short coupling intervals in cMSC/SkM1 dogs than in shams or 
those receiving cMSCs (Figure 4), and 4) Vmax in isolated EBZ tissues of cMSC/SkM1 
was significantly faster than in noninjected 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 with that of viral SkM1. 

Also similar to viral SkM1 delivery was the lack of proarrhythmia in hearts receiving 
cMSC/SkM1. Note as well that QT and corrected QT (Table 1), effective refractory 
period (Table 2), and action potential duration (Table 3) 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. 
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Figure 6. Western blotting and immunohistochemistry of epicardial border zones (EBZs). 
A, Western blotting of injection site samples from canine mesenchymal stem cell (cMSC)/skeletal 
muscle Na+ channel (SkM1)–treated animals showed a specific positive band at 250 kDa com-
parable 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 noninjected 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 tissue, coimmunohistochemical experiments 
showed connexin 43 (Cx43; green) on the interface (yellow arrows) between myocardium and 
SkM1-positive cells. Green fluorescent protein (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 4’,6-diamidino-2-phenylindole (DAPI). Scale 
bar, 25 µm.
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First, the extent of speeding of conduction might be insufficient to prevent 
PES-induced VT/VF. This seems unlikely, as we previously demonstrated significant 
reduction in the 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 conduction34 and prevents ischemia/reperfusion-induced arrhythmias,5 
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 sink,30 
thereby slowing conduction and compensating the SkM1 effects. This is unlikely 
because unloaded cMSCs 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).35,36

Third, prior research has shown that MSCs form low-resistance junctions but not 
intercalated disks with myocytes.6 Therefore, although 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 disks in the cMSC-SkM1/myocyte 
unit supports formation and 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 
approaches in cardiac disease, 2 concerns have been extensively discussed: 
1)  the potential of MSCs to be proarrhythmic,15 and 2) the risk for neoplasia.37 The 
proarrhythmia concern is based on studies illustrating slowing of conduction and 
reentrant arrhythmias in vitro38 and effective refractory period shortening in vivo39 after 
MSC transplantation. However, other in vivo studies report absent40,41 or protective42 
effects with regard to ventricular arrhythmias. Our study supplements these findings 
by showing that transplanting a low dose of allogeneic MSCs into the EBZ is safe and 
that it improves the conduction properties of the myocardium (Table 1; Figure 4). 

Concern for potential tumorogenesis resulting from MSC transplantation has 
primarily arisen because even early passage MSCs can manifest chromosomal 
aberrations.43 A murine model of MSC transplantation confirmed this concern.44 
Although a large body of literature suggests that the use of human MSCs is safe,37,42 
recent reports of tumor formation in rodents44 clearly warrant extensive safety analysis 
of MSC-based therapies. 

Study limitations
In the present study, we asked whether cellular delivery of SkM1 protects against 
inducible arrhythmias 7 days after myocardial infarction. We worked with a fixed 
end point 1) because previous research indicated this provides a stable substrate 
for induction of reentrant arrhythmias,27 and 2) to allow direct comparison between 
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cellular delivery of SkM1 and previously reported viral delivery.4 Furthermore, we 
tested only 1 dose of cells, which had been highly effective in delivering electrical 
signals locally.7 Other experiments had indicated that 7 days is sufficient for MSCs 
to form gap junctions with myocytes and deliver ionic currents.31 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 that cMSCs provide an efficient 
platform to control ion channel function in the vicinity of myocardial infarcts. We also 
have shown that the effectiveness of SkM1-based antiarrhythmic therapy critically 
depends on the delivery vehicle, with viral gene delivery seeming to be superior. Further 
attempts to modify conduction in infarcted tissue may, therefore, be better focused 
on viral delivery of Na+ channels, while cells might be reserved for myocardial repair. 
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ClINICAl PERSPECTIvE
In patients with a reduced ejection fraction, the annual risk for sudden cardiac 
death in the healing phase after myocardial infarction is estimated to be as high 
as 10%. Ischemic heart disease is typically complicated by areas of membrane 
depolarization, which inactivate cardiac sodium channels (encoded by SCN5A) 
and generate areas of slow conduction predisposing to reentrant arrhythmias. At 
present, available therapies for these arrhythmias are both limited and frequently 
ineffective. As a potential novel gene therapy, we recently reported overexpression 
of the skeletal muscle Na+ channel (SkM1). SkM1 channels are relatively resistant 
to inactivation by membrane depolarization and when overexpressed in the 
infarct epicardial border zone they locally restored the speed of conduction and 
significantly reduced the incidence of induced ventricular tachycardia/fibrillation. 
As an alternative to the viral approach, the present study investigated the delivery 
of SkM1 channels via mesenchymal stem cells. We found that mesenchymal stem 
cells couple to myocardium and can be safely administered to the depolarized 
epicardial border zone. We also found that SkM1-loaded mesenchymal stem cells 
efficiently deliver sodium current and restore the speed of impulse propagation. 
Yet despite these potential therapeutic outcomes and in contrast to the viral 
approach, cellular delivery of SkM1 seemed not to be antiarrhythmic, thus 
indicating the criticality of the delivery platform in obtaining the antiarrhythmic 
effect. No proarrhythmia occurred. Future SkM1-based antiarrhythmic approaches 
should, therefore, focus on viral delivery. 
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SuPPlEMENTARy MATERIAl – CHAPTER 12

ExPANDED MATERIAlS AND METHODS

Plasmid Construction
The rat SkM1 insert was released from pI-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 
centrifugation from aspirated bone marrow (Figure I). 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 
7d 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 II).

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 6‐well 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: 2‐3 days of exposure to adipogenic induction medium followed by 
2‐3 days of exposure to maintenance medium. Osteogenic induction was carried out 
by feeding the cells with osteogenic induction medium every 3‐4 days for 2‐3 weeks. 
Chondrogenic induction was performed by pelleting 2.5×105 cells in chondrogenic 
induction medium containing TGF‐β3. Complete media changes were performed 
every 2‐3 days for 3‐4 weeks. At the end of the induction protocols, the cells were 
rinsed with PBS and fixed with 10% formalin. Adipogenesis 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 III illustrates the osteogenic, apdipogenic and chondrogenic potential of the 
isolated cells.
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Transfection
cMSCs were transfected with pIRES2-EGFP-SkM1 or -SCN5A construct by 
electroporation using Nucleofector technology (Amaxa Lonza, Gaithersburg, MD) 
as directed and were incubated 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 (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 resistances=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 
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Figure II. Flow cytometric identification of Ficoll-Paque Plus density gradient isolated cMSC. A 
Typical flow cytometry histograms 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 I. 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.
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Figure III. 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 dif-
ferentiation. 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 differentia-
tion. 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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Figure IV. 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.
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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 paper (Chapter 11)4 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 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 (≈10×5×0.5-1 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 superfused (36°C, pH 7.35±0.05) at 12 mL/min. Superfusate 
[K+] was varied from 4-7 mmol/L to 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 
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(1:500,Invitrogen, Breda, The Netherlands). Antibody bound to target antigen was 
detected by incubating sections x2h with goat anti-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 
(Amersham 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 µg/lane (as compared to 
75 µg/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
Although the concept of electrical stimulation dates back to ancient Rome,1 its 
application to cardiac arrhythmias originated in the 18th century.2 Incorporation of 
electronic pacing into routine clinical practice goes back to the 1960s and is critically 
depended on an increased understanding of bradycardias and advancements in 
pulse generators and battery technology. Since its introduction into clinical practice, 
electronic pacing has saved many lives and is a true triumph of 20th century medicine. 
Despite the continuous improvements of electronic pacemakers, these devices are still 
not without important shortcomings, which stimulated the development of biological 
alternatives. In this concept, pacemaker function is generated by genes or cells with 
the potential of providing a cure for bradycardias. Over the past years, significant 
improvements have been made in biological pacemakers, but issues remain in relation 
to long-term outcomes and safety, both of which require further investigation. On 
the other hand, efforts to improve electronic pacemakers have also intensified. The 
coming decades therefore will witness either improvements in electronic pacing to a 
point that removes the need for alternatives and/or significant advances in biological 
pacing that merit its application to man. 
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INTRODuCTION
Despite significant successes of electronic pacemakers, some important shortcomings 
remain. These range from functional problems such as inadequate autonomic 
responsiveness to hardware problems such as limited battery life.3-5 Additional 
downsides of electronic pacing include: pacemaker pocket/lead infections, lead 
fractures, electromagnetic interference, pacing from non-physiological sites associated 
with remodeling, and challenges for application in pediatric patients.6 Facilitated by 
an increased understanding of endogenous pacemaker function7 and the availability 
of gene and cell therapy, biological pacemakers have been developed in the past 
decade as a potential alternative to electronic pacing.5 

This thesis described some important steps made in attempting to improve 
biological pacemaker function. Part I (Chapter 1-2) introduced the various methods 
of gene and cell therapy that may be employed in heart rhythm disorders.8 Part II 
focused on the identification and exploration of optimized gene targets and delivery 
methods in the setting of bradycardia treatments. Chapter 3 showed the usefulness 
of lentiviral gene transfer in biological pacemaker engineering.9 This work provided 
important proof-of-concept in an effort to induce long-term pacemaker function. One 
other avenue which we explored was the development of a novel in vitro system to test 
cardiac gene and cell therapy. To this end, we reported the use of an organ explant 
system in Chapter 4.10 Due to the low-to-absent intrinsic spontaneous activity, this 
system appeared particularly useful in testing various methods relevant to biological 
pacing. One of the approaches tested here was the usefulness of cardiac myocyte 
progenitor cells (CMPCs; described in Chapter 5). When loaded with hyperpolarization-
activated cyclic nucleotide-gated channel (HCN)4, these cells coupled to myocytes in 
organ explants, thereby generating autonomically-controlled pacemaker activity.11 

Our results in these initial studies, together with the findings of others,12 suggest 
that biological pacing purely based on HCN overexpression are not sufficient to 
generate the required level of function (i.e., basal beating rates of 60-90 bpm, robust 
sensitivity to autonomic modulation, and low dependence on electronic back-up 
pacing). We therefore started to explore alternative methods. Based on its importance 
in sinoatrial node (SAN) development13, we selected overexpression of the T-box 
transcription factor TBX3 as a potential alternative to HCN-based biological pacing. 
In Chapter 6, we described the outcomes of reprogramming atrial and ventricular 
cardiac myocytes towards pacemaker-like cells using this method. We found that TBX3 
by itself did not induce ectopic pacemaker activity. Yet, TBX3-based reprogramming 
did induce an efficient switch from the working myocardial expression profile to that 
of pacemaker myocardium and may therefore be used to improve stem cell-based or 
HCN-based pacemaker function.14 

Part III describes several large animal studies in the framework of biological pacing. 
In Chapter 7, we investigated the sensitivity of HCN2-based biological pacemakers to 
emotional arousal. Here, we found that food presentation after an overnight fast induced 
a significant increase in beating rate and heart rate variability.15 This work represents 
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the first demonstration of a biological pacemaker responding to emotional arousal 
stimuli. In Chapter 8, we explored a novel approach to gene-based biological pacing 
via overexpression of the Ca2+-stimulated adenylyl cyclase AC1. Overexpression of AC1 
increases intracellular cAMP which impacts on a variety of pacemaker mechanisms, 
including the pacemaker current If.

16 When AC1 was overexpressed in the left bundle 
branch (LBB) of AV-block dogs, efficient biological pacing was generated with faster 
basal beating rates and greater sensitivity to autonomic modulation than HNC2.17 
Finally, in Chapter 9, we investigated the outcomes of biological pacing based on 
HCN2/SkM1. We hypothesized that HCN2-induced function would be improved by 
hyperpolarizing the action potential (AP) threshold via coexpression of SkM1. This 
study indeed demonstrated robust biological pacing with baseline bating rates in 
the 80 bpm range, brisk autonomic responsiveness, and a complete elimination of 
electronic back-up pacing with the latter being persistently required in previously 
explored strategies. In this study, we further showed function of HCN2/SkM1 to be 
critically dependent on a reduction in AP threshold and injection into the LBB.18

This discussion chapter readdresses the outcomes of the above-mentioned studies 
together with the ongoing advances in the field of biological pacing. Furthermore, it 
places these proceedings into context with the past, present and future of electronic 
pacemaker engineering.

A BRIEF HISTORy OF PACEMAkER THERAPIES
The initial medical use of electro-therapy has been assigned to Scribonius Largus of 
Sicily (3 B.C. – 54 A.D.). In his Compositiones Medicae (46 A.D.), Scribonius suggested 
the application of live electric ray to relieve pain in conditions such as headache 
and gout.1 As with many medical therapies this one was purely based on empirical 
knowledge that indicated anesthetic and analgesic effects after contact with these 
rays. A more physical approach to electricity came from Thales of Miletus (6th century 
BC) who described experiments in which rubbing amber with cat’s fur resulted in the 
generation of static electricity.19 Although Thales mistakenly interpreted his outcomes 
as being comparable to the magnetic properties of lodestone, it has been the Latin 
translation “electricus” (like amber) for Greek “ήλεκτρον” (elektron) - introduced by 
the 16th century English scientist William Gilbert - that gave electricity its now common 
name. After millennia of little to no progress, Gilbert revived the interest in electrical 
phenomena with his studies that carefully dissected the differences between static 
and magnetic electricity (De Magnete 1600). The subsequent initial appearance of the 
words “electric” and “electricity” in English writing is generally assigned to the work 
of Thomas Browne in his Pseudodoxia Epidemica (1646).20 

Significant progress that followed these early works occurred with the discovery 
of the Leiden jar (1745), as this apparatus provided the first capacitor that allowed for 
storage of static electricity in a relatively small glass container.21 In 1752, Benjamin 
Franklin used the Leiden jar to collect static electricity from thunderstorm clouds in 
his famous kite experiment, which helped him in proposing the concept of positive 
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and negative charge.22 The succeeding understanding of electricity operating within 
biological systems importantly came from the experiments of Luigi Galvani (1781).23 
This work showed that a frog’s leg twitches when brought into metallic contact with 
its crural nerves. It remains uncertain if this serendipitous observation was made by a 
laboratory assistant or by Galvani’s wife while preparing frog legs for supper. However, 
regardless of its discoverer, the outcome spurred further experimentation by Galvani, 
leading him to conclude that animals could produce electricity for which he considered 
fluids of brain and nerve as the primary source. Alessandro Volta proposed the metal 
(used in Galvani’s experiments) and not the animal’s nervous system was the source 
of electric energy.24 This theory encouraged him to build a column of copper and 
zinc discs with each pair being separated by saline soaked cardboard; the so called 
“Voltaic pile”.25 This apparatus was capable of generating electric current and was 
later recognized as the first battery. In the end, both men were right and their efforts 
marked a great step toward electricity-based therapies. Even without the electricity 
debate being resolved, contemporaries of Galvani and Volta had started to use the 
Leiden jar (as a source of energy) connected to an electrometer (to set the energy 
level) and two metallic strings (functioning as electrodes) to shock humans in settings 
requiring resuscitation.2 

In 1849 Hoffa and Ludwig showed that the application of strong constant currents 
to canine hearts caused an abrupt cessation of the normal heart beat and induced 
arrhythmic contractions that were insufficient to maintain normal blood pressure.26 
In attempting to terminate this lethal arrhythmia, Hoffa and Ludwig found that some 
hearts resumed regular contractions after the injection of cold calf serum into the 
coronary arteries. These experiments inspired McWilliam in 1887 to further study 
the concepts of ventricular fibrillation in which he started applying faradic (electric) 
currents to the hearts of various animals.27 After confirming the findings of Hoffa and 
Ludwig, he found that single shocks - applied directly to the exposed heart or delivered 
trans-thoracically - could induce single contractions without sending the auricles or 
ventricles into fibrillation.27 Two years later, McWilliam conceptualized transthoracic 
pacing as a therapy for cardiac resuscitation yet not without recognizing the following: 
“It is, of course, only in a very limited number of the cases of cardiac failure that the 
question of artificial excitation of the heart beat becomes one of practical importance” 
– clearly indicating that he did not expect a very broad application of this therapy. In 
any case, to test the concept of cardiac pacing, he proceeded with the application 
of single shocks to the exposed hearts of anesthetized cats in the setting of vagal 
stimulation-induced bradycardia.28 

It took another forty years before the first portable external pacemaker systems 
were reported by Lidwell and Hyman.29, 30 Lidwell was an anesthesiologist from Sydney 
who studied the electrograms of dying patients in whom he noted SAN dysfunction 
and conduction system failure as potential causes of death. Together with the 
physicist Booth he started building a device intended for the delivery of electrical 
stimuli during cardiac resuscitation. Their apparatus consisted of a pulse generator, a 
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skin pad-electrode soaked in saline, and a needle-electrode intended for positioning 
into myocardium. Using this device they were in 1929 the first to successfully pace 
the heart of a stillborn infant. Ten minutes later the heart continued beating without 
electrical assistance and the newborn survived.31 

Hyman, a physician from New York who teamed up with his physicist brother, was 
the first to patent the “artificial pacemaker” in 1933. Interestingly, the Hymans did 
not build their device to treat conditions such as SAN dysfunction or complete heart 
block; they were spurred by the “stopped heart”, a condition that frequently occurred 
in electrical power workers who had died suddenly after accidental electrocution.32 
Apparently both Lidwell and Hyman were more focused on the resuscitation setting 
and did not connect their pacemaker therapies to bradycardia and syncope that had 
already been recognized for centuries as potentially lethal conditions. Noteworthy 
in this respect are the early descriptions by the 18th century Italian anatomist and 
physician Giovanni Battista Morgagni33 and by the 19th century Irish physicians Robert 
Adams and William Stokes.34, 35 Unfortunately, due to a combination of technical 
difficulties and a general opinion against these types of interventions, both teams 
(Lidwell & Hyman) did not succeed in bringing the pacemaker to clinical practice. 

Subsequent breakthroughs occurred in the 1950’s. On the clinical side, Zoll 
revitalized the concept of cardiac pacing using transthoracic stimulation of the heart 
during resuscitation.36 On the engineering side, the commercialization of silicon 
transistors in 1956 critically contributed to the design and fabrication of battery-
powered pacemaker systems. The first successful implantation of such a system using 
epicardial leads was performed in 1958 by Elmqvist and Senning in Sweden.37 At the 
same time Furman and colleagues were the first to pace the heart via the transvenous 
route.38 In the 1960s the employment of permanent transvenous endocardial pacing 
and specific pacing modes were introduced. The latter included the ventricular 
inhibited and ventricular triggered protocols.39-41 In the 1970s pacemaker lead 
fixation was importantly improved, titanium was used to hermetically seal the pulse 
generator, and lithium-iodine-based power sources became available. These remain 
the first choice today. When durable and safe pacemakers had been generated, 
further developments in the 1980s focused on more physiological pacemaking via 
the employment of dual chamber and rate adaptive systems (i.e., pacemaker systems 
that accelerate heart rates indirectly in response to activity – via motion sensors, or in 
response to increases in breathing frequency).41 

Advancements in pacemaker therapies are ongoing. With regards to electronic 
pacemakers, the most recent efforts focus on the development of leadless systems 
and power sources that allow transcutaneous recharge.42 As a potentially disruptive 
technology, we and others started to employ the use of gene and cell therapies 
to develop biological pacemakers.3-5, 43 If successful, advantages of such biological 
pacemakers would include: 1) a more physiologic rate in response to sympathetic and 
parasympathetic stimuli, 2) pacing from more physiologic sites within the heart, and 
3) potential for life-long cure rather than temporary palliation. 
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IDENTIFyING TARGETS TO INDuCE/ENHANCE BIOlOGICAl 
PACING
HCN-based biological pacing
Exactly replicating all features of SAN pacemaker function may not be needed in 
approaches aimed at biological pacing. The goal is efficient pacemaker outcomes in 
conjunction with an optimal safety profile. The initial approaches therefore employed 
single gene transfer interventions and studied the level of function that could be 
generated.44-46 One of the most favorable strategies was the overexpression of HCN 
channels as these channels are directly sensitive to autonomic stimulation via binding 
of cAMP. The most extensive studies were performed in canines with complete heart 
block, in which adenoviral HCN2 was injected into the LBB (Chapters 7-9 and earlier 

Figure 1. Biopacemaker instabilities in vitro. (A) Typical optical activation maps of dual popula-
tion monolayers having centers of (left-to-right) GFP or HCN4 expressing cells surrounded by 
non-pacemaker cells. HCN4 monolayers demonstrate central activation and phase-4 depolariza-
tion (black arrows), whereas GFP monolayers demonstrate absence of both. (B) Optical action 
potential recordings from two different dual population HCN4 monolayers. Top: Typical recording 
of cycle length instabilities (dashed arrows; same monolayer as depicted in (A). Bottom: Typical 
recording of on-off switching behaviour. Gray arrows indicate subthreshold depolarizations, black 
arrow indicates initiation of stable central activation (unpublished data).

A

B
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references). In this setting, basal firing rates were 50-60 bpm, showed a modest response 
to pharmacological and emotional autonomic stimuli and overall accounted for ~50% 
of the beats (the remaining beats were generated by ectopic foci elsewhere in the heart 
or were electronically induced).12, 15 Studies with viral or stem cell delivery of HCN4 
suggest comparable outcomes with this isoform.47, 48 However, optimal pacemaker 
properties were targeted to have basal beating rates of 60-90 bpm, strong sensitivity to 
autonomic stimulation, and low-to-absent dependence on electronic back-up pacing. 
The recognition that the initial biologic pacemakers did not meet these requirements 
spurred the search for causes of dysfunction and alternatives aimed at improvement. 

Current-to-load mismatch in relation to biological pacemaker function
One hypothesis in relation to biological pacemaker dysfunction is that current-to-load 
mismatch could contribute to the relatively slow beating rates found in vivo.12, 14 This 
hypothesis was supported by the finding that in settings without load (e.g., in single 
cells and completely transduced monolayers), beating frequency was faster and less 
unstable.9, 49 However, important differences in the kinetics of overexpressed HCN2 
exist when comparing ion channel function in neonatal vs. adult myocytes.49 In neonatal 
myocytes, If activates at more depolarized potentials and therefore generates a more 
robust current, hence one would expect faster beating rates in this cellular environment. 
To further explore the concept of current-to-load mismatch, we therefore needed to 
keep HCN kinetics constant. To this end, we introduced electrical load of hyperpolarized 
myocardium to a monolayer of HCN4 expressing myocytes. We found that monolayers 
composed of a central area of HCN4 overexpressing myocytes surrounded by unmodified 
myocytes exhibited slower and unstable beating rates (Figure  1) as compared to 
homogeneously transduced monolayers (Chapter 3; Figure 6B).9 Although this may not 
conclusively proof a contribution of current-to-load mismatch to in vivo dysfunction of 
HCN-based biological pacemakers, it helped us conceptualize methods for enhancement 
of function. We assumed that biological pacemakers would be improved by approaches 
that further facilitate diastolic depolarization or reduce hyperpolarizing electrical load. 
The gene targets that have helped understanding and testing this theory and their 
relation to other approaches are discussed below and are summarized in Figure 2. 

Increasing diastolic depolarization via cation channels
Original improvements of gene-based biological pacemakers have been made via 
targeted mutagenesis of selected HCN isoforms. One hypothesis was to shift activation 
kinetics positively in order to increase channel availability during diastole. In this respect, 
two mutant channels have been studied, the point mutation construct HCN2-E324A 
and the HCN1 deletion construct (235–7EVY; designated HCN1-ΔΔΔ). HCN2-E324A 
showed improved sensitivity to catecholamine stimulation, yet overall function in vivo 
remained comparable to wild-type HCN2.12 A confounding factor in the comparison 
between wild type HCN2 and HCN2-E324A was the lower expression efficiency of the 
latter. With HCN1-ΔΔΔ, physiological beating rates were obtained in porcine atria; 
however, a significant dependence on electronic back-up pacing (~15%) remained.50 
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A downside of HCN1-based biological pacing is that this isoform is only minimally 
sensitive to stimulation by cAMP. This concern led to the design of the chimera 
construct HCN212 that incorporates strong sensitivity to cAMP based on the C terminus 
of HCN2 and fast activation kinetics based on the transmembrane region of HCN1. 
Unfortunately, this combination induced excessive increases in beating rates leading to 
bursts of ventricular tachycardia exceeding 200 bpm.51 In vitro and in silico studies later 
revealed potential mechanisms contributing to this burst pacing behavior of HCN212.52 
They showed that the faster activation kinetics in HCN212 vs wild-type HCN2 were 
most likely responsible for the faster beating rates in the chimera. The irregularities 
in the HCN212-induced rhythms may in part be explained by the non-equilibrium 
properties of the channel. For example, during consecutive pacing at rapid frequencies, 
the activation kinetics slow to such an extent that the time-dependent diastolic HCN 
current decreases. This type of negative feedback was less pronounced in HCN212. 
In addition, as a result of slower deactivation, HCN2 exhibited a more pronounced 
instantaneous current at slower beating rates. Hence, the frequency dependence of 
both time-dependent and instantaneous current generates stronger negative feedback 
in HCN2 than HCN212. These differences in negative feedback may have provided 
the basis for uncontrolled increases in heart rate in HCN212. At rapid rates, other 
mechanisms such as overdrive-suppression may have been responsible for the abrupt 
pauses in pacemaker activity. These studies suggest that channels with properties 
intermediate to HCN212 and HCN2 may generate more favorable outcomes.52

Because HCN-based biological pacing may be hampered by unpredictable 
results relating to heteromultimerization with endogenous channels,53, 54 the Marban 
group sought an alternative channel to generate inward current. To this end, they 
mutated the Kv1.4 potassium channel in the pore to obtain a hyperpolarization-
activated nonselective inward ion channel.55 Although this strategy appeared free of 
heteromultimerization and in some specific mutants generated physiological beating 
rates, 24h pacemaker stability was not reported. A downside of these channels is that 
they do not incorporate direct sensitivity to autonomic control. At this stage, work on 
this approach appears to have been discontinued. 

Increasing diastolic depolarization via β-adrenergic/cAMP pathways
The roles of β-adrenergic receptor (βAR) stimulation in enhancing cardiac inotropy 
and chronotropy have long been understood.56 This understanding facilitated the 
conceptualization of using β-adrenergic receptor overexpression as a novel therapy 
for cardiac chronotropic incompetence.44 In the heart, β1AR and β2AR stimulation are 
both importantly involved in the augmentation of beating rates.56 However, transgenic 
mice experiments suggested inferior outcomes in respect to enhancement of cardiac 
chronotropy when comparing overexpression of β1AR to β2AR.57, 58 Edelberg and 
colleagues therefore overexpressed the β2AR gene in spontaneously active cardiac 
myocytes and murine right atria (including SAN) in which they found increased beating 
rates.44 They next proceeded with catheter delivery of the β2AR construct into the SAN 
of the pig and again confirmed enhanced chronotropy.59 These studies were followed 
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by overexpression of adenylyl cyclase 6 (AC6,) a downstream target in the β-adrenergic 
signaling cascade.60 Here, an AC6 carrying adenovirus was injected into the left 
ventricular free wall. Ectopic activity could be induced by rapid electronic pacing and 
infusion of isoproterenol.60 A significant downside of both these approaches is the 
persistent dependence on adrenoreceptor stimulation for the induction of function. 

Finally, in an effort to improve HCN2-based biological pacing, the combination 
of β2AR and HCN2 overexpression has been studied. To this end, Charpentier and 
coworkers injected HCN2 and β2AR constructs (in a ratio of 3:1 and mixed with tetronic 
304, a poloxamine block copolymer) into the left ventricular free wall of mice that were 
made bradycardic 5 days later via His bundle ablation. They also injected HCN2 alone, 
but this only generated a minimal (insignificant) increase in ventricular ectopy activity, 
as compared to sham treated animals. The HCN2/β2AR group demonstrated ectopic 
activity at a rate of ~175 bpm ten to fifteen days after construct implantation, and 
showed significant sensitivity to autonomic stimulation as induced by isoproterenol. 
Although this rate of biological pacing would be too rapid for human application, it 
was interesting that the tetronic-based transfection method persisted over more than 
a month. This is particularly relevant, given the ease of construct preparation via this 
method.61 However, efforts to translate this approach to other animals such as Syrian 
hamsters62 and canines have thus far been unsuccessful, raising questions regarding 
its applicability to humans. 

From a functional viewpoint, β2AR overexpression appears an efficient approach 
to enhance HCN2-based biological pacing, although further optimization would 
likely be necessary to titrate the basal beating rates.61 A downside of this approach, 
comparable to what has been discussed above, is that the improvement of HCN2-
based function critically depends on beta-adrenergic stimulation. This may be 
particularly problematic in settings where beta-adrenergic stimulation is low such as 
during sleep or other inactivity. 

Increasing pacemaker function via adenylyl cyclase-engaged pathways
While looking into alternatives that would be partially receptor-stimulation 
independent, we considered Ca2+-stimulated adenylyl cyclases such as AC1 and AC8. 
We hypothesized that because of the intrinsically high cyclase activity and additional 
stimulation by Ca2+,63 gene expression would be able to generate a cAMP signal 
capable of inducing constant pacemaker function. Initial support for this hypothesis 
came from in vitro experiments investigating the role of Ca2+-dependent β-adrenergic 
signaling in modulation of HCN2.16 This study showed that AC1 increased baseline 
cAMP levels, positively shifted the activation V1/2 of overexpressed HCN2, and 
increased spontaneous beating in neonatal myocytes overexpressing HCN2. In a 
subsequent in vivo study (Chapter 8), an AC1 carrying adenovirus was injected into 
the LBB of AV-block dogs and showed robust pacemaker activity at baseline beating 
rates of ~60 bpm, low dependence on electronic back-up pacing (<2%), and >95% of 
the beats originating from the injected area.17 Furthermore, sensitivity to sympathetic 
modulation (as expressed by long-term beating rate variability) remained comparable 
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Figure 2. Summary of the various approaches employed to improve HCN-based biological 
pacing. Upper panels show schematic changes in action potential (AP) morphology based on 
the various strategies involved and compared to standard HCN2 overexpression (grey APs). A, In 
HCN2-E324A and HCN1-ΔΔΔ (blue AP) the activation-voltage relationship is shifted positively as 
shown in the left inset. In HCN212 activation kinetics are accelerated, as shown by the inset on the 
right, which resulted in ventricular tachycardia (red AP). B, AC1 overexpression (blue AP) increases 
intracellular cAMP which increases the If current and likely also stimulates Ca2+-based pacemaker 
mechanisms. HCN2/AC1 generated ventricular tachycardia (red AP). C, The Kir2.1-ΔΔΔ strategy, a 
dominant negative construct that blocks the inward rectifier current, reduces the maximal diastolic 
potential (red AP). D, SkM1 hyperpolarized the AP threshold (green AP) and thereby improved the 
rate of HCN2-based pacemaker function. The lower panel summarizes the study details, outcomes 
and anticipated next steps of the different strategies represent in the upper panels.

to HCN2, while sensitivity to parasympathetics (as expressed by short-term beating 
rate variability) was higher in AC1 than HCN2. When HCN2 and AC1 were co-expressed 
in this model, synergistic function was obtained with regard to basal beating rates, 
maximal beating rates, and sensitivity to sympathetic modulation (as expressed by 
long-term beating rate variability), yet to a degree that exceeded physiologically 
desirable ranges. This indicated that a potential benefit may be obtained from this 
combination, albeit not without further titrating individual gene expression levels. 
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Mechanistically, the AC1-based approach appears to stimulate both If-dependent 
and If-independent pacemaker function. Support for If-dependent pacemaker 
mechanisms came from the in vitro experiments discussed above. The interaction of 
AC1 with If-independent pacemaker mechanisms was demonstrated by experiments 
employing the use of the cAMP-insensitive mutant HCN2-R/E. In these experiments, 
carried out by Kryukova et al., it was shown that coexpression of AC1 with HCN2-R/E 
still resulted in a significant increase in beating rates without affecting kinetics of If.

16 
In vivo, the interaction between AC1 and If-independent pacemaker mechanisms was 
supported by the notion that the If-blocker ivabradine significantly slowed tachycardia 
in HCN2/AC1 to average beating rates of ~60 bpm, but did not completely terminate 
pacemaker activity (Boink et al.).17 This was in contrast to the finding that ivabradine 
completely silenced idioventricular activity in animals with tachycardia induced by the 
chimera construct HCN212 (Plotnikov et al.).51 

With regards to If-independent function of AC1, it appears likely that Ca2+-
based pacemaker mechanisms are at least in part responsible. Elevations in cAMP 
will stimulate protein kinase A–mediated phosphorylation which subsequently may 
enhance function of L-type calcium channels, phospholamban, ryanodine receptors, 
and K+ channels. Yet, to what degree these various proteins are functionally stimulated 
by AC1 and to what degree phosphorylation-independent mechanisms are at play, 
awaits further investigation. 

Facilitating diastolic depolarization by hyperpolarizing AP threshold 
In our search for means to improve HCN-based pacemaker function, we realized that 
beating rates and stability should also improve when the AP threshold is hyperpolarized. 
In myocytes of the working myocardium and the ventricular conduction system, the AP 
threshold is importantly determined by the availability of Na+-channels. In vitro studies 
indicated that overexpression of the cardiac Na+-channel (SCN5A) has only a minor 
effect on cardiac myocyte Na+-channel availability.64 This is because there is a large 
endogenous pool of Na+-channels and channel availability is primarily limited by the 
kinetics of inactivation. Thus, overexpressing SCN5A is expected to have only a minor 
effect on the AP threshold. In contrast, the skeletal muscle Na+-channel (SkM1) has 
inactivation kinetics 10-15 mV more positive than SCN5A.64 This difference in inactivation 
indeed appeared highly effective in restoring Na+-channel availability in the depolarized 
epicardial border zone of the infarcted heart, which resulted in normalization of impulse 
propagation and protection against reentry arrhythmias.65 However the effect of SkM1 
on AP threshold potential was not investigated in these studies. 

The impact of increasing Na+-channel availability on HCN2-based biological pacing 
was tested after injecting HCN2/SkM1 adenovirus into the LBB of AV-blocked dogs 
(Chapter 9). From day 4, when adenoviral gene expression plateaus, until day 7, at 
the time the study was terminated, biological pacing was highly stable and exhibited 
pacemaker properties well within the ranges previously defined as optimal.5 Beating 
rates were around 80 bpm during rest and increased during activity to maximal beating 
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rates of around 130 bpm; this completely eliminated the dependence on electronic 
back-up pacing. 

When looking into the mechanisms underlying the robust outcomes of HCN2/SkM1, 
we showed that injection into the LBB was indeed critically important for the obtained 
level of function. This was evidenced by the outcome of HCN2/SkM1-injected animals 
that received the construct subepicardially. In this case, basal beating rates, maximal 
beating rates and the dependence on electronic back-up pacing were all inferior to 
animals that received HCN2/SkM1 into the LBB. This outcome appears to result from 
specific LBB features such as presence of endogenous pacemaker function and a 
lower IK1 current density.66, 67 Secondly, we continued with the isolation of myocardial 
bundles and showed via microelectrode recordings that the AP threshold potential 
had been hyperpolarized as a result of SkM1 overexpression. In the presence of an 
unchanged maximum diastolic potential, the net result was that membrane potential 
was now closer to threshold. Thus, it appears that HCN2/SkM1 function is attributable 
to the bundle branch environment, slow diastolic depolarization induced by HCN2, 
and a hyperpolarized AP threshold facilitated by SkM1.18 

Reducing hyperpolarizing electrical load 
The idea of blocking the inward rectifier current IK1 to liberate endogenous pacemaker 
activity was one of the first approaches to biological pacing.45 In this setting, IK1 may 
be reduced by dominant negative proteins (e.g., Kir2.1-ΔΔΔ)45 or by small inference 
RNA (siRNA).68, 69 Yet, over the last years, this concept has largely been abandoned for 
its lack of direct modulation by autonomic stimuli. Recently, suppression of Ik1 function 
was revisited in the setting of co-expression of Kir2.1-ΔΔΔ with HCN2.70 Constructs 
were injected into the His bundle and induced efficient biological pacing at beating 
rates of 90-95 bpm. An unresolved concern with this approach remains the previously 
documented prolongation of AP duration induced by Kir2.1-ΔΔΔ.71 

REPROGRAMMING CARDIAC MyOCyTES TOwARD 
PACEMAkER-lIkE CEllS
Experiments by Hoogaars and colleagues intriguingly showed a critical role for the 
T-box transcription factor TBX3 in embryonic development of the SAN.13 These studies 
inspired us and others to investigate the possibilities of using T-box transcription 
factors as a tool to transdifferentiate working cardiac myocytes towards pacemaker-
like cells. To achieve this, we used tamoxifen-inducible transgenic mice and showed 
that expression of TBX3 in adult mice induced an efficient switch from the working 
myocardial expression profile to that of pacemaker myocardium (Chapter 6).14 
Important changes in gene expression included the suppression of genes encoding 
gap junction subunits (Cx40, Cx43), SCN5A, and inwardly rectifying K+-channels (Kir 
genes). These changes resulted in reductions of INa and IK1 and a concurrent slowing 
of conduction. This occurred, however, without the induction of ectopic pacemaker 
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activity. As an addition to the tamoxifen-inducible transgenic mouse system, we also 
explored the phenotypic consequences of lentiviral TBX3 expression in neonatal 
cardiac myocytes (Chapter 6). Here, we found TBX3 to induce a variety of phenotypes 
including depolarized and spontaneously active cardiac myocytes.14 Based on the 
results of both these studies we concluded that the reductions in intracellular coupling 
and IK1 are important reprogramming properties of TBX3. Thus, TBX3 expression is 
expected to reduce current-to-load mismatch, facilitate diastolic depolarization, and 
therefore may be applied to enhance biological pacing based on cell therapy or 
overexpression of HCN2. 

After testing a variety of different T-box transcription factors, Cho and colleagues 
identified TBX18 as yet another promising candidate for transdifferentiation 
toward pacemaker-like cells.72 During embryogenesis, TBX18 plays a crucial role in 
differentiation of mesenchymal progenitors to pacemaker cells in the formation of 
the SAN head.73 When TBX18 was overexpressed in adult guinea pig myocardium, a 
subset of the transduced myocytes adapted morphological and electrophysiological 
characteristics of SAN cells including: reduced Cx43, reduced IK1, increased HCN4, 
increased cAMP, and increased spontaneous Ca2+ cycling.74 In isolated AV-block hearts, 
these cells generated baseline heart rates of ~160 bpm with significant sensitivity to 
autonomic modulation. The value of this approach is, however, difficult to assess as 
these rhythms are too rapid for human application and too slow for guinea pigs. It thus 
remains to be seen what level of function can be generated by TBX18 in more clinically 
relevant models such as pigs or dogs in complete heart block. 

Although the outcomes with TBX3- and TBX18-based reprogramming are 
encouraging, a general concern is the incomplete success rate, meaning that a variety 
of different phenotypes may be generated. This was clearly illustrated by the TBX3 
study in which at least 4 different phenotypes could be identified after reprogramming 
in vitro and in vivo. Furthermore, in the TBX18 approach, this type of heterogeneity 
was illustrated by the finding that only 13% of the TBX18 modified cells expressed 
HCN4. Also, when different cocktails of transcription factors were applied to healing 
myocardial infarcts, the efficiency of reprogramming fibroblasts towards ventricular 
cardiac myocytes ranged from 2-35%, further underlining the stochastic basis of this 
type of interventions. Additional studies are required to optimize the reprogramming 
efficiency and to establish to what extent a robust pacemaker phenotype that persists 
over time can be generated. 

ADvANCES IN CEll-BASED BIOlOGICAl PACEMAkERS
In addition to the approaches discussed above, biological pacemakers may be 
fabricated via cell therapy. Conceptually, the cell-based approaches are divided into 
1) strategies that generate cells with pacemaker-like properties or 2) strategies that 
use cells as a delivery vehicle for gene constructs. In the latter method, donor cells 
typically lack the machinery for cellular excitability, but couple or fuse to adjacent 
myocytes to form a functional pacemaker unit.
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The usefulness of pacemaker-like cells
The initial approach exploring cells with pacemaker-like properties employed fetal atrial 
and SAN cells.75 Although these cells appeared capable of inducing idioventricular 
rhythms in AV-blocked dogs, they were never realistically considered for clinical 
applications. Nevertheless, these fetal cells generated important proof-of-concept for 
the exploration of other cell sources. One such source was provided by embryonic 
stem cells (ESC). These cells are typically cultured on an embryonic fibroblast feeder 
layer and can differentiate into a lineage of spontaneously active cells. Here, the 
ESC layer is dispersed into small clumps and cultured in suspension where the cell 
clumps further aggregate to form embryoid bodies. When spontaneously active 
embryoid bodies were transplanted into pigs with chronic AV block, they induced 
significant pacemaker function that persisted over a period of weeks.76 A downside 
of this approach was the continued need for immunosuppression, blocking further 
translation towards clinical application. 

Methods to bypass the need for immunosuppression may be provided by autologous 
or undifferentiated (discussed below) cells. Initial approaches here included the use of 
progenitor cells that originally reside in the heart and that may be differentiated ex vivo 
towards spontaneously active cardiac myocytes.77 In addition, a major breakthrough 
has been provided by the development of induced pluripotent stem cells (iPS). In this 
approach, a cocktail of transcription factors (e.g., Oct3/4, Sox2, c-Myc, and Klf4) is used 
to dedifferentiate readily accessible cells (e.g., skin fibroblasts or hair keratinocytes) 
into a pluripotent state.78 Once the cells have become pluripotent, they can be induced 
toward cardiac myocytes using the embryoid body method similar to the differentiation 
of embryonic stem cells.79, 80 Proof-of-concept for the use of iPS-derived cells in 
biological pacing is at this stage limited to in vitro studies, yet stable physiologically-
controlled pacemaker activity could be demonstrated over a period of 15-days.81 It is 
therefore expected that at least during several weeks the in vivo level of function will 
be comparable to the ESC-based approach. The next test will come from long-term 
studies investigating safety and stability of function in a large animal model. 

Cells as gene delivery vehicle
As a non-viral alternative to ion-channel delivery, the use of human mesenchymal 
stem cells (hMSCs) has been explored.82, 83 The extensive safety data available for this 
approach would facilitate the clinical translational application in comparison to viral 
techniques. In this concept, the (undifferentiated) hMSCs are loaded with a pacemaker 
channel (e.g., HCN2), couple to cardiac myocytes via gap junctions, and deliver the 
If current to the host cell via electrical coupling.84 After in vitro proof-of-concept was 
obtained, cells were injected into the left ventricular free wall in AV-blocked dogs. Here, 
dose-dependent ectopic pacemaker activity was demonstrated exhibiting basal beating 
rates of 50-60 bpm and a moderate response to catecholamine infusion.85 A setback 
to this approach was that pacemaker function started to decrease after ~8 weeks. Loss 
of function may relate to migration of cells outside the injected area. This appears 
particularly likely as no signs of rejection or apoptosis were seen at the 6 week time 
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point. Efforts to improve maintenance in the target area have therefore focused on 
biomaterials that anchor or encapsulate the cells, yet currently these have not been 
tested in vivo.86 

Alternatively, stem cell maintenance may be improved by the use of cells that are 
native to the heart. To this end, we started working with cardiac myocyte progenitor 
cells (CMPCs).87 We found these cells to express cardiac connexins including 
Cx40, Cx43 and Cx45, allowing them to couple with cardiac myocytes through the 
formation of gap-junctions. When CMPCs were loaded with HCN4, they generated 
physiologically controlled pacemaker activity in organ explant cultures of neonatal 
rat right ventricle (Chapter 4-5).11 Nevertheless, demonstration of in vivo function and 
evidence for substantial longevity of this approach has yet to come.  

A different strategy that also used cells as a gene delivery vehicle was tested by 
Cho et al. They induced in vivo fusion of HCN1-loaded fibroblasts to guinea pig cardiac 
myocytes via co-application of polyethylene glycol.88 Although this approach induced 
trains of ectopic activity, concerns exist with regard to the effects of polyethylene 
glycol on cardiac myocyte geometry and tissue architecture. 

Bio-electronic pacing by pulses of light
The concept of cellular biological pacing was recently approached from a different 
perspective when Entcheva and colleagues modified a HEK cell line to express light 
sensitive ion channels.89 Similar to some of the above-discussed approaches, this 
technique uses the property of these cells to couple to myocardium and deliver ion 
currents via gap junctions. In a co-culture setting, these rhodopsin2-expressing HEK 
cells were able to optically pace neonatal cardiac myocytes with a spatial resolution 
superior to electronic stimulation. To permit in  vivo application, the HEK cells need 
to be exchanged for cells such as hMSCs or a viral system. With regards to the in vivo 
delivery of light pulses, an optimized optical fiber system will likely suffice. Advantages of 
adding optogenetics to electronic pacing would include reduced energy consumption 
and potentially improved freedom with regards to stable lead positioning.90

COMPARING FuNCTIONAlITy OF THE MOST PROMISING 
STRATEGIES
Given the level of validation in large animal models and the outcomes in these studies, 
the following gene therapy-based approaches are at this stage considered most 
favorable: AC1, HCN1-ΔΔΔ, HCN2/AC1, HCN2/Kir2.1-ΔΔΔ, and HCN2/SkM1.17, 50, 70 As 
discussed above, each of these approaches has its individual strengths and weaknesses. 
Yet, it remains difficult to perform a direct comparison, because testing sometimes 
occurred in different animal models. Despite this limitation, it appears that the AC1- 
and HCN2/SkM1-based strategies offer the most robust outcomes when looking into 
the combination of basal function and sensitivity to autonomic modulation. In  vivo 
studies suggest inferior sensitivity to autonomic stimuli for the HCN2/Kir2.1-ΔΔΔ- and 
HCN1-ΔΔΔ-based approaches.50, 70 
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Comparing the AC1 and HCN2/SkM1 gene transfer approaches to some of the 
more relevant stem cell or reprogramming strategies is at this stage difficult. This is 
because these latter alternatives have primarily been tested in  vitro or in rodents, 
which makes the extrapolation to large animals difficult. However, the reprogramming 
approaches or methods that use iPS to obtain pacemaker-like cells probably have 
the strongest potential for the generation of cells that closely resemble properties of 
SAN myocytes. It remains to be seen if this will generate the most reliable biological 
pacemaker. Experiments with the transplantation of SAN cells into the right ventricle 
of AV-blocked dogs demonstrated suboptimal function with basal beating rates of 
45-55 bpm and significant dependence on electronic back-up pacing.91 This suggests 
that SAN-like cells may not be the best impulse generator for application in ventricular 
tissue. On the other hand, approaches based on reprogramming of iPS-derived cells 
may generate biological pacemakers that operate at more depolarized potentials, 
which may be better suitable to pace the low IK1 environment of the atrium. 

Although baseline function and sensitivity to autonomic modulation are relevant 
benchmarks for the comparison of different biological pacemaker strategies, they 
need to be accompanied by reliable long-term function and an undisputable safety 
profile. Thus far, a detailed analyses of safety and long-term pacemaker stability are 
lacking. The HCN2/SkM1 approach will likely be followed up via delivery by lentiviral 
vectors or autologous stem cells such as MSCs or CMPCs. In addition, the HCN1-
ΔΔΔ, HCN2/Kir2.1-ΔΔΔ, AC1 and HCN2/AC1 based biological pacemakers may be 
better delivered via adeno-associated virus (AAV) vectors. More definitive conclusions 
with regard to the most favorable biological pacemaker performance will therefore 
come from long-term animal trials that compare function between the different 
approaches. Such studies should also investigate safety and toxicity in the setting 
of both normal cardiac homeostasis and pathologic conditions such as ischemia, 
myocardial infarction, and heart failure. These studies should aid in the selection of 
the most favorable approach. 

FROM ExPERIMENTAl STuDy TO ClINICAl TRIAl?
The field of biological pacing has shown intriguing advances over the past decade: a 
variety of concepts has been tested in different models. The function that is generated 
by some of the gene-based approaches has the potential of being superior to electronic 
pacing. In contrast, strategies employing reprogramming or cell therapy have not yet 
demonstrated this level of function and reproducibility. The reprogramming and stem 
cell-based approaches are therefore expected to have a longer road ahead before 
clinical testing can be considered. Yet, regardless of the approach, whether based 
on genes, transcription factors or cells, many important steps lie ahead, including 
optimization of well-controlled delivery methods and the demonstration of persistent 
and safe long-term function. Although selected systems such as AAV and lentiviral 
vectors have shown to be capable of introducing long-term gene expression in the 
heart,92, 93 it remains unclear how working myocardium or bundle-branch myocytes 
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respond to persistent expression of pacemaker-related genes or transcription factors. 
In addition, serious concerns remain with regard to safety. When employing gene 
therapy, it would be particularly important to minimize off-target gene expression and 
demonstrate that the risk of insertional mutagenesis is indeed absent or very low. 
With regard to the use of cells, particular attention should be paid to the evaluation of 
potential neoplastic degeneration. 

In any approach, thorough evaluation of potential proarrhythmia will be essential. 
Here, all strategies may have their individual downsides in relation to the introduction 
of structural heterogeneity or electrical heterogeneity. Kir2.1-ΔΔΔ has been 
demonstrated to prolong AP duration, a condition that is linked to lethal torsade de 
pointes arrhythmias.71 The elevation of cAMP induced by AC1 may impact on Ca2+ 
handling and could be a cause of problems in relation to Ca2+ overload and triggered 
activity.17 With the SkM1 construct, Ca2+ overload appeared not to be an issue and 
repolarization remained unchanged. Yet, given the bigeminal rhythms associated 
with bradycardias in AV-blocked animals that received SkM1/GFP,18 there may be a 
facilitation of early afterdepolarizations94 or reentry95 that becomes relevant at slow 
heart rates. The observation that arrhythmias did not occur in the HCN2/SkM1-based 
approach speaks for this strategy, yet it does not obviate the need for future efforts to 
analyze potential arrhythmia risks.

If safety and function can be assured, it becomes relevant to ask in which 
patients biological pacemakers should initially be applied. It is not expected that the 
biological approaches to bridge AV-nodal dysfunction will catch up any time soon 
with the success of biological pacing.96-98 Therefore, the initial application area will 
likely be that of demand ventricular pacing. Some investigators have suggested 
that biological pacemakers may be applied using adenoviral vectors in a setting of 
electronic pacemaker lead infection to bridge the time between lead extraction and 
re-implantation.4 A concern of this type of intervention is the potential facilitation of a 
dissemination of the ongoing infection as well as the function of adenoviral constructs 
to induce inflammation in their own right. Alternatively, we feel that biological 
pacemakers may best be utilized in a tandem approach with electronic pacemakers.12 
This may provide the advantages of autonomically controlled biological pacing from a 
physiological site together with the proven back-up safety of an electronic pacemaker. 
An additional advantage would be the reduced power consumption of co-applied 
electronics, thus providing improved durability of the combined therapy. Early stage 
biological pacing may be applied to patients who are now primary candidates for 
lone ventricular pacing such as those suffering from permanent atrial fibrillation in 
combination with AV-block. Here, patients who have developed adverse remodeling 
from right ventricular pacing may particularly benefit from biological pacing generated 
in a proximal site of the ventricular conduction system. 

What is the likelihood that some of the approaches to biological pacing will really 
reach the level of clinical testing? The answer to this question remains speculative, 
yet recent developments in the field of gene therapy suggest this to be a realistic 
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expectation. Firstly, advances in gene therapy for cardiac failure have been proven 
safe and effective in phase I/II trials.99, 100 Secondly, even in complex multifactorial 
pathologies such as Parkinson’s disease, gene therapy has successfully completed 
phase II testing.101 Remarkably, this success was obtained in a biological approach 
of deep brain stimulation.102 Thirdly, last year’s EMA approval of Glybera (an AAV-
based gene therapy for lipoprotein lipase deficiency) sparked enthusiasm in relation 
to the final step from successful clinical trial to market introduction of a gene therapy 
product. Finally, the demonstration of safety and perhaps some efficacy of cardiac 
progenitor cells in early stage clinical trials are another reason for optimism.103, 104 

CONCluSIONS
Developing biological pacemakers has been a scientific journey that has taught us 
a great deal about a variety of genes and cells, which may find its application in or 
outside the field of cardiac pacing. Just like McWilliam and the Hymans were not 
aware of their contribution to development of therapies for Adams-Stokes disease, the 
exact areas in which our work may be applied also remain unknown at this stage. Yet, 
despite potential heuristic returns, significant improvements in pacemaker function 
have been made, and given the current pace of progress, it is expected that the 
coming years will see successful biological pacing in long-term animal studies. If these 
studies demonstrate the pacemaker function that has already been obtained in short-
term animal trials and safely provide pacemaker properties superior to those of the 
continuously improving standards of electronic pacing, then we are likely to see the 
initiation of clinical biological pacing. 
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ABSTRACT
Cardiac arrest is the number one cause of death in the developed world. Ventricular 
arrhythmias relating to ischemia and myocardial infarction are a major contributor and 
therefore require aggressive treatment. Drugs, devices and radiofrequency catheter 
ablation have made inroads, but suffer from important limitations ranging from 
incomplete success to significant toxicities and major side effects. These limitations 
derive from the nature of the intervention: drugs target the entire heart rather than 
a specific substrate for arrhythmias, devices terminate rapid rhythms but do not 
impact on the underlying disease, and ablation is appropriately targeted but results 
in tissue damage. In an effort to resolve this suboptimal state of affairs, gene and cell 
therapies are being explored to provide a targeted, non-destructive and potentially 
regenerative approach to ventricular arrhythmias resulting from myocardial infarction. 
Although these approaches are still in early stages of development, they are expected 
to revolutionize the way in which we treat arrhythmias. 
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INTRODuCTION
Heart disease is the leading cause of death in the developed world killing nearly 
600.000 individuals in 2010 in the U.S. alone. Ventricular arrhythmias associated 
with ischemia and myocardial infarction are a major contributor: the predominant 
underlying electrophysiological mechanism is reentry.1 Early in the 20th century, Mayer 
laid the foundation for our understanding of reentry. He induced sustained rhythmic 
muscle activation circling a ring cut from Scyphomedusae subumbrella tissue.2, 3 Mines 
expanded on these experiments using vertebrate hearts and importantly suggested 
a link between reentry and the occurrence of clinical arrhythmias.4, 5 In the process, 
he predicted the mechanism of Wolff-Parkinson-White (WPW) Syndrome and also 
described the interventions that would have to be performed to diagnose reentry as 
the mechanism. 

These early insights noted that reentry may be prevented by strategies that 
generate bidirectional conduction block by either blocking conduction or prolonging 
refractoriness, or by restoring normal, fast conduction in depressed areas. It took, 
however, until the 1970s before mechanistic insight implicating reentry could be 
definitively confirmed. In patients with the WPW Syndrome, premature ventricular 
stimulation and epicardial mapping studies had suggested an accessory atrio-
ventricular pathway to be responsible for the circus movement tachycardia.6, 7 Yet, 
important confirmation of this hypothesis came from surgical studies in which such 
a pathway could be identified using epicardial mapping followed by interruption of 
the pathway via incision. Successful cases showed disappearance of preexcitation, 
as evidenced by loss of the delta wave on the ECG, in conjunction with removal of 
the tachycardia.8, 9 

In the 1970s as well, more drugs that slow conduction and drugs that prolong 
refractoriness were becoming available, and experimental studies indicated significant 
potential for these interventions in terminating reentrant pathways. Yet, during 
those days, the application of antiarrhythmic drugs was rather empirical. Following 
the Lown classification, the hypothesis was that suppressing premature ventricular 
depolarizations after myocardial infarction would suppress lethal arrhythmias and 
thereby mortality.10 This initially led to the Cardiac Arrhythmia Pilot Study (CAPS) which 
showed that Na+-channel blockers encainide and flecainide met the pre-specified 
efficacy criteria of more than 75% reduction in the number of ectopic beats.11

Outcomes of the CAPS trial were interpreted as needing confirmation in larger 
scale follow-up studies leading to the Cardiac Arrhythmia Suppression Trial (CAST). 
This study investigated both arrhythmia suppression and mortality in patients post 
myocardial infarction. Yet, the study was terminated prior to completion as interim 
reports indicated that encainide, flecainide and moricizine were associated with a higher 
mortality than placebo, particularly related to sudden cardiac death.12, 13 While this was 
a huge setback to the field, CAST focused increased attention on the mechanism of 
drug action. Since class I antiarrhythmics had failed, it was proposed that a different 
class of antiarrhythmics (i.e., class III) might provide the required specificity needed 
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to prevent lethal post myocardial infarction arrhythmias. To this end, the Survival With 
Oral D-sotalol (SWORD) trial was initiated. This study investigated a specific blocker 
of repolarizing current, as the d-enantiomer of sotalol lacks β-adrenergic blocking 
actions of the d,l-racemate. Yet, again mortality was higher than with placebo.14 While 
excess proarrhythmia was thought to be a major cause of death in SWORD, specific 
arrhythmias, particularly torsade de pointes ventricular tachycardia, could not be 
linked to the study’s fatalities.15 In the meantime, the Conventional versus Amiodarone 
(a class I, II, III and IV blocker) Drug Evaluation (CASCADE) study did show reduced 
total cardiac mortality in post myocardial infarction patients. Yet, mortality rates 
remained high and amiodarone use was associated with significant thyroid dysfunction 
and pulmonary toxicity.16 

To date, antiarrhythmic drug therapy has still not reached the success that was 
hoped for. Radiofrequency (RF) ablation provides a more targeted intervention, 
but efficacy has been incomplete and its precision is not sufficient to avoid major 
myocardial damage. Furthermore, the implantation of cardioverter/defibrillators 
saves many lives, yet their painful shocks importantly call for therapies that maximally 
reduce their need or intervention rate.17 With the arrival of gene and cell therapy, new 
opportunities have surfaced for the development of such therapies. The antiarrhythmic 
strategy of speeding conduction, that had been difficult pharmacologically, is now 
within reach. Gene therapy to improve conduction indeed demonstrated encouraging 
outcomes with regards to the prevention of ventricular tachycardia/ ventricular 
fibrillation (VT/VF).18-21 However, it remains uncertain to what extent the prevention of 
these arrhythmias is critically linked to: 1) the gene intervention used, 2) the degree of 
conduction normalization obtained, and 3) the delivery vehicle involved. In part IV of 
this thesis, we therefore focused on answering these questions.

In chapter 11, we compare several gene interventions aimed at speeding 
conduction in a canine model of subacute myocardial infarction.22 Here, high 
extracellular potassium concentrations and acidification lead to depolarization induced 
Na+-channel inactivation and closure of Cx43 gap junctions; both changes importantly 
contribute to slow conduction. The following selected gene interventions were 
specifically designed to withstand these ischemic conditions: 1) the depolarization 
resistant skeletal muscle Na-channel (SkM1), 2) the acidification resistant connexin 
(Cx32), and 3) the combination of both SkM1 and Cx32. Seven days after adenoviral 
construct implantation and creation of myocardial infarcts, we proceeded with in 
situ electrophysiological testing. We found that all three interventions normalized 
conduction, as evidenced by significantly shorter QRS durations, narrower local 
electrograms, and faster in  vitro conduction velocities. Furthermore, a subanalysis 
of QRS duration during premature electrical stimulation (PES) from the epicardial 
borderzone (EBZ) showed fastest ventricular activation in the SkM1/Cx32 group. 
However, only the SkM1 intervention significantly reduced the incidence of inducible 
VT/VF, thus indicating the criticality of the genetic intervention involved and the level 
of conduction restoration obtained. 
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Given the more favorable outcomes for SkM1 in restoring rapid impulse propagation 
and preventing VT/VF, chapters 12 and 13 focus on testing an alternative delivery vehicle 
for this approach. We speculated that a cellular delivery platform could positively impact 
on damaged myocardium and therefore might provide an attractive alternative to the 
viral approach.23 To this end, we started testing the delivery of SkM1 via gene-modified 
human embryonic kidney (HEK) cells.24 Because these cells endogenously express the 
cardiac connexin (Cx43) and are easily manipulated in the laboratory, they provide an 
attractive initial screening tool for cellular delivery of ion channels. Similar to previous 
work with viral delivery25, we also asked if delivery of SkM1 would be superior to delivery 
of the Nav1.5 cardiac Na-channel. Using patch-clamp and optical mapping, we confirmed 
feasibility and superiority for cellular delivery of SkM1 in restoring the action potential 
(AP) upstroke and the speed of conduction in depolarized tissue. These outcomes 
encouraged us to move the cellular SkM1 approach forward into intact canine testing.

In chapter 13 we use the mesenchymal stem cell platform to deliver SkM1 into 
the EBZ of infarcted canine heart.26 We studied 3 groups of dogs: sham, canine 
mesenchymal stem cells (cMSC) and cMSC/SkM1 and found in vivo EBZ electrograms 
to be broad and fragmented in sham, narrower but still fragmented in cMSC, and 
narrow and unfragmented in cMSC/SkM1. Furthermore, during PES of EBZ, QRS 
duration in cMSC/SkM1 was shorter than in cMSC and sham. However, despite the 
potentially therapeutic actions of cMSC/SkM1, no protection against arrhythmias was 
obtained, as PES-induced VT/VF was equivalent in all groups. When comparing the 
outcomes of cellular and viral delivery of SkM1, we concluded that the viral delivery 
method is superior for obtaining the SkM1-based antiarrhythmic effect.

The present chapter discusses the various approaches aimed at speeding 
conduction and tries to answer why they sometimes succeed and sometimes fail in 
the prevention of VT/VF. Subsequently, we will place the successful strategies into 
perspective with other emerging therapies targeting myocardial infarction-related 
arrhythmias and recapitulate the steps to be taken in moving these therapies forward 
towards clinical application.

GENE THERAPy TO IMPROvE CONDuCTION AND PREvENT 
REENTRy-BASED vT/vF
Several studies have shown favorable outcomes using gene therapy approaches to 
speed conduction and prevent VT/VF.18,20, 21 Initial proof-of-concept for sodium channel 
overexpression came from Lau and colleagues who used adenoviral gene transfer to 
overexpress SkM1 into the EBZ of infarcted canine hearts.20 In this setting, they found 
significantly reduced arrhythmia inducibility, normalized local electrogram duration 
in the intact heart, and increased phase 0 upstroke velocity in APs of depolarized 
myocardium excised from the heart. In a subsequent epicardial mapping study, the 
investigators showed that SkM1 overexpression significantly increased longitudinal 
conduction in the EBZ.27 Furthermore, SkM1 gene transfer also reduced the incidence 
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Figure 1. Schematic cartoon of the infarcted heart treated with various viral and stem cell approach-
es to normalize conduction and modify the arrhythmogenic substrate. In the control situation, 
viable areas surrounding the infarct harbor slow conduction and in combination with unidirectional 
block predispose to reentrant 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 reentrant 
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 accel-
eration of conduction which makes the reentrant 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 


of spontaneous arrhythmia in a murine model of ischemia-reperfusion.18 Reentry is 
considered to be the major mechanism involved in arrhythmogenesis 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 normalizing conduction, centers around improving 
gap junction function. Here, Cx32 overexpression reduced arrhythmia incidence as 
effectively as SkM1 in mice following ischemia/reperfusion.18 Similarly, Cx43 gene 
transfer was tested in porcine hearts manifesting inducible monomorphic VT.19 In 
this model, infarcts were created via temporary LAD 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 
from 100% to 40%. A concern with both connexin gene transfer strategies employed 
is that, in settings of acute myocardial infarction, they can increase the spread of 
mediators of injury from cell to cell, 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.22, 28 Although Cx43 channels close upon 
ischemia induced acidification (potentially reducing the risk for larger infarcts), this 
process is incomplete.29 Concerns with regards to connexin overexpression in settings 
of ischemic heart disease therefore apply to all the isoforms tested. 

Another approach to speed conduction and prevent reentry-based arrhythmias 
may stem from interference with the micro RNA, miR-1.21 MiR-1 levels are elevated 
in clinical and experimental settings of myocardial infarction, resulting in reduced 
expression of Cx43 and Kir2.1.21 Their outcomes are depolarized cell membranes 
and slowed conduction. Based on this knowledge, Yang and colleagues tested 
antagomir inhibition of miR-1 in myocardially infarcted rats in which they found 
more hyperpolarized membrane potentials, accelerated conduction and suppressed 
ventricular arrhythmias.21 In a different study investigating micro RNA-related 
arrhythmogenesis, miR-1 overexpression increased Ca2+-cycling participating in 
isoproterenol-induced arrhythmias in  vitro.30 Although both studies indicate a role 
for suppressing miR-1 as an antiarrhythmic approach, the large number of processes 
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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 reentrant 
arrhythmias was generated. Possibly, the Ad-SkM1/Cx32 and cMSC/SkM1 interventions improved 
conduction in reentrant circuits that otherwise would have remained silent (represented by the 
differently positioned circuits), thereby maintaining a substrate for polymorphic arrhythmias. Note 
that the reentrant circuit is slightly larger than in control and SkM1 such that, despite the improved 
conduction, reentry 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 (expect for Ad-SkM1) 
were induced by premature stimulation.22 See text for further details. EBZ: epicardial borderzone.
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regulated by miR-1 may add to the complexity of such a strategy. For example, 
reductions in miR-1 have also been found in association with hypertrophic remodeling 
during heart failure.31, 32 

NORMAlIZING CONDuCTION: wHy SOME STRATEGIES 
PREvENT vT/vF AND OTHERS DON’T
The finding that strategies which provide comparable efficiency in restoring impulse 
propagation impact differently on arrhythmia inducibility 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?

I will start by comparing the efficacy of various strategies that speed conduction. 
For this comparison I will focus on the data that are available from mice and dog 
studies as presented in Table 1. In in  vitro studies, 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 vs 
control, whereas Cx32 does not differ from control. This corresponds to the baseline 
murine QRS duration which is also shorter in SkM1 vs control and is likely caused by 
the relatively large abundance of connexins in healthy tissue. Hence, increasing the 
number of gap-junctions at baseline does not affect conduction. Sodium channels, on 
the other hand, appear to be a rate limiting factor in normal conduction. Despite these 
differences at baseline, SkM1 and Cx32 were remarkably similar in restoring impulse 
propagation during combined application of high potassium (generating membrane 
depolarization-induced inactivation of cardiac Na+-channels) and low pH (inducing 
closure of gap junctions).18 Similarly, in canine subacute myocardial infarcts, QRS 
duration (during sinus rhythm and PES) and 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 Cx32.22 
A final intervention studied in canine was cMSC/SkM1, which was compared to the 
injection of unmodified cMSCs and uninjected sham animals. The finding that cMSC 
and cMSC/SkM1 generated a relatively comparable shortening of QRS duration in 
infarcted canine myocardium was unexpected. Yet, differences between these two 
interventions became apparent when we compared the duration of local electrograms 
and found outcomes in cMSC/SkM1 to be superior as compared to cMSC. When 
comparing QRS and local electrogram durations between stem cell and viral delivery 
of SkM1, outcomes appeared comparable.26

Another aspect to consider in comparing the above discussed studies is the area at 
risk or the area of tissue damage. This distinction stems from the model being applied. 
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Ischemia-reperfusion injury is quantified by the area that is at risk for infarction if there 
were complete coronary occlusion. Infarct models are typically quantified for their size, 
expressed as percentage of the total heart. Assessing the outcomes in Table 1, Cx32 
overexpression increases infarct size in mice and dogs.22, 28 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 membrane 
compartment is also being overexpressed (SkM1 in this case).22 Also, the stem cell 
interventions tested did not significantly alter infarct size.26 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).18

Final factors to consider are the application site, distribution and subcellular 
location of the various therapies. In the murine studies, single injections were made 
into the anterior left ventricular wall. This procedure resulted in transgene expression 
throughout both ventricles with higher protein levels in left vs right ventricle.18 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, we detected clear membrane staining of SkM1 
and Cx32 and confocal images suggested a potential concentration of this expression 
at the intercalated disk.22 In contrast, SkM1-expressing cMSCs were randomly 
distributed through the EBZ and did not form intercalated disks.26

I 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 antiarrhythmic. A confounding factor in this outcome appears to be 
the larger infarcts in Cx32-treated animals.22, 28 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 SkM1.18 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 1). 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. Yet, the shorter QRS duration during premature stimulation in SkM1/
Cx32 vs SkM1 and Cx32 suggests the possibility of novel pathway formation. If these 
pathways support reentry and otherwise would have remained silent, they could now 
oppose the antiarrhythmic effect of speeding conduction (Figure 1).22 A comparable 
mechanism may have prevented cMSC/SkM1 from being antiarrhythmic (Figure 1). 
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Another problem with the cMSC/SkM1 approach is that a subcellular location of SkM1 
at the intercalated disk was not demonstrable. Suboptimal distribution of the channel 
within the cell may have contributed to the failure to prevent arrhythmias. 

In sum, the above-discussed combination of studies indicates that, although 
speeding conduction in suppressed areas may be antiarrhythmic, the following 
aspects need to be evaluated before therapies are applied: 1) the risk that increased 
gap junction function increases myocardial damage, and 2) 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. 

OTHER GENE-BASED THERAPIES TARGETING MyOCARDIAl 
INFARCTION RElATED ARRHyTHMIAS 
In addition to attempts that speed conduction and prevent reentry, other gene and 
cell therapy strategies have been investigated to prevent myocardial infarction-related 
arrhythmias. These can be divided into strategies that prolong refractoriness, restore 
Ca2+-homeostasis, reduce myocardial damage or promote recovery from infarction. 

Prolonging refractoriness
The use of class III antiarrhythmics (drugs like dofetilide that prolong AP duration, 
i.e., blockers of the delayed rectifier outward K-current) is largely hampered by their 
global effects on repolarization. The latter results in a lengthening of the QT interval 
which is associated with increased occurrence of torsade de pointes VT. To overcome 
the limitations of interfering with global repolarization, Donahue and co-workers 
developed a targeted approach for K-channel blockade.33 They selected the dominant 
negative HERG mutant G628S, known for its association with the long QT syndrome, 
and introduced it into 4-week old porcine infarcts which had 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 
prolonged ERP and absence of inducible arrhythmias. In contrast, VT inducibility 
remained unchanged in all control animals. 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 that an inappropriately targeted prolongation of AP duration 
may be associated with triggered activity and torsade de pointes VT. At present, this 
remains a theoretical concern only, as proarrhythmia was not noted in this study. 

As an alternative strategy to prolong AP duration, refractoriness may also be 
enhanced in the early post AP-repolarization phase. In this respect cellular delivery 
of Kv1.3 and Kir2.1 have both been demonstrated to prolong ERP while shortening 
AP duration.34, 35 Advantages of such an approach could be the positive impact on 
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conduction velocity in depolarized tissue and the suppressive effect on potentially 
proarrhythmic automaticity.36 However, a significant downside appears to be the very 
high cell-to-myocte ratio needed to obtain the desired effect.35 Because the present 
studies were conducted in healthy tissue, it remains to be seen 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. 

Restoring Ca2+-homeostasis
Both clinical and experimental studies indicate that contractile dysfunction in heart 
failure is associated with reductions in expression or function of the sarcoplasmic 
reticulum (SR) Ca2+ ATPase (SERCA).37 During membrane depolarization of myocardium, 
Ca2+ entry into the cell triggers the SR to release Ca2+ (Ca2+-induced Ca2+ release), 
which in turn initiates myofilament contraction. Relaxation is subsequently facilitated 
by removal of cytosolic Ca2+ in which SERCA plays a major role. These observations led 
to the concept that SERCA2a gene transfer might improve contractile dysfunction in 
heart failure.38 Moreover, it has been shown that adeno-associated virus (AAV) delivery 
of SERCA2a in end-stage human heart failure is safe.39 Furthermore, a phase II trial 
also suggests important benefit with regard to the 6-minute walk test, left ventricular 
end-systolic volume, and time to clinical deterioration, meriting evaluation in larger 
trials.40 These improvements appear to provide strong support for the notion that 
restoration of suppressed SERCA levels improves both myocardial contraction and 
relaxation. In addition, SERCA overexpression appears to restore endothelial nitric 
oxide synthase expression, thereby improving myocardial perfusion and metabolism.41 

The antiarrhythmic potential of SERCA2a overexpression has been investigated in 
various settings. Initial studies of ischemia/reperfusion indicated reductions in infarct 
size and ventricular arrhythmias in SERC2a-treated rats.42 Similar results were obtained 
in a porcine model of ischemia/reperfusion.43 In pigs with permanent coronary artery 
occlusion, infarct size remained unchanged and arrhythmias were not significantly 
altered.43 Lyon and coworkers noted reduced spontaneous non-sustained ventricular 
arrhythmias and fewer isoproterenol-induced episodes of VT/VF in rats in which 
SERCA2a was overexpressed in healed myocardial infarcts.44 Cellular studies indicated 
that SERCA2a reduced spontaneous SR Ca2+ release, SR Ca2+ leak and catecholamine-
induced triggered arrhythmias.44 Reduced triggered arrhythmias may also result from 
restoration of Na+/Ca2+ exchanger function through normalization of miR-1 levels.31 
Finally, in normal and failing guinea pig hearts, SERCA2a not only protects against 
triggered arrhythmias, but also reduces arrhythmogenic alterations in AP duration 
(i.e., AP alternans).45, 46 

Reducing myocardial damage
Protection against myocardial infarction has been an initial focus of cardiovascular 
gene therapy.47 Growth factors and related molecules that stimulate angiogenesis 
have been proposed to increase collateral formation and decrease the susceptibility 
to major coronary artery occlusion. Here, vascular endothelial growth factor (VEGF) 
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gene therapy has been studied extensively in experimental and clinical settings.48 
Clinical benefit from VEGF-based strategies has not convincingly been demonstrated, 
and prevention of arrhythmias has not been a primary goal in these cardioprotective 
gene therapies. However, some encouraging results have been obtained. 

One approach includes myocardial overexpression of kallikrein which significantly 
protected against ischemia/reperfusion-induced cell death and ventricular arrhythmias 
in rats.49 Kallikrein is an upstream component of the kallikrein/kinin system which then 
activates the bradykinin B2 receptor resulting in vasodilation, increased vascular 
permeability, cell proliferation, and modulation of inflammation.50 The cardioprotective 
effects of angiotensin converting enzyme (ACE)-inhibitors also derive from inhibition 
of kinin degradation as ACE (kinase II) in itself is a kinin-degrading enzyme.51 Kallikrein 
gene therapy was originally developed as an alternative hypertensive treatment and 
has indeed been shown to reduce blood pressure and protect against end organ 
failure.52 In any case, the antiarrhythmic effect of kallikrein gene transfer appears to 
stem from a general protection against ischemia reperfusion-induced damage. 

Myocardial protection and prevention of ventricular arrhythmias may also 
be obtained via gene transfer of hepatocyte growth factor (HGF). HGF is a multi-
functional cytokine involved in migration, proliferation and tissue invasion of vascular 
endothelial and smooth muscle cells. In animal models of myocardial infarction, HGF 
gene transfer has enhanced angiogenesis and reduced apoptosis and fibrosis.53, 54 
The combination of these effects likely contributes to the increased VF induction 
threshold and reduced VF duration described in infarcted hearts in which HGF was 
overexpressed.55 Recently, HGF gene therapy has been evaluated in an open-label 
phase I clinical trial in which safety was demonstrated for naked DNA delivery of a 
combination of two HGF isoforms. Plasmid DNA was injected in 4-8 sites surrounding 
the posterior descending artery after off-pump coronary artery bypass grafting of the 
left coronary system. Significant improvements in global myocardial function (wall 
motion score and stress perfusion) were seen, which together with the demonstrated 
safety support the initiation of next-stage clinical trials for HGF gene therapy.56 

MyOCARDIAl REGENERATION AND ARRHyTHMIAS
Strategies that generate or direct myocardial repair may impact on post-infarction 
arrhythmias. Outcomes here are diverse, varying from significant pro-arrhythmia to 
moderate protection against non-sustained VT. It is generally accepted that efficient 
and uniform myocardial regeneration may reduce susceptibility to arrhythmias. Yet, 
depending on the cell type used, specific inhomogeneities may be introduced that 
may be proarrhythmic. Skeletal myoblast implantation exemplifies the latter situation: 
these cells generate skeletal myocytes which do not express cardiac connexins.57 Such 
cells remain uncoupled from adjacent host cardiac myocytes and are associated with 
significant arrhythmias.58 Although overexpression of Cx43 in skeletal myoblasts results in 
occurrence of coupling and reduces the proarrhythmic side effects,59, 60 their inefficiency 
in restoring muscle contraction has largely disqualified these cells from further use.58 
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Other cell types initially explored include those obtained from bone marrow 
(including mononuclear cells, MSCs, and others). Although these cells were originally 
considered a source for in  vivo transdifferentiation toward cardiac myocytes61, the 
emerging consensus is that they exert their regenerative effect via paracrine pathways, 
thus enhancing endogenous repair.62 The low numbers of cardiomyocytes formed in 
this process have not been associated with clinical arrhythmogenesis. However, there 
are potentially deleterious effects of the cells used to obtain this type of repair. In this 
respect, MSCs have been most extensively characterized. These cells express cardiac 
connexins but are unexcitable.63 Their membrane potentials are in the -30 to -40 mV 
range64, which in vitro has been demonstrated to act as a current sink. Therefore, there 
is the potential for slow conduction and spiral wave arrhythmias.65 Yet, the poor-to-
moderate engraftment rates of bone marrow derived cells possibly prevented such 
events from occurring in vivo. In fact, the incidence of ventricular arrhythmias may be 
slightly reduced by the application of bone marrow derived cells.23, 66 

More recently, various groups have started to explore the use of cardiac progenitor 
cells. Different populations have been isolated including but not limited to cells that 
express c-Kit and Sca-1.67, 68 Based on the experiences with non-cardiac progenitors, 
the rationale now was that these cells may generate direct myocardial regeneration, 
stimulate endogenous repair, or a combination of both. Initial studies indicate that 
both mechanisms are at play although the issue remains controversial.69-72 Phase I/
II studies employing c-Kit positive cells or cardiosphere-derived cells (a mixture of 
c-Kit and Sca-1 positive cells) confirm safety in human subjects.73, 74 However, due 
to the absence of arrhythmias at baseline, it remains uncertain to what extent this 
regeneration may be meaningful in terms of arrhythmia protection. Furthermore, 
the beneficial outcomes in terms of reduced infarct size, increased viable mass and 
improved ejection fraction should be interpreted with caution as no placebo groups 
were included (due to the invasive nature of these studies) and sample sizes were 
small. 

Finally, stem cells may also be coaxed into a lineage of cardiac myocytes ex vivo 
and transplanted as such in an effort to improve myocardial function and reduce 
arrhythmias. Proof-of-concept for this type of an approach has been provided with 
embryonic cardiomyocytes and human embryonic stem cell-derived cardiomyocytes 
(hESC-CMs) transplanted in cryolesioned mice and guinea pigs, respectively.60, 75 
Both studies employed immunosuppression protocols to prevent rejection and used 
genetically encoded fluorescent calcium sensors to follow electrophysiological 
behavior of the transplanted cells. Another similarity was the finding that the 
transplanted cardiomyocytes improved ejection fraction and reduced PES-induced 
VT. The guinea pig study was of particular interest as it indicated that approximately 
60% of the treated animals had electrically integrated grafts. Within these animals, 
65-90% of the grafts were coupled to their host myocardium while the remaining 
grafts remained uncoupled and harbored spontaneous activity, thereby revealing the 
immature nature of the cells used.75 In sum, this second study showed that, despite 
incomplete electrical integration and apparent cellular immaturity, post myocardial 
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infarction contractile dysfunction may still safely be improved. It remains however to 
be seen how these effects persist over time,76 and how the approach translates to 
larger animals with more realistic models of myocardial ischemia and infarction. 

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 antiarrhythmics, have reached to the level of early stage clinical 
testing (Table 2). 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. In the 
meantime, valuable information will be generated by application of selected therapies 
in ongoing and future clinical investigations. 

Individual strategies will have their own hurdles that need to be dealt with. 
For example, approaches that employ transplantation of stem cell-derived cardiac 
myocytes need to be evaluated in light of cell sources that have more realistic clinical 

Table 2. Major strategies to prevent myocardial infarction related arrhythmias and most promising 
examples.

Strategies & examples
Potency to protect 
against arrhythmias Phase of development Refs.

Speeding conduction

SkM1 GT High Pre-clinical, large animal 18, 20, 22, 25, 27

Connexin GT (Cx32 or Cx43) Moderate Pre-clinical, large animal 18, 19, 22, 28

miR-1 GT Moderate Pre-clinical, small animal 21

Prolonging refractoriness

HERG-G628S GT High Pre-clinical, large animal 33

Kv1.3 or Kir2.1 CT Low-moderate Pre-clinical, large animal 34-36

Restoring Ca2+ homeostasis

SERCA2a GT Moderate Clinical, Phase III 38-46

Reducing myocardial damage

Kallikrein GT Moderate Pre-clinical, small animal 49

HGF GT Moderate Clinical, Phase II 53-56

Myocardial regeneration

Bone marrow derived cells Low Clinical, Phase III 23, 61, 62, 66

Cardiac progenitor cells Moderate Clinical, Phase II 67, 68

iPS-derived cardiac myocytes Moderate Pre-clinical, small animal 77

GT: Gene therapy. CT Cell therapy. See text for details.
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potential. Autologous induced pluripotent stem cells (iPS) may be considered, these 
cells still have many issues of their own (including the oncogenic risks associated with 
inducing a pluripotent state and the heterogeneity in the cellular phenotypes that 
are subsequently generated).77 In addition, the HERG-G628S and SkM1 strategies 
would likely benefit from the incorporation into long-term expression vectors such as 
AAV and lentiviral vectors, respectively (SkM1 is too large for incorporation into AAV). 
Development of these types of vectors will also facilitate investigation of potentially 
beneficial or deleterious effects of long-term transgene overexpression. Another 
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. 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 pacemakers78 is one 
such an example, but also protection against atrial fibrillation may be achieved.79, 80 
Furthermore, genetic correction of inherited arrhythmia syndromes will be another 
area of interest. Early signs of success have been noted81-83, and with the arrival of 
techniques84, 85 that facilitate the development of large animal models of these lethal 
syndromes, we are set to explore the full potential of molecular-defined antiarrhythmics. 

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 cardiac substrate, modify specific genes or 
pathways, and regenerate the cardiac muscle, 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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Despite the ongoing advances in pharmacology, devices and surgical approaches 
to treat heart rhythm disturbances, arrhythmias are still a significant cause of death 
and morbidity.1, 2 With the introduction of gene and cell therapy, new avenues have 
arrived for the local modulation of cardiac disease.3 This may prove to be an important 
advantage over pharmacological approaches that are often limited by their global 
(non-targeted) myocardial effects. This thesis reviews the current state of the field of 
gene and cell therapy focused on cardiac arrhythmia treatments, and reports a series 
of studies that are aimed at the advancement of this field. 

Part I of this thesis introduces the various concepts of gene and cell therapy in 
the treatment of brady- and tachyarrhythmias. Chapter 1 discuses the basic concepts 
of cardiac electrophysiology and current challenges in the treatment of arrhythmias.3 
In addition, this chapter reviews the complete arsenal of regenerative therapies in 
cardiac electrophysiology. With regards to bradyarrhythmias, gene and cell therapies 
are discussed in settings of pacemaker regeneration and repair of atrioventricular 
(AV) conduction. With regards to tachyarrhythmias, specific strategies are discussed 
in relation to reentry-based atrial fibrillation, myocardial infarction related ventricular 
tachycardy/fibrillation (VT/VF), and congestive heart failure. This chapter further 
elaborates on the duration of effect and potential deleterious effects of gene and 
cell therapy. Chapter 2 introduces the specific research questions addressed in this 
thesis. In brief, these questions include the following: 1) which gene targets generate 
pacemaker activity that best fits physiological demand, 2) which gene therapeutic or 
stem cell vehicle is most appropriate to deliver such pacemaker activity, and, 3) which 
gene therapy targets and delivery methods are best suitable to improve conduction in 
the epicardial borderzone (EBZ) and prevent post myocardial infarction VT/VF. 

Part II describes some of the initial steps aimed at the optimization of gene-
based biological pacemakers. Chapter 3 describes the consequences of lentiviral 
overexpression of HCN4 into neonatal rat ventricular myocytes (NRVMs).4 Perforated 
patch-clamp studies showed that single cardiac myocytes overexpressing HCN4 
adopted hallmark features of cells isolated from the sinoatrial node (SAN), the 
dominant native pacemaker of the heart. These features included: a depolarized 
maximal diastolic potential (MDP), a slow action potential (AP) upstroke velocity, and 
slow phase 4 depolarization. Furthermore, robust modulation of the HCN4 current 
and spontaneous beating rates was shown in response to mediators of β-adrenergic 
stimulation. Because lentiviral vectors integrate their transgene into the host genome, 
this strategy has important potential for the fabrication of long-term physiologically 
controlled pacemaker function. 

In Chapter 4 we sought for a novel in  vitro model to investigate cardiac gene 
and cell therapy. To this end, we studied organ explant cultures of neonatal rat 
ventricular preparations at day 6-8 after explantation, and compared these to freshly 
islolated tissue and monolayers of NRVMs.5 We found the cultured organ explant 
preparations to be electrophysiologically and structurally similar to freshly isolated 
tissue. Moreover, the cultured preparations could be easily modified via gene or 
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cell therapy. These findings validate the use of this model to study gene and cell 
therapies in vitro. In addition, we found the degree of spontaneous activity in organ 
explant cultures to be remarkably low as compared to the NRVM monolayers. This 
outcome is particularly relevant for studies that aim to characterize novel strategies 
in biological pacing. 

In Chapter 5 we proceeded to use the organ explant culture system to study 
biological pacing based on cardiac myocyte progenitor cells (CMPCs).6 An advantage 
of these cells is that they are native to the heart. CMPCs are therefore expected to 
provide ideal cellular vehicles to generate long-term function in vivo. To characterize 
this approach, we first demonstrated that CMPCs are efficiently transduced by lentiviral 
vectors. Next, we showed efficient cell-to-cell coupling between CMPCs and NRVMs. 
Finally, we injected HCN4 overexpressing CMPCs into organ explant cultures and 
found significant pacemaker activity that was modulated by β-adrenergic stimulation. 

As an alternative to the above discussed approaches to biological pacing, we also 
investigated the possibility of reprogramming cardiac myocytes towards pacemaker 
cells. To this end, the T-box transcription factor TBX3 has been reported to play 
a crucial role in the formation of the SAN and appeared capable of inducing the 
formation of novel pacemaker areas when expressed ectopically in embryonic atria.7 
In Chapter 6 we therefore investigated TBX3-based reprogramming in terminally 
differentiated cardiac myocytes.8 In adult transgenic mice, we used tamoxifen to 
induce ectopic TBX3 expression which resulted in an efficient switch from the working 
myocardial expression profile to that of pacemaker myocardium. Important changes 
in gene expression included the suppression of the cardiac gap junction genes Cx40 
and Cx43, the cardiac Na+ channel gene, SCN5A, and inwardly rectifying K+-channel 
genes (Kir genes). These changes resulted in significant conduction slowing and 
reductions in INa and IK1 which however, occurred without the induction of ectopic 
pacemaker activity. As an alternative to the tamoxifen system, we also explored the 
phenotypic consequences of lentiviral TBX3 expression in NRVMs. Here, we found 
TBX3-based reprogramming to induce a variety of phenotypes including depolarized 
and spontaneously active cardiac myocytes. However, in monolayers of NRVMs 
spontaneous activity was not enhanced. Based on the results in both systems, we 
concluded that TBX3-based reprogramming was not sufficient to generate de 
novo pacemaker function. However, the reductions in intercellular coupling and IK1 

are properties of the TBX3-based approach that reduce current-to-load mismatch, 
facilitate diastolic depolarization, and thus may be applied to enhance HCN-based 
biological pacing.

Part III focuses on the in  vivo characterization of various gene therapy-based 
biological pacemaker strategies. Chapter 7 investigated the response of HCN2-based 
biological pacing to emotional arousal as induced by presenting food to dogs after 
an overnight fast.9 To this end, an HCN2 carrying adenovirus was injected into the 
left bundle branch (LBB) of AV-blocked dogs. An electronic pacemaker (set to VVI 
pacing at a lower rate of 35) was implanted for back-up pacing. During steady-state 
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gene expression, fasting followed by food presentation induced a significant increase 
in beating rates and heart rate variability as compared to saline injected controls. 
This work represents the first demonstration of a biological pacemaker responding to 
natural arousal stimuli, indicating a potential advantage over electronic pacing. 

Because biological pacing based on HCN2 gene transfer operates at relatively 
slow idioventricular rates and incorporates only moderate autonomic responsiveness, 
we tested various alternatives in the following two chapters. In Chapter 8 we explored 
a novel approach to gene-based biological pacing via overexpression of the Ca2+-
stimulated adenylyl cyclase AC1.10 AC1 overexpression increases intracellular cAMP 
which impacts on a variety of pacemaker mechanisms including the pacemaker 
current If. This strategy was tested in vivo by implantation of HCN2, AC1, or HCN2/
AC1 adenoviral constructs into the LBB of AV-blocked dogs that also received an 
electronic pacemaker (VVI 35) as a back-up and/or monitoring device. AC1 and 
HCN2/AC1 indeed generated highly efficient biological pacing with improved basal 
beating rates and greater sensitivity to autonomic modulation than HCN2. 

In Chapter 9 we tested the hypothesis that HCN2-based biological pacing may be 
improved if the activation threshold is hyperpolarized via the additional overexpression 
of the Na+ channel SkM1.11 To test this hypothesis, we injected adenoviral constructs 
of HCN2, SkM1, or HCN2/SkM1 into the LBB of AV-blocked dogs that also received 
an electronic pacemaker (VVI 35). Indeed, we found the combination of HCN2/SkM1 
to be superior to all other strategies tested. HCN2/SkM1 induced pacemaker activity 
with baseline bating rates in the 80 bpm range, brisk autonomic responsiveness, and 
a complete elimination of electronic back-up pacing with the latter being persistently 
required in previously explored strategies. In this study, we further showed function of 
HCN2/SkM1 to be critically dependent on a hyperpolarized activation threshold and 
injection into the LBB. 

Part IV focuses on gene and cell therapies designed to normalize conduction 
and thereby prevent post-myocardial infarction tachyarrhythmias. Strategies tested 
within this part of the thesis evolved from the understanding that reentry is the 
predominant cause of ischemia-related arrhythmias.12 In the heart, ischemia generates 
an environment of extracellular hyperkalemia and acidification. An elevation in the 
extracellular potassium level depolarizes the membrane which inactivates cardiac Na+ 
channels, while a reduction in pH impacts directly on cardiac gap-junctions, causing 
them to close. In settings of ischemia, such as in the epicardial borderzone (EBZ) 
overlying myocardial infarcts, Na+ channel inactivation and closure of gap junctions 
importantly contribute to conduction abnormalities and the genesis of reentry. This 
type of arrhythmias may therefore be prevented by strategies that improve conduction 
in suppressed pathways, thereby removing unidirectional conduction block or causing 
the reentrant wave front to encounter its own refractory tail. 

In the experiments described in chapter 10 we tested various viral constructs for 
their efficacy to improve conduction and prevent VT/VF, including: overexpression 
of GFP (control), overexpression of the depolarization resistant Na+ current SkM1, 
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overexpression of the acidification resistant liver-specific connexin Cx32, and 
overexpression of the combination SkM1/Cx32.13 Constructs were implanted in the 
canine EBZ immediately after ligation of the left anterior descending artery, and 
subsequent electrophysiological measurements and infarct sizing were performed 
7 days later. Although all three interventions resulted in a significant normalization of 
conduction, as evidenced by shorter QRS durations, narrower local elctrograms, and 
faster in vitro conduction velocities, only the SkM1 intervention significantly reduced 
the incidence of inducible VT/VF. In Cx32-treated animals, infarct size was increased 
which resulted in the predominant occurrence of monomorphic VT as compared to 
polymorphic VT/VF that predominated in the other groups. Thus, whereas SkM1 
therapy reduces the incidence of inducible VT/VF, Cx32 gene transfer to improve 
gap junction conductance results in larger infarcts, a different VT morphology, and no 
antiarrhythmic efficacy.

In chapter 11, we explored the use of cellular delivery of Na+ channels in an effort 
to improve conduction.14 To this end, we compared the efficacy of SkM1 channels 
with SCN5A in their ability to restore fast impulse propagation in depolarized tissue. 
We used stably transfected HEK293 overexpressing either SkM1 or SCN5A and 
co-cultured them with cardiac myocytes. In HEK-cardiomyocyte cell pairs coupled 
through gap-junctions, patch-clamp experiments revealed an increase in AP upstroke 
velocity (Vmax) when the HEK cells expressed SkM1. This effect of increased Vmax 
occurred especially at depolarized potentials and was not obtained with unloaded 
or SCN5A expressing HEK cells. Via Ca2+-based optical mapping techniques, we 
subsequently showed that SkM1 but not SCN5A expressing cells significantly 
accelerated the conduction velocity under both normal and depolarized conditions. 
When high frequency stimulation was used to induce reentry in vitro, expression of 
SkM1 also enhanced the angular velocity of the reentrant wavefront. These results 
suggest that cells carrying SkM1 can improve cardiac excitability and conduction in 
depolarized tissue. 

In chapter 12, we continued our work with cellular delivery of SkM1, yet now after 
transfection into canine mesenchymal stem cells (cMSCs).15 Co-culture experiments 
showed that SkM1 loaded cMSCs, but not cMSC alone, maintain fast conduction at 
depolarized potentials, thus encouraging further experimentation in vivo. To this end, 
we studied dogs allocated to 3 different protocols: sham, cMSC and cMSC/SkM1, all 
applied immediately after ligation of the left anterior descending artery. Seven days 
later, we measured in vivo EBZ electrograms which were broad and fragmented in sham, 
narrower in cMSC, and narrow and unfragmented in cMSC/SkM1. Furthermore, during 
programmed electrical stimulation (PES) of EBZ, QRS duration in cMSC/SkM1 was 
shorter than in cMSC and sham. However, despite the potentially therapeutic actions 
of cMSC/SkM1, no protection against arrhythmias was obtained as the incidence of 
PES-induced VT/VF was equivalent in all groups. Comparing the outcomes of cellular 
and viral delivery of SkM1 thus highlights that the delivery platform is critical to obtain 
the antiarrhythmic effect.
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Part V, chapters 13 and 14, discuss the findings of this thesis and puts them into 
perspective with other molecular therapies for cardiac disease and the ongoing 
advancements in pharmacology and devices. 
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Ondanks de voortdurende vooruitgang in de farmacologie, implanteerbare 
apparatuur en chirurgische behandelingen, zijn hartritmestoornissen nog steeds een 
belangrijke oorzaak van overlijden en morbiditeit.1, 2 Met de introductie van gen- en 
celtherapie zijn nieuwe mogelijkheden ontstaan voor de lokale modulatie van cardiale 
aandoeningen.3 Dit is een belangrijk voordeel ten opzichte van de farmacologische 
benaderingen die vaak worden beperkt door hun globale (niet-gerichte) myocardiale 
effecten. Dit proefschrift geeft een overzicht van de huidige stand van zaken binnen 
de gen- en celtherapie gericht op hartritmestoornissen en rapporteert een reeks 
studies die gericht zijn op de voortgang van dit veld.

Deel I van dit proefschrift introduceert de verschillende concepten van gen- 
en celtherapie voor de behandeling van trage en snelle hartritmestoornissen 
(brady- en tachyaritmieën). Hoofdstuk 1 bespreekt de basisbegrippen van de 
cardiale elektrofysiologie en de huidige uitdagingen binnen de behandeling van 
hartritmestoornissen.3 Daarnaast biedt dit hoofdstuk een compleet overzicht van 
de regeneratieve therapieën binnen de cardiale elektrofysiologie. Met betrekking 
tot bradyaritmieën worden gentherapie en celtherapie besproken in het kader 
van regeneratie van pacemakerfunctie en reparatie van de atrioventriculaire (AV) 
geleiding. Met betrekking tot tachyaritmieën worden specifieke strategieën besproken 
in het kader van op reentry gebaseerd atriumfibrilleren, ventriculaire tachycardie/
fibrillatie (VT/VF) in het kader van ischemische hartziekten, en ritmestoornissen die 
op kunnen treden in het kader van decompensatio cordis. In dit hoofdstuk wordt 
verder ingegaan op de duur van het effect en de potentiële schadelijke effecten van 
gen- en celtherapie. Hoofdstuk 2 beschrijft de specifieke onderzoeksvragen die in dit 
proefschrift aan bod komen. In essentie komen deze vragen neer op het volgende: 
1) welke genetische interventies zijn het beste in staat om pacemaker activiteit te 
regenereren die goed aansluit bij de fysiologische behoeften, 2) welk gentherapeutisch- 
of stamcelafgiftesysteem is het meest geschikt om dergelijke pacemaker activiteit te 
genereren, en, 3) welke gentherapie doelwitten en afgiftesystemen zijn het meest 
geschikt om de voortgeleiding in de epicardiale randzone (epicardial borderzone, 
EBZ) te verbeteren en post-myocardinfarct VT/VF te voorkomen.

Deel II beschrijft een aantal eerste stappen gericht op het optimaliseren van 
op gentherapie gebaseerde biologische pacemakers. Hoofdstuk 3 beschrijft de 
effecten van lentivirale overexpressie van HCN4 in ventriculaire hartspiercellen van 
neonatale ratten.4 Patch-clamp studies toonden aan dat overexpressie van HCN4 
in deze hartspiercellen leidt tot een aantal belangrijke kenmerken van geïsoleerde 
cellen van de sinusknoop, de dominante natieve pacemaker van het hart. Deze 
functies omvatten onder andere: een gedepolariseerde maximale diastolische 
potentiaal (MDP), een langzame opgaande snelheid van de actiepotentiaal (Vmax) 
en langzame fase 4 depolarisatie. Bovendien kon robuuste modulatie van de HCN4 
stroom en spontane activiteit worden aangetoond in reactie op mediatoren van 
β-adrenerge stimulatie. Omdat lentivirale vectoren hun transgen integreren in het 
genoom van de gastheer cel, heeft deze strategie belangrijke potentie voor het 
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vervaardigen van op de lange termijn stabiele pacemakerfunctie die gevoelig is voor 
autonome modulatie.

In Hoofdstuk 4 hebben we gezocht naar een nieuw in vitro model om cardiale 
gen- en celtherapie te onderzoeken. Daartoe bestudeerden we zogenaamde organ 
explants van neonatale rattenharten die 6 tot 8 dagen in kweek werden gehouden 
na explantatie. We vergeleken deze preparaten met vers geïsoleerd weefsel en 
monolagen van neonatale hartspiercellen.5 In deze experimenten vonden wij dat de 
organ explant-kweken elektrofysiologisch en structureel goed vergelijkbaar zijn met 
vers geïsoleerde weefsel. Bovendien konden de gekweekte preparaten eenvoudig 
worden behandeld met behulp van gen- of celtherapie. Deze bevindingen bevestigen 
het gebruik van dit model voor het onderzoeken van nieuwe moleculaire therapieen 
in vitro. Bovendien was de mate van spontane activiteit in deze organ explant-kweken 
bijzonder laag in vergelijking tot monolagen van hartspiercellen. Dit resultaat is vooral 
relevant voor studies die gericht zijn op het ontwikkelen van nieuwe biologische 
pacemaker strategieën.

In hoofdstuk 5 hebben we het organ explant kweeksysteem gebruikt om biologische 
pacemakerfunctie te bestuderen op basis van cardiomyocyt progenitorcellen 
(CMPCs).6 Een voordeel van deze cellen is dat zij uit het hart afkomstig zijn. CMPCs 
bieden daarom naar verwachting een ideaal cellulair afgiftesysteem voor het 
induceren van een lange termijn in vivo functie. Om deze aanpak verder te bestuderen 
hebben we eerst aangetoond dat CMPCs efficiënt worden getransduceerd door 
lentivirale vectoren. Vervolgens toonden we efficiënte cel-tot-cel koppeling aan 
tussen CMPCs en neonatale cardiomyocyten. Tot slot hebben we CMPCs, die HCN4 
tot overexpressie brachten, geïnjecteerd in organ explant-kweken en vonden we 
significante pacemakeractiviteit die werd gemoduleerd door β-adrenerge stimulatie.

Als alternatief voor de hierboven besproken benaderingen van biologische pacen, 
hebben we ook de mogelijkheid onderzocht om cardiomyocyten te herprogrammeren 
richting pacemakercellen. In dit kader is van de T-box transcriptiefactor TBX3 bekend 
dat deze een cruciale rol speelt in de vorming van de sinusknoop. Daarnaast bleek TBX3 
in staat om nieuwe pacemakergebieden te generen bij ectopische expressie in het 
embryonale atrium.7 In Hoofdstuk 6 onderzochten we daarom de op TBX3 gebaseerde 
herprogrammering in terminaal gedifferentieerde cardiomyocyten.8 Bij volwassen 
transgene muizen gebruikten we tamoxifen-geïnduceerde ectopische expressie 
van TBX3 waarmee we een efficiënte omschakeling van het werkmyocard naar het 
pacemakermyocard expressieprofiel konden induceren. Belangrijke veranderingen, 
die door TBX3 geïnduceerd werden, waren onder andere de onderdrukking van de 
cardiale gap junction genen Cx40 en Cx43, het cardiale Na+-kanaal gen, SCN5A, 
en de inwaarts rectificerende K+-kanaal genen (Kir genen). Deze veranderingen 
resulteerden in significante geleidingsvertraging en de verminderingen in INa en IK1 
die echter plaatsvonden zonder de inductie van ectopische pacemakeractiviteit. 
Als alternatief voor het op tamoxifen gebaseerde systeem hebben we ook gekeken 
naar de fenotypische veranderingen bij lentivirale TBX3 overexpressie in neonatale 
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cardiomyocyten. Hier hebben we gevonden dat TBX3 in staat was om verschillende 
veranderingen te induceren, waaronder een fenotype van gedepolariseerde en 
spontaan actieve cardiomyocyten. In monolagen van neonatale cardiomyocyten was 
de spontane activiteit echter niet verhoogd. Op basis van de resultaten in beide 
systemen concludeerden we dat de op TBX3 gebaseerde herprogrammering niet 
in staat was om de novo pacemakeractiviteit te induceren. Echter, de vermindering 
van intercellulaire koppeling en IK1 zijn eigenschappen van TBX3 die zogenaamde 
current-to-load mismatch doen verminderen, diastolische depolarisatie verbeteren, 
en aldus zouden kunnen worden toegepast om de op HCN-gebaseerde biologische 
pacemakers te verbeteren.

Deel III richt zich op de in vivo karakterisering van verschillende op gentherapie 
gebaseerde biologische pacemaker strategieën. Hoofdstuk 7 onderzocht de respons 
van op HCN2 gebaseerde biologische pacemakers op emotionele opwinding zoals 
veroorzaakt door de presentatie van voedsel aan honden na een nacht van vasten.9 
Hiertoe werd een HCN2 dragend adenovirus geïnjecteerd in de linkerbundeltak van 
honden met een compleet atrioventriculair (AV) geleidingsblok. Een elektronische 
pacemaker (ingesteld op VVI-stimulatie bij een ondergrens van 35 slagen per minuut) 
werd geïmplanteerd als back-up pacemaker. Bij steady-state genexpressie resulteerde 
voedselpresentatie na vasten in een aanzienlijke toename in pacemakeractiviteit 
en in heart rate variability (HRV), in vergelijking tot controle proefdieren die waren 
geïnjecteerd met een fysiologisch zout oplossing. Dit werk is de eerste demonstratie 
van een biologische pacemaker die reageert op natuurlijke stimuli, hetgeen wijst op 
een potentieel voordeel ten opzichte van elektronische pacemakers.

Omdat de biologische pacemakers op basis van HCN2 gentherapie relatief 
trage ritmes induceren en slechts een matige autonome respons bevatten, hebben 
wij verschillende alternatieven onderzocht in de komende twee hoofdstukken. In 
Hoofdstuk 8 hebben we een nieuwe aanpak onderzocht via overexpressie van de 
Ca2+-gestimuleerde adenylaat cyclase AC1.10 AC1 overexpressie verhoogt intracellulair 
cAMP, een interventie die pacemakeractiviteit op verschillende niveaus beinvloedt, 
waaronder via de pacemaker pacemakerstroom If. Deze strategie werd getest 
in vivo door injectie van HCN2, AC1 of HCN2/AC1 adenovirale constructen in de 
linkerbundeltak van honden met compleet AV-blok. Deze honden ontvingen daarnaast 
ook een elektronische pacemaker (VVI 35) als een back-up. Overexpressie van AC1 en 
HCN2/AC1 genereerde inderdaad zeer efficiënte biologische pacemakerfunctie met 
een betere basale stimulatiefrequentie en een grotere gevoeligheid voor autonome 
modulatie in vergelijking tot HCN2.

In Hoofdstuk 9 onderzochten we een andere strategie met betrekking tot het 
verbeteren van de op HCN2-gebasseerde biologische pacemakerfunctie. In deze 
studie hadden we de hypothese dat de pacemakerfunctie kan worden verbeterd 
door de drempel voor een actiepotentiaal te hyperpolariseren met behulp van 
aanvullende overexpressie van het Na+-kanaal van de skeletspier, SkM1.11 Om deze 
hypothese te testen injecteerden we adenovirale constructen van HCN2, SkM1, of 
HCN2/SkM1 in de linkerbundeltak van honden met compleet AV-blok. Deze honden 
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ontvingen daarnaast ook een elektronische pacemaker (VVI 35) als back-up. In deze 
studie vonden we inderdaad dat de combinatie van HCN2/SkM1, pacemakerfunctie 
genereerde die superieur was aan alle andere strategieën die tot op heden werden 
getest. De HCN2/SkM1 geïnduceerde pacemakeractiviteit had een basisfrequentie 
van ongeveer 80 slagen per minuut, had sterke gevoeligheid voor autonome modulatie 
en kon de afhankelijkheid van de elektronische back-up pacemaker tot 0% reduceren. 
Hiermee was de HCN2/SkM1 strategie de eerste biologische pacemaker die volledig 
onafhankelijk van een elektroische back-up kon functioneren. In deze studie konden 
we daarnaast aantonen dat de functie in HCN2/SkM1 kritisch afhankelijk is van een 
gehyperpolariseerde actiepotentiaal drempel en injectie in de linkerbundeltak.

Deel IV richt zich op gen- en celtherapie ontworpen om de elektrische voortgeleiding 
te verbeteren/normaliseren om zodoende post-myocardinfarct tachyaritmieën 
te voorkomen. Strategieën die getest werden binnen dit deel van het proefschrift 
kwamen voort uit het besef dat reentry de belangrijkste oorzaak is van aan ischemie 
gerelateerde ritmestoornissen.12 In het hart genereert ischemie een omgeving van 
extracellulaire hyperkaliëmie en verzuring. Een verhoging in het extracellulaire 
kaliumgehalte depolariseert de membraan en inactiveert daarmee de cardiale 
natriumkanalen. Een verlaging van de pH heeft daarnaast een rechtstreeks effect 
op de cardiale gap-junction eiwitten waardoor deze sluiten. In ischemische locaties, 
zoals in de EBZ, worden cardiale Na+ kanaal geïnactiveerd en sluiten gap junctions, 
hetgeen in belangrijke mate bijdraagt aan geleidingsstoornissen en het ontstaan   van 
reentry. Dit soort ritmestoornissen kan daarom worden voorkomen door strategieën 
die de geleiding in de gecompromitteerde trajecten kunnen verbeteren, waardoor 
unidirectioneel geleidingsblok niet optreedt of waardoor het voortgeleidingsfront 
vastloopt in het bijbehorende refractaire repolarisatiefront.

In de experimenten beschreven in Hoofdstuk 10 hebben we verscheidene virale 
constructen getest op hun doeltreffendheid met betrekking tot het verbeteren van 
de voortgeleiding en het voorkomen van VT/VF, waaronder: overexpressie van GFP 
(controle), overexpressie van het voor depolarisatie ongevoelige skeletspier Na+ 
kanaal, SkM1, overexpressie van het voor verzuring ongevoelige lever specifieke 
connexine, Cx32, en overexpressie van de combinatie SkM1/Cx32.13 Constructen 
werden geïnjecteerd in de EBZ van honden onmiddellijk na ligatie van de linker 
voorste kransslagader (LAD). De uiteindelijke elektrofysiologische metingen en 
bepaling van infarctgrootte werden 7 dagen later uitgevoerd. Hoewel alle interventies 
een significante normalisatie van voortgeleidingssnelheid wisten te bewerkstelligen, 
zoals blijkt uit kortere QRS duur, smallere lokale elctrogrammen en snellere in vitro 
voortgeleidingssnelheden, werd de induceerbaarheid van VT/VF alleen door de SkM1 
interventie significant verminderd. In de proefdieren, die met Cx32 waren behandeld, 
bleek de infarctomvang te zijn vergroot, waardoor de ventriculaire ritmestoornissen 
een overwegend monomorf karakter hadden in tegenstelling tot de polymorfe 
ritmestoornissen (VT/VF) die overheersten in de andere groepen. Concluderend 
bleek dat SkM1 gentherapie resulteerde in een vermindering van de incidentie van 

349



PArT VI: sUMMArIes

s

induceerbaar VT/VF, maar dat Cx32 gentherapie leidde tot verbeterde gap junction 
functie, grotere infarcten, een andere VT morfologie en geen anti-aritmisch effect.

In Hoofdstuk 11 hebben we cellulaire afgifte van skeletspier Na+-kanalen verkend 
met als doel om de voortgeleidingssnelheid te verbeteren.14 Daartoe vergeleken 
we de werkzaamheid van SkM1 met SCN5A kanalen op hun vermogen om de 
voortgeleidingssnelheid te herstellen in gedepolariseerd weefsel. Hiervoor gebruikten 
we stabiel getransfecteerde HEK293 cellen die ofwel SkM1 of SCN5A tot overexpressie 
brachten en kweekten deze cellen samen met neonatale cardiomyocyten. In HEK-
cardiomyocyt celparen, die waren gekoppeld via gap-junctions, toonden patch-clamp 
experimenten aan dat Vmax van een actiepotentiaal in de cardiomyocyten significant 
verbeterde wanneer de HEK-cellen SkM1 tot overexpressie brachten. Dit effect werd 
niet verkregen met ongemodificeerde HEK cellen of met HEK cellen die SCN5A tot 
overexpressie brachten. Met behulp van op Ca2+-signalen gebaseerde optische 
mapping, hebben wij vervolgens aangetoond dat overexpressie van SkM1 maar niet 
SCN5A, in de HEK cellen, de voorgeleidingsnelheid aanzienlijk verbetert in normale 
en gedepolariseerde condities. Wanneer hoogfrequente stimulatie werd gebruikt om 
reentry te induceren, resulteerde de overexpressie van SkM1 tevens in een verhoogde 
angulaire voortgeleidingssnelheid van het reentry activatiefront. Deze resultaten 
suggereren dat cellen, die SkM1 tot overexpressie brengen, de cardiale exciteerbaarheid 
en de voortgeleiding in gedepolariseerd weefsel significant kunnen verbeteren.

In Hoofdstuk 12 hebben we ons werk aan de cellulaire afgifte van SkM1 
gecontinueerd, echter in deze studie hebben we gebruik gemaakt van getransfecteerde 
mesenchymale stamcellen van honden (cMSCs).15 Co-cultuur experimenten toonden 
aan dat met SkM1 geladen cMSCs, maar niet de ongeladen cMSCs, de elektrische 
voortgeleidingssnelheid in gedepolariseerd weefsel konden verbeteren. Deze 
experimenten stimuleerden ons daarom tot het doen van vervolg experimenten in 
vivo. Daartoe bestudeerden we honden die werden ingedeeld in 3 verschillende 
protocollen: controle, cMSC en cMSC/SkM1, allen toegepast onmiddellijk na ligatie 
van de LAD. Zeven dagen later vonden we dat de in vivo EBZ elektrogrammen 
breed en gefragmenteerd waren in controle, smaller maar blijvend gefragmenteerd 
in cMSC, en smal en ongefragmenteerd in cMSC/SkM1. Bovendien vonden we dat 
tijdens geprogrammeerde elektrische stimulatie (PES) van de EBZ, de QRS duur 
in cMSC/SkM1 korter was dan in cMSC en in controles. Ondanks deze in principe 
therapeutische effecten van cMSC/SkM1, werd geen bescherming gegenereerd 
tegen ritmestoornissen, aangezien de incidentie van PES-geïnduceerde VT/VF gelijk 
was in alle groepen. Het vergelijken van de uitkomsten van cellulaire en virale afgifte 
van SkM1 benadrukt daarom dat het afgiftesysteem cruciaal is voor het verkrijgen van 
een anti-aritmische effect.

Deel V, Hoofdstukken 13 en 14, bespreken de bevindingen van dit proefschrift en 
plaatsen de resultaten in perspectief met andere moleculaire therapieën voor hart- 
en vaatziekten, en de voortdurende vooruitgang in de cardiovasculaire farmacologie 
en devices.
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AAV:  adeno associated virus
AC:  adenylyl cyclase 
ACE:  angiotensin converting enzyme
Ad:  adenoviral vector
AF:  atrial fibrillation
AP:  action potential 
APA:  action potential amplitude
APD:   action potential duration
AV:  atrioventricular
AVN:   atrioventricular node

βAR:   β-adrenergic receptor

cAMP:  cyclic adenosine monophosphate 
CHF:  congestive heart failure 
CL:  cycle length 
CMPCs:  cardiac myocyte progenitor cells 
cMSC:  canine mesenchymal stem cell
CMV:  cytomegalovirus 
CV:   conduction velocity 
Cx:   connexin 

DADs:  delayed after depolarizations
DBcAMP: di-butyryl cyclic adenosine monophosphate 
DD:  diastolic depolarization 
DI:  depolarized and inexcitable 
DMEM:  dulbecco’s modified eagle’s medium 

EADs:  early after depolarizations 
EBZ:  epicardial border zone
ECG:  electrocardiogram
EG:  electrogram
EMCV:  encephalomyocarditis virus
Epi:  epinephrine 
ERP:  effective refractory period 
ESC:  embryonic stem cell

FFU:  fluorescent focus-forming units 

GFP:  green fluorescent protein 
GO:  gene ontology 
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HBSS:  hanks’ balanced salt solution 
HCN:  hyperpolarization-activated cyclic nucleotide-gated 
HE:   hematoxylin-eosin 
HGF:  hepatocyte growth factor
HIV-1:  human immunodeficiency virus-1
hMSC:  human mesenchymal stem cell
HRV:  heart rate variability 

iPS:  induced pluripotent stem cells 
IRES:  internal ribosome entry site 
Iso:  isoproterenol 
IVB:  ivabradine

LBB:  left bundle branch 
LED:  light emitting diode 
LV:  left ventricle 

Kir:  inward rectifier potassium channel genes

MAP:  monophasic action potential
MDP:  maximal diastolic potential 
MOI:   multiplicity of infection
MP:  membrane potential
MSC:  mesenchymal stem cell

NCS:  neonatal calf serum 
NCX:  sodium calcium exchanger
NRVM:  neonatal rat ventricular myocyte 
NS:  not sigificant 

PS:  paraseptal 
PBS:  posphate-buffered saline 
PDA:  photo diode array 
PES:  programmed electrical stimulation 

RF:  radiofrequency
RMP:  resting membrane potential 

SAN:  sinoatrial node
Sca:  stem cell antigen
SCN5A:  cardiac sodium channel gene
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SD1:   standard deviation of the transverse axis in a Poincaré plot 
(instantaneous heart rate variability)

SD2:   standard deviation of the longitudinal axis in a Poincaré plot (long-
term heart rate variability)

SEM:  standard error of the mean 
SERCA:  sarcoplasmic reticulum calcium ATPase
SkM1:  skeletal muscle sodium channel 1
SR:  sarcoplasmic reticulum 

TTX:  tetrodotoxin 
TU:  transducing units

VEGF:  vascular endothelial growth factor
VF:  ventricular fibrillation 
Vmax:  maximum action potential upstroke velocity
VT:  ventricular tachycardia 

WPW:  Wolff-Parkinson-White 
WT:  wild-type 
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input die je hebt geleverd in dit project. Tot slot dank ik je uiteraard voor het zitting 
nemen in mijn promotiecommissie. 

Andere collega’s uit het Lever Centrum, inmiddels Tytgat Institute for Liver and 
Intestinal Disease, die ik ook zeker wil noemen: Dr. David Markusic, Dr. Niek van Til, 
Ronald Oude-Elferink, Alex Kanitz, Joris van der Heijden, Jaqueline Vermeulen, Roos 
Van Der Rijt, en Johan Hirallal; hartelijk dank voor jullie input en hulp. 
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Toen de constructen eenmaal gemaakt waren en cellen verhoogde spontane 
activiteit lieten zien werd het tijd voor electrofysiologische metingen en begon ik na 
maanden hard werken eindelijk met experimenten in het lab van de experimentele 
cardiologie. Essentieel voor deze experimenten was de isolatie van neonatale 
cardiomyocyten. Sara Tasseron en Shirely van Amersfoorth ik wil jullie beide hartelijk 
danken voor jullie hulp hierbij. Voor het meten van ion-stromen wist ik Dr. Verkerk al 
snel te vinden, beste Arie, ontzettend bedankt voor alle patch-clamp experimenten 
die jij hebt gedaan en bedankt ook voor de inhoudelijke gesprekken die wij 
hadden. Een andere belangrijke patch-clamper was Dr. M.G.J. van Borren, beste 
Marcel, bedankt voor de discussies die wij hadden over intracellulair Ca2+, cAMP en 
pacemakerfunctie. 

Het doen van optical mapping experimenten werd al vroeg in het geheel gestart 
(2005). Het duurde echter letterlijk nog jaren voordat we de eerste signalen van de 
monolayers terug kregen. Beste Jan Fiolet, Cees Schumacher, Carel Kools en Bas 
Boukens, ik wil jullie bedanken voor het bouwen van de optical mapping setup en alle 
hulp bij het uiteindelijk doen slagen van deze metingen. Dr. A.C. Linnenbank, beste 
André, ik wil jou hartelijk danken voor de digitale ondersteuning van deze metingen, 
zonder jouw hulp was de data analyse niet mogelijk geweest. 

Diane Bakker, ook jij was er praktisch vanaf het begin bij, en ik wil je hartelijk 
danken voor je inzet. Je hebt alle nieuwe technieken razendsnel opgepakt en je bent 
gewoon heel erg goed in wat je doet. Ik vind het dan ook jammer dat je nu nog maar 
slechts op de achtergrond betrokken bent bij de voortzetting van het biopacemaker 
project. Ik ben er echter van overtuigd dat we in de toekomst vast weer intensiever 
samen zullen werken. 

Een van de eerste vervolgprojecten die we startten na ons werk aan HCN4 was 
overexpressie van de T-box transcriptiefactor TBX3. Prof. Dr. V.M.Christoffels, beste 
Vincent ik wil je bedanken voor alles wat je mij hebt geleerd over transcriptionele 
regulatie en de ontwikkeling van pacemakercellen en het geleidingssysteem van 
het hart. Ik bewonder jullie basale onderzoek in deze richting en hoop dat dit nog 
lang een bron van translationele studies zal blijven. Tot slot wil ik je uiteraard ook 
hartelijk danken voor het zitting nemen in mijn promotiecommissie. Dr. M.L. Bakker, 
beste Martijn, allereerst hartelijk dank voor alle inzichtelijke discussie over de functie 
van TBX3 en bijkomende factoren, maar toch vooral bedankt voor het maatje dat jij 
was op onze vele congresreizen. Bedankt ook voor de sabreerlessen.... die waren 
legendarisch!

Het doen van in vivo experimenten in muizen, ratten en varkens was een van de 
andere logische vervolgstappen. Hierbij was de hulp van Charly Belterman onmisbaar. 
Charly, dank voor je input en hopelijk kunnen we het werk met kleine proefdieren op 
korte termijn weer oppakken. Daarnaast ben ik Dr. Ruben Coronel en Prof. Dr. Giel 
Janse erg dankbaar voor alles wat ik heb geleerd tijdens de vele experimenten die ik 
bij jullie ben komen bewonderen. Giel, daarnaast wil ik je uiteraard hartelijk danken 
voor het zitting nemen in mijn promotiecommissie. 
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Een ander belangrijk project in de ontwikkeling van biologische pacemakers is het 
werk aan cardiac myocyte progenitor cells (CMPCs). Hierbij wil ik Prof. Dr. Marie-José 
Goumans, Dr. Joost Sluijter, en Dr. Toon van Veen bijzonder danken voor de goede 
samenwerking. Ik kijk er erg naar uit om met jullie dit project in de toekomst verder te 
vervolgen. Marie-José, jou wil ik uiteraard ook hartelijk danken voor het zitting nemen 
in mijn promotiecommissie. 

Een andere grote steun in het werk aan de CMPCs was Dénise den Haan. Beste 
Dénise, jouw inspanningen zijn zeer belangrijk geweest voor de ontwikkeling van het 
“organ explant culture system”. Door deze methode zijn we er uiteindelijk in geslaagd 
om de biopacemaker functie met CMPC/HCN4 overtuigend aan te tonen. Ik weet 
zeker dat we dit model nog veelvuldig zullen gebruiken bij het testen van nieuwe 
biologische pacemakerstrategieën en andere gen- en celtherapieën. 

Dr. R. Wilders, beste Ronald, bedankt voor alle ondersteuning van het 
modelleerwerk. J. Herderschee, beste Jaap, bedankt voor het samenstellen en schrijven 
van het computermodel en ook bedankt voor het draaien van de vele simulaties. 
Ronald en Jaap, jullie hebben in belangrijke mate bijgedragen in het overtuigen van 
Mike en collegae, om bij het testen van de HCN2/SkM1 combinatie direct naar het 
proefdiermodel te gaan en de in vitro fase in belangrijke mate over te slaan. 

Prof. Dr. C.R. Bezzina en Prof. Dr. A.A.M. Wilde, beste Connie en Arthur, ik wil jullie 
bedanken voor mijn participatie in de DPP6 studie. Ik denk dat deze studie mooi laat 
zien hoe gentherapie methodologie ook toegepast kan worden voor het bestuderen 
van basale ziekten mechanismen en ik hoop dat er nog veel van dit type studies zullen 
volgen. Daarnaast wil ik jullie ook hartelijk danken voor het zitting nemen in mijn 
promotiecommissie. 

Uit de laboratoria voor experimentele cardiologie, anatomie & embryologie, 
en fysiologie wil ik de volgende colegae ook nog uitdrukkelijk bedanken: Wim ter 
Smitte, Carol-Ann Remme, Tobias Op ’t Hof, Anne Spanjaart, Christiaan Veerman, 
Marieke Veldkamp, Olga Zakhrabova, Mio Campian, Max Hardziyenka, Abdenasser 
Bardai, Maaike Hoekstra, Marieke Blom, Maaike Buskermolen, Gert-Jan Rood, 
Francien Wilms-Schopman, Leander Beekman, Mark Potse, Angela Engel, Marc 
Sylva, Elaine Wong, Bouke de Boer, Jooste Leenders, Malou van den Boogaard, 
Phil Barnett, Gert van den Berg, Bram van Wijk, Tilly Mommersteeg, Rajiv Mohan, 
Maurice van den Hoff, Antoon Moorman, Jan Ruijter, Jaco Haagoort, Jan Zegers, 
Berend de Jong, Antoni van Ginneken, Etienne Verheijck, en Jan-Hindrik Ravensloot.

Tot slot wil ik nog een aantal collega’s in het bijzonder noemen: Tamara 
Koopmann, Lynda Juffermans, Annemieke van Dijk, Roos Marsman, Ivo van der Bilt, 
Pieter Postema, Jocelyn Berdowski, Guillaume Geuzebroek, Hester den Ruijter, Ton 
Baardscheer, Mark Hoogendijk, en Amin, door jullie was elk congresbezoek een groot 
feest. Mustang convertibles, Blue Martini Party’s, en goede Champagne, wat wil je 
nog meer. Brendon Scicluna, jij wist er nog een schepje bovenop te doen met je 
nachtelijke “mystery guest”.....dat was echt fenomenaal. 
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The New york years
Then I would like to switch to my American colleagues and here I obviously start 
with thanking my promoter Prof. Dr. M.R. Rosen. Dear Mike, already after my first 
readings of some of your papers I was inspired, this was especially amplified by 
seeing you lecture during the opening symposium of the Heart Failure Research 
Center in Amsterdam. But working with you was more than inspiring alone, your 
strong temper lifted discussions, and my writing, to the next level. Your good sense of 
humor kept the spirits high, and your ability in providing me with well measured-out 
research opportunities importantly guided me in my learning process. Furthermore, 
working with you did not stop after office hours; weekend emails almost always 
received an immediate response and frequently incorporated the attachment of a 
complete revision of one of our manuscripts. Yet, it wasn’t work alone, during my stay 
in New York we visited a variety of excellent restaurants the city has to offer which 
provided an excellent opportunity for some intriguing conversations. During these 
conversations you (nearly always) obeyed to your own rule of not talking about work, 
which, when Saskia joined us, was especially appreciated. Finally, after more than 
four years of intense collaboration I have to say you remain an important source of 
inspiration which to me is exceptional and I hope we can continue our collaboration 
for many years to come.

An important teacher of my surgical skills was Dr. P. Danilo. Dear Peter, many thanks 
for all the skill teaching, for the support in data analysis, for engaging yourself in the 
difficult task of learning me to sometimes shut the F*%# up (in which you partially 
succeeded), and most importantly for all the good times we had. From the jokes 
and laughter in the operating theater to the rifle handling/cowboy lessons in your 
backyard… we had a great time. Mrs. Danilo, Dear Christine, many thanks for the fine 
hospitality in New Jersey, we have had wonderful weekends with the whole crew. 

Furthermore, I am of course grateful to all the other members of the Rosen 
laboratory: E. Franey, dear Eileen, many thanks for your help in fighting the 
tremendous bureaucracy that is involved in entering the U.S. Thanks also for all your 
continuous support during my stay at Columbia. Dr. D.H. Lau, dear Dave, many thanks 
for introducing me into the methods of large animal experimentation, thanks also for 
the intriguing discussions we had. Dr. I.N. Shlapakova, dear Iryna, many thanks for 
all the surgical teachings and thanks for your great belly-dance performances during 
the many lab parties we had. Prof. Dr. T.S. Rosen, dear Tove, many thanks for all your 
help in data acquisition, data analysis and especially thanks for your many efforts to 
teach me about time management. Thanks also for the great hospitality in New York. 
Dr. L. Duan, dear Lian, dear Iron brother (I like this Chinese nomenclature), thanks 
for all your support and input in the experiments we did. Furthermore, it has been 
great fun to see you start to enjoy Western food and Western-like parties (although 
you found them pretty boring in the beginning: “so you just stand here and drink 
beer?” … was one of your first responses). Also thanks for introducing me into the 
real China Towns of New York and the real Chinese cuisine. Dr. E.A. Sosunov, dear 
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Eugene, thanks for all your microelectrode work and all the related discussions, also 
thanks for all your great stories about Russia. Dr. E.P Anyukhovsky, dear Evgeny, thanks 
for the excellent collaboration and thanks for all the microelectrode work you did. 
E. Bobkov, dear Eugene, dear E3, thanks for your support in the many experiments we 
did together and special thanks for your tremendous effort in analyzing such a large 
quantity of 24h Holter recordings. Dr. N. Őzgen, dear Nazira, many thanks for all your 
teachings in molecular biology and cardiac memory, thanks also for your support in 
all the other experiments we did together. M. Rivaud, dear (petit) Mathilde, thanks 
for all the effort you put into the small animal experiments, thanks for all the fun we 
had. H.E. Driessen, dear Helen, thanks for all your input in the ECG analysis and small 
animal experimentation, thanks for all the good times.

I am also grateful to all coworkers at collaborating Columbia University laboratories: 
In particular, Prof. Dr. R.B. Robinson, dear Rich, many thanks for all the stimulating 
discussions we had. Thanks also for providing me with the opportunity to explore some 
of the in vitro systems within your laboratory. Dr. Y. Kryukova, dear Lena, thanks for all 
your effort in the single cell experiments, thanks for all the interesting discussions and 
thanks especially for all the viral vector stocks you prepared. Dr. L. Protas, dear Lev, 
thanks for the new start you made in generating an in vitro dual population pacemaker 
model; I am curious about your recent proceedings. Dr. H.S. Duffy, dear Heather, 
thanks for your input in the connexin work. Prof. P.A. Boyden, dear Penny, many thanks 
for all your teachings on Ca2+ homeostasis during the many journal clubs, thanks also 
for your input in the single cell studies on borderzone myocytes. Dr. W. Dun, dear 
Wen, thanks for all your effort in the myocyte isolation and patch-clamp studies. 
Prof. Dr. M.J. Szabolcs, dear Matthias, many thanks for your assistance in our histology 
and immunohistochemistry work. Prof. Dr. E.E. Konofagou, Dr. J. Provost, S Okrasinski, 
Dr. A. Gambhir, D. Chang, dear Elisa, Jean, Stan, Alok and Donald, many thanks for 
introducing me into the world of echocardiography and elasticity imaging. 

Furthermore, I am grateful to our external collaborators: Prof. Dr. I.S Cohen (Stony 
Brook University), dear Ira many thanks for your great hospitality on my various trips 
to Stony Brook, thanks for the intriguing discussions and thanks for your teachings in 
biophysics. Dr. C. Clausen, dear Chris, many thanks for the discussions in relation to 
mathematical modeling of biological pacemaker activity. Dr. E. Entcheva (Stony Brook 
University) and Dr. J. Lu (New York University), dear Emilia and Jia, many thanks for all 
the effort you put into the in vitro studies on cellular delivery of SkM1. Prof. P.R. Brink 
(Stony Brook University), dear Peter thanks for your input in all the connexin-related 
work. Dr. R.L. Verrier (Harvard Institutes of Medicine), S.S. Verrier (Harvard Institutes 
of Medicine), and Dr. Bruce D Nearing (Harvard Institutes of Medicine), dear Richard, 
Sandra and Bruce, many thanks for your great hospitality on my trip to Boston and 
also many thanks for all your input and suggestions related to studying autonomic 
modulation of biological pacemaker activity. Prof. Dr. K. Parker (Wyss Institute, Harvard 
University) and Dr. G.R. Gaudette (Worcester Polytechnic Insitute), dear Kit and Glenn, 
many thanks for your input in the biomaterials work. 
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Mijn tijd in de Verenigde Staten zou niet goed mogelijk zijn geweest zonder de 
steun vanuit het ICIN. Ik wil met name ook Eelco Soeterman en Jan Weijers hartelijk 
danken voor hun ondersteuning van mijn bezoek aan het Rosen laboratorium in het 
kader van het ICIN fellowship. 

Terug in Amsterdam
Eenmaal terug in Amsterdam zat het meeste experimentele werk er op maar was dit 
boekje verre van klaar. Twaalf van de veertien hoofdstukken moesten nog in zijn geheel 
of gedeeltelijk geschreven worden. Daarnaast werd er hard gewerkt aan de laatste 
proeven, mathematische simulaties en nieuwe beursaanvragen. Buiten de mensen die ik 
hierboven al bedankt heb wil ik nog een aantal andere mensen bedanken. Dr. Piter Bosma, 
Dr. Esther Creemers en Inge van der Made bedankt voor al jullie input in het opzetten van 
het AAV werk. Dr. Elisabeth Lodder en Mischa Klerk, bedankt voor het opnieuw opstarten 
van het lentivirale werk. Dr. Joris Heus en Dr. Elmar de Pauw, ontzettend bedankt 
voor jullie bijdrage met betrekking tot onze intellectuele eigendommen. Dr. Berthold 
Stegemann, bedankt voor de voorgenomen steun vanuit Medtronic Nederland, hopelijk 
kunnen we onze samenwerking op korte termijn in de praktijk gaan brengen. Laurens 
de Rooy dank ik voor mij te hebben geintroduceerd in de medisch-wetenschappelijke 
geschiedenis. Serge Steenen wil ik bedanken voor zijn bijdrage aan de illustraties in de 
discussiehoofdstukken. Roosje de Jong dank ik voor alle hulp bij de laatste loodjes. 

Daarnaast wil ik uiteraard ook al mijn collega’s uit het hartcentrum bedanken voor 
de ondersteuning van mijn start in de kliniek. In het bijzonder dank ik: Renee van den 
Brink, Wouter Kok, Cathelijne Dickhoff, Pauola Meregalli, Niels Verouden, Bimmer 
Claessen, Sébastien Krul, Christian van der Werf, Paul Luijendijk, Alexander Hirsch, 
Krishan Sjauw, Maurice Remmelink, Pieter Bot, Marcel Beijk, Michiel Winter, Joost 
Haeck, Mariëlle Duffels, Antoon van Lierop, Agata Makowska, Lisette van Rooijen, 
Stephanie van der Woude, Maartje Boumans, Paul Klarenbeek, Sarah Krausz, Ron 
Peeters, Rob de Winter, Jan Piek, Yigal Pinto, Joris de Groot, Reinout Knops, Freek de 
Lange, Chantal Conrath, Pascal van Dessel, Maarten Groenink, Jonas de Jong, Kayan 
Lam, Eva Diephuis, Konijnenberg, Robert Dettmers, Laurens Wollersheim, Hendrik-
Jan te Kolste, Jan van der Meulen, en Antoine Driessen.

Eva Bartels & Dim Balsem bedank ik voor de prachtige kaft. Lieve Eva, door jouw 
mooie werk is dit boekje nu echt af! Dim, jij super bedankt voor de goede vriendschap 
en bedankt voor alle mooie foto’s die je hebt gemaakt en vast ook op de 19e en 20e 
september weer gaat maken. 

Tom Decates en Osne Kirzner, beste paranimfen, jullie hebben mij door de laatste 
fase heengesleept. Tom, aan jou organisatorisch talent zal het niet liggen tijdens het 
aankomende evenement. In de laatste weken van de voorbereiding leek jij soms beter 
geinformeerd dan ikzelf. Os, wij hebben mijn vorderingen en tegenslagen van begin 
af aan altijd uitgebreid bediscussieerd en dit heb ik heel erg gewaardeerd. Jouw 
oprechte interesse is een belangrijke steun geweest. Tom & Os ik wil jullie vooral 
bedanken voor de goede vrienden die jullie zijn.
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Tot slot bedank ik uiteraard mijn lieve ouders, zusje en vrouw, bedankt Madeleine, 
Joost, Jorine en Saskia, dank voor jullie eindeloze interesse, liefde en steun. Zonder 
jullie was mij dit nooit gelukt.
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